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- Regression fits a nonlinear function to predict the outflowing solute 23 

concentration 24 

- Outlet concentration is mainly controlled by junction angle and inlet/outlet flow 25 

ratios. 26 

Abstract 27 

High-quality drinking water is essential for modern settlements, and accurate 28 

modelling of solute mixing at pipe junctions is crucial in water distribution networks 29 

(WDNs). While complete mixing is often assumed, recent studies emphasize the 30 

need to account for incomplete mixing. This paper advances the understanding of 31 

incomplete mixing effects on water quality dynamics in WDNs. Computational fluid 32 

dynamics (CFD) simulations are employed to examine how pipe connection angles in 33 

cross-junctions influence solute mixing. The results highlight the significance of the 34 

junction angle and the relative distribution of inflow and outflow rates, whereas the 35 

diffusion coefficient and the turbulent Schmidt number have a limited influence. A 36 

generic regression model is developed to capture the nonlinear relationships 37 

between the dominant factors, providing accurate predictions of mixing at pipe 38 

junctions with minimal computational cost. The model is validated against 39 

experimental data from the literature and can be integrated into traditional WDN 40 

solvers such as EPANET. The findings improve the simulation reliability of 41 

contaminant concentration profiles, supporting more robust water quality analysis and 42 

advancing the state of the art in WDN modelling. 43 
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Introduction 46 



Accurate modelling of solute mixing at pipe junctions is essential for predicting water 47 

quality in distribution systems (Shah and Sinai, 1988; Song et al., 2009). Traditional 48 

water quality models for water distribution systems (WDS) commonly assume that 49 

mixing at pipe junctions is complete and instantaneous (Fabrie et al., 2010; Ho, 2008; 50 

Pankaj et al., 2022). This assumption posits that when two or more streams of water 51 

meet, they merge entirely and form a homogeneous mixture immediately (Fabrie et al., 52 

2010; Yousefian and Duchesne, 2022). While this simplification makes modelling more 53 

straightforward, it often fails to reflect real-world conditions (Ho, 2008; Yousefian et al., 54 

2024). Experimental and computational studies have demonstrated that mixing is 55 

frequently incomplete (Grbčič et al., 2019; Hernández-Cervantes et al., 2018; Ho and 56 

Khalsa, 2009; Romero-Gomez et al., 2008; Song et al., 2009; Yu et al., 2014). The 57 

inaccuracies introduced by assuming complete mixing can lead to significant errors 58 

(Paez et al., 2017; Romero-Gomez et al., 2011) in water quality predictions, with outlet 59 

concentration errors sometimes reaching as high as 250% in scenarios of imperfect 60 

mixing (Yousefian and Duchesne, 2022). 61 



The assumption of complete mixing at pipe junctions in WDSs oversimplifies the 62 

intricate dynamics of fluid interactions, leading to inaccuracies in water quality 63 

modelling. Variations in flow rates among converging streams significantly influence 64 

mixing efficiency; for instance, a dominant high-velocity stream can impede thorough 65 

solute distribution, resulting in concentration gradients (Cervantes et al., 2021; Ho and 66 

Khalsa, 2009). The geometry of pipe junctions—such as cross, T, and Y 67 

configurations—further complicates mixing behaviour, with each presenting unique 68 

challenges that affect how streams merge and interact (Romero-Gomez and Choi, 69 

2011; Song et al., 2009). Additionally, the flow regime plays a crucial role: turbulent 70 

flows generally enhance mixing due to increased eddy diffusion, whereas laminar flows 71 

tend to limit mixing efficiency, leading to the stratification of solute concentrations 72 

(Yousefian et al., 2024). Overall, there is a clear need for studies to provide valuable 73 

insights into the dynamics of mixing and support the development of more realistic 74 

water quality models (Peng et al., 2024), incorporating scientifically sound theory and 75 

equations to simulate the mixing behaviour, especially at pipe junctions. 76 

Several researchers have employed experimental and numerical methods to study 77 

solute mixing at pipe junctions. Experimental investigations involve physical setups 78 

designed to replicate various pipe-junction configurations. Tracers, such as salt or dye, 79 

are introduced to track fluid movement and mixing behaviour. Measurements of solute 80 

concentrations at different locations provide empirical data for evaluating mixing 81 

efficiency. Common junction types studied include cross-junctions, T-junctions, and Y-82 

junctions, with variations in pipe diameters and flow rates used to simulate real-world 83 

conditions. While experimental studies yield accurate and reliable data, they are often 84 

time-consuming and resource-intensive (Austin et al., 2008; Shao et al., 2019; Song et 85 

al., 2018; Yousefian and Duchesne, 2024). 86 



Numerical approaches, particularly computational fluid dynamics (CFD), offer a 87 

powerful alternative for analysing mixing at pipe junctions (Zhao et al., 2008). CFD 88 

simulations use mathematical models to describe fluid flow and solute transport, 89 

capturing the effects of advection, diffusion, and turbulence (Basha and Malaeb, 2007). 90 

