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Abstract: Trash racks are usually composed of an array of bars installed in a hydropower scheme to
safeguard the turbines by collecting water-borne detritus. However, current design approaches for
the design of trash racks focus on structural criteria. A little attention renders the proper evaluation
of hydraulic criteria, which causes a significant hydraulic head loss in low head hydropower schemes
with an integral intake. This study investigates the head loss through trash racks by employing
computational fluid dynamics (CFD) for several design combinations. A three-dimensional model
of trash racks using fractional area/volume obstacle representation (FAVOR) method in FLOW-3D
is set up to define the effects of the meshing on the geometry and several simulations are carried
out considering various approach velocities and different bar spacings, inclination angles, and
blockage ratios. The results indicate that head loss increases with an increase in approach velocity, the
inclination angle of the rack with channel bed, and blockage ratio. It is noticed that a clear spacing
between vertical bars greater than or equal to 0.075 m has a minimum head loss before it becomes
significantly high for lower spacing. In addition, the head loss coefficient increases for screen angles
greater than 60◦, which can be considered as an optimal parameter for design purpose.

Keywords: trash rack; head loss; small hydropower; CFD modeling

1. Introduction

The momentum transfer phenomenon plays a significant role in complex flow in-
takes [1]. Usually, water intakes divert the required amount of water into a power canal or
into a penstock without producing a negative impact on the local environment and with
the minimum possible head losses. In low head hydropower schemes, intake structures
may be broadly classified as power intake and conveyance intake. Power intake supplies
water directly to the turbine via a penstock. These intakes are often encountered in lakes
and reservoirs and transfer the water as pressurized flow. Conveyance intake supplies water
to other waterways (power canal, flume, tunnel, etc.) that usually end in a power intake.
These are most frequently encountered along rivers and waterways, which generally trans-
fer the water as free surface flow. Conveyance intakes along rivers can be classified into
lateral, frontal, and drop intakes [2]. One of the main functions of intake in hydroelectric
power plants is to minimize the quantity of debris carried by water, so trash racks are
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provided at the entrance of intake of hydroelectric power plants to restrict the floating and
submerged debris, which could otherwise cause damage to downstream structures and
malfunctioning of electromechanical equipment [3–7].

Trash racks are composed of one or more panels, which are made up of a category
of evenly spaced parallel metal bars [8,9]. Accumulation of debris upstream of trash
racks causes the variation in flow depth and velocity, which in turn creates an increased
differential head across the trash racks [10,11]. Studies around the globe [12–18] pointed out
that the main concern for hydro-power intake design is how to maintain a high discharge
coefficient and minimize entrance losses while minimizing the size, complexity, and cost
of the entrance structure. The design and selection of trash racks are governed by many
site-specific factors, whereas hydraulic head loss is one of the key parameters in the design
of trash racks. Researchers [11,19,20] pointed out that trash racks significantly contribute to
a total loss in low head plants with integral intakes.

Loss of head, ultimately, reduces net effective head and power output of a hydropower
plant [21–23]. Since the design of trash racks greatly varies and is used in a wide range
of operating conditions, therefore, numerous experimental studies have been carried
out to investigate this problem. As a result of these studies, different equations have
been derived to assess the head losses caused by trash racks [23–26]. One of the first
head loss equations was proposed by Kirschmer [27] for vertical and slightly inclined
(angled to channel floor) trash racks. Escande [28] considered the physical aspect of jet
contraction and derived an expression for head loss calculation due to rack bars. Later
on, Mosonyi [29] modified Kirschmer’s equation by taking the oblique flow coefficient
into consideration. USBR [30] also presented an equation for the calculation of head loss
through trash racks. However, it overestimates the head losses by as much as 55%, and the
source or derivation of this equation are still missing in the literature [19]. Meusburger [31]
proposed an equation similar to the Kirschmer–Mosonyi equation, but considered some
other parameters like bar shape, blockage ratio, and the bars angle relative to the flow.
Clark et al. [32] modified Meusburger’s [31] equation with new empirical coefficients for
head loss calculation through trash rack. Tsikata et al. [33] defined the term block ratio
used in Clark et al. [32] equation as the ratio between the area of rack bars and the area of
the entire trash rack.

