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ABSTRACT

One of the major parameters that affect the price of natural gas is the cost of its transmission and distribution
networks. So it's valuable to reduce its total cost to be affordable for individual customer. Gas networks
optimization is raised to focus on the network cost regarding to its design parameters after the revolution in
personal computers.

This work is a step towards developing a computer code that simulate and optimize gas distribution
networks at all networks pressure ranges, i.e. low, medium and high pressure networks. The aim is to reduce the
network diameter sizes to a minimum value while fulfilling the constraints of maximum flow velocity and
minimum node pressure.

In this work, the gradient algorithm is used to solve the hydraulics of the networks. which had never
presented in gas networks before. The algorithm was fulfilled and gave an efficient analysis for all gas networks,
i.e. at all pressure ranges, at the least time any algorithm can record. Optimization of gas distribution networks
was presented by the genetic algorithm. The code was applied on low and medium pressure gas distribution
networks and proved its efficiency and robustness. Therefore, this code is applied to a case of an existing
network in the actual life in Egypt. It is a part of Moharram-Bek gas distribution network in Alexandria City,
Egypt. The developed code released the network analysis for the already designed network, and the optimization
data for the network which fulfilled the required constraints.
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1. INTRODUCTION

Until recently, the study of gas
networks was focused on the development
of efficient methods for analyzing the
networks hydraulics for existing and
proposed distribution networks, Osiadacz
|1}, Osiadacz and Gorecki [2], and Herrén-
Gonzalez et al. [3].

Due to the increasing demand on
constructing pipe networks to transmit and
distribute natural gas all over the worlds,
the cost of pipe networks becomes a
challenge task. Recently, optimization is
used to minimize the cost of natural gas
networks.

The gas network optimization can be
divided into two main categories: the
optimization of gas transmission pipelines
and the optimization of gas distribution
networks. The researches mainly focused
on gas transmission pipelines optimization
due to the high cost of equipments
(compressor  stations, reduction-valves
stations and pipelines), and the low
capability of computers to optimize gas
distribution networks at beginning period
of optimization researches.

The distribution network differs from
the transmission one in its small-diameter
pipes, its simplicity as there are no valves,
compressors or nozzles, and its operation
at low and medium pressures. The main
interest in this study is focused on
distribution networks.

The optimization of gas networks
means searching, according to a certain
objective function. The cost of low and
medium pressure networks depends mainly
on network capital cost, whereas the cost
of high pressure is determined mainly by
inode of operation of compressors. This
operating cost of running compressor
stations represents 25% to 50% of the total
company's operating budget (Osiadacz [4])
which consumes over 3% to 5% of total
gas transported, (Wu et al. [5]).

Larson and Wong [6] determined the
steady-state optimal operating conditions
of a straight pipeline with compressors in
series using dynamic programming to find

the optimal suction and discharge
pressures. The length and diameter of the
pipeline segment were assumed to be
constant. Martch and McCall [7] modified
the problem by adding branches to the
pipeline segments.

O’Neill et al. [8] introduced a problem
of a transmission through compressor
stations, including the optimization of the
operation scheme. They used Successive
Linear Programming in optimization.

Olorunniwo and Jensen [9] provided
further breakthrough by optimizing a gas
transmission network including the type
and location of pipelines and compressor
stations. Edgar and Himmelblau [10]
simplified the problem addressed in [9].
They optimized the number of compressor
stations, the pipe length, diameters and the
suction and discharge pressures. They
considered minimizing of the total cost of
operation per year.

Osiadacz [4] published a paper for the
operation optimization for- high pressure
transmission lines.

De Wolf and Smeers [11] used the
problem of O’Neill et al. [8] using
piecewise linear programming. De Wolf
and Smeers [12] continued the problem
and represented the piecewise linear
approximations as “special ordered sets of
type 2” so that the piecewise linear
problem could be globally solved by a
mixed-integer programming.

Rios-Mercado et al. [13] proposed a
reduction technique for minimizing the
fuel consumption incurred by compressor
stations in steady-state natural gas
transmission networks.

Babu et al. [14] applied the differential
evolution for the optimal design of gas
transmission network.

Pietrasz et al. [15] studied the problem
of reinforcing regional gas transmission
networks to cope with the forecasted
demand for natural gas.

André et al. [16] solved the problem of
minimizing investment costs on an existing
gas transportation network by finding the
optimal location of pipeline segments to be
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reinforced and the optimal sizes.

Chebouba et al. [17] proposed an ant
colony optimization algorithm for
operations of steady flow gas pipeline.

