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An Experimental Investigation of Head loss through
Trash Racks in Conveyance Systems
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Abstract:
Trash racks are widely used in the water conveyance systems to prevent trappings of
floating and submerged debris that would cause operational problems at downstream reaches. Head
loss through the trash rack is one of the key parameters in designing trash racks. The trash racks
commonly used in Sri Lanka are with circular bars. The existing methods to estimate head loss
through these trash racks give very wide results which make it difficult for engineers to produce
reliable designs for water conveyance systems. In order to investigate this problem in detail and to
develop a methodology to estimate head loss through trash racks a set of experiments was performed
in open channel with trash racks by considering the variable parameters such as bar diameter, clear
spacing, inclination angle and unit discharge. In this study, a new head loss equation is proposed
based on the experimental findings to estimate the head loss through trash racks made up of circular
bars.
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Introduction

grooves provided in the trash rack structure.
Side bearing type consists of removable section
racks in which the individual sections are not
installed between guides in the trash rack
structure but are placed adjacent to each other
laterally and in an inclined plane to obtain the
desired area of flow. Integral type trash rack is
in which the rack sections are bolted in place
below water line. End bearing type trash rack
made up of circular bars placed in straight,
subcritical approach flow is the most commonly
used type in Sri Lanka.

Trash racks are comprised of an array of metal
bars that have been used in irrigation canals,
water intakes, pumping stations and other
hydraulic structures to prevent the floating and
submerged debris that would cause damage
and operational problems at the downstream
reach of the conveyance systems. Hydraulic
head loss is one of the governing parameters in
designing trash racks according to the
standards given by Knox [4]. Because, if the
head loss through the trash rack is very high,
there will be problems in water conveyance to
the far downstream end. Hydraulic head loss
mainly
depends
on
the
geometrical
arrangement of the bars and hydraulic
characteristics of the approach flow. Geometry
of bars mainly considers about the bar shape,
inclination angle of trash rack, bar thickness
and clear spacing between bars or by combing
bar thickness and spacing as blockage ratio.
Blockage ratio is defined as the ratio between
the area of total bars and the gross area of the
trash racks. Hydraulic characteristics of the
approach flow mainly consider about the
approach velocity and the approach flow angle.

The existing formulations that are available to
estimate the head loss through trash racks with
circular bars are giving widely varying results
which lead to difficulties in the production of
reliable designs of trash racks in conveyance
systems. Therefore, the objective of the study is
to investigate the performance of existing
methods of estimating head loss through trash
racks and their shortcomings in detail and
finally, to develop an improved methodology
to accurately predict the head losses.
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Further, IS 11388: 2012 [3] defines the
classification of the trash racks such as end
bearing, side bearing and integral types
according to their constructional features and
the methods of installation. End bearing type
which consists of removable racks section
installed by lowering the sections between side
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2.

Literature Review

This formulation can be used for any trash rack
regardless of bar shape and inclination angle of
trash rack and it allows for the estimation of
head losses under partially clogged conditions.

Extensive literature review was carried out in
order to update the current knowledge of
designing trash racks in this present study.
Formulae that are applicable for designing
trash racks with circular bars were found from
the literature survey and presented here.

Meusburger (2002) which is referred from
Raynal et.al [11] also suggested a formulation
given in Eq.(5)

Krischmer (1926) as given in Raynalet.al [11]
was one of the first authors to propose a head
loss equation for inclined trash racks. This
study proposed an equation (1) to estimate the
head loss through trash racks only for the
inclination angles ranging from 600 to 900 from
the channel bed.
∆ ൌ  𝐾𝐾𝐹𝐹

𝑏𝑏
𝑡𝑡

Ͷ

͵

𝑠𝑠𝑖𝑖𝑛𝑛𝛼𝛼Ǥ

𝑉𝑉 ʹ

Δ ൌ  𝐾𝐾𝐹𝐹

The equation considered the variable
parameters such as KF- bar shape factor (1.79 for
circular bars), b- clear spacing, t- bar
thickness,𝛼𝛼- inclination angle with channel
bed, V- velocity through the trash rack and ggravitational acceleration. Equation (1) can be
applied to the bar shapes of airfoil, circular,
rectangular bars and rectangular bars with
rounded edges by appropriately changing the
bar shape factor KF.

