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Abstract:  28 

With the development of technology, it has become easier for engineers to design and test models 29 

that allow them to simulate real time water distribution networks with greater accuracy. However, 30 

with so many nodes and links in a network, building a model still requires some simplification. 31 

One such simplification is known as ‘conservative approach’, which applies the principle of 32 

‘lumped demand’, taking the demand only from nodes at the end of pipes. This paper thus 33 

analyses the full effect of lumped demand on key water parameters, on a large-scale network 34 

based on the as-built networks of Al Furjan and Dubai Silicon Oasis, Dubai, UAE for different 35 

conditions. EPANET and WDNetXL software were  used for the analysis, and results showed the 36 

impact of different levels of skeletonization on the head and velocity values for the two models. It 37 

indicated that the head changes are high for branched network under extreme condition of 38 

firefight. It included the effect of skeletonizing local tanks, with changes being higher when all 39 

tanks are empty. These findings critically evaluated the performance of this method for the Middle 40 

East region and concluded that considerable velocity changes observed in the models could lead 41 

to overdesigning. 42 

Keywords: Infrastructure Planning; Water Supply; Water Distribution Network. 43 

Nomenclature:  44 

hf is the head loss in pipe in m,  45 

f is the friction factor in pipes, 46 

Q is flow of water in m3/s,   47 
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D is diameter of the pipe in m,  48 

q is the demand withdrawal rate from the nodes in m3/s,  49 

L is the length of pipe in m, 50 

V is velocity of water in m/s,  51 

Z is the elevation head in m,   52 

P/𝛾𝛾 is the pressure head in m, 53 

A stands for the matrix that describe the section of network with only nodal junctions, 54 

Af describes the nodes with fixed heads in cases of tanks or reservoir, 55 

H is the operating head in the system in m, 56 

d is demand at the junction in m3/s, 57 

Hf are the fixed head at the source in m, 58 

hmin is minimum head (elevation) in m, 59 

hdes is the required head for achieving the consumer demand in m, 60 

ds is the required demand in m3/s,  61 

𝛼𝛼 is the coefficient value assigned based on the relation between pressure and outflow, 62 

Qf is the outflow discharged from the node in m3/s, 63 

Vs represents the private tank’s storage at simulation time step in m3, 64 

Sin is the incoming storage based on the inflow of the orifice in m3, 65 

Sout is the outgoing storage based on Water Demand Profile in m3, 66 
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St is initial storage of the private tank in m3, 67 

Ka is the maximum capacity of the tank in m3, 68 

Cd is coefficient of discharge, 69 

z is the elevation of the orifice in m,  70 

Ainlet is inlet area of the orifice in m2, 71 

It is the inflow at tank’s inlet in m3/s, 72 

Iact is the actual inflow coming into the tank’s inlet in m3/s, 73 

Abbreviations  74 

AD Actual Demand,  75 

DDA Demand Driven Analysis,  76 

DSO Dubai Silicon Oasis,  77 

EPS Extended Period Simulation, 78 

HGL Hydraulic Grade Line,  79 

LD Lumped Demand,  80 

PDA Pressure Driven Analysis,  81 

WDN Water Distribution Network,  82 

WDP Water Demand Profile, 83 

1. Introduction  84 

Designing water distribution networks (WDN) is complicated by the need to represent the typically 85 

large number of pipes and nodes, which invariably necessitates simplification of the network for 86 
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analysis purposes (Giustolisi and Todini, 2009; Lansey, 1996; Giustolisi, 2010; Rao and Alvarruiz, 87 

2007). The most common technique is to skeletonize the available WDN with different methods 88 

including Lumped demand (LD), branch trimming and merging of pipes. The easiest approach by 89 

far for nodal aggregation, employs the principle of “lumped demand” (Swamee and Sharma, 90 

2008), which assumes that demand is taken only from the end of each pipe. However, this leads 91 

to errors within the simulation model, which typically manifest as differences in head loss, given 92 

the lack of steady-state hydraulic equivalence, i.e., the head loss in the skeletonized network 93 

should be similar to the original WDN model (Giustolisi and Todini, 2009; Giustolisi, 2010). This 94 

makes the results of WDN models more of an approximation; a finding that is evidenced in 95 

literature (Gupta and Bhave, 1996; Lansey, 1996; Filion and Karney, 2003; Giustolisi and Todini, 96 

2009; Pasha et al., 2010).  97 

In each of these studies, the adoption of a LD approach was justified due to the lack of reliable 98 

and detailed information about the actual position and the number of connections in a WDN. 99 