These simulations provide detailed insights into the spatial and temporal evolution of 91 

mixing patterns (Grbčič et al., 2019; Romero-Gomez et al., 2008). However, CFD 92 

modelling can be computationally expensive, especially for large-scale water 93 

distribution networks. To address this challenge, researchers have focused on 94 

developing simplified surrogate models that incorporate the effects of incomplete 95 

mixing while maintaining computational efficiency (Ho and Khalsa, 2009; Yousefian et 96 

al., 2024; Yousefian and Duchesne, 2022). 97 

Surrogate models, such as EPANET-BAM (Bulk Advective Mixing) (Ho and Khalsa, 98 

2009), EPANET-IMX (Yousefian and Duchesne, 2024b), and AZRED (Song et al., 99 

2009), were developed to offer practical alternatives to traditional assumptions by 100 

incorporating both physical and empirical insights. EPANET-BAM simulates mixing at 101 

pipe junctions based on the momentum of incoming flows, where streams with higher 102 

momentum dominate the outlet direction. This model employs a scaling parameter 103 

(with a default value of 0.5) for calibration and supports junctions with unequal pipe 104 

sizes through the BAM-WRAP extension. However, EPANET-BAM neglects diffusion 105 

and turbulent mixing, limiting its accuracy in many real-world scenarios where these 106 

effects are significant. It also performs poorly under laminar flow conditions (Yousefian 107 

and Duchesne, 2022). Despite these limitations, EPANET-BAM is readily available as 108 

an extension to the EPANET software. 109 

EPANET-IMX is a recently developed surrogate model that simulates incomplete 110 

mixing at cross-junctions with large pipe diameters (Yousefian and Duchesne, 2022). 111 



It has been calibrated and validated using experimental data and CFD simulations from 112 

a dedicated cross-junction setup. It offers a reliable and improved approach for 113 

modelling such scenarios as an EPANET extension. However, its applicability is 114 

constrained to cross-junctions, narrow flow ranges, and large-diameter pipes, limiting 115 

its ability to capture the full spectrum of real-world conditions. 116 

AZRED, on the other hand, is an empirical model that predicts solute concentrations 117 

based on Reynolds number ratios using experimental data from various junction types 118 

(Song et al., 2009). While AZRED is validated for equal-diameter pipes and turbulent 119 

flow conditions, it does not account for laminar flows or junctions with unequal pipe 120 

diameters (Yousefian and Duchesne, 2022). Furthermore, its reliance on specific 121 

experimental conditions restricts its applicability to broader scenarios. 122 

As summarized in Table 1, existing surrogate models represent a clear advancement 123 

beyond the complete mixing assumption; however, their applicability remains 124 

constrained. Most formulations demonstrate good performance under turbulent flow 125 

conditions and for fixed or well-defined geometries, but their accuracy becomes 126 

uncertain when applied to more complex hydraulic scenarios, such as varying junction 127 

geometries, unequal pipe configurations, or low Reynolds number flows. In particular, 128 

key physical aspects—such as geometric variability and transport-related effects—are 129 

often simplified or neglected. These limitations highlight the need for a more 130 

generalized and physically consistent formulation, which the present study addresses 131 

by systematically extending the parameter space to include both laminar and turbulent 132 

regimes, as well as geometric variations. 133 

This article overcomes some of these limitations and proposes a regression model to 134 

capture incomplete mixing at junctions joining at different angles and under different 135 



flow regimes. This study presents comprehensive CFD simulations covering a wide 136 

range of parameters influencing mixing in a four-way junction. Turbulent and laminar 137 

cases are analysed for different angles, inlet and outlet ratios, diffusion coefficients, 138 

and turbulent Schmidt numbers, resulting in hundreds of cases. Regression models 139 

are fitted to achieve an efficient yet accurate approach for predicting outflow 140 

concentrations. 141 

The paper is structured as follows. First, the CFD simulation setup is described in 142 

detail, introducing all considered scenarios. The regression analysis is then presented 143 

briefly, highlighting its key properties. The results section begins by validating the CFD 144 

results against experimental data from the literature and then presents the accuracy of 145 

the regression analysis. The discussion section addresses the primary limitations of 146 

the study and suggests directions for future work. Finally, the conclusion summarises 147 

the significance of the paper. 148 

Materials and Methods 149 

CFD Simulations 150 

A symmetric four-way junction configuration was selected to investigate mixing 151 

properties, with two inlets and two outlets marked according to the cardinal directions, 152 

as shown in Figure 1. The two inlet patches supply water with and without a “virtual 153 

dye” using passive scalar transport to model solute mixing. The geometrical and 154 

physical parameter space is explored in a simple equidistant manner, shown in Table 155 

2. For this investigation, FreeCAD v1.0 is used for geometry preparation, OpenFOAM 156 

v2313 for meshing and numerical simulations, and the DAKOTA framework to 157 

orchestrate these calculations with the pre- and post-processing tasks. 158 



The junction consists of four branches with a 100 mm diameter and a length of ten 159 

diameters. The angle between the two symmetric branches is included as a 160 

geometrical parameter. An unstructured hexahedral mesh is created with three 161 

boundary layers and a refinement region in the mixing area to capture the flow features 162 

accurately, such as the boundary layer at the walls and mixing in the junction. The 163 

three-dimensional (3D) mesh is built using OpenFOAM’s snappyHexMesh utility. A 164 

mesh-size dependency study is used to balance runtime efficiency and numerical 165 

accuracy. The optimal mesh size is determined to be 3 mm at the junction section 166 

