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Abstract
Drip irrigation has the potential to help farmers increase crop production with lower on-farm water consumption than flood 
or sprinkler irrigation; yet, its high costs keep it out of reach for many smallholder farmers, who make up about 20% of the 
world’s population. Pressure-compensating (PC) drip emitters enable uniform water delivery to all crops in a field by regu-
lating the emitter flow rate, but typically require high pumping pressures, contributing to high capital and operating costs 
for the pump and power system. Redesigning PC emitters for lower pressure operation could enable more energy-efficient 
and affordable drip systems. However, the current lack of published design theory for PC emitters hinders the development 
of emitters with desired hydraulic performance. To address this gap, we present an analytical, parametric model for the 
hydraulic behavior (i.e., the flow rate versus pressure curve) of inline PC emitters before the flow-regulating regime. We 
combine this model with a validated prototyping method to demonstrate its utility in the design of PC emitters with target 
activation pressures and flow rates, and demonstrate a sample design that achieves 38% lower activation pressure than com-
mercial emitters with similar flow rates. The proposed model sheds light on the parametric relationships between PC emitter 
geometry and performance. It may inform R&D efforts in the irrigation industry and lead to improved emitter designs with 
low operating pressures, helping reduce drip system costs and increase access to drip irrigation among smallholder farmers.

Introduction

The use of drip irrigation in agriculture has been growing 
amidst concerns over water scarcity and insufficient crop 
yields (Foley et al. 2011). Hence, there is a growing need 
for engineering theory that can help design new drip sys-
tem components and improve the performance of existing 
ones. This paper presents analytical theory describing the 
hydraulic performance of inline drip irrigation emitters and 
demonstrates its application to the design of improved low-
pressure emitters that minimize pumping power.

Drip irrigation systems can enhance farmer food security 
in water- and food-scarce regions by mitigating weather-
related risks and improving harvests (Postel et al. 2001; 
Burney et al. 2010; Woltering et al. 2011). In a number of 

studies, well-managed and properly maintained drip sys-
tems have shown reductions of water use of 26–65% com-
pared to flood or furrow irrigation, while attaining similar 
or higher crop yields (Bernstein and Francois 1973; Hanson 
et al. 1997; Cetin and Bilgel 2002; Narayanamoorthy 2004; 
Maisiri et al. 2005; Ibragimov et al. 2007; Ghamarnia et al. 
2011). These water savings stem from reduced evaporation 
and deep percolation, as water is delivered through pipes 
and drip emitters directly to the roots of every crop in the 
field. However, drip systems require greater capital invest-
ment than flood or other surface irrigation systems. This 
contributes to low market penetration of drip systems rela-
tive to flood irrigation, particularly among smallholder farm-
ers (ICID 2018; Namara et al. 2007). Therefore, reducing 
the cost of drip irrigation could allow more farmers to take 
advantage of its benefits, especially in locations where water 
is scarce or expensive (Srivastava et al. 2003).

Drip emitters play a critical role in drip irrigation sys-
tems, affecting system cost and performance. Emitters may 
be inline, i.e., bonded to the inside of the irrigation tubing 
at a predetermined spacing, or online, i.e., inserted manu-
ally into holes on the exterior of the tubing (Fig. 1a). They 

 * Julia Sokol 
 sokol@alum.mit.edu

1 Department of Mechanical Engineering, Massachusetts 
Institute of Technology, 77 Massachusetts Ave, Cambridge, 
MA, USA

http://orcid.org/0000-0002-3481-1835
http://crossmark.crossref.org/dialog/?doi=10.1007/s00271-022-00771-5&domain=pdf


218 Irrigation Science (2022) 40:217–237

1 3

can be further separated into two categories: pressure-com-
pensating (PC) and non-pressure compensating (non-PC) 
(Fig. 1b, c). PC emitters use a flexible membrane to regulate 
their flow rate to a constant value despite variations in water 
pressure, as long as the inlet pressure is above a minimum 
activation pressure (Fig. 1b). In contrast, non-PC emitters 
act as a fixed flow restriction, reducing the water flow rate 
to a trickle without regulating it, resulting in higher flow 
rates at higher pressures. By regulating flow, PC emitters can 
provide a more uniform water application to all of the crops 
in a field, even with uneven terrain, while also allowing for 
longer pipes and more freedom in the hydraulic network 
design (Phocaides 2007). However, the minimum pressure 
required for flow regulation to occur for commercial PC 
emitters is in the range of 40–100 kPa (0.4–1.0 bar) (Jain 
Irrigation Systems Ltd 2019; Rainbird 2020; ChinaDrip 
2020; Netafim 2020). With a surface water source (which 
is used for 62% of all irrigated land globally), this activation 
pressure can constitute up to half of the total system pres-
sure drop that the pump needs to overcome (Shamshery and 
Winter 2018; FAO 2011). Thus, PC drippers provide the 
benefit of uniform water distribution, but can raise system 
costs above those with non-PC drippers.

Reducing the activation pressure of PC emitters (Fig. 1b) 
is one way to lower the pressure, pumping power, and capital 
cost of drip systems. For example, Shamshery and Winter 
(2018) found that changing the activation pressure of online 
PC emitters by 83% , from 0.90 to 0.15 bar, could reduce 
the initial cost of an off-grid system for a tree farm with 

a surface water source in India by 40% . The cost savings 
result from the combination of a lower-power pump and 
a smaller-area solar array. This could facilitate the use of 
solar-powered pumps by reducing the size and cost of solar 
arrays, enabling the adoption of drip irrigation among farm-
ers without electric grid access. Coupling solar pumps with 
drip irrigation, rather than with more water-intensive surface 
irrigation, can help limit the over-exploitation of groundwa-
ter resources (Burney et al. 2010), which may occur when 
expanding irrigation to previously rainfed or manually irri-
gated lands (Venot et al. 2017).

Parametric design theory could aid in developing a prod-
uct line of inline PC drippers with minimal activation pres-
sure over a range of flow rates. However, there is limited 
literature characterizing the physics of inline PC emitters 
parametrically. To the authors’ knowledge, the design of 
PC emitters in industry occurs largely by trial-and-error 
and is heavily based on modifications of existing, previ-
ously proven commercial designs (Celik et al. 2011). Most 
academic research on inline emitters has focused on non-
PC versions (Fig. 1c), utilizing CFD models (Wei et al. 
2006; Dazhuang et al. 2007; Zhang et al. 2011a; Wang et al. 
2012a), regression and machine learning models (Al-Amoud 
et al. 2014; Mattar and Al-Amoud 2015; Mattar et al. 2019; 
Philipova et al. 2011a, b; Zhang et al. 2011b), and digital 
particle image velocimetry experiments (Li et al. 2008; 
Zhangzhong et al. 2015; Wu et al. 2013; Feng et al. 2018) 
to characterize flow through the tortuous path. While these 
works describe one component of a PC emitter, they do not 
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Fig. 1  Emitter types used in drip irrigation. a Tubing with an inline-
style drip emitter bonded inside (top), and an online-style emitter 
installed outside (bottom). Water flows from the tubing through the 
emitter, then drips out near the roots of the crop. b Typical flow-
pressure curves for pressure-compensating (PC) (black) and non-
pressure-compensating (non-PC) (gray) emitters. The dashed black 

line shows the adjusted curve for a PC emitter with a low activation 
pressure compared to conventional (Conv), which can reduce the cost 
of a drip system. c Structure of typical PC and non-PC inline emit-
ters. PC emitters consist of two plastic parts with a flexible membrane 
between them, which regulates the flow rate; non-PC emitters consist 
of one plastic part
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account for the flow regulation function of the membrane 
(Fig. 1c). A smaller number of publications have character-
ized PC behavior specifically. Coupled CFD/FEA simula-
tions have been used to explain how the interaction between 
the flexible membrane and the rigid emitter body creates 
flow-regulating behavior in online (Wang et al. 2012b) and 
inline (Tian 2013) emitters. However, these models were 
specific to the geometries analyzed and did not offer insights 
for generating new designs. In contrast to coupled numeri-
cal simulations, Shamshery et al. (2017) developed a fully 
analytical parametric model for PC online emitters and used 
it to optimize several designs for a low activation pressure 
(Shamshery and Winter 2018). One of these designs was 
subsequently manufactured and field tested on multiple 
farms, demonstrating an average 43% reduction in hydrau-
lic energy (Sokol et al. 2019). Narain and Winter (2019) 
used a hybrid analytical–numerical approach to model PC 
inline emitters. Although this model matched the behavior 
of several commercial emitters, it was time-intensive to run 
and required multiple software tools, limiting its utility for 
early-stage parametric design of new inline geometries.

