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a b s t r a c t
The sludge accumulation pattern on the inclined plate settlers has been observed and studied for several 
large-scale water treatment plants. Further, air, water, and electrical techniques were investigated 
to clean up the accumulated sludge on the plate settlers. This technique allows the plate settlers to 
operate at shallow angles resulting in faster and reliable clarification compared with conventional 
plate settler. It was found that nonmetal plate settlers can be washed out effectively using compressed 
air or compressed water of 6 bars with efficiency up to 60% and 70%, respectively. However, metal 
plate settlers were washed out effectively using electrical separation having a little potential difference 
of 10, 20, and 30 V with a high efficiency up to 75%, 85%, and 93% respectively, after 5 min. Increasing 
the pH value up to 8.7 and the losses from the plates are the main side effects of electrical separation. 
Compared with the present methods of washout, the new techniques can achieve a high removal 
efficiency of washing in short retention time, less than few minutes, with the little amount of disposed 
water. Further, it can be applied to upgrade the present plants to operate the plate settlers with a 
shallow slope, which means increasing its efficiency and reducing the waste in a washing process.
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1. Introduction

Generally, inclined plate settlers are used to remove par-
ticles from liquids in domestic and industrial water treatment 
[1–3]. They are often employed in several places such as pri-
mary water treatment in place of conventional settling tanks 
as well as can be found in wastewater treatment as primary, 
secondary, or tertiary settling tank [4,5].

The main advantages of the plate settlers are that they 
do not need the power to work, provide small depths by 
increasing the separation efficiency [6], do not require 
pumps, valves, or blowers, do not contain moving parts, and 
have very low maintenance [4]. So, inclined plate settlers are 
used to compress the large conventional clarifiers into com-
pact economical units [7] and reduced required area for most 
clarifiers [8,9].

Compared with the conventional clarifiers, plate settler 
clarifiers are more compact unit which require only 65%–80% 

of the area of conventional clarifiers [10]. Further, plate settler 
clarifiers can be optimized by the addition of flocculants and 
coagulants [11,12]. These chemicals optimize the settling pro-
cess and cause a higher purity of overflow water by ensuring 
that all smaller solids are settled into the sludge underflow 
[13].

Generally, several materials can be used as plate settlers, 
but metal or plastic plates, which are commonly arranged 
as arrays at an angle of 55°–60°, are the most widely used 
[10,14].

Despite all of these advantages of plate settlers, there is 
difficulty in washing them after the settling process [14,15]. 
In spite of this, operating the inclined plate settlers at shal-
low angles is the necessity for all designers and practitioners 
[8], but fine solids cannot be washed out easily and flow 
down to shallow sloped plate surface [16]. So, large amounts 
of sediments stick and accumulate on the plates, leading 
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to clogging and growth of algae on these plates. Clogging 
due to the accumulation of fine particulates and some types 
of algae reduces the removal efficiency and causes odor 
problem when the machinery is outdoors [14].

Today most washing process and cleaning are done by 
manual methods, two or three times a week for about 45 min 
each [17]. These methods waste a large amount of water as 
well as need much time for tank recovering [18]. On the other 
hand, the main principle of the electrocoagulation process 
states that when direct current passes through the metal 
plates, metal ions dissolve and leave the outer surface of 
the metal to the water [19,20]. This process cleans the metal 
surfaces from all the accumulated sludge.

So, the main aim of this research is to apply the electro-
coagulation principle for only a few minutes to wash the 
accumulated sludge from the inclined plate settlers irre-
spective of its slopes and to discuss the use of compressed 
air and compressed water via additional pipes between the 
plate settlers. Efficient and rapid removal of the accumulated 
sludge enables the designers and operators to operate the 
plate settlers with a shallow slope, which means increasing 
its efficiency and reducing the waste in a washing process.

