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Application of micro Computed Tomography (LCT) to decipher the deposition and

flocking patterns of clogging material on cylindrical drip emitters

Abstract

Five sets of cylindrical drip emittetsed for up to five years in the farm lands were scanned
using micro Computed TomograpfyCT) equipment54.46 to 94.52% of the total clogging
material on the emitters was found on thtve outlet areathatfacilitate delivery of water

by the emittersAlso, larger flocks of the clogging material are found on outlet areas. Emitter
geometric featurewiz., width of flow path, dent angle and boundary curvaianme found to

be influencinghe extent ophysical and chemicalogging.Any attempt to designreantk

clogging emittesshallalsooptimizetheactive outles.

Keywords: emitter clogging, aniclogging performancegeometry optimization

1. Introduction

Clogging of emitters in drip irrigation systems takes place progressively, as they are used for
more time period in the farm lands. In case of irrigation using groundwater pumped from
wells, physical clogging due to the particles in water and the chectocgjing due to the
precipitation of dissolved chemicals in water are two major concerns. The hydraulic

performance of an emitter diminishes due to clogging, resulting in reduced discharge.

The approach taken by various researchers to study the emdtaulic and clogging

behaviormay broadly be classified as (i) laboratory and field experimentation, (i)



computational fluid dynamiasiodellingand (iii) nordestructive analysis. Often there is a

blend of these three approaches for validating the fysdiNumericamodellingis

increasingly used in recent times, often validated by laboratory experimentation and non
destructive analysis. Assessment of hydraulic performance of locally available emitters and
drip systems has been done by researcherslémgaime!2343 The major focus of these

studies was on assessing the hydraulic performance in terms of the ability of individual
emitters to deliver rated discharge and the uniformity of discharge in a drip system at a given

pressure in laboratory driield settings.

This approach was later applied to study the clogging of flat type emitters in the drip

irrigation systems. The reduction in rated discharge and uniformity of discharge for a given
pressure in the system were used to determine the ettelogging of emitters. While some
studies focused on physical clogging alone, some also dealt with the chemical clogging that
happens due to the precipitation of dissolved chemicals in water on the emitter surface under
favorableconditions. However, th conventional method of clogging studies by measuring

the discharge from flat emitters as a proxy in a laboratory setting does neither quantify the
extent of deposition nor the pattern of deposition of the clogging material. Few laboratory
studies couldtudy emitter clogging in relation with the pressure and discharge variations due
to artificially added physical clogging material on a shorter time &/cla variant of this is

the study of clogging performance of emitters when-¢uality water, inclding treated

waste water, is applied. Feng et did such studies, throwing more light on composite
cloggingbehaviorof different types of emitters. Building on this approach, Yavuz &t al.
collected emitters used in farm lands fe8 ears and conducted clogging and hydraulic
performance studies on them under different pressure conditions in laboratory. Measurements

and characterization of clogging material deposits by physical extraeiiber using



ultrasonic wave method or by peeling off using small hand tools, was attempted by Han et al.
19, The study by Han et a° compared the normal intermittent method of irrigation with that
of continuous irrigation method, and concluded thatititermittent method resulted in

higher degree of clogging.

Evolution of Computational Fluid Dynamics (CFD) techniques facilitated visualization of
flow field through the emitter flow channels, which could not be done using physical
experimentation metuds. Later developments in CFD also facilitateadellingthe

trajectory of physical particles in water through the emitter flow paths and identification of
potential clogging regions. Using CFD analysis, Dazhuang €tsalggested 1.00 as the
optimum rdio of the dentate height and flow path width of the labyrinth channel for best
hydraulic and anitlogging emitter properties. Li et af.used CFD and digital particle
tracking velocimetry techniques to understand physical particle movement throwgy the
zag flow path having rectangular dents. Weijing et®aptimized divideeflow labyrinth

flow emitters using CFD and experimental approaches.