Recently, Carrillo et al. [34] proposed expressions by using CFD modelling to calculate
the discharge coefficient for clear water collected through the rack and showed a good
agreement with the laboratory data. In another study, Carrillo et al. [35] numerically
investigated the design of bottom intake system. Study results showed differences smaller
than 1% in the wetted rack length, and discharge coefficients also presented good agreement
with lab data. García et al. [36] presented a novel computational tool, DIMRACK, for the
design of the required length of bottom racks in intake systems. This study also proposed
designing monograms to obtain the approximate graphical computation of the rack length
with clear water. In sediment transport cases, an occlusion factor is proposed, which is
obtained from experimental gravel tests.

Heidi Böttcher et al. [37] experimentally found out the head loss coefficient of an
angled horizontal trash rack with circular bars (CBTR) and flexible fish fence (FFF). The
study proposed a design equation to improve the estimation of head loss on both rack
options. Furthermore, it was also noted that several trash racks problems such as vortex for-
mations, vibrations, and instantaneous change in intake discharge are dynamic, therefore,
understanding the dynamic properties of trash rack fitting, in general, is critical [38,39].
Sadrnejad [40] proposed an effective added-mass method for assessing the intensity of
vibration in submerged structures. Tsikata et al. [41] investigated turbulent flow in the
vicinity of the trash racks models. The bar thickness, depth, and center-to-center spacing
were kept constant in all experiments. At three different stream velocities, the flow proper-
ties were examined by aligning the direction of approaching flow with the bars. The tests
were recorded with the stream velocity constant for four distinct bar inclinations relative
to the direction of approaching flow. A high-resolution particle image velocimetry (PIV)
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approach was employed for each test condition. According to this study, head loss and bar
inclination have a nonlinear relationship.

Several experimental studies with various rack shapes and sizes have been published,
many of which are discussed in Tsikata et al. [41–43]. However, there are only a few
numerical investigations available in the literature on trash racks flow. For instance,
Herman et al. [44] studied the flow through an array of rectangular bars using direct
numerical simulation (DNS). Ghamry et al. [45] investigated the flow across an array of 3,
7–14 rectangular bars using multiple turbulence models. They concluded that the turbulent
models considered, such as k-ε, k-ω, and Reynold’s stress models, all yield nearly identical
outcomes. Recently, Akerstedt et al. [46] also conducted similar research and investigated
numerically the turbulent flow through rectangular and biconvex-shaped trash racks. They
noticed that overall loss of the biconvex bars is in general about 15% of the loss for the
rectangular case for small angles of attack. For a large angle of attack, this difference
diminishes. Similarly, Hribernik et al. [47] investigated the various trash racks shapes and
their effects on fluid flow losses. For the experiment, they used three distinct rack bar
profiles (one plain rectangular profile and two alternative aerodynamically shaped profiles)
that result in various flow losses. An ANSYS CFX 12 solver (Version12, creator ANSYS,
Country USA) was utilized to simulate the flow for 3D CFD simulations. For each trash
racks profile, the gross head loss was computed, and the trash racks with the least head
loss were determined. The net profit was computed, and it was revealed that the profit
from the alternative trash racks design would only be expected after 10 years.

In addition to the above-discussed relations, several empirical equations are available
in the literature to anticipate the head loss through trash racks of various configurations.
However, local experience indicates that these empirical equations underestimate the head
loss through trash racks. Considering this fact, it is required to evaluate trash racks head
losses at low head hydropower plants. Therefore, this study presents a concept for the
design of trash racks with maximum hydraulic efficiency for low head hydropower plants
by utilizing computational fluid dynamics (CFD) modeling. Based on this design concept,
a new equation was developed for the estimation of head loss at low head hydropower
plants. For this purpose, a three-dimensional (3D) CFD model of trash racks was set up
and a number of simulations were performed corresponding to varying approach velocity,
for different bar spacing, inclination angle, and blockage ratio.