(corresponding to  approximately 20,000 overall cells), with a boundary-layer 167 

refinement of three prism layers with a first-layer height of 1.5 mm. 168 

The simpleFoam solver ensures the validity of the incompressible Navier–Stokes 169 

equations, and an advection–diffusion equation is used to calculate solute spreading 170 

within the flow field. The standard k–ε turbulence model accounts for the effects of 171 

turbulence. Accurate and stable second-order numerical schemes are employed for 172 

the momentum, scalar, and turbulence equations. All calculations are run for 3,000 173 

pseudo-time steps, during which all monitored quantities reach converged values and 174 

all residuals drop below 10−5. Water is simulated using properties at 20 °C, with a 175 

kinematic viscosity of 10−6 m2/s. Solute mixing is modelled as passive scalar transport, 176 

as the presence of the solute does not significantly influence the flow field. The solute 177 

diffusivity coefficient is varied between 10−8and 10−4 m2/s. The turbulent Schmidt 178 

number governing mixing is defined using a prescribed turbulent mixing value in the 179 

scalarTransport utility. 180 

The Reynolds number is defined using the Western pipeline, that is, with 𝜇 dynamic 181 

viscosity, 182 



 𝑅𝑒 =
𝑣𝑊𝜌𝐷

𝜇
=

4𝑄𝑊𝜌

𝜋𝐷𝜇
  (1) 183 

where 𝑅𝑒 is the Reynolds number, 𝑄𝑊 is the flow rate in the Western inlet pipe, 𝜌 is the 184 

density, 𝐷 is the diameter and 𝜇 is the kinematic viscosity. The West boundary condition 185 

is defined as a volumetric flow-rate inlet corresponding to the prescribed Reynolds 186 

numbers, with a turbulence intensity of 5%. Similarly, the South patch is defined as an 187 

inlet, but the volumetric flow rate is multiplied by the inlet ratio to generate different 188 

mixing scenarios. The concentration at the West inlet is fixed to one, while that at the 189 

South inlet is fixed to zero. This approach reduces the number of independent 190 

parameters while preserving the general fluid-dynamical formulation of the problem. 191 

The outlets are defined as a volumetric flow-rate outlet at the East patch and a zero-192 

pressure condition at the North boundary. The volumetric flow rate at the East patch is 193 

set by multiplying the sum of the inlet volumetric flow rates by an outlet ratio value. The 194 

parameters are listed in Table 2. 195 

The parameter-space exploration study is carried out using the DAKOTA framework, 196 

which handles parameter definition, preprocessing, solver execution, and post-197 

processing tasks for a total of 864 cases. The volumetric flow rate and scalar 198 

concentration are monitored at all outlets. 199 

Regression model 200 

A regression model can fit relationships between inputs and outputs without any 201 

connection to the physical phenomena by minimising the error between the CFD 202 

simulation and the regression model output. The question of interest in this case is the 203 

average outflow concentration at the Eastern outlet. The model of (Yousefian & 204 

Duchesne, 2024), originally formulated as a combination of flow-rate ratios, is 205 



extended by introducing multiplicative power-law terms dependent on the angle, the 206 

diffusion coefficient, and the turbulent Schmidt number. 207 

 𝐶𝐸
∗ = 𝛽1 (log (

𝑄𝐸

𝑄𝑆
) + 𝛽2 (

𝑄𝑊

𝑄𝐸
)
𝛽3
)𝛼𝛽4𝐷𝛽5𝑆𝑐𝑡

𝛽6 + 𝛽7 (2) 208 

including the unknown 𝛽𝑖 parameters. 𝐶𝐸
∗ is the normalised concentration at the Eastern 209 

pipeline. 𝛼 is the angle of the junction, 𝑆𝑐𝑡 is the turbulent Schmidt number and 𝑄𝐸, 𝑄𝑆 210 

and 𝑄𝑤 are the flow rate at the Eastern, Southern and Western branch respectively. 211 

The notations can be found in Table 2. The error is calculated using the least-squares 212 

method, i.e., the sum of the squares of the differences between the regression model 213 

and the CFD simulation. Since identification of the regression model parameters is 214 

nonlinear, the MATLAB built-in fitnlm function can overcome such an issue by utilising 215 

the Levenberg-Marquardt algorithm. With arbitrary input concentrations, the Eastern 216 

concentration can be rescaled 217 

 𝐶𝐸 = 𝐶𝑆 + (𝐶𝑊 − 𝐶𝑆)𝐶𝐸
∗ (3) 218 

and then the northern concentration is calculated as 219 

 𝐶𝑁 =
𝑄𝑊𝐶𝑊+𝑄𝑆𝐶𝑆−𝑄𝐸𝐶𝐸

𝑄𝑁
 (4) 220 

where 𝐶 is the concentration and 𝑄 is the volumetric flow rate in different branches 221 

(E: Eastern, W: Western, S: Southern, N: northern). 222 

Results 223 

CFD simulations 224 

A mesh independence study was performed to ensure that the selected mesh 225 

resolution provides sufficiently accurate results while keeping the parametric CFD 226 

campaign computationally feasible. A study is utilised with four different mesh sizes 227 



using an average scenario with a 60-degree angle, 1.0 inlet ratio, 0.4 outlet ratio, 10-5 228 

diffusion coefficient and 0.1 turbulent Schmidt number. Figure 2 shows the findings of 229 

the study including the profile extraction locations, the velocity magnitudes, the 230 

turbulent kinetic energy and the concentration distribution. The final mesh parameters, 231 

such as the overall number of cells, the minimum cell size, and the boundary layer 232 

parameters, are finalised based on the mesh independence study. 233 

The CFD model was validated against experimental data from (Yousefian & Duchesne, 234 

