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Abstract

To mitigate the impact of a Blowout Preventer (BOP) failure, this work proposes a method and
machine that can create a gradual flow reduction to zero in an offshore well by introducing a
mechanical plug inside the BOP. The backup safety tool, referred to as the Hampering Active
Wellbore Kit (HAWK), is a machine that gradually introduces a continuous medium (e.g. wire) from a
spool through the choke/kill lines of a failed BOP to gradually stem the flow through the BOP. The
machine can couple to a standard choke/kill line on the BOP and can co-exist with the BOP or be
deployed at the time of an accident.

This work presents the design theory for wire feeding in order to form an entanglement, and
the mechanism by which to accomplish the reliable feeding of the continuous structure. The efficacy
of the entanglement is evaluated by comparing flow rates of a single experimental wellbore before and
after the introduction of the mechanical plug.

Thesis Supervisor: Alexander H. Slocum
Title: Pappalardo Professor of Mechanical Engineering
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Chp 1.

Introduction

As the Deepwater Horizon accident of Spring/Summer 2010 demonstrated, accessing and
plugging a damaged underwater oil pipe at depths greater than one kilometer poses a significant
engineering challenge. Oil companies continue to plan more wells in deeper waters in order to meet
market demand; this, combined with increasingly harsh well environments increases the likelihood of
blowout preventer (BOP) failure (resulting in an uncontrolled flow). Therefore, the industry needs an
improvement over existing technology to help mitigate the impact of a blowout. The costs associated
with a blowout, both from an environmental and litigious standpoint, make it imperative to actively
seek out solutions to the problem.

The central hypothesis of this thesis is to create a method and machine to complement existing
mitigating capabilities, as recommended by the Deepwater Horizon report [1]. This thesis seeks to
develop a machine that feeds a wire (i.e. continuous medium)*into a wellbore to form a tangled mass
that increasingly obstructs the flow of hydrocarbons in a controlled manner. It is hypothesized that
feeding a wire (or ribbon) below the BOP would cause the wire to buckle and entangle inside the BOP,
forming an ever growing "bird nest" that would gradually choke off the flow, as shown in Figure 1-1.
The tangled mass occlusion (i.e. plug) anchors inside of the BOP on partially deployed rams, bends in
the pipes, and other constrictions. Currently, there are four methods utilized in the industry to attempt
to obstruct the flow in the event of a BOP failure, which are 1) junk shot, 2) top kill, and 3) drilling a
relief well, and 4) capping.

The proposed system has three key advantages over existing methods: 1) minimal risk to the
formation, 2) simplicity, and 3) rapid deployment time. The gradual closure of the well reduces the
risk of transmitting a pressure shock into the formation that could potentially lead to an uncontrolled
fracture. Furthermore, the implementation of this method does not require retrofitting existing BOP
units as it can utilize existing ports. Thus, the simplicity of the design will have minimal impact on
existing BOP units. Deployment time is shortened by having the technology available as part of a
remotely operated underwater vehicle (ROV), delivered by an ROV, or by incorporating it into the
BOP stack directly. Incorporating the wire feeding technology into an ROV that can be maneuvered
in place to engage an existing BOP port, as illustrated in Figure 1-2, exploits the added versatility of
the ROV. A second option is to design an ROV attachment which reduces the complexity of the
overall machine at the expense of maneuverability. The third option is to introduce the wire feeding
technology as an independent module for the BOP stack thus reducing the activation delay. However,



the cost associated with installing, testing, and maintenance of the integrated unit may deter this
approach. As pointed out by Christopher Johnson (Engineering Director at National Oilwell Varco),
the faster you respond the better, since a full blowout can endanger the rig crew. On the other hand,
the versatility of the ROV unit and the ability to integrate with standard BOP ports makes this
configuration desirable.

Offshore Oil Ri

Sea Level Riser

Blowout
Preventer

(Valve)

Sea Floor

Production
Well Oil

Flow 4 Reservoir

Figure 1-1: Mechanical plug generated inside BOP created by feeding a continuous medium via the
existing choke/kill ports (The image on the left showing oil rig from Millheim - Early Reservoir
Appraisal)
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Figure 1-2: Hampering Active Wellbore Kit (HAWK) system incorporated into an ROV and
connected in a direct and meandering path to the well bore.
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1.. Background
Control of the well is a crucial aspect of oilfield exploration and production. Devices must be

installed to prevent injury or damage to the environment, rig personnel, and drilling equipment. One
of the most common well control devices is the Blowout Preventer (BOP), which is generally used to
seal a wellbore either temporarily or permanently. Although there are redundancies in the system,
sometimes a BOP assembly malfunctions resulting in a blowout and subsequent uncontrolled release
of oil/gas into the surrounding environment.

For the extraction of hydrocarbons to take place, a flow channel must be established between
the reservoir and the production platform. The open hole (i.e. channel) is created by drilling through a
series of geologic layers each consisting of a specific composition (limestone, shale, sandstone, etc.).
The equilibrium pressure (formation pressure) increases with increasing depth and can differ
drastically among layers due to trapped or embedded fluids/gases. Penetrating from one geologic
layer to the next during the drilling process can result in a spike in formation pressure, which can lead
to a blowout. One way to mitigate this risk is to increase the pressure in the wellbore to balance the
formation pressure using drilling mud of an appropriate density; this serves as a primary defense to
protect the well against blowouts given that the adequate density of the drilling column is sufficient to
prevent formation fluids/gases from entering the borehole (wellbore). However, the well pressure
should not exceed the formation pressure, as it could introduce drilling mud into the formation, thus
damaging the well in a process known as "killing the well" [2]. Occasionally there is a large pressure
gradient across a layer in the formation; when a substantially high pressure interacts with the well
(known as a "kick" on the well) an influx of formation fluids (liquids, gas, etc.) enters the well [3, 4].
The pressure wave can propagate from the point of origin (highest pressure) through the wellbore,
across the wellhead, BOP (medium pressure), and to the surface (lowest pressure). At the surface, this
pressure spike can have catastrophic repercussions to the drilling rig, equipment, and personnel.
Blowout preventers are used to control the well and dampen the transmission of such a pressure spike,
effectively reducing inherent risks by controlling the effects of the kick.

BOP's are usually installed at the surface of a well or on the sea floor, to mitigate or filter out
pressure spikes that can lead to blowout (uncontrolled flow) or, in the case of a catastrophic failure, to
close the well. While there are several styles of BOP configurations, there are only two types of BOP
components: annular and ram type as shown in Figure 1-3. Annular BOPs consist of a doughnut-
shaped elastomer that is squeezed against the drill pipe and housing to seal off the well. Ram BOPs
consist of mirroring plungers that are hydraulically pushed together in the middle of the wellbore.
There are also several sub-types within ram style components, which include: 1) pipe rams, 2) blind
rams, and 3) shear rams. Pipe rams can seal around wellbore tubulars (drilling tools, measurement
devices, etc.) that may be within the BOP's vertical bore. Two semicircular opposing pipe rams can be
activated to seal the annulus between the drilling tool and wellbore. Blind rams are used when there is
no obstacle in the BOP's bore. Similar to pipe rams, two mating blind rams are typically used to
completely seal the wellbore cross section. Shear rams are usually the last resort for
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preventing/containing a kick that may cause a blowout. Normally there are two shear rams installed to
ensure that the thicker coupling (10% of casing string length) joining two sections of casing will be not
be in contact with at least one shear ram [5]. A pair of opposing shear blades engage from either side
of the BOP vertical bore to cut through material in the well, and ultimately seal the wellbore [6]. The
forces required to shear the a casing inside of the wellbore can be significant. For example, a P-1 10
grade casing (yield strength 758 MPa) can require in the order of 5x106 N of force to shear a casing
with an outer diameter of 40.6 cm (16 inches) and inner diameter of 38.1 cm (15 inches).

GE Annular SOP
www.ge-energy.com

www.offshore-mag.com

Rom Style SOP
www.msi-me.com

www.ge-energy.com

Figure 1-3: Blowout preventer stack components annular and ram style (The image on the left showing
oil rig from Millheim - Early Reservoir Appraisal)

Ensuring activation of existing BOPs require frequent monitoring and maintenance. Elastomer
seals must be checked between each installation (properly maintained BOPs can be used multiple
times) to ensure that the elastomer has not been worn, damaged, or deformed. Furthermore, seals
should be replaced every 12-18 months and the whole unit needs to undergo recertification every 3-5
years depending on company or government requirements [7]. Rams must also be inspected and may
have to be changed if worn or damaged. Even with continuous maintenance and inspections a BOP
can still fail; one current solution in high-risk wells is to use two BOP stacks in series, which is costly
and bears others risks.

Aside from capping and drilling a relief well, there are currently two solutions implemented for
mitigating the effects of a failed BOP: top kill and junk shot. When a BOP fails, the primary short-
term recourse is to attempt to feed heavy drill mud into the wellbore, referred to as top kill. The junk
shot approach consists of feeding particulates in with the drill mud that work as a bridging agent to fill
in gaps where hydrocarbons are leaking [8, 9]. The implementation of a junk shot requires at least one
surface drilling vessel and one ship carrying the mud and feeding material that will be introduced into
the wellbore [10]. However, this junk shot approach can have negative repercussions. For example, a
sudden stop in the flow from the clogging effect of a junk shot can create a pressure wave that can
burst casing components or fracture the reservoir leading to further, even more intense, uncontrolled
release of hydrocarbons. An uncontrolled rupture in the casing or formation can lead to a catastrophic
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leak to the environment over a wide dispersal area. While the junk shot technique was used to stop
wells in Kuwait during the 1991 Gulf War, junk shots have never been used or tested for the offshore
industry deepwater wells like the Macondo Canyon [5].

The more-long term solutions are drilling a relief well and capping, but the response time can
be significant. Drilling relief well to intersect the original well can take on the order of months to
complete, during which time the well continues to release hydrocarbons into the environment. The
purpose of the relief well is to access the location where the pressure control was lost and to pump
concrete into the leaking well in order to seal the high-pressure region. The capping solutions are
covered more thoroughly in the prior art section. In essence, there is a need to rapidly control a
deepwater oil well in the event of an unforeseen blowout preventer failure.

1.2. Existing Response Time
As summarized by the International Association of Oil & Gas Producers (OGP) the duration

between a well incident and when a containment system is connected and functioning can range from
one to ten weeks [11]. The estimated response time for capping is calculated between one and four
weeks. In order to establish a containment system the response time can be between four and six
weeks. As shown in Figure 1-4, possible response times can extend from four to ten weeks to achieve
the closure of a leaking well. Based on these response times, the industry needs an improved short-
term solution that can rapidly close off or significantly obstruct uncontrolled flow through a damaged
BOP without negative side effects.

Figure 1-4: Possible response times from the International Association of Oil & Gas Producers -
Capping and Containment
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1.3. Motivation
Deepwater drilling currently generates approximately 10 percent of worldwide oil production

[5]- the number of rigs capable of drilling at depths greater than 1.5 km (5,000 ft) has been increasing
dramatically. In the US alone roughly 30 percent of domestic oil production is from deepwater
offshore platforms [5]. At the turn of the century, the offshore oil production was 22 percent of the
total oil production, with only one percent overall coming from deepwater wells. By 2010, the
offshore production rose to 33 percent with 7 percent from deepwater wells [12]. The occurrence of a
blowout in a production well is not uncommon. During the ten year period between 1996 and 2006,
there were thirty-nine oil well blowouts; as reported by the Minerals Management Service, which has
subsequently been divided into two groups, with eighteen of those accidents attributed to cement
failures [13].

In the past thirty-three years, three of the top five oil spills were attributed to blowouts [14, 15].
In total, the sum of these blowouts released an estimated 11.7 million barrels of crude oil into the
surrounding environment. By comparison the Deepwater Horizon accident released 5.1 million
barrels of hydrocarbons. The concern with a damaged BOP is the continual release of hydrocarbons
from the formation until repairs are carried forth. Oil released to the environment due to blowouts
constitutes twenty nine percent of the top twenty oil spill accidents. The oil released from the
Deepwater Horizon's failed BOP dumped about five million barrels into the ocean, at an estimated
rate of 60,000 barrels per day, which alone accounts for approximately ten percent of the twenty
largest oil spill accidents [1, 16]. Admittedly, the tanker collision between the Atlantic Express and
the Aegean Captain in 1979 released a total of -2.1 million barrels of crude oil; however, there was no
risk of continuous release of hydrocarbons as a result of that accident because the tankers carried a
finite, albeit substantial, amount of material. Unlike tanker collisions, a failed BOP can lead to the full
depletion of an oil reservoir. While future BOP accidents are perceived as unlikely, in the two years
since the Deepwater Horizon oil spill, there has been at least one instance, in Brazil, where the
probability for another major oil spill was high due a failed blowout preventer [17-19]. As recent as
July 24, 2013 another blowout caused the destruction of a natural gas oil rig in the Gulf of Mexico
[20].

Currently, several organizations take a remediation approach when addressing the impact of a
failed blowout preventer. The Deepwater Horizon accident led to the development of several
companies that provide well containment and post-spill cleanup equipment. In July 2010 the Marine
Well Containment Company (MWCC) was created as a joint venture between ExxonMobil, Chevron,
ConocoPhillips, and Shell to upgrade well containment capabilities; however, despite its goals, the
MWCC does not develop new technology for application in industry [21]. Therefore, only existing
cap and ram style systems are being examined by MWCC as solutions to address the next deepwater
blowout. Another recently created venture is the Oil Spill Prevention and Response Advisory Group
(OSPRAG) by Oil & Gas UK, which in addition to training and safety preparation also deploys
hardware to collect spilled oil and BOP closing units (i.e. caps) in the case of offshore uncontrolled
flow [22]. A third group which was recently created is DeepStar whose objective is to identify gaps in
existing preventative technologies and develop new equipment [23]. Admittedly, effective
implementation of legislation may have been able to prevent the series of events that led to an
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uncontrolled flow in Macondo. However, accidents will continue to occur because one cannot foresee
every possible scenario of operation. The report Lessons Learned from the Deepwater Horizon
Blowout recommends that advances be made in the "BOP technology from the perspective of overall
system safety" [1]. While minimizing risks through legislation and inspections reduces the likelihood
of accidents, no efforts are currently underway to improve existing well stabilization technology or
help turn off a blown-out well. This in part is due to lobbying by special interest groups that make
passing safety legislation related to the oil industry an arduous process. As such new safety
technologies are not made mandatory and ultimately lead to increased cost of production. For
example, in Norway and Brazil proposals were made to implement a backup activation unit that could
detect an acoustic pulse in the water (prelude to a blowout) and activate the rams; however, the oil
industry in these countries effectively lobbied against the implementation of such a safeguard and the
proposal was abandoned [5].

The resistance to incorporate additional safety measures often comes down to an issue with the
associated cost cutting into production profits. While costs associated with a full uncontrolled blowout
are greater than implementing additional safety components, most oil companies choose to develop
technologies to minimize/prevent the risk of a blowout from occurring. For example, shortly after the
Deepwater Horizon accident British Petroleum pledged to create a $20 billion fund for damage claims
[24]. As of February 2013, the Deepwater accident has cost BP ~ 42.2 billion [25]. According to the
Clean Water Act Section 311 the maximum fine per barrel is $1,100 in the "absence of gross
negligence" [26, 27]. In the case of negligence, the maximum fine can increase to as high as $4,300
per barrel. Furthermore, at least in the case of BP, the fines and penalties imposed by the courts are
not covered by the "trust fund" [27]. This means that a well leaking 60,000 barrels per day is costing
an oil company $764 USD per second in fines alone, assuming no negligence; this rate increases to
$2,984 USD per second, if the accident occurred due to gross negligence resulted in the accident
occurring. An uncontrolled well releasing crude oil for 7.5 hours (the length of an average workday)
costs twenty million dollars in fines; this is approximately the total cost of developing a new
technology in the oil industry. Thus, any backup blowout safety tool must be able to close the well
faster than existing systems and within by the 7.5 hour mark to justify the initial investment.

Over the next five years, the number of offshore locations where subsea BOPs used is
estimated to increase from around a dozen regions (mainly the Gulf of Mexico, Brazil, the
Mediterranean, West Africa, and Australia) to approximately thirty-four, with the largest increase
being off the coast of West Africa [11]. The question is not when or where the next offshore
deepwater blowout will take place, but whether tools will be available to bring the well under control
within a short time frame.
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1.4. Thesis Scope
The work presented shows the development of the proposed technology from the experimental

stage to the generation of a proof of concept prototype. The approach taken to develop the occlusion-
generating machine for the oil industry is to first perform a series of small-scale experiments in order
to identify key parameters. These bench-level experiments will serve to guide the creation of an
analytical model for wire entanglement that can then be validated using data collected from a scaled-
model experimental prototype. The research is divided into three phases: 1) preliminary experiments
on wire entanglement behavior: anchoring and sealing, 2) development and testing of a prototype
machine; and 3)factoring system design based upon operating conditions and industry requirements.

The focus of the experiments is to identify the critical parameters required to generate an
entanglement within in a free flowing conduit in order to bring a flow under control. The preliminary
experiments establish feasibility of all components independently, as illustrated in Figure 1-5. The
first part in developing the proposed technology requires a better understanding of the physics of wire
entanglement. At present, the relationship between the critical parameters of the wire (stiffness,
geometry, feed velocity, etc.) that lead to wire entanglement given the environmental conditions (flow
rate, viscosity, operating pressure) is unclear. The focus of the experiments is to identify the critical
parameters necessary to generate an entanglement in a free flowing conduit. For example, a non-
dimensional stiffness of the wire may be the most dominant factor leading to entanglement as it
directly affects the ability of the wire to be molded and bent. However, there are several other
parameters that could be used to promote or deter entanglement, such as: feed to flow velocity ratio,
entry angles, Reynolds number, surface roughness, and geometric features. The second part of the
preliminary experiments is to demonstrate that the generated entanglement can be used as scaffolding
supported on the partially deployed RAMs. The entanglement is responsible for anchoring against the
existing obstruction and transferring the axial load to the supporting structure. The third part consists
of determining the sealing potential of the mechanical plug. An array of permeability experiments is
used to quantify the permeability of the wire plug as a function of the total length of wire introduced,
type of wire, and compaction. The data collected from the permeability experiments will be used to
create a model for flow through a continuous entanglement medium based on the Darcy Equation for
flow through porous media. The permeability of the plug is calculated by measuring the pressure and
flow rate in a known geometry before and after introduction of the plug. The calculated values can be
compared to existing flow models through porous media (i.e. packed spheres, fibrous beds, etc.).
Determining compaction due to the flow forces will be done experimentally as well. The theoretical
values for the pressure differential are calculated for a given wire length and geometry of the plug;
however, the flow stream may not be able to compact the wire above a certain threshold. Therefore,
further experimentation related to compaction by flow is required to determine feasible compaction at
full scale.
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Figure 1-5: Preliminary experiment subsection: generation, anchoring, and sealing. Process for finding
the operating parameters.

Phase two is the development of a scaled functional prototype based on the preliminary
experiments. The design includes structural analysis, failure modes, manufacturability, and dynamics
required to generate a mechanical plug in a free flowing stream. Many other options will later be
developed, but the intent here is to show how the fundamental results and knowledge obtained from
these experiments can be used to guide the design of the HAWK prototype and later for a scaled
version.

Lastly, the third phase entails obtaining feedback from industry leaders to develop an approach
that is feasible given industry considerations. Scaling parameters are also considered throughout the
process to develop a machine that will work given the operating conditions. The sum of this work is
the development of a method and machine to create an occlusion inside the BOP that can control a free
flowing well, as rapidly as possible, in the event of a full blowout.
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1. . Functional Requirements
The overall goal is to develop a system that in a controlled manner creates a mechanical plug

inside of a failed BOP by continually feeding a "wire" into the well below the BOP rams to slowly
increase the well resistance and bring the flow under control. The machine must be evaluated by the
drill rig safety operations specialist to ensure that it does not endanger people's lives, lead to further
environmental damage, or create additional damage to the BOP structure and assets. The system must
also be simple enough so that it can be a standard feature on new BOP's and easily retrofitted onto
current BOP models. Further, it must be accessible via remote access. The proposed system should
not increase the risk of an even larger well failure and should not inhibit any existing remediation
approaches. Table 1-1 is a summary of the functional requirements and design considerations used to
guide the development of this work.

Table 1-1: Functional requirements and design considerations
Functional Requirements

Parameter Value
1. Working Depth 3.5 km > Depth > 1 km
2. Working Pressure 6.89 MPa - 103.4 MPa

(1-15 ksi gauge)
3. Fluid Temperature < 1500 C

4. Access to BOP Bore Choke/Kill lines 7.6
cm (3 inch) ID

5. Bore Diameter 47.3 cm (18.625 inch)
wellbore diameter

Flow rate 184 b/sec (max)
6. 110 b/sec (avg)

(100,000 bbl/day
(max) 60,000 bbl/day
(avg))

7. BOP effective height 10-15 diameters (max)
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Design Considerations

1. Minimize time to delivery to 2/3 days
2. Minimize risk to formation by implementing a gradual

flow reduction to minimize pressure waves generated
3. Develop entanglement inside BOP wellbore used to

determine the critical parameters
4. Quantify plug efficiency by comparing unrestricted

flow rate to obstructed conditions
5. Design for scaling and manufacturing to reduce costs

6. Evaluate possible plug removal methods



Chp 2.

Prior Art

The concept of inhibiting a flow by introducing an occlusion has been used in multiple
different disciplines over the years. For example, in medicine one for treating aneurisms (berry or
other) in the Circle of Willis, is via a technique that feeds discrete wire coils into the affected blood
vessel, as shown in Figure 2-1 [28]. The wire is delivered to the aneurysm site via a catheter and struts
are used to anchor the wire coil tower in the aneurysm site. This approach of placing discrete wires
within a basilar tip aneurysm is analogous to a junk shot delivery approach for well sealing. While
existing occlusion generating mechanisms exist, they are not designed to withstand high pressures
(physiologic pressure encountered in treatment of brain aneurysms typically fall between 1.9 to 3.8 psi
or 100 and 200 mmHg).

BasilarTip Coil
Aneurysm Tower

Strut ' - . A - - ' Strut

Delivery Basilar
Catheter Artery

Figure 2-1: Insertion of wire coil tower into basilar tip aneurysm where it promotes the generation of a
thrombus (blood clot) (U.S. Pat. No. 6,183,495 BI)

Designing a prototype machine to feed wire into an oil wellbore to generate an occlusion that
can block high pressures requires an evaluation of existing technology related to the different aspects
of the machine; this will help constrain the design space for the new technology and guide the design
process. Topics related to wire feeding machines for subsea oil production include: 1) blowout
preventers, 2) wire feeders, 3) wire buckling, 4) axially moving structures with fluid structure



interactions, 5) spontaneous knotting, 6) flow through porous media, and 7) wellbore post clogging
procedures. A deterministic breakdown of prior art, with subsections, is illustrated in Figure 2-2.
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Figure 2-2: Prior art flow chart which deterministically identifies areas contributing to the design
space.
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2.1. Blowout Control Technology
Conventional approaches to blowout prevention in a well rely upon the successful activation of

the blowout preventer (BOP). Yet, there are circumstances when the blowout preventer fails to
adequately activate leading to an uncontrolled flow of hydrocarbons. The main causes of BOP
activation failure include: 1) loss of power, 2) material degradation, and 3) jamming of the rams.
While, blowout preventers are the primary technology for well control, there are alternative
approaches to close off an uncontrolled flow through a damaged BOP. These alternative approaches
fall under three areas: hydrodynamic, chemical, and mechanical.

2.1.1. Blowout preventers
A subsea BOP assembly is comprised of two structural sub-assemblies, the BOP stack and the

lower marine riser package (LMRP), as shown in Figure 2-3. In the case of an emergency, the LMRP
is disconnected from the BOP stack and allowed to move away, assuming that the rams in the BOP
stack have sealed the well prior to disengagement. Disengaging the LMRP from the BOP stack is
necessary to ensure that the oil platform is not transmitting forces to the BOP stack, potentially
bending the casing below the BOP. The BOP is also equipped with two onsite control pods whose
purpose is to activate the shear rams in an emergency and disconnect the LMRP from the BOP stack.
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nfl fm
Lower Marine Yellow Pod Blue Pod
Riser Package Control Control

Blowout
Preventer Stack Blind Shear Ram
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Pipe Ram Shear Ram

Pipe
Test Ram Ram

To Well

Figure 2-3: Deepwater Horizon BOP assembly (Source: Chief Counsel Report - Trial Graphix) [29]
The LMRP has nominally two annular BOPs, comprised of elastomer rings used to close the

annulus between the wellbore and any tubing/casing that may be within the wellbore at the time of the
kick. The BOP stack houses a series of ram style BOPs (usually four) two pipe rams of different
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diameters (standard tool diameters) and two blind shear rams. An uncontrolled flow of hydrocarbons
occurs when all of the BOP components fail to control the flow.

Since BOPs are the primary control method for blowouts, there are continuous improvements
being made to BOP technology to increase safety and reliability. At the system level, improvements
include having activation redundancies, and full unit testing. At the component level, improvements
are also being made to predict failure and develop improved components for ram enclosures, elastomer
seals, and shear ram blades.

2.1.1.1. System Redundancy

Backup systems are implemented to ensure that the BOP deploys when needed. In some
configurations several blowout preventers are put in series; however, the cost associated with
additional BOP components makes this approach unfavorable for companies focused on profit.
Therefore, the industry has adopted the practice of trying to ensure that a single BOP stack is
sufficiently reliable. As mentioned earlier, one potential failure mode is power loss to the BOP stack.
An industry solution for power loss to surface wells is implementation of a secondary power unit that
can engage the rams when the primary power conduit fails [30]. Currently, some BOPs used in subsea
oil production can rely on supply signals and activation power from drill rigs at sea level. The current
power redundancy for these systems is a set of batteries incorporated into the LMRP, which may prove
insufficient given that power signals can fail to trigger the shear rams [7, 31]. Thus, an independent
power source is required for any new technology.

2.1.1.2. Full System Testing

While in operation the BOP assembly can be tested to ensure all of the components are up to
standard. This testing consists of lowering a wellhead tool assembly into the wellbore below the BOP
stack and isolating the formation from the BOP assembly, as shown in U.S. Pat. No. 7,062,960 B2
(Couren et al.) and No.7,706,980 B2 (Winters et al.), each illustrated in Figure 2-4 [32, 33]. Couren et
al's patent shows a detailed wellhead tool assembly with a test plug that allows the BOP assembly to
be isolated from the formation, which is then used to create a simulated kick to test BOP components.
Winter et al's patent illustrates the infrastructure required to test a BOP stack on the sea floor and
implements a similar isolation unit. While the benefits of executing a full system test are significant,
the costs are commensurate. In this instance, estimating the lifetime of system components is essential
to reducing cost and effectively utilizing trial tooling so that the minimum number of tests are
required.

38



Drill Pipe Wellhead
Test Tool
Assembly

Upper
Mandril

Lower
Mandril

Plunger

Locking Dogs

Wellhead Flow Valve
Test Plug

Rig

JI~

Drillpipe

Kill
Line

BOP
Stack

A

~JIx

Choke
Line

Test Plug

A) Couren et al. (U.S. Pat. No. 7,062,960 B2) B) Winters et al. (U.S. Pat. No. 7,706,980 B2)

Figure 2-4: BOP stack testing units. The unit described by Couren et al's patent is the tool that is
lowered into the BOP wellbore where it is used to simulate a pressure spike inside the BOP. The unit
described by Winter et al's patent goes over the infrastructure required to execute the full system test.

2.1.1.3. Ram Enclosure
At the component level, improvements in modeling, maintenance, and development of new

control methods are being made to ram assemblies to ensure successful deployment.
Finite Element Analysis (FEA) is used to improve rams by identifying and strengthening

regions where stress concentrations are predicted to develop. BOP rams are modeled to identify stress
concentrations and perform fatigue analysis [34]. FEA has also been used to selectively reinforce the
regions of high stress in ram blowout preventers [35]. One benefit of using finite element analysis,
especially multiphysics FEA, is the ability to model varying types load types including; thermal loads,
pressurized loading, and acoustic vibration. While a design may satisfy each load independently, the
interaction between the loads can lead to failure. The accuracy of the finite element models can only
be accurate if an appropriate model is developed that factors all necessary loading parameters.
Experimental analysis should always be performed to help develop an intuitive understanding of the
fundamental physics involved and, more importantly, to validate or identify areas where the model is
lacking. In conjunction with initial analysis, finite element modeling was used in the development of
the Cameron EVO (deepwater BOP stack rated for 137.9 MPa (20 ksi) subsea wells), results of which
were validated experimentally [36].
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As shown in several patents improvements to existing technologies, like locking mechanisms,
energizing rams and rail seal actuators have been implemented recently to further improve BOPs. For
example, U.S. Pat. No 6,554,247 describes a bonnet lock mechanism using a radial lock with at least
one lock actuator [37]. The new bonnet lock mechanism allows for access to the interior of the BOP
body using a set of sliders with a mounting system as shown in Figure 2-5.

Mounting RAM BOP
Sliders Bar -- Hydraulic

Assembled Pressurize
Bonnet Lock Actuator

Ram Actuator Mechanism
Cylinder

Exploded Bonnet Assembly

Figure 2-5: Bonnet lock mechanism with radial lock (U.S. Pat. No. 6,554,247)

Other improvements to ram assemblies include the development of an electromagnetic control
system with minimal moving parts. The proposed solution, U.S. Pat. No. 2011/0297394 Al, seeks to
minimize the moving part count within a ram style BOP. This is achieved through the use of magnets
in conjunction with magnetic particulates in the drill mud to prevent a kick from causing a blowout
[38]. This approach attempts to control the flow of hydrocarbons through use of a "magnetically
pluggable fluid" (magnetorheological fluid). The magnetic field established in the wellbore is used to
"solidify" the magnetorheological fluid into a plug that can be strengthened using a mechanical piston
assembly which decreases the distance between the magnets, as shown in Figure 2-6. For existing
units that do not have the proposed magnetic ram system, it has been proposed that this can be 'jury-
rigged" by inserting the magnetic fluid into the well and placing solenoids around the casing to induce
a magnetic field thus activating the fluid and sealing the wellbore. The implementation of the
electromechanical BOP will depend greatly on the density of the magnetic particles in the drill mud,
which will determine the amount of power required to generate the plug in the given area. The
proposed method also has the added complications of needing a core cooling conduit and requiring
continuous power, which cannot be effectively supplied by battery-powered backup units.
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Figure 2-6: Magnetorheological blowout preventer (U.S. Pat. No. 2011/0297374 Al)

2.1.1.4. Elastomer Development
There are several areas within a BOP assembly in which elastomers are used including the

annular ring, O-ring seals, etc. However, due to harsh operating conditions these components may
deteriorate over time and thus require inspection during use and require replacement of potentially
damaged parts. One way to ensure elastomer reliability is to determine how frequently replacement
may be required. This is accomplished by modeling the loading and environmental factors that can
lead to failure. In cases where replacement frequency is deemed too frequent, improvements can be
made during the design process, including strengthening of high stress regions and development of
more wear resistant materials.

