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Abstract of Praxis

Metal flange ends typically manufactured through sheet/steel cutting process are
incorporated at both ends of the pipe to allow for the mounting surface for the valves,
pumps, transitions, or other products, thus creating a seal within a piping system. For
example, a product can include a pipe and flange solution that connects a residential or
commercial water line to another line or pump. When properly designed, assembled, and
secured with bolts, joints created by flanges are invaluable for oil and gas transportation.
The system offers a wide range of flange designs, including "threaded," "socket-weld,"
"slip-on," "lap joint," "weld neck," "blind," and also "specialty." This variety ensures the
system’s adaptability to various applications. Consideration is also given to the
characteristics of the face types, such as Flat Face, Raised Face, and Ring-Type Joint, to
mention a few (The Piping Engineering resource, 2024; Texas Flange, 2024). Due to the
intricacies of these designs, cutting and machining them to suit the specified valve sizes
results in a large amount of waste. When steel plate cutting operations are performed
using multiple tools and cutting patterns, a combination of cutting patterns can be
employed to shape the flanges to different dimensions to meet various sizes of valves
available in the market and to ensure they connect correctly to the pipes. Because of the
variety of cutting patterns that one can develop for the different flange sizes, it is

necessary to minimize waste by optimizing the cutting process.

The research develops a linear and integer linear programmable model to
optimize the cutting operation when producing different flange sizes. The study identifies

the cutting patterns one can use and determines the amount of steel waste generated from

Vi



feasible cutting operations. The rectangular strategy is currently used to lay out the
cutting patterns to minimize raw material waste. Waste generated when this approach is
used is compared to waste generated when an optimized model is applied. For the given
quantity of flanges produced monthly, the optimized model minimizes steel waste, the
number of raw materials used, and the time taken to complete the cutting operation,

thereby providing direct savings for the industry.
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Chapter 1—Introduction

1.1 Background

Linear, integer and nonlinear programming, a mathematical technique, has been
widely adopted in various engineering fields. It is particularly effective in solving
problems where an objective function needs to be either maximized or minimized within
the constraints of available resources. In the face of resource scarcity, the cost of raw
materials is relentlessly rising. This has made cost reduction the central theme in
industries that heavily rely on steel plates. “Cutting” is a series of processes that bring the
workpiece or raw material to a specified geometry by eliminating excess material. This
operation employs a variety of tools, resulting in a finished part that meets the required
specifications. The outcome of cutting is twofold: the waste or excess material and the
finished part (Dassault Systémes, 2024). When it comes to an operator’s primary
consciousness, numerous ways of cutting reduce the use rate of material and its
inventories. One such method is reusing the pieces for other orders, which helps to avoid
the remaining scraps or leftovers during production. However, this approach is not
always feasible, especially with orders that involve unique steel materials, plates, and
sizes, which can produce many scraps that are not suitable for other orders' needs. The
issue is further compounded by steel quickly becoming rusty, turning these scraps into
waste. This is a significant problem for flange manufacturing, where the scraps do not
contribute to the company’s business volume due to constant changes in demand.
However, implementing the proposed strategies can overcome these challenges and

significantly reduce waste. Even if we could reuse the scraps, the fluctuating demand for



different flange sizes and types makes it challenging to do so. Most waste in flange
manufacturing results from steel-cutting operations involving flanges of various

dimensions.

This research introduces a new approach to flange manufacturing, focusing on the
cutting process of different flange sizes from the same material, given all the possible
cutting patterns that could be generated or used. The possible cutting patterns are further
reduced to ensure the cutting stock model is created from feasible cutting patterns that

optimize the process and minimize steel waste.

This research introduces a new approach to flange manufacturing, focusing on the
cutting process of different flange sizes from the same material, given all the possible
cutting patterns that could be generated or used. The possible cutting patterns are further
reduced to ensure the cutting stock model is created from feasible cutting patterns that

optimize the process and minimize steel waste.

1.2 Research Motivation

The need to extend beyond current cutting methods becomes clear as industries
work towards bridging the gap between human intuition and real-world applications of
cutting steel plates for manufacturing parts. This research is driven by the potential to
address the critical challenges of steel waste and the goal of optimizing the cutting
process, thereby providing substantial monetary savings. The promise of this study lies in
the potential to revolutionize the manufacturing of different flange sizes during the

cutting process, offering a more efficient and cost-effective approach. As such, the role of

2



managers and companies is crucial in putting raw materials to good use during

manufacturing, reducing steel waste to the barest minimum.

1.3 Problem Statement

Cutting steel plates for flange manufacturing generates steel waste, which

increases the cost of production and the product.

A primary objective of manufacturing management is maximizing the
performance of tools and machines by optimizing management actions and using raw
materials effectively. This research proposes an optimization model to minimize waste in

cutting steel plates for flange manufacturing.

1.4 Thesis Statement

An optimization model is required to minimize waste in cutting steel plates for

manufacturing different flange sizes.

The number of steel plates (raw materials) and flange sizes are essential to
analyze waste generation during flange-cutting operations because they greatly influence
the cutting patterns to meet the demand for items. Since the current approach for nesting
relies on the rectangular strategy when the flanges to cut or manufacture are of various
sizes, more steel waste is generated than flanges of the same size. Therefore, using the
rectangular strategy as the only strategy for developing the possible cutting patterns is
inadequate for waste minimization. This research will seek to use other rules or strategies
for laying out the cutting patterns to ensure that the percentage of waste reduced is

3



significant with an optimized model. Due to differences in cutting dimensions, alternative

cutting combinations, and changes in item demand, the optimization model developed in

the research will leverage the feasible cutting patterns identified as variables to minimize

steel waste.

1.5

1.6

Research Objectives

The objective of this research is in three folds:

Analyze the cutting operation for flanges and determine all possible cutting
patterns that result in feasible cuts using nesting strategies such as rectangular and
T-pattern rules, etc.

Identify cutting patterns that lead to acceptable waste by inputting a constraint
parameter, a limit the cutting pattern must satisfy, based on the cutting pattern
containing the maximum quantity of the largest flange sizes nested or to be cut
from the raw material without other flange sizes.

Optimize steel cutting operation for manufacturing different flange sizes to reduce

waste by applying linear and integer linear programming techniques.

Research Questions and Hypotheses

The following research questions and hypotheses are developed to ascertain if the

proposed optimization approach minimizes steel waste for flange manufacturing:



RQ1: Does the current (rectangular) strategy used to determine the feasible
cutting patterns in cutting steel plates for manufacturing different sizes of valve
flange effectively utilize the raw materials?

RQ2: What approach can be used to determine the feasible cutting patterns that
result in acceptable steel waste in cutting steel plates for manufacturing different
sizes of valve flange?

RQ3: Can an optimization model be developed to minimize steel waste among
the multiple cutting patterns used in cutting steel plates for manufacturing
different sizes of valve flange?

H1: The rectangular strategy used to determine the feasible cutting patterns in
cutting steel plates for manufacturing different sizes of valve flange does not
effectively utilize the raw materials.

H2: Nesting strategies and material utilization can be used to determine the
feasible cutting patterns, which results in acceptable steel waste in cutting steel
plates for manufacturing different sizes of valve flange.

H3: An optimization model can be developed to minimize steel waste by using
feasible cutting patterns obtained from the multiple cutting patterns generated in

cutting steel plates for manufacturing different sizes of valve flange.

1.7 Scope of Research

As presented in this paper, the scope is based on flanges manufactured for two
and three Full Bore and two Reduced Bore ASME/ANSI Class valve sizes used in the oil
and gas industry. The flange sizes' dimensions and the raw material's length and width

(steel plate) serve as input variables to the developed model. Additionally, the principal

5



methodologies used herein were linear and integer linear programming employed to be
solved using optimization algorithms. The model developed from the research study can
be used for any flange design if the dimensions are specified and the cutting operation is

for manufacturing different flange sizes.

1.8 Research Limitations

The optimization process, unfortunately, did not consider the waste from the hole
drilling operation (bolt hole). This waste, often inevitable, was not factored in for
reduction. For instance, an error in drilling the hole can render the concentric cut section
of the steel plate unsuitable for flange manufacturing. This significant oversight
highlights the need for additional research and model expansion, particularly if we
include historical cost information and market trends. These factors could play a crucial

role in optimization efforts. This research study has the essential limitations given below:

1.8.1 Limitation of Dataset Due to Changes to Standards (ASME B16)

While there are standards that guide the design and manufacture of valves, it is
crucial to note that not all valve sizes are included in the ASME handbook. Valves are
designed following the vendor's standard as approved by the company. This may provide
valuable insights regarding the project outcome when the cutting process is optimized.
However, it is important to be cautious as the accuracy of the flange data in the brochure
may be prone to errors due to revisions of standards or entry errors. These limitations or
updates, not shown in the company brochure, highlight the need for caution when using

the data for future research.



1.8.2 Limitation Due to Raw Material Size

The raw material size is limited to the size or shape of the cutting table (Plasma
table) used for the cutting operation. However, the plasma table's adaptability, available
in various sizes, allows the flange manufacturer to choose the raw material size that
matches the table or smaller ones. Moreover, the algorithms for laying out the cutting
patterns are flexible, allowing manufacturers to set up specific raw material sizes for the

cutting operation, giving them a sense of control.

1.8.3 Cutting Machine Limitation

Plasma cutting, a widely used method, is particularly suited to heavy materials.
However, its effectiveness is limited by the variety of types available in the market,
which can only cut materials up to a certain thickness. For instance, a manual plasma arc-
cutting machine can cut non-ferrous metals up to 25mm thick and carbon steel up to
12.5mm thick. When selecting the appropriate flange to manufacture, it is crucial to
consider factors such as uses, types, and dimensions, as the cutting machines are
restricted to specific material thicknesses during cutting operations. This limitation
necessitates a careful approach to flange manufacturing, as not all flanges can be

produced using cutting operations.

1.9 Organization of Praxis

This Praxis is organized into five chapters. The first chapter is this introduction.
The second chapter is a literature review of topics related to the cutting operations of

steel rods, steel plates, or any material used for manufacturing. The third chapter covers



the methodology behind the optimization model- cutting procedure, linear programming,
and integer linear programming. The fourth chapter investigates the results of the
optimization covered in the third chapter, and the fifth investigates the conclusions drawn
from the optimization results, the contributions to the body of knowledge, and the

potential for future research on the topic



Chapter 2—Literature Review

2.1 Introduction

In 1960, Kantorovich first introduced the cutting stock problem. Seeing
applications in many industries such as sheet metal(metallurgy), paper, glass, plastics,
textile, and wood, cutting stock problems are based on cutting standard-sized or unlimited
large pieces of material into smaller pieces or pieces of specified sizes while minimizing
material wasted, maximizing the profit, minimizing cost, minimizing the number of items
used, etc (Tanir et al., 2019). Gilmore and Gomory later brought a new perspective on it
in the years 1961 and 1963 by solving a dimensional cutting stock problem described in a
pattern generation technique using a linear programming method to minimize trim loss.
Over the years, one-dimensional and two-dimensional cutting stock problems, such as
single & multiple stock lengths, have been found in many areas due to the increasing use
of cutting operations for production/manufacturing in many real-world industries. Many
studies or research on cutting stock problems aim to minimize waste during cutting
operations. Some common methodologies used to address this problem include linear
programming, Integer programming, Genetic algorithms, and heuristics, to mention a
few. Historical data on the use of various methods to solve cutting operation issues will
be reviewed. Each study helps to better understand how to view the various issues
associated with one-dimensional, two-dimensional, or three-dimensional cutting stock
problems and improve the cutting process of the system concerned in the case of material
waste, time-wasting, or schedule delay, which can increase a company's profitability. The

cutting stock problems and types are shown in Figure 2.1.
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Figure 2.1 Overview of Cutting Stock Problem (Tandabani et al., 2016)

Three approaches are used to solve the Cutting Stock Problem: Heuristic, exact, and

metaheuristic (Tandabani et al., 2016). The Heuristic approach, as defined by the

Merriam-Webster dictionary, is a study that aids learning, discovery, or problem-solving

through trial-and-error methods (Merriam-Webster, 2024). This approach, derived from

previous experience with similar problems, is flexible and highly practical. It produces

quality solutions that adhere to the specific constraints of the problems it handles, making

it a highly relevant tool in real-world scenarios.

Exact algorithms are primarily used for linear programming and branch and bound

techniques. In contrast, metaheuristics are higher-level heuristics. The algorithms of these

heuristics are specifically designed to obtain reasonable solutions efficiently or
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sufficiently near-optimal solutions for different types of cutting patterns, even in high-
dimensional problems. As Tandabani et al. (2016) state, meta-heuristic algorithms are
easily adapted to such problems, reaching near-optimal solutions in a minimum

computational time, which instills confidence in their efficiency.

2.2 Approaches for Solving Cutting Stock Problem:

Based on linear programming models, the typical approach for solving the
standard cutting problems with one or two dimensions that have been proposed can be
divided into three categories (Gbemileke and Oluleye, 2016).

a) The Assignment Formulations
b) The Pattern-Oriented Formulations

c) Arc Flow Models

2.2.1 The Assignment Formulations

Kantorovich proposed the first integer linear programming formulation based on

the assignment of variables as follows.

n

Minimize z X; (2.1)

j=1

Subject to:
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n
Zyj >bi=1,..,m 2.2)

j=1
m
ZW"YU SWx j=1...n 2.3)
i=1
x; €{0,1}, j=1,....,n 2.4
yij = 0 and integer, i =1,..,m; j=1,..,n (2.5)

Where: Binary and general integer variables are contained in the model above, with x;
been the choice of the plate j, Y;; is the number of items of size w; assigned to plate or
roll j and W;is the capacity of the bin i .” Equation(2.3 is the knapsack constraints, one
for each plate or roll, while the Equation(2.2 is “the demand (b;) constraints present as
the constraints linking the model.” Where n is a known upper bound on the number of
plates needed, x; = 1, if the plate or roll k is used, and 0 otherwise, and variable Y;; is
the number of times the item i is cut into rectangular plates or roll j. “From the optimum
of its LP relaxation, the optimum of its lower bound can be obtained resulting from
substituting the two last constraints for 0 <x; <1 and Y;; > 0.” However, this model
produces poor lower bound with large waste despite its potential, highlighting the urgent

need to improve the linear programming approach (Gbemileke and Oluleye, 2016).
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2.2.2 The Pattern-Oriented Formulations

In 1961, Gilmore and Gomory formulated the cutting stock problem as an integer
linear programming problem. The assignment formulation of Kantorovich is the basis on
which the pattern-oriented model of Gilmore and Gomory is formulated. The model of

the cutting stock problem can be represented as follows:

n
Minimize Z Y; (2.6)
J=1
Subject to
n
ZainZbi,i= yee, M (27)
j=1
m
Z a;l; <L 2.8)
i=1
a;j = 0 and integer (2.9)
Y; = 0 and integer, j=1,..,n (2.10)
Where,

The length of the objects in stock is L; For 2- dimensional shape, it will be the length, L

multiply by the width, W i.e L*W which is the area.
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[;1s the length of the items, i = 1, 2, ..., m; For a 2-dimensional shape, the length is
changed to the area (Length*Width).

b; represents the demand of the item i, i =1, 2, ..., m;

Aj = (ayj, ..., aj, ...,amj)T be a cutting pattern, i = 1, 2, ..., n, where a;; is the number
of items i in the pattern.

Y; be the frequency at which the pattern j is cut.

The model requires that many patterns be generated in practical problems, which could
be cumbersome. For items or shapes with different dimensions, the number of possible

patterns increases, which increases demand (Gbemileke and Oluleye, 2016).

2.2.3 The Arc Flow Models

Flow variables are used for arc flow formulations. G =(V, A) is assumed to
represent the path of an acyclic-directed graph, which corresponds to the cutting pattern.
Here, V= {0, 1, 2..., W} represents the given vertices, where the size of the object in
stock is W. A = {(a, b): 0 <a <b < W} and b—a=w;, Vi=1, ..., m} represents set of arcs.

In 1999, Carvalho modeled the one-dimensional cutting stock problem as a minimum
flow problem, where variables:

Z corresponds to the total flow and can be seen as flow in the feedback arc from vertex W
to vertex 0. Yab, the flow in the arc (a, b) is a practical variable in the graph. It represents
the number of items of width b-a placed at a distance of a unit from the beginning of a
given stock sheet, providing a tangible solution to the cutting stock problem. b, is the

demand of itemd, d =1, 2, .......,m.
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min Z (2.11)

Subject to:

Yap — Z Ype= -z if b=0 (2.12)

(a,b)€A (b,c)EA
Y, — Z Ype=0ifb=12..,W-1 (2.13)

(a,b)€A (b,c)EA

Yap — Z Ype=2z if b=W (2.14)

(a,b)EA (b,c)EA
Yecrwy = bg VE(1,..,m} (2.15)

(c,c+wg)eA

Y., = 0and integer, V(a,b) € A (2.16)

Equation (2.12 focuses on flow conservation, and Equation (2.13 ensures that demand is
fulfilled (R. Macedo et al., 2010). Macedo et al. (2010) extended this formulation for the
two-stage, two-dimensional cutting stock problem with the guillotine constraint. They
categorized the problem into two variants: In the first stage, they considered that the
stock sheets are cut into horizontal strips. The horizontal strips from the first stage are cut
into the demanded items in the second stage. The two-dimensional problems are solved
as a set of two one-dimensional problems, wherein in the first stage, only the need of the

item and the stock sheet heights are considered by cutting the trips out. In the second
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stage, the item and stock sheet widths are considered. The strips generated in the second

stage are cut into the demanded items (with vertical cuts).
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Figure 2.2 Graph G of the arc-flow model (Example 2.2.3).

Let Hx = { h], ..., hy,;, } represent the set of m; different heights ordered by their
increasing values, “a graph GO = (V°, 4°), with 1° = {0,1,..., H} and A0 = {(a, b) : 0 <a<b
<H and b — a =h;, Vi € {1, ...ms}}, for the first stage, and a set of graphs G* = (V*, 4%),
with V¥ = {0,1,..., W} and 4°= {(d, e) : 0 <d<e<Wande—d=wi, Vi€ {1, ...,m} : h; <
hg}, for each of the my, sets of patterns of the second stage”. “Every set 4°, Vs € {0, 1,...,
mp}, include unit arcs that represent waste, which are strips of waste of width  when s =

0, and waste within the strip when s>0" (R. Macedo et al., 2010).

min Z° (2.17)
Subject to:
Yoo — Z Y= —2z° if b=0 (2.18)
(a,b)eA (b,c)EA

16



Yo, — Z Yo% =0 ifb=12,..,H—1 (2.19)

Z You — Z Yo =2° ifb=H (2.20)
(a,b)eA (b,c)€EA
Yocjc+h;f - Zs = 0 VE {1, ...,mh} (2.21)

(c,c+hg)eA”

Y 4ent — Z Y = —2° if e=0

(d,e)eAs (e.f)eAs (2.22)
h*en* h*eH*
Viaow = ) View =0if e =12,.W = LVE (1,...,my)
(d,e)eas (e,f)eAs
h*eH* h*eH*
Yo qen — z Yéerpe = 2° if e=W,
(d.e)eAs (e.f)EAS (2.24)
h*eH* h*eH*
mp
Yo iwin, 2 bi VEL{L, ..., m} (2.25)
s=1(f,f+w;)EAS
Y9 > 0andinteger, V(ab)€ A° (2.26)
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Yi.n, = 0andinteger, V(d,e)€ A5 Ve{l,..,my}, (2.27)

Vh* € H* (2.28)
Where:
“z0 denotes the number of stock sheets used.”