2024) using corresponding turbulent cross-junction cases. Simulating scenarios with 235 

perpendicular junction, turbulent Reynolds number, 0.1 turbulent Schmidt number, and 236 

the corresponding inlet and outlet ratios results in 20 different cases, for which both 237 

simulation and measurement data are available. Figure 3 includes the results using a 238 

Bland-Altman plot. The validation variable is the Eastern concentration. The horizontal 239 

axis is the average of the simulation and the measurement, and the vertical axis is the 240 

difference between them. Ideally the black crosses align to zero horizontally, i.e., no 241 

difference. Figure 3 shows some overshoot on average, meaning that the CFD 242 

underpredicts the concentration. However, the agreement is within the experimental 243 

uncertainty reported in the reference study. Moreover, no systemic error is visible. The 244 

title of the plot presents the statistical data. The coefficient of determination is high, 245 

and the mean absolute error is low. 246 

Figure 4 illustrates a midplane cut contour plot for the turbulent case with the inlet ratio 247 

being one and the outlet ratio being 0.4. In this scenario, the two well-developed flow 248 

branches converge in the junction area. After the two streams merge, they separate 249 

again asymmetrically due to the differing flow rate ratios at the outlets. As the angle 250 

increases, the two jets begin to work against each other, resulting in an unstable, more 251 

three-dimensional flow field characterised by secondary flows, as shown in Figure 4. 252 



Mixing efficiency is highest at lower angles, where the jets join smoothly, with minimal 253 

interactions. 254 

The branch lengths primarily affect (i) the degree to which inlet boundary conditions 255 

influence the junction flow and (ii) the extent to which outlet boundary conditions can 256 

feed back into the junction region. To mitigate these effects while keeping the 257 

computational campaign feasible, all four branches were set to a length of ten times 258 

the diameter. This provides sufficient development length upstream of the junction and 259 

a buffer downstream, so that the mixing dynamics in the junction are not dominated by 260 

the imposed boundary conditions. A branch length of ten pipe diameters is also 261 

consistent with previous recommendations by (Plesnaik & Cusano, 2005) and (Shao 262 

et al., 2014) 263 

Regression analysis 264 

Tables 2 and 3 present the numerical results of the regression model fitting for turbulent 265 

and laminar cases, respectively. The first column contains the index, the second is the 266 

parameter estimate, the third is the standard error, and the last is the p-value. The p-267 

value shows the probability of the parameter being zero, i.e., having a statistically 268 

insignificant effect on the output. As Table 3 shows, in the case of turbulent flow, the 269 

influence of 𝛽5 (the exponent of the diffusion coefficient) can be neglected. Although 270 

the p-value related to the turbulent Schmidt number suggests significant effect, the 271 

value of 𝛽6 is still low. Since the turbulent Schmidt number typically cannot cover an 272 

extensive range, its overall effect can be neglected compared to the other parameters. 273 

The laminar case, see Table 4, highlights a similar effect, and both estimates for the 274 

influences of turbulent Schmidt number and the diffusion coefficient are low with high 275 

p values. 276 



Figures 5 and 6 show the accuracy of the regression models compared to the CFD 277 

simulations. The first figure depicts the turbulent case with literature models (Shao et 278 

al., 2014; Yousefian & Duchesne, 2024) and the complete mixing model, while the 279 

latter is the laminar case. Both are visualised using Bland-Altman plots, i.e., the 280 

horizontal axis represents the average, and the vertical axis represents the difference 281 

between the regression model predictions and the CFD simulations for the Eastern 282 

concentration.  283 

Figure 5 shows the X-Y scatter plots in the left panels and the Bland-Altman plots in 284 

the right panels for complete mixing, literature models (Yousefian & Duchesne, 2024, 285 

Shao et al., 2014) and the proposed model respectively in the case of turbulent flows. 286 

The inaccuracy of the complete mixing model is clear, as most points are located 287 

beneath the zero line highlighting significant offset error, meaning that the model 288 

overpredicts the outlet concentration. Moreover, the rest of the models do not show 289 

any systemic error and visually they have similar accuracy both regarding the offset 290 

and deviations. However, Figure 7 gives insight with statistical values. Even though 291 

(Yousefian & Duchesne, 2024) has the lowest MAE, the rest of the values show the 292 

superiority of the proposed method with highest 𝑅2, the zero offset and the lowest 293 

standard deviation. 294 

The title of Figure 6 contains the coefficients of determination (𝑅2)  and the mean 295 

absolute errors (𝑀𝐴𝐸) of the proposed model. The regression model predicts the 296 

laminar cases accurately, as indicated by the high coefficient of determination and low 297 

mean absolute error. The confidence interval, which is twice the standard deviation, is 298 

around 0.12, meaning the uncertainty remains low. Compared with the turbulent case, 299 

the laminar case shows a larger residual spread, although the overall agreement 300 



remains acceptable. A small number of cases show larger deviations, with residuals 301 

approaching -0.3. 302 

Discussion 303 

The results demonstrate a significant step forward in modelling incomplete mixing of 304 

solutes at pipe junctions within WDSs. While traditional process-based models, such 305 

as those implemented in the commonly used software like EPANET, rely on the 306 

assumption of complete and instantaneous mixing at the pipe junctions, the current 307 

study rigorously assessed the validity of this assumption by performing high-fidelity 308 

