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In this work, the electric charging effect on the spreading of droplet impacting on dielectric substrates has
been investigated. The charged water droplets were directed on the paraffin wax and the Teflon-coated
plates. The impinging behavior was visualized and recorded using a CCD camera to identify the maximum
extent of the flattened droplets. Droplet diameter and velocity approaching the wall were measured as
well. The diameter of the electrically charged droplet at the maximum spread turned out to be larger
compared to that of neutral droplet (at the maximum spread), and the difference becomes larger with
increasing of the electric charge ratio (defined as the ratio of the actual electric charge to the Rayleigh
limit). This phenomenon is considered to be due to reduction of effective interfacial tensions between
the liquid and the gas and between the liquid and the solid by electric charging. Finally, an improved
model was proposed to predict the maximum spreading ratio for electrically charged droplets by intro-
ducing correlations on the liquid–gas and the liquid–solid interfacial tensions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The impingement phenomenon of electrically charged droplets
is widely seen in many applications such as electrostatic spraying,
surface coating (wall deposition of droplets), agricultural sprays,
and ink-jet printing. The electrostatic spraying and the ink-jet
printing, in particular, are considered highly competitive alterna-
tive technologies in manufacturing of thin films for plasma display
panels and implants. Thus, there is a need for further studies on the
impinging behavior of the charged droplets, particularly with re-
spect to post-impingement regimes and maximum spreading ratio.

The maximum spreading ratio (bmax) of droplets, expressed as
the ratio of the maximum extent of droplet (Dmax) to the droplet
diameter (d), is a primary parameter for predicting post-impinge-
ment regimes and the spreading area of the droplets:

bmax ¼
Dmax

d
: ð1Þ

A number of works have focused on modeling the maximum
extent of a spread, particularly by Chandra and Avedisian (1991),
Pasandideh-Fard et al. (1996), Mao et al. (1997), Park et al.
(2003) and Ryu and Lee (in press). They have proposed theoretical
models based on the application of mass and energy conservation
in relation to the pre-impact state and the maximum spread state.
They also compared the models with the measured values to show
how well the models represent the maximum spreading ratio. The
ll rights reserved.

: +82 42 350 8207.
.

accuracy of those models depends on the correlations on the sur-
face energy at the maximum spread and the dissipated energy dur-
ing the spreading process. Several correlations on the dissipated
energy have been proposed by Pasandideh-Fard et al. (1996),
Mao et al. (1997) and Park et al. (2003), all based on the concept
of Chandra and Avedisian (1991). The underlying assumption of
such proposals is that the shape of the droplets at a maximum
spread, which is a key feature in estimating the surface energy,
must resemble either a cylindrical disk or a spherical cap. Ryu
and Lee (in press) subsequently showed from the visualized images
that the actual shape is similar to a half-torus and proposed an im-
proved maximum spread model based on that configuration.

All the above studies on the maximum spread of droplets were
performed for electrically neutral cases and, thus, may not be suit-
able for predicting the impinging behavior of charged droplets.
When a droplet is electrically charged, the liquid–gas and liquid–so-
lid interfacial tensions are expected to be changed, and accordingly,
the wettability of the wall surface is varied. The surface wettability
represented by the static contact angle is known to be an impor-
tant factor determining the maximum spread (Mao et al., 1997;
Ryu and Lee, in press). We therefore expect the spreading behavior
of electrically charged droplets to differ from that of neutral drop-
lets. Because of the application of charged droplets in electrowett-
ing and electrostatic spraying, many researchers have studied how
electric fields and charged droplets affect surface wettability
(Bateni et al., 2005, 2006; Digilov, 2000; Kang et al., 2003; Lee
et al., 2002; Vallet et al., 1996). Many studies related to electrow-
etting phenomena have shown that the effect of electric charging
on liquid wettability can be described with the Lippmann–Young
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equation. This equation is based on the assumption that the liquid–
gas interfacial tension and the solid–gas interfacial tension are
unaffected by electric charging, and that the variation of wettabil-
ity is a consequence of the change in the liquid–solid interfacial
tension only. Recently, Bateni et al. (2005, 2006) proposed that
changes in the liquid–solid interfacial tension and the liquid–gas
interfacial tension should be considered simultaneously to obtain
more accurate results. The researches on the wall impingement
of charged droplets may be categorized to several cases; whether
the electric field is imposed or not and the substrate is electrically
conductive or not. Existence of the electric field changes the trajec-
tories and velocities of the droplets approaching the wall. When
the charged droplets are impinging on the conductive substrate,
the droplets are neutralized by electric discharge to the ground.
However, when the dielectric substrate is used, the droplets retain
the electrons that make the impinging behavior (motion of drop-
lets) different from that of the neutralized droplets.

