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Evaluation of the manufacturing process industmyficons that there is still manual
exchange of product data between design and proeunteengineers and equipment
suppliers. Manual data exchange incurs human emoreases the cost, and takes
more time. Also manual data exchange prevents oesgfrom automatically
evaluating a larger pool of suppliers and verifysupplier requirements. This thesis
proposes to develop a collaborative requiremersdéwork using a Model Based
System Engineering approach to representing, conuatmg, and verifying
requirements. Collaborative requirements entaik thguipment data and process

system requirements are shared in a common wayntoueage automated of



equipment tradeoff and requirement traceability.e T¢tollaborative requirement
framework includes SysML to represent the multiplews of requirements,
Multilevel Flow Model functional diagrams to depithe high level qualitative
functionality, and lastly an optimization tool tenfy requirements. Overall, this
thesis shows the benefits of using the collabogatrequirements framework

automating data exchange between design engineemscaipment suppliers.
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Chapter 1: Introduction

Problem Statement

The aspiration for the future in manufacturingugomatic access of supplier
data for manufacturing design engineers easilyustaland determine the best
suppliers for their system components. Addition#ily designer's manufacturing
requirements will trace to the specific attribubéshe supplier equipment in an easy
automated way. Overall this automated process idibhg manufacturing systems
will lead faster, cheaper, and with less probapdit errors manufactured systems.

Today the exchange of manufacturing equipment datal system
requirements is a manual process where both thigrdesgineers and equipment
suppliers must manually input system requirement$ @quipment data into their
own data management systems to evaluate informéfiun type of data exchange is
costly not only in time and money of the designieegrs and suppliers, but also in
quality and performance of manufacturing systemiiclv affects all users of the
manufacturing system.

Therefore this thesis will propose a method fore thepresentation,
communication, and verification of requirementsaid the data exchange process
between the design engineers and equipment suppliére method will include
system engineering principles and optimization memphes. Specifically system
engineering principles deal with integrating alé tHisciplines in the development
process from the concept to operation and it cemsidoth the business and technical

needs of all customers and their goals [1].



Current Trends

In the manufacturing industry there is a big push dmart manufacturing.
Smart manufacturing is the application of inforraattechnology into all aspects of
the manufacturing process and products, which ecamdamentally change how
products are invented, manufactured, shipped afdi[2h Introduced in the late
1990s, smart manufacturing is now reemerging assthgtion to data management
and enhancing manufacturing operations because hef riew technological
innovations with software management tools. Comgmrsuch as IBM [3] and
Siemens [4] are using smart manufacturing prineipie software to increase
productivity and efficiency. One of the major satw solutions for smart
manufacturing is Product Lifecycle Management (PLM)

PLM software evaluates the business processegakatn a product from the
beginning to the final stages of a product’s lifele to produce the best possible
value for the business of the enterprise, custowed, other involved partners [5].
Some examples of successful use of PLM softwage &emens PLM NX) include
the collaboration between NASA and JPL to desigd simulate the latest Mars
rover Curiosity [6]. Such cases show that PLM canbleneficial to the design of
products, but there are also some caveats toubkage.

First, PLM software conflicts with the processesisglace by manufacturing
companies. Usually, one-off software solutions areated by manufacturing
company engineers to support their version conaliner collaboration, change
approval management, and other applications. Wit Rll those custom functions

become obsolete [7]. As a result, PLM limits thesihass and engineering



capabilities of the manufacturing company. SeconBliyM struggles with dealing
with domain-specific knowledge (information spegdfly important to the
manufacturing company). Differing perspectives loa product domain lead to poor
verification of data. As a consequence informafiow is poorly linked between the
design engineers and equipment suppliers. Thislgmolis embodied by companies
like Bis-sell Homecare, who have a tremendous amoafn domain-specific
knowledge and struggles to represent that infoonatn PLM software. Instead
companies like Bis-sell have resorted to knowledgeed engineering (techniques
that capture decision-making knowledge and alsero#f medium for exploiting
efficient strategies used by experts [8]). CurreBis-sell has expressed interest into
system engineering techniques to strengthen tinewledge-based engineering [9].

Proposed Methodology

This thesis shows how Model Based System EngingéNBSE), functional
modeling, and optimization tools can aid in trackgb communication, and
verification analysis of system and component nexents. By using MBSE,
functional modeling, and optimization tool requirems (both qualitative and
guantitative) can be verified in a way that thereat PLM systems are unable to do
(mainly in the information flow and tracing of thiidw). Additionally this method
will allow for requirement and equipment data exala between different suppliers
and customers in the business enterprise by thefudsa models (represented using
MBSE). As a result, product data and their assediabnstraints are communicated
automatically between multiple participants, spagracross the lifecycle of a project

and allowing for better reasoning on requirements.



The first part of the framework is the system medareated by MBSE
principles. MBSE is the formalized application ofodeling to support system
requirements, design, analysis, verification anlkibgéon activities beginning in the
conceptual design phase and continuing throughewtldpment and later life cycle
phases [10]. This modeling formalism is used beeduallows for the representation
of system structure and behavior, as well as altovthe representation of textual and
guantitative requirements in an integrated manAsr.a result, MBSE allows for
requirement management, ensuring the organizatiomeguirements documents.
Specifically within requirement management MBSEwal for tracing, prioritizing,
change management, and communicating requiremEmesMBSE language used is
Systems Modeling language (SysML) because it isndastry-standard, providing
good visual modeling to support system enginedtiog

Functional modeling is used because of its abibtyepresent a products or
subsystem’s overall function with respect to a farrfunction representation [11].
This allows for a higher abstraction for represemtihow functions are related. One
type of functional modeling language is Multilevelow Modeling (MFM). MFM
was designed for industrial process functional rlindeand allows for the
representation of how functions satisfy high leveduirements (labeled as goals
within MFM). Therefore, MFM is highly useful becau®f its ability to represent
gualitative requirements and how they relate taiiregnents in a formal way (that
fosters to reasoning). This thesis will focus omgsMFM to perform functional

modeling.



Lastly, an optimization tool is used because of asility to verify
requirements and determine the best system desidosg with verification, such
tools also allow for greater understanding as tev hequirements are effect certain
low level behavior and structure. These attribuéee highly desirable in this
framework because they quantify the impact of negments and how they relate to
all parts of the system. Also, this functionalitfoas for deeper understanding into
how the system can be improved by altering equipnspecifications (low level
structure), which enable negotiation. The optimaratool used in this thesis is IBM
ILOG CPLEX Optimization Solution because of its osiy mathematical
programming solver, which is capable of high ontiexed integer programming.

Figure 1 shows the steps this thesis will follow trace from system
requirements to conceptual design of a water cgaiystem. The process begins by
collecting requirements for the water cooling systérom various design and
procurement engineers. Then the equipment speoiinsa process specifications
(qualitative requirements), and operational spea&ifons are derived. Finally the
equipment requirements are represented in SysMbgcess requirements are
represented in MFM diagrams, and the operatiorglirements are represented in
the optimization tool. Once modeled the requiremeftom each part of the
framework are linked with respect to their shareguirements. This thesis will apply

this step by step approach for a water coolingesyst
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Figure 1 MBSE Approach for Process Plant Design




Thesis Overview

This thesis will demonstrate the collaborativeuiegments framework on a
small process plant subsystem known as the Closeg,LHeat Transfer, Liquid
Circulating (CHL) system. Specifically, this framesk will examine the process of
representing, communicating, and verifying requeaitnduring the final design and
procurement phases of the CHL system lifecycle.

In Chapter 2, prior related research is comparethéoconcepts in the thesis.
Chapter 3 describes the CHL system requirementsiigegnt, process, and
operation) and the relationship of requirementsapgiér 4 summarizes SysML and
how the CHL system was modeled in SysML. Chapteintboduces functional
modeling with the MFM language and the software lengentation to support the
language. Chapter 6 defines how the optimizatiablem is formulated with respect
to the operational requirements (represented astreonts) using CPLEX. Chapter 7
describes the results of using this framework follaborative requirements. The
results include the optimization results and thehods used for integrating the

models. Discussion, evaluation and conclusionratehapter 8.



