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A trash rack is applied in front of the turbine to restrict the entrance of significantly sized material present in the water. It obstructs the free 
flow, and produces energy-losses by generating eddies induced partially by the trash rack bars and partially by the debris collected on it. While 
the additional static forces due to debris accumulation are considered in the trash rack design process, the debris caused energy losses 
taking place during plant operation are usually neglected, although a rather simple model was developed to account for them. However, 
the long term application of this model demands an extensive set of trash rack clogging data and, therefore, no such application has been 
documented so far. Thus, an analysis was performed to acquire the debris accumulation intensity with time and to evaluate the extra energy 
losses they caused. Data on one year operation of a hydropower plant aggregate i.e. flow rate and trash rack head losses measured at 15 
minute intervals, were acquired and used to build a rack clogging model. Using this model, it was possible to distinguish clearly between debris 
and rack structure caused head losses, and to analyse different cleaning strategies. It was shown that cumulative debris contributed to almost 
one half of head losses although the rack was cleaned frequently. This shows clearly that debris caused head losses may not be neglected, 
moreover, debris removal has to be planned carefully and carried out efficiently. Analyses of acquired data confirmed that incomplete debris 
removal increased head losses by 18 %, and proved how important regular and thorough rake cleaning is. Moreover, it was found out that the 
actually applied periodical rake cleaning was not optimal, and that the circumstances required cleaning strategy performed much better. It 
resulted in similar head losses, while the number of rack cleanings was reduced by 60 %.
Keywords: hydropower plant, trash rack, debris, head losses

Highlights
• A trash rack clogging model was developed using the time dependent debris collection rate acquired from a measured head 

loss-time series.
• Debris caused head losses contribute substantially to overall head losses of a trash rack, even when the rack is cleaned 

frequently.
• Different trash rack cleaning strategies were proposed and analysed from both the technical and economical points of view.
• A circumstances required cleaning strategy clearly surpasses the commonly applied periodically performed trash rack cleaning 

by reducing number of rack cleanings significantly at the same head losses.

0  INTRODUCTION

The application of alternative, and especially 

renewable, energy sources is growing from year 

to year. It is stimulated by raising the prices of 

conventional energy sources, the striving of individual 

countries to reduce their dependence on imported 

energy sources, and implementing the Kyoto Protocol 

Directives for the reduction of global emissions from 

greenhouse gases [1]. Hydropower has a very high 

potential regarding renewable energy sources, and its 

share in total electricity production from renewable 

energy sources exceeds 90 % in many countries 

[2]; however, the remaining potential of high power 

Hydro Power Plants (HPPs) is very limited, and the 

possible investors are now focused on small units 

and other renewable energy sources. Any efficiency 

improvement of the existing HPP operation also counts 

to this category, since it increases energy production 

without any further impact on the environment and 

with minimal investment cost. Improving the cleaning 

strategy of HPP trash racks is a simple example of 

such measures.

Trash racks are a vital part of each HPP. They 

are installed in front of the turbine in order to restrict 

the entrance of any material present in the water (like 

drifting debris, ice or trash), which can damage vital 

parts of a HPP. A substantial amount of debris, ice and 

trash drifting in a river can damage vital parts of a HPP. 

Trash racks are, therefore, used to restrict the entrance 

of significantly sized material present in the water. 

The trash rack obstructs the free flow and produces 

energy-losses by generating large-scale flow structures 

or eddies, induced partially by the trash rack bars and 

partially by the debris collected on them [3]. The latter 

can be reduced significantly when the trash rack is 

cleaned regularly. Debris is usually removed from a 

rack by raking. Mechanised rakes are used on large 

HPPs, while much cheaper manually operated rakes 

are usually applied on medium and mini size HPPs 

[4]. Thus, rakes` operation can be fully automated, 

or they can be operated manually. Application of 

rakes does not disturb the plant operation much, and 

racks may be cleaned as frequently as needed, which 

is definitely the fact when the mechanised racks are 

used. However, when the manually operated rakes are 
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used a  team of workers is needed, and their frequent 

interventions may increase the operation cost of the 

HPP significantly. It is, therefore, very important to 

find an optimal strategy for trash rack cleaning in 

order to keep the cleaning costs low to moderate on 

one hand, and not to increase too much the energy 

losses caused by the collected debris on the other 

hand.