In this study, for better prediction of the maximum spread of
the charged droplets, behavior the droplets impacting against
dielectric substrates was carefully visualized and the analytical
model was improved to take account of the charging effect. Such
an improvement could be realized by modification of the models
on liquid–gas and liquid–solid interfacial forces of the liquid drop-
let, which is affected by the electric charge quantity and shape of
the droplets. Because the substrate was dielectric, the electric dis-
charge from droplets to the ground could be neglected and the
droplets remain charged throughout the spreading process.
Fig. 1. Experimental setup.
2. Experimental setup and method

In order to observe the spreading behavior of an impinging
droplet onto the solid wall, a simple experimental setup was con-
structed as shown in Fig. 1.

Water was supplied by a syringe pump through a flat-tipped
stainless-steel needle, and was electrically charged by imposing a
high voltage ranging from 2.6 to 3.7 kV between the needle and a
ring electrode at the exit using a power supply. The ring electrode
is located at 10 mm downstream from the needle tip.

Droplet size was controlled by adjusting the liquid flow rate and
imposed voltage as well as by changing the needle size. Four differ-
ent needles were used: 140 (gage 30), 241 (gage 26), 292 (gage 24),
838 (gage 18) lm in internal diameter.

A vertical glass tube (26 mm ID, ranging from 50 to 300 mm in
length corresponding to the distance between the needle and the
substrate to control the velocity of the falling droplets approaching
the substrate) was vertically placed 15 mm below the needle tip to
let the droplet pass through without being disturbed by the ambi-
ent air. At the bottom exit of the glass tube, an infrared laser
(LTC100-B, Thorlabs) and an optical sensor (PDA50B-EC, Thorlabs)
were aligned in transverse direction. A 5 V pulse was generated by
the optical sensor when the droplet crossed the laser beam. A stro-
boscope and a CCD camera (Sensicam, PCO) activated by the pulse
with a time delay (by a digital delay generator (DG-535, SRS)) were
used for visualization of the droplet behavior. The time delay was
adjusted to capture images at different instances after the initial
impact and the time resolution was about 5 ps. A series of photo-
graphs showing the impact process were acquired by using the
above-mentioned visualization technique. Fig. 2 shows three dif-
ferent droplet images at the same delay time to confirm the accu-
racy of the visualization method. As evidenced in the figure, the
shapes of the droplets appear almost identical and the experimen-
tal setup and the method are considered appropriate for identify-
ing the impact sequence of a droplet.

The CCD camera was positioned on a rotating platform (GOH-
60A50, Sigma KOKI) to observe the deformed droplet more clearly.
The size of the droplets before the impingement was measured di-
rectly from the photographs. Since the droplets are not in perfectly
spherical shape, the equivalent diameter has been obtained by
measuring the diameter in horizontal direction (dh) and the length
in vertical direction (dv) assuming the droplet has an axisymmetric
ellipsoidal shape

d ¼ d2
hdv

� �1=3
: ð2Þ

Size of the droplets tested in the present experiment ranged from
1.35 to 3.15 mm.

Likewise, the velocity of the falling droplets was estimated from
the distances between the droplet images and the time interval(s)
of the double (or multiple) exposures, and ranged from 0.6 to
2.1 m/s. The estimated uncertainties of the droplets diameter and
velocity measurements were ±0.5% and ±1%, respectively. The
uncertainty analysis has been performed according to the method
proposed by Kline (1985).

Distilled water in an ambient temperature (T = 20 �C) was used
as the test fluid. A paraffin wax plate and a Teflon-coated plate at
the ambient temperature were used as the substrates. To eliminate
the remains of the previous impinging droplets from the substrate,
the surface was dried by using an air blower. Thereby, the surface
could be kept in a completely dry condition and the dry-wall
impingement behavior of a single droplet could be examined.

The electric charges remaining on the substrate surface may
cause an unexpected effect on the spreading behavior of charged
droplet. Thus, in the present study, to exclude the effect of re-
mained charges, they were removed by rolling an earthed metal
cylinder over the surface of the substrates prior to each droplet
impact.



Fig. 2. Three different droplet images at the same delay time (delay time: 18.5 ms).