CFD simulations across an extensive range of hydraulic and geometric configurations. 309 

The comprehensive parametric study, encompassing 864 simulation cases, explored 310 

the effects of junction angle, Reynolds number, inlet and outlet flow ratios, diffusion 311 

coefficient, and turbulent Schmidt number on the degree of mixing, quantified in terms 312 

of the normalized concentration at the Eastern outlet (C*
E). As shown in Figure 8, C*

E 313 

exhibits substantial variability across the tested parameter space, reaffirming that the 314 

assumption of complete mixing is invalid in most practical cases. Among all 315 

parameters, junction angle and inlet ratio demonstrated the strongest influence on 316 

outlet concentration, whereas Reynolds number, diffusion coefficient, and Schmidt 317 

number showed comparatively minor effects. 318 

Nature of flow 319 

In real-world WDSs, the flow in junctions is inherently three-dimensional and transient. 320 

However, to make the parametric study computationally feasible across hundreds of 321 

cases, the present work employed 3D, steady-state simulations. While this necessarily 322 



simplified the modelling framework, this enables a systematic exploration of mixing 323 

behaviour over a wide range of junction configurations. 324 

Nonetheless, it is imperative to emphasise that although the flow is inherently transient, 325 

the essential physics of in-plane mixing can still be captured reasonably well with a 326 

steady-state model, especially for symmetric junctions. The results show that the 327 

simulations can capture key features of secondary flows, vortex formation, and 328 

concentration distribution in the mid-plane of the junction. 329 

Some scenarios, particularly those with sharp angles or strong asymmetries in inlet 330 

momentum, exhibit unsteady behaviour suggestive of vortex shedding or edge-tone-331 

like instabilities. These could be better resolved in transient simulations, but for most 332 

cases studied here, the steady-state assumption provided a sufficiently accurate 333 

representation of the mean flow and scalar transport patterns relevant for engineering 334 

design. 335 

Characteristics of the cross-junction 336 

The junction angle emerged as a minor influential factor affecting the mixing 337 

phenomenon among all the parameters explored. Therefore, it stands as the principal 338 

contribution of this work. The parametric extension over three angle configurations 339 

(60°, 90°, and 120°) offered valuable insights into how geometry governs the mixing 340 

behaviour. 341 

Figure 4 illustrates how the pipe connecting angle impacts the interface between 342 

competing inlet jets and, consequently, the distribution of scalar concentrations at the 343 

outlets. The angle modifies the effective area available for mixing in two opposing 344 

ways. On one hand, increasing the angle beyond 90° increases the physical area over 345 



which the jets can interact. On the other hand, this also reduces the relative angle of 346 

attack between the competing flows from the West and South inlets, which in turn 347 

diminishes the shear and interaction intensity required for thorough mixing. 348 

Figure 8 (top-left) also clearly shows that as the angle increases from 60° to 120°, the 349 

median C*
E decreases, indicating weaker mixing at larger angles. The 60° configuration 350 

yields the broadest spread and highest median concentration at the eastern outlet, 351 

consistent with optimal interaction between the intersecting jets. 352 

Altogether, the results show that mixing is most effective around the 60° configuration. 353 

Increasing the angle, either toward acute (e.g., 60°) or more obtuse (e.g., 120°) 354 

configurations, tends to decrease the degree of mixing. This is evident in both the 355 

scalar concentration profiles and in the error metrics of the surrogate model, as the 356 

accuracy of the regression is the lowest with extreme-angle cases. 357 

Role of inlet ratio 358 

The inlet flow ratio governed the relative momentum of competing jets entering the 359 

junction, thereby directly influencing the mixing interface position. Figure 8 (middle-left) 360 

shows a clear declining trend in C*
E with increasing inlet ratio. When the flow from one 361 

inlet dominates, the jet shifts the mixing interface toward the weaker stream, skewing 362 

the scalar distribution accordingly. Though the effect is relatively less pronounced 363 

compared to that of the junction angle, variations in inlet flow ratio can lead to outlet 364 

concentration differences exceeding 15-20% compared to the equal-inlet-flow 365 

baseline. This sensitivity underscored the importance of incorporating the inlet flow 366 

ratio as a parameter in the surrogate model of mixing at cross-junctions, especially 367 

under transient conditions when the flow separations occur dynamically. 368 



Role of outlet ratio 369 

Like the inlet ratio, the outlet ratio influences how the fluid parcels are extracted from 370 

the junction. This is evident from Figure 8 (middle-right). A higher outlet flow rate could 371 

favour movement of the fluid toward that direction, effectively stretching and shifting 372 

the scalar plume in that direction. Our analysis indicates that outlet flow separation has 373 

a non–negligible effect on scalar distribution. In particular under laminar flow 374 

conditions, differences in outlet ratios caused changes in outlet concentrations of up to 375 

10–12%. Although this is less critical than inlet conditions or junction angle, accurate 376 

representation of the outlet ratios is found necessary for predictive modelling, 377 

especially under highly dynamic operating conditions. 378 

Influence of diffusion 379 

It is difficult to generalize the influence of diffusion due to its dependence on the 380 

physicochemical properties of the transported solute (e.g., molecular diffusivity), as 381 

well as temperature, pipe material, and other environmental factors. The typical range 382 

of diffusion coefficients of solutes in water distribution networks is from 10-7 to 10-9 m2/s 383 

