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Abstract
The article presents research carried out on a sand/anthracite filter in a water treatment plant in Cracow in the south of 
Poland. These studies show that shutting down the filter after only three hours of operation, setting it aside for four hours and 
restarting without backwashing did not cause any visible deterioration in the quality of the produced filtrate. Stopping the 
same filter for four hours, however, after 68 h of operation, visible deterioration in the quality of the filtrate can be observed. 
After a significant initial deterioration, the quality of the filtrate slowly improved and after a few hours, it reached a level 
comparable to that before the filter was taken out of service. This was probably the result of characteristic changes in shear 
stress at the boundary of the deposit and flowing water in the capillaries, which accompanied changes of filtration rate. 
Decrease in the removal efficiency of coarser particles lasted longer and was greater than that of finer particles. Decrease 
in particle removal efficiency after restarting the dirty filter was difficult to identify by turbidity measurements, but clearly 
identifiable by measuring suspended solid concentration and the number of coarser particles. Interrupting the operation of a 
rapid filter shortly after it has been backwashed should not significantly reduce its efficiency, but after prolonged operation, 
it may adversely affect the quality of the filtrate.
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Introduction

Over the past decades, a lot of research into new and well-
known water treatment technologies has been performed. 
Recently, a significant increase in the concentration of natu-
ral organic matter has been observed in freshwater, as well 
as municipal wastewater. This has justified the great interest 
of scientists worldwide in processes characterised by high 
efficiency of organic matter removal, such as adsorption, 
membrane filtration, oxidation, biofiltration and coagulation 
(Sillanpää 2018, Pietrzyk 2018, Domoń 2018, Bielski 2017, 
Mroczko 2020). Depth filtration, however, is not included 
among them, even though it is an indispensable process, 
which is sometimes used as a pre-treatment of membrane, 
biological or activated carbon filters (Uragami 2017), some-
times preceded by in-line flocculation, but most often used 
as the main process for the reduction in fine particles and 

flocs remaining after flocculation followed by sedimentation 
(Hendricks 2001). There is a number of filtration materials 
that are used, such as quartz, anthracite, activated carbon, 
garnet, glass, melaphyre, zeolite and diatomaceous earth 
(Michel 2017, Logsdon 2002). Quartzite sand, however, 
is still the most popular single-layer material, anthracite/
quartzite is a double-layer configuration and anthracite/
quartzite/garnet a triple-layer configuration. The use of 
multilayer media allows the filter to work efficiently, with 
slowly increasing pressure head loss over time. This allows 
less frequent backwash of the media and, thus, saves energy 
used for this purpose. The same effect of longer filtration 
cycles can also be achieved with the so-called regulation 
filters with declining rate filtration (Zielina and Dąbrowski 
2011, Mackie 2003). Long periods without backwash require 
detailed inspection of the filtrate to avoid deterioration of the 
filtrate quality. Therefore, it is quite common in developed 
countries to measure the quality of filtrate online. Unfortu-
nately, this measurement is usually only carried out at the 
collective outlet of the entire filter station, and not at the out-
lets of individual filters. Rarely, apart from turbidity meas-
urement, the number of particles in particular size groups is 
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measured (Zielina 2011). This allows the precise determi-
nation of the optimum moment for backwash, which should 
appear just before the quality of the filtrate deteriorates. This 
deterioration is caused by the increasing filtration rate inside 
the capillaries and, consequently, by the increasing shear 
stress in the pores of the bed. Usually, an increase in thicker 
particles or flocs in the filtrate is observed first, and later 
on in finer ones (Tien 2007, Zielina 2016). The turbidity 
measurement alone may not show a decrease in the removal 
efficiency of particles from one size group, which may occur 
after exceeding a certain degree of clogging or be caused by 
sudden changes in filtration rate. As shown (Zielina 2016), 
turbidity measurements are mainly influenced by particles 
scattered in water with sizes below 2 µm. This influence 
decreases with increasing particle size. Therefore, it can be 
expected that a change in the number of particles with sizes 
above 10 µm may have a negligible effect on turbidity meas-
urements. A change in the filtration rate can occur when the 
filters are shutting down and restarting. This can cause a sud-
den increase and decrease in shear stress inside the capillar-
ies at the boundary of flowing water and retained sediment. 
As shown in works (Barnes 2000, 1997) during laboratory 
tests on thixotropic fluid, a sudden increase in shear rate 
in the rheometer caused a sudden increase in shear stress, 
exceeding that which would appear at the same shear rate 
but under stable conditions. Then, maintaining a constant 
shear rate, the shear stress gradually decreased to a constant 
value. Sometimes, rapid filters are stopped at peak times 
when electricity prices are highest and are used to reduce 
water production costs. According to the described labora-
tory observations on the rheometer, and on the technical 
scale in the filters, an increase in shear stress can be expected 
when the filter is restarted to a value significantly exceeding 
the values achieved with continuous stabilised filter opera-
tion. It can also be expected that a decrease in shear stress to 
the values achieved before setting the filter aside can last for 
some time. It is, therefore, necessary to check whether filter 
stoppages during operation have an impact on the quality 
of the produced filtrate and, if so, what that impact is. The 
ways in which the quality of the filtrate is changed when 
the filter is removed from the service and restarted without 
backwash after a while have already been tested in a water 
treatment plant in Carrollton, Georgia (Logsdon 1990). Fil-
ters that had been operated, stopped and returned to service 
without backwash produced water with turbidity ranging 
between 0.2 NTU and 3.2 NTU, whereas filters that had 
been operated continuously produced water with much lower 
turbidity, from 0.07 to 0.18 NTU. In another example at the 
Duluth Water Filtration Plant (Logsdon 2002), the influence 
of cycle interruption on filtrate quality was tested. The main 
purpose of the plant was to remove amphibole asbestos from 
Lake Superior. Alum was the coagulant, and a non-ionic 
polymer was used to strengthen the flocs. Dual filter media 