Fig. 3. Impact of a water droplet on paraffin wax. (a) Electrically neutral droplet
(d = 3.05 mm, Vb,n = 1.13 m/s). (b) Electrically charged droplet (d = 2.99 mm,
Vb,n = 1.25 m/s).
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As reported by Mao et al. (1997), the static contact angle of a
droplet on a substrate is an important parameter determining
the droplet impinging behavior. Also, the electric charge of
impinging droplet was expected to be another parameter. There-
fore, prior to the main test, the static contact angle, surface
roughness amplitude and the amount of the electric charge were
measured using a contact-angle tester (G10, KRÜSS GmbH),
roughness tester (SJ-400, Mitutoyo) and an electrometer (6514,
Keithley). Since the measurement of the charged quantity of an
individual droplet induces unacceptable error, the specific charge
of droplet was obtained by dividing the charge collected in the
Faraday cage by the number of droplets. In this case, the droplet
size was confirmed uniform at each experimental condition, and
the amount of electric charge carried by each droplet was ex-
pected to be the same as well.

The static contact angles of electrically neutral water droplets
on the paraffin wax plate and on the Teflon-coated plate were mea-
sured to be 118� and 110�, respectively, and the mean surface
roughness amplitudes of the paraffin wax plate and the Teflon-
coated plate were 0.25 and 0.31 lm, respectively.

3. Results

3.1. Phenomenological observation

The spreading processes of droplets impacting on the dielectric
substrate were examined for droplet Weber numbers

We ¼ qLV2
b;nd=cLG

� �
ranging from 12 to 89 and droplet Reynolds

numbers (Re = qLVb,nd/lL) from 1100 to 4470. Here, qL is the liquid
density, Vb,n the droplet normal velocity prior to the wall impact,
cLG the liquid–gas interfacial (surface) tension and lL the liquid
viscosity.

Fig. 3(a) and (b) shows the sequential motion of electrically
neutral and charged water droplets on the paraffin wax substrate
at room temperature (T = 20 �C), respectively. The impact pro-
cesses of both the neutral droplet and the electrically charged
droplet consist of three distinct stages: the spreading stage, the
maximum spread stage, and the recoil stage. Furthermore, the
visualized images confirm that the droplet shape at the maximum
spread stage resembles a half-torus regardless of electric charging.

3.2. Maximum spreading ratio

3.2.1. Experimental results
In Fig. 4, the measured values of the maximum spreading ratio

(bmax, Eq. (1)) were compared with the values from the correlation
of Ryu and Lee (in press), originally developed for electrically neu-
tral droplets impinging on the wall as follows:

að1� aÞ p
2
� cos h

� �
þ 0:43

We0:67

Re0:30

( )
ðbmaxÞ

2 � We
12
þ 1

� �
¼ 0;

ð3Þ

ðbmaxÞ
3 ¼ 4

3p
1

a2ð1� aÞ ðfor 0 < a < 2=3Þ: ð4Þ
Here, h is the static contact angle, We the droplet Weber number
and Re the droplet Reynolds number. As illustrated in Fig. 5, param-
eter a in Eqs. (3) and (4) is the ratio of the rim thickness (Drim) to the
diameter of the liquid torus (Dmax). Eqs. (3) and (4) were derived for
the ranges of the Weber numbers of 10–120 and Reynolds numbers
of 1500–4700.

As shown in Fig. 4, the measured values of the neutral droplet
were confirmed to be in agreement with the predicted values. On
the other hand, for the charged droplets, the measured values ap-
peared larger than the predicted ones and the difference appeared
prominent as the charge ratio (q/qRay) was increased. Here, the
charge ratio is defined as the ratio of the actual charge (q) to the
Rayleigh charge limit (qRay). The Rayleigh limit is, as expressed in
Eq. (5), the maximum electric charge that a single droplet can carry
theoretically (Bailey, 1988):

qRay ¼ 8pðe0cLGr3Þ1=2 ð5Þ



Fig. 4. Comparison of the maximum spreading ratio between the model by Ryu and
Lee (in press) and the present experimental data.

Fig. 5. Cross section of the liquid film at the maximum spread state.

Fig. 6. Mean surface-charge density of droplets with different shapes.
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Here, e0 is permittivity of the free space (=8.854 � 10�12 C2/N m2)
and r is the droplet radius.