(Mottahedin et al., 2024; Schramke et al., 1999). To address this variability, we 384 

performed simulations at the top range of diffusion coefficient and even beyond to 385 

assess whether any effect is present. As shown in Figure 8 (bottom-left), changes in 386 

C*
E across these values are minimal, confirming that molecular diffusion plays an 387 

insignificant role in determining mixing at the scales relevant to WDS junctions. 388 

The Peclet number (Pe), defined as the product of Reynolds (Re) and Schmidt (Sc) 389 

numbers, provides a convenient nondimensional estimate of the relative strength of 390 

advective to diffusive transport. In most real-world cases, where Re > 104 and Sc 391 

between 0.1 and 1, Pe remains large, indicating that advection governs the transport 392 



process. Our CFD simulations supports this conclusion (Figure 8, bottom-right), with 393 

changes in Sc over an order of magnitude leading to only marginal changes in outlet 394 

concentration profiles (typically below 5%). This further justifies the emphasis on 395 

advective mechanisms, particularly the role of jet interaction and junction geometry, in 396 

shaping scalar transport behaviour. 397 

Applications of the generic model 398 

The generic power-law regression model used in this study is a product-form extension 399 

of the analytical framework proposed by Yousefian and Duchesne (2024). The model 400 

incorporates parameters such as junction angle, inlet and outlet ratios, Re, and Sc. 401 

The model is capable of predicting water quality (solute concentration) at the outlets of 402 

cross-junctions with high accuracy. In turbulent regimes, the proposed model achieved 403 

an R2 value of 0.86 and an MAE of ~0.05. This proves the ability of the surrogate model 404 

to capture the complex mixing phenomena. 405 

While the results corresponding to turbulent flow regimes are highly encouraging, the 406 

performance in the laminar regime is more variable, particularly for extreme geometries 407 

such as the 60° junction case, as shown in Figure 9.  408 

The velocity and concentration fields in the midplane reveal two sharply defined jets 409 

entering the junction, leading to strong competition and a highly unstable flow structure 410 

within the elbow region (Figure 9). This behaviour highlights a key limitation of the 411 

present modelling framework: while the steady-state simulations provide meaningful 412 

insights into in-plane mixing behaviour, they do not capture transient effects, which are 413 

particularly relevant in low-Re, geometrically complex scenarios. Compared to the 414 

turbulent flow regime, although the performance of the model in the laminar regime is 415 

comparatively lower, it can still be deemed acceptable given the increased variability 416 



and inherent sensitivity of laminar flows to boundary conditions and geometry-induced 417 

instabilities. Extending the analysis to time-dependent simulations could provide 418 

greater fidelity in laminar flow conditions. However, the computational expense 419 

associated with transient simulations, especially when applied to a high-dimensional 420 

parameter space, is prohibitive. A single transient 3D simulation could take two to three 421 

orders of magnitude more computational time than its steady counterpart, thereby 422 

limiting the feasibility of such an approach for large-scale surrogate model generation. 423 

Although the proposed surrogate model is physically interpretable and mathematically 424 

convenient, it holds the limitation that it is not rigorously derived from fundamental fluid 425 

dynamics equations. Rather, it is guided by engineering insight, dimensional analysis, 426 

and the empirical nature of the derived dataset. This approach offers the advantage of 427 

transparency and ease of integration into traditional network solvers, but it may limit 428 

the model’s capacity to capture complex nonlinearities or flow separations that do not 429 

conform to the assumed structure. Alternative modelling techniques, such as deep 430 

learning, could potentially overcome this limitation by learning arbitrary functional forms 431 

directly from the data. However, such models often lack interpretability and are 432 

challenging to integrate into solvers like EPANET, which depend on explicit algebraic 433 

formulations of nodal mixing behaviour. 434 

Nevertheless, the dimensionless formulation, incorporating Re, Sc, junction angle, and 435 

flow ratios, is a stronghold of the proposed surrogate model. This could enable the 436 

extrapolation of the model to a broad range of physical conditions existing in WDS 437 

beyond the specific ranges simulated in this study. The path forward involves the 438 

integration of the surrogate model into water quality solvers, either through external 439 

coupling or by embedding it directly into their codebases. Such a development would 440 

enable more accurate simulation of solute transport in WDS while retaining 441 



computational efficiency and compatibility with existing planning and operational tools. 442 

Ultimately, this integration would contribute to the development of a new generation of 443 

open-source and computationally efficient software platforms for water quality 444 

modelling, thereby enhancing the reliability of predictions and supporting informed 445 

decision-making for infrastructure management. 446 

Complete mixing versus incomplete mixing 447 

The quantitative differences between the ideal mixing assumption and the CFD-based 448 

results obtained are significant. In turbulent flows with a Re of 10,000 and a junction 449 

angle of 90°, outlet concentrations deviated by 18–22% from those predicted by the 450 

complete mixing model when inlet flow ratios are asymmetric. In laminar flows at a Re 451 

of 1,000, deviations exceeded 35%, particularly when the angle between inlets created 452 

elongated interaction zones or pronounced flow separation. These discrepancies are 453 

of particular concern in contaminant transport modelling, real-time water quality 454 

monitoring, and sensor placement strategies, where the ‘misjudgements’ in nodal 455 

mixing predictions can propagate through the distribution network and yield erroneous 456 