𝑉𝑉 ʹ

where, K- bar shape factor, V- approach
velocity and g- gravitational acceleration. Bar
shape factor K is formulated as a function of
blockage ratio (p)which is defined as the ratio of
the area blocked by the bars to gross area of the
trash rack. This formula is applicable for
rectangular bars, rectangular bars with sharp
and round edges and Circular bars. Bar shape
factor for circular bar is given in Eq.(3),
𝐾𝐾 ൌ ͲǤͲͲͺ  ͲǤͳ͵ͷͺͻ𝑝𝑝  ǤͲ͵ͷ𝑝𝑝ʹ

𝑉𝑉 ʹ
ʹ𝑔𝑔

…... (3)

…... (4)

where, V- approach velocity, R = 1-p, pblockage ratio and g- gravitational acceleration.
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ʹ𝑔𝑔

…... (5)

3.

Methodology

3.1

Experimental set-up

All experimental runs were carried out in the
Fluid mechanics laboratory of Faculty of
Engineering, University of Peradeniya. Fig.1
shows a schematic diagram of the experimental
set-up that was used in the experiment in order
to conduct the test runs. This experiment set-up
consists of intake tank, flume, trash racks,
depth gauges and downstream tank with a
sharp crested weir.

Another method of calculating head loss
through trash racks suggested by Wahl [7] is
given in Eq.(4)
Δ ൌ  ͳǤͶͷ − ͲǤͶͷ𝑅𝑅 − 𝑅𝑅ʹ

𝑉𝑉 ʹ

Widely varying results were obtained when
conducting the preliminary experiments and it
ensures the objective of the study to proceed
further. Experiment details and results are
discussed in Section 3 and Section 4,
respectively.

…... (2)

ʹ𝑔𝑔

𝑠𝑠𝑖𝑖𝑛𝑛𝛽𝛽

It has also been found that several other
formulae available for estimating head loss
through trash racks were suggested by Clark
et.al [9], Raynal et.al [11], Raynal et.al [12],
Tsikata et.al [15] and Osborn (1968) which is
referred in Raynal et.al [11]. They are mainly
focused on trash racks with bar shapes other
than circular bars. Hence, these formulae
cannot be applied for the trash racks comprised
of circular bars; present study has not
considered those formulae.

Knox [4] suggests an equation (2) for the
estimation of head losses when designing trash
racks provided by the United States Army
Corps of Engineers (USACE).
Δ ൌ 𝐾𝐾

ͳ−𝑝𝑝

ͳǤͷ

where, KF- bar shape factor, p- blockage ratio, 𝛽𝛽inclination angle from channel bed, Vapproach velocity and g- gravitational
acceleration. This formula can be applied for
the bar shapes of airfoil, circular, rectangular
and rectangular bars with rounded edges.
Further, Raynal et.al [11] states that
Meusburger (2002) used the same bar shape
factors and included the term sinβ proposed by
Kirschmer (1926) without checking the
relevance of those parameters.

…... (1)

ʹ𝑔𝑔

𝑝𝑝
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Fig.3 shows a picture of the downstream tank
attached with a rectangular sharp crested weir
which is placed at the downstream end of the
flume. Two baffle plates have been provided in
this tank in order to control water surface
fluctuations through the rectangular sharp
crested weir.
Further, a depth gauge arrangement is
provided to measure the discharge through the
flume. Least count of the depth gauge is 0.03
mm which ensures the accurate measurement
of the water depth through the rectangular
sharp crested weir.