Although these details can usually be found using resources such as topographical data, they will 100 

only add complexity to the geographical representation of a WDN as each connection requires a 101 

corresponding node. As the main purpose of the LD approach is the simplification of models, most 102 

of the WDNs using this approach, are found to be less complex. This means that the networks 103 

will have fewer constraints (valves, pump, etc.) and/or loops, particularly simple branched 104 

networks with a single source reservoir. Therefore, the networks also lack   descriptive parameters 105 

of valve settings, tank storage, tank initial level, etc. However, for complex WDNs incorporating 106 

additional components (e.g., multiple tanks and pumps), alternative approaches such as 107 

distribution demand (demand withdrawn uniformly along a pipe) were shown to be more accurate 108 

for determining equivalent nodal pressure parameter (Ormsbee and Lansey, 1994; McInnis and 109 

Karney, 1995). 110 
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For steady-state analysis, the nodal parameters of a skeletonized model, such as head, could 111 

differ vastly depending on the nodal demand and number of intermediate nodal junctions within a 112 

pipe section (Gong et al., 2014; Davis and Janke, 2015). Similarly, the WDN models with higher 113 

velocities could often lead to a larger pressure difference for the corresponding node. However, 114 

these substantial errors could be minimal if the removed pipes and nodes in the skeletonized 115 

model have a lower demand. In fact, Giustolisi (2010) suggested that a correction factor could be 116 

applied within a skeletonized network to replicate the results from the steady analysis of the actual 117 

model. Hence, the use of LD approach is widely adopted with huge WDNs models for practical 118 

application. 119 

Nevertheless, the LD approach is likely to affect the accuracy of the WDN dynamic hydraulics, 120 

which means that there is a further risk of water management in severe conditions such as 121 

leakage, pipe burst, firefight or sectional maintenance (Rathnayaka et al., 2016) In these 122 

conditions, the supply of water could be relatively small and could ultimately fail to achieve the 123 

required consumer demand (Huang et al., 2019). Hence, the excessive skeletonizing of WDN 124 

models could indeed increase the anomalies for the system’s dynamic response especially during 125 

transient flow or pressure deficit network (Meniconi et al., 2018). In fact, there is a risk of 126 

underestimation or overestimation for hydraulics parameters due to negligence of transverse 127 

pressure waves. Ideally, the difference in head should be higher for a pressure deficient network 128 

due to overwhelming higher demand. Only recently, Huang et al. (2020) provided a 129 

skeletonization method in capturing the dynamic response in a transient flow, however, it lacks 130 

the comparison of computational accuracy between the original and skeletonized method.  131 

Along with these conditional constraints, the addition of local tanks in networks brings more 132 

complexity into the system. The private tanks are underground or roof tanks which are typically 133 

present to provide the consumer demand in peak hours. These tanks are not hydraulically 134 

connected with the network pipes, but instead are connected through a free orifice that is a 135 
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function of nodal pressure, storage level and inlet diameter. While adopting the LD approach, the 136 

tank inlet is set to be aggregated based on the relation between the pressure and nodal demand. 137 

The effect on the nodal pressure should be adverse due to the varying changes in tank’s inlet, 138 

because of LD approach. Yet, none of the studies have discussed their impacts on a skeletonized 139 

model. This causes an area of concern as the models that have adopted the use of private tanks 140 

can have lower accuracy after excessive skeletonization (Giustolisi et al., 2014). 141 

With most of the studies focus on the impact of system head induced by the LD idealization (Filion 142 

and Karney, 2003; Giustolisi, 2010; Franchini and Alvisi, 2010)  , this  study aims to determine 143 

the effect of the conservative approach using two real time as-built networks. The proposed 144 

method is designed to study the effects of lumping in multiple cases including normal condition, 145 

pressure deficit condition and integration of local tanks. The criteria of this study allow to assess 146 

the performance of the network based on the nodal head parameter for each case. Finally, the 147 

study also shows the impact of excessive skeletonization on the nodal junction parameters. 148 

2. Methodology 149 

Each building served by a WDN typically contains multiple appliances that use water (e.g. taps, 150 

W.C.’s, etc.) and it is common practice to sum the demand from each appliance to form a demand 151 

profile for each building (Figure 1). Similarly, the LD approach to network analysis sums all the 152 

demands along a single length of pipe and distributes 50% of the total to each end, as illustrated 153 

in Figure 2.   154 
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 155 

Figure 1 Process of skeletonization in a network model. 156 

 157 

Figure 2 Comparison of real pipe with lumped idealization. 158 

The head loss in any pipe using the LD approach may be represented by Equation (1). (Giustolisi,  159 