were stopped and restarted without backwashing. Only very 
slight increase in filtrate turbidity was observed after filter 
restarting. Only in filters that had accumulated more than 
two thirds of the usual terminal head loss, did asbestos fibre 
count peak above 0.1 million fibres per litre, when normally 
they vary between 0.02 and 0.05 million fibres per litre. 
Detailed analysis of the effects of filtration cycle interrup-
tion on the removal of turbidity, particle counts, suspended 
concentration, as well as particles in different group sizes, 
is desirable. The deterioration of filtrate quality produced by 
the filter under shorter and longer operation times following 
backwash should also be tested.

Materials and methods

Water treatment plant

The research was conducted at one of Cracow’s water treat-
ment plants in southern Poland on the Raba River. Raw 
water for this station is taken from the Dobczyce reservoir 
and pumped from the intake into a contact reservoir, where it 
is preoxidised with ozone. Following ozonisation, the water 
flows into the mixing and distribution chambers, where 
chemicals are dosed. First, activated carbon in the form of 
pulp is dosed, followed by coagulant. Here, the separation 
into two distinct process lines takes place. Some of the water 
flows out to the Raba I process line and the remaining flows 
into four accelerators in the Raba II process line. The ana-
lysed filter station was located in the Raba I process line. The 
water in the Raba I process line flows through the mixing 
chamber and then it is separated into 12 vortex chambers, 
from which the suspension flows out through a drainage 
channel and gets to horizontal settling tanks with a capacity 
of 670  m3. From the sedimentation tanks, the water flows 
into a common trough and gets to the filters. Limestone milk 
is dosed into a trough supplying the suspension to the filter. 
The water from the collecting trough is distributed to the 
individual rapid filters. The technological diagram of Raba 
I water treatment line with marked water sampling points 
and the filter examined in experiments is shown in Fig. 1.

Laboratory set‑up

The water supply to the filters is above the water table on the 
filter. The water level on the filters is measured with an ultra-
sonic probe. The outlet pressure is recorded by an Aplisens 
pressure sensor. The flow through the filters is calculated for 
a known level in the inlet trough. The filter under examina-
tion is filled with an anthracite-sandy bed of about 100 cm 
in height. The granulation of individual layers of the bed is 
shown in Table 1. The initial porosity of the quartz sand was 
0.41, while that of the anthracite was 0.56.
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During the experiments, the values of filtration speed and 
temperature were maintained at a level consistent with the 
values given in Table 2.

The number of particles flowing into the filter in particu-
lar size ranges is given in Table 3. The average turbidity in 
water flowing into the filter was 7 NTU, the average total 
number of particles flowing into the filter was 29,300 [1/ml], 

suspended solids concentration was 4.7 [ppm], the average 
pH value was 7.9, conductivity was 0.23 mS/cm and the zeta 
potential was − 13.5 mV at the given pH and conductivity.

