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{a} Non pressure-compensating emitter

(b) Pressure-compensating emitter

Fig. 1.2 Schematic of non pressure-compensating
emitter and pressure-compensating emitter attached

to drip irrigation pipe (Netafim Co., Ltd.).
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Step 1. Design of enlarged model experiment

« Design of target pressure-compensating emitter
« Match similarity of original and enlarged model
+» Development of pressurizing device

» Measurement of flow rate and deformation

Step 2. Design of two-way fluid-structure
interaction analysis model

+ Selection of turbulence model for fluid domain

» Selection of structure analysis model for elastic
mentbrane

» Set-up of boundary conditions and analysis solver

v

y

Step 3. Experimental analysis of fluid-structure
interaction mechanism

« Determination of scale ratio for enlarged model

« Relationship between flow rate-deformation
according to inlet pressure

« Effect of design parameter to pressure-compensating

Step 4. Numerical analysis of fhuid-structure interaction
mechanism

+ Verification of prediction accuracy by analysismodel

+ Distribation of pressure and kinetic energy in fluid domain
+ Analysis of deformation by effective fluid pressure
+ Discuss about design parameter for optimization

Fig. 1.3 Flow chart of the study.
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main components of emitter. attached to drip irrigation pipe.
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a £

ANA, W B Ho] WY (m), I= AAMTE o o] nvld
A, ovie I A Z e Fold v, P ol Jheld TR E o (Pa), av
o] 7t= W3 4ol b #e| M= “Jé?} Aol Ex 3 A4 A4
T (Pa), t+ ¥ F7 (m)olth.

21 @Dl wet ggduto] bel oaf WMEE= BrE AA = <
b= ST TR AR Aol A, AR Fold v B A Aol
H, & AFol A e Case 1 bHBEA olnH w4 ute] F7¢ a3 ATE
W 3sle] o]= Case 32 % 3t} (Fig. 3.3 (C)) Case 1 &= EA o]n]
H g 2ge gAY FAE 20 mmolil d%E (Shore A durometer)
= 27192 FAHALH, Case 3 GHEA o] iy S =g whAde
=

A= 1.5 mmeolil Fx&= 4572 SAHEH A
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*  Stereoscopicview of top and bottom structures +  Sideview of fluid domain and membrane

{a) Case | pressure-compensating emitter

hncrease of curve section Increase of elasticity
Decreaseofcross-sectional area Decrease of thickness

»  Increase of pressuredrop »  Increase of stiffness

NT BT W7 W1 N ]

(&) Top structure of case 2 pressure-compensating emitter {c} Case 3 fluid domain and membrane

Fig. 3.3 Schematic of target pressure-compensating emitter according to

design parameter.
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of & WEE AsS Ao ofy7] witol] YREHORE =9 WA
et deetA BAAAT R et A gow, Ade] A3 &9
AP E AaollX 284 A 2d 59 f/idsE dojuio] 4
T AT (Ogden et al, 2004). 22}, R ofw B & g uta} o]
WP Eo] 20% ol HgFHAd e AES wiZidAFE 1701 Bl
©<4=3F Neo-Hookean XEHA E'_":i-li eetA siAlel 7hsst™  (Alan,

2001), Sokol et al. (2022)2 ¢
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Ade Foll Ho HEE A %E—:‘.—%%‘% %74]7} Al 7HgA
UEbd Tt Baskgith wpeba], 2 AFdA = GE RS ol E 9] g
S Neo-Hookean ZEHA Fdl= sﬂﬁ,é} o =y A3 x84

< AAER e, vgsA w4 AEe Neo-Hookean® @2 2]

(3.15)7 o] ettt

W=, (I, —3)
I, = ef —i—eg +e§ (3.15)

A7, W A 849 WEF (m), C;& Neo-Hookean® 92| wj
MW (Pa), I, Cauchy-Green® 1z W3 HF dHAN g= F HILF
(m)o] T},

Neo-Hookean R 99 Z¥h4 Aldo] H|t=4Yd w= 2 (316)¢ 2
o] A& ¥FAAIS4: (Shear modulus)® WEFH A (Pence and Gou,
2015), AdS T3 %o HXE (Shore A durometer)$} B-AIAIG Aol
of #AE A B17% 2ol d¥FHom =Y AT (Gent, 1958).

q:g (3.16)

A7, pi= AL A @A (Pa)eltt.
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0.0981(56 +7.66H ,)

B 0137505 (254 — 2541, (3.17)

T3 A Ade] edAget Ak @Al AlelolE 4 (3.18)0] A
Hal™ (Landau et al, 1986), 579 A8 22 vGsA =94 A4
o] FolF H|E 052 A 7FH53th (Gent, 2012). ©l& F§ste], £ <
T gl =R olnE ] et B4S Table 3.1 YER ST

E=3u (3.18)

Table 3.1 Properties of elastic membrane in pressure-compensating emitter.

