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ABSTRACT

A complete design methodology and design of a cooling system is presented. The
methodology was developed from an extensive literature review of design processes. The
cooling system designed is intended for a machine vision system to be installed in-line at
a rolling bar steel mill. The design is generalized for other similar setups to be designed
by others. The final design established is an improvement over pre-existing designs. The
verification of the system was done entirely numerically with the FLUENT
computational fluid dynamics simulation software. Results showed an improvement of 3
°C for a specific point air temperature with the current model. The new system is
intuitively more robust and imposes a lower risk of damage to the electronic equipment,

by improving weaknesses in the old system which led to failures.
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CHAPTER 1

INTRODUCTION

Design is not a concrete science, it can be envisioned as a soft or hazy science, because it
lacks sufficient mathematical basis [1]. There are no set of natural laws defining design,
explaining why the definition of design remains obscure. In contrast, phenomena, such as gravity
are very specifically defined; gravity is the tendency of objects with mass to accelerate towards
each other. This is based upon the fundamental law of universal gravitation [2]. The fundamental
law is a basis achieving a universal. Thus design has a variety of definitions. Design has been
defined as “the application of science and mathematics to develop economical solutions to
technical problems” [3], “the application of science to fit the needs of humanity” [4], and also
“systematic, intelligent generation and evaluation of specifications for artifacts whose form and
function achieve stated objective and satisfy specified constraints” [1]. However, for the
purposes of this paper design shall be defined as: the systematic application of creativity,
mathematics, and fundamental laws to produce a solution to a given technical problem.

Most definitions of design have a minimum of two components in common. First, all
applications of design require a problem; secondly they all have the goal of a solution to this
problem [5, 6, 7]. The research described in the following uses the engineering problem
associated with the cooling of the Hoteye"™ Rolled Steel Bar (RSB) unit produced by OG™
Technologies, Inc. at Ann Arbor, Michigan.

The single most important element to design is creativity, for without creativity we are
simply re-inventing the wheel [8]. Creativity is the dimension that makes design both difficult

and challenging, unlike analysis which can be approached exactly as the last problem in order to



derive the only answer to the problem. Design must be approached to a specific problem. Yet the
mistakes of previous design challenges should not be repeated [9, 10].

The design process is a small fragment of the product development process. A need or
want must be identified by marketing or sales, since after the design process is complete the
product must still be manufactured, marketed and sold to customers. Indeed, the product
lifecycle often includes the servicing, warranty replacement, and disposal of the product, in

which case the lifecycle can extend years beyond the actual design process [5, 6, 9].

1.1. Hoteye™ Technology

The HotEye™ is a breakthrough technology in non-contact sensing. This is an imaging
technology designed for high temperature applications. This technology has been tested to
capture the image of an object that is as hot as 1,450°C with the same image quality as if the
object were at room temperature. This innovation is protected by US Patent 6,859,285 [ref?] as

well as several other international patents pending and approved.

1.2. Hoteye™ Rolled Steel Bar Application

The rolled steel bar (RSB) application of the technology has been the most successful for OG™
Technologies, Inc. in terms of sales. There are several working systems currently installed in
steel mills worldwide. The system won the R&D 100 Magazine top 100 inventions for the year
2006, in the category of mechanical systems [11]. The system is designed to be integrated into a
hot rolling steel mill. The system is integrated into the line such that the steel passes through the
unit for inspection. Steel bars can reach 14 km in length and travel at speeds reaching 110 m/s.

The system provides real time feedback regarding surface defects in the processed steel to the



mill. The significant benefits of the system include improved steel quality, improving safety in

critical components, and energy consumption reductions in the mill. The system is comprised of
a sensor module, a processing module, and a link between the two. The research discussed in this
paper focuses on the cooling of the sensor module. This application is protected under US Patent

6,950,546 and other international patents.



CHAPTER 2

PROBLEM DEFINITION

Defining the problem is the single most important step in the design process. The correct
problem needs to be identified to solve the problem [5, 6, 12]. Defining the problem, logically,
can be approached by several methods, and the use of more is an excellent double check.

Abstraction of the problem is a recognized way to ensure the problem is encompassed.
The higher the level at which the problem can be phrased with specific meaning, the more
general the problem becomes. A more general problem helps elicit creativity instead of the reuse
of existing design concepts [5].

Another well documented method of defining a problem is to construct an objective tree.
An objective tree is a tree diagram that breaks down the objectives for the solution in a
hierarchical pattern. Such a diagram can help establish root problems [13].

A functional interrelationship diagram helps isolate the subsystems required to solve the
problem. By choosing an appropriate detail level such a diagram provides the flows in and out of
the components. This type of diagram utilizes the concept of a black box for anything below the

level of detail pictured. The flows shown are typically those of energy, mass, and signals [5, 6].

2.1. Hoteye™ RSB Cooling Problem

The engineering problem addressed in this research is the encompassed within the
Hoteye ™ RSB cooling system, which manages all three modes of heat transfer, conduction,

convection, and radiation. The system has an existing design that functions; however, there are



several known incidences of failure, a high number of parts, difficulty in servicing, and an
imposed risk to electronic components. Additionally, when the Hoteye ™ technology is
transplanted to a different but similar application the cooling system is redesigned, starting from
a conceptual level, which ideally could be avoided utilizing a base level cooling system design
that is adaptable to different layouts, and capacities. The underlying problem is not of a singular
nature and therefore any solution requires a balance of conflicting customer requirements. It
follows that the problem is not a simple application of analysis to determine a single solution, but
a rigorous design methodology needs to be utilized to analyze the problem.

The problem is further defined by a conceptual tree (Figure 1) and the functional
interrelationship (Figure 2). In addition, the problem may be abstracted to a problem defined as;
a system that both shields equipment from heat transfer, and also removes heat dissipated from
the same equipment. This abstract problem does not include the necessary elements of cost
effective, low failure rate, low risks imposed to electronic equipment, and a simple design.

The general problem cited identified failures as the key component to the weaknesses of
the current cooling system. A first case of failure was the failure of an electrical wire due to
thermal radiation. The wire was damaged due to direct radiation from the steel bar (Figure 3).
The wiring was subsequently modified so that the wires are not exposed directly to the radiation
of the bar. A second case of failure of the cooling system was a water hose Quick Disconnect
connector came loose during operation (Figure 4). This leaked water into the system directly
exposing the electrical components to water. A third instance of a flaw although not complete
failure was a punctured duct in the forced air system which allowed excessive debris into the
system, rapidly blocking the optics transmission. Considerable time was required to track back to

the source of this fault.



When the technology is carried over to another similar application redesigning of the
cooling system used on the Hoteye' " RSB systems is required. An example of such a redesign is
carrying the technology to rolled billet inspection. The system was redesigned well beyond what
would have been necessary for a more modular system. A far more drastic example of such a
redesign was for billet casting. The cooling system for the RSB, a combination of water, forced
air, and refrigeration, was changed to a water based system with a limited forced air component.
The layouts of the RSB and billet casting systems are shown in Figure 5 and Figure 6
respectively. Each redesign mentioned involved implementing a new system based upon an

entirely new analysis.

2.2. Hoteye™ RSB Layout of Components Concerned

Cooling is important to all electronic components in the system. The cooling is not
necessary to prevent the chassis from melting, as the steel does not have enough energy for this.
There are two items of specific concern for cooling. They are the most costly electronic
components, and in the event of over-heating may be damaged. They are both rated for operation
in a 40°C environment, and this will therefore be the critical temperature. In terms of layout, the
first element sits up top near the air inlet and has an internal fan to draw air through it (Figure 7).
The second element of interest is down low and has only a passive heat sink. Having identified

the problem it was necessary to form a methodical plan, to approach the problem.
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CHAPTER 3

DESIGN PLAN

The design process varies for different problems, or else it would be by its own function,
the same as analysis. Design is not as simple or singular as analysis, and therefore, the
approaches used are neither as simple nor as repeatable. Though design is non-uniform there has
been considerable research and documentation, by previous engineers, into methods that have
universal application. In order to avoid the mistakes of the past, previous work should be studied
[9]. Therefore, the literature by Pahl [5], Ullman [6], Taguchi [14, 15], and Corbett [16] was
extensively reviewed in order to formulate this design approach.

The following approach is summarized graphically in Figure 8, Figure 9, and Figure 10.

3.1. Understand the Problem

The initial component to this and nearly every design process is to identify the problem
correctly and precisely. Given that the problem in this thesis has been extensively defined it will
not be discussed further here. Knowing the problem, however, is not sufficient to begin work. A
solid understanding of both the problem and the operating environment are necessary early to
identify the key elements. This understanding was achieved by researching existing literature
related to the topic, determining a scope of the problem, understanding the system structures, and
identifying the global aims. It was also helpful to decompose the system into subsystem and sub

functions.
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3.2. System Requirements

Based upon the assumption that a firm grasp of the problem has been established, it
should be easy to develop a set of qualitative requirements for the system. This was done taking
into consideration safety, governmental, and environmental regulations. Such qualitative
requirements allow for the evaluation of concepts without generating quantitative data for each

concept.