While numerical models are useful for detailed design, 
parametric analytical models are preferable in earlier stages, 
as they elucidate relationships between input parameters 
and resulting performance and allow engineers to quickly 
explore the design space. To the authors’ knowledge, no 
publication has yet reported a method to quickly design 
inline PC drippers for desired hydraulic properties. To 
address this gap, this paper presents and validates a fully 
analytical, parametric model for a common inline PC emitter 
architecture, capable of determining the activation pressure 
and flow rate of the emitter. The model is fully described 
before activation pressure and offers scaling relationships 
between key parameters after activation pressure. This the-
ory is combined with a validated prototyping method, and its 
utility is demonstrated by redesigning a commercial inline 
PC emitter to operate at 38% lower pressure. The proposed 
analytical model and design procedure can be used by engi-
neers in conjunction with more detailed numerical models 
of behavior after activation to design inline PC emitters with 
desired activation pressure and flow rates.

Theoretical model of pressure‑compensating 
inline drip emitters

A PC inline emitter relies on a flexible silicone rubber mem-
brane that deforms with pressure to regulate its flow rate. 
The water enters through a filter grid above the membrane 
at gauge pressure Pin, flows through a tortuous path where 
its pressure drops by �Ppath, then enters the chamber below 
the membrane at a reduced gauge pressure P2 (Fig. 2a). 
From there, the water flows into the outlet, where it drops to 

atmospheric pressure as it exits the emitter and tubing. Most 
commercial designs use a membrane resting above a circular 
or rectangular chamber with the outlet at its center, and a 
small channel leading to the outlet through an embossed 
feature called the “lands” (Fig. 2a). The following analysis 
applies to flat or cylindrical emitter architectures with a tor-
tuous path not covered by a membrane (Fig. 2a), which is 
used by several major irrigation companies, including Jain 
Irrigation, Ltd. (India) and The Toro Company (US).

The emitter has two operating regimes depending on 
the inlet pressure Pin . At zero inlet pressure, the emitter 
membrane is in its initial, undeformed state. At inlet pres-
sures below activation pressure ( Pin < Pact ), the membrane 
deforms without yet touching the lands, permitting radial 
flow into the outlet. At inlet pressure equal to activation 
pressure ( Pin = Pact ), the membrane deforms enough to 
make contact with the lands and cover the outlet, forcing 
all flow to exit through the channel (Fig. 2c). With further 
increases in inlet pressure ( Pin > Pact ), the flow resistance 
increases as the membrane covers more of the channel and 
shears into it, enabling flow regulation.

Considering steady-state flow at a given inlet pressure, 
the relationship between inlet pressure, Pin, and flow rate, Q, 
of a PC emitter in the regimes below and above activation 
can be represented as a circuit diagram (Fig.  2b) and 
expressed as Eqs. 1a, 1b with all pressures taken as gauge 
pressures relative to atmospheric. In the discussion below, 
K refers to a modified pressure loss coefficient, K =

�P

Q2
 (Pa 

h2∕L2 ), which incorporates both fluid velocity and area 
within the flow rate term. The flow rate is referred to in units 
of liters per hour (L/h), rather than the standard SI unit of m3

/s, following the convention used in the irrigation industry 
(1 L/h = 2.778×10−7m3/s). 

Here, Kpath is the pressure loss coefficient in the tortuous 
path; Kchamber is the pressure loss coefficient below the mem-
brane in the PC chamber, which includes friction losses and 
the orifice effect at initial contact of the membrane with the 
lands; Kchan is the additional pressure loss coefficient through 
the channel, which is zero when the covered channel length 
is zero (below and at activation) and an increasing function 
of Pin after activation.

From Fig. 2b, the pressure drop from the inlet to the end 
of the tortuous path is equal to:

and the gauge pressure below the membrane is:

(1a)
Pin = ΔPpath + P2 = Q2(Kpath + Kchamber) for Pin ≤ Pact,

(1b)
Pin = ΔPpath + P2 = Q2(Kpath + Kchamber + Kchan) for Pin > Pact

(2)�Ppath = Pin − P2 = Q2Kpath,
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Pressure loss coefficients in internal flows depend, in gen-
eral, on the geometry of the flow path and the Reynold’s 
number ReDh

 (Edwards et al. 1985; Idelchik 1996). In most 
inline emitters, the tortuous path is bounded by rigid walls, 
so its geometry is fixed, and Kpath depends solely on ReDh

 . 
(Some inline emitters have a membrane that covers the tor-
tuous path in addition to the membrane chamber, forming 
one non-rigid wall for the labyrinth. In these designs, Kpath 
may also depend on the inlet pressure, with the dependence 
being most pronounced for low-stiffness membranes with 
wide tortuous paths. The present model is not applicable for 
architectures where membrane deformation into the tortuous 
path is significant.) On the other hand, the geometry of the 
flow path through the membrane chamber and channel varies 
with the membrane deformation, which, in turn, depends on 
the pressure difference across its thickness. Therefore, in the 
most general case, the pressure field in the fluid affects the 

(3)
P2 = Q2(Kchamber + Kchan), with Kchan = 0 for Pin ≤ Pact.

deformation of the membrane, and the values of Kchamber and 
Kchan require the simultaneous solution of the coupled fluid 
and solid equations until convergence (Narain and Winter 
2019; Wei 2013). However, the following sections justify 
several simplifications that lead to analytical, closed-form 
expressions for the activation pressure and flow rate for a 
given emitter geometry.

Analytical model of operation below activation 
pressure

Two critical operating characteristics of the drip emitter—
activation pressure and flow rate—can be determined using 
Eq. 1a in the regime before activation, Pin ≤ Pact . The flow 
resistance begins to increase significantly when the mem-
brane contacts the lands and blocks off the radial flow to the 
outlet, causing the flattening of the flow rate curve (Fig. 1b). 
Hence, the activation pressure, Pact , can be defined as the 
minimum inlet pressure at which the membrane contacts the 
lands. The activation flow rate, Qact , is the flow rate at the 
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Fig. 2  Operating principle and structure of a typical inline PC emit-
ter. a Water flows through an inline PC emitter at flow rate Q, enter-
ing the emitter above the membrane at pressure Pin , flowing down the 
tortuous path, through a passage on the bottom face (dashed arrow), 
entering chamber below the membrane at pressure P2 , and exiting 
through the outlet at Patm . b The hydraulic circuit representing flow 
resistances inside the dripper: the tortuous path, Kpath , the membrane 
chamber, Kchamber , and the variable resistance in the channel, Kchan , 

which increases with pressure above activation to regulate the flow 
rate, Q. c Detailed section view of the membrane chamber (with side 
lengths a and b) of a PC inline emitter, drawn to scale based on one 
commercial emitter model. The membrane (with thickness t, Young’s 
modulus E, Poisson’s ratio � , and edges resting at distance hlands from 
the lands) is shown at activation pressure, as it first touches the lands 
around the outlet (with radius rout)
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activation pressure, which can be computed by plugging in 
Pin = Pact into Eq. 1a and re-arranging to form Eq. 4:

Pact and Qact can be determined by linking Eqs. 1a and 4 to 
the membrane’s shape at activation. The membrane deflec-
tion, �mem(x, y), is governed by the fluid pressure field acting 
on it from above ( Pin) and below ( P2 ), its geometry (length 
a , width b , thickness t  ), and material properties (Young’s 
modulus E, Poisson’s ratio � ) (Fig. 2c). Thus, membrane 
deflection at any inlet pressure Pin can be expressed as a 
function of these variables, �mem(x, y,Pin,P2, a, b,D), where 
D =

Et3

12(1−�2)
 is the flexural modulus, which combines mate-

rial properties with the thickness, and the boundary condi-
tions dictate the choice of model  (Ventsel and Krauthammer 
2001). At Pin = Pact , the maximum deflection of the bottom 
surface of the membrane at any coordinates above the lands 
is limited to a distance hlands (Fig.  2c). This constraint on 
membrane deflection is used with the following assump-
tions—supported by experiments and prior literature—to 
derive an analytical solution for Pact and Qact for typical 
inline dripper geometries.

(4)Qact = Q(Pact) =

(
Pact

Kpath + Kchamber

)1∕2

.