2010) 160 
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ℎ𝑓𝑓 =  8𝑓𝑓𝑓𝑓𝑄𝑄
2

𝜋𝜋2𝑔𝑔𝐷𝐷5
�1 − 𝑞𝑞𝑓𝑓

2𝑄𝑄
�
2
                                                                                                                    (1) 161 

The LD approach introduces errors in calculated head loss values, as hf , Equation 2,  is no longer 162 

satisfied. 163 

𝑉𝑉12

2𝑔𝑔
+ 𝜌𝜌1

𝛾𝛾
+ 𝑍𝑍1 =  𝑉𝑉2

2

2𝑔𝑔
+ 𝜌𝜌1

𝛾𝛾
+ 𝑍𝑍2 + ℎ𝑓𝑓                                                                                                                                  (2) 164 

In (2) , the left side of the formula represents the total energy head upstream whilst the right side 165 

represents the same term at downstream location of a pipe. The theory of this conservation of 166 

energy is known as ‘Bernoulli’s principle’ which does not remain balanced with the adoption of LD 167 

approach (Giustolisi,  2010) for demand driven analysis (DDA).  168 

 169 

2.1. Steady-state simulation: 170 

For simulation in WDN model, the topological structure is described by pipes as links, and 171 

junctions as nodes, that is represented by an incidence matrix A. The system state and solution 172 

of the WDN is described by head at nodes and flow in pipes using mass and energy balance 173 

equations at pipe junctions using DDA.   174 

𝐴𝐴 = �
    −1,             𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝 𝑦𝑦 𝑝𝑝𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒 𝑒𝑒𝑛𝑛𝑛𝑛𝑝𝑝 𝑥𝑥
     0,       𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝 𝑦𝑦 𝑖𝑖𝑒𝑒 𝑒𝑒𝑛𝑛𝑒𝑒 𝑐𝑐𝑛𝑛𝑒𝑒𝑒𝑒𝑝𝑝𝑐𝑐𝑒𝑒𝑝𝑝𝑛𝑛

+1,             𝑖𝑖𝑖𝑖 𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝 𝑦𝑦 𝑝𝑝𝑥𝑥𝑖𝑖𝑒𝑒𝑒𝑒 𝑒𝑒𝑛𝑛𝑛𝑛𝑝𝑝 𝑥𝑥
𝑒𝑒𝑛𝑛 𝑒𝑒𝑛𝑛𝑛𝑛𝑝𝑝 𝑥𝑥 175 

𝐴𝐴𝐴𝐴 + 𝑛𝑛 = 0                                                                                                                                                                          (3) 176 

Δℎ(𝑘𝑘,𝐴𝐴) − 𝐴𝐴𝐻𝐻 − 𝐴𝐴𝑓𝑓𝐻𝐻𝑓𝑓 = 0                                                                                                        (4) 177 

Where the matrix A stands for the section of network with only nodal junctions while Af describes 178 

the nodes with fixed heads in cases of tanks or reservoir. The two variables Q and h stand for 179 

pipe flow and head respectively, which describes the system state. The boundary conditions are 180 
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defined by D and Hf which are the demand at the junction and fixed head at the source (tank, 181 

reservoir or pumping station) respectively. Finally, the head loss due to friction along the pipe is 182 

represented by Δℎ(𝑘𝑘, 𝑞𝑞) in Eq.(5), where k is the friction coefficient and Q is the flow. Their relation 183 

is better shown below:  184 

Δℎ = 𝑘𝑘𝐴𝐴|𝐴𝐴|𝛼𝛼−1                                                                                                                                                                      (5) 185 

The constant value of 𝛼𝛼 changes depending upon the choice of head-loss function. Ultimately, 186 

this causes problems in extreme condition of firefight where the whole network is fully stressed 187 

and facing excessive hydraulic pressure. To mimic this inadequate supply of water, the system 188 

needs to be simulated with pressure driven analysis (PDA). The objective of PDA allows the 189 

network to model demand based on the available pressure at the nodes as shown in Equation (6) 190 

(Braun et al., 2017).  191 

𝐴𝐴𝑓𝑓 = �

0,                       𝑖𝑖𝑖𝑖 𝐻𝐻 ≤ ℎ𝑚𝑚𝑚𝑚𝑚𝑚
    � 𝐻𝐻−ℎ𝑚𝑚𝑚𝑚𝑚𝑚

ℎ𝑑𝑑𝑑𝑑𝑑𝑑−ℎ𝑚𝑚𝑚𝑚𝑚𝑚
�
𝛼𝛼
𝑛𝑛𝑠𝑠,    𝑖𝑖𝑖𝑖 ℎ𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐻𝐻 ≤ ℎ𝑑𝑑𝑑𝑑𝑠𝑠