“Z’, Vs € {l1,...,ms}, indicate the number of strips of height /s cut in the first stage.”

“y9 stand for the flow in an arc (a, b), on graph G

“y21n+ stand for the flow in arc (¢, d) € G akin to items of width (d — ¢) and height h* €
H* >

The third index h* differentiates items with the same width but different heights within
the same graph G*. Equation(2.21 make the connection between the two stages of the
problem: the number of strips of height h; , “Vi € {1, ...,m;}, cut in the first stage from
the stock sheet must be equal to the number of strips of height h; cut in the second stage
into the demanded items”. Equation(2.18(2.19(2.20 and(2.22 ““are related with
conservation of flow in the first and second stages, respectively,” and Equation (2.23
“ensure that all the demands are fulfilled.” (R. Macedo et al., 2010)

In the literature review, weaknesses or limitations of existing models will be
explored, and a model will be presented as a solution to minimize problems in cutting
steel plates for manufacturing different sizes of flanges. The various areas of waste
minimization or cost savings in cutting stock problems where optimization has been used

extensively will be discussed.
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2.3 One-Dimensional Cutting Stock Problem

Linear and nonlinear programming, familiar concepts in engineering and
optimization, have long been studied by professionals in engineering, operation research,
and related fields. A key focus has been minimizing waste in cutting operations, a
common challenge in these fields.

Because of the variables involved, Gilmore and Gomory developed a technique
that overcomes the difficulty of formulating linear programming problems. These
variables are significant(large) in number and could pose a problem in optimization.
Their understanding of the problem involving cutting stock is that satisfying an order at
the lowest cost from a given stock length for several designated material lengths to be cut
is an issue. For easy computation, the technique always allows using a matrix with
columns and rows equally represented (Gilmore &Gomory, 1961). They investigated
cutting stock problems of higher dimensional, precisely the multi-stage problem of two or
more dimensions. Because knapsack problems are a class of problems in combinatorial
optimization that do not have a method to solve problems with higher dimensions, one
cannot address the number of columns due to additional conditions that affect the
solution (Gilmore & Gomory, 1965).

Harald Dyckhoff compared Gilmore and Gomory's model with another model that
was distinguished by effectively and dynamically using patterns arranged in a distinct
order. His approach, which is advantageous for practical applications, is remarkably
adaptable. It allows cuts combined differently with complexity to be represented for
many different stock lengths, addressing a fundamental problem that could arise in future

planning when unexpected demands occur (Dyckhoff, 1981).
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Savsar developed a model for optimization using linear programming to minimize
waste generated when producing steel frames for making tables for schools. The waste,
stemming from the need to cut different lengths for table manufacturing, was
dramatically reduced from 7.1% to an impressive 1.79% using this model. This
substantial reduction underscores the model's effectiveness, leaving no doubt about its
potential to revolutionize manufacturing processes (Savar, 2021).

Cui et al. took on the challenge of strip reduction of large quantities in a cutting
scheme or plan with a fresh and innovative approach. They formulated a cutting stock
problem of linear programming with an integer and used a column generation method to
generate a cutting pattern. Their approach, which incorporated a unique feature into the
cutting patterns, successfully addressed this problem (Cui et al., 2010).

In their work, Jablonsky and Marek (2018) not only formulated the standard
integer linear programming cutting stock problem but also proposed a practical system
that supports decision-making for processing beams in company stocks. This system was
successfully implemented in a big company that distributed iron products in Czechia,
showcasing the real-world applications of mathematical optimization models (Jablonsky
& Marek, 2018).

Morillo-Torres et al. proposed a model to address a one-dimensional problem.
This model, linear programming of mixed integer (MILP), is specifically designed to
tackle the cutting stock problem in the steel production industry. The model demonstrates
its practical implications by focusing on reducing waste in cutting steel bars and
considering the prospect of using constraints for the inventory and the leftovers. The

study's findings, which showed no meaningful difference when the model was used with
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constraints and when the model was used without constraints for the inventory,
underscore the relevance and applicability of mathematical optimization in waste
reduction, particularly in the steel industrial sector (Morillo-Torres et al., 2021).

A nonlinear model was linearized in the Tugba Sarac et al. study to remove
roadblocks. This process involved transforming the nonlinear equations into a set of
linear equations, making the model easier to solve. The study develops an integrated
mathematical model that derives cutting plans for a 1.5-dimensional cutting problem with
limited part type and strip number. The linear model ensures that the issue can be solved
within a practicable time to a specific dimension and solve the problem (Tugba Sarac et
al., 2020).

Eldein and Sobhi’s research showcased the effectiveness and cost-efficiency of
linear programming as a tool to reduce waste in production lines. Implementing the
“single minute exchange of die methodology” (SMED) in their approach reduced the
transition time between production processes, offering a promising avenue for cost
reduction in the industry (Eldein & Sobhi, 2019).

Gbemileke and Oluleye developed a model for stocks being cut, specifically a
linear model, and an algorithm for generating patterns to solve the cutting stock issue of
one dimension. The model application, named GB cutting stock program, for the 1D
problem not only improves production efficiency by removing calculation errors and
minimizing waste(offcuts) and stock used but also significantly reduces operator error,
ensuring the reliability of the model (Gbemileke & Oluleye, 2016).

Klosowski et al. introduced an innovative approach to waste optimization in

furniture production, accepting a controlled increase in the work-in-process stock limit.
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Their simulation approach, which considered a limit of rejects and employed integer
linear programming, was a novel solution. With the system that supports decision-making
as a key component, a mathematical model of the system was developed for multicriteria
optimization. The primary goal of the optimization was to minimize waste generated
during the cutting operation, which includes items with defects removed from the
production floor, and to reduce the stock of partially finished products generated when
the furniture boards are cut (Klosowski et al., 2018).

Khan et al. developed a linear programming model to minimize trim loss within
specified constraints. They used simplex algorithms to solve a problem in the industry.
Their work on how items produced are planned at a paper mill and how reel-cutting
operations are optimized at the same mill demonstrates the practicality of these solutions
in real-life scenarios (khan et al., 2020)

Scheithauer et al. developed an approach that combines a procedure using a
Cutting Plane with a method where a column is generated to solve a cutting stock
problem with one dimension in the form of a linear programming problem with an integer
(Scheithauer et al., 2001).

Guimaraes and Poldi's work on the 'cutting stock with limited open stacks
problem' (CS-LOSP) for any dimension is not just theoretical. They developed two linear
programming models containing integers with practical implications for the 'cutting stock
with limited open stacks problem.” They also formulate cutting patterns that follow a
specific order, making them applicable in real-world scenarios. The problem they have
developed to be optimized combines the traditional cutting stock problem with the extra

limitation of the upper limit of the open stacks of the cutting patterns. This limit is set to

22



be the same or below the maximum gotten from the problem solution, adjusted in
advance (Guimaraes & Poldi., 2023).

Shukun et al. developed optimizing tactics for a one-dimensional stock
arrangement to optimize the cutting process. They used automatic nesting software to
optimize the layout so that the waste in production is minimal and significant costs are
saved. The layout optimization is based on the analysis of mathematical models and
linear programming techniques (Shukun et al., 2008).

Jahromi et al. conducted a novel study comparing the performance of Simulated
Annealing (SA) and Tabu Search (TS)- two known metaheuristics for solving a typical
Cutting Stock Problem of one dimension, a large-sized and complex problem. Their
research showed that SA, when applied to the Mixed-Integer Linear Programming
(MILP) model, outperforms TS in achieving less trim loss and fewer stocks or stocks to
the barest minimum (Jahromi et al., 2012).

Gradisar and Tirkman's approach to solving the one-dimensional (1D) cutting
stock problem is theoretically sound and highly practical. By merging branch-and-bound
and sequential heuristic procedures (SHP), they developed algorithms that lead to close-
optimal solutions despite a slightly increased time complexity, which provide solutions
superior to those of other popular methods. This practicality is a key advantage of their
approach (Gradisar & Tirkman, 2005).

Shen and Zhang proposed a new hybrid Linear Programming/Genetic Algorithm
to improve Genetic Algorithm performance and solve the cutting stock problem. Hybrid
algorithms complement each other to effectively solve complex industrial problems

(Shen & Zhang, 2010).
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Poldi and Arenales tackled the practical one-dimensional cutting stock problem
with integers in their paper. This problem arises from the need to cut stock lengths in
inventory into smaller items that can be ordered. Their proposed heuristic method, which
yields integer solutions, was compared with other methods, providing valuable insights
for practical applications (Poldi & Arenales, 2009).

Salem et al. took a novel approach to address the cutting stock problem,
employing Integer programming (IP), Linear programming (LP), and Genetic Algorithm
(GA) models. The authors then tested these models in case studies, which were precisely
three, obtained in the practical workshop for a real scenario where steel is used. The
result was a significant reduction in waste of reinforced steel bars during the cutting
operation, a finding that holds promise due to its novelty and potential impact on cutting
schedules and workshop operations (Salem et al., 2007).

Y. -H. Chen et al. developed a GA (Genetic Algorithm) with significant practical
implications for addressing the 1D cutting stock problem with different Stock Lengths.
The algorithm's primary function is to convert what is used to indicate the raw material
(Stock) from which pieces demanded are cut. They also devised a process to initialize the
Chromosome by merging a scheme- heuristic and random to generate feasible solutions.
However, it is essential to note that an impracticable solution may appear or be produce
when the crossover operation is applied on one hand and the other when the mutation is
applied. To ensure the algorithm's practicality, a process to mend the operation was
presented to provide a great chance of generating and using offspring (Y. -H. Chen et al.,

2019).
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Zhao and Zhan proposed an online layout procedure (called an algorithm) for 1D
cutting stock problems. They developed two methods: In the first, the operation online is
subject to a technique that controls the quality based on specification limits as against
control limits and continually transfers the measurable factors into the second procedure;
the following phase is the procedure of optimization done continuously that involved the
use of the "Partheno-genetic algorithm", a highly effective tool. The optimal solution was
obtained through several strategies to reduce convergence speed, like a method for
purifying encoding, a strategy to bear mutation, and an efficient function evaluation
(Zhao & Zhan, 20006).

Liu et al. applied a Genetic Algorithm to solve a multi-objective nonlinear
programming model with integer for optimization, specifically devised to create a
program that embodies the cutting operation for minimizing waste during cutting and the
wooden pieces quantity(sticks). The authors discussed and analyzed this approach and its
significant practical implications. They highlighted the real-world applications of their
work, particularly in the context of “separable linear guideway-cutting” problems in an

environment where production occurs (Liu et al., 2017).

2.4 Two-Dimensional Cutting Problems

Mohamed Fathy et al. proposed a novel procedure called algorithms for solving
mathematical problems that can handle uneven and defective raw materials. Their study
analyzed a 2D CSP and presented a novel procedure for solving mathematical problems
to minimize waste and tackle irregular stock sheet issues." The algorithm utilizes Linear

programming (LP) and image processing, evolutionary programming (EP) to form a

25



practical solution." Image processing involves the "Detection & Isolation of sheets'

defects and conversion of irregular sheets to regular" (M. Fathy, 2015).

In Hifi paper, exact algorithms, based on branch and bound or general search
procedures, solved strip cutting/packing problems. The strip cutting/packing problem is a
cutting problem where a large strip of fixed width and unlimited length is cut into smaller
pieces of subrectangles "without violating the demand values imposed on each
subrectangle. Hifi reduced the problem to two-dimensional constrained cutting stock
problems for simplicity and proper setup of the problem series using the first algorithm.
This first algorithm is a version of a recent MVB developed by Hifi. The second
approach to solving this problem is using the second algorithm, which considers a large
stock rectangle constructed using a heuristic algorithm to limit the initial strip's length.
Then, the MVB algorithm was applied using the best-first search strategy. The proposed
exact algorithms' results show that they solve the instances within reasonable execution

times (Hifi, 1998).

Using a constructive procedure-based heuristic and a genetic algorithm-based
heuristic, Hifi and M'Hallah effectively solved a constrained circular problem. The two-
dimensional problem involves cutting many circular pieces of different dimensions, using
their radii from a rectangular plate to meet the specific demand of the piece type. The
algorithms or approaches search for a suitable ordering of the pieces and introduce a new
constructive approach to find the best layout of this ordered set. They compared the
performance of both proposed approaches to existing approximate and exact algorithms

on several problem instances taken from the literature. The computational results were
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impressive, showing that the proposed approaches consistently produce high-quality

solutions within reasonable computational times (Hifi & M'Hallah, 2004).

In a separate paper, Hifi and Saadi addressed the two-dimensional cutting stock
problem by leveraging two key features: a collaborative search strategy and a fast-filling
procedure. They partitioned the two-dimensional problem into horizontal strips or shelves
from the initial stock. Each generated horizontal strip was then individually considered
and chopped across its width. Then, a cooperative algorithm that uses the global beam-
search method and filling strip generation procedure was applied to try to compensate for

the restriction imposed on the search (Hifi & Saadi, 2006).

The study by Martin et al. delved into cutting a set of rectangular item types with
a pre-determined length, width, and demand out of a minimum number of large
rectangular objects. This two-dimensional guillotine cutting stock problem was
particularly challenging due to its three integrated problems (IP) variants, which
integrated the decisions. The first variant dealt with non-exact 2-stage patterns, the
second had exact 2-stage patterns that considered only homogeneous strips, and the third
had 3-stage patterns. These integrated problems were addressed through an integer linear
programming (ILP) formulation for each variant, based on modeling strategies for the
two-dimensional guillotine cutting stock problem and the minimization of the open stacks
problem. Computational experiments were then conducted using a general-purpose ILP
solver to evaluate these approaches with benchmark instances, revealing that several
equivalent solutions to the cutting problem allow for satisfactory solutions with fewer

open stacks (Martin et al., 2023).
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Furini and Malaguti considered a Two-Dimensional Cutting Stock Problem
(2DCSP) where the stock of different sizes is available, and they obtained a set of
rectangular items through two-stage guillotine cuts. They developed three Mixed-Integer
Programming models for the 2DCSP from the literature. The three different formulations
are for the case of varying stock sizes. "The first one is an extension of the Bin Packing
model by Lodi et al. (2004)". "The second one is proposed by Silva et al. (2010), and
they studied the performance of multiple stock sizes". The "third one is the adaptation of
the exponential-size formulation proposed by Gilmore and Gomory for cutting stock
problems to the case of multiple stock sizes." Two models were solved using a general-
purpose MIP solver. The third model has exponential variables and was solved using

branch-and-price techniques (Furini & Malaguti, 2013).

S. Abou Msabah et al. combined a placement heuristic named BLF2G (BLF-
Bottom Left Fill) with an improved genetic algorithm for the orthogonal cutting stock
problem to minimize the use of raw materials. The proposed guillotine routine considers
several parameters as constraints, such as the shape of the processed object, while the
genetic algorithm, improved with greedy heuristics, considers the way objects are sorted
according to the decreasing height and decreasing height plus Optimization width (Abou

Msabah et al., 2011).

Dawei et al. proposed a rectangle knapsack column generation algorithm based on
analyzing the guillotine rectangle cutting stock problem and comparing it with the one-
dimensional one. They developed Integer linear programming for rectangle cutting with

guillotine constraints to minimize the total amount of sheets under the constraints. The
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algorithm successfully solved many cutting schemata for the optimization problem

(Dawei et al., 2011).

Kyungdoc et al. developed a highly efficient solution for a two-stage, two-
dimensional CSP in the paper mill industry, considering machinery and operational
constraints from real-world situations. Their mixed integer linear programming model
effectively stated the problem and evaluated the efficiency of the proposed multiple-
choice knapsack-based heuristic algorithm (MCKH). Compared to other heuristic
algorithms, specifically the CPLEX solver, MCKH generated effective solutions within a
short period and outperformed the existing system by 10% to 20% (Kyungdoc et al.,

2014).

Quilian Chen et al. presented a sequential value correction heuristic to address the
two-dimensional cutting stock problem with three-staged homogenous patterns,
considering both simplicity and input-minimization of the cutting process. They used a
recursive technique to generate the pattern sequentially for the two-dimensional cutting
stock problem. They solved each pattern generated as a sub-problem, named the single
large object placement problem. To maximize the pattern value, the value of the item
types is corrected through the different cutting plans generated, and they compared the
result of the proposed heuristics with published algorithms and business software
packages. Sequential value correction heuristic with a three-staged homogenous pattern
shown to be more effective in input minimization. As such it is useful to guide practical

applications (Quilian Chen etal., 2016).

Octarina etal extended the application of Gilmore and Gomory models on two-

dimensional multiple stock size cutting stock problem (MSS2DCSP). Their research
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implemented the pattern generation algorithm to generate Gilmore and Gomory models
on every variation of material size. Patterns generated are from length and width; the first
stage is for the length, and the second or follow-on stage is for the width. The Integer
linear models developed for the two-dimensional multiple stock size cutting stock
problem were solved using Branch and Bound, and the result shows that a minimum

number of stocks was used to fulfill the demands (Octarina et al., 2015).

In Aryanezhad et al. (2012) paper, the authors introduced a practical heuristic
method for solving a two-dimensional cutting stock problem. This method, which focuses
on rectangular items and stocks and guillotine cutting, was implemented using C++. It
provides a comprehensive report of all the functions, allowing the user to access all the
information related to the cutting. The study emphasized that the user can easily access
information such as item and stock dimensions, number of cuts, number of wastes, and
waste percentage. This simplicity and ease of use make the proposed approach highly

practical and applicable in various scenarios (Aryanezhad et al., 2012).

Afsharian et al. proposed an efficient heuristic dynamic programming-based
approach for solving a two-dimensional cutting stock problem with multiple defects. The
paper aims to maximize the total value of small pieces of rectangular items cut from a
large rectangular object that contains several defects. The method, which is not limited to
the guillotine-type cut and the number of stages necessary to perform all cuts,
demonstrated its efficiency through detailed numerical experiments. It efficiently solved
problems of small and medium sizes, outperforming existing methods that failed to
provide the correct optimal solution due to an insufficient definition of the discretization

sets (Afsharian et al., 2014).
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Cheng et al. focused on two-dimensional cutting stock problems (2D-CSP),
specifically steel plate cutting. They utilized the auto-tuning Symbiotic Organisms Search
algorithm (SOS) to conduct an optimization search regarding different placement
strategies. This approach solved the problem and established a residual material
optimization model. Compared to other heuristics algorithms, such as Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA), the SOS algorithm consistently
provides superior solutions to the two-dimensional cutting operation. Therefore, the
proposed model has theoretical value and practical application in the construction

industry, helping reduce material waste and budget costs (Cheng et al., 2021).

Dodge et al. emphasized the formidable nature of the two-dimensional cutting
stock problem, stating that it is an NP-hard problem, which becomes increasingly
unsolvable in polynomial time as the number of distinct pieces and the dimensions of the
main board increase. They tackled this challenge by developing a Mixed Integer Linear
Programming model and a polynomial time DNA computing algorithm based on the
sticker model to obtain the optimal solution. Their Groundbreaking work proved that the
time complexity of this algorithm on DNA computers is polynomial, a significant

achievement in the field (Dodge et al., 2021).

Wu and Yan developed a practical approach to the two-dimensional cutting stock
problem. They used cost-balanced utilization to obtain a cutting pattern considering stock
and setup costs. Their approach, which combines a sequential pattern generation
algorithm with rectangular homogenous strips (SPGARHSS), is designed to generate a
cutting plan for each single stock. Cost Balance Utilization helps achieve an optimal

cutting plan for the problem, minimizing the sum of stock and setup costs. Based on
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computational results, their approach demonstrates good optimization performance for

the two-dimensional rectangular guillotine cutting stock problem (Wu &Yan, 2018).

