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ABSTRACT 
 

Using Computational Fluid Dynamics for Predicting Hydraulic Performance of 

Arced Labyrinth Weirs 

by 

Shelby J. Koldewyn, Master of Science 

Utah State University, 2023 

 
Major Professor: Dr. Blake P. Tullis and Dr. Zac Sharp 
Department: Civil and Environmental Engineering 
 
 Our world is dynamic and as hydrologic research continues, the magnitude of flood 

estimates used in hydraulic design for reservoirs has increased. Consequently, many existing 

spillways are now undersized and unable to meet discharge requirements. These spillways often 

have a fixed footprint so nonlinear weirs (e.g., labyrinth weirs) are often a viable solution. 

Sometimes in reservoir applications, arcing labyrinth weirs in plan view can increase hydraulic 

efficiency because of better cycle orientation to the approaching flow from the reservoir.   

This study supplements available physical arced labyrinth weir hydraulic data by 

observing flow characteristics of two numerical models (α=16°; θ=10° and α=20°; θ=30°) and 

predicting hydraulic efficiency. Both numerical models were developed using two commercially 

available Computational Fluid Dynamics (CFD) solvers. The purpose of the CFD analysis was to 

assess the appropriateness of default settings compared to user-defined settings in a CFD model 

and to better understand CFD as a design tool for arced labyrinth weir rating curve development.  

Rating curves were developed using numerical models and compared with existing rating 

curves developed from physical models. Five discharge rates for each model were completed 
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with variations in mesh size, turbulence model, and commercial solver. Concurrence between 

physical and numerical rating curves was found. Results determined that default settings are not 

always appropriate for developing a rating curve. The k-ε standard turbulence model provided 

the best results and first-order momentum advection schemes can provide a faster result with 

reasonable accuracy. The numerical models accurately demonstrated nappe behavior when 

compared with the physical model independent of solver. For arced labyrinth weirs, CFD can be 

a useful tool for implementing site-specific conditions; however, CFD models should be 

calibrated to reliable laboratory or field data.  

This study’s data may be used, with sound engineering judgement, to aid in the design of arced 

labyrinth weirs.  

(127 pages) 
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PUBLIC ABSTRACT 

 

Using Computational Fluid Dynamics to Predict Hydraulic 

 Performance of Arced Labyrinth Weirs 

 
Shelby J. Koldewyn 

 
 

Our world is dynamic and as hydrologic research continues, the magnitude of flood 

estimates used in hydraulic design for reservoirs has increased. Consequently, many existing 

spillways are now undersized and unable to meet discharge requirements. These spillways often 

have a fixed footprint, so nonlinear weirs (e.g., labyrinth weirs) are often a viable solution. For 

reservoir applications, arcing labyrinth weirs in plan view increases hydraulic efficiency because 

of better cycle orientation to the approaching flow from the reservoir. This study supplements 

available physical arced labyrinth weir hydraulic data by observing flow characteristics of two 

numerical models (α=16°; θ=10° and α=20°; θ=30°). Both numerical models were developed 

using two commercially available CFD software. The purpose of the CFD analysis was to assess 

the appropriateness of default settings in a CFD model and to better understand CFD as a design 

tool for arced labyrinth weir rating curve development. Results determined that default settings 

are not always appropriate for a rating curve. For arced labyrinth weirs, CFD can be a useful tool 

for implementing site-specific conditions; however, CFD models should be calibrated to reliable 

laboratory or field data. This study’s data may be used, with sound engineering judgement, to aid 

in the design of arced labyrinth weirs.   
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DISCLAIMER 

The purpose of this research is not to promote or discredit any commercially available 

Computational Fluid Dynamics (CFD) solvers. The results from this research are applicable only 

to the mesh, boundary conditions, other user-defined settings, and geometries tested. The scope 

is this research is small and does not encompass the full capabilities of either solver; however, 

this research does highlight the importance of user-defined settings independent of solver. It is 

also important to note that the full or optimized capabilities of each solver may not have been 

utilized and may affect results.  

 



INTRODUCTION 

Successful water management and conveyance are critical for human safety and quality 

of life. Hydraulic structures are an important piece of this management process. Weirs are a 

common hydraulic structure used to divert, store, and measure the flow of water; weirs have 

been used in streams, canals, rivers, ponds, and reservoirs (Crookston, 2010). There are many 

types of weir geometries for a variety of water management applications. Many existing weirs 

need rehabilitation or replacement due to aging infrastructure, updated regulations, and 

undersized capacity to meet current hydrological predictions, changes in land development, and a 

changing climate. For many of these projects, modifying the existing spillway to a hydraulically 

more efficient design is the most efficient and economical solution (Tullis et al, 1995).    

Weir discharge capacity is calculated based on the weir’s crest length per a standard weir 

head-discharge equation (Eq. [1]) (Henderson, 1966). In Eq. [1], Q is the discharge over the 

weir’s crest, L is the crest length, g is the acceleration due to gravity, H is the total head or depth 

of water over the weir crest, and Cd is an empirically determined discharge coefficient 

representing weir efficiency.  

𝑄 =  
ଶ

ଷ
𝐶ௗ𝐿ඥ2𝑔𝐻

య

మ                                                                                       [1] 

The discharge capacity of a weir is governed by the crest length (L), crest geometry, and the 

approach flow conditions. Since the width of the channel or reservoir spillway is often restricted, 

folding the weir (in plan-view) into trapezoidal segments (cycles) is one way to increase the 

discharge capacity within a fixed channel width (see Figure 1). This is a labyrinth weir.  
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Figure 1. Plan view of a (a) linear weir, (b) labyrinth weir, and (c) arced labyrinth weir specific 
to a reservoir-to-channel transition (Christensen, 2012).  
 

A labyrinth weir increases the effective weir length for a given channel or spillway width, 

which increases the discharge capacity of a spillway. Labyrinth weirs have been the topic of 

interest for researchers, engineers, and water managers over the last few decades. Labyrinth 

weirs are hydraulically more efficient, meaning they can pass the same discharge at a lower 

upstream water surface elevation, or upstream head. Typical labyrinth weirs are built with a 

linear centerline axis (see Figure 1b). Since the initial efforts of Bruno Gentilini in 1940, many 

studies have looked into the labyrinth weir design method: Taylor (1968), Hay and Taylor 

(1970), Darvas (1971), Hinchliff and Houston (1984), Lux and Hinchliff (1985), Magalhães and 

Lorena (1989), Tullis et al. (1995), Melo et al. (2002), Falvey (2003), Tullis et al. (2007), Lopes 

et al. (2006, 2008), and Crookston and Tullis (2013).  

 Arcing the labyrinth weir (Figure 1c) for reservoir applications increases the hydraulic 

efficiency by 5-11% (Crookston, 2011; Crookston and Tullis, 2013). When the spillway is 

engaged, the arced cycles are better oriented to efficiently handle converging reservoir approach 

flows and increase the inlet cycle’s hydraulic capacity (Thompson, 2019). Figure 2 shows an 

example of an arced labyrinth weir, Isabella Dam under construction in Bakersfield, California.   
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Figure 2. Isabella Dam in Bakersfield, California (Photo: US Army Corps of Engineers). 
 
Several laboratory studies have been completed for arced labyrinth weir design: Yildiz and 

Uzecek (1996), Copeland and Fletcher (2000), Crookston (2011), Christensen (2012), Crookston 

and Tullis (2012), and Thompson (2019).  

Flow patterns over a labyrinth weir are three-dimensional in nature and often difficult to 

accurately describe mathematically; empirically determined discharge coefficients, obtained 

from physical modeling, are applied to the head-discharge equation (Eq [1]). Numerical 

modeling or computational fluid dynamics (CFD) has been successfully applied to predict 

traditional labyrinth weir hydraulic performance: Sangsefidi et al (2015), Savage et al (2016), 

and Crookston (2019).  

While physical and numerical design guidance for traditional labyrinth weirs is plentiful, 

limited research has been performed for arced labyrinth weirs. Crookston (2010), Crookston and 

Tullis (2012), Christensen (2012), and Thompson (2019) researched the effects of cycle number, 

sidewall angle, and arc angle (see Figure 3) on discharge capacity and efficiency. This comprises 

the preliminary empirical data used to predict hydraulic performance of prototype arced labyrinth 

weirs. The proposed study will provide some insights related to best practices in CFD design for 
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predicting hydraulic performance of arced labyrinth weirs along with methods for estimating the 

level of uncertainty.  

The purpose of this research is not to promote or discredit any commercially available 

Computational Fluid Dynamics (CFD) solvers. The results from this research are applicable only 

to the mesh, boundary conditions, other user-defined settings, and geometries tested. The scope 

is this research is small and does not encompass the full capabilities of either solver; however, 

this research does highlight the importance of user-defined settings independent of solver. It is 

also important to note that the full or optimized capabilities of each solver may not have been 

utilized and may affect results.  
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LITERATURE REVIEW 

Labyrinth weirs in channelized applications are oriented such that water approaches 

perpendicular to the weir centerline axis.  Likewise, labyrinth weirs in reservoir applications can 

be modified to orient the cycles more optimally to the converging reservoir approach flow. The 

cycle layout follows the arc of a circle and is called an arced labyrinth weir. This literature 

review discusses prior research on arced labyrinth weirs and the use of CFD to numerically 

model non-linear weirs.  

Arced Labyrinth Weir Research  

Previous studies have shown that non-linear approach flow conditions can decrease the 

discharge capacity of a traditional labyrinth weir. Since traditional labyrinth weirs are typically 

designed for channelized applications, it makes sense to orient the cycles of a labyrinth weir in a 

reservoir application along an arc, so approach flows better align with upstream inlets. Copeland 

and Fletcher (2000) stated that a labyrinth weir’s discharge capacity is sensitive to the approach 

flow magnitude and direction. Yildiz and Uzeck (1996) claim an arced labyrinth weir can 

discharge twice as much as a traditional labyrinth weir because of better flow accommodation. 

However, Houston’s (1983) data shows a 20% increase in discharge for a weir projecting into a 

reservoir as compared to an in-channel weir at a similar head (H).  

Falvey (2003) cited four model studies (Prado, Kizilcapinar, Sarioglan, and Avon 

spillways) which were impacted by non-ideal approach flow conditions and suggests that arcing 

the spillway alignment would have increased spillway efficiency. These non-ideal approach flow 

conditions resulted in decreased discharge capacity, turbulent flow at the crest, flow separation, 

and unstable nappe aeration. The Kizilcapinar and Avon spillways have since had geometry 

changes where an arced weir was installed to address these concerns.   
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Crookston (2010), used six laboratory-scale arced labyrinth weir geometries and two 

traditional labyrinth weir in a reservoir headbox to compare discharge efficiency. The 

nomenclature established by Crookston (2010) will be used throughout this study (see Figure 3).  

 

Figure 3. Arced labyrinth weir nomenclature (Crookston, 2010). 
 
Arced labyrinth weir geometric parameters include:  

A   Upstream interior apex length  

lc   Centerline length of the sidewall  

Lc   Centerline length of weir  

Lc-cycle   Centerline length of one complete cycle  

N   Number of cycles or trapezoidal folds  

Q   Discharge or volumetric flow rate  

r   Segment height from channel opening to center of imaginary arc circle  

r’   Segment height from channel opening to perpendicular downstream apex  

R   Arced radius, R= (W2/4 + r’2)1/2  
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tw   Wall thickness at crest  

w’   Cycle arc width, w’=W’/N  

W  Downstream channel width  

α  Sidewall angle 

α’  Upstream sidewall angle, α’=α + θ/2 

θ  Cycle arc angle, θ=Θ/N 

Θ  Central arc angle, Θ=W’/R 

 

Crookston and Tullis (2012) tested 5-cycle arced labyrinth weirs with sidewall angles of α = 

6° and 12° and cycle arc angles of θ = 10°, 20°, and 30°. They found the arced labyrinth weir 

configurations had a higher discharge capacity compared to the traditional configuration. They also 

found this increased discharge capacity exceeds the outlet cycle free-flow capacity faster than a 

traditional configuration. In other words, the arced configuration increases the discharge per unit weir 

length; however, this causes local submergence on the weir at a lower upstream head (H).  

This is presented clearly in Figure 4, which shows data from Crookston and Tullis (2012) for 

arced and traditional labyrinth weirs with α = 6° and selected cycle arc angles (θ). The data show 

arced labyrinth weirs are more efficient than non-arced weirs in a reservoir under specific site 

conditions. 

 Crookston and Tullis (2012) conclude that site-specific flow conditions directly affect the 

efficiency of arced labyrinth weirs. A designer must consider existing conditions when selecting 

an arced vs traditional labyrinth weir; for example, Tacail et al. (1990) found that under certain 

site-specific conditions, arced and traditional labyrinth weirs produce approximately the same 

discharge at maximum head.  
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Figure 4. Discharge efficiency comparison between α=6° labyrinth weirs of varying θ with 
reservoir approach flow (Crookston, 2010). 

 
Christensen (2012) furthered the research performed by Crookston (2010) and Crookston 

and Tullis (2012) with physical models of arced labyrinth weirs with a sidewall angle of α = 12° 

and 20° and cycle arc angles of θ = 10°, 20°, and 30°.  He also evaluated the effect of cycle 

numbers (N = 5, 7, and 10).  He observed that varying the cycle number resulted in little to no 

change in discharge efficiency (Cd) for a given geometry, which suggests that the end effects 

associated with two distal cycles is relatively limited on discharge efficiency.  

Christensen (2012) studied the effects of different sidewall angles on the behavior of the 

nappe and found that larger sidewall angles resulted in more unsteady nappe aeration conditions 

and spatial variability (Figure 5).  
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Figure 5. Cd versus H/P showing nappe aeration conditions for arced labyrinth weirs of α = 20° 
(Christensen, 2012). 
 
To improve this nappe stability, Christensen (2012) installed triangular columns (nappe breakers) 

on the downstream apex of each cycle. The purpose of a nappe breaker is to provide a path for 

air to reach the underside of the nappe (i.e., vent the nappe) to eliminate negative pressures and 

improve nappe stability. Christensen (2012) found that nappe stability increased with nappe 

breakers installed, but discharge efficiency decreased.  

Furthermore, Christensen (2012) compared traditional and arced labyrinth weirs of the 

similar geometries and found that both α = 12° and 20° resulted in a higher discharge efficiency 

when arced; α = 12° increased by as much as ~20% and α = 20°only increased by as much as 

~8%. Christensen (2012) concluded the discharge efficiency advantage of an arced labyrinth 

weir versus a traditional labyrinth weir decreases with increasing α.  

Sangsefidi et al. (2015), validated the Crookston and Tullis (2012) data using CFD. With 

the validated model, Sangsefidi et al. (2015) also observed increased local submergence for 
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arced labyrinth weirs. They found by lowering the downstream apron of the labyrinth weir, by 

the same height as the weir’s height, they were able to increase the free-flow capacity of the 

cycles. This design may be less practical as it would require more excavation and filling during 

construction; therefore, it may likely be more practical to utilize a taller weir instead.  

Thompson (2019) built on the work of Christensen (2012) and Sangsefidi et al. (2015), 

by combining physical and numerical modeling to better understand the hydraulic behavior of 

arced labyrinth weirs in reservoir applications. He tested several arced labyrinth weirs with a 

sidewall angle of α = 16° and θ = 10°, 20°, and 30°.  Thompson (2019) found the α = 16° arced 

labyrinth weirs are more hydraulically efficient than would be predicted by interpolating between 

α = 12° and 20°. Thompson (2019) data also show the θ=30° geometry is the most efficient for 

H/P <0.35 and the least efficient for H/P> 0.4. He attributes this to better cycle alignment for low 

flows and increased flow momentum and local submergence at high flows.   

Numerical Modeling  

 The use of computational fluid dynamics (CFD) as a design tool is becoming more 

common for practicing engineers. CFD models are often validated using empirical data, 

however, a CFD model is likely to be a potential design option when applicable empirical data is 

not available.  Models that fall under this latter category still need to be validated. The American 

Society of Civil Engineer’s (ASCE) Task Committee on 3D Free-Surface Flow Model 

Verification and Validation have extensive resources for validation, verification, error 

estimation, and uncertainty of numerical models (ASCE, 2009). The committee specifically 

requires the use of the Grid Convergence Index (GCI) for numerical model verification as 

designed by Roache (1998). 
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 The GCI provides a method of reporting grid convergence as shown in Eq. [2]. In Eq. [2], 

rg is the grid refinement ratio (rg = Δ2/Δ1; Δ = size of grid elements), pc is the order of 

convergence, ε is the relative error between grid size solutions (residuals or |f2–f1|/f1), and Fs is 

an empirically calculated factor of safety  

𝐺𝐶𝐼 =  𝐹ௌ
|ఌ|

௥೒
೛೎ିଵ

         [2] 

The recommended Fs is 1.25 for three mesh sizes and 3 for two mesh sizes. This corresponds 

with numerical 95% error bounds (ASCE, 2009). The GCI provides mesh convergence criteria 

but a direct comparison with physical laboratory data is ideal. The rest of this section will 

highlight previous nonlinear weir related research conducted using CFD.  

 In an effort to extend predictive head-discharge relationship to much greater upstream 

heads than previously reported in the literature, Savage et al. (2016) built on the laboratory data 

research of Crookston and Tullis (2012) for an α = 15°, in-channel, traditional labyrinth weir 

from heads of H/P = 1.0 to 2.0 using physical and numerical modeling. They used two 

turbulence models, LES and RNG k-ε, and found that different turbulence models had little 

effect on discharge estimation for traditional labyrinth weirs. They concluded that their 

numerical model trended toward over prediction of physical data (5-7%). Savage et al. (2016) 

used the ASCE (2009) GCI method to present model convergence and prove their solutions were 

independent of model mesh size. They concluded that grid refinement did result in increased 

relative error between numerical and physical results. This error is contributed to the use of the 

FAVOR algorithm to resolve solid geometries by volume of obstacle to volume-of-cell ratio and 

the ratio of obstacle area to cell face area. In other words, the solid obstacles (in this case the 

weir), are seen by the algorithm differently as the mesh changes.  
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 Crookston et al. (2018) numerically modeled two piano key (PK) weir geometries that 

were previously physically modeled by Anderson and Tullis (2013). Some studies have shown 

that no turbulence models are required for head-discharge measurements (Lefebvre et al., 2014 

and Pralong et al., 2011); Crookston et al. (2018) sought to determine the effects of different 

turbulence models on the output simulation results. Similarly to Savage et al. (2016), they used 

two separate turbulence models, LES and RNG k-ε, to determine solution dependence on 

turbulence for several hydraulic structures. Crookston et al. (2018) found that both turbulence 

models were suitable for estimating hydraulic conditions within 4% error. They concluded that 

CFD can be a higher order design tool than empirically obtained design methods because there is 

the ability to include site-specific conditions. Quantifying the uncertainty of these results is 

critical to project success; physical model data or observations and collected data from an event 

are needed for calibration and validation of numerical models used for design.  

Thompson (2019) provided numerical model results with concurrence to physical model 

results (Figure 6). His data provided relative errors between -2.5% and 3.6% with his converged 

mesh model. Thompson (2019) used a GCI value of less than 2.2% to verify his numerical 

solutions independence from mesh.  
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Figure 6. Cd vs. H/P comparison between physical and numerical results for the α=16°: θ=30° weir 
(Modified from Thompson, 2019). 
 

Comparing the physical and numerical model results, Thompson (2019) found that the 

numerical model generally replicates the nappe and local submergence behaviors for larger cycle 

arc angles (θ = 30º) (Figure 7).  

 

Figure 7. α=16°: θ=30° H/P=0.4 comparison between numerical and physical nappe and 
tailwater aeration (Thompson, 2019). 
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Thompson (2019) emphasized when using empirical data, designers need to consider site 

specific conditions that might affect discharge efficiency (i.e., local submergence, approach flow 

angles, and increased nappe instability). Thompson (2019) concluded “CFD can be a useful tool 

in the hydraulic design of arced labyrinth weirs.”  

The current study uses two 5-cycle arced labyrinth weir geometries, α=16°: θ=10° and 

α=20°: θ=30° with numerical models built in two commercially available solvers, Flow 3D® and 

Star CCM+®. A sensitivity analysis was completed using the α=20°: θ=30° arced labyrinth weir 

model to determine which user-defined parameters affect the predicted hydraulic efficiency. 

Simulations were then completed in both solvers to outline a rating curve (H/P = 0.3, 0.4, 0.5, 

0.7, and 0.8), along with a mesh convergence at two rating curve points (H/P = 0.3 and 0.7). 

These simulations were completed using only default solver settings. The midpoint of the rating 

curve (H/P = 0.5) was repeated with additional user-defined changes to the default settings 

including mesh configuration, momentum advection scheme order, and turbulence model. The 

results are compared quantitatively and qualitatively to existing physical data collected by 

Christensen (2012) and Thompson (2019) for their respective geometries, as well as to numerical 

data collected by Thompson (2019) for the α=16°: θ=10° arced labyrinth weir.  

The results provide insight into the repeatability of numerical data, the ability for CFD to 

simulate hydraulic behavior, the sensitivity of numerical models to user-defined settings, the 

relative error associated with default solver settings, and the reduction or increase of relative 

error with user-defined changes to solver settings.  
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Research Objectives  

 The following represent the key research objectives in this study: 

 Explore the feasibility of using CFD as a design tool for designing arced labyrinth weirs 

by comparing existing physical and numerical hydraulic performance data for arced 

labyrinth weirs of α = 16°, θ = 10° and α = 20°, θ = 30° with new data from the current 

study. Quantitative and qualitative results will be compared to existing physical and 

numerical data to determine repeatability and expand knowledge of different weir 

geometries.   

 Observe hydraulic behavior as simulated in CFD and anomalies on various arced 

labyrinth weir models that match or vary from physical model observations to provide 

advantages and disadvantages of the numerical modeling approach.  

 Define parameters within CFD model setup that affect results through a sensitivity 

analysis.  

 Compare different commercially available solvers and determine if there is an advantage 

to using one over the other when modeling arced labyrinth weirs.  

 Add to existing design tools and expand knowledge of model creation and setup beyond 

using defaults within commercially available solvers.  

 Provide insight into some CFD capabilities beyond what can be measured in a physical 

model (e.g., flow structure, unit discharge nonuniformity along weir crest, and weir 

pressures).  
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NUMERICAL MODEL SETUP 

The numerical modeling of the current study involves the α=20°: θ=30° and α=16°: 

θ=10° arced labyrinth weirs using two different commercially available CFD solvers, Flow-3D® 

and Star CCM+®. This section provides a description of the equations solved and algorithms 

used to render the solid and track the free water surface; additionally, an explanation of the 

numerical model setup for each solver package is given. Appendix A provides a glossary of 

terms used in CFD.  

Numerical Models 

Both solver packages (Flow-3D and Star-CCM+) solve the Reynold’s-Averaged Navier 

Stokes (RANS) equations which describe fluid motion by differentiating Newton’s Second Law 

to relate the forces which are acting on the finite element or volume (Flow-3D, 2016). This 

includes gravitational, pressure, and viscous forces (Finnemore and Franzini, 2002). A common 

assumption for water in free surface applications is incompressible fluid and constant viscosity. 

With these assumptions applied to Cartesian coordinates (with z increasing vertically), the 

RANS equations in the x, y, and z directions are defined in Eq. [3].  
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The force terms are on the left side of the equation, while the convection and local acceleration 

terms are on the right. In both solver packages, the computational mesh domain was comprised 

of hexahedral (cube) cells, which were refined in size (made smaller) close to the weir. Within 

each cell, the RANS equations (Eq. [3]) are used to calculate flow parameters such as average 
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pressure (p) and velocity (u, v, w). The mesh is also used to define the flow boundary solid 

surfaces (e.g., arced labyrinth weir, apron, and downstream wing walls).  

Flow-3D® 
Flow 3D® numerically solves Eq. [3] using a or finite volume approximation. Each cell 

has associated local average values of all dependent variables. The calculated pressures represent 

the cell center value while the calculated velocities are resolved at all grid cell faces.  

Flow-3D uses an algorithm called the fractional area/volume obstacle representation 

(FAVOR) method. The FAVOR method is used to numerically define the region of a cell that 

contains an “obstacle” (i.e., wall boundaries and other solid geometric features). This is done by 

computing the ratio of the obstacle area to cell face area and the obstacle volume to cell volume. 

If this ratio (F) is one (i.e., the whole cell is an obstacle), the cell becomes a solid. A ratio equal 

to zero defines a cell in the fluid domain. A ratio between zero and one represents a partially 

filled cell (Flow-3D, 2016). This method defines each surface as a series of interconnected, flat 

planes, so a curved surface is approximated as flat surfaces in each cell using the first-order 

technique as demonstrated in Figure 8. The algorithm is run during preprocessing, rendering the 

weir and reservoir prior to the simulation. These obstacles or solids are held stationary 

throughout the simulation process. Savage et el. (2016) commented that the FAVOR renderings 

return very similar results to triangulated irregular network (TIN) commonly used in geospatial 

surveys for geographic information systems.  

The free surface varies spatially and temporally, so it is tracked using an algorithm called 

modified volume-of-fluid (VOF) method (Hirt and Nichols, 1981). Similarly to the FAVOR 

method, the VOF method uses a ratio to calculate the fraction of a cell that is filled with fluid 

(Figure 9).  
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Figure 8. Comparison of Flow-3D and Star CCM+ volume discretization and meshing methods. 

 
 Figure 9. Flow-3D VOF method for tracking the free surface (Flow-3D, 2016).  

Flow-3D is optimized for open channel water applications, where it is typically suitable 

to neglect the inertia of the air adjacent to the water surface. This is because water is much 

denser than air, so the impacts of the air are negligible. The volume of air is replaced with empty 

space, void of mass, resulting in a single fluid model. The empty space has a constant 

(atmospheric) pressure and temperature (Flow-3D, 2016). This assumption reduces the 

computational demand required to track the free surface. A standard VOF method results in a 

“misty region” within the cells located at the free surface. The modified VOF method (used by 

Flow-3D) allows for small volume corrections to the volume of these misty regions at the end of 

each time step to define the water surface more accurately than the standard VOF method 

(Savage et al, 2016). The sum of the corrections throughout a simulation are generally less than 

±0.01%, which is considered insignificant to the solution.  

Initial Solid 

Star CCM+ ® mesh  Flow-3D® mesh F = 0 (fluid domain) 

F = 1 (solid) 
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Flow-3D provides the user with six (6) turbulence closure schemes or turbulence models 

to choose from in each simulation: Prandtl mixing length, one-equation (turbulent energy 

model), Two-equation (k-ε) model, Renormalized group (RNG k-ε) model, Two-equation (k-ω) 

model, and the Large Eddy Simulation (LES) model. The RNG model is the set default for Flow-

3D. Turbulence models will be discussed below.  

Star CCM+®  
 Star CCM+® solves Eq. [3] using a finite difference approximation. Each cell can have 

any number of faces if there are enough faces to create a closed cell volume. An algorithm called 

the surface remesher is used to numerically define the initial surface geometry (in this case 

imported from a STL or similar file). The mesh is formed around the solids, seamlessly joining 

them to the cells with potential for fluid flow (Figure 8). There are nine (9) mesher algorithms 

available in Star CCM+; however, for this study, an algorithm called the trimmed cell mesh was 

chosen to most closely match the mesh selection for Flow-3D. This model utilizes a template 

mesh constructed from hexahedral cells at a user defined target size. The mesh is trimmed to the 

user-defined surface size and shape (Star CCM+, 2021). Additionally, prism layer and 

volumetric control meshes can be added to ensure capture of boundary layers, better refinement 

of important elements, more or less dense meshes on different parts or locations in the extents, 

and self-adjusting mesh to refine the meh near areas of high gradients. Accurate and detailed 

meshes provide more accurate turbulence modeling.  

Star CCM+ uses a pressure-velocity coupling algorithm called SIMPLE, which uses the 

predictor-corrector approach to calculate velocity and pressure. The predictor-corrector approach 

is constructed from the continuity equation and the momentum equations such that the velocity 

field predicted fulfills the continuity equation by correcting the pressure (Star CCM+, 2021). 
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Multiphase flows, meaning multiple fluids flowing in the discretized domain, are 

common in many engineering applications. An arced labyrinth weir, for example, has two phases 

(i.e., water and air) forming a free surface between phases. Star-CCM+ uses user-defined phases, 

for example in this study Phase 1 (water) and Phase 2 (air). The VOF method is used to track the 

free surface. This free surface tracking resolves the position and shape of the interface between 

phases with a ratio to calculate the fraction of the cell that is filled with Phase 1 (Star CCM+). If 

this ratio is zero, the cell is complete filled with Phase 2 (air); a ratio equal to one defines a cell 

as filled with Phase 1 (water); and a ratio between zero and one indicates the presence of an 

interface between Phase 1 and Phase 2 (Star CCM+, 2021). In cells where both phases are 

present, the volume fraction transport is solved for only Phase 1. The volume fraction of Phase 2 

is adjusted so the sum of the volume fractions equals 1 for each cell (Star CCM+, 2021).   

Star CCM+ provides user with 21 turbulence closure schemes or turbulence models to 

choose from in each simulation: 16 RANS-based models, 2 LES models, and three DES models. 

The Realizable (k-ε) two-layer model (a RANS-based model) is the default model for Star-

CCM+. Turbulence models will be discussed below.  

Turbulence Models  

Turbulence in fluid flow cannot be explicitly solved because of its random, unsteady, 

three-dimensional characteristics. Richard Feynman, an American theoretical physicist and 

winner of the Nobel Prize in Physics, said, “Turbulence is the most important unsolved problem 

of classical physics.” CFD utilizes turbulence closure schemes or turbulence models as a 

simplifying method to numerically approximate turbulence.  Rigorous effort is required to 

produce accurate numerical approximations because turbulence is unsteady, irregular and 

changing in time and space, three-dimensional, dissipative, and diffusive at varying intensities 
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dependent on the level of turbulence (Solmaz, 2022). Turbulence closure schemes are a key issue 

in most CFD simulations and almost all engineering applications for CFD are turbulent and 

therefore require a turbulence model. There are over 35 different turbulence models or variations 

for specific applications: these models range from a Direct Numerical Solution (often impractical 

or impossible) to LES, and RANS-based turbulence models (CFD Online Wiki, 2011). RANS-

based and LES models are the most common for open channel flow applications. Flow-3D has 

six (6) available turbulence models, five of which are RANS-based models. For this study, only 

RANS-based models were used so only RANS-based models are discussed in this section.  

