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a  b  s  t  r  a  c  t

An  analytical  approach  for predicting  the  wetted  soil  volume  underneath  an emitter  laid  on  the  ground
surface  is developed.  The  approach  is  based  on:  (1)  the Green  and  Ampt  assumption,  (2)  Hammami  et  al.
model  that  enables  the  inference  of  the wetted  soil  depth  from  the radius  of  the humid  area  at  the  ground
surface  and  (3)  the  hypothesis  that  the  bulb  keeps  a semi-elliptical  shape  whose  diagonals  are  merged
with  the soil  surface  and  the  symmetry  axis,  respectively.  Knowing  the  initial  water  content  �i , the soil
hydraulic  conductivity  Kf and  the  water  content  �f at wetting  front  position,  the  proposed  approach
allows  the  inference  of  the wetted  bulb  volume  from  the  radius  of the  wetted  spot  at  the  soil  surface.
Experimental  trials  were  carried  out  in  laboratory  conditions  to assess  the relevance  of the  proposed
method.  The  measurements  were  made  during  the  infiltration  process  in  three  soil  types:  loamy  clay,
ater balance sandy  clay  loam  and  sandy  clay.  The  wetting  front progression  was  monitored  via  the  measurement  of
the wetting  front  radius  Rf(t)  at the soil  surface  and  the  determination  of  the  moistened  bulb  volume
Vb(t) by  water  balance  equation.  The  Vb(t) values  thus  determined  were  compared  to those  predicted
by  the  present  approach.  The  results  exhibit  a good  agreement  between  calculated  and  predicted  data.
Furthermore,  predicted  values  are  close  to those  inferred  from  Healy  and  Warrick  (1988)  model.

© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

In most countries where water resources are becoming scarce,
rickle irrigation is considered as a must rather than a choice since it
rovides a substantial reduction of water losses at the farm level as
ell as high crop yields. The recorded water savings could reach 50%

ompared to furrow or basin irrigation (Clyder et al., 1989; Cabibel,
991; Satpute et al., 1992). These benefits enhanced the worldwide
se of trickle irrigation. According to Coelho and Or (1997), the
rea equipped with trickle irrigation systems covers more than 3.0
illion ha in 2000 against 1.8 million ha in 1991.
It is worth pointing out that drip irrigation reduces significantly

he wetted soil surface. Indeed, the moistened spots at the ground
urface reduce evaporative losses, soil borne diseases as well as
he development of weeds. Furthermore, the supplied water is
tored within reduced soils volumes so that deep percolation is

ignificantly limited. Because fertilizers would be dissolved with
upplied water, trickle irrigation ascertains accurate and equitable
utrients’ distribution. The fertigation trials carried out by Jiusheng

∗ Corresponding author. Fax: +216 72 468 088.
E-mail address: hammami.moncef@ymail.com (H. Moncef).

ttp://dx.doi.org/10.1016/j.agwat.2015.12.020
378-3774/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

et al. (2004), on sandy and loamy soils with surface point sources,
revealed that nitrate is accumulated at the boundary of the wetted
bulb regardless of the fertigation strategy. To reap best profit from
the trickle irrigation system, the water distribution network and
irrigation management should be designed so that the wetted bulb
matched the rooted soil volume.

To achieve the matching between the moistened bulb and
the rooted soil volume, wetting front, the shape as well as the
dimensions of the wetted bulbs should be accurately determined
(Fernandez-Galvez and Simmonds, 2006; Wei  et al., 2011). Dabral
et al. (2012) claimed that wetting pattern is a major issue in opti-
mizing lateral placement and emitter spacing as well as in selecting
the appropriate pressurized trickle irrigation system.