Finite element analysis is used to identify areas prone to failure in seals due to temperature,
wear, and loading. For example, finite element models have been used to produce strain plots of seals
essential to identifying strain concentrations that may lead to failure [39, 40]. As shown in Figure 2-7,
elastomer seals in an annular BOP press against a pipe or casing in the wellbore, which deforms the
elastomer. The pipe/casing imparts a shear loading on the elastomer seal that can lead to wear and
eventual failure to bring a well under control [41].
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Figure 2-7: Annular BOP elastomer seal finite element analysis

Improvements to materials have been made by controlling the manufacturing process and by
developing new techniques that enable seals to withstand the harsh conditions of the BOP environment
[40]. U.S. Pat. No. 2010/0140516A1 discloses the use of electron beam radiation to increase the
density of crosslinks in BOP seals [40]. Another method proposed, U.S. Pat. No 2012/0000644, is to
create a fluorocarbon layer on the surfaces of the nitriles to protect against micro-cracks, thus
improving wear resistance and providing "better retention of tensile [stress] and elongations" [42].

2.1.1.5. Shear Blade Obstruction
The primary purpose of the ram shear blade is to cut drill string, casing, and anything else that

may be inside the wellbore at the time of a blowout. Some ram shear blades have the dual function of
both shearing and sealing the hydrocarbons in the formation. One of the earlier patents (Nicolson's
1959 patent U.S. Pat. No. 2,919,111), illustrated in Figure 2-8, illustrates a design consisting of a
scissor like mechanism [43]. Gradually, the technology has morphed from a straight design to one in
which a V-shape centers in the cutting tube as part of the cutting process. The thickness of the blades
has also increased to compensate for the need to seal under higher pressures as shown in U.S. Pat. No.
4,347,898 (Jones) [44]. Jones' patent also discloses the use of a seal between the faces of the shear
(not shown in illustration) in order to further seal any gaps between the blades.
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Figure 2-8: Straight and V shaped shear blades

Following the development of centering shear blades, a further innovation was the introduction
of a piercing point, as disclosed in U.S. Pat. No. 4,549,349 (Harrison) [45]. The idea was later
implemented in the industry as shown by U.S. Pat. No. 5,237,899 (Schartinger), which is illustrated in
Figure 2-9 [46]. There is a need, as described in Schartinger's patent, to cut any obstruction in the
wellbore "without substantially deforming the structure adjacent to the cut" [46]; therefore, by
minimizing the deformations of the overall structure the energy of shearing is reduced. A similar
system is disclosed by Springett et al. in U.S. Pat No. 7,814,979 B2 granted in 2010 [6].
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A) Schartinger (U.S. Pat. No. 5,237,899) B) Springett et al. (US. Pat. No. 7,814,979 B2)

Figure 2-9: Shear blade with piecing point

Since the introduction of the initial "piercing point" concept, several other shear blade
geometries have been investigated with the intent to further reduce cutting forces. As shown in patents
by Springett et al. (Figure 2-1 OA) and Yadav et al. (Figure 2-10B) the cutting geometry can be altered
to enhance alignment, cutting, and sealing [6, 47]. Yadav et al. hypothesized that the shearing
operation can be separated into two steps: securing the position of the material, performed with a V
shaped ram, and then puncturing the material with a complementary shape to the V ram combined
with a sharp puncture tip.
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B) Shear blades where one blade is used to secure the position of the tubular and the second blade
promotes puncturing through the use of puncturing tips (U.S. Pat. No. 2012/0193556 Al)

Given the plethora of design parameters for shear blades, a method for modeling the energy
required to shear the pipe and find the optimal angles for shearing based on material behavior needed
to be discerned. Recent work done by Koutsolelos utilized Finite Element Analysis to evaluate the
shaping of the shear blades to optimize cutting efficiency [48]. Koutsolelos' experimental and
numerical simulation revealed that the Modified Mohr-Coulomb (MMC) fracture criterion provides
accurate results. The numerical modeling is used to determine the energy required for shearing given
a specific blade geometry and shows how each section of the tubing would look after undergoing
shearing.

Other improvements to the shear blades include designing a means to seal the well, while at the
same time, pushing the sheared tubing out of the way during the shearing process. U.S. Pat. No.
2006/0113501 Al discloses a shear blade assembly that includes rail actuators and guide grooves that
allow for the compression of the rail seal actuators, thus enhancing the blade-to-blade seal, as well as a
seal protector to lift the sheared tubing during the cutting process, as shown in Figure 2-11 [4]. The
patents illustrated herein related to shear blade technologies represent a small portion of the total
number of patents in the industry and are meant to serve merely as an example of prior art.
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Figure 2-11: Ram bodies blade-to-blade seal enhancement (U.S. Pat. No. 2006/0113501 Al)

2.1.2. Hydrodynamic Obstruction
Well control can also be accomplished hydrodynamically by rerouting high-pressure

fluctuations away from the drill platform. U.S. Pat. No. 6,367,566 describes a blowout prevention
method using a system of multiple interconnected fluid pathways that allow the recirculation of down
hole hydrodynamic fluid to prevent wellbore blowouts under any drilling condition [2]. A detailed
description of rerouting kicks to prevent blowouts can be found in Guide to Blowout Prevention [49].

In the case of a blowout, one hydrodynamic operation often performed to control the well is
referred to as a "top kill," a procedure in which drill mud is fed into the well in an attempt to reduce
the flow of hydrocarbons to the point where the well can then be safely closed off mechanically. Once
the well is under control, a sealing process using cement can then be executed to permanently close the
well. The execution of the "top kill" operation requires deployment of at least one drilling vessel and
one service vessel to supply mud to the drill rig. Additional service vessels may be required
depending upon the volume of mud warranted to kill the well, as shown by Figure 2-12 [10]. At the
sea floor, a drill rig supply line connects to a manifold that feeds the kill medium into the choke and
kill lines of the BOP.

Drill Rig -

Primary Kill Vessel

Mud Line

Mud Line

Backup
Kill Vessel

Figure 2-12: Top kill operation vessel requirement (Source BP Briefing May 2010) [10]
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Proposed chemical blowout control methods include the introduction of two-phase fluids,
transition alloys, shear thickening fluids, and/or temperature varying materials into the wellbore. U.S.
Pat. No. 4,275,788 discloses a method for plugging a well using a pipe within the open hole to deliver
varying density fluids and hardening plug material, as shown Figure 2-13 [50].

Figure 2-13: Plug forming
No. 4,275,788)

Pipe
Less Density

Fluid

Hardenable
Circulation:.Hreae Plug Material

- High Density
Fluid

using two-phase fluids in wellbore and hardenable plug material (U.S. Pat.

Analogous work is also found in U.S. Pat. No. 4,489,784, which proposes the use of low
melting alloy metals (or liquid alloy) fed through the active string or hot taping to fill and close the
well [51].

As early as 1984, shear thickening fluid (STF) was proposed as an effective means of bringing
a well under control [52-54]. Inducing high shear rates to the STF, composed of an expanding
material (e.g. clay), shatters the clay particles allowing them to mix with water droplets and resulting
in swelling of the subsequent hybrid mixture. As shown by experimental tests discussed in work by
Hamburger et al, STFs can be effectively used to "stop unwanted flows" from gas wells.

Another solution proposed by Osmun et al. (U.S. Pat. No. 3,738,424) is to drill holes below the
exiting region through which nitrogen can be fed and used to freeze the hydrocarbons and plug the
well, as shown in Figure 2-14 [55]. To assist in the cohesion of the ice plug, a freeze joint structure
must be inserted into the flow stream using standard production tools. One issue not mentioned in the
patent is that feeding liquid nitrogen (i.e. -196 C) into the wellbore makes the casing brittle, a side
effect of exposing steel to low temperatures, which can lead to brittle fracture in the casing and result
in catastrophic failure of the assembly. Furthermore, U.S. Pat. No 3,170,516 (I), describes the means
to isolate a region of the well that has ceased to produce by using thermosetting resins that are
embedded within support materials (i.e. balls) to allow for the generation of a strong bridge plug, also
shown in Figure 2-14 [56]. Both of the techniques, discussed by Osmun et al. and Holland et al. are
limited by the need to access the interior of the wellbore.
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Figure 2-14: Chemical means of plugging a wellbore
Another temperature varying solution is proposed in U.S. Pat. No. 4,133,383, whereby a low

viscosity gelling agent is introduced into the formation via a separate well [57]. The viscosity of the
gelling agent (e.g. hydrated polysaccharide) increases when heated above a threshold temperature thus
restricting the uncontrolled flow. Unlike Hamburger et al. this proposed temperature controlled shear
thickening medium requires use of a relief well, which takes a significant time to drill and is further
complicated by the limited accuracy with which it can be drilled. Such a solution is described as akin
to hitting a dinner plate sized target more than two miles underground [58].

One of the more recent chemical solutions proposed in U.S. Pat. No. 2012/0285683 Al
(Hermes) is the introduction of 2-cyanoacrylate ester monomer into the uncontrolled fluid stream [59].
Due to the rapid interaction of the chemicals, they have to be introduced into the BOP via two separate
pipes from a surface vessel so that the subsequent reaction takes place inside the BOP wellbore, as
shown in Figure 2-15. This solution is based on bench level experiments performed without a
significant pressure load. The test mentioned in the patent describes inverting a 2.5 cm diameter test
sample to demonstrate that the plug anchors. In order for this approach to be used in the industry, a
thorough understanding of the mixing mechanics of the two compounds inside of a fluid stream must
be acquired; this is directly related to the time constants associated with the reaction, which also must
be determined.
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Figure 2-15: Plug generated by introducing 2-cyanoacrylate ester monomer into wellbore (U.S. Pat.
No. 2012/0285683 Al)

While chemical solutions for well control have been proposed, the oil industry has hesitated to
further research and development in these areas, due to challenges associated with implementation
and/or potential environmental repercussions. For example, the introduction of thermosetting resins,
thickening fluids, etc. into the wellbore may result in the release of those substances into the ocean,
where they must then be retrieved. The oil industry is also hesitant to implement any technology that
involves retrofitting or altering existing BOPs unless the technology has been rigorously tested and
proven to be effective.

2.1.4. Mechanical Obstruction
By far the most widely implemented methods for controlling wells (after a blowout) are

mechanical solutions, for example drilling a relief well, capping the well, or injecting a junk shot.
Note that the solutions presented are post-closing of the BOP, after the drillers have exhausted all
other means of controling the well.

2.1.4.1. Relief Well
The most time-consuming mechanical solution for well control is the drilling of a relief well.

This well must be drilled parallel to the original well and must intercept the primary well at a juncture
below the damaged region, as shown in Figure 2-16. The relief well can then be used to syphon
hydrocarbons from the uncontrolled flow, thus reducing the flow through the damaged region and
allowing for the sealing of the primary well using conventional methods [60, 61]. The binding agents
can also be introduced into the primary well via a relief well, used to control and eventually seal the
well.
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Figure 2-16: Relief well patents

During normal operation, cementing is used to isolate regions of production by squeezing
cement through perforations in the casing into the formation and allowing it to harden as described in
U.S. Pat. No. 6,595,289 B2 (Tumlin et al.) [62]. One of the earliest patents related to cementing wells,
U.S. Pat. No. 2,743,779 (Brown), emphasizes the need to consolidate the plug region in order to be
effective [63]. As illustrated by the work of Brown and Tumlin's et al. in Figure 2-17, the cement is
introduced into the formation to anchor the plug to both the casing and the formation itself. In those
instances where casing perforations are not present in the anchoring region, explosive charges can be
deployed to generate the perforations. A cement retainer or annular sealing element is usually
implemented to prevent the cement from moving upstream.

Plugging Follow Up
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PortedFlow CmnElement Casing
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Formation - -

A) Tumlin et al. (U.S. Pat. No.6,595,289 B2) B) Brown (U.S. Pat. No. 2,743,779)

Figure 2-17: Isolation zones patents
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During a blowout, hydrocarbon fluids moving through the wellbore push cement upstream not
allowing it to cure. Conventional sealing elements (e.g. retainers, plugs, etc.) used during the normal
cementing conditions are also not as successful during blowout conditions due to hydrodynamic
loading on the tool.

2.1.4.2. Capping
Capping a well is one of the most rapid mechanical solutions used to obstruct the uncontrolled

flow of hydrocarbons. Most caps tend to be heavy since they are designed to withstand the high
operating pressures of the well and in some cases may contain seal rams as part of the structure. In
general, there are two types of caps: localized, and dome structure. The localized caps are connected
directly to the casing above the BOP .stack, while the dome approach encapsulates the entire BOP
stack.

An early cap solution proposed in 1984 in U.S. Pat. No. 4,447,247 (Naess et al.) consists of a
tubular shell body that is mounted on a platform above the BOP, as shown in Figure 2-18 [64]. Seals
are used to prevent hydrocarbons from escaping. Naess et al. 's patent also discloses a way of
separating gas and liquid hydrocarbons as part of the extraction, but does not propose a solution for
sealing the well. One well sealing solution proposed by U.S. Pat. No. 2012/0285704 Al (Mothaffar)
is to deploy a similar bell-shaped chamber that can be filled with cement after the well is brought
under control [65]. Mothaffar's method includes equipping the cap with an inflatable plunger that can
be used to go into the wellbore and anchor against the pipe to prevent the unit from being pushed
upward, also illustrated in Figure 2-18.
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Pins
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Unit

Mothaffar (US. Pat. No. 2012/0285 704 Al)

Figure 2-18: Local cap bell shaped for production and cementing
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The cap solution can temporarily divert the flow of hydrocarbons in the process of closing the
well. One solution proposed in U.S. Pat. No. 8,371,373 B2 (Ba-abbad) entails a structure of pipes that
connect to the well casing to extract effluents, as shown in Figure 2-19 [66]. Another proposed
solution places a "diverter unit" at the outlet of the BOP that allows for fluid to pass the diverter
temporarily while the flow is brought under control. The diverter unit can also have a ram style BOP
unit that can be used to close the well as proposed by U.S. Pat. No 2012/0318520 (Lugo) and
illustrated in Figure 2-19 [67]. Lugo's patent can be incorporated into a standard BOP stack or placed
on top of a BOP stack.
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Figure 2-19: Sample diverter patents

Other proposed cap solutions include: 1) a hood like structure that can store the hydrocarbons
in inflatable balloons [68]; 2) an inverted funnel and conduit held by a barge that carries hydrocarbons
onto a production vessel [69]; and 3) a dome structure sealed by a compression locking mechanism
and housing propellers that allow the dome to function like an ROV [70].

The larger version of a cap is referred to as a dome or containment tank that can surround the
BOP stack. In U.S. Pat. No. 2012/0241160 one proposed solution involves sizing the dome unit at
forty feet in diameter and sixty feet high with integrated anchoring and piping to bring the well under
control [71]. A further solution proposed in U.S. Pat. No. 8,025,103 BI involves a similarly sized
system in which the structure consists of a hollow wall which is filled with reinforcement material
(e.g. cement) [72]. Fastening elements (e.g. hooks) at the bottom of the containment assembly are
used to adhere the unit to the sea floor.

Yet another solution, as proposed in U.S. Pat. No. 2013/0126178 Al, E.P 25885676 A2 (Kagi),
is to place a "support structure with surrounding foil over the leaking oil well" where liquid below the
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foil can be pumped away with the assistant of the hydrostatic loading on the foil, as shown in Figure
2-20 [73]. U.S. Pat. No. 2012/0152560 Al (O'Malley) addresses the storage of such a capping method
for collection balloons used for storage while simultaneously collecting from a sea level funnel
system, also shown in Figure 2-20 [74].

Production
.... -Vessel

Pipe
Pump
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Structure

A) Kagi (E.P. Pat. No. 20110725463) B) O'Malley (U.S. Pat. No. 2012/0152560 A])

Figure 2-20: Flexible dome structures and riser with collection balloons

Unlike the cap structure, the oil industry is not currently developing the proposed dome
solutions. While expanding the area of collection, dome structures would also increase the area of a
pressurized container thus intensifying the overall forces exerted on the structure. Starting with the
assumption of a thin walled vessel, a ~12 m (40 ft) diameter dome would require a wall thickness of -
2.5 m to support the hoop stresses required to cap a well with a 103.4 MPa (15 ksi) back pressure, if it
were made out of structural steel (cy = 290 MPa) assuming a safety factor of 1. Upgrading to high
strength structural steel (ay = 690 MPa) would reduce that thickness to ~ 0.9 m. Therefore, the
assumption of thin walled vessel cannot be used for the dome. Furthermore, ability to quickly
transport such a large structure would prove its own engineering challenge.

2.1.4.3. Commercially Available Caps
Capping the well presents several challenges, including the forced removal of the cap via

hydrostatic forces and the formation of methane hydrate crystals in the production pipe. The
combination of cold water with the gases from the well can form methane hydrate crystals that can
clog the cap and impeded the collection of the hydrocarbons. The first issue can be solved with an
anchoring system. The second challenge (i.e. hydrate crystal formation) can be addressed by
introducing a hydrate inhibitor (e.g. methanol) as is done by some available units.

One commercially available cap is the UKCS Well Capping Device by Oil & Gas UK [75].
The unit, shown in Figure 2-2 1, is rated for wells flowing up to 138 L/sec (75,000 barrels per day) at a
maximum 103.4 MPa (15 ksi) back pressure and can be deployed at a maximum depth of ~3 km
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(10,000 ft.) [76]. The cap weighs approximately 355 kN (40 tons) and is 7.14 meters tall and has a
roughly 4.26 m x 3.97 m cross sectional area. The cap is delivered by ship to the offshore location
where it is lowered onto the BOP stack (after the removal of the LMRP) where the systematic closing
of the four-valve system is performed to gradually close off the well. The system includes two
methanol ports that are used as a hydrate inhibitor during operation.

ROV
Control

Panel

Vertical
Outlet**- 1  Side
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Figure 2-21: OSPRAG capping device dimensions and port system [76]
Another existing cap device made by the Marine Well Containment Company is comprised of

single ram capping stack plus a containment cap, as showft in Figure 2-22. The current cap can be
deployed down to depths of ~3 km (10,000 ft.) with a capacity of 110.4 L/sec (60,000 barrels per day)
of oil plus 3.39x106 m 3 (120x10 6 cubic feet) of gas per day.
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RAM

Stack
Engagement

Figure 2-22: MWCC capping device with a single blind ram to control the flow

It is expected that in June 2013, MWCC will have a 68.9 MPa (10 ksi) capping stack as an
addition to the 103.4 (15ksi) capping stack. The cap is currently in the process of being expanded to
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have a capacity of up to 184 L/sec (100,000 barrels per day) plus an additional 5.6x106 m3 (200x106

cubic feet) of gas per day with a capture vessel capable of liquid storage for seven days. A
comparison between the Marine Well capping stack and the UK capping stack is shown in Table 2-1.

Table 2-1: Commercially available capping stack comparison Marine Well capping stack and the Oil
and Gas UK capping stack

Capping Stack MWCC (Interim Cap) UKCS
Working Pressure 103.4 MPa (15 ksi) 103.4 MPa (15 ksi)
Depth - 3.0 km (10,000 ft.) -3.0 km (10,000 ft.)

110.4 L/sec (60,000 bbls/day) 138.0 L/sec (75,000 bbls/day)
Capacity Gas Oil Ratio 2,000* Gas Oil Ratio 3,000
Mass 90.7x103 kg (100 tons) 36.3x10 3 kg (40 tons)

Dimensions (LxWxH) -4.3 m x 4.3 m x 9.2 m 4.6 m x 4.0 m x 7.2 m
(14 f.t x14 ft. x 30 ft.) (15.1 ft. x 13.1 ft. x 26.6 ft.)

Mechanism Single Bore/ Single Ram Dual bore / Dual Barrier
Other In the process of upgrading Hydrate Inhibitor / 1210 C Temp

2.1.4.4. Junk Shot
One mechanical means to control a well is using a junk shot, which introduces drill mud

containing binding agents into the wellbore. The infrastructure needed to implement the junk shot
solution is the same as the top kill operation, with additional particulates (i.e. bridging agents) used in
the medium being fed into the wellbore. The particulates fed into the wellbore to induce clogging are
made up of an array of materials such as golf balls, pea gravel, pebbles, chopped rope, and rubber
pieces. Junk shots can be subcategorized into two groups: static components, and reactive particulates.
Static components include an assortment of different sized objects, while reactive components include
magnetic and swelling materials that are activated in the wellbore.

One of the primitive solutions proposed by U.S. Pat. No. 3,384,175 was to feed pea gravel into
the wellbore to temporarily plug a well, an early version of the junk shot [77]. The implementation of
junk shots at the time required creating an opening port below the BOP to introduce material into the
wellbore. This opening was created using by hot tapping the casing. The area above the insertion
point would also need to be constricted in order to help choke the flow and aggregate material, as
shown in Figure 2-23 [78]. When greater anchoring force is required, McCall suggests implementing
an array of extending pins into the wellbore passage that would serve to accrue sealer material, also
illustrated in Figure 2-23 [79]. Another solution proposed by U.S. Pat. No. 8,215,405, is the use of a
deployable grid within the wellbore in which where the junk shot material could would consolidate
and clog [80]. Both the extending pins and deployable grid solutions are not viable since the oil
industry is typically hesitant to make any changes to the BOP.

* Calculated from specification using Gas Oil Ratio equation
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Figure 2-23: Improving junk shot using casing constriction and deployable pins

A more recently proposed solution presented in U.S. Pat. No. 8,205,677 B 1 is to insert heavy
metal javelins into the wellbore to accrete and obstruct the flow [81]. These javelins are inserted at
the top of the wellbore and are allowed to travel into the wellbore until "some of them come to rest"t
While inserting 500 to 1000 javelins (diameter 2.5 - 3.8 cm, and length /4 - 15 of the wellbore
diameter) may create an array of cohesive needle like structures, the pore size created between the
javelins may result in a highly permeable plug that is thus unable to bring the well under control.
Further development related to the anchoring and packing of the javelin nest would be required to
make such a solution viable.

Javelin
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Javelin

Javelins
Stack

Hydrocarbons

Figure 2-24: Javelin inserts into the wellbore to control the well (U.S. Pat. No. 8,205,677 BI)

i From original patent U.S. Pat. No. 8,205,677 BI
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There have also been enhancements made to the materials fed into the wellbore to improve the
clogging by active means. For example, U.S. Pat. No. 2012/168,161 discloses the favorable use of
expandable swelling particulates to replace the conventional discrete materials of tires and metal
spheres [82]. The introduction of materials that swell in contact with the hydrocarbons improves
packing, thus allowing the plug to withstand higher pressures. Another patent, W.O. 2011153245 Al
proposes to feed permanent magnets of varied sizes to stimulate an attractive force between the
particles thus improving plug the cohesion of the plug [83].

While improvements have been made to the junk shot approach, further developments are
needed in order to achieve the goal of readily creating/forming a cohesive plug within a wellbore
during blowout conditions.
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2.2. Mechanical Wire Feeding
Wire feeding technologies are evaluated to identify potential designs for feeding a continuous

medium into an uncontrolled wellbore. Mechanical feeding mechanisms are categorized into two

primary groups: drive rollers, and continuous chains. These methods are used across a wide range of

industries, including but not limited to: welding, coiled tubing, surgical tooling, and snubbing (oil

industry). For example, MIG welders feed wire through a rolling set of dies into a flexible hose

structure without buckling the wire. The manufacturing industry often makes use of rolling wheels to

move, deform, and manipulate materials. One such example is the ring rolling operation that uses a

rounding roll pressed against an idler roll to deform the work piece until the desired cross section is

obtained. In fact, the technology to feed wire into a pressurized container can be modeled from the

existing technology of coiled tubing used in oil field services. The technology exists to feed wire into

the wellbore without it buckling during the travel path, but the components have not been incorporated

and sized to feed a wire in a manner that would enable entanglement to control a flow.

2.2.1. Mechanical Rollers (Roll)
The most common mechanical wire feeding systems uses rollers to move a wire along a path.

For example, drive rollers are used in MIG welders to engage the wire and move it along the liner as

shown in Figure 2-25 [84, 85]. Both Miller and Lincoln welders use similar mechanical rollers on

their push-pull welding guns to reduce buckling within the hose line when welding aluminum. The

configuration of the rollers and mechanism can be altered to attain favorable characteristics such as

self-aligning drive, adjustable diameter feeder, and variable grip force.
Lid

Drive Idle
Wheel Entry Wheel Exit

Guide /Guide

Spool

Feed

Wire Knurled
Drive Wheel Drive Wheel

Figure 2-25: MIG welder wire feeders (U.S. Pat. No. 2013/0048621 Al) and Miller Python Push-Pull
head for welding aluminum*

One favorable characteristic of a wire feeder is self-alignment that does not allow the wire to

travel along the length of the rollers. One example of a self-aligning wire feeder is from Miller's

patent (U.S. Pat. No. 5,934,537), which is comprised of a three wheel roller arrangement, as shown in

Figure 2-26 [86]. Two of the rollers are used to create a groove where the tubing/wire would sit and

the third roller is used to grab and feed the wire. Another configuration uses two sets of wire rollers

coupled with a guide plate structure to accomplish the self-aligning feature [87]. The use of the guide

plate allows for minimal alignment error of the grooved rollers; therefore, this method depends on the
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machining accuracy. Miller's approach, on the other hand, self-aligns the wire with respect to the
rollers based on elastically averaging the loads on the wire.

Wire

Motor
Drive Drive

Wheels

Wire

Drive
Wheel

Figure 2-26: Self-aligning wire feeder (U.S. Pat. No. 5,934,537)
Accommodations can also be made to drive wires with different diameters. One of the simpler

solutions was to change the hard rollers to elastically deforming rollers. An early design for variable
feed apparatus for wires and tubes is from the 1946 Collins patent (U.S. Pat. No. 2,525,590), which
involves a drive wheel pair mounted on arms that rotate about pivot points [88]. By adjusting arm
location the separation between the drive wheels can be increased or decreased accordingly. Other
features include circumferential grooves (U.S. Pat. No. 5,816,466) in the driving wheels to feed
different diameter wires [87]. Therefore, there is an entire range of incremental or discrete methods to
feed wires of different diameters.

Drive
Wheel

-I-

Pivot Wire
Point

Drive
Wheel

Drive Wheel

Wire Groove
Large

Wire Groove Key
Small Grooves

A) Collins (U.S. Pat. No. 2,525,590) B) Seufer (U.S. Pat. No. 5,816,466)
Figure 2-27: Gradual and discrete wire feeders for varying wire diameter

The variable wire diameter feeder can also be adjusted dynamically as shown in Figure 2-28 by
Jeannette's spring loaded split groove wire feeder for the arc welding industry [89]. As the wire
diameter changes along the length, the pair of splitting rollers separates allowing for a larger diameter
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wire to be fed. As the wire diameter decreases the springs on the exterior of the splitting rollers close
the groove thus allowing for a smaller diameter wire to be fed with the same mechanism.

Mating
Roller

-------- W ire
Spring 

Spring

Support Support

Figure 2-28: Dynamic variable diameter split roller mechanism (U.S. Pat. No. 3,447,730)
During the feeding operation adjusting the force on the wire can permanently deform the wire.

Mechanical elements (springs, flexures, etc.) can be used to compensate for wire stiffness, varying
diameter size, and compressibility. For example, U.S. Pat. No. 2,786,674 illustrates the use of feed
rollers to feed a ribbon as part of a melt spinning process for manufacturing threads from
thermoplastics [90]. Another example from the welding industry uses springs to provide a grip force
and push the wire without deforming [91]. Increasing the gripping force can also be accomplished by
meshing gear teeth into the roller [92]; however, wire deforming gear teeth can induce deformations in
the wire, which reduces the force required to buckle. Figure 2-29 shows the variable gripping force
cantilever design for both a single and double roller pair.

Loading Loading
Mechanism Mechanism

Variable Pivot .Variable

Pivot Load Roller'- Point Load Roller Loading
Point Loading Feed

Guide

GuideGuid 'FeFeede

Feed Roller Roller

Roller
A) Be/fiore et al. (U.S. Pat. No. 7,026,574 B2) B) Olivieri (U.S. Pat. No. 3,331,545)

Figure 2-29: Variable gripping force mechanism
Wire drive rollers also feature adjustable locking incorporated into the feeding mechanism as

shown by U.S. Pat. No. 6,427,894 BI (Blank et al.), illustrated in Figure 2-30 [93]. The overall
complexity of such a unit increases as additional features such as ability to feed variable wire
diameter, dynamic adjustment, and locking mechanism are introduced.
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Figure 2-30: Locking mechanism (U.S. Pat. No. 6,247,894 BI)

2.2.2. Continuous Chain
Feeding a wire into the wellbore can also be done with a continuous feed system, including an

elastomeric belt driven by rollers and an endless chain with gripping pads. One advantage of a
continuous feed system is the ability to push the wire with a greater force without causing localized
wire deformations. A pair of parallel, endless, flexible belts (continuous chain) has been used to feed
an elastomeric hose through a pressurized chamber, as shown in Figure 2-31 [94].

Adjusting Pressure
Mechanism Measurement

S

D
S

Hose - - --- Il- ...- Idle
Sprocket

)riven Idle
proket Sproket

rive
haft Springs

Adjusting .
Mechanism

Figure 2-31: Hose feeder into pressurized chamber (U.S. Pat. No. 3,946,918)
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As disclosed in Lyon's et al., U.S. Pat. No. 4,585,061, the oil industry frequently makes use of
an endless flexible conveyor system to feed and remove coil tubing from a well [95]. A key
characteristic of Lyon's et al. invention is the "reliable and automatic compensation of chain
tensioning" and the ability to handle multiple diameter sizes. One of the earlier patents, U.S. Pat. No.
2,567,009 (Calhoun et al.), discloses equipment used for inserting small flexible tubing into high
pressure wells using a pair of continuous chain drive systems, as shown in Figure 2-32 [96]. The
continuous feeding can also be integrated with gripper blocks that work in opposing pairs to minimize
misalignment as shown by Bridges et al [97].
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Figure 2-32: Continuous drive system with gripping blocks that press onto tubing
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2.3. Wire Buckling Considerations
The objective of this system is to generate an entanglement in the wellbore, while at the same

time preventing wire buckling inside of the wire feeding machine. Creating those distinct regions
requires understanding of the critical parameters (material properties, loading, and geometry) that lead
to buckling. The buckling analysis starts with the implementation of the Euler Column Formula,
Equation 2.1, where E is the Young's Modulus, I is the moment, L is the effective length, and C
depends on the boundary conditions [98]. Buckling has been used in the medical industry to design a
clutch based needle insertion method to detect a transition from a high to low tissue resistance [99].

C -g 2 E .I
F. = C;2 Equation 2.1

For this application buckling is the onset of the entanglement behavior. The goal will be to
design a machine that will preferentially buckle and deform the wire in the flow stream. Therefore,
entanglement avoidance must be considered in all modules inside of the machine: storage, feeding,
and guides.

2.3.1. Storage
There are several methods for storing the wire (i.e. continuous strand), including use of spools,

and woven balls. Winding wire around a spool, as shown in Figure 2-33, is one of the most
conventional ways of storing wire free of entanglements as the wire is pulled tangentially to the radius
of the spool. Another method is to wind the wire around a spool and the remove the spool core, also
shown in Figure 2-33 [100]. The advantage of removing the spool core and stacking the wire in
continuous plural loops is that the wire can be pulled from the axial direction and no moving parts are
necessary to wind the spool.

Spool
Assembly

Wire

Holding
Cap

Wire
Spool

Container

Bae (US. Pat. No. 2012/0006802 A1)
Figure 2-33: Wire storage configurations including radial and axial spools
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2.3.2. Guides
As the wire leaves the storage area it may be necessary to use guides to reduce entanglements

potential particularly after the wire exits the feeding mechanism and before it enters the wellbore.
Storage containers can also be used to minimize entanglements by controlling how the wire unravels,
as shown in Figure 2-34 by U.S. Pat. No. 2009/0014579 Al [101]. Wire guides serve to reduce
entanglements by limiting the motion of the wire to a preset path, as shown in U.S. Pat. No. 4,450,702,
as a cobble suppressor.