The default turbulence model for Flow-3D is the RNG (k-ε) turbulence model and 

Realizable (k-ε) two-layer model for Star-CCM+. Each of these models were used in the current 

study; additionally, a one-equation model (Prandtl mixing length or Spalart-Allmaras), and 2 

two-equation models (k-ω standard, and k-ε standard) were used in the current study.  

Flow-3D and Star CCM+ have different available one-equation models, Prandtl and 

Spalart-Allmaras, respectively. One-equation models solve one turbulent transport equation, 

usually the turbulent kinetic energy (k). Prandtl was the original one-equation model (Eq. [4]) 

where v is velocity, k is turbulent kinetic energy, σ is a constant of 2/3, and l is the turbulent 

length scale. This model is based on the concept that a fluid parcel will conserve its properties 

for a specified length (the mixing length) before it mixes with the surrounding fluid. The mixing 

length (l) depends on the nature of the flow but is typically treated as a constant input to the 

simulation (7% of the smallest mesh size) (Flow-3D, 2016). Spalart-Allmaras can resolve the 

entire flow field down to the solid wall and is robust with moderate resolution requirements. It 

does not accurately compute fields that exhibit shear flow, separated flow, or decaying 

turbulence (CFD Online Wiki, 2011).  
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     Eq. [4]  

The k-ε (standard, realizable, and RNG) model utilizes two transport equations: one for 

turbulent kinetic energy (k) and another for turbulent dissipation (ε). k determines the energy of 

the turbulence while ε determines the scale. The model transport equation for k is derived from 

the exact equation (Eq. [5]), but the ε is obtained using physical reasoning and does not resemble 

the exact equation (Eq. [6]) where μ is turbulent viscosity, Pk is the production of k, Pb is the 

Prandtl number, Sε is the modulus of the mean rate-of-strain tensor, and C is a range of known 

constants.  

  Eq. [5] 

  Eq. [6] 

The standard and realizable k-ε are dependent on a single turbulence length scale (Prandtl 

number, Pb), while the RNG k-ε model mathematically accounts for turbulent mixing at various 

scales of motion. 

  The standard k-ε model works well with external flow interactions with complex 

geometry but is only applicable for fully turbulent flow. The RNG k-ε model works well with 

free-surface flows and rotating turbulent patterns with small mean pressure gradients but shows 

no improvement over the standard k-ε model for predicting vortex evolution (CFD Online Wiki). 

The realizable k-ε model satisfies certain mathematical constraints on the Reynolds stress that 

neither the standard nor RNG models satisfy. This means the realizable k-ε model more 

accurately predicts the spreading rate of jets, performance of flow involving rotation, and 
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boundary layers under strong pressure gradients, separation, and recirculation. The realizable k-ε 

model is limited in situations where the computational domain contains both rotational and 

stationary fluid zones.  

The standard k-ω model also utilizes two transport equations: one for turbulent kinetic 

energy (k) and another for specific dissipation (ω). k determines the energy of the turbulence 

while ω determines the scale (Eq. [7] and Eq. [8]). In Eq. [7] and [8], all terms not previously 

defined are known constants.  

     Eq. [7] 

   Eq. [8] 

The standard k-ω model is useful for instances of internal flows, flows that exhibit strong 

curvature, separated flows, and jets. This model is more non-linear than the others and more 

dependent on initial conditions for convergence.  

Model Creation  

 In modeling the two geometries of arced labyrinth weirs (α=20°: θ=30° and α=16°: 

θ=10°), three-dimensional (3D) stereolithography (stl) and initial graphics exchange 

specification (igs) files of the two weirs and headbox were exported from 3D drawing files 

drafted in AutoCADTM. A sectional model was used for all final runs which consisted of half the 

physical model setup (Figure 10 and Figure 11). Drawings of the physical model setup and 

complete drawing details of each weir are included in Appendix B. Methods for model creation 

are solver specific and detailed in the sections below.  
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Flow-3D® 
 Flow-3D® uses .stl files to define the computational domain. The FAVOR algorithm 

requires a whole number of cells to accurately render wing walls in the computational domain. 

Imported .stl files were modified as Thompson (2019) suggested and translated 0.05 ft in the y-

direction and the headbox (outflow for downstream boundary) was extended 1.00 feet 

downstream (see Figure 10).  

 
Figure 10. CFD reservoir and weir model showing domain origin, mesh boundaries, boundary 
conditions, history probe, and initial fluid region.   

The domain was split into two sections, the reservoir mesh area (shown in red in Figure 

10) and the weir mesh area (shown in blue in Figure 10). The reservoir mesh size was set at 0.12 

ft. and three weir mesh sizes of 0.12 ft. (coarse), 0.06 ft. (medium), and 0.03 ft. (fine) were tested 

for specific discharges on the rating curve for a GCI. The results of the GCI indicated that a fine 

mesh produced the most accurate and mesh independent results, so the rest of the simulations 

Legend 
O – OUTFLOW  
P – SPECIFIED PRESSURE 
Q – VOLUME FLOW RATE 
S – SYMMETRY 
W – WALL 
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were completed using the fine mesh or 0.03 ft. weir mesh size. Several other runs were 

completed with the fine mesh and other user defined settings changed, (i.e., turbulence model). 

Additionally, it is important to note that Flow-3D was the only solver which had a variance in 

momentum advection scheme order. This is because the second-order simulations were too 

unstable to converge or run to completion. A summary of these runs is detailed in Table 1. 

Table 1. Summary of runs completed using Flow-3D.  
 H/P Mesh Size Order Turbulence Model 

α
=

20°: θ=
30° 

0.30 coarse 

2nd 
RNG 

0.30 medium 

0.30 fine 

0.40 fine 

0.50 fine 

0.70 coarse 

0.70 medium 

0.70 fine 

0.80 fine 

0.50 

fine 1st 

fine 

2nd 

k-epsilon Standard 

fine k-omega Standard 

fine 1 Equation (Prandtl) 

α
=

16°: θ=
10° 

0.30 coarse 

1st 
RNG 

0.30 medium 

0.30 fine 

0.40 fine 

0.50 coarse 

0.50 medium 

0.50 fine 

0.70 coarse 

0.70 medium 

0.70 fine 

0.80 fine 

0.50 

fine 2nd  

fine 

1st 

k-epsilon Standard 

fine k-omega Standard 

fine 1 Equation (Prandtl) 
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 For the current study α = 16° arced labyrinth weir simulations, the same weir geometry, 

reservoir geometry, and boundary conditions as Thompson (2019) were used.  To capture the 

converging flow field in the headbox, Q was specified as a constant at the minimum x (x-min) 

and maximum y (y-max) boundaries (see Q in Figure 10) (Thompson, 2019). Discharge was 

chosen based on corresponding values of H/P from physical model results (Thompson, 2019 and 

Christensen, 2012). Increments of 0.1 between 0.3 and 0.8 H/P were evaluated in the model 

(Table 1).   

 Symmetry or free-slip (S) boundaries were placed between the nested mesh boundaries 

and at the x-max plane (see S in Figure 10). The symmetry boundaries create a free-slip 

interaction between the meshes, meaning there is no flow across the boundary and no scalar flux 

across the boundary, but on both sides of the boundary, the same processes exist (Flow-3D, 

2016). Outflow boundaries (O) were placed at the free discharge boundary (y-min), downstream 

of the weir to create a free outfall condition. Specified pressure (P) boundaries were applied at 

the z-max plane (see P in Figure 10) with a specified VOF fluid fraction of zero. A summary of 

each boundary condition for all mesh conditions and discharges is given in Table 2, and the 

locations of each boundary are displayed in Figure 10.  

Table 2. Summary of CFD mesh boundary conditions.  
Boundary Reservoir Mesh Weir Mesh 

x-min constant Q symmetry 
x-max symmetry symmetry 
y-min symmetry outflow 
y-max constant Q symmetry 
z-min outflow outflow 
z-max constant P constant P 

The total head (H) was computed using a history probe located in the exact location of 

the piezometer tap in the physical models (dark blue circle in Figure 10). Flow-3D uses history 
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probes to report hydraulic variables at a specific location in the x-y plane). A flux surface was 

also placed across the crest of the weir to measure unit discharge. A flux surface has a fixed 

porosity equal to one and is used to measure the flow of quantities through it, for this study it 

was unit discharge.  

The primary goal of the CFD modeling was to compare rating curve data (Cd data) 

between the physical models specified in the current study and a range of numerical model 

configurations, starting with default parameters. Savage et al. (2016) and Crookston et al. (2018) 

found that turbulence model section has little effect on Cd relative to non-linear weirs in Flow-

3D. However, Thompson (2019) completed numerical modeling on arced labyrinth weirs using 

only the default turbulence model. Therefore, four (4) turbulence models were chosen for this 

study. The model utilized the split-Lagrangian VOF advection to track the free surface coupled with 

a first or second-order approximation for the momentum advection scheme (Table 1).  Pressures in 

each cell were solved using the generalized minimal residual (GMRES) method algorithm (Saad and 

Schultz, 1986). The fluid flow solved the full momentum and continuity equations. 

Star CCM+® 
 Star CCM+® can import a variety of shapefiles including .stl; however, for ease of setting 

boundary conditions, an .igs file was used for this study. The imported file was split into parts 

based on boundary conditions and mesh flexibility (Figure 11). Once the geometry was split into 

parts and assigned a region, the meshing continua was created. The base size was set to 0.12 ft, 

with 2 prism layers, and a “very slow” boundary growth rate. Within the region the weir 

boundary condition was modified with no prism layers, a very slow boundary growth rate, and a 

custom mesh size of 0.12 ft. (coarse), 0.06 ft. (medium), and 0.03 ft. (fine) for specific 
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discharges on the rating curve (Table 1). A volumetric control was created for each model at the 

approximate water surface elevation with a custom mesh size of 0.029 ft and 5 prism layers.  

It is important to note that all boundary conditions were matched to the Flow-3D setup as 

closely as possible. To capture the converging flow field in the headbox, Q was specified as a 

constant at the minimum x (x-min) and maximum y (y-max) boundaries (shown in yellow (Q) in 

Figure 11) (Thompson, 2019). Discharge was chosen based on corresponding values of H/P from 

physical model results (Thompson, 2019 and Christensen, 2012). Increments of 0.1 between 0.3 

and 0.8 H/P were selected (Table 3).   

A symmetry or free-slip (S) boundary was placed in the x-max plane (shown in blue in 

Figure 11). The symmetry boundaries create a free-slip interaction between the meshes meaning 

there is no flow across the boundary and no scalar flux across the boundary, but on both sides of 

the boundary, the same processes exist. Pressure Outlet (O) boundaries (shown in orange in 

Figure 11) were placed at the free discharge boundary, downstream of the weir and at the floor of 

the downstream of the weir, to create a free outfall condition. This boundary condition specifies 

an outlet pressure, in this case atmospheric.  

A Stagnation Inlet (P) boundary was set on the z-max plane to allow for mixing of Fluid 

1 and Fluid 2 (shown in pink in Figure 11). This works by having a set pressure outside of the 

domain, again atmospheric for the current study, allowing a gradient for flow to enter the system 

(in this case Fluid 2 or air). Wall or no-slip (W) boundaries were placed on the remaining 

surfaces (shown in grey in Figure 11). A summary of each boundary condition for all mesh 

conditions and discharges is given in Table 4, and the locations of each boundary condition are 

displayed in Figure 11.  
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Figure 11. CFD reservoir and weir model showing mesh boundaries, boundary conditions, and 
iso-surface location.  

The total head (H) was computed using an iso-surface located in the exact location of the 

piezometer tap in the physical models (blue square in Figure 11). For the purpose of this study, 

an iso-surface was set to track the water surface elevation in the location of the physical model’s 

piezometer tap. A report, monitor, and plot were created to measure these specified hydraulic 

variables and create data for export and analysis. The same approach was used to track other 

scalars like minimum weir pressure, looking specifically along the downstream side of the weir.  

Thompson (2019) completed numerical modeling on arced labyrinth weirs using only the 

default turbulence model. Therefore, like with the simulations completed in Flow-3D, four (4) 

turbulence models were chosen for the Star CCM+ evaluations. The model utilized the Eulerian 

Legend 
O – PRESSURE OUTLET  
P – STAGNATION INLET 
Q – MASS FLOW INLET 
S – SYMMETRY 
W – WALL 
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VOF advection to track the free surface coupled with a first or second-order approximation for 

the momentum advection scheme (Table 3).  The fluid flow solver solved the multiphase 

equations of state. 

Table 3. Summary of runs completed using Star CCM+ 
 H/P Mesh Size Turbulence Model 

α
=

20°: θ=
30° 

0.30 coarse 

Realizable 

0.30 medium 

0.30 fine 

0.40 fine 

0.50 fine 

0.70 coarse 

0.70 medium 

0.70 fine 

0.80 fine 

0.50 

fine 

fine k-epsilon Standard 

fine k-omega Standard 

fine 
1 Equation (Spalart-

Allmaras) 

α
=

16°: θ=
10° 

0.30 coarse 

Realizable 

0.30 medium 

0.30 fine 

0.40 fine 

0.50 fine 

0.70 coarse 

0.70 medium 

0.70 fine 

0.80 fine 

0.50 

fine 

fine k-epsilon Standard 

fine k-omega Standard 

fine 
1 Equation (Spalart-

Allmaras) 
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Table 4. Summary of CFD mesh boundary conditions.  
Boundary Mesh 

yellow mass flow inlet 
pink stagnation inlet 
blue symmetry 
grey wall 

orange pressure outlet 

Numerical Simulations  
 A total of 50 simulations were completed using Flow-3D and Star-CCM+. That includes 

H/P = 0.3, 0.4, 0.5, 0.7 and 0.8 for several mesh, turbulence, and momentum advection schemes 

(see Tables 1 and 3). Momentum advection schemes were only changed for models in Flow-3D 

because the second-order schemes were unstable and would not converge. It is important to note 

that an additional 20 simulations were completed in the sensitivity analysis using Star-CCM+. 

Each simulation was modeled for 60 seconds or until the results reached steady state. Data were 

extracted via text files into Microsoft Excel. After the model reached steady-state, 15-second 

averages of H were used to compute time-averaged Cd values and corresponding relative errors 

(ε) between the a) physical and numerical results and b) different numerical simulation 

configurations. Model views and post processing figures were created using Flow-3D POST or 

within Star CCM+ (for each respective model).  
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NUMERICAL MODEL RESULTS 

The numerical models of the 5-cycle arced labyrinth weir geometries used in this study, 

α=16°: θ=10° and α=20°: θ=30°, were built in two commercially available CFD solvers, Flow 

3D® and Star CCM+®. A sensitivity analysis was completed using the α=20°: θ=30° arced 

labyrinth weir model to determine which user-defined parameters affect the predicted hydraulic 

efficiency. Simulations were then completed in both solvers to outline a rating curve (H/P = 0.3, 

0.4, 0.5, 0.7, and 0.8), along with a grid (mesh) convergence at two rating curve points (H/P = 

0.3 and 0.7). These simulations were completed using only default solver settings. The midpoint 

of the rating curve (H/P = 0.5) was repeated with additional user-defined changes to the default 

settings including mesh configuration, momentum advection scheme order, and turbulence 

model. The results are compared quantitatively and qualitatively to existing physical data 

collected by Christensen (2012) and Thompson (2019) for their respective geometries, as well as 

to numerical data collected by Thompson (2019) for the α=16°: θ=10° arced labyrinth weir. 

The results, which are discussed below, provide insight into the repeatability of numerical 

data, the ability for CFD to simulate hydraulic behavior, the sensitivity of numerical models to 

user-defined settings, the relative error associated with default solver settings, and the reduction 

or increase of relative error with user-defined changes to solver settings. Measurements and 

analysis for this study were completed upstream of the weir (i.e., subcritical flow); no 

measurements were recorded in the downstream section of the weir where the fluid is highly 

turbulent.  

These findings are specific to the geometries, solvers, user defined setting associated with 

each solver, and the discharges tested in this study; however, engineering judgement may be 

used in application of these findings. The results presented in this section are time-averaged over 
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15 seconds. Time series data and plots, with specified Q and time averaged H values are found in 

Appendix C. 

Sensitivity Analysis 

 A sensitivity analysis was completed using Star CCM+ and a sectional model of the 

center weir cycle. Mesh size, time step, and turbulence models were adjusted, and simulations 

run for H/P = 0.3. Two variations of k-ε (Realizable and Standard) were the turbulence models 

used in the sensitivity analysis. Because there were variations in the numerically calculated H, 

the numerical results were compared to the physical data using Equation [10] at the same H; the 

results of this sensitivity analysis are presented in Figure 12. A table quantifying these results is 

shown in Appendix C.  

 
Figure 12. Relative error (εCd) between numerical and empirical results of sensitivity analysis.  
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The mesh size had the most significant effect on the model, while turbulence and time 

step had smaller impacts. The author concluded that mesh convergence would be the more 

important factor in matching physical data, as well as further investigation into other turbulence 

models. The following sections discuss the authors findings and recommendations for the mesh 

convergence and turbulence scheme to create a model to accurately predict the hydraulic 

efficiency of an arced labyrinth weir.  

Grid Convergence Index 

 Using the mesh configurations in Tables 1 and 3, a grid convergence index (GCI) was 

calculated using Eq. [2] with pc = 2, r = 2, and Fs = 1.25 as per ASCE (2009). This value was 

calculated for H/P = 0.3 and 0.7 for coarse, medium, and fine mesh resolutions around the weir.  

The GCI was computed with the relative error (εCd) for Cd values of the numerical models using 

Eq. [9] and Cd values calculated from the empirical equation for the physical models (Eq. [10] 

and Table 5, Thompson, 2019 and Christensen, 2012). These values produced GCI values of less 

than 1% for nearly all discharges with a fine mesh (Tables 6 and 7).  

 However, at H/P =0.3 for the α=16°: θ=10° weir while using Flow-3D the solution 

diverged at the finest mesh to a GCI of approximately 4.7%. It is the author’s opinion that this is 

due to the medium mesh resolution results being about 13% larger than either the coarse or fine 

mesh resolution results. It is also interesting to note that when using Star CCM+, the coarse mesh 

has a lower computed relative error and the finer mesh configurations deviate from the physical 

data, which is discussed in the following section.  

𝐶ௗ =
ଷ

ଶ

ொ

௅೎ඥଶ௚ு
య
మ

        Eq. [9] 
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𝐶ௗ =
ଵ

𝑎(
𝐻

𝑃
+𝑏)

2 + 𝑑 𝑙𝑛(
𝐻

𝑃
)         Eq. [10]  

Table 5. Half-round crested arced labyrinth weir curve fit coefficients for Eq. [10] valid for 0.05 
≤H/P≤0.8 (modified from Thompson, 2019). 

Geometry Empirical Coefficients 
Correlation 
Coefficient 

θ 
[°] 

α 
[°] 

a b c d R2 

10 
12 1.6633 0.2532 0.4867 0.3342 0.998 
16 1.2573 0.2784 0.4420 0.4128 0.995 
20 0.8774 0.5045 0.4539 0.2735 0.984 

20 
12 2.1060 0.1227 0.5972 0.3214 0.999 
16 1.43872 0.1636 0.6310 0.3100 0.996 
20 1.0847 0.3008 0.5319 0.3276 0.995 

30 
12 2.7769 0.0482 0.6341 0.3244 0.992 
16 2.1022 0.0410 0.7260 0.2751 0.998 
20 1.6654 0.1040 0.6576 0.3142 0.996 

Table 6. Calculated GCI for α=16°: θ=10° using results from Flow-3D and Star CCM+ models 
as per ASCE (2009).  

α=16°: θ=10° Flow-3D Star CCM+ 
 Mesh (ft) Cd Cd-emp εCd GCI (%) Cd Cd-emp εCd GCI (%) 

H
/P

 =
 0

.3
 

0.12 0.61 0.641 -0.048 - - - - - 
0.06 0.740 0.673 0.099 8.7% - - - - 
0.03 0.655 0.666 -0.017 4.7% 0.723 0.659 0.096 - 

H
/P

 =
 0

.7
 

0.12 1.045 0.599 0.745 - 0.468 0.459 0.020 - 
0.06 0.488 0.471 0.036 22.2% 0.501 0.473 0.059 6.4% 
0.03 0.484 0.471 0.028 0.3% 0.549 0.481 0.141 0.7% 

 
Table 7. Calculated GCI for α=20°: θ=30° using results from Flow-3D and Star CCM+ models 
as per ASCE (2009).  

α=20°: θ=30° Flow-3D Star CCM+ 
 Mesh Cd Cd-emp εCd GCI (%) Cd Cd-emp εCd GCI (%) 

H
/P

 =
 0

.3
 

0.12 3.51 0.657 4.343 - 0.715 0.671 0.066 - 
0.06 0.740 0.702 0.054 158.2% 0.720 0.672 0.071 0.3% 
0.03 0.720 0.700 0.029 1.1% 0.725 0.673 0.077 0.3% 

H
/P

 =
 0

.7
 

0.12 0.881 0.605 0.456 - - - - - 
0.06 0.534 0.498 0.072 16.4% - - - - 
0.03 0.524 0.494 0.061 0.8% 0.699 0.622 0.124 - 
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Comparison to Physical Data 

Strong agreement was found when comparing the numerical results to the physical model 

data collected by Thompson (2019) and Christensen (2012) for the α=16°: θ=10° and α=20°: 

θ=30° weirs (respectively). This agreement was found for the results of both Flow-3D and Star 

CCM+. Because there were variations in the numerically calculated H, the numerical results 

were compared to the physical data using Equation [10] at the same H; these comparisons, along 

with physical data points are shown in Figures 13 and 14 for the α=16°: θ=10° and α=20°: θ=30° 

weirs, respectively. The results from both solvers are presented together.  

 
Figure 13. Relative error (εCd) between numerical and empirical results for all mesh 
configurations for the α=16°: θ=10° weir using Flow-3D and Star CCM+.  
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Figure 14. Relative error (εCd) between numerical and empirical results for all mesh 
configurations for the α=20°: θ=30° weir using Flow-3D and Star CCM+. 

 The fine mesh provided the best results when using Flow-3D; however, the coarse mesh 

provided the best results when using Star CCM+. When using the fine mesh in Flow-3D, the 

relative errors of Cd were between -1.7% and 2.9% for the α=16°: θ=10° weir and less than 

between 2.3% and 6% for the α=20°: θ=30° weir. The α=20°: θ=30° weir has an outlier at H/P = 

0.8 where the relative error is 12.85%.  This is potentially associated with specific user-defined 

modeling parameters, which may have resulted in not fully optimizing the capabilities of each 

solver.  

When using the coarse mesh in Star CCM+, the relative errors in Cd were between 1.5% 

and 2% for the α=16°: θ=10° weir and between 6% and 7% for the α=20°: θ=30° weir. However, 

the rendered solid using the coarse mesh in Star CCM+ does not accurately represent the 
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physical system and cannot be used as a final simulation run. The inaccurate solid rendered does 

introduce more loss to the system and results in a less efficient Cd value. Comparatively, the fine 

mesh in Star CCM+ resulted in a relative error in Cd of between 8% and 14.2% for the α=16°: 

θ=10° weir and between 5% and 12.4% for the α=16°: θ=10° weir.  

The Cd values of the physical, empirical (Eq. [10]), and numerical data are shown in 

Figures 15 through 18. Figures 15 and 17 present results from Flow-3D for α=16°: θ=10° and 

α=20°: θ=30°, respectively. Figures 16 and 18 present results from Star CCM+ for α=16°: θ=10° 

and α=20°: θ=30°, respectively.  

 
Figure 15. Cd vs. H/P comparison between physical results, empirical calculations (Eq. [10]), and 
fine mesh results using Flow-3D for the α=16°: θ=10° weir.  
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Figure 16. Cd vs. H/P comparison between physical results, empirical calculations (Eq. [10]), and 
fine mesh results using Star CCM+ for the α=16°: θ=10° weir.  

 
Figure 17. Cd vs. H/P comparison between physical results, empirical calculations (Eq. [10]), and 
fine mesh results using Flow-3D for the α=20°: θ=30° weir.  
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Figure 18. Cd vs. H/P comparison between physical results, empirical calculations (Eq. [10]), and 
fine mesh results using Star CCM+ for the α=20°: θ=30° weir. 

Star CCM+ tends to over predict the Cd values compared to observed physical data. The 

author believes this is because Star CCM+ uses a higher order momentum advection scheme for 

all simulations. The higher order terms are less dissipative and tend to bounce around between 

iterations which may result in high 15 second averages and simulate higher efficiency results 

(Star CCM+, 2021). The momentum advection scheme order was only changed in Flow-3D to 

aid in simulation convergence and stability.  

The strong agreement and behavior of the CFD models suggest that both the numerical 

and physical models are representative of reality and accurately represent the hydraulic behavior 

of the arced labyrinth weir geometry tested. Additionally, the agreement of the models created 

independently in different solvers (Flow-3D and Star CCM+) contribute to this conclusion. 

These results suggest that CFD is a potential tool for predicting hydraulic performance for other 



41 
 

geometric variations of arced labyrinth weir. CFD can also provide additional data that is often 

difficult to collect in a physical model, like actual unit discharge and negative pressures along the 

weir crest, these will be discussed further in sections below. The author recommends that the 

results of CFD models be validated through empirical data or a physical model.  

Comparison to existing CFD data  

 Existing CFD data by Thompson (2019) was collected in Flow-3D. This study collected 

data in Star-CCM+ and Flow-3D. The two commercial solvers have very different user-defined 

settings and processes for model setup (as shown above in the Model Creation section). Table 8 

shows the biggest differences between the two solvers’ capabilities and highlights a need for 

different model setup procedures, which was outside of the scope for this study.   

Table 8. Different capabilities and setups of Star-CCM+ and Flow-3D. 
 Star CCM+  Flow-3D  

Mesh Size User-initialized User-defined 

Mesh Types 

9 mesher algorithms, prism 
layers, volumetric controls, parts-
based meshing, Adaptive mesh, 
polyhedral, trimmer, cylinder 

extrusion. 

Trimmer (hexahedral) 

Time Step User-defined User-initialized 
Number of Flow Phases Multiphase Max of Two 

Default Turbulence 
Model 

Varies RNG k-ε 

Available Turbulence 
Schemes 

21 6 

Method for Tracking the 
Free Surface 

VOF method Modified VOF method 

Solid/obstacle 
representation 

Mesh formed around solids FAVOR Method 

Discretization 
Finite Difference (Finite Volume) 

Approximation  
Finite Difference (Finite Volume) 

Approximation  
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Because the existing data was collected in Flow-3D and Thompson (2019) model setup 

was mimicked in both solvers for this study, it was anticipated that Flow-3D results would match 

the existing results best. Table 9 shows the model setup of each solver for this study and 

Thompson (2019) and highlights the important differences between the model setup that might 

affect the results. 

The author has concluded that the best practices of model setup in Flow-3D (used in this 

study) are not the best practices for model setup in Star-CCM+. The results from the Star-CCM+ 

model are not a representation of the solver’s full capabilities and further studies should be 

conducted in this area. Therefore, any analysis from this point on is not a direct comparison of 

the two solvers but a presentation of results based on this model setup. The results presented here 

show the importance of understanding user-defined settings and that these settings are essential 

to getting good model results. The results also highlight that different solvers use different setups 

to achieve optimal results.  

Table 9. Model setup for this study and Thompson (2019). 

Solver Star CCM+ (Koldewyn) Flow-3D (Koldewyn) Flow-3d (Thompson) 

Mesh Size User-initialized User-defined User-defined 
Mesh Type Trimmer (Hexahedral) Hexahedral Hexahedral 
Time Step User-defined User-initialized User-initialized 

Number of Flow 
Phases 

Multiphase (2) Single Single 

Default Turbulence 
Model 

Realizable k-ε RNG k-ε RNG k-ε 

Momentum 
advection scheme 

order 
2nd 1st and 2nd 2nd 

Additional Mesh 
Features Used 

Prism layers and 
volumetric controls along 
with different mesh sizes 

for each part. 

N/A N/A 
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 The numerically calculated Cd of this study and the numerically calculated Cd by 

Thompson (2019) were compared directly with physical data of the same H using Eq. [10]; these 

comparisons are shown in Figure 19. Good agreement (less than or equal to 3%) was found for 

low heads and slightly less good agreement (between 3 and 5%) was found at higher heads 

between the numerical results of Flow-3D presented in this study and the numerical results 

presented by Thompson (2019) for an arced labyrinth weir of α=16°: θ=10°. However, the results 

in Flow-3D were not identical even though the model setup was. The results from Star-CCM+ 

show a similar shape but highlight the need for a different user-defined setup to optimize this 

solver.  

 
Figure 19. Relative error (εCd) between numerical data collected by the author and data collected 
by Thompson (2019). 

 In a poster presented by Flow-3D in 2017, the results of CFD prediction for hydraulic 

efficiency of piano key weirs found that CFD models over predicted the physical data within a 

range of about 5% (Flow-3D, 2017). Additionally, modeling only a section of the weir resulted 
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in another 2% difference between the sectional model and the full model. It is the author’s 

opinion that this provides evidence that the current study is an accurate representation of 

hydraulic behavior even though there is a slight over-prediction of the physical model data.  

Additionally, the repeatability of numerical models for arced labyrinth weirs is 

highlighted. Even with an identical setup, the author was not able to perfectly replicate the 

results of Thompson (2019); however, there remains a visible trend in the data with solver 

accuracy decreasing as H/P increases. The author believes this is because the accuracy of the 

numerical model diminishes in CFD as turbulence increases, especially when the selected 

turbulence model does not accurately describe the turbulence (Solmaz, 2022). 