3.3. Conceptual Phase

Although the problem posed has an existing conceptual level design, it is important to
revisit the conceptual level when there is a true design problem, and not an analysis problem.
The reasoning for this is, although the conceptual phase represents a small percentage of the
design process, it has a significant impact on the outcome when compared with other steps in the
design process. In addition, the possibility exists that the existing design prevents us from
visualizing a truly innovative solution. Therefore, a conceptual phase was used to compare
different concepts for the cooling system in question. This was to ensure that the concepts
applied were in fact suitable for the design problem. Given the lack of formal analysis of the
current system it would be a false assumption to assume the concepts chosen were the best
without further attention.

Concepts were generated based upon brainstorming, literature searches of existing
cooling technologies, an analysis of well known cooling systems, and an analysis of natural
systems. The concepts generated were evaluated based upon the qualitative system requirements
set forth. Evaluating concepts was complicated as none of the designs were ideal and any flaws

in one particular solution do not necessarily exist in all solutions. This is due to the nature of
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design; any design decision will have a conflicting nature. This evaluation was carried out both
subjectively and via a matrix scoring system similar to that described by Pahl [5] and Ullman [6].
The possibility of combining individual concepts was considered and the process was repeated
several times for the purpose of improving concepts and producing unique combinations. The
looping allows for combinations of concepts that strengthen each others weaknesses.

The fruit of the conceptual phase was a chosen concept for the cooling system. This

enables the following step of more detailed specifications.

3.4. General Form Solution

The general form design is intended to be applied to other adaptations of Hoteye™
technology. It provides base working knowledge conceptual form of a cooling system that needs
only be implemented on the given layout. From the conceptual phase we have the basic
definition of this general form design. The general form is revisited after the detailed design
phase such that any mathematical models or information gained from the later design phases can

be combined into the general form design.

3.5 Engineering Specifications

With a selected concept the qualitative specifications from Section 3.2 are reformulated
into engineering specifications. A quality function deployment diagram served to translate the
qualitative specifications into detailed quantitative specifications for the more detailed design
levels. Such specifications must have units associated with them. They will be justified by the

reference specific laws or analysis.
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3.6 Layout Design

The layout design level determines the general layout of components. This step
determines the interactions between the systems, their placement, and size. The layout stage is
the final phase directly incorporating global concerns, beyond at the detailed stage only local
information is needed. First the possible layouts will be systematically generated by varying the
layout. The comparisons against each other will be based upon the subjective specifications set
forth. Secondly the layout will be taken to an overall dimensional layout where the detailed
specifications will be used for evaluation. The comparisons were conducted using a matrix
scoring system [5, 6] similar to the concept evaluation in Section 3.3. An iterative approach was

used to input the previous best layout to generate new layouts for further evaluation.

3.7 Detailed Design

The detailed design phase is much more analytical than the other phases. It involves the
rigorous application of engineering theories and law to produce a completed design. This phase
was also approached with an iterative stepping. The detailed design of components was carried
out, evaluated, and utilized as the starting point for the following iteration. Decisions at this
design level vary in level of complexity and nature. Some decisions at this level were singular
and others were conflicting such that serious compromises needed to be made to move forward.
This is, however, the only phase in design where simple analytical decisions based upon
mathematical modeling and known governing laws exist. Decisions of more complicated nature

were based upon the same matrix scoring system [5, 6].
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3.8 Review of Design

After the completion of the detailed design, we have created a complete design; however,
it can almost certainly still be improved. By comparing the general form design with the detailed
design we can evaluate and determine if the design falls short in any aspect. Ideally, there would
be minor modifications, as any large changes at this point negate significant amounts of work
already completed. In the long term the changes made to the general form of the solution, are
much more valuable, as they will be applied numerous times. Anything learned from the later
design phases can be applied to the general form such that it takes a more tangible form. These
additions to the general form also reduce the amount of engineering required to adapt this

solution to a different layout.

3.9 Design Validation

Validating the design is to be conducted numerically for the purposes of this paper. This
will be done using FLUENT a computational fluid dynamics package. Eventually OG™
Technologies will implement the new design or aspects of the design into their RSB sensor such
that it may be tested in a fully operating environment. Testing a prototype outside of the
operating environment is not a feasible approach since steel at a temperature of 700°C is
impossible to handle without appropriate equipment. Additionally, the energy required to heat an
amount of steel to actually test the system would be a considerable waste of energy, since we
would not be processing the steel. Having designed a complete plan of approach the plan was

then applied.
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CHAPTER 4

THE DESIGN

The design process is meant to be a fluid iterative process that produces creative,
innovative, working solutions to problems. The following work described is the execution of the

design process developed in Chapter 3 to form a solution to the problem described in Chapter 2.

4.1. Hoteye™ RSB Cooling Problem

As previously stated in Section 2.1, the Hoteye™ RSB cooling system has a complicated
cooling system that manages all three modes of heat transfer: conduction, convection, and
radiation. The system has a functioning design that is plagued with several problems as
previously outlined, mainly the known failures and redesign efforts. Figure 1 and Figure 2 as
previously mentioned define the problem in the form of a problem tree and a function
interrelationship respectively.

The known failures of the RSB cooling system are a destroyed wire (see Figure 3), a
loosened water connector (see Figure 4), and a punctured air duct.

The cooling system used on the Hoteye™ RSB systems is vastly redesigned when the
technology is adapted to a similar application. Such as a rolled billet inspection or billet casting.
The layout of the RSB cooling system and billet casting systems are shown in Figure 5 and

Figure 6 respectively.
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4.2. Reaching an Understanding of the Problem

The status quo Hoteye' RSB cooling system relies on several water cooling passages, a
forced air system, and a refrigeration system. The layout of the system is shown in Figure 5. The
refrigeration system is used on the forced air system to cool the air introduced into the sensor.
The primary purpose of this chilled air is to remove heat dissipated by electronic components
within the sensor module. The thermal radiation energy is removed by several water cooled
elements within the sensor module. The arrangement of the water passages is such that nearly all
radiation energy introduced into the system is captured directly by the water passages. The water
is provided via an open loop system directly from the mill water. Therefore the current system
relies solely on the electricity and water pressure from the mill utilities. A sub level functional
diagram of the cooling system is shown in Figure 11.

The problem though it can be isolated, has many external factors that are necessary to be
included in order to develop a realistic solution. The design has three main aspects, which are
shown in the sub level functional diagram, previously indicated as Figure 11; cooling the guide
tubes, shielding radiation and removing energy from the optical plates, and removing energy
dissipated by the electronics within the system. There is a unique set of intrinsic knowledge
required to develop a cooling system for an existing mechanical system. Some of the elements
that impact and limit the design of the cooling system are but not exclusive to: mill utilities, line
configurations, rolling considerations, and heat considerations.

A steel mill has the typical utilities associated with a plant. The list will always include
water, electricity, and compressed air. These utilities are unstable, because of the greatly varying

load, related to other heavy-duty cyclic equipment within the mill. The voltage and frequency of

19



the electricity will depend on the location of the mill. The water quality and pressure as well as
the pressure and flow of the compressed air will vary over time and between locations.

The line configuration will vary greatly from mill to mill, however typically operational
space in the line will come at a premium. Access to both sides of the line will not always be
possible. In addition overall height is an issue as there will be an overhead crane that needs to
clear the unit.

A hot rolling mill poses concerns for any equipment. Steel is moving at speeds up to 110
nm/s. Additionally the steel will almost certainly coble, or exit the desired path. This poses a huge
risk to any equipment on the line or in close proximity. Cables or tubing connecting to
equipment on the line are also vulnerable.

The processed steel can reach a temperature of 1450°C, which poses an inherent risk of
overheating the unit. The bar diameter has an inverse relationship with the rolling speed. Larger
diameter bars pose a greater risk to the system than smaller size, because they have a larger
amount of energy and are exposed over a longer period of time to the system. The worst case
scenario, however, is much worse than a large diameter bar moving through the system, it is a

large diameter bar cobbled within the system, until the bar cools.

4.3. System Requirements

The qualitative requirements of the system are listed in Table 1. They were developed
based upon the understanding of the problem described in Sections 4.1 and 4.2. They encompass
safety, governmental, and environmental regulations as proscribed in Section 3.2. There are also
a set of high priority wishes, shown in Table 1, for the system that are not strictly speaking

requirements.
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The safety standards that are most pertinent to the RSB system are the occupational
health safety administration’s work standards (OSHA) and the Underwriter’s Laboratories (UL)
standards. Both of these standards can be approached from a common sense point of view at the
qualitative level. From a quantitative approach individual values would be needed for certain
design points. The general areas of concern for the RSB system are the following: extremely hot
surfaces, extremely cold surfaces, compressed fluids or high pressures, toxic fluids, electrical
wiring, noise levels, and all exposed moving parts.