𝑛𝑛𝑠𝑠,                        𝑖𝑖𝑖𝑖 ℎ𝑑𝑑𝑑𝑑𝑠𝑠 ≤ 𝐻𝐻

                         𝟎𝟎 ≤ 𝑸𝑸𝒇𝒇 ≤ 𝒅𝒅𝒔𝒔                            (6) 192 

where hmin is minimum head (elevation), hdes is the required head for achieving the consumer 193 

demand, h is the available head at the node, ds is the required demand, 𝛼𝛼 is the coefficient value 194 

assigned based on the relation between pressure and outflow, and Qf is the outflow discharged 195 

from the node.  196 

Hence, the PDA does not assume that the demand at each node would always be satisfied but 197 

instead will depend upon the provided head in the whole network which modifies the mass as 198 

given in Equations (7). 199 

𝐴𝐴𝐴𝐴 + 𝑸𝑸𝒇𝒇 = 0                                                                                                                                                                           (7) 200 
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Along with PDA, the addition of local tanks in the network has further complicated the 201 

phenomenon of skeletonization. The simulation integrated with local tanks modifies the energy 202 

balance and mass balance equations (Giustolisi et al., 2014).  203 

𝐴𝐴𝐴𝐴 − 𝑽𝑽𝒔𝒔
∆𝑻𝑻

= 0                                                                                                                                                                             (8) 204 

The Vs represents the private tank’s storage at simulation time step, while the other variables are 205 

as defined previously. Moreover, the storage of the tank is based on the behavior’s simulation of 206 

the mass balance equation, Equation (9);  207 

𝑆𝑆𝑡𝑡+1 =  𝑆𝑆𝑡𝑡 + 𝑆𝑆𝑚𝑚𝑚𝑚(𝑒𝑒) − 𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡(𝑒𝑒)                  0 ≤ 𝑆𝑆𝑡𝑡+1 ≤ 𝐾𝐾𝑎𝑎                                                                   (9) 208 

Where Sin is the incoming storage based on the inflow of the orifice, Sout is the outgoing storage 209 

based on water demand profile (WDP), St is initial storage of the private tank and Ka is the 210 

maximum capacity of the tank. The incoming and outgoing storage are simulated by Equation 211 

(10) and (11) respectively: 212 

𝑆𝑆𝑚𝑚𝑚𝑚 = ∆𝑒𝑒 ∗  𝐶𝐶𝐷𝐷𝐴𝐴𝑚𝑚𝑚𝑚𝑖𝑖𝑑𝑑𝑡𝑡�2𝑔𝑔(𝐻𝐻 − ∆𝑍𝑍)                                                                                                                          (10) 213 

𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡 =  𝑛𝑛𝑠𝑠∆𝑒𝑒                                                                                                                                                                          (11) 214 

where Cd is the coefficient of discharge, H is the operating head, z is the elevation of the orifice 215 

and A is inlet area of the orifice. The  inlet area of the orifice could vary with the demand and 216 

operating pressure at the node which therefore changes the flow in the pipes and hence the 217 

pressure at the nodes. The analysis for each condition is implemented with the original and 218 

skeletonized models which are discussed later along with detailed steps carried out to perform 219 

them. 220 

 221 

 222 
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2.2. Case study sites 223 

This paper uses the Al Farjan WDN and Dubai Silicon Oasis (DSO) in Dubai, UAE, as case 224 

studies (Figures 3 and 4). These areas were selected since they are relatively new, meaning that 225 

the details of the as-built WDNs are well documented, and little or no modifications have been 226 

undertaken. 227 

The Al Farjan development was primarily built to accommodate residential properties, and it 228 

covers an area of 5.6 million square meters. The project itself accommodates 4000 villas, hotels, 229 

businesses, and mixed-use structures located in four interconnected villages (North, South, East 230 

and West), with a projected future population of approximately 50,000. Based on topography, the 231 

average and maximum elevations for the area were found to be 1.4 m and 7 m respectively, which 232 

allows the complete network to be gravity fed, hence negating the need for costly pumping 233 

infrastructure. 234 

 235 

Figure 3 Schematic of Al Farjan WDN 236 
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The area of DSO is a modern community that integrates work and living places seamlessly. It is 237 

projected to be one of the few smart cities in Dubai in future years. Currently, the total area of 238 

community is 7.2 million square meters, where it offers a complete blend of residential, 239 

commercial, governmental, and educational sectors. In the residential sectors, multiple 240 

infrastructures could be found including high-rise buildings, townhouses, and villas. The area 241 

estimates to host more than 100,000 people in the coming years; hence the chain of water supply 242 

from the source is fed through pumps. However, as the area is still developing, only 40% of the 243 

water is being delivered to the consumers.  244 

 245 

Figure 4 Network model of DSO 246 

2.3. Hydraulic model 247 
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The hydraulic model selected for simulation purposes was EPANET 2.2 (2020), which is one of 248 

the most common tools used in modelling WDNs based on demand driven analysis (DDA), and 249 