Comparison of Turbulence Models  

 Four (4) turbulence models were selected and tested during this study as mentioned 

above in the model creation section. Concurrence was found when comparing the different 

turbulence models numerical results to the physical model data. As with the results above, the 

numerical results were compared with the physical data via Eq. [10] at the same H; these 

comparisons are shown in Figure 20 and 21 for the α=16°: θ=10° and α=20°: θ=30° weirs, 

respectively. The data are also summarized in Table 10. For both the α=16°: θ=10° and the 

α=20°: θ=30° weir, the k-ε standard turbulence model consistently provided results closest to the 

physical model data independent of solver. In Flow-3D, the turbulence model relative error in Cd 

had a range of -0.36% to 5% for the RANS 2-equation model.  
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Table 10. Relative error (εCd) between numerical results of turbulence models at H/P = 0.5 and 
empirical (Eq. [10]) tabulated results for α=16°: θ=10° and α=20°: θ=30° weirs. 

 Flow-3D Star CCM+ 

Geometry Model Cd Cd-emp εCd Cd Cd-emp εCd 

α 
=

 1
6 

θ 
=

 1
0 Default 0.547 0.548 -0.18% 0.632 0.564 12.06% 

1 Eq.* 0.494 0.532 -7.14% 0.571 0.545 4.77% 
k-ε standard 0.548 0.548 0.00% 0.561 0.542 3.51% 
k-ω standard 0.547 0.549 -0.36% 0.590 0.551 7.08% 

α 
=

 2
0 

θ 
=

 3
0 Default 0.638 0.604 5.63% 0.725 0.673 7.73% 

1 Eq.* 0.595 0.59 0.85% 0.731 0.674 8.46% 
k-ε standard 0.62 0.599 3.51% 0.715 0.671 6.56% 
k-ω standard 0.628 0.601 4.49% 0.723 0.673 7.43% 

*1-Equation models differ between solvers, see Table 1 and Table 3 for more details 

The one-equation model results were scattered between the models and show no clear 

pattern. Star CCM+ was more sensitive to turbulence model selection; the relative error in Cd 

ranged from 3% to 12% with the default model providing the poorest results. The one-equation 

model results using Star CCM+ were also scattered with no clear pattern. This was expected as 

one-equation models are built to solve problems where the fluid flow is more 2D than 3D, like an 

air foil, or airplane wing.  As you move up and down the wing the problem is nearly the same. 

As we move up and down an arced labyrinth weir, this is not the case, as it is a highly dynamic 

and changing problem. This random behavior of the one-equation models for both commercial 

solvers suggests that it is not an appropriate turbulence model for arced labyrinth weirs.  

The relatively consistent behavior of the CFD models regardless of turbulence model 

suggests the hydraulic efficiency of a weir may not be sensitive to turbulence model selection. 

However, when other results must be provided from the numerical model (like unit discharge 

and negative weir pressure) the CFD model results are much more sensitive.   
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Figure 20. Relative error (εCd) between numerical results of turbulence models at H/P = 0.5 and 
empirical (Eq. [10]) results for α=16°: θ=10°. 

 
Figure 21. Relative error (εCd) between numerical results of turbulence models at H/P = 0.5 (or 
0.3) and empirical (Eq. [10]) results for α=20°: θ=30°.   
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Comparison of Momentum Advection Order  

 Simulations were originally conducted using a second-order momentum advection 

scheme to improve accuracy, which was successful on Star-CCM+. However, for several of the 

runs using Flow-3D, the simulations were unsteady and would not converge because time 

timestep would become infinitely small. The numeric settings were adjusted in Flow-3D between 

a first-order and second-order momentum advection schemes to accommodate this challenge and 

produce results (Flow-3D, 2016).  

Concurrence was generally found between the difference momentum advection order 

models when comparing the numerical results to the physical model data. As with the 

comparisons above, the numerical data is compared directly with physical data via Eq. [10] at the 

same H. This comparison is shown in Figure 22 and the results are summarized in Table 9. It is 

important to note that Star-CCM+ was not included in this analysis because all the default 

second-order simulations were stable and converged.  

For values of H/P < 0.5, both the first-order and second-order schemes resulted in a 

relative error of between -2% and 3%. At values of H/P > 0.5 the first-order scheme resulted in a 

relative error of > 3% and the second-order scheme was between 5% and 13%. The second-order 

momentum advection scheme is second-order accurate in both space in time; however, in some 

free surface flows this approximation may not be stable (Flow-3D, 2016). All simulations using 

the second-order scheme had higher fluctuations between iterations and more instability.  

The author believes the 15 second averages, which included more spikes or high values 

because of the instability caused the second-order calculations to overpredict physical data. For 

free surface flows on an arc labyrinth weir using Flow-3D,  the hydraulic properties for the 

geometries in this study were better approximated using the first-order scheme. First-order 
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methods tend to converge better because they are more dissipative and produce a less efficient Cd 

value that is closer to the observed physical data (CFD Online Wiki, 2011).  

Additionally, a first-order scheme is the simplest and fastest method as shown by the 

simulations times in Table 9. In some cases, when using Flow-3D, the added accuracy of a 

second-order scheme may not be worth the additonal computational time and cost, especially 

when the second-order method in Flow-3D cannot converge.  

Figure 22. Relative error (εCd) between numerical results of momentum advection scheme order at 
H/P = 0.5 and empirical (Eq. [10]) results for α=16°: θ=10° and α=20°: θ=30°. 
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Table 11. Relative error (εCd) between numerical results of momentum advection scheme order at 
H/P = 0.5 and empirical (Eq. [10]) results for α=16°: θ=10° and α=20°: θ=30°. 

 H/P Order Cd Cd-emp εCd Simulation time CPU Hours 

α
=

16
°:

 
θ=

10
° 

0.30 

1st 

0.655 0.666 -1.65% 27 hours, 21 min, 6 sec 437.63 
0.40 0.602 0.608 -0.99% 24 hours, 25 min, 54 sec 390.91 
0.50 0.547 0.548 -0.18% 26 hours, 29 min, 11 sec 423.78 
0.70 0.484 0.471 2.76% 27 hours, 8 min, 1 sec 434.14 
0.80 0.451 0.445 1.35% 28 hours, 51 min, 39 sec 461.77 

α
=

20
°:

 
θ=

30
° 

0.30 

2nd 

0.720 0.700 2.86% 28 hours, 3 min, 44 sec 4489.00 
0.40 0.657 0.642 2.34% 32 hours, 34 min, 48 sec 521.28 
0.50 0.638 0.604 5.63% 39 hours, 13 min, 40 sec 627.64 
0.70 0.524 0.494 6.07% 46 hours, 33 min, 45 sec 745.00 
0.80 0.518 0.459 12.85% 49 hours, 23 min, 28 sec 790.26 

*The simulation times are included as a relative reference for the machine used in this study but note that simulation 
times are subject to number of cores, rams, and specific computer configurations.  
** all Flow-3D runs were completed using a 16-core machine   

Flow Structure and Nappe Aeration Behavior  

 For both weir geometries modeled in this study, the nappes behavior rendered in CFD 

was very similar to what was observed in the physical model studies performed by Thompson 

(2019) and Christensen (2012). Thompson (2019) focused on the aeration of the ‘distal half 

cycles’ for all α=16° geometries.  The numerical model produced this same aeration on the first 

and last half cycles for the α=16°; θ=10° weir; however, Thompson (2019) observed this aeration 

only until H/P < 0.4 while the CFD models continued to be aerated on the first and last half 

cycles until H/P > 0.5. This was true for both Flow-3D and Star CCM+ (Figure 23).  

This study also highlighted a few of the additional capabilities of CFD beyond what can 

be reasonably captured or measured in a physical model including flow depths, pressures, and 

velocity fields. Specifically, unit discharges and weir crest pressures were calculated in both 

solvers.  
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(a)         (b) 

Figure 23. Nappe aeration behavior observed on the ‘distal half cycles’ at H/P = 0.5 for the 
α=16°; θ=10° arced labyrinth weir using (a) Star CCM+ and (b) Flow-3D.  
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CONCLUSION 

The objective of this study was to further understand the process of capturing hydraulic 

efficiency and other hydraulic behaviors of arced labyrinth weirs using computational fluid 

dynamics in reservoir applications. The numerical models of the 5-cycle arced labyrinth weir 

geometries used in this study, α=16°: θ=10° and α=20°: θ=30°, were built in two commercially 

available solvers, Flow 3D® and Star CCM+®. Simulations were completed in both solvers to 

outline a rating curve (H/P = 0.3, 0.4, 0.5, 0.7, and 0.8), along with a grid (mesh) convergence at 

two rating curve points (H/P = 0.3 and 0.7). These simulations were completed using only 

default solver settings. The midpoint of the rating curve (H/P = 0.5) was repeated with additional 

user-defined changes that mimic the study completed by to the default settings including mesh 

configuration, momentum advection scheme order, and turbulence model (see Table 1 and Table 

3). The results are compared quantitatively and qualitatively to existing physical data collected 

by Christensen (2012) and Thompson (2019) for their respective geometries, as well as to 

numerical data collected by Thompson (2019) for the α=16°: θ=10° arced labyrinth weir. 

These findings are specific to the geometries, solvers, and discharges in this study; 

however, engineering judgement may be used in application of these findings. The results of this 

study conclude: 

 The numerical results of arced labyrinth weirs are dependent on user-defined settings for 

the geometries tested in this study and may be different depending on the solver.  In this 

study, regardless of solver, the default CFD settings were not the most accurate way to 

capture hydraulic efficiency and other hydraulic behaviors of arced labyrinth weirs. Care 

should be taken in selecting applicable user-defined settings for the CFD problem to be 

solved.  
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 Best practices of model setup in Flow-3D (used in this study) are not the best practices 

for model setup in Star-CCM+. The results from the Star-CCM+ model may not 

represent the solver’s full capabilities and further studies could be conducted in this area.  

 CFD has the potential to be used as a design tool for arced labyrinth weirs when the 

designer has determined that the solution is mesh independent. Mesh size remains the 

most sensitive user-defined setting in CFD models.  

 For the α=16°: θ=10° arced labyrinth weir, numerical model repeatability was good when 

using the same solver. The results of this study using Flow-3D were within 5% of all 

CFD results reported by Thompson (2019). Using a different solver, Star CCM+, but the 

same user-defined setup, produced results within 9% of all CFD results reported by 

Thompson (2019) and as close as 3%. This highlights the difference of setup required by 

unique solvers.  

 Turbulence model selection increased the concurrence to physical data for the head 

discharge relationships of arced labyrinth weirs, but the k-ε standard model performed 

best in this study, independent of solver. The k-ε standard model resulted in relative error 

between 0 and 5% for both commercial solvers. Additionally, the one-equation model in 

both solvers had a scattered and unreliable result, suggesting that it is not an appropriate 

turbulence model for arced labyrinth weirs.  

 From the experience in this study, the author concludes that reducing the momentum 

advection scheme order of accuracy to first-order in Flow-3D when you know it will 

converge may be appropriate depending on application. For the geometries tested in this 

study, accuracy decreased by between 3% and 8% when using second-order compared to 

first-order due to high fluctuations in the 15 second averages used for Cd calculations. 
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Additionally, many of the second-order momentum advection scheme simulations failed 

to converge due to instability which is common in some free surface applications. For 

second-order simulations in Flow-3D that were stable enough to converge, the 

computational time was between 25% and 46% longer than the first-order. Additional 

computational time may not be warranted in all applications. However, it is important to 

note that this result could be specific to this study and the specifics of the model setup 

and may not reflect a general outcome.  

 CFD can be used to observe hydraulic behavior and anomalies on various arced labyrinth 

weir models that closely represent physical model observations. Additionally, CFD can 

provide insight beyond what can be measured in a physical model including important 

information about flow structure and depth, velocity fields, discharge nonuniformity 

along the weir crest, and pressures fields.  

 Based on the author’s experience and in the author’s opinion, there are pros and cons to 

learning each of the commercially available CFD solvers discussed in this study. Flow-

3D was much simpler and easy to understand. Model creation was intuitive, and the 

author was able to self-teach most of the model setup processes; however, due to the 

optimized and simplified nature of the solver, there was less control and fewer options to 

tweak the simulations as needed. Star-CCM+ proved to be more difficult to learn and 

operate but has many more tools and options to be able to customize simulations based 

on needs and technical understanding.  
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Appendix A – CFD Glossary  

All definitions were modified from de Souza (2005).  

Analytical solution - a solution that is obtained directly using analytical methods as opposed to 

using computational or iterative methods.   

Boundary condition - spatial or temporal specification of variable values or behavior necessary 

to produce a unique solution.  

Cell - discrete area or volume over which governing equations are integrated. The complete 

group of cells should define the domain under consideration. 

Control volume - the volume over which the partial differential equations describing fluid flow 

are integrated to obtain discretized (algebraic) equations.  

Direct Numerical Simulation (DNS) -a method in which the turbulent flow is directly 

numerically simulated without any form of time or length averaging, i.e. both the mean flow and 

all turbulent fluctuations (eddies) are simulated. Since turbulent eddies are both three-

dimensional and unsteady (time-variant), simulations using this method must also be both three-

dimensional and unsteady and, since the length and time scales of turbulent eddies cover a large 

range, both the grid size and the time-step size must be very small to account for the smallest 

fluctuations. This makes this method very computationally expensive and even with current 

state-of-the-art computer hardware, only practical for simple flows at low Reynolds numbers.  

Discretization - process by which the governing partial differential equations are converted into 

algebraic equations associated with discrete elements.  
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Domain - the geometrical region over which a simulation is performed. Sometimes referred to as 

the analytical domain or computational domain.  

External flows - flows over the external surface of an object (e.g. an airfoil).  

Finite difference method (FDM) - a method for approximating gradients as part of the 

procedure for numerical solution of differential equations, by estimating a derivative by the ratio 

of two finite differences.  

First order - an approximation to an equation, or system of equations, where only the first terms 

in the Taylor expansions for functions are evaluated.  

Grid / mesh - the outcome of splitting up the computational domain (discretization) into a 

number of elements or cells defining the discrete points at which the numerical solution is 

computed. The points are normally the cell centers or cell vertices.  

Grid refinement - the act of refining a grid such that the distance between adjacent grid points is 

reduced enabling a more accurate calculation and representation of the solution.  

Hexahedral elements - finite elements with six faces, i.e. cuboid or brick elements.  

Internal flows - a fluid flow domain that is contained by and passes through a solid structure. 

All boundaries of the domain can be defined as walls, periodic boundaries, inlets or outlets. 

Compare with external flows.  

k-ε turbulence model - a two-equation turbulence model, formulated by the use of the eddy-

viscosity hypothesis, where the effect of turbulence is captured by the fluid turbulent kinetic 

energy (k) and energy dissipation rate (ε).  
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k-ω turbulence model - a two-equation turbulence model, formulated by the use of the eddy-

viscosity hypothesis, where the effect of turbulence is captured by the fluid turbulent kinetic 

energy (k) and specific dissipation (ω).  

Large eddy simulation (LES) turbulence modeling - this may be considered a compromise 

between direct numerical simulation (DNS) and the use of turbulence models (RANS). The 

unsteady flow equations are solved for the mean flow and larger eddies and a ‘sub-grid scale’ 

model is used to simulate the effects of the smaller eddies. Since it is the largest eddies which 

contain the most energy and interact most strongly with the mean flow, the LES approach results 

in a good model of the main effects of the turbulence. Since the grid size no longer has to be 

small enough to allow for the smallest turbulent eddies, this method is much less 

computationally expensive than DNS and may be applied to a wider range of flows. However, 

time dependent simulations using relatively fine meshes are still necessary, so the computational 

requirement is still high.  

Mesh - see grid.  

Multiphase flow - flow consisting of two or more phases (gas, liquid, solid), e.g. gas bubbles 

rising through a liquid.  

No slip condition - where velocity components at a solid wall are set equal to the velocity of the 

walls, i.e. the fluid does not slip over the wall but exhibits a velocity gradient from stationary 

flow at the wall to the free stream velocity.  

Numerical Accuracy - a measure of the accuracy of the numerical treatment (i.e. discretization 

and convergence) and one of the measures by which a solution is verified.  
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Numerical diffusion - a type of numerical error that smears simulated flow gradients giving the 

same effect as flow diffusion. It is due to truncation errors that arise as a result of representing 

the fluid flow equations in discrete form. It is inversely related to the grid resolution. Numerical 

diffusion may also be reduced by the use of higher order discretization schemes and alignment of 

the grid lines with the streamlines. It is also known as false diffusion and it results in a diffusive 

error.  

Numerical dispersion - a numerical effect on the solution in Fourier space in which waves are 

spread in space, but not changed in amplitude.  

Numerical dissipation - a numerical effect on the solution in Fourier space in which the 

variation of the coefficients (or amplitude) is reduced.  

Numerical instability - an increasing oscillation of an iterative solution or the growth of errors 

due to round-off or truncation in a numerical scheme.  

Order of accuracy - the number of terms retained in the series expansion used to approximate 

the equations in their discretized form.  

RANS (Reynolds averaged Navier Stokes) - a form of the Navier Stokes equations in which 

additional terms (known as Reynolds stresses) are included to account for the time averaged 

effects of turbulence. See Turbulence Models.  

RNG k-ε turbulence model - a variant of the standard k-ε turbulence model where the model 

constants are derived from Renormalization Group theory and are based on statistical techniques 

as opposed to empirical techniques as used in the standard k-ε model.  

Second order scheme - a scheme which is second-order accurate in terms of a Taylor series.  
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SIMPLE algorithm - (Semi-Implicit Method for Pressure-Linked Equations) an algorithm 

which is used to compensate for the lack of an explicit pressure equation in the Navier Stokes 

equations using an iterative procedure consisting of a predictor and a corrector step.  

Stability - the property of a numerical method that progresses towards a solution without wild 

oscillations or divergence.  

Symmetry boundary condition - boundary condition where the normal velocity is zero and the 

normal gradients of all other variables are also zero.  

Time step - the incremental change in time for which a flow is being solved.  

Turbulence - a chaotic state of fluid motion where the velocity and pressure change 

continuously with time.  

Turbulence characteristic length - a typical dimension of a turbulent eddy.  

Turbulence models - sets of equations that determine the turbulent transport terms (Reynolds 

stresses) in the mean flow equations. They are based on hypotheses about turbulent processes 

and generally require significant empirical input in the form of constants or functions. These 

time averaged models do not simulate the details of the turbulent motion (the turbulent eddies), 

only the effect of turbulence on the mean flow behavior. Thus, with a particular set of empirical 

constants, they are valid only for a certain flow or at most a range of flows. This is also known as 

a RANS approach (Reynolds Averaged Navier-Stokes).  

Turbulent dissipation - the reduction in turbulent kinetic energy caused by the work done by 

the smallest eddies converting turbulent kinetic energy to thermal internal energy.  
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Two-equation model - a turbulence model that uses two transport equations to model the effects 

of turbulence in the RANS equations.  

Volume-of-fluid method - a multiphase (multi-fluid) technique in which a single set of 

momentum equations is shared by the fluids and the volume fraction in each cell is tracked 

through the domain. This method is generally used where the interface between the fluids is of 

interest.  

Zero gradient boundary condition - a boundary condition where a variable is defined as constant 

across the boundary.  

 

For more information about solver specific jargon see the respective user manual. 
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Appendix B – Physical Model Setup with Numerical Computational Domain and Weir 

Geometries.  

 

 

Figure B1. Plan view of reservoir headbox with diffuser, baffle wall, stilling well tap, apron, and 
approach ramps labeled. Additionally, the numerical computational domain for the sectional 
model is labeled by the red box.  (modified from Thompson, 2019). 

Sectional Model Domain  
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Figure B2. α=16°, θ=10° weir geometry.  
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Figure B3. α=20°, θ=30° weir geometry. 
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 3.63 cfs Q 3.53 cfs Q 3.28 cfs Q 3.10 cfs
h 2.16 h 0.89 h 1.14 h 1.15
H 0.20 ft H 0.22 ft H 0.19 ft H 0.20 ft 
H/P 0.30 - H/P 0.34 - H/P 0.28 - H/P 0.29 -
Cd 0.750 - Cd 0.610 - Cd 0.738 - Cd 0.655 -

Cd-emp 0.664 - Cd-emp 0.641 - Cd-emp 0.673 - Cd-emp 0.666 -
εCd-emp 13.007% - εCd-emp -4.845% - εCd-emp 9.687% - εCd-emp -1.657% -

time h H time h H time h H time h H
45.00 2.154 0.20 0.00 1.16 0.202 0.00 1.29 0.335 0.002 1.158 0.202
45.15 2.154 0.20 0.60 1.16 0.204 0.60 1.29 0.337 0.600 1.160 0.203
45.3 2.154 0.20 1.20 1.19 0.235 1.20 1.31 0.354 1.200 1.177 0.220

45.45 2.154 0.20 1.80 1.18 0.228 1.80 1.33 0.370 1.800 1.193 0.236
45.6 2.154 0.20 2.40 1.19 0.233 2.40 1.33 0.370 2.400 1.207 0.251

45.75 2.154 0.20 3.00 1.16 0.201 3.00 1.28 0.328 3.000 1.176 0.219
45.9 2.154 0.20 3.60 1.11 0.155 3.60 1.27 0.317 3.600 1.172 0.215

46.05 2.154 0.20 4.20 1.10 0.148 4.20 1.26 0.303 4.200 1.168 0.211
46.2 2.154 0.20 4.80 1.09 0.130 4.80 1.20 0.245 4.800 1.132 0.175

46.35 2.154 0.20 5.40 1.05 0.093 5.40 1.23 0.271 5.400 1.154 0.197
46.5 2.154 0.20 6.00 1.06 0.102 6.00 1.22 0.263 6.000 1.155 0.198

46.65 2.154 0.20 6.60 1.08 0.127 6.60 1.22 0.268 6.600 1.143 0.186
46.8 2.154 0.20 7.20 1.05 0.096 7.20 1.24 0.285 7.200 1.172 0.216

46.95 2.154 0.20 7.80 1.07 0.114 7.80 1.22 0.259 7.800 1.156 0.199
47.1 2.154 0.20 8.40 1.08 0.120 8.40 1.24 0.279 8.400 1.161 0.204

47.25 2.154 0.20 9.00 1.04 0.086 9.00 1.26 0.302 9.000 1.183 0.226
47.4 2.154 0.20 9.60 1.11 0.155 9.60 1.23 0.275 9.600 1.184 0.228

47.55 2.154 0.20 10.20 1.05 0.090 10.20 1.20 0.239 10.200 1.154 0.197
47.7 2.154 0.20 10.80 1.08 0.120 10.80 1.18 0.228 10.800 1.152 0.195

47.85 2.154 0.20 11.40 1.05 0.094 11.40 1.18 0.226 11.400 1.146 0.190
48 2.154 0.20 12.00 1.00 0.042 12.00 1.21 0.251 12.000 1.159 0.202

48.15 2.154 0.20 12.60 1.09 0.133 12.60 1.19 0.229 12.600 1.159 0.203
48.3 2.154 0.20 13.20 1.01 0.056 13.20 1.18 0.218 13.200 1.144 0.187

48.45 2.154 0.20 13.80 1.05 0.096 13.80 1.19 0.228 13.800 1.153 0.197
48.6 2.154 0.20 14.40 0.95 -0.010 14.40 1.19 0.233 14.400 1.159 0.202

48.75 2.154 0.20 15.00 1.04 0.083 15.00 1.20 0.239 15.000 1.157 0.200
48.9 2.154 0.20 15.60 1.01 0.052 15.60 1.22 0.268 15.600 1.183 0.227

49.05 2.154 0.20 16.20 0.99 0.035 16.20 1.18 0.218 16.200 1.157 0.200
49.2 2.154 0.20 16.80 1.03 0.071 16.80 1.18 0.219 16.800 1.152 0.195

49.35 2.154 0.20 17.40 1.01 0.054 17.40 1.18 0.221 17.400 1.159 0.202
49.5 2.155 0.20 18.00 0.98 0.020 18.00 1.18 0.218 18.000 1.153 0.196

49.65 2.155 0.20 18.60 1.00 0.046 18.60 1.18 0.221 18.600 1.159 0.202
49.8 2.155 0.20 19.20 0.99 0.036 19.20 1.16 0.205 19.200 1.158 0.201

49.95 2.155 0.20 19.80 0.99 0.031 19.80 1.15 0.191 19.800 1.142 0.185
50.1 2.155 0.20 20.40 0.93 -0.028 20.40 1.18 0.219 20.400 1.145 0.188

50.25 2.155 0.20 21.00 1.05 0.093 21.00 1.18 0.221 21.000 1.161 0.204
50.4 2.155 0.20 21.60 0.95 -0.010 21.60 1.18 0.227 21.600 1.167 0.210

50.55 2.155 0.20 22.20 0.94 -0.017 22.20 1.18 0.219 22.200 1.160 0.204
50.7 2.155 0.20 22.80 0.97 0.016 22.80 1.15 0.196 22.800 1.150 0.194

50.85 2.155 0.20 23.40 1.00 0.043 23.40 1.17 0.218 23.400 1.151 0.195
51 2.155 0.20 24.00 0.97 0.016 24.00 1.16 0.207 24.000 1.156 0.199

51.15 2.155 0.20 24.60 0.97 0.012 24.60 1.16 0.206 24.600 1.161 0.204
51.3 2.155 0.20 25.20 0.93 -0.025 25.20 1.16 0.200 25.200 1.154 0.197

51.45 2.155 0.20 25.80 1.00 0.048 25.80 1.15 0.189 25.800 1.149 0.192
51.6 2.155 0.20 26.40 0.94 -0.018 26.40 1.15 0.189 26.400 1.146 0.189

51.75 2.155 0.20 27.00 0.96 0.002 27.00 1.16 0.204 27.000 1.152 0.196
51.9 2.155 0.20 27.60 0.97 0.012 27.60 1.16 0.204 27.600 1.157 0.200

52.05 2.155 0.20 28.20 0.90 -0.057 28.20 1.16 0.204 28.200 1.157 0.200
52.2 2.155 0.20 28.80 1.00 0.048 28.80 1.15 0.197 28.800 1.152 0.196

52.35 2.155 0.20 29.40 0.84 -0.116 29.40 1.15 0.196 29.400 1.157 0.200

FLOW-3D (coarse mesh)
346,668   

Table C1. Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.3

FLOW-3D (medium mesh)
680,064   

FLOW-3D (fine mesh)
3,306,877   

STAR CCM+ (fine mesh)
2,765,099   
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52.5 2.155 0.20 30.00 1.02 0.059 30.00 1.15 0.192 30.000 1.147 0.190
52.65 2.155 0.20 30.60 0.93 -0.023 30.60 1.16 0.206 30.600 1.156 0.199
52.8 2.155 0.20 31.20 0.91 -0.048 31.20 1.15 0.198 31.200 1.160 0.203

52.95 2.155 0.20 31.80 0.98 0.027 31.80 1.14 0.188 31.800 1.151 0.195
53.1 2.155 0.20 32.40 0.89 -0.066 32.40 1.14 0.187 32.400 1.147 0.191

53.25 2.155 0.20 33.00 0.96 0.002 33.00 1.15 0.191 33.000 1.152 0.195
53.4 2.155 0.20 33.60 0.93 -0.027 33.60 1.15 0.193 33.600 1.150 0.193

53.55 2.155 0.20 34.20 0.90 -0.055 34.20 1.16 0.201 34.200 1.158 0.202
53.7 2.155 0.20 34.80 0.96 0.005 34.80 1.15 0.191 34.800 1.155 0.198

53.85 2.155 0.20 35.40 0.89 -0.064 35.40 1.15 0.191 35.400 1.150 0.193
54 2.155 0.20 36.00 0.91 -0.049 36.00 1.14 0.188 36.000 1.150 0.193

54.15 2.155 0.20 36.60 0.95 -0.005 36.60 1.16 0.199 36.600 1.157 0.200
54.3 2.155 0.20 37.20 0.90 -0.056 37.20 1.15 0.195 37.200 1.154 0.197

54.45 2.155 0.20 37.80 0.91 -0.046 37.80 1.15 0.192 37.800 1.156 0.199
54.6 2.155 0.20 38.40 0.92 -0.035 38.40 1.14 0.184 38.400 1.148 0.191

54.75 2.155 0.20 39.00 0.90 -0.055 39.00 1.15 0.190 39.000 1.151 0.194
54.9 2.155 0.20 39.60 0.88 -0.080 39.60 1.14 0.187 39.600 1.151 0.195

55.05 2.155 0.20 40.20 0.95 -0.009 40.20 1.15 0.194 40.200 1.154 0.197
55.2 2.156 0.20 40.80 0.89 -0.066 40.80 1.15 0.190 40.800 1.154 0.197

55.35 2.156 0.20 41.40 0.87 -0.083 41.40 1.15 0.189 41.400 1.154 0.198
55.5 2.156 0.20 42.00 0.88 -0.072 42.00 1.14 0.182 42.000 1.146 0.189

55.65 2.156 0.20 42.60 0.94 -0.016 42.60 1.15 0.194 42.600 1.153 0.196
55.8 2.156 0.20 43.20 0.87 -0.089 43.20 1.15 0.191 43.200 1.155 0.198

55.95 2.156 0.20 43.80 0.92 -0.035 43.80 1.15 0.192 43.800 1.154 0.197
56.1 2.156 0.20 44.40 0.92 -0.032 44.40 1.15 0.188 44.400 1.153 0.196

56.25 2.156 0.20 45.00 0.89 -0.065 45.00 1.14 0.184 45.000 1.151 0.194
56.4 2.156 0.20 45.60 0.87 -0.089 45.60 1.14 0.185 45.600 1.147 0.190

56.55 2.156 0.20 46.20 0.97 0.012 46.20 1.15 0.194 46.200 1.155 0.199
56.7 2.156 0.20 46.80 0.87 -0.088 46.80 1.14 0.188 46.800 1.153 0.196

56.85 2.156 0.20 47.40 0.84 -0.116 47.40 1.15 0.188 47.400 1.152 0.195
57 2.156 0.20 48.00 1.00 0.045 48.00 1.14 0.184 48.000 1.151 0.194

57.15 2.156 0.20 48.60 0.83 -0.122 48.60 1.14 0.185 48.600 1.150 0.194
57.3 2.156 0.20 49.20 0.87 -0.083 49.20 1.15 0.191 49.200 1.152 0.195