Yu et al.}* andOuarriche et al*® studied the clogging mechanism of differently sized sand
particles inrelation to the geometry of labyrinth flow paths. Feng eéf#&hcused on

optimizing the flow path boundaries for seléaning vortex formation in the flow field. Feng

et al.’®and Li et all’ concluded that least cresectional area giving the higét flow

velocity and curved boundaries dasorablefor anti-clogging properties. Yu et df, using

the discrete element method (DEM) coupled with CFD, determined that a dent angle of 60 to
90 degrees is mo&vorablefor anticlogging performance débyrinth in drip emitters. Xu

and Zhangd® reduced the lowelocity vortex zones for better afiogging abilities of

labyrinth flow paths. Yang et & optimized the labyrinth dentiform path of flat emitters by



increasing the turbulent kinetic energyvedter flow. Some of these studies validated the
findings by supplementing with the laboratory tests on emitters. However, most of these
studies were on flat emitters. The studies that focused on cylindricalrsmarttevery limited.
Bounoua et af! numericallymodelledand experimentally verified the flow of cldyaded

physical clogging material through the lepgth cylindrical emitters.

The application of nowlestructive testing and evaluation (NDTE) methimdsmitter

clogging studies is an emerging area. Yanfang &t aharacterized the chemical clogging
material accumulated on cylindrical and flat type emitters using a Field Emission Scanning
Electron Microscope (FE SEM) and concluded that it predortiyneonsisted of Calcium
Carbonate (CaC#). Ribeiro et al?® used optical microscopy technique to study water
samples and SEM technique to study the clogging material after conducting\stiert
laboratory irrigation experiments. Useroicro Computed Tenography CT) to segment
materials having distinct-xay properties is emerging as a promising application, especially
when the materials and their patterns are hidden from examination by naked eye or using
direct observation microscopes. Nguyen and Iradr@?* studied the clogging characteristics
of natural fiber drains using high resolutip@T technique. Xiao et af® studied the

biofouling patterns in different types of labyrinth paths of flat emitters using CT technique,
when irrigated using treadevaste water. Ramachandrula and K&sHreported the

clogging patterns on used cylindrical emitters collected from farm lands usipgthe

imaging method. The extracted clogging material was analyzed using Energy Dispersive X
Ray Fluorescence (EDXREBNnd X-Ray Diffraction (XRD) techniques. In a recent study,

Petit et al?® used the visible and near infrared (Vis/NIR) spectroscopy to measure the

thickness of physical and chemical clogging materials on the laboratlg samples.



However, much of the earlier research was on optimizing the labyrinth flow paths alone for
achieving optimum velocity field and reduced clogging. Experimental investigation and
physical extraction of clogging material suffers from inaccuracy due to ytgjtiantities.

Also, this approach disturbs the deposition pattern on the emitter surface, making it difficult
to read the relationship between emitter geometry and clogging patterns. Study of emitters
that accumulated clogging material over years and waataal farm conditions provides

useful insights about timeested emitter cloggingehaviorsuCT is the most useful nen
destructive technique to study the undisturbed clogging patterns without destructing the
emitters. AlsopuCT enables accurate segmeéiata and quantification of clogging material

from other materials of the emitter, because of their distineyXattenuation properties. The
present study not only quantifies the total clogging material but also relates it with different

geometric areasf@mitters, such as, inlets, outlets and labyrinth path.

2. Materials and Methods

2.1 Sampling of emitters

Five sets of cylindrical drip emitters, being used by farmers in their farm lands in Gundala
mandal, Yadadri Bhongir district, Telangana, havenbeollected from five drip systems.

Five drip systems were selected for sampling in such a way that emitters manufactured by
different drip companies with varying geometric features and water sources are included.
From each of these drip systems, twoters, one from the heaghd and the other from the
tail-end, were cut from a randomly selected lateral pipe s@h®le identificationyears of

use and the type of water source for each sample set are listed in Table 1.