Chapter 2: Prior Related Work

Resource Description Framework (RDF) for Comporgsiection

RDF is a model for data exchange on the Web, bubeaextended to show directed
and labeled graph models. At the core of the maateldriples, which are the linking
structure of RDF. Triples represent the relatiotwieen two entities as “<Subject,
Predicate, Object>" where the “Subject” and “Objeepresent the entities and the
“Predicate” represents the relation [12]. The twttes represent nodes in the graph
and the relation is the edge between the entRieszious work focused on RDF-
based component selection. The project used RD&usedt allowed for automated
component and system requirement checking. Using &iples, plant equipment
(pumps, heat exchanger, valves, and surge tanle ngtated to their attributes
(pressure, flow rate, cost, etc.). This type gfl¢rirepresented the product model for
equipment. Next, triples were generated using anrfees, which were based on
component interface requirements. Inferences woliatk whether two equipment
could be connected (e.g. If node is a pump andhanatode is a valve the inference
generates a connection relation between the twes)ahd compatible (whether they
could operate together based on engineering spaiifns).Figure2 andrigure3 show
the results from the inferences. Lastly, a tradaao#lysis was conducted to determine
the best configurations based on cost, reliabidihd functionality.

For the thesis, the inference requirements ofithoik were used in the
development of requirements used in the thesi® s idea of RDF was tested for
requirement checking. Still RDF for the system comgnt selection is still limited to

evaluating component to component requirementsiahdystem to component



requirements (e.g. the power required for the pbaged on all the components
selected in the system). For this reason, RDFaomily be explored for simple
requirement checking. Also, the graphs would grapoaentially large if the
attributes and component connections were managisi way, making this method

difficult to scale up.

coniects ta

Figure 2 Connection Relation created by Inferences

compatible wr

cothigpatible ar

cothippatible ar compatible ar

compatible w A compatible w

Figure 3 Compatibility Relation created by Inferene



Product Data Sheet Ontology

Work conducted at the National Institute of Staddaand Technology (NIST)
focused on developing a Product Data Sheet Onto(®SO) for collaborative
requirements. The reason for a PDSO was to pusladtymated data exchange.
Currently, data in product data sheets are not ceenpnterpretable, which prevents
automated exchange. Ontologies provide meaninget@ata sheet elements so that a
computer can interpret and use the data for ex@&arg order to develop a good
ontology, a common dictionary of terms must be asttaamong all users of the
ontology. Therefore, the PDS®@apped common data sheet terminology to standard-
based terminology (ISO15926 part 4) and definition¥his ensured a common
definition of data sheet terminology. PDSO ontodsgwere generated from the
Unified Modeling Language (UML) models of a geneddta sheet and three
common process components (centrifugal pump, vawe, pressure transmitter).
This research uses the concept of modeling compalaa in a similar way to map

terminology to standards, but modeling is in SysML.
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Integrated Product and Process Design

Another motivation for using MBSE for collaborativeequirements was the
University of Maryland project on Integrated protland process design (IPPD). The
IPPD is a decision making tool that aides the meder selecting components for the
construction of a microwave modules. The tool opted the component selection by
reducing the cost, improving quality, and gainimydrage in time to market the
product. To optimize the component selection, thel tused a multi-objective

optimization model that selected the components pmtesses for a conceptual
design that were Pareto optimal according to tleeipus metrics described. Overall,
the tool improved the coordination and communicatid requirements between the
process design and product design by using a commterface [13]. Similar to the

IPPD tool, this thesis aims to use a common interfgBysML) to coordinate and
communicate requirements between the engineeringigrde and supplier

specifications. The thesis also used aspects ofPRB architecture (in Figure 4) as

guidance for incorporating the optimization.

External l The IPPD Tool
- | Supervisory Program
i A A )
Electroni : X !
% hrgn = | Tradeoff optimizer = Process Process
E— Planner | .| Template
I | Interactive display | - Editor
|
| | Optimization engine ‘
Database I
Management | | CPLEX “( Data Exchange Files ]
|

Figure 4 IPPD Architecture
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Chapter 3. Closed Loop, Heat Transfer, Liquid Qdmtng

System (CHL)

Introduction

The CHL system is a class of process cooling wsystem that focuses on
temperature reduction of process fluid. The CHLteayswas develop through the
Collaborative Requirements Engineering (CRE) ptopgcthe National Institute of
Standards and Technology (NIST) [14]. The projestlved working closely with
representatives of the power and chemical proaadsstries to identify a type of
system common to many types of facilities and glamhe fruit of those discussions
with industry was the CHL System. This thesis wgk the CHL system because it is
of the information provided by the project and tiwdlaboration with industry. This
collaboration from different industries permittdgttcomparing of multiple forms of
information representation and determining the maneent challenges in

requirements engineering.

12



CHL Description

A process flow diagram (PFD) shows the intercononaadf components in the closed
loop, heat transfer, and liquid circulating syst@iL) and the main equipment that
will be focused on for this thesis (see Figure Ag.well as the piping, the main
system component at will be examined are the suayk (pressure vessel),
centrifugal pump, control valve, and plate heathaxger.

The goal of the CHL system is to remove heat fommain process fluids at a
specific mass flowrate and heat load with recirnadacooling water within a closed-
loop system. This goal is achieved by the centafggymp and plate heat exchanger.
At start, the system is fully filled with water aadpump forces the flow of water by
increasing the pressure of the fluid at the puntpeturhis pressure difference across
the pump causes the water to flow through the pgiea certain flow rate that is
maintained throughout the system. The specific fédevfor the system is constant to
allow for stable operation of the plate heat exgearand other equipment. The plate
heat exchanger inputs the cooling fluid at a certemperature and flow rate to
reduce the temperature of the process fluid thalss entering the heat exchanger.
Entering through different ports and flowing thrbudifferent chambers, the cooling
fluid and process fluid exchange heat through ke metal plates inside the plate
heat exchanger. Afterward the cooling water exieshieat exchanger to be feed back
to the inlet of the centrifugal pump and the prscésid is output to an external

process system.
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In addition to the centrifugal pump and plate heathanger, safety equipment
is also used to support the main function. Safgtymmnent helps control and handles
deviations in system pressure and temperaturetySafgiipment include the surge
tank, control valve, instruments, check valvesegatves, and flow and temperature
elements. This thesis will only focus on the suiygk and control valve in terms of
safety equipment.

The surge tank provides the necessary pressuteeahlet of the centrifugal
pump and also aids in temperature fluctuationfienstystem by changing the cooling
fluid volume. The water level in the tank deternsirtbe outlet pressure of the tank.
Therefore, changes in the water level result innglea to the outlet pressure. The
outlet pressure serves the centrifugal pump omeratirhe centrifugal pump needs a
certain inlet pressure to operate safely. In adidjtthe surge tank serves the system
operation. When the system pressure surpassesdartias of a level the surge tank
will intake more cooling water, resulting in the tealevel in the tank increasing to
accommodate for the system’s over-pressurizatiomil&ly, when the fluid
temperature in the feedback is too high the sumgk will intake the fluid, resulting
in a water level rise. The reason this happensalse the temperature raises the
pressure of the fluid.

Control valves are also included in the CHL syst&he control valve
maintains the flow rate of the cooling water in fystem. In the CHL system they
are located at the outlet of the plate heat exatraagd at the outlet of the
refrigeration system .For this thesis we will ofdgus on control valves that proceed

after the heat exchangers. They are used in singatwhen the cooling water flow
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rate or pressure rises or fall outside normal dperdevels. The control valve reacts
by either shrinking or widening its aperture tdogitae the cooling water’s flow rate

or pressure. Also the control valve is dependenhupstrumentation to react to
system flow rate and pressure changes. Since mstrtation is not considered in this
thesis, the main focus on the control valve willdpesizing it for the system

minimum and maximum pressure and flow rate levetsraot reaction time and other
control aspects. Some of the parameters that wmifdcused on include the pressure

drop and the maximum flow rate allowance.
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CHL Requirements

The main sources of requirement information onG@i. system came from
nuclear power industry, data sheet industry statsjand the chemical process plant
industry. Each industry provided a different pecspe on the CHL system and
contributed their own requirements problems witspeet to the representation,
communication, and verification of requirements.