Wire

Exit Container

Region Wire
Bundle

Guide
Walls Interior

Channel

Suppressor

Berner et al (U.S. Pat. No. 2009/00145 79 A]) Larson (U.S. Pat. No. 4,450,702)

Figure 2-34: Welding wire guide ring

While a guide serves to reduce buckling, it also adds a frictional force component on the length
of contact, which increases the likelihood of creating a birds-nest like structure. Bird nesting occurs
when frictional force is greater than the buckling force. Therefore, the wire buckles inside or prior to
insertion into the channel, which can prove difficult to clean up. Taylor et al. describe a wire roller
mechanism that uses vibrations to minimize if not eliminate "bird-nesting" [84]. Bernat's work utilize
resonant vibrations to release the static friction on coiled tubing guides [102]. The methodology used
to free stuck or jammed tubulars within a well can be modified to reduce buckling inside of a wire-
feeding machine. Another way to minimize buckling is to remove misalignments and other features
that can produce kinks in the wire that lead to buckling [87]. Once within the flow stream the wire can
buckle in a lower energy mode thus generating an entanglement.
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2.4. Axially Moving Structure with Fluid Interactions
The model for inserting the wire into the wellbore can be complex; however, discretizing the

wire behavior using existing approaches may be used to model each section independently as shown in
Figure 2-35. The following models can serve as a starting point to predict the behavior of the wire:
Navier-Stokes (viscous feeding), reverse spaghetti problem, and flapping and bending bodies. The
Navier-Stokes equations may be used to model the dynamics of the wire within the guide as an axially
moving structure with fluid interaction if the gap between the wire and the channel is small. The
reverse spaghetti model may be used to study the interactions of the wire exiting the guide as fed into
the wellbore, referring to the ejection of a slender member through an orifice into an environment (e.g.
printer paper exiting rollers). The reverse spaghetti problem complements the spaghetti model
consisting of pulling a single strand of spaghetti into a cavity. As the wire is exposed to the flow
stream, the model can change based on wire stiffness compared to flow loading. For a low stiffness
wire (i.e. drag forces >> wire rigidity), where the length of exposed wire is much larger than the wire
diameter, the interactions between the surrounding flow and wire can be modeled as a flapping and
bending body, similar to Shelley et al paper on Flapping and Bending of Bodies [103]. For high
stiffness wires, buckling is induced through the interaction of the wire with the surrounding
environment (i.e. casing and obstructions). The three regions described are used to begin to develop
an understanding of wire behavior within a flow stream.

Guide
Wire

Navier Stokes
(Viscous Feeding)

Reverse
Spaghetti

Figure 2-35: Potential physical models for determining wire
the feeding process

Wellbore

Flapping & Bending
Bodies w/ Buckling

interaction though different areas along
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2.4.1. Drag Feeding
Feeding wire into the BOP wellbore region can also be assisted by drag force, generated by a

pressure differential between the wellbore and the internal pressure of the wire feeder. This pressure
differential can create a flow into the wellbore, effectively assisting in the feeding process. A similar
technique has been used by the fiber optic industry to feed fiber optic lines into tubes over long
distances with compressed air [104]. Fiber optic lines were inserted with minimal strain on the fiber
using 1.03 MPa (150 psi) of air for distances of 2 km link [105]. The applications of drag feeding has
led to the development of analytical models and experimental work for straight sections and coiled
tubing [106, 107]. Hence the feeder should maintain an internal pressure higher than the wellbore to
help ensure that the wire appropriately feeds into the wellbore.

2.4.2. Spaghetti Problem
In 1949, Carrier published a paper: The Spaghetti Problem in the journal of American

Mathematical Monthly [108]. Carrier's paper examines the vibrations of a string as it is accelerated
through an orifice. Since the original paper, extensive research and mathematical modeling has been
done on both the forward and reverse Spaghetti Problem [109].

The topic of interest related to this research is the reverse spaghetti problem, which also has
numerous applications including rolling processes, spacecraft antennas, cable tramways, printing
machines and band saws. The governing equation, the linear sliding beam equation of motion, is too
complicated to obtain an analytical solution; therefore, a numerical solution must be used to explore
the system dynamics. Discrete [110], close form [111] and numerical [112] solutions have been used
to model the dynamics of flexible sliding beams. The approach used by Kobayashi et al. [110] is
similar to Sugiyama's finite element discretization where the string/paper is divided into rigid sections
joined by torsional elements. While the mathematical model used by Kobayashi et al. couples the
structural dynamics with the fluid force (drag), expanded to include a flow field, it does not include
large deformation non-linearities. On the other hand, the model used by Behdinan et al. [111] is a
comprehensive formulation that takes non-linearities due to large deflections into account; however,
this approach is only valid for axially inextensible beams. Another numerical model is proposed by
Mansfield et al. in which numerical solutions are used to capture the drooping motion of an elastica
exiting a horizontal guide [112]. The non-dimensional parameters identified in the Mansfield paper,
shown in Equation 2.2 and Equation 2.3, are used to characterize the reverse spaghetti dropping
dynamic model. The dimensionless weight-to-stiffness ratio (Equation 2.2) characterizes the
gravitational forces on the exiting beam to the bending stiffness. The dimensionless velocity
(Equation 2.3) characterizes the exiting velocity with the bending stiffness of the axially moving
beam/wire.

,Ma g= Equation 2.2
B

feed -Lma / B Equation 2.3
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, The parameters in Equation 2.2 and Equation 2.3 have the following dimensions: ma [kg/m2] is
the mass per unit area, g [m/s2 ] is the acceleration of gravity, Vfeed [m/s] is the constant velocity of the
moving member, L [m] is the length of extending member, and the bending stiffness B [kg*m2/s 2]:

The bending stiffness used by Mansfield is not the standard definition used in the mechanical
engineering field, which is the Young's modulus E [N/m2] multiplied by the moment, I [m4] [112]. A
literature review into bending stiffness can be used to clarify the bending stiffness definition dilemma.
The bending stiffness used by Mansfield et al. [112] and Shelley et al. [103] paper is the bending
stiffness per unit width (w) of the rectangular piece, as shown in Equation 2.4.

B =E Equation 2.4
w

2.4.3. Flapping and Bending Bodies
For cases where the fluid drag is much greater than the stiffness of the wire, the wire may

behave like a flapping of a flag. In 2010 Shelley et al published a paper titled Flapping and Bending
of Bodies which presented detailed analysis on the behavior of a flag flapping in the wind [103].
Shelley's paper uses the non-dimensional stiffness shown in Equation 2.5to characterize the dynamics
of the flag and fluid. Once again, the bending stiffness defined has units of N*m not kg*m2 /s 2 as the
classical El. The following are parameters in Equation 2.5: bending stiffness B [kg*M 2 /s 2 ], fluid
velocity Vflo, [m/s], density of the surrounding fluid pf [kg/m3], and length of the extending wire L.

[m].
- B

;= p1 P L V2 Equation 2.5
.flow_ _ _ _ _ _ _ _ _

For wires with circular cross sections, the bending stiffness is defined as the stiffness divided
by the radius of the wire (Equation 2.6).

* EIBr =- Equation 2.6
r

For consistency the bending stiffness per unit thickness/radius (B) is to be referred as "bending
stiffness, while the classic definition of the bending stiffness (EI) is to be referred as just the
"stiffness."

The bending stiffness in the Mechanical Engineering context does not have the same units they are related by 1/r
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2.5. Spontaneous Knotting
Knotting and entanglement research is separated into two fields: detrimental and favorable.

There is, of course, a third section of entanglement, scientific curiosity, which focuses on
understanding the pure science behind entanglement irrespective of material properties or the
environment.

On one hand, research in the detrimental field is aimed at preventing entanglement situations in
manufacturing operations like wire drawing and rolling mills. The rolling mill industry sometimes
experiences "cobbling" during the production of stock, caused by the compression of rods between
adjacent stands that are used to reduce the diameter of the material from a billet [113]. While cobbling
is not a desired effect in the mill industry, it is a prime example of how spontaneous knotting and
entanglement can occur due to unforeseen and unwanted buckling forces. Spontaneous knotting or
entanglement has also been observed in the oil industry after cutting the wireline, which is a set of
electric cables used for collecting well data. Wire entanglement occurs when the wireline (suspended
measurement tools) is cut in the middle of an operation (i.e. in the case of an emergency); the
unsupported string in the wellbore falls to the bottom of the well, where it buckles and locks leading to
clogging.

On the other hand, the textile and medical industries view entanglement favorably, especially
in cases where the objective is to generate entanglements to adhere strands of fiber into a continuous
filament in order to seal an area by entangling wire and preventing blood flow, respectively. In the
textile industry, entanglements have been used to create cohesive fibers that have greater strength than
each independent strand [114]. The textile industry uses induced vortices in air jets to adhere loose
bundles of continuous multifilament yarn. Even though entanglement is used by various industries, it
is not well understood and regarded as "highly unpredictable." .

One paper that covers some of the theory of spontaneous knotting of an agitated string is the
work by Raymer and Dorian [115]. Although the work presented does not directly develop
entanglement theory; the main contribution is that knot formation can be captured in a simple model
developed on the basis of random "braid moves" of a string. Research on spontaneous knotting
concluded that longer and more flexible strings have a higher probability of knotting.
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2.6. Flow Through Porous Media
As the wire entanglement "nest" reaches its terminal compacted state prior to attainment of full

clogging (henceforth known as cohesion) the plug can be modeled as a uniform porous medium.

Determining the pressure drop across the porous plug can be accomplished in one of three ways: 1)
Finite Element Analysis, 2) experimental testing, and 3) analytical modeling.

2.6.1. Finite Element Analysis
The method least frequently used to quantify flow through a porous medium is finite element

analysis (FEA). Finite element packages, such as Fluent, can be used to calculate the inertial effects
through disordered porous media [116, 117]. Tobacco companies have used FEA to calculate the

expected airflow resistance through a cigarette filter which is composed of randomly placed obstacles
[118]. Sand control sectors of the oil industry have used FEA modeling to reduce deterioration of the

sand formation surrounding the entry region near the bottom of a well. Although finite element codes
have proved useful for some industries, any application in which the results need to be accurate require
the use of experimental data in conjunction with fundamental theory to validate the model.

2.6.2. Experimental Data
There is an abundance of experimental data available to calculate the pressure drop in a

formation without needing to resort to a large finite element computation. The data is used to identify
the governing parameters required to develop a model. The first known experimental work aimed at

understanding flow behavior through a porous medium is found in Les Fontaines Publiques de la Ville

de Dijon, published in 1856 by Henry Darcy [119]. The setup consists of a 3.5 m column with an
internal diameter of 0.35 m filled with silicious sand for porous media, as shown in Figure 2-36 [120,

121]. Darcy came to the conclusion that for sands of similar composition that:

"Le volume dibitJ est proportionnel a la charge et en raison inverse de
l'paisseur de la couche traverse."

- which translates to:

"the output volume is proportional to the head and inversely related to the

thickness of the layer traversed." [121]

The original form of Darcy's equation modeling the behaviors observed in his experiment is

given by Equation 2.7 [120].

q=kd s (h +e ho) Equation 2.7
e

where q is the volumetric flow rate per unit time, kd is the coefficient that depends on the

permeability, e is the thickness of the sand layer, and s is the surface area.
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Figure 2-36: Henry Darcy sand column experiment setup from Les Fontaines de la Ville de Dijon
[119]

2.6.3. Models
Since 1856, additional experimentation has tests have been performed only to discover

different behaviors for varying conditions. Due to the nature Darcy's experimental testing his results
are only applicable for systems with the following characteristics [122]:

1. Newtonian fluid with constant viscosity
2. Incompressible (i.e. constant density)
3. Steady State or quasi-steady (i.e. no time dependence)
4. Creeping flow
5. Solid material is not deformable
6. Arbitrary porous medium geometry
7. No slip on the internal solid matrix surface

While Darcy's linear model is not in the form of Equation 2.8, the relation is the same. For the
cases where the Darcy equation does not capture the fluid dynamic behavior, additional relationships

have been developed. For example, if the streamlines are assumed to be independent of the volumetric
flow rate then the resulting filtration law is a power law.
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q - kdp Equation 2.8
A u dx

Where q (m3/sec) is the volumetric flow rate, A (m2 ) is the cross sectional area, k (m2) is the
permeability, dp (Pa) is the pressure differential, and dx is the length of the column, and u (Pa*sec) is
the dynamic viscosity.

The physical representation of Darcy's equation is illustrated in Figure 2-37, which shows how
a permeable membrane with known geometry obstructs a flow of a fluid given a pressure potential
(dp).

phigh -*-
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Figure 2-37: Schematic diagram of Darcy's equation showing a permeable plug obstructing flow in a
channel

Experimental tests have led to a series of models developed for varying porous media
configurations including packed spheres ([123]), fibrous beds, etc. In the event that the existing
models do not capture the fluid behavior through a porous medium, there is a series of papers that
describe the recipe for modeling the fluid behavior. Tiller's work examines the time dependence of the
filtration rate, the role of porosity in filtration with both variable [124] and constant [125]
pressure/filtration rate. The work of Tiller et al can be used to create an entanglement resistance
theory as the wire nest reaches cohesion [126].

It is important to note that permeability and porosity of a medium/membrane are not
equivalent. The permeability refers to the ability of a medium to transmit flow, while the porosity
refers to the amount of void space as defined in Equation 2.9.

(D= voids Equation 2.9
Vo,

Where Vvoids (in3) is the volume of the voids, and Vt0 t (M 3 ) is the total volume. Therefore, a
high porosity consists of a section that has many voids.

The permeability of a rock or medium can depend on the porosity (D, but the permeability can
also depend on coatings and surface features of the porous membrane. The permeability k (M2) is
measured in Darcy's where 1 Darcy.= 9.869x10-1 3 M2 . Permeability ranges from 105 Darcy for
pervious material to 10-8 Darcy for impervious material. Table 2-2 shows permeability for a range of
sedimentary and crystalline rocks collected from various sources [127, 128].
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Table 2-2: Permeability ranges of sedimentary and crystalline rocks from Domenico et al and Freeze et
al. [127, 128]

Permeability Pervious Semi-Porous Impervious
^OAN [m 2] -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21

1O^D [Darcy] 5 4 3 2 1 0 |-1 -2 -3 -4 -5 -6 -7 -8 -9

Schist

(A Porous Basalt

Basalt

Granite (W)

Gabbro (W)
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2.7. Post Clogging Procedure
After bringing the well under control, repairs can be made to the existing blowout preventer or

a new blowout preventer can be attached to the existing structure above the occlusion. With a working
BOP appropriately controlling the well, the partially deployed rams can be retracted to allow for
drilling into the occlusion to gain access to the primary wellbore. Standard plug removal tools used to
remove broken tools, slick lines, and other obstructions may also be used to remove the entanglement
occlusion generated to control the well [129].
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Chp 3.

Design Parameters

Design parameters affecting the HAWK can be separated into three categories: environmental
conditions, geometry constraints, and flow parameters. The geometric constraints include but are not
limited to the range of: wellbore diameter, clearance below the BOP, and BOP stack length. Flow
parameters of the wellbore include: mass flow rate, inflow performance relationship4, fluid properties,
and flow parameters. Figure 3-1 summarizes the requisite design parameters for sizing an
experimental unit (all sources are listed in the following text).
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Figure 3-1: Wellbore schematic illustrated design parameters
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3. 1. BOP Environmental Parameters
There are two primary environmental parameters: depth and temperature. A machine for

deepwater operations has an added hydrostatic pressure load in addition to the operating loads. The
low temperature of the ocean floor at 3 km below sea level can also affect machine performance since
hydrate crystals can form at low temperatures and clog an aperture interface.

3.1.1. Depth
Offshore drilling began with the pursuit to harvest California's Summerland oilfield in 1896

[130]. The first offshore platforms were on pier structures and gradually moved further out to sea with
the recruitment of barges. Today, state of the art drilling rigs can reach depths in excess of 3 km
below sea level and well depths are divided into three categories: standard, deep, and ultra-deep.
"Deep water" drilling is considered anything greater than 305 m (1,000 ft.), and after 1.5 km (5,000
ft.) the well is referred to be in "ultra-deep" water. The depth of offshore wells depends on the
specifications of the drill rig. Currently, there are six generations of drill rigs, as detailed in Table 3-1.
Table 3-1: Oil rig generation maximum depth

Generation Maximum Depth Build Year
1St 244 m (800 ft. water - 600 ft) Early 1960s
2nd 457 m (1,500 ft. water - 1,000 ft) 1969-1974
3 rd 762 m (2,500 ft. water - 1,500 ft) Early 1980s
4t 1,067 m (3,500 ft. water - 3,000 ft) 1990s
5th 2,438 m (8,000 ft. water - 7,500 ft) 1998-2004
6th 3,048 m (10,000 ft. water - Source offshore article) 2005-2010

At the turn of the century, Brazil had the drilling depth record of 2,777 m (9,111 ft.) below sea
level [131]. According to the Mustang Engineering, as of March 2012, the maximum offshore well
depth record is 3,107 m (10,194 ft.) as shown in Figure 3-2. Recently, Hydril Inc., a BOP
manufacturer, has released a new BOP designed to work at depths of -3.8 km (12,500 ft.), where the
ambient pressure is on the order of 37.3 MPa (5.4 ksi), but the formation pressure can be as high as
138 MPa (20 ksi) [132]. Even though the maximum drilling depth record continues to increase, the
majority of current drilling is performed at depths less 2,134 m (7,000 ft.) [133].
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Figure 3-2: Offshore drilling & production depth over time [134]

3.1.2. Temperature
Variance in oceanic temperatures can be affected by seasons, location, and depth. Seasonal

temperature changes primarily affect the top 200 meters, known as the Epipelagic zone (sunlight
zone). The greatest thermocline is in the Mesopelagic zone, between roughly 200 m and 1 km in
depth. After one km, once the Bathypelagic (midnight) zone has been reached, average temperatures
are maintained around 3.80 C. Even at the equator, the average temperature below 1 km is 4.9' C and
remains fairly uniform throughout the year [135]. Global average ocean temperatures from 1982 to
2004, as illustrated in Figure 3-3, showed a dependence on latitude only in the mesopelagic zone; and
after one km depth the temperature remained fairly constant at or below 50 C [136].
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Figure 3-3: Global average ocean temperature dependence on depth from 1982 to 2004 (National
Weather Service Climate Prediction Center [136])

3.1.3. Other Environmental Considerations
Other environmental factors to consider may include corrosion, salinity, currents, salt

formations, etc. Any system designed to be integrated into the BOP long-term needs to be composed
of corrosion resistant components, similar to the BOP stack. Barite and hematite are both corrosive
effluents that can be produced from the hydrocarbon production [137]. Salinity should also be
considered for systems that are intended to function on the ocean floor for any prolonged period. At 1
km below sea level, the water salinity can range from between 32 and 37 ppt (parts per thousand) with
an average salinity of 35 ppt [138]. Methane hydrate crystals (methane clathrate) can also form when
methane gas is mixed with water at low temperatures and high pressures, conditions which are
common on the sea floor. Depending on the configuration of the mechanism, loading from ocean
currents may also need to be considered for supporting the structure and to try to minimize
deformations.
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3.2. BOP Geometrical Parameters
The top three manufacturers of BOPs include Cameron (Houston, Texas, US) , Shaffer

(Houston, Texas, US), and Hydrill (Houston, Texas, US) [139]. The industry produces annular and
ram style BOPs, with varying wellbore size and working pressures. The following trend is observed:
as working pressure of the components increases, so does the overall height and weight of the unit.
This adds to the overall size of the BOP stacks as discussed below.

3.2.1. BOP Stack Height
An array of BOP components is integrated together with a backup power unit and riser

interface to create the BOP assembly, as illustrated in Figure 3-1. The BOP assembly typically
consists of a combination of both styles, with the rams at the bottom, closer to the well, and the
annular BOP towards the top of the assembly. BOP stacks vary in their dimensions predominantly
based on the number of components included in the unit as well as its working pressure. As shown in
Table 3-2, the heights of highly functioning working pressure BOP stacks (e.g. 103 MPa - 15 ksi and
138 MPa - 20 ksi) range between 15.2 m (50 ft.) and 20.1 m (66 ft.) for a bore diameter of 47.6 cm
(18-%/ inch). The height of the Deepwater Horizon, for example, was 16.8 m (55 ft.), with a weight of
4x106 N (450 tons) [1, 5]. There are also 103.4 MPa (15 ksi) subsea BOP stacks that are shorter, and
they tend to have smaller bore diameters.
Table 3-2: BOP stack height (Source: National Oil Well Varco Presentation)

Bore Diameter Working Pressure Dimensions (HxWxD) Estimated Weight
6 Ram 47.6 cm (18- 3/in) 15 ksi 600" x 250" x 212" 398 MT
6 Ram 47.6 cm (18-% in) 20 ksi 700" x 240" x 212" 496 MT
7 Ram 47.6 cm (18-% in) 15 ksi 676" x 240" x 212" 432 MT
7 Ram 47.6 cm (18-% in) 20 ksi 762" x 240" x 212" 541 MT
8 Ram 47.6 cm (18-% in) 20 ksi 790" x 240" x 212" 562 MT

Source: National Oilwell Varco Presentation (Drilling 20ksi wells with hook loads)

One of the new BOP units designed for higher fluid temperatures (i.e. 2000 C) and pressures
(i.e. 138 MPa - 20 ksi) is the Cameron EVO with a 47.6 m (18-% inch bore), show cased in the
Houston Offshore Technology Conference in May 2007. Taking into account the production demand,
as well as new BOP stacks introduced into the market, it is estimated that the characteristics BOP
stack is approximately 15.2 m (50 ft.).

The weight and height of individual annular and ram components can vary significantly based
on the operating pressure and wellbore diameter, as shown in Table 3-3 and Table 3-4 (Hydril and
Sunnda manufactured BOPs). The two tables summarizing BOP components are only a representative
sample of the items available in the industry.
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Table 3-3: Hydril BOP weight (lbs.) as a function of wellbore size and working pressure (see
brochures for details). Specification in English units for consistency with suppliers

Company &
Working Pressure
[kil/ Height rinchl

Hydril
Compact
Ram BOP

5

Wellbore Size
7-1/16" 11" 13-5/8" 16-3/4" 18-3/4 21-1/4"

34,000
590"

10 -35,000

S--63.0"

15 53,100
'75 A"

Table 3-4: Sunnda BOP weight (lbs.) as function of wellbore size and working pressure (partial list)
and double.

Company & Wellbore Size
Working Pressure 7-1/16 9" 11" 13-5/8" 16-3/4" 18-3/4 21-1/4"
[ksi]/ Height [inch]

15,1002 -

Annular 3 2,900 4,775 5,825 9,100
AOP 29.1" 32$" 32.9" 40.7"1
BO ) 3,175 6,800 9,550 13,650(Brochure) 5 309ft." A A A

10 - 1 3,010 32,475
53.0" 5.8

2 -14,455 44.6"
2,200 4,096 15,350L WP, LWS, 3 - 22" 29.4" 34" ______

SL/SLX 29 94139

Style Ram 5 2,504 5,750 7,725 15,620
26.8" 29.5". 33" 34"

10 9,900 - 20,560 23,400
36.6" 40.9" 46"

2 25,1502 - - - - - - >2.8"1

3 - - 9,900 14,300 A -49.3" 53.4"_
U Style Ram 5 5,200 10,200 14,890 A A -

BOP 44.2" 54.5" 55.9" _

10 6,400 11,300 18,400 A A -
48.6"_ 55.9" 66.6",1
1,5 -18,400 43,250
15 -69.8"1 81.8
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3.2.2. BOP Clearance
The BOP stack clearance refers to the space between the bottom flange of the BOP stack and

the seafloor. The clearance is difficult to quantify for all wells due the fact that silt can accumulate at
the base of any given well. Therefore, the system must be designed such that it can be used with no
clearance between the BOP stack and the sea floor.

3.2.3. Wellbore Configurations
The objective of this section is to examine the range of two configuration geometries that can

occur during a blowout. While there are numerous configurations for failure during blowouts, only the
two most predominant configurations are examined here (shown in Figure 3-4). The first
configuration consists of having blind rams deploy that are unable to control the flow (i.e. not enough
pressure, faulty seals, jammed piston, etc.). As previously mentioned, offshore oil industry wellbores
are going towards a standard 47.6 cm (18-/4 inch) wellbore; thus, the wire entanglement technology
should operate at the standard wellbore diameter. The second configuration consists of having an
obstruction in addition to the deployed rams. Since frequently the obstructing object consists of tubing
with a diameter of approximately 12.7 cm (5 inches), then it is assumed that the average obstruction
diameter is 12.7 cm (5 inches) and that the obstruction is somehow interacting with rams [29]. These
two configurations can be used to characterize blowout geometries in the BOP wellbore. The range of
each configuration is determined by using the existing geometries of the wellbore, casing, and tubing.

&4A1 9bjtractzn Shr Ram/2r114qe

SOP Wellbore ID [cm) Obstruction [cm]
Min = 17.9 Blind RAMs Min = 2.7 Shear RAMs
Avg*= 47.6 Avg = 12.7

Max = 53.8 Max = 30.5

Wellbore Clearance through BOP

Figure 3-4: BOP obstruction configurations. The clear flow configuration can also have an annular
configuration (not shown above).

The interior casing diameter (ID) can range from 9.2 cm (3.64 inches) for a 11.4 cm (4.5 inch)
outer diameter (OD) casing up to 48.6 cm (19.12 inch) for a 50.8 (20 inch) OD casing [140].
Variations on the interior casing diameter depend on the stage of construction and depth of the well.
Casing diameter must decrease, with constant OD, with the depth of the well due to increases in
hydrostatic pressure around the casing and telescoping casing design. For example, while the BOP
stack ID and wellhead ID are typically 47.6 cm (1 8-/4 inches), the production casing for the Macondo
well was 25.1 cm (9-'/8 inch) [1]. Shallow wells can have casings as large as 55.9 cm (22 inches) OD
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and 49.5 cm (19.50 inches) ID, which means that the wellbore through the BOP is slightly larger to
allow for the casing to be introduced into the open hole.

Casings are normally produced in 12.2 m (40 ft.) sections with double-sided female
intermediate joints that connect to standard pipe couplings. Since shearing through the pipe couplings
requires more energy, in some BOP stacks there are two shear rams separated by the height of a pipe
coupling, guaranteeing that at least one shear ram will not interact with the coupling. The coupling
sections make up roughly ten percent of the overall casing length [5]. Tubing can also be inside of the
wellbore at the time of blowout and can be used to perform tasks inside of the well like drilling and
data collection. The tubing diameter can range from 2.7 cm (1.05 inches) to as large as 17.8 cm (7.0
inches).

3.2.4. Wellbore Interior
Since a continuous medium is to be inserted into the wellbore, the interior surface

characteristics of the wellbore are likely to be important. The absolute roughness of carbon steel is 45
um/m according to engineering toolbox but can be as high as 250 um/m. The surface roughness of the
interior of the wellbore could affect the interaction of the buckling medium with the wellbore interior.
This however will be a topic for future investigation.

3.2.5. BOP Ports
Direct access to the BOP bore is limited. Material can be introduced into the wellbore via one

of three methods: the 'top of the bop', a side relief well, or via use of choke/kill ports that are elements
of the BOP stack. Inserting material via the top of the well during a blowout can result in the rapid
ejection of injected material. Using a relief well to introduce material may not be an option in some
cases since it can take up to three months to drill a relief well. Furthermore, drilling a relief well for
every production well is not cost-effective.

The third option is to insert material via standardized choke/kill ports on the BOP stack, which
are normally used to introduce heavy drill mud into the well at the BOP. Under normal operations
drilling mud is circulated through the interior of the drill string to the bottom of the well and exits out
of the choke line at the BOP. When the drill string circulation is not available, the kill lines are the
auxiliary ports through which additional drill mud is introduced into the wellbore. The choke and kill
lines nominally consist of a 7.6 cm (3 inch) aperture accessed via a series of valves. One potential
challenge is the meandering path that may be prior to entering the port. The new Cameron Evo BOP
has choke vales 7.8 cm (3-1/16 inches) in diameter and kill valves 10.3 cm (4-1/16 inches) in diameter
[36].

As shown in Figure 3-5, the choke/kill ports are located on the sides of the ram BOPs and
provide access to the BOP interior. The mating flange is connected to standard valves where a system
can be connected to access the wellbore.
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Weilbore Wellbore

r Ram

Flange Ram Choe/Kill Flange
Port

Figure 3-5: Ram BOP from T3 Energy Services showing location of choke/kill ports and cross section
of system leading into the wellbore
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3.3. Flow Parameters
The formation pressure from which the flow is originating, the flow rate, and fluid properties

can characterize an uncontrolled flow. The higher the formation pressure, the greater the driving force
pushing the fluid medium out of the formation, thus increasing the flow rate.

3.3.1. Formation Pressure
Early oil reservoirs in shallow waters had formation pressures of about 13.8 MPa (2 ksi);

current offshore deepwater production pressures can be as high as 138 MPa (20 ksi). Note that
formation pressures are provided as absolute pressures. The average offshore deep water BOP is now
designed to withstand 103.4 MPa (15 ksi) of pressure at water depths of - 3 km (10,000 ft.) [139].
Ultra-deep wells nominally range in pressures from 89.6 MPa (13 ksi) to 124.0 MPa (18 ksi) with
temperatures up to 132'C [141]. Between eighty five and ninety percent of the existing wells
worldwide have a closed wellhead pressure less than 68.9 MPa (10 ksi), with some deeper wells
having pressures as high as 103.4 MPa (15 ksi) according to the International Association of Oil &
Gas Producers (IAOGP) [11].

3.3.2. Blowout Flow rates
The production flow rate and the worst-case discharge rate can differ by at least an order of

magnitude. The production rate is the quantity of oil produced per day (bbl/day); whereas, the worst-
case discharge rate is the free-flowing oil exiting the well in an uncontrolled event. Normal
production rate for crude oil wells average between 1,560 and 3,180 liters per day per well (ten and
twenty barrels per day per well) [142]. The total offshore Gulf of Mexico crude oil production ranges
between 1,840 and 2,760 L/sec (1 and 1.5 million barrels per day) as shown in Figure 3-6 [143].

Thousand Barrels per Day
2,000

1.500

1,000

500

0 1985 1990 1995 2000 2005 2010

- Federal Offshore-Gulf of Mexico Field Production of Crude Oil

6f5a Soorce U S Eneig Information Adtimslraticn

Figure 3-6: Gulf of Mexico crude oil production (Source EIA)
Most wells (i.e. between 85 and 90 percent) have a worst-case discharge pressure flow rate of

184 L/sec (100,000 bbl./day) or less [11]. One reference for the Deepwater Horizon Accident
estimated the uncontrolled flow rate at a low of 18.4 L/sec (10,000 bbl./day) and a high of 92 L/sec
(50,000 bbl./day) [64]. These flow rates estimates were under constant revision throughout the spill
[144]. One reference point for the unrestricted flow can be obtained using the Deepwater Horizon
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accident data that released 110.4 L/sec (60,000 barrels per day). At a production well blowout in
North Africa the flow rate was determined to be 184 L/sec (100,000 barrels of crude per day) [137].