Thus,a total of 10 emitter sarmgs were collected for this study, with their usage time

varying from one to five years. All the sample emitters areliées per hour (Iph) nominal
discharge. All the sampled drip systems were provided with screen filter of 100 pm size. In
case of OW garce, sand filters were installed as a-fiiter to the screen filter. Emitter sets

1,2 and 3 are quite different from each other in terms of the geometrical features of the flow
paths, inlet locations and outlet configurations. Emitter sets 4 and deatecal in their

geometry and usage time, but have different type of water source.

2.2 Scanning of emitters and pregrocessing

The 10 sample emitters were scanned in a GE Phoenix CT machine as-Dénherional

(3D) images at 42 um volume eleméwbxel) resolution. The image data, in the form of
grayscale 2Dimensional (2D) slices and 3D image channel, were visualized in Dragonfly
software ver. 2021.1, by Object Research Systems (ORS) Inc., Canada. The intensity value
assigned to each voxel in tlreage represents the ability of the physical material of that

voxel in attenuating the -xays from passing through it. Thus, a higher intensity value
represents a denser material and a lower intensity value represents a relatively thinner

material.

The mage data contained primarily three distinct materials, viz., the emitter body, air inside
the emitter paths and the clogging material. The intensity value of voxels ranged between O
and 65,535, lower value voxels appearing darker and higher valued aidsriin the

image. Thus, while the air appeared darker in the image, the clogging material appeared as

the brightest of all the three materials. The intensity values of the emitter body were found to



be between that of air and clogging material. Theggralg Look Up Table (LUT) of voxels

was inverted to facilitate clear visualization of emitter clogging material in a darker shade.

2.3 Unwrapping images and deciphering geometric features

At the time of sampling, it was known that the emitters wesaufactured by different

companies with distinct geometric features. But, precise information of orientation and
dimensions of different geometric features, such as, flow paths, outlet areas and inlets were
not known. The cylindrical 3D images of drip etars also did not permit visualizing

different parts of emitter surface and their interconnectivity at the same time. Therefore, the
3D images of 10 sample emitters were unwrapped to planar views using the SoupCanUnwrap
plug-in in Dragonfly software. Thanwrapped 3D images are made up of a stack of
approximately 100 slices of 2D images in XY plane, each representing the surface features of
the cylindrical emitter at a given radial distance from the longitudinal axis of the cylindrical
emitter. The unwrapga 3D images obtained are not precisely planar due to the distortion of
sample emitters under field conditions. The 3D cylindrical view as well as one of the 2D

unwrapped sectional views for each of the head sample emitters are presented in Fig.1.

Theemitters sampled have distinct geometric features, primarily in terms of three aspects,
viz., (i) the shape of the labyrinth channel, (ii) configuration of inlets and (iii) configuration
of outlets. Each of these aspects may further be expressed irofédawsphysical geometric
parameters that may either be described or measured (Fig.2). For example, the shape of
labyrinth channel is defined by the (a) dent shape and angle, (b) flow path orientation, (c)

boundary shape and (d) flow path width. A totahmfe such features are captured for each



unwrapped sample emitter, using the annotation and measurement features in the Dragonfly

software.

2.4 Segmentation and quantification of clogging material

The clogging material on the emitter samples was segueising the intensity threshold
method in the windovevelling feature of Dragonfly software. The physical clogging

material in suspension and emitter geometry interact only after the irrigation water carrying
the clogging material enters the emitter aoef. Therefore, the clogging material that got
deposited on the emitter surface only was considered for segmentation, and rest of it on the

outer surfaces of the lateral tube was ignored.

The Region of Interest (Rol) files were generated that contaicldgging material separated

from the 3D images. These Rols were further clipped and separated into thR@sWiz.,
clogging material on outlet areas, labyrinth flow paths and inlet areas respectively. While
retaining the color LUT of the air and diar body in the inverted grayscale, the clogging
material on different parts was assigned different pseabiosto distinguish them clearly.

The volume of clogging material on each of these three geometric areas is quantified from the
three subRols. Futher, volumebased distribution of clogging material accumulation on
different parts of the sample emitters was done using the connected component analysis
feature in the Dragonfly software. The volume distribution histograms and wdlasael
segmentatiommages were used to interpret the particle flocking and growth pattern of

clogging material patches with time.