Figure 1 - Schematic view of the experimental
set-up
3.1.1 Flume

3.1.3 Trash racks
Trash rack models were prepared using circular
mild steel bars. Blockage ratio was considered
to design the trash racks which is defined as,
Blockage ratio =

𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑙𝑙 𝑎𝑎𝑟𝑟𝑒𝑒𝑎𝑎 𝑜𝑜𝑓𝑓 𝑡𝑡𝑒𝑒𝑏𝑏𝑎𝑎𝑟𝑟𝑠𝑠 𝑖𝑖𝑛𝑛 𝑇𝑇𝑟𝑟𝑎𝑎𝑠𝑠 𝑟𝑟𝑎𝑎𝑐𝑐𝑘𝑘
𝑇𝑇𝑜𝑜𝑡𝑡𝑎𝑎𝑙𝑙 𝐴𝐴𝑟𝑟𝑒𝑒 𝑎𝑎 𝑜𝑜𝑓𝑓 𝑡𝑡𝑒𝑒𝐶𝐶𝑎𝑎𝑛𝑛𝑛𝑛𝑒𝑒𝑙𝑙

(6)

By changing the bar spacing and bar diameters
of the trash racks, different blockage ratios were
obtained. Table 1 gives the details of the trash
rack models used in this study. Bar diameters
of 2 mm, 3 mm, 6 mm, 8 mm and 10 mm were
used to prepare the trash rack models and
blockage ratios were varied from 0.17 to 0.68
during this study.

Figure 2 - View of the flume
Flume used for the experiments (see Figure 2) is
20 m long, 0.4 m wide and 0.5 m deep and it is
attached to the 2 m long intake tank that
consists the inlet flow controlling valves as
well.
Bottom of the flume was fitted with a smooth
aluminium sheet in order to reduce the effects
of friction. The slope of the flume can be
changed by using a motor. Further, two circular
railings were mounted on top of the side walls
of the channel. A trolley arrangement attached
with the depth gauge was placed on top of the
circular railings to measure the water depths.
Least count of the depth gauges are 0.3 mm that
ensures
the
accurate
water
depth
measurements.

Table 1- Details of the fabricated trash racks
Bar
Diameter
(mm)
2
3
6

3.1.2 Downstream tank

8

10

Clear
Spacing
(mm)
5
10
5
10
5
10
15
5
10
15
5
10
15

Blockage
Ratio
0.29
0.17
0.38
0.24
0.55
0.39
0.30
0.62
0.48
0.36
0.68
0.53
0.43

Figure 4 shows the prepared trash rack model
with a blockage ratio of 0.39 used for the
experiments.
Figure 3 - Rectangular sharp crested weir
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rack were measured. The discharge was
measured by using the rectangular sharp
crested weir attached to the downstream tank.
Discharge was varied from lower value to
higher value in steps by controlling the inlet
valve. After completing the experimental run
for one set, inclination of the trash rack was
changed to the next angle and the same
procedure was repeated. Throughout the
experiments partially submerged trash rack
with uniform flow condition was maintained.

Figure 4 - Trash rack model of blockage ratio
0.39

When performing preliminary experiments,
there were significant disturbances to the water
surface when discharge increases. As a result, it
caused some difficulties in measurement of
water depths. In order to overcome this
problem, thick rigifoam sheets were placed on
the upstream water surface of the channel to
reduce the water level fluctuations and to
obtain a calm water surface.

Figure 5 shows the fixing arrangement
prepared to hold the trash rack in the flume.
Trash rack was placed at 7 m downstream of
the intake tank, in order to allow the flow to be
fully developed in the channel. This distance is
adequate to have the fully developed flow in
the channel for the discharge range considered
in the experimental runs.

Figure 6 - Rigifoam sheets used to reduce the
water level fluctuations

Figure 5 - Trash rack held in the flume
3.2

Figure 6 shows the calm water surface obtained
upstream of the trash racks during the
experiments.

