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Abstract

Flow measurement is an important aspect of water management. Flumes are proven to be an effective
method of measuring flow in channels. The accuracy of these flumes is dependent on the produced
flume flow submergence ratio, limit, and head loss which are difficult to measure in the field. The aim of
this manuscript was to evaluate the use of CFD platform FLOW-3D software for measuring these
parameters in an experimental flume with flow rates of 0.112, 0.169, and 0.320 m*3/s named Flow 1,
Flow 2, Flow 3 using CFD design of a flume with an elevated downstream bottom. FLOW-3D software
was calibrated using published experimental (R*2 >0.98 and RMSE < 1.5 cm). Submergence limit was
measured at 0.21, 0.24, and 0.25, for Flow 1, Flow 2, and Flow 3, respectively. The maximum head loss
when the submergence ratio exceeded its limit was measured at 32.5% for Flow 1.

INTRODUCTION

Measuring water in an open channel is one of the basic elements of water conservation and irrigation
management and can allow optimal allocation of water (Ran et al. 2018). Flow measuring flumes
(hereinafter referred to as flumes) with central contraction have been introduced as a cost-effective and
simple approach for measuring water in rectangular open ditches and channels as it does not require
complex inflow and outflow transition (Samani 2017; Kolavani et al. 2018; Ghare et al. 2020). The
process produces critical flow in the contracted section resulting in a short-throated flume with no need
for extended inflow and outflow transition (Samani 2017; Ran et al. 2018; Heyrani et al. 2022). The
contraction in rectangular flumes is achieved by placing half cylinders in a perpendicular position inside
the channel (Samani 2017).

Furthermore, field experiments have shown that the accuracy of this approach is dependent on the
submergence ratio (ratio of downstream to upstream depth) (Willeitner et al. 2012; Samani 2017; Goel et
al. 2017). It has been reported that a possible error of up to 60% in the accuracy of flumes could occur if
the submergence ratio exceeds its limit and flow transitions from free flow to submerged condition.
(Willeitner et al. 2012; Goel et al. 2015; Heyrani et al. 2022).

In this approach, the proposed flume is operational under free-flow conditions in which the conditions
downstream of the flume do not impact the water depth on the upstream side of the flume (Willeitner et
al. 2012; Goel et al. 2015; Samani 2017).

Furthermore, the installation and use of flumes in open channels and ditches could result in significant
head loss and decreased flow capacity (Heyrani et al. 2022). Recent studies have been aiming at
modifying flume designs to reduce head loss in flume flow (Sun et al. 2021; Heyrani et al. 2022).

Additionally, increasing the downstream flume flow depth could impact the flume flows submergence
ratio and head loss (Samani 2017, Heyrani et al. 2022). However, measuring flume flow submergence
ratio, limit, and head loss in a laboratory or field setting could be very time-consuming and expensive.
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Furthermore, in recent years, computational fluid dynamics technology (CFD) has been used as an
accurate substitute for laboratory and field experiments for analyzing flume flows (Chatila and Tabbara
2004; Parsaie et al. 2015; Ran et al. 2018; Heyrani et al. 2022). Previous researchers have been able to
design and evaluate the accuracy of flume flows using FLOW-3D and under various turbulence models
(Ran et al. 2018; Heyrani et al. 2022). These studies have also shown that FLOW-3D simulations that are
based on the RNG k- turbulence model can produce highly accurate flume flow simulations compared to
other simulation codes and turbulence models (Savage et al. 2014; Ran et al. 2018; Sun et al. 2021;
Heyrani et al. 2022).

To date, no research has been done to evaluate the use of FLOW-3D for measuring submergence ratio,
limit, and head loss in flume flows using the FLOW-3D. This note aims to calibrate the FLOW-3D based on
published experimental results (Samani 2017) and use it to design a flume with elevated downstream
bottom and measure the corresponding submergence ratio, limit, and head loss under three flow rates
(0.112,0.169, and 0.320 m?/s).