The first assumption is that Kpath is nearly constant with 
ReDh

 in the flow rate range relevant for inline drippers, due 
to sharp corners in the tortuous path that create vortices and 
induce turbulent behavior. Flow in tortuous paths has been 
characterized by multiple authors as having a lower onset 
of turbulence than expected from a straight channel, with 
transitional ReDh

 in the range 250–500 (Zhang et al. 2011a; 
Zhao et al. 2009; Al-Muhammad et al. 2016; Nishimura 
et al. 1983; Al-Muhammad et al. 2018). Above these val-
ues, the pressure loss coefficient has no dependence on ReDh

 , 
analogous to turbulent flow in rough channels. Because each 
cited paper is based on a specific path geometry and choice 
of length scale for ReDh

 , the five different tortuous paths 
used in this study were tested experimentally to validate this 
assumption and the applicable ReDh

 range. Detailed dimen-
sions of the five tested tortuous paths and the experimental 
procedure for the Kpath measurement can be found in the 
Appendix, "Experimental measurements of tortuous path 
resistance". The five tortuous path geometries showed nearly 
constant Kpath above ReDh

≈ 150–420, which corresponded 
to inlet pressures between 2–4 kPa (0.02–0.04 bar), depend-
ing on path geometry (Fig. 3a). Above these ReDh

 values, i.e., 
for measurements above 5 kPa (0.05 bar), the mean Kpath and 
standard deviations of Kpath were calculated. The standard 
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Fig. 3  Experimental evidence justifying the assumptions used to 
derive the analytical model; detailed methods for both experiments 
are included in the Appendix. a Plots of measured Kpath = �P∕Q2 
versus ReDh

 for five different tortuous path geometries from three 
commercial emitters and two machined prototypes show that Kpath 
can be treated as nearly constant above ReDh

≈ 150–450, depend-
ing on geometry. The plotted ranges correspond to inlet pressures 
of 2–100 kPa (0.02–1.0 bar), except for Prototype Path A, where the 
maximum pressure was 50  kPa (0.5  bar), because higher pressures 
caused flow rates that exceeded the sensor range in this low-resistance 

path. The mean Kpath values were calculated based on all inlet pres-
sures above 5  kPa (0.05  bar). b Plot of measured maximum mem-
brane deflection versus a concentrated load applied at the center of 
the membrane. Experimental deflection for one membrane at three 
different loading speeds (0.1, 0.25, and 0.5 mm/s) is plotted in gray; 
the deflection is approximately linear with load. The dashed line 
shows the modeled deflection for this membrane using the Kirchhoff 
thin plate model with Young’s modulus ( E = 2.13 ± 0.15 MPa) fitted 
to experimental data for three membranes
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deviations of measured values were within 10% of each mean 
Kpath , except for the path from the 1.6 L/h commercial emit-
ter, where the standard deviation reached 15% of the mean. 
These variations are incorporated into the uncertainty of the 
present model, while Kpath is treated as constant equal to the 
measured mean. The variation of Kpath in the low-Re regime 
is not incorporated into the model, as it was observed to only 
affect a small portion of the operating pressure range and 
have minimal impact on the modeled results, while requiring 
a more complex iterative calculation procedure.

The second assumption is that the resistance of the mem-
brane chamber, Kchamber , can also be treated as a constant 
before activation. Kchamber comprises minor losses and fric-
tion losses in the flow between the entry to the membrane 
chamber and the outlet. While the bending of the membrane 
before activation has some effect on Kchamber , the cross-sec-
tional flow area below the membrane is large enough for 
both the magnitude and the variation in Kchamber to be neg-
ligible compared to the tortuous path resistance, Kpath , in 
series with Kchamber (Fig. 2b). Experiments show that the 
magnitude of Kchamber is below 11% of Kpath for all commer-
cial drippers tested (Table 1); Kchamber increases to ∼ 30% of 
Kpath only for a custom-made tortuous path with very low 
resistance. Therefore, Kchamber is approximated as constant 
to develop the analytical model of commercial emitters, but 
this assumption is expected to lead to greater errors for emit-
ters with very low Kpath , as discussed further in "Results of 
model validation".

The third assumption is that membrane deflection is linear 
with load before activation and can be modeled via super-
position of multiple loads. The linearity of deflection with 
load is generally valid for thin ( t

L
≲ 0.1 , where t is the thick-

ness and L is the characteristic side length) and moderately 
thick ( 0.1 ≲

t

L
≲ 0.2 ) plates undergoing small deflection 

( 𝛿max

t
≲ 1 ), according to Kirchhoff and Mindlin plate theo-

ries, respectively (Szilard 2003). The membranes of com-
mercial drippers used in this study have t

L
 ∼ 0.13–0.15 (based 

on average side length) and �max

t
 ∼ 0.54–0.92 at activation. 

As these ranges are borderline for several criteria, flexural 
experiments were conducted on silicone membranes of com-
mercial emitters to validate this assumption and choice of 
plate model. Collected data confirmed that linearity with 
load was satisfied in the expected deflection range of the 

membranes, and that Kirchhoff plate theory with Young’s 
modulus E = 2.13 ± 0.15 MPa matched experimental mem-
brane deflection in bending (Fig. 3b). Hence, linear thin 
plate theory is suitable for modeling membrane deflection 
before activation.

Membrane deflection can be calculated assuming the 
pressure is approximately uniform with magnitude P1 above 
the membrane and at magnitude P2 below it, except above 
the outlet, where the pressure is atmospheric (Narain and 
Winter 2019). Hence, the net loading is a uniform pressure 
Pin − P2 over the full membrane area, plus an additional 
patch load over the outlet with pressure P2 (Fig. 2a). Given 
that the outlet area, �r2

out
 , is small compared to the full mem-

brane area, ab ( 𝜋r
2
out

ab
< 0.02 for all emitters in this study), 

the patch load can be approximated as a concentrated load 
of magnitude P2�r

2
out

 , acting in the same direction as the 
membrane deflection (towards the lands). Using the Navier 
double-series solution with simply supported boundary con-
ditions (Ventsel and Krauthammer 2001) and the coordinate 
system shown in Fig.  2c, the membrane deflection under a 
uniform distributed load, �unif , and under a concentrated load 
at the center, �conc , is:

where D is the flexural modulus. The overall membrane 
deflection can be found through their superposition (Ventsel 
and Krauthammer 2001):

Combining Eq. 7 with the limit on membrane deflection 
at its first contact with the lands provides a closed-form 
expression for Pact . The maximum membrane deflection 
occurs at its center; therefore, its first contact with the lands 
occurs at the outlet radius, located a distance hlands from 
the undeformed membrane position (Fig. 2c). Plugging 
in the coordinates of an initial contact point on the outlet 
radius and the membrane’s long axis of symmetry (Fig. 2c), 
(xc, yc) = (

a

2
+ rout,

b

2
) , into Eq. 7 and setting the deflection 

at that point equal to hlands at Pin = Pact yields:

(5)
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This can be expressed more concisely by combing all terms 
of the infinite series (which depend solely on the membrane 
side lengths and the outlet radius) and the numerical coef-
ficients into constants �1 and �2:

The constants �1 , �2 can be calculated by summing the full 
infinite series or the first few terms of each. Due to the rapid 
convergence of both series, summing the first nine terms is 
sufficient to converge to within 2.5% of the exact solution 
(Ventsel and Krauthammer 2001).

Solving Eq.  9 for Pact , substituting expressions for 
pressures Pact and P2 in terms of flow rate and resistances 
(Eqs. 2 and  3), and using Eq. 4 to relate Pact to Qact , results 
in the following expressions:

Equations 10 and 11 enable the direct computation of Pact 
and Qact with input parameters of dimensions, material 
properties, and resistances, all of which can be estimated 
or measured. The geometric inputs and material properties 
can be measured directly. The resistances Kpath and Kchamber 
can be determined for specific geometries by experiment 
or through CFD simulations. The full Q versus Pin curve of 
emitter hydraulic behavior before activation can be mod-
eled using Eq. 1a up to the limit Pin = Pact (Eq. 10). This 
analytical model provides physical intuition on how input 
parameters affect PC emitter performance, which is missing 
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in published literature, and enables quick sensitivity analyses 
or optimizations for desired emitter flow rates and activation 
pressures.

Analytical scaling for operation above activation 
pressure

Although detailed modeling of the regime above activation 
requires numerical simulation, Eq. 1b for Pin > Pact can be 
used to derive the scaling of Kchan with pressure needed 
for ideal flow regulation, i.e., to maintain Q(Pin) = Qact as 
Pin increases above Pact . Substituting the target constant 
value Qact into Eq. 1b provides the target Kchan as a func-
tion of Pin:

Hence, to maintain a constant flow rate Qact above activa-
tion, the flow resistance in the channel must increase lin-
early with inlet pressure and be inversely proportional to 
the square of the activation flow rate. Emitter designers can 
use this expression as a guide to refine features that affect 
the flow rate after activation, such as the width and depth 
of the channel through the lands (Fig. 2c). Detailed models 
for fluid–structure interaction after activation (e.g., found 
in Narain and Winter 2019; Wei 2013) can be employed in 
conjunction with the current analytical model to adjust the 
features below the membrane after the main geometry has 
been selected.