2. Materials and Methods

A comprehensive methodology was worked out and formulated after a detailed
technical literature review and on-site assessment of trash racks. For this purpose, existing
low head hydropower power stations at Nandipur, Rasul, Chichoki Malian, and Shadiwal
were studied. All hydropower stations have a maximum designed output of 13 MW except
the Shadiwal hydropower station, which has a 22 MW capacity. At all power stations,
trash racks are an integral part of the intake structure. Trash racks are slightly inclined
and provided with horizontal and vertical bars (Figure 1) fabricated in form of panels
supported by girders. Vertical bars have a rectangular cross-section, whereas horizontal
bars are configured with a circular cross-section (Figure 1). Bars in both vertical and
horizontal directions are evenly spaced (vertical bar spacing: 100 mm, horizontal bar
spacing: 600 mm).
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Figure 1. Vertical and horizontal bar profiles of trash racks screen at a hydropower station.

3. Modelling with CFD Code FLOW-3D

For the current study, numerical modeling of flows through Nandipur Hydropower
Station was carried using CFD code FLOW-3D. It was selected due its ability to model
the free surface flows using the volume of fluid method (VOF). This method adopts the
accurate pressure and kinetic boundary conditions. It describes the movement between
two fluids in order to prevent the boundary face from smearing [48]. VOF method defines
the cells as empty, full, and partially full of fluid. It assigns the value of zero, one (01),
and between zero and one (01), to empty, full, and partially full cells, respectively [49]. To
determine the void or flow region in each cell, FLOW-3D uses the fractional area/volume
obstacle representation (FAVOR) method. Moreover, FLOW-3D uses a multi-block mesh to
model large domain and nested mesh to capture more flow details in the area of interest [50].
FLOW-3D provides several methods to track fluid interfaces. There are two main types of
fluid interfaces: a diffuse interface and a sharp interface. Code automatically selected the
best-fit option depending on the number of fluids [46].

Governing equations for FLOW-3D are continuity and momentum equations as
shown below.

Continuity:
∂

∂x
(uAx) +

∂

∂y
(
vAy

)
+

∂

∂z
(wAz) = 0 (1)

Momentum:
∂Ui
∂t

+
1

VF

(
Uj Aj

∂Ui
dxj

)
=

1
ρ

∂P′

dxi
+ gi + fi (2)

In the above, equation’s variables u, v, and w represent the velocities in the x-, y-,
and z-directions; VF = volume fraction of fluid in each cell; Ax, Ay, and Az = fractional
areas open to flow in the subscript directions; ρ = density; P′ is defined as the pressure;
gi = gravitational force in the subscript direction; fi represents the Reynolds stresses, and
Aj = cell face areas. Equations (1) and (2) are partial differential equations. They are dis-
cretized both in time and space. Due to the complex nature of turbulence, it is often simpli-
fied and approximated using an average approach (e.g., Reynolds-averaged Navier–Stokes).

4. Model Setup

CFD modeling was carried out for this study to simulate the flows through trash racks
installed at intake of Nandipur Hydel Power Station as it is recognized as a good tool for
the estimation of head losses through trash racks [51]. The collected drawings of intake
trash racks were converted into a three-dimensional drawing of a single bay, which was
further formatted into stereolithographic (Stl) file format. Cartesian coordinate system was
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used in this study. The geometry was created such as to represent the flow direction by
X-component, lateral direction by Y-component, and elevation of geometry and fluid by
Z-component. Length, height, and width of fluid domain were 24.96 m, 11.6 m, and 16.81 m
respectively. The geometry file was then imported into CFD code FLOW-3D as shown in
Figure 2a. Thereafter, meshing was carried out (Figure 2b) and the fluid region was added
in the model.