MATERIALS AND METHODS
NUMERICAL MODEL

In this study, elevated downstream bottom was implemented into a rectangular flume introduced by
(Samani 2017) and the modified flume was analyzed under three flow rates of 0.112, 0.169, and 0.320
m3/s named Flow 1, Flow 2, Flow 3. The flume consisted of two vertical half pipes on either side of a
rectangular cross-section (Fig. 1). Dimensions of the rectangular flume, the upstream depth (H), and the
characteristics of the studied flows are shown in Table 1. In Table 1, B is the width of the channel, B, the
width of the critical section, and H is the upstream depth. To create the flume flow simulations, a
geometric model of the flume was created and imported into FLOW-3D version 11.1.0 (Flow Science, Inc.
2016) (Fig. 1).

Table 1

Dimensions of the rectangular flume and characteristics of
flows (Samani 2017).

Flow 5 (cm) B. (cm) H(cm) Flow Rate (m?>/s)
1 61 28 31 0.112
2 61 28 41.6 0.169
3 61 28 62.5 0.320
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Hydrodynamic analysis of the flume flows was performed based on the two-phase area/volume obstacle
representation (FAVOR) method available in the FLOW-3D software (Ran et al. 2018; Sun et al. 2021).

The FAVOR methodowas used to capture the complex liner geometric designs and to solve the highly
complex recirculating flow with grooves in the vicinity of the vertical half pipes (Flow Science, Inc. 2016).
This method also allows the boundary line between solid surfaces and the flow to be distinguished in
flume flows (Ran et al. 2018).

For turbulence modeling, the FLOW-3D RNG k- turbulence model was implemented in the simulations
due to its reputation for accuracy when defining the flows that have low-intensity turbulent flow and
strong shear regions (Zhang et al. 2017; Ran et al. 2018; Taha et al. 2020; Ahmed et al. 2021; Sun et al.
2021).

For modeling incompressible viscous fluid motion, the three-dimensional Reynolds-averaged Navier
Stokes (RANS) equation was used. The associated continuity equation is as following:
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Pis the average hydrodynamic pressure,
RprF is the turbulent diffusion,
(f, f.,» f,) are the viscous accelerations,

(G2, Gy, G) are the body accelerations,
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V' is the volume fraction,

p is the fluid density,

(A;,A,A,) are the area fractions,
(x.y,2) are the Cartesian coordinates and
(u,v,w) are the velocity components.

The initial selection of the mesh size range was based on similar previous studies on simulating similar
open channel flows with the use of FLOW-3D RNG k- turbulence model (Ran et al. 2018; Taha et al.
2020). Mesh sensitivity was also analyzed for three grid sizes of 0.025,0.027, and 0.03 m in Flow 1
(Table 1). The measured upstream depth for each simulation was compared. Because of insignificant
differences between the calculated upstream depth using 0.027 and 0.025 m in Flow 1, a grid size of
0.027 min all directions was adopted to reduce computational efforts and increase the efficiency of the
simulations.

MODEL VALIDATION

FLOW-3D was calibrated based on experimental field measurements by Samani (2017). In that study, a
field-scale flume (Table 1) was constructed in irrigation canals operated by the Elephant Butte Irrigation
District in the Lower Rio Grande Basin. Validation was done with the use of upstream piezometric reading
(H) as a validation metric under three simulated flume flows (Table 1).

Flume flow upstream piezometric reading for different flow rates when hydrodynamic stability was
achieved (t= 50 sec), was extracted from the simulated validation run and compared to experimental field
measurement by Samani (2017).

Through a trial-and-error process (using RMSE and R? as objective functions), hydrodynamic model
parameters of the code (mesh size, turbulence and VOF models, and aspect ratio) were calibrated so that
flume flow upstream piezometric reading in the validation simulation run would better fit the experimental
readings under three flow rates (RMSE moved closer to 0, R2 moved closer to 1, and, error minimized)
(Table 2).
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Table 2

Summary of calibrated FLOW-3D hydrodynamic model setup.

