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Abstract: There is currently a growing trend towards renewable energy sources, which are charac-
terised by a guaranteed power supply and low failure rate. Hydropower plants (small or large) are
an example of such a source. They supply a total of 16% of the world’s electricity. The advantages of
a small hydropower plant include the relatively simple construction process and the lack of need
for upstream water storage. SHPs are one of the most cost-effective and environmentally friendly
energy technologies, which is why they are steadily increasing in popularity. One of the important
components of SHPs are the trash racks in the inlet channels. Their main purpose is to catch debris
and other elements carried downstream and to prevent these pollutants from reaching the turbine
units. They can also protect migrating ichthyofauna such as larger fish. If trash racks are installed in
the inlet channel, hydraulic losses are to be expected due to the reduction in the flow cross-section
through the racks (bars) themselves and through the accumulation of debris and various types of
trash on these racks. Energy losses on the trash racks affect the financial aspect of SHP investments.
This paper presents the results of laboratory tests on trash racks for SHPs by taking into account
the different shapes of the bars used, their number and spacing, and the angles of the trash racks to
estimate the hydraulic losses on the trash racks. The measured values of hydraulic losses ∆h on the
trash racks varied according to the type of trash racks, the density of the bars in the cross-section,
and the angle of the trash racks from the horizontal, reaching the highest values on the trash racks
with angle bars (AB). They were almost eight times greater than those recorded on cylindrical-bar
(CB) trash racks, although they involved different angles. It was shown that the discrepancy in the
magnitude of losses on trash racks can be large, even for the same type of trash racks. It depends
significantly on the design (shape and bar spacing) of the trash racks and the way the trash racks are
installed. Depending on the inclination angle, the increase in energy losses reached 70% for angle
bars, 60% for flat-bar trash racks, and almost 40% for cylindrical bars. The values of energy loss as
well as the loss coefficient β varied non-linearly for the different bar types depending on the angle of
inclination of the gratings, and the degree of this non-linearity depended on the type of bars and the
blockage ratio of the section. The presented research results can be useful both during the design and
the operation of an SHP.

Keywords: head loss; energy loss coefficient; small hydropower plant; SHP; renewable energy
sources; SHP trash racks

1. Introduction

The modern concept of sustainable development is the result of international agree-
ments on the protection of natural resources and systems and numerous studies on human
impact on the functioning of these systems. One of the most important elements is the
constant need to search for ‘new’ renewable energy sources or to use existing ones more
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efficiently. All countries should realise the idea of sustainable development through the
global protection of the natural environment; solidarity in relations between different
countries, especially between rich and poor, as well as with future generations; and treating
economic, political, social, and ecological factors as interdependent. Today, the main alter-
native to fossil fuels is renewable energy sources (RES), which are an important contributor
to halting dangerous global climate change. The inclusion of such systems in national
energy plans can be seen as part of the implementation of guidelines resulting from global
(UN) agreements and the European Union’s energy and climate policy. Renewable energy
sources, especially those based on natural forces, have the potential to meet the growing
needs of the population for electricity [1]. Worldwide, attention is being paid to the use
of reliable electricity generation technologies [2], which also have a negligible negative
impact on the environment. A Eurobarometer study carried out for Poland a few years
ago indicates that the development of renewable energy sources is one of the priority areas
for the perception of energy-sector issues in the context of European integration [3]. One
such source is the energy of falling water and river flows extracted from small hydropower
plants (SHPs) [4], which cover up to 95% of total electricity production in the case of
Norway. In addition to this huge share, hydropower technology is also considered to be
the most efficient, described as a green source of power generation [5–7]. Therefore, it is
very important to continuously optimise [8] and improve the efficiency of already-built
hydropower plants [9] as well as cascade systems [10]. Attention should also be paid to
the danger of losing system stability through, for example, reductions in flow and water
drop. Early warning scenarios/forecasts of such an undesirable phenomenon can be a
solution to this danger [11]. In addition to hydroelectric turbines, electric generators, and
gearboxes, channels and pipelines (short and long) and trash racks are the basic equipment
of a hydroelectric power plant. Depending on the installed lengths of these channels,
different operational problems can be expected [12]. These include blocking or delaying
the upstream and downstream migration of fish and damaging or killing fish as they pass
through turbines or weirs [13,14]. In addition, SHPs, due to the interruption of the river
current by these structures, can lead to the blockage of river debris transport, changes in
downstream morphology, and the loss of biodiversity [15]. The trash racks installed in the
inlet channels of the SHP are intended to protect the turbines by blocking large-sized debris.
They also help to reduce the number of fish maimed or killed as a result of being trapped in
the turbine [16]. The construction and operation of SHPs are influencing growing concerns
among environmentalists about their negative impacts on the environment, particularly
on ichthyofauna. The requirements for fish protection in hydroelectric power plants have
led to a significant reduction in the bar spacing of trash racks as well as to the need for
an inclined or angled design. Böttcher et al. [17] conducted laboratory tests in which they
analysed standard cylindrical trash racks and developed a new solution—steel cables as
a flexible fish fence (FFF), which are supposed to be more environmentally friendly. The
results show that the coefficient of energy loss increases with an increase in the blocking
ratio (obscuration) and the angle of inclination of the trash racks.

