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Abstract: To analyze the effect of a groove cross-sectional shape on disc filters, a head loss analysis
and filtration performance test were conducted using disc filters with different groove shapes (semi-
elliptical- and trapezoidal-shaped grooves). Furthermore, the groove shapes were analyzed using
field emission scanning electron microscopy and the relationship between flow rate and head loss
was derived from the head loss test. Even if the filters were designed with the same mesh standard,
the sectional areas of the grooves were different depending on the shape. Therefore, the head loss
was compared under the condition that the grooves have the same sectional area by applying the
relationship between head loss and sectional area, and a smaller head loss was observed in the semi-
elliptical-shaped groove. Additionally, the semi-elliptical-groove-shaped disc filter was evaluated to
sufficiently filter the soil particles corresponding to the 120 mesh standard. Therefore, an optimum
disc filter can be designed by considering the cross-sectional shape of the disc groove to reduce
energy consumption and provide stable filtration. The elliptical groove shape, which is hydraulically
advantageous, is preferred for the disc filter design.

Keywords: disc filter; disc groove; head loss; filtration performance

1. Introduction

Drip irrigation is one of the most advantageous micro-irrigation systems owing to
its low energy cost and high water distribution uniformity. It can significantly reduce soil
evaporation and increase water utilization by creating a small wet area in the root zone [1].
However, emitter clogging in drip irrigation systems is a serious problem that occurs when
using re-used water or underground water containing sediments because it reduces the
flow of water, the pressure at each emitter, and eventually the crop yield [2-5]. To prevent
emitter clogging, it is essential to use a water filtration system [6-8].

Disc, screen, and sand filters are commonly used in agriculture [9-11]. Among them,
the disc filter provides high filtration capacity and low energy consumption for large areas
compared to other filters [12]. In this type of filter, a group of cylindrical discs with grooved
surfaces on the upper and lower parts are stacked together to effectively trap suspended
solids/particles greater than the size of the groove [13].

When water passes through the disc filter, hydraulic head loss occurs because the fluid
path contracts due to filtration. This head loss requires a powerful pump, which eventually
increases energy consumption. Moreover, the head loss of the filter usually accounts for
more than 40% of the total head loss in an overall drip irrigation system [14]. Therefore,
it is important to minimize head loss when designing the filter, and several studies have
analyzed head loss and the geometrical parameters affecting it. Yiirdem et al. [15] proposed
the main geometrical parameters, such as the diameter of external inlet and outlet pipes,
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internal and external diameters of the disc, and the total effective length of the disc filter.
Demir et al. [16] compared the head loss of various disc filters and recommended the curly
groove-shaped disc to reduce head loss and energy consumption. Duran-Ros et al. [17]
considered the total concentration of suspended solids, the kinematic viscosity of irrigation
water, and the diameter of the inlet and outlet pipes as the parameters related to head loss.
Furthermore, Puig-Bargués et al. [18] and Wu et al. [14] proposed a method for calculating
the head loss of disc filters based on dimensional analysis.

The type of cross section of disc filter grooves varies by manufacturer, such as tri-
angular or trapezoidal. In the case of a triangular cross section, it is easy to design and
manufacture the groove, but a large head loss may occur. The trapezoidal shape, which is
most commonly used, is a form with an improved corner of the triangle to reduce the head
loss. However, if a disc filter is designed to reduce head loss and energy consumption,
the filtration performance might degrade. Additionally, based on the disc groove shape,
head loss patterns and filtration performance may vary under the same conditions. Hence,
it is necessary to determine the comprehensive cross-sectional shape of the disc groove.
Therefore, the purpose of this study is to analyze the appropriate cross-sectional shape of
the disc groove that reduces the head loss without decreasing the filtration performance.

2. Materials and Methods
2.1. Shape of Disc Groove

From a hydraulic point of view, the ideal shape of the groove channel is a circular type
because it reduces the head loss and friction of passing water. For a constant sectional area,
the semi-circular shape minimizes the wetted perimeter where the fluid meets the channel
and maximizes the hydraulic diameter, thereby reducing the friction and maximizing the
flow rate [19,20]. However, a perfect circle is difficult to implement in the manufacturing
process and not practical to manufacture [21]. Therefore, an ellipse type shape such
as a semi-elliptical groove is hydraulically advantageous in the design of the disc filter.
Nevertheless, most manufacturers have produced disc filters using triangular or trapezoidal
grooves without sufficiently considering the hydraulic characteristics. In addition, we
believe that a semi-elliptical disc groove shape will have no problem in mass production.