From the nuclear power industry, the CHL systenclasely related to the
component cooling water systems (CCWS), a commansafety subsystem in a
nuclear plant. Several CCWS control and requirendecumentation were used for
developing requirements for the CHL system. Thesglirements on components
provided the key metrics that CHL equipment desigmeould need from component
suppliers. Additionally, the DCDs also provided teys requirements that showed
how system specifications changed with respecifferdnt scenarios of the system.
From a greater standpoint, this information prodgidesight into what specifications
were most important for communication with sup@ieAn example of system and

component requirements is shown below in Figurggy and Figure 7 [17].
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Table 9.2.2-4

Component Cooling Water system Heat Load Unit of Heat Load [x106Btu/hr]

Train Ncgr:earlal:iz:er Coold;:;: ycsl Accident Safe Shutdown

A&B 0.2 181.8 138.7 167.9
A1 256 143 230 230
A2 242 242 0.0 0.0
Subtotal 50.0 2203 161.7 190.9
C&D 0.2 181.8 138.7 167.9
C1 256 143 230 23.0
C2 15.5 25.1 0.0 0.0
Subtotal 413 2212 161.7 190.9
Tt | : : :

Figure 6 System Power and Heat Load Requirementsdm Mitsubishi

Table 9.2.2-1
NOMINAL COMPONENT DATA - COMPONENT COOLING WATER SYSTEM

CCS Pumps (all data is per pump)
Quantity 2
Type Honizontal centrifugal
Minimum capacity (gpm, cach) to support shutdown cooling and spent fuel 4950
pool cooling
Design capacity (gpm, cach) 8960
Design total differential head (ft) 320
CCS Heat Exchangers (all data is per exchanger)
Quantity 2
Type Plate
Design duty end of cooldown (MBtu/hr) 395
Minimum UA (MBtwhr/°F) to support shutdown cooling and spent fuel pool 12.1
cooling
Design UA (MBuw/hr/°F) 14.0
CCS side

Design flow rate (gpm) 8960
Service water side

Design flow rate (gpm) 9000
Plate material Austenitic stainless steel
Scismic design Non-scismic

Figure 7 Component Requirements From AP1000 DCD
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Industry data sheet standards also provided atyarigequirement
specifications with respect to the standards don&pecifically these requirements
focused on CHL components. Of all the componehtscentrifugal pump and heat
exchanger were well represented in terms of stalsd&or the centrifugal pump
ASME B73.1, ANSI/API 610, and ISO 15926 were inaogied to the component
requirements. For the heat exchanger the ISO 188&6private industry data sheets
were used. For the control valve and surge tank3fe15926 and handbook data
sheets were used. These requirements, as a wholged how the component
requirements for the CHL were commonly represefdedesign and communication
to suppliers.

In terms of the system requirements, the chemiealt pndustry provided
project documentation, which gave insight into nraiquirements needed for specific
aspects of design. Additionally, process simulatawis, such as CHEMCAD and
AFT Fathom, provided clarity into how componentuiegments were verified.
Overall collection of these system requirementwigied an understanding of what
CHL system requirements are most important forfication.

Another aspect that is important to the CHL systeequirements is
traceability. Most of the provided information irved specifications, irrespective of
their development. Figure 8 shows the requiremeaxsnomy for the CHL system
and how requirements for one component feed irg@ther components [17]. This is
very important because it provides for traceabibiiyd requirement verification.
These requirements will be reexamined in the maodekection to show how

requirements are represented in this manner.
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Introduction

To apply MBSE principles to the CHL system thisdis has proposed to use
OMG Systems Modeling Language (SysML). SysML isrian language for
implementing MBSE. It is a general-purpose graghmuadeling language that
supports the analysis, specification, design, watiion, and validation of complex
systems [18]rigure9 (below) represents the main diagrams supporteatd$pysML
language [18]. The diagrams represent the behaequirements, or structure of a
system. Primarily the models of most importancetlier CHL are the activity, use

case, block definition, internal block, parameteand requirement diagrams for the

CHL system.
\
‘ SysML Diagram
PR ‘
Behavior Requirement Structure
Diagram : Diagram 1 Diagram
[ sl ava i el i pan | | sgcielineion
Activity Sequence State Machine Use Case Block Definition Internal Block Package
Diagram Diagram Diagram Diagram Diagram Diagram Diagram
T |
| Panametric 1
, 1 Diagram
[ Same as UML 2 f - e eeee- I
| Modified from umL 2 |
| —————— |
, New diagram type )

Figure 9 SysML Diagrams

While it is a visual modeling language that progidemetamodel for
semantics (rules governing the creation and thetstre of SysML models) and

notation (representation of meaning, graphicaegtual) it is not a methodology or
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tool [19]. Since SysML is methodology independémere is freedom to use the
SysML language as fitting for the system in desknom coursework at the
University of Maryland a set methodology is progb#eat is shown in and [20].

These methods are used in developing the diagrams.

2 S\O‘/F;' i L3 T Sequences of tasks

— scenario |
— scenario 2

% Use Case 2
\ S —,

>f —

Sequence of messages

— scenario 3 between ohjects.
— scenario 4 \ ety Diagrams
Individual Use Cases
Use Case Diagram | | [ | | ]

and Scenarios +
/ Sequence Diagrams
Req 1. +

Req 2. —
Models of System Behavior
and System Structure.

High—Level Requirements.

Figure 10 Pathways from Goals and Scenarios to Stcture and Behavior of System
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Figure 11 Development of System Specifications
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Use Case Diagrams

Use cases describe the functionality of a systeterims of how it is used to
achieve the goals of its various users. They as® alsed to capture system
requirements in terms of system uses. Use casedeafurther elaborated with
detailed descriptions of their behavior, using\atiéis, interactions, or state machines
[21]. Use case diagram visually show the relatioetsveen use cases and actors with
respect to the system boundary.

For the collaborative requirement framework useesaserve as a beneficial
method to representing functional capabilities imisual format. Additionally, this
use case representation allows for building retatigps between system behavior and
requirements for the system (see requirement sefiromore). To show the benefits
CHL use cases were developed.

Using the functional descriptions from the nuclgmwer design control
documents for a component cooling water system (COW use case diagrams were
developed for the CHL system (see Figure 12). Ting¢ use case diagram shows
how the CHL system interacts with other mechangatems for the purpose of
automated operation. As shown there are three pyimse cases, which include
Monitor Flowrate, Monitor Process Fluid Heat Renmlpwad Monitor Surge Tank
Fluid Level. These use cases depict the ways teatiser will use the system, which
the CHL system must accommodate for. The secondassediagram (see Figure 13)
focuses on the interaction the process fluid, geflation system, and the CHL

system.
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Figure 12 CHL Automation Use Case Diagram

uc [Package] ServicellzeCase [ ServiceUseCaselJ
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Figure 13 CHL Service Use Case Diagram
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To further elaborate on the use case diagrams, slase can be described

in detail through use case scenario descriptioladEating on use cases is necessary

for the collaborative requirements framework towghbe fine details of a process

plants behavior. Below is an example of a scenfniothe “Remove heat from

Process Fluid” in the second use case (Figure 13).

Use Case 1: Remove heat from Process Fluid

Actors: Process Fluid System, Refrigeration System

Preconditions:

1.

2.

CHL pump must be operating at steady state

All equipment is working error free

Basic Flow of events:

1.

The Refrigeration system decreases the temperaturiéne
cooling fluid to 41 deg F.

Cooling fluid enters the heat exchanger at 6500 gywh 41
deg F.

Process fluid enters the heat exchanger travelirg0@0 gpm
flow rate and 90 deg F.

Heat gets transferred within the heat exchangem fithe
process fluid to the cooling fluid.

Cooling fluid exits the heat exchanger at 70 degnid the

process fluid exits the heat exchanger at 70 deg F.

Alternative Flow 4:

25



4a. Process fluid exits the heat exchanger at unadhées
temperature.
1. The cooling fluid flow rate is increased to incredmeat
transfer.

a. Performed by increasing the power to the pump
or opening the valve downstream to increase
flowrate.

2. The cooling fluid temperature out of the Refrigemat
is decreased to encourage more heat transfer.
Post Condition:
1. Cooling fluid is feedback into the CHL system.