An extensive number of references on trash rack 

design and trash rack energy losses can be found 

in the literature [5] to [14], however, the authors 

mostly neglected the debris caused losses, and 

only Meusburger [7] considered them in his work. 

This lack of investigation on debris caused losses is 

surprising, especially nowadays, when the migratory 

fish protection law dictates new, fish friendly trash 

rack design which reduces the clear spacing between 

the rack bars extensively (values of 10 mm to 30 

mm are recommended [15]), as well as lowers the 

rack inclination below 30° relative to the horizontal 

[16]. These measures, especially the clear spacing 

reduction, increase the trash rack losses [11] and [17], 
as well as the danger of clogging.

Meusburger [7] developed a rather simple model 

to evaluate clogged trash rack losses. However, 

the application of his model demands an extensive 

set of trash rack clogging data and, therefore, no 

such application has been documented so far. Thus, 

an analysis was performed to acquire the debris 

accumulation intensity with time and to evaluate any 

extra energy losses they caused. In the first step, an 

analysis was performed to evaluate extra energy 

losses caused by the debris collected on the trash 

rack over several months` operations. Our goal was 

to distinguish clearly between the contribution of 

the rack itself and collected debris to the total energy 

losses of a clogged trash rack. Data on one year`s 

operation of the selected HPP unit, i.e. flow rate and 

trash rack head losses measured at 15 minute intervals, 

were used to calculate cumulative energy losses. 

Since the aggregate was under general refit at the 

beginning of the year and its trash rack was inspected, 

repaired and cleaned manually, measured head losses 

of the trash rack during the first days of operation 

corresponded to clean, debris free operation, and were 

applied to build a (clean) rack energy losses model. 

When applied later in the year, this model predicted 

clean rack head losses, and the debris contributed 

head losses were estimated by deducting them from 

the measured total head losses. It was shown that 

cumulative debris contributed to 48 % of total trash 

rack head losses, despite the fact that the trash rack 

was cleaned frequently. This shows clearly that debris 

caused head losses may not be omitted, moreover, 

they may cause an important reduction in electricity 

production when the debris removal is not managed 

correctly.

In order to manage debris removal properly, one 

has to compare different trash rack cleaning strategies, 

and any trash rack clogging  simulation model may 

be of great support. Such a model should predict the 

realistic debris accumulation, i.e. trash rack clogging 

with time under any debris removal frequency, and 

may allow total head loss calculation. The application 

of correct, i.e. realistic, debris accumulation rate is 

crucial here; it should mimic actual debris flow in the 

river. Debris flow intensity is not constant, and may 

change significantly within both short and long-time 

scales, i.e. from day to day and seasonally. It can be 

obtained from the long-term measured data on HPP 

operation, as already discussed. As mentioned, it was 

possible to separate the head losses caused by the 

debris from those induced by the trash rack structure. 

This resulted in a trash rack clogging rate model which 

was used to predict the rate of debris accumulation on 

the trash rack. It was, therefore, very simple to predict 

the instantaneous area blocked by the accumulated 

debris and corresponding extra trash rack losses, and 

check several scenarios of trash rack cleaning. The 

weaknesses of the existing cleaning strategy were 

shown clearly, and the possibility was presented how 

to reduce the total number of trash rack cleanings, 

i.e. plant operational cost, while keeping the energy 

losses, i.e. amount of produced electricity, unchanged.

1  METHODS

A trash rack obstructs the free flow and produces 

unwanted energy-losses, generated partially by the 

trash rack bars and partially by the accumulated debris. 

When clean, the trash rack losses are the smallest, and 

they increase with the amount of trash collected on the 

rack. Thus, it is possible to distinguish clearly between 

the rack’s bars and debris caused losses when the clean 

trash rack losses are known. These can be measured or 

predicted by one of the empirical equations.

1.1  Trash Rack Losses’ Prediction

Energy losses caused by the trash rack are categorised 

commonly as a head-loss, and may be calculated from:

 ∆h v
g

= ξ
2

2
,  (1)
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where ȟ is the so-called trash rack head-loss 

coefficient which has to be determined experimentally 

or numerically.