Figure 2. (a): Geometry of intake trash racks imported in CFD Code. (b): Intake geometry after
applying mesh.

5. Sensitivity Analysis

Selection of grid size, appropriate boundary conditions, and turbulence model was
made based on the sensitivity analysis.

5.1. Sensitivity Analysis for Grid Size

Simulations were initially run with a grid size of 0.3 m in X, Y, and Z directions. The
grid size was then reduced to 0.2 m, 0.1 m, and 0.2 m in X, Y, and Z direction, respectively,
to investigate the grid size effect on model results for a validation process. After validation,
the mesh domain was reduced to a part of the trash racks panel, such as to assimilate the
blockage ratio of the complete unit of trash racks. Accordingly, minimum cell size was
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further reduced up to 0.005 m to ensure that the effect of 0.01 m thick bars is considered
during scenario modeling for equation development (Figure 3).

Figure 3. Refinement of the mesh for the numerical modeling (close view of rack’s FAVOR image).

5.2. Sensitivity Analysis for Boundary Conditions

Sets of various boundary conditions (Table 1) were applied to simulations, considering
the approach channel side as Xmin, downstream of trash racks as Xmax, and right and left
side of the flow as the Ymin & Ymax, respectfully. To properly select and apply input and
output boundary conditions of flow in Xmax and Xmin based on experimental studies, a
stable flow with a certain height of the fluid through the trash racks should be introduced
to the model. Hence, using boundary conditions existing in FLOW-3D, the fluid height for
Xmin is applied with the boundary conditions of fluid height. It is fully in accordance with
the model through which the results’ validation and calibration are performed. Moreover,
Zmin is the floor and Zmax is the upper boundary of the flow domain. Chanel and Doer-
ing [52] indicated that boundary conditions should match the physical conditions of the
problem. Considering this fact, among the different sets of tested boundary conditions,
one of the sets (Figure 4) validated the model: Xmin as ‘Specified Averaged Depth Velocity’,
Xmax as ‘Outflow’, Ymin & Ymax as ‘Symmetry’ to reflect the identical flows on another side
of right and left boundaries, Zmin as ‘Wall’, and Zmax as the ‘Specified Pressure’ boundary.

Table 1. Different sets of assigned boundary conditions.

Set
No.

X Y Z

Xmin. Xmax. Ymin. Ymax. Zmin. Zmax.

Set 1 Specified
Pressure Outflow Symmetry Symmetry Wall Specified

Pressure

Set 2 Specified
Pressure

Specified
Pressure Symmetry Symmetry Wall Specified

Pressure

Set 3 Volume
Flow Rate Outflow Symmetry Symmetry Symmetry Specified

Pressure

Set 4 Specified
Velocity Outflow Symmetry Symmetry Wall Specified

Pressure
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Figure 4. Assigned boundary conditions to the geometry.

5.3. Sensitivity Analysis to Turbulence Model

Simulations were carried out using Renormalization Group Turbulence (RNG) model,
Two Equation k-ε model, and Two Equation k-ω model. Two equation k-ε model com-
putes turbulent kinetic energy and its dissipation rate. In this way, it finds mixing length
dynamically [53]. The most robust version of k-ε model is RNG model because it explic-
itly calculates the constant coefficient of k-ε model [54]. All these models bring about
similar results. The RNG model, being robust and most accurate, was used for further
simulations [55].

6. Model Validation

The accuracy of a numerical model depends upon the validation. True validation
includes a comparison of model results with observed data [50]. Therefore, validation of
the model was carried out in this study by comparing its results of total hydraulic head in
approach channel, just upstream of trash rack, with actual water levels at the site against
average approach velocity. Moreover, the roughness parameter used within the CFD model
was 0.6 mm for concrete surface of intake structure. Overall hydraulic losses incorporate
surface roughness (from drag) and turbulence losses.