2. Experimental methods

The present experiments contain field observation and 
laboratory experiments. The field observations included 
the sludge accumulation patterns on the plate and tube 
settlers as well as the sludge accumulation along the clari-
fier bed. These observations were carried out inside several 
water treatment plants (WTP) that are located in north 
Egypt. However, the laboratory experiments were carried 
out inside Mansoura University to identify the properties 
of the sludge accumulated on the plates. Finally, the lab-
oratory experiments included three different methods to 
remove the accumulated sludge from the plates. Three dif-
ferent methods included washing the accumulated sludge 
using compressed air, compressed water, and electrical 
separation.

Figs. 1 and 2 show the schematic diagram and the real 
photograph of the experimental setup that were used for 
the present work. This setup included three steel plates 
inside a Plexiglas clarifier of capacity 80 L with surface area 
of 50 cm × 40 cm and water depth of 40 cm. Real sludge was 
accumulated on the steel plates by placing these plates at 
the outlet zone inside a large scale. So, a natural sludge was 
accumulated on steel plates inside a large-scale WTP, and 
natural raw water of mean turbidity of 20 NUT was used. 
The steel plates containing the accumulated sludge were 
placed inside the bench-scale setup with an angle of 60°. In 
this clarifier, three systems for sludge washing were used 
separately, which includes compressed air, compressed 
water, and electrical separation.

2.1. Washing the accumulated sludge using compressed air

In the first case, the experimental clarifier was equipped 
with perforated pipes of internal diameter of 1.0 inch hav-
ing holes of diameters 3.0 mm each 1.0 cm. The perforated 
pipes were placed parallel to the plate settlers between them 
as well as connected to the air blower having compressed air 

adjustable to 6 bars and discharge up to 10.0 L min–1. The air 
velocity in each washing pipe was about 10.0 m s–1. In each 
case, the plate settlers were washed for about 10  min with 
compressed air of 2, 3, and 6 bar. The washing efficiency of 
the accumulated sludge was observed as well as the turbidity 
of water during washout.

2.2. Washing the accumulated sludge using compressed water

In the second case, the perforated pipes were connected 
to water pump that has a variable head up to 6.0 m and dis-
charge of 1.0 L min–1. The water velocity inside each washing 
pipe was about 1.0 m s–1. In each case, the plate settlers were 
washed for about 10 min with compressed water of 2, 3, and 
6 bar. The washing efficiency of the accumulated sludge was 
observed as well as the turbidity of water during washout.

2.3. Washing using electrical separation

In the third case, the perforated pipes were removed from 
the clarifier and the plates were alternately (positive and 
negative) connected with a direct electrical potential differ-
ence of 10, 20, and 30 V. In each case, the plate settlers were 
washed for about 7 min with an electrical potential difference 
of 10, 20, and 30 V. The washing efficiency of the accumulated 
sludge was observed as well as the turbidity of water during 
washout. Also, the pH value of the water and the losses of 
the plates were also observed. The losses of the plates were 
estimated as the [(original weight of plate – final weight of 
plate)/original weight of plate] × 100.

3. Results and discussion

The first part of the present results describes the field 
observation of the sludge accumulation patterns inside those 
clarifiers containing plate and tube settlers. Further, the 
second part presents three methods to remove the accumu-
lated sludge from the plate settlers, using compressed air, 
compressed water, and electrical separation.

3.1. Sludge accumulation pattern of plate and tube settlers

The sludge accumulation was observed for several water 
clarifiers having similar operational parameters. The pattern 
of sludge deposition in plate and tube settlers was strongly 
influenced by the method of sludge removal in the settling 
tank. It has been observed that settling tanks with continuous 
sludge removal have minimum solid deposition in the first 
plates. The sludge begins to accumulate on the first plates at 
the beginning of the tank and begins to increase gradually 
until reaching the maximum value at the end plates in the 
tank.

