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Optimization of Hydraulic Pressures in Kabacan
Water District Pipe Network using
h-Newton-Raphson Technique

M.P. Esberto, J.N.Orejudos

Abstract— The purpose of this study is to optimize the
hydraulic pressures of a real-world water distribution network to
protect the system with sustained adequate water supply. This
novel approach is different from other published works in the
sense that this study is intended to improve the water system of the
Kabacan Water District (KWD) in Cotabato, Philippines. Yet,
there are no previous scholarly efforts done with the KWD water
system; thus, this study. The method used here is a modification
of the methods used by references [4] and [14]. This optimization
approach includes determination of control valve placement in the
network to control the hydraulic pressures within the system. The
proposed numerical model, with the EPANET Toolkit interface,
resulted in a simpler and more accurate algorithm, which
converges easily in all the 48 network models used in this study
where the convergence is achieved from 9 to 74 iterations. This is
an efficient and easy-to-use optimization solver for analyzing
looped pipe networks even in large scale networks.

Keywords: Water Distribution System, Pressure Optimization,
Control Valves, h-Newton Raphson, Looped Pipe Network.

1. INTRODUCTION

Recent studies have been focused on the analysis of water
distribution networks under pressure deficient conditions.
Many authors [1], [2], [3], [4], [5], [6], [7], [8] tried to
investigate the optimal location of control valves to manage
the pressures within the system. Development of a hybrid
solver is widely practiced in the global research community
to optimize the hydraulic pressures of a problematic water
system. Under such circumstances, most scientific studies
[9], [10], [21], [12], [13], [14] are focused on the
development of a hydraulic solver shifting from conventional
method (Demand Driven Analysis) to Pressure Demand
Analysis. The latter is anchored on the nodal demand
dependency on hydraulic pressures analyzed in a steady state
hydraulic based procedure usually applied to looped pipe
networks.

The same challenge confronts the Kabacan Water District
(KWD) particularly at Zone B Water System located at Bgy.
Bannawag, Kabacan, Cotabato (Fig. 1).
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Fig. 1. Street Map of By. Bannawag, Kabacan,
Cotabato [16]

The pressure log monitor recorded a low pressure affecting
the efficiency of the water supply to the concessionaires. In
fact, the water utility reports [17] on the Non-Revenue Water
(NRW) ranging from 3.83% (2016) to 8.62% (2017)
although the number is quite mitigated in recent years to
5.48% (2018).  There are many causes of low pressure in
taps, some of which are water leaks in the main distribution
lines that decrease the water pressure in taps [8]. However,
leaks in the distribution mains are also caused by excessive
pressures in pipes or aged pipes [3].

In response, the author proposes to use control valves to
minimize the Non-Revenue Water associated with the
occurrence of possible leaks and pipe bursts in the network.
With the proper valve placement and combination
determined through optimization technique, it is anticipated
that this approach will help improve the KWD water
distribution network with the optimized hydraulic pressures
and guaranteed water supply. In this study, the researcher
intends to address the problem by introducing a response
methodology involving formulation of a novel algorithm to
analyze the KWD pipe network.

1. METHODS

Actual survey (Fig. 2) of the water distribution network
topology is performed and laid on the EPANET map. Data
entries in the EPANET are taken from the KWD daily log
monitor and actual water consumption. The results of the
simulation characterized the existing hydraulic conditions of
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the KWD pipe network. An optimization procedure using the
h-Newton-Raphson technique previously presented by an
author [14] is modified in this study, incorporating an
open-source software for interfacing EPANET with
MATLAB [17] and appropriately adjusted for convergence
errors in case the hydraulic solver fails to converge.
Experimentation of the placement of control valves which are
treated as pipes in the virtual network follows using the
proposed hydraulic simulator presented in this study.