(12)

Pin = Q2
act
(Kpath + Kchamber + Kchan(Pin))

= Q2
act
(Kpath + Kchamber) + Q2

act
Kchan(Pin)

= Pact + Q2
act
Kchan(Pin),

(13)Kchan(Pin) =
Pin − Pact

Q2
act

.



224 Irrigation Science (2022) 40:217–237

1 3

Sensitivity of activation pressure and flow rate 
to input parameters

A sensitivity analysis was run with the parametric model to 
illustrate the effect of input values on the activation pressure 
and flow rate. The parameters varied in the analysis were 
the resistances ( Kpath and Kchamber ), the distance between 
the membrane and the lands ( hlands) , the membrane thick-
ness (t), width (b), and Young’s modulus (E) (Fig. 4). One 
parameter was varied at a time, with the rest kept constant at 
nominal values, based on typical values for inline emitters. 
Each parameter was sampled at four points at 75% , 100% , 
125% , and 150% of its nominal value. Other inputs were kept 
constant, with outlet radius rout = 0.6 mm, membrane length 

a = 11.8 mm, and Poisson’s ratio � = 0.49, typical of silicone 
rubber used for PC emitter membranes.

The sensitivity plots (Fig. 4) compliment Eqs. 10 and  11 
and demonstrate the dependence of activation pressure 
and flow rate on each parameter. The activation pressure 
is seen to be most sensitive to the membrane thickness t  . 
This is due to the fact that Pact scales linearly with flexural 
modulus D , which in turn scales with t3 ; therefore, Pact ∝ t3 . 
The sensitivity of Pact to the distance hlands is approximately 
linear, Pact ∝ hlands . The same scaling is seen between Pact 
and Young’s modulus E, stemming from the linearity of 
flexural modulus D with E: Pact ∝ E . For these inputs, Qact 
scales similarly to Pact but with reduced sensitivity, due 
to the power of 1/2 in Eq. 11: Qact ∝ t

3

2 , Qact ∝ h
1

2

lands
 , and 

Parameter

Nom. value

Kpath  (Pa h2/L2) Kchamber  (Pa h2/L2) hlands  (mm)

8000 800 1.1

t (mm) b (mm) E  (MPa)

1.2 6.9 2.13

Parameter

Nom. value

Fig. 4  Modeled sensitivity of emitter activation pressure and flow 
rate to changes in input parameters, including flow resistances, Kpath 
and Kchamber , lands to membrane distance, hlands , the membrane 
thickness, t, width, b, and Young’s modulus, E. The activation point 
(Eqs. 10 and 11) is marked with a circle; the curve before activation 
is plotted using the analytical model (Eq. 1a), while the dashed line 
after activation is plotted assuming ideal flow regulation (Eq.  13). 

One input parameter was varied at a time to values of 75% , 100% , 
125% , and 150% of its nominal value, with the lightest line corre-
sponding to the minimum and the darkest corresponding to the maxi-
mum parameter value. Activation pressure and flow rate are most 
sensitive to the membrane thickness, due to its cubic scaling in the 
flexural modulus, D 
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Qact ∝ E
1

2 . Hydraulic behavior is also sensitive to membrane 
side length b, which enters Eq. 10 in the denominator as 
part of the constants �1 and �2 . As side length increases, the 
membrane deflects more, resulting in earlier contact with the 
lands at lower Pact and Qact.

The sensitivity of Pact to Kpath and Kchamber is low, as a 
change in one affects both the numerator and denominator 
in Eq. 10. Conversely, Qact is much more sensitive to Kpath 
than to Kchamber , as the term multiplied by Kchamber in the 
denominator of Eq. 11 is nearly negligible compared to the 
term multiplied by Kpath , due to the very low ratio of areas 
of the outlet and the membrane.

While this analysis is for local sensitivity around a sam-
ple geometry, these trends are generalizable, as long as the 
assumptions used in the model derivations remain valid as 
the geometry is varied. It can be concluded that geometric 
and material features-especially the membrane’s thickness 
and side lengths-play a large role in the emitter’s hydraulic 
behavior. For example, a 25% increase in membrane thick-
ness, with all else held constant, results in an 95% increase 
in Pact and a 40% increase in Qact . Depending on the design 
and manufacturing constraints, any of these parameters can 
be manipulated by a designer to achieve desired activation 
pressure and flow rate.

Experimental methods

Prototyping method for inline drip emitters and its 
validation

A prototyping method for inline PC emitters was devel-
oped to facilitate model validation and testing of new 
designs, as the commercial emitter manufacturing process 
is too inflexible to be used effectively in the design stage. 
Inline PC emitters are manufactured by injection molding 
the plastic body and cover of the emitter. After molding, 
the two parts are ultrasonically welded with a membrane 
between them, sealing the emitter. Finally, the assembled 
emitter is heat-welded inside the lateral tube as the tube 
is extruded. As this process requires significant time and 
equipment, a simplified prototyping method using CNC 
milling was developed and verified to ensure its ability 
to replicate the geometry and hydraulic performance of a 
commercial injection-molded dripper.

The prototyping setup consisted of three rectangular 
aluminum plates held together by screws at four corners 
(Fig. 5a). The geometry of the emitter cover was CNC 
machined into the top plate, with the inlet threaded for 
attaching a tubing fixture. The geometry of the emit-
ter body was machined into the middle plate, with the 
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Fig. 5  Inline emitter prototyping method used for model validation 
and design testing. a Exploded view of the prototype assembly. Three 
aluminum plates are held together by screws at the corners, with 
internal emitter features machined in the top and middle plates. The 
membrane is placed on its seat in the middle plate. b Flow rate versus 
inlet pressure for the prototype replicating the 2 L/h TurboCascade 

PC emitter (Jain Irrigation, Ltd.), plotted as the average and standard 
deviation measured from two prototype duplicates. The prototypes 
demonstrate a close fit to the measured flow rates of commercial 
injection-molded emitters, plotted as the average and standard devia-
tion measured from 12 emitters. Photographs of the commercial and 
prototype emitter bodies appear in the inset
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tortuous path and membrane chamber on the top face, 
and the passage conveying water from the tortuous path 
to the membrane chamber on the bottom face. The bottom 
plate was used as the cover for this passage (in commercial 
emitters, this passage is covered by the lateral tube welded 
to the emitter bottom face). Aluminum 6061 was used as 
the prototype material to maintain tight tolerances during 
the milling process.

To avoid leaks, the body geometry was embossed, creat-
ing a narrow ridge around the perimeter that concentrated 
the clamping force from the screws onto a small area and 
formed a seal around the flow path. For all prototype tests, 
screws were tightened to a consistent torque of 3.4 Nm, 
experimentally determined to prevent leaking at all pressures 
while minimizing any sensitivity to the clamping force. Gas-
kets were not used for sealing between aluminum plates, as 
their low stiffness created difficulty in maintaining consistent 
flow path dimensions, especially in the tortuous path. The 
flow rate through an emitter is highly sensitive to changes 
in the tortuous path cross-section, which affect Kpath , as evi-
denced by the sensitivity analysis (Fig. 4).

This method was validated by replicating flow-pressure 
behavior of a commercial inline PC emitter in a prototype 
matching the commercial emitter’s geometric features. A 2 
L/h emitter manufactured by Jain Irrigation, Ltd. (Jain Irriga-
tion Systems Ltd 2019) was chosen for the comparison. Two 
duplicate prototypes were machined with geometric features 

identical to those of the injection-molded commercial drip-
per (within ± 0.03 mm), and the hydraulic performance of 
each prototype was tested twice (per "Hydraulic testing pro-
cedure") using membranes from the commercial drippers. 
Duplicate test results were averaged. This comparison dem-
onstrated good agreement between the flow-pressure curve 
of the prototype and commercial emitters (Fig. 5b), with a 
maximum error of 8 % at a pressure of 10 kPa (0.1 bar), and 
an average error of 5 % in the regulated flow rate (estimated 
as the mean of all flow rates above 50 kPa (0.5 bar)). The 
close match between prototypes and injection-molded drip-
pers suggests that prototypes of new designs would perform 
similarly when converted to injection molded commercial 
products, mitigating risk in the design process.