The type of disc filter in actual irrigation systems is selected based on the mesh
standard, which is defined as the smallest particle size that can be filtered. The 120 mesh
was selected as the standard design in this study because it can filter particles larger than
125 pm in diameter and is commonly used in South Korea. The shape of the disc groove
suggested in this research and the widely used trapezoidal disc groove are shown in
Figure 1. The groove size and shape of these disc filters are different depending on the type
of groove even if they are designed with the same mesh standard.

(@) (b)

Figure 1. Shape of disc groove: (a) Semi-elliptical; (b) Trapezoidal.

Disc specifications, such as the number of stacked discs, disc diameter, and number
and length of grooves, were analyzed in this study. The depth, width, and cross-sectional
shape of the grooves that were difficult to observe directly were measured through magni-
fied images captured using field emission scanning electron microscopy (FESEM, AURIGA,
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Water tank
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Carl Zeiss, Oberkochen, Germany). Furthermore, the shapes of the upper and lower
grooves were different even on the same disc. Thus, the accurate cross-sectional shape was
analyzed using FESEM to calculate the groove sectional area of each disc filter.

2.2. Experimental Set-Up

The experimental set-up to analyze the head loss of disc filters is shown in Figure 2.
Tap water was supplied to the filter using a pump (PH-1588W, Hanil, Seoul, South Korea),
and the water from the filter was supplied back to the tank to circulate water continuously.
The water tank was 1.1 m long, 0.7 m wide, and 0.65 m tall, and filled up to 0.3 m. The
intake level of the pump was set at a height of 0.2 m from the bottom of the water tank.
The pipes were 60 mm in diameter and manufactured to withstand a pressure of 10 bar.

Additionally, various valves were installed on the pipe to facilitate and control the
experiment. The control valve was installed at the outlet of the pump to control the flow
rate by changing the amount of water flowing into the filter. A cut-off valve was installed to
test water leakage in the pipe and filter before proceeding with the experiment. The input
and output valves in the particle injection system were designed to insert soil particles
when water is flowing through the pipe to conduct a filtration performance test. A flow
meter and two pressure meters were installed in this set-up to observe the state of water
flow. The two pressure meters were installed before and after the filter to evaluate the head
loss caused by the filter.

60 mm
Outlet T
A
<
A
Particle injection system
Input valve
Pressure metre  Pressure metre
Outputvalve Q Q
Control valve for [@)
water flow Flow metre U
<= @ Water cut off valve
U for leaking test
\ /
L]
Inlet v
— L Filter
220V
Controller Single phase

- 98

Figure 2. Experimental set-up for testing the disc filter.

2.3. Head Loss Test

The head loss graph from the technical information of the disc filter shows the re-
lationship between pressure head loss and flow rate in a logarithmic scale. Generally, it
obeys the following relationship as Equation (1):

AH = k-Q" 1)

where AH is the head loss in bar, Q is the flow rate in m3/h, and k and #n are empirical
constants that are determined by various structural features of the disc filter. In the head
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loss graph depicted in a logarithmic scale of general disc filters, 7 is indicated by the slope
of a straight line, which varies depending on the type of disc filter.

To obtain the relationship between head loss and flow rate, a test was conducted to
measure the head loss for various flow rates. The control valve was used to control the flow
rate, which was measured using a flow meter. The head loss was obtained by calculating
the difference in the pressure meter readings installed before and after the filter. Then, a
regression equation was derived in the form of an exponential function such as Equation (1)
for the head loss result according to various flow rates.

2.4. Analysis of Head Loss Considering the Disc Groove Shape

The disc filters used in this study had different groove sectional areas. Generally, a
small head loss occurs when the sectional area is large, regardless of the groove shape.
Therefore, the head losses for different sectional areas were compared by considering
that the grooves have the same sectional area. Hence, the head loss equation (AH — Q)
was divided by the total number of grooves to obtain the head loss equation in a single
groove (AHg — Q). Then, the head loss in a single groove with the adjusted area (AHg’ )
was derived using the relationship between head loss and fluid properties, such as velocity,
sectional area, and flow rate.

The head loss that occurs in the groove consists of friction head loss and minor losses,
such as inflow and outflow losses. The Darcy—Weisbach friction head loss (AH f) was
calculated using Equation (2):

1 V2

where k; is the Darcy friction factor, [ is the length of the channel, D is the hydraulic
diameter of the channel, V is the flow velocity, and g is the gravitational acceleration. For a
laminar flow, the friction factor can be derived using Equations (3) and (4):

64
k= Re 3)

pVL VL
w v
where Re is the Reynolds number, p is the density of the fluid, L is the characteristic length
or hydraulic diameter, y is the dynamic viscosity, and v is the kinematic viscosity. If the
Reynolds number is less than 2100, the flow can be considered to be laminar.