Fig. 1.  Trash rack

Kirschmer [5] was one of the first who 

investigated trash rack losses experimentally. He 

studied different bar thicknesses s and shapes (having 

a different bar shape coefficient K), assembled with 

different clear spacing b and inclined under several 

angles ș (see Fig. 1 for the details). He proposed the 

following universal formula:

 ξ θ= 





K s
b

3

4

sin ,  (2)

which, till today, was improved further by many 

researchers. Levin [6] introduced blockage factor 

p (Eq. (3)), defined as the  ratio of area blocked by 

the vertical bars ARS and the horizontal spacing and 

supporting elements AAH and the total area of the trash 

rack field ARF in order to account for the influence of 

the transversal elements:

 p A A
A

RS AH

RF

=
+

,  (3)

while Meusburger [7] took into account clogging due 

to the accumulated debris, which further reduced the 

flow area by AAD:

 p A A A
A

RS AH AD

RF

=
+ +

.  (4)

He carried out an extensive set of model tests 

at the ETH Zurich, Switzerland. Different trash 

rack designs (bar spacing) were investigated and 16 

different types of clogging considered. He proposed a 

rather simple equation:

 ξ θ=
−









K p
p1

3

2

sin ,  (5)

which correlated well with the experimental data 

for almost any type of clogging and satisfied the 

boundary condition ȟ�ĺ���ZKHQ� p�ĺ� ���7KHUH� DUH�
several other formulae available for estimating head 

loss through trash racks. Josiah et. al [8] focused on a 

circular bar trash rack commonly used in Sri Lanka. 

Osborne [9] developed a model for rectangular bars, 

with simplified blockage factor p = b/(b+s) neglecting 

supporting elements, which was then improved further 

by Clark et. al [10] by considering bar shape. The latter 

influences head losses significantly, which may be 

reduced by more than 50 % when streamlined profile 

cross-section bars are used instead of rectangular bars 

according to Tsikata et. al [14]. Raynal et al. in [11], 
[12] and [13] investigated fish-friendly trash racks 

with inclined [11], angled [12] and streamwise oriented 

[13] trash racks having significantly reduced clear 

spacing b. They made a comprehensive comparison 

of different equations, and stated that the head losses 

calculated with the original Kirschmer equation (Eq. 

(2)) were too low in all cases, while the equations 

proposed in [7], [9], and [10] produced good results 

for larger spaces between bars (b/s > 2), which are 

characteristic for the most of already installed trash 

racks today. According to this, the Eq. (5) proposed in 

[7] and already adapted to account for the influence of 

debris accumulated on the trash rack, was applied in 

our study.

1.2  Trash Rack Losses’ Measurement

Trash rack losses may be measured accurately 

in a laboratory, where so-called model-tests are 

performed, and head-loss is calculated from the 

energy conservation equation:

 h v
g

h v
g

h hl1

1

2

2

2

2

2 2
+ = + + +∆ ∆ ,  (6)

where h1 and h2 are the measured upstream and 

GRZQVWUHDP� ZDWHU� GHSWK�� DQG� ¨hl is the measured 

channel head-loss. Both flow velocities v1 and v2 are 

determined from the measured flow rate, taking into 

account actual flow areas A1 and A2, respectively. 

Although the tests are performed under laboratory 

conditions, the common head-loss measurement 

uncertainty is up to 3 mm, as reported in [11].
Field measurements, reported here, were carried 

out on HPP Vuhred, which is one of the eight HPPs 

on the Drava river in Slovenia owned by the company 

DEM d.o.o. managing the operation of all eight HPPs 

working in a chain mode. HPP Vuhred is a medium 

size impoundment type facility with 13 km long 

reservoir containing 10 million m3 of water, of which 
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22 % can be used for generating electric power. HPP 

Vuhred makes use of a 17.4 m available head, and 

reaches a net capacity of 72 MW at the installed flow 

rate of 550 m3/s. The dam structure contains three 

turbine piers placed between four spillways and left 

and right bank buildings. Vertical Kaplan turbines are 

built into the turbine piers with generators overhead. 

Special equipment for controlling individual units 

is installed in each turbine pier. HPP unit 1 was 

instrumented with two level transmitters, as shown in 

Fig. 2, in order to measure flow rate and trash rack loss 

simultaneously. The entrance of the inflow channel is 

12 m high and 14 m wide. It is divided by a supporting 

pier, thus, two equal trash racks are applied, each 

at one side of the pier. The entrance of the inflow 

channel is 12 m high and 14 m wide. It is divided 

by a supporting pier, thus, two equal trash racks are 

applied, each at one side of the pier. Trash racks were 

assembled from rectangular bars 12 mm thick (s) and 

130 mm deep (t). Steel rods were inserted through the 

bars at a regular distance of 700 mm. Circular spacers 

with 30 mm diameter were installed around the rods 

to obtain 100 mm clear spacing (b) between the bars. 