Parameter

Mesh

Cell size

Turbulence model

Solid contours

Advection scheme
Diffusion scheme
Courant number limit
Multiphase treatment

Free surface tracking
Aeration

Aspect ratio

Computation time

Model length in x-direction
Model length in y-direction

Model length in z-direction

Value/Type

Structured FAVOR

0.027 m

Renormalization group (RNG) turbulence model
No slip, smooth surface, high Re wall function
Explicit 2nd order limited (Van Leer, 1977)
Explicit 2nd order

0.75

VOF with two fluids

Donor-acceptor method (Hirt and Nichols, 1981)
Eulerian approach

1.04

50 seconds

0.61Tm

4m

0.6 m

The calibrated FLOW-3D code was then used to simulate and analyze three flows (Flow 1,2, and 3) in a
flume with various downstream bottom elevations (referenced to the elevation of the bottom of the
channel floor). The submergence ratio, limit, and head loss in each flow were measured and compared.
The submergence ratio was measured as the ratio of downstream depth divided by the piezometric
reading upstream of the cylinders at the center of the flow stream (Samani 2017). Head loss was
measured as the difference in the total hydraulic head between the upstream and downstream of the
cylinders at the center of the flow stream (Ran et al. 2018). Submergence ratio, limit, and head loss were
measured in reference to a fixed baseline located 0.12 m above the channel bottom at the center of the
flow stream. The submergence limit was defined as the submergence ratio at which the upstream depth
started to change significantly due to changes in downstream bottom elevation and corresponding
downstream depth (Willeitner et al. 2012; Goel et al. 2015; Samani 2017).

BOUNDARY CONDITIONS

Boundary conditions used for simulations are shown in Fig. 1. The boundary of the sublayer viscous flow
region attached to solid boundaries (side walls and bed of the channel) was set to a smooth wall. The

Page 6/16



upper boundary condition was set to symmetry. To produce real-world conditions, flume flows were
simulated as free surface flows (surface boundary conditions to symmetry). The pressure on the surface
of the entire flow was set to atmospheric pressure to represent free-surface effects (i.e., zero gradients).

The inflow boundary was a specified volumetric flow rate from the whole open area of the channel inlet
on the upstream side, with auto-adjusted fluid height. The flow rate of the inlet was selected based on
experimental field measurements by Samani (2017).

The condition of the lower boundary (downstream) was set to outflow, which allowed the flow to leave
the domain freely. Instant representation of flow with elevated downstream bottom was simulated using
the selected CFD model setup and boundary conditions are shown in Fig. 2.

RESULTS AND DISCUSSIONS
MODEL VALIDATION

Experimental and simulation results on upstream piezometric reading (H) as validation metric at different
flume flow rates are shown in Fig. 3 (Samani 2017). Furthermore, the validation results revealed that the
calibrated FLOW-3D hydrodynamic model had high performance in simulating the flume flow upstream
piezometric reading with a coefficient of determination R?>0.98, low RMSE < 1.5 cm, and maximum
error of 6.5%. This can be compared to a previous study based which used FLOW-3D RNG k- turbulence
model and mesh size of 0.02 m for simulating trapezoidal cutthroat flume flow and showed a maximum
error of 5% (Ran et al. 2018).

Theoretical maximum flume flow (Flow 1) head loss calculated based on published experimental flume
flow data and maximum head loss based on simulation were also compared and the simulation error
was measured (Table 3). These theoretical calculations based on specific energy of open channel flow
also allowed for the calculation of the maximum applicable downstream bottom elevation (Table 3).
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Table 3

Comparison of theoretical maximum flume flow head loss calculated based on published experimental
flume flow data and maximum head loss based on simulation run (Samani, 2017).

0.112

Flowrate (m3sec™!)
Bottom width (m) 0.61
Flow normal depth (m) 0.31
Critical flow depth (m) 0.15
Normal specific energy (£1) 0.33
Critical specific energy (E..) 0.23

: : . 0.10
Maximum applicable downstream bottom elevation (E; — E.) (m)
Maximum theoretical potential head loss* (%) 30.3
((E; — E.)/ E1)*100 (theoretical)
Maximum potential head loss (%) 32.5
((E, — E.)/ E1)*100 (simulated)
Error (%) 7.2
* Assuming head loss caused by flume throat is negligible compared to head loss caused by
downstream step.