57.45 2.156 0.20 49.80 0.98 0.024 49.80 1.15 0.190 49.800 1.154 0.198
57.6 2.156 0.20 50.40 0.83 -0.131 50.40 1.14 0.188 50.400 1.151 0.194

57.75 2.156 0.20 51.00 0.90 -0.052 51.00 1.14 0.186 51.000 1.152 0.196
57.9 2.156 0.20 51.60 0.96 0.007 51.60 1.14 0.184 51.600 1.149 0.193

58.05 2.156 0.20 52.20 0.83 -0.122 52.20 1.14 0.188 52.200 1.150 0.194
58.2 2.156 0.20 52.80 0.87 -0.091 52.80 1.15 0.190 52.800 1.154 0.197

58.35 2.156 0.20 53.40 0.92 -0.035 53.40 1.14 0.187 53.400 1.153 0.197
58.5 2.156 0.20 54.00 0.92 -0.039 54.00 1.14 0.184 54.000 1.150 0.193

58.65 2.156 0.20 54.60 0.83 -0.130 54.60 1.14 0.185 54.600 1.151 0.194
58.8 2.156 0.20 55.20 0.91 -0.048 55.20 1.14 0.186 55.200 1.149 0.192

58.95 2.156 0.20 55.80 0.90 -0.059 55.80 1.15 0.189 55.800 1.152 0.196
59.1 2.156 0.20 56.40 0.85 -0.108 56.40 1.15 0.190 56.400 1.155 0.199

59.25 2.156 0.20 57.00 0.92 -0.041 57.00 1.14 0.183 57.000 1.150 0.193
59.4 2.156 0.20 57.60 0.93 -0.025 57.60 1.14 0.187 57.600 1.149 0.192

59.55 2.156 0.20 58.20 0.80 -0.161 58.20 1.14 0.186 58.200 1.151 0.195
59.7 2.156 0.20 58.80 0.93 -0.027 58.80 1.14 0.188 58.800 1.151 0.195

59.85 2.156 0.20 59.40 0.92 -0.039 59.40 1.14 0.188 59.400 1.153 0.196
60 2.156 0.20 60.00 0.81 -0.143 60.00 1.14 0.186 60.000 1.153 0.196

68

shelby.k
Stamp

shelby.k
Text Box
69



Cell count: Cell count:
P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2
Q 4.78 cfs Q 4.37 cfs
h 2.22 h 1.22
H 0.26 ft H 0.26 ft 
H/P 0.39 - H/P 0.39 -
Cd 0.658 - Cd 0.602 -

Cd-emp 0.608 - Cd-emp 0.608 -
εCd-emp 8.29% - εCd-emp -0.97% -

time h H time h H
45.00 2.217 0.217 0.002 1.238 0.281
45.15 2.217 0.217 0.600 1.237 0.280
45.3 2.217 0.217 1.200 1.235 0.279

45.45 2.217 0.217 1.800 1.233 0.276
45.6 2.217 0.217 2.400 1.227 0.271

45.75 2.217 0.217 3.000 1.232 0.276
45.9 2.217 0.217 3.600 1.231 0.275

46.05 2.217 0.217 4.200 1.230 0.274
46.2 2.217 0.217 4.800 1.228 0.272

46.35 2.217 0.217 5.400 1.225 0.269
46.5 2.217 0.217 6.000 1.226 0.269

46.65 2.217 0.217 6.600 1.231 0.274
46.8 2.217 0.217 7.200 1.226 0.269

46.95 2.217 0.217 7.800 1.225 0.268
47.1 2.217 0.217 8.400 1.224 0.267

47.25 2.217 0.217 9.000 1.224 0.268
47.4 2.217 0.217 9.600 1.225 0.269

47.55 2.217 0.217 10.200 1.226 0.269
47.7 2.217 0.217 10.800 1.220 0.264

47.85 2.217 0.217 11.400 1.223 0.266
48 2.217 0.217 12.000 1.221 0.264

48.15 2.217 0.217 12.600 1.223 0.266
48.3 2.217 0.217 13.200 1.223 0.267

48.45 2.217 0.217 13.800 1.222 0.265

2,756,778                3,306,877          
STAR CCM+ (fine mesh) FLOW-3D (fine mesh)

Table C2 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.4
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48.6 2.217 0.217 14.400 1.219 0.262
48.75 2.217 0.217 15.000 1.222 0.265
48.9 2.217 0.217 15.600 1.220 0.263

49.05 2.217 0.217 16.200 1.223 0.266
49.2 2.217 0.217 16.800 1.220 0.263

49.35 2.217 0.217 17.400 1.218 0.261
49.5 2.217 0.217 18.000 1.219 0.262

49.65 2.217 0.217 18.600 1.222 0.265
49.8 2.217 0.217 19.200 1.219 0.262

49.95 2.217 0.217 19.800 1.220 0.264
50.1 2.217 0.217 20.400 1.217 0.261

50.25 2.217 0.217 21.000 1.218 0.262
50.4 2.217 0.217 21.600 1.220 0.263

50.55 2.217 0.217 22.200 1.220 0.263
50.7 2.217 0.217 22.800 1.218 0.261

50.85 2.217 0.217 23.400 1.219 0.262
51 2.217 0.217 24.000 1.217 0.260

51.15 2.217 0.217 24.600 1.219 0.262
51.3 2.217 0.217 25.200 1.219 0.263

51.45 2.217 0.217 25.800 1.217 0.261
51.6 2.217 0.217 26.400 1.218 0.261

51.75 2.217 0.217 27.000 1.217 0.260
51.9 2.217 0.217 27.600 1.217 0.261

52.05 2.217 0.217 28.200 1.219 0.263
52.2 2.217 0.217 28.800 1.218 0.261

52.35 2.217 0.217 29.400 1.216 0.259
52.5 2.217 0.217 30.000 1.218 0.261

52.65 2.217 0.217 30.600 1.217 0.260
52.8 2.217 0.217 31.200 1.218 0.261

52.95 2.217 0.217 31.800 1.218 0.261
53.1 2.217 0.217 32.400 1.216 0.260

53.25 2.217 0.217 33.000 1.216 0.260
53.4 2.217 0.217 33.600 1.218 0.261

53.55 2.217 0.217 34.200 1.216 0.260
53.7 2.217 0.217 34.800 1.218 0.262

53.85 2.217 0.217 35.400 1.217 0.260
54 2.217 0.217 36.000 1.216 0.260

54.15 2.217 0.217 36.600 1.217 0.260
54.3 2.217 0.217 37.200 1.217 0.261

54.45 2.217 0.217 37.800 1.217 0.260
54.6 2.217 0.217 38.400 1.218 0.261

54.75 2.217 0.217 39.000 1.215 0.259
54.9 2.217 0.217 39.600 1.217 0.260

55.05 2.217 0.217 40.200 1.217 0.261
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55.2 2.217 0.217 40.800 1.217 0.260
55.35 2.217 0.217 41.400 1.217 0.260
55.5 2.217 0.217 42.000 1.217 0.260

55.65 2.217 0.217 42.600 1.215 0.259
55.8 2.217 0.217 43.200 1.218 0.261

55.95 2.216 0.216 43.800 1.217 0.260
56.1 2.216 0.216 44.400 1.216 0.260

56.25 2.216 0.216 45.000 1.217 0.260
56.4 2.216 0.216 45.600 1.217 0.260

56.55 2.216 0.216 46.200 1.216 0.260
56.7 2.216 0.216 46.800 1.218 0.261

56.85 2.216 0.216 47.400 1.216 0.259
57 2.216 0.216 48.000 1.217 0.260

57.15 2.216 0.216 48.600 1.217 0.260
57.3 2.216 0.216 49.200 1.216 0.260

57.45 2.216 0.216 49.800 1.217 0.260
57.6 2.216 0.216 50.400 1.217 0.260

57.75 2.216 0.216 51.000 1.216 0.259
57.9 2.216 0.216 51.600 1.217 0.260

58.05 2.216 0.216 52.200 1.217 0.260
58.2 2.216 0.216 52.800 1.216 0.260

58.35 2.216 0.216 53.400 1.217 0.261
58.5 2.216 0.216 54.000 1.216 0.259

58.65 2.216 0.216 54.600 1.216 0.260
58.8 2.216 0.216 55.200 1.217 0.260

58.95 2.216 0.216 55.800 1.217 0.260
59.1 2.216 0.216 56.400 1.216 0.260

59.25 2.216 0.216 57.000 1.217 0.260
59.4 2.216 0.216 57.600 1.216 0.259

59.55 2.216 0.216 58.200 1.217 0.260
59.7 2.216 0.216 58.800 1.217 0.260

59.85 2.216 0.216 59.400 1.217 0.260
60 2.216 0.216 60.000 1.217 0.260
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 5.99 cfs Q 5.99 cfs Q 5.99 cfs Q 6.00 cfs
h 2.30 h 2.31 h 2.27 h 2.29
H 0.34 ft H 0.35 ft H 0.31 ft H 0.33 ft 
H/P 0.51 - H/P 0.53 - H/P 0.46 - H/P 0.50 -
Cd 0.545 - Cd 0.521 - Cd 0.635 - Cd 0.571 -

Cd-emp 0.537 - Cd-emp 0.529 - Cd-emp 0.564 - Cd-emp 0.545 -
εCd-emp 1.49% - εCd-emp -1.62% - εCd-emp 12.54% - εCd-emp 4.71% -

time h H time h H time h H time h H
45.00 2.30 0.34 45.00 2.31 0.35 45.00 2.26 0.31 45.00 2.29 0.33
45.15 2.30 0.34 45.15 2.31 0.35 45.15 2.26 0.31 45.15 2.29 0.33
45.30 2.30 0.34 45.30 2.31 0.35 45.30 2.26 0.31 45.30 2.29 0.33
45.45 2.30 0.34 45.45 2.31 0.35 45.45 2.26 0.31 45.45 2.29 0.33
45.60 2.30 0.34 45.60 2.31 0.35 45.60 2.26 0.31 45.60 2.29 0.33
45.75 2.30 0.34 45.75 2.31 0.35 45.75 2.26 0.31 45.75 2.29 0.33
45.90 2.30 0.34 45.90 2.31 0.35 45.90 2.26 0.31 45.90 2.29 0.33
46.05 2.30 0.34 46.05 2.31 0.35 46.05 2.26 0.31 46.05 2.29 0.33
46.20 2.30 0.34 46.20 2.31 0.35 46.20 2.26 0.31 46.20 2.29 0.33
46.35 2.30 0.34 46.35 2.31 0.35 46.35 2.26 0.31 46.35 2.29 0.33
46.50 2.30 0.34 46.50 2.31 0.35 46.50 2.26 0.31 46.50 2.29 0.33
46.65 2.30 0.34 46.65 2.31 0.35 46.65 2.26 0.31 46.65 2.29 0.33
46.80 2.30 0.34 46.80 2.31 0.35 46.80 2.26 0.31 46.80 2.29 0.33
46.95 2.30 0.34 46.95 2.31 0.35 46.95 2.27 0.31 46.95 2.29 0.33
47.10 2.30 0.34 47.10 2.31 0.35 47.10 2.27 0.31 47.10 2.29 0.33
47.25 2.30 0.34 47.25 2.31 0.35 47.25 2.27 0.31 47.25 2.29 0.33
47.40 2.30 0.34 47.40 2.31 0.35 47.40 2.27 0.31 47.40 2.29 0.33
47.55 2.30 0.34 47.55 2.31 0.35 47.55 2.27 0.31 47.55 2.29 0.33
47.70 2.30 0.34 47.70 2.31 0.35 47.70 2.27 0.31 47.70 2.29 0.33
47.85 2.30 0.34 47.85 2.31 0.35 47.85 2.27 0.31 47.85 2.29 0.33
48.00 2.30 0.34 48.00 2.31 0.35 48.00 2.27 0.31 48.00 2.29 0.33
48.15 2.30 0.34 48.15 2.31 0.35 48.15 2.27 0.31 48.15 2.29 0.33
48.30 2.30 0.34 48.30 2.31 0.35 48.30 2.27 0.31 48.30 2.29 0.33
48.45 2.30 0.34 48.45 2.31 0.35 48.45 2.27 0.31 48.45 2.29 0.33
48.60 2.30 0.34 48.60 2.31 0.35 48.60 2.27 0.31 48.60 2.29 0.33
48.75 2.30 0.34 48.75 2.31 0.35 48.75 2.27 0.31 48.75 2.29 0.33
48.90 2.30 0.34 48.90 2.31 0.35 48.90 2.27 0.31 48.90 2.29 0.33
49.05 2.30 0.34 49.05 2.31 0.35 49.05 2.27 0.31 49.05 2.29 0.33
49.20 2.30 0.34 49.20 2.31 0.35 49.20 2.27 0.31 49.20 2.29 0.33
49.35 2.30 0.34 49.35 2.31 0.35 49.35 2.27 0.31 49.35 2.29 0.33
49.50 2.30 0.34 49.50 2.31 0.35 49.50 2.27 0.31 49.50 2.29 0.33
49.65 2.30 0.34 49.65 2.31 0.35 49.65 2.27 0.31 49.65 2.29 0.33
49.80 2.30 0.34 49.80 2.31 0.35 49.80 2.27 0.31 49.80 2.29 0.33
49.95 2.30 0.34 49.95 2.31 0.35 49.95 2.27 0.31 49.95 2.29 0.33
50.10 2.30 0.34 50.10 2.31 0.35 50.10 2.27 0.31 50.10 2.29 0.33
50.25 2.30 0.34 50.25 2.31 0.35 50.25 2.27 0.31 50.25 2.29 0.33
50.40 2.30 0.34 50.40 2.31 0.35 50.40 2.27 0.31 50.40 2.29 0.33
50.55 2.30 0.34 50.55 2.31 0.35 50.55 2.27 0.31 50.55 2.29 0.33
50.70 2.30 0.34 50.70 2.31 0.35 50.70 2.27 0.31 50.70 2.29 0.33
50.85 2.30 0.34 50.85 2.31 0.35 50.85 2.27 0.31 50.85 2.29 0.33
51.00 2.30 0.34 51.00 2.31 0.35 51.00 2.27 0.31 51.00 2.29 0.33
51.15 2.30 0.34 51.15 2.31 0.35 51.15 2.27 0.31 51.15 2.29 0.33
51.30 2.30 0.34 51.30 2.31 0.35 51.30 2.27 0.31 51.30 2.29 0.33
51.45 2.30 0.34 51.45 2.31 0.35 51.45 2.27 0.31 51.45 2.29 0.33
51.60 2.30 0.34 51.60 2.31 0.35 51.60 2.27 0.31 51.60 2.29 0.33
51.75 2.30 0.34 51.75 2.31 0.35 51.75 2.27 0.31 51.75 2.29 0.33

44,066                      
STAR CCM+ (fine mesh, 1 Eq.)STAR CCM+ (coarse mesh)

Table C3 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.5

STAR CCM+ (medium mesh) STAR CCM+ (fine mesh)
579,964            2,745,413        2,754,623               
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51.90 2.30 0.34 51.90 2.31 0.35 51.90 2.27 0.31 51.90 2.29 0.33
52.05 2.30 0.34 52.05 2.31 0.35 52.05 2.27 0.31 52.05 2.29 0.33
52.20 2.30 0.34 52.20 2.31 0.35 52.20 2.27 0.31 52.20 2.29 0.33
52.35 2.30 0.34 52.35 2.31 0.35 52.35 2.27 0.31 52.35 2.29 0.33
52.50 2.30 0.34 52.50 2.31 0.35 52.50 2.27 0.31 52.50 2.29 0.33
52.65 2.30 0.34 52.65 2.31 0.35 52.65 2.27 0.31 52.65 2.29 0.33
52.80 2.30 0.34 52.80 2.31 0.35 52.80 2.27 0.31 52.80 2.29 0.33
52.95 2.30 0.34 52.95 2.31 0.35 52.95 2.27 0.31 52.95 2.29 0.33
53.10 2.30 0.34 53.10 2.31 0.35 53.10 2.27 0.31 53.10 2.29 0.33
53.25 2.30 0.34 53.25 2.31 0.35 53.25 2.27 0.31 53.25 2.29 0.33
53.40 2.30 0.34 53.40 2.31 0.35 53.40 2.27 0.31 53.40 2.29 0.33
53.55 2.30 0.34 53.55 2.31 0.35 53.55 2.27 0.31 53.55 2.29 0.33
53.70 2.30 0.34 53.70 2.31 0.35 53.70 2.27 0.31 53.70 2.29 0.33
53.85 2.30 0.34 53.85 2.31 0.35 53.85 2.27 0.31 53.85 2.29 0.33
54.00 2.30 0.34 54.00 2.31 0.35 54.00 2.27 0.31 54.00 2.29 0.33
54.15 2.30 0.34 54.15 2.31 0.35 54.15 2.27 0.31 54.15 2.29 0.33
54.30 2.30 0.34 54.30 2.31 0.35 54.30 2.27 0.31 54.30 2.29 0.33
54.45 2.30 0.34 54.45 2.31 0.35 54.45 2.27 0.31 54.45 2.29 0.33
54.60 2.30 0.34 54.60 2.31 0.35 54.60 2.27 0.31 54.60 2.29 0.33
54.75 2.30 0.34 54.75 2.31 0.35 54.75 2.27 0.31 54.75 2.29 0.33
54.90 2.30 0.34 54.90 2.31 0.35 54.90 2.27 0.31 54.90 2.29 0.33
55.05 2.30 0.34 55.05 2.31 0.35 55.05 2.27 0.31 55.05 2.29 0.33
55.20 2.30 0.34 55.20 2.31 0.35 55.20 2.27 0.31 55.20 2.29 0.33
55.35 2.30 0.34 55.35 2.31 0.35 55.35 2.27 0.31 55.35 2.29 0.33
55.50 2.30 0.34 55.50 2.31 0.35 55.50 2.27 0.31 55.50 2.29 0.33
55.65 2.30 0.34 55.65 2.31 0.35 55.65 2.27 0.31 55.65 2.29 0.33
55.80 2.30 0.34 55.80 2.31 0.35 55.80 2.27 0.31 55.80 2.29 0.33
55.95 2.30 0.34 55.95 2.31 0.35 55.95 2.27 0.31 55.95 2.29 0.33
56.10 2.30 0.34 56.10 2.31 0.35 56.10 2.27 0.31 56.10 2.29 0.33
56.25 2.30 0.34 56.25 2.31 0.35 56.25 2.27 0.31 56.25 2.29 0.33
56.40 2.30 0.34 56.40 2.31 0.35 56.40 2.27 0.31 56.40 2.29 0.33
56.55 2.30 0.34 56.55 2.31 0.35 56.55 2.27 0.31 56.55 2.29 0.33
56.70 2.30 0.34 56.70 2.31 0.35 56.70 2.27 0.31 56.70 2.29 0.33
56.85 2.30 0.34 56.85 2.31 0.35 56.85 2.27 0.31 56.85 2.29 0.33
57.00 2.30 0.34 57.00 2.31 0.35 57.00 2.27 0.31 57.00 2.29 0.33
57.15 2.30 0.34 57.15 2.31 0.35 57.15 2.27 0.31 57.15 2.29 0.33
57.30 2.30 0.34 57.30 2.31 0.35 57.30 2.27 0.31 57.30 2.29 0.33
57.45 2.30 0.34 57.45 2.31 0.35 57.45 2.27 0.31 57.45 2.29 0.33
57.60 2.30 0.34 57.60 2.31 0.35 57.60 2.27 0.31 57.60 2.29 0.33
57.75 2.30 0.34 57.75 2.31 0.35 57.75 2.27 0.31 57.75 2.29 0.33
57.90 2.30 0.34 57.90 2.31 0.35 57.90 2.27 0.31 57.90 2.29 0.33
58.05 2.30 0.34 58.05 2.31 0.35 58.05 2.27 0.31 58.05 2.29 0.33
58.20 2.30 0.34 58.20 2.31 0.35 58.20 2.27 0.31 58.20 2.29 0.33
58.35 2.30 0.34 58.35 2.31 0.35 58.35 2.27 0.31 58.35 2.29 0.33
58.50 2.30 0.34 58.50 2.31 0.35 58.50 2.27 0.31 58.50 2.29 0.33
58.65 2.30 0.34 58.65 2.31 0.35 58.65 2.27 0.31 58.65 2.29 0.33
58.80 2.30 0.34 58.80 2.31 0.35 58.80 2.27 0.31 58.80 2.29 0.33
58.95 2.30 0.34 58.95 2.31 0.35 58.95 2.27 0.31 58.95 2.29 0.33
59.10 2.30 0.34 59.10 2.31 0.35 59.10 2.27 0.31 59.10 2.29 0.33
59.25 2.30 0.34 59.25 2.31 0.35 59.25 2.27 0.31 59.25 2.29 0.33
59.40 2.30 0.34 59.40 2.31 0.35 59.40 2.27 0.31 59.40 2.29 0.33
59.55 2.30 0.34 59.55 2.31 0.35 59.55 2.27 0.31 59.55 2.29 0.33
59.70 2.30 0.34 59.70 2.31 0.35 59.70 2.27 0.31 59.70 2.29 0.33
59.85 2.30 0.34 59.85 2.31 0.35 59.85 2.27 0.31 59.85 2.29 0.33
60.00 2.30 0.34 60.00 2.31 0.35 60.00 2.27 0.31 60.00 2.29 0.33
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Cell count: Cell count:
P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2
Q 5.99 cfs Q 6.01 cfs
h 2.29 h 2.28
H 0.34 ft H 0.33 ft 
H/P 0.50 - H/P 0.49 -
Cd 0.561 - Cd 0.590 -

Cd-emp 0.542 - Cd-emp 0.551 -
εCd-emp 3.48% - εCd-emp 7.08% -

time h H time h H
45.00 2.29 0.34 45.00 2.28 0.33
45.15 2.29 0.34 45.15 2.28 0.33
45.30 2.29 0.34 45.30 2.28 0.33
45.45 2.29 0.34 45.45 2.28 0.33
45.60 2.29 0.34 45.60 2.28 0.33
45.75 2.29 0.34 45.75 2.28 0.33
45.90 2.29 0.34 45.90 2.28 0.33
46.05 2.29 0.34 46.05 2.28 0.33
46.20 2.29 0.34 46.20 2.28 0.33
46.35 2.29 0.34 46.35 2.28 0.33
46.50 2.29 0.34 46.50 2.28 0.33
46.65 2.29 0.34 46.65 2.28 0.33
46.80 2.29 0.34 46.80 2.28 0.33
46.95 2.29 0.34 46.95 2.28 0.33
47.10 2.29 0.34 47.10 2.28 0.33
47.25 2.29 0.34 47.25 2.28 0.33
47.40 2.29 0.34 47.40 2.28 0.33
47.55 2.29 0.34 47.55 2.28 0.33
47.70 2.29 0.34 47.70 2.28 0.33
47.85 2.29 0.34 47.85 2.28 0.33
48.00 2.29 0.34 48.00 2.28 0.33
48.15 2.29 0.34 48.15 2.28 0.33
48.30 2.29 0.34 48.30 2.28 0.33
48.45 2.29 0.34 48.45 2.28 0.33

Table C4 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.5

STAR CCM+ (fine mesh, k-ε )
2,754,245            

STAR CCM+ (fine mesh, k- ω)
2,754,245             
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48.60 2.29 0.34 48.60 2.28 0.33
48.75 2.29 0.34 48.75 2.28 0.33
48.90 2.29 0.34 48.90 2.28 0.33
49.05 2.29 0.34 49.05 2.28 0.33
49.20 2.29 0.34 49.20 2.28 0.33
49.35 2.29 0.34 49.35 2.28 0.33
49.50 2.29 0.34 49.50 2.28 0.33
49.65 2.29 0.34 49.65 2.28 0.33
49.80 2.29 0.34 49.80 2.28 0.33
49.95 2.29 0.34 49.95 2.28 0.33
50.10 2.29 0.34 50.10 2.28 0.33
50.25 2.29 0.34 50.25 2.28 0.33
50.40 2.29 0.34 50.40 2.28 0.33
50.55 2.29 0.34 50.55 2.28 0.33
50.70 2.29 0.34 50.70 2.28 0.33
50.85 2.29 0.34 50.85 2.28 0.33
51.00 2.29 0.34 51.00 2.28 0.33
51.15 2.29 0.34 51.15 2.28 0.33
51.30 2.29 0.34 51.30 2.28 0.33
51.45 2.29 0.34 51.45 2.28 0.33
51.60 2.29 0.34 51.60 2.28 0.33
51.75 2.29 0.34 51.75 2.28 0.33
51.90 2.29 0.34 51.90 2.28 0.33
52.05 2.29 0.34 52.05 2.28 0.33
52.20 2.29 0.34 52.20 2.28 0.33
52.35 2.29 0.34 52.35 2.28 0.33
52.50 2.29 0.34 52.50 2.28 0.33
52.65 2.29 0.34 52.65 2.28 0.33
52.80 2.29 0.34 52.80 2.28 0.33
52.95 2.29 0.34 52.95 2.28 0.33
53.10 2.29 0.34 53.10 2.28 0.33
53.25 2.29 0.34 53.25 2.28 0.33
53.40 2.29 0.34 53.40 2.28 0.33
53.55 2.29 0.34 53.55 2.28 0.33
53.70 2.29 0.34 53.70 2.28 0.33
53.85 2.29 0.34 53.85 2.28 0.33
54.00 2.29 0.34 54.00 2.28 0.33
54.15 2.29 0.34 54.15 2.28 0.33
54.30 2.29 0.34 54.30 2.28 0.33
54.45 2.29 0.34 54.45 2.28 0.33
54.60 2.29 0.34 54.60 2.28 0.33
54.75 2.29 0.34 54.75 2.28 0.33
54.90 2.29 0.34 54.90 2.28 0.33
55.05 2.29 0.34 55.05 2.28 0.33
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55.20 2.29 0.34 55.20 2.28 0.33
55.35 2.29 0.34 55.35 2.28 0.33
55.50 2.29 0.34 55.50 2.28 0.33
55.65 2.29 0.34 55.65 2.28 0.33
55.80 2.29 0.34 55.80 2.28 0.33
55.95 2.29 0.34 55.95 2.28 0.33
56.10 2.29 0.34 56.10 2.28 0.33
56.25 2.29 0.34 56.25 2.28 0.33
56.40 2.29 0.34 56.40 2.28 0.33
56.55 2.29 0.34 56.55 2.28 0.33
56.70 2.29 0.34 56.70 2.28 0.33
56.85 2.29 0.34 56.85 2.28 0.33
57.00 2.29 0.34 57.00 2.28 0.33
57.15 2.29 0.34 57.15 2.28 0.33
57.30 2.29 0.34 57.30 2.28 0.33
57.45 2.29 0.34 57.45 2.28 0.33
57.60 2.29 0.34 57.60 2.28 0.33
57.75 2.29 0.34 57.75 2.28 0.33
57.90 2.29 0.34 57.90 2.28 0.33
58.05 2.29 0.34 58.05 2.28 0.33
58.20 2.29 0.34 58.20 2.28 0.33
58.35 2.29 0.34 58.35 2.28 0.33
58.50 2.29 0.34 58.50 2.28 0.33
58.65 2.29 0.34 58.65 2.28 0.33
58.80 2.29 0.34 58.80 2.28 0.33
58.95 2.29 0.34 58.95 2.28 0.33
59.10 2.29 0.34 59.10 2.28 0.33
59.25 2.29 0.34 59.25 2.28 0.33
59.40 2.29 0.34 59.40 2.28 0.33
59.55 2.29 0.34 59.55 2.28 0.33
59.70 2.29 0.34 59.70 2.28 0.33
59.85 2.29 0.34 59.85 2.28 0.33
60.00 2.29 0.34 60.00 2.28 0.33
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 5.92 cfs Q 5.74 cfs Q 5.67 cfs Q 5.62 cfs
h 1.11 h 1.28 h 1.29 h 1.30
H 0.16 ft H 0.33 ft H 0.33 ft H 0.35 ft 
H/P 0.24 - H/P 0.49 - H/P 0.49 - H/P 0.52 -
Cd 1.726 - Cd 0.559 - Cd 0.547 - Cd 0.500 -

Cd-emp 0.695 - Cd-emp 0.549 - Cd-emp 0.548 - Cd-emp 0.533 -
εCd-emp 148.43% - εCd-emp 1.82% - εCd-emp -0.06% - εCd-emp -6.25% -

time h H time h H time h H time h H
0.00 1.29 0.33 0.00 1.29 0.33 0.00 1.29 0.33 0.00 1.29 0.33
0.60 1.30 0.34 0.60 1.29 0.34 0.60 1.29 0.34 0.60 1.29 0.34
1.20 1.36 0.40 1.20 1.33 0.37 1.20 1.33 0.37 1.20 1.33 0.37
1.80 1.38 0.42 1.80 1.36 0.40 1.80 1.36 0.40 1.80 1.36 0.40
2.40 1.37 0.42 2.40 1.37 0.41 2.40 1.37 0.41 2.40 1.37 0.41
3.00 1.34 0.39 3.00 1.32 0.36 3.00 1.32 0.36 3.00 1.32 0.36
3.60 1.20 0.24 3.60 1.31 0.35 3.60 1.31 0.35 3.60 1.31 0.35
4.20 1.37 0.41 4.20 1.31 0.35 4.20 1.31 0.35 4.20 1.31 0.35
4.80 1.18 0.23 4.80 1.27 0.31 4.80 1.27 0.32 4.80 1.28 0.32
5.40 1.21 0.26 5.40 1.30 0.34 5.40 1.30 0.34 5.40 1.30 0.34
6.00 1.12 0.16 6.00 1.29 0.33 6.00 1.27 0.31 6.00 1.24 0.29
6.60 1.29 0.33 6.60 1.29 0.33 6.60 1.31 0.35 6.60 1.33 0.37
7.20 1.30 0.34 7.20 1.29 0.33 7.20 1.29 0.33 7.20 1.28 0.32
7.80 1.16 0.20 7.80 1.31 0.35 7.80 1.32 0.37 7.80 1.32 0.37
8.40 1.25 0.29 8.40 1.32 0.36 8.40 1.33 0.37 8.40 1.35 0.39
9.00 1.35 0.39 9.00 1.32 0.37 9.00 1.29 0.34 9.00 1.27 0.32
9.60 1.11 0.16 9.60 1.30 0.34 9.60 1.33 0.38 9.60 1.34 0.39