Wu and Yang proposed an efficient heuristic approach to the two-dimensional
rectangular cutting stock problem. Their approach combines two-staged general patterns
and three-staged homogenous patterns, selecting the pattern with the highest value using
the SHP algorithm. They then correct the value of each item according to the current
candidate pattern and generate a new cutting plan until all item demands are accurately
fulfilled using the sequential heuristic algorithm. The cutting plan with the minimum
number of used plates is the best for the current two-dimensional cutting stock problem,
considering the balance between material utilization and cutting complexity (Wu &

Yang, 2021).

Cui and Huang introduced a heuristic algorithm for constrained T-shape patterns
to maximize the pattern value of rectangular pieces. With its short computation time, this
algorithm is a valuable tool for combining the sequential heuristic procedure to solve the
two-dimensional cutting stock problem. Importantly, it significantly enhances material
utilization during the cutting operation. The computational results, which are a testament
to its impressive capabilities, demonstrated that the algorithm is fast and capable of
producing solutions that surpass those of the optimal two-staged patterns regarding
material utilization, thereby making a significant impact in the field (Cui & Huang,

2012).

Huang et al. proposed a global method for solving the two-dimensional cutting
stock problem, where a set of given rectangular items is cut from standard-sized

rectangular materials to minimize the number of materials used. They developed a
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logarithmic reformulation technique, which reduces the required binary variables of the
mixed integer programming model for the two-dimensional cutting stock. The
reformulated logarithmic technique in the deterministic method decreases the number of
binary variables to speed up the solving time and obtain the optimal solution (Huang et

al., 2020).

Clautiaux et al. proposed a highly effective approach, utilizing column-generation
diving heuristics to solve the pricing problem through dynamic programming (DP). This
DP generates cutting patterns that cannot participate in a feasible integer solution of the
two-dimensional guillotine cutting stock problem with leftovers or non-proper columns.
They demonstrated how to adapt the standard diving heuristic to this 'non-proper’ case,
maintaining its effectiveness. In the solution space of the dynamic program, they also
reduced the number of non-proper patterns using the partial enumeration technique. This
technique improves the quality of the solutions found by the diving heuristic and
strengthens the lower bounds obtained by column generation. The paper presents
computational results and comparisons using classical benchmarks from the literature and
new instances inspired by glass industry data, underlining the significant practical

implications of the proposed approach (Clautiaux et al., 2019).

MirHassani and Bashirzadeh used a Greedy randomized adaptive search
procedure (GRASP) meta-heuristic algorithm adapted to tackle two-dimensional irregular
cutting stock problems by providing high-quality solutions at an appropriate time. The
algorithm does not depend on the rectangular pieces’ shape (convexity and regularity). It
can deliver an optimum solution for instances of up to 30 pieces of 7 different types

(MirHassani & Bashirzadeh, 2015).
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Mostajabdaveh et al. developed a nonlinear integer programming model for
solving two-dimensional cutting stock. They included delivery dates, printing options,
and other characteristics of the cutting stock problem arising in modern printing
companies. The Nonlinear Integer Model (NIP) developed was compatible with specific
restricted GA (RGA) and an unrestricted GA (UGA) that could get a more cost-efficient
solution by removing the restriction on items' copies. Genetic Algorithms utilize a well-
designed heuristic algorithm to reduce the number of bins to help ensure that
convergence is attained faster to a local optimum. This heuristic complexity also ensures
that utilizing the GA production scheduling and pattern reduction is achieved

(Mostajabdaveh et al., 2022).

Lee et al. delved into the intricacies of two-dimensional cutting stock problems,
particularly bin packing problems with size-changeable items, in producing Wind turbine
flanges in the open and die forging industry. They tactfully employed guillotine cuts to
divide the raw material steel slabs with varying widths and lengths, ensuring they met the
volume requirements, including the cut loss. Their groundbreaking proposal of a
knapsack-based heuristic, a new approach to solving the nonlinear mixed integer
programming model developed for the two-dimensional cutting stock problem of wind
turbine flanges, yielded remarkable results. When implemented by a firm, the study
projected an estimated potential savings of two million dollars annually for raw materials,
a figure that underscores the significant financial benefits of the improved cut designs

(Lee et al., 2013).

Tarashima-Marin et al. used a method that combines the concepts of hyper-

heuristics and genetic algorithms for solving 2D- regular cutting stock problems. "The
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idea behind Hyper-heuristics is to find some combination of simple heuristics to solve a
wide range of problems.” The heuristic combinations solved many test instances
optimally, indicating that the heuristic combinations were efficiently identified

(Tarashima-Marin et al., 2005).

Arbel identified two approaches for minimizing waste in the cutting stock
problem of irregular shapes: better packing and better scheduling of cuts. Arbel was
concerned about the scheduling problem and applied large optimization methods to the
cutting stock problem, which involved deciding which "combination of parts to group on
cutting table so that the overall material needed by all cuts is minimized" (Arbel, 1993).

They also developed a set of pruning heuristics to limit the column generated (Arbel,

1993).

do Nascimento et al. presented a new mathematical model and a heuristic
procedure to solve the two-dimensional cutting stock problem with usable leftovers (2D-
CSPUL). The 2D-CSPUL, represented by a nonlinear mathematical model and its
linearization, aims to create cutting patterns and determine their respective frequencies at
the same time for multiple types of plates in stock (standard plates and leftovers),
allowing the generation of usable leftovers that can be cut in future cutting processes (do

Nascimento et al., 2021).

Andrade et al. proposed the development of two bi-level mathematical
programming models (Mixed Integer) to solve the cutting stock problem with usable
leftovers. With their practical application, these models represent the nonexact two-stage,
two-dimensional residual bin-packing problem. The process involves cutting/packing the

ordered items using a set of plates at a minimum cost. The models then select one that
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maximizes the value of the generated usable leftovers from all possible solutions of

minimum cost (Andrade et al., 2016).

2.4.1 Hybrid meta-heuristics

Ke-Jing He et al. developed a hybrid metaheuristic algorithm that integrates a
greedy algorithm with genetic algorithms to solve 1D and 2D multi-objective orthogonal
Single Stock Size Cutting Stock Problems (SSSCSP). The approach optimizes the whole
cutting plan at a time, then the greedy algorithm is applied, and GA is used to get one
cutting pattern at each step. The obtained optimal cutting pattern is reused as often as
possible (Ke-Jing He et al., 2009).

J. Q. Jiang et al. proposed a hybrid algorithm based on particle swarm
optimization (PSO) and a genetic algorithm that has been rigorously tested and proven
effective in addressing the two-dimensional non-guillotine cutting stock problem. The
algorithm demonstrates superior performance in searching for the global optimum, and
from extensive simulation, the probability of trapping in the local optimum is
significantly reduced, providing a reliable solution (J. Q. Jiang et al., 2004).

G. Dong et al. proposed an advanced hybrid genetic algorithm to effectively
address the cutting linear stock problem. This algorithm incorporates a heuristic search
method into the genetic algorithm search process, enhancing operational efficiency and
solution quality. The corresponding determination methods and algorithms for genetic
coding, fitness function, initial population generation, and genetic operator are also
provided, making this a comprehensive and practical solution (G. Dong et al., 2011).

Omar Ayadi et al. developed a hybrid heuristic based on combining the bottom

left and the shelf algorithms. They addressed two-dimensional guillotine cutting stock
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problems of different dimensions and quantities to satisfy customers' and forecasted
orders. Since the forecast plans are considered new constraints for waste reduction, both
constraint and unconstraint problems are considered (Omar Ayadi et al., 2009).

Mellouli et al. combined a genetic algorithm with a linear programming model to
minimize trim loss and the number of machine setups, as in traditional cutting stock
problems. In other words, the goal was to reduce the material waste and the setup number
for industrial applications with two-dimensional guillotine-oriented cutting-stock
problems. The approach generated an optimal Pareto in front of many interesting
solutions for the objectives (Mellouli et al., 2019)

Qi Yue and Lewen Gao analyzed and applied the Genetic Annealing Algorithm
to fiberboard furniture stock-cutting optimization. The procedures and methods are based
on temperature control of a simulated annealing algorithm enhanced by a standard
genetic annealing algorithm to solve the cutting stock problem of rectangular material.
The utilization ratio of raw material stock is more than 95% in all experiments when the

algorithm is used. (Qi Yue & Lewen Gao, 2009).

2.5 Summary and Conclusion

There have been diverse approaches to solving cutting stock problems, directly
affecting manufacturing and optimization. Several variables are involved, whether in one-
, two-, or three-dimensional cutting stock problems. Choosing the appropriate variables
and constraints for minimizing waste, maximizing raw material utilization, and all forms
of cost through optimization requires selecting suitable methods by reviewing and

studying the previous optimization approach to cutting stock problems. In this research,
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we focus on optimizing cutting operations for manufacturing different flange sizes, a
practical application that can significantly improve the efficiency of the production
process. We use the dimensions of flanges manufactured by OFAIS manufacturing
company as a case study. Various nesting strategies, such as rectangular, T pattern, and
others, will determine possible cutting patterns obtained from cutting steel plates. These
strategies involve arranging the shapes to be cut to minimize waste and maximize
material utilization. This possible cutting pattern, which results in feasible cuts, will show
waste from the cutting operation as measured by surface area in the research. The
research will present an approach that combines the traditional method with advanced
techniques to optimize the cutting stock problem for flange manufacturing. Due to
changes in demand for flanges of different sizes, one technique may only give a feasible
or integer solution for some cases. Therefore, using a combined method ensures that
such expected changes do not warrant modifying or developing a new approach. Like
other models, the proposed approach will create a linear and integer linear programming
model based on possible feasible cutting patterns, and the model will be solved

by linprog MATLAB code in a fraction of a second. The MATLAB intlinprog command
will solve the integer linear model of the same feasible cutting patterns to ensure that an

integer solution is always obtained regardless of the number of items demanded.

Table 2-1 showcases a side-by-side comparison of key results from selected
open papers. While linear and integer programming approaches are commonly used in
open papers, this research stands out for its potential to revolutionize the manufacturing
industry by applying this approach to different flange sizes, specifically to 2-dimensional

cutting stock problem. The merit of LP as demonstrated in Savar (2021) and Shen and
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Zhang (2010), is a significant aspect of this work, albeit with a different approach to

solving a one-dimensional cutting stock problem.
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Author Data and Concomitant information Methods Method Results
(Year) Characteristics
M. Savsar, Table steel structure (51 cm, 103 cm, 105 Linear All possible cutting LP model was not
2021. cm cuts). They are cut from steel rods of 600 programming patterns were restricted to integer
cm length. The manufactured table frame is identified so that values; the solution
constructed from 10 rectangular cross- the optimum could  resulted in integer
sectional straight hollow pieces. They are all be selected. The values and did not
welded to four round steel legs to form a general LP model require any
school table frame. was developed for ~ rounding. (It
the I-D cutting minimized the waste
stock problem, with by as much as 315 m
an objective of steel bars for each
function to batch of monthly
minimize waste. production, which
Excel Solver solved was directly reflected
the model. in savings.)
D. N. do The full description of all instances can be A non-linear  To represent the A possible solution
Nascimento et found at http:// data. mende ley. com/ datas ~ mathematical 2D-CSPUL, a is to use two cutting
al., 2022 ets/ ddc79 swng4/1. model and its nonlinear patterns that meet the
linearization = mathematical model demand and generate

and heuristic
procedure

and its linearization
are proposed. Due
to the complexity of
the model, a
heuristic procedure
was also proposed.

a waste of 31.32%. It
allows the
production of a
leftover with
appropriate
dimensions that
create a new
solution, which
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Author Data and Concomitant information Methods Method Results
(Year) Characteristics
reduces the waste to
10.26%
Chen et Cutting stock problem with multiple stock Nonlinear A genetic algorithm The percentage of
al.,2019 lengths. No specific industry was mentioned. model (GA), a directed wasted stock

random search
technique based on
natural genetics,
was used. Its three
core components
are mate selection,
crossover, and
mutation.

material is lower
than 3% until the
demand type

increases to 100.

Gradisar and
Tirkman

The solution to the G1D-CSP was tested by  linear
solving problems described in the literature.

(Data is from literature)

programming

combines two
existing methods:
sequential heuristic
procedure (SHP)
and branch-and-
bound

Total trim loss is
decreased by 31.4%
(from 3260 to 2236).
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Author Data and Concomitant information Methods Method Results
(Year) Characteristics
Shen and Data from literature was used to formulate Linear and A hybrid algorithm  The hybrid algorithm
Zhang, 2010 the 1D problem. In cutting stock-related nonlinear that combines the was much faster than
industries, such as paper, plastic, programming merits of both LP the pure GA
and steel industries, the length of the stock and GA algorithms. approach while still
directly impacts the production waste. GA was used to maintains
optimize the parent  good trim efficiency.
problem, and the
LP/GA hybrid
algorithm solved
the subproblem.
A two-dimensional bin packing problem Non-linear The problem Experimental results
J. Lee et al., with size-changeable items for producing mixed required guillotine ~ show that the
2013 wind turbine flanges in the open die forging integer cut patterns, so they proposed algorithm
industry. Programming adopted the concept works well for
model of level packing. benchmark
Two data sets, a practical data set, and a Conceptually, each  problems, but the
historical averages data set, were generated ~ Subjected to  slab is packed level = computation time
based on a real-world turbine 16 by level, and each increases
flange manufacturer’s problem. (The data constraints level has a single significantly by the

sets are available from

http://logistics.postech.ac.kr/Changeableltem

2DBP data.html.)

layer of items.

A knapsack-based
heuristic
algorithm is
proposed to solve
the problem

number of items and
slabs. The results
show an estimated
potential savings of
$2000 000 annually
for raw materials due
to improved

cut designs.

42




Author Data and Concomitant information Methods Method Results
(Year) Characteristics
Combined 2D Cutting Stock and Production = Nonlinear For the real-sized The GA improved
Mahdi Scheduling Problem. Integer problems, an the best solution
Mostajabdaveh An order from a customer may be 2000 programming efficient Genetic found by solving the
etal., 2022 copies of 8.5x11" flyer on 14 pt. card stock  model to Algorithm (GA) NIP model with the
with prints on front and back sides, to be obtain exact ~ was used. BARON solver by
delivered in 6 business days. solutions for 11.2% on our test
small-sized Introduced a novel  instances.
Published a real-world dataset coming from  instances and heuristic method
an actual printing company, which is solve real- and incorporated it~ Specific Restricted
available for future benchmarking sized into our GA that GA(RGA) found an
problems. aims to improve the equal or better

utilization of the
bins, hence
reducing the
number of bins.
This heuristic can
be used as a post-
optimization
procedure in any
cutting stock and/or
bin packing
problem.

solution than the one
found by BARON in
92.1% of cases (163
out of 177
instances). The
results show a 52.4
percent improvement
in total cost when we
create items’ copies
in a restricted
fashion, compared to
the scenario where
making items’ copies
is pre-determined.
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Author Data and Concomitant information Methods Method Results
(Year) Characteristics
Cui et al, 2009  Circular items are produced from stock 2D-integer It uses a column Compared by (1)T-
plates using the cutting and stamping linear generation method  shape patterns
process. programming to generate the generated by ALGO
model cutting patterns. T-  and (2) multi-
- Rectangular raw material shape patterns were  segment patterns
- Diameter of circular items proposed both for generated by a
circular and knapsack algorithm.
rectangular items. Compared with the
knapsack algorithm,
It uses an algorithm  ALGO yields
named ALGO to slightly lower

generate the cutting
patterns. ALGO (1)
reduces the number
of strips if
additional material
input is not
allowed; (2) ALGO
can greatly reduce
the number of strips
with little additional
material input.

material utilization
(77.90% vs. 77.76%;
the difference is
0.14%) and a much
smaller number of
strips (14 626 vs. 28
245; the former is
about 51.78% of the
latter). If the material
is not expensive,
using T-shape
patterns may be a
good choice.

Table 2-1 Cutting Stock Model Performance with Select Open Papers
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Chapter 3—Methodology

3.1 Introduction

This chapter presents the approach to developing an optimization model, a
practical tool that can be applied to minimize waste in cutting flanges for manufacturing.
Section 3.2 discusses the applicability of various models along with flange dimensioning,
data for model development, an algorithm for generating cutting patterns, and the strategy
in sections 3.3, 3.4, 3.5, and 3.6, respectively. Section 3.7 reviews the cutting operation
for flange manufacturing, introduces the optimization model using the cutting patterns
developed from the feasible cuts, and presents the MATLAB code for the optimization
model of the two project case studies. Finally, Section 3.8 presents the approach to model

validation.

The methodology used to minimize waste for the two-dimensional cutting stock problem
is discussed in this chapter. The optimization approach, as shown in Figure 3.1, or the

main procedures for developing the software program are as follows:

Step 1 - Input the raw material length, L and width, W, and the flange sizes

needed.

Step 2 - Input the diameters of each item- Outer diameter d; and inner diameter

d;;, and corresponding demand.

Step 3 - Generate all possible cutting patterns using nesting algorithm: For the
given diameter of flanges to be produced, rectangular steel plates of length, L and

width, W, and aggregate demand for each flange type were used to generate all
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the possible cutting patterns. Each cutting pattern consumes the steel plate, in this

case, the area of the piece type, thus maximizing the usage of the steel plate.

Step 4 - Identify the feasible cutting patterns that result in acceptable waste: This
process involves inputting precise constraint parameter for the cutting patterns,
ensuring that the maximum quantity of the largest flange size waste that can be
cut from the steel plate is used to set the acceptable waste limit (Savar, 2021;
Salem et al, 2007). It is easily accomplished by running an analysis tool to
identify the most efficient cutting patterns that result in acceptable waste,

followed by locating the tabular data for the feasible cutting patterns.

Step 5 - Formulate a model for the cutting stock problem: The models developed
here are precise and reliable, utilizing linear and integer linear programming.
They are adept at handling a given aggregate demand for each flange size and
feasible cutting patterns of the different flange sizes to be produced to satisfy all
demands. These models are designed to find the exact number of steel plates

required to minimize waste for the aggregate demand items.

Step 6 - Solve the model: The model from Step 5 can be solved using any
mathematical programming software. For this problem, we use MATLAB code
with the /inprog function for the linear programming model and the intlinprog
function for the integer programming model. After obtaining the solutions from
either one of the models without rounding, we save the model solution with
integer solutions in a data file. This is important as it allows for preserving the

optimal solution in the next step.
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Step 7 - Output or text solution showing total waste from the previous step: The
output shows the number of cutting patterns needed, the standard length(s) and

width of the raw material used, and the total waste generated.

This study investigates the constrained flange cutting problem, where a
rectangular stock or steel plate of length L and width W, is cut into as many flange pieces
as possible of n different types. Each piece type i,i = 1, ...., n, is characterized by an
outer diameter d; and inner diameter d;;, and upper demand value D;, and a weight c;. In

this case, c; is the area of piece type i. Thus maximizing the stock or steel plate usage.

Steel plate size, flange sizes(parameters)
and number needed, demand.

v

Generate all possible cutting patterns.

Select feasible cutting patterns with
acceptable waste.

Y Y

Integer linear
programming optimal
solution- cutting
patterns & steel plates.

Linear programming
optimal solution- cutting |« >
patterns & steel plates.

Take integer optimal solution- cutting
patterns & steel plates.