For the gas distribution networks
optimization, the improved capabilities of
PCs in the beginning of 1980s and the
developed  optimization  algorithms
encouraged the researches concerned with
optimization of gas distribution networks.

Osiadacz and Gdrecki [2] represented
the optimization of gas networks for
medium and low pressure networks using
dynamic programming for sizing the pipe
network diameters.

De Mélo Duarte et al. [18] proposed
and applied a tabu search algorithm for the
optimization of  constrained  gas
distribution networks to find the least cost
combination of diameters for the pipes,
satisfying the constraints related to
minimum pressure requirements and
upstream pipe conditions.

Wu et al. [19] established a
mathematical optimization model of the
problem of minimizing the cost of
pipelines incurred by driving the gas in a
non-linear distribute network under steady-
state assumptions. They presented a global
approach to the optimization model.

Djebedjian et al. [20] proposed genetic
algorithm in optimizing gas network
distribution, the objective is to minimize
the network cost by minimizing the pipe
diameters of the network, with the
constraints of minimum pressure at
demand nodes and maximum velocity in
pipes.

The previous literature review reveals
that the majority of researches are focused
on the optimization of transportation gas
pipeline.

The main original contribution
proposed in this paper is the application of
the gradient algorithm of Todini and Pilati
[21] for analyzing gas networks in linkage
with the genetic algorithm (Holland [22]
and Goldberg [23]) for optimization. The
approach is applied to a case study of gas
distribution, Moharram-Bek network.

2. PROPOSED STUDY

The main study was concerned with
developing a computer program to
simulate, analyze, solve and optimize low
and medium pressure gas distribution
networks.

2.1 Flow Equation

The pressure drop equations used in
the design of gas pipelines have several
versions, Osiadacz [1] and Coelho and
Pinho [24]. The gas flow equations are
divided into three categories corresponding
to its pressure region: low-pressure,
medium-pressure and high-pressure. In this
study, the Pole’s equation for medium
pressure region (0-750 mbar gauge) was
used, [1]:

P -y = [11.7x10’7§;]92 W

where the nodal pressure p is in mbar,
D the diameter in mm, L the link length in
m, and the flow rate 0 in m/h.

2.2 Modeling

The method proposed by Todini and
Pilati [21] is for water distribution
networks. In this study, the application of
this method was applied for gas networks
and it constitutes of, [25]:

Hm = _[An (NAu )_lAn]_l :
A, (NA )" (A,,Q, +A,H,)
-(A,Q.-4q,)] @)

Q.. =[-N"J'q,
- [N-lA-I‘ll (AuHm + AIOHD)] 3)
where:

/. Number of links

n:  Number of demand junctions

s:  Number of source nodes

A,: Source nodes links matrix;
Dimension: {/ X s)

A,: Matrix of pressure losses;
Dimension: (I X /)
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A,;: Demand junctions links matrix;
Dimension: ({ X n)
A, : Transpose of (A;)
: Unknown node pressure head
matrix in the present iteration
t + 1; Dimension: (» x [)
H_: Source nodes pressure head
matrix, Dimension: (s x 1)

I:  Identity matrix

N: Martrix of flow rate exponent
related to its flow-equation in
its pressure range; Dimension:
(Ix1

Q,: Previous ¢ iteration or initial

flow rate matrix; Dimension:

(Ix1)
Q,,,: Unknown pipe flow matrix in
the present iteration ¢+1;

Dimension: (/ x 1)
q,: Flow rates demands at demand
junctions; Dimension: (n x 1)
The flow rates in pipes are to be
assumed initially by:

n
Qt = z szvl

where v, =1 m/s for initiation

i=1,..1 (4)

2.3 Data Structure

The relation between links and nodes
is the most important issue to be
established firmly. It's represented through
the two matrices A, andA ), so that A,

matrix represents the relationship between
demand junctions (matrix rows), and all
links (matrix columns), through (1, -1 and
0) numbers. It is "0" if there's no
attachment between a link and a junction.
Itis "1" (or "—1") if the link is attached to a
definite junction and is subjected to the
junction direction (or the opposite
direction).

After formulation, iteration starts until
corrections in flow rates don't exceed a
specified accuracy.

2.4 Optimization

Genetic Algorithms (GAs), (Holland
[22] and Goldberg [23]), are adaptive
heuristic search algorithm premised on the
evolutionary ideas of natural selection and
genetic. The basic concept of GAs is
designed to simulate processes in natural
system  necessary for evolution,
specifically those that follow the principles
first laid down by Charles Darwin of
survival of the fittest.