10.20 1.25 0.30 10.20 1.29 0.33 10.20 1.28 0.33 10.20 1.25 0.29
10.80 1.14 0.18 10.80 1.27 0.32 10.80 1.29 0.34 10.80 1.31 0.36
11.40 1.11 0.15 11.40 1.29 0.34 11.40 1.29 0.34 11.40 1.29 0.33
12.00 1.37 0.41 12.00 1.33 0.37 12.00 1.30 0.35 12.00 1.33 0.37
12.60 1.14 0.18 12.60 1.26 0.30 12.60 1.25 0.30 12.60 1.26 0.31
13.20 1.10 0.15 13.20 1.30 0.34 13.20 1.31 0.35 13.20 1.35 0.39
13.80 1.18 0.22 13.80 1.30 0.34 13.80 1.29 0.33 13.80 1.31 0.36
14.40 1.16 0.21 14.40 1.29 0.34 14.40 1.32 0.36 14.40 1.32 0.37
15.00 1.16 0.21 15.00 1.33 0.37 15.00 1.31 0.35 15.00 1.29 0.33
15.60 1.27 0.31 15.60 1.31 0.35 15.60 1.30 0.34 15.60 1.28 0.33
16.20 1.14 0.18 16.20 1.27 0.31 16.20 1.29 0.33 16.20 1.36 0.40
16.80 1.10 0.14 16.80 1.30 0.34 16.80 1.30 0.34 16.80 1.29 0.33
17.40 1.20 0.24 17.40 1.30 0.34 17.40 1.28 0.33 17.40 1.33 0.37
18.00 1.10 0.15 18.00 1.29 0.34 18.00 1.29 0.34 18.00 1.31 0.36
18.60 1.15 0.20 18.60 1.28 0.33 18.60 1.27 0.32 18.60 1.26 0.31
19.20 1.14 0.18 19.20 1.27 0.32 19.20 1.29 0.33 19.20 1.27 0.32
19.80 1.08 0.12 19.80 1.29 0.33 19.80 1.29 0.33 19.80 1.40 0.44
20.40 1.13 0.18 20.40 1.31 0.35 20.40 1.30 0.35 20.40 1.23 0.28
21.00 1.18 0.22 21.00 1.30 0.34 21.00 1.31 0.35 21.00 1.34 0.38
21.60 1.15 0.19 21.60 1.30 0.34 21.60 1.30 0.34 21.60 1.29 0.34
22.20 1.13 0.17 22.20 1.28 0.33 22.20 1.28 0.33 22.20 1.26 0.30
22.80 1.14 0.18 22.80 1.30 0.34 22.80 1.31 0.35 22.80 1.27 0.31
23.40 1.10 0.15 23.40 1.29 0.33 23.40 1.29 0.34 23.40 1.34 0.38
24.00 1.14 0.19 24.00 1.29 0.33 24.00 1.29 0.34 24.00 1.33 0.38
24.60 1.13 0.17 24.60 1.28 0.33 24.60 1.28 0.33 24.60 1.30 0.34
25.20 1.11 0.16 25.20 1.28 0.33 25.20 1.29 0.33 25.20 1.33 0.37
25.80 1.12 0.16 25.80 1.27 0.32 25.80 1.28 0.33 25.80 1.24 0.28
26.40 1.11 0.15 26.40 1.31 0.35 26.40 1.30 0.34 26.40 1.30 0.34

346,668             680,064              3,306,877          
FLOW-3D (coarse mesh) FLOW-3D (medium mesh) FLOW-3D (fine mesh)

Table C5 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.5

FLOW -3D (fine mesh, 2nd order)
3,306,877                   
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27.00 1.10 0.14 27.00 1.29 0.33 27.00 1.29 0.33 27.00 1.32 0.37
27.60 1.14 0.18 27.60 1.29 0.33 27.60 1.29 0.34 27.60 1.36 0.40
28.20 1.13 0.17 28.20 1.28 0.32 28.20 1.29 0.33 28.20 1.20 0.24
28.80 1.11 0.15 28.80 1.30 0.34 28.80 1.29 0.33 28.80 1.39 0.44
29.40 1.12 0.16 29.40 1.29 0.33 29.40 1.29 0.33 29.40 1.28 0.32
30.00 1.11 0.15 30.00 1.29 0.34 30.00 1.29 0.34 30.00 1.33 0.37
30.60 1.11 0.15 30.60 1.28 0.33 30.60 1.28 0.33 30.60 1.35 0.40
31.20 1.13 0.17 31.20 1.28 0.32 31.20 1.28 0.33 31.20 1.22 0.26
31.80 1.11 0.16 31.80 1.28 0.33 31.80 1.29 0.33 31.80 1.29 0.33
32.40 1.10 0.15 32.40 1.29 0.33 32.40 1.29 0.33 32.40 1.26 0.31
33.00 1.12 0.16 33.00 1.29 0.33 33.00 1.29 0.33 33.00 1.37 0.41
33.60 1.10 0.14 33.60 1.29 0.33 33.60 1.29 0.33 33.60 1.30 0.34
34.20 1.12 0.16 34.20 1.28 0.32 34.20 1.28 0.33 34.20 1.26 0.30
34.80 1.11 0.15 34.80 1.29 0.33 34.80 1.29 0.34 34.80 1.30 0.34
35.40 1.11 0.16 35.40 1.29 0.33 35.40 1.29 0.33 35.40 1.22 0.26
36.00 1.10 0.15 36.00 1.29 0.33 36.00 1.28 0.33 36.00 1.42 0.46
36.60 1.11 0.16 36.60 1.28 0.33 36.60 1.29 0.33 36.60 1.24 0.29
37.20 1.11 0.16 37.20 1.28 0.32 37.20 1.29 0.33 37.20 1.37 0.41
37.80 1.11 0.15 37.80 1.28 0.33 37.80 1.29 0.33 37.80 1.26 0.31
38.40 1.12 0.16 38.40 1.29 0.33 38.40 1.29 0.33 38.40 1.24 0.28
39.00 1.10 0.15 39.00 1.28 0.33 39.00 1.29 0.33 39.00 1.36 0.40
39.60 1.11 0.15 39.60 1.28 0.33 39.60 1.29 0.33 39.60 1.30 0.35
40.20 1.11 0.15 40.20 1.28 0.33 40.20 1.29 0.33 40.20 1.32 0.37
40.80 1.11 0.16 40.80 1.28 0.33 40.80 1.28 0.33 40.80 1.33 0.37
41.40 1.11 0.15 41.40 1.29 0.33 41.40 1.29 0.33 41.40 1.25 0.29
42.00 1.11 0.15 42.00 1.29 0.33 42.00 1.28 0.33 42.00 1.35 0.40
42.60 1.10 0.14 42.60 1.28 0.33 42.60 1.29 0.33 42.60 1.21 0.25
43.20 1.11 0.15 43.20 1.28 0.33 43.20 1.28 0.33 43.20 1.19 0.23
43.80 1.12 0.16 43.80 1.29 0.33 43.80 1.29 0.33 43.80 1.39 0.44
44.40 1.10 0.14 44.40 1.28 0.33 44.40 1.29 0.33 44.40 1.22 0.27
45.00 1.11 0.15 45.00 1.28 0.33 45.00 1.29 0.33 45.00 1.28 0.33
45.60 1.10 0.15 45.60 1.28 0.33 45.60 1.28 0.33 45.60 1.24 0.29
46.20 1.11 0.15 46.20 1.28 0.33 46.20 1.29 0.33 46.20 1.29 0.33
46.80 1.12 0.17 46.80 1.28 0.33 46.80 1.29 0.33 46.80 1.37 0.41
47.40 1.11 0.15 47.40 1.28 0.33 47.40 1.29 0.33 47.40 1.28 0.32
48.00 1.09 0.14 48.00 1.28 0.33 48.00 1.29 0.33 48.00 1.34 0.38
48.60 1.11 0.15 48.60 1.28 0.33 48.60 1.29 0.33 48.60 1.25 0.29
49.20 1.10 0.15 49.20 1.28 0.33 49.20 1.28 0.33 49.20 1.35 0.39
49.80 1.11 0.15 49.80 1.28 0.33 49.80 1.29 0.33 49.80 1.29 0.33
50.40 1.11 0.15 50.40 1.28 0.33 50.40 1.28 0.33 50.40 1.35 0.39
51.00 1.11 0.15 51.00 1.28 0.33 51.00 1.29 0.33 51.00 1.27 0.31
51.60 1.11 0.15 51.60 1.28 0.33 51.60 1.29 0.33 51.60 1.22 0.27
52.20 1.10 0.14 52.20 1.28 0.33 52.20 1.29 0.33 52.20 1.26 0.31
52.80 1.11 0.15 52.80 1.28 0.33 52.80 1.29 0.33 52.80 1.40 0.45
53.40 1.11 0.15 53.40 1.28 0.33 53.40 1.29 0.33 53.40 1.20 0.24
54.00 1.11 0.16 54.00 1.28 0.33 54.00 1.28 0.33 54.00 1.36 0.40
54.60 1.12 0.16 54.60 1.28 0.33 54.60 1.29 0.33 54.60 1.30 0.34
55.20 1.13 0.18 55.20 1.28 0.33 55.20 1.28 0.33 55.20 1.28 0.32
55.80 1.12 0.16 55.80 1.28 0.33 55.80 1.29 0.33 55.80 1.30 0.34
56.40 1.12 0.16 56.40 1.28 0.33 56.40 1.29 0.33 56.40 1.42 0.46
57.00 1.13 0.17 57.00 1.29 0.33 57.00 1.29 0.33 57.00 1.27 0.31
57.60 1.13 0.17 57.60 1.28 0.33 57.60 1.28 0.33 57.60 1.30 0.35
58.20 1.13 0.17 58.20 1.28 0.33 58.20 1.29 0.33 58.20 1.24 0.28
58.80 1.12 0.16 58.80 1.28 0.33 58.80 1.29 0.33 58.80 1.35 0.40
59.40 1.13 0.17 59.40 1.28 0.33 59.40 1.29 0.33 59.40 1.32 0.36
60.00 1.13 0.17 60.00 1.28 0.33 60.00 1.29 0.33 60.00 1.36 0.40
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Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 5.61 cfs Q 5.66 cfs Q 5.62 cfs
h 1.31 h 1.29 h 1.28
H 0.35 ft H 0.33 ft H 0.33 ft 
H/P 0.53 - H/P 0.49 - H/P 0.49 -
Cd 0.494 - Cd 0.548 - Cd 0.547 -

Cd-emp 0.532 - Cd-emp 0.548 - Cd-emp 0.549 -
εCd-emp -7.08% - εCd-emp 0.00% - εCd-emp -0.43% -

time h H time h H time h H
0.00 1.29 0.33 0.00 1.29 0.33 0.00 1.29 0.33
0.60 1.29 0.34 0.60 1.30 0.34 0.60 1.30 0.34
1.20 1.33 0.37 1.20 1.35 0.40 1.20 1.35 0.40
1.80 1.36 0.40 1.80 1.34 0.38 1.80 1.34 0.38
2.40 1.37 0.41 2.40 1.35 0.40 2.40 1.35 0.40
3.00 1.32 0.36 3.00 1.34 0.38 3.00 1.34 0.38
3.60 1.31 0.35 3.60 1.30 0.34 3.60 1.30 0.34
4.20 1.31 0.35 4.20 1.32 0.36 4.20 1.32 0.37
4.80 1.28 0.32 4.80 1.28 0.33 4.80 1.29 0.33
5.40 1.30 0.34 5.40 1.25 0.30 5.40 1.25 0.30
6.00 1.24 0.28 6.00 1.30 0.35 6.00 1.30 0.35
6.60 1.33 0.37 6.60 1.28 0.32 6.60 1.28 0.33
7.20 1.29 0.34 7.20 1.32 0.36 7.20 1.32 0.36
7.80 1.33 0.37 7.80 1.31 0.35 7.80 1.30 0.35
8.40 1.35 0.39 8.40 1.31 0.36 8.40 1.31 0.35
9.00 1.27 0.32 9.00 1.32 0.36 9.00 1.32 0.37
9.60 1.33 0.37 9.60 1.32 0.37 9.60 1.31 0.35

10.20 1.28 0.32 10.20 1.30 0.35 10.20 1.32 0.37
10.80 1.32 0.37 10.80 1.28 0.32 10.80 1.27 0.32
11.40 1.29 0.33 11.40 1.30 0.34 11.40 1.30 0.35
12.00 1.32 0.36 12.00 1.28 0.32 12.00 1.28 0.33
12.60 1.30 0.34 12.60 1.28 0.32 12.60 1.27 0.32
13.20 1.31 0.35 13.20 1.30 0.34 13.20 1.30 0.34
13.80 1.30 0.35 13.80 1.30 0.34 13.80 1.30 0.35
14.40 1.29 0.33 14.40 1.30 0.34 14.40 1.30 0.34

Table C6 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.5

FLOW -3D (fine mesh, 1 Eq.)
3,306,877          

FLOW-3D (fine mesh, k-ε )
3,306,877          

FLOW-3D (fine mesh, k- ω)
3,306,877          
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15.00 1.33 0.37 15.00 1.31 0.35 15.00 1.30 0.34
15.60 1.28 0.32 15.60 1.30 0.34 15.60 1.31 0.35
16.20 1.34 0.38 16.20 1.31 0.35 16.20 1.31 0.35
16.80 1.28 0.33 16.80 1.29 0.33 16.80 1.29 0.33
17.40 1.29 0.33 17.40 1.29 0.33 17.40 1.29 0.33
18.00 1.31 0.36 18.00 1.28 0.33 18.00 1.29 0.33
18.60 1.30 0.34 18.60 1.28 0.33 18.60 1.28 0.32
19.20 1.33 0.37 19.20 1.29 0.34 19.20 1.29 0.33
19.80 1.26 0.30 19.80 1.28 0.33 19.80 1.29 0.33
20.40 1.31 0.36 20.40 1.29 0.34 20.40 1.29 0.34
21.00 1.40 0.44 21.00 1.30 0.35 21.00 1.30 0.34
21.60 1.25 0.29 21.60 1.29 0.33 21.60 1.29 0.33
22.20 1.28 0.33 22.20 1.31 0.35 22.20 1.31 0.35
22.80 1.27 0.32 22.80 1.29 0.33 22.80 1.28 0.33
23.40 1.39 0.43 23.40 1.29 0.34 23.40 1.30 0.34
24.00 1.25 0.30 24.00 1.29 0.33 24.00 1.28 0.33
24.60 1.39 0.43 24.60 1.28 0.33 24.60 1.29 0.33
25.20 1.27 0.31 25.20 1.29 0.33 25.20 1.29 0.34
25.80 1.29 0.33 25.80 1.29 0.33 25.80 1.29 0.33
26.40 1.31 0.36 26.40 1.28 0.33 26.40 1.29 0.33
27.00 1.28 0.32 27.00 1.29 0.33 27.00 1.29 0.34
27.60 1.23 0.27 27.60 1.30 0.34 27.60 1.30 0.34
28.20 1.27 0.31 28.20 1.29 0.34 28.20 1.29 0.34
28.80 1.40 0.44 28.80 1.29 0.33 28.80 1.29 0.33
29.40 1.14 0.18 29.40 1.29 0.33 29.40 1.29 0.33
30.00 1.45 0.49 30.00 1.29 0.33 30.00 1.29 0.33
30.60 1.34 0.38 30.60 1.29 0.33 30.60 1.29 0.33
31.20 1.26 0.31 31.20 1.28 0.33 31.20 1.28 0.33
31.80 1.37 0.42 31.80 1.28 0.33 31.80 1.28 0.33
32.40 1.27 0.31 32.40 1.29 0.33 32.40 1.29 0.33
33.00 1.34 0.39 33.00 1.29 0.33 33.00 1.29 0.33
33.60 1.31 0.36 33.60 1.29 0.33 33.60 1.29 0.33
34.20 1.22 0.26 34.20 1.29 0.33 34.20 1.29 0.33
34.80 1.35 0.40 34.80 1.29 0.33 34.80 1.29 0.33
35.40 1.30 0.35 35.40 1.29 0.33 35.40 1.29 0.33
36.00 1.26 0.30 36.00 1.28 0.33 36.00 1.28 0.32
36.60 1.32 0.36 36.60 1.28 0.33 36.60 1.29 0.33
37.20 1.25 0.29 37.20 1.29 0.33 37.20 1.29 0.33
37.80 1.40 0.45 37.80 1.28 0.32 37.80 1.28 0.33
38.40 1.24 0.28 38.40 1.28 0.33 38.40 1.29 0.33
39.00 1.27 0.32 39.00 1.28 0.33 39.00 1.28 0.33
39.60 1.42 0.46 39.60 1.28 0.33 39.60 1.29 0.33
40.20 1.24 0.28 40.20 1.29 0.33 40.20 1.29 0.33
40.80 1.40 0.44 40.80 1.29 0.33 40.80 1.28 0.33
41.40 1.24 0.28 41.40 1.28 0.33 41.40 1.28 0.33
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42.00 1.34 0.39 42.00 1.29 0.33 42.00 1.29 0.33
42.60 1.31 0.35 42.60 1.28 0.33 42.60 1.28 0.33
43.20 1.19 0.23 43.20 1.28 0.33 43.20 1.28 0.33
43.80 1.43 0.48 43.80 1.29 0.33 43.80 1.28 0.33
44.40 1.31 0.36 44.40 1.29 0.33 44.40 1.28 0.33
45.00 1.22 0.26 45.00 1.28 0.33 45.00 1.28 0.33
45.60 1.36 0.41 45.60 1.29 0.33 45.60 1.28 0.33
46.20 1.33 0.38 46.20 1.28 0.33 46.20 1.28 0.33
46.80 1.23 0.27 46.80 1.29 0.33 46.80 1.29 0.33
47.40 1.29 0.33 47.40 1.29 0.33 47.40 1.28 0.33
48.00 1.35 0.39 48.00 1.28 0.33 48.00 1.28 0.33
48.60 1.20 0.24 48.60 1.29 0.33 48.60 1.29 0.33
49.20 1.36 0.40 49.20 1.29 0.33 49.20 1.28 0.33
49.80 1.23 0.27 49.80 1.29 0.33 49.80 1.28 0.33
50.40 1.27 0.31 50.40 1.29 0.33 50.40 1.28 0.33
51.00 1.30 0.34 51.00 1.28 0.33 51.00 1.28 0.33
51.60 1.33 0.38 51.60 1.29 0.33 51.60 1.29 0.33
52.20 1.33 0.38 52.20 1.29 0.33 52.20 1.28 0.33
52.80 1.43 0.47 52.80 1.28 0.33 52.80 1.28 0.33
53.40 1.28 0.33 53.40 1.29 0.33 53.40 1.28 0.33
54.00 1.29 0.33 54.00 1.29 0.33 54.00 1.29 0.33
54.60 1.27 0.32 54.60 1.28 0.33 54.60 1.28 0.33
55.20 1.39 0.44 55.20 1.29 0.33 55.20 1.28 0.33
55.80 1.24 0.29 55.80 1.29 0.33 55.80 1.28 0.33
56.40 1.36 0.40 56.40 1.28 0.33 56.40 1.28 0.33
57.00 1.23 0.27 57.00 1.29 0.33 57.00 1.28 0.33
57.60 1.35 0.40 57.60 1.28 0.33 57.60 1.28 0.33
58.20 1.29 0.33 58.20 1.28 0.33 58.20 1.28 0.33
58.80 1.31 0.36 58.80 1.29 0.33 58.80 1.29 0.33
59.40 1.37 0.42 59.40 1.28 0.33 59.40 1.28 0.33
60.00 1.28 0.33 60.00 1.28 0.33 60.00 1.28 0.33
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Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 8.24 cfs Q 8.06 cfs Q 8.39 cfs
h 2.43 h 2.40 h 2.38
H 0.47 ft H 0.44 ft H 0.43 ft 
H/P 0.70 - H/P 0.66 - H/P 0.64 -
Cd 0.468 - Cd 0.501 - Cd 0.549 -

Cd-emp 0.459 - Cd-emp 0.473 - Cd-emp 0.481 -
εCd-emp 1.88% - εCd-emp 5.90% - εCd-emp 14.12% -

time h H time h H time h H
45.00 2.43 0.48 45.00 2.41 0.45 45.00 2.38 0.43
45.15 2.44 0.48 45.15 2.41 0.45 45.15 2.38 0.43
45.30 2.44 0.48 45.30 2.41 0.45 45.30 2.38 0.43
45.45 2.44 0.48 45.45 2.41 0.45 45.45 2.38 0.43
45.60 2.44 0.48 45.60 2.41 0.45 45.60 2.38 0.43
45.75 2.44 0.48 45.75 2.41 0.45 45.75 2.38 0.43
45.90 2.44 0.48 45.90 2.41 0.45 45.90 2.38 0.43
46.05 2.44 0.48 46.05 2.41 0.45 46.05 2.38 0.43
46.20 2.43 0.48 46.20 2.41 0.45 46.20 2.38 0.43
46.35 2.43 0.48 46.35 2.41 0.45 46.35 2.38 0.43
46.50 2.43 0.48 46.50 2.41 0.45 46.50 2.38 0.43
46.65 2.43 0.48 46.65 2.41 0.45 46.65 2.38 0.43
46.80 2.43 0.48 46.80 2.41 0.45 46.80 2.38 0.43
46.95 2.43 0.47 46.95 2.40 0.45 46.95 2.38 0.43
47.10 2.43 0.47 47.10 2.40 0.45 47.10 2.38 0.43
47.25 2.43 0.47 47.25 2.40 0.45 47.25 2.38 0.43
47.40 2.43 0.48 47.40 2.40 0.45 47.40 2.38 0.43
47.55 2.43 0.48 47.55 2.40 0.45 47.55 2.38 0.43
47.70 2.43 0.48 47.70 2.40 0.45 47.70 2.38 0.43
47.85 2.43 0.48 47.85 2.40 0.45 47.85 2.38 0.43
48.00 2.43 0.48 48.00 2.40 0.45 48.00 2.38 0.43
48.15 2.44 0.48 48.15 2.40 0.45 48.15 2.38 0.43
48.30 2.44 0.48 48.30 2.40 0.45 48.30 2.38 0.43
48.45 2.44 0.48 48.45 2.40 0.45 48.45 2.38 0.43
48.60 2.44 0.48 48.60 2.40 0.45 48.60 2.38 0.43
48.75 2.44 0.48 48.75 2.40 0.45 48.75 2.38 0.43
48.90 2.44 0.48 48.90 2.40 0.45 48.90 2.38 0.43
49.05 2.44 0.48 49.05 2.40 0.45 49.05 2.38 0.43

Table C7 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.7

STAR CCM+ (coarse mesh) STAR CCM+ (medium mesh) STAR CCM+ (fine mesh)
440,955                       1,027,961             2,754,245       
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49.20 2.44 0.48 49.20 2.40 0.44 49.20 2.38 0.43
49.35 2.44 0.48 49.35 2.40 0.44 49.35 2.38 0.43
49.50 2.44 0.48 49.50 2.40 0.44 49.50 2.38 0.43
49.65 2.44 0.48 49.65 2.40 0.44 49.65 2.38 0.43
49.80 2.44 0.48 49.80 2.40 0.44 49.80 2.38 0.43
49.95 2.44 0.48 49.95 2.40 0.44 49.95 2.38 0.43
50.10 2.44 0.48 50.10 2.40 0.44 50.10 2.38 0.43
50.25 2.44 0.48 50.25 2.40 0.44 50.25 2.38 0.43
50.40 2.44 0.48 50.40 2.40 0.44 50.40 2.38 0.43
50.55 2.44 0.48 50.55 2.40 0.44 50.55 2.38 0.43
50.70 2.44 0.48 50.70 2.40 0.44 50.70 2.38 0.43
50.85 2.44 0.48 50.85 2.40 0.44 50.85 2.38 0.43
51.00 2.44 0.48 51.00 2.40 0.44 51.00 2.38 0.43
51.15 2.44 0.48 51.15 2.40 0.44 51.15 2.38 0.43
51.30 2.43 0.48 51.30 2.40 0.44 51.30 2.38 0.43
51.45 2.43 0.48 51.45 2.40 0.44 51.45 2.38 0.43
51.60 2.43 0.48 51.60 2.40 0.44 51.60 2.38 0.43
51.75 2.43 0.47 51.75 2.40 0.44 51.75 2.38 0.43
51.90 2.43 0.47 51.90 2.40 0.44 51.90 2.38 0.43
52.05 2.43 0.47 52.05 2.40 0.44 52.05 2.38 0.43
52.20 2.43 0.47 52.20 2.40 0.44 52.20 2.38 0.43
52.35 2.43 0.47 52.35 2.40 0.44 52.35 2.38 0.43
52.50 2.42 0.47 52.50 2.40 0.44 52.50 2.38 0.43
52.65 2.42 0.47 52.65 2.40 0.44 52.65 2.38 0.43
52.80 2.42 0.47 52.80 2.40 0.44 52.80 2.38 0.43
52.95 2.42 0.46 52.95 2.40 0.44 52.95 2.38 0.43
53.10 2.42 0.46 53.10 2.40 0.44 53.10 2.38 0.43
53.25 2.42 0.46 53.25 2.40 0.44 53.25 2.38 0.43
53.40 2.42 0.46 53.40 2.40 0.44 53.40 2.38 0.43
53.55 2.42 0.46 53.55 2.40 0.44 53.55 2.38 0.43
53.70 2.42 0.46 53.70 2.40 0.44 53.70 2.38 0.43
53.85 2.42 0.46 53.85 2.40 0.44 53.85 2.38 0.43
54.00 2.41 0.46 54.00 2.40 0.44 54.00 2.38 0.43
54.15 2.41 0.46 54.15 2.40 0.44 54.15 2.38 0.43
54.30 2.41 0.46 54.30 2.39 0.44 54.30 2.38 0.43
54.45 2.41 0.46 54.45 2.39 0.44 54.45 2.38 0.43
54.60 2.41 0.46 54.60 2.39 0.44 54.60 2.38 0.43
54.75 2.41 0.45 54.75 2.39 0.44 54.75 2.38 0.43
54.90 2.41 0.45 54.90 2.39 0.44 54.90 2.38 0.43
55.05 2.41 0.45 55.05 2.39 0.44 55.05 2.38 0.43
55.20 2.41 0.45 55.20 2.39 0.44 55.20 2.38 0.43
55.35 2.41 0.45 55.35 2.39 0.44 55.35 2.38 0.43
55.50 2.41 0.45 55.50 2.39 0.44 55.50 2.38 0.43
55.65 2.41 0.45 55.65 2.39 0.44 55.65 2.38 0.43
55.80 2.41 0.45 55.80 2.39 0.44 55.80 2.38 0.43
55.95 2.41 0.45 55.95 2.39 0.44 55.95 2.38 0.43
56.10 2.41 0.45 56.10 2.39 0.44 56.10 2.38 0.43
56.25 2.41 0.45 56.25 2.39 0.44 56.25 2.38 0.43
56.40 2.41 0.45 56.40 2.39 0.44 56.40 2.38 0.43
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56.55 2.41 0.45 56.55 2.39 0.44 56.55 2.38 0.43
56.70 2.41 0.45 56.70 2.39 0.44 56.70 2.38 0.43
56.85 2.41 0.45 56.85 2.39 0.44 56.85 2.38 0.43
57.00 2.41 0.46 57.00 2.39 0.44 57.00 2.38 0.43
57.15 2.41 0.46 57.15 2.39 0.44 57.15 2.38 0.43
57.30 2.41 0.46 57.30 2.39 0.44 57.30 2.38 0.43
57.45 2.41 0.46 57.45 2.39 0.44 57.45 2.38 0.43
57.60 2.42 0.46 57.60 2.39 0.44 57.60 2.38 0.43
57.75 2.42 0.46 57.75 2.39 0.44 57.75 2.38 0.43
57.90 2.42 0.46 57.90 2.39 0.44 57.90 2.38 0.43
58.05 2.42 0.46 58.05 2.39 0.44 58.05 2.38 0.43
58.20 2.42 0.46 58.20 2.39 0.44 58.20 2.38 0.43
58.35 2.42 0.46 58.35 2.39 0.44 58.35 2.38 0.43
58.50 2.42 0.46 58.50 2.39 0.44 58.50 2.38 0.43
58.65 2.42 0.46 58.65 2.39 0.44 58.65 2.38 0.43
58.80 2.42 0.47 58.80 2.39 0.44 58.80 2.38 0.43
58.95 2.42 0.47 58.95 2.39 0.44 58.95 2.38 0.43
59.10 2.42 0.47 59.10 2.39 0.44 59.10 2.38 0.43
59.25 2.42 0.47 59.25 2.39 0.44 59.25 2.38 0.43
59.40 2.42 0.47 59.40 2.39 0.44 59.40 2.38 0.43
59.55 2.42 0.47 59.55 2.40 0.44 59.55 2.38 0.43
59.70 2.42 0.47 59.70 2.40 0.44 59.70 2.38 0.43
59.85 2.42 0.47 59.85 2.40 0.44 59.85 2.38 0.43
60.00 2.42 0.47 60.00 2.40 0.44 60.00 2.38 0.43
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Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 8.02 cfs Q 7.94 cfs Q 7.87 cfs
h 1.23 h 1.40 h 1.40
H 0.27 ft H 0.45 ft H 0.45 ft 
H/P 0.40 - H/P 0.67 - H/P 0.67 -
Cd 1.045 - Cd 0.488 - Cd 0.484 -

