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ABSTRACT

This study explores the behavior of membranes found within inline drip emitters when subjected

to a concentrated load. Knowing the response of the membrane can be useful in optimizing

future emitter designs for characteristics such as lower activation pressure. Two different types

of membranes were studied, one from the Jain Turbo Cascade® emitters, and the other from the

Jain Turbo Top® emitters. These membranes were placed in a fixture, and a texture analyzer

fitted with a ball-end probe was used to measure the force exerted by the membrane at a given

deflection. The results were compared to analytical models of the deflection of a simply-

supported or clamped rectangular plate with a point load, and it was found that these models do

not accurately describe the measured behavior. A sensitivity analysis of the models show that

changes in the value of the membrane thickness have the greatest effect on change in theoretical

deflection at a given force.
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Chapter 1

Introduction

1.1 Drip Irrigation

Drip irrigation is a method of irrigation which delivers water using a network of pipes and tubing

directly to a plant's roots. The water is moved with the use of pumps and steadily released through

emitters (Figure 1-1). One benefit of this method is the reduction of water consumption compared

to the more common method of flood irrigation, in which water is applied to the top of a field in a

large amount, leading to significant evaporation losses. Drip irrigation also lessens the risk of

waterlogging which damages crops.

Pump Reservoir

Emitters

Figure 1-1: Drip Irrigation System
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Drip irrigation could be particularly useful to farmers in areas prone to water shortages. However,

some barriers to the adoption of this method include high initial costs and the necessity of

connection to an electric grid for the pump. Drip irrigation systems relying on solar-powered

pumps could address these issues; however, due to the additional capital cost of solar-powered

systems, it is important to minimize the power consumption of the pumps and, hence, the

associated photovoltaic panel area. One way to do this is to reduce the activation pressure of the

emitters. This study specifically focuses on pressure-compensating (PC) inline emitters, which

employ a flexible structural element - a silicone membrane - that regulates the water flow rate out

of the emitter despite variations in inlet water pressure. Activation pressure is the minimum

pressure that needs to be reached in order for the emitter to provide a constant flow rate. Since the

flow-pressure relationship of a PC emitter is highly dependent on the flexible membrane, it is

important to accurately model the membrane's behavior under different loading conditions.

1.2 Objective

This study serves to compare experimental data of membrane deflection with response to force in

inline drip emitters to theoretical models. The results may be used to inform and validate the choice

of model used for membrane deflection simulation. This, in turn, can aid in optimizing future

emitter designs.
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Chapter 2

Background

The type of emitter used in this study is an inline drip emitter, meaning it is enclosed within the

tubes used to transfer water. The emitter is pressure compensating, meaning that above a certain

activation pressure its flow rate remains relatively constant. Current values for the activation

pressure of commercial pressure compensating inline emitters are around 0.4-0.5 bar [1]. A

representative graph showing pressure compensation is shown in Figure 2-1 [2].

0

Activation Pressure

Pressure

Figure 2-1: Flow Rate vs. Pressure curve for a pressure compensating drip emitter
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The pressure compensating behavior of the emitter is enabled by the fluid-structure interaction

within it. An image of the inside of an inline emitter is shown in Figure 2-2 [1]. Water enters from

the irrigation tube through an inlet on top of the emitter above the membrane, goes through the

flow path and channel, and exits onto the intended target through the outlet. When in use, the water

places pressure on both sides of the membrane; the pressure difference between the top and bottom

of the membrane causes it to deform, deflecting down towards the bottom and gradually

obstructing the flow path through the narrow channel and the outlet.

Outlet

Flow Path Location of Membrane

Figure 2-2: Diagram of a Jain Turbo Cascade® inline drip emitter

The behavior of the membrane can affect the flow characteristics of the emitter, and this study

focuses on analyzing the response of a membrane to a point load. Although the membrane in an

emitter would be subjected to a distributed force from the fluid, deflection data for a point load

can still be used to compare experimental results to theoretical models, and permits higher

accuracy measurements.

There have been previous studies that explore membrane behavior in drip emitters.

Analytical models of deflection have been used to predict flow rate for a given pressure in online

drip emitters with circular membranes [3]. This study will build on that work by characterizing the

behavior of rectangular membranes in a different type of emitter. A study from the University of

10



Toronto used FEA models of membrane deflection to design a passive irrigation controller which

can be customized for different soil conditions [4]. This study hopes to contribute to the

optimization of inline drip emitters in a similar manner.
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Chapter 3

Experimental Design

3.1 Test Setup

Two different types of membranes were tested. One type is from the Jain Turbo Cascade® emitter

- Jain Irrigation's primary inline pressure-compensating emitter, and the other is from the Jain