The multilayer bed on which the verification experiments 
were carried out guaranteed the elimination of straining dur-
ing filtration.

Particle count measurement was carried out using the 
Liquilaz E20 spectrometric particle counter by particle size 
measurement. Nephelometric turbidity was measured using 
a turbidity meter by WTW – Turb 555 IR.

Study method

The measurement was carried out for one complete filtra-
tion cycle, from the time one backwash of the filter was 
completed until another backwash was required. The total 
running time of the experiment was 88 h, or just under 
4 days. The first measurement was carried out after the first 
hour from the end of backwash, the next after another two 
hours, and subsequent measurements were carried out at a 
frequency of every 5 h, until the end of the study.

Water samples for analyses were taken at the inflow and 
outflow to/from the filter. Water turbidity, total number of 
particles in water and suspended solids concentration were 
measured. Based on these parameters, the filtration effi-
ciency curves were determined.

Water temperature and filtration velocity were monitored 
during the experiments.

Results

Research was carried out on one of the filters included in 
the water treatment plant on the Raba River. The character-
istics of this filter are discussed in the materials and methods 
section. A full filtration cycle between consecutive back-
washes, which lasted almost 90 h, was examined. Such a 
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Fig. 1  Technological scheme of Raba I water treatment process line with sampling points before and after rapid filtration

Table 1  Stratification of grains 
of sand/anthracite bed

Grain size [mm] Layer 
height 
[cm]

Anthracite layer
0.9 – 1.1 15
1.1 – 1.3 20
1.3 – 1.5 15
Quartz sand layer
0.5 – 0.63 10
0.63 – 0.8 23
0.8 – 1.0 17

Table 2  Experimental parameters

Filtration rate 
[m/h]

Temperature 
[C]

Initial porosity 
of the quartz 
sand

Initial porosity 
of the anthracite

2.32 12.2 0.41 0.56

Table 3  Particle size distribution in suspension flowing into the filter 
during the experiments

Particle size range [μm] 2–5 5–10 10–25 25–80
Particle number [1/ml] 21,373 6761 1144 22
Volumetric particle con-

centration [ppm]
0.35 1.25 1.42 1.43



 Applied Water Science (2021) 11:155

1 3

155 Page 4 of 6

long filtration cycle is possible due to the two-layer media 
applied in the filters and the highly effective processes pre-
ceding filtration. The course of changes in the efficiency 
of removing particles from particular size groups is shown 
in Fig. 2. The efficiency of removing turbidity, suspension 
concentration and the total number of particles are shown 
in Fig. 3.

The removal of particles from particular size groups indi-
cates their high efficiency throughout the filtration process. 
No deterioration of the filtrate quality was observed despite 
the long filter cycle and relatively low temperature. This 

was caused by conditioned inlet suspension and multilayer 
media in the filter allowing for the accumulation of particles 
across the entire cross section. Unusually, the removability 
of coarser particles was lower than that of the finer ones. 
To the contrary, the removability of nephelometric turbid-
ity and total number of particles were similar to that of the 
finest particles, as normal. The removability of suspended 
solids concentration was lower than that of turbidity, which 
probably resulted from the lower removability of coarser 
particles, which have a dominant influence on the suspended 
solids concentration value.