The installation of trash racks is necessary but unfortunately causes unavoidable
losses through reduced energy production by the hydro turbines, which is related to the
hydraulic losses of the racks themselves and to the debris deposited on the racks. To
minimise these losses, the design parameters of the trash racks are carefully selected, and
the effects on fish migration and mortality are taken into account [18]. Szabo-Meszaros
et al. [18] investigated the effects of the operation of hydropower plant trash racks on
flow dynamics by considering different configurations of bar profiles (rectangular and
drop-shaped—hydrodynamic) with fixed spacing (15 mm) and with different bar positions
(vertical-stream, vertical-angled, and horizontal) under constant water flow conditions.
The aforementioned researchers found that energy losses were lower for hydrodynamic
(streamlined) bars shapes than for rectangular bars, which is particularly important for
hydropower production.
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River debris can accumulate at the structure and cause structural failure [19,20],
impede access to waterways (culverts, bridges, etc.), negatively affect water intake [21]
and flood defences [22], and increase navigation problems [23] and the risk of upstream
flooding [24–26]. In addition, the accumulation of debris and trash racks can increase
downstream flow velocities and cause potholes and breakouts [27], turbine and hydropower
plant failures [28], and erroneous forecasts for irrigation. Many researchers have analysed
the accumulation and impact of debris on river structures [29–31]. It should be noted that
hydraulic losses due to trash racks and the debris deposited on them account for a major
part of the total-discharge height loss [32]. The flow through trash racks has been studied
by various authors, including [33–38], but earlier studies treated the racks as perpendicular
elements inclined vertically.

A determination of energy losses based on experimental studies was carried out by
Tsikata et al. [39]. Their trash rack models consisted of an array of rectangular bars of
identical thickness but with different spacing. In addition, the sinking depth of the trash
racks was analysed. The results showed that the energy loss coefficient increases with
the increasing obscuration (blockage) factor of the trash racks, which takes into account
the sinking depth of the bars their thickness and spacing. The effect of shape on the
hydraulic loss value was also studied by Tsikata et al. [40], this time using different bar
shapes. These researchers observed a significant reduction in losses when the square
leading edges of the rectangular bars were replaced by round edges or when bars with
a streamlined cross-sectional profile were used instead of rectangular bars. The effect of
different bar shapes at different spacings and angles on hydraulic losses was also studied,
among others, by Raynal et al. [41]. They proposed a new equation for loss calculation
that takes into account the influence of the different tested geometric parameters of the
trash racks and demonstrated the need to separate the influence of the bars of the trash
racks from the influence of transverse elements such as the rows of distancing elements.
Raynal et al. [41] noted that hydraulic losses depend on the angle of the trash racks, which,
in their study, ranged from 15◦ to 90◦, obtaining the lowest values of hydraulic losses for
an angle below 25◦.