Hydraulic testing procedure

To test the pressure-flow behavior of commercial and pro-
totype emitters, a tank containing compressed air and water 
was connected via flexible tubing (9.53 mm OD, 6.35 mm 
ID) to an air release valve, a 20-μ m filter, a programmable 
pressure regulator and flow sensor (Alicat LC-100CCM-D, 
± 3 kPa for pressure, ± 0.12 L/h for flow rate), and either 
an emitter prototype assembly (Fig. 5a) or a piece of tub-
ing with a bonded commercial emitter (Fig. 6). The water 
pressure measured by the regulator was assumed equal to 
the pressure at the inlet of the emitter, as the pressure drop 
through the tube and fittings between the regulator and the 
emitter was estimated to be under 10 Pa at all measured 
flow rates, well below the uncertainty of the pressure sen-
sor. The pressure regulator was connected to a computer 
and programmed to cycle through a range of pressure set-
points, starting at 5 kPa (0.05 bar), stepping from 10 to 100 
kPa (0.1–1.0 bar) at intervals of 10 kPa (0.1 bar), and end-
ing at 150 kPa (1.5 bar). The pressure was stepped both up 
and down during each test to note any hysteresis. Before 
each test, the emitter was primed by cycling twice between 
maximum and minimum pressures. Pressure was maintained 
for 60 seconds at each setpoint, with pressure and flow rate 
recorded to a file every second. These time series were sub-
sequently processed into flow rate versus pressure curves as 
follows: for each pressure setpoint, readings before pressure 
had equilibrated to ± 1 % of the setpoint were filtered out, and 
the mean of the remaining values was taken as the flow rate 
for the dripper at that pressure.

Use of commercial and prototype emitters for model 
validation

The proposed model was validated by comparing the acti-
vation pressure and flow rate it predicted to measurements 
from six emitter models: three commercial emitters and 

pressure tank

filter

pressure regulator and flow sensor
Alicat LC-100CCM-D

emitter

water 
collection

6.35 mm ID tube

air release
valve

compressed 
air

water 

Fig. 6  Diagram of the hydraulic setup used to measure pressures and 
flow rates from commercial and prototype emitters. A tank containing 
compressed air and water was connected via flexible clear tubing to 
an air release valve, a 20-μ m inline filter, and a programmable pres-
sure regulator and flow sensor (Alicat LC-100CCM-D). This device 
was connected to a computer and programmed to measure the flow 
rate while stepping the downstream water pressure between 5 and 150 
kPa. A commercial emitter or an emitter prototype was connected to 
the flow regulator via 15 cm of 6.35 mm ID tubing with a plastic tube 
fitting at each end
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three custom prototypes (Table 1). The commercial emitters 
were TurboCascade PC 1.1 L/h, 1.6 L/h, and 2.0 L/h mod-
els from Jain Irrigation, Ltd. Three custom prototypes were 
fabricated to capture further geometrical variations not seen 
in these commercial emitters. The prototypes varied from 
the commercial emitters in their tortuous path geometry, the 
height of the membrane above the lands, and the dimen-
sions of the channel and lands. The tortuous paths from the 
six commercial and prototype emitters are described in the 
Appendix, "Experimental measurements of tortuous path 
resistance". Prototype emitters 1 and 2 used the same tortu-
ous path geometry (labeled Path A in "Experimental meas-
urements of tortuous path resistance"), and prototype emitter 
3 used tortuous path B. The prototypes were constrained to 
using available commercial emitter membranes in two thick-
nesses (1.2 and 1.4 mm), with other membrane parameters 
kept constant.

The commercial emitters were disassembled and their 
dimensions were measured using a dial indicator (Mitutoyo 
2416S, ± 0.01 mm) for vertical dimensions and a digital 
microscope (AmScope H800-DAB-96S-HD1080) for hori-
zontal dimensions. Three samples of each commercial emit-
ter were measured and averaged. The dimensions of the pro-
totypes were measured using the same procedure, with one 
sample of each. Membrane thickness was measured with a 
test indicator mounted on a height gauge (Machine DRO 
ME-HG-PRO-500, ± 0.05 mm), ensuring minimal load from 
the measuring tip so as not to compress the silicone mem-
brane during measurement, for three samples of each thick-
ness. All dimensions were recorded as averages with uncer-
tainty estimated as the maximum of the measured standard 
deviation or the accuracy of the measuring tool (Table 1). 
The dimensions of the features below the membrane—the 
channel height, width, and length—were recorded for rep-
licability (Table 1) but not used directly in the analytical 

model, as these dimensions govern emitter behavior after 
activation, while the present model accounts for behavior 
up to activation.

The resistances of the tortuous path ( Kpath ) and mem-
brane chamber ( Kchamber ) were measured experimentally. For 
the two tortuous path geometries used in custom prototypes 
(Fig. 3a), the tortuous paths were machined in isolation and 
tested analogously to full emitter prototypes. For commer-
cial emitters bonded inside lateral tubes, the tortuous path 
resistance was measured by manually adding an extra outlet 
in the tube directly after the end of the tortuous path, where 
water could exit before entering the membrane chamber; this 
isolated the measured resistance from any effects of mem-
brane deformation, allowing it to be attributed primarily to 
the tortuous path. The resistance of each tortuous path in 
Table 1 is equal to the mean of all Kpath values calculated 
from measured pressures (5 kPa and above) and correspond-
ing flow rates ( Kpath = P∕Q2 ); the uncertainty is the stand-
ard deviation of measured values. Appendix, "Experimental 
measurements of tortuous path resistance" provides further 
details about their. For all commercial and prototype emit-
ters, Kchamber was estimated as the difference between the 
total measured emitter resistance at activation pressure and 
its measured tortuous path resistance. In the absence of 
physical prototypes, these resistances can be estimated with 
CFD simulation, with care taken to calibrate the CFD model 
to ensure its accuracy.

The hydraulic behavior before activation for each emitter 
was compared to the behavior modeled using the emitter’s 
geometric properties and resistances as inputs. The good-
ness of fit was assessed by comparing the modeled Pact and 
Qact (Eqs. 10 and 11) to measured values. For the experi-
mental measurements, Pact was estimated as the minimum 
pressure at which the measured flow rate was within ± 5 % of 
Qact , while Qact was calculated as the mean of all flow rates 

Table 1  Geometric and material properties of commercial and prototype emitters used for model validation

Param Unit Commercial emitters Prototype emitters

1.1 L/h 1.6 L/h 2.0 L/h 1 2 3

Kpath Pa h 2/L2 25,580 ± 1398 12,913 ± 1880 8445 ± 532 1075 ± 112 1075 ± 112 4138 ± 97
Kchamber Pa h 2/L2 476 ± 26 1446 ± 211 87 ± 6 374 ± 65 331 ± 42 584 ± 142
hlands mm 1.01 ± 0.02 1.07 ± 0.01 1.15 ± 0.01 1.12 ± 0.01 0.65 ± 0.01 0.66 ± 0.01
rout mm 0.47 ± 0.02 0.56 ± 0.01 0.63 ± 0.01 0.60 ± 0.01 0.60 ± 0.01 0.60 ± 0.01
t mm 1.40 ± 0.01 1.40 ± 0.01 1.40 ± 0.01 1.20 ± 0.01 1.20 ± 0.01 1.20 ± 0.01
a mm 11.76 ± 0.02 11.79 ± 0.05 11.79 ± 0.04 11.60 ± 0.01 11.60 ± 0.01 11.60 ± 0.01
b mm 6.88 ± 0.03 6.90 ± 0.03 6.90 ± 0.01 6.80 ± 0.01 6.80 ± 0.01 6.80 ± 0.01
E MPa 2.13 ± 0.15
� – 0.49 ± 0.01
wchan mm 0.43 ± 0.01 0.49 ± 0.02 0.49 ± 0.01 0.70 ± 0.01 0.70 ± 0.01 0.70 ± 0.01
hchan mm 0.04 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.08 ± 0.01
Lchan mm 2.00 ± 0.01 1.92 ± 0.02 1.84 ± 0.01 1.78 ± 0.01 1.78 ± 0.01 1.78 ± 0.01
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Table 2  Comparison of 
measured and modeled 
activation pressures and flow 
rates for three commercial 
emitters and three prototypes

Value Units Commercial emitters Prototype emitters

1.1 L/h 1.6 L/h 2.0 L/h 1 2 3

Measured Pact kPa 30 ± 5 40 ± 5 40 ± 5 40 ± 5 20 ± 5 15 ± 5
Measured Qact L/h 1.10 ± 0.02 1.60 ± 0.01 2.34 ± 0.07 5.20 ± 0.26 3.64 ± 0.04 1.87 ± 0.11
Modeled Pact kPa 34 ± 8 38 ± 10 39 ± 9 34 ± 9 19 ± 4 17 ± 5
Modeled Qact L/h 1.14 ± 0.13 1.63 ± 0.21 2.14 ± 0.23 4.87 ± 0.54 3.71 ± 0.41 1.87 ± 0.20
Abs error, Pact kPa − 4 2 1 6 1 − 2
Abs error, Qact L/h − 0.04 − 0.03 0.21 0.33 -0.07 0.0
Rel error, Pact % − 13.3% 5.0% 2.5% 15.0% 5.0% − 13.3%
Rel error, Qact % − 4.1% -1.9% 8.8% 6.3% − 2.0% − 0.1%

Fig. 7  Comparison of observed and modeled behavior for six inline 
emitters: three emitters commercially produced by Jain Irriga-
tion, Ltd. (a–c), and three custom emitters prototyped in the lab 
(d–f). Geometric parameters for each emitter are listed in Table  1, 
and measured performance is quantified in Table  2. The measured 
hydraulic curve of each emitter is compared to the analytical model 
of behavior before activation. Dots represent measured values with 

measurement uncertainties; solid lines represent the analytically mod-
eled behavior below activation, and dashed lines show hypothetical 
ideal compensating behavior after activation as defined in "Analyti-
cal scaling for operation above activation pressure" (not all prototypes 
achieve ideal compensation, as they were not specifically designed for 
it). The shaded region indicates the potential range predicted by the 
model considering input uncertainties
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measured at and above Pact for that emitter. The resolution 
of the measured Pact was limited by the values of the pres-
sure setpoints used in the experiments (at intervals of every 
10 kPa (0.1 bar)), and hence could not be as precise as the 
values calculated by the model. This may affect some of the 
errors seen in the results, and is discussed further in "Results 
of model validation".