6.1. Scenario Modeling

After validation, the model was simplified to three rack bars. These racks bars were
subjected to several simulations by employing the cell size up to 0.005 m and encompassing
the blockage ratio of the complete unit of trash racks. Six different values of approach
velocity were used for these simulations: 0.5 m/s, 0.6 m/s, 0.7 m/s, 0.8 m/s, 0.9 m/s,
and 1 m/s. Spacing between trash racks bars, an inclination angle of racks with channel
bed, and blockage ratio was considered as the variable parameters in this study. A total
of 48 numbers of simulations were performed. A total of 40 data points (training data)
out of 48 were then employed to formulate an empirical relation for the head loss through
trash racks and the other 8 data points (testing data) were utilized for validation of the
derived equation.

Scenario modeling was grouped into three categories to investigate the effects of
changing parameters on head loss. Simulations in ‘category 1’ were performed to inves-
tigate the effects of change in clear spacing between bars (s) and consequent effects of
varying blockage ratios (p) for different approach velocities. The trash racks geometry in
the existing condition was reformed to three different geometries with a clear spacing of
0.05 m, 0.075 m, and 0.125 m. The effects of inclination angle (α) of the trash racks from
channel bed were investigated for different approach flow velocities in ‘category 2’. The
trash racks angle in the existing condition was reformed to three different inclination angles
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(α) i.e., 60◦, 70◦, and 80◦. The effect of blockage ratio (p) was investigated for different
approach flow velocities in category 3. Table 2 summarizes these categories.

Table 2. Summary of parameters used in scenario modelling and head loss computation.

Parameter Existing
Trash Rack Category 1 Category 2 Category 3

(a) (b) (c) (a) (b) (c) (a)

Clear spacing
‘s’ (mm) 100 50 75 125 100 100 100 100

Inclination
angle ‘α’ 75◦ 75◦ 75◦ 75◦ 60◦ 70◦ 80◦ 75◦

Blockage ratio
‘p’ 0.09 0.17 0.12 0.07 0.09 0.09 0.09 0.13

Figure 5a shows the water way between bars named as clear spacing, whereas
Figure 5b defines inclination angle as the angle of rack bar with channel bed. Variable
blockage ratio (p) shown in Table 2 is expressed as the total area perpendicular to flow
blocked by rack bars, compared to the total area, i.e., ratio between the area of rack bars
and the area of entire trash rack.

Figure 5. Definition sketch of clear spacing (s) and inclination angle (α). (a) Front view of rack bars;
(b) Side view of rack bar.

The generally used empirical relation for computation of head loss is given below:

∆h = ∆hc ×
v2

2g
(3)

where as in Equation (3), ∆h is the head loss, ∆hc is the head loss coefficient, v is the velocity
of approaching flow, and g is the gravitational acceleration. Equation (4) indicates that
head loss coefficient ∆hc is the function of factors that were analyzed to study the effect on
head loss.

∆h
v2

2g

= f (s, α, p) (4)

In Equation (4), “s” is the clear spacing between bars, “α” is the inclination angle of
the trash racks with channel bed, and “p” is the blockage ratio. Equation (4) was used for
the derivation of empirical relation for head loss computation considering the impact of
clear spacing between trash racks bars, inclination angle, and blockage ratio.
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6.2. Development of Equation for Head Loss through Trash Racks

To develop an equation for the estimation of head loss through trash rack, multiple re-
gression analysis was performed. Initially, a table was developed, enlisting results obtained
from CFD model simulations along with their corresponding inputs and independent and
dependent variables. Afterward, different combinations of independent variables were
made to establish the candidate terms for multiple regression analysis.

On the derivation of the new equation from regression analysis, the equation was
subjected to a validation process, using the testing data. Results of FLOW-3D and from the
newly derived equation were then collectively compared with already published equations
for trash racks loss computation. Equations of Kirschmer [27], USBR [30], Orsborn [10],
Fellenius [9], and Escande [28] shown in Table 3 were used for this comparison. Mean
relative error (MRE) was also calculated to quantify the error of each comparison.