3. Results



3.1 Composition of emitters in the scanned images

The scanned 3D images and their 2D slices in XY, YZ and XZ planes revealedanfor

about the composition of each sample emitter. Typically, the samples contained three distinct
physical materials, viz., (i) the emitter body made of polyethylene, (ii) air occupying the open
spaces and (iii) clogging material spread on the surfattee@mitter. Fig.3 depicts these
materials in a 3D unwrapped view of the emittelr. Since the grayscale intensity values

were inverted, the clogging material appeared in a distinct deokar

The emitter body is manufactured using machines tordadgdined geometric size and

shape. In contrast, the clogging material accumulated over a period of time, growing in
irregular shape and pattern. Thus, these two could easily be distinguished from one another.
The X-ray intensity of air is in the range 0fto 12,091. The polyethylene material has the
range 05,927 t024,499 for different emitter samples. The wider range of intensity values

for the polyethylene could be due to the variations in raw material and manufacture process
by different drip irrigation companies and the difference in densities of emitters. The

clogging material, which is the material of interest to this study, is found to have intensity
values in a wider range @B,747 to 65,535However, for a given emitter, there is no

overlap of intensity values of the three materials.

The intensity histograms of the emitter images clearly distinguish between air, emitter body
and the clogging materials, each of them separated by the Jadieysen peaks. Figadand
4b present the intensity histograms of sample emitterwith the intensity frequency values

presented on the linear and logarithmic scales on thri¥respectively. The presence of
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clogging material is not highlighted wherotied on a linear scale, as its volumetric

proportion relative to that of the emitter body is smaller. The clogging material distribution is
clearly seen when the frequency is plotted on a logarithmic scale. Clogging material is spread
on a wide range ohtensity values, though the fraction of higher intensity clogging material

is much smaller. This wide range of intensity values in case of clogging material could be due
to the fact that its particles got randomly accumulated over a longer period afinirke,the

emitter body manufactured from a chosen physical material.

3.2Geometric features of sample emitters

The emitters sampled have distinct geometric features that have a bearing on the dynamics of
water flow through them. The shape of labyriotfannel, as defined by the dents, boundary
curvature and channel width, is unique for the sample emitters 1,2,3 and 4/5. They also differ
in terms of number and location of inlets / outlets. Table 2 summarizes these geometric
features in a concise form.rf8e emitters 4 and 5 are geometrically identical, their details are

presented together.

Emitter 3 have the highest dent angle of Sfadilitating a smoothly curved transition of the
labyrinth channel boundary. Also, the predominant flow direction itetinginth is

transverse, while all other samples have longitudinal flow. This has facilitated creation of a
longer flow path in a smaller surface area. The width of the labyrinth channel varied for all
the samples, least for the straight channel segmemtencreased whenever the channel

changes direction of flow. Emitter 3 has the smallest flow path width.

Different emitter samples have one, two or four inlets, with their locations also varying.

Emitter 1 has one inlet uniquely located at the middkaeftcylindrical surface, but all others
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have them spread out in multiple number, located on either side of the labyrinth flow channel
area. The crossectional area of inlets of samples 1,2,4 and 5 is in the close range of 42.17 to
47.68 mm. Again, emiter 3 stands out with a much larger inlet area of 64.82, mivided

between four inlets.

While samples 4 and 5 have four outlets, all others have only two outlets. Sample emitters 1
and 3, though have outlet areas on both ends of the emitter, activéholeatefor water

discharge are only on one end. Sample emitter 2 stands out with two active outlet areas on
either side of the emitter, having one each outlet holes. Thus, the outlet areas on both ends are
active in case of samples 2,4 and 5. The dianoétitre outlet hole is noticeably small for

sample 2 and the same is largest for sample 3. However, sample emitters 4 and 5 have the
highest gross crossectional area of outlet holes, due to double the number of outlets

compared to the others.
3.3 Quantification of clogging material on different parts of emitters

The segmentation of clogging material from the air and emitter body separated the voxels
associated with the clogging material from the rest of the voxels in the scanned images.
Disaggregating theegmented voxels on four distinct regions of the emitter surface led to the

volumetric quantification of clogging material on each of them.