Results of model validation

The model shows good agreement to experimental perfor-
mance of three commercial emitters and three prototypes 
(Table 2, Fig. 7). Error bars on the measured flow rate values 
represent the maximum of the flow sensor accuracy or the 
standard deviation from all measurements at a given pres-
sure for that emitter. The pressure error bars are based on 
sensor accuracy, as the measured standard deviation was 
approximately zero in all cases. Due to the sensitivity of 
the model to input parameters, uncertainty ranges for the 
model are also shown in the plots as shaded regions (Fig 7). 
To calculate these ranges, four inputs were considered to 
have the highest uncertainty/manufacturing variation: mem-
brane thickness t and Young’s modulus E, both of which 
depend on the silicone manufacturing process, and path and 
chamber resistances, both of which are expected to deviate 
slightly from their average values (e.g., as seen in Fig. 3a). 
The uncertainty of these inputs was estimated as follows: 
membrane thickness uncertainty of ± 0.01 mm is based on 
standard deviations of the measurements; Young’s modulus 
uncertainty of ± 0.15 MPa is based on standard deviations 
from experimental measurements of membrane deflection 
(see Appendix); Kpath and Kchamber uncertainties are taken 
from the hydraulic measurements of each emitter (Table 2). 
Uncertainties in the remaining inputs were deemed negligi-
ble in comparison and are not included in the shaded range.

In all cases, the activation pressure was predicted within 
15% of the measured value, and the activation flow rate 
within 8.8% , using the base model inputs. The largest abso-
lute error in activation pressure was 6 kPa (0.06 bar), and 
the maximum absolute error in flow rate was 0.33 L/h, 
for the emitter with the highest flow rate. The most likely 
sources of error include manufacturing variation in the 
inputs mentioned above. When uncertainty in those inputs 
is considered, the modeled activation ranges encompass all 
measured values. Another source of error is the low resolu-
tion of experimental pressure measurements, which were 
taken at intervals of 10 kPa (0.1 bar), leading to an estimated 
uncertainty of 5 kPa in the measured Pact , corresponding to 
relative uncertainty of 12–33% . Smaller intervals between 
pressure setpoints (e.g., 1–2 kPa) would provide more preci-
sion in measured Pact values and in the error estimate. Addi-
tionally, the pressure sensor’s uncertainty of 3 kPa is high 

relative to the measured value at the lowest pressures (5 and 
10 kPa) (Fig. 7). This limits the accuracy of the low-pressure 
region of the emitter’s hydraulic curve, and the values of 
Kpath calculated at those pressures (Fig. 9).

Assumptions used in model derivation may account for 
some of the discrepancies between measured and modeled 
behavior. For cases (c) and (d), the base model under-pre-
dicts the activation flow rate and pressure. This may be due 
to a departure from linearity for membrane deflection in the 
higher deflection range, as these two emitters have the larg-
est distance to the lands and, as a result, the largest extent of 
membrane deformation. The assumption of constant Kchamber 
is expected to lead to greatest errors for emitters with low 
Kpath , such as (d)–(f), where Kchamber approaches the same 
order of magnitude as Kpath . Finally, the assumption of con-
stant Kpath will be invalid in the lowest flow rate and pressure 
ranges, when flow in the tortuous path becomes more lami-
nar and its dependence on Re becomes more pronounced.

Overall, the model is flexible enough to predict the emit-
ter activation point for a range of geometries, with flow rates 
ranging from 1 to 5 L/h and activation pressures from 15 to 
40 kPa (0.15–0.4 bar).

Design of a PC inline drip emitter with low 
activation pressure

The model and prototyping method were applied to the 
design of a low-activation-pressure emitter, using the com-
mercial design with 2 L/h nominal flow rate and Pact of 0.4 
bar as the basis. A systematic dripper redesign process for 
lowering activation pressure at this flow rate under a set of 
constraints is presented below. The dimensions and material 
properties of the membranes from the commercial emitters 
(a, b, t, E, � ) (Table 1) were kept constant due to manufac-
turing constraints (the commercial emitter membranes are 
injection molded for Jain Irrigation, Ltd., in one standard 
size). Therefore, the parameters that were allowed to vary 
were hlands , Kpath , and Kchamber.

Sensitivity analysis (Fig.  4) indicated that reducing 
hlands and Kpath would be most effective in reducing acti-
vation pressure: a reduction in Kpath makes the initial flow 
rate versus pressure curve before activation steeper, and a 
simultaneous reduction in hlands forces that curve to level 
off at a lower activation pressure. Therefore, the redesign 
required lowering Kpath of the commercial 2 L/h emitter 
( Kpath,comm2L∕h = 8445 ± 532 Pa  h2/L2 ) and determining 
the corresponding change in hlands needed to maintain the 
original flow rate. Two prototype tortuous paths, which had 
been characterized previously as having lower path resist-
ances than Kpath,comm2L∕h , were considered for use in the 
redesigned emitter (Fig. 3a, Table 1): Kpath,A = 1075 ± 112 
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Pa  h2/L2 ) (used in Prototype 2) and Kpath,B = 4138 ± 97 
Pa h2/L2 (used in Prototype 3). The geometry of the chan-
nel ( wchan, hchan, Lchan) , lands, and outlet radius ( rout ) from 
these prototypes were kept constant, with Kchamber assumed 
to remain the same as in the tested prototypes (Table 1).

The values of the parameters retained from the original 
commercial emitter (a, b, t, E, � ) and the two pairs of resist-
ance values under consideration were entered into the model 
(Eqs. 10 and 11) to determine the distance hlands that would 
provide the target flow rate of 2.3 L/h (the average flow 
rate measured for the commercial emitter), and compute 
the corresponding activation pressure for the two potential 
redesigns. For the design with Kpath,A = 1075 ± 112 Pa h2
/L2 and Kchamber,A = 331 ± 42 Pa h2/L2 , the lands distance 
required for the target flow rate was calculated as hlands,A = 
0.17 mm, with a predicted activation pressure Pact,A = 8 
kPa (0.08 bar). For the design with Kpath,B = 4138 ± 97 and 
Kchamber,B = 584 ± 142 , the required hlands,B was 0.66 mm, 
with activation pressure Pact,B = 23 kPa (0.23 bar).

The latter design with hlands,B = 0.66 mm was selected for 
further prototyping and testing, as the smaller hlands,A = 0.17 
mm required for the alternative design was deemed impracti-
cal for a commercial product. In a commercial drip emitter, 
such a small gap between the membrane and lands could 
cause several complications: it could increase the sensitiv-
ity of emitter flow rate to manufacturing variation and the 
emitter’s clogging tendency. The first consideration can be 
explained via Eqs. 10 and 11: a variation in hlands of ± 0.02 
mm—which can be expected for injection-molded commer-
cial emitters (Table 1)—would be 11.8% of the nominal gap 
size of 0.17 mm and lead to a variation of ± 6.1% in Qact ; 
in contrast, the same absolute variation in hlands would only 
be 3.0% of the larger 0.66 mm gap, corresponding to a vari-
ation of ± 1.5% in Qact . The second consideration is based 
on the fact that suspended particles in irrigation water that 
pass through the filtration system could get trapped below 
the membrane, affecting the emitter flow rate. Common fil-
ter mesh sizes recommended for use in drip irrigation are 
100–200 μ m (Phocaides 2007), which is comparable in mag-
nitude to the gap of 0.17 mm (170 μm), increasing the risk 
of particles getting trapped. In contrast, larger hlands would 
allow a trapped particle to be flushed out when the mem-
brane returns to its undeformed position. For these reasons, 
the redesigned emitter used hlands,B and the corresponding 
Kpath,B.