Table 3. Equations from literature used to compute head loss for comparison.

Equation Developed by Formulation for Head Loss

Kirschmer ∆hr = kF ×
( t

b
) 4

3 × sin α× v2

2g

USBR ∆h =

(
1.45− 0.45 AN

Ag
−
(

AN
Ag

)2
)
× v2

2g

Orsborn ∆h = ∅×
( s

b
) 4

3 × sin α× v2

2g
Fellenius ∆hr = k× t

t+b ×
v2

2g

Escande ∆hr =
(

1
K − 1

)
2 × v2

2g

Note(s): Symbols used in above equations are defined with nomenclature.

7. Results and Discussion
7.1. Model Validation

Sensitivity analysis led to the validation of the model. Hydraulic head (water level)
and water depth were observed at design discharge of Nandipur hydropower station.
These measurements were observed from gauges installed in approach channel. At the
site it was impossible to observe the total head just downstream of the trash rack during
plant operation. Therefore, the model was validated only using upstream hydraulic head
(water level) and water depth. CFD simulation resulted in 8.6 m flow depth compared to
the actual depth of 9.4 m, corresponding to the actual approach velocity. The relative error
in comparison of results up to 10% is considered acceptable as per different CFD model
studies conducted across the globe [52,56,57]. All results shown in Table 4 are within the
acceptance range of 10%, indicating a good correlation.

Table 4. Comparison of results between CFD model and site data.

CFD Results Site Data
% Difference

in Flow Depth
% Difference in
Hydraulic HeadU/S Hydraulic

Head (m)
Flow Depth

(m)
U/S Hydraulic

Head (m)
Flow Depth

(m)

232.78 8.6 233.59 9.4 8.6 0.35

7.2. Flow Characteristic through Rack Bars

The flow characteristics through rack bars were studied considering two planes i.e.,
plane 1, along the mid-point of clear spacing between two rack bars, and plane 2, along the
periphery of rack bars. Along plane 1, as the area of flow decreases in between rack bars,
velocity increases to maximum when flow passes through the center of clear spacing in
between rack bars and it starts decreasing towards the downstream end. Along plane 2, ve-
locity decreases at the leading edge of the rack bar and then gradually increases towards the
downstream end. These observations are shown in Figure 6. All measurements/computed
values shown in Figure 6 are in the FPS system.
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Figure 6. Variation of velocity through rack bars (FAVOR geometry).

Table 5 shows variation in head loss with velocity for exiting parameters of trash racks
at Nandipur hydropower station, Pakistan. It is clear from the results that head loss through
trash racks increases with the increase in approach velocity. Turbulent characteristics of
the flow near rack bars were observed through turbulent energy contours. Contour plots
(Figure 7) indicate that the regions of extremely high turbulence levels are close to the rack
bars, which become low as flow moves further downstream. All measurements/computed
values shown in Figure 7 are in FPS system.

Table 5. Variation in head loss with velocity for existing parameters of trash rack.

Approach
Velocity

(m/s)
Upstream of Trash Rack Downstream of Trash Rack Head Loss

(m)

Observation Points (m)
Total

Hydraulic
Head (m)

Observation Points (m)
Total

Hydraulic
Head (m)

x y x y

0.5 27.32 11.85 233.313 29.62 11.85 233.310 0.0030
0.6 27.32 11.85 233.318 29.62 11.85 233.314 0.0043
0.7 27.32 11.85 233.323 29.62 11.85 233.317 0.0060
0.8 27.32 11.85 233.330 29.62 11.85 233.323 0.0074
0.9 27.32 11.85 233.338 29.62 11.85 233.328 0.0010
1 27.32 11.85 233.346 29.62 11.85 233.334 0.0120

7.2.1. Impact of Bar Spacing (Category-1 of Scenario Modeling)

For equivalent approach velocities, the rack bars with a spacing of 0.05 m caused
greater head losses as compared to trash bars with clear spacing of 0.075 m, 0.1 m, and
0.125 m (Figure 8). Increased blockage ratio because of reduced spacing between bars
aggravated the head loss. It indicates that relation between bar spacing and blockage ratio
is exponential. That is why bars with a spacing of 0.05 m exhibited considerable head loss.
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Figure 7. Turbulent energy contours of existing trash racks—XZ & XY Plane (FAVOR geometry).