Therefore, the design should span from a production range of 18.4 L/sec (10k bbl./day) to 184
L/sec (100k barrels per day), which results in Reynolds values from -6,000 to -60,000 for an 47.6 cm
(18-%I4 inch) wellbore diameter (Refer to Appendix-Calculations-Reynolds Number of Free Flowing
Oil Well for details). Thus, under blowout conditions, the flow remains turbulent until it is brought
under control.

An independent Reynolds Number calculation performed for the Deepwater Oil Spill accident
yielded a Reynolds number of 40,000 at the bottom of the well at a flow rate of 92 L/sec (50,000
bbl/day) at an approximate mean velocity of 3.7 m/s in a 18 cm bore diameter, and a representative
kinematic viscosity of crude oil of 10-1 m2/s [52].

3.3.3. Fluid Properties
The properties of the uncontrolled flow can vary greatly on the formation, temperature, and

pressure. The range of properties is presented here in order to illustrate approximate conditions where
wire entanglement is to be generated. The entanglement sensitivity due to variations in fluid
properties should be examined in future work.

3.3.3.1. Density
The range in oil density ranges from a low of 719 [kg/M3] and high of 1018 [kg/m3]; however,

oil density is assumed to be 839 [kg/m3] on average [49]. For the purposes of this work, the average
oil density, independent of temperature, is used unless otherwise stated.

For more detailed calculations the density can be calibrated for temperature using the
temperature graphs provided in the Well Production Practical Handbook using Equation 3.1 [140,
145].

141.5
70 = 131.5+ (API0  Equation 3.1

Where API' is the stock-tank oil gravity (if the API is greater than 10 it is lighter than water
and floats), and specific gravity of oil is referenced to a water density of 1000 kg/M3. Therefore, at 20
API0 , the density is 934 kg/M3 and 1000 kg/M 3 at 10 API0 at 15.60 C and atmospheric pressure [140].

3.3.3.2. Viscosity

The dynamic viscosity of heavy crude oil can range from 0.10-10.0 Pa*sec [49, 140]. Anything
above 10 Pa*sec (i.e. 1 cp = 1 mPa*sec) is considered tar sand oil, whose viscosity is equivalent to
honey at room temperature. The kinematic viscosity of crude oil under blowout conditions is
approximately 10' m2/s, which makes the dynamic viscosity approximately 8.39x 10-3 Pa*sec
(assuming density of 839 kg/m 3) [52]. For the purpose of this research, the average dynamic viscosity
of crude oil is to be used for first order analysis. The dynamic viscosity of oil (gas free) can also be a
function of pressure and temperature of the well. The standard formula for calculating the viscosity of
dead oil is known as Beal's correlation, as shown in Equation 3.25 [145]. There are at least two other
correlations that can be used Beggs-Robinson and Glaso's correlation that were determined by curve
fitting to experimental data.

5 Note that the temperature in the equation is to be entered in Fahrenheit, a metric form of the equation was not found in the
referenced text.
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(0.43+ 8.33
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Where D is the intermediate power value, API* is gravity, and TR (F) is the reservoir
temperature. A visual representation of Equation 3.2 can be found in Figure 3-6 for an API ranging
between 10 and 60, and temperatures between 37 and 104* C.
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Figure 3-7: Absolute Oil Viscosity as a function of oil gravity and temperature from 37.7 to 104.4' C

3.3.3.3. Temperature

The temperature of the exiting hydrocarbons is a function of the field depth and location, with
deeper fields predominantly generating hotter wellhead temperatures. Most wells have a maximum
wellhead hydrocarbon temperature of 150' C, as reported by the International Association of Oil &
Gas Producers [I1I]. Therefore, an occlusion medium must be able to withstand pressures and

temperatures reaching as high as 138 MPa (20 ksi) and 200' C respectively, for ultra-deep wells [146].
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Chp 4.

Bench Level Experiments

Bench level experiments are separated into three sections: generation of wire entanglement,
anchoring, and sealing.

The first portion of this chapter focuses on developing -an understanding of wire entanglement
by identifying all of the parameters that can effect entanglement behavior and consolidating and/or
eliminating higher order terms (as shown in Table 4-1). Thus, from a dozen possible parameters the
system is reduced to just four parameters for which a sensitivity study can be done while developing an
entanglement model. The four parameters evaluated for wire entanglement sensitivity are Reynolds
number, velocity ratio, wire stiffness, and entry angles (azimuth & tangential). The velocity ratio is
defined by feed velocity of the wire (Vr) to the mean fluid flow velocity (Vf).
Table 4-1: Wire entanglement parameter synthesis assuming that the diameter of the wire is much
smaller than the wellbore diameter, and that the pressure in the machine is about equal to the pressure
in the wellbore

Wellbore
* Wellbore Diameter (Dbore)

* Fluid Properties

* Flow Rate (Vflow)

Wire
* Wire Diameter (dwire)

* Young's Modulus
* Yield Modulus (ay)

Feeding
* Feed Velocity (Vr) --

* Angle of Entry (Azimuth & Tangential) ...

* Pressure Differential

e Length
System

* Spool Diameter
* Active Curl

N
N

.

Assuming:
* dwire/Dbore<< 1
* PMachine ~ Pbore
* Full Plastic Yielding

Parameters:

Reynolds Number (Re)

Velocity Ratio (Feed/Flow) Vr/Vf

Non-Dimensional
Wire Stiffness

Entry Angles (0, b)



The anchoring section pertains to the means by which the mechanical plug is fixed inside of
the BOP bore. The loading from the pressure differential is intended to pass through the mechanical
plug onto an existing obstruction inside the BOP, such as the partially deployed rams. This section
quantifies the geometry and percentage obstruction required to transfer the load from the fluid onto the
supporting structure.

The sealing section consists of evaluating the efficiency with which the entanglement can
obstruct the flow. This is done by determining and effective permeability of the cohesive mass as well
as its ability to resist a pressure head. Three parameters are used to characterize the plug: permeability,
porosity, and geometry (as shown in Table 4-2). The assumptions are as follows: 1) wire diameter is much
smaller than wellbore diameter, 2) the pressure of the machine is in equilibrium with the pressure of
wellbore, and 3) material can undergo fully plastic yielding. Three bench-level experiments were set up
at different scales to quantify the nest's ability to seal and withstand the pressure loads.

Table 4-2: Entanglement plug synthesis

Wellbore Assuming:
* Wellbore Diameter (Dwellbore) . dwire/Dwelbore << 1
* Fluid Properties ... * PMachine Pwelbore

...................SFlow Rate (Vlow) .... x --- ..... -.. Full Plastic Yielding

Wire ..... --.-.. Parameters:
* Wire Diameter (dwire) ---- raete

* Young's Modulus (E) ------.-------....... -

P Yield Modulus (-y) Lplug/Dwellbore
PlugLpn/wlbr

* L e n g t h ( L p i u g ) .. . . - - - - - - -- -

* Pressure Differential - - - -... : -.-

1Mass & Density- - Permeability

* Geometry ----------- ~~~
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4.1. Entanglement Generation in Air Stream
The wire entanglement air stream experiment is used to prove feasibility prior to investing in a

fluid system. The objectives of the air experiment are: 1) design a wire feeding mechanism, 2) identify
critical components of the design, 3) setup data acquisition, and 4) develop an understanding for
entanglement parameters.

4.1.1. Sizing Considerations
Sizing considerations must be considered when designing the experimental setup. The

experimental apparatus should be less than 2.5 meters in length, and be designed to operate with both
laminar and turbulent flows through varying inlet air pressure (max 0.69 MPa - 100 psi). The
calculated maximum pipe diameter is ~ 33 mm, considering two meters (79 in) of length for the
developing region and assuming that it requires 60 pipe diameters to reach fully developed flow. A
bench level experiment demonstrated that with a 25.4 mm (1.0 in) diameter pipe the average air
velocity is around 3.3 m/s, resulting in a Reynolds number of.5,030" at a pressure inlet of 0.48 MPa
(70 psi). Therefore, the flow regime at the feeder can be changed from laminar to turbulent and vice
versa by changing the source/inlet pressure. The design converged on a 25.4 cm (1 in) pipe interior
diameter.

An experimental approach was taken to account for: 1) air compressibility, 2) temperature
dependence on pressure, 3) sudden expansion at the inlet, and 4) backflow in the developing region.
At the inlet the fluid medium undergoes a rapid expansion; the loss coefficient for the inlet region is
K~1.0 based on geometry (d/D ~ 15%) [147]. The fluid (air) diffuses into the developing region,
eventually leading to a steady state flow. Since air is a compressible fluid whose temperature varies
with pressure, it was easier to perform a small-scale experiment to determine if the flow is laminar or
turbulent. The steady state fluid velocity is measured with a hot wire anemometer (Omega hot wire
anemometer HHF 1 OOOR) to ensure that the pipe diameter is small enough for turbulent flow.

As shown in Figure 4-1, the mean air velocity as a function of inlet pressure can change from a
mean of 1.3 0.2 m/s to 3.3 0.2 m/s for inlet pressures of 0.14 MPa (20 psi) and 0.48 MPa (70 psi)
respectively.

E +
2.5 ....................... I................. ..................................

U .5 7 - - -

0

2V +

0i

0 0.2 0.4 0.6

Inlet Pressure [MPa]

Figure 4-1: Mean air velocity as a function of inlet pressures ranging from 0.14 to 0.48 MPa

ft Re = (1.2 kg/m3 * 3.3 m/s * 0.0254 m ) / (2x10-1 kg/ms)
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4.1.2. Experimental Setup
The experimental setup consists of a device feeding wire into a straight pipe with fully

developed flow and a downstream obstruction, representative of a partially deployed ram. Data
collection (instrumentation) and hardware make up the two major components of the scale model as
shown in Figure 4-2. The following measurements must be taken as part of the experimentation: air
pressure, and wire displacement captured via photographs. Pressure is measured prior to the inlet with
an analog pressure sensor. Hardware consists of a clear pipe equipped with a custom design wire
feeder. The total length of the prototype is two meters. The inlet is for inch push-to-connect pipe
tubing. The main pipe is acrylic round tube with a 3.2 cm (l-%4 inch) OD and 2.5 cm (inch ID). From
the inlet to beginning of the wire feeder is a distance of 1.5 m. Instrumentation connections provide a

inch pipe push-to-connect mate, and are secured to the pipe casing via an M5.8 thread. The
obstruction section is modular as to allow the tubular sections to be switched. The obstruction can
also be placed at a variable distance from the wire feeder using the extension region.

Wire
Feeder Stand Obstruction Hot

Inlet FI w

Inlet
Extension Camera Outlet

Figure 4-2: Experimental layout and wire system. The diameter of the pipe is 2.54 cm (1 in) and the
length is ~ 150 cm.

4.1.3. Feeder Design
The purpose of the wire feeder is to continuously feed wire into the channel. The main

housing for the wire feeder is clear to enable visualization of the dynamics of the string entering the
(air) fluid flow. There were several design options for feeding the wire into the channel, which will be
discussed later; the design chosen to feed wire in this model is comprised of two disks pressing the
wire through a guide hole. Figure 4-3 shows a cross sectional view of the wire feeding mechanism.
The disks are synchronized via a pair of gears. Setscrews (4-40) secure the disks and gears to the
shaft. A hexagonal coupler is used to rotate the driver shaft to spin the disk feeding mechanism. As
the disks spin, wire entering from the external guide is gripped by the disks and fed into an interior
guide leading into the fluid flow region.
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Exterior External
Housing Guide

Shaft Exterior Wire External
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Figure 4-3: Cross section of wire feeding mechanism. A) is the front view showing the exterior
housing around the mounting unit containing size entry ports. B) Wire entering through the external
guide and being pushed by the drive wheels into the flow chamber through an internal guide. C) Photo
of system showing the synchronizing gears that link the motion of the feed disks.

To minimize the number of parts, shaft bearings were incorporated into the plastic housing.
The design was made to allow for six wires to be fed simultaneously, driven by a single motor/source.
Unused ports can be closed using 10-32 plastic set crews. Open ports consisted of 10-32 plastic set
screws with a hole in the center, with the hole sized for the wire gauge being fed. A single shaft
connected to a hexagonal coupler, connected to a flexible screwdriver extension, is used to drive the
mechanism. As the driver spins the disks rotate in opposite directions due to the gearing, as shown in
Figure 4-3.

4.1.3.1. Feeder Disks
The design of the feeder disks is crucial to effective insertion of wire into the channel. The

feeder disk must be able to provide a force on the wire that is greater than the buckling force. Several
designs have been considered and evaluated as part of the feeding mechanism as shown in Figure 4-4.
Initial feeding test using rubber disks showed that unless there is a significant compression force on
the wire during feeding the wire slips. The rubber disk tests were performed with a minimally stiff
wire (Br ~ 3.5 N*m3). The wire would slip instead of buckle.

Rubber Standard Linear
Disks 0-Rings Male/Female

String Disks Custom 0- Curved
Outer Diameter R Male/Female

Figure 4-4: Feeder disk concepts
The rubber disks proved to be ineffective, even with centering channels the wire could move

along the contact length of the rubber disks. The standard (circular cross section) O-ring design was
implemented to correct for the travel; however, the design also depended on compression of the 0-
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rings to generate enough friction to push the wire to buckle. Since the force required to buckle wire
depended on the compression between the disks that are used to push the wire, a series of disk were
made with varying interior diameters. A higher interference ratio between the disks, resulted in
increased friction but also the amount of power required to drive the motors. As shown in Figure 4-5,
the interior diameter holding the O-rings was increased in 0.5 mm increments and the maximum
frictional force was measured for two different wires.

18 ,

16 6z
14

1! 12
12

10
0 8 ----------- -- -- -- --

6 - ----------- -- - -UO 6 String (d 800 um)

2 U AL (d=812 um)

0 +--- --_- -
9.5 10 10.5 11 11.5 12

ID [mm]

Figure 4-5: Max friction force (N) as a function of interior diameter of the O-ring holder using three
standard orings (0.301 IDXO.70W) with an aluminum wire (812 um diameter) and string wire (812
um). Locking the wheels and pulling till slipping measured the maximum amount of force exerted by
wheels.

Based on the data above the standard O-ring configuration could be used depending on the buckling
force for a given wire. For example, the buckling force for an aluminum wire (E=70 GPa) with a
diameter of 812 um in a cantilever configuration (c=2.47) over the 2.54 cm tube diameter tube is
roughly 5.7 N (from theory); however, due to imperfections being developed in the wire after passing
through the rollers the required experimental force can be lower than the theoretical value.
Preliminary tests also revealed that using the O-ring design to push wire demonstrated the ability feed
at low speed (lower than 0.25 m/s); as the speed increased slipping would occur between the roller
surface and wire. Therefore, the feeding mechanism needs the ability to push wire at much larger
forces with minimal slipping.

The knurled driving wheels proved to be effective against slipping. A pull test showed that an
aluminum wire (diameter 812 um) yields in axial tension prior to slipping through two knurled wheels,
and the knurled wheels are capable of driving the wire into the tube. Preliminary tests were performed
using brass knurled wheels, as shown in Figure 4-6. The final design could also use knurling wheels
to establish a consistent pattern.

Figure 4-6: Brass knurled drive disks with a center channel to prevent the wire from traveling
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4.1.4. Non-Dimensional Entanglement Stiffness Coefficient
The non-dimensional entanglement stiffness coefficient is derived based on Shelley's stiffness

coefficient for the dynamics of a flag waving. The non-dimensional entanglement stiffness is defined
as the rigidity per unit area of the wire compared the fluid loading as shown in Equation 4.1, which is
a modified version of that used by Shelley et al [103]. Combining like terms results in Equation 4.2,
which is then further broken down to Equation 4.3.

E-I

) = 1 2r -Dore Equation 4.1

- -pf -Cd - Doe, -2 r. -Vflo

E - 2 Equation 4.2
flow2 -r.2 -Cd pf Dbio,, .-V,

The drag coefficient Cd for an infinitely long cylinder L/D > 40 under turbulent conditions is ~
1.00; therefore the term can drop out for a wire configuration.

E - .r-r

er 2
.e C 2 Equation 4.3

8 -Cd -pf -Dbeoe. Vf

4.1.5. Drag Load Deflection
After establishing a reliable feeding system the next step is to characterize wire deflection as a

function of wire stiffness (El) and loading, as shown in Figure 4-7. Since loading is a function of
radius, it is non-uniform. For example, as calculated shortly, a laminar flow will impart a fourth order
loading along the length of the wire.

Y,&

*I, m - -- -

tt t t t t2
0 2R

Figure 4-7: Wire deflection induced
(blue dashed line) flow.

by drag loading with laminar (purple dotted line) or turbulent
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4.1.5.1. Laminar
Determining the deflection on the wire starts by first finding the velocity of fluid flow as a

function of radius. For laminar flow the velocity is a quadratic function, as shown in Equation 4.4, as
a function of radius (r), BOP bore radius (R), and depth into the flow (x) where r equals x-r [147].

u,(r) = U ma -'

umjl_(-R)2) ~Equation 4.4
u~() Uraj -(x-R)

2~J_______U,(x= W R 2

The velocity profile (Equation 4.4) can be combined with the drag force (Equation 4.5) to find
the discretized drag load as a function distance into the well as shown in Equation 4.6. For the laminar
case the loading on a fully exposed wire length (Dbore) is of the shape of a fourth order polynomial, as
shown in Figure 4-8.

F -d .p(U,(X))dX
drag 2 Equation 4.5

CD . p. d' u (x4 - 4x3R + 4x 2R 2)
Fdrag_ dx Equation 4.6

The shape of the deformed wire can then be calculated by doing a force
equilibrium on the wire, as shown in Figure 4-8.

Fax 
a

F N(x) Fay \ 4h Orde

ay 1  y. (x) Drag Load

Figure 4-8: Fourth order poly deflection for laminar conditions

and moment

r
ing

The calculated reaction forces and moments at the base for the laminar conditions are shown in
Equation 4.7.

F, = 0 ->Fa = 0

SF, = 0 -:>F,, = .-- Co -p.d, -uk 2 R
15 Dd ax Equation 4.7

2 R

I M = 0=->M = -RfFMa O~ a RJdag

A moment balance about the base is used to determine the moment as a function of length
along the wire, as shown in Equation 4.8, where x' Ris the equivalent location of the applied load.
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N(x) =0 yy(x) = Fa,,g+Fa
0 xEquation 

4.8
M,(x)= x - F, + (x - x')Frag M

0

The displacement can be obtained from the moment by integrating twice and applying the
following boundary conditions: 1) angle at base is zero, and 2) displacement at base is zero.

As shown in Figure 4-9, the displacement varies with the non-dimensional stiffness which can
be altered by changing materials (left) or drag loading (right).

3 -

- Nylon (us = 126)

.Magnesium (ns = 5,040)

- - - Aluminum (ns = 17,640)

0
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x/Dw.1
0.6 0.8 1

Figure 4-9: Deflection shape for laminar flow conditions. On the left is changing the non-dimensional
stiffness by changing materials (Eal = 70 GPa, Emg = 45 GPa, Eny = 2 GPa ) and keeping the flow rate
to lgmp. On the right is changing the non-dimensional stiffness by changing the flow rate (0.32 L/sec
(5 gpm), 0.47 L/sec (7.5 gpm), and 0.64 L/sec (10 gpm)) for a wellbore diameter of 2.54 cm, and wire
diameter (ELDPE = 0.5 GPa) of 800 um.

4.1.5.2. Turbulent
The approach for solving the wire deflection due to turbulent flow is the same as that for

laminar flow. The primary change in the solution is replacing the velocity equation to the turbulent
velocity profile shown in Equation 4.9.

uY(r)= um a - -I m M - Equation 4.9
R 9 5

The calculated reaction forces and moments for the turbulent conditions are shown in Equation 4. 10.
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Z F x = 0 ->F, = 0

Z F ,= 0 >F a = C o -p -d, -u k - R2 +~1=~ ya D max*(2mw+ 1)

SMa =0 =>'Ma 2R R C -p.d.ulx ; 2m Equation 4.10
( , 0->, - drag = f2 2 R d

0 2

Ma = -CD -p-d, -uk 2-
max (2m+1)

Due to the asymmetry of the turbulent velocity equation, a set of two independent equations

have been used to calculate the drag force as a function of x throughout the entire wellbore diameter

extending from zero to two radii, as shown in Equation 4.11.

Fdrag - C Pdw.ax -,jdx 0<x<R
dra2 R

2 2m Equation 4.11

F =CD* P-dwUax 2R-x '"dx R<x<2R
drag 2 R 

_

As shown in Figure 4-10, the drag loading imparted on the wire due to a turbulent flow is

higher than a fourth order polynomial and depends on the m flow parameter.

Ma

F a
7I7-M=1/9

M=1/5
Figure 4-10: Turbulent loading shape over the length of the full wellbore

The moment of the wire as a function of length is determined using the same moment balance

system as the laminar conditions from Equation 4.8 using the turbulent drag loading equations.

However, given that the deflection may be considerable for turbulent flow, then it is best to apply

other forms for solving the structure like finite element analysis and discretized solution to account for

the change in drag coefficient as a function of the orientation of the wire with respect to the flow.

4.1.6. Entry Buckling Behavior
Prior to looking at the full entanglement configuration, it is crucial to understand how the wire

behaves at the onset of buckling which leads to entanglement. As the wire enters touches the opposing

surface of the inner tube it can experience three forces: tangential loading, axially compressive

loading, and the distributive load from fluid drag. The tangential loading is due to the friction between

the wellbore and the wire tip. The compressive loading is the vertical force component on the wire that

is a reaction force generated by the feeding operation. Depending on the magnitude of the loading

parameters the wire can buckle and deform to the lowest energy state or deflect. Table 4-3 shows
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experimental time elapse photos of the initial buckling behavior of the
wall, examining the buckling behavior without fluid loading.
Table 4-3: Experimental elapse images of entanglement initiation

(9 K
wire in contact with the tube

4.1.7. Buckling on entry
Three structural models, Table 4-4, are provided to give an insight into the onset of

entanglement with varying functionalities. None of the models provided capture the full post buckling
behavior. A discrete model may have to be created to model the entanglement buckling behavior.
Table 4-4: Entanglement buckling models.

Model Onset Curved Fluid Post-
Buckling Loading Buckling

Flexural Member X 0 0 0
Buckling Curved Member X X 0 0
Curved Member with Distributive Loads X X X 0

4.1.7.1. Flexure Member
The flexure member model is adequate for a wire that is experiencing a tangential and axial

compressive loading, as shown Figure 4-11 [148]. The flexure member applies when the deformed
curvature of the wire is small, the stiffness of the wire is large, and the fluid drag negligible.

Fx

S

L I
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Figure 4-11: Flexure member onset of buckling model

The deflection as a function of length, applied loading, and the geometry is calculated using
Equation 4.12.

y(x) = an(co)cosc--sc- + co - - tan(c) Equation 4.12

where o is defined as the non-dimensional loading stiffness, as shown in Equation 4.13.

co = L - Equation 4.13
El

The stiffhess of the flexure, Equation 4.14, is used to determine the compressive force that
would lead the system to buckle. When the stiffness goes towards zero, the wire is on the onset of
buckling as shown in Figure 4-12.

dF ___F_-____

kyF = = F Equation 4.14
d6, L -(tan(co) - c)
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Figure 4-12: Stiffness chart as a function of axial load for ranges in
where the stiffness is in units of [N/m]

wire length versus axial loads,

Since the flexural model has a limited range of usage, an additional model is presented that
accounts for the curvature of the wire.
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Buckling of Curved Member
The second model is for a purely compressive loading of a pre-curved member with large

radius of curvature. The tangential and axial loading can be rearranged, as illustrated in Figure 4-13,
to generate a simple curved beam with a compressive load P [98].

A

t B

Figure 4-13: Buckling of curved member
In order to use this model the loading must be translated into an axial load across a pre-curved

member with a known displacement function. The conversion of the applied loading (Fb, Fyb) is
converted to vertical an axial force P along the curved member using Equation 4.15.

P = F, cos2 )Fb sink 2 Equation 4.15

The pre-curved configuration is accounted by a displacement function v, , Equation 4.16, along
the effective length of the beam Leff.

./T - x
vO = ao sin

Equation 4.16

Le =2 - - sinr
-_ sin( ) 2

where ao is the original vertical displacement across the midsection of the beam as calculated
using Equation 4.17.

a = d (1 - cos( / 2)) Equation 4.17sin( )
The moment balance of the beam for the applied axial load P as a function of the initial shape

vO and additional component vj is shown in Equation 4.18.

EI--2V = -P (v +VI) = -P - V Equation 4.18
dx2

T he particular and homogeneous solution for the displacement along the beam is Equation
4.19.
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ao - X

-(P/ Pe,.) L ef
(/ LfEquation 4.19

ff 2 EI
Pr =fcr L12

eff

The solution provided can only be used for cases where the P is lower than the buckling force
Pcr. As the load P approaches critical load the displacement along the pre-curved member increases.
The effect of pre-curve radius has is -also shown by varying 4 evaluated at 15' (Figure 4-16), 30*
(Figure 4-15), and 450 (Figure 4-14) for an aluminum wire (400 um radius) in a 2.54 cm chamber
diameter.

Distance Along Effective Length [mm]
0 5 10 15 20 25 30

0

-2

-4 -e -Original State

E -6 NFy=5N

S-8S-8 -- Fy=10 N
M -10
0 12. Fy =15 N

Figure 4-14: Pre-curved member displacement for ( = 45 degree with a 25.4 mm diameter flow
channel and aluminum wire 400 um radius

Distance Along Effective Length [mm]
0 5 10 15 20 25 30

0 -

- -Original State
W -3
E _-Fy=5N

-6 - - - Fy =10 N

0 -- Fy=15 N

Figure 4-15: Pre-curved member displacement for ( = 30 degree with a 25.4 mm diameter flow
channel and aluminum wire 400 urn radius
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Figure 4-16: Pre-curved member displacement for ( = 15 degree with a 25.4 mm diameter flow
channel and aluminum wire 400 um radius
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While the pre-curved model can be used to obtain the shape of the wire due to loading, it is
limited to loads below buckling and does not include the drag loading. The buckling of a curved
member can be expanded to include fluid drag by adding a distributive load qf along the length of the
beam.

4.1.7.3. Buckling of Curved Member with Distributive Loading
As shown in Figure 4-17, the curved model can be further expanded to

as a distributive load.
include a drag loading

X

Figure 4-17 Curved member buckling with distributive loading
The challenge of developing this model is quantifying the parameters related to

load qf for Equation 4.20.
the distributive

d2v qjx2EI - =--P (v +vI) + +Ax+B Equation 4.20dx 2
Due to the growing complexity of the simplified models it is deemed appropriate to move

towards finite elements modeling to capture the dynamics of wire.

4.1.8. Results
Different wire inserts were placed inside of the flow stream to capture the behavior of the wire

as a function of load.

4.1.8.1. Deflection of wire
The deflection of the aluminum wire (812 um) into the airflow channel showed no measurable

deflection due to the air flow. The non-dimensional entanglement coefficient, Equation 4.2, calculated
for this configuration has values greater than 12,700, meaning that the wire stiffness dominates hence
why no significant deformation was observed. Therefore, it is expected that as the stiffness of the wire
decreases the deflection will increase.
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Figure 4-18: Wire non-dimensional entanglement coefficient as a function of the average air velocity
for an aluminum wire with a diameter of 812 um

4.1.8.2. Entanglement modes
Entanglements were observed with both aluminum and nylon wire, as shown in Figure 4-19.

The entanglement did not vary with the air speed from flow velocity up to 3.3 m/s due to the drag
loading compared to the wire stiffness. Therefore, the models may need to be expanded to include
wire dynamics.

Figure 4-19: String and aluminum wire in air buckling

4.1.9. Discussion
There were several lessons learned from this experimental setup, especially pertaining to the

design of the wire feeding unit. The most effective driving wheels for feeding wire into the flow
stream are the knurled wheels. The flowing fluid needs to be changed to water to increase the drag
loading to obtain a closer non-dimensional entanglement coefficient; therefore, the bearing structural
housing needs to be changed from a plastic to an appropriate bearing material such as brass. At high
speeds, frictional heat from shaft and bearing heats the surrounding bearing plastic thus leading to
wear in the bearing surface. The entanglement also needs to be expanded to include the dynamic
interaction of the wire as well as the fluid drag loading.
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4.2. Entanglement Generation in Fluid Stream (P1)
The second entanglement experimental setup uses the first prototype to feed wire into a fully

developed fluid stream. The wire feeding system can feed at speeds starting at 0.04 m/sec, but due to
possible slipping between the wire and the driving wheels the speed must be approximated by
measurements. The pump can supply a maximum flow of 37 1pm (9.8 gpm), and min of 2 1pm (2
gpm) thru a 2.5 cm clear pipe. The range in Reynolds number obtained is from 6,300 to 31,000.

4.2.1. Experimental Setup
The functional requirements for this setup include: minimized size, ability to operate in fully

developed flow, and ability for controlled feed speed. The flow stream must be fully developed
meaning that there must be at least 30 diameters from the fluid entry to the point of insertion. The
configuration must be able to provide Reynolds number up to 30,000 with the flexibility to increase
using a pump with a higher flow rate. The working fluid must be non-toxic and inexpensive, thus
water was chosen as the working fluid. Non-dimensional. numbers were used to calibrate the
experiment accordingly. To minimize the need for perfect enclosures and watertight seals the feeding
assembly is submerged in a tank of water.

The experimental setup is divided into three modules: 1) water flow, 2) wire feeding, and 3)
housing. The water flow system consists of a pump pulling water from a reservoir tank and delivering
it through a filter, a flow meter, and into the inlet of the housing. After flowing through the housing,
the water exits through a flexible hose that ends in the reservoir tank, thus closing the loop. The wire-
feeding unit consists of the feeding mechanism, spool, and driving motor. The third module is the
housing that directs water flow and keeps the wire feeding mechanism submerged below water.

Reservoir Motor
Tank

Drive
Belt

Wire
Feeder

Outlet Inlet

Side View Isometric View

Figure 4-20: Fluid experimental flow layout showing the wire feeding mechanism incorporated into
the tank and driven by an external motor.
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4.2.1.1. Transmission System
The drive motor is a Bodine brushless DC motor (Model # 3369) with a maximum speed of

500 rpm and torque of 57 N*m (42 ft*lb). A mechanical fuse (10-32 nylon set screw) was introduced
in the drive gear to shear off at 4.24 N*m (3.13 ft*lb) of torque, in the case that the drive is jammed.
Three belt systems were considered to transmit the torque from the motor to the wire feeder. The first
belt used was an mxl timing belt. Initially, the timing belt was selected for its compatibility for water
applications; however, at times the belt would skip leading to uncertainties. Therefore the mxl belts
where changed for another drive system that would be less sensitive to preloading and misalignments.
Posidrive belts were considered to drive the wire feeder without any parasitic skipping. However,
fully continuous posidrive (plastic) belts failed over time due to the sudden loads when the wire feeder
got jammed. A reinforced posidrive belt (steel core) was also tested and failed as well. The
manufacturing process used to make the reinforced posidrive belt leaves a weak area in the belt where
the splice is made, which leads to failure. The third timing belt used was a M5 drive chain that proved
to withstand the loading and transmit the torque onto the feeder. The disadvantage of using the M5
drive chain is its susceptibility to corrosion over time; thus the system is kept dry until it is used and
replaced as needed.

4.2.2. Entanglement Regions
An entanglement is created in a flow field when the stiffness of the wire and drag loads both

affect the dynamics of the wire. Therefore, it is hypothesized that there are at least three distinct
regions in an entanglement chart: The first region is where the drag loads dominate. The second
region is where the stiffness of the wire dominates the behavior. Leaving the third region where both
the wire stiffness and drag loading play a role that leads to entanglements. . As shown in Figure 4-21,
the regions may be plotted in two different plots Reynolds number versus wire stiffness and Reynolds
number versus non-dimensional feed velocity. The goal will be to find the boundary lines of the
entanglement regions and the type of entanglements generated.