Additionally, Zayed et al. [42] studied the effect of the angle of the trash racks con-
cerning the trapezoidal cross-section of the laboratory flume. They used V-shaped [43]
or cylindrical trash racks in their analyses. Their results showed that energy loss was
effectively reduced using a triangular arrangement for the trash racks (V-shaped) arranged
at an angle of α < 90◦ compared to a traditionally arranged grating at α = 90◦. In addition,
energy loss increases with increasing flow rates and the degree of obscuration (blockage)
of the cross-section. In the studies, three different angles of inclination of SHP trash racks
were analysed. Similar studies with different degrees of grating inclination were carried
out by Clark et al. [44], who analysed the energy loss for different bar cross-sections and
found that it increases with the inclination of the channel in front of the grating, i.e., the
incline of the incoming flow. An inclination angle less than or equal to 10◦ has a negligible
effect on energy height losses.

In an open channel, Lemkecher et al. [45] studied the effect of different bar shapes (six
alternatives) and trash rack support (two alternatives) on hydraulic losses. Slope angle (six
alternatives) and bar spacing (two alternatives) were also variable parameters. In addition
to rectangular and ‘hydrodynamic’ (streamlined) bar shapes, four completely new shapes
were investigated. For each configuration, the water depth upstream and downstream of
the trash racks were measured, and the energy loss coefficients were characterised and
modelled. Three of these new bar shapes generated less energy loss than the hydrodynamic
(streamlined) bar shapes.

A study of hydraulic losses when flowing through a channel equipped with trash
racks was also conducted by Albayrak et al. [46], who considered three angles (15◦, 30◦,
and 45◦) of trash rack placement and three spacings of 0.05, 0.11, and 0.23 m for rectangular
and cylindrical bars. They proposed a new equation for the value of hydraulic loss that
depended on the spacing of the bars, the angle of the entire panel with bars (primary
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parameters), the length of the bars, the degree of immersion, and the shape of the bars
(secondary parameters).

Research involving estimating the effect of low-bed-height hydropower plant trash
racks using numerical methods (CFD) on hydraulic losses was conducted by Latif et al. [47].
A three-dimensional trash rack model that was created using the fractional area/volume
obstacle representation (FAVOR) method in FLOW-3D determined the effect of different
bar spacings and slope angles on head loss. The results obtained by Latif et al. [47] indicate
that hydraulic losses increase with increasing velocity, and the angle of the trash racks has
a significant impact on the obtained hydraulic parameters of the system.

In their numerical simulations, Basel et al. [48] proposed using the Saint-Venant
equations to determine the flow depth profile and flow velocity throughout the channel
and to determine the loss coefficient and the hydraulic head loss. The model requires, in
addition to data on geometry and flow conditions, an appropriate calibration procedure to
correctly select the loss coefficient ζ. It is then possible to simulate the flow depth profile
(and the velocity) for an arbitrary application by considering an installed rack.

Existing methods for estimating power plant energy losses due to the installation
of trash racks in the inlet channel give widely divergent results, making it difficult for
engineers to create reliable designs for water transport systems. To study this problem in
detail, Josiah et al. [34] conducted a series of experiments that took into account varying
parameters of circular trash racks (popular in Sri Lanka), such as bar diameter, spacing,
angle of inclination, and unit flow.

These literature studies showed the current state of knowledge and inspired the
authors of this article to conduct their research and analysis, with the primary goal of
indicating the effect of SHP trash racks’ shape, spacing, and angle on hydraulic losses.