The active outlet area, through which the wa
A6. Th e tlptaress whickedo notthave any outlet holes for water discharge, are
designated as o6outl et PO. Fig.5 shaowengt he se
it in distinctcolorson different geometric parts of all the sample emitters. The ¢igggi

material quantified on the outlet A, outlet P, inlets and flow paths for each of the emitter

samples is presented in Table 3.
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The amount of clogging material accumulated on the emitters is a function of their usage time
in the farm lands. In the sample emitter sets, the emitter 2 has the least usage time of one year
and the emitter 3 has the longest usage time ofybees (efer Table 1). Accordinglythe

total quantity of clogging material found on the sample emitters varied widely from 1.054 to
89.752 mm. Sample emitter 3, with the longest usage time of five years, accumulated lesser
clogging material compared to the samptateers 1,4 and 5. Thus, it may be inferred that the
emitter geometry has a role in the degree of deposition of clogging material. Also, the amount
of clogging material found on the tahd emitters are significantly lower than that on the

headend emittes for the majority of the sample emitters.

3.4 Growth behavior of clogging material patches

The connected component analysis of the clogging material Rols revealed the volume
distribution of clogging material patches on different parts of the sampteeesnFor

example, Fig.6 illustrates the volurbased segregation of clogging material patches for the
five tail-end sample emitters. The patches are shown in different artdat@isbased on

their volume. The clogging material particles accumulatest tme by flocking to each

other to form patches of varying volumes. The histograms of these accumulated patches for
the five taitend sample emitters are also presented in Fig.7, presenting the voluméam mm

the X-axis and the frequency on theaxisin logarithmic scale. Larger volume patches are
found mostly on the outlet areas, while other areas are found with dispersed clogging material
patches, each in tiny volume. As seen in Fig.6b, the disproportionately higher volume of
clogging material patas on the outlet areas are seen even in the early years of use in case of

sample emitter 2. Emitters 1,3,4 and 5, with relatively more usage time, are found with much

13



larger patches of clogging material on the outlets (Fig.6a, Fig.6¢, Fig.6d and Fig.6e

regectively). Similar trend is observed in case of head sample emitters also.

4. Discussion

For all the sample emitters, it is distinctly clear that a major proportion of total clogging
material got deposited on the outlet areas. Furtheenfitters 4 and 5, with two active outlet
areas on either side of the emitter and four outlet holes, the proportion of clogging material
found on the outlet areas is the highest, in the range of 70.35 to 94.52%. Emitter 3 stands out
with significantly lessevolume of clogging material on the entemitter as well as on the

active outlets. Higher crosectional area of inlets and narrower flow paths of emitter 3

might have kept the clogging particles in suspension beyond the outlet areas and excreted
themalong with water drops through the outlet holes. This observation also agrees with the
findings of Feng et al®and Li et al!’, that the narrower curved boundaries of labyrinth

flow paths augment the salfeaning abilities of emitters. Further, thisservation about the
emitter 3 confirms the finding of Yu et &f.that higher dent angles davorablefor antk

clogging performance of emitters. Also, absence of a passive flow area on emitter 3 geometry
might have helped in conserving the kinetic gyef flow water and better antiogging
performance. Many earlier efforts of optimiziagitter geometry for reduced clogging

focused on only redesigning the labyrinth flow paths of flat emitters. For a cylindrical

emitter, current study reveals that ttegging material deposition on active outlets is also a
matter of concern, apart from on the labyrinth paths. Though the amount of clogging material

on flow paths is second to that on the active outlet areas, it is far lower in quantity.
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The volume of lbgging material found on the outlet P in case of emitters 1 and 3 is very

small compared to that on the outlet A. Though water enters both of them, exposure of active
outlet A to ambient atmosphere through the outlet holes differentiates it from thePoutle