Fig. 2. Output of the tracked pipe route in Bgy.
Bannawag, Kabacan, Cotabato

The matrix function is based on the methodology proposed
by reference [12] and later improved by reference [14] for the

nodal continuity equation adopted from the nodal
pressure-outflow relationship equation.
Dy |hi=hal
Qi—n = (h; — hn)nT 29D;y Lin log 3-7;in +
2.51v (2.1)
. _ |hi=nnl
Din |29Din Lin
where:
Q;n= flow of the branch i-n (m*/s)
h; = pressure head at node i (m col water)
h,, =pressure head at node n (m col water)
D;,, = internal diameter (m)
in = subscript for D indicating inside diameter
L, = length of the branch i-n (m)
& =roughness coefficient
v = kinematic viscosity of water (0.862 x 10° m%/s @

27°C)

i = start node of every pipe length for all links

j = end node of every pipe length for all links

The nodal pressure-outflow relationship presented by
reference [14] from conventional method shows that
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where:
q%' = available nodal outflow at node n (cu.m/s)
21 = required nodal demand at node n (cu.m/s)
h, = available head (m col water)

hées = desired head to satisfy the nominal demand (m col
water)

R = minimum allowable head at node n (m col of
water)

A = parameter of the power function (use 1 = 2)

n  =represents the node in the network
The nodal equation of continuity is expressed as

1(n)
& D2, lh; — hy| / £
Fo= )| G=h) = [2gDy, log

, 2 Lin \3.7Dm
L
2.51v
- a7
Din |29 Dy i Pl
in
=0,vneN
(2.3)

where:
E, = function representing the nodal equations of

continuity at node n

I(n) = set of all branches including the n node

g = available nodal outflow (cu.m/s)

N = total number of nodes

g = gravitational acceleration (9.81 m/s?)

Based on previous works [14], a classical method for
solving the h-equations in looped pipe networks is the
h-Newton-Raphson (N-R) method. At iteration k, the N-R
method is applied to the set of equations for the nodal
hydraulic head h:

Ahy, = —J;1 X Fy (2.4)
hk+1 = hk + Ahk (25)
where
r Ah,y 1
Ahy =1 Ah, (2.6)
i |
F; ]
Fe=| F | 2.7)
Juu Jiz s S, L v
]k= ]nl ]nz ey ]nn, ,]nN
Ivi Inz s Ivn, o Jwn
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where:

k =number of iterations in the Newton—Raphson method

h,, =assumed value for initial hydraulic head at each node
(m col water)

Ah,, = correction of the total hydraulic head (m col water)

hy..1= vector for the correction of nodal head

F, =vector ofall E, atiteration k

J ~ =Jacobian matrix of F; at iteration k

Ji1 ---Jun ---Jnn = partial derivatives of functions F of the
Jacobian matrix from nN to NN

There are three virtual networks with four possible control
valve placements in the network chosen based on the
hydraulic analysis report of the EPANET run. The basis for
selection of valve placement is the occurrence of critical
pressures h, > Rpg, OF hy, < hyin, Where hy, is the actual
pressure in the network. Each simulation is performed for
each of the three virtual networks, with four different valve
placements and four valve settings that comprise a total of 48
network models. The optimization results are compared
utilizing an elimination process based on the set criteria.

QOpt > Qdes
and
hmin < hopt < hmax

where:

Qope 1S the optimized nodal outflow (m¥/s)

Gqes 15 the desired nodal outflow (m®s)

Romin i the minimum hydraulic head (45.5 m)

hope is the optimized hydraulic head (m)

Ronax 1S the maximum hydraulic head (50.0 m)

The safest pressure hyin < hope < hypgy Obtained from
the simulated networks is chosen as the best optimized
network model for Zone B WDN of the Kabacan Water
District. In case all results give the desired pressures, then the
selection of the best simulated model is based on the quantity
of flow, or

Qopt > Qaes

where q,,, is the optimized nodal outflow and qg; is the
desired nodal outflow.

The formulated numerical model is also validated using
comparison of results with the analytical method, EPANET
simulation results and the methods of reference [12], [13],
[14].