2. Materials and Methods

Hydraulic testing of inlet trash racks for SHP was carried out at the Water Laboratory
at the Department of Hydraulic and Sanitary Engineering of the University of Life Sciences
in Poznan. A schematic of the measuring station is shown in Figure 1, while Figure 2
compiles photos of different configurations of the trash rack models. Three different
shapes of SHP trash rack profiles were used in the presented experiments (Figure 3),
and their variable spacing and the angle of inclination from the horizontal were taken
into account. Measurements of head loss ∆h were carried out in a glazed open channel
that was 0.47 m wide, 0.9 m deep, and 12 m long supplied with closed-loop water. The
flow was regulated with a 15 kW Hydrovar pump (Siemens, Munich, Germany) with a
maximum flow rate of 0.075 m3·s−1 and was measured using a Siemens Sitrans FM Magflo
MAG 1100 electromagnetic flow meter and a MAG 5000 measuring transducer (Munich,
Germany), whose measurement accuracy was 0.5% of the flow rate. The water depth was
adjusted using a flap located at the end of the physical model. A system of manometric
pressure measurement holes was installed 0.2 m in front of and behind the trash racks.
Siemens SITRANS P DS III digital transducers were used in the measurements (Munich,
Germany). The maximum operating range of the device is 0.01–700 bar (measuring range
of working pressure 2.5–250 mbar was assigned), and the accuracy of the reading of the
difference in the water table level between upstream and downstream of the trash racks,
according to the manufacturer (of the reading), is ≤0.065%.

During laboratory tests, the depth of the water in front of and behind the trash racks
was measured (using a manometer system). Measurements were carried out with a constant,
regulated flow rate of Q = 0.027 m3·s−1 and a water depth in the channel of 0.55 m.

Three types of bars were tested: flat bars (FB), cylindrical bars (CB), and angle bars
(AB) (Figure 3). The tests were carried out for trash racks at three different horizontal
angles α of inclination, i.e., 60, 70, and 80 degrees for each type of bar, for different degrees
of the blockage ratio for the trough sections—a different number of bars was used in the
trash racks, i.e., 36 and 18 flat bars with 0.005 m and 0.012 m spacing (d/s = 0.40 and 0.17),
15 and 8 cylindrical bars with 0.015 m and 0.04 m spacing (d/s = 0.67 and 0.25), and 9
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and 5 angle bars with 0.014 m and 0.056 m spacing (d/s = 1.93 and 0.48). First, the tests
were performed for trash racks at an angle of 80◦ made of 36 flat bars (FB). After the flow
was stabilised, a series of 30 measurements of the magnitude of losses ∆h on the trash
racks were taken (for a particular configuration of the trash rack). The averaged value
was taken for further analysis. The process was repeated for another two grating angles,
i.e., 70◦ and 60◦. The trash racks were then diluted by removing every second bar, and
the measurements were repeated successively for the angles of 60◦, 70◦, and 80◦. After
completing the measurements for one type of bar, the bars in the trash racks were replaced
with another shape, and the whole procedure was repeated (Figure 4).
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The values of the hydraulic loss on the trash racks with known geometrical parameters
of the bars and their inclination in the channel (from 90◦ to 30◦) can be determined from
the Kirschmer equation [49]:

∆h = β · sin α·
(

d
s

) 4
3
·
v2

0
2g

(1)

where:

β—loss coefficient depending on the shape of the bar and the angle of water inflow to the
trash racks (-).
α—the angle of inclination of the trash racks to the horizontal (◦).
d—thickness of the bar (m).
s—spacing between the bars (spacing) (m).
v0—water velocity in front of the grating (m·s−1).

Modifications to the above equation for the term
(

β · sin α·
( s

d
) 4

3

)
have been proposed,

among others, by Mosonyi [50], who added his own multiplicative term kδ [51]:

ξKirschmer−Mosonyi = k f ·
(

b
e

) 4
3
· sin θ·kδ (2)

where:

kf—shape factor of the trash racks.
kδ—depends on the angle of the approaching flow relative to the bars and the blockage
number b/e.

Idelchik [52] proposed an empirical relationship for different bar cross-sections, bar
spacings, and angles of inclination to estimate height loss for bars parallel to the fluid
flow. Clark et al. [44] proposed a similar but simpler equation, which they derived from
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laboratory tests for angles α between 90◦ and 60◦ and a constant thickness-to-spacing ratio
of 4.41:

ξClark = 7.43·η ·
(

1 + 244·tan2δ
)
·P2 (3)

The equation takes into account the bar aspect ratio η, the angle δ between the flow
direction and the bars, and the blocking factor P.