conclusions that increase the risks of failures. The results clearly demonstrated that 457 

accounting for incomplete mixing at junctions is not merely a theoretical improvement, 458 

but a necessary modification to increase the accuracy, reliability, and as well as the 459 

practicality of water quality models for WDSs. 460 

Conceptual framework 461 

The proposed incomplete-mixing equation can be incorporated into conventional 462 

process-based water-quality models by replacing the complete-mixing calculation at 463 

network junctions. Such models use the hydraulic model outputs, such as flow velocity 464 

and flow rates in pipes, pressures and outflows at every node, inflows and outflows 465 



along with water levels in tanks, status of pumps and valves, etc., as inputs to begin 466 

with. Since the spatiotemporal dynamics of water quality in distribution pipes are 467 

governed by both transport and reactions, advective-reactive partial differential 468 

equations are typically used to describe the behaviour of contaminants in these pipes. 469 

Such equations lack closed-form solutions for the dynamic initial and boundary 470 

conditions we encounter in WDN operations. Hence, numerical approaches are 471 

typically employed to solve them. An Eulerian-based numerical approach for solving 472 

the advective-reactive partial differential equations is described in the following 473 

paragraph. The details of the modelling framework are graphically represented in 474 

Figure 10.  475 

The first step involves discretising the temporal domain into discrete time steps. For 476 

every timestamp, the WDNs, specifically the pipes, must be discretised spatially into 477 

grid points with a spatial resolution. This discretisation is based on the Courant-478 

Friedrichs-Lewy (CFL) condition and is governed by the flow velocity in the pipe at the 479 

time step of interest. Once the spatial and temporal discretisation is established, the 480 

advective-reactive partial differential equations governing contaminant transport in 481 

each pipe is solved numerically. The solution process essentially captures the 482 

downstream transport of contaminants driven by flow (advection) and their 483 

simultaneous transformation due to physical, chemical, or biological processes 484 

(reactions). 485 

At each time step, the concentration profile along a pipe is advanced by accounting for 486 

the movement of water parcels from upstream to downstream segments, based on the 487 

flow velocity obtained from the hydraulic model. Superimposed on this transport is the 488 

effect of reactions, such as decay of disinfectants or formation of by-products, which 489 

are incorporated as source or sink terms within each segment. Boundary conditions 490 



play a crucial role in this step, as the concentration entering a pipe from its upstream 491 

node (or tank/reservoir) determines how the contaminant plume evolves within the 492 

pipe. By repeating this process across all pipes in the network, a consistent update of 493 

concentrations throughout the distribution network is obtained for the given time step. 494 

After updating the concentrations within the pipes, the model computes concentrations 495 

at the nodes (Figure 10). This is typically done under the assumption of complete and 496 

instantaneous mixing. In practical terms, this means that all water entering a node from 497 

multiple connecting pipes is assumed to mix perfectly before leaving the node. This is 498 

where the proposed equations come into play. Rather than assuming complete mixing, 499 

the proposed equations provide a more realistic representation of concentration 500 

distributions at nodes by accounting for partial mixing (Figure 10). The empirical 501 

equation is readily integrable into the existing numerical framework and serves as a 502 

computationally efficient substitute for the complete mixing assumption, thereby 503 

improving the fidelity of water-quality predictions without significantly increasing model 504 

complexity. The nodal concentrations thus serve as updated boundary conditions for 505 

the connected downstream pipes in the subsequent time step. 506 

In this manner, the solution of the advective-reactive equation within pipes, combined 507 

with the in-complete mixing assumptions at nodes, enables a stepwise propagation of 508 

water quality throughout the network. 509 

Conclusion 510 

The paper presents a general modelling approach to describe incomplete solute mixing 511 

in water distribution network junctions using computational fluid dynamics. Simulations 512 

conducted in the DAKOTA environment cover 864 cases, varying parameters such as 513 

junction angle, inflow and outflow ratios, turbulent Schmidt number, and diffusion 514 



coefficients for both turbulent and laminar flows. OpenFOAM ensures the accurate 515 

solution of the fluid dynamical equations. The CFD model is validated against 516 

measurement data from the literature for the perpendicular junction case, while mesh 517 

independence study ensures numerical reliability. Nonlinear regression analysis fits a 518 

closed-form function to predict the outflowing solute concentration based on the input 519 

parameters and also highlights the negligible effect of the turbulent Schmidt number 520 

and the diffusion coefficients, and the importance of in- and outflow ratios and the angle 521 

of the junction. The proposed method is compared with literature models under 522 

turbulent flow conditions and demonstrates superior performance, with lower standard 523 

deviation and zero offset error. In addition to turbulent flow, the paper also presents a 524 

regression model for laminar flow conditions. Despite strong agreement between the 525 

regression model and simulation data, as demonstrated by Bland-Altman plots, 526 

coefficient of determination, and mean absolute error, some outliers remain due to 527 

unmodeled 3D and transient effects. The proposed regression model can be easily 528 

integrated into traditional network solvers like EPANET, offering a practical tool for 529 

improving solute transport predictions in water distribution systems. 530 
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Figure Caption List 641 