Figure 3.1 The Flange Cutting Optimization Approach
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3.2 Model Applicability

To demonstrate the applicability of the model, the two practical cases presented in

this paper are encountered at OFAIS Company, a machining, custom fabrication and

welding service company. Project I case study relates to the cutting problem where two

flanges of different dimensions are produced from the rectangular steel plate, while

Project II &III case studies relates to the cutting problem where two and three flanges of

different dimensions are produced from the same rectangular steel plate.

3.3 Valve/Flange Dimension

Cameron Fully Welded Ball Valves/Flange dimension is depicted in Figure 3.2,

with the code identification stated below the figure.

SD-24027

SD-24029

Dimensional Codes for Flanged
and Weld Ends (Full and Reduced
Openings)

Code identification:

Dimensional Codes for Cameron Manual
Operators
Code identification:

48



A End-to-end (length H | Handwheel diameter

dimension)

B Bore diameter G | Center of bore to top of square nut for lever
operated valves, center of bore to
handwheel for gear operated valves

C Centerline to bottom L | Center of bore to end of lever

D1 | Flange outside diameter
D2 | Flange inside diameter

E Sphere dimension

Figure 3.2 Valve Dimension Showing Flange End (excerpt from Appendix B)

3.4 Data for Model Development

Some valuable data for formulating optimization models comes from Cameron, a
Schlumberger company. A contact at Cameron provided this data, but it is open source
with the caveat that the number of flanges demanded to be produced is private. This data,
which contains the various classes and sizes of valves the company manufactures for oil
and gas companies, is available to customers and flange manufacturers. The Company's
valve class brochure provides comprehensive information about the dimensions of the
two flange types- Raised Faced (RF) and Ring-Type Joint (RTJ), ensuring that the
manufactured flanges are correctly fitted for use. The Ring-type joint flanges, known for
their robustness, are specifically engineered for high-temperature and pressure
environments, making them a reliable choice. They are the most commonly used type in
process plant applications. A key identifying feature is the identical diameters of the

flange end for both types.
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The first model is based on the data from the 8" and 4" valve sizes of the Full
Bore ASME/ANSI Class 1500 (PN 250) and Full Bore ASME/ANSI Class 600 (PN 100),
respectively. This data also generated possible cutting patterns for the first cutting stock
problem. The nesting software ensures that the potential strategies for laying out the

flange design of the valve class maximize the use of the raw material sheet or steel plate.

The second and third model are for 10" & 3" and 14", 8" & 4" valve sizes of the
Reduced Bore ASME/ANSI Class 150(PN20) and Full Bore ASME/ANSI Class 300 (PN
50) valve, respectively. The company's commonly manufactured flanges were used to
choose this flange end data for this valve class. This data generated possible cutting
patterns for the second cutting stock problem. More information regarding valve classes

and sizes used, including the dimensions of their flange ends, can be found in Appendix

B.

Key Assumptions

e A single cutting machine is assumed, i.e., a Plasma table, where the concentric

cutting is done.

e Zero setup cost or maintenance issue when adjusting the knives or saw of the

cutting machine from one cutting configuration to another.

o There is unlimited availability of rectangular sheet metal or steel plates to buy.

o Bolt holes and deep grooves cut into the surface are part of the circular ring; they

are not considered waste during plasma cutting.
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o There is negligible waste due to metal sawdust formations during cutting, in

addition to the waste that is left at the end of the cuts.

o The waste percentage is assumed to be temporarily higher if there is a stock
inventory of raw materials before the cutting operation for mass production.
When all demand has been met, the remaining raw material (steel plates or sheets
in each size) is considered a waste, although it may be used for future or further
orders. The waste percentage decreases as new parts are cut from the waste to

fulfill the new demand received. (Aryanezhad et al., 2012).

3.5 Algorithm/Software for Generating Cutting Pattern

The ProNest software's array features automatically and manually place multiple
copies of a part or group of parts onto a steel plate in a specific arrangement. Based on
the part separation value, arrayed parts are positioned as close as possible to one another

to maximize material utilization.

Intellichoice, an array feature in the ProNest software, is a method of automatic nesting
designed to make advanced-level nesting decisions based on the available parts in the
part list. IntelliChoice is a flexible approach that allows choice between different nesting
strategies, parts sets, and regions of the nest to achieve optimal nesting results

(Hypertherm, 2024).
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3.6 Strategy

3.6.1 Rectangular Nesting Strategy/Optimization

In rectangular nesting, an imaginary rectangular border is placed around each
part. The parts are then nested so that no part overlaps with the rectangular border of
another part. To optimize this process, parts that fit together best into efficient units(kits)

are remembered and used several times.

000000000
000000000
000000000
000000000

Figure 3.3 Rectangular Nesting Illustration

The cutting technologies (plasma) require some minimal offset between the parts. As
shown in the Figure 3.3, the offset is the same between the nested parts because the parts

are the same size, thereby minimizing the amount of raw material waste (or space).

3.6.2 Strategies 1 to S Nesting

There 1s great similarity with other strategies (strategies 1-5). Strategies 1-5 differ
from rectangular nesting in that they use the part's actual shape to determine where to
place it instead of its rectangular region. This means that parts can be nested closer
together, interlocked with other parts, or put inside other parts. Each of these strategies
employs different rules when nesting parts. Some will try fewer part orientations, and

others will attempt some of the arraying algorithms (pattern array). As the strategy tries
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more possibilities, the time needed to create a nest increase. The T-pattern, L-pattern, and
radial pattern, to mention a few, are incorporated into this strategy. Below is an example
of this nesting strategy where two different sizes of parts are nested on the same steel

plate.

Figure 3.4 Non-Rectangular Nesting Illustration

As shown in Figure 3.4, the offset is the same between the nested parts of the more
oversized item but not the same for the smaller item. This suggests that the nested rules
for different parts are not distinct. Multiple rules must be considered to minimize raw

material waste (or space), highlighting the complexity of the optimization process.
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3.7 Cutting Operations for the Valve Flanges

The current approach in industry reflects rectangular nesting strategies. As stated
above, this strategy places flanges on an imaginary rectangular border around each part of
the flange. According to the flange manufacturer, if the finished dimension is 10 inches
outer and 4 inches internal diameters, the flange will be cut to at least 10.5 inches and
3.50 inches for the outer and internal diameters, respectively. But for this approach, we
assumed the flange ends were cut to their correct dimension without machining
afterward. Figure 3.5 shows the cutting pattern for two flange ends of outer and inner
diameters 10.75"&4.06" and 19"&8" being produced from the 96"x48"x1" rectangular
steel plate (Two-Dimensional) for a given demand of 40 flanges and 22 flanges,
respectively. These flange ends are for the 4" and 8" valve sizes. The number of times
cut, and the total plates required to meet the demand are displayed under the utilization

and plate summary in the job summary report in Figure 3.6.
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Figure 3.5 Cutting Patterns for the Given Flange Sizes (Project I Current Approach)

ProNest LT Job1
Job Summary

Utilization Summary Utilization percentages

Nest Times cut True Crop Plate used Rectangular

1 2 47.25% 47.258% 53.28% T2.71%
2 1 50.64% 50.64% 55 25% 77.10%
3 1 33.77% 3377% 50.25% 50.16%
Averages: 44.73% 44.73% 53.01% 68.17%

Plate Summary
Total

Nest plates Type Plate dimension Nest dimension Material Class
1 2 Rectangular 96.000 = 48.000 in. 89.780 = 45520 in. MS 0.250 in.

2 1 Rectangular 96.000 = 48.000 in. 92785 x 45520 in. MS 0.250 in.

3 1 Rectangular 96.000 = 48.000 in. 68.035 = 46520 in. MS 0.250 in.

Total: 4

Figure 3.6 Job Summary Report for the Given Flange Sizes (Project I Current
Approach)

Figure 3.7 shows the cutting pattern of two flange ends of diameters (Outer and Inner):

7.5"&3.13" and 16"&10" being 'produced from the 50"x30"x1" rectangular steel plate
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(Two-Dimensional) for a given demand of 60 flanges and 40 flanges respectively. These
flange sizes for the nominal 10" and 3" valve sizes of the Reduced Bore ASME/ANSI
Class 150(PN20). The number of times cut, and total plates required to meet the demand
are displayed under the utilization and plate summary in the job summary report in Figure

3.8.
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Figure 3.7 Cutting Patterns for the Given Flange Sizes (Project I Current Approach)
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FmNest LT Job1

Job Summary

Utilization SUITIITI&I'Y Utilization percentages

Nest Times cut True Crop Plate used Rectangular
1 6 40.66% 40.66% 49.24% 7163%
2 14 16.34% 16.34% 43.00% 34.13%
Averages: 2363% 2363% 44 87% 4538%

Plate Summary
Total

Nest  plates Type Plate dimension Nest dimension Material Class
1 6 Rectangular 50.000 = 30.000 in. 49520 = 25.010 in. MS 0.250in.

2 14 Rectangular 50.000 = 30.000 in. 33515 = 17.005 in. MS 0.250 in.

Total: 20

Figure 3.8 Job Summary Report for the Given Flange Sizes (Project II Current
Approach)

Similarly, Figure 3.9 shows the cutting pattern of three flange ends of diameters (Outer
and Inner): 10"&4.06",15"&8" and 23"&13.25" being 'produced from the 50"x30"x1"
rectangular steel plate (Two-Dimensional) for a given demand of 40 flanges, 30 flanges,
and 20 flanges respectively. The number of times cut, and total plates required to meet
the demand are displayed under the utilization and plate summary in the job summary

report in Figure 3.10
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Figure 3.9 Cutting Patterns for the Given Flange Sizes (Project III Current Approach)

ProNestLT Job1
Job Summary
Utilization Summary Utiization percentages
Nest Times cut True Crop Plate used Rectangular
1 10 3701% 3701% 4370% 7053%
2 10 4278% 4278% 5150% T167%
Averages: 3990% 3990% 5010% 7110%
Plate Summary

Total
Nest  plates Type Plate dimension Nest dimension Matenial Class
1 10  Rectangular 50.000 x 30.000 in. 47.501 x 24.001 in. MS 0.250 in.
2 10 Rectangular 50000 x 30.000 in. 47.001 x 26511 in. S 0250 in.
Total: 20

Figure 3.10 Job Summary Report for the Given Flange Sizes (Project III Current
Approach)
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Fig. 3.7 shows the three flange ends of diameters: 10"&4.06", 15"&8", and
23"&13.25"nested on the 50"x30"x1" rectangular plate for cutting. The utilization, which
indicates the length and width of the plate used, is stated on the nest plot. This is the
current cutting pattern from the raw material.... a one-inch-thick steel plate of size 50"
length by 30"width. Although not shown, flange ends of the same size can be “nested”
for cutting using the same approach, but that is not the focus of this research. The
thickness of the cutting saw tooth is 1.5", which results in additional waste due to metal
sawdust formations during cutting in addition to the waste. This waste is added to the

area left after removing the flange from the rectangular steel plate.

3.7.1 Project I Case Study

To meet the production of two flanges of diameter 10.75"OD & 4.06"ID and
19"0OD & 8" ID, the cutting patterns given below are generated using different strategies

based on the size of the rectangular steel plate which results in waste:

Cutting Quantities to be Cut Cutting | Quantities to be Cut
Pattern Pattern
No. 10.75"0OD | 19"0OD | o, Waste No. 10.75"0D | 190D | o/ waste
and and and and
4.06"1D 8"ID 4.06"1D 8"ID
1 0 1 94.94 13 1 8 57.80
2 0 2 89.87 14 1 7 62.86
3 0 3 84.81 15 1 6 67.93
4 0 4 79.74 16 1 5 72.99
5 0 5 74.68 17 1 4 78.05
6 0 6 69.61 18 1 3 83.12
7 0 7 64.55 19 1 2 88.18
8 0 8 59.49 20 1 1 93.25
9 0 9 54.42 21 1 0 98.31
10 0 10 49.36 22 2 10 45.98
11 1 10 47.67 23 2 9 51.04
12 1 9 52.73 24 2 8 56.11
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25 2 7 61.17 70 6 4 69.61
26 2 6 66.24 71 6 3 74.67
27 2 5 71.30 72 6 2 79.74
28 2 4 76.36 73 6 1 84.80
29 2 3 81.43 74 6 0 89.86
30 2 2 86.49 75 7 9 42.60
31 2 1 91.56 76 7 8 47.66
32 2 0 96.62 77 7 7 52.72
33 3 10 44.29 78 7 6 57.79
34 3 9 49.35 79 7 5 62.85
35 3 8 54.42 80 7 4 67.92
36 3 7 59.48 81 7 3 72.98
37 3 6 64.55 82 7 2 78.05
38 3 5 69.61 83 7 1 83.11
39 3 4 74.68 84 7 0 88.17
40 3 3 79.74 85 8 8 45.97
41 3 2 84.80 86 8 7 51.04
42 3 1 89.87 87 7 1 56.10
43 3 0 94.93 88 8 5 61.16
44 4 10 42.60 89 8 4 66.23
45 4 9 47.66 90 8 3 71.29
46 4 8 52.73 91 8 2 76.36
47 4 7 57.79 92 8 1 81.42
48 4 6 62.86 93 8 0 86.48
49 4 5 67.92 94 9 8 44.28
50 4 4 72.99 95 9 7 49.35
51 4 3 78.05 96 9 6 54.41
52 4 2 83.11 97 9 5 59.47
53 4 1 88.18 98 9 4 64.54
54 4 0 93.24 929 9 3 69.60
55 5 9 45.98 100 9 2 74.67
56 5 8 51.04 101 9 1 79.73
57 5 7 56.10 102 9 0 84.80
58 5 6 61.17 103 10 7 47.66
59 5 5 66.23 104 10 6 52.72
60 5 4 71.30 105 10 5 57.79
61 5 3 76.36 106 10 4 62.85
62 5 2 81.42 107 10 3 67.91
63 5 1 86.49 108 10 2 72.98
64 5 0 91.55 109 10 1 78.04
65 6 9 44.29 110 10 0 83.11
66 6 8 49.35 111 11 7 45.97
67 6 7 54.41 112 11 6 51.03
68 6 6 59.48 113 11 5 56.10
69 6 5 64.54 114 11 4 61.16
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115 11 3 66.22 160 17 2 61.15
116 11 2 71.29 161 17 1 66.22
117 11 1 76.35 162 17 0 71.28
118 11 0 81.42 163 18 6 39.21
119 12 7 44.28 164 18 5 44.27
120 12 6 49.34 165 18 4 49.33
121 12 5 54.41 166 18 3 54.40
122 12 4 59.47 167 18 2 59.46
123 12 3 64.53 168 18 1 64.53
124 12 2 69.60 169 18 0 69.59
125 12 1 74.66 170 19 5 42.58
126 12 0 79.73 171 19 4 47.64
127 13 7 42.59 172 19 3 52.71
128 13 6 47.65 173 19 2 57.717
129 13 5 52.72 174 19 1 62.84
130 13 4 57.78 175 19 0 67.90
131 13 3 62.85 176 20 4 45.96
132 13 2 6791 177 20 3 51.02
133 13 1 72.97 178 20 2 56.08
134 13 0 78.04 179 20 1 61.15
135 14 6 45.96 180 20 0 66.21
136 14 5 51.03 181 21 4 44.27
137 14 4 56.09 182 21 3 49.33
138 14 3 61.16 183 21 2 54.39
139 14 2 66.22 184 21 1 59.46
140 14 1 71.28 185 21 0 64.52
141 14 0 76.35 186 22 4 42.58
142 15 6 44.27 187 22 3 47.64
143 15 5 49.34 188 22 2 52.70
144 15 4 54.40 189 22 1 57.77
145 15 3 59.47 190 22 0 62.83
146 15 2 64.53 191 23 3 45.95
147 15 1 69.59 192 23 2 51.02
148 15 0 74.66 193 23 1 56.08
149 16 6 42.58 194 23 0 61.14
150 16 5 47.65 195 24 3 44.26
151 16 4 52.71 196 24 2 49.33
152 16 3 57.78 197 24 1 54.39
153 16 2 62.84 198 24 0 59.45
154 16 1 67.91 199 25 3 42.57
155 16 0 72.97 200 25 2 47.64
156 17 6 40.90 201 25 1 52.70
157 17 5 45.96 202 25 0 57.76
158 17 4 51.02 203 26 3 40.88
159 17 3 56.09 204 26 2 45.95
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205 26 1 51.01 215 29 0 51.01
206 26 0 56.08 216 30 1 44.25
207 27 2 44.26 217 30 0 49.32
208 27 1 49.32 218 31 1 42.56
209 27 0 54.39 219 31 0 47.63
210 28 2 42.57 220 32 1 40.87
211 28 1 47.63 221 32 0 45.94
212 28 0 52.70 222 33 0 44.25
213 29 2 40.88 223 34 0 42.56
214 29 1 45.94

Table 3-1 Possible Cutting Patterns Which Result in Feasible Cuts with Waste

Where,

OD = Outer Diameter of the Flange

ID = Inner Diameter of the Flange

The last pattern, (0, 0), which represents zero cuts from the metal place, is meaningless
and has been eliminated. Two hundred and twenty-three (223) cutting patterns were
generated, as shown in Table 3-1. Finally, all patterns resulting in a waste percentage
greater than 49.36% are logical but not included in the evaluation. This is evident in the
fact that they are above the waste percentage of the 10th cutting pattern, which consists of
ten 19"0OD & 8"ID flange sizes placed with zero 10.75"OD & 4.06"ID flange size. The
quantity of this large flange size (19"OD & 8"ID) is the maximum that can be cut from
the steel plate without the other flange size nested, and it is used to set the acceptable
waste limit (Savar, 2021; Salem et al., 2007). After eliminating these patterns, fifty-nine

(59) feasible cutting patterns are left, as shown in Table 3-2.

A linear/integer programming model developed from these fifty-nine (59) feasible cutting

patterns optimizes the cutting operation.
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Cutting Quantities to be Cut Cutting | Quantities to be Cut
Pattern Pattern
No. 10.75"0OD | 19"0OD | o, Waste No. 10.75"0OD | 19"OD o, Waste
and and and and
4.06"1D 8"ID 4.06"1D 8"ID
1 0 10 49.36 31 18 4 49.33
2 1 10 44.29 32 19 5 42.58
3 2 10 45.98 33 19 4 47.64
4 3 10 44.29 34 20 4 45.96
5 3 9 49.35 35 21 4 4427
6 4 10 42.60 36 21 3 49.33
7 4 9 47.66 37 22 4 42.58
8 5 9 45.98 38 22 3 47.64
9 6 9 44.29 39 23 3 4595
10 6 8 49.35 40 24 3 44.26
11 7 9 42.60 41 24 2 49.33
12 7 8 47.66 42 25 3 42.57
13 8 8 45.97 43 25 2 47.64
14 9 8 4428 44 26 3 40.88
15 9 7 49 .35 45 26 2 45.95
16 10 7 47.66 46 27 2 44.26
17 11 7 45.97 47 27 1 49.32
18 12 7 4428 48 28 2 42.57
19 12 6 49.34 49 28 1 47.63
20 13 7 42.59 50 29 2 40.88
21 13 6 47.65 51 29 1 45.94
22 14 6 45.96 52 30 1 44.25
23 15 6 42.58 53 30 0 49.32
24 15 5 47.65 54 31 1 42.56
25 16 6 42.58 55 31 0 47.63
26 16 5 47.65 56 32 1 40.87
27 17 6 40.90 57 32 0 45.94
28 17 5 45.96 58 33 0 4425
29 18 6 39.21 59 34 0 42.56
30 18 5 44.27

Table 3-2 Feasible Cutting Patterns with Acceptable Waste
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3.7.2 Model Formulation for Project I Case Study

The following notations are used in the formulation of the cutting stock model for

the Flanges ends:

Let A= Area of the steel plate (raw material), which is the product of the Length and

Width of the steel plate.