Several studies have been devoted to the analytical (Philip,
1984; Chu, 1994), numerical (Simunek et al., 1999; Lazarovitch
et al., 2007) or empirical (Zur, 1996; Amin and Ekhmaj, 2006;
Elmaloglou and Malamos, 2006; Maziar et al., 2008; Thabet and
Zayani, 2007; Dabral et al., 2012) formulations of the bulb shape
and wetted soil dimensions.
However, the available methods for trickle irrigation schedul-
ing do not integrate full advantages of micro-irrigation systems.
Indeed, analytical approaches are often based on fairly drastic
assumptions that strongly affect their reliability (Dabral et al.,

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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012). Communar and Friedman (2013) provided analytical solu-
ions to the unsteady three-dimensional infiltration from surface
r subsurface point sources. These solutions were derived from a
inearized form of Richards’ equation assuming that soil surface
vaporation being linearly dependent on the matric flux poten-
ial and the soil hydraulic conductivity is an exponential function
f the pressure head and depth. The obtained solutions were
mplemented in the DIDAS (Drip Irrigation Design And Schedul-
ng) software package for assisting trickle irrigation design and
cheduling for various crops and soils conditions. Cook et al. (2003)
roposed a software tool (WetUp) based on analytical solution to
alculate the wetted perimeter for both buried and surface emit-
ers. However, defining the wetting front by initial water content
orresponding to a hydraulic conductivity of 1 mm/h  is unrealis-
ic. In contrast, numerical models account for realistic soil water
roperties and larger range of initial and boundary conditions. Nev-
rtheless, their use in trickle irrigation design remains uncommon
Arbat et al., 2013).

Because of their simplicity and feeless, empirical models are
onsidered as useful tools for trickle systems design (Healy and

arrick, 1988; Keller and Bliesner, 1990; Amin and Ekhmaj, 2006;
aziar and Šimůnek, 2010a,b; Dabral et al., 2012). Maziar and

ˇimůnek (2010a,b) compared the accuracy of several approaches
sed to estimate wetting bulb dimensions under surface and sub-
urface drip irrigation conditions. The recorded mean absolute
rrors between predicted and observed values range from 0.87 to
0.43 cm for HYDRUS-2D, 1.0 to 58.1 cm for WetUp model and 1.34
o 12.24 cm for Amin and Ekhmaj (2006) and Maziar et al. (2008)
mpirical models.

This paper is targeted to the development of an analytical
pproach for predicting the wetted soil volume (Vb) by a single
mitter laid on the ground surface under various soil textures. The
dvocated approach is based on Hammami  et al. (2002) method for
redicting the wetted soil depth.

. Theory

According to Hammami  et al. (2002), the combination of infil-
ration and continuity equation leads to:

f (t) = Rf (t) + Kft

2(�f − �i)
(1)

here Zf(t) = maximum depth of the wetting front [L] at time t [T],
f(t) = radius of the wetting front [L] at the soil surface at time
, Kf = hydraulic conductivity [LT−1] at the wetting front position,
f = volumetric soil water content [L3L−3] at the vicinity of the wet-
ing front, �i = initial volumetric soil water content [L3L−3].

Eq. (1) allows the inference of the wetting front depth (invisible
nd difficult to measure) from the radius of the moistened spot at
he soil surface (visible and readily measurable) provided that Kf,
f and �i are previously known. Let us consider the ratio:

Zf(t)
Rf(t)

= 1 + Kft

2(�f − �i)Rf(t)
(2)

t appears that Zf(t)/Rf(t) is a monotonically increasing function
ith time. This function satisfies the following conditions:

 → 0,
Zf

Rf
→ 1 (3a)

 → ∞,
Zf

Rf
→ ∞ (3b)

Eq. (1) may  be considered as a useful tool to assess deep water

rainage and fertilizer leaching as well as the shape of the moist-
ned bulb. However, Eq. (1) does not give the volume of the
umidified bulb straightforwardly. The humidified bulb generated
y a single dripper is defined as the wetted soil volume where
Fig. 1. Evolution of the wetting front limit during the infiltration process.