There are no environmental regulations that directly affect this unit’s operation, apart
from the use of a refrigeration cycle. Refrigerant use is regulated by the federal government, to
the extent that it must be operated properly and serviced by a knowledgeable technician. There
are many more manufacturing material issues which contribute to the environmental
consciousness of the machine. The use of recycled or recyclable materials is always preferred.
Additionally the manufacturing process may involve the use of extensive tooling, the less
machining needed, the less the use of harmful cooling fluids. These are the central areas of

concern with regards to the environment.

4.4. Conceptual Development

The existing design was temporarily ignored for the conceptual development process.
The process was broken down into multiple forms of idea generation, evaluation, and iteration as
described in section 3.3.

The initial concepts established for this design were developed from several short
brainstorming sessions. I sat and wrote down ideas that came to mind for five minutes at a time,

as well as any ideas that came into mind during the day. Upon exhausting the well of ideas from
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this brainstorming, I began a review of the natural laws of heat transfer. This review included the
basic laws of conduction, convection, and radiation. Additionally, the review encompassed the
conservation of energy and thermal contact resistance. This examination of the natural laws
generated further concepts. Finally, a literature search of existing cooling technologies was
conducted. This search was conducted using the compendex engineering village search tool. This
search yielded far more complex concepts including, but not exclusively: immersion cooled heat
sinks, sorption heat pumping, micro channel heat exchangers, pulsating heat pipes [17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27]. The results of this initial stage of concept development are
summarized in Table 2, and are sketched in Appendix A.

These preliminary concepts were evaluated first in a subjective manner. This subjective
evaluation was based upon feasibility and performance, a chart of these subjective evaluations
can be seen in Figure 12.

The preferred concepts, defined as being concepts that subjectively showed good
performance, or high feasibility, or both, were selected for a more rigorous evaluation. This
evaluation was done with a matrix, shown in Figure 13. This matrix has the design requirements
and design wishes compared for different concepts. The concepts were applied to some or all of
the cooling needs of the system, as discussed in section 4.2, depending on their suitability for
evaluation. The values of this comparison were calculated subjectively with the knowledge
acquired from the literature search. Additionally which concepts were applied to which aspects
of the cooling system was also selected subjectively.

The design methodology described in section 3.3 prescribes multiple iterations for the
concept development; as prescribed the information gained from the first set of concept

development was used to generate further concepts. These concepts were developed from
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combinations of the concepts from the initial iteration. These combinations, detailed in Appendix
A, were completed in an attempt to remove weaknesses from the initial designs. These new more
robust concepts were then evaluated using the same qualitative analysis from section 4.41
(Figure 14).

The process of combining concepts with others was then repeated. Concepts originally
excluded because they fell short in certain areas were combined with ideas that were strong in
other areas. These combinations were then evaluated using the same procedures as for the
previous two iterations. The matrix evaluating the concepts is shown in Figure 15.

Iteration three provided no concept with an improved overall score relative to the
qualitative criteria, as compared to iteration two. I therefore decided to continue with the best
concept developed thus far, which was the implementation of water cooled guiding tubes,
internal water channels, and a forced air system with refrigeration for the electronics. The best
qualitative evaluation of the system is shown in Figure 15. The concept sketch can be found in

Appendix A.

4.5. General Form Solution

The general form solution was loosely established based on the concept selected during
the concept development process. Restated, the general form of the cooling solution includes the
following: a water cooling loop to remove the heat absorbed via radiation and a forced air
cooling system with an AC refrigeration unit to cool the air. Implemented on the RSB system the
system’s water cooling loop is passed through the guide tubes and internal channels. The forced

air system specifically targets the two areas of interest, and the system status feedback sensors.

23



4.6. Layout Design

The layout design is addressed in a bi-level manner. First, the physical location of the
components relative to each other is addressed and the impact on the performance. Secondly, the
dimensional limits of the layout are addressed as well as the performance thresholds. Both The
two stages were conducted in an iterative fashion.

Initially layouts were broken into the 4 subcomponents that have limited interaction:
guide tube cooling, vertical internal channel cooling, horizontal internal channel cooling, and the
air cooling system (refrigeration and forced air). The layout interactions between the systems are
as follows; the first three components share a coolant cycle, and the internal channels are in close
physical proximity or in contact with each other. Since the interactions are very limited from a
layout perspective the division is logical at this design stage

The guide tubes as previously discussed shield the majority of the radiation. They are
currently removable from the system with the interruption of the water cooling cycle. This is
important for major maintenance on elements in area two. The use of quick-disconnect water
connectors facilitates removal. There are concerns with the reliability of quick-disconnect
connections as discussed in the previous system failures (section 2.1). The majority of the
physical layout of the guide tubes is determined by the mill specifications, and the other RSB
components. The range of bar sizes at the mill determines the ID of the guide tubes; in contrast,
the OD of the guide tube is constrained by other components not related to cooling within the
system. Given that the redesign of other components is beyond of the scope of this project only
layouts that fit within the specified constraints will be considered.

The vertical interior channel is primarily for removing the energy transmitted via

radiation to the system from the gap between the two guide tubes. The size constraints of this
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component are limited, without redesigning other components within the system. The ID of the
system is constrained by the guide tube and non related components. The OD is constrained by
the size of the mounting plate and the overall cage itself. The thickness is limited by the adjacent
non related components which are spaced a minimum of 20 mm away.

The horizontal interior channels shields any remaining radiation and convective heat
transfer from reaching the electronics in area of interest 1. It sits directly above the vertical
channels and is also limited by the non cooling related components.

Finally, the AC forced air system is currently located remotely and cooled air is
transported via a duct to the sensor. This has been identified as a small problem (section 2.1)
since the ducts can be readily punctured in the industrial environment. The physical layout is not
constrained in the current location; however, changing the location means introducing new
constraints.

Ideas for possible layouts were generated based upon the working knowledge of the
system, existing cooling systems, and the subjective specifications. Sketches of the derived
layouts for the subsystems are shown in Appendix B. A comparison of these layouts is provided
in Figure 16. The evaluation is based upon the same subjective specifications used for the
concept evaluation. The concepts are evaluated with respect to others within the same sub
component as comparing two layouts from different subcomponents was not useful.

The layout possibilities for the guide tube portion have a negligible impact on
performance. There would be a slight additional exposure of the water tubing to thermal
radiation from piping it outside the unit; however, additional shielding would eliminate this

problem. Therefore the layout is established purely by virtue of the constraints. In order to give
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detailed specifications for the performance of the guide tube a mathematical model was
developed.

Secondly, the vertical channel cooling layouts also have a negligible effect on
performance. Design parameters that would have an impact on performance would be the
material, the flow area, the convection coefficient, the wall thickness, and the color. None of
these parameters are specific to either layout discussed in section 4.61. Similar to the guide tube
a mathematical model will be developed to help determine specifications.

The horizontal channel cooling layout choice does have an impact on performance. The
choice of water cooling over a simple conductor will greatly enhance performance of the system.
Additional insulation as a barrier to further emission would improve the performance. Therefore
a more analytical analysis will be required to choose the detailed horizontal layout. Such an
analysis will develop additional specifications addressing this problem.

The refrigeration and forced air system layout also contributes to the performance of the
system. Since we plan to use a commercial unit and not build a custom designed unit the main
concern regarding layout is to identify an existing unit that meets the specifications. Evaluation
of existing commercial refrigeration forced air systems will be required for the detailed design.
Cost is a concern, and is therefore considered here since this is likely to be the single most
expensive component to the RSB cooling system. The analysis required to choose the

refrigeration layout will also produce additional specifications for the system.

4.6.1. Guide Tube Black Box Analysis

The guide tube absorbs energy from the steel passing through the unit. This energy
absorption is through a cast iron insert and therefore is a conductive energy transfer (Figure 17).

The cooled guide tube can be modeled as an annulus. Some assumptions for the following model
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are a steady state system, a constant cooling rate of the metal, a constant specific heat, uniform
cooling of the rolled bar, and no loss in energy transfer. These assumptions are fairly
conservative because there are significant losses in energy transfer, especially through air.

The cooling rate of hot rolling mills downstream of the last roller varies depending on the
material, the bar size, the grade, and additional factors. The interactions between thermal,
mechanical, and metallurgical processes determine the microstructure’s properties, which are of
significant importance for metals [28, 29]. The fastest cooling rate documented in the literature
reviewed was 35°C/s for 60Si2MnA spring steel rod, however, the highest documented heat flux
for a rolled bar being air cooled was given as 74 kW/m? [28, 29, 30, 31, 32, 33].

The specific heat of the rolled material we assume to be constant, although this is known
to be false given the immense variation in temperature. It provides a conservative assumption for
this model. The specific heat at a temperature of 1600K was calculated to be 675 J/Kg-K based
upon its composition [34]. For comparative purposes the specific heat capacity of similar metals
at lower temperatures were found in additional literature to be in the range of 0.5 to 748 J/Kg-K
over a temperature range of 1 to 900K [35, 36, 37, 38] the above result is therefore within an
expected range.

The bar diameter varies in this system. However, the largest bar size is ~76 mm. Since
the goal is a cooling system adequate for the worst scenario the analysis will be for the largest
bar. This is because the larger the bar at the same temperature the more energy emitted per
change in degree of the bar. This choice ensures a robust system.