Figs. 3(a) and (b) show the sludge accumulation patterns 
on such clarifiers containing tube and plate settlers. Further, 
Fig. 3(c) shows a schematic diagram for the accumulation 
pattern on plate settlers and the tank bottom as well as the 
sizes of the cumulated sludge. From Figs. 3(a) and (b), it is 
clear that the sludge accumulation pattern for both tubes 
and plates are similar. For tube and plate settlers, maxi-
mum sludge accumulation is found on those last plates at 
the clarifiers’ outlet. Conversely, no accumulation of sludge 
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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. Experimental setup.
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is found on those plates or tubes that are located at the clar-
ifiers’ inlet. The particles collected from the accumulated 
sludge were characterized with a hydrometer analysis of soil 
which measures the fine particles that are less than 0.01 mm 
(according to standard methods) [21]. According to the anal-
ysis of the accumulated sludge, the accumulated sludge has 
a size range between 0.01 and 0.001 mm.

These results can be illustrated easily; most particles hav-
ing size range between 0.01 and 0.001 mm stick on the plate 
settlers that have a slope of 45°–60°, respectively, and do not 
slide from the plates based on their own weight. After these 
particles attach to the plate or tube settlers, clogging occurs 
between these final plates, and other fine particles start to 

accumulate gradually on the preceding plates in the tank. 
Sludge accumulates on each plate in the form of a wedge 
prism that has an initial point of 0.0   cm and a final point 
of 8.0 cm at the plate’s inlet and outlet, respectively. Sludge 
accumulation on the plate settlers decreases the clearance 
between those plates and increases the stream velocity caus-
ing most particles to escape with the effluent water. Escape of 
flocculated particles among the plates decreases the removal 
efficiency of the plates and the mean removal efficiency of 
the clarifier. For a real clarifier, the removal efficiency at spe-
cific distance along a clarifier length with time is shown in 
Fig. 4(a), while Fig. 4(b) shows the mean removal efficiency 
and clogging with time after washing. The daily observations 
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Fig. 3. (a) Real photographs of solid accumulation pattern on the tube settlers, (b) real photographs of solid accumulation pattern on 
the plate settlers, and (c) a schematic diagram for solid accumulation on plates and tank bottom.
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were carried out for more than 3 months. The removal effi-
ciency was estimated as (influent  –  effluent)/influent  ×  100 
[22]. However, the clogging percentages were estimated as 
(final clearance between the plates/initial clearance) × 100 [23].

3.2. Washing the accumulated sludge using compressed air

Figs. 5(a) and (b) show the results for washing accumu-
lated sludge using compressed air by perforated pipes that 
supported the plates. From Fig. 5(a), it is clear that the maxi-
mum removal efficiency of washing with air is limited, which 
did not exceed 60% after using compressed air of 6 bars for 
10 min. Further, the washing efficiency was decreased from 
60% to 42% and to 25% by reducing the compressed air from 
6 to 3 and to 2 bar, respectively. Fig. 5(b) shows the increases 
in water turbidity from 20 to 60 NTU during washing by air 
due to the full mix of the entire content of the tank. The water 
in the tank needed about 60 min to return to the same tur-
bidity before washing process. The washout efficiency was 
estimated with the following equations:

Washout efficiency =
−( )
−( ) ×

W W
W W
F I

F o

100 	 (1)

WF =  total weight of unwashed plate with the accumulated 
sludge before washing, WI = total weight of washed plate and 

residual accumulated sludge after washing, and WO = original 
weight of the cleaned plate settler.

3.3. Washing the accumulated sludge using compressed water

Figs. 6(a) and (b) show the results of washing the accu-
mulated sludge using compressed water via the same per-
forated pipes that supported the plates. It is clear that the 
compressed water achieved better washing efficiency more 
than the compressed air. The compressed water achieved 
washing efficiency of 70% after using compressed water of 
6 bars for 10 min (Fig. 6(a)). Further, the washing efficiency 
was decreased from 70% to 60% and to 52% by reducing the 
compressed air from 6 to 3 and to 2 bar, respectively. Fig. 6(b) 
shows the increases in water turbidity from 20 to 70 NTU 
during washing by water due to the full mix of the entire con-
tent of the tank. The water in the tank needed about 70 min to 
return to the same turbidity before washing process.