�(r, z) ≥ �f with r and z being radial and vertical spatial coordi-
nates, respectively. Subsequently, the wetting front position may
be defined by the boundary condition �(r, z) = �f. From physical
standpoint, the wetting front defines the lateral surface of the
bulb where the pressure head gradient is maximal that supplies
the energy requirement for water transfer within the vadose zone
(Hillel, 1988; Clement et al., 1994; Hammami  et al., 2002). Thus,
the wetting front coordinates satisfy the following conditions:

∂h
∂r

= maximum

∂h
∂z

= maximum

Healy and Warrick (1988) hypothesized that the wetting front
corresponds to an increase of the humidification rate by 25%.

From a mechanistic point of view, the wetting front is a mov-
able equipotential line where the pressure head h(r, z) is equal to
the one at the wetting front (hf). Any point M on this line moves
along a current line (OM) perpendicular to the wetting front (Fig. 1).
Applying the continuity equation to the water volume stored in the
soil element [ABCD], between times t and t + dt, yields:

qdt = UN(�f − �i)dt (4)

where q, U and N refer to the infiltration flow rate (LT−1) at a given
point M on the wetting front, the velocity (LT−1) of the point M
between t and t + dt and the normal to the wetting front at the point
M.

The velocity UN may  be inferred straightforwardly from Eq. (4):

UN = q

�f − �i
(5)

Thus, any elementary displacement of the point M to M′ satisfies:

MM′ = UNdt = qdt

�f − �i
(6)

The decomposition of the flow rate q into OR and OZ axes, pro-
vides:

Rf =
t∫
0

q sin ˛

�f − �i
dt (7)

Zf =
t∫

q cos ˛
dt (8)
0

�f − �i

where  ̨ = angle between the vertical and the vector q at the point
M, Rf(t) = radius of the humidified spot at time t, measured at the
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oil surface, Zf(t) = maximum wetting front position at time t, given
y Eq. (1).

Following Green and Ampt (1911), we assume hereinafter that
he flow is piston-type:

R (r, z = 0, t) ≤ Rf (t) , � (r, z = 0, t) = �f

R (r, z = 0, t) > Rf (t) , � (r, z = 0, t) = �i

Z (r  = 0, z, t) ≤ Zf (t) , � (r  = 0, z, t) = �f

Z (r  = 0, z, t) > Zf (t) , � (r  = 0, z, t) = �i

(9)

here the subscripts i and f refer to the initial and wetting front
onditions, respectively.

Green and Ampt (1911) assumption is widely used in infiltra-
ion modelling (Cindy and Hunt James, 1996; Ogden and Saghafian,
997; Revol et al., 1997). According to Philip (1954), this assump-
ion holds true especially in delta soils where the hydraulic
iffusivity obeys a Dirac function. Nevertheless, Philip (1984) rec-
gnized that the assumption of uniform water content within the
oil profile is somewhat unrealistic except for small soil volumes.
t is obvious that such a condition is likely to prevail under an iso-
ated emitter when the moistened bulb volume is low. Accounting
or the assumptions formulated by Eq. (9), one can write:

�  = �f − �i = constants (10)

Dividing Eq. (8) by Eq. (7), we obtain:

f = Rf cot g˛ (11)

here  ̨ lies within the interval [0, �/2].
Therefore, at any time t, radial (Rf(t)) and vertical (Zf(t)) coordi-

ates of a given point M located on the wet bulb border satisfy Eq.
11). It should be noticed that:

˛ = 0 at the intersection between the wetting front and the sym-
metry axis.
˛ = �/2 at the intersection between the wetting front and the soil
surface.