Case Ha E (MPa) u (MPa) Thickness (mm)
1 279 1.05 0.35 2.0
2 279 1.05 0.35 2.0
3 457 2.13 0.71 15
AE RS oluH e FAeF gAY FH Aol AAF Lol AL S
AEs7] Y& 2 3.1l 3y Zdo] 2xlo #A3k WA A 2] (3.2)9F
21 (39S UYstgen, B3y d3e] vdut Wy A= 4 (3199
2ol 71518 ARE S wkSsof st A2y nFeof e H|gEA
ZEA AL FolF Hl= &@AAT AEglo] 050 EHsH, A
TE d9=2 2det= AL oH7] "o 2 AFA= 718 A AL
Aol FGas Fx ZE= T QARE Aol 4 (32008 TAAS =
=35I Th

5 by
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T Compression
tank

Static pressure tank

Valve #2

Microsecope
camere N

Pressure-compensating
emitter model
Hydraulic
gage

Out-flow
beaker "

Weighing
balance

Fig. 3.4 Schematic of hydraulic experiment setup for

enlarged model of pressure-compensating emitter.

e R onyg REAH FEHE &5 AL (HR-202, A&D
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Side view

3
-
Z
[ » Measurement point I
{(a) Camera angle of microscope camera () Measurement points of gap betweenmembrane and ouflet

Fig. 3.5 Microscope camera setting for measurement of deformation.
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{a) Side view of membrane - initial pap

Maximum

Tw
f
. Front

Maximum

{c} Sideview of membrane - maximum-front-back deformation

Fig. 3.6 Measurement method of maximum deformation and gap

between membrane and outlet.
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( Input pressure on inlef surface )
CFD analysis of initial values

& Fluid pressure -viscosity

< Convey fiuid variables to solid domam >
Struchure analysis

L Displacement

4

Analysis result

4 CFD analysis of deformed fluid domain >

( Fluid-structure interaction analysis end )

Fig. 3.7 Process of two-way fluid-structure interaction

analysis.

P AP AANA made] A9} 2
o Al e F4 G G AL T2 Jojor Adde
g P2 990 ww WPEe] fA 99 v WY

(3.21)
— v (V Vﬂm’d) . J]

ANNA, Frage A 4 G0 w2 9w B3 Adns F
&5 (N), ni= SAS #4 A4 wEel WA Wy, Pe fAe 45
(Pa), I+ 3 AY, Ve A9 59 (m/s)olth

ausolzd ’
5= Veoiia (3.22)
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= 3 SHe
Vg LA G2 stgbe fA #ye

2 AT N FA-TE AAE
4 AT EY o]l COMSOL Multiphysics (ver. 6.0, COMSOL Co., Ltd.)
2 pEEAT. EHEAR o HE 238 A4 B A" FA oA
7hE Hazo oaf o]l FAEHHA HAd Ass HEH, & AT
NME FHERA oHHE B AH (Stationary) = A st HRE
& olm g e Aok 2 3oz ndystgom (Fig. 3.8),

&
o 7tzkel a4 AnE wdele A-a
3

1z

o>’

3
At 2 FHgo] FaA-Est

9H S Fig. 38 ()¢} Zth ke 7uke] kbl fx-Fx A7
Ao M= A Y9 7] Hxek HEH FA 99 FHE7F A St
A ekol R A dASH, WEE FA d9e 84 (Mesh)
7 oolof FPE = G BAS AAAA A FEAAS =ole ALE
(Arbitrary Lagrangian-Eulerian) 7] 58S 2§38} 91t}
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—_

(a} 3D schematic of analysis domain {b) Side view of analysis domain

I Fluid domain
[ Structure domain

{c) Frontview of analysis domain {d) Fluid-structure interaction surface

Fig. 3.8 Domain setting for two-way fluid-structure interaction analysis.
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o] & BFNA AWty o R ke HF RERT =2 AIAHS YEREA
b FEAo] Wolxu F&A WA wAo] Attt k-w SST (Shear
Stress Transport) @& 2422 2] (331)E 58 2 79 *iF md9
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o .
2000 | —e—k-e
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—8—experiment
15.00 . : : :
0.010 0.015 0.020 0.025 0.030 0.035

Inlet pressure (bar)

Fig. 3.9 Outlet flow rate against inlet pressure of case 1
pressure-compensating emitter according to computational fluid

dynamics model.
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Gravity direction

{a) Fluid domain of CFD analysis {b} Wall boundary of flnid domain

{d) Outlet boundary of fluid domain

(¢} Inlet boundary of fluid domain

Fig. 3.10 Boundary conditions of computational fluid dynamics for
two-way fluid-structure interaction analysis.