Given that the goal is to design a cooling system adequate for current and future rolling
parameters I will use the heat flux in cooling of a rolled bar and apply it to the largest diameter

bar. ) is derived from a black box energy analysis of the system with the steel energy entering the
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system and that same energy leaving the system via the steel, and the difference in the guide tube
cooling. Using (1) the guiding tube must be able to cool 17.8 KJ/m-s at a minimum. This is an

energy removal rate per unit length of the cooled guide tube.

E(ij =7r*D(m)*L(m)*i[ ! ] (1)

Given that the calculations for the minimum amount of cooling required are a mere
conservative estimation, a safety factor or reserve capacity needs to be included. After reviewing
safety factors used previously, I have chosen to adopt a safety factor of 1.67. This corresponds to
a safety factor used for rigorous environments, including, but not exclusive to aerospace and off-
shore [39, 40, 41, 42]. Applying this safety factor gives a design cooling rate of 29.7 KJ/m-s.

The ID and OD of the tube are fixed given that they are designed for the mill’s rolling
sizes and the non cooling related RSB components. The lengths of the two guiding tubes are also
pre-determined due to the existing configuration. Therefore the sole variables of design are the

internal dimensions, manufacturing, and assembly parameters.

4.6.2. Vertical Cooling Channel Black Box Analysis

The thermal energy absorbed by the vertical cooling plates is the energy emitted from the
steel bar passing through the unit as shown in Figure 5. There is a gap between the guide tubes.
This gap corresponds to the exposed surface area of the bar. A conservative estimate of the
energy absorbed by the cooling plate can therefore be characterized by the cooling rate of the
bar, the size of the cooling plate, the diameter of the bar, the bar’s specific heat, the field of view

or angle of radiation exposure to the bar, and the travel length of the gap between the guide
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tubes. (2) is a black box analysis of the vertical cooling plates and the exposed portion of the bar.
Using the energy absorbed by the vertical cooling plates can be conservatively estimated and is

done so in the following paragraph.

Ez(i}n*D(m)*Fl *G(m)*z( / j ®)

S m-Ss

The gap between the troughs is designed to be 37.6 mm. The previous system’s guiding
tube was manufactured by standard machining operations and there is no obvious benefit to
changing this, the analysis will be done assuming such. Since the unit is to be made from
machined parts and welding there will be some variability in dimensions. When the unit is
assembled there are 11 parts that impact the gap between the troughs. Knowing that the machine
shop manufactures parts using the standard system of units we shall assume the parts are within
0.254mm of the specified dimension. This is double the specified tolerance on the parts and
highly conservative for the CNC machined parts, but less conservative for assemblies involving
welding. The worst case scenario for the error stack up is every part at the maximum error in the
same direction. For this case the error stack up is 2.794mm. Therefore I shall assume the gap
between the troughs is 2.80 mm wider than designed or 40.4 mm. This is the most conservative
estimate possible for a tolerance stack up.

The maximum and minimum dimensions of the vertical cooling plates are fixed because
of the non cooling related components; however, the range available still permits them to be
design variables. For this application the maximum dimension is 500 mm, and the minimum is

192 mm.
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For determining the correction factor F, we shall assume a single vertical cooling plate

absorbs 50% of the radiation emitted by the steel between the guide tubes. This is highly
conservative given that there are two vertical cooling plates and a horizontal cooling plate all
removing energy from this space and they occupy less than 100% of the volume as there are
other components within this volume.

With the above assumptions and the same parameters as stated in section 4.63 the
minimum energy removal rate for the cooling plate was found to be 0.6 KJ/s. We will apply the
same safety factor as used for the previous section and therefore the design requirement will be a

minimum energy removal rate of 1.0 KJ/s.

4.6.3. Horizontal Cooling Channel Black Box Analysis

The horizontal cooling plate is subject to similar operation as the vertical cooling plates
(section 4.64). The special correction factor is different since the volume occupied by this plate

1s smaller.

E{i}z*l)(m)*ﬂ *G(m)*ﬁ( ] ) G)

S m-Ss

The area of the cooling plate exposed to absorb energy is dictated by the dimensions of
non cooling related components, which are not subject to change within the scope of this project.
From this fixed area the correction factor F, was set conservatively as 33%. The volume and
two linear dimensions of the plate are not fixed, but design variables. The width of the plate is

dictated by the optical cooling plates themselves as 500 mm.
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From the above assumptions and parameters including the previous two sections the
minimum cooling rate was estimated to be 0.4 KJ/s. By using the same safety factor as for the
previous two sections the design requirement was found to be a minimum cooling rate of 0.7
KJ/s.

The optical design dictates the area exposed to the radiation is 0.0254 m* and therefore
the heat flux will be approximated as 26.3 KW/m®. Using a two dimensional finite element
analysis the system performance of the simple plate system and a water cooled plate system were
simulated. The boundary conditions were setup based upon the component interactions with
other cooling devices and the radiation exposure. The water plate approximation generates a
maximum temperature 26 °C lower than the simpler plate design. 26 degrees is significant to this
application, although in reality the model is constructed in a highly conservative fashion and
therefore the temperature is less. Nonetheless, a water cooled solution was selected because of its

vastly superior performance.

4.6.4. Refrigeration and Forced Air Black Box Analysis

As previously stated, the forced air system must move sufficient air into the sensor
enclosure to dissipate the heat generated by less than 100% efficient electronic components and
remove any radiation from the bar not absorbed by the water cooling system.

The list of electronic devices within the system is lengthy and not included in this
document; however, the sum of their electronic power consumption is 3000 W. The elements of
interest labeled as 1 Figure 7 has the highest consumption (consumption of 1200 W) and have an
efficiency of 75 %. The weighted average efficiency of all the devices is 76%, because the other

components employed have a higher efficiency (~85%).
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Additionally, the system must remove a small portion of the energy radiated by the bar. It
would be ideal if the air system is robust enough to deliver sufficient cooling such that no device
reaches a critical temperature, were the water system to fail. For the purposes of a requirement

we will set the portion of the energy from the steel to be removed as 100%.

E4 (i) = (1 - 6‘)* Z ElectricalConsumption(ij
s S

(4)

e Dl £ () A

(4) mathematically denotes the energy removal requirements of the forced air cooling
system according to the above discussions. Employing the calculated numerical values, we
conclude the system should be able to remove 20.7 kJ/s. Using the same safety factor as for
previous sections, the engineering specification for the air system is 34.6 KJ/s.

A local system would require a packaged terminal air conditioner for which the range of
cooling capacity ranges between 2.0 to 3.5 kJ/s [43]. Given the performance specification and
the added robustness of a remote air system we will eliminate the local system layouts suggested
in the previous sections.

The maximal dimensions of a remote system are not a primary concern in a steel mill,
however, we will set a limit of 3 meters for all dimensions of the remote refrigeration and forced
air system. This limit is arbitrary and it is highly unlikely it will become a limitation for the

detailed design.
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4.6.5. Resulting Iteration

As aresult of the black box analysis done in the previous sections some additional layout
concepts were generated.

First the possibility of combining the horizontal cooling plate and the vertical cooling
plate for manufacturing purposes was investigated. As they are in physical contact it is possible
to manufacture them as a single piece, two pieces, or three full pieces as previously discussed.
Manufacturing them as a single piece constrains the non cooling related components excessively;
however, manufacturing two pieces would be cost effective and maintain all degrees of freedom
and performance.

In order to combine the two vertical cooling plates and single horizontal cooling plate
into a single piece I have split the horizontal cooling plate into two pieces and attached these to
the vertical cooling plates. This maintains the flexibility of two vertical cooling channels and
minimizes manufacturing costs. Mathematically by adding the cooling rates calculated in section
4.64 and section 4.65, the new cooling rate for the combined component was arrived at. The new
cooling rate specification including the safety factor prescribed is 1.35 kJ/s for each of the two
cooling channels.

Secondly, the concept of eliminating the local booster and filter instead of a sensor to
detect air with excessive particles was created. This is possible because the purpose of the local
booster and filter is to prevent contamination of the system. A local filter would require a very
large surface area to achieve a sufficient performance; however, this is not possible given the
physical size constraints. The sensor has a significantly smaller format and provides an alarm for
contaminated air. The cost of buying a laser based sensor to detect particles greater than a micron

in size is around $2500, therefore alternative sensor types were investigated.
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4.6.8. Engineering Specifications of the System

Combining the information from each model derived as well as dimensional information
about the optical configuration of the system from the above sections the set of engineering
specifications is specified in Table 3. The horizontal cooling plate is listed separately because
although it will be integrated into the vertical cooling plates the specifications apply specifically

to that section.

4.6.9. Finalized Layout

The finalized layout is shown in Figure 18; this shows the location of each component
relative to the sensor frame. The details of the systems are below.

The guide tube will use the external water connection layout plan derived during the
initial layout phase due to the improvement in risk of water damage to the equipment and the
increased access to water tubing for inspection. The available design parameters include the
internal geometry of the water passage, material, fabrication method, maximum water inlet
temperature, and minimum flow rate.