During the infiltration phase, any point M on the wetting front
ollows the same current line and its coordinates always fulfil Eq.
11). Nevertheless, the angle  ̨ varies within the following limits:

 → 0,  ̨ → �
2

(12a)

 → ∞,   ̨ → 0 (12b)

Therefore, one may  conclude that the wetted bulb has a semi-
lliptical shape whose eccentricity (Zf/Rf) increases from zero to
nfinity during the infiltration phase. This result is consistent with
he hypothesis of Quadri et al. (1994) and Reynolds and Zebchuk
1996). If the diagonals “a” and “b” of the semi-ellipse coincide
ith the soil surface and the symmetry axis respectively, then the
olar coordinates of any point M on the ellipse contour verify the
ollowing equation:

R2

a2
+ Z2

b2
= 1 (13)

Whatever the elapsed time, the diagonal values « a » and « b »
re expressed by the following equations:

 = 2Rf(t) (14)

 = 2Zf(t) (15)

The combination of Eqs. (13), (14) and (15) leads to:
(t) = 2Zf(t)

√
1 − R2(t)

4R2
f (t)

(16)
Fig. 2. Hypothetical semi-elliptic shape of the moistened bulb.

The area Af(t), delimited by the wetting front C(t), the soil sur-
face and the symmetry axis (Fig. 2), may  be evaluated by the next
integral:

Af(t) =
Rf(t)∫

0

Z(t)dX =
Rf(t)∫

0

2Zf(t)

√
1 − R2(t)

4R2
f (t)

dX (17)

where X is a dummy  variable.
So the volume of the moistened bulb Vb(t) can be inferred by

rotating the area Af(t) by an angle  ̊ = 2�, i.e.:

Vb(t) =
2�∫
0

⎡
⎣Rf(t)∫

0

2Zf(t)

√
1 − R2(t)

R2
f (t)

R(t)dX

⎤
⎦d˚ (18)

After variable change and elementary rearrangements, we
obtain:

Vb(t) = 4�
3

Zf(t)R2
f (t) (19)

Finally, the combination of Eqs. (1) and (19) yields:

Vb (t) = 2�
3

R2
f (t)

(
2Rf (t) + Kft

�f − �i

)
(20)

Eq. (20) shows that Vb(t) is a continuous increasing function with
respect to time and varying between the following limits:

t → 0, Vb(t) → 4�
3

R3
f (t) (21a)

t → ∞,  Vb (t) → ∞ (21b)

This result complies with conditions (3a) and (3b). The gravi-
tational term in Eq. (20) decreases as the initial water content �i

decreases. Therefore, the shape of the moistened bulb tends to be
quasi-hemispherical as long as the initial soil profile is dry. This
explains why the hemispherical models (Ben-Asher et al., 1986;
Clothier and Scotter, 1982) are more reliable in such conditions. By
cons, for longer infiltration periods, the radius of the wetted spot
Rf(t) tends to a finite limit whereas the gravitational term (Kf(t))
tends to infinity. Nevertheless, Eq. (21b) remains valid as long as
the sink function, representing evaporation and roots water uptake
in Richards’s equation, is null. Thus given Kf, �f and �i values, the
proposed approach enables to compute the moistened soil volume
underneath a single emitter on the soil surface.

3. Validation of the approach

To assess the reliability of the present approach, trickle irriga-
tion trials were carried out with emitters laid on the ground surface.

The monitoring of the wetting front kinetic was performed in three
homogeneous and isotropic soil types: loamy clay, sandy clay loam
and sandy clay. The infiltration trials lasted 12.0 h. The delivered
emitter discharges were 1.0 l/h in the sandy clay soil, 2.0 l/h in
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he sandy clay loam soil and 1.0, 2.0 and 4.0 l/h in the loamy clay
oil. The details of the experimental setup and trials are given by
ammami  and Maalej (1999).