To create a tortuous path with a target resistance, emitter 
designers can rely on a systematic modification of a previ-
ously characterized tortuous path with a known resistance. 
A standard tortuous path is composed of identical repeating 
units along its length (Fig. 2a); a fluid in steady, hydrody-
namically fully developed flow should attain the same veloc-
ity field and pressure drop across each unit (Zhang et al. 

2011a; Yu et al. 2018). Therefore, Kpath can be adjusted by 
proportionally scaling the number of repeating units. This 
procedure was used for the low-pressure redesign. The tor-
tuous path of the commercial 2 L/h emitter was verified 
by CFD simulation to have approximately linear pressure 
drop with each repeating unit, except in the developing flow 
regions at the start of the path and after the U-turn (see 
Appendix, Fig. 12, for detailed simulation results). It was 
adapted for the low-pressure design by reducing the num-
ber of units from 16 to 6. With all other dimensions kept 
constant, this change was expected to result in a resistance 
of 6∕16 of Kpath,comm2L∕h , or 3167 ± 200 Pa h2/L2 . After the 
path was fabricated by CNC machining, its resistance was 
measured to be Kpath,B = 4138 ± 97 Pa h2/L2 . The differ-
ence between the expected and measured resistances can be 
traced to the assumption of neglecting the pressure drop in 
the developing flow regions, and to machining tolerances, 
which resulted in some dimensional deviations from the 
design, particularly in the gap between teeth (the machined 
gap was 0.05 mm smaller than the commercial path’s gap of 
0.10 mm, which increased the flow resistance) (Appendix, 
Table 3). The principle of linearity of path resistance with 
number of units can be used for initial design of tortuous 
paths with a target resistance; nevertheless, experimental 
validation of Kpath,B after fabrication of a prototype is recom-
mended, due to its sensitivity to manufacturing variation.

The protocols from "Experimental methods" were fol-
lowed to fabricate and test the full redesigned emitter with 
Kpath,B and hlands,B, comparing its hydraulic performance to 
the modeled results and to the original commercial emitter 

Commercial

Low-P

Fig. 8  Comparison of modeled and observed behavior for a prototype 
of the emitter redesigned for low activation pressure, plotted with the 
curve of the commercial emitter used as the basis for the redesign 
(Jain Irrigation, Ltd., TurboCascade 2 L/h). The measured activation 
pressure of the low-pressure design is 38% ± 12% lower than that of 
the basis commercial design
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(Fig. 8). The measured average flow rate of 2.25 ± 0.17 L/h 
matched well to the modeled flow rate of 2.3 L/h, with a 
relative error of 2 % . The activation pressure measured for 
the prototype was 25 ± 5 kPa (0.25 ± 0.05 bar), with an error 
of 9 % from the modeled Pact,B = 23 kPa. These errors were 
within expectations based on model validation results. The 
measured activation pressure of the redesigned emitter was 
38 ± 12% below that of the original commercial emitter with 
an activation pressure of 40 kPa (0.4 bar) (Fig. 8).

Discussion

Despite the simplicity of the analytical model for inline PC 
drip emitters presented in this work, it was shown to robustly 
predict how geometric changes in the membrane, compen-
sating chamber, and flow resistances affect the resulting acti-
vation pressure and flow rate. The present model is based 
on a common commercial architecture (Fig. 2a) but may be 
adapted to other geometries, including those with different 
membranes shapes, membrane boundary conditions, and flat 
or cylindrical bodies. This model can be useful as a para-
metric design tool for irrigation engineers, systematizing and 
accelerating the emitter design process instead of relying on 
a trial-and-error approach. The model’s parametric nature 
offers insights on trade-offs that can guide designers in 
choosing parameter values under certain design constraints-
insights that are not easily codified with the empirical design 
processes used by irrigation companies. The modeled sensi-
tivities can also inform the setup of the manufacturing pro-
duction line by identifying which processes need to produce 
the tightest tolerances to obtain low performance variation.

The utility of the parametric model was demonstrated 
by redesigning a commercial emitter for lower activation 
pressure under a set of imposed constraints. The resulting 
prototype reduced Pact by 38% compared to the commer-
cial emitter it was based on, while maintaining a similar 
flow rate. Such low-pressure PC emitters can be an effec-
tive tool to lower the costs of drip irrigation systems by 
requiring less pumping power. This can reduce the energy 
cost for on-grid systems, and result in substantial savings 
for off-grid (e.g., solar-powered) drip systems by reduc-
ing the capital cost of the solar array. Changing activation 
pressure from 40 kPa (0.4 bar) to 25 kPa (0.25 bar) is 
estimated to reduce off-grid system cost by 10% (based 
on the calculation in Shamshery and Winter (2018) for 
surface water-pumped systems India, adjusted for the cur-
rent activation pressures). This could increase adoption of 
drip systems by smallholder farmers in areas where power 
supplies are limited or unavailable, potentially enabling 
improved crop production.

The presented design study is not comprehensive, and 
was used only to show the utility of the theory and the 

process of how an emitter could be designed within given 
constraints. Given greater design freedom with more than 
one adjustable parameter, the model could be used in an 
optimization algorithm with a desired objective function. 
For instance, an objective function for a minimum activa-
tion pressure at a target flow rate could be defined as the root 
mean square error (RMSE) between the modeled flow rate 
and the target flow rate, defined as a constant for a vector 
of inlet pressures between zero and a maximum operating 
pressure, i.e., having an activation pressure of 0 kPa. Using 
a constrained nonlinear optimization solver with reasonable 
parameter bounds will output the optimal vector of geomet-
ric, material, and resistance inputs that minimize the objec-
tive function.

The limitations of the model must be considered when 
applying the theory presented in this work to dripper design. 
It is important to ensure that the model’s assumptions are 
satisfied within the geometric ranges under consideration. If 
they are not satisfied, the model can be adjusted, as needed, 
to incorporate different sub-models (i.e., for membrane 
deflection, tortuous path resistance, etc.) with additional 
dependencies. For example, a varying path resistance with 
Reynolds number or non-linearity in membrane bending 
could be incorporated into Eqs. 1a and 9, although these 
changes will necessitate an iterative solution for Pact and 
Qact . Another assumption used in the model is that the 
resistance of the particle filter grid at the emitter inlet is 
negligible in comparison to other resistances in the emitter. 
For the three commercial emitters in this study, the filter 
resistance was estimated as a thick orifice using correlations 
from Cioncolini et al. (2015), found to be less than 1% of the 
tortuous path resistance in all cases and, therefore, neglected 
in the model formulation. For emitter architectures where 
the filter grid is extremely fine and has a non-negligible con-
tribution to the overall pressure drop, its resistance could 
be added in series with the resistances in Fig. 2b after Pin.

Another limitation of the present approach is the lack of 
an analytical model for hydraulic behavior after activation. 
This behavior can be simulated using numerical methods, 
as presented by Narain and Winter (2019), after conceptual 
design with the model described here.

The prototyping process includes several limitations as 
well, with the primary one being the sensitivity of the proto-
type hydraulics to defects in machining. Minor defects (e.g., 
burrs or scratches) may result in unintended leakage between 
parts of the flow path that are not designed to be intercon-
nected. To minimize these effects, care should be taken to 
produce prototypes with good surface finish and minimal 
tool marks. Furthermore, while the prototyping method was 
shown to reflect the behavior of an injection-molded dripper, 
it has yet to be tested in the reverse direction, by injection-
molding of the prototype’s geometry and bonding it into 
tubing to ensure that it works as anticipated.
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Finally, this study did not consider the issue of emitter 
clogging, which is frequently seen in drip irrigation (Feng 
et al. 2019; Pei et al. 2014). This analysis describes the 
hydraulic performance of inline emitters and offers designers 
the ability to tune this performance by changing the emitter 
geometry to target a specific flow rate and activation pres-
sure. Yet, changes in emitter geometry can affect its propen-
sity for clogging by influencing the flow characteristics, such 
as locations of vortices (Feng et al. 2018; Zhang et al. 2010). 
Future research should explore the relationship between PC 
emitter geometry and membrane properties and the resulting 
clogging behavior under different water qualities.