W = Width of the steel plate or raw material width.

X; = Number of flanges cut using pattern i, i=1,2,3,4............. , k.
K = Number of possible feasible patterns.

P; = Area of required piece j to be cut from the steel plate, j=1,2, 3........m.

m = Number of flange pieces needed to meet demand.
Nj = Number of flange pieces of a given inner and outer diameter cut to meet demand.

R;; = Number of the Area of the flange piece of j cut from pattern k.

Dj = Demand of flange pieces of a given inner and outer diameter.
The Linear Programming model is formulated as follows:

The objective function is to minimize waste(Z) = (total area or amount of the steel plate
cut) — (exact area needed):
k m
Minimize Z = Z(LW)Xi— ZPJNJ (3.1)
i=1 j=1

Given that the cutting stock problem is 2D, the waste in the above equation is determined

using the cutting patterns.
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Where,
L*W= Area
L= Length; W = Width

Subject to:
k
ZRl-in <D J=1,23..,m (3.2)
i=1
X; =0, (fori = 1toi)Non — Negativity Constraint (3.3)

For the flanges given demand, the specified parameters of the objective function and

constraint of the linear programming model are as follows:

The objective function:

59
Minimize Z = z 4608X; — (40 * 77.85 + 22 * 233.36) (3.4)
i=1
59
Minimize Z = z 4608X; — 8247.92 (3.5)

=1

Subject to:

Demand Constraint- ensures the number of flanges cut and manufactured is at least the

capacity demanded monthly.

0X, + X, + 2X5 + 3X, + 3X + 4X, + 4X, + 5Xg + 6Xo + 6X10 +
(3.6)
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12X, + 13X, + 13X, + 14X,, + 15X,5 + 15X,, + 16X, +
16X, + 17X57 + 17X,5 + 18X50 + 18X30 + 18X3, + 19X3, +
19X 33 + 20X34 + 21Xs5 + 21X56 + 22X37 + 22X3g + 23X30 +
24X, + 24X 41 + 25X,5 + 25X43 + 26X,y + 26X45 + 27X, +
27X 47 + 28X,45 + 28X,40 + 29X50 + 29X5, + 30Xs, + 30Xs5 +
31Xs, + 31Xss + 32Xsg + 32X5, + 33Xsg + 34Xs0 > 40

( Demand Constraint for Flange with 10.75"0D and 4.06"ID)

10X, + 10X, + 10X5 + 10X, + 9Xs + 10X, + 9X, + 9Xg + 9Xo +
8X10 + 9X11 + 8Xy5 + 8Xy3 + 8X14 + 7Xys + 7Xy6 + 7X17 + 7X1g +

(3.7)
4X37 + 3X3g + 3X39 + 3X40 + 2X41 + 3X4y + 2X43 + 3X44 + 2Xy5 +
2X46 + X4y +2X4g + Xyo + 2X50 + X1 + X5y + 0X53 + X5y + 0X55 +
Xs + 0Xg7 + 0Xsg + 0Xgo = 22
(Demand Constraint for Flange with 190D and 8"ID )
X; =20, (fori = 1to 59); Non-Negativity Constraint (3.8)

After solving the linear programming model using MATLAB function /inprog with

algorithms like interior point, dual simplex, or interior point legacy, the next crucial step
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is to address the potential issue of fractional solutions. This is where the Integer

Programming model (IP model) comes into play, allowing optimal integer solution.

Therefore, X; = 0integer (fori = 1to 59); Integer constraint (3.9)

The scripts in Figure 3.11 is used to solve the integer linear programming model.

close all;

clear all;

%Defining Objective

c=[4608 4608 4608 4608 46088 46088 4608 4608 4608 4688 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4683 4608 4608
4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4608 4688 4608
4608 4688 4688 4608 4608 4603 4688 4608 4608 4608 4608 4608 4608];

%Left Hand Side(LHS) of the Demand Constraint(Inequalities)

A=[® -1 -2 -3 -3 -4 -4 -5-6 -6 -7 -7 -8 -9 -9 -1 -11 -12 -12 -13 -13 -14 -15 -15 -16 -16 -17 -17 -18 -18 -18 -19 -
19 -20 -21 -21 -22 -22 -23 -24 -24 -25 -25 -26 -26 -27 -27 -28 -28 -29 -29 -30 -30 -31 -31 -32 -32 -33 -34;

-1 -1 -1 -1¢ -9 -1 -9 -9 -9 -8 -9 -8 -8 -8 -7 -7 -7 -7 -6 -7 -6 -6 -6 -5 -6 -5 -6-5-6-5-4-5-4-4-4-3-4-
3-3-3-2-3-2-3-2-2-1-2-1-2-1-10-18-180¢@8@];

%Right Hand Side(RHS) of the Demand Constraint(Inequalities)

b=[-40;-22];

%Define equalities constraint

Aeq = [1;

beq = [];

%Lower Bounds constraint

SR T I T - = N I - I I = - = T - = O I - D D O O I - - T - - T I - - D - I I - - T - -
0 00];

%Upper Bounds constraint

ub = [1;

intcon = 1:59;

%0ptimization function linprog

%%options = optimoptions('linprog','Algorithm','interior-point’, 'Display’, 'iter');

[x,fval] = intlinprog(c,intcon,A,b,Aeq,beq,1b,ub);

%0utput display

display(x)

display(fval)

Figure 3.11 Project  MATLAB Scripts for Solving the Integer Linear Programming
Model.

3.7.3 Project II Case Study

The cutting patterns generated for this case are from the steel plate of dimension
50x30x1 for flanges of diameter 7.5"OD &3.13"ID and 16"OD & 10" ID. All possible

cutting patterns that results in waste is given in Table 3-3.
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Cutting Quantities to be Cut Cutting | Quantities to be Cut
Pattern Pattern
No. 7.5"0D 16"OD | o, Waste No. 7.5"0OD 16"OD | o/ waste
and and and and
3.13"ID 10"ID 3.13"ID 10"ID
1 0 4 67.31 42 8 2 64.19
2 0 3 75.49 43 8 3 56.02
3 0 2 83.66 44 8 4 47.85
4 0 1 91.83 45 9 0 78.10
5 1 0 97.57 46 9 1 69.93
6 1 1 89.40 47 9 2 61.76
7 1 2 81.22 48 9 3 53.59
8 1 3 73.05 49 9 4 45.41
9 1 4 64.88 50 10 0 75.67
10 2 0 95.13 51 10 1 67.50
11 2 1 86.96 52 10 2 59.32
12 2 2 78.79 53 10 3 51.15
13 2 3 70.62 54 10 4 42.98
14 2 4 62.45 55 11 0 73.23
15 3 0 92.70 56 11 1 65.06
16 3 1 84.53 57 11 2 56.89
17 3 2 76.36 58 11 3 48.72
18 3 3 68.19 59 12 0 70.80
19 3 4 60.01 60 12 1 62.63
20 4 0 90.27 61 12 2 54.46
21 4 1 82.10 62 12 3 46.29
22 4 2 73.92 63 13 0 68.37
23 4 3 65.75 64 13 1 60.20
24 4 4 57.58 56 11 1 65.06
25 5 0 87.83 57 11 2 56.89
26 5 1 79.66 58 11 3 48.72
27 5 2 71.49 59 12 0 70.80
28 5 3 63.32 60 12 1 62.63
29 5 4 55.15 61 12 2 54.46
30 6 0 85.40 62 12 3 46.29
31 6 1 77.23 63 13 0 68.37
32 6 2 69.06 64 13 1 60.20
33 6 3 60.89 65 13 2 52.02
34 6 4 52.71 66 13 3 43.85
35 7 0 82.97 67 14 0 65.93
36 7 1 74.80 68 14 1 57.76
37 7 2 66.62 69 14 2 49.59
38 7 3 58.45 70 14 3 41.42
39 7 4 50.28 71 15 0 63.50
40 8 0 80.53 72 15 1 55.33
41 8 1 72.36 73 15 2 47.16
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74 16 0 61.07 82 19 0 53.77
75 16 1 52.90 83 19 1 45.60
76 16 2 44.73 84 20 0 51.33
77 17 0 58.63 85 20 1 43.16
78 17 1 50.46 86 21 0 48.90
79 17 2 42.29 87 22 0 46.47
80 18 0 56.20 88 23 0 44.04
81 18 1 48.03 89 24 0 41.60

Table 3-3 Possible Cutting Patterns Which Result in Feasible Cuts with Waste

The last pattern, (0, 0), which represents zero cuts from the steel plate, is meaningless and

has been eliminated. 89 cutting patterns are generated, as shown in Table 3-3. Finally, all

cutting patterns resulting in a waste percentage greater than 67.31 are logical but not

included in the evaluation. This is evident in the fact that they are above the waste

percentage of the 1st cutting pattern, which consists of four 16"OD & 10"ID flange sizes

placed with zero 7.5"OD & 3.13"ID flange size. The quantity of this large flange size

(16"OD & 10"ID) is the maximum that can be cut from the steel plate without the other

flange size nested, and it is used to set the acceptable waste limit (Savar, 2021; Salem et

al., 2007). After eliminating these patterns, fifty-four (54) feasible cutting patterns are

left, as shown in Table 3-4. A linear/integer programming model developed from these

fifty-four (54) feasible cutting patterns optimizes the cutting operation.

Cutting Quantities to be Cut Cutting | Quantities to be Cut
Pattern Pattern
No. 7.5"0OD 16''OD % Waste No. 7.5"0OD 16''OD % Waste
and and and and
3.13"ID 10"1ID 3.13"ID 10"ID
1 0 4 67.31 4 3 4 60.01
2 1 4 64.88 5 4 3 65.75
3 2 4 62.45 6 4 4 57.58
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7 5 3 63.32 31 13 3 43.85
8 5 4 55.15 32 14 0 65.93
9 6 3 60.89 33 14 1 57.76
10 6 4 52.71 34 14 2 49.59
11 7 2 66.62 35 14 3 41.42
12 7 3 58.45 36 15 0 63.50
13 7 4 50.28 37 15 1 55.33
14 8 2 64.19 38 15 2 47.16
15 8 3 56.02 39 16 0 61.07
16 8 4 47.85 40 16 1 52.90
17 9 2 61.76 41 16 2 44.73
18 9 3 53.59 42 17 0 58.63
19 9 4 45.41 43 17 1 50.46
20 10 2 59.32 44 17 2 42.29
21 10 3 51.15 45 18 0 56.2
22 10 4 42.98 46 18 1 48.03
23 11 1 65.06 47 19 0 53.77
24 11 2 56.89 48 19 1 45.6
25 11 3 48.72 49 20 0 51.33
26 12 1 62.63 50 20 1 43.16
27 12 2 54.46 51 21 0 48.9
28 12 3 46.29 52 22 0 46.47
29 13 1 60.2 53 23 0 44.04
30 13 2 52.02 54 24 0 41.6

3.7.4

Table 3-4 Feasible Cutting Patterns with Acceptable Waste

Model Formulation for Project II Case Study

The objective function:

Subject to:

54

Minimize Z = z 1500X; — (60 * 36.50 + 40 * 122.57) (3.10)

i=1

54

Minimize Z = Z 1500X; — 7,092.80

=1
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0X; + X, + 2X5 + 3X, + 4Xs + 4X, + 5X, + 5Xg + 6Xo + 6X10 +

7Xy1 + 7X15 + 7X13 + 8Xy4 + 8Xys + 8Xy6 + 9X17 + 9Xyg + 90 +

10X, + 10X51 + 10X,, 4+ 11X05 + 11X, + 11X5c + 12X50 +

12X, + 12Xo5 + 13X50 + 13X30 + 13Xaq + 14Xs, + 14X55 +

14X3, + 14X35 + 15X36 + 15X, + 15X3g + 16X39 + 16X, + 12
16X41 + 17Xy + 17X45 + 17X, + 18X, + 18X, + 19X,, +

19X,45 + 20X,0 + 20Xs0 + 21X5; + 22Xs, + 23Xs3 + 24Xs, > 60

( Demand Constraint for Flange with 7.5"0D and 3.13"ID)

4X, + 4X, + 4X5 + 4X, + 3Xs + 4X, + 3X, + 4Xg + 3Xo + 4X, +

2X11 + 3X1, + 4X15 + 2X14 + 3X1s + 4X16 + 2X17 + 3K +

4X10 + 2X00 + 3Xa1 + 4Xog + Xoz + 2X54 + 3Xos + Xo6 + 2X07 +

3X,5 + Xgo + 2X30 + 3X31 + 0Xay + Xaz + 2Xs4 + 3Xa5 + 0Xs6 +

Xs7 + 2X3g + 0X30 + Xao + 2Xa1 + 0X4g + Xaz + 2Xa0 + 0X,s + 19
X6+ 0X47 + X4g + 0X4 + Xs5o + 0X51 + 0Xs, + 0Xs3 + 0X5, >

40

(Demand Constraint for Flange with 160D and 10"ID )

X; =0, (fori = 1to 54); Non-Negativity Constraint (3.14)

The linear programming problem can be solved using MATLAB function /inprog with

any of these algorithms: interior point, dual simplex, or interior point legacy. If fractional
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solutions are obtained, an integer constraint given in equation (3.15) allows integer
optimal values. The IP model can be solved using Intlinprog command with the script in

Figure 3.12.

X; = 0integer (fori = 1 to 54); Integer constraint (3.15)

cle

close all;

%Defining Objective

¢ = [1560 1500 1500 1560 1560 1568 1506 1500 1500 1500 1500 1560 1560 1500 1500 1560 1508 1500 1560 1500 1560 1580
1508 1560 1508 1560 1568 1560 1568 1500 1568 1500 1568 1500 1568 1500 1568 1500 1560 1500 1560 1500 1560 1500 1500
1500 1560 1508 1500 1560 1560 1568 1588 156@];

%Left Hand Side(LHS) of the Demand Constraint(Inequalities)
A=-[@0-1-2-3-4-4-5-5-6-6-7-7-7-8-8-8-9-9-9-10-10 -16 -11 -11 -11 -12 -12 -12 -13 -13 -13 -14 -14
-14 -14 -15 -15 -15 -16 -16 -16 -17 -17 -17 -18 -18 -19 -19 -2@ -20 -21 -22 -23 -24,

-4 -4 -4 -4 -3 -4-3-4-3-4-2-3-4-2-3-4-2-3-4-2-3-4-1-2-3-1-2-3 -1-2-3b-1-2-3 8-1-20-1
-20-1-20-106-186-10068],

%Right Hand Side(RHS) of the Demand Constraint(Inequalities)

b = [-60 -48];

%Define equalities constraint

Aeg = [1;

beg = [1;

%Lower Bounds constraint

LR I N N N N N I e e e e N N I I e e e D I I I I I e R I IR D
%Upper Bounds constraint

w = [];

intcon = 1:54;

% Optimization function linprog

options = optimoptions('linprog', 'Algorithm', 'dual-simplex', 'Display’,'iter');

[x,fval] = intlinprog(c,intcon,A,b,Aeq,beq,1b,ub);

%Output display

display(x)

display(value)

Figure 3.12 Project Il MATLAB Scripts for Solving the Integer Linear Programming
Model

3.7.5 Project III Case Study

In this case, using different nesting strategies, the cutting patterns are generated
based on the size of the steel plate(50x30x1) for three flanges of diameter 10"OD
&4.06"ID, 15"OD & 8"ID, and 23"OD & 13.25" ID. All possible cutting patterns that

results in waste is given in Table 3-5.
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Cutting Quantities to be Cut Cutti Quantities to be Cut

Pattern [ 19n0 | 1570 | 230D | " | 10" | 15"0 | 23"OD

No. D D and Yo Waste Palt\lter oD D and %% Waste

and | and | 13.25"1 MNO. | and | and | 13.25"1
4.06" | 8" ID D 4.06 | 8" ID D
ID "ID

1 0 0 2 62.97 37 3 0 0 86.88
2 0 0 1 81.49 38 3 1 0 78.44
3 0 1 1 73.05 39 3 3 1 45.47
4 0 2 1 64.62 40 4 0 1 63.99
5 0 3 0 74.70 41 4 0 0 82.50
6 0 4 0 66.27 42 4 1 1 55.55
7 0 5 0 57.83 43 4 3 0 57.20
8 0 6 0 49.40 44 4 1 0 74.07
9 0 1 0 91.57 45 4 2 0 65.63
10 0 2 0 83.13 46 5 0 1 59.61
11 1 0 2 58.60 47 5 1 1 51.18
12 1 0 1 77.11 48 5 3 0 52.83
13 1 1 1 68.68 49 5 0 0 78.13
14 1 2 1 60.25 50 5 1 0 69.69
15 1 3 0 70.33 51 5 2 0 61.26
16 1 4 0 61.89 52 6 0 1 55.24
17 1 5 0 53.46 53 6 1 1 46.81
18 1 0 0 95.63 54 6 1 0 65.32
19 1 1 0 87.19 55 6 3 0 48.45
20 1 2 0 78.76 56 6 0 0 73.75
21 2 0 2 54.22 57 6 1 0 65.32
22 0 1 1 72.74 58 6 2 0 56.89
23 2 1 1 64.30 59 7 0 1 50.86
24 2 2 1 55.87 60 7 0 0 69.38
25 3 1 1 65.95 61 7 1 0 60.94
26 4 1 1 57.52 62 7 2 0 52.51
27 5 1 1 91.25 63 8 0 1 46.49
28 6 1 1 82.82 64 8 0 0 65.00
29 7 1 1 74.38 65 8 1 0 56.57
30 0 2 1 49.85 66 9 0 0 60.63
31 1 2 1 68.36 67 9 1 0 52.19
32 2 2 1 59.93 68 10 0 0 56.25
33 3 2 1 51.50 69 10 1 0 47.82
34 3 2 0 70.01 70 11 0 0 51.88
35 3 3 0 61.58 71 12 0 0 47.50
36 3 4 0 53.14 72 13 0 0 43.13
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Table 3-5 Possible Cutting Patterns Which Result in Feasible Cuts with Waste

The last pattern, (0, 0, 0), which represents zero cuts from the steel plate, is meaningless
and has been eliminated. 72 cutting patterns are generated, as shown in Table 3-5.
Finally, all cutting patterns resulting in a waste percentage greater than 49.4 are logical
but not included in the evaluation. This is evident in the fact that they are above the waste
percentage of the 8 cutting pattern, which consists of six 15"OD & 8"ID flange sizes
placed with zero 10"OD & 4.06"ID flange size and zero 23"OD & 13.25"ID flange size.
The quantity of this largest flange size (15"OD & 8"ID) is the maximum that can be cut
from the steel plate without the other flange sizes nested, and it is used to set the
acceptable waste limit (Savar, 2021; Salem et al., 2007). After eliminating these patterns,
thirty-eight (38) feasible cutting patterns are left, as shown in Table 3-6. A linear/integer
programming model developed from these thirty-eight (38) feasible cutting patterns

optimizes the cutting operation.
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Cutti Quantities to be Cut Cutti Quantities to be Cut

ng 10"O | 15"0 | 23"OD ng 10"O | 150 | 23"OD % Was

Patter | Dand | Dand | and | %Was | Patter | Dand | Dand | and

n 4.06"1 | 8" ID | 13.25"1 te n No. | 4.06"T | 8" ID | 13.25"I | te

No D D D D
1 0 0 2 62.97 20 5 1 1 51.18
2 0 5 0 57.83 21 5 3 0 52.83
3 0 6 0 49.40 22 5 2 0 61.26
4 1 0 2 58.60 23 6 0 1 55.24
5 1 2 1 60.25 24 6 1 1 46.81
6 1 4 0 61.89 25 6 3 0 48.45
7 1 5 0 53.46 26 6 2 0 56.89
8 2 0 2 54.22 27 7 0 1 50.86
9 2 2 1 55.87 28 7 1 0 60.94
10 2 4 0 57.52 29 7 2 0 52.51
11 3 0 2 49.85 30 8 0 1 46.49
12 3 1 1 65.95 31 8 1 0 56.57
13 3 2 1 51.50 32 9 0 0 60.63
14 3 3 0 61.58 33 9 1 0 52.19
15 3 4 0 53.14 34 10 0 0 56.25
16 4 0 2 4547 35 10 1 0 47.82
17 4 1 1 55.55 36 11 0 0 51.88
18 4 3 0 57.20 37 12 0 0 47.50
19 5 0 1 59.61 38 13 0 0 43.13

and constraint of the linear programming model are as follows:

Table 3-6 Feasible Cutting Patterns with Acceptable Waste

3.7.6 Model Formulation for Project III Case Study

For the flanges given demand, the specified parameters of the objective function

The objective function:

38

Minimize Z = z 1500X;

i=1

— (40 * 65.62 + 30 * 126.50 + 20 = 277.70)
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38

Minimize Z = Z 1500X; — 11,973.8 (3.17)

i=1

Subject to:

0X, + 0X, + 0X5 + X, + Xs + Xo + X, + 2Xg + 2Xo + 2X10 +

3Xy1 + 3X1y + 3Xy3 + 3Xy4 + 3Xys 44Xy + 4X,, + 4Xyg +

5Xy9 + 5Xo0 4 5X51 + 5Xo5 + 6X53 + 6Xo0q + 6X55 + 6Xo6 + G
7X7 + 7Xog + 7Xo0 + 8X30 + 8X31 + 9Xa5 + 9X35 + 10X5, +

10X35 + 11X56 + 12X37 + 13X5g >

40 (Demand Constraint for Flange with 100D and 4.061D)

0X, + 5X, + 6X5 + 0X, + 2Xs + 4X, + 5X, + 0Xg + 2Xo
+ 4X,0 + 0Xyq + X1p + 2X15 + 3X14 + 4Xyc + 0Xy0 + Xqg
+ 3Xy5 + 0Xy9 + Xoo + 3Xo1 + 2X00 + 0Xo5 + Xou + 3Xoc
(3.19)
+ 0Xs4 + Xas + 0Xz6 + 0X57 + 0Xag

> 30 (Demand Constraint for Flange with 150D and 8ID)

2X, + 0X, + 0X5 + 2X, + Xs + 0Xg + 0X, + 2Xg + Xo + 0X;0 +

2X11 + X1p + Xy3 + 0X14 + 0Xgs + 2X16 + X17 + 0X1g + X1o + Xpg +

0Xy1 + 0Xpp + Xoz + Xpq + 0Xys + 0Xp + X7 + 0Xpg + 0Xypo + (3.20)
X0 + 0X3q + 0X3, + 0Xs3 + 0Xa4 + 0Xa5 + 0Xsg + 0X37 + 0Xag >

20 (Demand Constraint for Flange with 23" 0D and 3.25"ID)
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X; =20, (fori = 1to 38)Non-Negativity Constraint (3.21)

Similarly, the linear programming problem can be solved using MATLAB function
linprog with any of these Algorithms: interior point, dual simplex, or interior point
legacy. Where there will be potential issue obtaining integer solutions, the integer

constraint given below is included in model:

X; > 0,integer (fori = 1to 38) (3.22)

The Scripts in Figure 3.13 was used to solve the Integer linear programming model.

cle
close all;

%Defining Objective
c = [156@ 1568 1506 158@ 1568 1568 1560 1580 1500 1560 1580 1508 1560 1568 1500 1566 1588 1560 1588 1500 1580 1500
15e@ 156@ 1560 1508 156@ 1568 15e@ 1560 1500 1500 156@ 15ee 1568 1508 1568 1508];

%Left Hand Side(LHS) of the Demand Constraint(Inequalities)

A=-[p00-1-1-1-1-2-2-2-3-3-3-3-3-4-4-4-5-5-5=-56-6-6-6-7-7-7-8-8-9-9-10-10 -11 -12
=13
e-5-60-2-4-50-2-40-1-2-3-40-1-3€-1-3-20-1-3-20-1-290-10-10-1@808,
-280-2-1008-2-106-2-1-100-2-12-1-100-1-160-100-10000060880]

%Right Hand Side(RHS) of the Demand Constraint(Inequalities)

b= [-40 -30 -20];

%Define equalities constraint

Aeg = [

beq = [];

%Lower Bounds constraint

PR - - - T - T - T T - I T R T R U

%Upper Bounds constraint

w = [1;

intcon = 1:38;

% Optimization function linprog

options = optimoptions('linprog','Algorithm', 'dual-simplex’, 'Display’,'iter');

[x,fval] = intlinprog(c,intcon,A,b,Aeq,beq,1b,ub);

%0utput display

display(x)

display(fval)

Figure 3.13 Project Il MATLAB Scripts for Solving the Integer Linear Programming
Model
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3.8 Validation of Model

Model validation is necessary because it measures how well a model serves its
intended purpose. In other words, the model's usefulness is determined to be valid for a
number or range of applications. According to McCarl and Apland(1986), a well-
validated model is a "model that has gone through both validation by construct and
validation by results phases with care exercised at all points." Validation by construct
refers to the procedure where real-world observations use techniques deemed appropriate
by the developer. Validation by results refers to a method where the results of the
optimization are compared against corresponding real-world observations to check the
accuracy of the model (Yassan and Etemadi, 2020). The model developed for this
research's two-dimensional cutting stock problem is validated by construct and feasible

results demonstrated in Chapter 4.
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Chapter 4—Results

4.1 Introduction

This research aimed to minimize steel waste in cutting steel plates for
manufacturing different flange parts can help provide potential savings through the

testing of the following hypotheses:

H1: The rectangular nesting strategy used to determine the feasible cutting patterns in
cutting steel plates for manufacturing different sizes of valve flange does not significantly

minimize steel waste.

H2: Nesting strategies and material utilization can be used to determine feasible cutting
patterns, which results in acceptable steel waste in cutting steel plates for manufacturing

different sizes of valve flange.

H3: An optimization model can be developed to minimize steel waste by using feasible
cutting patterns obtained from multiple patterns generated in cutting steel plates for

manufacturing different sizes of valve flange.

4.2 Overview of Project Study Data

This section outlines the results of the optimization model applied to the case
studies- Project I, II, and II. The Flange cutting optimization is for different sizes of Ball
valves manufactured by Cameron, a Schlumberger company. The practical nesting
strategies in Chapter 3 are for determining the possible cutting patterns resulting in waste.

Through nesting, the material utilized from the cutting patterns is/can be utilized to select
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the feasible cuts or acceptable waste. These cutting patterns represent the variables of the
optimization model. The company brochure of valve sizes being manufactured contains
the dimensions of the flange ends (See Appendix B). The flange dimensions and the
dimensions of the raw material (steel plate) were made available through OFAIS

manufacturing.

4.3 Uniqueness of the Solution of the Optimization

Using the rank condition or the standard form of the system of equations of the
rank matrix of the constraint, we investigated the uniqueness of the optimization solution
for the three project case studies I, II, and III. The rank of the matrix of cases I, II, and III
are 2, 2, and 3, respectively. A significant finding is that the solution is not unique for all

three cases, as it is not equal to the number of variables.

Assuming the constraint matrix of each project study is denoted by A

i.e rank(A) # number of unknowns

Even if the optimization models yield multiple solutions, the research underscores their
practical adaptability. Any optimal solution selected can effectively meet the demand and
achieve the same waste reduction percentage. This practicality ensures that the findings
(waste reduction percentage) can be confidently applied in various scenarios without

further analysis.
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4.4 Nesting Analysis Results

As outlined in Chapter 3, the primary focus of this report is to present the findings
and analysis of the nesting strategies for Projects I, II, and III. These strategies generated
223, 89, and 72 possible cutting patterns. After the feasible cuts constraint has been
applied, the linear models, as shown in Figures 4.1, 4.2, and 4.3, represent the waste areas
resulting from all patterns. This is where the total number of steel plates from cutting

patterns is found.

Waste vs Total Number pf Steel Plate
X=X1+X, + X3 + -+ Xgo

100000.00
— Z=4608x - 8247.9
2 80000.00 X
S
£ 60000.00
=2
2
= 40000.00
= 20000.00
0.00
0 5 10 15 20 25
Total Numberof Steel Plate
Figure 4.1 Project I Case Study Linear Model
Waste vs Total Number pf Steel Plate
X=X;+X, + X3 + - Xs4
30000
Z 25000 Z=1500x - 7092.8
S 20000
2 15000
2 10000
[s+]
= 5000
0
0 5 10 15 20 25

Total Numberof Steel Plate
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Figure 4.2 Project Il Case Study Linear Model

25000

“2 20000

(]

15000

10000

Waste (Sq.inch

5000

Figure 4.3 Project III Case Study Linear Model

Waste vs Total Number pf Steel Plate
X=X;+X5 + X3+ Xag

Z=1500x-11974 _»

10
Total Numberof Steel Plate

15

4.5 Project I Case Study Optimization Result

20

25

As stated in the previous chapter, the cutting stock problem developed for the

Project I case study is from the feasible cutting patterns. This problem was solved using

the MATLAB function /inprog and/or intlinprog. Table 4-1, given below, is the result of

the optimal solution obtained.

Cutting Quantities to be Cut | Number | Cutting | Quantities to be Cut | Number
Pattern of Steel Pattern of Steel
No. 10.75"OD | 19"OD | ppate No. 10.75"0OD | 19"'OD plate

and and and and
4.06"1D 8"ID 4.06"1D 8"ID
1 0 10 0 10 6 8 0
2 1 10 0 11 7 9 0
3 2 10 0 12 7 8 0
4 3 10 0 13 8 8 0
5 3 9 0 14 9 8 0
6 4 10 1 15 9 7 0
7 4 9 0 16 10 7 0
8 5 9 0 17 11 7 0
9 6 9 0 18 12 7 0
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19 12 6 0 40 24 3 0
20 13 7 0 41 24 2 0
21 13 6 0 42 25 3 0
22 14 6 0 43 25 2 0
23 15 6 0 44 26 3 0
24 15 5 0 45 26 2 0
25 16 6 0 46 27 2 0
26 16 5 0 47 27 1 0
27 17 6 0 48 28 2 0
28 17 5 0 49 28 1 0
29 18 6 2 50 29 2 0
30 18 5 0 51 29 1 0
31 18 4 0 52 30 1 0
32 19 5 0 53 30 0 0
33 19 4 0 54 31 1 0
34 20 4 0 55 31 0 0
35 21 4 0 56 32 1 0
36 21 3 0 57 32 0 0
37 22 4 0 58 33 0 0
38 22 3 0 59 34 0 0
39 23 3 0
Final value 13,824

Table 4-1 Project I Feasible Cutting Patterns with Output Result
The total number of steel plates obtained after optimization is 2+1 = 3; the final value of
the total area or amount of steel plate cut to minimize waste is 13,824 in?,
4.5.1 Nest Plot and Job Summary of the Output Result

Optimum Cutting Pattern No. 6: The Nest Plot and Job Summary reports for this

pattern is given below:
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Figure 4.4 Optimum Cutting Pattern No.6 Nest Plot

Figure 4.4 shows one of the two optimal nesting strategies that satisfy the demand and
other constraints. An optimum of one (1) steel plate is needed for this cutting pattern to

minimize the total steel waste.

ProNestLT Job1
Job Summary
Utilization Summary Utiization percentages
Nest Times cut True Crop Plate used Rectangular
1 1 57.38% 57.38% 57.39% 8837%
Averages: 57.38% 57.38% 57.39% 88.37%
Plate Summary

Total
Nest plates Type Plate dimension Nest dimension Matenal Class
1 1 Rectangular  96.000 x 48.000 in. 95,992 x 47.996 in, MS 0.250 in.
Total: 1

Figure 4.5 Job Summary Report of Optimum Cutting Pattern No
Figure 4.5 shows the job summary of the cutting pattern in Figure 4.4. In the utilization
summary, the rectangular utilization averages 88.37%, while the “true area” material

utilization averages 57.38%. Therefore, the material waste from this layout is 42.62%.
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Optimum Cutting Pattern No. 29: The Nest Plot and Job Summary reports of this

pattern are given below:

Figure 4.6 Optimum Cutting Pattern No.29 Nest Plot

Figure 4.6 shows one of the two optima nesting strategies that satisfies the demand and

other constraints. An optimum of two (2) steel plates is needed for this cutting pattern to

minimize the total steel waste.

ProNestLT Job1
Job Summary
Utilization Summary Utlization percentages
Nest Times cut True Crop Plate used Rectangular
1 1 6077% 60.77% 60.78% 9215%
Averages: 6077% 6077% 6078% 9215%
Plate Summary

Total
Nest plates Type Plate dimension Nest dimension Material Class
1 1 Rectangular 96.000 x 48.000 in. 95.996 x 47.996 in. MS 0.250 in.
Total: 1

Figure 4.7 Job Summary Report of Optimum Cutting Pattern No.29
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Figure 4.7 shows the job summary of the cutting pattern shown in Figure 4.6. In the
utilization summary, the rectangular utilization averages 92.15%, while the “true area”
material utilization averages 60.77%. Therefore, the material waste from this layout

cutting pattern is 39.23%.

4.6 Waste Evaluation for Project I Case Study

4.6.1 Worst Cutting Patterns

With the two-flange cut made according to the current approach in Figure 3.5
(rectangular nesting), the evaluation below shows the total steel plates needed and the

total waste area.

22
= L*W — CP, x| == * (10.75% — 4.06%) | — CP,
Calculation of Waste 2 <28 ( )> b

Area of Each Pattern <22
£

(4.1
—x (19?2 — 82)>

28
Where,

L= Length of the Steel Plate

W = Width of the Steel Plate

CP= Cutting Pattern No. (Number of Flanges of the Specified Diameters to be Cut)
Calculation

o 96%48-4%(22/28*(10.75"2-4.06"2))-8*(22/28*(19"2-8"2)) = 2429.75in?
o 96*48-12*(22/28*(10.75"2-4.06"2))-6*(22/28*(19"2-8"2)) = 2273.68 in’

o 96%48-20%(22/28*(10.75"2-4.06"2))-0*(22/28*(1972-8"2)) = 3051.05 in*
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Total Waste

Area from each = Waste Area from Each Pattern * Number of Steel Plate
Pattern
Flange Dimension (Diameter) Worst Cutting Patterns
10.75"OD and 4.06'"ID 4 12 20
19""OD and 8"ID 8 6 0
Cutting Pattern Waste Area (in?) 2429.75 | 2273.68 | 3051.05
Total Steel Plates
Number of Steel Plate 2 1 1 4
Total Waste Area
Cutting Pattern Total Waste Area (in?) | 4,859.5 | 2,273.68 | 3,051.05 10,184.23

Table 4-2 Project I Waste Evaluation of Worst Cutting Patterns

The total area of the rectangular steel plates =4*4608 = 18,432 in?

10184.23
18432

The percentage of waste is

4.6.2 Best Cutting Patterns

= 55.25%

Figure 4.8 Nest Plot of One of the Best Cutting Patterns

(4.2)

Due to the size and demand of the flanges in Figure 4.8 Rectangular nesting to

previous or other layout cutting patterns is not possible. The best cutting scenario

considered for this layout is a little above one-third of the entire length of the steel plate



with the area of the raw material waste part of the steel plate containing the flanges. The
nested dimension of the reduced steel plate for this cutting pattern is estimated to be
68.0351inches by 48 inches (Figure 3.6). The width of the rectangular steel plate did not
change. Using Equation (4./ and Equation (4.2, the total waste area from the cutting

operation is given in the Table 4-3

Flange Dimension (Diameter) Worst Cutting Patterns
10.75"OD and 4.06"ID 4 12 20
19"OD and 8"ID 8 6 0
Cutting Pattern Waste Area (in%) 2429.75 | 2273.68 | 3051.05
Total Steel Plates
Number of Steel Plate 2 1 1*(0.71) 3+1%*
Total Waste Area
Cutting Pattern Total Waste Area (in?) | 4,859.5 | 2,273.68 | 2,166.25 9,299.43

Table 4-3 Project I Waste Evaluation of Best Cutting Patterns
Note: 1** means the number of plates used is not 1
Total Area of Steel Plate = (2*4608) + (1*4608) + (1¥68.035%48) = 17,089.68in>

9299.43
17089.68

The waste percentage is = 54.42%

The waste is between 55.25% and 54.42%. There is little difference between this project's

worst and best cutting approaches.

4.6.3 Optimal Cutting Patterns

Using Equation (4.1) and Equation (4.2), the total area of raw material waste from

the optimal cutting operation is given in Table 4-4.
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Flange Dimension Optimal Cutting Patterns
(Diameter)
10.75"OD and 4.06"1ID 4 18
19"OD and 8"ID 10 6
Cutting Pattern Waste 1963.04 1806.60
Area (in?)
Total Steel Plates
Number of Steel Plates 1 2 3
Total Waste Area
Cutting Pattern Total 1963.04 3613.2 5,576.24
Waste Area (in?)

Table 4-4 Project I Waste Evaluation of Optimal Cutting Patterns

The total area of steel plates to cut to minimize waste is 13,824 in?

5576.24

= 0
Ereyalie 40.34%

From the Table 4-4, the waste percentage is

If the optimal approach is compared with the current worst-cutting approach, the steel

waste 1s reduced from 55.25% to 40.34%. Therefore, the percentage of steel waste

0.5525-0.4034

reduced is = Iy 26.99%.

Compared with the best-cutting approach, steel waste is reduced from 54.42% to 40.34%.

0.5442-0.4034
0.5442

Therefore, the percentage reduction in waste = = 25.87%

The raw material (steel plate) is reduced from 4 to 3 if compared with the current cutting

. .. 4-3
approach. The net saving or percentage reduction is 47 = 25%

&9



4.7 Project II Case Study Optimization Result

The MATLAB functions /inprog and/or intlinprog were used to solve this case

study problem. Table 4 5 shows the optimal cutting patterns and steel plate area to cut.