The GA approach does not require
certain restrictive conditions as continuity
and differentiability to the second order.
The major advantages of genetic
algorithms are their flexibility and
robustness as a global search method.

Gas distribution network optimization
searches the optimal pipe diameters in the
network for a given layout and demand
requirements to minimize the cost. The
conservations of mass and energy, and the
constraints are satisfied. The objective
function is the cost and the constraints are
the minimum nodal pressures and the
maximum velocity in pipes to obtain as,
[26].

Cost:
!
C?' = Z ¢ (DJ)'LJ (3)
ial
Constraints:
D.<D <D, i=1..J (6)
v <V i=1,... )
Dy 2 Pain j=1...,n 8
Obijective function:
F=C,+C,, +Cp, 9

Penalty functions:
Cp, =0 ifv, <v .,

! 10
CPv __:%Z(vf '—vrznax) ifvi > vmnx( )

isl

Crp =0 ifp; 2 Py

C. < .
Cp =TTZ(Pmin -p)ifp, < puy

J=l

(11

)
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where:
¢,(D,): Cost of link i with diameter D

C,: Total cost
Cp,: Penalty cost for nodal pressure

i

C,,: Penalty cost for velocity
Diameter of Link i
: Maximum diameter
: Minimum diameter
Objective function
L: Lengthoflink i
p;: Actual gas pressure at junction /
Dmin: Minimum gas pressure at
junctions (18 mbar)
v,:  Actual gas velocity in link ¢
v_,. . Maximum gas velocity in links
(10 m/s)

2.5 Code Arrangement

The code was written in language
C/C++ and called GAGAGas.net software,
stands for (Gradient Algorithm Genetic
Algorithm Gas network). The developed
code passes through three main stages:

(a) Network graph analysis,

(b) Network analysis and simulation,

and

{c) Network optimization.

The network graph includes the nodes
and links identification codes and
correctness verification of given input data
of network. Network analysis and
simulation, in which the simulation of
pressure and flow rates through the
network, were formulated through gradient
algorithm, Todini and Pilati [21] and using
Equations (2) and (3). In the two previous
stages many programmed functions were
borrowed from EPANET 2.0 (Rossman
[27]) and "Numerical Recipes in C" (Press
et al. [28]). Network optimization applied
the Real-Coded Genetic Algorithm (Deb
[29]}) to search randomly in optimized
space and then converge to better
solutions.

M. 39

Figure | shows the simulation and
analysis engine flow diagram, it contains
the simulation, arranging matrices and
network aualysis. Figure 2 illustrates the
optimization engine and includes the
initialization, selection procedure, new
generation, crossover, mutation, fitness and
reporting.

A brief description of using GA in this
study is as follows:

1. Initiation of the first generation. The
initial generation is the existing design
denoted by the user to be optimized.

2. Simulation. Simulation is then
performed for the available network
data so that getting the output data of
velocities in links and pressures at
nodes.

3. Costing. Evaluating the cost depends on
two main points; the first is the actual
cost of the available piping arrangement
given as size-cost table. The second is
to evaluate the penalties that happened
due to the deviation away from
constraints by velocities in links or
pressures at nodes.

4. Fitness. The fitness of the coded string
is taken as some function of the total
network cost. For each proposed pipe
network in the current population, it can
be computed as the inverse or the
negative value of the total network cost.

5. Selection. In this study GA uses
Tournament technique for selection
from the population the best individuals
to pass,through.

6. Crossover and mutation. Crossover
happens to the most of the selected
generation in probability of 0.6 as some
of good individuals may pass without
making any operations on them. Very
low mutation probability of about 0.04
is used.

7. Successive generations. Now there is a
new generation to start over from the
simulation step. This procedure is
continued till the total number of
generations, is met.
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links and Pressures
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i

Fig. 1. Flow diagram for the simulation
and analysis engine

3. CASE STUDY

An actual gas network has been
selected to apply the developed code to
evaluate the design of the network and to
lest its capabilities in a real and large gas
distribution network. The selected gas
distribution network is part of Moharram-
Bek low-pressure distribution gas network
{Alexandria, Egypt). It comprises 125
junctions, 137 branches and two sources of
100 mbar in pressure, Figure 3. The main
case study and the parameters of the
genetic algorithm are given in Table 1. This
case study is real case study in Egypt. The
data of nodes (demand or branch nodes)
and source nodes are given in Tables Al
and A2, respectively, in the Appendix. For
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Write To "Plotout,
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4 ‘ propal

NumbermMax
Ganarstions
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Fig. 2. Flow diagram for the optimization

engine

source node, the pressure of the network is
provided, while for demand nodes the
demands flow rates to the nodes are
provided and the branching point have zero
demand flow rate. The total piping length
is. 25210 m, whereas the total demands is
1282.8 m*/h. The data of branches are
given in Table A3.