.1. Descriptive variables

The required input data for estimating the moistened bulb dur-
ng the infiltration process, from a single emitter on the soil surface,

ere:

i) The radius of the wetting front on the ground surface Rf(t). It is
deduced from the perimeter of the wet spot at the soil surface,
assumed to be circular. It should be emphasized that Rf(t) is
easily measurable either in laboratory or field conditions.

ii) The soil water retention curve (Fig. 3). It allows the inference of
the soil water content from the matric potential measured prior
to the infiltration process (hi) or at the wetting front contour
(hf).

iii) The saturated hydraulic conductivity of the soil Ks.
iv) The hydraulic conductivity-pressure head relationship K(h)

inferred from the capillary model of Mualem (1976).
v) The initial water content �i inferred from the soil–water reten-

tion curve. For the loamy clay soil, �i was equal to 0.27 cm3/cm3

(Hammami  et al., 2002).
vi) For the loamy clay soil, the water content �f correspond-

ing to a matric potential hf equal −40 mb  is approximately
0.40 cm3/cm3 (Fig. 3). As mentioned in the above section, the
pressure head gradient is maximal at the wetting front bound-
ary. Consequently, one can argue that the pressure head at the
wetting front position corresponds to the inflexion point of the
retention curve (Hammami  et al., 2002).

ii) The hydraulic conductivity at the wetting front Kf was  equal to
0.345 cm/h for the loamy clay soil.

.2. Monitoring methodology

The infiltration of water in a relatively dry soil gives rise to the
ppearance of a wetting front or interface separating the humidified
nd the yet dry zones. This fringe is characterized by a notice-
ble change in the soil color from dark to light (Revol et al., 1997;
ammami  et al., 2002; Thabet, 2007). This visual clue was used

o monitor the temporal variation of Rf(t) throughout the infiltra-
ion phase. The perimeter of the wet spot is readily measured by a
tring that follows the contour of the moistened area (Hammami
t al., 2002). For validation purpose, we compare the wetted bulb
olume predicted by Eq. (20) with those deduced from the water
alance equation, namely:

t = (�f − �i)Vb(t) + Ve(t) (22)

here Q = the emitter discharge [L3T−1], Ve(t) = the volume of water
vaporated from the wet spot.

The volume Ve(t) is computed by:

e(t) =
t∫
0

E(t)Sf(t)dt (23)

here E(t) = the evaporation flux density [LT−1] in the wet spot,
f(t) = the area of the wet spot at the soil surface [L2].
In what follows, we consider that E(t) is proportional to the
lapsed time:

(t) = Et (24)
Fig. 3. Water retention curves; fitted (lines) against experimental data (crosses)
recorded in: sandy clay (a), sandy clay loam (b) and loamy clay (c) soils.

Taking into account Eq. (24) and the hypothesis of a circular
humidified spot (Ben-Asher et al., 1986; Hammami et al., 2002;
Thabet, 2007), Eq. (23) becomes:

Ve(t) = 2�E

Rf(t)∫
0

tRf(t)dRf(t) = �EtR2
f (t) (25)
In the experimental trials’ conditions, the values of E(t) were
measured hourly using a Piche evaporimeter. The climate station is
located about a few hundred meters from the laboratory. The use
of the Piche evaporimeter is justified by the similarity between lab-
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ratory and shelter micro-climate conditions: no direct radiation,
egligible wind speed and significant humidity in the vicinity of the
lotting paper and within the moistened spot.

During the experimental trials, the volume of evaporated water
as almost negligible. Indeed, this volume was  less than 5.2% of

he supplied water. Similar results have been reported by Coelho
nd Or (1996), Philip (1989) and Revol (1994). These authors found
hat measured evaporation did not exceed 6% of the supplied
ater under trickle irrigation conditions. Likewise, Mathur and Rao

1999) consider that the cumulative evaporation remains negligi-
le during the infiltration phase. Under these circumstances, Eq.
22) may  be written as following:

b(t) = Qt

�f − �i
(26)

According to this equation, Vb(t) may  be inferred straightfor-
ardly from the emitter discharge Q, the irrigation duration t and

he water contents before �i and after �f the passage of the wet-
ing front. The wetted bulb volumes calculated by Eq. (26) were
ompared to the predicted ones derived from Eq. (20).