Cd-emp 0.599 - Cd-emp 0.471 - Cd-emp 0.471 -
εCd-emp 74.53% - εCd-emp 3.53% - εCd-emp 2.62% -

time h H time h H time h H
0.00 1.42 0.47 0.00 1.42 0.47 0.00 1.43 0.47
0.60 1.43 0.47 0.60 1.43 0.47 0.60 1.43 0.47
1.20 1.48 0.52 1.20 1.48 0.52 1.20 1.48 0.52
1.80 1.50 0.54 1.80 1.50 0.54 1.80 1.50 0.54
2.40 1.48 0.53 2.40 1.50 0.54 2.40 1.50 0.54
3.00 1.42 0.46 3.00 1.44 0.48 3.00 1.44 0.48
3.60 1.40 0.44 3.60 1.45 0.49 3.60 1.45 0.49
4.20 1.38 0.42 4.20 1.43 0.48 4.20 1.43 0.48
4.80 1.32 0.36 4.80 1.38 0.42 4.80 1.38 0.42
5.40 1.33 0.37 5.40 1.41 0.46 5.40 1.41 0.46
6.00 1.37 0.41 6.00 1.42 0.46 6.00 1.42 0.46
6.60 1.39 0.44 6.60 1.42 0.47 6.60 1.43 0.47
7.20 1.29 0.33 7.20 1.42 0.46 7.20 1.42 0.46
7.80 1.37 0.41 7.80 1.43 0.48 7.80 1.44 0.48
8.40 1.34 0.38 8.40 1.46 0.50 8.40 1.46 0.50
9.00 1.37 0.41 9.00 1.44 0.48 9.00 1.43 0.47
9.60 1.46 0.51 9.60 1.43 0.47 9.60 1.43 0.48

10.20 1.27 0.32 10.20 1.40 0.44 10.20 1.41 0.46
10.80 1.31 0.35 10.80 1.40 0.44 10.80 1.38 0.42
11.40 1.29 0.33 11.40 1.43 0.48 11.40 1.43 0.47
12.00 1.27 0.32 12.00 1.41 0.45 12.00 1.41 0.45
12.60 1.35 0.40 12.60 1.40 0.44 12.60 1.40 0.45
13.20 1.30 0.34 13.20 1.42 0.47 13.20 1.43 0.48
13.80 1.29 0.33 13.80 1.43 0.47 13.80 1.44 0.48
14.40 1.30 0.34 14.40 1.43 0.48 14.40 1.43 0.47
15.00 1.32 0.36 15.00 1.43 0.47 15.00 1.43 0.48

Table C8 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.7

FLOW-3D (coarse mesh) FLOW-3D (medium mesh) FLOW-3D (fine mesh)
346,668            680,064              3,306,877              
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15.60 1.34 0.39 15.60 1.41 0.45 15.60 1.40 0.44
16.20 1.24 0.28 16.20 1.41 0.46 16.20 1.43 0.47
16.80 1.32 0.37 16.80 1.41 0.46 16.80 1.40 0.44
17.40 1.21 0.25 17.40 1.42 0.46 17.40 1.42 0.47
18.00 1.27 0.31 18.00 1.40 0.44 18.00 1.40 0.44
18.60 1.35 0.40 18.60 1.41 0.45 18.60 1.40 0.45
19.20 1.18 0.22 19.20 1.41 0.45 19.20 1.41 0.45
19.80 1.32 0.36 19.80 1.41 0.46 19.80 1.42 0.46
20.40 1.21 0.26 20.40 1.43 0.47 20.40 1.42 0.46
21.00 1.27 0.31 21.00 1.41 0.46 21.00 1.42 0.46
21.60 1.33 0.37 21.60 1.41 0.45 21.60 1.40 0.45
22.20 1.30 0.34 22.20 1.40 0.44 22.20 1.41 0.45
22.80 1.18 0.22 22.80 1.43 0.47 22.80 1.43 0.47
23.40 1.26 0.31 23.40 1.39 0.44 23.40 1.39 0.44
24.00 1.26 0.31 24.00 1.40 0.45 24.00 1.41 0.45
24.60 1.30 0.34 24.60 1.40 0.45 24.60 1.40 0.44
25.20 1.14 0.18 25.20 1.40 0.45 25.20 1.41 0.45
25.80 1.32 0.36 25.80 1.42 0.46 25.80 1.41 0.46
26.40 1.15 0.19 26.40 1.41 0.45 26.40 1.41 0.45
27.00 1.29 0.33 27.00 1.40 0.44 27.00 1.41 0.45
27.60 1.39 0.44 27.60 1.41 0.45 27.60 1.41 0.45
28.20 1.14 0.19 28.20 1.41 0.45 28.20 1.41 0.45
28.80 1.23 0.27 28.80 1.41 0.45 28.80 1.41 0.45
29.40 1.26 0.30 29.40 1.41 0.45 29.40 1.41 0.45
30.00 1.24 0.29 30.00 1.40 0.44 30.00 1.40 0.44
30.60 1.30 0.35 30.60 1.40 0.44 30.60 1.40 0.44
31.20 1.18 0.22 31.20 1.41 0.45 31.20 1.40 0.45
31.80 1.17 0.21 31.80 1.41 0.45 31.80 1.41 0.45
32.40 1.27 0.31 32.40 1.41 0.45 32.40 1.40 0.45
33.00 1.26 0.30 33.00 1.40 0.44 33.00 1.40 0.44
33.60 1.23 0.27 33.60 1.41 0.45 33.60 1.41 0.45
34.20 1.29 0.33 34.20 1.41 0.45 34.20 1.41 0.45
34.80 1.19 0.24 34.80 1.41 0.45 34.80 1.41 0.45
35.40 1.18 0.22 35.40 1.40 0.44 35.40 1.40 0.44
36.00 1.35 0.40 36.00 1.40 0.44 36.00 1.40 0.44
36.60 1.20 0.24 36.60 1.40 0.44 36.60 1.40 0.44
37.20 1.19 0.23 37.20 1.41 0.45 37.20 1.41 0.45
37.80 1.30 0.34 37.80 1.40 0.44 37.80 1.40 0.44
38.40 1.09 0.14 38.40 1.41 0.45 38.40 1.41 0.45
39.00 1.29 0.33 39.00 1.40 0.44 39.00 1.40 0.44
39.60 1.34 0.38 39.60 1.40 0.45 39.60 1.41 0.45
40.20 1.10 0.14 40.20 1.40 0.45 40.20 1.40 0.45
40.80 1.25 0.29 40.80 1.41 0.45 40.80 1.40 0.45
41.40 1.25 0.29 41.40 1.40 0.44 41.40 1.40 0.44
42.00 1.21 0.25 42.00 1.40 0.45 42.00 1.40 0.44
42.60 1.28 0.33 42.60 1.40 0.44 42.60 1.40 0.44
43.20 1.22 0.26 43.20 1.41 0.45 43.20 1.41 0.45
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43.80 1.13 0.17 43.80 1.40 0.44 43.80 1.40 0.44
44.40 1.31 0.36 44.40 1.40 0.44 44.40 1.40 0.44
45.00 1.20 0.24 45.00 1.40 0.44 45.00 1.40 0.44
45.60 1.22 0.26 45.60 1.41 0.45 45.60 1.41 0.45
46.20 1.29 0.33 46.20 1.40 0.44 46.20 1.40 0.44
46.80 1.11 0.16 46.80 1.40 0.45 46.80 1.40 0.45
47.40 1.25 0.30 47.40 1.40 0.44 47.40 1.40 0.44
48.00 1.31 0.35 48.00 1.40 0.45 48.00 1.40 0.45
48.60 1.11 0.16 48.60 1.40 0.44 48.60 1.40 0.45
49.20 1.38 0.42 49.20 1.40 0.45 49.20 1.40 0.44
49.80 1.16 0.20 49.80 1.40 0.44 49.80 1.40 0.44
50.40 1.08 0.13 50.40 1.40 0.45 50.40 1.40 0.45
51.00 1.40 0.44 51.00 1.40 0.44 51.00 1.40 0.44
51.60 1.22 0.26 51.60 1.40 0.45 51.60 1.40 0.45
52.20 1.13 0.18 52.20 1.40 0.45 52.20 1.40 0.44
52.80 1.33 0.37 52.80 1.40 0.45 52.80 1.40 0.45
53.40 1.13 0.18 53.40 1.40 0.44 53.40 1.40 0.44
54.00 1.24 0.28 54.00 1.40 0.44 54.00 1.40 0.45
54.60 1.33 0.37 54.60 1.40 0.45 54.60 1.40 0.45
55.20 1.13 0.17 55.20 1.40 0.45 55.20 1.40 0.45
55.80 1.23 0.27 55.80 1.40 0.44 55.80 1.40 0.44
56.40 1.26 0.30 56.40 1.40 0.44 56.40 1.40 0.44
57.00 1.18 0.22 57.00 1.40 0.44 57.00 1.40 0.44
57.60 1.29 0.33 57.60 1.40 0.45 57.60 1.40 0.45
58.20 1.22 0.26 58.20 1.40 0.45 58.20 1.40 0.45
58.80 1.14 0.18 58.80 1.40 0.44 58.80 1.40 0.44
59.40 1.30 0.35 59.40 1.40 0.45 59.40 1.40 0.44
60.00 1.24 0.28 60.00 1.40 0.45 60.00 1.40 0.45
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Cell count: Cell count:
P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg
L 122.95 in L 122.95 in
L 10.25 ft L 10.25 ft
tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2
Q 9.42 cfs Q 8.79 cfs
h 2.45 h 1.46
H 0.49 ft H 0.50 ft 
H/P 0.74 - H/P 0.75 -
Cd 0.498 - Cd 0.451 -

Cd-emp 0.449 - Cd-emp 0.445 -
εCd-emp 10.97% - εCd-emp 1.34% -

time h H time h H
45.00 2.45 0.45 0.00 1.41 0.45
45.15 2.45 0.45 0.60 1.41 0.45
45.30 2.45 0.45 1.20 1.42 0.47
45.45 2.45 0.45 1.80 1.42 0.46
45.60 2.45 0.45 2.40 1.42 0.46
45.75 2.45 0.45 3.00 1.42 0.47
45.90 2.45 0.45 3.60 1.42 0.46
46.05 2.45 0.45 4.20 1.42 0.47
46.20 2.45 0.45 4.80 1.42 0.46
46.35 2.45 0.45 5.40 1.42 0.47
46.50 2.45 0.45 6.00 1.43 0.47
46.65 2.45 0.45 6.60 1.44 0.48
46.80 2.45 0.45 7.20 1.44 0.48
46.95 2.45 0.45 7.80 1.43 0.48
47.10 2.45 0.45 8.40 1.44 0.48
47.25 2.45 0.45 9.00 1.44 0.48
47.40 2.45 0.45 9.60 1.44 0.48
47.55 2.45 0.45 10.20 1.44 0.48
47.70 2.45 0.45 10.80 1.44 0.48
47.85 2.45 0.45 11.40 1.44 0.48
48.00 2.45 0.45 12.00 1.44 0.49
48.15 2.45 0.45 12.60 1.45 0.49
48.30 2.45 0.45 13.20 1.44 0.49
48.45 2.45 0.45 13.80 1.45 0.49

2,754,245               3,306,877          
STAR CCM+ (fine mesh) FLOW-3D (fine mesh)

Table C9 Tabulated time series data for α = 16°; θ = 10° arced labyrinth weir at H/P = 0.8
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48.60 2.45 0.45 14.40 1.45 0.49
48.75 2.45 0.45 15.00 1.45 0.49
48.90 2.45 0.45 15.60 1.45 0.49
49.05 2.45 0.45 16.20 1.44 0.49
49.20 2.45 0.45 16.80 1.44 0.49
49.35 2.45 0.45 17.40 1.45 0.49
49.50 2.45 0.45 18.00 1.45 0.49
49.65 2.45 0.45 18.60 1.45 0.49
49.80 2.45 0.45 19.20 1.45 0.49
49.95 2.45 0.45 19.80 1.45 0.49
50.10 2.45 0.45 20.40 1.45 0.50
50.25 2.45 0.45 21.00 1.45 0.50
50.40 2.45 0.45 21.60 1.45 0.50
50.55 2.45 0.45 22.20 1.45 0.50
50.70 2.45 0.45 22.80 1.45 0.50
50.85 2.45 0.45 23.40 1.45 0.50
51.00 2.45 0.45 24.00 1.45 0.50
51.15 2.45 0.45 24.60 1.45 0.50
51.30 2.45 0.45 25.20 1.45 0.50
51.45 2.45 0.45 25.80 1.45 0.50
51.60 2.44 0.44 26.40 1.46 0.50
51.75 2.45 0.45 27.00 1.46 0.50
51.90 2.45 0.45 27.60 1.45 0.50
52.05 2.45 0.45 28.20 1.46 0.50
52.20 2.45 0.45 28.80 1.46 0.50
52.35 2.45 0.45 29.40 1.46 0.50
52.50 2.45 0.45 30.00 1.46 0.50
52.65 2.45 0.45 30.60 1.45 0.50
52.80 2.45 0.45 31.20 1.46 0.50
52.95 2.45 0.45 31.80 1.46 0.50
53.10 2.45 0.45 32.40 1.46 0.50
53.25 2.45 0.45 33.00 1.46 0.50
53.40 2.45 0.45 33.60 1.46 0.50
53.55 2.45 0.45 34.20 1.46 0.50
53.70 2.45 0.45 34.80 1.46 0.50
53.85 2.45 0.45 35.40 1.46 0.50
54.00 2.45 0.45 36.00 1.46 0.50
54.15 2.44 0.44 36.60 1.46 0.50
54.30 2.45 0.45 37.20 1.46 0.50
54.45 2.45 0.45 37.80 1.46 0.50
54.60 2.45 0.45 38.40 1.46 0.50
54.75 2.45 0.45 39.00 1.46 0.50
54.90 2.45 0.45 39.60 1.46 0.50
55.05 2.45 0.45 40.20 1.46 0.50
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55.20 2.45 0.45 40.80 1.46 0.50
55.35 2.44 0.44 41.40 1.46 0.50
55.50 2.45 0.45 42.00 1.46 0.50
55.65 2.44 0.44 42.60 1.46 0.50
55.80 2.45 0.45 43.20 1.46 0.50
55.95 2.45 0.45 43.80 1.46 0.50
56.10 2.45 0.45 44.40 1.46 0.50
56.25 2.45 0.45 45.00 1.46 0.50
56.40 2.45 0.45 45.60 1.46 0.50
56.55 2.45 0.45 46.20 1.46 0.50
56.70 2.45 0.45 46.80 1.46 0.50
56.85 2.45 0.45 47.40 1.46 0.50
57.00 2.45 0.45 48.00 1.46 0.50
57.15 2.45 0.45 48.60 1.46 0.50
57.30 2.46 0.46 49.20 1.46 0.50
57.45 2.46 0.46 49.80 1.46 0.50
57.60 2.45 0.45 50.40 1.46 0.50
57.75 2.46 0.46 51.00 1.46 0.50
57.90 2.45 0.45 51.60 1.46 0.50
58.05 2.46 0.46 52.20 1.46 0.50
58.20 2.45 0.45 52.80 1.46 0.50
58.35 2.45 0.45 53.40 1.46 0.50
58.50 2.46 0.46 54.00 1.46 0.50
58.65 2.46 0.46 54.60 1.46 0.50
58.80 2.46 0.46 55.20 1.46 0.50
58.95 2.45 0.45 55.80 1.46 0.50
59.10 2.45 0.45 56.40 1.46 0.50
59.25 2.46 0.46 57.00 1.46 0.50
59.40 2.45 0.45 57.60 1.46 0.50
59.55 2.46 0.46 58.20 1.46 0.50
59.70 2.45 0.45 58.80 1.46 0.50
59.85 2.46 0.46 59.40 1.46 0.50
60.00 2.45 0.45 60.00 1.46 0.50
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 20.00 deg α 20.00 deg α 20.00 deg α 20.00 deg
θ 30.00 deg θ 30.00 deg θ 30.00 deg θ 30.00 deg
L 202.71 in L 202.71 in L 202.71 in L 202.71 in
L 16.89 ft L 16.89 ft L 16.89 ft L 16.89 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 7.18 cfs Q 7.18 cfs Q 7.18 cfs Q 7.18 cfs
h 0.90 h 0.90 h 0.90 h 0.89
H 0.23 ft H 0.23 ft H 0.23 ft H 0.23 ft 
H/P 0.35 - H/P 0.35 - H/P 0.34 - H/P 0.34 -
Cd 0.715 - Cd 0.720 - Cd 0.725 - Cd 0.731 -

Cd-emp 0.671 - Cd-emp 0.672 - Cd-emp 0.673 - Cd-emp 0.674 -
εCd-emp 6.46% - εCd-emp 7.09% - εCd-emp 7.75% - εCd-emp 8.43% -

time h H time h H time h H time h H
45.00 10.78 2.78 45.00 10.76 2.76 45.00 10.76 2.76 45.00 10.74 2.74
45.15 10.78 2.78 45.15 10.76 2.76 45.15 10.76 2.76 45.15 10.73 2.73
45.30 10.78 2.78 45.30 10.76 2.76 45.30 10.76 2.76 45.30 10.73 2.73
45.45 10.78 2.78 45.45 10.76 2.76 45.45 10.76 2.76 45.45 10.73 2.73
45.60 10.78 2.78 45.60 10.76 2.76 45.60 10.76 2.76 45.60 10.73 2.73
45.75 10.77 2.77 45.75 10.76 2.76 45.75 10.76 2.76 45.75 10.73 2.73
45.90 10.77 2.77 45.90 10.76 2.76 45.90 10.76 2.76 45.90 10.73 2.73
46.05 10.77 2.77 46.05 10.76 2.76 46.05 10.76 2.76 46.05 10.73 2.73
46.20 10.77 2.77 46.20 10.76 2.76 46.20 10.76 2.76 46.20 10.73 2.73
46.35 10.77 2.77 46.35 10.76 2.76 46.35 10.76 2.76 46.35 10.73 2.73
46.50 10.77 2.77 46.50 10.76 2.76 46.50 10.76 2.76 46.50 10.73 2.73
46.65 10.77 2.77 46.65 10.76 2.76 46.65 10.76 2.76 46.65 10.73 2.73
46.80 10.77 2.77 46.80 10.76 2.76 46.80 10.76 2.76 46.80 10.73 2.73
46.95 10.77 2.77 46.95 10.76 2.76 46.95 10.76 2.76 46.95 10.73 2.73
47.10 10.77 2.77 47.10 10.76 2.76 47.10 10.76 2.76 47.10 10.73 2.73
47.25 10.77 2.77 47.25 10.76 2.76 47.25 10.76 2.76 47.25 10.73 2.73
47.40 10.78 2.78 47.40 10.76 2.76 47.40 10.76 2.76 47.40 10.73 2.73
47.55 10.78 2.78 47.55 10.76 2.76 47.55 10.76 2.76 47.55 10.73 2.73
47.70 10.78 2.78 47.70 10.76 2.76 47.70 10.76 2.76 47.70 10.73 2.73
47.85 10.78 2.78 47.85 10.76 2.76 47.85 10.76 2.76 47.85 10.73 2.73
48.00 10.78 2.78 48.00 10.76 2.76 48.00 10.76 2.76 48.00 10.73 2.73
48.15 10.77 2.77 48.15 10.76 2.76 48.15 10.76 2.76 48.15 10.73 2.73
48.30 10.77 2.77 48.30 10.76 2.76 48.30 10.76 2.76 48.30 10.73 2.73
48.45 10.77 2.77 48.45 10.76 2.76 48.45 10.76 2.76 48.45 10.73 2.73
48.60 10.77 2.77 48.60 10.76 2.76 48.60 10.76 2.76 48.60 10.73 2.73
48.75 10.77 2.77 48.75 10.76 2.76 48.75 10.76 2.76 48.75 10.73 2.73
48.90 10.77 2.77 48.90 10.76 2.76 48.90 10.76 2.76 48.90 10.73 2.73
49.05 10.77 2.77 49.05 10.76 2.76 49.05 10.76 2.76 49.05 10.73 2.73
49.20 10.77 2.77 49.20 10.76 2.76 49.20 10.76 2.76 49.20 10.73 2.73
49.35 10.77 2.77 49.35 10.76 2.76 49.35 10.76 2.76 49.35 10.73 2.73
49.50 10.77 2.77 49.50 10.76 2.76 49.50 10.76 2.76 49.50 10.73 2.73
49.65 10.78 2.78 49.65 10.76 2.76 49.65 10.76 2.76 49.65 10.73 2.73
49.80 10.78 2.78 49.80 10.76 2.76 49.80 10.76 2.76 49.80 10.73 2.73
49.95 10.78 2.78 49.95 10.76 2.76 49.95 10.76 2.76 49.95 10.73 2.73
50.10 10.78 2.78 50.10 10.76 2.76 50.10 10.76 2.76 50.10 10.73 2.73
50.25 10.78 2.78 50.25 10.76 2.76 50.25 10.76 2.76 50.25 10.73 2.73
50.40 10.78 2.78 50.40 10.76 2.76 50.40 10.76 2.76 50.40 10.73 2.73
50.55 10.78 2.78 50.55 10.76 2.76 50.55 10.76 2.76 50.55 10.73 2.73
50.70 10.78 2.78 50.70 10.76 2.76 50.70 10.76 2.76 50.70 10.73 2.73
50.85 10.77 2.77 50.85 10.76 2.76 50.85 10.76 2.76 50.85 10.73 2.73
51.00 10.77 2.77 51.00 10.76 2.76 51.00 10.76 2.76 51.00 10.73 2.73
51.15 10.77 2.77 51.15 10.76 2.76 51.15 10.76 2.76 51.15 10.73 2.73
51.30 10.77 2.77 51.30 10.76 2.76 51.30 10.76 2.76 51.30 10.73 2.73
51.45 10.77 2.77 51.45 10.76 2.76 51.45 10.76 2.76 51.45 10.73 2.73
51.60 10.77 2.77 51.60 10.76 2.76 51.60 10.76 2.76 51.60 10.73 2.73
51.75 10.77 2.77 51.75 10.76 2.76 51.75 10.76 2.76 51.75 10.73 2.73
51.90 10.77 2.77 51.90 10.76 2.76 51.90 10.76 2.76 51.90 10.73 2.73

Table C10 Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.3

3,290,304        
STAR CCM+ (medium mesh)

3,290,304               
STAR CCM+ (fine mesh)STAR CCM+ (coarse mesh)

720,239                  250,089                  
STAR CCM+ (fine mesh, 1 Eq.)
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52.05 10.77 2.77 52.05 10.76 2.76 52.05 10.76 2.76 52.05 10.73 2.73
52.20 10.78 2.78 52.20 10.76 2.76 52.20 10.76 2.76 52.20 10.73 2.73
52.35 10.78 2.78 52.35 10.76 2.76 52.35 10.76 2.76 52.35 10.73 2.73
52.50 10.78 2.78 52.50 10.76 2.76 52.50 10.76 2.76 52.50 10.73 2.73
52.65 10.78 2.78 52.65 10.76 2.76 52.65 10.76 2.76 52.65 10.73 2.73
52.80 10.78 2.78 52.80 10.76 2.76 52.80 10.76 2.76 52.80 10.73 2.73
52.95 10.78 2.78 52.95 10.76 2.76 52.95 10.76 2.76 52.95 10.73 2.73
53.10 10.77 2.77 53.10 10.76 2.76 53.10 10.76 2.76 53.10 10.73 2.73
53.25 10.77 2.77 53.25 10.76 2.76 53.25 10.76 2.76 53.25 10.74 2.74
53.40 10.77 2.77 53.40 10.76 2.76 53.40 10.76 2.76 53.40 10.74 2.74
53.55 10.77 2.77 53.55 10.76 2.76 53.55 10.76 2.76 53.55 10.74 2.74
53.70 10.77 2.77 53.70 10.76 2.76 53.70 10.76 2.76 53.70 10.74 2.74
53.85 10.77 2.77 53.85 10.76 2.76 53.85 10.76 2.76 53.85 10.73 2.73
54.00 10.77 2.77 54.00 10.76 2.76 54.00 10.76 2.76 54.00 10.73 2.73
54.15 10.77 2.77 54.15 10.76 2.76 54.15 10.76 2.76 54.15 10.73 2.73
54.30 10.77 2.77 54.30 10.76 2.76 54.30 10.76 2.76 54.30 10.73 2.73
54.45 10.77 2.77 54.45 10.76 2.76 54.45 10.76 2.76 54.45 10.73 2.73
54.60 10.77 2.77 54.60 10.76 2.76 54.60 10.76 2.76 54.60 10.73 2.73
54.75 10.78 2.78 54.75 10.76 2.76 54.75 10.76 2.76 54.75 10.73 2.73
54.90 10.78 2.78 54.90 10.76 2.76 54.90 10.76 2.76 54.90 10.73 2.73
55.05 10.78 2.78 55.05 10.76 2.76 55.05 10.76 2.76 55.05 10.73 2.73
55.20 10.78 2.78 55.20 10.76 2.76 55.20 10.76 2.76 55.20 10.73 2.73
55.35 10.78 2.78 55.35 10.76 2.76 55.35 10.76 2.76 55.35 10.73 2.73
55.50 10.77 2.77 55.50 10.76 2.76 55.50 10.76 2.76 55.50 10.73 2.73
55.65 10.77 2.77 55.65 10.76 2.76 55.65 10.76 2.76 55.65 10.73 2.73
55.80 10.77 2.77 55.80 10.76 2.76 55.80 10.76 2.76 55.80 10.73 2.73
55.95 10.77 2.77 55.95 10.76 2.76 55.95 10.76 2.76 55.95 10.73 2.73
56.10 10.77 2.77 56.10 10.76 2.76 56.10 10.76 2.76 56.10 10.73 2.73
56.25 10.77 2.77 56.25 10.76 2.76 56.25 10.76 2.76 56.25 10.73 2.73
56.40 10.77 2.77 56.40 10.76 2.76 56.40 10.76 2.76 56.40 10.73 2.73
56.55 10.77 2.77 56.55 10.76 2.76 56.55 10.76 2.76 56.55 10.73 2.73
56.70 10.77 2.77 56.70 10.76 2.76 56.70 10.76 2.76 56.70 10.73 2.73
56.85 10.77 2.77 56.85 10.76 2.76 56.85 10.76 2.76 56.85 10.73 2.73
57.00 10.77 2.77 57.00 10.76 2.76 57.00 10.76 2.76 57.00 10.73 2.73
57.15 10.77 2.77 57.15 10.76 2.76 57.15 10.76 2.76 57.15 10.73 2.73
57.30 10.78 2.78 57.30 10.76 2.76 57.30 10.76 2.76 57.30 10.73 2.73
57.45 10.78 2.78 57.45 10.76 2.76 57.45 10.76 2.76 57.45 10.73 2.73
57.60 10.78 2.78 57.60 10.76 2.76 57.60 10.76 2.76 57.60 10.73 2.73
57.75 10.77 2.77 57.75 10.76 2.76 57.75 10.76 2.76 57.75 10.73 2.73
57.90 10.77 2.77 57.90 10.76 2.76 57.90 10.76 2.76 57.90 10.73 2.73
58.05 10.77 2.77 58.05 10.76 2.76 58.05 10.76 2.76 58.05 10.73 2.73
58.20 10.77 2.77 58.20 10.76 2.76 58.20 10.76 2.76 58.20 10.73 2.73
58.35 10.77 2.77 58.35 10.76 2.76 58.35 10.76 2.76 58.35 10.73 2.73
58.50 10.77 2.77 58.50 10.76 2.76 58.50 10.76 2.76 58.50 10.73 2.73
58.65 10.77 2.77 58.65 10.76 2.76 58.65 10.76 2.76 58.65 10.73 2.73
58.80 10.77 2.77 58.80 10.76 2.76 58.80 10.76 2.76 58.80 10.73 2.73
58.95 10.77 2.77 58.95 10.76 2.76 58.95 10.76 2.76 58.95 10.73 2.73
59.10 10.77 2.77 59.10 10.76 2.76 59.10 10.76 2.76 59.10 10.73 2.73
59.25 10.77 2.77 59.25 10.76 2.76 59.25 10.76 2.76 59.25 10.73 2.73
59.40 10.77 2.77 59.40 10.76 2.76 59.40 10.76 2.76 59.40 10.73 2.73
59.55 10.77 2.77 59.55 10.76 2.76 59.55 10.76 2.76 59.55 10.73 2.73
59.70 10.77 2.77 59.70 10.76 2.76 59.70 10.76 2.76 59.70 10.73 2.73
59.85 10.77 2.77 59.85 10.76 2.76 59.85 10.76 2.76 59.85 10.73 2.73
60.00 10.77 2.77 60.00 10.76 2.76 60.00 10.76 2.76 60.00 10.73 2.73
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Cell count: Cell count:
P 8.00 in P 8.00 in
α 20.00 deg α 20.00 deg
θ 30.00 deg θ 30.00 deg
L 202.71 in L 202.71 in
L 16.89 ft L 16.89 ft
tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2
Q 7.18 cfs Q 7.18 cfs
h 0.90 h 0.90
H 0.23 ft H 0.23 ft 
H/P 0.35 - H/P 0.34 -
Cd 0.715 - Cd 0.723 -

Cd-emp 0.671 - Cd-emp 0.673 -
εCd-emp 6.50% - εCd-emp 7.44% -

time h H time h H
45.00 10.77 2.77 45.00 10.76 2.76
45.15 10.77 2.77 45.19 10.76 2.76
45.30 10.77 2.77 45.39 10.75 2.75
45.45 10.77 2.77 45.58 10.75 2.75
45.60 10.77 2.77 45.78 10.76 2.76
45.75 10.77 2.77 45.97 10.76 2.76
45.90 10.77 2.77 46.17 10.75 2.75
46.05 10.77 2.77 46.36 10.75 2.75
46.20 10.77 2.77 46.56 10.76 2.76
46.35 10.77 2.77 46.75 10.75 2.75
46.50 10.77 2.77 46.95 10.75 2.75
46.65 10.77 2.77 47.14 10.76 2.76
46.80 10.77 2.77 47.34 10.76 2.76
46.95 10.77 2.77 47.53 10.75 2.75
47.10 10.77 2.77 47.73 10.75 2.75
47.25 10.77 2.77 47.92 10.75 2.75
47.40 10.77 2.77 48.12 10.75 2.75
47.55 10.77 2.77 48.31 10.75 2.75
47.70 10.77 2.77 48.51 10.75 2.75
47.85 10.77 2.77 48.70 10.75 2.75
48.00 10.77 2.77 48.90 10.75 2.75
48.15 10.77 2.77 49.09 10.75 2.75
48.30 10.77 2.77 49.29 10.75 2.75
48.45 10.77 2.77 49.48 10.75 2.75