The gas network constraints were:
minimum gas pressure at junction was
18 mbar and maximum gas velocity in link
was 10m/s. The Pole’s equation as
pressure losses formula was used in the
low-pressure region. The cost of pipe was
estimated by the  relationship, [2]:
C=2.05LD" in which C is the cost in

Zlotys (US$ = 2.36 Zloty, [2]), L the length
in meters and D the diameter in inches.

§ Crozs-Over with 0.6
bilty 4

! Selection by

Nl bast population 1o mate,
: lll\?:mlllkﬂﬂluﬂn E
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They used the continuous optimization available diameter sizes. In this study, the

method that supposes that any size of available pipe diameters mentioned in [2}

diameter is possible; therefore the resulted are used and the corresponding costs per

set of diameters is corrected to closest meter length are mentioned in Table A4.
P=100mbur

Q=1282.8 mh

-

25

Fig. 3. Moharram-Bek low-pressure gas distribution network layout

Table 1. Case study and genetic algorithm data

Case Study Accuracy 0.0001 m*/hr
Pressure Range Low Pressure Maximum No. of Trials 40
Number of Sources 1 Constraints
Number of Branches 137 Maximum Branch Velocity 10 m/s
Number of Junctions 125 Minimum Node Pressure 18 mbar
Source Pressure {00 mbar Genetic Algorithm
Fluid Natural Gas* Population Size 50
Temperature Ambient (25°C) Total No. of Generations 500
Simulation Crossover Probability 0.8
Pressure Losses Formula Pole’s Equation Mutation Probability (Real) 0.06
@ Network Analysis Gradient Algorithm | Number of Real-Coded Variables | 39

* As it is rich Methane content, the natural gas assumed to be Methane,
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4. RESULTS AND DISCUSSION

The GAGAGas.net software released
the network analysis for the already
designed network, and the optimization
data for the network. The simulation and
optimization analyses are discussed in the
following sections.

4.1 Simulation Analysis

The results of simulation analysis (i.e.
before optimization) are represented in
Figures 4-6. Figure 6 shows that many
links” velocities are very low which
indicates using larger pipe sizes than
suitable and some few branch members are
violating the constraint of maximum
velocity, so optimizing this network sizing
was required.

4.2 Optimization Analysis

The optimization action was marking
an outstanding role in reducing the
retwork cost. The comparison between

flow velocities before and after
cptimization is given in Table AS.
Figure 4 displays the comparison

tetween the branch sizes before and after
optimization. The objective function of the
optimization was the cost which depends
on the link diameter; i.e. the aim of
optimization was decreasing the diameter
to minimize the cost. The optimal set of
diameters has generally small diameters
compared to the original ones.

Figure 5 represents the nodal pressures
before and after optimization and the
minimum required nodal pressures. For the
designed network, all the pressures have
high pressures above the nodal pressure
constraint as the designed branch
diameters are big and accordingly, the
pressure losses are small. The small link
diameters from optimization cause the
ncrease in pressure losses and decrease the
nodal pressure, Figure 5.

Figure 6 shows the flow velocities in
zach link in the designed and optimum
network. Also, the minimum velocity
constraint is shown. Because of the change

Diameter, in.

Pressure, mbar

Velocity, tals

in

the flow velocities

in
m

10
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links-size set resulted from optimization,
in all links were
creased but they were below the
aximum velocity constraint.
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Branch ID

Fig. 4. Pipes diameters before and after
optimization for the case study
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Fig. 5. Nodal pressures at nodes before and

after optimization for the case study
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Fig. 6. Velocities in pipes before and after

optimization for the case study



Mansoura Engineering Journal, (MEJ), Vol. 36, No. 3, September 2011.

As can be seen from Figures 5 and 6,
all the constraints were satisfied with this
optimal gas distribution network.

Figure 7 shows the best, average, and
worst fitnesses for each fifth increasing
generation for clarity. It should be noted
that the best fitness is always feasible
solution but for the average and worst
solutions, they may be feasible and may be
not. The code doesn’'t deviate between
feasible and  infeasible  solution
automatically.