2. Process fluid is returned to the Process Fluidedyst

Overall use case diagrams and use case descriggovs as a first step in
defining the system behavior and developing behlalviequirements. Unfortunately
there is no method for currently validating or @@ag on these use cases, which
would benefit in the automated aspect of the collative requirement framework.
This is the reason another functional modeling tpallso used along with the use
case diagram (describe later in MFM section). Qs use cases still serve an

important purpose in their relationship to requiesns and requirement diagrams.
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Requirement Diagrams

Once finished collecting all the user requiremefram the use cases,
requirement diagrams can be developed to show bguirements are related. There
are several requirement relationships that will used for describing the CHL
requirements. First relationship is containmentofitainment relationship shows the
decomposition of requirements, showing the higtell@equirement and all the sub
requirements that are included within it. The secoglationship used is the derived
requirement relationship. This relationship showvesvha general requirement can
related with a more detailed requirement based aloulations or other forms of
justification. The third relationship used is therify relationship. The verify
relationship connects a requirement with the methatth which the requirement
would be evaluated on the system. Most of the yesgfationships used in the CHL
requirements will connect requirements to constialiocks (one way of verification).
The last relationship used is the satisfy relatimsThis relationship shows what
block or component in the system the requiremenlt vé associated with (what
structural or behavior aspect of the system muaisfty” this requirement). In Figure
14 the requirements diagram of the CHL system @wvsh The diagram shows how
from one high level requirement there were many seduirements that were
contained within it (a containment requirement Qsd®equirements can also be

viewed in a tabular format that is Appendices D: Tabular Requirements
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Figure 14 CHL System Requirements
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As stated earlier, by using the verify relationsreguirements can be linked
to the verification method used. SysML can represenification methods such as
inspection, analysis, demonstration, and test.tkerCHL all the components have
engineering equations associated with them, soysisalised as the verification
method. One form of analysis is through constrajhtsinded equations). Below in
Figure 15 is an example of a Surge Tank requireraadtits verification method (a

constraint called “SurgeTankSizing”).

req [Package] SurgeTankRgmts [ SurgeTankRegDiag lJ

wreguirements
SurgeTankMaintainEquilibrium

Id="4.02"

Text = "The surge tanks shall provide
cooling fluid storage to compensate
fortemperature and pressure
fluctuations in the system.”

— | J—
«VErifys
& |

wreguirements |

arequirements
SurgeTankNPSH

Id="4.01"

Text ="The surge tank shall
provide the npsh for the
centrifugal pumps.”

SurgeTankPurpose «constraints
Id="4.0" SurgeTankSizing
Text ="The surge tanks shall hold constraints
and supply cooling fluid to the {STVolume = 2*SystemCoolingVol*((SpecificvolCooHot/Specific\olCoolingCold}-1)}
system.” paramsters
STVolume : m®

SystemCoolingVol : m*
SpecificVolCoolingCold : m?
SpecificVolCoolHot : m®

Figure 15 Surge Tank Requirements

Lastly, requirements allow for referencing to tleeise where the requirement was
taken from. For example, in Figure 16 the requineime titled
“ValveDifferentialPressure” is sourced from a sddte tool (AFT Fathom). This
allows for requirements that were once separatée joined together, without losing
their original source. Sourcing can also be seen “WalveFlowrate” and

“ValveMassFlowrate” requirements.
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req [Package] ValveRgmits [ VahfeRe-quagrarn_]_J

xextendedRequirements
ValveDifferentialPressure

Id="5.02"

source = "AFT Fathom™
Text ="The valves shall = —
have a differential pressure
no greater than 30 psid (or
a differential head no
greater than 40 feet) +-5%.

T
|
|
udqrivel‘-‘.eqtn
areguirements
ValvePurpose
Id ="6.0"
Text ="The valves shall -
control the flow rate of |
cooling fluid to each heat |
exchanger.” |
|
|
|
|
wextendedRequirements ksatisfys
ValreFlowrate I
Id="5.0.1" sblocks
source ="UK EPR” Valve
Text ="The valves shall be

able to operate over a range
of flow rates.”

wextendedRequirements
ValveMassFlowrate

Id="5.0.1.17

source = "CHL diagram”
Text ="All valves shall be
able to handle a maximum
mass flowrates of 582 259
pounds/hour (264,108.24
kg/h)+-5%."

T
|
|
tverifyn

«constraints

ValveCharacteristic
consiraints
{Cw = vFlowrate * sgri(specificGravity/pDrop )}

pErameiers <
Cv : Real avErifys
wFlowrate : flowrate
pDrop : pressure
specificGravity : Real

Figure 16 Control Valve Requirements
The remaining requirements for the CHL system aated atAppendices C:

SysML Diagrams andAppendices D: Tabular Requirements
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Activity Diagrams

The main diagram used to describe activity in @esydgs the activity diagram.
These diagrams define the actions in the systetatiearequired to achieve a certain
functionality (determined through use cases) alitig the flow of input/output and
control between the actions [21]. Describing theLGHystem in this manner allows
for a strictly functional view of the system withtoany allocation to components or
structure of the system. Since the CHL systemrsadly provided (the structure of
the system) this activity diagram is not used fesign, but for requirement tracing,
since requirements can be satisfied by both strecad behavior. In Figure 17 an
activity diagram shows how the different actioned@nto one (with object flows)
and the sequence of actions that are taken (throtdlow of the system). Also,
activity diagram mirror functional block diagrantsat are used in the Product Process
Design, which gives credibility to using activitjadram to represent the CHL

system’s behavior.
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Figure 17 Activity Diagram of Heat Transfer Process
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Another highly beneficial aspect of behavioral modge with activity
diagrams is the ability to allocate actions to streicture. During the design stage this
allows for a better understanding of the requirei@émposed on the structure. This
allows for traceability from the requirements gathrethe use cases to the activities
that achieve the function of the use cases to ttluetare that embody the behavior.
Below in Figure 18 shows the allocation of actitmsomponent in the CHL system

structure.

Figure 18 Activity Diagram with actions Allocated to CHL Structure
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Block Diagrams

The way SysML models structure is through blocksmadular unit of
structure that can represent a system, comportent, that flows through a system,
conceptual entity, or other logical abstraction][Zlhis flexibility allows the blocks
to represent manufacturing component models. Tinesdels can represent what
designers use to specify the component to satisfysystem functionality and also
used to generate documents to send to vendors @s.Ffom the PDSO work, the
distinction between the designed component, thedymto model, and actual
component (physical component) is the way theyraferenced (tag numbers, part
number, and serial numbers), but they are requicethe the same in terms of
engineering parameters. Therefore a model thatrelte design components to
product models (from the vendor) and check forrtaégnment would build toward
collaborative requirements. Below in Figure 19 shdhe connection between these

representations of the component and their atetut
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Figure 19 Product Data Sheet Ontology UML Model

The system architecture for the CHL system is showa block definition
diagram (BDD), which shows all the models of thenponents in the CHL system.
Each block contains the attributes associated gt component as well as the
components constraints, operations, and assocratgdrements which it satisfies.

Below in Figure 20 the BDD is shown.
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Figure 20 Block Definition Diagram of CHL
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Another interesting aspect of the blocks is thatances of them can be
created. Like in java with classes and objectschdoare the template for what is
contained in a component model for design and Rit@the instances are the actual
specification with values supplied for the attrdmit This allows for RFQ information
to entered into the instances of the componentssantd out to multiple suppliers.
Below in an example of RFQ information for the gmments and fluids in the CHL
system are shown. The MagicDraw tool used for lngjdhe SysML models also
allow for the generation of excel files, so the R&&a can be exported to excel to

allow for communication of requirements. showsdhgut from the exported excel.

Figure 21 RFQ data as Instances in BDD
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Table 1 Instances of RFQ generated in Excel
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Internal Block Diagrams

In addition to a BDD there is also a internal blat&gram (IBD) that shows how the
component in the CHL system are connected togelies. is similar to the process
flow diagram (PFD) that was first shown to describe system. Another industry
diagram also specializes in describing the conaectietween component and
enumerating the requirements for each componeit tfaa system) on the diagram.
This diagram is known as the Piping and InstrunteieDiagram (P&ID). Since the

industry has a vast amount of knowledge in thesgrdms (PFDs and P&ID) the
IBD should be used for small scale examinationhef low between components.