WDNetXL, which is the only tool capable of modelling local tanks in the network based on 250 

pressure driven analysis (PDA) based on Authors knowledge. The resulting simulation of 251 

EPANET analyzes parameters such as flow, velocity, and head loss using Extended Period 252 

Simulation (EPS). For WDNetXL, the simulation  tool can perform steady state analysis for 253 

extreme conditions including pipe burst, pressure deficient situation and integrated local tanks. 254 

WDNetXL is also able to solve the system models using PDA, allowing the network to produce 255 

results for the parameters of pipes and nodes. 256 

In terms of modelling, the necessary parameters required to characterize the WDN were collected 257 

from the regulatory authorities and used to build the models. The water demand profile, which 258 

was lacking in the region, was built by monitoring hourly consumption of small sample size in 259 

order to perform the analysis.  260 

2.4.  Working procedure 261 

After setting up the model, different levels of skeletonization were performed by the LD approach. 262 

The base demands of the intermediate nodes present within the pipe are set to zero, while the 263 

accumulated demands are adjusted to the ends of pipe according to the following three stages: 264 

Skeletonization Stage 1; the water demands from intermediate nodal junction are combined and 265 

placed at the two ends within a sub-branched pipe.  266 

Skeletonization Stage 2; involves elimination of internal nodes and accumulate their demands to 267 

external nodes within the system. This stage continues to reduce the number of nodes and pipes 268 

without changing any original properties of the network.  269 
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Skeletonization Stage 3; All base demands of external nodes are added at each  end of the 270 

transmission pipe of the network. This stage represents the excessive scale of skeletonization to 271 

account for maximum effect on the network’s parameters.  272 

Figure 5 represents each stage skeletonization at which the process of elimination and 273 

accumulation of base demand was conducted. After which the models were simulated for normal 274 

condition based on the DDA approach, extreme condition (PDA) and with implementation of local 275 

tanks.  276 

 277 

 278 

Figure 5 Skeletonization process  279 

 280 

The simulation for normal condition is based on the mass and energy balance equation of the 281 

DDA. While for extreme condition such as firefight, the PDA was considered, as the network was 282 

insufficient to supply the required demand. The working of the simulation is different when the 283 

tanks are integrated at each node. The simulation uses equation (8)-(11) to integrate local tanks 284 
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at each node. The tank is not connected hydraulically, hence the inflow through the tank’s inlet is 285 

calculated based on the equation (12).   286 

𝐼𝐼𝑎𝑎𝑎𝑎𝑡𝑡 = � 𝐶𝐶𝐷𝐷𝐴𝐴𝑚𝑚𝑚𝑚𝑖𝑖𝑑𝑑𝑡𝑡�2𝑔𝑔(𝐻𝐻 − ∆𝑍𝑍) ,   𝑤𝑤ℎ𝑝𝑝𝑒𝑒 𝑒𝑒𝑡𝑡𝑒𝑒𝑘𝑘 ℎ𝑡𝑡𝑒𝑒𝑒𝑒′𝑒𝑒 𝑒𝑒𝑝𝑝𝑡𝑡𝑐𝑐ℎ𝑝𝑝𝑛𝑛 𝑖𝑖𝑒𝑒𝑒𝑒 𝑐𝑐𝑡𝑡𝑝𝑝𝑡𝑡𝑐𝑐𝑖𝑖𝑒𝑒𝑦𝑦
𝑛𝑛𝑠𝑠,                        𝑤𝑤ℎ𝑝𝑝𝑒𝑒 𝑒𝑒ℎ𝑝𝑝 𝑒𝑒𝑡𝑡𝑒𝑒𝑘𝑘 𝑖𝑖𝑒𝑒 𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑒𝑒𝑛𝑛 𝐼𝐼𝑡𝑡 > 𝑛𝑛𝑠𝑠