Test Cases

In this study, ten different discharges were
used for each trash rack model by varying the
discharge from 1 l/s to 25 l/s and inclination
angle with the channel bed from 300 to 900in
steps of 150. 13 different trash rack models
described in Table 1 were tested for each
discharge and inclination angle. The total
number of experimental runs conducted during
this study was 650.
3.3

4.

The experimental data obtained for different
trash rack models were analysed using various
formulae suggested in previous studies. Prior
to the analysis, preliminary checks were carried
out to verify whether the flow is supercritical or
sub critical and the effect of kinetic energy
coefficient on the analysis.

Experimental Procedure

4.1

Inclination angle of the trash rack from channel
bed, blockage ratio and the unit discharge
through the flume were considered as the
variable parameters in this study. First, the
trash rack was placed in the flume and two
depth gauges were fixed at upstream and
downstream of the trash rack as shown in Fig.1.
Then, the flow was passed through the flume
until it becomes steady. The water depths at
both upstream and downstream of the trash

ENGINEER

Results and Discussion

Froude Number

Froude number is the dimensionless parameter
that is used to identify the state of fluid flow;
whether it is subcritical or supercritical flow. In
all experimental runs, Froude numbers of the
upstream of the trash rack were calculated.
𝐹𝐹𝑟𝑟 ൌ 

4

𝑉𝑉

𝑔𝑔

…... (7)

where, V- approach velocity, h- water depth
and g- gravitational acceleration. Froude
numbers of the flow were found to be between
0.17 and 0.55. It ensures that the upstream flow
is subcritical.
4.2

Effect of Kinetic Energy Coefficient

Basic energy equation of fluid flow typically
includes a coefficient of kinetic energy when
estimating the velocity heads. Tsikata et.al [15]
states that the equation accompanied with
kinetic energy coefficients can be written in the
form of Eq.8.
∆ ൌ  ͳ −  ʹ 

𝛼𝛼 ͳ 𝑈𝑈ͳ ʹ −𝛼𝛼 ʹ 𝑈𝑈ʹ ʹ

Figure 7 - Comparison of head losses
computed using Krischmer (1926) with the
measured head losses

…... (8)

ʹ𝑔𝑔

where, h1- upstream water depth, h2downstream water depth, U1- upstream flow
velocity, U2- downstream flow velocity and 𝛼𝛼1,
𝛼𝛼2 - kinetic energy coefficients and ggravitational acceleration.

Krischmer (1926) recommended to use the
velocity term as the velocity through the trash
rack which is practically difficult to measure
but, it was estimated using other data and then
applied to the formulation.

Reynolds number of the flow was calculated
using the Eq.(9)in order to find out the effect of
kinetic energy coefficient which was referred in
Tsikata et.al [15].
𝑅𝑅𝑒𝑒 ൌ 

𝑉𝑉𝑏𝑏
𝜐𝜐

Figure 8, Figure 9 and Figure 10 show the
graphs that compare the measured head losses
with the head losses computed using Knox
(USACE), Wahl (1992) and Meusburger (2002)
formulae respectively.

…... (9)

It can be noted that formulae give under
predicted values of head losses compared to
measured head losses. Figure 8, 9 and 10 show
the similar behaviour and particularly Fig.9
shows much deviation from measured head
losses for the higher discharges. It could be a
reason that the Eq.(4) did not consider about
the effect of the inclination angle of trash racks.
This formulation considered only the variables
R and V.

where, V- Flow velocity, b- bar thickness and 𝜐𝜐kinematic viscosity of water (10-6 m2/s).
Reynolds number of the flow was found to be
over 1000.Hence, it can be said that according
to the Tsikata et.al [15], the effect of the kinetic
energy coefficient due to the fluid flow can be
neglected when estimating the head losses
4.3

Comparison of measured head losses
with the head loss computed using
existing equations

Experimental data obtained from this present
study were compared with the suggested
equations from the previous studies. Eq.(1), (2),
(4) and (5), which can be applied for trash racks
comprised of circular bars were considered for
the comparison study.
Comparison of the measured head losses with
calculated head losses by using Krischmer
(1926) is shown in Fig.7. It can be noted that for
small values of discharges the calculated head
loss values are somewhat agreeing with the
measured head losses. However, for higher
discharges the predicted head losses are
deviated much more from the measured values.