3.4. Washing using electrical separation

Figs. 7 and 8 show the results of separation of the accu-
mulated sludge using electrical current after connecting the 
plates alternately with a direct electrical current of 10, 20, and 
30 V. From Fig. 7(a), it is clear that the electrical separation 
achieved better washing efficiency more than both the air 
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Fig. 5. (a) Washing efficiency using compressed air and 
(b) turbidity values during washing using compressed air.
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Fig. 4. (a) Removal efficiency at specific distance along the 
clarifier length with time and (b) the mean removal efficiency 
and clogging with time after washing.
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and water. The electrical separation achieved washing effi-
ciency of 93% after 7 min by using 30 V for the iron plates. 
Further, the washing efficiency was only decreased from 93% 
to 85% and to 75% by reducing the potential difference from 
30 to 20 V and to 10 V, respectively, in 7 min. It was useful to 
state that same washing efficiency was obtained after reduc-
ing the slope of the plate settler. So, electrical separation does 
not depend on the slope of the plate settler. Fig. 7(b) shows 
that there is a little increase in water turbidity from 20 to 40 
NTU only during washing by electrical separation. The water 
in the tank needed only 7 min to return to the same turbidity 
before the washing process; so, the washing time is changed 
to 7 min when using electrical separation instead of 10 min.

Fig. 8(a) shows the change of pH value with time during 
the electrical washing while Fig. 8(b) shows the loss of iron 
plates using electrical washing by 10, 20, and 30 V. It is clear 
that increasing the pH value up to 8.7 and the losses from 
the plates are the main side effects of electrical separation 
(Fig. 8(a)). The maximum losses of the iron plates due to 
electrical separation were insignificant that did not exceed 
0.0008  kg  m–2 of plates (Fig. 8(b)). Increasing the pH value 
of the water from 6.9 to 8.7 during the electrical separation 
of the accumulated sludge, which was expected by sev-
eral researchers [22,24–26], was the main disadvantage of 
this method.

4. Conclusion

The field study confirms that fine particles less than 0.01 
and 0.001 mm stick on the plate settlers that have a slope of 
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Fig. 6. (a) Washing efficiency using compressed water and (6) 
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Fig. 8. (a) pH value with time during electrical washing and (b) 
loss of iron plates using electrical washing by 10, 20, and 30 V.
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Fig. 7. (a) Washing efficiency using electrical iron plates and 
(b) turbidity values during washing using electrical iron plates.
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45°–60°, respectively, and do not slide based on their own 
weight, but they need an external effect to remove them from 
the plates.

•	 There is a typical pattern for sludge accumulation on 
tube and plate settlers which have a maximum accumu-
lation at the upper edges of the plates located on the 
tank outlet and decreased gradually to the plates on the 
tank inlet.

•	 Accumulation can reach up to 90% of the clearance 
between the plates resulting in decreasing removal effi-
ciency below than zero for these plates while reducing 
the average removal efficiency of the clarifier.

•	 Nonmetal plate settlers were washed out using com-
pressed air of 2, 3, and 6 bar but with a limited efficiency 
up to 25%, 40%, and 60%, respectively, after 10 min, but 
the clarifier needs about 70 min to recover again.

•	 Nonmetal plate settlers were also washed out using 
compressed water jet of 2, 3, and 6 bar but with a lim-
ited efficiency up to 50%, 60%, and 70%, respectively, 
after 20  min, but the clarifier needs about 90  min to 
recover again.

•	 Metal plate settlers were washed out effectively using 
electrical repulsion having a little volt of 10, 20, and 30 
with a high efficiency up to 75%, 85%, and 93%, respec-
tively, after 5  min, irrespective of their slope, and the 
clarifier needs only 7 min to recover again.

•	 Increasing the pH value up to 8.7 and the losses from the 
plates are the main side effects of electrical washout.
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