The rack is attached to the sides of the flume and 

supported by three horizontal beams. The trash rack is 

submersed, and there is no free water surface behind 

it to apply non-intrusive water level measurement 

such as the laser scaning reported in [18]. Two 

horizontal boreholes were, therefore, drilled through 

the supporting pier, one at each side of the trash racks. 

Another two inclined borings were made to reach the 

horizontal boreholes from the upper plateau of the 

HPP. Submersible level transmitters were inserted into 

the inclined borings, for water depth measurements h1 

and h2, respectively, which is presented schematically 

in Fig. 2. Two temperature compensated Hydrobar I 

sensors with long-term stability less than 0.1 % from 

the adjusted range, produced by Klay-Instruments 

[15], were used in our case. A level transmitter 

measures hydrostatic pressure at the selected depth 

h0. The venting tube in the centre of the transmitter 

cable makes reference to the atmospheric pressure, 

which means that barometric changes do not cause 

any shift. As reported in [11], the common head-

loss measurement uncertainty was up to 3 mm 

under laboratory conditions. However, under field 

conditions, i.e. when the measurements are carried 

out on an actual HPP unit, measurement uncertainty 

may increase significantly. In order to evaluate it, both 

type A and type B measurement uncertainty have to be 

considered. Type A standard measurement uncertainty 

is defined by the standard deviation of acquired results 

under similar conditions. In our case, this means under 

the same flow conditions, which are dictated by the 

flow rate and debris accumulation. It was, therefore, 

decided to use one week’s data, acquired immediately 

after the general refit when the trash rack was almost 

perfectly clean. All the data within 120 m3/s < Q < 130 

m3/s interval (the interval having the highest frequency 

over one year`s operation) were used to calculate 

the standard deviation of head loss. This was 1.77 

mm, and represented type A standard measurement 

uncertainty. The level transmitter accuracy specified 

by the producer is 0.1 % from the adjusted range. The 

latter was set to 4 m (approx. 0.4 bar), thus, the type 

B measurement uncertainty amounted to 2.31 mm. 

Combined standard measurement uncertainty was, 

thus, 2.91 mm and the expanded one approximately 

5.8 mm at P = 95 %. Fig. 2.  Schematic of trash rack head losses’ measurement
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According to Eq. (6), the channel head-loss has 

to be deducted from the total measured head loss, in 

order to obtain the trash rack caused head loss. While 

under laboratory conditions the trash rack is simply 

removed and the channel head loss is measured, but 

this is not possible (allowed) under field tests of an 

HPP unit. Thus, the channel loss has to be estimated. 

In [16], the following equation is suggested:

 ∆h v v
gl l=
−

ξ 2

2

1

2

2
,  (7)

where ȟl is the head-loss coefficient which shall be 

assumed to vary from 0.1 for gradual contractions 

to 0.5 for abrupt contractions. The former (ȟl = 0.1) 

takes place in our case, since the distance between the 

two hydrostatic pressure readings is only two metres, 

and the channel cross-section is reduced by less than 

5 %. This way, the channel head loss was estimated 

to 0.7 mm at nominal (maximal) flow rate 185 m3/s, 

which was much less than the head loss measurement 

uncertainty. The channel head loss was, therefore, 

simply neglected. 

Fig. 3.  Measured flow rate and trash rack loss  
and computed head loss coefficient

Instantaneous water flow rate was determined 

from the turbine operation diagram with the accuracy 

1 % from the nominal flow rate. Simultaneously, the 

signals from the level transmitters were acquired via a 

computer every 15 minutes, and saved, together with 

the water flow rate, to the computer’s hard disk. It 

was, therefore, possible to apply Eq. (6) and calculate 

total head-loss at 15 minutes intervals. Fig. 3 shows 

the characteristic head-loss and flow rate time-history 

acquired during a 3 day period. There are three long 

operation periods and four short periods when the 

aggregate stood still and flow rate was 0. Significantly 

high variations in the flow rate were observed during 

the aggregate’s operation and, therefore, the variations 

of head loss, which changes with the second power of 

velocity (Eq. (1)), are even higher. Their frequency 

and amplitude agree well with the flow rate variations, 

and prove that the sensors were chosen correctly and 

that the measurements were performed adequately. 