Figure 8 - Comparison of head losses
computed using Knox (USACE) with the
measured head losses
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By using the Buckingham’s 𝜋𝜋 theorem nondimensional groups were found for the
variables listed in Eq.(10). Formulated 𝜋𝜋 groups
are shown in Eq.(11).
Δ
𝑉𝑉 ʹ
ʹ𝑔𝑔

ൌ 𝑓𝑓 𝑠𝑠𝑖𝑖𝑛𝑛𝛼𝛼ǡ 𝑝𝑝ǡ

𝑞𝑞𝑔𝑔

…. (11)

𝑉𝑉 ͵

After deriving the non-dimensional 𝜋𝜋 groups,
500data points out of 650 were selected to
formulate the relationship of the head loss
through trash rack and the other 150 data
points were used to validate the equation. For
the validation process, trash rack sets with 6
mm diameter bars (see Table 1) were used,
which were not taken in the calibration process.

Figure 9 - Comparison of head losses
computed using Wahl (1992) with the
measured head losses

To formulate the equation, log values of the 𝜋𝜋
groups
were
determined
and
then
multivariable regression analysis which is
given as a built-in data analysis tool in
Microsoft Excel package was applied. The
relationship obtained with the regression
coefficient of (R2 value) of 0.95, is shown in
Eq.(12).
Δ

𝑙𝑙𝑜𝑜𝑔𝑔 𝑉𝑉 ʹ

ʹ𝑔𝑔

ൌ −ͲǤͳ  ͲǤͲ  𝑆𝑆𝑖𝑖𝑛𝑛𝛼𝛼 
𝑞𝑞𝑔𝑔

ͲǤͳ  𝑝𝑝  ͳǤͷͷሺ ͵ ሻ
𝑉𝑉
………………….…. (12)

Eq.(13) shows the derived relationship between
the head loss and the variable parameters by
taking antilog both sides.

Figure 10 - Comparison of head losses
computed using Meusburger (2002) with the
measured head losses
4.4

Δ
𝑉𝑉 ʹ
ʹ𝑔𝑔

Derivation of a New Formula

ൌ ͲǤͳͻʹ͵ 𝑆𝑆𝑖𝑖𝑛𝑛𝛼𝛼

ͲǤͲͷ

ሺ𝑝𝑝ሻͲǤͳͷ

𝑞𝑞𝑔𝑔 ͳǤͷ
𝑉𝑉 ͵

…. (13)

It can be seen from the comparison study that
different formulae give incomparable head loss
values for the same trash rack model subjected
to same hydraulic parameters. Therefore, it is
essential to derive a new formulation that leads
to the accurate estimation of head loss through
trash racks. Inclination angle of the trash rack,
approach flow velocity, unit discharge,
blockage ratio and gravitational acceleration
were considered as governing parameters
which affect the head loss through trash racks
which can be expressed as a function given in
Eq.(10).
Δ ൌ 𝑓𝑓ሺ𝛼𝛼ǡ 𝑉𝑉ǡ 𝑞𝑞ǡ 𝑝𝑝ǡ 𝑔𝑔ሻ

..... (10)
Figure 11 - Comparison of Head loss
computed using newly derived equation with
the measured Head losses

where, 𝛼𝛼- inclination angle from channel bed,
V- approach velocity, q- unit discharge, pblockage ratio and g- gravitational acceleration.
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Figure 11 shows the comparison of head loss
computed using newly derived equation
(Eq.13) with the measured head losses. It can be
clearly observed that the newly formulated
equation provides a better correlation with the
measured head losses.