Figure 22 shows the IBD of the CHL system (exclgdime piping and control valve).
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Figure 22 Internal Block Diagram of CHL
Parametric Diagrams

Apart from just showing attributes and connectibea@mponents there is also
the ability to show the constraints on the attdsubf the components. Constraints are
added to the models by the use of constraint bl@rid the parameteric diagram.
Parameteric diagrams allow for specialization afckk (parts) to be constrained by
constraint blocks. The constraint blocks consisteqgfiations and parameters. The
parameters of the constraint are associated wihatitributes of the component
associated with the constraint. This way the agthgkical and behavioral constraints
the component truly has can be modeled and tiexttthrto the block (through the
part). Below in Figure 23 a parameteric diagranshiewn for plate heat exchanger
and it constraint on its heat load. The parametiagrams for the Centrifugal Pump,

Valve, Pipe, and cost analysis are showAppendices C: SysML Diagrams
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Figure 23 Parameteric Diagram of Plate Heat Exchargr Constraint
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Introduction

Over several decades, researchers from the Tethimozgersity of Denmark
have created a modeling language for industriatgss plants. The purpose of the
modeling language was to represent functional beha¥ the industrial process with
respect to the goals of the system by using meadsted whole-part relations. This
functional modeling allows for qualitative reasagimvhich reasons about knowledge
of physical phenomena and systems that cannot e lop quantitative methods [22].
This capability makes MFM beneficial for communiogtrequirements that are
quantitative. Therefore, this thesis will apply MRMconnect requirements that are
qualitatively based. Currently MFM has no dedicaefiware implementation, so
this thesis will develop a software implementatidthe model. Below iigure 24 is
a legend of symbols to represent MFM models. Atsagure 25 there is an example

MFM diagram [22].

Figure 24 MFM Functional Model Symbols

42



Figure 25 MFM Model Example: Water Mill

Implementation for Thesis

The MFM language is developed as a UML profile witthe MagicDraw
software. The profile consists of the differentdtion types, relations, function
structures, and goals. By creating this profileamédin specific language (DSL) is
created. Following the creation of the profile, tomsizations or rules were applied to
the elements (connection rules between functigkidrward a custom diagram was
created for the MFM language, where MFM diagranmstzacreated via the
MagicDraw software interfaceigure26 shows an example of an MFM diagram

created in the MagicDraw interface.
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Figure 26 MFM diagram MagicDraw Implementation

CHL MEM Model

To demonstrate the value of MFM modeling, modélghe CHL functionality
were developed using the MFM language. As a reguleveloping the models a
greater understanding of the means-to-end reldtipasvere developed. These types
of relationships guide in the requirement tracegbisince there is an understanding
on how functions are related. Above in Figure &g of the MFM diagram for the
CHL system (whole diagram available in Appendice€HL MFM Model) shows
how there is a heat balance between the cold gpilid and hot process fluid.
Another beneficial aspect of the MFM diagrams & the model elements are
linkable to the SysML componentsgure28 (below) shows how the surge tank
storage functionality relates to the structurakespntation of the surge tank in

SysML. Also the requirements for the pump and vairerelated to their functional
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representations in the MFM model. This capabiligkes these MFM models highly

useful and allow for traceability between the twodals.

Figure 27 CHL Heat Transfer MFM Model
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Figure 28 CHL MFM and SysML Relationships

Functional Reasoning

Another benefit to using the MFM language is théitgtio perform reasoning
on the models. The main type of reasoning thaeifopmed on the model is cause-
effect reasoning. For the MFM model, the focushig teasoning is on the goal-
function and function-function patterns [22]. THere this reason is ideal for
determining how changes in one component requiresy@rtheir functionality will
affect all the other system functionality downsireand the overall goal of the
system. From that perspective MFM models aid irnlhloé representation and
verification of system functionality and requirenteem the collaborative

requirements framework.
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Chapter 6: Formulating the Optimization Problem

Purpose

Within the process plant industry tremendous amobimtork has been
conducted in designing the best process, mostsaipdant structure, and optimal
parameters of the process. The only area thatdtdsad much attention involves the
best design of the plant equipment [23]. This @sadhifficult to address because it is
highly interconnected with the other areas of dedipr that reason, the optimization
of this thesis will focus on the optimization or thlant equipment design based on
the requirements from the process that focus omalboperation and the equipment
requirements.

In addition to design, optimization can also aidha understanding of
requirements and how they affect the componentseteprocess. This aspect is
extremely important when trying to negotiate regoients between equipment
designers/procurement engineers and the equipnyamgpppliers. Therefore this
thesis will also use optimization to determine blest group of equipment from a list
of suppliers that will satisfy the individual eqmgent requirements as well as the
process requirements. This is beneficial becausiis the equipment
designers/procurement engineers to grasp what nedsschanged in the suppliers’
equipment specifications to achieve their procegsirements. Also, the
requirements can be traced to the equipment spatifns that have the most impact.
All of these concepts aid the equipment designess{pement ability to negotiate

with the equipment suppliers and have more ingigbthow much more optimal the
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process plant can be with the available suppllarerder to perform the design and

selection optimization a software package was usate IBM ILOG CPLEX.

Optimization Tool

The optimization software package used for the gmtowas IBM ILOG
CPLEX Optimization studio. The CPLEX optimizer csoive integer programs, very
large linear programming problems using either gtior dual variants of the simplex
method, quadratic programs, and convex quadraticahstrained problems. This
thesis uses a powerful mathematical programmingnen@CPLEX engine) and a
constraint programming engine (CP engine). The CPEBRgine can solve linear,
mixed-integer, quadratic, and quadratically comsé@ programs. The CP engine can
solve models with complex combinatorial constraiatsl uses powerful constraint-
propagation and branch-and-bound techniques. Auxiditly, the CPLEX
Optimization Studio provides the Optimization Pamming Language (OPL) for
modeling the constraint problem. Two of the maiatfiees used from OPL were the
interface to Excel that allowed for the input andput of data to Excel spreadsheets
and the easy to use OPL script that can run opaitioiz programs multiple times with
changing constraint bounds and store results infites for later analysis [24]. Below

is a model of how CPLEX was generally used in tresis work (seeigure29).
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Figure 29 CPLEX Input and Output Data
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Problem Formulation

In order to evaluate the components selected we hawse a constraint
programming language. Each component has their plysical and functional
constraints, but the main benefit of constraintgpamming is the ability to evaluate
component selections with respect to system cansrahat depend on the
connection of all component (or interaction betwgenups of components). System
constraints mirror the high level requirements. réfme, these high level
requirements can be immediately validated in thenpanent selection using the
constraint programming. Additionally, this showsthiere is a viable collection of
components (from supplier data) that can satisdysystem requirements. Otherwise,
if there isnt a group of components that satisfye tsystem constraints a
recommendation can be provided as to what needbange in order to get viable
system. Recommendations can range from changingoarameter of one supplier
data to changing multiple parameters for multipleemponents. These
recommendations may also give more informationocas/tiether or not the system
constraints should be loosened or can be madéestric

To begin formulating the component selection psscevith constraint
processing several aspects must be made clear tik@rebjective function (the goal
constraint programming is to satisfy the maxim@atiminimization, or equality of a
specific equation related to the constraint vagaplmust be determined. For this
component selection problem the objective is toimire total cost (the sum of the
cost for each component). Second, component camistitat only involve a single

component must be defined. Third, the constraiat tfvolves multiple components
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must be described. Lastly, the system constrainist rae represented in terms of
some set of the components. Each of these stepsvéasv understanding the
characteristic functionality of the component. Ontde functionality of each

component is determined, then their interaction(ltloeir functionality serve other

components and aid in their functionality) can besatibed in constraints. The
combination of these interactions then yields atesysfunctionality that can be
controlled with system constraints.

Objective Function

Minimize Cost:
5 20
min - Ci* % i=type of components
= j=number of vendors
X is Boolean to determine whether the componenichvh
component from 20 vendors is selected
C is a cost matrix that has the cost for each efitidividual
components

Constraints

Subject to:

20
X,-(i) =1
j=1
Ensures that there is only one component pickeécdbthe 20
vendors, i=the component type

“DiiLY)X0 SV Y

D = Component engineering data from vendor
i= the component type

y= engineering parameter index (number of
parameters vary for each component vary)

SV= a vector system variable that constrain the
component selection (
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These types of constraints include the max flote far the
pump and max power constraints on the pump.

20 D j(i,Y)Xj(i) sSV( )Y (Same as above)

These types of constraints include surge tank Iguppad
minimum, heat exchanger and pump efficiency.

2_0 D j(i,y)Xj(i) = SV( }) (Same as above)

These types of constraints include the pipe, legahanger,
valve, and pump connection constraint (has to elthe same

size).