. Results and discussion

The temporal variation of the moistened bulb Vb(t) was  moni-
ored on the basis of the experimental Rf(t) curves established by
ammami  et al. (2002) and Eq. (20). The predicted values Vbp(t) are
ompared to those derived Vbc(t) from the water balance equation
Eq. (26)). Fig. 4 illustrates a fair agreement between predicted and
alculated wetted bulb volumes for loamy clay and sandy clay loam
oils under an emitter discharge of 2 l/h. Incidentally, the difference
etween calculated Vbc(t) and predicted Vbp(t) volumes is always

ess than the relative error on Vbc(t). Contrariwise, for the emitter
ischarge of 1 l/h, the difference is more significant but still of the
ame magnitude as the measurement errors. Indeed, roughly the
alf of the predictions lies within the interval of variation of the
alculated values of Vbc(t). It should be emphasized that Eq. (26)
llustrates how inaccuracy in �f and/or �i values can lead to such
isparities. While the shape of the bulb is semi-elliptical, the fact
emains that the diagonal is not always merged with the ground
urface as assumed beforehand. Fig. 4 shows that the temporal
ariation of the wetted bulb dVb/dt,  generated by an emitter dis-
harge of 2 l/h, is greater than the one induced by a discharge of

 l/h regardless of the elapsed time. It should be emphasized that
his result is quite expected. Indeed for the same initial soil condi-
ions, the large supplied water amounts (Qt) replenish higher void
olume.

For sake of accuracy, the wetted bulbs estimated by Eq. (20) were
ompared to those generated from deemed accurate methods, such
s Healy and Warrick (1988) method. Because of its formulation in
imensionless form, this latter method is considered of general use
nd among the most accurate analytical approaches quoted in the
iterature.

∗
b (t) = J

√
t∗ + Kt∗ + Lt∗√t∗ (27)

here

V∗
b = �3Vb

t∗ = �Kst(
�s − �r

)
Q ∗ = �2Q

Ks

(28)
ith V∗
b = dimensionless volume of the wetted bulb, � = fitting

arameter [L], Ks = hydraulic conductivity at natural saturation
LT−1], �s = soil water content at natural saturation [L3L−3],
r = residual soil water content [L3L−3].
Fig. 4. Evolution of bulb volume during the infiltration phase: predicted Vbp(t) (��)
against calculated Vbc(t) (xx) values with their interval of variation recorded in
loamy–clay (a and b) and in sandy clay loam soils (c).

Eq. (27) shows that the calculation of V∗
b requires the knowl-

edge of the coefficients J, K and L. These coefficients are tabulated
by Healy and Warrick (1988). The knowledge of the soil water char-
acteristics (�, Ks, �s and �r) allows the adjustment of the appropriate
coefficients of Eq. (27) (J, K and L). This adjustment produces:

For sandy clay soil, Q = 1.01l/hVb(t) = −0.04
√

(t) + 5.3t + 0.59t3/2 (29a)

For loamy clay soil,Q = 4.0l/hVb (t) = 0.54
√

t + 13.26t  + 0.53t3/2 (29b)

where t and Vb are expressed in hours and litres, respectively.

Fig. 5 exhibits a fair agreement between wetted bulb volumes Vbp(t)
predicted by Eq. (20) and those calculated by Eqs. (29a) and (29b).
As a matter of fact, the two curves depicted in Fig. 5 are virtually
identical for the loamy clay soil. Contrariwise, in the case of sandy
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Clothier, B.E., Scotter, D.R., 1982. Constant flux infiltration from a hemispherical
ompared to those calculated using Healy and Warrick (1988) solution (••): data
ecorded in sandy clay (a), and in loamy clay (b) soils.

lay soil, the difference is more noteworthy but still comparable to
he measurement errors (Fig. 5a).

The discrepancy between predicted and calculated volumes
fter 6, 8 and 10 h of infiltration could be attributed to the mea-
urement errors and to the wetting front boundary conditions.