The vertical cooling channel will use the water exits below the mounting plate so that the
risk of water damage to the system is minimized. The remaining design parameters include the
external geometry, internal water passage geometry, maximum water inlet temperature, and
minimum water flow rate.

The horizontal cooling channel will be integrated into the vertical cooling channel. This

will allow the water connections to be located physically below the mounting plate and thus
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minimize the risk of exposing electronics to water. In addition, the smaller number of parts
reduces the complexity and assembly costs.

Lastly the AC system will use a remote system with a local particle sensor. The available
design parameters include physical dimensions, performance, air flow rate, and particle filter
size.

The three concerns for safety are high pressure, moving parts, and hot surfaces.
Regarding pressure the concern can be eliminated with a simple pressure regulation system. This
would ensure that pressures do not become dangerous. A hot surface remains possible on the
exterior of the unit if a bar recently passed the system. Considering that employees in a mill are
aware of the hot surfaces a safety warning by means of a sign would be sufficient for this
application. The moving parts are all fan blades which will have appropriate guards so that body
parts do not come in to contact with the blades. There is no unprotected high voltage or current

source within the system.

4.7. Detailed Design

The detailed design was carried out with several numerical utilities, including the use of
Fluent a computational fluid dynamics (CFD) package. The use of CFD modeling is recognized
as a cost effective design tool in industry though the error in the calculations can be significant.

The detailed design was done in the same subdivisions as previous sections.

4.7.1. Guide Tube Details

The internal geometry of the guiding tubes was simulated using Fluent (Figure 19) in

order to improve the heat transfer. The first iteration of the models was completed using several
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key attributes identified in other heat transfer papers including: the surface roughness [44, 45],
turbulence promoters [46], curved passages [47], number of passes in a heat exchanger [48, 49],
and surface print [50]. The combinations of the different elements were investigated using
FLUENT. Given that each simulation was done with the same boundary conditions and
FLUENT computational models it is acceptable to use the results comparatively. The parameters
were set in accordance with the software manufacturers guidelines for turbulent compressible
flow [51]. The initial results indicated that a 2 pass heat exchanger was on the correct order of
magnitude heat transfer. Several subsequent iterations revealed an appropriate flow rate was on
the order of 0.14 kg/s of water.

The two tubes were arranged such that water flowed first through the long guide tube and
subsequently through the short guide tube. The water temperature change is on the order of 30°C
overall from both tubes, for a water inlet temperature of 35°C. One must recall that a safety
factor of 1.67 is built into the energy emitted from the steel, and therefore the real temperature
change is much lower.

The minimum wall thickness of the tube was determined based upon a force analysis of a
rolled bar, which has the same mass as a billet, striking the guide tube at an angle of 1 degree.
The normal component of the force to the wall of the guide tube was used to determine the
necessary wall thickness of the material specified. This is a highly conservative assumption
following the trend set forth in this paper. The material was selected based upon strength,
corrosion resistance, melting temperature, conductivity, and cost. Given that stainless steel and
titanium are the only common materials that satisfy the constraints [52, 53] and that titanium is

orders of magnitude more expensive [54]; stainless steel was chosen for this application. Based
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upon the material selection the actual wall thickness was designed based upon the availability of
tubes close to the necessary final dimensions.

In order to ensure the outer surface of the guiding tube does not produce condensation. In
the event of an air cooling failure, an additional layer of insulation will be added. The
appropriate insulation for this application is sweat-stopping pipe insulation, a thin paint like layer
designed for this purpose. It is available in black, the best color to maximize radiation absorption
and minimize the emission [55], from mass part suppliers such as McMaster-Carr.

A final model was simulated in the same CFD package with a much finer mesh and precise
boundary layers, using the double precision mode, such that the heat transfer and flow
improvements could be verified (Figure 19). The parameters for the flow setup in FLUENT are
listed in Table 4. The details of the final design are shown in Appendix C. The improvement
between the initial design simulated in FLUENT and the final design proposed is shown in
Table 5, which shows the simulated temperatures for the guide tube without air cooling.

The construction of the design is based upon a small scale manufacturing business model.
There are many manufacturing techniques readily available including: casting [56], forging [57],
rapid prototyping [58], standard machining operations [59], advanced machining operations [60,
61], and abrasive operations [62]. For this model standard machining and abrasive manufacturing
techniques are the most appropriate. Should metal deposition, a form of rapid prototyping,
become comparable in cost and readily available this would be an alternative fabrication method.
This limits the manufacturing to processes able to be performed on a 3 axis mill, a lathe, a

grinder, and with welding.
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4.7.2. Combined Vertical and Horizontal Channel Details

The combined cooling channel is highly constrained in terms of external geometry
options. There are a number of options for tubing that can be bent, brazed, and or welded into the
desired layout. For the purposes of improving heat exchange a copper tube with an integral fin
was chosen [55]. The sizes available of this of style tubing were limited, however, there is still a
viable cross section (20mm x 30mm) that meets the physical layout constraints and flow
parameters.

With the tubing selected the channel flow and heat exchange was simulated in FLUENT.
The channel was subsequently improved in design based upon the results. The design changes
from the iterations include the position of the water entry and exit, and a change from a complete
rectangular shape to an open rectangle.

With the final geometry established (detailed in Appendix D) a finer mesh simulation
was completed using the double precision mode of FLUENT. This test verified the heat
exchange and temperature change of ~5°C when positioned after the guiding tubes in the series
water loop. The improvement in design between the initial concept and the final design is shown
numerically in
Table 5. The comparison is simulated in both cases without the expected air cooling discussed
below.

The construction of the channel is parallel to the guiding tubes. It can be completed with
the basic machining processes, for a minimum of cost compared to the other methods. The
channels will also be covered with the same black condensation preventing paint as the guiding
tubes. This will also ensure that shiny copper surface does not interfere with the optical

components.
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4.7.3. Forced Air System Details

The forced air system is comprised of a remote filter, an air conditioner, and all the
subsequently required components and interfaces. The specifications of each part are
interdependent; however, it is possible to start with the air conditioning unit which has the most
impact on the cost and then work towards the component of least importance.

Air conditioners are classified by the tonnage, which is a measure of their capacity. The
specified energy rate (section 4.67) corresponds to just under the performance of a 10-ton air
conditioner. Researching manufacturers of commercial air conditioners for industrial
applications yielded several units. Nordic air manufactures an abundance of 10-ton units for both
air cooled and water cooled condensers. Most other manufacturers carry at least one industrial
10-ton unit. For most mills a water cooled condenser unit would be preferred.

Airflow within the sensor chassis was optimized using FLUENT. The initial flow patterns
showed that some of the cool air would exit the chassis without cooling any parts. The addition
of 2 dividers in critical locations, as verified in FLUENT, direct a much greater fraction of the air
towards the components desired. It is difficult to quantify the exact amount of air that exits
without passing near a component; however, a visual inspection of the flow paths shows
significant improvement (Figure 20). Recall that the element of interest 1 is below the opening
(Figure 7) and requires air to pass through the unit. In the original flow pattern pictured the air
enters the chassis and passes over this area, and with the critical divider the air flows through the
element of interest. The bottom portion of the chassis’s flow is much more difficult to follow. By
examining the right side, it can be seen that a greater portion of the air is directed over the top

and then out the bottom in the final geometry (Figure 21). Again looking back to Figure 7, note
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that much more cool air is being directed to the second area of interest. A comparison of systems
on a 2°C winter day is shown in

Table 5. The difference in temperature reflects the addition of the dividers discussed above.
Additionally, after improving the flow the energy dissipation was simulated in FLUENT. The
final average air temperature exiting the chassis was simulated to be 38°C, assuming: a 46°C
ambient temperature in the room, a 31.15 m’/s airflow, a 70% efficient 10-ton air conditioner,
and the water cooled channels were non functional.

The filter is a crucial component in order to prevent dirtying the optics. There are several
important properties of a filter. First the efficiency of a filter increases with a decrease in the
fiber radius [63]. The filter efficiency decreases over time because of particles forming
agglomerates on the filter surfaces [64]. Because of the level of contamination in the ambient air
in a steel mill the system will require a dual stage filtering system. This will prevent more costly
filters designed for smaller particles from being clogged with the larger particles. A dual stage
system helps keep the required maintenance to a minimum. The outer filter is for particles
greater than 30 microns in size, and the secondary filter is for particles greater than 5 microns.
The most economical choice for the outer filter is a polyester panel filter, which is disposable
and costs roughly $0.50 a square foot. The most economical choice for an inner filter is a
cylindrical intake filter, which typically includes a metal housing. This type of filter is for
particles 5 microns in size or larger. An adequate area for filtration at each stage was determined

based upon the face velocity data provided for filters of different efficiencies [63].
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4.7.4. Interfaces between Components

The system requires some basic components and interfaces between them. The water
system necessitates some tubing between components, hose clamps, and certain fittings and
adapters. In order to decrease the risk of rupturing a water hose, from excessive pressure, a
pressure release valve will be integrated. A series of motor contactors and electronic control
protection circuits will control the AC system. The AC system will also require ducting between

the air conditioner and the sensor chassis.