 287 

The actual inflow from Equation 12 is based on the opening and closing of the orifice due to 288 

different water level in the tanks. The area of the tank’s inlet is selected based on the available 289 

minimum pressure required (12.5 m based on the Code of practice) and nodal demand at the 290 

junction. Hence, for different level of skeletonization, the inlet of the tank is updated because of 291 

the changes in the accumulated demand at nodal ends of a pipe.  292 

Finally, comparisons were drawn for each nodal head and velocity parameter for these conditions 293 

to observe the difference in the actual and skeletonized models. 294 

 295 

3. Results and Discussion  296 

3.1 Normal condition(DDA) 297 

System head is a key factor in WDNs as it is the head that provides the energy required for water 298 

to flow through the system and exit at sufficient pressure. From Table 1, it can be observed that 299 

the difference in head between the AD and LD varies with demand scenario. 300 

Table 1 Head changes (LD-AD) under normal condition (DDA)  301 

Skeletonization 

Level 

Average Head (m)  Maximum Head (m) Minimum Head (m) 

Al Farjan DSO Al Farjan DSO Al Farjan DSO 

Stage 1 -0.02 0.82 0.17 1.13 -0.10 -0.48 

Stage 2 -0.01 0.15 0.17 1.27 -0.11 -0.50 

Stage 3 -0.18 -0.09 0.00 3.91 -0.46 -1.56 

 302 
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As shown above, the maximum differences between LD and AD simulation results occur in the 303 

3rd stage of skeletonization, which is the worst-case scenario for the Al Farjan network at the time 304 

of 7am (peak hour). However, even for this scenario, the average head difference is not 305 

particularly significant, with the LD approach underestimating nodal head by an average of 0.18 306 

cm. Similarly, the minimum differences of -0.46 m would not significantly affect the performance 307 

of a WDN. It should also be noted that these changes tend to occur closer to a terminal node 308 

where one-half of the summed demand has been placed. Moreover, this change is well within the 309 

standards set by the codes that require maintaining a pressure of 12.5m throughout the network, 310 

as the minimum head in this network was 21.14m. Comparing the results to the study by 311 

Shamrukh (2005) , the LD model used here has fewer intermediate nodes, which should give at 312 

least 50% percentage difference in head value. The results, however, show a maximum difference 313 

of less than 1% (Table 1); this is related to the scale of the network, as the model used here is of 314 

comparably larger size than the network in the study of Shamrukh, (2005). The number of 315 

intermediate nodes used to form the LD model ranges from around 3 to 20, with an average of 9 316 

intermediate nodes: making the % difference between the LD and actual model negligible.   317 

For the same condition, the result from Table 1 shows the difference between the nodal head for 318 

the entire DSO network.  319 

The results from the analysis show that the maximum head difference to be equivalent to 3.91m, 320 

for the worst case of skeletonization. The average change in head has decreased in each stage 321 

because of the more negative change in nodal head than the positive one. Ideally, both networks 322 

were simulated under the same condition, but difference is observed in results due to the base 323 

demand of the nodes and type of the network. The network of DSO has considerably large number 324 

of nodes with high demand due to the nodal characteristics of high-rise buildings along with being 325 

branched with fewer loops. Comparatively, most of the households in Al Farjan are villas which 326 
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have lower demands and have more loops which, therefore,  do not show higher difference of the 327 

result.  328 

It is also worth noting that with each stage of skeletonization, the maximum and minimum nodal 329 

head difference becomes larger. While the changes in head are larger, it also means that the 330 

network is experiencing a higher head loss which would ultimately reduce a lot of supply energy 331 

from the system. Ultimately, their average value does not follow a specific pattern as the values 332 

are being overestimated and underestimated by LD approach. 333 

3.2 Network with integrated local tanks 334 

With the inclusion of local tanks, each node becomes a free orifice inlet that closes and open with 335 

respect to the storage level of the tank. When comparing the LD approach (skeletonized) models 336 

with the original models, the results shown in Table 2 resemble three conditions of local tanks, 337 

i.e., tanks are full, tanks are empty and extreme conditions.  338 
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Table 2 Head changes (LD-AD) under different skeletonization stages  339 

Network 

Conditions 

Skeletonization 

Level 

Average Head (m) Maximum Head (m) Minimum Head (m) 

Al Farjan DSO Al Farjan DSO Al Farjan DSO 

Local tanks 
are full 

Stage 1 -0.016 0.816 0.170 1.131 -0.101 -0.481 

Stage 2 -0.008 0.144 0.170 1.271 -0.112 -0.510 

Stage 3 -0.183 -0.091 0.000 3.912 -0.461 -1.563 

Local tanks 
are empty 

Stage 1 -0.019 0.083 0.083 2.022 -0.060 -0.360 

Stage 2 -0.013 0.112 0.083 1.940 -0.062 -0.587 

Stage 3 -0.032 0.011 0.034 5.059 -0.171 -2.554 

Extreme 
conditions 

Stage 1 -0.554 1.026 0.355 2.448 -1.224 -0.814 

Stage 2 -0.537 0.898 0.334 3.144 -1.249 -0.518 

Stage 3 0.618 1.576 1.180 5.354 -0.709 -4.503 

 340 

For the first condition of tank (set to full), comparisons are drawn between LD and AD models, 341 