Meusburger [53] proposed an equation with a wider range, in which the loss factor β
and the angle of the trash racks are coupled. The proposed modifications only apply to
large spacings. The designations in the formula are similar to Clark’s equation, while kV is
a coefficient that takes into account the size of the area of the trash racks blocked by debris:

ξMeusburger = kF·
(

P
1 − P

) 3
2
·
(

1 − δ

900

)
·P−1,4·tanδ·kV · sin α (4)

Raynal et al. [41,54] conducted a study on fish-friendly trash racks. For sloped trash
racks, they proposed an equation to determine head loss coefficients:

ξR = kF·
(

pb
1 − pb

)1.65
·kα + C·

(
ps

1 − ps

)0.77
(5)

where kF is the bar shape coefficient, pb is the blockage ratio due to bars and outer bars (e.g.,
supporting structures), ps is the blockage ratio due to transversal elements (e.g., spacers),
and C is the shape coefficient of the transversal elements, kα = sin2(α), where α is the angle
to the horizontal.

During the measurements, the hydraulic loss was recorded ∆h, which refers to the
difference between the piezometric height before and after the trash racks. By transforming
Equation (1) and knowing ∆h, it is also possible to determine the loss coefficient on the
trash racks depending on the geometry of the trash racks:

β =
∆h

sin α·
(

d
s

) 4
3 · v2

0
2g

(6)

where:

β—loss coefficient depending on the shape of the bar and the angle of attack of the water
on the trash racks (-).
α—the angle of inclination of the trash racks to the horizontal (◦).
d—thickness of the bar (m).
s—spacing between bars (spacing) (m).
v0—water velocity in front of the grating (m·s−1).

v0 =
Q
A

(7)

where:

Q—the volumetric flow rate (m3·s−1).
A—the cross-sectional area of flow in front of the grating (m2); A = 0.55·0.47 = 0.2585 m2

= constant, where 0.55 is the water table level in the channel, and 0.47 is the width of the
channel.

The measured average values of the losses ∆h on the trash racks and the determined
loss coefficients β (Equation (6)) on individual trash racks, depending on the angle of attack
and bar count, were compared with each other.

3. Results

Measurements were carried out at a constant flow in the channel equal to
Q = 0.027 m3·s−1 (mean = 0.027 m3·s−1, median = 0.027 m3·s−1, and standard deviation
SD = 0.000174 m3·s−1, Figure 5). Velocity in front of the trash racks was assumed to be
v0 = 0.1044 m·s−1 for the calculations, based on Equation (7).
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During the measurements, the hydraulic loss ∆h of the trash racks was measured for
each type of bar, its density, and the angle of inclination of the trash racks to the horizontal.
Figure 6 summarises the averaged losses ∆h on each set of trash racks, along with the
determined standard deviations SD.
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CB—cylindrical bars, and AB—angle bars), YY—angle α of inclination of gratings to the horizontal
(◦), and pZ—the number of bars (z) in the grating.
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It is noticeable that the hydraulic loss ∆h decreases as the number of bars in the trash
racks decrease. Then, of course, the blockage ratio of the trash racks’ cross-section Ag/A0
decreases, where Ag is the area of the gratings, and A0 is the area of the cross-section of the
trough (without gratings). As the angle of the trash racks from the horizontal increases, the
average values of the losses increase on the grating. For 36 flat bars (FB) and an angle of
60◦, the average value of the losses ∆h is 1.044 mm ± SD = 0.129 mm, while for an angle of
80◦, the average value of the losses is 1.65 mm ± SD = 0.189 mm (Figures 6 and 7). For trash
racks with a reduced number of flat bars (18 pcs.), the loss values are smaller, amounting
to 0.996 mm ± SD = 0.204 mm and 1.26 mm ± SD = 0.186 mm for the angles 60◦ and 80◦,
respectively. An analogous trend was recorded for all types of trash racks (bar types), with
the lowest losses recorded for trash racks with cylindrical bars (CB). Losses for the CB bars
did not exceed 0.87 mm ± SD = 0.188 mm (the maximum value for 15 cylindrical bars and
the angle α = 80◦, Figures 6 and 8). The minimum value of ∆h = 0.49 mm ± SD = 0.127 mm
was recorded for eight cylindrical bars (CB) and the angle α = 80◦. Angle-bar (AB) trash
racks were characterised by the greatest losses. The maximum average losses recorded
during the measurements even reached ∆h = 3.85 mm ± SD = 0.231 mm for trash racks
made of 15 bars at an angle of α = 80◦ (Figures 6 and 9).
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Figure 9. Basic statistics for angle-bar (AB) trash racks (series codes are the same as in Figure 6).