Wire * .Wire Momentum
Momentum & Fluid Drag Stiffness

.- . --... Non-Dim Dominate
Stiffness

.- Entanglement

V= - Region Drag
Vlo, - -Dominate

Wire Momentum -
& Fluid Drag . , Fluid Drag

Reynolds Number Reynolds Number

Figure 4-21: Entanglement regions
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4.2.3. Experimental fluid data
The initial interaction between the wire and the fluid flow has been characterized into four

distinct categories, as illustrated Figure 4-22. In the "streamline" configuration the wire contacts the
opposing surface and bends in the direction of the flow stream not generating an entanglement. For
the "entry-streamline" configuration an initial entanglement is generated at the leading end but
migrates with the flow stream and no further entanglement is created. As the entry velocity increases
with respect to the mean flow velocity the wire entanglement enters a "full-still" configuration where
the entangled nest is generated in the entry area. As time progress a greater force is required to feed
wire into a smaller effective volume (seen experimentally). The preferred entanglement configuration,
"full-motion" occurs when there is a balance between the fluid viscous drag forces and the entangled
nest generation. The "full-motion" configuration allows for a more uniform entry force to feed the
wire and for entanglement growth along the length of the channel.

No Entanglements

Streamline

Entry - Streamline

Entanglements

vflaowVd

Full - Still

V Fufee - Motion

Full - Motion

Figure 4-22: Characterization of entanglement behavior
For the small-scale experiments aluminum wire (812 um diameter) is used to identify the

entanglement region. As shown in Figure 4-23, increasing the feed velocity can be used to generate
entanglements.

0 Unsuccessful Entanglemen

+Successful Entanglement

15,000 25,000
Reynolds Number

6
0
0

35,000

Figure 4-23: Reynolds number versus feed rate for aluminum wire (with a 812 um radius)
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The entanglement stiffness coefficient calculated for the data above is shown in Figure 4-24.
Notice that in its current form the non-dimensional entanglement coefficient varies only with flow rate
with feed then the non-dimensional stiffness extends from 43,500 at low flow rates (Re ~ 9,000) down
to 3,950 at higher flow rates (Re ~ 30,000). The entanglement values found demonstrates that future
work will need to also consider the feed velocity as part of the entanglement coefficient.

100,000.0 - - -_____

10,000.0
a, A

E
7a
C

LU A
10,000.0

C

5,000 15,000 25,000 35,000

Reynolds Number

Figure 4-24: Reynolds number versus non-dimensional entanglement coefficient showing that future
work may need to include a correction for the entry velocity

4.2.4. Discussion
During the data collection process, it became evident deviations in the entry angle could result

in changes in the configuration mode. Therefore, the entry angle of the wire has been confirmed to be
a critical parameter that must also be controlled in order to minimize sources of uncertainty. Hence,
the second prototype must have a feature that allows for the change in rotation angle and tilt. This
work, captured on video, has been captured on video and has been shown to generate a stiff plug with
a high porosity (i.e. low compaction). Along with aligning the components it will also be useful to
incorporate wire guides that follow the shape of the feeding wheel to further reduce the areas where
the wire can buckle and break inside of the machine. Another desirable improvement is to craft the
wheels from knurling wheels to avoid inconsistencies in the manufacturing process.

This experimental setup served to identify the regions where entanglement occurs and to
emphasize the need to control the entry angle as a critical parameter. The experiments that follow will
further explore the angle dependence.
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4.3. Entanglement Generation in Fluid Stream (P11)
This section explores the entanglement dependence on entry angles. The following shows the

next iteration of the wire feeding prototype using the existing submerged experimental flow loop. The
two key features controlled are feeding angle 6 and tilt angle <).

4.3.1. Experimental Setup
The experimental setup consists of the feeding machine submerged in a water tank, powered

externally by a ~290 W (3/8 HP) motor*1 . The driving method has been changed to a M25 chain to
eliminate issues with slipping between the drive gear and belt. The transmission ratio (driving/driven)
from the sprocket on the motor (18 teeth) to the feeding machine (9 teeth) is a half. The flow is
changed from 7 1pm (2 gpm) to 36 1pm (9.5 gpm) yielding a Reynolds number range from 6,300 to
31,000. In the case of jamming, a mechanical fuse is triggered in the junction between the sprocket
and the motor shaft (done via stripping a key). The key is sized so that it will shear at 3.6 N*m of
torque, less than the rated torque of the motor (56 N*m).

Motor

......... Dr............

Belt
Wire

Water Feeder
Tak

Flow Line

.....................
Figure 4-25: On the left is a water tank with a 2.5 cm (1 inch) in diameter pipe that connects to the
submerged wire feeder. A motor on top of the tank drives the wire feeder via a belt system.

4.3.1.1. Wire Feeder Design
The wire feeder, illustrated in Figure 4-26, is composed of three stages: 1) entry port, 2) drive

stage, and 3) closing cap. The three stages of the wire feeding mechanism are designed to connect
with a high degree of precision using a kinematic coupling. Stainless steel spheres 3.2 mm ('/8 inch)
in diameter are placed in holes 1.9 mm (0.075 inch) deep. The matching 450 v-grooves were made for
matching against the spheres. A gap of 250 um (0.01 inch) was left to allow for a close fit when the
components are assembled and pressed using an arbor press [149]. The result is a highly precise
matching between each of the stages, which allows for the centering of the all of the components
across all three stages to minimize misalignments that could lead to buckling. For ease of assembly,
spring loaded latches are used to easily remove stage two and three from stage one. The spring-loaded
latches also provide a preload for aligning the kinematic couplings. Four 6-32 screws 3.2 cm (1.25
inch) long are used to preload all of the stages after initial alignment. The path of the wire inside of

3 Parallel Shaft Brushless DC Gearmotor (Model # 3369); Speed (rpm): 500; Rated Torque (lb-in): 42; Rated Voltage:
130V; Amps (24V model); Amps (130V model): 2.6; Peak Torque (lb-in): 86; Motor HP: 3/8; Gear Ratio: 5; Radial Load
(lbs): 60; Length XH (inch): 8.189; Weight (lbs): 14
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the feeding machine is always supported by a wire guide thus increasing the amount of energy
required for the wire to buckle inside, as shown in Figure 4-26.

Stage 3 Kinematic Wire Entry Guide

Couplingg
Asph fteres Stage 3 rive Wheels

Kinematic 
NPT Port

Coupling
Grooves Exit Guide

Stage 2 Stage 2

Sprocket Spring Latch Rotation Insert

Pressure
Port

Latch Stage 1 Stage 1

Figure 4-26: Kinematic couplings for stages and drive system

Stage one allows for the change in rotational and tilt angle using an array of inserts with fixed
tilt and 30 degree rotation angle increments. The inserts were designed to be machined out of a Delrin
or metal in two halves that are joined together. Although 3D printing is also a viable option, there are
also additional complications can arise with a varying printing process. The 3D printing components
via Polyjet proved to be unsatisfactory at the scale of I cm or less, STL printing could be done, but the
benefits are not substantial. The inserts used were made using 3D printing technology in stainless
steel created by iMaterialize (Belgium, EU), which created inserts with a course surface finish. The
finish affected the wire feed for sharp tilt angles of 30 and 50 degrees

Stage one also houses a wire guide that complements the driving wheels to prevent buckling as
the wire leaves driving wheels. The distance between the drive wheels and exit port was minimized to
deter buckling inside the feeder.

Stage two houses the driving wheels, pressure port, and pressure measuring port. The driving
wheels are held by a inch diameter shaft and locked with a 6.4 mm (1/8 inch) shaft key. The locking
shaft keys are designed to fail at a torque of 12.2 N*m. The feeding wheels are made of high speed
stainless steel knurling wheels with twenty five threads per inch TPI (can also have 35 TPI, and 80
TPI). A slight groove was made in the center of the feeding wheels to have the wire self-align
preferentially. The knurling wheels provide regular features along the length of the wire. The shafts
are driven via a sprocket linked mechanically to the motor via a M25 chain. The two shafts in the wire
feeder are synchronized via a set of opposing gears, as shown in Figure 4-27. The synchronizing gears
are designed to fail after 4.0 N*m of torque at the teeth interface, the set screw that joins the gear to the
shaft has a max torque specification of 5.9 N*m. Bushings are used for holding rotating shafts without
wearing down the structure. The shaft diameter was increased to 6.4 mm ( inch) to increase the
stiffness of the shaft under tip loading. The prior version had deflections of the shaft that eventually
lead to the replacement of the shaft and bearing structure. Spacers are used reduce friction and align
the components in the axial direction. E-clips are used to hold the assembly.
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Figure 4-27: Wire drive system housed in stage two
Stage two also has a pair of 6.4 mm (% inch) Yor-Lok fittings (McMaster 5182K702) to allow

for pressurizing the machine at a level higher than the flow stream. One port can be used to pressurize
the machine while the other can be used to measure pressure. One of the variables that could
potentially be examined is the effect of a differential pressure between the machine and the well.

Stage three is a lid for the pressurized enclosure that brings the wire from the external
environment and guides the wire to the center of the rollers. The entry guide is crucial as it prevents
the wire from wondering along the length of the feeding wheels which has been shown to lead to
entanglements inside the machine.

A failure analysis has been performed on the transmission system to prevent failure of critical
components or damage to the drive motor. As shown in Table 4-5, the maximum torque rating is
calculated for each section of the transmission system and a mechanical fuse has been included as a
safety precaution.

Table 4-5: Section
(yy/sqrt(3).

and max torque transmitted through the elements, where the shear stress is
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Section Materials Mat Properties Failure mode Cross Sectional Max Torque
Area Transmitted

Lock Keys Stainless ay = 240 MPa Shear 19.6 mm2  8.6 N*m
(Shaft-drive disk) (rt = 3.2 mm)
Sync Gears Teeth Carbon ay= 250 MPa Shear 6.4 mm2  5.9 N*m

Steel (rt = 6.4 mm)
Sync gear set Stainless cyy = 240 MPa Shear 4.6 mm2  4.0 N*m
screw 4-40 rt= 3.2 mm)
Drive sprocket set Stainless ay = 240 MPa Shear 4.6 mm2  4.0 N*m
screw 4-40 (rt = 3.2 mm)
Drive sprocket Aluminum ay = 276 MPa Shear 8.4 mm 2  12.0 N*m
teeth (rt= 3.2 mm)
M25 Chain Steel 508 N working Tension 2.5 mm 2  9.3 N*m

load (rt = 9.1 mm)
Motor sprocket Stainless ay= 240 MPa Shear 8.4 mm2  21.2 N*m
teeth (rt 18.3 mm)
Motor sprocket Nylon (y= 45 MPa Shear 14.5 mm 2  3.6 N*m
fuse (rt 9.5 mm)



4.3.2. Data
Three parameters were varied to identify the regions of entanglement: Vflo, Vfeed, and stiffness.

The original four behaviors were extended to ten discrete types of wire behaviors observed during
testing as shown in Table 4-6 for varying configuration settings. As shown in Figure 4-28 and Figure
4-29, the feed velocity can be used to generate entanglements. Varying the angle of rotation and tilt
angle of wire feeding can also change the type of entanglement behavior, as shown by Figure 4-30,
and Figure 4-31.
Table 4-6: Entanglement types
Type Icon Behavior Description

The wire contacts at a shallow angle -+
and proceeds to exit the flow channel ~

O) -4Vflow

0 Entanglements get periodically -+
generated and slips before reaching flow

cohesion, and another entanglement is -
formed
Initial entanglement is created and .
slips, secondary entanglement is
generated and stays at entry regions -

Cohesive entanglement is created at .

IV A entry and moves with the flow VN*St
slipping and catching -- lo VwNs

Cohesive entanglement is created and .

V 0 slips downstream eventually catching ._ VNstand allowing a second entanglement -- +
to form and move forward > flow
Entanglement is generated only at the .

VI 0" entry region and does not move
forward

Entanglement is generated to move --

VII X backward by feeding against the
stream and the nest proceeds to also - o
entangle downstream low
Entanglement is generated in a figure

VIII oo eight configuration

Cohesive entanglement is generated
that moves against the flow, usually -+
generated when feeding a stiff wire
against the flow stream -+
Wire is fed against the flow but does -,

X not entangle and proceeds to move
against the flow eventually friction -.
and drag lead to entanglement
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4.3.2.1. Feed Velocity Variations
Nylon wire (812 um diameter) was fed into a turbulent flow at varying speeds to identify the

entanglement region. Due to the motor activation region higher velocity ratios did not generate
entanglement, because the wire got displaced by the flow, as shown in Figure 4-28. The same test was
performed using aluminum wire (812 um), as shown in Figure 4-29.

1.00 +

+

1+ +

Z0.10 -

0.01
5,000

Entanglement
Region

0
0 0

Drag
Dominates

10,000

Figure 4-28: Reynolds versus feed rate for

o Nylon No-Entanglement

+ Nylon Entanglement

Qo0
0
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Reynolds Number

nylon wire with a theta of 180 degrees and tilt of 70 degrees

Constant Feed Velocity Curves
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4.6 cm/sec
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Figure 4-29: Reynolds number versus feed rate for aluminum wire (with a 812 um diameter) with a
theta of 180 degrees and tilt of 70 degrees
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4.3.2.2. Rotation and Tilt Angle
A sensitivity study was needed to examine the effect of changing the angle of rotation and tilt

on the entanglement behavior. For a fixed tilt angle, tests were performed varying rotation angle to
establish a preliminary sensitivity analyses. The plots below, show the Reynolds number versus
rotation angle, illustrate the effect of rotation angle on the type of entanglement behavior at first
contact. Figure 4-30 and Figure 4-31 are for fixed tilt of 30 and 70 degrees respectively. Due to
imperfections in one of the inserts (tilt 50') the data is not provided.

180 -
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120 -

00 0

00

-0 0 0

0

0

0
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0

15000 20000
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25000 30000

0

Figure 4-30: Rotation angle for tilt 30 degrees for a given Reynolds Number.
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Figure 4-31: Rotation angle for tilt 70 degrees for a given Reynolds Number.

4.3.3. Results
Low stiffness materials such as nylon have a smaller entanglement region since the drag load

dominates the wire behavior. As the stiffness of the wire is increased the entanglement region expands
to include higher flow regimes. The rotation and tilt angle can also be used to influence the initial
entanglement behavior. As the tilt angle decreases, the wire is fed orthogonal to the flow, the region
of entanglement shifts to rotation angles below ninety degrees. Given the significant drag loading on
the wire, it is best to feed to wire at rotation angles below 90 degrees and with tilt angles less than 50
degrees to induce entanglement. The non-dimensional entanglement coefficient (Re of the wire should
be kept above 1,000 to obtain the same entanglement behavior as that observed in the experimental
setup. Future work should also include performing a feed velocity correction that quantifies dynamic
effects.
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4.4. Anchoring Entanglement
The interaction between the stiff wire entanglement and existing obstruction determines the

anchoring potential of the mechanical plug inside of the BOP. There are three primary interaction
modes between the entanglement and the obstruction region, summarized in Table 4-6. The focus of
this section is identifying the failure criteria compression of the initial entanglement. In the event
where the obstruction area (Aobs) is less than the critical area (Acriticai), there is no significant anchoring
and the entanglement can be ejected by the flow. For significant aperture obstructions, the anchoring
of the entanglement can fail by squeezing/extruding through the aperture; whereas, a fully compressed
entanglement can fail in shearing when overloaded.
Table 4-7: Anchor modes

Not Anchoring Compression Process Full Compressed Anchor

Aobs < Aritical Aobs > Acritical Aobs > Acritical

Ejection Extruded/Squeezing Shearing

4.4.1. Theory
As the unconsolidated entanglement is compressed by the flow, it can be extruded through the

obstruction aperture by the deformation of the structure. As the entanglement is compressed further it
reaches cohesion and transfers the load from the well to the existing obstruction where the mode of
failure is shearing. A significant load on the entanglement can lead to failure by shearing the material
in the plug.

4.4.1.1. Extruded
The initial analysis for determining extrusion force is based on the drawing process illustrated

in Figure 4-32. As shown in Equation 4.21, the extrusion force is a function of the compaction of the
medium and the area reduction geometry [150]. A more involved analysis, Equation 4.22, shows the
dependence on the rake angle and friction between the die and work piece. Figure 4-33 shows the
extrusion force as percent compaction and area reduction for the simple geometry.
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Die

.- A~oWorkpiece
Asr .---

P -~------------CCL

Fexrude

Figure 4-32: Drawing process schematic diagram showing an effective work piece that would be the
entanglement nest passing through the restriction

Fxtrde =Cn --,a- AA, ln e Equation 4.21

Where ABore is the initial cross sectional area, and AOpen is the reduced cross section.

F ,,,=C.1 o- A, - A, + -nBore + E ny 2 Equation 4.22
a)- AOP,, 3

Where a is the die angle, and p is the friction coefficient between extruded material and die.
A visual representation of Equation 4.21 is shown in Figure 4-33 illustrates the drawing force

required (N) as a function of compaction and area reduction.
0.95
0.9

0.85 N 0.OOE+00-5.OOE+04
0.8

0.75 U 5.OOE+04-1.OOE+05
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0 0.45
3 0.4
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0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

% Compaction

Figure 4-33: Drawing force in Newtons as a function of percentage compaction and area reduction
calculated using Equation 4.21. The calculation is for a 50 MPa yield stress material with a bore
diameter of 10.2 cm (4 inches) with varying compaction percentage.
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The behavior depicted above; however may not be an appropriate model for the extrusion of
the wire entanglement. The tapered angle used on dies in the drawing process is not present in the
existing obstructions inside the BOP or in the obstruction caps that represent the rams.

4.4.1.2. Shearing
The first level analysis for shearing is done by determining the force required to shear the

compressed entanglement given an applied load. If the load is less than the shearing potential then
anchoring is achieved, otherwise, material failure of the entanglement occurs leading to the extrusion
of compressed entanglement. The first order calculation, shown by Equation 4.23, relates axial
loading to the strength of the plug, estimated using the percentage compaction of a homogenous plug.

Faxi = AP -A Q < o - p -h -C% = F~hea, Equation 4.23

Where AP [N/M 2] is the maximum differential pressure across the entanglement, Ac is the full
cross sectional area, os [N/m 2] is the shear strength of the material, p [m] is the active perimeter, hc [m]
is the effective height of the entanglement, and C% is the compaction of the entanglement as defined in
Equation 4.24.

rn,/V
C P='' " Equation 4.24
P wire

Where the mwire is the mass of the wire in the effective height, Vplug is the volume of the plug,
and pwire is the density of the wire.

As shown in Figure 4-34, the maximum operating pressure that a partially compacted
mechanical plug can withstand proportional to the percentage compaction, geometry, and material
strength.

900 .-.--- Shear Strength (20 MPa)

800 --- Shear Strength (40 MPa)
-Shear Strength (75 MPa)

700 - Shear Strength (100 MPa)

600 - Shear Strength (220 MPa) C

500

400.0

300

00200

0% 20% 40% 60% 80% 100%

% Compaction In H~Dwl

Figure 4-34: Max operating pressure of a partially compacted mechanical plug prior to shear failure
for varying material properties with the following geometry Dbore = 47.6 cm (18.75 inch), effective
height h, ~ 47.6 cm (18.75 inch) using Equation 4.23
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4.4.2. Experiment Setup
A wire entanglement compression experiment was conducted to determine the critical

obstruction area needed for anchoring. As shown in Figure 4-35, the experimental setup consisted of a
plunger that is connected to a universal testing machine with a 20kN load cell. The plunger moves
axially in the negative z direction to compact the anchor and try to eject or extrude it through the
obstruction cap at the bottom.

Compression
Testing

FAxiaI
Clear

Housing

Entanglement
Anchor DBere

Shear
hc~Dso.* Zone

Be

Obstruction

Perimeter (p)
of Shear Zone Extrusion

Figure 4-35: Anchor loading preliminary experiment

4.4.2.1. Materials Considerations
Using the critical stiffness parameter needed to generate entanglements, the wire diameter

required depends upon the material properties of the wire. As shown in Figure 4-36, the wire diameter
needed for a high Reynolds number flows (25,000 to 30,000) is - 0.5 mm for steel wire. One of the
smallest commercially available (Home Depot) wire is a 16 gauge galvanized steel wire (1.55 mm
diameter - gauge 16). This higher entanglement stiffness wire value will allow for significant higher
flow conditions.
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Figure 4-3 6: Theoretical wire diameter for the experimental test showing the effect of the non-
dimensional entanglement coefficient on the wire diameter for given geometric and material
properties: Dbore = 10.2 cm, EsV = 210 GPa, E0= 70 GPa, using water.

4.4.2.2. Sample Preparation

Uncompressed entanglements were created by bending galvanize wire to wavelengths lengths
of about 50 mm which is about one half of the diameter of the clear cylinder. The mass of each
uncompressed entanglement was measured to ma = 170 +14 g. The exterior surface of the wire is
smooth and un-knurled. Each uniform uncompressed entanglement is loaded into the chamber (height
= 26.4 cm (10.375 inches)) with a given RAM geometry obstruction aperture. The plunger is placed
above the entanglement and the compression is initiated thus pushing the entanglement against the
obstruction disks.

4.4.3. Galvanized Steel Wire Compression Data
As shown in Figure 4-3 7, the preliminary compression experiments show that the entanglement

is subject to partial ejected for low obstruction (i.e. such as 25% RAM geometry) since a low axial

load yielded more than ninety percent axial travel with partial ejection. For obstructions of forty five
percent and greater it is evident that a significant amount of axial load is transferred via the

compressed entanglement and on to the supporting structure.
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Figure 4-37: Mass entanglement me= 170 14 g (3/8 lb), Dbore= 9.5 cm (3.75 inches), Galvanize steel
wire dwire = 1.55 mm

4.4.4. Anchoring Test Discussion
For RAM obstructions of 35% or lower the unconsolidated entanglement undergoes partial

ejection during the loading process, while at higher obstruction coverage the plug anchors and the load
is transferred onto the supporting structure. Given that the load applied is uniform additional testing
must be done with a deformable plug to ensure that the loading behavior is the same. Further
anchoring compression tests using an axial load machine were deferred in the interest of loading using
a compressible sealing material backed by fluid pressure. This approach is considered a more
representative test to capture the actual dynamics of the compression of the mechanical plug inside of
the wellbore.
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4.5. Sealing by Porous Occlusion 2.5 cm Bore
As the wire entangles and anchors it begins to behave as a semi porous plug. The permeability

of the entangled wire is characterized experimentally as a function of plug length, and porosity. The
objectives of this experiment are to determine how the wire occlusion can be modeled and to identify
the type of wire occlusion with the lowest permeability. The goal is to quantify the amount of wire
required to hold a certain pressure with minimal to zero flow in order to size the wire feeder
accordingly.

4.5.1. Experimental Setup
The experimental setup consists of a flow loop with a

is inserted to measure its permeability by measuring the flow
4-38.

cylindrical channel where a porous plug
rate and pressure, as shown in Figure

Pump

Figure 4-38: Porous occlusion experimental setup consisting of a pump, Omega flow meter (FTB791),
and a pressure meter (MG1-200-A-9V-R). The interior diameter of the pipe is 2.5 cm (1 inch).

The first order approach is to assume a linear permeability model, based on the Darcy equation,
is rearranged to solve for the permeability of the porous plug as a function of the measured values and
the errors associated with the measurements as shown in Equation 4.25. All of the factors in the
equation can be quantified (viscosity) or measured (pressure, flow rate, plug length, area). The
objective is to determine the model type of the porous plug whether it is a linear, power, etc.

k = (F + ).(L+ e).P Equation 4.25
Ac -(AP+,j)

Where the main sources of error for the permeability k [m2 ] are from the following
measurements: flow rate -V, plug length L, and pressure AP. For the Omega flow meter FTB791 (range
3.8 to 38 1pm (1 - 10 gpm)) the error is 2 % of the measurement; therefore, the higher the flow rate the
higher the error in measurement. The pressure meter (1.4 MPa (200 psi) max) has an error of 1
percent of the full scale; therefore, at low pressures the error dominates the signal and decreases with
the pressure.

118

i P



4.5.2. Data
An array of continuous media was tested to determine geometry and features that are favorable

along the wire. The following materials were evaluated as part of this experiment in compaction to
find the porosity and permeability of the plug: aluminum wire (0.8 mm (0.032 inch) diameter), bread
wire and rubber wire. The permeability as a function of flow rate is plotted in Figure 4-39 for the
three materials whose permeability's were below 10,000 Darcy: aluminum wire (AL), rubber (SI), and
a ribbon core (RC) design. The ribbon core design was inspired by a sea slug (Cromodoris willani)
that has a stiff core member across the center and flexible extensions like wings across the entire
length of the body. As shown in Figure 4-39, changing the L/D ratio can affect the permeability
measurements. Ideally, each experimental configuration should consist of a single point
(permeability); however, as the plug length increases the permeability measurements do converge as
expected. The current test setup is limited by the pump specifications.

10,000.00

1,000.00

a0
100.00 * AL -L/D -13.5

A AL -L/D -18.3
+ AL-L/D~- 26.0
* AL -L/D - 32.4

10.00 A SI - L/D - 3.3
I SI - L/D - 5.3
oSI- L/D -7.9

*RC- L/D -2.0

*RC - L/D 3.5
1.00 ----

0 5 10 15 20 25
Flow Rate [Liter/min]

Figure 4-39: Permeability experiment summary for aluminum (AL), nitrile rubber (SI), and ribbon
core design (RC) with varying length to diameter ratio. Due to pump limitations of the experimental
setup additional flow rate measurements for low permeability's cannot be obtained with this setup.

The detailed flow rate versus pressure plots is shown in Figure 4-40, Figure 4-42, and Figure
4-44, for the aluminum wire, nitrile rubber, and ribbon core (slug) designs respectively. For each
material, the permeability is calculated using Equation 4.25 and traced as a function of flow rate for
each of the three cases respectively as shown in Figure 4-41, Figure 4-43 and Figure 4-45.

The error in the flow rate increases with the measurement since the flow meter has a two
percent error of measurement. The error bars in the pressure decrease with increasing pressure
because the error in the measurement is a function of the full scale of the measurement. The error is a
larger portion of the low-pressure measurements.
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Figure 4-40: Aluminum wire 0.8 mm (0.032 inch) with porosity of 73%
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Figure 4-42: Buna O-ring wire 1.8 mm (0.070 inch) with porosity of 40% to 15%
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Figure 4-43: Permeability (Darcy) for Buna O-ring wire (porosity of 73%)
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Figure 4-44: Slug design flow rate trend. The error for the flow measurement is 2% of the
measurement; whereas the pressure measurement has an error of 1% of the full scale.
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Figure 4-45: Slug design changed the compression by the flow
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4.5.3. Performance Calculations
The calculated closure efficiency is used to determine the plug characteristic necessary (i.e.

length and permeability) to control a flow releasing a max of Vi = 15.9x 103 m 3/day (100,000 bbl./day)
of hydrocarbons. As shown in Figure 4-46, for three standard well diameters a ninety percent closure
can be achieved with plug lengths of less than ten diameters, assuming a plug permeability of 30
Darcy, which is experimentally achievable. Therefore, less material is needed to achieve ninety
percent closure for wells with smaller diameters. Similarly, a decrease in permeability will also reduce
the plug length required to close the well as shown in Figure 4-47.

_v -
ifDe,- k'Pwe-

% Sealing 4  fluid plug Equation 4.26
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Figure 4-46: Effectiveness of a plug with an Ranges of Lpiug/Dwell, pfluid = 0.010 Pa*sec, Well Pressure
Pweni =68.9 Mpa (10ksi) Permeability (k = 30 Darcy) experimentally reasonably achievable, Initial
Volumetric Flow Rate Vi = 15.9x10 3 m3/day, Well Pressure PweI = 68.9 Mpa (10 ksi)
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Figure 4-47: Permeability sensitivity for an 47.6 cm (18.75 inch) bore diameter with an uncontrolled
flow rate of 100,000 bbl/day, viscosity 8.39x10-3 Pa sec Ranges of Lplug/Dbore, BOP bore diameter
(Dbore (18.75 inches)), gfluid = 0.010 Pa*sec. Initial Volumetric Flow Rate Vi = 15.9x103 m3/day
(100,000 bbl./day), Well Pressure Pbore = 68.9 MPa (I0ksi)

4.5.4. Results
In an attempt to improve the permeability of the continuous wire it was found that the ribbon

core design has measured permeability's that are two orders of magnitude better than the aluminum
wire, and also has the added advantage of 1/25 the mass as shown in Table 4-8. As shown in Figure
4-48, the measured permeability using a 2.5 cm (1 inch) wellbore range from 18 Darcy for the ribbon
core design to 1896 Darcy for aluminum wire packed to seventy percent porosity. The desired
occlusion should be below ten wellbore diameters in length and have a permeability of less than fifty
Darcy.

Table 4-8: First level permeability measurements and development positive and negative aspects.

Min. Mass

Material Permeability Mas Advantages Disadvantages Comments

[Darcy] [grams]

Wire Al Equivalent highly

(0.8 mm) 1896 300 Anchoring High Porosity fractured rocks and sorted
sand.

Rubber 186 94.6 Compressibility Minimal Anchoring Better for sealing but not
(1.8 mm) Friction along walls for withstanding loads

Ribbon 18 12.5 Low permeability, Complex shape, No Hybrid between sealing
Core __ high porosity anchoring and anchoring
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with varying initial porosities
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4.6. Sealing by Porous Occlusion 10.2 cm Bore
The objective of this section is to determine the effect of increasing the wellbore diameter on

the permeability of different plug materials. As shown by the performance calculations, the
permeability of each of the mechanical plug must be below 50 Darcy in order to work with the
geometry of the BOP.

4.6.1. Experimental Setup
As shown in Figure 4-49, the 10.2 cm (4 inch) permeability experiment is composed of four

components: 1) pump, 2) flow meter, 3) pressure meter, and 4) plug chamber. The pump used is a
Fluid O-tech pump powered by a Leeson electric motor that was available in lab with a maximum
pressure head of 0.4 MPa (60 psi). Connected to the pump is the Omega flow meter FTB791 (range 4
- 38 1pm) and pressure meter (MG1-200-A-9V-R). The connections and chamber were sized for 20.6
MPa (3,000 psi) internal pressure. The chamber is made from aluminum 10.2 cm (4 inch) interior
diameter pipe with a wall thickness of 12.7 mm (0.5 inch). At the exit location of the chamber there is
a honey comb crate that is used to hold the plug with minimal flow interference. The crate covers a
17.7 % of the cross sectional area.