Figure 8. Head loss variation at different bar spacings (∆hc = 0.23 to 0.26).

The simulations for the clear spacing of 0.1 m and 0.125 m provided almost comparable
results. It shows that rack bars do not induce greater impact to the flow beyond 0.1 m
spacing of racks bar. The simulation results exhibited the similarity for clear spacing of
0.075 m and 0.1 m at lower velocities and displayed a slight disparity between results for
higher velocities. In this case, head loss coefficients (∆hc) varied between 0.23 and 0.26.

7.2.2. Impact of the Inclination Angle of Bars (Category-2 of Scenario Modeling)

The results indicated that racks with more inclination to vertical caused less head loss
than rack bars with smaller angles (Figure 9). It showed that head loss is directly propor-
tional to the inclination of racks with channel beds. For equivalent approach velocities, 80◦
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inclination of rack bars with channel bed caused greater head losses. The trash racks in
an existing condition with 75◦ inclination with channel bed also exhibited large values of
head losses when compared with results of other simulations for bar angle of 60◦ and 70◦.
The simulations with bar angles of 60◦ and 70◦ somewhat resulted in the close values of
head loss. Whereas head loss coefficient (∆hc) varied between 0.20 and 0.27. The change in
inclination of trash racks, however, does not alter the blockage ratio for any of the simulated
arrangements. It implies that inclination angle is itself an influencing factor to induce the
loss in head of approaching flow.

Figure 9. Head loss variation at different inclination angles (∆hc = 0.20 to 0.27).

7.2.3. Impact of Blockage Ratio (Category-3 of Scenario Modeling)

The simulations in this category were performed to incorporate the effect of supporting
horizontal bar. The results were then compared with trash racks geometry in the existing
condition. The increased blockage ratio and higher approach velocity contribute immensely
to the drop in the water level. Figure 10 shows that a blockage ratio of 0.13 leads to more
head losses than with a blockage ratio of 0.09 (existing condition). Head loss coefficients
(∆hc), in this case, varied between 0.23 and 0.26.

7.3. Derivation of an Empirical Equation

The derived relation between the trash racks loss and influential design parameters is
expressed below:

∆h
v2
2g

= [(0.04622 × p− 0.02104 × t
s ) × tan2 (α)]− 0.0441 × tan (90− α) + 0.21419 (5)

In Equation (5), ∆h
v2
2g

= ∆hc is head loss coefficient, t is the thickness of vertical rack bars,

b is the clear spacing between vertical rack bars, α is the angle of rack bars with channel
bed, and p is blockage ratio. Equation (5) represented a determination coefficient (R2) value
of 0.894 and adjusted determination coefficient (adj.R2) value of 0.885, indicating a good fit
of the equation with data [58,59].

The equation represented zero p-value, which shows that the developed equation is a
true representative of the input data, and the equation is statistically significant. Moreover,
each term in the equation possessed a p-value less than 0.05, indicating the statistical
significance of the relationships in the equation. The terms and coefficients in the equation
and their corresponding p-values are listed in Table 6.
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Figure 10. Head loss variation at two different blockage ratios (∆hc = 0.23–0.26).

Table 6. p-Values corresponding to terms of regression model.

Term Coefficient p-Value

Constant 0.21419 0.000
tan (90 − α) −0.0441 0.035
t
s × tan2 (α) −0.02104 0.002
p × tan2 (α) 0.04622 0.000

The correlation between calculated values of head loss from the derived equation and
training data (head loss from CFD model) is shown in Figure 11. The graphical relation
shows that the newly formulated equation has a good correlation with the training data.