The notches surrounding the median in Figure 7 indicate that for the series with flat
bars (FB), the differences in the median mean ∆h losses are significant. The notches show
95% confidence intervals for the medians and a distance of ± 1.58·IRQ·n0.5 (where IRQ—
interquartile range, n—sample size) around the median [55]. Kernel density estimators
(KDE) [56] have a low skewness, meaning that the median and mean of ∆h losses lie very
close to each other and near the centre of the interval (Figure 10).

Similarly, for trash racks with cylindrical bars (CB), which have the smallest average
losses ∆h, the position of the medians and notches (Figure 8) indicate that the differences in
the medians of the average losses ∆h are significant. The KDEs for trash racks with cylin-
drical bars and 15 notches and an angle of 60◦ and 8 notches and an angle of 80◦ indicate
unimodal distributions, while in other cases, they have close to normal distributions. As in
the case of flat bars, the median and mean of the losses ∆h lie very close to each other and
are near the centre of the interval.

For angle-bar (AB) trash racks, which have the highest average losses, with a maximum
mean ∆h = 3.85 mm, the position of the medians and the ranges of the notches (Figure 9)
indicate that the differences in the medians of the mean losses ∆h are significant. The KDE
distributions for trash racks with five angle bars (AB) and inclination angle α = 60◦ for the
trash racks indicate bi-modal distributions, while in other cases, they have close to normal
distributions. As in the case of flat bars, the median and mean of ∆h losses lie very close to
each other and near the centre of the interval.

The measured and determined average values of hydraulic losses ∆h allowed, based
on Equation (6), the determination of the loss coefficients β for selected types of trash racks:
the types of bars used, their density, and the angle of inclination. Figure 11 shows, for
selected cases, the trend of the variation in parameter β as a function of the angle α of
inclination of the trash racks. It can be observed that as the angle of inclination of the
trash racks to the horizontal increases, the value of the β coefficient increases nonlinearly.
The value of β also increases with an increase in the number of bars in the trash rack, and
therefore increases with an increase in the blockage ratio in relation to the shape of the bars
in the trash racks, as the active flow cross-section area is reduced.

The obtained results of our research were related to literature data, obtaining a very
satisfactory correlation (Figures 12 and 13).
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Figure 11. Values of β coefficient for selected trash racks.

Balcerski [57] tabulated the β coefficients for flat-bar trash racks as a function of the
s/d ratio and the angle of inclination of the racks to the horizontal. Figure 12 shows the
polynomial fitting of the surface for the polynomial degree n = 4 for Balcerski’s data using
the function:

p(x, y) = C0 + C1x + C2y + C3xy + C4x2 + C5y2 + . . . + C(·)x
n + . . . + C(·)x

n
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where the Ci coefficients represent the model parameters. The adjusted multivariate
coefficient of determination R2 for the fit surface for Balcerski’s data was 0.961. The authors
also added their results for the trash racks (Figure 13), obtaining a new fitting surface for
which the multivariate coefficient of determination R2 was 0.956.
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4. Discussion

This theoretical and experimental study allows us to conclude that the proper estima-
tion of hydraulic losses on SHP trash racks can be somewhat difficult, and the obtained
results are ambiguous. Many methods and equations are known for calculating the magni-
tude of energy losses, but often, the results that are obtained show rather large variation
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between methods. This can hinder the process of designing hydropower systems signifi-
cantly. An excellent supplement to this process is then laboratory testing.