20 20

Djliny)X i)+ Djl2y)Xi)ESV(Y
These constraint include more than one compomenigonent
interaction) and the SV represents a system variaidrgin.
Constraints on the pipe, valve, and hx with respgecthe
allowable pump flow rate margin would fit this ctnaént, as
well as the pump supply head margin equation (we/cill
components). Also the pumps supply pressure fraenstirge
tank constraint is modeled in the same fashion.
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Chapter 7: Optimization Results and Trade-off

Analysis of High Impact Parameters

After executing the optimizer a list of high impaystem and component
parameters were determined. The reason they ate imgact is because they
interconnect each component or greatly affect timetionality of another component
or the overall system. The high impact system amdponent parameters are listed

below in Table 2.

Table 2 Parameters for Analysis

High Impact System/Component Parameter| Componentsivolved

Pressure Margin Centrifugal Pump, Plate Heat
Exchanger, Control Valve, Surge Tank,

and Pipe

Flow rate Margin Centrifugal Pump, Plate Heat

Exchanger, Control Valve, and Pipe

Centrifugal Pump Power Centrifugal Pump

Using these high impact parameters, the desigromptivere evaluated. This
results in a range of viable system options that twabe evaluated. This range of
options allow for a tradeoff of system componemd aomponent arrangements to
take place. In addition to cost, component efficieg, power, and system volumetric
flow rate can be evaluated. The flow rate margnespure margin, and power were

all compared with respect to the objective (to mizie cost).
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The constraint on volumetric flow rate startedhwibhe system requirement
that the flow rate must be at least up to the depayameter (6500 gpm). From there
the constraint was applied on the other equipmEmné valve, heat exchanger, and
piping all have max flow rate tolerances that niebe consider. So in order to select
a pump, there must first be a check over the despgice to find if there is a heat
exchanger, valve, and pipe that can withstandgpetific flow rate. Margin is added
to this selection process to show how close thepgsuprovided flow rate is to the
other equipment’s rated flow rate. Ideally the nmarghould be minimized to only
compensate for variations in the system operatsoich as switches in operation
mode or to allow for extra time to react to systeafety problems (such as a leak or
broken equipment). The optimal selection of compiséor their specific flow rate

margin is shown below in Table 3, Table 4, Figudeahd Figure 30.

Table 3 Flow rate Margin analysis (16 in)
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Figure 30 Cost vs Flow rate Margin (16 in)

Results for the component with 16 inch connectigh®w that as the
volumetric flow rate margin increases, the costhef system decreases. This is not a
surprise, since over sizing the components allows the selecting of cheaper
components. The flow rate margin decreases allvtag to 550 gpm. It is also
interesting to point out that the valve, surge taarid pipe remain constant for all the

system configurations.
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Table 4 Flow rate margin analysis (18 in)
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Figure 31 Cost vs Flow rate Margin (18 in)

The 18 inch connection system also depicts themdir One distinction
between the two connection sizes is that the 1B gystem cost more than the 16
inch system (as expected since there is more rahtesed in the pipe). Otherwise, the
flow rate margin also goes as low as 550 gpm. {,adite only component in these
component selection is the heat exchangers (thgpualve, surge tank, and pipe

remain constant).
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The power required by the centrifugal pump direcfjects its flow rate
capacity and amount of pressure it can overcomiensystem. Since power is a
limited resource, it is best to reduce its usagédendiso examining the affect it will

have on the cost of the overall system.

Table 5 Max Power analysis (18 inch)

& 3 L 67 /
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Figure 32 Cost vs Max power (18 in)

The results for the 18 inch connections resulh isurprising discovery. One
system configuration tends to dominate in termsgheflowest cost yet still meeting
the power constraint. One other observation isattditional cost that would be added

if the system had to be less than or equal to 1880

Table 6 Max Power analysis (16 in)
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Figure 33 Cost vs Max power (16 in)

The results for the 16 inch connection also shosvsame trend that shows if
the power is decrease the cost of the system matease because the pump will be
required to work at a higher efficiency (which &store money). Another
observation is that the main changes in systemigunation involve the heat

exchanger and pump, whereas the valve, surge dadkpipe remain constant.
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One of the main constraints applied to the systeas the max amount of
pressure drop that each component can have wipleceto the discharge pressure the
centrifugal pump can supply. Even though it woule ideal to have the pump
working at its Best Efficiency Point (dependentflonv rate and pressure) throughout
normal operation, there are always variations stesy pressure and flow rate due to
change in operation mode or system problems tlatine that the pump be sized
higher than what it needs to be. This over sizihihe pump is defined as a “margin”.
The goal of the margin is to have it large enouglsdmpensate for system variable,
but not so much that the pump is operate at a le@vyefficiency (which reduces the
pumps life span). The results on the pressure mdagithe system are included in

Figure 34 and Figure 35.

Table 7 Pressure Margin Analysis (16 in)
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Figure 34 Cost vs Pressure Margin (16 in)
The results show that a system configuration wifiressure margin of -160 ft
is the optimal value in terms of cost for lower gaa of pressure margin, but as the
pressure margin increases, so does the cost betteupamp has to be sized to with

stand higher pressures. All components were vagieckpt for the pipe.
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Table 8 Pressure Margin Analysis (18 in)
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Figure 35 Cost vs Pressure Margin (18 in)

For the 18 inch connection the pressure margimush higher than the 16

inch configurations (almost by 200 ft), but als@stcmore. A pressure margin of -350
is the lowest possible pressure margin for the.ddst same trend still exists for the

18 inch as the 16 inch connection, which showsdsahe pressure margin increases,

so does the cost.
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Sensitivity Analysis with Pump Efficiencies

For testing pump efficiencies effect on the systemnables we examined
different pressure margin trends for changing &fficies. The results are shown for

the 16 and 18 inch connection configurations.

! $% &

¢}

f

Figure 36 Pressure Margin Sensitivity Analysis (1)

The results shown in Figure 36 show that the iefficy have an effect on the
cost of the system, but not as strong a relationptessure margin. Another
observation is that the highest pressure margiaciseved by the least efficiency.

Overall this shows the dependency between effigiemd cost.

66



Flhttet

Figure 37 Pressure Margin Sensitivity Analysis (1&)

For the 18 inch connection the results are diffefeom those observed in the
16 inch connection. With the 18 inch configurattbe pump efficiency does not have
as big of an impact on cost or pressure margirl tihr@imax efficiency at 0.72. Each

efficiency offer the same max pressure margin (60
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Along with pressure margin, flow rate margin isr&thing to analysis from
the perspective of pump efficiencies. Pump efficieand flow rate affect the pump
required horsepower, so even though flow rate tsdaectly related to the pump
efficiency, there will be some effect because «f ffower constraint. Below the
sensitivity analysis for 16 inch and 18 inch coaf@tion options are shown in Figure

38 and Figure 39.
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Figure 38 Flow rate Sensitivity Analysis (18 in)

The results for the 18 inch configuration showttii@ere is very little
influence the efficiency has of the flow rate margnd only at the highest efficiency
(0.72) does the cost of the configuration rise,dtilitnot deliver a flow rate margin as
low as pumps of a lesser efficiency. This resulsimilar to the pressure margin

sensitivity as well.

68



Figure 39 Flow rate Sensitivity Analysis (16 in)

Unlike the results of the 18 inch configuratiorhet 16 inch system
configurations are highly impacted by changes impefficiency. The trend is such
that as the pump efficiency increases, so doesdbeof the system. Also at higher
efficiencies the flow rate margin cannot reach loweargins, whereas lower

efficiency pumps can.

CHL Trade Off and Traceability

After reviewing the results from the flow margirgpsure margin, power, and
efficiency curves, several options were found gaisfy minimizing the margins and

increasing efficiency.
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Table 9 System Configuration Choices (16 and 18 ing

"% #1 / i "% 1 / Ai#
9999* =1 = 9999 =*) !
9999* | = y | o= 9999 - y | o=
19999+ | =) )9*9 99 =+ = !
9999+ | =) = )9 99 = ) | o=
9)999* | =) = 9999 = | =
*Ql19 9 9* =1 *9 999 = = =
| LU &
#
!
=)9 L
K-=19 ¢ 99909
‘*’ =)9 m'99909*
g— =9 9*9 9 9*
=19 %X 9)9 9 9*
T T T T T T ) X *919 9 9*
:l) =1 :) = :)) :) :)
!