Table C11 Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.3

STAR CCM+ (fine mesh, k- ω)
3,290,304             3,290,304             

STAR CCM+ (fine mesh, k-ε )
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48.60 10.77 2.77 49.68 10.75 2.75
48.75 10.77 2.77 49.87 10.75 2.75
48.90 10.77 2.77 50.06 10.75 2.75
49.05 10.77 2.77 50.26 10.75 2.75
49.20 10.77 2.77 50.45 10.75 2.75
49.35 10.77 2.77 50.65 10.75 2.75
49.50 10.77 2.77 50.84 10.75 2.75
49.65 10.77 2.77 51.04 10.76 2.76
49.80 10.77 2.77 51.23 10.75 2.75
49.95 10.77 2.77 51.43 10.75 2.75
50.10 10.77 2.77 51.62 10.75 2.75
50.25 10.77 2.77 51.82 10.76 2.76
50.40 10.77 2.77 52.01 10.75 2.75
50.55 10.77 2.77 52.21 10.75 2.75
50.70 10.77 2.77 52.40 10.75 2.75
50.85 10.77 2.77 52.60 10.75 2.75
51.00 10.77 2.77 52.79 10.75 2.75
51.15 10.77 2.77 52.99 10.75 2.75
51.30 10.77 2.77 53.18 10.75 2.75
51.45 10.77 2.77 53.38 10.76 2.76
51.60 10.77 2.77 53.57 10.75 2.75
51.75 10.77 2.77 53.77 10.75 2.75
51.90 10.77 2.77 53.96 10.75 2.75
52.05 10.77 2.77 54.16 10.76 2.76
52.20 10.77 2.77 54.35 10.75 2.75
52.35 10.77 2.77 54.55 10.75 2.75
52.50 10.77 2.77 54.74 10.75 2.75
52.65 10.77 2.77 54.94 10.75 2.75
52.80 10.77 2.77 55.13 10.75 2.75
52.95 10.77 2.77 55.32 10.75 2.75
53.10 10.77 2.77 55.52 10.75 2.75
53.25 10.77 2.77 55.71 10.75 2.75
53.40 10.77 2.77 55.91 10.75 2.75
53.55 10.77 2.77 56.10 10.75 2.75
53.70 10.77 2.77 56.30 10.75 2.75
53.85 10.77 2.77 56.49 10.75 2.75
54.00 10.77 2.77 56.69 10.75 2.75
54.15 10.77 2.77 56.88 10.75 2.75
54.30 10.77 2.77 57.08 10.75 2.75
54.45 10.77 2.77 57.27 10.75 2.75
54.60 10.77 2.77 57.47 10.75 2.75
54.75 10.77 2.77 57.66 10.75 2.75
54.90 10.77 2.77 57.86 10.75 2.75
55.05 10.77 2.77 58.05 10.75 2.75
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55.20 10.77 2.77 58.25 10.75 2.75
55.35 10.77 2.77 58.44 10.75 2.75
55.50 10.77 2.77 58.64 10.75 2.75
55.65 10.77 2.77 58.83 10.75 2.75
55.80 10.77 2.77 59.03 10.75 2.75
55.95 10.77 2.77 59.22 10.75 2.75
56.10 10.77 2.77 59.42 10.75 2.75
56.25 10.77 2.77 59.61 10.75 2.75
56.40 10.77 2.77 59.81 10.75 2.75
56.55 10.77 2.77 60.00 10.75 2.75
56.70 10.77 2.77
56.85 10.77 2.77
57.00 10.77 2.77
57.15 10.77 2.77
57.30 10.77 2.77
57.45 10.77 2.77
57.60 10.77 2.77
57.75 10.77 2.77
57.90 10.77 2.77
58.05 10.77 2.77
58.20 10.77 2.77
58.35 10.77 2.77
58.50 10.77 2.77
58.65 10.77 2.77
58.80 10.77 2.77
58.95 10.77 2.77
59.10 10.77 2.77
59.25 10.77 2.77
59.40 10.77 2.77
59.55 10.77 2.77
59.70 10.77 2.77
59.85 10.77 2.77
60.00 10.77 2.77
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Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in
α 16.00 deg α 16.00 deg α 16.00 deg
θ 10.00 deg θ 10.00 deg θ 10.00 deg
L 101.36 in L 101.36 in L 101.36 in
L 8.45 ft L 8.45 ft L 8.45 ft
tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 2.84 cfs Q 2.84 cfs Q 2.84 cfs
h 0.74 h 1.15 h 1.15
H 0.07 ft H 0.19 ft H 0.20 ft 
H/P 0.10 - H/P 0.29 - H/P 0.30 -
Cd 3.513 - Cd 0.737 - Cd 0.718 -

Cd-emp 0.657 - Cd-emp 0.702 - Cd-emp 0.700 -
εCd-emp 434.80% - εCd-emp 4.99% - εCd-emp 2.65% -

time h H time h H time h H
0.00 1.16 0.20 0.00 1.16 0.20 0.00 1.16 0.20
0.60 1.17 0.22 0.60 1.16 0.20 0.60 1.16 0.20
1.20 1.19 0.23 1.20 1.17 0.22 1.20 1.18 0.22
1.80 1.09 0.13 1.80 1.20 0.24 1.80 1.20 0.24
2.40 1.03 0.07 2.40 1.20 0.24 2.40 1.20 0.24
3.00 0.95 -0.01 3.00 1.17 0.22 3.00 1.17 0.22
3.60 0.93 -0.03 3.60 1.17 0.21 3.60 1.17 0.21
4.20 0.92 -0.03 4.20 1.16 0.20 4.20 1.16 0.20
4.80 0.95 -0.01 4.80 1.13 0.18 4.80 1.14 0.18
5.40 0.92 -0.03 5.40 1.16 0.20 5.40 1.16 0.20
6.00 0.82 -0.14 6.00 1.15 0.19 6.00 1.15 0.19
6.60 0.82 -0.13 6.60 1.15 0.19 6.60 1.15 0.19
7.20 0.73 -0.23 7.20 1.17 0.21 7.20 1.17 0.21
7.80 0.90 -0.06 7.80 1.15 0.19 7.80 1.15 0.19
8.40 0.87 -0.09 8.40 1.17 0.21 8.40 1.17 0.21
9.00 0.85 -0.11 9.00 1.18 0.23 9.00 1.19 0.23
9.60 0.80 -0.15 9.60 1.17 0.22 9.60 1.18 0.22

10.20 0.80 -0.15 10.20 1.16 0.20 10.20 1.16 0.20
10.80 0.74 -0.21 10.80 1.15 0.19 10.80 1.15 0.19
11.40 0.80 -0.16 11.40 1.15 0.19 11.40 1.15 0.19
12.00 0.79 -0.16 12.00 1.17 0.21 12.00 1.17 0.21
12.60 0.77 -0.18 12.60 1.15 0.19 12.60 1.15 0.19
13.20 0.78 -0.18 13.20 1.15 0.19 13.20 1.15 0.19
13.80 0.80 -0.15 13.80 1.15 0.19 13.80 1.15 0.19
14.40 0.75 -0.21 14.40 1.15 0.20 14.40 1.15 0.20
15.00 0.74 -0.22 15.00 1.17 0.21 15.00 1.17 0.21
15.60 0.77 -0.19 15.60 1.18 0.22 15.60 1.18 0.22
16.20 0.74 -0.22 16.20 1.15 0.19 16.20 1.15 0.19
16.80 0.76 -0.20 16.80 1.15 0.20 16.80 1.16 0.20
17.40 0.77 -0.19 17.40 1.15 0.20 17.40 1.16 0.20

Table C12 Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.3

FLOW-3D (coarse mesh) FLOW-3D (medium mesh) FLOW-3D (fine mesh)
293,940               576,684              2,841,660          
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18.00 0.74 -0.22 18.00 1.16 0.20 18.00 1.16 0.20
18.60 0.73 -0.22 18.60 1.16 0.20 18.60 1.16 0.20
19.20 0.74 -0.21 19.20 1.15 0.19 19.20 1.15 0.20
19.80 0.74 -0.22 19.80 1.14 0.18 19.80 1.14 0.18
20.40 0.75 -0.21 20.40 1.16 0.20 20.40 1.16 0.20
21.00 0.74 -0.22 21.00 1.16 0.20 21.00 1.16 0.20
21.60 0.75 -0.21 21.60 1.16 0.21 21.60 1.17 0.21
22.20 0.75 -0.21 22.20 1.15 0.20 22.20 1.16 0.20
22.80 0.74 -0.21 22.80 1.15 0.19 22.80 1.15 0.20
23.40 0.74 -0.22 23.40 1.15 0.20 23.40 1.16 0.20
24.00 0.74 -0.21 24.00 1.16 0.20 24.00 1.16 0.21
24.60 0.74 -0.22 24.60 1.16 0.20 24.60 1.16 0.20
25.20 0.74 -0.22 25.20 1.16 0.20 25.20 1.16 0.20
25.80 0.74 -0.22 25.80 1.14 0.18 25.80 1.14 0.19
26.40 0.74 -0.22 26.40 1.14 0.19 26.40 1.15 0.19
27.00 0.74 -0.22 27.00 1.16 0.20 27.00 1.16 0.20
27.60 0.74 -0.22 27.60 1.16 0.20 27.60 1.16 0.20
28.20 0.74 -0.22 28.20 1.15 0.20 28.20 1.16 0.20
28.80 0.74 -0.22 28.80 1.15 0.20 28.80 1.16 0.20
29.40 0.74 -0.22 29.40 1.15 0.19 29.40 1.15 0.19
30.00 0.74 -0.21 30.00 1.15 0.20 30.00 1.16 0.20
30.60 0.73 -0.23 30.60 1.16 0.20 30.60 1.16 0.20
31.20 0.74 -0.22 31.20 1.16 0.20 31.20 1.16 0.21
31.80 0.74 -0.22 31.80 1.14 0.19 31.80 1.15 0.19
32.40 0.74 -0.22 32.40 1.15 0.19 32.40 1.15 0.19
33.00 0.74 -0.22 33.00 1.15 0.19 33.00 1.15 0.20
33.60 0.73 -0.22 33.60 1.15 0.20 33.60 1.16 0.20
34.20 0.74 -0.22 34.20 1.16 0.20 34.20 1.16 0.20
34.80 0.73 -0.23 34.80 1.15 0.19 34.80 1.15 0.19
35.40 0.74 -0.22 35.40 1.15 0.19 35.40 1.15 0.20
36.00 0.73 -0.22 36.00 1.15 0.20 36.00 1.16 0.20
36.60 0.75 -0.21 36.60 1.15 0.20 36.60 1.16 0.20
37.20 0.73 -0.23 37.20 1.15 0.20 37.20 1.16 0.20
37.80 0.74 -0.21 37.80 1.15 0.19 37.80 1.15 0.20
38.40 0.75 -0.21 38.40 1.15 0.19 38.40 1.15 0.19
39.00 0.73 -0.22 39.00 1.15 0.20 39.00 1.16 0.20
39.60 0.73 -0.23 39.60 1.15 0.19 39.60 1.15 0.20
40.20 0.74 -0.22 40.20 1.15 0.20 40.20 1.15 0.20
40.80 0.74 -0.22 40.80 1.15 0.20 40.80 1.15 0.20
41.40 0.74 -0.22 41.40 1.15 0.19 41.40 1.15 0.19
42.00 0.74 -0.22 42.00 1.15 0.19 42.00 1.15 0.20
42.60 0.74 -0.22 42.60 1.15 0.20 42.60 1.16 0.20
43.20 0.72 -0.23 43.20 1.15 0.19 43.20 1.15 0.20
43.80 0.74 -0.22 43.80 1.15 0.20 43.80 1.16 0.20
44.40 0.73 -0.22 44.40 1.15 0.19 44.40 1.15 0.19
45.00 0.73 -0.22 45.00 1.15 0.19 45.00 1.15 0.19
45.60 0.74 -0.21 45.60 1.15 0.19 45.60 1.15 0.20
46.20 0.73 -0.22 46.20 1.15 0.20 46.20 1.16 0.20
46.80 0.74 -0.22 46.80 1.15 0.19 46.80 1.15 0.20
47.40 0.74 -0.22 47.40 1.15 0.19 47.40 1.15 0.20
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48.00 0.73 -0.23 48.00 1.15 0.19 48.00 1.15 0.19
48.60 0.74 -0.21 48.60 1.15 0.19 48.60 1.15 0.20
49.20 0.74 -0.22 49.20 1.16 0.20 49.20 1.16 0.20
49.80 0.73 -0.22 49.80 1.15 0.19 49.80 1.16 0.20
50.40 0.73 -0.22 50.40 1.15 0.19 50.40 1.15 0.20
51.00 0.73 -0.22 51.00 1.15 0.20 51.00 1.15 0.20
51.60 0.74 -0.22 51.60 1.15 0.19 51.60 1.15 0.19
52.20 0.73 -0.23 52.20 1.15 0.20 52.20 1.16 0.20
52.80 0.73 -0.22 52.80 1.15 0.19 52.80 1.15 0.20
53.40 0.73 -0.23 53.40 1.15 0.19 53.40 1.15 0.20
54.00 0.74 -0.22 54.00 1.15 0.19 54.00 1.15 0.20
54.60 0.73 -0.23 54.60 1.15 0.19 54.60 1.15 0.20
55.20 0.74 -0.22 55.20 1.15 0.19 55.20 1.15 0.19
55.80 0.74 -0.22 55.80 1.15 0.20 55.80 1.16 0.20
56.40 0.73 -0.23 56.40 1.15 0.19 56.40 1.15 0.19
57.00 0.74 -0.21 57.00 1.15 0.19 57.00 1.15 0.20
57.60 0.74 -0.22 57.60 1.15 0.19 57.60 1.15 0.20
58.20 0.73 -0.22 58.20 1.15 0.19 58.20 1.15 0.20
58.80 0.73 -0.22 58.80 1.15 0.20 58.80 1.16 0.20
59.40 0.73 -0.22 59.40 1.15 0.20 59.40 1.16 0.20
60.00 0.74 -0.22 60.00 1.15 0.19 60.00 1.15 0.19
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Cell count: Cell count:
P 8.000 in P 8.000 in
α 20.000 deg α 20.000 deg
θ 30.000 deg θ 30.000 deg
L 202.711 in L 101.355 in
L 16.893 ft L 8.446 ft
tw 1.000  in tw 1.000  in
g 32.185 ft/s2 g 32.185 ft/s2
Q 7.969 cfs Q 3.985 cfs
h 0.912 h 1.219
H 0.246 ft H 0.262 ft 
H/P 0.368 - H/P 0.393 -
Cd 0.738 - Cd 0.657 -

Cd-emp 0.658 - Cd-emp 0.642 -
εCd-emp 12.18% - εCd-emp 2.39% -

time h H time h H
45.00 10.913 9.956 0.002 1.225 0.268
45.15 10.916 9.959 0.600 1.227 0.270
45.30 10.919 9.962 1.200 1.249 0.292
45.45 10.921 9.965 1.800 1.275 0.318
45.60 10.924 9.967 2.400 1.280 0.324
45.75 10.927 9.970 3.000 1.246 0.289
45.90 10.929 9.973 3.600 1.243 0.286
46.05 10.932 9.975 4.200 1.227 0.270
46.20 10.934 9.977 4.800 1.200 0.243
46.35 10.937 9.980 5.400 1.229 0.272
46.50 10.939 9.982 6.000 1.213 0.257
46.65 10.941 9.985 6.600 1.217 0.260
46.80 10.943 9.987 7.200 1.246 0.289
46.95 10.945 9.989 7.800 1.215 0.258
47.10 10.947 9.991 8.400 1.256 0.299
47.25 10.949 9.993 9.000 1.271 0.314
47.40 10.951 9.994 9.600 1.235 0.278
47.55 10.953 9.996 10.200 1.217 0.261
47.70 10.954 9.998 10.800 1.215 0.258
47.85 10.956 9.999 11.400 1.223 0.266
48.00 10.957 10.000 12.000 1.236 0.280
48.15 10.958 10.002 12.600 1.215 0.258
48.30 10.959 10.003 13.200 1.206 0.249
48.45 10.960 10.004 13.800 1.233 0.276

STAR CCM+ (fine mesh) FLOW-3D (fine mesh)
1,876,868                  2,841,660          

Table C13 Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.4
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48.60 10.961 10.005 14.400 1.228 0.271
48.75 10.962 10.005 15.000 1.247 0.290
48.90 10.963 10.006 15.600 1.248 0.292
49.05 10.964 10.007 16.200 1.200 0.243
49.20 10.964 10.007 16.800 1.237 0.280
49.35 10.965 10.008 17.400 1.224 0.268
49.50 10.965 10.008 18.000 1.222 0.265
49.65 10.965 10.008 18.600 1.224 0.267
49.80 10.965 10.009 19.200 1.209 0.252
49.95 10.966 10.009 19.800 1.208 0.252
50.10 10.966 10.009 20.400 1.242 0.285
50.25 10.966 10.009 21.000 1.228 0.271
50.40 10.965 10.009 21.600 1.232 0.276
50.55 10.965 10.009 22.200 1.219 0.263
50.70 10.965 10.008 22.800 1.220 0.264
50.85 10.965 10.008 23.400 1.238 0.282
51.00 10.964 10.008 24.000 1.224 0.268
51.15 10.964 10.007 24.600 1.222 0.265
51.30 10.964 10.007 25.200 1.215 0.259
51.45 10.963 10.007 25.800 1.208 0.251
51.60 10.963 10.006 26.400 1.226 0.269
51.75 10.962 10.006 27.000 1.234 0.277
51.90 10.962 10.005 27.600 1.221 0.264
52.05 10.961 10.005 28.200 1.222 0.265
52.20 10.961 10.004 28.800 1.225 0.269
52.35 10.960 10.003 29.400 1.220 0.263
52.50 10.960 10.003 30.000 1.228 0.272
52.65 10.959 10.002 30.600 1.227 0.270
52.80 10.958 10.002 31.200 1.211 0.254
52.95 10.958 10.001 31.800 1.220 0.263
53.10 10.957 10.000 32.400 1.219 0.262
53.25 10.956 10.000 33.000 1.225 0.268
53.40 10.956 9.999 33.600 1.225 0.268
53.55 10.955 9.999 34.200 1.221 0.264
53.70 10.955 9.998 34.800 1.215 0.258
53.85 10.954 9.997 35.400 1.228 0.271
54.00 10.953 9.997 36.000 1.223 0.266
54.15 10.953 9.996 36.600 1.226 0.269
54.30 10.952 9.995 37.200 1.217 0.260
54.45 10.951 9.995 37.800 1.214 0.257
54.60 10.951 9.994 38.400 1.220 0.264
54.75 10.950 9.993 39.000 1.223 0.266
54.90 10.949 9.993 39.600 1.219 0.262
55.05 10.949 9.992 40.200 1.222 0.265
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55.20 10.948 9.991 40.800 1.215 0.259
55.35 10.947 9.991 41.400 1.217 0.260
55.50 10.947 9.990 42.000 1.227 0.270
55.65 10.946 9.989 42.600 1.223 0.267
55.80 10.945 9.988 43.200 1.213 0.257
55.95 10.944 9.988 43.800 1.222 0.265
56.10 10.943 9.987 44.400 1.214 0.257
56.25 10.943 9.986 45.000 1.221 0.264
56.40 10.942 9.985 45.600 1.223 0.266
56.55 10.941 9.984 46.200 1.217 0.260
56.70 10.940 9.983 46.800 1.215 0.258
56.85 10.939 9.982 47.400 1.220 0.263
57.00 10.938 9.981 48.000 1.221 0.264
57.15 10.937 9.980 48.600 1.224 0.267
57.30 10.936 9.979 49.200 1.218 0.261
57.45 10.935 9.978 49.800 1.216 0.260
57.60 10.934 9.977 50.400 1.220 0.263
57.75 10.933 9.976 51.000 1.219 0.262
57.90 10.932 9.975 51.600 1.222 0.265
58.05 10.931 9.974 52.200 1.219 0.262
58.20 10.929 9.973 52.800 1.213 0.256
58.35 10.928 9.972 53.400 1.219 0.262
58.50 10.927 9.970 54.000 1.221 0.265
58.65 10.926 9.969 54.600 1.215 0.259
58.80 10.925 9.968 55.200 1.223 0.266
58.95 10.923 9.967 55.800 1.215 0.258
59.10 10.922 9.966 56.400 1.218 0.261
59.25 10.921 9.964 57.000 1.221 0.264
59.40 10.920 9.963 57.600 1.220 0.263
59.55 10.919 9.962 58.200 1.217 0.260
59.70 10.917 9.961 58.800 1.220 0.263
59.85 10.916 9.960 59.400 1.214 0.257
60.00 10.915 9.958 60.000 1.220 0.263
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 20.00 deg α 20.00 deg α 20.00 deg α 20.00 deg
θ 30.00 deg θ 30.00 deg θ 30.00 deg θ 30.00 deg
L 202.71 in L 101.36 in L 101.36 in L 101.36 in
L 16.89 ft L 8.45 ft L 8.45 ft L 8.45 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 9.34 cfs Q 4.745 cfs Q 4.745 cfs Q 4.745 cfs
h 0.95 h 1.257 h 1.269 h 1.271
H 0.28 ft H 0.300 ft H 0.312 ft H 0.315 ft 
H/P 0.43 - H/P 0.451 - H/P 0.468 - H/P 0.472 -
Cd 0.69 - Cd 0.638 - Cd 0.602 - Cd 0.595 -

Cd-emp 0.62 - Cd-emp 0.604 - Cd-emp 0.593 - Cd-emp 0.590 -
εCd-emp 10.33% - εCd-emp 5.52% - εCd-emp 1.58% - εCd-emp 0.72% -

time h H time h H time h H time h H
45.00 11.399 3.399 0.002 1.292 0.335 0.002 1.292 0.335 0.002 1.292 0.335
45.15 11.399 3.399 0.600 1.294 0.337 0.600 1.294 0.337 0.600 1.294 0.337
45.3 11.399 3.399 1.200 1.320 0.364 1.200 1.320 0.364 1.200 1.322 0.365
45.45 11.399 3.399 1.800 1.352 0.395 1.800 1.352 0.395 1.800 1.352 0.395
45.6 11.399 3.399 2.400 1.350 0.394 2.400 1.350 0.394 2.400 1.350 0.393
45.75 11.399 3.399 3.000 1.310 0.353 3.000 1.318 0.362 3.000 1.312 0.355
45.9 11.399 3.399 3.600 1.308 0.351 3.600 1.304 0.348 3.600 1.305 0.349
46.05 11.399 3.399 4.200 1.281 0.325 4.200 1.282 0.326 4.200 1.281 0.324
46.2 11.399 3.399 4.800 1.250 0.294 4.800 1.254 0.297 4.800 1.254 0.297
46.35 11.399 3.399 5.400 1.292 0.336 5.400 1.296 0.339 5.400 1.297 0.341
46.5 11.399 3.399 6.000 1.263 0.306 6.000 1.266 0.309 6.000 1.271 0.314
46.65 11.399 3.399 6.600 1.289 0.332 6.600 1.291 0.335 6.600 1.292 0.336
46.8 11.399 3.399 7.200 1.298 0.342 7.200 1.296 0.339 7.200 1.294 0.337
46.95 11.399 3.399 7.800 1.276 0.320 7.800 1.280 0.324 7.800 1.281 0.325
47.1 11.399 3.399 8.400 1.324 0.367 8.400 1.329 0.372 8.400 1.328 0.371
47.25 11.399 3.399 9.000 1.323 0.366 9.000 1.323 0.366 9.000 1.322 0.365
47.4 11.399 3.399 9.600 1.278 0.322 9.600 1.282 0.325 9.600 1.284 0.327
47.55 11.399 3.399 10.200 1.269 0.312 10.200 1.274 0.317 10.200 1.274 0.318
47.7 11.400 3.400 10.800 1.257 0.300 10.800 1.265 0.309 10.800 1.268 0.311
47.85 11.400 3.400 11.400 1.279 0.323 11.400 1.286 0.329 11.400 1.288 0.331

48 11.400 3.400 12.000 1.286 0.330 12.000 1.289 0.332 12.000 1.291 0.334
48.15 11.400 3.400 12.600 1.245 0.289 12.600 1.250 0.293 12.600 1.252 0.295
48.3 11.400 3.400 13.200 1.275 0.318 13.200 1.281 0.324 13.200 1.285 0.329
48.45 11.400 3.400 13.800 1.266 0.310 13.800 1.274 0.317 13.800 1.274 0.318
48.6 11.400 3.400 14.400 1.289 0.333 14.400 1.295 0.338 14.400 1.297 0.341
48.75 11.400 3.400 15.000 1.310 0.353 15.000 1.318 0.362 15.000 1.317 0.360
48.9 11.400 3.400 15.600 1.257 0.300 15.600 1.259 0.302 15.600 1.260 0.303
49.05 11.400 3.400 16.200 1.277 0.320 16.200 1.284 0.327 16.200 1.285 0.329
49.2 11.400 3.400 16.800 1.274 0.318 16.800 1.281 0.325 16.800 1.283 0.326
49.35 11.400 3.400 17.400 1.265 0.308 17.400 1.273 0.317 17.400 1.276 0.320
49.5 11.400 3.400 18.000 1.276 0.319 18.000 1.284 0.327 18.000 1.286 0.329
49.65 11.400 3.400 18.600 1.254 0.297 18.600 1.262 0.306 18.600 1.266 0.309
49.8 11.401 3.401 19.200 1.243 0.286 19.200 1.252 0.295 19.200 1.256 0.299
49.95 11.401 3.401 19.800 1.279 0.322 19.800 1.288 0.331 19.800 1.289 0.333
50.1 11.401 3.401 20.400 1.277 0.321 20.400 1.284 0.328 20.400 1.286 0.329
50.25 11.401 3.401 21.000 1.278 0.321 21.000 1.287 0.330 21.000 1.289 0.333
50.4 11.401 3.401 21.600 1.268 0.312 21.600 1.274 0.317 21.600 1.275 0.319
50.55 11.401 3.401 22.200 1.255 0.299 22.200 1.266 0.309 22.200 1.268 0.312
50.7 11.401 3.401 22.800 1.282 0.325 22.800 1.289 0.332 22.800 1.290 0.334
50.85 11.401 3.401 23.400 1.266 0.309 23.400 1.276 0.320 23.400 1.279 0.322

51 11.401 3.401 24.000 1.266 0.310 24.000 1.273 0.316 24.000 1.276 0.319
51.15 11.401 3.401 24.600 1.256 0.299 24.600 1.268 0.311 24.600 1.270 0.314
51.3 11.401 3.401 25.200 1.243 0.287 25.200 1.256 0.299 25.200 1.259 0.302

STAR CCM+ (fine mesh)

Table C14. Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.5

FLOW -3D (fine mesh, 1 Eq.)
1,886,083          

FLOW-3D (fine mesh) FLOW -3D (fine mesh, 1st order)
3,306,877          3,306,877               3,306,877          
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51.45 11.401 3.401 25.800 1.265 0.308 25.800 1.277 0.320 25.800 1.280 0.323
51.6 11.401 3.401 26.400 1.274 0.317 26.400 1.283 0.326 26.400 1.285 0.328
51.75 11.401 3.401 27.000 1.260 0.303 27.000 1.268 0.312 27.000 1.271 0.315
51.9 11.401 3.401 27.600 1.264 0.308 27.600 1.272 0.315 27.600 1.274 0.317
52.05 11.401 3.401 28.200 1.265 0.308 28.200 1.274 0.317 28.200 1.276 0.319
52.2 11.401 3.401 28.800 1.260 0.303 28.800 1.271 0.314 28.800 1.274 0.317
52.35 11.401 3.401 29.400 1.270 0.313 29.400 1.282 0.325 29.400 1.283 0.326
52.5 11.402 3.402 30.000 1.268 0.311 30.000 1.273 0.317 30.000 1.275 0.319
52.65 11.402 3.402 30.600 1.249 0.292 30.600 1.263 0.306 30.600 1.265 0.309
52.8 11.402 3.402 31.200 1.255 0.298 31.200 1.266 0.309 31.200 1.268 0.311
52.95 11.402 3.402 31.800 1.259 0.303 31.800 1.272 0.315 31.800 1.275 0.318
53.1 11.402 3.402 32.400 1.263 0.306 32.400 1.272 0.315 32.400 1.274 0.318
53.25 11.402 3.402 33.000 1.266 0.309 33.000 1.275 0.318 33.000 1.277 0.320
53.4 11.402 3.402 33.600 1.256 0.300 33.600 1.265 0.309 33.600 1.268 0.311
53.55 11.402 3.402 34.200 1.256 0.299 34.200 1.271 0.314 34.200 1.273 0.317
53.7 11.402 3.402 34.800 1.263 0.307 34.800 1.274 0.317 34.800 1.277 0.320
53.85 11.402 3.402 35.400 1.262 0.306 35.400 1.274 0.317 35.400 1.276 0.320

54 11.402 3.402 36.000 1.266 0.310 36.000 1.274 0.318 36.000 1.276 0.319
54.15 11.402 3.402 36.600 1.251 0.294 36.600 1.265 0.309 36.600 1.269 0.312
54.3 11.402 3.402 37.200 1.252 0.296 37.200 1.264 0.307 37.200 1.268 0.311
54.45 11.402 3.402 37.800 1.264 0.307 37.800 1.274 0.317 37.800 1.275 0.318
54.6 11.402 3.402 38.400 1.257 0.301 38.400 1.269 0.313 38.400 1.273 0.316
54.75 11.402 3.402 39.000 1.258 0.301 39.000 1.269 0.312 39.000 1.273 0.316
54.9 11.402 3.402 39.600 1.264 0.308 39.600 1.269 0.313 39.600 1.271 0.314
55.05 11.402 3.402 40.200 1.249 0.292 40.200 1.265 0.308 40.200 1.268 0.312
55.2 11.402 3.402 40.800 1.262 0.306 40.800 1.274 0.317 40.800 1.276 0.319
55.35 11.402 3.402 41.400 1.264 0.307 41.400 1.275 0.319 41.400 1.278 0.321
55.5 11.402 3.402 42.000 1.257 0.301 42.000 1.266 0.309 42.000 1.268 0.311
55.65 11.402 3.402 42.600 1.257 0.300 42.600 1.272 0.316 42.600 1.276 0.319
55.8 11.402 3.402 43.200 1.257 0.300 43.200 1.262 0.305 43.200 1.264 0.307
55.95 11.402 3.402 43.800 1.255 0.298 43.800 1.272 0.316 43.800 1.275 0.318
56.1 11.402 3.402 44.400 1.261 0.305 44.400 1.274 0.317 44.400 1.277 0.320
56.25 11.402 3.402 45.000 1.257 0.301 45.000 1.265 0.308 45.000 1.268 0.311
56.4 11.402 3.402 45.600 1.256 0.299 45.600 1.267 0.310 45.600 1.269 0.312
56.55 11.402 3.402 46.200 1.255 0.298 46.200 1.270 0.314 46.200 1.273 0.316
56.7 11.401 3.401 46.800 1.257 0.300 46.800 1.268 0.311 46.800 1.271 0.314
56.85 11.401 3.401 47.400 1.263 0.306 47.400 1.276 0.319 47.400 1.279 0.322