Sensitivity analysis also was carried out in this
equation and found that the most sensitive
parameter in this formulation is unit discharge
(q) and the least influence is given by
inclination angle.

After the derivation of the new formula, it was
validated with the experimental data already
separated for the validation purposes. Fig.12
shows the comparison of calculated and
measured head losses for model verification.

5.

Trash racks made up of circular bars can be
seen most commonly in irrigation canals, water
supply intakes, water treatment plants and
other water conveyance systems in Sri Lanka.
Therefore, when designing a trash rack for a
conveyance system, it is essential to predict an
acceptable estimation of head loss through
trash rack which is the governing parameter of
designing trash racks. Therefore, the objective
of the study was to suggest an improved
methodology for the estimation of head loss
through trash racks.
Head loss through trash racks was investigated
by conducting a series of experiments by
considering the parameters such as inclination
angle with channel bed, approach velocity, unit
discharge and blockage ratio. Blockage ratio
ranges between 0.17 and 0.68 and inclination
angle varied from 300 to 900.The proposed
relationship to estimate the head loss through
the trash racks is given in Eq.(13). It
incorporates all possible parameters affecting
the head loss through trash rack. This proposed
formula proved to be giving head losses
through trash racks with a reasonable accuracy.

Figure 12 - Comparison of calculated and
measured head losses for model verification
Mean Relative Error (MRE) and Standard
Deviation (𝜎𝜎) were also calculated to quantify
the errors of each formulation discussed in this
study. Eq.(14) and Eq.(15) show the equations
that were used to calculate MRE and 𝜎𝜎,
respectively.
𝑀𝑀𝑅𝑅𝐸𝐸 ൌ 
𝜎𝜎 ൌ 

ͳ

𝑁𝑁

ͳ

𝑁𝑁

ȁΔ 𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠𝑢𝑢𝑟𝑟𝑒𝑒𝑑𝑑 ǡ𝑖𝑖 −Δ 𝑐𝑐𝑎𝑎𝑙𝑙𝑐𝑐𝑢𝑢𝑙𝑙𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑 ǡ𝑖𝑖 ȁ
𝑁𝑁
𝑖𝑖ൌͳ
Δ
𝑁𝑁
𝑖𝑖ൌͳ

Δ𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠𝑢𝑢𝑟𝑟𝑒𝑒𝑑𝑑

ǡ𝑖𝑖

−  Δ𝑐𝑐𝑎𝑎𝑙𝑙𝑐𝑐𝑢𝑢𝑙𝑙𝑎𝑎𝑡𝑡𝑒𝑒𝑑𝑑

Proposed Eq.(13) is valid only for trash racks
comprised of circular bars. Experiments were
conducted by using horizontal, smooth channel
bed and with partially submerged trash racks
in uniform, steady flow conditions.

…. (14)

𝑚𝑚𝑒𝑒𝑎𝑎𝑠𝑠𝑢𝑢𝑟𝑟𝑒𝑒𝑑𝑑 ǡ𝑖𝑖

ǡ𝑖𝑖

ʹ

. (15)

As further studies, fully submerged condition
of trash racks as well as different bar shapes can
be considered in estimating the head losses
through trash racks to update the formulation.
The study can also be extended to incorporate
the effects of bed friction and channel slope on
the estimation of total head loss through trash
racks.

Table 2 shows the details of the error
parameters.
Table 2- MRE and 𝝈𝝈 of the existing equations
Name of the Study
Krischmer (1926)
Knox (USACE)
Wahl (1992)
Meusburger (2002)
Present Study

MRE (%)
70.7
76.2
74.3
73.6
12.5

Summary and Conclusions

𝝈𝝈(m)
0.031
0.021
0.023
0.019
0.004
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