Conclusions

A method for designing and prototyping inline PC emitters 
with desired activation pressure and flow rates using an ana-
lytical parametric model is proposed. The analytical model 
presented here expands on existing literature, which has 
focused on numerical methods, and can aid emitter design-
ers in systematically targeting desired performance. The sug-
gested prototyping method can be used in conjunction with 
the model to validate and refine emitter designs. The match 
among the hydraulic performance of the prototypes, com-
mercial emitters, and modeled results provides confidence 
that the theory presented here can be used for the design of 
commercial products.
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Fig. 9  Measured hydraulic properties for five sample tortuous paths 
of different geometries: a flow rate versus pressure; b hydraulic 
resistance Kpath . Each path’s flow rate versus pressure data points 

were fitted to the emitter power law expression, Q = kPx  (Karmeli 
1977); the resulting curve fit lines and equations are displayed on the 
plot
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Fig. 10  Diagram of dimensions used to characterize tortuous paths. 
a A tortuous path consists of a number of identical repeating units, 
Nunits , each shown with a dashed line. textbfb Dimensions that define 
the geometry of a tortuous path, including its depth, hpath , distance 

between neighboring teeth, d, the width of each tooth, wtooth , and the 
path width, wpath . The difference wpath − 2wtooth is the gap between 
teeth
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The model predicted activation pressure within 15% and 
flow rate within 9 % of measured values for six variants of 
inline PC emitters. The theory and prototyping method were 
successfully used to redesign a commercial emitter with 2.2 
L/h flow rate to operate at 38% lower activation pressure 
than the original design. Compared to commercial inline PC 
emitters in that flow rate range, this lower-pressure design 
could lower the drip system pumping power and help reduce 
lifetime system costs. To achieve even further reductions 
in activation pressure, the present model could be incor-
porated into an optimization routine to optimize multiple 
input parameters at a time, within feasible parameter bounds 
specified by a designer.

Future work in this area may include analytical modeling 
of emitter behavior after activation, as well as additional 
testing of the robustness of the present analytical model. 
Physical insights from this model may also be used to inspire 
new dripper architectures for improved performance or 
lower cost.

Appendix

Experimental measurements of tortuous path 
resistance

Method: Tortuous path resistances for three commercial 
emitters and two custom prototypes were measured as 
described in "Experimental methods". Flow rates were 
measured at pressures ranging from 5 to 100 kPa (0.05–1.0 
bar), except for the Prototype Path A, which was limited 
to maximum pressures of 50 kPa (0.5 bar) by the flow 
sensor measurement range. The tortuous path resistance 
Kpath = ΔP∕Q2 and Reynolds number ReDh

= QDh∕A�fl 
were calculated for each measurement, with Q = flow rate 
( m3/s), �fl = kinematic viscosity of water ( 10−6m2/s), Dh 
and A = characteristic hydraulic diameter and area of the 
flow path, respectively. The characteristic dimensions used 
for Dh and A were the height of the tortuous path hpath and 
the distance between two teeth d (Fig. 10; Table 3). Addi-
tional dimensions for each tested tortuous path design are 
listed in Table 3, measured analogously to other emitter 

Table 3  Dimensions of tortuous paths used in experiments (measured with accuracy of ± 0.01 mm), the number of repeating units, Nunits , and 
the mean resistance, Kpath , specified with the standard deviation of all measurements

Path d (mm) hpath (mm) wtooth (mm) wpath (mm) Dh (mm) A (mm2) Nunits Mean Kpath (Pa h2/L2)

Comm 1.1 L/h 0.98 0.74 1.24 2.57 0.84 0.72 20 25,580 ± 1398
Comm 1.6 L/h 1.07 0.92 1.53 3.14 0.99 0.99 18 12,913 ± 1880
Comm 2.0 L/h 1.19 1.07 1.52 3.14 1.13 1.28 16 8642 ± 687
Prototype Path A 1.26 1.07 1.35 3.25 1.16 1.35 6 1075 ± 112
Prototype Path B 1.16 1.05 1.60 3.25 1.10 1.22 6 4138 ± 97

Fig. 11  Experimental measurements for the bending of three mem-
branes with an applied concentrated load. The deflection at the center 
of the membrane is normalized by its thickness t; P is a concentrated 
load applied at the center; it is normalized by the membrane thick-
ness, width b, and flexural modulus D. Measurements for three mem-

branes at three loading speeds are plotted alongside the Kirchhoff 
plate bending model, with Young’s modulus E fitted to each experi-
ment by least squares, then averaged among all experiments. The 
mean fitted E value and standard deviation for the nine experiments 
was E = 2.13 ± 0.15 MPa
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dimensions with accuracy of ± 0.01 mm. The number of 
identical units in each path (Table 3) is determined as 
shown in Fig. 10, with the start, end, and U-turn sections 
of the path not included in the count, as the geometry 
of these segments, and the corresponding pressure drop 
through them, differs from that of the identical units.

Results: The flow rates versus pressure data for each 
tortuous path are plotted in Fig.  9(a). The measured 
data points were curve fit in MATLAB  (MathWorks 
Inc. 2017) to the standard emitter power law equation, 
q = kPx  (Karmeli 1977). The discharge exponent ranges 
between 0.45 and 0.56 for all of the paths, remaining 
within ± 0.06 of the fully turbulent flow exponent of 

0.50 (Karmeli 1977). The highest exponent, 0.56, belongs 
to Prototype Path A, indicating slightly more laminar 
behavior than the other tortuous paths with exponents 
0.45–0.49. This is likely due to Prototype Path A having 
a larger gap between teeth (0.55 mm) than the other paths 
(with gaps of 0.05–0.10 mm only) (Table 3), leading to 
less obstruction and lower turbulence in the flow through 
the path.

Fig. 9b plots the path resistances versus Reynolds num-
ber, with the mean Kpath shown as a horizontal line. The 
mean and standard deviation for each Kpath are reported 
in Table 3.
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Fig. 12  Results of a CFD simulation for one commercial tortuous 
path. a Geometry of the solid emitter body and the extracted fluid 
volume. b The simulated pressure field along the tortuous path at 
Pin = 50 kPa (0.5 bar) with a flow rate of 2.29 L/h. Dots indicate the 
location of probes where pressure readings were extracted. c Pressure 

along the centerline of the tortuous path plotted versus distance along 
the path. The first half of the path is plotted in black; the second half 
(after the U-turn) is plotted in gray. Linear curve fits (dashed lines) 
have similar slopes, indicating that pressure drop is approximately 
linear with each repeating unit
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Experimental measurements of membrane 
deflection

Method: Membranes from commercial drippers made by 
Jain Irrigation, Ltd., were tested in bending with a texture 
analyzer (Stable Microsystems TA.XT Plus, accuracy of ± 
0.5% for load cells, ± 0.1% for distance, ± 0.1% for speed). 
Each membrane was held in a custom fixture machined to 
replicate the geometry and boundary conditions of the mem-
brane chamber in the commercial inline emitters. A load 
was applied at the center of the membrane with a 0.8-mm 
diameter ball-end probe lubricated with WD-40 to minimize 
friction with the membrane. The texture analyzer measured 
the applied load, the distance moved by the probe (equal 
to the membrane deflection at the center), and the loading 
speed. Three membranes were tested, each at three different 
loading speeds (0.1, 0.25, and 0.5 mm/s). The maximum 
deformation was limited to 1.1 mm—the maximum distance 
the membranes could deflect before reaching the lands in all 
emitters tested in this study.

Results: Normalized deflection versus loading curves are 
plotted in Fig. 11.

CFD simulation of pressure drop in a tortuous path

Method: A CFD simulation was used to validate the lin-
earity of pressure drop with identical repeating units in a 
tortuous path. The geometry of the Jain Irrigation, Ltd., 2 
L/h PC emitter was used to extract the fluid volume and 
model the flow in STAR-CCM+ (Siemens Digital Indus-
tries Software 2018) (Fig. 12a). Boundary conditions were 
no slip along the walls, with the inlet at a uniform gauge 
pressure Pin = 50 kPa (0.5 bar) and the outlet at zero gauge 
pressure. A polyhedral mesh with 502,776 cells was used. 
Pressure probes were set up along the length of the tortuous 
path, passing through the center of the gap between the teeth 
(Fig. 12b). The flow was simulated in steady state with the 
realizable k–epsilon turbulence model for the fluid, which 
has been used by Dazhuang et al. (2007) and is expected to 
have higher accuracy for rotating flows than the standard 
k–epsilon model. The k–epsilon turbulence models do not 
account for flow anisotropy, and Al-Muhammad et al. (2019) 
recommend the use of Reynolds Stress Models (RSM) in 
cases where detailed simulations of velocity profiles are 
needed. However, the purpose of the current analysis was 
solely to validate the trend of pressure drop with number of 
teeth, which has been seen with models ranging from stand-
ard k–epsilon (Yu et al. 2018) to RSM (Zhang et al. 2011a); 
hence, a k–epsilon model was deemed sufficient.

Results: Pressure is seen to be nearly linear after the 
initial regions at the start of the path and after the U-turn, 
where flow is developing hydro-dynamically (Fig. 12c). 
Hence, the pressure drop coefficient Kpath can be adjusted by 

a designer to a desired value by removing or adding repeat-
ing units from a tortuous path whose resistance has already 
been characterized.
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