Also shown, is a computed head loss coefficient which 

follows from Eq. (1). Its mean value is approximately 

0.79, while its fluctuations within ± 0.1 interval  

(ı = 0.04) correspond to measurement uncertainty.

1.3  Clogged Trash Rack Losses

Comparison between the theoretical head loss using 

Kirschmer’s development and laboratory tests have 

found that, for a clean rack, the theory underestimated 

the head loss by a factor of 1.75 to 2 [4]. This factor, 

which is increased greatly when the rack begins to 

become clogged with debris, was found to be as high 

as 4 with 50 % clogging [4]. As already mentioned in  

Section 1.2, Meusburger [7] carried out an extensive 

set of model tests and proposed Eq. (4) to account 

for the flow area blocked by the accumulated debris 

AAD. Using Eqs. (5) and (4) it is, therefore, possible to 

calculate blockage factor:

 p K

K

= ⋅






+
⋅







ξ
θ

ξ
θ

sin

sin

,

2

3

2

3

1

 (8)

when the head loss coefficient is known, and then 

estimate AAD:

 A p A A AAD RF RS AH= ⋅ − +( ).  (9)

If the Eqs. (8) and (9) are applied for a set of 

experimental data acquired during a longer time 

period, one can obtain the debris accumulation 

variation with time. However, it is important to start 

the computation at the moment when the trash rack 

is 100 % clean (AAD = 0 m2), which is only after 

the general refit, otherwise the history of debris 

accumulation is not known, and any debris wedged 

permanently between the bars which cannot be 

removed by standard rack cleaning, may deteriorate 

results significantly. Thus, it was decided to skip the 

results measured before the general refit (October till 

February) and use the rest of the experimental data 

acquired within the 8 month operation period between 

February 21 and October 1, starting immediately after 

the general refit of the aggregate. During the refit, the 

trash rack was dismounted for any necessary repairs 

and cleaning. After the refit, the trash rack operated 

in a clean state for a period long enough to acquire 

data on its operation and adopt Eq. (5) for correct 

energy loss prediction of the clean trash rack (AAD = 
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0 m2). One week of data on the flow rate and head 

losses measured immediately after the refit were 

used in our case. The blockage area of a clean trash 

rack (Eq. (4) at AAD = 0 m2) was adjusted step-wise 

until the measured head loss coefficient and the one 

predicted by Eq. (5) fit together well (R2 > 0.999), 

and the correct total blockage area of a clean trash 

rack was acquired, corresponding only to the bars 

and horizontal spacing elements (ARS + AAH). This 

was then applied in Eq. (9) to calculate the blockage 

area caused by the debris AAD for any measured point. 

Fig. 4 shows the variation of AAD within the observed 

period. The results are highly scattered, the first two 

weeks’ standard deviation is approximately 1 m2. 

Therefore, moving average was applied to represent 

the data more clearly, as well as an approximation line 

was added to point out some important features, like 

periodic trash rake cleaning. For the first two weeks 

the trash rake was operating clean. It was winter time, 

when the river, as well as the debris concentration, is 

low. The first rack clogging is observed in early spring, 

when melting snow increases the flow in lowland 

tributaries, and pushes some of the collected debris 

into the river. Frequent cleaning, every end of the 

week (see saw like shape of AAD), keeps the amount 

of the collected debris low. Much more intense rack 

clogging takes place in mid spring and early summer, 

when frequent rain and thunderstorms spill debris 

collected in the surrounding forests during the winter 

into the river. Moreover, the water level is high during 

this period, due to melting snow in the Alps, with a lot 

of drifting debris originating from over-flooded river 

banks. 

The debris collection rate is high during this 

period, and, although cleaned frequently, the rack 

clogging is substantial, even more, the rack cleaning 

is aggravated, and some debris remain on the rack 

after cleaning. The blockage factor p increases up to 

45 % and almost never decreases below 30 % during 

this period, which increases head losses substantially 

and reduces electricity production. In  mid-August, an 

intervention rack cleaning took place, and, after that, 

the cleaning was shifted from Friday to Tuesday and 

the cleaning period was increased to two weeks in 

September, which is seen clearly in Fig. 4.