Regarding the aforementioned results, one can assert that the
roposed method is of interest for design purpose. The monitor-

ng of the expansion of the wet spot radius on the ground surface
s very easy. In field conditions, the initial water content �i could
e fixed according to the crop water tolerance, climate conditions
nd irrigation scheduling (Gardenas et al., 2005; Hanson et al.,
006; Hammami  et al., 2013). According to Philip (1957), Imbernon
1981) and Ben-Asher et al. (1986), the water content at the wet-
ing front �f is virtually constant throughout the infiltration process
rovided that the initial water profile is uniform. Since the water
ontent is quite difficult to measure on the wetting front boundary

r at the interface between layers, one can infer it from the reten-
ion curve (Hillel, 1988; Ogden and Saghafian, 1997). Obviously,
his procedure assumes that the pressure head hf is previously
r Management 166 (2016) 123–129

known. This latter generally varied from −9.62 cm for sandy soils
to −62.77 cm for clay soils (Ogden and Saghafian, 1997). Depending
on the soil texture, hf values ranged within the interval [−100 cm,
−50 cm]  in initially dry soils (Hillel, 1988). If the saturated soil
hydraulic conductivity is known, then Kf may  be derived from the
capillary model of Mualem (1976) without recourse to the exper-
imental determination of K(h) relationship. The inference of the
hydraulic conductivity-pressure head relationship K(h) from the
retention curve �(h) is widely used in literature (Van Genuchten,
1980). Notwithstanding its tediousnees, the in situ measurement
of K(h) curve remains more advisable than prediction methods
because of its accuracy.

Finally, the main features of the proposed approach are: (i) it
is of mathematical build up then it is robust and relevant, (ii) it is
usable for various soil water properties and crops conditions, (iii) it
needs relatively easier and reduced input data than other analytical
approaches. Though it predicts the wetted bulb volume (Vb) for a
single emitter, this approach could be a useful tool for trickle irriga-
tion system design and management. Even though trickle irrigation
is managed in a manner so that a continuous wetted strip is sought
at the vicinity of the ground surface, the overlapping between bulbs
may  be avoided because of high network costs and water drainage.
In this backdrop, we can allow that two neighbouring wetted bulbs
touch each other without overlapping.

5. Conclusion

The wetted bulbs’ shape and volume are essential data for trickle
irrigation system design and management. In this paper, an ana-
lytical approach was  developed for estimating the soil volume
wetted by a single emitter laid on the ground surface. The approach
assumes that the flow is piston-type and the wetted bulb’s shape is
semi-elliptical. The developed equation fulfils the boundary condi-
tions for an axi-symmetric flow. The proposed method is proven
to be valid either in transient flow or in steady state condition.
During the infiltration process, the moistened bulb keeps a semi-
elliptical shape whose eccentricity increases from unity to infinity.
A fair agreement is found between results generated by the present
approach and those produced by the water balance and Healy and
Warrick (1988) methods. The main advantages of the proposed
method are: easy and limited measurable input data, accuracy,
validity at short and long run times, completion of all boundary
conditions and analytical character. Nevertheless, the proposed
approach was assessed on bare and homogeneous loamy, sandy
clay loam and sandy clay soils. Further trials are required to extend
its validity to more realistic field conditions.
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Maziar, M.K., Šimůnek, J., 2010b. Comparison of numerical, analytical, and
empirical models to estimate wetting patterns for surface and subsurface drip
irrigation. Irrig. Sci. 28, 435–444.

Maziar, M.K., Liaghat, A., Abbasi, F., 2008. Estimation of soil moisture pattern in
subsurface drip irrigation using dimensional analysis method. J. Agric. Sci. 39
(2), 371–378.

Mualem, Y., 1976. A new model for predicting the hydraulic conductivity of
unsaturated porous media. Water Resour. Res. 12, 513–522.

Ogden, Fred L., Saghafian, Bahram, 1997. Green and Ampt infiltration with
redistribution. J. Irrig. Drain. Eng. 123, 386–393.