W ohd zae) A4 JEYS v 9] ol
nausigon, ¥ APeAs By nee Hoz gstel Hqul
ol o@ ol £ gl Aeow APtk KT FEA

F7h wAd 5 9

(3.32)



3.3.3 %34 4R

JooluE 2o i g T 23142 Neo-Hookean %
A= Mt e, 24 3153 4 3.16)el o3& fF=f Auj

PA—

3.33)3 2o

o
L)
2

S

>

{b) Fixed constraint boundary of solid domain

{a) Solid domain of structure analysis

Fig. 3.11 Boundary conditions of structure analysis for two-way

fluid-structure interaction analysis.
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Ao 7] Qagon M A WE 447 8§ 1FRG Fo}
b2 Atk webA, 4] 84T Zﬂoﬂ/‘iA afA Aede wlasiglon,
7y 94 27 A ARk} dllA] A= ZF7; Table 329 Fig. 3.129F 2
th “coarse” 847 219 A AFEAdo] 7 = vEldon, dA e
Tre] B ARE2 & 5 ARE 15 & 5 2® I%E}‘r} A7F 22 21 A
FHE FA-T AAA Ao F A ARF] 1,618 AlZH vkl
) S5 EEAY AoE AGEASH (Chen et al, 2021), olHE 314
27& WEoR BE cased FHFE w7 AN e sl
Table 3.2 Statistical parameters for meshing algorithms.
Statistical extra extra
parameters coarser coarse coarser coarse
Number of
clements 33,444 62,447 148,376 352,686
Average element
quality 0.4697 0.5090 0.5716 0.6206
(Skewness)
Mesh volume (m?) 4.354%10* 4.357%10°7° 4.358+107° 4.359%107°
Mesh type Tetrahedra Tetrahedra Tetrahedra Tetrahedra
40.00
. 3500
i
=}
2 3000 F
g
&
&
2500
=
g —e—extremely coarse
—h—gxtra coarse
2000 e COATSET
- coarse
—8—experiment
15,@0 £ 1 i, i
0.010 0.015 4.020 0.025 0.030 0.035
Inlet pressure (bar)

Fig. 312 Outlet flow rate against inlet pressure of case 1
pressure-compensating emitter according to algorithms of building mesh.
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Fig. 4.1 Outlet flow rate against inlet pressure of case 1

pressure-compensating emitter with 5:1 scale.
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Fig. 4.2 Enlarged model of pressure-compensating emitter.
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Table 4.1 Physical variables equation between original and

enlarged model of pressure-compensating emitter.

Physical variables Equation
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Fig. 4.3 Outlet flow rate against inlet pressure of case 1

pressure-compensating emitter by experiment.
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Fig. 4.5 Comparison on side view of deformed elastic membrane
at stationary and catastrophe phase.
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Fig. 4.6 Outlet flow rate against inlet pressure of case 2

pressure-compensating emitter by experiment.
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Fig. 4.7 Deformation against inlet pressure of case 2
pressure—compensating emitter according to measurement point by

experiment.
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Fig. 4.9 Deformation against inlet pressure of case 3
pressure—compensating emitter according to measurement point by

experiment.
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Fig. 4.10 Comparison of outlet flow rate against inlet pressure

according to type of pressure—compensating emitter by experiment.
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Fig. 412 Comparison of outlet flow rate against inlet pressure according

to type of pressure—compensating emitter by experiment and simulation.
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Flow rate

Statistical
parameter
NRMSE
(%)
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Table 4.2 Statistical analysis of model experiment and simulation result.
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{a) Case 1 - Front view (b} Case 1 - Side view

{c) Case 2 — Front view {d) Case 2 — Side view

(e} Case 3 — Front view (f) Case 3 — Side view

Fig. 4.14 Contour plots for deformation of elastic membrane at

maximum inlet pressure according to cases and view.
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Fig. 415 Comparison of maximum deformation against effective pressure to
elastic membrane by fluid-structure interaction and structure analysis.
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Fig. 4.16 Contour plots of fluid pressure at side view according to inlet

pressure and cases.
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{a) Case 1 - Inlet pressure 0.005 bar (b} Case 1 - Inlet pressure 0.032bar
{c) Case 2 - Inlet pressure 0.005 bar (d) Case 2 — Inlet pressure 0.030 bar
{e) Case 3 - Inlet pressure 0.005 bar (f) Case 3 - Inlet pressure 0.050 bar

Fig. 4.17 Contour plots of streamline at top view according to inlet

pressure and cases.
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{e} Case 3 - Inlet pressure 0.005 bar {f) Case 3 - Inlet pressure 0.050 bar

Fig. 4.18 Contour plots of kinetic turbulence energy at front view

according to inlet pressure and cases.
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Table 4.3 Performance specifications of commercial pressure-compens
ating emitters (Netafim, 2022; Jain Irrigation Systems, 2022; Rivulis I
rrigation, 2022; Metzer, 2022; Namkyung, 2022).