Figure 8 compares the cost of the
original network design and the network
generated from the present study after
optimization. This network containing 137
pipes and with 15 available commercial
pipe sizes has a total solution space of
15'%" different network designs. The GA
optimization technique found the best
solution § 76,744.772 at generation no.
274. The original (design) cost is
$97,212.6; therefore the optimal cost is
approximately 78.95% of the original cost.

Figure 9 represents the difference
between the optimal cost and original cost
of each pipe. As the cost is dependent on
pipe length and diameter, Fig. 4, there are
some pipes with equal original and optimal
costs and others with optimal costs greater
or lesser than the original ones. The overall
average change between the original and
optimal network costs for each pipe is
$ 149.4. The most critical pipe that affects
the overall pipe network cost is Pipe
number (2); its length is 1000 m and has an
original diameter of 6inch and optimal
diameter of 2.5 inch.

Figure 10 shows the total pipe length
of the used pipe diameters over the whole
network for the optimal and original
networks. It gives an indication about how
the wide range of commercial pipe
diameters are used in optimal solution
compared to the original one. Even the
optimal solution wuses higher pipe
diameters reaching the diameter of 10 inch
whereas the original maximum diameter
was 6 inch; the network cost of the optimal
solution is less than the original one.

Cost, USS x 10000

Optimal Cost - Original Cost, USS
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The optimization run time was
25 minutes and obtained by a computer
with Intel Pentium 4 (2 GHz) processor
and 256 MB of Ram. Generally, there is
strong computing time saving compared to
those obtained with other optimization
techniques.
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Fig. 10. Length of pipes for each pipe size for
original network and optimal network

5. CONCLUSIONS

The optimization of a large-scale gas
distribution network is a complex problem.
The utilization of genetic algorithms for
optimization with the gradient algorithm
for simulation has been presented in the
present paper. A numerical code for
optimal design and cost evaluation of a gas
distribution network was developed.

The study presents the optimization of
Moharrm-Bek network to determine the
optimal set of pipes diameters in order to
minimize the invested cost. The
optimization of gas distribution network is
computationally complex as the constraints
of maximum velocity in links and
minimum required nodal pressure should
be fulfilled. The optimal diameters of pipes
were chosen from commercial size
diameters. The results show that the
genetic algorithm is a very efficient,
robust, and flexible algorithm to reach
solutions.

For the case study of Moharram-Bek
zas network (Alexandria, Egypt), the
obtained optimal cost is $ 76,744.772
which is approximately 78.91% of the
original cost $97,212.6. Therefore, the
approach shows attractive ability to handle
the large-scale gas distribution network
optimization problem efficiently.
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APPENDIX A: CASE STUDY OF MOHARRAM-BEK DATA AND RESULTS

Table Al. Nodes data for “Case study of Moharram-Bek”

Table A2. Source nodes for the case study

Source ID

Pressure
(mbar}

100

Junction Demand Junction Demand Junction Demand

ID {m?*h) ID (m*h) 1)) {(m*h)

1 - Source 43 15.6 85 3.6
2 0.0 44 21.6 86 4.8
3 0.0 45 6.0 87 10.8
4 0.0 46 9.6 88 4.8
5 0.0 47 4.3 89 3.4
6 0.0 48 12.0 90 4.8
7 0.0 49 6.0 91 4.8
8 0.0 50 28.8 92 4.8
9 0.0 51 3.4 03 4.3
10 0.0 52 39.6 94 6.0
11 0.0 53 16.8 95 4.3
i2 0.0 54 16.8 96 7.2
13 0.0 55 12.0 97 6.0
14 0.0 56 4.3 93 6.0
15 0.0 57 4.3 99 10.8
16 0.0 58 10.8 100 7.2
17 0.0 59 4.8 101 8.4
18 0.0 60 6.0 102 7.2
19 0.0 61 7.2 103 10.8
20 0.0 62 4.8 104 14.4
21 0.0 63 16.8 105 36.0
22 0.0 64 7.2 106 4.3
23 0.0 65 22.8 107 15.6
24 0.0 66 24.0 108 6.0
25 0.0 67 12.0 109 13.2
26 0.0 68 12.0 110 22.8
27 51.6 69 19.2 111 6.0
28 24.0 70 6.0 112 9.6
29 __264 71 12.0 113 7.2
30 492 72 13.2 114 6.0
31 27.6 73 9.6 115 8.4
32 16.8 74 14.4 116 2.6
33 804 75 3.6 117 7.2
34 28.8 76 6.0 118 3.6
35 4.8 77 6.0 119 6.0
36 12.0 78 13.2 120 3.6
37 32.4 79 10.8 121 6.0
38 10.8 30 12.0 122 10.8
39 15.6 81 4.8 123 7.2
40 12.0 82 12.0 124 19.2
41 19.2 83 12.0 125 12.0
42 14.4 84 4.8 *Source node
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Table A3, Branches data for “Case study of Moharram-Bek”