4.7.5. Sensors

In order to monitor the overall system health, several sensors were selected. The water
flow is critical (see guide tube details) and will be monitored by a vortex flow meter, which is an
effective low-pressure drop type flow meter [65]. The acceptable maximum operating
temperature is essential to avoid damage to electronics. The air temperature is best monitored
with an economical k-type thermocouple and signal conditioner. The signal conditioner is
required because thermocouple outputs are non-linear, and in order to simplify interpretation the
signal is conditioned to fit 1 mV/°C [66]. The airflow is critical to diagnosing temperature
problems and will be monitored with a simple differential pressure switch. This measures the
pressure difference present because of the fast moving air entering the chassis, explained by
Bernoulli’s principle of incompressible flow [67].

Air particle sensors are typically based on either: lasers and photodiodes, or rupture event
scanning, which involves oscillating a diaphragm that collects particles and measuring the
frequency change [68]. There are no readily available commercial models taking advantage of

the latter technology, which boasts an economic alternative to the laser based method. A laser
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based system capable of measuring particles of 5 microns and larger at concentrations up to
500,000 parts per million costs $2500. The resolution of 5 microns is not necessary for this
application because only particles significantly larger than 5 microns are of interest. An
alternative would be to construct a primitive system based upon a light source and photodiode.
By placing a piece of glass between the light and receptor, and coating the glass with an
adhesive, particles would adhere to the glass over time reducing the transmission of light. The
decrease in light would be detected by the photo diode. A possible design for such a sensor is

shown in Appendix E, and costs approximately $200 to build.

4.7.6. Safety

The concerns for safety are moving parts, hot surfaces, and high pressure. The possibility
of elevated pressure has addressed by adding a pressure release valve, which will release excess
pressure before it becomes a safety hazard. There should be no hot surfaces if the systems are
working properly. The AC system is capable of cooling the system sufficiently for operation
even without any water cooled channels; therefore provided one of the systems is working no
surface will be hot enough to become a safety hazard. Moving parts within the system consist of

fans and blowers that will be protected by fan guards.

4.7.7. Robustness

The system is highly robust with 2 systems capable of removing the energy from the
steel. In addition the AC system is in fact a dual 5 ton system, which means that only half the
system is likely to fail at any given time. This ensures the dissipated energy from the electronics

will always be removed, even with half the AC unit malfunctioning. Therefore, any one, of the
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independent cooling loops can fail, and the sensor as a whole is capable of continuing operation.
The overall system is also capable of identifying which system has failed. This permits for quick

replacement of faulty components.

4.7.8. Required Maintenance

Maintenance is minimal for the system. The air filters for the blower will need to be
replaced periodically; the frequency of replacement will depend on the ambient air quality within
the mill. Additionally the new particle sensor will require cleaning. This can be completed at the
same time the system’s non cooling related components are cleaned. Both the new air quality

sensor and the system’s components will accumulate particles and therefore requiring cleaning.

4.8. General Form Solution Review

The detailed engineering design in the previous sections can help provide some specific
information relevant to the general solution for other applications. There are, however, portions
of the cooling system design that remain too specific for future applications.

Any electronic equipment in a steel line or caster will require a similar type of cooled
guide tube. It is possible to adapt the equation derived for this particular guide tube by
conducting a similar black box analysis. The CFD simulations completed are not necessary to
design a working solution, but are for an optimized one. The material specifications are valid for
any similar environment.

The vertical cooling channel, with an integrated horizontal piece designed specifically for

this application is of little use to similar applications since the layout is likely to be different. It is
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however, possible to modify the design and use the concept of a cooling channel to cool
radiation emitted within the chassis.

The forced air model has a simplistic black body analysis which can be carried over to
other applications. It should be noted that the approach of including the water cooling load in
addition to the electronics within the chassis is extremely conservative, yet robust. The CFD
simulations were done to verify the optimization of the airflow, though it would have been
possible to make improvements without verification based solely upon general fluid flow
mechanics.

In order to validate the design a CFD simulation was simulated with all the systems
working properly and not independently as originally simulated during the design phase to assure
robustness. It should be noted the safety factor was retained and the simulation was for the
expected heat transfer from a three inch bar. The critical property of the system is the air
temperature within the chassis. A temperature in excess of 40°C will result in electronic to
malfunctions. The conservative model calculated an air temperature of 21°C within the system.
This is well below the critical limit for the air temperature. Additionally, the water does not

approach a boiling temperature.

4.9. Complete Design

The design detailed components in the previous sections are shown in Figure 22 as a
complete unit. The components described are called out. There are numerous other parts to the
RSB system not shown, for clarity. These components are not relevant to the cooling system.
The drawings of major components manufactured for this system are shown in Appendix C,

Appendix D, and Appendix E. The part cost of the new design relative to the old one results in a
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30% increase. It is not possible, at this time, to determine the cost for an overall unit. It is
estimated, however, the assembly costs will be significantly lower for the new system. This is
because there are fewer components in the new design, which require assembly. The assembly
costs of the old design are also unknown. It should be noted that the assembly costs are believed

to represent a significant portion of the total cost of the system.
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Figure 18. Finalized Local Cooling Layout
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Figure 19. FLUENT Guide Tube Velocity Vector (a) Initial Geometry, (b) Final Geometry
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Figure 20. FLUENT Sensor Chassis (Top Portion) Airflow (a) Initial Geometry (b) Final Geometry
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Figure 21. FLUENT Sensor Chassis (Bottom Portion) Airflow (a) Initial Geometry (b) Final Geometry
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Figure 22. RSB Cooling System CAD Drawing
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Design Requirements

Design Wishes

Compatible with Optical Layout
Compatible with Guide Tubes
Failure will not damage equipment
Meets Safety Standards
Compatible with Mill Utilities

Environmentally Conscience Simple

Removes Heat Dissipated by Electronics
Removes Heat Absorbed Via Radiation

Can Survive a Coble

Robust

Reliable

Minimal Service Required
Easy to Service
Low Cost

Long Expected Life
Upgradeable on Older Systems

Table 1. Hoteye ™ RSB Cooling System Qualitative Requirements

Concepts
Forced Air Thermo-Electric/Peltier
Refrigeration Cycle Cooling Channel
Heat Pump Radiator/Heat Exchanger
Vortex Principle Blower/Fan
Heat Pump Cryo Cooler
Heat Pipe Oscillating Heat Sink
Heat Sink Sorption Heat Pump
Pulsating Heat Pipe Contact Resistance

Closed loop/Open Loop
Micro Particle Coolants
Black Body Effect
Insulation

Thermal Resistance
Thermal Conductor

Table 2. Initial Concepts Developed

Detail Spec Units

Guide Tube ID 115 mm
Guide Tube OD 168.28 mm
Guide Tube Length 1 510 mm
Guide Tube Length 2 250 mm
Guide Tube Energy Removal Rate 29.7 KJ/m-s
Max Vertical Cooling Plate Height 500 mm
Min Vertical Cooling Plate Height 192 mm
Max Vertical Cooling Plate Width 500 mm
Min Vertical Cooling Plate Width 192 mm
Max Vertical Cooling Plate Thickness 254 mm
Vertical Cooling Plate Energy Removal Rate 1.0 KJ/s
Horizontal Cooling Plate Width 500 mm
Max Horizontal Cooling Plate Length 350 mm
Min Horizontal Cooling Plate Length 76.2 mm
Max Horizontal Cooling Plate Thickness 38.1 Mm
g:zezontal Cooling Plate Energy Removal 07 KJ/s
Refrigeration/Forced Air Max Width 3 m
Refrigeration/Forced Air Max Height 3 m
Refrigeration/Forced Air Max Length 3 m
Refrigeration/Forced Air Performance 34.6 KJ/s

Table 3. Engineering Specifications
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Parameter Value

Wall Material Stainless Steel
Water Flow Rate (kg/s) 0.139

Water Inlet Temp (K) 308

Surface Roughness 0.01
Turbulence k-epsilon model
Energy Equation Yes
Compressible Yes
Turbulence Intensity 0.02
Turbulence Diameter (mm)  25.4

Table 4. Guide Tube FLUENT Parameters

Component (location) Initial Design Temp (°C) Final Design Temp (°C)

Guide Tube (inlet)

Guide Tube (outlet)

Guide Tube (surface)

V/H Cooling Channel (inlet)
V/H Cooling Channel (outlet)
V/H Cooling Channel (surface)
Chassis (inlet)

Chassis (light box air intake)
Chassis (lower base plate)

35 35
48 62
87 82
75 75
78 81
87 85
-9 -9
10 -8
15 6

Table 5. Numerical Design Improvement Comparisons
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CHAPTER 5

DISCUSSION

The design detailed in chapter 4 was directed to solve the defined problems in a cooling
system. The problems consist of several recognized incidences of failure, a high number of
components, access difficulty for service of other sensor systems, and an imposed risk to
electronic components due to water cooling. Additionally there was a desire to reduce the
amount of redesign work needed to develop similar cooling systems for new applications. A
standardized approach and base level design was needed to modify the practice of starting new

designs from a conceptual level.