For the constant flow rate, the flow velocity is inversely proportional to the sectional
area. In addition, when the channel cross-sectional shapes are the same, the hydraulic
diameter is proportional to the square root of the sectional area because the diameter is a
term with respect to length. Hence, using these proportional relationships and substituting
Equations (3) and (4) into Equation (2), the following relationship between the unit head
loss and sectional area can be derived as Equation (5):

Re = 4)

AH 1
lf <Az ®)

Therefore, the head loss in a groove, which is mainly affected by friction loss consider-
ing the adjusted sectional area (A’), can be calculated using Equation (6):

A 2
!

2.5. Filtration Performance Test

The disc filter based on the 120 mesh standard is designed to filter particles larger
than 125 um in diameter. However, some filters are often manufactured without sufficient
particle removal capacity to reduce head loss and energy consumption. Therefore, it is
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important to ensure adequate filtration performance when designing the disc filter. In this
study, a filtration performance test was conducted using soil particles of various sizes to
evaluate the particle removal efficiency. The soil particles were classified using 5 types of
sieve (No. 70, 80, 100, 120, and 140), and 5 g from each size range was inserted into the
particle injection system. The particles that could not be filtered were captured using a No.
200 sieve, and their weights were measured. The removal efficiency was calculated using
the ratio of the weight of particles captured by the sieve and the total weight of inserted
particles. Additionally, the maximum particle size that could pass through the cross section
of the groove of each filter was derived and compared.

3. Results and Discussion
3.1. Analysis of Disc Groove

The disc specifications that can be observed with the naked eye are shown in Table 1.
The total number of grooves was 248,640 and 268,800 in the proposed and traditional disc
filters, respectively, which were not significantly different. Additionally, the geometrical
features, such as the disc diameter and groove length, showed no significant difference.

Table 1. Disc specifications.

Specification Semi-Elliptic Groove Trapezoidal Groove
Disc Filter Disc Filter
Number of stacked discs 240 280
External diameter (mm) 117.50 115.00
Internal diameter (mm) 91.00 85.00
Number of grooves on a disc 518 480
Total number of grooves 248,640 268,800
Groove length (mm) 14.76 15.70

The cross-sectional shapes of the grooves were analyzed using FESEM images (Figure 3).
The grooves in the proposed disc filter were semi-elliptical, and the upper and lower parts
were symmetrical. In the traditional disc filter, the grooves were trapezoidal, and the upper
and lower parts were different. The width, depth, wetted perimeter, sectional area, and
hydraulic diameter of both discs are shown in Table 2. The average width and depth of the
semi-elliptic groove were 362.1 um and 97.0 pm, respectively. In the case of the trapezoidal
groove, the upper part was 437.7 um wide and 243.2 um deep, whereas the lower part was
409.0 um wide and 97.3 um deep.

100 pm

Figure 3. Cont.



Water 2021, 13, 1683

60f 11
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(d)

100 um 100 pm
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Figure 3. FESEM images showing the cross section of disc groove: (a) Semi-elliptic groove disc magnified at 150x; (b)

Upper and (c) lower part of semi-elliptic groove disc at 250 x; (d) Trapezoidal groove disc magnified at 150 ; (e) Upper and

(f) lower part of trapezoidal groove disc at 250 x.

Table 2. Cross-sectional dimensions of the disc groove.

Type Of . Width Depth W'etted Sectional H}.Idraullc
Disc Filter Disc Part (um) (um) Perimeter Area Diameter
(um) (um?) (um)
Semi-elliptic Upper 361.0 98.4 817.7 27,899.2 136.5
groove Lower 363.3 95.5 819.2 27,249.5 133.1
Trapezoidal Upper 437.7 103.1 243.2 1131.2 65,761.3 232.5
groove Lower 409.0 265.4 97.3 916.2 32,809.6 143.2

The average sectional areas of the grooves were calculated to be 27,574.4 um? and
49,285.4 um? for the semi-elliptic and trapezoidal groove disc filters, respectively. Unlike
the geometrical features of discs that could be observed with the naked eye, the shape of
the grooves showed a difference of up to 57.6% in their sectional area. Additionally, the
shape of the grooves on the upper and lower parts of the semi-elliptic groove disc was
similar, whereas in the trapezoidal groove disc filter, the grooves on the upper and lower
parts were different. The difference in hydraulic diameter according to the type of disc
filter was small compared to the difference in the sectional area because the semi-elliptical
groove shape in the proposed disc filter had a relatively large hydraulic diameter even in
a small area. In other words, for the same sectional area, the elliptical shape provided a
greater hydraulic diameter compared to other shapes.