M. 47

Branch | Start End Length | Diameter Branch | Start End Length | Diameter
1D Node Node {(m) (in.) 1D Node Node {m) (in.)
1 1 2 200.0 6.0 54 2 54 150.0 2.5
2 1 15 1000.0 6.0 55 54 16 230.0 2.5
3 2 3 350.0 6.0 56 3 55 170.0 2.5
4 3 47 50.0 6.0 57 535 56 230.0 2.5
5 46 47 150.0 6.0 58 56 17 10.0 2.5
6 45 46 70.0 6.0 59 4 57 500.0 2.5
7 45 4 50.0 6.0 60 18 57 300.0 2.5
8 4 44 150.0 6.0 61 5 58 10.0 2.5
9 5 44 150.0 6.0 62 58 59 80.0 2.5
10 5 43 60.0 6.0 63 59 60 100.0 2.5
11 9 10 300.0 5.0 64 60 61 40.0 2.5
12 10 11 300.0 5.0 65 61 62 70.0 2.5
13 11 12 270.0 5.0 66 62 63 40.0 2.5
14 12 13 90.0 5.0 67 63 64 120.0 2.5
15 13 39 200.0 5.0 68 64 65 200.0 2.5
16 33 39 10.0 5.0 69 65 19 120.0 2.5
17 38 37 100.0 3.0 70 123 66 220.0 2.5
18 15 27 6350.0 2.5 71 66 67 40.0 2.5
19 27 16 350.0 2.5 72 67 68 80.0 2.5
20 16 17 320.0 2.5 73 68 69 50.0 2.5
21 17 18 200.0 2.5 74 69 70 70.0 2.5
22 18 28 100.0 2.5 75 70 71 80.0 25
23 28 19 200.0 2.5 76 71 72 170.0 2.5
24 19 20 10.0 2.5 77 72 73 50.0 2.5
25 20 29 150.0 2.5 78 73 20 130.0 2.5
26 29 21 120.0 2.5 79 6 123 10.0 2.5
27 21 22 260.0 2.3 80 7 75 200.0 2.5
28 22 23 10.0 2.5 81 75 76 80.0 2.5
29 23 24 280.0 2.5 82 76 77 100.0 2.5
30 43 42 100.0 6.0 83 77 78 180.0 2.5
31 42 6 120.0 5.0 34 78 79 180.0 2.5
32 7 41 150.0 5.0 85 79 80 80.0 25
33 41 8 150.0 5.0 86 80 81 80.0 2.5
34 3 40 160.0 5.0 87 81 82 80.0 2.5
35 40 9 140.0 5.0 88 82 83 150.0 2.5
36 36 37 180.0 5.0 89 83 21 150.0 2.5
37 36 14 350.0 5.0 20 8 124 50.0 2.5
38 24 25 10.0 2.5 91 124 84 150.0 2.5
39 25 26 200.0 2.5 92 84 85 40.0 25
40 26 30 360.0 2.5 93 85 86 40.0 2.5
41 30 31 290.0 2.5 94 86 87 8C.0 2.5
42 31 32 100.0 2.5 95 87 88 150.0 2.5
43 32 33 150.0 2.5 96 88 89 130.0 2.5
44 33 34 300.0 2.5 97 89 %0 70.0 2.5
45 34 35 100.0 2.5 98 90 9 480.0 2.5
46 35 14 300.0 2.5 9 91 22 260.0 2.5
47 2 438 750.0 2.5 100 9 92 300.0 25
48 48 49 1050.0 2.5 101 92 93 30.0 2.5
49 49 50 80.0 2.5 102 93 94 150.0 2.5
50 50 51 400.0 25 103 94 95 70.0 2.5
51 51 52 150.0 2.5 104 95 96 360.0 2.5
52 52 33 170.0 2.5 105 96 97 60.0 2.5
53 12 53 850.0 2.5 106 97 98 120.0 2.5
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Table A3 (Continued)
Branch Start End Length —[ Diameter ]
iD Node Node (m) (in.)
| 107 98 23 470.0 25 |
| 108 10 99 100.0 2.5
109 99 100 150.0 2.5
110 100 101 50.0 2.5
111 101 102 120.0 2.5
[ 112 102 103 110.0 2.5
113 103 104 300.0 2.5
114 104 105 220.0 2.5
115 105 106 200.0 2.5
116 106 24 450.0 2.5
117 1 107 150.0 25 |
118 107 108 150.0 2.5
119 108 109 50.0 2.5
120 109 110 30.0 2.5
121 110 125 180.0 2.5
122 125 11 150.0 2.5
123 11 112 40.0 2.5
124 112 113 500.0 2.5
125 113 114 130.0 2.5
126 114 115 50.0 2.5
| 127 115 25 470.0 2.5
128 13 116 10.0 2.5
129 116 117 160.0 2.5
130 117 118 100.0 2.5
131 118 119 230.0 2.5
132 119 120 450.0 2.5
133 120 121 100.0 2.5
134 121 122 150.0 2.5
135 122 30 10.0 2.5
136 6 74 10.0 6.0
137 7 74 70.0 6.0
Table A4, Piping cost per 1 meter length
D D Cost (Zloty) / L (m) = D D Cost (Zloty) / L (m) =
(nm) | (inch) 2.05D" (mm) | (inch) 2.05 0"
12.5 0.50 0.8326 100 4.00 12.4289
18.75 0.75 1.4104 125 5.00 16.6117
|25 1.00 2.0500 150 6.00 21,0548
| 3125 1.23 2.7399 200 8.00 30.6035
37.5 1.50 3.4727 250 10.00 40.9029
50 2.00 5.0477 300 12.00 51.8429
62.5 2.50 6.7465 400 16.00 75.3546
75 3.00 8.5509
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Table AS. Optimized versus existing simulation for “Case study of Moharram-Bek”