Figure 40 Pressure Margin vs Pump Efficiency (16 ich)
Analysis of the tradeoff shows that there is oaeeto optimal point that

satisfies minimizing pressure margin and maximi&afigciency. That point is
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(7,9,1,1,3). This system configuration for 16 ircdmnection is considered a possible

solution to the design requirements.
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Figure 41 Pressure Margin vs Flow Margin (16 inch)

Analysis of the tradeoff for pressure and flow gwar show that for
minimizing both axes result in a pareto optimal nboat system configuration
(1,3,1,1,3). This system configuration for the Ifh connection is a potential
solution for the system. Also, it is interestingse that the original solution proposed

from the previous tradeoff graph is dominated iis ttiadeoff, so that shows the

solution is not globally optimal.
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Figure 42 Flow Margin vs Pump Efficiency (18 inch)
For this tradeoff for flow margin and pump effieey, that optimal point
would minimize flow margin and maximize pump eféiocy. From the tradeoff there
are two non-dominated solutions (20,11,11,1,8) 4i8,13,11,1,8). The first

configuration is optimal because it provides thedst margin, whereas the second

configuration is optimal because it offers the hmsnp efficiency.
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Figure 43 Pressure Margin vs Pump Efficiency (18 ich)

This last tradeoff graph for the 18 inch configioa relates pressure margin
to pump efficiency. The selection from the last&aff (15,13,11,1,8) is again a non-
dominating solution because it has the highest peffiggency. The other point
(11,11,11,1,8) is also non-dominating becausesttha lowest pressure margin.

The resulting potential configuration options fbe tl6 inch and 18 inch systems are:
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The optimization tool also aides in making changespecifications to satisfy
changes in the high level requirements (tracingesysequirement to component
specification changes). Take for example; thaethgineer makes a change to the
amount of flow rate margin they want (reduce inir650 gpm to 500 gpm).
Previously there would have to be many recalcutatiof components to resize them
in order to simulate the process and the resubemit RFQ to all the involve suppliers
in the procurement process. With the optimizatamwi,tthe high level constraint is
traced to the parameter in a specific componentibads to be changed. In this case,
the main change required that the connection diaecertain pump, valve, and pipe
must be increased (it is minus because it subtfemtsthe right hand side of the
constraint on the connection size) (see ). Vendor &he pump, vendor 1 for the
valve, and vendor 3 for the pipes was suggesté@tttease their connection size in
order to find a solution that met the new flow mangequirement. After making the

changes the new result cost for the system is $835/7.

Figure 44 CPLEX Relaxation Suggestion
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Neqotiation aided by Optimization

Another benefit to optimization is the informatiprovided for negotiation
between design engineer and supplier. The impcgtahasing optimization for
negotiation is because the optimization providedifications to the system
requirements and equipment parameters to meetiaggotcriteria. Additionally, the
optimization results show the positive and negativeimplementing the change.
Negotiation is usually done with respect to costyiges, and transportation, but with
optimization can be expanded to include engineasatggories such as performance
and reliability. This is because of the understagdif how equipment parameters are
related to high level requirements. Therefore nagonh is another application of the
collaborative requirement framework for verificatio

The method for implementing negotiation via optiatian will include
defining negotiation objectives, determining thg karameter and equipment for
each objective, and evaluating the negotiationativjes with respect to the
equipment and the system requirements. Definingtmegn objectives is critical to
negotiation because it prevents purchases fromectmg and accepting equipment
and system designs that could be improved. In tHahorative requirement
framework negotiation objectives will be implemeahtes constraints in the
optimization problem. Afterward, optimization resushould be used to determine
the key equipment parameters that affect the natyyani objective the most. This will
help focus on what suppliers and equipment neée toegotiated with to improve
upon the negotiation objectives. Lastly the negiatiaobjectives are evaluated to

determine their effect on one another and to determvhat the next step in
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negotiation should occur (if needed). An exampléhed negotiation method is shown
below with the CHL system, evaluating several niagjoin objectives.

Using the CHL system, the negotiation method withs how cost,
performance, and reliability can be improved. Irtipalar, the centrifugal pump will
be the main focus because of its main contribubae performance, reliability, and
cost of the system. For evaluation, the negotiegedlts are compared with the
previous selections using optimizationTknle 10 the negotiation objectives are

shown for the centrifugal pump.

Table 10 CHL Negotiation Objectives
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The performance of the centrifugal pump (and tis¢ séthe system) is highly
related to the pump’s efficiency, best efficienoym (BEP) flowrate, and BEP
differential pressure head. To represent pump padoce the pump industry uses a
pump characteristic curve similar to the one showgure 45 [25]. These curves
show the amount of discharge pressure head (y-ayigjmp can provide for a given
volumetric flow rate (x-axis) and also show how dtkeer components in the system
increase in pressure head with the rise in volum#aw rate (the red line). The

pump curves and system curves play a role in setgettie best performing pump.

Figure 45 Sample Pump Characteristic Curve
Additionally there is a strong relationship betwdlea efficiency, power, flowrate,
and differential head (shown in equation 7.1). €f@e when negotiating with

respect to efficiency ( there is an effect on the pump flowrate (Q), disgle head

(H), and shaft power ( ( is the hydraulic power).
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Another negotiation objective is equipment relidpilEquipment reliability
can be defined for each component by efficiencamekraaterial properties and from a
system viewpoint. From a system viewpoint certajuigment have more priority
than others equipment because of their functigndhtthis case, equipment
reliability also entails preventing critical equipnt failure and improving the
operation of critical equipment failures [26]. Epiient such as the centrifugal pump
and heat exchanger are considered as critical eguipfor the CHL system. To
demonstrate reliability analysis for negotiationlWwe conducted on the centrifugal
pump. The main reliability parameter for the cdotgal pump is the pump suction-
specific speed. In the pump industry it is an erogily established stance that pump
models with a specific speed less than 11,000 rasrahmore stable operation and are
more reliable. So for pumps with a specific speethe range of 8,000-11,000
operation should be safe. Otherwise pumps may ey impeller and casing
erosion, shaft deflection and many other proble2i$. [Therefore with respect to
reliability, the lower the pump specific speed better reliability of the pump.
Equation 7.2 shows the relationship the specifeesgp(N) has to the pump speed

(N), flow rate (Q), and discharge head (H).
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The last negotiation objective is cost. For thetcigal pump the main
contributors to cost are the flowrate and dischamgssure. One parameter, the
capacity factor [28] (the product of the flowratedadischarge pressure), is a good
gauge of the cost of the pump. By negotiating tberfate or discharge pressure
down, the resulting cost of the pump will go doWherefore the way that the pump
cost will be negotiated is by reducing the capafatyor.

After analysis of the different pump supplierstfwiespect to the three
negotiation objectives) three options arose forliiénch connection size and two
potential options were determined for the 18 inchnection sizetable 11, Table 12,
andTable 13 show the suppliers selected and their objeothees. Also inrable 14
andTable 15 the objective values for each supplier is shawth respect to their
connection size. Lastly, the results from the talgler the 16 inch connections) are
represented iRigure46, Figure47, and Figure 48. All this information will be ust®
guide negotiation. Specifically, the 16 inch cortr@toptions will be negotiated in

this example.

Table 11 Reliability (Specific speed) Objective Redts
II! 0

Table 12 Cost (Capacity Factor) Objective Results
0
!
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!
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Table 13 Performance (Efficienc

Table 14 Objective Values for 16 inch Connection

) Objective Results
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Table 15 Objective Values for 18 inch Connection
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Figure 46 Specific Speed vs Efficiency for 16 incBonnection
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Figure 48 Specific Speed vs Capacity Factor for liich Connection

When negotiating all the objective must be takea consideration. This
example shows that there is one supplier thatfiestithe specific speed (reliability)
criteria (supplier 8), one supplier that satisfies capacity factor (cost) criteria
(supplier 1), and no supplier that satisfies tHeiehcy criteria. Therefore focusing

on efficiency, the design engineers want to knoghtihe efficiency can be
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negotiated without affecting the other negotiatateria. For instance, if the
efficiency of supplier 8 needed to be negotiated,design engineers need to
understand how much the efficiency is allowed wease before it affects the cost
and reliability of the pump. From the optimizati@sults it is determined that the
maximum efficiency the pump can be negotiated th&4 before it effects the

reliability (specific speed) criterig&gure 49 andrigure 50 show the results.
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Figure 50 Specific Speed vs Efficiency Negotiatidbmit
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Chapter 8: Conclusion and Future Work

Conclusion

By the advent of SysML, MFM models, and CPLEXstthesis shows there
is a way of performing collaborative requirementgjiaeering by using constraints
that can be traced to high level requirements titddBSE. The CHL system served
as a good baseline system to examine how CRE weooitll in component selection
aspect of procurement. Through optimization bestesy could be configured base
on the objective. In this case, there were tradetbf&t were identified that helped in
selecting the right group of components to meetifsem requirements. Overall the
work will help in clarifying the related parameteend give designers more
understanding on how changes in requirement wilecafthe configuration of

components.