Turbo Top® emitter - a smaller, less expensive emitter model. The membranes of the two emitters

differ in size and thickness, with the latter being smaller. Three different membranes of each type

were tested, for a total of six membranes. Each membrane has a unique number used for

identification. The dimensions of each membrane type are shown in Table 3-1, based on

measurements with calipers (+/- 0.01 mm resolution). A fixture was fabricated for each membrane

type using two pieces of aluminum bolted together with a pocket milled out for the membrane to

sit in and a hole on the top for the probe to enter, as seen in Figure 3-1. The dimensions of the

opening beneath the membrane are given in Table 3-2.
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Membrane Dimensions and Material Properties

Shore A
Membrane Type Length (mm) Width (mm) Thickness (mm) Hardness

Turbo Cascade® 13.06 0.10 8.07 0.07 1.26 0.17 52 1

Turbo Top® 8.15 0.06 6.43 0.05 0.83 +0.01 50 1

Table 3-1: Membrane dimensions and material properties with uncertainties

Fixture Opening Dimensions

Membrane Type Length (mm) Width (mm)

Turbo Cascade® 11.6 0.01 6.6 + 0.01

Turbo Top® 8.0 0.01 6.1 0.01

Table 3-2: Fixture opening dimensions

Figure 3-1: Membrane test fixture
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A Stable Microsystems TA.XT Plus texture analyzer was used to conduct the experiment. A 0.8

mm diameter ball end probe was attached to an adjustable chuck on the analyzer, and the fixture

was placed beneath the probe (Figure 3-2). A small amount of WD-40 lubricant was applied to the

probe to minimize friction with the membrane.

Figure 3-2: Texture analyzer and fixture
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3.2 Procedure

The texture analyzer was programmed to move the probe to a depth of 1.1 mm once it touched the

surface of the membrane. This was accomplished by setting a trigger force of 0.0049 N (0.5 g).

The depth of 1.1 mm is the largest deflection that can be expected within an operating inline emitter

produced by Jain Irrigation, as further deflection is prevented by the contact that occurs between

the membrane and the bottom of the membrane chamber. Each membrane was tested at speeds of

0.1, 0.25, and 0.5 mm/s, in order to check for any effects of loading speed. In addition, the tests

were conducted with the bolts tightened to two different torques of 1.13 N-m (10 in-lb) and 3.39

N-in (30 in-lb). The forces generated by each trial were recorded in grams.

3.3 Modeling

The resulting force vs. displacement data for each trial was compared to two models for the

deflection of a thin rectangular plate, one with simply-supported edges and the other with clamped

edges. The assumptions used in creating these models are that (1) the plates are undergoing small

deflections (up to a third of their thickness at most), and (2) the plates are thin (the ratio of plate

thickness to length is less than -1/8). The governing equation for the small deflection of a plate

loaded by any arbitrary distributed load q =f(x,y) is given by [5]:

d4 w 04W a4w q
+2 + _ =-

19X+ dx 2 dy 2  8 y 4  D

q f(x,y)

Eh3

12(1- v 2 )
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Where w is the deflection (m) and q is the loading (N). D is the flexural modulus (N*m 2) depending

on the Young's modulus E (Pa), thickness h (m), and Poisson's ratio v. This equation is solved in

conjunction with boundary conditions specified on all 4 edges of the rectangular plate. Both the

loading q and the solution for w can be represented in the form of a double trigonometric series for

the case of a concentrated load of magnitude P acting at any given point (x=xp, y=yp). The series

rapidly converges and a sufficient approximation can be made using the first few terms of the

series. In the case of a thin plate with side lengths a and b and thickness h, with a point load applied

at the center (x=a/2, y=b/2), the maximum deflection occurs at the center and is given by:

P a 2

Wmax - a D

where a is a constant that depends on the ratio between the length and width of the plate b/a and

the boundary conditions at the edges, P is the load (N), a is the width of the opening below the

membrane into which it can deflect (m), and D is the flexural modulus (N*m 2 ). The equation for

the simply-supported and clamped models are identical, but different values of alpha are used. The

values of alpha for the clamped model are lower than in the simply supported case, because the

boundary conditions for the clamped model assume zero slope on the edges of the membrane,

which further constrains the deflection. Values for each parameter are given in Table 3-3.
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Model Parameters

Membrane Type Boundary Conditions a

Turbo Cascade® Simply Supported 0.01620

Turbo Cascade® Clamped 0.00720

Turbo Top® Simply Supported 0.01419

Turbo Top® Clamped 0.00669

Table 3-3: Analytical model parameters.

17

Membrane D
Type a (mm) b/a (millipascals*m 4) E (MPa) v
Turbo

Cascade® 6.6 1.8 0.630 2.647 0.48

Turbo Top® 6.1 1.3 0.163 2.456 0.48



Chapter 4

Results and Discussion

4.1 Texture Analyzer Results

Graphs of the deflection and force data from the texture analyzer are shown in Figure 4-1 and

Figure 4-2.
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Figure 4-1: Plots of deflection vs. force for each trial using Jain Turbo Cascade® membranes. The
analytical models are shown in the same graph. Dashed lines indicate a clamping torque of 3.39 N-m,

solid lines have a torque of 1.13 N-m.
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Figure 4-2: Plots of deflection vs. force for each trial using Jain Turbo Top® membranes. The analytical
models are shown in the same graph. Dashed lines indicate a clamping torque of 3.39 N-m, solid lines

have a torque of 1.13 N-m.
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4.1.1 Membrane Behavior

Neither the simply-supported nor the clamped models accurately describe the measured forces for

the membranes. The clamped model is less accurate, underpredicting the experimental deflection

in every trial. For membrane 96, the values of force for tests conducted at 3.39 N-m may be higher

than expected due to the membrane warping by bending downwards slightly when too much WD-

40 was applied.