Design Optimization AD*
B:]“}"‘" Diameter | Velocity | Diameter | Velocity “:I)_)
(in.) (m/s) (in.) (m/s)
1 6 18.77 10 6.76 4 |
2 6 1.39 2.5 791 3.5
3 6 15.63 8 8.79 2
4 6 14.92 ] 8.39 2
5 6 14.84 8 8.35 2 |
6 6 14.69 ] 8.26 2
7 6 14.60 8 8.21 2
8 3 14.17 8 7.97 2
9 6 13.83 8 7.8 2
10 6 12.57 3 7.07 2
11 5 9,63 5 9.63 0
12 5 7.7 5 7.77 0
13 5 5.58 4 8.71 1
14 5 5.73 4 8.95 1
15 5 3.95 3 9.65 2
16 5 3.60 3 8.79 2
17 5 3.35 3 8.19 2
18 2.5 7.91 2.5 7.91 0
19 2.5 3.31 1.5 821 1
20 2.5 9.1] 2.5 9.11 0
21 2.5 11.25 3 721 0.5
22 2.5 13.60 3 8.43 0.5
23 2.5 11.46 3 7.11 0.5
24 2.5 11.44 3 7.10 -0.5
25 2.5 8.95 2.5 3.95 0
26 2.5 6.60 2.5 6.60 0
27 2.5 6.60 2.5 6.60 0
28 2.5 7.90 25 7.90 0
29 2.5 8.89 2.5 8.89 0
30 6 12.33 8 6.93 2
31 5 17.43 ] 6.81 -3
32 5 13.30 6 924 T
33 5 12.87 6 8.94 -1
34 5 11.05 6 7.67 -1
35 5 10.77 6 7.48 -1
36 5 2.62 2.5 9.87 2.5
37 5 2.35 2.5 9.40 2.5
38 2.5 734 2.5 7.34 0
39 2.5 6.44 2.5 6.44 0
40 2.5 6.44 2.5 6.44 0 |
41 2.5 4.87 2 7.61 0.5
42 2.5 241 1.25 9.64 1.25
43 2.5 0.91 1 5.69 1.5
44 2.5 6.25 2 9,77 0.5 |
45 2.5 8.82 2.5 8.82 0
46 2.5 925 2.5 9.25 0
47 2.5 10.53 2.5 9.74 0