during the time periods (1am – 8am) at which the tank the level is maximum. The data observed 342 

in the Table 2 are, is the resulting simulation for the time 7am (same as DDA). Hence, the results 343 

are quite like DDA, as the behavior simulation of local tanks becomes similar to DDA when the 344 

local tank is full, and the inflow is higher than the outflow of the tank.  345 

For the second condition, all tanks are empty at the start of the simulation, the results for nodal 346 

head difference of Al Farjan models (lumped and actual) do not indicate any significant changes 347 

in the network. This is due to the small orifice size at the inlets as it is a function of the available 348 

pressure and nodal demand, and in this network, the consumer demand has lower value. 349 

However, the changes are quite significant for the DSO model where the maximum change in 350 

head value is close to 5m for the 3rd stage of skeletonization. Again, due to higher nodal demand, 351 

the orifice sizes are relatively larger to accommodate the consumer demand, hence the flow and 352 

velocity in the pipes are relatively larger. The variation of head is also proven to be higher for this 353 
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case which could ultimately be unable to supply the required demand at junction (loss of 5m in 354 

pressure).  355 

3.3 Extreme condition (PDA) 356 

Finally, for the extreme events of unusually high demands like firefight or leakage, the impact of 357 

skeletonization was studied using pressure driven analysis. The high demands were built by 358 

increasing the nodal demand for each node in the network. From Table 2, the results indicated 359 

that a substantial difference in the head value is detected for both networks. For 3rd stage of 360 

skeletonization, the average difference is 0.6m and 1.6m for Al Farjan and DSO networks 361 

respectively. In fact, the maximum difference has reached up to 5.4m for DSO, showcasing that 362 

excessive skeletonization can have major overestimation for events such as leakage, pipe burst, 363 

firefight etc. In sudden condition, the performance of the network will become inadequate and 364 

increase the chances of failure when the actual system is simulated. Again, the impact of demand 365 

has higher impact on the degree of accuracy of skeletonization due to extreme events. In fact, 366 

the difference in the nodal head parameter was the largest observed when comparing all three 367 

conditions. 368 

In order to illustrate the difference, two key flow paths identified in Figure 6 (OA and OB) was 369 

studied to show the difference in water head. Figures 7 and 8 show the Hydraulic Grade Line 370 

(HGL) for these two paths, respectively.  371 
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 372 

Figure 6 Schematic of Al Farjan WDN to showing the flow paths OA and OB. Point O is the 373 

origin of water source (reservoir).   374 

 375 
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 376 

Figure 7 Hydraulic Gradient Line for flow path OA of Al Farjan WDN 377 

 378 

Figure 8 Hydraulic Gradient Line for flow path OB of Al Farjan WDN 379 

 380 
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As shown in Figures 7 and 8, the differences between the HGLs are not particularly significant for 381 

the case of DDA and with integration of local tanks. A comparison between Figures 7 and 8 382 

illustrate that larger differences tend to occur on flow path OB, particularly with the extreme 383 

condition in the 3rd stage of skeletonization, as the impact of the generally higher nodal demands 384 

on this flow path are accentuated by the increased demand flow uplifts. The flow path OA is 385 

relatively starting from the reservoir to the internal nodes of the network. As most of the nodes 386 

covered in this path are of sub-branch pipe, the accumulated demands are low  because of the 387 

lownodal head difference. Most of high change in pressure is observed in the accumulated nodal 388 

junction that does not get eliminated during the skeletonization process. The same patterns were 389 

also observed for the DSO network.  390 

 391 

 392 

3.4 Velocity change in the networks 393 

Table 3 Velocity change between AD and LD (LD-AD) for normal condition 394 

Skeletonization 

Level 

Average Velocity (m/s) Maximum Velocity (m/s) Minimum Velocity (m/s) 

Al Farjan DSO Al Farjan DSO Al Farjan DSO 

Stage 1 -0.04 -0.02 0.17 0.54 -0.52 -0.73 

Stage 2 -0.04 -0.03 0.17 0.81 -0.53 -0.83 

Stage 3 -0.04 -0.02 0.17 1.35 -0.69 -1.58 

 395 

The average change in velocity is close to -0.042m/s for the highest skeletonized stage in Al 396 