57 11.401 3.401 48.000 1.260 0.303 48.000 1.266 0.309 48.000 1.267 0.311
57.15 11.401 3.401 48.600 1.253 0.296 48.600 1.268 0.312 48.600 1.271 0.315
57.3 11.401 3.401 49.200 1.257 0.300 49.200 1.269 0.312 49.200 1.272 0.315
57.45 11.401 3.401 49.800 1.258 0.301 49.800 1.268 0.311 49.800 1.271 0.314
57.6 11.401 3.401 50.400 1.257 0.300 50.400 1.271 0.314 50.400 1.274 0.318
57.75 11.401 3.401 51.000 1.262 0.306 51.000 1.270 0.313 51.000 1.272 0.315
57.9 11.401 3.401 51.600 1.251 0.295 51.600 1.264 0.307 51.600 1.266 0.310
58.05 11.401 3.401 52.200 1.254 0.297 52.200 1.271 0.314 52.200 1.275 0.318
58.2 11.401 3.401 52.800 1.264 0.307 52.800 1.268 0.311 52.800 1.269 0.313
58.35 11.401 3.401 53.400 1.254 0.297 53.400 1.271 0.314 53.400 1.274 0.317
58.5 11.401 3.401 54.000 1.262 0.306 54.000 1.271 0.314 54.000 1.273 0.317
58.65 11.401 3.401 54.600 1.256 0.299 54.600 1.267 0.310 54.600 1.270 0.313
58.8 11.400 3.400 55.200 1.252 0.295 55.200 1.265 0.308 55.200 1.268 0.311
58.95 11.400 3.400 55.800 1.261 0.304 55.800 1.274 0.317 55.800 1.275 0.318
59.1 11.400 3.400 56.400 1.257 0.300 56.400 1.267 0.310 56.400 1.269 0.313
59.25 11.400 3.400 57.000 1.257 0.300 57.000 1.270 0.313 57.000 1.273 0.316
59.4 11.400 3.400 57.600 1.259 0.302 57.600 1.267 0.311 57.600 1.269 0.313
59.55 11.400 3.400 58.200 1.252 0.295 58.200 1.266 0.310 58.200 1.271 0.314
59.7 11.400 3.400 58.800 1.263 0.306 58.800 1.270 0.313 58.800 1.271 0.315
59.85 11.400 3.400 59.400 1.257 0.300 59.400 1.271 0.315 59.400 1.274 0.317

60 11.400 3.400 60.000 1.256 0.300 60.000 1.266 0.309 60.000 1.270 0.313
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Cell count: Cell count:
P 8.00 in P 8.00 in
α 20.00 deg α 20.00 deg
θ 30.00 deg θ 30.00 deg
L 101.36 in L 101.36 in
L 8.45 ft L 8.45 ft
tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2
Q 4.745 cfs Q 4.745 cfs
h 1.263 h 1.260
H 0.306 ft H 0.304 ft 
H/P 0.459 - H/P 0.455 -
Cd 0.620 - Cd 0.628 -

Cd-emp 0.599 - Cd-emp 0.601 -
εCd-emp 3.55% - εCd-emp 4.42% -

time h H time h H
0.002 1.292 0.335 0.002 1.292 0.335
0.600 1.294 0.337 0.600 1.294 0.337
1.200 1.320 0.364 1.200 1.322 0.365
1.800 1.352 0.395 1.800 1.352 0.395
2.400 1.350 0.394 2.400 1.350 0.393
3.000 1.310 0.353 3.000 1.311 0.354
3.600 1.308 0.351 3.600 1.304 0.348
4.200 1.281 0.324 4.200 1.280 0.323
4.800 1.250 0.293 4.800 1.250 0.293
5.400 1.291 0.334 5.400 1.293 0.336
6.000 1.262 0.305 6.000 1.267 0.311
6.600 1.288 0.331 6.600 1.290 0.334
7.200 1.296 0.339 7.200 1.294 0.337
7.800 1.275 0.318 7.800 1.277 0.321
8.400 1.324 0.367 8.400 1.328 0.371
9.000 1.322 0.365 9.000 1.322 0.365
9.600 1.279 0.323 9.600 1.284 0.327

10.200 1.268 0.312 10.200 1.269 0.312
10.800 1.257 0.300 10.800 1.261 0.304
11.400 1.280 0.323 11.400 1.284 0.327
12.000 1.287 0.330 12.000 1.287 0.331
12.600 1.246 0.289 12.600 1.245 0.288
13.200 1.276 0.319 13.200 1.276 0.319
13.800 1.268 0.312 13.800 1.265 0.309
14.400 1.289 0.333 14.400 1.293 0.336

Table C15. Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.5

FLOW-3D (fine mesh, k-ε ) FLOW-3D (fine mesh, k- ω)
3,306,877          3,306,877          
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15.000 1.318 0.362 15.000 1.315 0.358
15.600 1.257 0.300 15.600 1.257 0.300
16.200 1.277 0.321 16.200 1.280 0.323
16.800 1.275 0.318 16.800 1.277 0.320
17.400 1.266 0.309 17.400 1.267 0.311
18.000 1.278 0.322 18.000 1.280 0.323
18.600 1.253 0.296 18.600 1.255 0.298
19.200 1.245 0.289 19.200 1.245 0.288
19.800 1.280 0.324 19.800 1.281 0.325
20.400 1.280 0.323 20.400 1.279 0.322
21.000 1.281 0.324 21.000 1.283 0.327
21.600 1.269 0.312 21.600 1.270 0.313
22.200 1.257 0.300 22.200 1.258 0.302
22.800 1.284 0.327 22.800 1.286 0.330
23.400 1.269 0.312 23.400 1.271 0.314
24.000 1.269 0.312 24.000 1.269 0.312
24.600 1.258 0.302 24.600 1.260 0.303
25.200 1.246 0.290 25.200 1.246 0.289
25.800 1.269 0.312 25.800 1.268 0.311
26.400 1.278 0.322 26.400 1.277 0.320
27.000 1.262 0.306 27.000 1.258 0.301
27.600 1.266 0.309 27.600 1.267 0.310
28.200 1.267 0.310 28.200 1.266 0.309
28.800 1.264 0.307 28.800 1.264 0.307
29.400 1.275 0.319 29.400 1.274 0.317
30.000 1.270 0.314 30.000 1.270 0.313
30.600 1.253 0.296 30.600 1.254 0.298
31.200 1.260 0.303 31.200 1.259 0.303
31.800 1.264 0.307 31.800 1.262 0.305
32.400 1.267 0.310 32.400 1.265 0.308
33.000 1.271 0.314 33.000 1.269 0.313
33.600 1.260 0.303 33.600 1.259 0.303
34.200 1.262 0.305 34.200 1.260 0.304
34.800 1.269 0.312 34.800 1.267 0.310
35.400 1.267 0.310 35.400 1.268 0.312
36.000 1.270 0.313 36.000 1.268 0.312
36.600 1.255 0.299 36.600 1.254 0.297
37.200 1.257 0.300 37.200 1.257 0.300
37.800 1.268 0.311 37.800 1.267 0.311
38.400 1.263 0.307 38.400 1.261 0.305
39.000 1.261 0.304 39.000 1.258 0.302
39.600 1.269 0.312 39.600 1.265 0.309
40.200 1.255 0.298 40.200 1.254 0.297
40.800 1.268 0.311 40.800 1.267 0.310
41.400 1.268 0.312 41.400 1.267 0.310
42.000 1.260 0.304 42.000 1.258 0.302
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42.600 1.263 0.306 42.600 1.262 0.305
43.200 1.258 0.302 43.200 1.259 0.302
43.800 1.264 0.307 43.800 1.261 0.305
44.400 1.266 0.309 44.400 1.264 0.307
45.000 1.259 0.302 45.000 1.258 0.301
45.600 1.263 0.306 45.600 1.258 0.301
46.200 1.261 0.304 46.200 1.258 0.301
46.800 1.262 0.305 46.800 1.260 0.304
47.400 1.270 0.313 47.400 1.264 0.307
48.000 1.263 0.307 48.000 1.261 0.305
48.600 1.260 0.303 48.600 1.258 0.301
49.200 1.263 0.306 49.200 1.261 0.305
49.800 1.262 0.305 49.800 1.261 0.304
50.400 1.265 0.308 50.400 1.262 0.305
51.000 1.266 0.309 51.000 1.264 0.307
51.600 1.259 0.302 51.600 1.257 0.300
52.200 1.260 0.303 52.200 1.257 0.301
52.800 1.267 0.310 52.800 1.264 0.308
53.400 1.261 0.305 53.400 1.258 0.302
54.000 1.267 0.310 54.000 1.265 0.308
54.600 1.263 0.307 54.600 1.260 0.304
55.200 1.259 0.302 55.200 1.255 0.298
55.800 1.267 0.310 55.800 1.265 0.308
56.400 1.262 0.305 56.400 1.260 0.304
57.000 1.261 0.305 57.000 1.260 0.303
57.600 1.264 0.308 57.600 1.261 0.305
58.200 1.257 0.300 58.200 1.254 0.297
58.800 1.267 0.310 58.800 1.265 0.309
59.400 1.263 0.307 59.400 1.261 0.304
60.000 1.260 0.303 60.000 1.259 0.302
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Cell count: Cell count: Cell count: Cell count:
P 8.00 in P 8.00 in P 8.00 in P 8.00 in
α 20.00 deg α 20.00 deg α 20.00 deg α 20.00 deg
θ 30.00 deg θ 30.00 deg θ 30.00 deg θ 30.00 deg
L 202.71 in L 101.36 in L 101.36 in L 101.36 in
L 16.89 ft L 8.45 ft L 8.45 ft L 8.45 ft
tw 1.00  in tw 1.00  in tw 1.00  in tw 1.00  in
g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2 g 32.19 ft/s2
Q 9.487 cfs Q 6.555 cfs Q 6.555 cfs Q 6.555 cfs
h 0.949 h 0.967 h 1.376 h 1.382
H 0.283 ft H 0.300 ft H 0.420 ft H 0.425 ft 
H/P 0.424 - H/P 0.450 - H/P 0.630 - H/P 0.638 -
Cd 0.699 - Cd 0.882 - Cd 0.534 - Cd 0.524 -

Cd-emp 0.622 - Cd-emp 0.605 - Cd-emp 0.498 - Cd-emp 0.494 -
εCd-emp 12.40% - εCd-emp 45.92% - εCd-emp 7.12% - εCd-emp 5.97% -

time h H time h H time h H time h H
45.00 11.399 3.399 0.002 1.425 0.468 0.002 1.425 0.468 0.002 1.425 0.468
45.15 11.399 3.399 0.600 1.428 0.471 0.600 1.426 0.469 0.600 1.428 0.472
45.3 11.399 3.399 1.200 1.438 0.482 1.200 1.430 0.473 1.200 1.438 0.482

45.45 11.399 3.399 1.800 1.438 0.481 1.800 1.438 0.481 1.800 1.438 0.482
45.6 11.399 3.399 2.400 1.394 0.437 2.400 1.422 0.465 2.400 1.416 0.459

45.75 11.399 3.399 3.000 1.341 0.384 3.000 1.396 0.439 3.000 1.391 0.434
45.9 11.399 3.399 3.600 1.319 0.362 3.600 1.394 0.437 3.600 1.410 0.453

46.05 11.399 3.399 4.200 1.260 0.303 4.200 1.373 0.416 4.200 1.370 0.413
46.2 11.399 3.399 4.800 1.245 0.289 4.800 1.335 0.378 4.800 1.341 0.385

46.35 11.399 3.399 5.400 1.172 0.216 5.400 1.373 0.416 5.400 1.400 0.444
46.5 11.399 3.399 6.000 1.280 0.324 6.000 1.356 0.399 6.000 1.369 0.413

46.65 11.399 3.399 6.600 1.175 0.218 6.600 1.351 0.394 6.600 1.389 0.432
46.8 11.399 3.399 7.200 1.136 0.179 7.200 1.368 0.412 7.200 1.377 0.420

46.95 11.399 3.399 7.800 1.146 0.190 7.800 1.353 0.396 7.800 1.373 0.416
47.1 11.399 3.399 8.400 1.121 0.165 8.400 1.376 0.419 8.400 1.420 0.463

47.25 11.399 3.399 9.000 1.244 0.287 9.000 1.384 0.427 9.000 1.413 0.456
47.4 11.399 3.399 9.600 1.132 0.175 9.600 1.387 0.430 9.600 1.381 0.424

47.55 11.399 3.399 10.200 1.142 0.186 10.200 1.364 0.407 10.200 1.359 0.403
47.7 11.400 3.400 10.800 1.035 0.078 10.800 1.344 0.387 10.800 1.379 0.423

47.85 11.400 3.400 11.400 1.114 0.157 11.400 1.379 0.422 11.400 1.400 0.444
48 11.400 3.400 12.000 1.066 0.109 12.000 1.362 0.406 12.000 1.373 0.416

48.15 11.400 3.400 12.600 1.152 0.195 12.600 1.363 0.406 12.600 1.360 0.403
48.3 11.400 3.400 13.200 1.015 0.058 13.200 1.349 0.392 13.200 1.385 0.428

48.45 11.400 3.400 13.800 1.078 0.122 13.800 1.364 0.408 13.800 1.366 0.409
48.6 11.400 3.400 14.400 1.006 0.049 14.400 1.358 0.401 14.400 1.420 0.463

48.75 11.400 3.400 15.000 1.096 0.139 15.000 1.384 0.428 15.000 1.396 0.440
48.9 11.400 3.400 15.600 1.096 0.139 15.600 1.375 0.418 15.600 1.357 0.400

49.05 11.400 3.400 16.200 1.052 0.096 16.200 1.358 0.401 16.200 1.397 0.440
49.2 11.400 3.400 16.800 1.004 0.047 16.800 1.364 0.407 16.800 1.377 0.421

49.35 11.400 3.400 17.400 1.043 0.087 17.400 1.374 0.417 17.400 1.391 0.434
49.5 11.400 3.400 18.000 1.032 0.075 18.000 1.365 0.408 18.000 1.376 0.420

49.65 11.400 3.400 18.600 1.061 0.104 18.600 1.367 0.411 18.600 1.362 0.405
49.8 11.401 3.401 19.200 1.013 0.056 19.200 1.359 0.402 19.200 1.373 0.416

49.95 11.401 3.401 19.800 1.008 0.052 19.800 1.356 0.399 19.800 1.394 0.437
50.1 11.401 3.401 20.400 0.994 0.038 20.400 1.368 0.411 20.400 1.389 0.433

50.25 11.401 3.401 21.000 1.037 0.080 21.000 1.370 0.413 21.000 1.384 0.427
50.4 11.401 3.401 21.600 1.010 0.053 21.600 1.374 0.418 21.600 1.370 0.413

50.55 11.401 3.401 22.200 1.036 0.079 22.200 1.365 0.408 22.200 1.396 0.440
50.7 11.401 3.401 22.800 0.999 0.042 22.800 1.366 0.410 22.800 1.387 0.430

50.85 11.401 3.401 23.400 0.993 0.036 23.400 1.368 0.412 23.400 1.378 0.421
51 11.401 3.401 24.000 1.005 0.049 24.000 1.372 0.415 24.000 1.382 0.426

51.15 11.401 3.401 24.600 1.014 0.058 24.600 1.369 0.413 24.600 1.360 0.403
51.3 11.401 3.401 25.200 1.002 0.045 25.200 1.366 0.409 25.200 1.380 0.423

51.45 11.401 3.401 25.800 0.997 0.040 25.800 1.360 0.403 25.800 1.394 0.437
51.6 11.401 3.401 26.400 0.992 0.035 26.400 1.368 0.411 26.400 1.377 0.420

51.75 11.401 3.401 27.000 0.978 0.021 27.000 1.372 0.415 27.000 1.378 0.421

Table C16. Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.7

1,885,423                 293,940                   576,684            2,841,660         
STAR CCM+ (fine mesh) FLOW-3D (coarse mesh) FLOW-3D (medium mesh) FLOW-3D (fine mesh)
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51.9 11.401 3.401 27.600 1.006 0.050 27.600 1.370 0.413 27.600 1.382 0.425
52.05 11.401 3.401 28.200 0.976 0.020 28.200 1.367 0.410 28.200 1.385 0.428
52.2 11.401 3.401 28.800 1.013 0.056 28.800 1.371 0.414 28.800 1.391 0.434

52.35 11.401 3.401 29.400 0.980 0.024 29.400 1.369 0.412 29.400 1.381 0.425
52.5 11.402 3.402 30.000 0.971 0.014 30.000 1.372 0.415 30.000 1.370 0.413

52.65 11.402 3.402 30.600 0.981 0.024 30.600 1.373 0.416 30.600 1.376 0.420
52.8 11.402 3.402 31.200 0.993 0.037 31.200 1.370 0.413 31.200 1.385 0.428

52.95 11.402 3.402 31.800 0.985 0.028 31.800 1.365 0.409 31.800 1.384 0.427
53.1 11.402 3.402 32.400 0.985 0.029 32.400 1.370 0.413 32.400 1.378 0.421

53.25 11.402 3.402 33.000 0.978 0.022 33.000 1.371 0.415 33.000 1.380 0.423
53.4 11.402 3.402 33.600 0.972 0.015 33.600 1.371 0.415 33.600 1.379 0.422

53.55 11.402 3.402 34.200 1.007 0.051 34.200 1.372 0.416 34.200 1.387 0.430
53.7 11.402 3.402 34.800 0.971 0.015 34.800 1.370 0.413 34.800 1.387 0.431

53.85 11.402 3.402 35.400 0.985 0.029 35.400 1.371 0.414 35.400 1.379 0.423
54 11.402 3.402 36.000 0.959 0.003 36.000 1.374 0.417 36.000 1.370 0.414

54.15 11.402 3.402 36.600 0.987 0.031 36.600 1.375 0.419 36.600 1.387 0.430
54.3 11.402 3.402 37.200 0.971 0.014 37.200 1.372 0.416 37.200 1.381 0.424

54.45 11.402 3.402 37.800 0.975 0.019 37.800 1.369 0.413 37.800 1.380 0.423
54.6 11.402 3.402 38.400 0.961 0.005 38.400 1.371 0.415 38.400 1.380 0.423

54.75 11.402 3.402 39.000 0.989 0.032 39.000 1.374 0.417 39.000 1.377 0.420
54.9 11.402 3.402 39.600 0.959 0.003 39.600 1.374 0.417 39.600 1.383 0.426

55.05 11.402 3.402 40.200 0.978 0.022 40.200 1.374 0.417 40.200 1.387 0.431
55.2 11.402 3.402 40.800 0.985 0.028 40.800 1.373 0.416 40.800 1.381 0.424

55.35 11.402 3.402 41.400 0.972 0.015 41.400 1.373 0.416 41.400 1.380 0.423
55.5 11.402 3.402 42.000 0.980 0.023 42.000 1.374 0.417 42.000 1.382 0.425

55.65 11.402 3.402 42.600 0.964 0.007 42.600 1.377 0.420 42.600 1.382 0.425
55.8 11.402 3.402 43.200 0.963 0.007 43.200 1.375 0.419 43.200 1.384 0.427

55.95 11.402 3.402 43.800 0.958 0.002 43.800 1.374 0.417 43.800 1.382 0.425
56.1 11.402 3.402 44.400 0.982 0.026 44.400 1.373 0.417 44.400 1.376 0.419

56.25 11.402 3.402 45.000 0.959 0.002 45.000 1.373 0.416 45.000 1.382 0.425
56.4 11.402 3.402 45.600 0.970 0.014 45.600 1.376 0.419 45.600 1.381 0.424

56.55 11.402 3.402 46.200 0.962 0.005 46.200 1.377 0.420 46.200 1.386 0.429
56.7 11.401 3.401 46.800 0.965 0.008 46.800 1.375 0.418 46.800 1.379 0.422

56.85 11.401 3.401 47.400 0.988 0.032 47.400 1.373 0.417 47.400 1.382 0.425
57 11.401 3.401 48.000 0.969 0.012 48.000 1.375 0.419 48.000 1.381 0.425

57.15 11.401 3.401 48.600 0.985 0.029 48.600 1.377 0.420 48.600 1.383 0.426
57.3 11.401 3.401 49.200 0.948 -0.009 49.200 1.377 0.420 49.200 1.384 0.427

57.45 11.401 3.401 49.800 0.977 0.020 49.800 1.376 0.419 49.800 1.382 0.425
57.6 11.401 3.401 50.400 0.959 0.002 50.400 1.375 0.418 50.400 1.376 0.419

57.75 11.401 3.401 51.000 0.949 -0.008 51.000 1.376 0.419 51.000 1.384 0.427
57.9 11.401 3.401 51.600 0.983 0.026 51.600 1.376 0.420 51.600 1.383 0.426

58.05 11.401 3.401 52.200 0.950 -0.007 52.200 1.377 0.420 52.200 1.380 0.424
58.2 11.401 3.401 52.800 0.967 0.011 52.800 1.376 0.419 52.800 1.382 0.425

58.35 11.401 3.401 53.400 0.974 0.017 53.400 1.377 0.420 53.400 1.380 0.423
58.5 11.401 3.401 54.000 0.935 -0.022 54.000 1.375 0.419 54.000 1.383 0.426

58.65 11.401 3.401 54.600 1.002 0.046 54.600 1.377 0.420 54.600 1.385 0.428
58.8 11.400 3.400 55.200 0.964 0.007 55.200 1.377 0.421 55.200 1.381 0.425

58.95 11.400 3.400 55.800 0.960 0.003 55.800 1.378 0.421 55.800 1.382 0.425
59.1 11.400 3.400 56.400 0.976 0.019 56.400 1.377 0.420 56.400 1.380 0.423

59.25 11.400 3.400 57.000 0.941 -0.015 57.000 1.376 0.420 57.000 1.383 0.426
59.4 11.400 3.400 57.600 0.971 0.014 57.600 1.377 0.420 57.600 1.384 0.427

59.55 11.400 3.400 58.200 0.965 0.008 58.200 1.378 0.422 58.200 1.378 0.421
59.7 11.400 3.400 58.800 0.982 0.026 58.800 1.378 0.421 58.800 1.382 0.425

59.85 11.400 3.400 59.400 0.941 -0.016 59.400 1.377 0.420 59.400 1.381 0.425
60 11.400 3.400 60.000 0.987 0.030 60.000 1.377 0.420 60.000 1.382 0.425
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Cell count: Cell count:
P 8.000 in P 8.000 in
α 20.000 deg α 16.000 deg
θ 30.000 deg θ 10.000 deg
L 202.711 in L 101.355 in
L 16.893 ft L 8.446 ft
tw 1.000  in tw 1.000  in
g 32.185 ft/s2 g 32.185 ft/s2
Q 15.297 cfs Q 7.650 cfs
h 1.187 h 1.431
H 0.520 ft H 0.475 ft 
H/P 0.780 - H/P 0.712 -
Cd 0.452 - Cd 0.518 -

Cd-emp 0.432 - Cd-emp 0.459 -
εCd-emp 4.45% - εCd-emp 12.71% -

time h H time h H
45.00 14.240 6.240 0.002 1.438 0.482
45.15 14.241 6.241 0.600 1.438 0.482
45.3 14.237 6.237 1.200 1.438 0.481

45.45 14.246 6.246 1.800 1.432 0.475
45.6 14.440 6.440 2.400 1.405 0.449

45.75 14.240 6.240 3.000 1.388 0.431
45.9 14.240 6.240 3.600 1.404 0.448

46.05 14.240 6.240 4.200 1.401 0.444
46.2 14.241 6.241 4.800 1.338 0.381

46.35 14.237 6.237 5.400 1.384 0.427
46.5 14.246 6.246 6.000 1.377 0.420

46.65 14.440 6.440 6.600 1.381 0.424
46.8 14.240 6.240 7.200 1.394 0.438

46.95 14.240 6.240 7.800 1.376 0.419
47.1 14.240 6.240 8.400 1.382 0.425

47.25 14.241 6.241 9.000 1.404 0.448
47.4 14.237 6.237 9.600 1.409 0.452

47.55 14.246 6.246 10.200 1.401 0.444
47.7 14.440 6.440 10.800 1.372 0.416

47.85 14.240 6.240 11.400 1.378 0.422
48 14.240 6.240 12.000 1.393 0.436

48.15 14.240 6.240 12.600 1.397 0.440
48.3 14.241 6.241 13.200 1.387 0.430

48.45 14.237 6.237 13.800 1.389 0.432
48.6 14.246 6.246 14.400 1.388 0.431

48.75 14.440 6.440 15.000 1.392 0.436

STAR CCM+ (fine mesh) FLOW-3D (fine mesh)
2,841,660            

Table C17. Tabulated time series data for α = 20°; θ = 30° arced labyrinth weir at H/P = 0.8
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48.9 14.240 6.240 15.600 1.406 0.449
49.05 14.240 6.240 16.200 1.420 0.463
49.2 14.240 6.240 16.800 1.392 0.435

49.35 14.241 6.241 17.400 1.393 0.436
49.5 14.240 6.240 18.000 1.405 0.448

49.65 14.241 6.241 18.600 1.398 0.441
49.8 14.237 6.237 19.200 1.405 0.448

49.95 14.240 6.240 19.800 1.408 0.452
50.1 14.241 6.241 20.400 1.392 0.436

50.25 14.237 6.237 21.000 1.397 0.441
50.4 14.246 6.246 21.600 1.410 0.453

50.55 14.440 6.440 22.200 1.413 0.456
50.7 14.240 6.240 22.800 1.413 0.457

50.85 14.240 6.240 23.400 1.408 0.451
51 14.240 6.240 24.000 1.408 0.451

51.15 14.240 6.240 24.600 1.408 0.451
51.3 20.240 ##### 25.200 1.410 0.454

51.45 14.240 6.240 25.800 1.413 0.457
51.6 14.241 6.241 26.400 1.416 0.459

51.75 14.237 6.237 27.000 1.408 0.452
51.9 14.240 6.240 27.600 1.407 0.450

52.05 14.241 6.241 28.200 1.411 0.454
52.2 14.237 6.237 28.800 1.414 0.457

52.35 14.240 6.240 29.400 1.417 0.461
52.5 14.241 6.241 30.000 1.414 0.457

52.65 14.237 6.237 30.600 1.414 0.458
52.8 14.246 6.246 31.200 1.410 0.453

52.95 14.440 6.440 31.800 1.412 0.455
53.1 14.240 6.240 32.400 1.420 0.463

53.25 14.240 6.240 33.000 1.419 0.462
53.4 14.440 6.440 33.600 1.414 0.458

53.55 14.240 6.240 34.200 1.412 0.455
53.7 14.240 6.240 34.800 1.416 0.460

53.85 14.240 6.240 35.400 1.419 0.462
54 14.241 6.241 36.000 1.418 0.462

54.15 14.237 6.237 36.600 1.420 0.464
54.3 14.246 6.246 37.200 1.423 0.466

54.45 14.440 6.440 37.800 1.415 0.459
54.6 14.240 6.240 38.400 1.420 0.463

54.75 14.240 6.240 39.000 1.423 0.466
54.9 14.240 6.240 39.600 1.423 0.466

55.05 14.240 6.240 40.200 1.426 0.470
55.2 14.240 6.240 40.800 1.420 0.463

55.35 14.240 6.240 41.400 1.423 0.467
55.5 14.240 6.240 42.000 1.422 0.465

55.65 14.240 6.240 42.600 1.424 0.467
55.8 14.240 6.240 43.200 1.428 0.471
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55.95 14.240 6.240 43.800 1.427 0.470
56.1 14.240 6.240 44.400 1.427 0.470

56.25 14.240 6.240 45.000 1.423 0.467
56.4 14.240 6.240 45.600 1.426 0.470

56.55 14.240 6.240 46.200 1.428 0.472
56.7 14.240 6.240 46.800 1.429 0.473

56.85 14.240 6.240 47.400 1.430 0.474
57 14.240 6.240 48.000 1.429 0.472

57.15 14.240 6.240 48.600 1.429 0.472
57.3 14.240 6.240 49.200 1.429 0.472

57.45 14.240 6.240 49.800 1.428 0.471
57.6 14.240 6.240 50.400 1.429 0.473

57.75 14.240 6.240 51.000 1.432 0.476
57.9 14.240 6.240 51.600 1.433 0.477

58.05 14.240 6.240 52.200 1.429 0.472
58.2 14.240 6.240 52.800 1.431 0.474

58.35 14.240 6.240 53.400 1.432 0.476
58.5 14.240 6.240 54.000 1.433 0.476

58.65 14.240 6.240 54.600 1.434 0.477
58.8 14.240 6.240 55.200 1.435 0.479

58.95 14.240 6.240 55.800 1.434 0.477
59.1 14.240 6.240 56.400 1.432 0.475

59.25 14.240 6.240 57.000 1.433 0.476
59.4 14.240 6.240 57.600 1.436 0.479

59.55 14.240 6.240 58.200 1.437 0.480
59.7 14.240 6.240 58.800 1.435 0.478

59.85 14.240 6.240 59.400 1.434 0.478
60 14.240 6.240 60.000 1.436 0.479
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