Cutting Quantities to be Cut Cutting | Quantities to be Cut
Pattern Pattern
No. 7.5"0D 16"OD | o, Waste No. 7.5"0OD 16"OD | o/ waste
and and and and
3.13"ID 10"ID 3.13"ID 10"ID
1 0 4 4 28 12 3 0
2 1 4 0 29 13 1 0
3 2 4 0 30 13 2 0
4 3 4 0 31 13 3 0
5 4 3 0 32 14 0 0
6 4 4 0 33 14 1 0
7 5 3 0 34 14 2 0
8 5 4 0 35 14 3 0
9 6 3 0 36 15 0 0
10 6 4 0 37 15 1 0
11 7 2 0 38 15 2 0
12 7 3 0 39 16 0 0
13 7 4 0 40 16 1 0
14 8 2 0 41 16 2 0
15 8 3 0 42 17 0 0
16 8 4 0 43 17 1 0
17 9 2 0 44 17 2 0
18 9 3 0 45 18 0 0
19 9 4 0 46 18 1 0
20 10 2 0 47 19 0 0
21 10 3 0 48 19 1 0
22 10 4 6 49 20 0 0
23 11 1 0 50 20 1 0
24 11 2 0 51 21 0 0
25 11 3 0 52 22 0 0
26 12 1 0 53 23 0 0
27 12 2 0 54 24 0 0
Final Value 15,000
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Table 4-5 Project II Feasible Cutting Patterns with Output Result

The total number of steel plates obtained after optimization is 4+6= 10; the final value of
the total area or amount of steel plate cut to minimize waste is 15,000 in2.
4.7.1 Nest Plot and Job Summary of the Output Result

Optimum Cutting Pattern No. 1: The Nest Plot and Job Summary reports of this pattern

is given below:

Figure 4.9 Optimum Cutting Pattern No.l Nest Plot

Figure 4.9 shows the layout of the cutting pattern for zero flange of dimension 7.5"OD &
3.13"ID and four flanges of dimension 16"OD & 10"1D to be produced to satisfy demand
and other constraints. An optimum of four (4) steel plates is needed to cut the different

flange sizes using this layout to minimize the total raw material waste.
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ProNestLT

Job Summary

Job1

Utilization Summary

Utilization percentages

Nest Times cut True Crop Plate used Rectangular
1 1 3267% 3267% 3814% 6827%
Averages: 3267% 3267% 38.14% 6827%
Plate Summary

Total
Nest  plates Type Plate dimension Nest dimension Material Class
1 1 Rectangular 50.000 x 30.000 in. 42830 x29.999 in. MS 0.250 in.

Total: 1

Figure 4.10 Job Summary Report of Optimum Cutting Pattern No.1

Figure 4.10 shows the job summary of the cutting pattern shown in Figure 4.9. In the

utilization summary, the rectangular utilization averages 66.27%, while the “true area”

material utilization averages 32.67%. Thus, the material waste from this layout cutting

pattern is 67.3%.

Optimum Cutting Pattern No. 22: The Nest Plot and Job Summary report of this

pattern is shown in Figure 4.11
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Figure 4.11 Optimum Cutting Pattern No.22 Nest Plot

Figure 4.11 shows the layout of the cutting pattern for ten flanges of dimension 7.5"OD

& 3.13"ID and four flanges of dimension 16"OD & 10"1D to be produced to satisfy

demand and other constraints. An optimum of six (6) steel plates is needed to cut the

different flange sizes using this layout to minimize the total raw material waste.

ProNestLT Job1
Job Summary
Utilization Summary Utlization percentages
Nest Times cut True Crop Plate used Rectangular
1 1 57.00% 57.00% 5701% 105.77%
Averages: 5700% 57.00% 5701% 10577%
Plate Summary

Total
Nest  plates Type Plate dimension Nest dimension Material Class
1 1 Rectangular 50.000 x 30.000 in. 49992 x 29.999 in. MS 0.250 in.
Total: 1
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Figure 4.12 Job Summary Report of Optimum Cutting Pattern No.22

Figure 4.12 shows the job summary of the cutting pattern Figure 4.11. In the utilization
summary, the rectangular utilization averages 105.77%, while the “true area” material
utilization averages 57.00%. Thus, the material waste from this layout cutting pattern is

43%.

4.8 Waste Evaluation for Project II Case Study

4.8.1 Worst Cutting Patterns

With the flange cut made according to the current approach in Figure
3.7(rectangular nesting), the evaluation in Table 4-6 shows the total steel plates needed

and the total waste area.

22
= L+ W — CP, <% «(7.52 — 3.132)> — CP,

22
2 _ 102
* <28 * (16 10 )>

Calculation of Waste
Area of Each Pattern

(4.3)

Where,

L= Length of the Steel Plate
W = Width of the Steel Plate
CP= Cutting Pattern No. (Number of Flanges of the Specified Diameters to be Cut)

Calculation
o 50%30-10%(22/28*(7.5"2-3.1372))-2*(22/28*(16"2-10"2)) = 889.87in>

o 50%30-0%(22/28*(7.5"2-3.13/2))-2%(22/28*(16"2-10"2)) = 1254.86in?
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The Total Raw Material Waste Area from Each Pattern is calculated using Equation

(4.2).
Flange Dimension Worst Cutting Patterns
(Diameter)
7.5"0D and 3.13"ID 10 0
16"OD and 10" ID 2 2
Cutting Pattern Waste 889.87 1254.86
Area (in?)
Total Steel Plates
Number of Steel Plate 6 14 20
Total Waste Area
Cutting Pattern Total 5,339.22 17,568.04 22,907.26
Waste Area (in?)

Table 4-6 Project II Waste Evaluation of Worst Cutting Patterns

The total area of the rectangular steel plates =20* 1500 = 30,000 in?

22907.26

. _ 0
The percentage of waste is 20000 76.35%
4.8.2 Best Cutting Patterns
.
// /// \\ \\ // - A

Figure 4.13 Cutting Patterns with Steel Plate Sizes Reduced

The unique size and demand of the flanges in Figure 4.13 present a challenge that makes

rectangular nesting to previous or other layout cutting patterns impossible. As a result,
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the best cutting scenario that could be considered for this layout is to reduce the size of
the raw material used. This was achieved by using the nested dimension, which is reliable
and precise, as provided in Figure 3.8, and was used to determine the amount of raw

material used. This is the practical solution detailed in the Table 4-7.

Flange Dimension Best Cutting Patterns
(Diameter)

7.5"OD and 3.13"ID 10

16"OD and 10"ID 2

Cutting Pattern Waste 889.87 1254.86

Area (in?)
Total Steel Plates

Number of Steel Plate 6 14*(0.38) 6+14%*
Total Waste Area

Cutting Pattern Total 5,339.22 6,675.85 12,015.07

Waste Area (in?)

Table 4-7 Project II Waste Evaluation of Best Cutting Patterns

Total area of the rectangular steel plates = (6*1500) +(14*33.515%17.005) = 16,978.92

in2

12015.07

. 1201507 _ 0
The percentage of waste is 1597892 70.76%

4.8.3 Optimal Cutting Patterns

Using Equation (4.2) and Equation (4.4), the total waste area from the optimal cutting

operation is given below:

Flange Dimension (Diameter) Optimal Cutting Patterns
7.5"0OD and 3.13"ID 0 10
16"OD and 10"ID 4 4
Cutting Pattern Waste Area (in%) 1009.71 644.73
Total Steel
Plates
Number of Steel Plate 4 6 10
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Total Waste
Area
Cutting Pattern Total Waste Area (in?) 4038.84 3868.38 7,907.22

Table 4-8 Project II Waste Evaluation of Optimal Cutting Patterns

Final value or total area of steel plate to cut = 15,000 in?

DU 52.71%
15000

From Table 4-8, the waste percentage is

If the optimal approach is compared with the current worst-cutting approach, the steel

waste is reduced from 76.35% to 52.71%. Therefore, the percentage of steel waste

. 0.7635-0.5271
reduced is = ——— = 30.96%.
0.7635

Compared with the best-cutting approach, steel waste is reduced from 70.76% to 52.71%.

0.7076—0.5271
0.7076

Therefore, the percentage reduction in waste = = 25.51%

The steel plate is reduced from 20 to 10 compared to the current cutting approach. The

20-10

= 50%

net saving or percentage reduction is

4.9 Project III Case Study Optimization Result

This project problem was also solved using MATLAB function, /inprog and/or
intlinprog command. The optimal cutting patterns and total area of the steel plate to cut

are shown on the Table 4-9.
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Cutting | Quantities to be Cut Cutting | Quantities to be Cut
Pattern 10" | 1570 | 23"0 Number | Pattern 10"0 | 15" 23" | Numbe
No. OD | Dand | Dand | °f Steel No. Ipand| OD | OD |rof
and | 8"ID | 13.25 | Plate 4.06"I | and | and | Steel
4.06 "ID D 8" | 13.25 | Plate
"ID ID "ID
1 0 0 2 0 20 5 1 1 0
2 0 5 0 0 21 5 3 0 0
3 0 6 0 5 22 5 2 0 0
4 1 0 2 0 23 6 0 1 0
5 1 2 1 0 24 6 1 1 0
6 1 4 0 0 25 6 3 0 0
7 1 5 0 0 26 6 2 0 0
8 2 0 2 0 27 7 0 1 0
9 2 2 1 0 28 7 1 0 0
10 2 4 0 0 29 7 2 0 0
11 3 0 2 0 30 8 0 1 0
12 3 1 1 0 31 8 1 0 0
13 3 2 1 0 32 9 0 0 0
14 3 3 0 0 33 9 1 0 0
15 3 4 0 0 34 10 0 0 0
16 4 0 2 10 35 10 1 0 0
17 4 1 1 0 36 11 0 0 0
18 4 3 0 0 37 12 0 0 0
19 5 0 1 0 38 13 0 0 0
Final Value 22,500

Table 4-9 Project III Feasible Cutting Patterns with Output Result

The total number of steel plates obtained after optimization is 5+10 = 15; the final value

of the total area or amount of steel plates cut to minimize waste is 22,500 in?

4.9.1 Nest Plot and Job Summary of the Output Result

Optimum Cutting Pattern No. 3: The Nest Plot and Job Summary reports of this pattern

is given below:
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Fiure 4.14 Optimum Cutting Pattern No.3 Nest Plot

Figure 4.14 shows the layout of the cutting pattern for zero flanges of dimension 10"OD

& 4.06"1D, six flanges of dimension 15"0OD & 8"ID, and zero flange of dimension

23"0OD & 13.25"1D to be produced to satisfy demand and other constraints. An optimum

of five (5) steel plates is needed to cut the different flange sizes using this layout to

minimize the total raw material waste.

ProNestLT

Job Summary

Job1

Utilization Summary

Utilization percentages

Nest Times cut True Crop Plate used Rectangular
1 1 5058% 5058% 5071% 90.00%
Averages: 5058% 5058% S5071% 90.00%
Plate Summary

Total
Nest plates Type Plate dimension Nest dimension Material Class
1 1 Rectangular 50.000 = 30.000 in. 49.902 = 29.980 in. MS 0.250 in.
Total: 1
Production Summary
Nest Times cut Production time Production cost Material cost of parts Scrap value
1 1 0:05:07 $33.03 s3az2.21 $31.47
Totals: 0:05:07 $33.03 s$32.21 $31.47
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Figure 4.15 Job Summary Report of Optimum Cutting Pattern No.3

Figure 4.15 shows the job summary of the cutting pattern shown in Figure 4.14. In the
utilization summary, the rectangular utilization averages 90.0%, while the “true area”
material utilization averages 50.58%. Thus, the material waste from this layout cutting
pattern is 49.4%.

Optimum Cutting Pattern No. 16: The Nest Plot and Job Summary report of this

pattern is shown in Figure 4.16.

Figure 4.16 Optimum Cutting Pattern No.16 Nest Plot

Figure 4.16 shows the layout of the cutting pattern for four flanges of dimension 10"OD
and 4.06"ID, zero flange of dimension 15"OD and 8"ID, and two flanges of dimension

23"0OD and 13.25"1D to be produced to satisfy demand and other constraints. An

100



optimum of ten (10) steel plates is needed to cut the different flange sizes using this

layout to minimize the total raw material waste.

ProNestLT Job1

Job Summary

Utilization Summary Utlizntion percentages

Nest Times cut True Crop Plate used Rectangular
1 1 5450% 5450% 54.52% 9720%
Averages: 5450% 5450% 5452% 8720%

Plate Summary

Total
Nest  plates Type Plate dimension Nest dimension Maternial Class

1 1 Reclangular 50.000x30.000in 49.992 x 20.995in MS 0.250 in

Total: 1

Figure 4.17 Job Summary Report of Optimum Cutting Pattern No.16

Figure 4.17 shows the job summary of the cutting pattern shown in Figure 4.16. In the

b

utilization summary, the rectangular utilization averages 97.20%, while the “true area’
material utilization averages 54.5%. Thus, the waste from this layout cutting pattern is

45.5%.

4.10 Waste Evaluation for Project III Case Study

4.10.1 Best Cutting Patterns

The number of flanges nested or to be cut sufficiently utilized the raw material

size provided using rectangular nesting. So, only this cutting scenario, deemed the best, is
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considered. The evaluation below shows the total steel plates needed and the total waste

area of Figure 3.9.

22
Calculation of Waste Area = L*xW—CP, * <§ + (10% — 4-062)> — CPh,
of Each Pattern (
*

22
o5 * (15° - 82)> — CP,

22 (232 — 13.25%)
* [ — % — .
28
Calculation

o 50%30-4%(22/28*(10"2-4.06"2))-3*(22/28*(15"2-8"2))-0%(22/28*(23/2-
13.25/2)) = 858.02in>

o 50%30-0%(22/28*(10"2-4.06"2))-0%(22/28*(15/2-8"2))-2*(22/28*(232-
13.25"2)) = 944.60in>

The total raw material waste area from Each Pattern is calculated using Equation (4.2)

Flange Dimension Best Cutting Patterns
(Diameter)

10"OD and 4.06"ID 4 0

15"OD and 8"ID 3 0

23"OD and 13.25"ID 0 2

Cutting Pattern Waste 858.02 944.60

Area (in?)
Total Steel Plates

Number of Steel Plate 10 10 20
Total Waste Area

Cutting Pattern Total 8580.2 9446.0 18,026.2

Waste Area (in?)

Table 4-10 Project III Waste Evaluation of Worst Cutting Patterns

The total area of the rectangular steel plates =20*1500 = 30,000 in?
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18026.2
30,000

= 60.09%

The percentage of waste is

4.10.2 Optimal Cutting Patterns

If the cut is made according to the optimal cutting patterns, the evaluation in
Table 4-11 shows the total steel plates needed and the total area of raw material wasted.
Using Equation (4.2) and Equation (4.4), the total area of waste from the optimal cutting

operation is given below:

Flange Dimension Optimal Cutting Patterns
(Diameter)
10"OD and 4.06"ID 0

15"OD and 8" ID
23"OD and 13.25"ID

Cutting Pattern Wasted 741.00 682.12
Area (in%)

Total Steel Plates
Number of Steel Plate 5 10 15

Total Waste Area
Cutting Pattern Total 3,705 6,821.2 10,526.2
Wasted Area (in?)

Table 4-11 Project III Waste Evaluation of Optimal Cutting Patterns

The final value of the amount of steel plate from the IP optimization =22,500 in?

10526.2
22500

The waste percentage is = 46.78%. Compared with the best current cutting

scenario, the steel waste is reduced from 60.09% to 46.96%. Therefore, the percentage

0.6009-0.4678

reduction in waste = ———— — = 22.15%.
0.6009

Cutting the different flange sizes according to the optimization models reduces the total

steel plates (raw material) from 20 to 15 if compared with the current best-cutting

20-15

scenario. The net saving or percentage reduction is = 25%.
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4.11 Model Validation

The research questions and hypotheses were answered based on real-world
observations, experience, and procedures. The model developed from this process was
checked for consistency by examining three project studies from real-world observation
that used the same techniques. Each approach or technique uses similar constraints but
incorporates an integer constraint to obtain an integer solution. The constraints restrict the
model to realistic solutions, so the observations validate the model by construct. The best
cutting scenarios, integral to the operations of OFAIS, a flange manufacturing company,
provided the basis for validation by results. The IP models were validated as final, with
the steel waste experienced in actual flange cutting operation showing a reduction of
26%, 26%, and 22% total waste during the production of the given flange sizes using
the specified raw material sizes. In this case, the cutting patterns of the current approach
were compared with the optimal cutting patterns, each representing real-life situations

appropriate for the model to respond to and be used.

e H1: The rectangular nesting strategy used to determine the feasible cutting
patterns in cutting steel plates for manufacturing different sizes of valve flange do
not significantly minimize steel waste.

For the given demand, the rectangular nesting strategy is compared to multiple
strategies for laying out cutting patterns for different sizes of valve flanges to
ascertain the area of plate wasted. Multiple nesting strategies help determine

feasible cuts with less steel waste than the current approach.
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H2: Nesting strategies and material utilization can be used to determine feasible
cutting patterns, which results in acceptable steel waste in cutting steel plates for
manufacturing different sizes of valve flange.

By changing the nesting rules or strategies, which generated many cutting
patterns, and determining their material utilization (i.e., the percentage of raw
material wasted), feasible cutting patterns that result in acceptable waste were
identified for cutting valve flanges of different sizes.

H3: An optimization model can be developed to minimize steel waste by using
feasible cutting patterns obtained from the multiple patterns generated in cutting
steel plates for manufacturing different sizes of valve flange.

Following optimization, the study showed that the optimal cutting patterns,
compared to the current best cutting patterns, are highly practical and significantly
reduce steel waste. The reduction was substantial, averaging 26%, 26%, and 22%
in the three project case studies. Furthermore, the number of steel plates decreased

significantly by 25%, 50%, and 25% in three studies, effectively meeting demand.
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Chapter 5S—Discussion and Conclusions

5.1 Discussion

The objective of this research was to determine if an optimization approach for
cutting steel plates in the manufacturing of different sizes of valve flange could minimize
the amount of steel waste generated. Previous research exists on cutting circular items or
irregular shapes to minimize steel waste. However, no research has focused on cutting
steel plates to manufacture different sizes of valve flange. In past research, generating a
shape pattern (e.g. T shape patterns) for two-dimensional cutting was employed for
circular items. While this seems like a good approach and can be leveraged for similar
items, the shape of valve flanges is not circular but concentric. Cutting steel plates for
manufacturing different sizes of valve flange create an entirely new problem that requires
streamlining the approach used for other items when generating the cutting pattern as

well as optimization methods.

The following sections review the results related to the research questions and
hypotheses. Sections 5.1.1-5.1.3 discuss each hypothesis and review the method for
generating the cutting patterns. Section 5.1.4 provides an overview of the linear versus
nonlinear programming model formulation. Section 5.1.5 reviews the optimization
results. Section 5.2 offers conclusions. Section 5.3 suggests how this research contributes
to the current body of knowledge, and Section 5.4 recommends opportunities for future

research.
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5.1.1 Discussion of Hypothesis 1

RQ1: Does the current (rectangular) strategy used to determine the feasible
cutting patterns in cutting steel plates for manufacturing different sizes of valve

flange effectively utilize the raw materials?

H1: The rectangular nesting strategy used to determine the feasible cutting
patterns in cutting steel plates for manufacturing different sizes of valve flange

does not significantly minimize steel waste.

The percentage of waste generated using the strategy for the three case studies—two
valve flanges of different sizes and three valve flanges of different sizes—was compared
to when multiple strategies were used to determine the feasible cutting patterns. Results
suggest that the current approach does not significantly minimize steel waste. Hypothesis

confirmed.

5.1.2 Discussion of Hypothesis 2

RQ2: What approach can be used to determine the feasible cutting patterns that
result in acceptable steel waste in cutting steel plates for manufacturing different

sizes of valve flange?

H2: Nesting strategies and material utilization can be used to determine feasible
cutting patterns, which results in acceptable steel waste in cutting steel plates for

manufacturing different sizes of valve flange.

Different rules or nesting strategies were applied to generate all possible cutting
patterns that result in waste. Out of the 223 and 89 possible cutting patterns for the two-
flange case studies and 72 possible cutting patterns for the three-flange case study, the
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feasible cutting patterns were determined based on the material utilization (i.e., Area of
steel plate with less waste). Results suggest that the feasible cutting patterns resulting in
acceptable waste were determined based on the amount of steel wasted. Hypothesis

confirmed.

5.1.3 Discussion of Hypothesis 3

RQ3: Can an optimization model be developed to minimize steel waste from the
multiple cutting patterns used in cutting steel plates for manufacturing different

sizes of valve flange?