Farjan model from Table 3. This indicates that the velocity change for most of the pipe was almost 397 

negligible, however, the highest change was observed to be -0.69m/s. This change was observed 398 

in the pipe close to an aggregated nodal junction, which shows that the lumped models had 399 

relatively lower velocity than the actual model. Once, the actual network is running, the velocity 400 
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will increase by 0.69m/s, which can increase the head loss in the section of the pipes. The same 401 

observation was observed in DSO network, where the highest velocity change was to -1.58m/s 402 

for the pipe close to the aggregated nodes for 3rd stage of skeletonization.  403 

Furthermore, the maximum change in pipe velocity for DSO, in Table 3, was 1.35m/s which shows 404 

that the velocity in AD would drop by 1.35m/s. This observation shows that the pipes in DSO 405 

network would be designed for relatively high velocity than actual which results in over-designing 406 

the network. In few pipes of Al-Farjan and DSO, the velocity decreases to an extent where it is 407 

lower than minimum allowable velocity which can delay the supply of water. As a result, few of 408 

the pipes in Al-Farjan network would need to be redesigned, however, this change would only be 409 

observed after the network is running in real time. Similarly, few pipes have exceeded the 410 

maximum allowable limit of velocity, due to extensive skeletonization, which again would have to 411 

be redesigned after the network is running. Otherwise, it would increase the head loss in the 412 

system due to high velocities.  413 

Table 4 Velocity change between AD and LD (LD-AD) for different operation conditions 414 

Network 

Conditions 

Skeletonization 

Level 

Average (m/s)  Maximum (m/s) Minimum (m/s) 

Al Farjan DSO Al Farjan DSO Al Farjan DSO 

Local tanks 
are empty 

Stage 1 -0.0002 0.013 0.308 0.952 -0.287 -1.145 

Stage 2 0.0006 0.009 0.377 0.954 -0.259 -1.161 

Stage 3 -0.0004 0.007 0.465 2.679 -0.337 -2.062 

Extreme 
conditions 

Stage 1 0.0002 0.002 0.937 1.787 -0.900 -1.717 

Stage 2 0.0021 -0.009 1.046 2.092 -0.898 -2.544 

Stage 3 0.0026 -0.008 1.353 1.668 -1.048 -2.460 

 415 

In Table 4, for the extreme condition of firefight or pipe burst, the observed highest velocity 416 

changes are relatively high. More pipes in the DSO network, have difference close to 1m/s. 417 
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Similarly, the velocity change is higher with the integrated local tanks in the network. In stages 418 

where the tanks are empty, the highest observed change is in stage 3, close 2.67m/s, which 419 

shows that the velocity will decrease in the actual network (once running). In these cases, the 420 

head loss in the skeletonized model is said to be extremely high, and the build pipes would have 421 

a higher diameter. Hence, the capital cost of the entire network would increase due to relatively 422 

large pipes. On the contrary, pipes that has a negative change in velocity indicates an increase 423 

in the velocity once the actual network is running. Consequently, higher head loss is observed in 424 

this pipe section and the water velocity can also increase beyond the limit  of maximum allowable 425 

velocity, resulting in redesigning of the pipes.  426 

Finally, one key limitation of this paper, is the obtained Water Demand Profile which brings 427 

uncertainty to the actual demand of the consumer. The profile is a close approximation but cannot 428 

be taken as actual consumption pattern because of the unpredictable consumer behavior, this 429 

water demand profile is a key factor in extended period simulation and thus has been studied in 430 

different research paper.  431 

4. Conclusion 432 

In the assessment of the UAE’s Al Farjan and Dubai Silicon Oasis (DSO) WDNs , the effect of 433 

lumping demand has been analyzed to assess the effect on important water parameters, most 434 

notably pressure head and velocity. It was found that, under base flow condition (DDA) and 435 

integrated local tanks scenarios, the average head errors induced by the lumped demand 436 

approach were minimal for Al Farjan network. Furthermore, the results show the effect of high 437 

demand on head change especially during the condition of extreme events. The pressure in the 438 

system decreased significantly with higher accumulated demands. Where errors were more 439 

significant, the head/velocity differences did not exceed those specified by the relevant codes, 440 

however they did lead to over-design of pipe diameter; as expected, this was particularly apparent 441 
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under the case of firefight at which the water supply in the network was inadequate. For the DSO 442 

model, the network was branched with high rise buildings to show more significant changes in the 443 

obtained values. For excessive skeletonization stage, the network showed much higher 444 

differences in nodal head values than for the previous models. Finally, the velocity in the network 445 

itself varied once the accumulated nodal demand was much higher in different skeletonized 446 

stages, resulting in either higher head loss or over-designed pipes. As such, it is recommended 447 

that the impact of using the LD approach is assessed in critical and non-standard applications 448 

while excessive scaling should be prevented to avoid risk of overdesigning when dealing with high 449 

demand networks.  450 
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