In the research presented here, the results obtained varied depending on the type
of trash rack, the number and spacing (density) of the bars, and the angle of inclination
of the trash rack relative to the horizontal. The highest losses, up to almost 4 mm, were
observed on trash racks with angle bars (AB). These were almost eight times greater than
those recorded on cylindrical-bar (CB) trash racks, for which the smallest head losses of
∆h = 0.49 mm were obtained. However, it should be borne in mind that the cross-sectional
coverage ratio for AB trash racks was also almost eight times greater than that for CB
trash racks. In addition, the average losses ∆h quoted above are extreme values in the
present experiments and apply to other angles as well. However, this makes it clear that
the discrepancy in the magnitude of losses on trash racks can be large and depends on the
design and installation of the trash racks. Even within the same type of grating (the same
types of bars mounted in the trash racks), depending on how the trash racks are mounted
(angle of inclination), hydraulic losses can non-linearly increase by up to more than 70%
for trash racks with angle bars (AB). For trash racks with flat bars, the increase in losses
depending on the size of the angle α reached up to 60%, and for cylindrical ones (CB),
almost 40%. Additionally, the values of the head-loss factor ∆h for individual trash racks
constructed from bars of different shapes varied non-linearly.

Similar observations and conclusions can be found in literature reports [17,18,34,45,47,51].
For example, Josiah et al. [34] analysed the effect of cylindrical bars on hydraulic loss values
under laboratory conditions. In the experiment, they used bar spacings of 5 and 10 mm for
bar diameters of 2, 3, 6, 8, and 10 mm and angles of inclination to the channel bottom that
ranged from 30◦ to 90◦ in 15◦ increments. Measurements were carried out with flow rates
ranging from 1 l·s−1 to 25 l·s−1. Measured losses ranged from a few mm to as much as
almost 10 cm, depending on the type of trash racks and the bar blockage ratio, its angle of
inclination to the horizontal, and the flow rate. These authors also proposed their equation
for determining hydraulic losses depending on four parameters: α—inclination angle from
channel bed, V—approach velocity, q—unit discharge, and p—blockage ratio.

Similar to the study we presented here, the impact of different bar profiles on hydraulic
loss values on trash racks was also analysed by Lemkecher et al. [45]. They studied six
different profiles, six different angles, and varying distances between bars. Based on their
laboratory study, Lemkecher et al. [45] found that using the most efficient bar profile
reduced the form factor kF (Equation (5)) by 40% compared to the hydrodynamic profile
and by 67% compared to the conventional rectangular profile.

Our theoretical and experimental study also refers to the work of Böttcher et al. [17].
They determined the hydraulic loss ∆h on trash racks with cylindrical-shaped bars and
flexible fish fence (FFF) steel cables. The study was conducted for several different angles,
densities, and flows (up to 230 l·s−1). Measured loss values ranged from a few mm to as
much as 4 cm. As the blockage ratio increased, the pressure loss coefficient in the steel cables
was up to 53% higher compared to in the cylindrical rods, which was probably related to
the appearance of flow-induced cable vibrations. Similarly, Böttcher et al. [58] analysed
head losses through an angled fish protection system in their previous experiments. The
analysed values of the head losses ∆h on the trash racks ranged from a few mm to about
3 cm.