Chamber
Pressure

Meter

Flow Pump

Meter

Figure 4-49: Four inch permeability experimental setup

4.6.1.1. Test Procedure
The chamber is filled with the continuous material to be tested and compacted against the crate

cover with approximately 900 N of force. The mass of the plug is measured before insertion, while
the height of the plug is measured in the compressed state to determine the porosity. The flow
chamber closed with a cap that connects to the flow loop. The pump is turned on allowing the
chamber to fill with water and pressurize. The pressure and flow are recorded to calculate the
permeability of the medium
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4.6.2. Data
The two additional materials that were tested with the chamber: foam square extrusion, and flat

ribbon. As shown in Figure 4-50, the permeability of the flat ribbon design were below 100 Darcy,
whereas the permeability of the foam square extrusion was larger. Bread wire was also measured to
have higher permeability than 1000 Darcy, similar to the aluminum wire (800 um diameter).
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0 10.2 cm Wellbore

Figure 4-50: Permeability experimental results for 10.2 cm wellbore scale

As shown by the permeability data, the flat ribbon design was scalable to the 10.2 cm (4 inch)
diameter aperture chamber. Note that the permeability experiments assume a linear relation based on
Darcy's law and it should be a matter of further testing. The compressible sealing material can
undergo non-linear compression. The measured permeability for the flat ribbon design is below 50
Darcy, which makes it feasible to significantly obstruct the flow within the BOP geometry. The
material may need to be used in conjunction with a stiffer and stronger material that would function as
the scaffolding to hold the flexible structure formed by the flat ribbon.
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4.7. Anchoring and Sealing At High Pressure
A high-pressure flow rate loop, provided by a fire truck engine, is used to test a mechanical

plugs ability to anchor and seal.

4.7.1. GAS Method
Based on the sealing experiments, the approach to bring the well under control is a three-step

process, whose acronym is GAS, which stands for generation, anchoring, and sealing. The first step is
to generate a stiff entanglement inside the free flowing uncontrolled stream. As the entanglement
reaches cohesion it is pushed by the flow towards an existing obstruction inside of the BOP. With a
critical entanglement mass in place, a more compressible material is introduced/fed into the wellbore.
The sealing material would then be pushed onto the entanglement using it as the scaffolding of the
plug. As more sealing material is introduced the entanglement is compressed and anchors itself
axially in the wellbore. Sealing is achieved as more and more soft material is compressed due to the
significant pressure differential between the wellbore and environment. This method allows for
significant sealing of the well with only a small amount of material compared to existing technologies.

4.7.2. Experiment Design
This section discusses the experimental setup and detailed pressure chamber design for testing

anchoring and sealing (effective permeability) of a plug with varying aperture restrictions. The setup
consists of a custom flow chamber connected to a fire truck to provide the uncontrolled flow. The
permeability of the mechanical plug inside the chamber is measured under high pressures, as shown in
Figure 4-51 by measuring the flow rate and pressure.

Interface

Chamber
2.5 NH

Access Swivel
Port-

Test Closing
Cap

Plugging Access

Obstruction Anchoring Section Port

Cap Section

Figure 4-51: Custom flow chamber with interface region. The chamber is connected to the outlet of a
fire truck hose via a 2.5 NH swivel connector.
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4.7.2.1. Pressure Rating for Fire Truck

The experiment is designed to operate in an open flow loop configuration with a fire truck
supplying a pressurized flow to the experimental setup. The maximum pressure that can be provided
by a fire truck is 2.76 MPa (400 psi) dead stall pressure, and 1.03 MPa (150 psi) for a flow rate of
5,678 L/min (1,500 gal/min). Therefore, for a 10.2 cm (4 inch) bore diameter the minimum axial force
that will be required from the obstruction caps is - 27.9x10 3 N at full closure with an internal pressure
of 3.45 MPa (500 psi). To account for any potential pressure spikes in the system, all of the flanges
and connectors need to be rated to at least 6.8 MPa (1,000 psi) to obtain a safety factor of two. The
interface for the fire truck can be either a 5-inch NH female thread or a 2.5-inch NH (National Hose)
female thread, preferably with a swivel connection. The connection used will be a 2.5-inch NH (7.5
threads per inch, 3.068 inch outside diameter male) connection to keep the overall size of the interface
smaller.

4.7.2.2. Flow Channel
In the case of full obstruction the flow channel needs to be rated to a pressure of 2.8 MPa (400

psi). An extra 0.7 MPa (100 psi) is added to account for any pressure fluctuation that may happen as
part of the loading process, increasing the minimum pressure rating for the channel to 3.4 MPa (500
psi). A safety factor of 1.5 is added to the overall specifications to account for any material
imperfection or micro cracks that could be present in the chamber as part of the manufacturing
process. For perspective this is about the same safety factor used for airplanes. The thick-walled
cylinder equations used to calculate the radial r, hoop 0oo, and axial stress az, are shown in Equation
4.27, Equation 4.28, and Equation 4.29 respectively [98].

-. 2p - r2  2 r2  Equation 4.27
S - e e re

F;-r| - P r f-f- ,

rg = 2  2 + 22)2 Equation 4.28
_r2 2 -Pr-)

0 ' -= ' - 2 Equation 4.29
" r - r 2(r2- r)

Where re is the external radius, ri is the internal radius, r is the location where the stress is
being calculated, Pe is the external pressure, and Pi is the internal pressure. Therefore the axial force
F, on the cylinder is generated by in internal pressure differential on the cap as defined in Equation
4.30 using the mid radius to calculate the area.

F. = (P, -P) - re rj') Equation 4.30
2 1

The calculated von Mises yield stress for the aluminum chamber Al 6061 T651 (uy = 276 MPa

@ 240 C)[151] is av. = 17.7 MPa for a channel with an interior radius ri = 50.8 mm (2.0 in), exterior
radius re = 63.5 mm (2.5 in) , and a. pressure differential of Pi-Pe = 3.45 MPa (500 psi). At the
maximum operating pressure the von Mises stress is at 9.6% of the yield, with the safety factor rj =
1.5. The maximum pressure rating for this flow channel, with a safety factor of 1.5, is 184 MPa (5.20
ksi).
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4.7.2.3. Seal Interfaces
Water-tight face seals between interfaces are achieved using 0-rings."e It was not advisable to

use gaskets, as they are prone to leaking. The 0 -ring used between the cap plate and flange is size
430 (5 1/8 inch ID , 5 / inch OD, and % inch thick) with actual dimensions of 12.9 cm (5.1 inch) ID,
14.3 cm (5.65 inch) OD, and 6.9 mm (0.275 inch) thickness. The recommended gland depth, in
Machinery's Handbook, for a static seal of a inch thick o-ring is between 5.7 to 5.8 mm (0.226 to
0.229 inches) [152]. The recommend groove width for a 430 O-ring without backup rings is 9.5 mm
(0.375 inches), with a bottom groove radius between 5.1 to 8.9 mm (0.020 to 0.035 inches).
Therefore, the O-ring groove will has interior diameter of 12.7 cm (5.0 inches), exterior diameter of
14.6 cm (5.75 inches), with a gland depth of 5.6 mm (0.22 inches). The 150 um (0.006 inch)
additional O-ring compression is used to maintain contact between the O-ring and both faces of the
mating components. Conventional face seals have the O-ring groove on one of the components while
keeping the mating component flat. In an effort minimize raw materials costs through use of on-site
supplies, the O-ring gland depth was divided amongst both faces of the mating components.
Admittedly, separating the groove adds complexity to multiple parts, but in this case the added benefit
of such complexity is the ability to protect the sealing surface from scratches during assembly.

4.7.2.4. Seal Cap
The seal caps for testing the pressure vessel have to withstand the maximum shear force

created from the internal pressure of the flow channel. The cap is made from Al 6061 T651 9.5 mm
(3/8 inches) thick due to the onsite availability of the material. The operating shear stress (based on a
3.4 MPa (500 psi) internal pressure) on the cap is 13.8 MPa (8.7 % of yield with safety factor
included) was calculated using Equation 4.31 with a safety factor of 1.5. The maximum rating for the
cap geometry is 39.7 MPa (5.75 ksi) of internal pressure acting on a 101.6 mm diameter bore with a
safety factor of 1.5. However, the partial O-ring groove on the seal cap reduces the effective thickness
of the seal cap, thus reducing the maximum operating specifications as follows. The maximum shear
stress at the operating conditions is 119.5 MPa (12.2 % of yield with safety factor included). The
adjusted maximum pressure rating for the cap with the O-ring groove is reduced to 28.2 MPa (4,090
psi).

flange = z -)- Equation 4.31
cap i

4.7.2.5. Bolt Circle Design
The purpose of the bolt circles that secure the cap is to transfer the axial loads created by the

internal pressure of the chamber on the seal cap onto the flange while maintaining a preload on the o-
ring interface to prevent leakage. The spacing between the bolts should be kept between three and five
bolt diameters to abide by Saint-Venant's principle of characteristic dimensions and must also take
into account wrench a clearances as well as a flange clearance. The bolt circle design that satisfies the
functional system requirements consists of twelve bolts evenly distributed at a 16.5 cm (6.5 inches)
along the circle. The distance between the bolts is 4.8 characteristic dimensions, assuming a 9.5 mm
(/8 inch) bolt diameter, thus abiding by Saint-Venant's Principle. The provided bolt circle is for a

H Please note that English units are provided since they are the standard dimension on the components and the references
used.
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flange wall thickness equal to the channel wall in order to minimize distortions during the welding
process.

4.7.2.6. Bolt Preloading
The array of bolts must be preloaded to maintain the seal interface and keep the O-ring under

compression. The preloading is nominally provided by a torque specification, even though the critical
parameter is the tension of the bolt that matters. One way to calculate the torque preload is to use the
torque tension relationship provided. in Machinery's Handbook (Equation 4.32) and Shigley's
Mechanical engineering design (Equation 4.33), which account for the axial load, thread friction, and
face contact friction [152]. The second method is based upon fundamental principles and use
experiments to determine the preload force; however, this method relies on measuring the elongation
of the bolt for a given preload. Since the preferred method is to use a torque wrench, friction
coefficients between the components will be estimated to calculate the torque required to achieve
given preload. Notice that both of the equations below do not depend on the number of threads in
contact, this is because the threads over one bolt diameter of length take the entire load [153].

,preoad F.. r,, 'lead dpitch - P 1 (d,,, + dbolthead ) - p' Equation 4.32
( 2;r 2cosa 4 )

Where Flamp is the vertical clamping force, 'lead is lead of the screw, dpitc is the pitch diameter
of the threads, dnom is the nominal diameter of the screw, dbolthead is the effective outer diameter of the
bolt head, a is the thread pitch angle (60 deg for standard threads), p, is the thread interface friction
coefficient, and Mi is the friction coefficient for the flat contact interface between the bolt and flange.

d.,, -Famp tan A + -sec a Famp (d, + dbohad) -pf
Fp,,oad = d.m(*I - A + Equation 4.33

2 1 p,-tan2-seca) 4

Where X is the lead angle defined as tan(k)=llead/f*dnom.
Figure 4-52 shows a plot of the preload required calculated both

bolts with a ten percent additional clamp force estimating p,~ 0.8 (steel
and aluminum).

80

.

r--

to
0C-

70 -

60

50

40 4

30

of the equations using
on steel) and pt ~ 0.45

3/8-16

(steel

10

i

20 E - Shigley's

10 - ---- --- - + Machinery's

0 -
0.00 2.00 4.00 6.00 8.00

Internal Pressure [MPa]

Figure 4-52: Bolt minimum preload required for range internal pressures calculated using two
equations in literature
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4.7.2.7. Flanges
The flange was designed with features for alignment and manufacturing. The weld interface

between the flange and the channel was raised by 1.3 cm (0.5 inches) to minimize distortions of the
flange face, otherwise the deflections of the flange face could lead to a poor seal leading to leakage.
The interior of the flange also has an internal alignment face where the channel tubing rests to align
the components. The thickness of the weld region was set to the same thickness of the channel wall to
improve welding of the two units.

The flange receives the loads from the seal cap and transfers those loads to the channel via a
weld. The first mode of failure of the flange is in shear from the axial loads. A similar calculation for
the shear loads on the cap is done. The effective flange thickness is 9.9 mm (0.39 inches), which
includes the reduction from half the 0-ring groove gland depth. At the operating load of 3.4 MPa (500
psi) the flange maximum shear is 19.2 MPa, which is operating at 12.0% of the yield with a safety
factor included. The maximum operating pressure of the flange is 29.6 MPa (4,150 psi), assuming a
rated yield strength of 276 MPa.

The second mode of failure of the flange is shearing at the weld joint. The heating process
during the welding process can soften the local region thus effectively annealing the local area and
reducing the yield stress properties of the material. Therefore, without heat treatment post-welding the
chamber, the maximum pressure rating is 7.34 MPa (1,070 psi), and with heat treatment after welding
the pressure rating increases would increase up to 36.5 MPa (5,300 psi) for Al 6061 T65 1.

4.7.2.8. Obstruction Cap Sizing
The ram caps are to represent partially deployed ram structures at varying closure states. There

are two types of obstructions: annular and rectangular. The annular geometry is used to model the
behavior of a partially deployed annular ring or a pipe ram; while the rectangular geometry is used to
model the partial closure of the blind shear rams. The obstructions were designed to cover from 25 to
55 percent of the cross sectional area of the flow channel, as shown in Figure 4-53.

Figure 4-53: Ram and annular obstruction apertures
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4.7.2.9. Interface Port
The interface section consists of a short channel section with a 5.4 cm (2.125 inch) access port

into the flow region. The access port serves as both an instrumentation port and a possible wire
feeding port similar to the choke/kill port on BOPs. The maximum rating of the port is 17.2 MPa
(2,500 psi) with a safety factor of two. The mode of failure of the system the interface section is the
blind thread on the port face. Therefore, when testing for higher pressure this section should be
replaced and the port flange would also be changed accordingly.

Interface Region

Access Port Closing
Test Closing Port Cap

Cap

Flange

O-ring
430 O-ring

Groove

Figure 4-54: Interface region and bolt region

4.7.2.10. Summary
The maximum operating pressure of the unit is 7.34 MPa (1.07 ksi) with a safety factor of 1.5,

which is limited by the strength of the untreated flange weld and the tensile strength of the access port
bolts as shown in Table 4-9. At the expected operating pressure of 3.45 MPa (500 psi), all of the
components are below 50 percent of the maximum allowable load before yield, which includes a
minimum of 1.5 safety factor. For the -pressure rating, the flange bolts (3/8-16) are torqued to 60 N*m,
while the access port bolts (%4-20) are torqued to 7 N*m. The calculated torque measurements are
within the expected industry values, 50 10 N*m for 3/8-16 threads for a high material strength, and 6
+ 1 N*m for %-20 threads for low strength material.
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Table 4-9: Chamber and interface failure modes and maximum pressure ratings

Factor of Maximum Pressure Operating to
Component Failure Mode SftraigYield %

Safety rating (500psi)

Channel Hoop and 1.5 31.8 MPa (4.62 ksi) 10.8%Axial
Seal Cap Shear 1.5 15.6 MPa (2.26 ksi) 22.1 %

Thread/Nut 2.5 21.8 MPa (3.16 ksi) 15.9%BoltsShear
Bolts

Head Shear 2.5 17.4 MPa (2.53 ksi) 19.8%
Body Tensile 2.5 9.58 MPa (1.39 ksi) 36.0%

Flange Shearing 1.5 28.7 MPa (4.16 ksi) 12.0%
Flange Weld

Untreated (20%) Shearing 1.5 7.34 MPa (1.07 ksi) 46.9%
Flange Weld
Heat Treated Shearing 1.5 36.8 MPa (5.34 ksi) 9.4%

Port Cap Shear 2.5 39.6 MPa (5.75 ksi) 8.68 %

Shear Thread 2.5 12.0 MPa (1.74 ksi) 28.8%
Clamping bolts Shear Head 2.5 12.9 MPa (1.87 ksi) 26.7%

Tensile 1.5 7.5 MPa (1.09 ksi) 45.9%

4.7.3. Pressure Vessel Testing
Prior to welding, all four flanges were tested for flatness to quantify any distortions caused

during the welding process. As shown in Table 4-10, the faces of the flanges were all within 50 um
flatness prior to welding with the main source of error coming from the deformations caused by the
chucks during the turning process, as shown by Figure 4-55. However, the flanges can distort during
the welding process, which can lead to leakage. The measurements from flange three and four after
welding revealed that the deformations were as great as 390 um across the face of the flange and 108
um in the O-ring groove. The warping from welding, however, did not affect the integrity of the seal.

Table 4-10: Flange flatness measurements from
contact probe

coordinate measuring machine with a 3 mm diameter
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Flange 1 Flange 2 Flange 3 Flange 4
Face (pm) 43.9 44.8 42.1 33.9
[Post Welding] [391.2] [177.7]
O-ring Groove (pm) 22.1 18.5 15.7 40.3
[Post Welding] [107.8] [79.7]
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Figure 4-55: Flange flatness measurements for flange 3 showing the 0-ring groove flatness profile and
the overall plate flatness

The system was assembled and pressured tested using a hydrostatic test pump (Richard
Dudgeon, Model 7555.1, Pressure Rating 6000 psi, S/N 9346) up to 6.7 MPa (1,000 psi) without
leakage by Ramsay Welding where the flanges where welded together. After an hour there was still
no leakage, but the pressure dropped to 5.5 MPa (800 psi) which is attributed to the seals in the test
pump.

4.7.4. Experiment Setup
As discussed earlier, the flow chamber is connected to a fire truck with a max pressure rating

of 1.52 MPa (220 psi) via a 2.5 NH hose as shown in Figure 4-56. The permeability of the mechanical
plus is calculated based on the measured flow rate, pressure, fluid properties, and geometry.

Tucker town (RI)

2.5" Hose fire truck
Supply Line

Obstruction
Cap Grounding

22 m Fire Hose
6.35 cm Diameter Hose

Obstruction nrfc

Entanglement Sealing Material Rgo
Chamber

Unconsolidate dechanical Plug

Figure 4-56: Fire truck permeability experimental setup
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The chamber is filled from the open end with unconsolidated plugging material followed by a
pre-formed stiff entanglement. An obstruction cap is used to close the open end. The fire truck is
used to deliver a flow to the chamber, thus pushing unconsolidated plugging medium against anchor
and compressing the anchor to the obstructions cap axially. In cases where the anchor does not catch
on the obstruction the plugging material and anchor are ejected from the flow chamber. It is expected
that for small obstructions the anchor will not have enough surface area to catch and will be ejected.
As the obstruction percentage increases the entanglement is expected to catch and anchor on the
obstruction.

For each obstruction cap the maximum pressure and flow rate are measured for a given
entanglement and plugging medium. The wire selected for this set of experiments is made from
galvanized steel wire (1.95 mm in diameter). A preliminary anchor loading experiment, see section
4.4.2 for details, was performed to determine the anchor type and expected behavior as it is
compressed.

4.7.5. Fire Truck Permeability Test Data
Prior to investing in a high-pressure flow meter rough measurements were made to verify that

the mechanical plug could reduce the flow of the channel in a significant manner with a substantial
back pressure. Therefore, using a known quantity of sealing material we measured the flow rate at
pressures higher than 0.69 MPa (100 psi) to calculate the percent sealing for the array of obstruction
geometries. As shown in Figure 4-57, closure efficiencies above 70 percent was measured for
obstructions 35% or larger. At lower obstructions, the entanglement does not have enough material to
catch and anchor. As shown in Figure 4-58, at 25% obstructions the entanglement fails to anchor and
is ejected below the maximum pressure rating of the flow loop. The experiments at obstruction
coverage 35% and higher demonstrated that an entanglement can withstand the full pressure of the
flow loop, tested up to 1.4 MPa (200 psi), without ejecting or extruding.

100% t--- - --

80% --- --

A ANN (25%)
70% ------------- --------------------------------------- Fire Truck

* ANN (35%) - Peak

N ANN (45%) Pressure
60% - A RAM (25%)

e RAM (35%)
50% + RAM (45%)

X RAM (55%)
40% - -

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
dP [MPa]

Figure 4-57: Pressure difference across plug versus percent closure for annular (ANN) and ram
(RAM) obstructions with varying amount of plugging material. Blue labels are for 0.412 kg of heat
shrink plugging material. Red labels are for 0.812 kg of heat shrink as plugging material. The

entanglement used is a galvanized steel (me= 0.32kg) with a wavelength of -1.5 inches (roughly 1/3 of
the wellbore diameter).
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Figure 4-58: Maximum pressure differential measured for a given obstruction percentage of the
annular and ram geometry for the data presented in Figure 4-57.

4.7.6. Conclusion
The permeability results proved that a significant obstruction could be generated with very

little obstruction material. A minimum of 35 percent annular and ram obstruction is necessary to
withstand a significant amount of back pressure. The ram obstructions were better for catching the
plugging material and transferring the pressure load to the structure. Ram obstructions are much more
efficient for anchoring than annular cross sections.
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Chp 5.

Entanglement Model
An analytical wire entanglement model, proved intractable at this stage, but the methods to

begin the study are presented herein as a basis for future work.
Modeling an entanglement generated by inserting a wire in a flow stream can begin by first

modeling the dynamic behavior of a wire entering the wellbore at a known velocity and arbitrary entry
angle (a), as shown in Figure 5-1. The formulation presented is primarily based on the work done for
high speed printing, but other applications include tape, transponders, cloth handling equipment,
telescoping robotic arms, spacecraft deployable sections, etc.. Since the wire can be considered highly
flexible member that will undergo large deflections, linear models will not be accurate. The
foundation of the work above is based on the early work modeling elastica developed by a series of
scientist and engineers such as Galileo, Hooke, Bernoulli, and Euler [154]. The topic is commonly
referred to as "elastica" theory. Another nonlinear model technique that can be used for an
inextensible member undergoing large deformation is a springs/chain model consisting of rigid
elements joined by rotation springs. Both the elastica and the spring model should agree in the region
where drag forces dominate. The spring model, however, can continue to be used to model an
entanglement undergoing complete plastic deformations. The models that follow examine the
dynamics of a flexible continuous structure with a varying cross flow derived using elastica theory and
element discretization.

S=L,

/ ,.
yy

Y

Feed

Dr,,

Figure 5-1: Flexible wire entering the wellbore
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S.1. Background
The study of high of thin structures undergoing large non-linear deformation has been a study

of interest to many fields. Table 5-1 shows some of the work developed over the years and their
corresponding solution approach.

Table 5-1 Elastica model background selected papers

Year Author Title

1945 Bisshop and X Large Deflection of Cantilever Beams
Drucker

1956 Conway X Nonlinear Bending of thin Circular Rods
1959 Mitchell X The Nonlinear Bending of Thin Rods
1959 Newmark X X A Method of Computation for Structural

I_ Dynamics
1962 Frish-Fay X X Flexible Bars
1974 Nordgren X On Computation of the Motion of Elastic

X X XRods
1979 Sinclair The Non-Linear Bending of a Cantilever

X Beam with Shear and Longitudinal
Deformations

1981 Benson The Deformation of a Thin, Incomplete,
X X Elastic Ring in a Frictional Channel

1985 Buffinton X X X Dynamics of a Beam Moving Over Supports
and Kane

1987 Kokarakis Effect of Extensibility on Large Deformation
& Bernitsas X X Three-Dimensional Static Behavior of

Beams
1987 Mansfield The Reverse Spaghetti Problem: Drooping

and X X X Motion of an Elastica Issuing from a
Simmonds Horizontal Guide

1988 Bauchau X X Nonlinear Response and Stability Analysis
and Hong of Beams Using Finite Elements in Time

1986a Simo and X XOn the Dynamics of Flexible beams Under
Vu-Quoc Large Overall Motions

1992 Stolte and X X X Dynamic Deflection of Paper Emerging
Benson from a Channel

2007 Hong et al Dynamic Analysis of Flexible Media by
X X X X Dynamic Elastica Theory with Aerodynamic

Effect
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5.2. Derivation
The derivations for both elastica and spring model are each provided without interaction (i.e.

buckling) in this section. Subsequent sections expand on the interaction between the wire and the
wellbore which can lead to buckling of the structure.

5.2.1. Elastica Model without interaction
The formulation of the elastic model is based on the prior work of predominantly three papers

Mansfield et al. [112], Stolte et al [155], and most recently Hong et al. [156]. This is for a thin flexible
wire inserted into a flow stream at an arbitrary angle of injection with gravitational loads. While this
derivation will follow their general approach, it is sub divided into sub sections.

5.2.1.1. Coordinate System
The coordinate system shown in Figure 5-2 illustrates a wire exiting an arbitrary angle (a)

relative to global reference frame (Xy), where x(s) is the projected distance of the wire onto the x
axis, similarly y(s) is the projected distance of the wire onto the y axis. Therefore, a=O feeds the wire
orthogonal to the flow. While and a>O will feed wire with the direction of the flow, thus positive
angles are measured in the counter-clockwise from horizontal. The origin of the fixed coordinate
frame (x, y) is at the entry where the wire enters the wellbore. The secondary coordinate system also
used is s, which is measured along the length of the wire with the leading edge at s=L, lagging edge at
s=O, and location at the clamp (i.e. entry) is at s=c. Therefore, the location of any point on the curve
outside of the channel can be expressed in terms of x(s) and y(s) as shown in Equation 5.1 and
Equation 5.2 respectively, where O(s) is the angle from x direction.

x(s) = fcos(#(Y))ds Equation 5.1
C

y(s) = fsin($(S))dY Equation 5.2
C

x(s) J cos(#(S)) d9

y(s)= sin(#(s))ds .. Y(s)

cos(06(9)) ds

sin( (s)) d 3

Figure 5-2: Coordinates on any point in the active region as a function of O(s).
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5.2.1.2. Deformation Potential

The deformation potentials, Equation 5.3 and Equation 5.4, are used to accomplish the
"analogous reduction of dynamic problems" but are best understood using Figure 5-3 [112].

L

u = fx ds Equation 5.3
S

V = LY ds-Equation 5.4

S

Deformation Element % SL Bound. Cond
Potentials Coordinates u(L)=0

U = X X(s') = cos(#(3))d- v(L) =0

v = L Y -d3 Y(s')= f sin(f()) d37 Y(s 3

u(s') JJ cos(#(9)) -d ds Y(s2. ... (sL)

v(s')= sin@()) -d -ds .(s3)

Y(s ).'Bound. Cond. (S) X(s 2) USC = 0 (

-u= Y(s).. -(s = C) = 0 ..- u2 s,

as as U--'Y xS3 S3
...--- 'Us 3 = Xs3

sC 
SU, = XL

Figure 5-3: Deformation potential with boundary conditions

. (SL)

L - Sc)

-(L -SI)

.(L - S2)

-(L -S 3 )

.0

Taking the second derivative of the deformation potential, as shown in Equation 5.5 and Equation 5.6,
ields a simplification that will later be used on the governing equations of the system.

u = x -ds -> u = cos# -d s ds > a 2 = -cos# Equation 5.5
S S C

J=iL L (-v dS = s2 V Equation 5.6

f y -ds -> V = sin# -d 3 ds2 = -sin
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Curvature Derivation
The curvature (rI=1/r) of the wire can be derived using small angle approximation, with the

Pythagorean*** Thm as shown in Figure 5-4 to obtain the final form of the curvature equation shown in
Equation 5.7.

Arc Length
Approximation

s=r#

\I =ra#

K

r dys

6j dx

Irrational
Murderer Th"
ax2 +ay2 =&s

+ 
2

as = _T

Combine to get: 0

a= tan(aO)
ax

S= sec2 (a#)
ax2

a2v 1#=(l+tana))

1+

ax, ax

a~y
a- &2

"X (fJ
Figure 5-4: Curvature derivation

d 2yldx2 d 2
K dry/ 2  ~d 2  - Equation 5.7

[+ (dy Idx2 x

5.2.1.4. Governing Equations
The governing equation for the behavior of the wire ejected into the wellbore starts with the

fundamental beam equation based on a force balance of an element as shown in Figure 5-5 that yields
to Equation 5.8.

q(x)

N N

k

Figure 5-5 Element force balance

E -I - N -w"+k .w = q(x) Equation 5.8
The first term that is eliminated is the elastic foundation represented by the k since there is no

support on the other side of the applied load. Since, the wire is assumed to be inextensible (i.e. length
is constant) then the term with the N drops out as well, leaving the reduced form as Equation 5.9.

Also can be referred to as the murder of Hippatus after he could not disprove the existence of irrational numbers.
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E -1. w""= q(x) Equation 5.9

Integrating the equation above and putting in term of the angular rotation 0 (i.e. # = w') yields
Equation 5.10 that is similar to that used by Stolte et al. [155]. The integral term on the right is the
shear stress, and where bending rigidity D was replaced by EI since D is the bending rigidity used for
wide beams [98].

a2o
E -I - =Jq(s)ds Equation 5.10

S

Where s is the arc length along the wire. Stolte et al.'s governing equation (Equation 5.11)
found by separating the distributive loads into the shear components on the element as shown
Figure 5-6.

K, \fy

is
in

f. sin(Q)

Figure 5-6: Shear force components

E -I - = V,(s) -sin(#) - V,(s) -cos(#) Equation 5.11

Where Vs(s) and V(s) are the shear forces from integrating the distributive loads fx and f,
respectively as shown in Equation 5.12 and Equation 5.13.

V, = f,(S) ds Equation 5.12

V, = ff(3) ds Equation 5.13

5.2.1.5. Distributive Loads
The distributive loads f andfy can be composed of gravity, inertial loads, and exterior loading

such as the cross flow drag force generated from cross fluid flow as shown in Equation 5.14 and
Equation 5.15."

fX = -mgsina - m3 + F ,(X,#))sin a Equation 5.14

f, = -mgcosa - my + Fd,,#)cos a Equation 5.15

While the gravitational term (mg) and inertial terms (mn,rn) are covered in prior derivations,
the drag term (Fdx) is added here to account for the loading imparted by the flow on the wire. Note

" The derivation done in Hong et al defines the angle a from the plane of the ejection, thus making their a negative; while
a is defined here as positive being counterclockwise and negative being clockwise. This little negative sign was a source
of confusion for some time.
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that the drag load depends on the global coordinates since the drag force varies along the radius of the
wellbore. The loading variables are derived from the geometry shown in Figure 5-7.

Fosin~a

YD FD

FO cos(os)

Mg cos(a)
mg

mg sin(bt)

Figure 5-7: Drag force and gravity division into components along thef, andfy direction
In reality there can be two type of drag loading: shear and cross flow. Shear drag is induced by

the resistance of the fluid along the length of the wire during the feeding process, as the insertion
velocity increases so does the effect of shear drag force. The cross flow drag refers to the force
imparted on the wire by the flow (shown as FD in figure above). The cross sectional drag load can
differ for each section of the wire depending on the orientation, wire geometry, and location along the
channel. Thus it is recommended that finite element models have a sub-routine for calculating the
force of drag for each individual element over each iteration.

Note that one assumption made here is that the shear drag force on the wire as it is fed into the
flow is assumed to be small compared to the cross flow drag force. In the case that the fluid velocity
is zero, it has been shown by Kobayashi et al. that the shear fluid force can play an important role for
the reverse Spaghetti problem [110].

. Partial Differential Equations
This is the set of three partial differential equations to be solved simultaneously.