3.2. Head Loss Test Result

The head loss for different flow rates was measured, as shown in Figure 4. In the
flow range of 0.9-5.7 m> /h measured in the experiment, the head loss in the semi-elliptic
groove filter was greater than that of the trapezoidal groove filter because the total number
of grooves in the traditional disc filter was higher, and their average sectional area was
approximately 1.8 times larger than that of the proposed disc filter. However, as the flow
rate increased, the head loss of the trapezoidal groove filter increased more steeply, and
it was estimated to be greater than that of the semi-elliptic groove filter at the flow rates
exceeding 52.4 m3/h.
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Head loss (bar)

0.01 |
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0.1 1 10 100

Flow rate (m3/h)

Figure 4. Relationship between head loss and flow rate: Semi-elliptic groove disc filter is presented
by circle with black trend line and trapezoidal groove disc filter is presented by square with dotted
trend line.

The friction loss in the trapezoidal groove disc was observed to be less in the flow
range used in this experiment. As a result of the head loss test, the head loss equations
showing the relationship between the flow rate and head loss were derived as Equations (7)
and (8):

Semi — elliptic groove disc filter : AH =0.0306 Q%6%¢, R? = 0.8487 @)
Trapezoidal groove disc filter : AH =0.0098 Q%%%42, R? =0.8777 8)

3.3. Analysis of Head Loss According to the Groove Type

Using the head loss equations and total number of grooves, the head loss equations
for a single groove were derived, as shown in Equations (9) and (10):

Semi — elliptic groove : AHg =1.1384 x 107 QU-6066 )

Trapezoidal groove : AHg =0.3646 x 1077 QU894 (10)

The Reynolds number in the single groove was calculated by applying the kinematic
viscosity coefficient of 1.01 x 10~® m?/s, as shown in Table 3. The Reynolds number
was less than 2100 in the majority of flow rates less than 63.9 m3/h and 98.8 m?/h in the
semi-elliptic and trapezoidal groove filters, respectively. Accordingly, the flow inside the
disc groove was considered to be laminar.
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Table 3. Calculation of Reynolds number.

Semi-Elliptic Groove Disc Filter Trapezoidal Groove Disc Filter
Flow Rate Flow Rate in a Flow Velocity Flow Rate in a Flow Velocity
(m3/h) Groove in a Groove Reynolds Groove in a Groove Reynolds
(1075 m3/h) (m/s) Number (1075 m3/h) (m/s) Number
1 0.4022 0.0405 32.83 0.3720 0.0210 21.25
3 1.2066 0.1215 98.49 1.1161 0.0629 63.76
5 2.0109 0.2026 164.16 1.8601 0.1048 106.26
10 4.0219 0.4052 328.32 3.7202 0.2097 212.52
30 12.0656 1.2155 984.95 11.1607 0.6290 637.56
50 20.1094 2.0258 1641.58 18.6012 1.0484 1062.60
100 40.2188 4.0515 3283.16 37.2024 2.0968 2125.21
Therefore, assuming the grooves in the traditional and proposed disc filters have the
same sectional area, the head loss in one groove can be derived using Equation (6), as
shown in Table 4. At flow rates above 1.2 m3/h, the head loss in the trapezoidal disc groove
with an adjusted area was greater than that of the semi-elliptic disc groove. In the range of
12-25 m3/h, which is the recommended flow rate provided in the product manual for disc
filters, the head loss in a groove in two filters differed by 48-58%. Although the total head
loss of the trapezoidal groove filter was smaller than that of the semi-elliptic groove filter
in the head loss test, it was found that the head loss of the semi-elliptic groove filter was
smaller when the sectional areas of the grooves were same. In other words, it is estimated
that the hydraulically efficient cross section to reduce the head loss is elliptical because it
increases the hydraulic diameter.
Table 4. Head loss analysis of disc filters considering the adjusted area.
Semi-Elliptic Groove Disc Filter Trapezoidal Groove Disc Filter
Flow Rate Head Loss in Head Loss in a Groove with
(m3/h) Head Loss, AH a Groove, AH, Head Loss, AH Adjusted Area, AHgl
(bar) (107 bar) (bar) (107 bar)
1 0.0306 1.2307 0.0098 1.1647
3 0.0596 2.3965 0.0262 3.1107
5 0.0812 3.2670 0.0413 49118
10 0.1237 49745 0.0768 9.1290
30 0.2408 9.6866 0.2051 24.3817
50 0.3283 13.2052 0.3239 38.4983
100 0.4999 20.1071 0.6020 71.5521