111. RESULTS AND DISCUSSION

As the consumption at night approaches zero, excessive
pressures are observed as shown in Fig. 3. Many nodes are
affected by the large pressures (>100 m) as indicated by the
red color in the pressure contour plot. In a study presented by
reference [15], similar contour map of their EPANET model
was plotted which they presumed that the excessive pressure
was associated with the excessive loss of water. This loss in
the system pressure can result in a water system with reduced
hydraulic capacity due to high head losses. These are the
critical points in the network where control valves are
needed.
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Fig. 3. EPANET Contour plot pressure at 0:00 hours

The proposed method is applied to the three networks
adopted from previous works [14] and [3] with interacting
valves, namely: Network 1 with Pressure Reducing Valve
and Flow Control Valve connected in series (PRV-FCV in
series); Network 2 with Pressure Reducing Valve and
Pressure Sustaining Valve connected in series (PRV-PSV in
series); and Network 3 with two Pressure Reducing Valves
connected in parallel (PRV-PRV in parallel). The simulations
are performed using the numerical model written by the
author. The program formulated in this study is modified and
tailored to the various conditions required by each valve
placement, so that there are 16 major adjustments made in
equations 2.1 and 2.3, including the valve sizes and the pipe
lengths for each network, or a total of 48 programs
(h_Optimization.m). For the network analyses, the
calculations were conducted at Tolerance = 10™** for all the
algorithms.

Fig. 4 below shows a comparison of the nodal outflow of
the best models selected from the three networks. The
network demand is fully satisfied by the two proposed
models namely net_2c and net-3a. In terms of the pressure
head (Fig. 5) and hydraulic head (Fig. 6), networks 2c
(PRV-PSV) and 3a (PRV-PRV) showed favorable outcomes
than net0Olc (PRV-FCV). It can be deduced that said
combination of valves are effective in maintaining the
hydraulic integrity of the pipe network. The usual design
procedures require minimum nodal pressures to satisfy nodal
outflows [19].

Comparative Nodal Outflow

) {cms)

:

Fig. 4. Comparative nodal outflows of the 3 best
optimized networks
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Table 1: Showing partial results of nodal outflows of
the selected network models

Optimum Pressure head

w— XN Netlic

Fig. 5. Comparative pressure heads of the 3 best
optimized networks

L

w— EXISTING NetO3c c— N9

Fig. 6. Comparative hydraulic heads of the 3 best
optimized networks

In terms of valve sizes, network 3a has the least size (56
mm) which is economically advantageous (Table 1), thus, a
better functional option. Consequently, the best optimized
network is the combination of PRV-PRV placed in parallel
(Fig. 7) on links where the ground elevation is lower.
Compared with the existing conditions, the optimized model
showed an increase in the nodal outflows for all nodes in the
network, particularly in node 5 (Table 1) where the bulk of
the household consumption is greatest. The valve diameters
are adjusted to fit the link size, e.g., for network 1, PRV and
FCV diameters are set to 71,73,75, and 78 mm when
connected to a 78 mm pipe. The corresponding pressure
heads (PRV) and outflows (FCV) are calculated by the
proposed numerical model, e.g. 17.19, 17.18, 17.20, and
17.21 mwec for the four PRV diameters; and 0.03963 Ips for
the four FCV diameters. These valve sizes are applied only
to one valve placement, particularly on a pipe size of 78 mm
for Network 1 (PRV-FCV in series). There are four valve
placements for each virtual network, with the assigned four
valve sizes for each placement in the network, thus, a total of
16 different simulations for each virtual network is done.
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Valve
combination PRV-FCV | PRV-PSV | PRV-PRYV
Proposed network NetOlc net 2¢ net_3a
Valve 1 Diam
(umn) 85 102 56
Valve 2 Diam 83
(min) 102 56
No. of Iteration 22 23 7
Nod Existing
¢ No. Optimized Nodal Outflows (n*'s)
1 00005187 0.0006269 LO006146 | 00006007
0 7 0 6
" 0.0001926 | 0.0002200 | 00002151 | 0.0002096
& 6 2 4 8
3 L0002371 | 0.0002793 | 0.0002773 | 0LO002704
) 2 3 s 7
4 LOD0SS95 0.0005941 1LO0095T9 | 00009419
6 5 7
2 0.0000188 0.0014241 0.0014006 | 0.0000312
5 4 3 3 7
f
/
/
/
L ]
Tanks
® Junctions
¥ Pumps
Pipes