The findings ofHan et al!° of higher clogging due to intermittent irrigation method are

relevant to this current observation. Thefloav periods between irrigations exposed the

water that remains stagnant in the active outlet area to the envirgrpuossibly accelerating

the chemical precipitation of clogging materi#lsThediameter of each of the outlet holes is
larger for emitter 3, but the gross cr@gstional area of the outlet holes is more for emitters 4
and 5 due to double the numbeotlet holes. This leads to the inference that more exposure
of outlet areas to ambient atmospheric conditions may result in more deposition of clogging
material. However, the role played by air temperature, sunlight and ambient atmosphere on
the extent bdeposition of chemical clogging material needs a separate and specialized study.
The advantages or disadvantages of having distributed outlet holes with larger gress cross
sectional area also require laboratory studies for observing their bearingdisctierge

guantity and uniformity.

A physical particle in suspension in flowing water may settle down and flock to the existing
deposit of the clogging material. This growth of each patch of the clogging mhterial

flocking to the already stuck depotakes place progressively over time. Some of the

particles may also get dislodged by the flowing water and get deposited elsewhere
downstream. The study of sample emitters of different usage time revealed this growth
pattern of the clogging material volurpatches. Higher proportion of clogging material on

the outlets in case of 1,2,4 and 5 indicates the ability of labyrinth flow paths to flush out
physical clogging particles. But, the heavier of these particles might have accumulated on the

outlet areas, hile some lighter particles were excreted along with water through the outlet
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holes.Thus, the larger volume patches were found on the outlet areas compared to that on the
other parts of the emitterlsower amount of total clogging material on the sampiéter 3
indicates the efficient ovall flushing ability of the emitter despite its use for longest period

time.

5. Conclusions

A The application ofiCT analysisof long-usedrip emitters has given useful insights
into the spread of clogging material different emitter partswvhich is not possible

using conventional methods.

A Narrowerlabyrinthflow path with curved boundaries; larger inlet cresstional
area larger angle at the dent tip; absenceadsive flow areasnd larger outlet holes

arefavorablegeometric features for antlogging performance of emitters.

A The volume proportion and flock size of clogging material accumulated on the active
outlet areas is the highest for all the emitter samples. Therefore, any efforts to
optimize the emittedesign for reduced clogging need to redesign not only labyrinth

flow channel but also outlet geometry.
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Figure legends

Fig.1 &) 3D cylindrical view and 2D unwrapped view of the five hesdl sample emitters,

a & b emitter 11, c & d emitter 21, e & f emitter 31, g & h emitter 41, i & ] emitter 51.

Fig.2 ab Different geometric features of a typical cylindrical emitter, artedtan the
unwrapped 3D views of sample emitters with one active outlet and two active autlets,
emitter 32 having one active outlet area and labyrinth path in transverse dirdcaoniter

5-2 having two active outlet areas and labyrinth path in kowignal direction

Fig.3 Emitter body, air and clogging material marked on the unwrapped emitter 4 3D

view

Fig.4 ab Frequency histograms of voxel intensity of sample emitteiaénotated

identifying air, emitter body and clogging materelinear scale an® logarithmic scale.

Fig.5 & Clogging material segmented on different geometric areas of sample emitters in 3D
unwrapped viewa emitter 11, b emitter 12, c emitter 21, d emitter 22, e emitter 31, f

emitter 32, g emitter 41, h emitter 42,1 emitter 51, j emitter 52

Fig.6 ae Volume based segregation of clogging material patches on the fremthdample

emitters,a emitter 12, b emitter 22, c emitter 32, d emitter 42 ande emitter 52.

Fig.7 ae Volume histograms of clogging material patches on the fiveetadlsample

emitters,a emitter 12, b emitter 22, c emitter 32, d emitter 42 ande emitter 52.
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Fig.1c
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Fig.1g
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Fig.1j
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Fig.5d

Fig.5e
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Fig.5g
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Fig.5j
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