*AD = le:lgn - DOpﬂnnl
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Table A5 (Continued)
! r____ﬁg@%L Optimization .
BTDM" Diameter Yelocity Diameter Velocity 3:)
(in.) (m/s) (in.) (m/s) '
48 2.5 9.46 2.5 9.46 0
49 2.5 8.92 2.5 8.92 0
50 2.5 6.36 2.5 6.36 0
T 2.5 5.61 2 8.77 0.5
| 52 2.5 2.08 1.25 8.32 1.25
53 2.5 0.58 ] 3.63 1.5
54 2.5 7.29 2.5 7.29 0
55 2.5 5.80 2 9.06 0.5
56 2.5 4.02 2 6.28 0.5
57 2.5 2.95 1.5 8.19 1
58 2.5 2.52 1.25 . 9.98 1.25
59 2.5 2.40 1.25 9.60 125 |
|60 2.5 1.97 1.25 7.88 1.25
6l 2.5 7.15 2.5 7.15 0
62 2.5 6.19 2 9.67 0.5
63 2.5 5.76 2 9.00 05 |
| 64 2.5 5.22 2 8.16 0.5
65 2.5 4,58 2 7.16 0.5
66 2.5 4.15 2 6.48 0.5
67 2.5 2.66 1.5 7.39 1
68 2.5 2.02 1.25 8.08 1.25
69 2.5 0.02 1 0.13 1.5
70 2.5 7.13 2.5 7.64 0
71 2.5 4.99 2 780 | 05
72 2.5 3.92 1.5 9.74 ]
73 2.5 2.85 1.5 7.92 ]
74 2.5 1.14 1 7.13 1.5
75 2.5 0.61 1 3.81 1.5
76 2.5 0.46 1 2.88 1.5
71 2.5 1.64 1.25 6.56 125 |
78 2.5 2.49 1.25 9.96 1.25
79 2.5 1.77 2.5 8.01 0
80 2.5 7.17 2.5 8.05 0
8i 2.5 6.85 2.5 7.12 0
82 2.5 6.31 2.5 6.82 0
83 2.5 5.78 2 9.03 0.5
84 2.5 4.60 2 7.19 0.5
85 2.5 3.64 1.5 9,94 1
36 2.5 2.57 1.25 9.89 1.25
87 2.5 2.14 1.25 8.56 1.25
| 88 2.5 1.07 1 6.69 1.5
|89 2.5 0.01 ] 0.06 1.5
90 2.5 7.18 3 4.99 0.5
91 2.5 547 2 8.55 0.5
2 2.5 5.04 2 7.88 0.5
93 2.5 4.72 2 7.38 0.5
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Table AS (Continued)

Branch : Design ' ' Ojltlmlz‘atlon ' AD*
D Diameter Velocity Diameter Velocity (in)

(in.) (m/s) (in.) (m/s) N
94 2.5 4.29 2 6.70 0.5
95 2.5 3.33 1.5 9.25 1
96 2.5 2.90 1.5 8.06 1
97 2.5 Y215 1.25 8.60 1.25
98 2.5 1.73 1.25 6.92 1.25
99 2.5 1.30 1 8.13 1.5
100 2.5 4.52 2 7.06 0.5
101 2.5 4.09 2 6.39 0.5
102 2.5 3.67 1.5 9.99 1
103 2.5 3.13 1.5 8.69 1
104 2.5 2.70 1.5 7.50 1
105 2.5 2.06 1.25 8.24 1.25
106 2.5 1.53 1 9.56 1.5
107 2.5 0.99 1 6.19 1.5
108 2.5 7.32 2.5 7.32 0
109 2.5 6.36 2.5 6.36 0 |
110 2.5 572 2 8.94 05 |
11 2.5 4.97 2 7.77 0.5
112 2.5 4.33 2 6.77 0.5
113 2.5 3.37 1.5 9.36 1
114 2.5 2.08 1.25 8.32 1.25 |
115 2.5 1.12 [ 7.00 1.5
116 2.5 1.55 1 9.69 1.5
117 2.5 8.61 2.5 8.61 0
118 2.5 7.22 2.5 7.43 0
119 2.5 6.69 2.5 6.43 0
120 2.5 5.51 2 8.61 0.5
121 2.5 3.48 1.5 9.67 1|
122 2.5 2.41 1.25 9.64 .25 |
123 2.5 1.88 1.25 7.52 125 |
124 2.5 1.02 1 6.38 1.5 |
125 2.5 0.38 i 2.38 1.5
126 2.5 0.15 1 0.94 1.5
127 2.5 0.90 1 5.63 1.5
128 2.5 6.98 2.5 7.13 0
129 2.5 6.13 2 9.58 0.5
130 2.5 5.49 2 8.58 0.5 |
131 2.5 5.17 2 8.08 0.5
132 2.5 4.63 2 7.23 0.5
133 2.5 431 2 6.73 0.5 |
134 2.5 3.77 1.5 9.87 1 |
135 2.5 2.81 1.5 7.81 1
136 6.0 10.73 8 6.04 -2
137 6.0 10.50 8 5.91 2

Cost (Design) = $ 97,212.6
Cost (Present Study) = $ 76,744.772

Profit = $ 20467.828
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