3.4. Filtration Performance Test Results

The particle removal efficiency of each disc filter was calculated, as shown in Table 5.
The weight of unfiltered particles that passed through the disc filter was calculated by
subtracting the weight of the sieve from the weight of the sieve with the captured particles.
The removal efficiency of the semi-elliptic groove disc filter was higher than that of the
trapezoidal groove disc filter for all size ranges of soil particles. For the particle range of
125-150 um, the removal efficiency of the trapezoidal groove filter was 90.6%, i.e., 0.47 g of
the 5 g of soil particles was unfiltered and captured by the sieve. However, the semi-elliptic
groove filter demonstrated a higher removal efficiency of 97.2% for the same soil particle
size range. Additionally, for particles smaller than 125 um, the semi-elliptic groove filter
showed a removal efficiency of 95.0%, whereas that of the trapezoidal groove filter was
only 79.2%.
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Table 5. Filtration performance test to evaluate the particle removal efficiency of the disc filters.

Type of Disc Particle Size Inserted Particle Weight of Wefllglht of Sieve Wefli%ht of Partlclel
Filter (um) Weight (g) Sieve (g) wit C.aptured Un . tered I.{e.mova o
Particle (g) Particle (g) Efficiency (%)
212- 5.00 362.47 362.51 0.04 99.2
Semi-elliptic 180-212 5.00 348.99 349.09 0.10 98.0
groove 150-180 5.00 337.31 337.43 0.12 97.6
125-150 5.00 341.81 341.95 0.14 97.2
106-125 5.00 333.80 334.05 0.25 95.0
212- 5.00 362.60 362.76 0.16 96.8
Trapezoidal 180-212 5.00 349.03 349.14 0.11 97.8
groove 150-180 5.00 337.31 337.51 0.20 96.0
125-150 5.00 341.78 342.25 0.47 90.6
106-125 5.00 333.72 334.76 1.04 79.2

As a result of analyzing the groove cross section, the maximum particle size that can
pass through the grooves of semi-elliptic and trapezoidal disc filters was 97.0 pm and
230.3 um, respectively (Figure 5). In the case of the trapezoidal groove disc filter, particles
larger than 125 um could pass through without being filtered in the actual disc groove cross
section despite being designed using the 120 mesh standard. Therefore, the semi-elliptic
groove disc filter performed more effective filtration. Additionally, the semi-elliptic groove
filter can perform a stable filtration even when the concentration of suspended solids
is high.

97.0 um 02303 um

(a) (b)

Figure 5. Maximum particle size that can pass through the disc groove: (a) Semi-elliptic groove;
(b) Trapezoidal groove.

4. Conclusions

In this study, the effect of the groove shape of the disc filter on head loss and filtration
performance was analyzed through the head loss test and filtration performance test,
respectively. The comparative analysis was performed using a disc filter with a semi-
elliptical groove shape that is hydraulically advantageous and the existing widely used
disc filter. Deriving the relationship between flow rate and head loss revealed that a smaller
head loss occurs in disc filters with a larger groove sectional area and a higher number
of grooves. As the cross section of the two grooves analyzed in this study could not be
similar due to manufacturing limitations, it was not possible to compare the head loss
under similar conditions experimentally. However, when the sectional area of the groove
was the same, a smaller head loss occurred in the semi-elliptical groove. Additionally, the
semi-elliptical-groove-shaped disc filter was found to be suitable for the 120 mesh standard
and filtered the soil particles more effectively.

Accordingly, it was determined that the optimum disc filter can be designed by
considering the cross-sectional shape of the disc groove. To reduce the head loss and energy
consumption of the disc filter, the hydraulically advantageous elliptic type of groove shape
should be used. In addition, the larger the sectional area of the groove, the smaller the head
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loss; however, this can decrease the filtration performance. Therefore, the hydraulically
advantageous cross section should be selected in the same sectional area to ensure sufficient
filtration performance as well as small head loss. In this study, comparative analysis was
conducted on disc filters with the same mesh standard but different sectional areas and
different filtration performance due to manufacturing limitations. Therefore, it is expected
that the optimal shape can be determined through further studies considering more diverse
groove shapes and mesh standards, and detailed conditions. Furthermore, the head loss
should be further minimized by considering the sectional area and the number of grooves.
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