H3: An optimization model can be developed to minimize steel waste by using
feasible cutting patterns obtained from the multiple cutting patterns generated in

cutting steel plates for manufacturing different sizes of valve flange.

Hypothesis 3 was tested with three project studies using linear and integer
programming approaches. Results suggest that the feasible cutting patterns used for the
linear and integer optimization approach significantly minimize steel waste. Result:

Hypothesis confirmed.

5.1.4 Discussion on the Linear and Integer Optimization Approach

Linear and integer linear optimization approaches proposed to solve the flange-
cutting stock problem show that similar techniques or methods can be used to
complement each other. Based on the problem limitation or the given demand constraints,
the best cutting patterns used to develop the linear programming model did not result in
integer solutions. However, since the variables in the linear programming and integer

programming model were not restricted to integer solutions, integrating the two
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approaches or comparing the result of the two approaches ensured that the solution
resulted in an integer for every case. The importance of applying a linear or integer
linear approach is dependent on problem formulation, which incorporates the appropriate
constraint. Constraints that may take different forms allow a problem to be formulated so

that it can be solved using the best techniques.

5.2 Conclusions

Cutting Stock Optimization has shown to be a very effective approach to
minimize steel waste when different sizes of flanges are to be produced to meet present
or future demands. The linear and integer programming model developed for the flange
cutting stock problem was necessary to optimize the cutting procedure using different
techniques or methods to minimize steel waste. The following list presents the key

features of the model and results:

e The developed model highlights all key variables (cutting patterns) involved in
the cutting operation.

e Multiple nesting strategies were used to lay out all possible cutting patterns with
feasible cuts, which resulted in waste.

e From the three case studies considered, the linear and integer programming
model’s objective function constructed represents the total waste generated for the
given demand.

e The optimization results from the three case studies focused on obtaining the best
cutting pattern for the raw material size and reducing about 26%, 26%, and 22%

of the total waste for the first, second, and third case studies, respectively.
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5.3

The Optimization approach significantly reduces the number of raw materials
(steel plates) used for cutting the flanges. The optimal two-flange and three-flange
cutting operations in the case studies reduce the number of steel plates used from
4 to 3(i.e., 25% savings), 20 to 10(i.e., 50% savings), and 20 to 15(i.e., 25%

savings), respectively, thus providing substantial savings to the company.

Contributions to Body of Knowledge

This Praxis is a valuable addition to the body of knowledge, offering a practical

and quantitative approach to minimize steel waste in the process of cutting steel plates for

manufacturing different sizes of valve flange. It effectively answers three key research

questions, leading to an optimized cutting procedure that directly translates into

substantial savings for the company. Importantly, this study breaks new ground as the

first to document the application of optimization techniques in minimizing steel waste in

the production of valve flanges, thereby sparking curiosity and paving the way for future

research and industry practices.

The following contributions were made:

Providing an approach beyond the rectangular strategy that further determines all
possible cutting patterns to identify feasible cuts with acceptable waste for
different sizes of flanges.

Providing an approach that uses different optimization methods or techniques to
reduce steel waste in cutting the steel plates to manufacture different sizes of

valve flange and subsequently contribute to the national economy.
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e Combining the merit of both LP and IP Optimization approaches in cutting steel

plates to manufacture different sizes of valve flanges.

5.4 Recommendations for Future Research

Future research in this area holds immense potential, particularly in exploring raw
material sizing and developing a multi-objective optimization model that incorporates
various variables, including cost. Including cost variables from production, maintenance,
logistics, and setup can lead to significant savings. While the direct monetary benefits of
minimizing steel waste are evident, the potential to streamline the entire process and
reduce other expense variables is equally promising, inspiring further exploration and

innovation in this field.
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Appendix A — Ball Valve Dimensions

Cameron, a Schlumberger company, provided the dimensions of the flanges analyzed for
cutting. The valve class and sizes are adapted from the company’s brochure, which can
be found at https://www.control-associates.com/getattachment/e3698326-0e62-4f12-
b4db-477ad4a855ee/cameron-fully-welded-ball-valves-brochure.pdf.

Dimensions
Size in. — Flanged End s — Weld CL Diameter ClL.to Approximate

Body Lever

Ball RF RT Di Di Endms  to Sohere Lenath Handwheel Handwheel Valve Weight

Nom Bore Stem Length Length a. a. Length Bottom phere Leng for Gear CL Ib
Dia. | B | Size | A | A | DI A | H | Flange | Weld
3.13 1.5 1850 | 18625 [ 10.50 313 13.5* 488 7.00 - 12 7.44 180 120
4 4.06 2.0 21.50 | 21.625 | 12.25 4.06 15.0* 6.77 9.25 - 12 9.76 300 190
6 6.00 2.0 27.75 | 28.000 | 15.50 6.00 20.0* 8.39 12.50 - 18 10.86 715 410
8 8.00 3.0 3275 | 33125 | 19.00 8.00 23.5* 10.95 16.38 - 18 16.89 1550 1075
10 10.00 4.0 39.00 | 39.375 | 23.00 | 10.00 | 255* 1515 | 19.50 - 18 19.96 2000 1575
12 12.00 4.0 4450 | 45125 | 26.50 12.00 29.5* 17.31 23.38 - 24 21.80 3250 1825
14 12.75 5.0 4950 | 50.250 | 29.50 12.75 31.5% 1740 | 26.00 - 24 25.30 4200 2550
16 14.75 5.0 5450 | 55.375 | 32.50 14.75 33.5* 19.02 | 29.25 - 30 26.92 5400 2950
18 16.75 7.5 6050 | 61.375 | 36.00 16.75 36.5* 2269 | 3157 - 30 33.1 6350 5125
20 18.625 75 6550 | 66.375 [ 3875 | 18.625 | 385* 24.22 | 3472 - 30 35.23 9260 6025
24 22.50 7.5 76.50 | 77.625 | 46.00 | 22.50 | 45.0* 28.07 | 42.16 - 48 38.18 16250 | 9400
50 52 25 368 | 371 216 52 | 2797 | 100 | 127 | 914 - 161 45 20
80 80 38 | 470 | 473 | 267 80 | 343 | 124 | 178 - 305 189 82 54
100 103 51 546 549 3N 103 381 172 235 - 305 248 136 86
150 152 51 705 m 394 152 508 213 318 - 457 276 324 186
200 203 76 832 841 483 203 597 278 416 - 457 429 703 488
250 254 102 991 1000 584 254 648* 385 495 - 457 507 907 714
300 305 102 1130 1146 673 305 749* 440 594 - 610 554 1474 828
350 324 127 1257 1276 749 324 800~ 447 660 - 610 643 1905 1157
400 375 127 1384 1407 826 375 851* 483 743 - 762 684 2449 1338
450 425 191 1537 1559 914 425 927* 576 802 - 162 856 2880 2325
500 473 191 1664 1686 984 473 978* 615 882 - 762 895 4200 2733
600 572 191 1943 1972 1168 5/2 1143* 713 1071 - 1219 970 7371 4264

Figure 5.1 Full Bore ASME/ANSI Class 1500 (PN 250)
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Dimensions

Weld CcL Law Diameter CL to Approximate
End= to sphm un;;‘ Handwheel Handwheel Valve Weight
for Gear cL Ib
2 2.06 1 115 11.625 6.5 | 2.06 11.0* J.94 | 5 24 - 634 L] 45
3 313 1 14 14.125 8.25 3.13 125* 512 B6.75 36 - 7.44 85 75
4 406 15 17 17.125 10.75 | 4.06 14.0* 5.9 I 85 48 - B8.43 165 100
6 6.00 15 22 22125 14 6 18.0* 791 11.25 - 12 1043 360 225
B.00 2 26 26.125 16.5 | 8 21.5* 10 I 155 - 18 12.55 650 450
10 10.00 2 N 31.125 20 10 iy 1212 185 - 24 14.54 1000 650
12 12.00 3 33 33125 22 | 12 26.5% 14.5 | 22.36 - 18 2014 1510 1100
14 1325 3 35 35.125 2375 13.25 285* 14.64 24 - 24 21.16 1910 1230
16 1525 4 39 39125 27 | 15.25 30.5* 17.84 I 26.32 - 18 2478 2400 1770
18 1725 4 43 43.125 2925 17.25 335* 19.25 292 - 24 26.19 2955 2200
20 19.25 5 47 4725 32 | 19.25 35 5* 2211 I 3227 - 24 30 4100 3000
22 2125 5 51 51375 3425 21.25 385* 2363 36 - 24 3153 5400 3950
24 2325 5 L1 55375 37 | 2335 42.0* 25.05 I 38.76 - 30 32495 6550 4750
26 25.00 5 57 575 40 25 44 5% 2649 41.75 - 36 3434 7800 G600
28 27.00 7.5 a1 61.5 42.25 | 27 47.0* 30.87 I 44 B6 - 30 40.99 9500 6700
30 29.00 75 65 655 445 29 49.0* 3253 479 - 30 42 65 12000 9120
32 30.75 7.5 70 T0.630 47.00 | 30.75 S2.0* 3425 I 52.25 42 4450 12999 10494
34 27 75 Fi) 76,625 49 3275 54 5* 35.19 53.64 - 42 45.31 16025 12300
36 345 7.5 82 82.62% 51.75 | 345 G6.5* 368 | 56.83 - 42 45.92 19100 15500
40 385 9 B0 - 52 385 G65.0™ 42.02 65 - 42 55.425 26770 23000
42 4125 9 B3 - 5535 | 41.25 66.5* 43.66 I [:2 - 42 57.06 30500 25500
44 4275 1 - - - 4275 70.5* 46.95 71.00 - - - - -
48 45.50 1 a4 - 62.75 | 45.5 76.0* 5118 I 77.33 - - - - -
56 55.12 13 - - - 55.12 93.7* 59.10 91.70 - - - - -
S0 52 25 292 295 165 52 279" 100 127 610 - 181 7 20
B0 80 25 356 359 210 B0 318* 130 1m7m 914 - 189 £ 34
100 103 38 432 435 73 | 103 e 151 I 216 1219 - 214 75 45
150 152 38 L] 562 356 152 457+ 201 286 - 305 265 163 102
200 203 51 660 664 419 | 203 SA5* 254 I 394 - 457 319 295 204
250 254 1 T87 M Soa8 254 e 308 470 - 610 369 454 295
300 305 76 838 241 559 | 304 B73* 368 I LE8 - 457 512 685 499
350 337 76 Ba9 292 603 337 T24* 372 610 - 610 B37 B66 L4
400 387 102 a9 a4 BEG | 387 TiL* 453 I 63 - 457 629 1089 BO3
450 438 102 1092 1095 743 438 851+ 489 742 - 610 665 1340 998
500 489 127 1194 1200 813 | 489 a02* 562 I B20 - 610 762 1860 1361
SL0 540 127 1295 1305 870 L 978" G000 914 - 610 am 2449 1792
600 51 127 1397 1407 240 | 591 1067+ 636 I 985 - 762 837 297 2155
650 635 127 1448 1461 1016 635 1130" 673 10G0 - 914 g72 3538 2540
J00 GBE 191 1549 1562 1073 | 6BE 1194~ 784 I 1139 - TE2 1041 4309 3039
750 FEYS 191 1651 1664 1130 737 1245* 826 1217 - 762 1083 5443 4137
8O0 781 191 1778 1794 1193.8 | 781 1321~ &70 1327 1067 1130 6350 47680
850 &32 191 1930 18946 1245 832 1384~ 894 1362 - 1067 1151 7269 5579
900 876 191 2083 2099 1314 | B76 1435*% 935 I 1443 - 1067 1192 2664 7031
1000 978 229 2032 - 1321 a7g 1651~ 1067 1651 - 1067 1408 12143 10433
1050 1048 229 2108 - 1403 | 1048 1689~ 1109 I 1742 - 1067 1449 13835 11567
1100 1086 279 - - - 1086 1791~ 1192 1803 - - - - -
1200 1181 27 2388 - 1594 | 1181 1930* 1300 I 1964 - - - - -
1400 1400 330 - - - 1400 2381+ 1501 2328 - - - - -

Figure 5.2 Full Bore ASME/ANSI Class 600 (PN 100)
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Dimensions

Size in.

Nom
Dia.

48
Size mm
50
80
100
150
200
250
300
350
400
450
500
550
600
650
700
750
850
900
1000
1050
1200

Ball
Bore
B
2.06
313
4.06
6.00
8.00
10.00
12.00
1325
15.25
17.25
19.25
21.25
23.25
25.00
27.00
29.00
4275
34.50
38.50
41.25
46.50

52
80
103
152
203
254
305
337
387
438
489
540
591
635
686
737
832
876
978
1048
1181

r— Flanged End 8——

RF

Stem Length

178
203
229
394
457
533
610
686
Te2
264
914
1016
1067
1143
1245
1295
1473
1524
1753
1829
2032

RTJ
Length

191
216
241
406
470
546
622
699
775
876
927
1029
1080

11.00
13.30
16.00
19.00
21.00
23.50
25.00
27.50
29.50
32.00
3425
36.50
38.75
43.75
46.00
50.75
53.00
59.50

152
191
229
279
343
406
483
a3
597
635
699
749
B13
870
9z7
984
1111
1168
1289
1346
1511

ER

2.06
213
4.06
6.00
8.00
10.00
12.00
13.25
15.25
17.25
19.25
2125
2325
25.00
27.00
29.00
32.75
3450
38.50
4125
46.50

52
80
103
152
203
254
305
337
387
438
489
540
591
B35
686
737
832
878
978
1048
1181

Weld C.L
End = to
Length Bottom
A | c
11.0+ 3.94
12.5¢ 5.12
14.0 5.94
18.0 7.91
21.5% 10.00
235+ | 1212
265+ | 1450
285* | 1464
30:5* 16.01
33.5* | 193.25
355+ | 2081
385+ | 2228
420 2369
445+ | 2649
47.0* | 27.88
49.0* | 2951
545+ | 3216
56.5* | 33.76
65.0* | 40.14
66.5* | 41.78
76.0* | 45.90
279+ 100
318+ 130
356 151
457 m
S45+ 254
507« 308
673e 368
724+ 372
775* 407
851 489
902 529
978* 566
1067+ 602
1130% 673
1194* 708
1245* 750
1384* 817
1435* 858
1651* | 1020
1689* | 1081
1930* | 1166

Body

E
5.00
6.75
8.50
11.25
15.50
18.50
22.36
2400
26.32
2820
32.27
36.00
38.76
41.75
44 86
47.890
53.64
56.83
©65.00
68.60
77.00

127
m
216
286
394
470
568
810
669
742
820
914
985
1060
1139
1217
1362
1443
1651
1742
1956

Lever
Sphere Length

610
610
914

Diameter
Handwheel

for Gear

305
457
457
457
457
457
610
457
457
457
610
610
610
762
914
762
1067

ClL.to
Handwheel

CL

161
183
214
265
319
369
512
537
572
665
705
742
778
872
907
949
1016
1057
1276
1318

Approximate
Valve Weight

Flange

39
62
115
200
428
705
1210
1330
1650
2325
3310
3875
4620
8400
7200
5500
13500
15150

18
28
52
91
194
320
549
603
T48
1055
1501
1758
2096
20903
3266
4309
6123
B872

Ib

100
225
430
650
1100
1230
1550
2200
2760
3510
4260
5600
6500
8800
12000
14500

kg
20
34
45
102
204
205
499
558
703
908
1252
1592
1932
2540
2948
3992
5443
6577

Figure 5.3 Reduced Bore ASME/ANSI Class 150 (PN 20)
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Dimensions

Size in. Diameter CL to Approximate
Handwheel Handwheel Valve Weight
Nom o for Gear CcL |
Dia.
4 313 1.0 12.00 12.625 10000 4.06 12.5% 5.12 B6.75 24 - T.44 95 a7
6 4.08 1.5 15875 16.500 12.50 6.00 | 14.0% 5.4 8.50 36 - 843 180 150
8 6.00 15 19.75**| 20375 | 15.00 8.00 18.0* 7.91 11.25 - 12 10.43 365 290
10 £.00 2.0 22375 | 23000 | 17.50 1000 | 215+ 10.00 15.50 - 18 1255 650 525
12 10.00 20 2550 | 26.125 | 20.50 12.00 235* 12.12 18.50 - 18 1454 1050 840
14 12.00 3.0 30.00 | 30625 | 23.00 1325 | 265° 150 | 2236 | - 18 20.14 1285 1160
16 13.25 30 33.00 33625 2550 15.25 28.5* 14.64 24.00 - 24 21.16 1660 1330
18 15.25 30 36.00 36.625 28.00 17.25 | 30.5* 16.01 2632 I - 24 2252 1990 1700
20 17.25 4.0 39.00 39.750 30.50 19.25 335* 1925 2920 - 24 26.19 3100 2300
22 19.25 4.0 43.00 43875 33.00 2125 | 335+ 20.81 3227 I - 18 2775 3600 3050
24 21.25 4.0 45.00 45875 36.00 2325 38.5* 22328 36.00 - 24 2922 4500 3650
26 23.35 4.0 49.00 50.000 38325 25.00 | 42.0* 22.69 38.76 I - 24 30.63 LI5S0 5100
28 25.00 5.0 53.00 | 54000 | 4075 | 2700 | aas* 2649 | 4175 - 24 3434 7260 6100
30 27.00 5.0 500 | seoo0 | 4300 | 2000 | avoe 2788 | aam6 | - 24 35.72 2100 7600
32 29.00 5.0 60.00 | 61.125 | 4535 | 3275 | 49.0 29.51 47.90 - 30 37.37 10150 | 2800
36 32.75 50 68.00 | 69.125 | 50.00 | 3450 | Base 3716 | =3Es | - 36 40.01 15350 | 13000
42 34.50 7.5 76.00 - 50.75 | 41.25 5G.5* 3680 | 56.83 - 24 49.92 - -
80 52 25 282 298 210 20 279 100 127 610 - 161 29 23
100 0 25 305 an 254 103 318+ 130 171 610 - 189 43 E.]
150 103 38 403 419 ERE] 152 | 336+ 151 216 | o4 - 314 82 68
200 152 38 502**| 518 3z 203 a57* 201 286 - 305 265 166 132
250 203 51 568 584 445 254 S46* 254 304 | - as7 319 295 238
300 254 51 648 664 521 305 597+ 308 a7n - as7 369 476 381
350 305 76 762 778 584 337 | 673 368 s68 | - as7 512 583 526
400 337 76 838 B854 648 387 724* 372 610 - 610 537 753 603
450 387 76 a14 930 n 438 | T75* 407 669 I - 610 572 a03 T
500 438 102 991 1010 775 489 an1+ 489 742 - 610 665 1406 1043
S50 489 102 1002 1114 g3g S40 | gci 529 820 I - 457 FO5 1633 1382
&00 540 102 1143 1165 914 591 gygr SEE 914 - 610 T42 2041 1656
650 591 102 1245 1270 972 635 | 1067+ 602 985 I - 610 778 2608 2313
700 635 127 1346 1372 1035 686 1130* 673 1060 - 610 B72 3703 2767
750 GEE 127 1397 1422 1002 737 | 1194+ 708 138 | - 610 a7 4128 3447
800 737 127 1524 1553 1149 8332 1245* 750 1217 - 762 249 4604 3992
900 832 127 1727 1756 1270 267 | 138a* 817 1362 | - a4 1016 6963 5897
1050 B76 191 1930 - 1289 1048 1435* 935 1443 - 610 1192 - -

Figure 5.4 Full Bore ASME/ANSI Class 300 (PN 50)

Manufactured flange items

Table 5-1 Manufactured flange items
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