Fig. 7. Valve placement for network 3a (PRV-PRV).
Pump located near the tank

As expected, the pressure heads at lower elevation nodes
(16 & 17) are greatest at 20 mwec, albeit in the optimized
network, the pressure heads in these nodes significantly
dropped, with node 17 receiving the greatest impact of
pressure head reduction (Fig. 5). Also, at an optimum
hydraulic head (Fig. 6), these critical nodes (5, 16, 17) are
doing well as evidenced of increase in nodal outflows
illustrated in Fig. 5. The pressure head in all nodes in the
optimized network did not fall below 3.0 mwc but settled at
10 mwec at the highest ground level (node 5). The placement
of the PRV-PRV connected in parallel makes the hydraulic
capacity of the KWD network more efficient in terms of
satisfying the demands in all tapping points at an optimum
pressure. Besides, the pipes with critical pressures prior to the
optimization are protected from possible leaks or breakages.

3.1. Validation of the Numerical Model

To validate the reliability of the proposed numerical
model, a sample network (Fig. 8) from the published work
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[14] is used in the simulation to compare results. Using
analytical calculations, the observed data show a very close
series trend for the Ah (equation 2.4) values in Fig. 9.
Although the analysis is terminated in the 1% iteration
procedure, the author is confident that the proposed
numerical model is consistent with the results when the error
correction for delta_h is applied to equations 2.1 to 2.3 and
repeated until it reaches the tolerance limit.
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Fig. 8. Sample network

Comparison of Correction Error-1st iteration
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Fig. 9. Comparative delta_h values
Comparison of Final Solution vs required
outflow
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Fig. 10. Comparative nodal outflow optimum solution

Comparing the simulation results with the discussed paper
[14], the optimum solution for the nodal outflows also
showed a consistent trend (Fig. 10). The Computational
Error

(CE) is also determined using the equation in the published
work of the above author [14] written as

N 3
CE = (Z(F")Z>
n=1

k
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which obtained a near zero result of 4.98E-15. Finally, the
optimum solutions (Fig. 11 & 12) for the network model 3a
(PRV-PRYV in parallel) obtained from the proposed hydraulic
solver followed the same trend with the simulated results
from EPANET. As observed, the optimized model illustrates
a lower pressure head when all the tapping points in the
network is fully satisfied with higher nodal outflows than the
existing KWD pipe network. Considering the above analysis,
one can be confident to use the numerical model formulated
by the author to analyze looped pipe networks.

Comparative Nodal Qutflow

0.0010

0.0005

Cutflow {m3/s)

0.0000
1 3 5 7 9 11 13 15 17 19

Node ID

e Epanet s0lUtion s Numerical model

Fig. 11. Comparative nodal outflow optimum solution of
EPANET and the proposed numerical model

Node (I

e Epanet sol w— Numerical mode

Fig. 12. Comparative pressure head optimum solution of
EPANET and the proposed numerical model

IVV. CONCLUSIONS

Prior to the method of optimization introduced in this
paper, the sufficiency of the water system of the KWD pipe
network is ambiguous considering its vulnerability in terms
of its hydraulic capacity, viz: (1) failure to maintain the safe
operating pressure leading to inadequate water supply in the
network during peak hours; and (2) the danger for possible
distribution main breaks due to high pressures during
off-peak hours. The evidence of low pressures due to
excessive head losses leads to pressure transients (< 7.0 mwc
or < 10 psi) during the daytime. On the other hand, the large
pressures at night time can cause or worsen wear on valves
and fittings which eventually add up to the problem on
leakages or to the extent of exposure to main breaks. As water
leakage losses increase, the hydraulic pressure in a water
distribution system also increases [19]. The algorithm written
by the author proved to be efficient in determining the best
solution to optimize the KWD network, and can work even in
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larger and complex networks. The impact of the proposed
methodology resulted in a simpler and more accurate
algorithm for analyzing looped distribution systems using the
method of reference [4] where all valves are modelled as
pipes; and the contributions of reference [14].
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