For all tests, deflection was not linear with load. This effect was more pronounced in the Turbo

Top® trials. These graphs show that as force increases, the change in deflection decreases. As

load increases, the membrane begins to experience tension forces in addition to bending due to

its edges being clamped. The assumptions of the thin plate model address this by being valid for

small deflections only, but the tests here are conducted beyond the small deflection regime. This

could explain why for forces below 0.3 N the simply-supported model more closely resembles

the experimental Turbo Top® data. Hysteresis was seen in every trial.

4.1.2 Effects of Loading Speed and Clamping Force

For all the membranes tested, in general an increase in probe speed led to a lower deflection at a

given force. For the Turbo Cascade® membrane, lower clamping torques lead to higher

deflections at a given force. The lower clamping torque could have led to a lower effective

stiffness since the edges of the membrane are more free to move inward when a load is applied.

This trend may not have been seen in the Turbo Top® experiments since for a smaller surface

area the variability in the manual placement of the probe near the center of the membrane could

have had a more significant effect on the deflection.
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4.2 Sensitivity Analysis

A sensitivity analysis of membrane deflection was conducted using the models. The models rely

on values of the membrane thickness, membrane width, Poisson's ratio, and Shore hardness. To

conduct the analysis, these variables were modified one at a time to be within 10% of their

nominal value, and the resulting displacement at a chosen force was calculated. For the Turbo

Cascade@ model, this force was 0.392 N, which was chosen as a value near the middle of the range

of forces obtained. For the Turbo Top® model, the force was 0.196 N. The results are shown in

Figure 4-3.

Model Sensitivity
1.5

-4-Membrane
0 1.3 Thickness

.- 0- Membrane Width
01.

0 0.9 -0- Poisson's Ratio
UQa)

S 0.7
-.~-Shore Hardness

CC 0.5
2 -10.00% 0.00% 10.00%

Input Deviation

Figure 4-3: Sensitivity analysis of the simply-supported and clamped edge models for the Jain Turbo
Cascade® membranes. Results are shown as the ratio of the new maximum deflection given a change in

input over the original deflection.
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Deflection Percent Changes

-10% 10%
Membrane
thickness 37.2 24.9
Membrane width 19.0 21.0
Poisson's ratio 5.7 6.3
Shore hardness 21.5 18.0

Table 4-1: Absolute percent changes in deflection from nominal values from sensitivity analysis. Results
are equivalent for both types of membranes and both models.

The variable with the greatest effect on deflection was membrane thickness. Decreasing thickness

by 10% gave a deflection that was 37% greater than the original value. This corresponds to a

change in theoretical deflection of 0.16 mm in the simply supported model and 0.11 mm in the

clamped model for the Turbo Cascade® membrane. The variations seen in the experimental graphs

of maximum deflection between membranes 13 and 57 may be explained in part by a difference

in thickness between the membranes. Membrane 13 had a thickness of 1.18 mm, and membrane

57 had a thickness of 1.40 mm which is 18.6% greater than the former. At a force of 0.392 N, the

deflection of membrane 13 was 0.587 mm, and the deflection of membrane 57 was 0.352 mm,

which is a 4 0% decrease.

In terms of characterizing emitter performance, the sensitivity analysis shows that lower

values of membrane thickness, Poisson's ratio, and Shore hardness lead to higher deflections under

the assumptions of this model. This would mean that using a thinner, softer membrane could lead

to a lower activation pressure (i.e., it would deflect more at a lower pressure differential). However,

the change in membrane properties would also affect the membrane's deformation into the channel

and outlet when inlet pressure is above activation. This effect would need to be examined further,

in order to fully characterize membrane behavior in the full range of emitter operating pressures.

23



Chapter 5

Conclusion

The analytical models given by Timoshenko [5] for the deflection of a simply-supported or

clamped rectangular plate with a concentrated load do not accurately describe the behavior of the

membranes found inside the Jain Turbo Cascade® and Turbo Top® inline drip emitters. In most

cases, the models predicted a lower deflection at a given force than what was measured. The

simply-supported model was closer to the experimental values than the clamped. A sensitivity

analysis of these models showed that changes in the value of the membrane thickness produced

the greatest change in the deflection at a certain force. In future studies it would be useful to

predict membrane behavior using finite element analysis. There was also variation seen in the

deflections of different membranes with the same geometry. It would be useful to determine the

variation in the physical properties of the membranes found in drip emitters to create more

accurate models.
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