These results confirmed the previous findings that the accuracy of the FLOW-3D based on the FLOW-3D
RNG k- turbulence model in simulating hydrodynamic parameters of open channel flow is reasonably
robust for the low-intensity turbulent flows without the need for very fine meshes (Zhang et al. 2017; Taha
et al. 2020; Ahmed et al. 2021; Mostafazadeh-Fard and Samani 2023). Previous reports have also used
FLOW-3D based on the FLOW-3D RNG k- turbulence model, the volume of fluid (VOF) approach, and a
cell size of 0.03 m for accurately simulating similar open channel flows (Taha et al. 2020).

SUBMERGENCE RATIO, LIMIT AND HEAD LOSS

Variations of upstream depth, submergence ratio, and head loss with respect to downstream bottom
elevation for the simulated flume flows recorded by Samani (2017) are shown in Figs. 4a, 4b, and 4c,
respectively. According to Fig. 4a, the upstream depth in Flow 1 starts to change significantly when the
downstream bottom elevation increases to 0.04 m. In addition, the upstream depth in Flow 2 and 3 starts
to change significantly when the downstream bottom elevation increases to 0.06 m. According to Figs. 4a
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and 4b, the submergence limit for Flow 1, Flow 2, and Flow 3 can be measured at 0.21, 0.24, and 0.25,
respectively. It can be noted that the submergence limit has increased with an increase in flow rate (Goel
et al. 2015). It should be noted that the submergence limit is defined as the submergence ratio at which
the upstream depth starts to change significantly due to changes in downstream bottom elevation and
corresponding downstream depth (Goel et al. 2015; Sun et al. 2021; Heyrani et al. 2022). This obtained
range of submergence limit could be compared to the 0.65 to 0.9 range of submergence limit obtained for
flowmeters with-width varying contractions at a flow rate varying from 0.002 to 0.03 m?/sec (Goel et al.
2015).

According to Fig. 4c, head loss in Flow 1 has slightly decreased from 5.7-2.8% with an increase in
downstream elevation from 0.04 m to 0.06 m before its significant increase to 21.1% at a downstream
bottom elevation of 0.08 m. The initial decrease in the head loss for Flow 1 could be due to decreased
friction loss in flow caused by the upstream depth increase (Fig. 4a). A previous study based on the
FLOW-3D RNG k- turbulence model (mesh size of 0.02 m) also showed that head loss reduced from
11.1-9% when rectangular cutthroat flume was replaced with trapezoidal cutthroat flume at a flowrate of
0.075 m3/sec (Ran et al. 2018). According to Fig. 4c, the maximum head loss of 32.5% is for Flow 1 with
highest downstream bottom elevation (0.1 m). This can be compared to the maximum reported head loss
of 38.4% in three curve-designed flumes with a flow rate of 0.026 m?>/sec (Sun et al. 2021; Heyrani et al.
2022).

CONCLUSIONS

FLOW-3D code was calibrated with published experimental results (coefficient of determination >0.98
and RMSE < 1.5 cm) for simulating flume flow. A flume with an elevated downstream bottom design was
developed, and the corresponding submergence limit and head loss were measured under three flow rates
(0.112 (Flow 1), 0.169 (Flow 2), and 0.320 (Flow 3) m?/s) under various downstream bottom elevations
using the FLOW-3D code. The highest submergence limit was recorded under Flow 3 at 0.25. The
maximum head loss when the submergence ratio exceeded its limit was measured for Flow 1. FLOW-3D
code can be effectively used to predict submergence ratio, limit, and head loss in flume flows. The
proposed technique can be used to improve water management and conservancy in open ditches and
channels.
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Figure 1

(@) 3D model and (b) top view of the flume introduced by Samani (2017).
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Figure 2

Instant representation of flume flow with elevated downstream bottom simulated using the calibrated
CFD model setup and boundary conditions.
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Figure 3

Experimental and simulation results on upstream piezometric reading (H) as a validation metric at three
different flume flow rates.
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Upstream Depth vs Downstream Bottom Elevation
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Figure 4

Variations of upstream depth, submergence ratio, and head loss with respect to downstream bottom
elevation for the simulated flume flows recorded by Samani (2017).
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