Figure 1. Junction geometry with parameters and noting Western, Eastern, Southern 642 

and Northern pipelines with flow directions. 643 

Figure 2. The top-left plot shows the mesh structure for the 200k-cell mesh and the 644 

locations of the profile extraction along both the x- and y-axes. The centre and 645 

bottom-left panels show the velocity magnitude and turbulent kinetic energy profiles 646 

along the centrelines of the west and east pipes. The right-side panels show the 647 

concentration, velocity magnitude, and turbulent kinetic energy profiles extracted 648 

near the inlet of the junction region. 649 
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Figure 3. Bland-Altman plot is used to validate CFD simulations based on the Eastern 650 

concentration. 651 

Figure 4. Midplane cut of the velocity and concentration fields for a turbulent case 652 

with a 0.4 outlet ratio at a) 60 degrees, b) 90 degrees, and c) 120 degrees angles. 653 

Figure 5. Bland-Altman diagram of CFD results and prediction by regression model. 654 

The solid red line depicts the average, while the dashed red lines are twice the 655 

average ± twice the standard deviation. The title contains the coefficient of 656 

determination (𝑅2) and mean absolute error (MAE) in the case of turbulent flow 657 

(Re=10000). 658 

Figure 6. Bland-Altman diagram of CFD results and prediction by regression model. 659 

The solid red line depicts the average, while the dashed red lines are twice the 660 

average ± twice the standard deviation. The title contains the coefficient of 661 

determination (𝑅2) and mean absolute error (MAE) in the case of laminar flow 662 

(Re=1000). 663 

Figure 7. Bar charts illustrate the accuracy of the complete mixing and incomplete 664 

mixing models using four statistical metrics. The bar corresponding to the complete 665 

mixing model (Complete*) is truncated, as its actual value (−2.638) would otherwise 666 

distort the scale of the plot without providing additional insight. 667 

Figure 8. Boxplots indicating the effect of the parametric study to the Eastern 668 

concentration.  669 

Figure 9. Midplane cut of the velocity and concentration fields for the worst 670 

agreement on the laminar case with 60° angle geometry. 671 



Figure 10. Framework for process-based water quality predictive modelling for 672 

WDNs. (A) represents the complete mixing assumption and (B) represents the 673 

incomplete mixing assumption. 674 

Tables 675 

Table 1: Comparison of incomplete mixing models for cross junctions 676 

Feature This study 
Yousefian & 

Duchesne (2024) 
Shao et al. (2014) 

Junction type Cross junction Cross junction 
Cross junction & 
Double-tee 

Geometry variation 
(angle) 

Included (60°, 90°, 
120°) 

Not considered Not considered 

Flow regimes Laminar + turbulent Turbulent Turbulent 

Number of cases 864 CFD  25 experiments + CFD 23 experiments + CFD 

Parameter space 
Multi-dimensional (Re, 
angle, inlet/outlet 
ratios, diffusion) 

Flow ratios + pipe size 
configurations 

Flow ratios + 
geometry 

Diffusion effects 
Explicitly analysed 
(10⁻⁸–10⁻⁴ m²/s) 

Not considered Not considered 

Turbulent Schmidt 
number 

Explicitly analysed 
Implicit via CFD 
calibration 

Not considered 

Model type 
Regression 
(generalised, multi-
parameter) 

Regression equation 
Semi-empirical / 
analytical 

 677 

 678 

 679 

 680 

 681 



Table 2: The explored parameter space with a total combination of 864. Figure 1 682 

indicates the positioning of Western (W), Southern (S) and Eastern (E) pipelines. 𝑅𝑒 683 

is the Reynolds number of the Western pipeline. 684 

Notation Name Unit Parameters 

α Angle [deg] 60 90 120 
 

Re Reynolds number [-] 1000 10000 
  

QS/QW Inlet ratio [-] 0.5 1.0 1.5 2.0 

QE/(QS + QW) Outlet ratio [-] 0.2 0.4 0.6 0.8 

D Diffusivity coefficient [m2/s] 1.00E-

04 

1.00E-

05 

1.00E-08 
 

Sct Turbulent Schmidt 

number 

[-] 1.00 0.10 0.01 
 

 685 

Table 3 Fitted 𝛽𝑖 parameters of the regression model for turbulent flow (𝑅𝑒 = 10000) 686 

with the standard error, and the p value showing the probability of the parameter 687 

being equal to zero. 688 

 𝜷𝒊 standard error p-value 

1 0.1188 0.0218 <0.001 

2 4.511 0.434 <0.001 

3 1.146 0.0704 <0.001 

4 -0.1645 0.0346 <0.001 

5 0.001604 0.00246 0.5149 

6 -0.02908 0.00534 <0.001 

7 -0.114 0.0195 <0.001 

 689 



Table 4 Fitted 𝛽𝑖 parameters of the regression model for laminar flow (𝑅𝑒 = 1000) with 690 

the standard error, and the p value showing the probability of the parameter being 691 

equal to zero 692 

 𝜷𝒊 standard 

error 

p-value 

1 0.2790 0.0415 <0.001 

2 4.217 0.372 <0.001 

3 0.798 0.0707 <0.001 

4 -0.2106 0.0329 <0.001 

5 0.004857 0.00212 0.0223 

6 -0.00514 0.00431 0.2332 

7 -0.2398 0.0411 <0.001 

 693 
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CFD analysis of solute mixing in water distribution network cross-junctions highlights 

the influence of pipe connection angles and inflow–outflow ratios on incomplete 

mixing. Regression models capture nonlinear relationships between dominant 

hydraulic parameters, enabling prediction for integration into WDN solvers such as 

EPANET. 
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