) ) .J'am. Rivulis
Corporation Netafim Irrigation o Metzer Namkyung
Irrigation
Systems
DripNet PC Turbo .
Product D5000 PC ASSIF Waterline-PC
HWD Cascade PC
Range of
mnlet pressure | 0.5 - 4.0 05 - 40 05 - 35 1.0 - 40 1.0 - 15
(bar)
Uniform 04, 0.6, 1.0,
1.1, 1.6, 2.0, 0.65, 1.0, 0.8, 1.0, 1.2,
flow rate 1.6, 2.0, 3.0, 1.8
2.2, 3.8 15, 20,35 | 16, 21, 34
(L/hr) 3.8
e, AEd 9o GEug olnEe] £ 2g AFANAE 7
A el fFAE= Y WLV AAE AR @i ®askglon
(Nam et al, 2021; Sokol et al, 2019), FAIeF ez AAE 2 A9
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Abstract

Fluid-Structure Interaction
Mechanism of Elastic Membrane

for Pressure-Compensating Emitter

Seo, Byunghun

Major in Rural Systems Engineering
Department of Landscape Architecture and
Rural Systems Engineering

The Graduate School

Seoul National University

It is expected that global climate change induces an instability of
water resource and increases water requirement of crop. Drip
irrigation system is an irrigation method that directly supplies water
to individual crop, so that improves not only quality and yield of
crop, but also efficiency of water consumption. Flow rate to individual
crop generally increases according to inlet pressure of water at each
orifice, so that amount of irrigation water to each crop is irregular.
PC (Pressure-Compensating) emitter attached to drip irrigation pipe

can regulate the flow rate uniformly. For precision irrigation, it is
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essential to design PC emitter that discharges target flow rate within
supplied inlet pressure range. Prior to design optimization, the
derivation of mechanism and reliable performance prediction must be
preceded. However, it i1s difficult to observe deformation of elastic
membrane pressurized by water, due to the small size of PC emitter.
Because domain of fluid and structure are simultaneously deformed,
computational fluid dynamics cannot analyze the PC emitter. In this
study, an enlarged model experiment and two-way FSI
(Fluid-Structure Interaction) analysis model were designed to analyze
the interaction mechanism between the water and elastic membrane.
By matching the flow rate and deformation according to inlet
pressure of experiment, the flow rate of PC emitter was uniform at
the pressure range that deformed elastic membrane reduced the
cross—sectional area of outlet. The catastrophe phenomenon (.e.
vibration of elastic membrane) occured at the specific PC emitter.
Because the vibration of elastic membrane destabilized the flow rate,
it 1s necessary to design the PC emitter preventing vibration. The
model of PC emitter (Case 1) was compared with the PC emitter that
geometry of labyrinth channel (Case 2) and stiffness of elastic
membrane (Case 3) were changed. Through the results of experiment,
the geometry of labyrinth channel mainly affected the maximum flow
rate, and the stiffness of elastic membrane mainly affected pressure
range of PC. The two-way FSI analysis model could analyze up to
the inlet pressure of maximum flow rate, but cannot predict decrease
section. The prediction error was within 10 % compared with the
experiment, especially accurate at PC section. By analyzing the
simulation results of pressure decrease and turbulence Kinetic energy
at fluid domain, the chamber domain were main factor for uniform

flow rate at the PC section. Along with the geometry of labyrinth
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channel and stiffness of elastic membrane, the chamber geometry was
the main design parameter. The PC section of original model of case
1,2, 3 were 154 - 384, 128 - 365 and 186 - 467 bar,
respectively. The maximum flow rates were 3.62, 2.90 and 4.13 L/hr,
respectively. The yield and quility of crop were different according to
the flow rate of drip irrigation pipe. Therefore, the PC emitter has to
be designed that PC section includes the pressure range of target site
and the maximum flow rate meet the optimal flow rate of target
crop. Based on the results of this study, it is expected that the
development of performance prediction model and optimization design

of drip irrigation system will be possible.

keywords : Pressure-compensating emitter; Similarity law;
Model experiment; Two-way fluid-structure interaction
analysis; Drip irrigation system
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