5.1. Benefits of Methodology Examination

The goal of the work thesis was to solve these problems cited; not only technically and
theoretically but also efficiently and practically. In order to increase the efficiency of solving this
problem, a significant amount of time was spent developing an initial plan to reach the solution.
The plan developed was followed with the sole exception of implementing the layout design
before introducing the engineering specifications. This reversal was done due to the inefficiency
of developing quantifiable specifications for each layout. This plan allowed for one person to
work in a methodical manner in what was a large project spread out over significant time. For,
the work to be completed in a timely manner required such a guide.

There are always improvements and additional details that could be added to expand the

methodology. Safety elements and environmental concerns should be listed explicitly in the
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methodology. In this project these concerns are limited and mainly intuitive. For some projects
detailing and following the implementation related to each hazard may not be as simplistic.
Environmental concerns vary greatly; however, a similar practice should be employed.
Specifically Restrictions on Hazardous Substances (RoHS) compliance should be addressed in
the initial stages, as requirements continually become more restrictive and may be limiting. All
necessary compliance codes need to be included in the development plan. Most commercial
users require systems be UL approved or listed, CSA certified, or CE approved depending on the

location.

5.2. A Comparison of Designs

Three specific incidences of failure were addressed in the new design. These include the
set of recognized failures, a large number of components, and difficulty in access to service
components. With each attempt to correct a recognized failure, the methodology employed led to
a decrease in parts, and facilitated service access where possible.

The wire failure due to radiation was resolved with the corrected airflow pattern and
specific routing for wires. The part count has also been reduced slightly; specifically the
horizontal water cooler was eliminated. The elimination of the horizontal water cooler also
increases the room for servicing since there is no longer a water tube running up from the base
plate.

The guide tube water connections were moved outside which eliminates the problem
associated with water leaking from the quick-disconnect connector. Additionally, this makes

them easier to access and provides even more room inside for reach.
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The overall risk of damage to electronics was lowered significantly by moving all water
connections below the base plate or outside the chassis; this ensures the base plate will shield any
leaking water. This relocation of tubing also creates additional space where needed for access.

The air quality sensor was added to detect contaminated air entering the system. By
locating the sensor near the air inlet it can be assured that contamination in the incoming air will
collect on the sensor. This additional component is small relative to other components and it is
placed where access is easy and there is no interference with access to other components. The
new solution clearly addresses all the documented incidences of failure of the old design.

By using the qualitative criteria established originally for concept reviewing, the new
system scores as well or better in the system requirements, and far exceeds the old system’s
ability to meet additional design wishes. Specifically the system is significantly more robust, at
the expense of additional component costs. The new design takes far less room inside the chassis
allowing more room to service other components, and is easier to disassemble should this be
necessary. The new parts of the system would also be easy to implement on older systems as it
requires only the modification of existing guide tubes and the replacement of the inner water
channels. This improvement was expected as the design was selected based upon the same
criteria.

There are significant physical design similarities between the existing design and the one
presented in this paper. The water cooling channels all have the same basic dimensions since the
non cooling related component design was not changed and the same cooling method was
retained. The differences are much more subtle than the obvious similarities. First the guide
tubes have a different location for the water connection, and a slightly different internal design.

Secondly the vertical cooling channels and horizontal channel were combined into two pieces
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instead of the original three. Third the water connections were moved to a better location. Lastly
the custom air system has been replaced with a complete commercial unit requiring no
modification or further assembly.

Piping the water outside the unit may not initially appear ideal; however, with the
addition of secondary guiding elements outside the unit, for specific customers, it becomes and
advantage. By integrating the additional water cooling circuits into one, the total flow can be
monitored at no additional cost. An additional advantage of this layout is that it requires much
less piping to hook up the entire system. The only new risk with piping the water outside of the
unit is physical damage from a cobble. Repairing the unit would be easy requiring simply a new

piece of water tubing.

5.3. Quantification of Differences

In order to quantify a difference between the old system and the new system a FLUENT
analysis approximating that of a system in service was simulated using a very fine mesh
including the appropriate boundary layers. This simulation varied from the other chassis
simulations performed. The safety factor was eliminated, the bar size was significantly smaller
than three inches, and the air conditioner’s capacity was changed to the old system’s capacity.
The air conditioner capacity was changed because comparing a 10-ton unit and a 2-ton unit is
purposeless since the result is obvious without any simulation. The result of the above
comparison was a 3°C difference in temperature, at a point slightly below the front area of
interest 1, in favor of the new design. This difference should be even higher in service as the

model is still fairly conservative for the simulation.
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FLUENT inherently has some error in calculating complex flows. The error associated
with CFD estimation of heat transfer is reported to be less than 25%, however, for some
experiments the error has been found to be less than 4.5% [69]. Since the safety factor used
(1.67) is in excess of the maximum 25% error, associated with FLUENT turbulent energy
calculations, it is safe to conclude the design is capable of providing the necessary cooling. As to
the comparison between the existing unit and the simulation of the new design the difference is
within the possible error. Therefore, there is not necessarily any improvement in cooling
performance with the 2-ton unit. It is, however, obvious that the proposed 10-ton unit would
provide a much lower operating temperature under the same conditions.

The cost difference between the two designs is significant only because of the 10-ton air
conditioner. The 10-ton unit is three times the cost of the 2-ton unit. There is an undetermined
cost savings in assembly of the new design, since the 2-ton unit required a supplemental blower
and significant man hours for assembly. The new system costs roughly 30% more in part costs.
This increase is smaller than the difference in the increased price of the new air conditioner
because a set of parts supporting the smaller 2-ton unit were removed. Note this price increase
does not take into account the decrease in assembly costs. The majority of assembly savings is
achieved with many fewer parts in the forced air system. The previous design used two blowers
and a two piece air conditioner. This required three motor starters and all the appropriate system
controls. By replacing all of these components with one unit the wiring and physical assembly
between them were eliminated. If the additional cost is still deemed significant there are

alternatives to be considered.
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5.4. Possible Variations

The obvious added benefit of the 10-ton unit is additional cooling. But additionally most
system failures will only result in a loss of half the cooling capacity and not the entire system. I
would suggest the 10-ton unit be used, especially in mills located in warmer climates.

Eliminating the 10-ton air conditioner in favor of the previous 2-ton unit, in exchange for
a lower robustness there would still be a functioning system; as proven in the simulation
discussed in section 5.3. This alternative choice retaining the rest of the design changes provides
only a lower robustness from an engineering standpoint; this however, may be negligible as the
mill’s water utility is typically more reliable than the electrical utility. The business argument for
this reduced setup appears initially strong as the overall part cost would be slightly below the
previous system. However, a detailed examination of assembly costs would need to be conducted
to verify the attractiveness. The new system would still benefit from all the new design
improvements except for the additional robustness of the new air conditioner. With the use of a
2-ton unit the new system would cost less in parts than the old system, however the assembly
costs would be on the closer to the old system. This is achieved by using one less custom made
cooling channel, and lower cost alternatives for other parts.

The second alternative possibility would be to use the new type of air conditioner but
instead of the 10-ton unit a smaller 5-ton unit could be used. It would be possible to obtain a
smaller unit that is still a two phase unit, which means only half of the system is likely to fail at
once as there are two independent cycles within the single unit. This design would retain the
added benefit of the new air conditioner, and cut some of the part costs, while maintaining lower
assembly costs. At this time it is unknown what a 5 ton unit would cost of the same series from

Nordic Air.
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5.5. Implementation

In order to implement the new design the armor plating on the sensor chassis will require
a modification for the new guide tubes. The previous design allows for the connector to pass
through; however the new design requires a larger cutout for it to mount flush with the armor
plates. Additionally four new holes will be required in the base mounting plate, which will
require a minimal amount additional machining. These are the only two changes in existing parts
and not a significant one, there is no impact on the cost as it will require the same amount of
machining time. To achieve the new air flow pattern in the chassis two new dividers will need to
be added to the system. These two additions can be welded in new systems and bolted in place in
existing systems. Additionally a test of the particle sensor’s design would be required before
implementing it in a commercial product. The only other step necessary for implementation is to

manufacture the parts designed.

5.6. General Form Solution

The cooling of different systems for similar applications has previously been designed
from the conceptual level up. The generation of the general form solution in section 4.8 provides
a concept for a cooling system and the analytical approach to providing the specifications to the
system. The information detailed is broad enough to be applied to other applications. A new
application will still require substantial work in generating a new design. However, it will avoid
the immense amount of time spent researching alternative concepts and deciding upon on

analytical approach.
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The system proposed is conservative and it is possible some applications cannot afford
such measures because of existing constraints, such as cost or size. There are certainly other
solutions to new applications. This concept may not be optimal for other applications; however,
implementing this concept will be substantially easier given the information documented in this

report.