Philip, J.R., 1954. An infiltration equation with physical significance. Soil Sci. 77,
153–158.

Philip, J.R., 1957. Theory of infiltration: sorptivity and algebraic infiltration
equations. Soil Sci. 84, 257–264.

Philip, J.R., 1984. Travel times from buried and surface infiltration point sources.
Water Resour. Res. 20, 990–994.

Philip, J.R., 1989. The scattering analog for infiltration in porous media. Rev.
Geophys. 27, 431–448.

Quadri, M.B., Clothier, B.E., Angulo Jaramillo, R., Vauclin, M.,  Green, S.R., 1994.
Axisymmetric transport of water and solute underneath a disc permeameter:
experiments and numerical model. Soil Sci. Soc. Am.  J. 58, 696–703.

Revol, P., 1994. Caractérisation Hydrodynamique Des Sols Par Infiltration
Bidimensionnelle Axisymétrique et Modélisation Simplifiée de la
Micro-Irrigation. Thèse de Doctorat Université de Grenoble, 221 p.

Revol, P., Clothier, B.E., Mailhol, J.C., Vachaud, G., Vauclin, M.,  1997. Infiltration
from a surface point and drip irrigation: an approximate time-dependent
solution for wet-front position. Water Resour. Res. 33, 1869–1874.

Reynolds, W.D., Zebchuk, W.D., 1996. Hydraulic conductivity in a clay soil: two
measurement techniques and spatial characterization. Soil Sci. Soc. Am.  J. 60,
1679–1685.

Satpute, G., Bendale, S., Kausal, A., 1992. Water requirement of tomato crop under
drip and furrow irrigation. KPV Res. J. 16, 83–87.

Simunek, J., Sejna, M.,  Van Genuchten, M.Th., 1999. The HYDRUS-2D software
package for simulating two-dimensional movement of water, heat and
multiple solutes in variably saturated media, version 2.0. Rep.
IGCWMC-TPS-53, Int. Ground Water Model.Cent., Colo. Sch. of Mines, Golden
CO,  p. 251.

Thabet, M.,  2007. Etude de l’Irrigation Goutte à Goutte en Milieu Aride: Impacts
Sur  la Salinisation du sol et une Culture de Piment (Capsicum annuum). Thèse
de  Doctorat en Sciences Agronomiques. Institut National Agronomique de
Tunis. Université de Carthage, 160 p.

Thabet, M.,  Zayani, K., 2007. Wetting pattern under trickle source in a loamy sand
soil of south Tunisia. Am.–Eurasian J. Agric. Environ. Sci. 3 (1), 26–30.

Van Genuchten, M.Th., 1980. A closed-form equation for predicting the hydraulic

conductivity of unsaturated soils. Soil Sci. Soc. Am.  J. 44, 892–897.

Wei, W.Y., Xiao, Y.M., Juan, L., Martin, P., 2011. Simulation of point source wetting
pattern of subsurface drip irrigation. Irrig. Sci. 29 (4), 331–339.

Zur, B., 1996. Wetted soil volume as a design objective in trickle irrigation. Irrig.
Sci.  16, 101–105.

http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0045
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0050
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0055
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0060
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0065
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0070
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0075
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0080
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0085
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0090
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0095
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0100
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0105
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0110
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0115
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0125
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0130
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0135
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0140
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0145
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0150
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0155
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0160
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0165
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0170
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0175
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0180
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0185
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0190
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0195
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0200
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0205
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0210
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0215
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0225
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0230
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0235
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0240
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245
http://refhub.elsevier.com/S0378-3774(15)30191-8/sbref0245

	An analytical approach to predict the moistened bulb volume beneath a surface point source
	1 Introduction
	2 Theory
	3 Validation of the approach
	3.1 Descriptive variables
	3.2 Monitoring methodology

	4 Results and discussion
	5 Conclusion
	References