2  RESULTS AND DISCUSION

2.1  Debris Caused Head Losses

Hribernik [17] and [18] showed how to predict debris 

caused head losses when a clean trash rack head loss 

model is known. A simpler approach to account for 

debris caused head losses is to apply Eqs. (4) and (5) 

and set the AAD to zero, and deduct this way calculated 

clean trash rack losses from the measured ones. A 

result is shown in Fig. 5, where the cumulative one 

year energy losses and the variation of the flow rate 

are presented. The losses are flow rate dependent, 

thus, the increase in cumulative losses is the highest 

in the autumn high water season and, at the same time, 

due to the high concentration of drifting trash such as 

dead algae and leaves, the influence of the collected 

debris on cumulative losses is the highest too. During 

one year of operation, debris causes up to 135 MWh 

of electricity losses, which is 48 % of all losses, and 

60 % of all these losses take place in the relatively 

short three-month-long autumn high water period. 

Fig. 5 also shows that the aggregate was not operating 

between January 25 and February 21 when the refit 

took place.

2.2  Trash Rack Clogging

Trash rack clogging is a random process which is not 

easy to predict. However, as already shown in Section 

1.3, an analysis of trash rack clogging is possible if 

one calculates the blockage area caused by the debris 

Fig. 4.  Variation of AAD and blockage factor p between February 21 and October 1
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AAD for any measured point of the HPP aggregate 

head loss-time history. Moreover, the rate of growth 

of the area blocked by the accumulated debris dAAD/dt 
can be estimated simply by differentiating AAD; time 

history shown in Fig. 4. Numerical differentiation 

was applied in our case. Since a too small time 

step may cause high variations due to the head loss 

measurement uncertainty, the time interval used was 

one week, which agreed with the trash rack cleaning 

period; trash rack cleaning took place every Friday. 

The results are presented in Fig. 6. Again, only the 

results after the aggregate general refit are shown, 

when the rack is clean and AAD = 0 m2 apply. In the 

first 2 weeks after the refit, the debris concentration 

in the river was low, and the debris accumulation 

rate equals 0. This is the winter period of low water 

when the concentration of debris in water is almost 

zero. In the middle of March, the snow starts to melt 

in the lowlands and moderately increased water spills 

the debris from the river bank into the river. Melting 

snow in nearby hills prolongs this process into April 

and, at the beginning of May, the highest spike in 

debris accumulation took place. It is mid-spring, when 

frequent rain and thunderstorms spill debris collected 

in surrounding forests during the winter into the river 

and its tributaries. During the summer months June 

and July, the heavy rains become rare, however, the 

water flow remains high due to snow melting in the 

Alps and the debris accumulation is still very vivid 

with the average blockage rate over 5·10-4 m2/min. It 

then reduces a bit in August and September. 

2.3  Debris Accumulation Simulation

A simple model was developed which applies the 

experimentally obtained rate of growth of AAD (area 

blocked by the accumulated debris) presented in 

Fig. 6 to predict accumulation of debris between the 

successive debris removals. It is possible to predict 

the instantaneous AAD simply by integrating its rate of 

growth in time, and starting with AAD = AAD,0 (AAD,0 = 

0 m2 if all the debris have been removed successfully 

during cleaning) each time the debris was removed 

from the trash rack. As presented in Fig. 4, the rake 

cleaning effectiveness was not always 100 % and, 

from May on, some of the debris remained on the 

rake after cleaning. Thus AAD,0 was not simply set 

to 0, but it was allowed to be adjusted in order to 

reflect actual cleaning efficiency. A simple example is 

presented next to explain the application of the AAD 
growth model in the 9 month period from March till 

October 2015. Four quasi-constant flow rates were 

assumed, with three intervals of zero flow (aggregate 

standstill). The trash rack cleaning interval was 

set to 1 week and 3 weeks, respectively, and 100 % 

debris removal was assumed (AAD,0 = 0 m2). Results 

are presented in Fig. 7. The growth of head losses 

proportional to the 1.5 power of blockage factor, as 

well as AAD (see Eqs. (4) and (5)), may be observed 

in both cases. Head losses drop to 0.017 m when 

the trash rack is cleaned, and then the growth, with 

increasing amount of accumulated debris, takes place 

Fig. 5.  Energy losses caused by a clean trash rack and by collected debris

Fig. 6.  Week to week change of average rate of growth of AAD
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until the next cleaning. The most intense growth of 