Similar conclusions to those presented by us could also be reached when studying
SHP trash racks in terms of the protection of migrating river ichthyofauna [18,51]. For
example, in their study of fish-friendly trash racks, Szabo-Meszaros et al. [18] also analysed
the magnitude of hydraulic losses, including various spatial orientations of the bars in the
grating (vertical or horizontal). The trash racks were installed at a 30◦ angle to the side wall
of the open trough. Three different bar configurations were analysed, along with Q flows
ranging from 0.11 to 0.2 m3·s−1. Hydraulic losses ranged from a few mm to about 4 cm.
A 43% difference was recorded between the head losses for the bars arranged vertically
and for the bars arranged horizontally in the trash racks. The discussion presented above
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shows that the studies presented in this work relate well to literature reports and enhance
the resource of hydraulic experimental data for SHP trash racks.

5. Summary and Conclusions

The efficiency of small hydropower plants is influenced by many factors: technical
and hydrological, where the availability of water and changing flows in the river are
decisive. They depend, inter alia, on the amount and frequency of summer (rain) and
winter (snow) precipitation. Particularly dangerous are rapid snowmelt in spring and
the associated higher water flows as well as summer floods after heavy rainfall and the
associated greater transport of various types of river material (debris and trash). In such
cases, power plant trash racks play a particularly important role. Their task is to catch
migrating fish, larger pollutants, and debris, both of plant and anthropogenic origin, and
thus protect the turbines of the power plant from failure and ensure their undisturbed
operation. Therefore, an important issue is the proper selection and design of trash racks
for SHPs so that they catch as many of the pollutants transported by the river as possible
and prevent their movement into the turbine chamber. The spacing of the trash racks
mainly depends on the size of the debris and the geometric dimensions of the turbine inlet.
However, it must not be too small because dense trash racks result in a reduction in the
disposable water head, which translates into economic losses in SHP power generation.
Therefore, the correct selection of the right shape and geometry of SHP trash racks takes on
particular importance in this context and is very important for the operation, protection,
and formation of the river environment. The presented research, analyses, and literature
data have shown that depending on the shape, geometry, and method of installation of
trash racks, differences in height losses ∆h can reach more than 40% and reach values of
up to about 10 cm. Therefore, when relatively dense trash racks must be used in SHPs,
the problem of selecting the hydraulically optimal shape of the bars (e.g., cylindrical)
and the angle of inclination of the trash racks cannot be underestimated. It is worth
noting that Kirschmer derived his mathematical formula for calculating ∆h losses on trash
racks based on laboratory experiments. The authors of the present paper, while studying
various types and configurations of trash racks, which were also tested in the laboratory,
among other things, created trash racks with characteristics similar to those of the gratings
studied by Kirschmer (e.g., similar spacing between bars, the thickness of the bars, and
the water velocity in front of the trash racks). The results of the measurements made it
possible to determine, among other things, the β coefficients for the tested trash racks.
They are comparable with literature data, e.g., the results obtained by Mosonyi [50,51]
using the Kirschmer method (formulas 1, 2, 6), which indicates the correctness of the tests
carried out and gives credence to the results obtained. The current state of knowledge
regarding the hydraulics of trash racks for SHPs was also augmented. Among other
things, the novelty of the research presented in this paper is the use of angle bars as a new
bar shape for SHP trash racks and for the determination of the value of the β coefficient
for them. They have the advantage of capturing more pollutants (a beneficial aspect of
environmental protection) with a small number of bars, which is obviously related to the
section blockage ratio. However, this is achieved at the price of higher hydraulic losses and
lower economic benefits.

We should also emphasise the applied nature of the presented research, the results of
which confirm the literature data [49]. According to the authors of this paper, after their own
research, the Kirschmer formula and its modifications (e.g., according to Mosonyi [50,51])
can be recommended and used for the hydraulic calculation of trash racks for SHPs. It
gives reliable results, is relatively simple and widely available, and is appropriate for
engineering applications. However, it should be considered that Kirschmer’s formula is
not universal for all cases, and further hydraulic studies of trash racks—especially for
SHPs—will undoubtedly be valuable. In addition to the correct design of SHP trash racks,
a separate and equally important problem concerns their correct operation, especially the
systematic maintenance of the trash racks and cleaning the debris accumulated on them.
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