Fig. 2  Efficiency of removing 
particles from particular size 
groups
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Fig. 3  Efficiency of removing 
turbidity, suspension concen-
tration and total number of 
particles
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During the research, the filter was stopped twice, inter-
rupting its operation, as shown in Figs. 2 and 3. The first 
time was after four hours of filtration, when a small amount 
of deposit was collected, and the second time after 69 h, 
when the filter was significantly filled with particles trapped 
in the media pores. As can be seen in Figs. 2 and 3, after 
the filter had been set aside for a few hours during the first 
stage of the cycle, the efficiency of the removal of turbidity, 
the concentration of suspended solids, as well as the total 
number of particles and particles from particular size groups 
did not deteriorate, or even slightly improve. Conversely, 
upon restarting the same filter, which was set aside for a 
few hours after many hours of operation, a significant dete-
rioration in the removal efficiency of turbidity, suspended 
solids concentration, as well as the total number of parti-
cles and particles from particular size groups was observed. 
The reduced efficiency of the filter operation continued for 
a few more hours, with the efficiency of removing larger 
particles and suspended solids concentrations deteriorating 
more than turbidity. If the filter is operated for a long period 
of time, stopped and then restarted without backwashing, a 
significant increase in shear stress associated with restart-
ing can flush out particles trapped in the filter bed. In the 
case of filters operated for a short period of time, such a 
significant increase in shear stress is not expected, and thus 
the retained particles will not be detached. It is likely that 
the sudden increase in filtration rate that accompanied the 
start of the filter caused an increase in shear stress in the bed, 
which could have caused the previously retained particles to 
break off, while also reducing the efficiency of retaining the 
particles flowing through the filter. A change in the quality 
of the filtrate could also be caused by a change in the quality 
of water flowing into the filter, but no significant changes 
in the concentration and size distribution of the particles or 
parameters such as zeta potential and pH in the suspension 
flowing into the filter were observed. It is likely that the sig-
nificant decrease in particle retention efficiency after return-
ing the filter to service, not observed with a much cleaner 
filter, is caused by suffusion. Under laboratory conditions, a 
sudden increase in shear rate caused a rapid and significant 
increase in shear stress, which in subsequent moments, while 
keeping the rate constant, gradually decreased to a constant 
value (Barnes 2000). These laboratory observations (Barnes 
2000) confirm the experimental measurements carried out 
at the station, the results of which are shown in Fig. 2 and 3. 
Returning the filter to service again after a period of down-
time caused a sudden increase in flow velocity inside the bed 
channels, this was probably accompanied by a sudden and 
significant increase in shear stress, higher than that which 
we would observe during the operation of the filter without 
periodic setting aside.

Hence, the significant decrease in the removal efficiency 
of turbidity, suspended solids and particles observed in 

Figs. 2 and 3, when the filter was put back into operation, 
was comparable to the removal efficiency before the filter 
was stopped, although the filtration rate was the same. The 
reduced particle removal efficiency was maintained for a 
few more hours and mainly concerned the thicker particles 
and suspension concentration rather than the finer ones and 
nephelometric turbidity. After ten hours, the efficiency of 
all particles except the coarsest ones returned to the level 
observed before the filter was stopped. The gradual, albeit 
lasting for several hours until stabilisation, increase in par-
ticle removal efficiency is confirmed by the slow, long-term 
decrease in shear stress after a sudden increase in speed.

As can be seen in Fig. 2, the removal efficiency of the 
largest particles, after only 15 h, reached the value before 
setting the filter aside, whereas the finer particles reached 
this value after less than ten hours. In the case of turbidity, a 
slight decrease in its reduction can be observed immediately 
after the filter is restarted but, soon afterward, the reduction 
efficiency of this parameter increases to reach the values 
from before it was stopped.

Conclusions

(1) The analysis indicates that stopping the dirty filter for 
a few hours and restarting it without backwashing may 
cause significant deterioration in filtrate quality. There-
fore, interrupting the filter in later periods of the cycle 
is not recommended.

(2) After restarting the dirty filter without backwash, a 
larger and more durable reduction in the removal effi-
ciency of coarser particles, and a smaller and shorter 
reduction in the removal efficiency of finer particles 
was observed. After just ten hours, the efficiency of 
removing the number of fine particles in the filtrate has 
reached a value before the filter stops and after 15 h for 
coarser particles.

(3) Changes in filtrate quality were caused by a sudden 
change in filtration rate inside the filter capillaries after 
the filter was restarted and the accompanying shear 
stress changed. The course of these changes is con-
firmed by observations in laboratory conditions on the 
rotameter scale, according to which a sudden increase 
in shear rate to a subsequently maintained constant 
level causes a significant increase in shear stress in the 
deposit, which gradually decreases to a constant value. 
A significant increase in shear stress causes the wash-
ing of particles trapped within the filter bed.

(4) The drop in particle removal efficiency after restart-
ing the dirty filter without backwashing was difficult to 
identify from turbidity measurements, but it was clearly 
visible from the suspended solids concentration and 
total particle counts measurements.
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(5) Stopping the filter while it is filled with a small amount 
of accumulated sediments four hours after backwash-
ing for a few hours and restarting did not cause any 
deterioration of the filtrate quality.
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