head losses is observed in May and June, when the 

rate of growth of AAD is the highest (see Fig. 6; weeks 

17 to 21), and the maximum head losses of 0.089 m 

(3 weeks’ cleaning interval) are reached. Comparison 

of the 1 week and 3 weeks interval cleaning strategy 

shows small differences in head loss within the first 

two and a half months, while the rest of the time the 

differences were extremely high, and the average 

head loss was at least two times higher, with some 

peaks more than five times higher when  the interval 

between  the successive trash rack cleanings was set 

to three weeks. This suggests  that the constant time 

period  cleaning strategy may not be an appropriate 

solution, while an unnecessarily high number of 

cleanings is needed to keep the head losses low (see 

Fig. 7, 1 week cleaning strategy) since, otherwise, the 

head losses increase enormously (see Fig. 7, 3 weeks 

cleaning strategy). Therefore, it is better to perform 

cleaning as circumstances require by determining an 

optimal upper limit of head loss above which the trash 

rack should be cleaned.

The results are more realistic when the actual 

flow rate is applied, as shown in Fig. 8. The trash 

rack cleaning interval was set to 2 weeks and 98 % 

debris removal efficiency was assumed (AAD,0 = 1.2 

m2). Although the AAD growth between rack cleaning 

intervals is continuous, the head loss is fluctuating 

highly due to the fluctuating flow rate. Moving 

average line was, therefore, added, just to improve 

the representability. Immediately after the rake 

cleaning, the head loss is between 0.02 m and 0.03 m 

on average, while a highly blocked rack produces on 

average, up to 0.1 m head loss with peak value 0.15 m. 

As we can see, the model is very flexible, and allows 

very quick prediction of head losses under selected 

operation conditions, moreover, the actual operating 

conditions may be reproduced well (Fig. 9), which 

confirms model accuracy under common operational 

conditions. R2 for the results shown in Fig. 9 is higher 

than 0.97, while overall R2 is approximately 0.93.

Different rake cleaning strategies were examined 

by the developed model The influence of debris 

removing efficiency was analysed in the first 

approach. As already mentioned, the rack cleaning 

was 100 % efficient only in the first two months 

after the general refit, and a substantial amount of the 

debris remained on the rack after its cleaning in the 

following months. 

Fig. 7.  Debris accumulation prediction at 4 quasi-constant flow rates (115, m3/s 125 m3/s, 140 m3/s and 100 m3/s)

Fig. 8.  Debris accumulation prediction at actual flow rate conditions
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Fig. 9.  Comparison of predicted and measured head losses

Fig. 10.  Trash rack cleaning efficiency

The trash rack cleaning efficiency may be defined 

as:

 ηcl
RF RS AH AD

RF RS AH

A A A A
A A A

=
− + +( )

− +( )
,
.

0
 (10)

When all debris are removed from the rack, 

then AAD,0 = 0 m2 and the rack cleaning efficiency is 

100 %, otherwise it is lower. Fig. 10 shows the rack 

cleaning efficiency within an 8 month period after 

the general aggregate refit. The concentration of the 

debris in the river, as well as the rack clogging, was 

low to moderate in the first 10 weeks of operation, 

and the debris removal from the rack was 100 % 

efficient. The debris removal efficiency reduces with 

increasing debris concentration and rack clogging. Its 

average value was approximately 95 %, with eventual 

drop off below 90 %. In order to evaluate the effect of 

imperfect rack cleaning, the simulation of head loss 

was performed with AAD,0 set to 0 for all performed 

rack cleanings. Comparison shows that the ideal rack 

cleaning reduces cumulative energy losses within the 

8 months’ period by 18 %, and proves how important 

regular and thorough rake cleaning is in order to keep 

head losses low to moderate. 

Of course, it is possible to analyse any other 

cleaning scenario. One of the possibilities is to apply 

rake cleaning every time  the rake blockage factor 

exceeds a certain value. The clean rake blockage 

factor is approximately 25 %, thus the simulations 

were carried out with upper blockage factor values 

pmax within the range 30 % and 60 %. Rack cleaning 

efficiency was set to 100 % in all cases. Results are 

presented in Fig. 11. Both energy losses and number 

of cleanings necessary to keep the blockage factor 

below pmax are highly pmax dependent. The energy 

losses increase while the number of cleanings reduces 

exponentially with pmax. Thus, almost thirty rake 

cleanings are necessary when pmax is set to 0.3, where 

the energy losses are the lowest, while already at pmax 

= 0.35, the number of cleanings reduces by 50 %. 