In order to solve the system the acceleration terms and the terms related to cos(O) and sin(#)
must be approximated.
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a2u
2 = cos# Equation 5.16

a2v Equation 5.17
__ = -sino

aS 2

EI = -sinOmi + cosqmi; Equation 5.18
as2

+ mg(L - s){cosq0cosa - sinq0sina}

+ sin #JFDds - cos$ofFDds



5.2.1.7. Quasi-linearization
A quasi-linearization technique is used in Stolte et al. and Hong et al. to make the system of

equations easier to solve through the iteration process. As shown in Equation 5.19 and Equation 5.20,
sin(#) and cos(O) are approximated to a linear system of the previous value. In the equations the star
(*) implies the last known value in the iteration process.

sino & sino* +(#-# *)cos#* Equation 5.19

cos -- cos# * -(# - #*)sin#* Equation 5.20

Similarly, the acceleration terms also undergo the quasi linearization process as shown in
Equation 5.21 and Equation 5.22.

ii sin ~ (ii *+( - *)) -(sin#b* +(0 -# *)cos 0*) Equation 5.21

~ * #* cos#* +iu* # coso * +iisin#*

Vcos~( *+( - j*)) -(cos# * -( -0*)sin#0*) Equation 5.22

~ *#* sin(#*) - V *#0 sinob*+Vcos#*

5.2.1.8. Finite Difference
Applying the finite difference to the special and time domain is used to develop an iterative

solution. The center difference technique is applied to the spatial domain (Equation 5.23 and Equation
5.24); while, a back difference approximation is performed for the time domain (Equation 5.25).

a 2u u,_, -2u,, +u,,1,, a2V v,-_, - 2v,,, + v'*+-1 Equation 5.23
as2 As2 as2 As2

a 2 u _ u - 2u,,,_1 + u,,-2 2v _ v,, - 2v,,, + v,,- 2  Equation 5.24

At2  2 At2

-28 #,j - 2#, + Equation 5.25

As2 _ 
2
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5.2.1.9. Matrix Form for System of Equations
Applying the quasi-linearization and the finite difference approximation to set of partial

differential equations yields the matrix system shown by Equation 5.26, Equation 5.27, and Equation
5.28, to be solved simultaneously.

a 2u _ I - 2u, +' 4 = - cos#* + (# - *) sin #* Equation 5.26
aS 2  

__ __ __ __ _

a2V V ii - 2vi,+ Vi~
82  - 2 '*' = - sin #* + (# - 0) cos #* Equation 5.27

Equation 5.28

EI 2 -sino m ii + cosO m i;
as2

+ m g (L - s) {cos #cos a - sin 0sin a}
L L

+sin# FDds -cos# oFDds
S S

EI ~'', 2j + +'' =-(sin0* +( -#*)Cos*) u - 2 u,_1 +UQ- 2

(v -2v' +v+ (cos#*- (#-. *)sin#*)m '' ij21 ij-2
At

+ m g (L - s) {cos a (cos#* -(# -#*)sin#*)- sin a(sin#* +(# -#*)cos#0*)}

+(sin 0* +os#*) Fds - (cos# -(# ds
S S

5.2.1.10. Flow Diagram for Elastica Model
A matlab code was written in an attempt to solve this system of equations. The flow diagram

for solving the system of equations is illustrated in Figure 5-8.
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Figure 5-8: Elastica model program flow diagram
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5.2.2. Simplified Spring Model without Interaction
The rotational spring model starts with the discretization of wire into n rigid elements with

connecting (n-1) rotational spring as shown in Figure 5-9. The rotation springs represent the rotation
stiffness of the wire for that section. The loading on each element can be gravitational, inertial, or
externally applied. The only force considered in this section is the drag force imparted onto the wire
elements from the cross sectional fluid flow.

Rotational
Spring

Element Body
Straight i o

Spring
Body_, rke'( -1)C~ -1

t t t t t

Figure 5-9: Discrete element diagram

The angle between elements can determined from first doing a moment balance on each
element as shown in Figure 5-10. One underlying assumption is that the system is in steady state such
that the dynamic loads are small. This assumption can later be revised. Another assumption is that the
difference in angle between the elements is small such that there is no need to account for the torque
generated by the shear and normal components rotated about the spring node (this will not be the case
in the model that follows). The system of torque equations can then be solved in matrix form by
arranging the equations in the form AT = b. In this case the r is the unknown torques matrix, A is the
relation between the elements, and b is torques from the applied loads as shown in Equation 5.29.

L

45 4 T34 T34 T23 T23 t T2 T1 t
F4D F3D F2D FiD

Figure 5-10: Four-element moment balance for discrete torsion springs model

1 0 0 0 T2 F D0

[+ 1 1 F + L Equation 5.29
0 -1 1 0 "34 2 F3 D FD +2FD

L0 0 -1 IJ LT4_j _F4D_ _ ID + F2D + 3D_

The relation between change in angle of rotation (A&b) and torque of each element is shown in
Equation 5.30.
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K, * A< $ = ri Equation 5.30

Where Ki is the effective rotational stiffness given by Equation 5.31.
.E , -I ,K, = Li Equation 5.31

L.
Through an iteration process the rotation angles vector (}) can be found. At each iteration the

drag load is adjusted accordingly to the geometry.

5.2.2.1. Validation
This method was compared as the analytical solution for a simple cantilever beam with tip

loading to ensure that in the static configuration of both models agrees. The test model consisted of an
aluminum beam (E = 70x 109 N/m 2, ay = 500 N/m2) with the following geometry base 25.4 cm, height
of 10 cm, and length 0.25 m. The beam was subjected to 845 N at the tip to yield the maximum
moment at the base of 211.3 N*m, where the moment at yield is equal to 211.6 N*m. As shown in the
displacement (Figure 5-11) and tip displacement percentage error (Figure 5-12) plots, subdividing the
beam into a low number of elements has a significant amount of error in the solution. As the number
of elements increases to one hundred the error drops to 1 percent.

0.04

E

(D

75-

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0
0 0.05 0.1 0.15

Horizontal Displacement (m)
0.2 0.25

Figure 5-11: Horizontal displacement versus vertical displacement for
analytical solution and approximation with increasing number of sections

simple cantilever beam
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Figure 5-12: Number of sections versus percent error of simplified spring model
The spring model can be used to predict the shape of a wire that is fed into a pipe with fluid

flow to determine the parameters that lead to entanglement. The deformation on the wire is assumed
to be purely bending for the first order model, which implies that the stiffness of the wire is
comparable to the loading applied. The model works by stepping through a discretized time step and
imposing a deformation on each element. One limitation of this model is capturing the dynamic effect
of the wire as the set of equations is a balance of forces and moments.

5.2.2.2. Discussion
The simplified spring model serves only as a first order approximation. The inherent

assumption in the model above is that the angle change is small such that it is not a significant effect.
As the angle between the elements increases, the shear and normal components can create a pseudo-
torque on the following element; therefore, this model needs to be further refined to keep track of the
orientation between the elements and rotate the shear and normal forces accordingly. This is the
equivalent of making sure that each node is in equilibrium and that each element is in equilibrium
without assuming a small angle approximation.
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5.2.3. Springs Model with Angle Correction and without Interaction
As shown in Figure 5-13, the spring model can be modified to account for an arbitrary drag

angle, and large angle distortions between the elements. With this approach; however, the solution
requires finding the normal and shear components as well as the torques for each element.

FDl sin(4,)

FD cos(<j)

FO,2 sC~

............................................. ' F ,2 COS(K 2)

VFeed 
X

Figure 5-13: Element discretization

The original loading for the normal, shear, and moment at the rear of each element (i.e. purple)
can be found using Equation 5.32, Equation 5.33, and Equation 5.34 respectively. The drag force is
calculated for each element using the location along the x direction and tilt (bi+a) as described later
in the loading section.

N,0 = FD, cos , cos(#, + a) + FD , sin, sin(#4 + a) + N,,1 Equation 5.32

y,,0 =-Fo, sing, cos(#, + a) + F, cos;, sin(#, + a) + yi,f Equation 5.33

ri = -rFD, sin ;, cos(, + a) - rFo cosg;, sin(, + a) + r,_j - 2ry,_1  Equation 5.34

The translation between the initial or original (o), and final loading (/) for the next element is
done by setting the torsion spring node at equilibrium. As shown in Figure 5-14, the original normal
(Ni,o) and shear (yi,o) components from the previous element are rotated accordingly to final normal
(Nif) and shear (yif) components of the current element by imposing equilibrium at the spring node
using Equation 5.35 and Equation 5.36 respectively.
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Figure 5-14: Node equilibrium at rotational spring node

Nyf = 7, o sin(#, -1 #) + N, cos(#,_ - #,) Equation 5.35

Yi,f = 7-, cos(#,_ - #,) - N) sin(#_ - Equation 5.36

The system of equations, assuming in a quasi-static domain with negligible mass, is in the form
of Az = b where A has the relation between all of the shear, normal, and moment parameters, z is the
vector of the unknown parameters (Equation 5.37), and b is the loading from the drag loads.

z={N0  y, ry o .jy ... N0  71,0 ... Nn, 7} Equation 5.37

For a three elements system the stiffness matrix A 3 multiplied by the parameter vector Z3 is
shown in Equation 5.38.

1 0 0 0 0 0 0 0 0 N0

0 1 0 0 0 0 0 0 0 710
0 0 1 0 0 0 0 0 0 r

-cosA# -sinA# 0 1 0 0 0 0 0 N2 ,o

A 3 z3 = sinA# -cosA# 0 0 1 0 0 0 0 72,0 Equation 5.38
-2rsinAb 2rcosA# -1 0 0 1 0 0 0 r2 ,o

0 0 0 -cosA# -sinA# 0 1 0 0 N3 ,

0 0 0 sinA# -cosAO 0 0 1 0 73,o

_ 0 0 0 -2rsinA# 2rcosA# -1 0 0 1 r3 ,0 ___

The incremental rotation angle (Abi) of each element can be found using Equation 5.39 after
separating the moments from the z vector. The resulting answer is re-entered into the system of
equation until the solution converges on the rotation angle.

= E, -I, Equation 5.39

Li

153



5.2.3.1. Discussion
- The initial process described is similar to that used in commercial finite element packages. An

evaluation of commercially available finite element packages demonstrated limitations capturing the
high nonlinearities of the entanglement process. The finite element packages, however, can be used to
model the initial deformation of the wire as a function of the drag loading. Once the wire makes
contact with the pipe wall the model changes to a buckling configuration. While there is software like
ANSYS that can be used to model large plastic deformations, the chaotic generation of the
entanglement process is not captured. Therefore a discrete model composed of springs and rigid
elements was used to model the wire interacting with the flow but had challenges with code
convergence.

5.3. Interaction Loading
The contact/interaction between the wire and the inner surface of the wellbore can determine

the type of entanglement that is generated. The work done in Klarbring PhD Thesis can be used as a
foundation to model the interface. Klarbring's model has already been incorporated in the modeling
of elastica by Cho et al. in 1998 to capture the interaction between a guide and an ejected elastica. As
shown in Figure 5-15, when the wire contacts the opposing wall of the wellbore it is subjected to a
normal and a frictional force.

a+V, .v Klarbring's Contact Model
.............. R

T
Y F

11+8w
.. ......I x .....1. ....

Figure 5-15: Klarbring contact model
As identified in Klarbring's contact model there are four modes of interaction between the wire

and the wall depending on the loading and magnitude of the frictional force as shown in Table 5-2.
Table 5-2: Klarbring's contact model interaction modes

Parameter Stick F. Slip B. Slip Separation
U 0 0 0 >0
v' 0 >0 <0 >0
Ri >0 >0 >0 0

Other RJ < f . R5 R, = -f -R, R, = f -R5 R, = R = 0

As anticipated the frictional coefficient between the wire and the wellbore interior can play a
significant role in the mode of entanglement generated in the absence of an obstruction.
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5. 4. Model Discussion
The development of a model for full entanglement is a mathematically intensive endeavor that

on its own can be made into the theses of several PhD students. The roadmap presented in this chapter
is one possible approach by which to model the system. The numerical approach was attempted as
part of the development of this work, but did not yield adequate results due to issues with
convergence. Thus, an experimental approach is used to scale the entanglement behavior.

The more appropriate software that may be used for this application is crash-modeling software
for large distortion high stresses, which occurs during the entanglement process.
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Chp 6.

Machine Design

This chapter discusses the development of an integrated prototype wire feeder using the
knowledge from the bench level experiments for testing in a high pressure flow loop system. The
machine presented, as shown in Figure 6-1, is divided into four modules: housing, spool (inside
housing), wire feeder (inside housing), and drive system. The support structure for the experimental
setup consists of a rigid flow channel with exchangeable obstruction caps, which is representative of a
partially deployed BOP rams. The complete assembly has maximum pressure rating is 7.52 MPa
(1090 psi) limited by the bolt circle of the interface region. The maximum pressure rating of the
feeder prototype is 6.2 MPa (900 psi), limited by the 0-ring dynamic seal to the external drive
interface.

Drive
motor AbA0

interface
\ A

I
Flow

Chamber

Extension
Obstruction WIre /

Feeder

Housing

I
S.00l

Figure 6-1: Integrated prototype experimental setup



6.1. Prototype Functional Requirements
The functional requirements for the scaled experiment wire feeding unit are summarized in

Figure 6-2. Additional requirements include power delivery and data acquisition units. To minimize
cost, the drive system (motor) is external to the pressure chamber which requires designing a dynamic
seal.

Drive
Mot9r

Max Operating Pressure 6.2 MPa (900 psi)

Reynolds Number 40,000

Weilbore Diameter 10.1 cm (4 inch)

Reseroir~lumeAdjustable,3
ReservoirVolume Current 12.8 cm3

Proboscis Size 5.1 cm (2 inch)

Max Feed Speed 7.2 cm/sec

Wire Diameter Adjustable (1.5 mm)

Proboscis
Feeder Spool

Figure 6-2: Integrated prototype experimental setup

6.1.1. Power & Controls
Due to the testing environment, the power interface and controls unit need to be versatile to

allow for testing in remote areas such as lakes, rivers, or in a flow loop. The only power source for the
components is fixed to 120 AC from a fire truck generator or wall outlet. There are three things that
will require power from the single AC source: 1) drive motor, 2) pressure excitation, and 3) flow meter
excitation. The controls boxfor operating the feeder prototype needs a watertight enclosure in the
event of an unforeseen leakage.

6.1.2. Machine Design
From the machine design stand point; all of the components need to be designed for

manufacturing which will reduce the overall cost of the unit. The components of the feeder machine
should be modular to be able to independently test each module. Alignment features should be
included as allowed by geometric constraints. The design should, whenever possible, error on the side
of consolidating parts together. To limit the cost a dynamic seal is used to separate the pressurized
region from the motor drive system.
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6.2. Design and Analysis
The following section contains the detailed design and engineering analysis for each module of

the test prototype: 1) housing, 2) spool, 3) feeder, and 4) drive. As shown in Figure 6-4, each module
is broken down into the fundamental analysis required for that module. The prototype connects to the
existing chamber used in the high-pressure flow experiment.

Drive Module
1. Transmission
2. Loading
3. Assembly

Housing Module
1. Static Seals
2. Alignment Features
3. Dynamic Seal

Feeder Module
1. Transmission
2. Failure Analysis Spool Module
3. Assem 1. Design

2. Volume Calculation

Figure 6-3: Module break down and analysis for each module

6.2.1. Housing Module
The primary purpose of the housing is to hold at least an internal pressure of 3.4 MPa (500 psi)

and to secure all of the wire feeding components. There are several possible configurations for the
housing; however, a cross "t" configuration with four ports was chosen for ease in manufacturing,
scaling, and availability of components. The flanges that are welded to the wall structure are the same
size as that for the flow chamber. To maintain consistency the structure of the housing was made with
10.2 cm (4 inch) pipe with a 12.7 mm (/ inch) wall thickness, as shown in Figure 6-3. The primary
port is where the wire feeder module interfaces. The two longer mirrored ports are for inserting the
wire spool. There is also an auxiliary port in the system that can be used for assembly or to test an
axial spool.

The housing detailed design is separated into four sections: dynamic seal analysis, dynamic
seal torque, thrust loading, and quasi-kinematic interface. Since the drive motor is external to the
pressurized chamber, a hydrodynamic seal is used, details found in section 6.2.1.1. As the pressure
increases, the O-ring is pressed against the rotating shaft inducing friction losses. The thrust loading
analysis includes the sizing of the thrust bearing to hold the axial loading. The primary port has three
spheres that protrude from face to be used as an alignment feature for the wire feeder module as shown
in Figure 6-4.
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Figure 6-4: Housing module in detail

6.2.1.1. Dynamic Seal Analysis
The dynamic O-ring seal required was designed using Machinery's Handbook to find the

diametrical clearance needed to prevent extrusion. As shown in Figure 6-5, the seal must also work to
allow an open configuration during assembly and an engaged configuration during the duration of the
experiment. The diametrical clearance for 3.4 MPa (500 psi) of back pressure varies with the
durometer of the O-ring, with lower durometers having a higher potential to extrude with increasing
pressure. The diametrical clearance at 3.4 MPa 500 psi for O-ring durometers 70, 80, and 90 are 430
um, 610 um, and 710 um (-0.017 inch, - 0.024 inch, and -0.028 inch) respectively. The higher
durometer also makes it more challenging to insert and remove the O-ring in the case of failure;
therefore, the design uses a diametrical clearance of 430 um (-0.017 inch) corresponding to using an
O-ring whose durometer is 70. The cross sectional diameter of the o-ring was chosen based between
five and ten diametrical clearances applying Saint Venant's principle of characteristic dimensions.
The groove is placed in the interface in the interests of using a precision ground rod instead of
machining a rod to a given diameter. A dynamic seal requires a surface roughness between 8 to 16
gin. rms, which is more challenging to achieve than purchasing a ground rod and inserting the groove
into the drive interface. However, a surface roughness below 5 gin is detrimental for dynamic seals
because the drive shaft can go without lubrication, thus overheat, and kill the seal [157]. A 12.7 mm
(half inch) diameter ground shaft from a commercial supplier (e.g. McMaster) has around a 2.3x10-7
um rms (9 pin rms). Given the requirements, a standard 3.2 mm (1/8 inch) (actual cross section is
0.139 inch) diameter o-ring was chosen, which is ANSI 206.

The design was modified to accommodate manufacturing processes. Instead of boring out the
drive interface to a diameter of 13.1 mm (0.516 inch), a standard 13 mm (0.5118 inch) reamer is used
to finish the hole thereby reducing the diametrical clearance to 300 um (0.012) inch and increasing the
rating of the seal to 6.2 MPa (900 psi). Since this seal interface is a component that is welded to the
housing, it is in the interest of the design to increase the pressure rating of the seal. The primary 0-
ring groove is placed near the bearing at the top in order to not over constrain the shaft. A secondary
groove was manufactured in the event that additional support is required at higher speeds.
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Figure 6-5: Dynamic bearing configurations and o-ring specifications

6.2.1.2. Dynamic Seal Torque
As the dynamic seal is loaded with a differential pressure a torque is applied on the drive shaft

that reduces the amount useful torque delivered to the device. The torque lost can be calculated using
Equation 6.1 as described in Figure 6-6. The calculated loss in torque for the given geometry with a
206 O-ring with a diametrical clearance of 150 um is 3.9 N*m, which is less than 4 percent of the max
torque of the chosen motor.

Teai = 2 ;r -Roring Do,,ing rhaf P -p Equation 6.1

DoringII1
Pressure

Figure 6-6: Dynamic seal with a known back pressure pushing against the O-ring seal, which imparts a
force on the shaft that reduces the torque potential
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6.2.1.3. Structural Loop
The drive interface in the motor housing supports thrust load imparted on the shaft due to the

differential pressure in the system. The load for a 3.4 MP (500 psi) pressure on a 12.7 mm ( % inch)
diameter shaft is 436 N (98 lbs.). Thus, the bearing between the drive interface and mount cap has to
withstand the load. The dynamic load of the double shielded bearing used is 1556 N (350 lbs.), hence
the maximum operating load is at 28 percent of the limit. The differential pressure between the
internal region of the drive unit and external environment creates an axial pushing force on the drive
shaft. As shown in Figure 6-7, the structural loop supporting the axial force consists of the thrust
bearing, mount cap, and two quick release pins that anchor the mounting cap to the drive interface
section of the housing.

Drive
Shaft

Quick Release
Pin Shaft

Structural
Loop

Drive
-- TInterface

Pressurized i

Figure 6-7: Thrust load structural loop going through shaft, bearing, mount cap, and drive interface
port

The failure analysis performed on this section includes determining the maximum pressure of
the unit limited by the dynamic seal that is designed for 6.2 MPa (900 psi) which will result in leakage
of water.

6.2.1.4. Quasi Kinematic Interface
A quasi-kinematic coupling is used to align the axes of the feeder interface plate and the

housing. As shown in Figure 6-8, the interface consists of three ball and groove connections;
however, due to the orientation of grooves the interface has a low torsional rigidity and is not a true
kinematic coupling. The coupling used to transmit torque between the motor and the wire feeder can
accommodate a one-degree misalignment error. A max of a half of degree error is assigned to the
interface coupling; therefore, the added complexity that a full kinematic coupling would require based
on the space requirements is not necessary.

The assembly of the interface requires press fitting the three spheres into corresponding
pockets in the feeder port (part of the. housing module). The housing module is placed in an arbor
press with feeder interface plate used to close the gap and permanently securing the spheres in the
feeder port, as shown in Figure 6-9.
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0-ring

Feeder
Interface Plate Housing Modu

Feeder Port
Figure 6-8: Soft kinematic interface between feeder interface plate and housing module showing ball
and groove interfaces. For a true kinematic orientation the orientation of the grooves need to be
rotated by ninety degrees.

Arbor Press

Housing
Module 441

Quasi Kinematic Interface Assembly

OF.

Figure 6-9: Quasi-kinematic interface assembly in arbor press used to close the gap and press fit the
spheres into the feeder port

163

True
Kinematic

OrientationN



6.2.2. Feeder Module
The purpose of the feeder module is to pull wire from the spool and to push it into wellbore.

As shown in Figure 6-10, the wire feeder is separated into three sub modules: 1) mount, 2) main body,
and 3) proboscis.

Integrated Wire Feeder
Sub-Modules (SM)

Unear
Stage

O-ring SaeMain

/ Coupling

SM:, Mount with Guide

Axial Alignment 
Wire

SM: Feeder Stage Proboscis Gears Drive
with Proboscis

Feeder Module ChaiN
interiorChi

Driven Sprocket

Figure 6-10: Wire feeder sub modules

6.2.2.1. Guide Rail
The mount was designed with a linear stage that allows the main body to slide into alignment

with the motor drive interface in the housing. While this feature adds complexity to the structure, it
also adds flexibility. From the manufacturing perspective, the linear stage reduces the need to keep
tight tolerances on six components (3 in the housing, 3 in the feeder). The tight tolerance is then
moved to one single part, the guide rail mounting plate. There were several options for designing the
bearing; however, given the space and- stiffness requirements a three-rod bearing was chosen. Using
three rods to create a linear stage will inherently overly constrain the structure. In fact having two rods
alone would also over-constrain the structure. Therefore, during the manufacturing of the guide rail
mount the holes were undersized and reamed to a tight sliding interface with a 100 um (0.001 inch)
clearance between the rod and the mounting holes. The depth of the mounting holes for the rods was
set to 12.7 mm (0.5 inch) to hold the rods by at least one characteristic dimension.

For assembly, the rods are placed into the mounting holes and tightened loosely. The main
body fully assembled with the proboscis, then slides into the three rods of the linear stage. Two posts
of the stage are flat in an area to allow brass tip set screws to lock. The tips of the stage rods allow for
ease of assembly by contacting at different times during the insertion process as shown in Figure 6-11.
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Figure 6-11: Assembly of wire feeder main body to linear stage

6.2.2.2. Main Body
The main feeder module is mirrored to allow the same unit to feed through different ports by

reversing the direction of the motor. After initial alignment of the feeder unit to the drive module, the
body is anchored using a set of 8-32 brass tip set screws that eliminate the sliding motion. The
purpose of the main body is to hold the pull wheels and to connect that unit to the proboscis via a
chain drive system. Three rods, 10 mm (0.395 inch) in diameter, extend from the body to hold the
proboscis. A 6.4 mm (% inch) stainless steel wire guide is used to transfer the wire from the body to
the proboscis without entangling in the process.

The body was designed to manufacture all of the key components (bearings and guides) to
setups in order to minimize errors, as shown in Figure 6-12. The first setup provides all of the
alignment features to the structure, while the second setup gets the bearing channels. All of the other
port details are not crucial and can be made on a standard drill press.

Wire Guide
Pocket (A)

Proboscis Stand
Ports (8)

Drive Chain
Clearance (C)

Linear Stage
Sleeve (D)

Stage Lock
Threaded for
Brass Tip (F)

Bearing
Ports 14

Counter bore
for Guide Screws (E)

Figure 6-12: Feeder main body mount plate with all key ports labeled.
used to manufacture the units.

Also includes the two setups
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6.2.2.3. Proboscis head
The proboscis extends to the face of the flow chamber and pushes the wire the flow stream. As

illustrated in Figure 6-13, one key functional requirement of the proboscis is that it all has to fit in a
50.8 mm (2 inch) diameter circle. This requirement originates from the need of the full proboscis to
travel in right angle bends in the choke/kill port, which is 76.2 mm (3 inches) in diameter. While this
proboscis prototype is static, it is desirable to design the system such that it could be easily retrofitted
and scaled for the application.

E-Clip (B) Gear( Wire
Gear (A) B A

Bushings (E) A
Two Inch
Envelope

Push B
Wheels (D)

Proboscis
Sprocket 9T (C) Mount

90* Bent in
Port Path

Proboscis Dpt= 76 mm
For Application T7wo Inch Proboscis in

ree inch Choke/Kill Port

Figure 6-13: Proboscis head details

6.2.2.4. Transmission Feeding System

The feeding speeds between the pulling in the body and the pushing in the proboscis has to be
equal in order to prevent buckling or tensioning of the wire within the machine. The only parameter
that could be changed to feed at the same speed is the diameter of the pull system in the body. The
transmission ratio was fixed to 1.55 (in/out), due to a geometric constraint of standard sprocket
components for a M25 chain. The sprocket at the proboscis that met the geometric functional
requirements is a nine-tooth sprocket. The largest sprocket at the body is the fourteen-tooth sprocket
that keeps the chain from hitting the edges in the 50 mm (2 inch) port region.
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Figure 6-14: Proboscis transmission system

6.2.3. Drive Module
The drive module needed to be disassembled quickly to allow the wire feeder unit to be

separated from the housing effortlessly.

6.2.3.1. Sizing the motor

The motor must have enough torque to deform the wire thus reducing the amount of energy
required to buckle. The motor must also feed the wire at a rate of at least 20 percent of the flow
velocity for the turbulent conditions, based on the bench level experimental data. One of the available
motors that met the functional requirements was a Bison PMDC motor (Model 011-175-0025) with a
maximum torque of 112 N*m (84 ft*lb) and max rpm of 71 revolutions per minute. Based on our
earlier calculation of the transmission system, the diameter of the pull wheel is 19.6 mm (0.77 inches)
resulting in a maximum feed velocity of 73 cm/sec. At a Reynolds number of -38,500, for a 10.2 cm
(4 inch) wellbore with water at 3.2 lpm (50 gpm), the average flow velocity is calculated to 0.39
m/sec. Assuming that the velocity ratio of 0.2 is accurate for large diameter wellbore then the required
feed velocity is 0.078 m/sec. Therefore, the motor chosen could feed wire at a max speed of 7.2
cm/sec, fast enough to generate an entanglement in the flow. The dependence on velocity and
entanglement for varying wire stiffness still has to be studied further.
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Drive Module Assembly
The drive module can be separated as an independent unit, as illustrated in Figure 6-15 (A).

The motor is mounted to a top plate that is raised from the mounting cap by six stainless steel pillars
that serve to transfer the loads onto the housing structure to close the loop. A flex coupling can be
used to connect the motor to the drive shaft. The drive module works like a cohesive unit that can be
added or removed to the assembly via two stainless steel quick release pins 3/8 inch in diameter that
go through the housing interface as shown in Figure 6-15 (B).

Power Leads

Motor Plate

Riser Stands

MountingN N
Cap

Motor Mount Cap

Quick Release
Pins

Flex
Coupling

Pin Shafts

A B
Figure 6-15: On the left is the drive module assembly showing mounting cap, flex couplings, motor
plate, and motor. On the right is the mounting structure for the drive module to the housing via two 9.5
mm quick release pins.

The pins that mount the drive module to the housing support the torque provided by the motor.
The maximum motor torque is 112 N*m (83 ft*lb) which is the maximum reaction torque that the pins
must hold across the four contact locations. The radius of application is at 4.12 cm from the center;
therefore, the maximum shear force per contact is approximately 680 N. Since the 9.5 mm (3/8 inch)
pins are made from stainless 18-8 the maximum shear load of 9.5 MPa is only 2.7 percent of the total
load before shearing. In practice the motor will not be providing the full torque required to feed the
wire.
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6.2.4. Spool Module
While the operation of the spool module seems simple at first it is one of the most important

components next to the wire feeder. If there is nesting inside the machine, then the wire feeder will
not operate properly.

6.2.4.1. Alignment to Housing
The housing module can accommodate two different spool configurations, axial and radial. The radial
module is used for its reliability but need to account for bearing travel length. As shown in Figure
6-16, version 1 of the spool needed additional spacers to ensure the spool behaving as a bearing as
illustrated by version 2. One disadvantage is the loss of operational volume; however, it is at the
expense of functionality.

Version 1
Version 2

Wire

Alignment Wire
End Caps Spacers

End Caps

Figure 6-16: Radial spool module first and second iteration

6.2.4.2. Volume calculation
Volume of wire in the spool can be calculated using Equation 6.2, where Ls is the spool

effective length, R, is the outer radius, Ri is the inner radius, and lp is the packing efficiency.

Ksp8 = L,-r -(R -R) -r Equation 6.2
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6.3. Measurement and Instrumentation
The wiring layout of all of the components is shown in Figure 6-17. The assembled control

box, Figure 6-18, shows the user interface to the electronics inside the enclosure. One of the initial
challenges of the system was the noise caused while the motor operates, even after isolation units, i.e.
bypass capacitors, were used to reduce noise in the signals. The data storage device was created using
a National Instruments 6211 DAQ board that interfaces with a computer to record the pressure
measurements. One option for upgrade is to replace the DAQ board with a compact cRIO.

ACTORE FORWARD

EMERGENCY E Motor _

STOP Driver

-F REVERSE

FUSE SPEED
20K-2W

AC Prssr

AC->DC Meter Sinl_ N1
DAQboard

Flow_
-- ~ ~ ~Meter

Figure 6-17: Wiring diagram of the controls module. The power supply (Model No FSP018-DEDA2)
converts the AC signal to a 12 V DC with 1.5 Amps.

Figure 6-18: Images of control box showing the AC inlet, emergency stop, motor control, and
instrument sensors.
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6.3.1. Pressure meter
The pressure meter chosen for this application was an Omega PX309-500G-5V (Max pressure

3.4 MPa (500 psi)) 0-5 Volts signal. The range was based on the maximum expected operating
pressure for the unit. In order to minimize the number of ports in the housing or the cap a T junction
was added to the valve port on the auxiliary housing port, as shown in Figure 6-19.

Valve

T Junction NPT Y to X

Reduction

Y2NPT
Coupling

Figure 6-19: T configuration for Omega pressure sensor (PX309-500G-5V) that is incorporate to the
valve in the flow chamber. The valve (McMaster Part : 4912K99) is a miniature chrome- plated brass
vall valve with half an inch NPT female and male connection rated to 450 psi at 100 F.