Future Work

Potential ways | can extend this research inclygyang this work to other areas of
the system lifecycle instead of the procurementsphaFrom an engineering
standpoint, further research could be applied tbhagadifferent mathematical models
of the components and allow for more componentsetoconnected. Additionally this
research can look at how different simulation taserate specifications from RFQ
and the variation in the software tools supplietadécan be used to compare
optimization results) To apply optimization techueg to not only the product
selection, but process selection (how the compoaentonnected and material used

in construction), similar to the IPPD.
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Appendices A: CPLEX Code

/IData
/ISystem Datal//
range sv = 1.. 26; //Number of system variables
float SystemVars [sv]=..;
/IGeneral Vendor Data//
/lrange Ename= 1..5; //heatex, pump, valve, surgeTa nk,
pipe
range VendorNumb = 1.. 20; //List of Vendors
{ string } Ename=..;
/[Pump Data
range peg = 1.. 7;
float PumpData[ peg][ VendorNumb] =
/IDesFlow,Pwer,Eff,DesDiffHead,DesPress,MaxDiffHead ,MaxDiffPress,NPS
Hr[8],connDia[9]
/[Pipe Data
range pip = 1.. 9;
float PipeData [ pip ]| VendorNumb] =
/INomSiz,WallThick,Len,RoughCon,HLoss, TotHLoss,Wght ,TWght,MaxFlow
int PipeMat [ VendorNumb]=..,; /[Pipe Material

/[Heat Exchanger Data
range hx = 1.. 34;
float HxData [ hx][ VendorNumb] = ..,; /[Port diameter[8],
Cooling Vol Flow[9], DiffHead[11], Efficiency[34]
/IValve Data
range viv = 1.. 4;
float ValveData [viv ][ VendorNumb] =
/lconDia[1],Cv[2],VolFlow[3],diffHead[4]
/ISurge Tank Data
range st = 1.. 9;

float SurgeTData [ st ][ VendorNumb] =
/Ivolume[1],fluidHght[2],wallThick[3],diameter[4],h eight[5],desHead[
8]
/ICost Data;
float  Cost [ Ename][ VendorNumb]=...;
/IVariables

dvar boolean x[ Enam¢[ VendorNumb];

//Objective
minimize
sum(e in Ename v in VendorNumb)
x[e][ v]* Cost[e][ vI;

/IConstraints
subject to {
OneVendor :
forall (g in Ename)
sum(z in VendorNumb)

x[all z]== 1

PipeConnection
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sum(y in VendorNumb)

PipeData [1][ y]* x["Pi" ][ y] == SystemVars [ 16]; //Set requirement
of pipe connection size
HxConnection
sum(f in VendorNumb)
HxData [ 8][ f]* x["Hx" ][ f]== SystemVars [ 16];

ValveConnection
sum(t in VendorNumb)
ValveData [1][ t]* x["V"][ t]== SystemVars [ 16];
PumpConnection :
sum(w in VendorNumb)
PumpData[ 7][ wi* x[ "Pu" ][ wj== SystemVars [ 16];
PipeLength
sum(e in VendorNumb)
PipeData [ 3][ e]* x[ "Pi" ][ e]== SystemVars [ 21];
PipeMaterial
sum(e in VendorNumb)
PipeMat [ e]* x[ "Pi" ][ e]== SystemVars [ 22];
TankSupplyPumpHead :
sum(h in VendorNumb) SurgeTData [ 8][ h]* x[ "ST" ][ h]+ SystemVars [ 25]
>= sum(h in VendorNumb) PumpData[ 5][ h]* x[ "Pu" ][ h];
forall (i in 23.. 23)
HxReqgEfficiency
sum(d in VendorNumb)
HxData [ 34][ d]* x[ "Hx" ][ d]>= SystemVars [i];

PumpPressLoss :
sum( e in VendorNumb) HxData [ 11][ e]* x[ "Hx" ][ e]+ sum(e in
VendorNumb) ValveData [ 4][ e]* x["V" ][ e]+ sum(e in
VendorNumb) PipeData [ 6][ e]* x[ "Pi" ][ e]- sum(e in
VendorNumb) SurgeTData [ 8][ e]* x[ "ST" ][ €] <= sum( e in

VendorNumb) PumpData[ 4][ e]* x[ "Pu" ][ e];
forall (i in 25.. 25)
HxVolFlowrateTop
sum( c in VendorNumb) HxData [ 9][ c]* x[ "Hx" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" ][ c]>=- SystemVars [ 25];
forall (i in 25.. 25)
HxVolFlowrateBot
sum( c in VendorNumb) HxData [ 9][ c]* x[ "Hx" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" J[ c] <= SystemVars [ 25];
forall (i in 25.. 25)
ValveVolFlowrateTop
sum( ¢ in VendorNumb) ValveData [ 3][ c]* x["V" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" ][ c]>=- SystemVars [ 25];
forall (i in 25.. 25)
ValveVolFlowrateBot
sum( ¢ in VendorNumb) ValveData [ 3][ c]* x["V" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" ][ c] <= SystemVars [ 25];
forall (i in 25.. 25)
PipeVolFlowrateTop
sum( ¢ in VendorNumb) PipeData [9][ c]* x[ "Pi" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" ][ c]>=- SystemVars [ 25];
forall (i in 25.. 25)
PipeVolFlowrateBot

sum( c in VendorNumb) PipeData [9][ c]* x[ "Pi" ][ c]- sum(c in
VendorNumb) PumpData[ 1][ c]* x[ "Pu" ][ c] <= SystemVars [ 25];
PumpEfficiency

sum(g in VendorNumb) PumpData[ 3][ g]* x[ "Pu" ][ g]>= SystemVars [ 26];
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}

main
thisOplModel . generate ();

var chl = thisOplModel ;
var cMarg = chl . SystemVars [ 25];

/Ivar best;

var curr = Infinity ;

var ofile = new IlloOplOutputFile ("chl_cool_marg.txt"
while  ( 1){

/Ibest = curr;

it ( cplex .solve ()){
curr = cplex . getObjvalue ();

writeln ~ ();
writeln  ("OBJECTIVE: " , curr );
ofile . writeln (cMarg,"" , curr );
}
else {
writeln  ( "No solution!" );
break ;

/it ( best==curr ) break;

cMarg -= 10;

thisOplModel . HxVolFlowrateTop [25]. LB=- cMarg;
thisOplModel . HxVolFlowrateBot [ 25]. UB= cMarg;
cMarg ;
thisOplModel . ValveVolFlowrateBot [ 25]. UB= cMarg;
thisOplModel . PipeVolFlowrateTop [25]. LB=- cMarg;
thisOplModel . PipeVolFlowrateBot [ 25]. UB= cMarg;

thisOplModel . ValveVolFlowrateTop [25]. LB=-

}
[* if (best = Infinity) {
writeln("plan = ",produce.Plan);
¥
ofile . close ();

0;
}
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Appendices B: Component Engineering Data
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Valve:

( 8
) (% !3/ ;&##:#< (<
) L)
), 1) ")
* ! il * !
) D) 1 )
) || *| )|) *! * )*
DI R ) )
! ! X *)* ) !
! ) * * * )) | *)* )
! * !-k **! *
|) * * * |
* | * % *
) * |) * | **)
* ool * ) )%
) * *
) )1 * | !
* ) )) )
! * * ! ! L*
* *) *%* !*** )
* ! I *
* ) ) WL

89




Surge Tank/Compression Expansion Tank:
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Plate Heat Exchanger
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Centrifugal Pump:
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CHL System:
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Appendices C: SysML Diagrams
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Appendices D: Tabular Requirements
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Appendices E: CHL MFM Model
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