However, the energy losses increase by only 25 %. At 

pmax = 0.5, the energy losses double, while the number 

of cleanings reduces to 5. Any further pmax increase 

does not reduce the number of cleanings significantly, 

while the energy losses increase enormously.

Fig. 11.  Trash rack losses and number of cleanings necessary to 
keep the blockage factor below pmax

From the economical point of view, both energy 

losses and number of cleanings should be kept   low,  

especially  when manually operated rakes are used, 

which is a common practice on medium size HPPs, 

and is also applied on the observed HPP where a team 

of two workers operates the rakes. The total cost of 

their interventions can be transformed into the electric 

energy equivalent and added to the energy losses for 

any pmax set. Optimal pmax may then be found simply 

by searching the minimum sum of energy losses and 

energy equivalent of the performed rake cleanings. 

Fig. 12 shows three possible examples where the 

energy equivalent was set to 10 MWh, 20 MWh and 30 

MWh, respectively, per one rake cleaning. In all three 

cases, the optimal pmax is between 0.4 and 0.5, where 

higher pmax values correspond to higher cleaning 

costs, and vice versa. However, the differences in 

total energy equivalent loss are very small within this 

interval for any of the three examples. It is advisable, 

therefore, to operate with lower pmax values, in order 

to keep the maximum amount of debris accumulated 
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on the trash rack, as well as the mechanical load 

implied on the trash rack, smaller, without worsening 

the rack operation`s economy too much. 

Fig. 12.  Optimal trash rack cleaning strategy

According to Fig. 11, it is necessary to perform 

9 rack cleanings if pmax is set to 0.4, which is an 

almost 3 times lower value than the number of 

cleanings actually carried out between February 21 

and October 1 (see Figs. 4 and 8). Cumulative energy 

losses of this period are estimated to 133 MWh, and 

37 % of these losses are caused by the debris, and, 

as already stated, 18 %, i.e. one half of them, can 

be avoided if the debris removal was always 100 %. 

It is possible to achieve the same result with only 

eleven 100 % effective rake cleanings, which should 

always take place when the blockage factor exceeds 

0.375 (pmax = 0.375). Comparison of the proposed 

and actually carried out rack cleaning processes 

is presented in Fig. 13. Variation of AAD shows that 

any rack cleaning before April 18 may be skipped, 

while, later on, only approximately every second rack 

cleaning is necessary; however, their timing should 

be circumstances dependent (pmax = 0.375) and not 

periodical, as it was in the actual case. This way, the 

total number of rack cleanings reduces from 25 to 

11, while total cumulative energy losses remain the 

same. By keeping the blockage factor below 0.375, 

the maximal amount of collected debris, as well as 

mechanical load of the trash rack, is kept low. As 

shown in Fig. 13, the maximal rack area blocked by 

the debris is 10 m2 when pmax is set to 0.375, while it 

exceeded 16 m2 in the actual case.

3  CONCLUSIONS

Trash rack head losses of a 20 MW HPP aggregate 

were obtained and analysed experimentally. Using a 

rack clogging model, it was possible to distinguish 

clearly between the rack structure and collected 

debris caused losses. The latter contribute 48 % of 

total head losses, although the trash rack was cleaned 

frequently. Periodical - once a week cleaning was 

performed. The most severe rack clogging was 

observed in the spring and autumn high water periods, 

when the rake blockage exceeded 50 %. This worsens 

the aggregate economy and increases mechanical 

load. An attempt was, therefore, made to improve 

the rake cleaning strategy. Debris accumulation and 

the rack clogging model were applied and different 

cleaning strategies were examined. It was found that 

commonly applied periodical cleaning did not suit 

actual rack clogging intensity. More than 50 % of the 

performed debris removals were not necessary, while 

a one week cleaning period was too long during high 

water conditions. A circumstances required cleaning 

strategy was, therefore, suggested. Maximal allowed 

blockage factor was set to 0.375, and the cleaning was 

performed any time this value was exceeded. This 

way, the total number of rack cleaning was reduced 

from 25 to 11, while total cumulative energy losses 

remained the same. Moreover, the maximal amount 

of collected debris, as well as the imposed mechanical 

load of trash rack, was 40 % lower.

Fig. 13.  Comparison of proposed and actually carried out rack cleaning processes
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