Figure 11. Correlation between training data and calculated values.

Figure 12 shows the comparison between testing data and calculated values for verifi-
cation of the derived equation. Figure 12 shows that the correlation between both data sets
is strong enough for the verification of the equation.
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Figure 12. Verification of derived equation.

7.4. Comparison of the Proposed Equation with Existing Head Loss Equations

Comparison of the head loss data obtained from the CFD model with head loss data
from different empirical equations is shown in Figure 13. Kirschmer equation under-
estimated the head loss in comparison to head loss calculated by the new equation.
Kirschmer relation only shows the good fit for the results of thickness to a bar ratio of 5. It
is certainly due to the reason that the bar opening (b) term in the equation starts governing
the equation at smaller openings [51]. USBR relation overestimated head loss more than
the new equation. It can also be noted that the calculated head loss values are somewhat
conforming to measured head losses for low values of velocities.

Orsborn equation also underestimated the head loss as compared to head losses from
the new equation. It could be the reason that the equation did not consider the effect of
the inclination angle of the trash racks. Results of the Fellenius equation are relatively less
deviated compared to other equations. However, it underestimated the head loss. Fellenius
equation did not consider the effect of the inclination angle of trash racks. Escande equation
underestimated the head loss as compared to head losses from the new equation with
more deviation.

Mean relative error (MRE) was also calculated to quantify the uncertainty of each
equation to the new equation. Mean relative error for all the equations is presented below
in Table 7.

Table 7. Summary of mean relative error.

Equation for Trash Racks Losses MRE (%)

Kirschmer 46.8
USBR 36.5

Orsborn 40.8
Fellenius 19.1
Escande 71.3

Present Study 3.6
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Figure 13. Comparison of head loss computed from the new equation and commonly used equations.

8. Conclusions

It is noticed that a clear spacing between vertical bars greater than or equal to 0.075 m
(or thickness to bar ratio of greater than or equal to 7.5) has a minimum head loss, whereas
the increase is considerable otherwise. The angle of the trash racks screen has a significant
effect on the head loss. The head loss coefficient increased with the increase in screen angle
greater than 60◦. A significant effect was noticed for screen angle greater than 70◦. The
inclination of rack bars with the channel bed facilitates the raking as well. The submerged
trash tends to ride up the sloping racks with the flow. An angle of 60◦ should therefore be
considered as an optimal parameter for design. Moreover, the blockage ratio showed a
significant effect on head loss. Likewise, the head loss coefficient increased significantly
with increased blockage ratio and reduced clear spacing between vertical bars. Based on
research findings, trash racks for future hydropower projects may be designed accordingly.
Whereas head losses can also be assessed by using the equation presented by this study.
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Nomenclature
Following symbols are used in this paper:
u, v, and w velocities in the x-, y-, and z-directions;
V volume fraction of fluid in each cell;
Ax, Ay, and Az fractional areas open to flow in the subscript directions;
ρ density;
P′ pressure;
gi gravitational force in the subscript direction;
fi Reynolds stresses;
Aj cell face areas;
Stl stereo lithographic;
s clear spacing between bars;
α inclination angle of the trash racks with channel bed;
p blockage ratio;
∆h head loss;
hr head loss by Kirschmer;
kF Kirschmer shape factor;
K Escande head loss coefficient;
k Fellenius head loss coefficient;
∅ Shape factor
s Bar thickness for Orsborn equation
AN net area through rack bars;
Ag gross are through rack bars;
∆hc head loss coefficient;
v velocity of approaching flow;
g gravitational acceleration;
U/S upstream;
t thickness of vertical rack;
R2 determination coefficient;
adj.R2 adjusted determination coefficient;
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22. Walczak, N.; Walczak, Z.; Hämmerling, M.; Spychała, M.; Nieć, J. Head losses in small hydropower plant trash racks (SHP). Acta

Sci. Pol. Form. Circumiectus 2016, 15, 369.
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