6.3.2. Flow Meter Configuration
The flow meter used is a high-pressure turbine flow meter (CPT32-NP-C-M25) from Badger

Meter Inc. The flow meter working range is from 95 to 1136 1pm (25 to 300 gpm), with an accuracy
of 0.25 percent of the reading. To avoid entrance effects, it is recommended to have at least ten
diameters upstream and downstream from the sensor; therefore the standard connection currently to
the flow chamber was increased to accommodate the flow meter, as shown in Figure 6-20. The two
inch NPT pipe schedule 80 has a maximum working pressure of 17.2 MPa (2500 psi). The 2.5 NH
swivel connection can be changed for any two inch NPT tapered pipe thread unit to interface to the
female receiver. For the flow loop test that connection is actually done with a Dixon cam lock brass
fitting.
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Figure 6-20: Turbine flow meter configuration
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6.4. Wire Sizing
The wire used for the anchoring region needs to have a significantly low stiffness so that it can

buckle and plastically deform inside of the region, yet also remain be flexible such that it interacts
with the flow. The wire is sized based on the non-dimensional stiffness that generates a known
entanglement form. For the desired non-dimensional stiffness between 1,000 and 5,000, at a Reynolds
Number of 30,000 the calculated wire diameter required using a galvanized steel wire is between -0.2
to 0.5 mm. However, since the wire required for the full application must be significantly larger (1.5
to 3 mm see next section), it was decided to demonstrate the ability to feed wire that is close in size to
commercially available galvanize wire. A 16 gauge galvanized steel wire diameter is 1.29 mm.

0.9 -AI~n=000

-- Al (ne =1000
0.8 -....A~eiO

*.*Al (ne = 100)

0.7 -St (ne = 5000

S- mm= St (Tre = 1 NO)

E- St (ie = 1DO)

- 0.4 -

0.3

0.2

5000 10000 15000 20000 25000 30000 35000

Reynolds Number
Figure 6-21: Wire size requirement for experimental setup based on the non-dimensional stiffness.
The value circle in red corresponds the value used for the scaled prototype which is a 0.7 mm radius
wire of galvanized steel. The calculation is made for assuming a 10.2 cm (4 inch) wellbore diameter,
water viscosity 1x10 3 Pa*sec and Young's Modulus of 210 GPa.
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6.4.1. Wire Size for Industry
The projected radius of the anchoring wire required to generate an entanglement for production

well in a standard 47.6 cm (18.75 inch) diameter wellbore is shown for varying Reynolds number. At
a turbulent flow of 30,000 Reynolds number the mean flow velocity (p = 0.01 Pa*sec, p = 850 kg/m 3)
in the wellbore is 74 cm/sec.
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Figure 6-22: Wire size requirement for offshore industry for an 47.6 cm (18.75 inch) wellbore with an
oil viscosity of 0.01 Pa*sec, and density of 839 kg/M 3, for varying non-dimensional stiffness values.
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6.5. Preliminary Testing
The preliminary run for the prototype consisted of connecting the entire assembly to a fire

truck to provide an uncontrolled fluid flow loop. The objective of the preliminary run was to
determine system failures in the machine, seals, flow chamber components, operations, etc. prior to
testing in an integrated flow loop. The test plan was to first test the properties of the mechanical plug
under higher pressures loads and second to determine functionality of the wire feeder prototype
components.

6.5.1. Experimental Setup
The experiment was setup in Somerville Massachusetts with the assistance and support of the

Somerville Fire Department.*I3 As shown in Figure 6-23, the full assembly was placed on a granite
slab and anchored with straps. A 2.5 inch NH hose was used to deliver water from the fire truck to the
experimental setup. The first part of the experiment consisted of inserting unconsolidated sealing
material and a pre-manufactured entanglement into the bore. The flow was activated and the material
allowed to move along the length of the flow chamber until it caught on an obstruction and anchored.
The extension region was used to remove the compressed mechanical plug as a whole for measuring
lengths used to calculate permeability. For the second part, the flow was activated and the drive motor
powered to feed wire into the interface region of the flow chamber.

Drive
Pressure Interface

Port

Prototype

Prototype Assembly

Figure 6-23: Somerville Massachusetts preliminary experimental run on the banks of the Mystic river

t This test would not have been possible without the help from the Somerville Fire Department: Deputy Chief Patrick
Sullivan, Deputy Chief Charlie Breen, Captain Matt Wall, Lieutenant Greg French, Master Mechanic Paul Dickie,
Firefighter Jack Beckwith, Firefighter Antonio Cicolini, Firefighter Andrew Patriquin, Firefighter Jim Piwinski. And John
Freidah with the MIT Meche Department.
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6.5.2. Results
The data from testing the preformed mechanical plug inside the chamber (see Figure 6-24)

shows that a mechanical plug consisting of an entanglement backed by a more compressible material
can achieve sealing greater than 90% for pressures as high as 2.4 MPa (350 psi).

100%
frem Flow: 45% Obstructi

95%

90%

85%

80%

75%
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65%

60%

55%

50%
0.00 0.50 1.00 1.50

dP [MPaI

Fire Truck
Peak Pressure

2.00 2.50 3.00

+ Somerville 12/09

Figure 6-24: Somerville preliminary experimental run sealing as a function of pressure for a
mechanical plug introduced into the flow chamber. Galvanized Steel Wire Dwire = 1.55 mm (0.061
inch), Dbore = 10.2 cm (4 inches), Anchor Mass me = 0.510 kg (1.1 lb), Mass Plug Material M = 0.875
kg (1.9 lb), Obstruction 45 %, Anchor Compaction Measured 22%, Plug Permeability 16-22 Darcy

6.5.3. Discussion
When the wire feeder unit was tested one component inside the feeder slipped, as the wire was

fed into the chamber. The source of the problem was too much friction, caused by the wedging of the
spool inside the housing, hence the need a second version of the spool design.
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6.6. Full Flow Loop Test Setup
The objective of the flow loop tests was to scale the entanglement experiments. The

experiments were established in two sections: wire entanglement and anchoring/sealing. The first
setup sought to demonstrate entanglement in a 10.2 cm borehole at Reynolds numbers exceeding
100,000 (124 gpm), but with non-dimensional stiffness parameters equivalent to those performed at
the 2.5 cm (1 inch) scale. The second setup subjected the entanglement and sealing material to a
significant pressure load using drill mud inside the flow chamber.

6.6.1. Wire Entanglement
The flow was powered by 14.9 kWatt (20 hp) pump capable of delivering city water at a rate of

1,136 L/min (300 gpm) at a maximum pressure of 6.7 kPa (100 psi). The wire entanglement
experiment was setup as shown in Figure 6-25. The flow chamber was held at a thirty-degree incline
using a mounting frame. The exit of the chamber is aimed at the deeper end of the pit to minimize
splash. For balance the wire feeder was mounted facing down. Flow to the chamber was provided
through a 2-inch brass Dixon valve connection to a flexible flow loop. As shown in Figure 6-26 and
Figure 6-27.the entire setup was free standing. The chamber was anchored to the ground using high
strength straps.

Figure 6-25: Isometric view showing the location of the entanglement experiment with respect to the
pit and the pump supplying the flow
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Figure 6-26: Side view of the entanglement experiment showing the flow chamber angled at 30
degrees supported by a mounting frame.

Figure 6-27: Isometric view showing the entanglement experiment with the flow chamber mounted on
the frame. The chamber is going to be strapped down to the frame and the frame to the foundation.
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6.6.2. Pressure Loading
The flow chamber assembly connects to the drill mud supply line via a Dixon 3-inch hammer

union (1002). The interface to the mud loop was achieved with a 3-inch 1002 Dixon hammer union
(max pressure 10,000 psi). A custom coupling was been created to join the 3-inch female NPT port to
the flow chamber. The pressure loading was provided using drill mud with a density of 9.2 ppg. As
shown in Figure 6-28, the extension interface was placed towards the exit of the chamber to allow for
measurement of the compression of the mechanical plug. During operation the maximum pressure
loaded on this unit was intended to be 13.8 MPa (2.0 ksi) keepin a 3.4 MPa 500 psi safety margin.

Drill Mud
Supply Line

Primary r
Chamber

Obstruction
Cap

Obstructed Experimen

Region
Custom Dixon 3 Inch

Cross Section Unconsolidated Sealing Coupling Hammer Union

View Entanglement Material 1002

After Flow Before Flow 0-rings (3x)

Figure 6-28: Overview of pressure test showing the setup and how the mechanical plug is going to
compress

As shown in Table 6-1, each interface in the assembly is analyzed to make sure it can
withstand the load (see the detailed Excel spreadsheet document can be found in the Appendix Section
under: High Pressure Loads in Flow loop). The limiting agent of the maximum operating pressure was
the weld between the flanges and the chamber components. The process of welding inherently
decreases the material properties of the material; therefore, the yield stress of the weld is no longer that
of the Al 6061 -T6 but rather significantly lower. The calculations at these interfaces were performed
assuming that the material was locally annealed during the welding process and has a lower yield and
tensile strength. The annealed yield strength is 95 MPa, assuming that the material was annealed to a
TO, which results in a shear strength of 54.8 MPa. At an operating pressure of 13.8 MPa (2,000 psi),
the weld is expected to be operating at sixty percent of the allowable stress which includes a 1.5 safety
factor.
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Table 6-1: Chamber and interface failure modes and maximum pressure
is at full bolt diameter which is a highly conservative estimate)

ratings (* Assumes that load

Component/ Failure Factor of Maximum Pressure Operatn to

Interface Mode Safety rating 2,000 psi)

Hammer Union Leakage NA 68.9 MPa (10.0 ksi) 20.0%
3 Inch NPT

Hammer Union & Shear 1.5 15.6 MPa (9.3 ksi) 21.7 %
Mounting Flange

Tension 2.0 >68.9 MPa (10.0 ksi) 7.7%
Section

Mounting Flange Shear Near
O-ring 1.5 41.4 MPa (6.0 ksi) 33.3%
Region

12x 3/8-16 Bolts Head 1.5 >68.9 MPa (10.0 ksi) 11.4%
Grade 9 (Tensile shearing 1.5 37.2 MPa (5.4 ksi) 37.2%

Strength 180,000) Tension 1.5* 14.1 MPa (2.0 ksi)* 98.3%
Chamber Flange Shear 1.5 28.3 MPa (4.1 ksi) 49.0

Interface _______

Weld between
Flange and Yield 1.5 22.8 MPa (3.3 ksi) 60.3%
Chamber

Pressure Chamber Yield 1.5 31.7 MPa (4.6 ksi) 43.1%
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6.7. Data

6.7.1. Wire Entanglement
As shown in Figure 6-29, the first experiment consisted of feeding the galvanized steel wire at

a 15 degree tilt and 30 degree rotation against the flow whose Reynolds number is approximately
150,000; whereas in the second configuration, the wire was fed orthogonal to the flow with zero tilt to
a flow whose Reynolds number is approximately 240,000. These two experiments demonstrate that
entanglements can be generated both against the flow and within the flow as well.

Parameters: Diameter of Well Dw 11 = 10.2 cm (4 inches),
Wire Diameter = 1.55 mm galvanized steel

Figure 6-29: Wire entanglement generated by feeding against the flow and orthogonal to the flow.
The non-dimensional stiffness at 720 1pm (190 gpm) is ne = 1830 and at 1098 1pm (290 gpm) is te =
785.

Sealing material was introduced into the flow chamber with the entanglement generated by
orthogonal feeding. The introduction of the sealing material demonstrated that significant sealing can
be achieved with 0.68 MPa (100 psi) of back pressure as shown in Figure 6-30.
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Sealing (100 psi) > 93%
Reduce from - 287 gpm to less than 20 gpm

Parameters: Diameter of Well D., = 10.2 cm (4 inches),
Wire Diameter = 1.55 mm galvanized steel
Mass Plug Material M, = 0.875 kg (1.9 lb)
Anchor Mass m, - 1.5 kg (3.3 lb)
Obstruction : Ram 55 %

Figure 6-30: Wire entanglement sealing at low pressures

Comparing the non-dimensional entanglement stiffness values shows that the entanglements

generated are in the same range as those within the 2.5 cm bore experimental setup.
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Figure 6-31: Flow rate versus non-dimensional entanglement stiffness showing that the test points for
entanglement are in the same range of the smaller scale experiments

The entanglements generated were created at Reynolds numbers significantly higher than those
expected. The Reynolds number of a. fully open well whose bore diameter is 47.6 cm (18 % inch)
diameter bore, flowing at 184 liters/sec (100,000 bbl./day extreme max) is 50,000. Therefore, the
entanglement tests performed were at least a factor three higher than the maximum expected under
operating to demonstrate the feasibility of entanglement generation with high flow rates.
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6.7.2. Pressure Loading
The system in Figure 6-28 demonstrated that a significant amount of load could be withstood

while sealing was achieved. As shown in Figure 6-32 the unit was tested to a maximum pressure of
15.9 MPa (2300 psi), which is 2.1 MPa (300 psi) greater than the intended objective. The applied
pressure is twelve percent of the maximum expected under operating conditions, but only at 1/5 the
scale (based on wellbore diameter 4/18.75). After 10.3 MPa (1,500 psi) the pressure in the chamber
increased at a drastic rate that could not be controlled using the available pumps. At 15.9 MPa (2,300
psi), the weld between the flange and chamber failed due to limited weld penetration depth.

16
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41
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Figure 6-32: Pressure experiment using drill mud (9.2 pounds per gallon) with a generated
entanglement and added ribbon sealing material (heat shrink) mp = 0.875 kg (1.9 lb) and
approximately anchoring mass of me = 1.5 kg (3.3 lb).
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Figure 6-33: Pressure loading images throughout the loading process

6.8. Technology Comparison
This work has shown that a mechanical plug can be used to create a significant reduction in a

high-pressure flow. The size of HAWK allows for rapid deployment and interface with existing BOPs
requiring minimal alterations to the existing infrastructure. As shown in Figure 6-34, the greatest
technological advantage of HAWK is low implementation cost and the rapid response time for
deployment. The machine has the added advantage of minimal risk to existing formations since the
closure of the well is gradual.
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Figure 6-34: Technology comparison

6.9. Conclusion
The manner in which the pressure increased during the pressurized experiments demonstrates

the need for pressure feedback control when feeding the sealing material. If the sealing material is
introduced into the borehole too quickly, then an unfavorable pressure spike may be generated.
Overall, the tests have demonstrated that a mechanical plug consisting of an anchoring region followed
by a more compressible sealing material can be used to effectively close a free flowing well. Further
work will focus on closing the well to the point of zero leakage.
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Chp 7.

Discussion

The existing feasibility study has demonstrated that introducing a mechanical plug can
significantly reduce an uncontrolled flow.

7.1. Future Work
While this work focused on identifying some of the key parameters of the wire entanglement, a

great deal of additional work is required to develop a more complete understanding of the phenomena.
Future work on this project can be separated into two sections: academic, and industry. From the
academic standpoint, there is now an opportunity to explore the high plastic deformation of wire
entanglement in a free flowing medium. From the industry perspective, there are at least three
different of offshore oil industry tools that could benefit from use of wire entanglement to bring a well
under control: ROV, incorporated, and tool. Another option is to create an integrated tool that gets
placed inside of the well to achieve the same effect. These are now engineering opportunities to
optimize and scale. It is crucial to look at both the production oil barrels and cubic feet of gas
produced as the phase envelope may influence the behavior of the entangling process.

7.2. Closing Remarks
The next steps following this work would be the development of a commercial product that

could be used to bring an offshore well under control. It is the author's hope to have this technology
accepted as a blowout preventer backup safety tool used by the oil industry as a means to mitigate
blowouts before more permanent solutions are implemented.
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Appendix
Calculations

Reynolds Number of Free Flowing Oil Well
Find: Reynolds number of free flowing oil well
Given:

* 1 oil barrel= 42 gallons
* Flow Rate (FR) = 65,000 bbl/day
*1 gal = 3.785 L

1 L = 0.001 m3

* Viscosity = 0.008 Pa*sec
* Dbore = 18.75 inch
* Density = 839 kg/M 3

4 -FR bbl -42f a 1 dayf - 1 min 3.785 L -0.001 .
Re = day j bbl 1440 minj 60 sec {gal /L P kg

-p kg -DboreIM}
m-secJ

45000

40000

35000

30000
E.
= 25000

20000

15000 0

*
10000 0*

5000

0
0 20000 40000 60000 80000 100000

Flow Rate [bbl/day]

Figure 0-1: Flow rate versus Reynolds Number showing that at roughly 60,000 bbl./day the Reynolds
number is around 30,000 thus the flow is turbulent.
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Fluid Dynamics of a Wire Inside a Guide
This section looks at the fluid dynamics of the wire inside the guide. The objective is to find

the axial velocity of the fluid cylinder as a function of radius. Figure 0-2 is a schematic diagram of a
fluid section.

no-slip /

rwr

r,

Fluid

wire

Ve

Figure 0-2: Fluid schematic in wire guide

Assumptions shown in Table 0-1 are made to simply the full Navier-Stokes equation, Equation
0.1, in polar form. The result from the simplification is shown in Equation 0.2.

p- 9 V + V2' + V
a & r69  r E u in

ld +9i Vr 6+9J' 609 z2

- P r + r)) 2V V, 2 V
=--+p 1g+p I- (r -V) + - + 9

& & r r22 r2LOn & 2

p + - V O-V +VLO O-V V V + V )
S a r l0 r l a Equation 0. 1

10 VP2 1 2V 2 oV +2
=- +P .g&+P - -r 0V))++

92 z d rV)2 +V0 
' & V 0 r V

-2P 1 192, 2V 12V

=- p -g+P p -r - 6- + + 
0 a
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Table 0-1: Navier Stokes Assumptions

Assumption Validity Terms

Steady State Assume no time dependence - = -0
at at at

Ignore gravity Small enough that gravitational effects don't g =g, -g -0play a critical role. - -
Only Axial Any pressure gradient in the r or theta dP 8P =

Pressure Gradient direction are much smaller than z direction a ~. d o

Velocity Velocity in the r and theta direction are V - Vr - 0
much smaller than z direction

Concentric 7V

Symmetry o 0

Velocity in the z direction only depends on r -0Fully Developed and not at location along z

- p - - - -(r - -- M-0 Equation 0.2
dz r or

The solution takes the form of Equation 0.3 with two integration coefficients
are solved for using the boundary conditions. The complete solution including

CI, and C2 which

r 2p
V, - +C- ln(r)+ C2B. 4M Oz
B.C. V|r-r

C2 =

C,

=wVre =0

r2 P r2 Pn(r2 Vwire r, +ln(r) 2 - 0
41t dz I4y 8z

rwire

ln(r2 Iri)

-C2
4 u dt

ln(rj)

Equation 0.3

1. _____________________________________________
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Figure 0-3: Flow axial velocity as a function of radius
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Access Port Interface for Analysis

Flow Channel : Assuming thin walled pressure veseel
Parameter Symbos Unit Value

--- Add Thick Walled: Assumina thin Walled pressure veseel
1 Pinterior P1 Pa 3.45E+06

psi
Pexterior P2 Pa
Axial Load Faxial N 1.42E+05

Length inch 16.00
width inch 4.00
Area 41E0

ADDED AXIAL Paxial
0-ring Design

Interior Diameter ID m 0.0584
Exterior Diameter OD m 0.0637
Center Diameter MID m 0.0611
Thickness t m 0.0026
Machinery Guide Gland Depth 0.0021
Machinery Guide Gland Width 0.0036

Flanae at caps
Radius Bolt Circle rb m
Number of Bolts Nb -
Diameter of Bolt db m
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Bolt Preload Parameters
Bolt Yield Strength Syb Pa
Nut Thickness (Effective) tnut m
Bolt thickness of head thead m
Loadfactor nif-

LedAqeGarnma Gamma Deg

3/8 diameter bolt pitch diameter dpitch m
16 thread Friction Coeff between nut and bo ut-

Nominal diameter of bolt
Diameter of bolt surface
Friction Coeff between surfaces uf
thread angle Alpha Deg

Machiner's handbook E uation

Shigley s Equation
tan(gamma) 0.052407779
sec a pa) 1.154700538

Bolt Shear Failure Modes

Alsftfactor's I

Bolt Tensile Failure Modes

Bolt Tensile Strength Pa 1.08E+09
Bolt percentage of system % 586.72%

NPT Interface shear loading

Axial Force
Diameter Effective
Yield Stress
Thickness
Shear Stress
Percentage of operating to shear yield

MPA

1.42E+05
0.05715
2.76E+08
0.0127
62419295.44
97.93%
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Component Analysis of Prototype Design

Main Drive : Transmission system to Front
Objective: find distance Length In to avoid using idler

Parameter Symbols Unit Comments
Chain Pitch C inch this is for a #2
Teeth in large Sprocket Dn value this is primaril
Number of links NL KEEP EVEN
Length of Chain Lchain inches
Teent In small sprocket Rn inches Number teeth

Machiner Handbook Center to Center Distance ctc inch This is the cen
Pg 2552 Transmission Ratio TR IN/OUT Transmission F

Probosis Drive : Transmission Ratio
Objective: Determine the size of the primary wheel to maintain the same speed in the rollers at contact.

Motor Driving system Rpm in rev per min
R1 inch
D1 inch 0.774

Calculated RI Based R1 Calc inch 0.389
Vfeed I inch/sec

Probosis rpm Rpm out rev- per m in
Probosis outport R2 inch

Vfeed 2 Out inch/sec

Guides: Max wire Dimension Needed for Stiffness
Objective: Find the Maximum wire diameter needed for withstanding the flow.

Parameter Symbols Unit V I Comments
Uncontrolled flow Rate Fgpm gal per min
Back Pressure Bpsi Psi
Diameter of Chamber Dc m
Viscosity of water u uw Pa*sec
Density of Water rouw kg/m3
Mass Flow Rate mdotm kg/sec
Reynolds Number from mass flow rem -
Velocity of flow vflow m/s
Vfeed/Vflow Ratio Vr -
Vfeed Min m/sec

Non dim Stiffness of Wire Pstiff
Young's Modulus Ey Pa
Rwire Rwcalc m

Find the Stiffns of th T st e nfura n
Calculated Stiffness for test Entanglement
Etest Pa
r wire m.
Re test _s EI 3
d test s3 m
velocity flow rw p U2 D ,,, m/s -T
Imoment M^A4

Guides: Torque Calculation Systern
Objective: Transmit torques through

Parameter
Shaft Diameter
Groove Width
Diametrical Clearance
Diameter Bore
Gland Depth
Gland Diameter

out the system
Symbols
Ds
Gw
Dc
Dbore
hgland
Dgland

Unit
in
in
inch
inch
inch
inch

Comments

For Size 014 C
:o withstand rr
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Dynamic Seal Torque
Objective: What is the torque that is wasted on the seal

Parameter Symbols Unit Value Comments
Radius of Oring diameter Rring m 0.0079375
Diameter of Oring Dring m 0.0035306
Rshaft Rshaft m 0.00635
Pressure Press Pa 3447000
Torque T N*m 3.854136859
Motor Max Torque N*m 112.5423729

Torque = 2pi * Rring * Dring * rshaft* P 0.034246096

Thrust Load
Objective: What is the torque that is wasted on the seal

Parameter Symbols Unit Value Comments
Pressure Rring m 3447000
Area Cross section Dring m 0.000126677

436.6551701
lbs convert 98.16008224
Bearing Max 350
% Usage 0.280457378

Guides: Pins on drive module failure
Objective: What are the Oring Dimensions and clearance values
maximum torque N-
radius of application m
Force Shearing Ne
Number of Locations supports
Shear force per contact Ne
Yield stress of pins Pa
Shear of material Pa
Area of pin m2

Percent shearing of operating
Radius outside
radius inside
Area cross section
Yield strength
Shear strength of casing

me
mE

P1

Ne

m 112
0.041275

wtons of shi 2713.506965
4

wtons of shi 678.3767414
6.21E+08
3.59E+08
7.13E-05
9.52E+06
2.66%

ter 0.2
0.1905
0.011654523

10 7.58E+08
4.38E+08

wtons 5.10E+06
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High Pressure Loads in Flow loop
ENGINEERING VALUESPressure Testing

Analysis

Thread of Connection
for Pressure Testing

Tension of custom
coupling

I
Diameter thread 0.0848 m Maximum Interior Pressure
Yield Strength 2.76E+08 Pa AL 6061 T6
Shear Strength 1.59E+08 Pa .
Operating Pressure 2000 psi

1.38E+07 Mpa
Safety Factor 1.5
Pressure with Safety 3.OOE+03 psi

A2020 Pa
Load 116907.61 Newtons
Heigth of Thread 0.0127 m
Shearl oad 3.454E+07 Pascal__
VERIFY Thread Strength Thread Interface Ok
Operating Thread Strength 21%%
Interior Diameter 4.45E--02 m
Exterior Diameter 7.62E-02 m
Axial Load 3.21E+04 N
Area of Loading 3.01E-03 M^ 2
Axial Stress 1.07E+07 Pa .
Safety Factor 2.0
Max Axial Load with Safety 1.38E+08 Pa
VERIFY Interface Tension Interface Ok
Operating Thread Strength
Flange thickeness 0.0127 m
Depth of Oring 0.002794 m
True Flange Thickness 0.009906 m

Check Thickness of Diameter Flange 0.1016 m
Coupling Interface Load on Flange 1.68E+05 Newtons

Shear Load on Flange 5.30E+07 Pa
VERIFY Flange Strength Flange Int. Coup. Ok
Operating Flange Strength 33.3% %
Flange thickeness 0.009525 m
Depth of Oring 0.002794 m
True Flange Thickness 0.006731 m

Check Thickness of Diameter Flange 0.1016 m
Flange Load on Flange 1.68E+05 Newtons

Shear Load on Flange 7.80E+07 Pa
VERIFY Flange Strength Flange interface Mount Ok
Operating Flange Strength 49A3% %

Check Bolts

Diameter of Bolt Circle
Effective Diameter 1.02E-01
Number of Bolts 12 Pa Part 90201A321
Tensile Strength 180000 psi Tensile Strength from Mcmaster

1.24E+09 Pa Verified and correct that is insane
Shear Strength of Bolt 7.16E+08 Pa
Safety Factor 1.5_
Root Diameter of Bolts 0.0076 m
Total Axial Load 1.68E+05 N
All bolts cross sectional area 0.000544329 mA2
Tensile Stress 4.62E+08 Pa
VERIFY Bolts Strength 0 lts Tension Test Ok

Operating Flange Strength 32
B1olt Head Thickness 0.00714375 m

ITotal Area of Shearing 0.002046693 mA2
8.19E+07 Pa

Bolts Heads Ok
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Check Weld between
Flange and Chamber

Pressure Chamber
Calculation
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Internal Pressure 2.07E+07 Pa
Yield Strength 9.50E+07 Pa If TO then it will fail (55.2 MPa)
Shear Strength 5.48E+07 Pa
Shear Safety Factor 1.5
Adjusted Shear Strength 3.66E+07 Pa
thickness of weld 0.0127 m
Diameter of Weld 0.127 m
Adjusted Load 1.68E+05 Newtons
Shear Stress on Weld 3.31E+07 Pa
VERIFY Flanke WtengthWedk
Operating Flange Strngth 6.%%

Safety Factor 1.5 Preset

Temperatured Diff (AT) C
Thermal Expansion 1.60E-05 m/m

Poisson Value 0.3-
Pinterior 2.07E+07 Pa Interior Pressure above exterior

3.OOE+03 psi
Pexterior 1.00E+05 Pa

Interior radius 0.0508 m Interior Radius
Exterior radius 0.0635 m Exterior Radius

Center Diameter of O-ring 0.136525 m
Radial Stress (arr) -2.07E+07 Pa Without Temperature Effect

Location radius for orr 0.0508 m For interior radius of the chamber
Hoop Stress 89O 9.37E+07 Pa Without Temperature Effect

Axial Load 3.01E+05 N Use the center diameter of the Oring
Axial Stressozz 1.03E+08 Pa

Von Misses Principal av 1.19E+08 Pa
VERIFY Flange Strength Chamber Will Hold Ok -



Natural Phenomena
Spiders are flightless arthropods, that disperse through the process ballooning where a silk

strand is ejected from the spider into the air cross flow [158, 159]. The objective of this section is to
determine the non-dimensional entanglement stiffness for the spider ballooning process using Error!
Reference source not found..

Irse - 2r -rW 2 Equation 0.4
8 -Cd -P * L*srand flow

The Young's modulus of spider silk Young's modulus is 8.5 1.6 MPa with a with an
approximate diameter of 0.1 mm [160]. Another paper that looked at modeling the Spider silk
elasticity obtained a similar number of around 7 MPa [161]. The lower speeds of the ballooning
process is approximately 1 - 1.2 m/s [162]. The range in wind speeds is between 2 m/s to 5 m/s.

As shown in the figure below the stiffness coefficient for entanglement is so low that the silk
strand gets taken by the flow.

1
0.95

0.9 U 0.00E+00-1.OOE-01
0.85 M 1.OOE-01-2.OOE-01
0.8 U 2.OOE-01-3.OOE-01

, 0.75 U 3.00E-01-4.OOE-01
2 0.7 U 4.OOE-01-5.OOE-01

0.65
o 0.6

S0.55

0.' 454.
0 .4

1 0.35
w 0.3

0.25
0.2

0.15
0.1

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

Air Cross Velocity [m/s]

Figure 0-4: Entanglement stiffness for the spider silk strand ballooning process
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PUPs Problems
The idea behind the PUP problems to relate college level research to simple problems that can be done
by a high school student.

Chpl:

1. The Deepwater Horizon was flowing at 60,000 barrels per day. Given the fines per barrel
established by the Clean Water Act Section 311, what is the fine costs per second assuming no
negligence? What is the flow rate in gallons per second? (See Appendix Calculations for Help)

2. What is the hydrostatic pressure at a water depth of 1.5 km? How many times greater than sea
level pressure of 1 atm is at 1.5 km below the sea level?

3. Find the Reynolds number of the flow through a blowout preventer whose diameter is 18 %
inch (0.47 m), flowing oil with no gas with a density of 950 kg/m3 , and a viscosity of 10cp. Is
this reasonable?

Chp2:

1. One recent patent, U.S. Pat. No. 2012/0285683 Al (Hermes), proposes to introduce of 2-
cyanoacrylate ester monomer into the uncontrolled fluid to close the well. As you are reading
the patent you want to know if it will work in an accident like Macondo. Assuming a fluid
flow velocity of 0.7 m/s, how fast does this reaction have to take place?

2. Another patent also considered (U.S. Pat. No. 8,205,677 Bl) proposes to insert metal javelins
inside of the flow in order to obstruct the flow. It proposes the insertion vertically against the
flow. As the Jr. Engineer you are tasked with doing the back of the envelope calculation to
determine the force balance on the first javelin to determine how fast it has to be pushed down
in order to enter the bore.

3. Transmission system are often used in wire feeders since a motor cannot always be placed in
line with the wheels. Design a wire feed system with a transmission system with a
transmission ratio of 10:1.

4. What is the friction and compression needed between the wire and the rollers in order to
provide enough force to buckle the wire?

5. What are the advantages of a discrete, continuous, hybrid feeder designs.
6. A flag pole 10 m tall is made from plastic whose diameter is 10cm. On a windy day the wind

speed is 10 m/s. What is the tip deflection of the top of the flag if we ignore ground effects?
(State assumptions and list sources)

7. Consider now inserting a wire structure into the BOP orthogonal to the flow as shown below.
What is the expected tip deflection of the structure inserted if we assume that drag is
proportional to the mean velocity only?
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8. The flow rate of a household garden hose is 2 gal/min. If we insert a straw that is made from
polypropylene into the flow what is the estimated deflection placing the straw orthogonal to the
flow.

9. Calculate the wire radius required for aluminum and steel to minimize the tip deflection to ten
percent of the bore diameter.

10. In 1856, Darcy's law was discovered using a flow meter apparatus. You decide to build your
own apparatus at home using duct tape, several 2 Liter bottles of soda, and sand to see if you
can come to the same conclusion. Your only measurement tool are a watch and a coffee mug.
One liter of water can fill approximately 5.7 coffee mugs. Now perform Darcy's column
experiment with sand.
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