5.7. Possible Future Solutions

The cooling system design was highly constrained by co- existing systems within the
unit, specifically the optical system and the chassis. Should the entire unit be redesigned it may
be possible to further improve the cooling system both in performance and cost. Because of the
interdependence of systems a redesign of the entire system with the simplest cooling system
possible might further complicate other systems and inflate other costs. The current design is
costly for such a simple function; however the robustness is necessary since there are much

greater consequences from failure should an inadequate system be installed.
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CHAPTER 6

CONCLUSION

The problem defined as a cooling system plagued by several documented incidences of
failure, a high number of components, access difficulty to service, and an imposed risk to
electronic components from water leakage. The solution presented solves the problem in a
manner that is worthy of implementation. The solution was arrived at using a carefully designed
plan. There are similarities between the new design and the old design. The new design benefits
from operating knowledge of the current system, and boasts several improvements like improved
access to all components and decreased risk of water contacting electronic components in the
event of a failure. Additionally the problem of generating new designs for future applications of
the system was radically simplified with a general form solution. This solution provides the basic
toolbox needed to adapt the current design concept to new ideas and future applications.

The choice between a 2-ton, 5-ton, or 10-ton air conditioner will have to be based upon
finances. However, the remaining changes are negligible in cost and would provide
improvements for the identified weaknesses, serviceability, and robustness, regardless of the
choice of air conditioner. The new suggested design is a marked improvement and worthy of
implementation, however, design improvements are continuous and future improvements must

be incorporated.
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CHAPTER 7

FUTURE WORK

The future work necessary at this time is to first construct a prototype of the air quality
sensor and test such a unit. It is anticipated that possible improvements will be made on the
prototype. Secondly a business argument would need to be developed for each of the three
possible choices of air conditioners based upon labor costs, specific to the operating business for
assembly costs. The labor cost associated with such manufacturing also varies, depending on
whether the product is manufactured in house or outsourced. An additional component to the
business case is whether the added robustness adds commercial value to the customer and can
justify an increase in commercial value. A complete business argument might vary greatly
depending on the customer but it would facilitate the choice of designs. I would product that a
choice would be made and standardized for future customers.

As a separate note no design is ever perfect or without need of further improvement.
Improvements will be made based upon future working knowledge of the system, new
technologies, lower cost alternative technologies, alternative manufacturing methods, new
materials, and other advancements in knowledge. These changes should be incorporated into the

design or provide a new design as necessary.
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Appendix A: Concept Sketches
Concept: Water Cooled Guide Tube

______________________________

Advantages:
High level of thermal protection

Disadvantages:
Water is a danger to electronic components

Layout Comments:
Connectors outside armor
QD connector

Insulation around trough

Concept: Air Cooled Guide Tube

Advantages:
No Water
Forced Air System could be used for entire cooling system

Disadvantages:
Low level of thermal protection

Layout Comments:
Direction of fins



Concept: Super Cooled Guide Tube

Advantages:
Extremely high heat capacity

Disadvantages:

Requires refrigerant

System could easily be damaged
Tubing is difficult to pipe outside system

Layout Comments:
Where to locate refrigeration cycle

Concept: Water Cooled Gap

| |
Advantages:
High level of thermal protection

Disadvantages:
Water is a danger to electronic components
Limits access to Machine Vision systems

Layout Comments:
Connectors below base plate

A-2




Concept: Super Cooled Gap

_’ LI

Advantages:
Extremely high level of thermal protection
Smaller size than water channel

Disadvantages:
Refrigerant is needed
Piping is difficult

Layout Comments:
Connectors below base plate

Concept: Air Cooled Gap

Advantages:

Easily removable for full access to machine vision systems
Cheap

No need for water

Disadvantages:
Low level of thermal protection
Shields radiation excellently

Layout Comments:
Removable heat sink



Concept: Air Cooled Electronics

L4

4_
v v
Advantages:
No Internal components required
Simple

Can be combined with other concepts easily

Disadvantages:

Low level of thermal protection
Debris

Some refrigeration of air required

Layout Comments:
Local/Remote blower
Local/Remote AC unit

Concept: Thermo-Electric Cooled Electronic Components

/]

Advantages:
Very Small
Simple

Disadvantages:
Low level of thermal protection
Would require a large number of individual elements

Layout Comments:
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Concept: Water Cooled Electronic Components

Advantages:
High level of thermal protection

Disadvantages:

Water tubing is difficult to pipe

Would require a large number of individual elements
Severe risk of water damaging components

Layout Comments:

Concept: Vortex Spot Cooler

Advantages:
Small size
Direct cooling of electronic components

Disadvantages:

Relies on mill utilities, unless a separate compressor is provided
Extremely low level of thermal protection for components without direct flow
Relatively low cost, not including a separate compressor

Layout Comments:



Concept: Heat Pipe Interface to Coolant Heat Exchanger

.

Advantages:
Moves heat exchanger away from components
Do not need as many heat exchangers

Disadvantages:
Costly
Flexible heat pipe would be necessary

Layout Comments:



Concept: Water Cooled Guide Tube, Water Cooled Gap, Water Cooled Electronics

O

E—
Ay
[
A v
Advantages:

Extremely High level of thermal protection

Disadvantages:
Water is a danger to electronic components
Water cooling on each and every electronic component is difficult

Layout Comments:
Connectors outside armor
QD connector

Insulation around trough



Concept: Water Cooled Guide Tube, Water Cooled Gap, Air Cooled Electronics

v

O
— %
¥
e

Advantages:
High level of thermal protection
Water Risks can be managed

Disadvantages:
Air and Water system required

Layout Comments:
Connectors outside armor
QD connector

Insulation around trough



Concept: Water Cooled Guide Tube, Air Cooled Gap, Air Cooled Electronics

O

O

v v

Advantages:
Water Risks can be managed

Disadvantages:
Moderate level of thermal protection
Air and Water system required

Layout Comments:
Connectors outside armor
QD connector

Insulation around trough



Concept: Air Cooled Guide Tube, Air Cooled Gap, Air Cooled Electronics

P

O

O

v v

Advantages:
No water risks

Disadvantages:
Low level of thermal protection

Layout Comments:
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Concept: Water Cooled Guide Tube, Water Cooled Gap, Air/Refrigeration Cooled Electronics

v

O
— %
¥
e

Advantages:

High level of thermal protection

Water Risks can be managed

Refrigeration Cycle for Forced Air ensures air cools equipment sufficiently

Disadvantages:
3 Systems required

Layout Comments:

Connectors outside armor

QD connector

Insulation around trough

Possibility of using forced air to cool top of Gap

AC system can be located in variety of locations and layouts
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Concept: Water Cooled Guide Tube, Air Cooled Gap, Air Cooled Electronics with Refrigeration Cycle
Cooled Air

O

O

v v

Advantages:
Water Risks can be managed

Disadvantages:

Moderate level of thermal protection
Air and Water system required

3 Systems required

Layout Comments:

Connectors outside armor

QD connector

Insulation around trough

AC system can be located in variety of locations and layouts
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Concept: Air Cooled Guide Tube, Air Cooled Gap, Air Cooled Electronics with Refrigeration Cycle Cooled
Air
v

O

O

v v

Advantages:

No water risks

Increased thermal protection vs only forced air
Only 2 systems required still

Disadvantages:
Low level of thermal protection

Layout Comments:
AC system can be located in variety of locations and layouts
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Concept: Water Cooled Guide Tube and Gap & Air/Peltier Cooled Electronics

o] |
€

Ay

VAl

O

v v
Advantages:
Thermal Radiation is heavily protected
Provides excellent thermal protection to specific electronic components

Disadvantages:
More expensive than a forced air cooling of electronics

Layout Comments:
Difficult to implement the Peltier on all electronics
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Concept: Water Cooled Guide Tube and Gap & Peltier Cooled Electronics

©

v

LI

VAl

7

+

Advantages:
Thermal Radiation is heavily protected
Cheaper than forced air/refrigeration systems

Disadvantages:
Low level of thermal protection for electronics

Layout Comments:
Difficult to implement on every electronic component
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Concept: Water Cooled Guide Tube and Gap & Vortex Spot Cooled Electronics

©

Advantages:
Easy to implement
Minimal space required

Disadvantages:
Air is a mill utility with very low reliability
A suitable compressor is more expensive than a refrigeration unit

Layout Comments:
Directing air to every location necessary can be difficult
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Concept: Water Cooled Guide Tube and Gap w/ Refrigeration & Air Cooled Electronics w/ Refrigeration

v

O
— %
¥
e

Advantages:
Cooled water can remove more heat
Electronics can be cooled without additional equipment within the sensor

Disadvantages:
Cooling the water in addition to the air costs more with minimal gains

Layout Comments:
Large AC unit may not be located directly at sensor
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Concept: Water Cooled Guide Tube, Gap, and Electronics w/ Refrigeration

O [
=

Ay

i

A v

/A

Advantages:
Water and AC systems only
Immense cooling capacity

Disadvantages:
Cooling the water provides minimal gains

Layout Comments:
Difficult to provide heat exchanger for each individual electronic component
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Appendix B: Initial Layout Sketches
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Cooling Channel
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RSB Sensor
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Appendix C: Guide Tube Final Design Details
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Appendix D: Combined Vertical/Horizontal Channel Final Design Details
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Appendix E: Particle Sensor Design
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