The present experimental result shows that, firstly, the maxi-
mum spreading ratio of the electrically charged droplets is larger
than that of the neutral droplets when the impacting conditions re-
main unchanged and, secondly, the charge ratio is the one of the
primary parameters affecting the spreading behavior of the
charged droplets. This implies that Eq. (3) has to be modified to
take into account the electric charge effect.

3.2.2. Modified interfacial tension
In Eq. (3), the important parameters for determining the droplet

spreading behavior are We, Re and h. Variable a in Eq. (3) is an
intermediate dependent parameter that can be obtained by using
Eq. (4). Of the three major parameters, We and h depend on the
gas-liquid and solid–liquid interfacial tensions, which is affected
by the amount of electric charging.

For a spherical droplet, the surface energy (ES) by the liquid–gas
interfacial (surface) tension (cLG) is written as

ES ¼ 4pr2cLG ð6Þ

and the electric potential energy (Ee) by the surface charge is ob-
tained to be as follows:
Ee ¼
q2

8pe0r
: ð7Þ

Hence, for an electrically neutral droplet, there exists only an in-
ward radial force (F), corresponding to the surface tension, to form
a spherical interface:

F ¼ oES

or
¼ 8prcLG: ð8Þ

Note that the force shown in Eq. (8) is the same as the pressure dif-
ference between the inside and outside of the droplet (2cLG/r) mul-
tiplied by the surface area (4pr2).

On the other hand, for an electrically charged spherical droplet,
there is another force acts in the opposite (outward) direction orig-
inated from the repulsive forces between the charges. Thus, from
Eqs. (5)–(7), the net radial force (F(c)) exerted on the surface in
the inward direction (for a charged droplet) appears as:

FðcÞ ¼ oðES þ EeÞ
or

¼ 8prcLG 1� q
qRay

 !2
0
@

1
A: ð9Þ

Hence, the net force for a charged spherical droplet (Eq. (9)) can be
written in the form of Eq. (8) by introducing a modified liquid–gas
interfacial tension cðcÞLG

� �
, expressed as follows:

cðcÞLG ¼ cLG 1� q
qRay

 !2
8<
:

9=
; ðfor q < qRayÞ: ð10Þ

According to Eq. (10), the effective liquid–gas interfacial tension be-
comes zero when the droplet charge reaches the Rayleigh limit, and
the droplet can be disintegrated by itself without any external force
exerted. The results similar to Eqs. (9) and (10) have been reported
in the classical work by Rayleigh (1945).

Eq. (10) can be further modified for arbitrary-shaped droplets
by considering the surface area change. As illustrated in Fig. 6,
the mean surface-charge density, defined as the droplet charge
per unit surface area, decreases by distortion of the droplet shape
due to the increase of the surface area. Therefore, more electric
charges (than the Rayleigh limit for spherical droplets) can be
accommodated to the distorted droplets due to the increase of
the surface area. Thus, to be applicable to droplets in arbitrary
shape, Eq. (10) was modified by replacing the Rayleigh charge lim-
it, qRay, with the maximum charge limit of a droplet in arbitrary
shape, (qmax)arb, that is going to be discussed right after.



S.U. Ryu, S.Y. Lee / International Journal of Multiphase Flow 35 (2009) 1–7 5
Assuming that (qmax)arb is directly proportional to the mean sur-
face-charge density, it can be expressed in terms of the Rayleigh
limit (qRay) and the surface area ratio (RS):

ðqmaxÞarb ¼ RSqRay: ð11Þ

Here, RS implies the surface area ratio between the arbitrary-
shaped droplet and the spherical droplet having the same vol-
ume; that is, RS becomes the unity for a spherical droplet.
Then an extended form of liquid–gas interfacial tension can
be obtained for charged droplets in arbitrary shape as
follows:

cðcÞLG;arb ¼ cLG 1� q
qRay

 !2
1
R2

S

 !8<
:

9=
; ðfor q < qRayÞ: ð12Þ

According to Bateni et al. (2005, 2006), the change in both the
liquid–solid interfacial tension (cSL) and liquid–gas interfacial ten-
sion (cLG) should be considered in analyzing the effect of electric
charging on the surface wettability. For a droplet on a solid wall,
cSL can be expressed as a function of the liquid–gas and solid–gas
interfacial tensions (cLG and cSG) and the work of adhesion per unit
area (wSL) (Carey, 1992):

cSL ¼ cLG þ cSG �wSL: ð13Þ

A number of works have been reported on the model for pre-
dicting wSL (Fowkes, 1963; Girifalco and Good, 1957, 1958, 1960;
Li and Neumann, 1990, 1992). Here, based on the model of Li
and Neumann (1990, 1992), Eq. (13) is rearranged as

cSL ¼ cLG þ cSG � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLGcSG

p
e�j cLG�cSGð Þ2 ; ð14Þ

where j = 1.247 � 102 N/m�2. By inserting Eq. (14) to the Young’s
equation (also see Fig. 7)

cos h ¼ cSG � cSL

cLG
; ð15Þ

the contact angle can be rewritten only in terms of cLG and cSG

as:

cos h ¼ �1þ 2
ffiffiffiffiffiffiffi
cSG

cLG

r
e�j cLG�cSGð Þ2 : ð16Þ

Thus, from Eqs. (14) and (16), the values of cSG and cSL can be deter-
mined once the values of cLG and the contact angle (h) are given. Here,
cSG is known to be unaffected by the electric field or the droplet charg-
ing (Bateni et al., 2005, 2006; Digilov, 2000; Kang et al., 2003; Lee
et al., 2002; Vallet et al., 1996). Therefore, cSG is assumed to remain
the same irrespective of electric charging, and only the change of
cSL has to be considered by electric charging. Hence, for a charged
droplet in arbitrary shape, cðcÞSL;arb can be obtained by using Eq. (14)
along with the information on cðcÞLG;arb (Eq. (12)) to predict the maxi-
mum spread as will be explained in the following section. In other
words

cðcÞSL;arb ¼ cðcÞLG;arb þ cSG � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cðcÞLG;arbcSG

q
e
�j cðcÞ

LG;arb
�cSG

� �2

: ð17Þ
Fig. 7. Relationship between the interfacial tensions.
3.2.3. Modified maximum spread model for charged droplets
To obtain the maximum spreading ratio of electrically charged

droplets, the concept of the energy conservation was adopted for
the process of droplet impact as shown in Fig. 8 and the corre-
sponding equation can be written as follows:

EK;1 þ ES;1 ¼ ES;2 þWdiss: ð18Þ

The left-hand side of Eq. (18) is the sum of the kinetic energy (EK,1)
and the surface energy (ES,1) of the droplets before impact, respec-
tively; this sum should be the same with the sum of the surface en-
ergy at the maximum spread (ES,2) and the dissipated energy (Wdiss)
during the spread process as shown in the right-hand side terms,
respectively. Here

EK;1 ¼
1
2

1
6
qLpd3

� �
V2

b;n; ð19Þ

ES;1 ¼ pd2cðcÞLG ; ð20Þ

and cðcÞLG (for a charged spherical droplet) was already given in Eq.
(10).

The term ES,2 is equal to the sum of the surface energy at the
liquid–gas interface (ES,2)LG and the surface energy difference be-
tween the liquid–solid interface (ES,2)SL and the solid–gas interface
(ES,2)SG caused by change of the interfacial contact. That is

ES;2 ¼ ðES;2ÞLG þ ðES;2ÞSL � ðES;2ÞSG

� �
ð21Þ

with

ðES;2ÞLG ¼
p2

2
að1� aÞD2

max cðcÞLG;arb

� �
RS;max

; ð22Þ

ðES;2ÞSL � ðES;2ÞSG ¼ pað1� aÞD2
max cðcÞSL;arb

� �
RS;max

� cSG

	 

: ð23Þ

Here, based on the configuration of a half-torus, the surface–area
ratio at the maximum spread (RS,max) is given as follows:

RS;max ¼
1þ p

2

� �
að1� aÞpD2

max

pd2 ¼ að1� aÞ 1þ p
2

� �
b2

max: ð24Þ

For the dissipation energy term (Wdiss) in Eq. (18), the following
equation from the basic model of Mao et al. (1997) and the exper-
imental data of Ryu and Lee (in press), is adopted along with cLG

replaced by cðcÞLG:

Wdiss

pd2cðcÞLG

¼ 0:43
WeðcÞ

0:67

Re0:30 ðbmaxÞ
2
: ð25Þ

Here

WeðcÞ ¼
qLV2

b;nd

cðcÞLG

: ð26Þ

Then, by using Eqs. (19)–(21) and (25), we can rearrange the en-
ergy balance equation (Eq. (18)) as follows:

að1� aÞb2
max

p
2

1�
ðq=qRayÞ

2

ðRS;maxÞ2

 !
þ

cðcÞSL;arb

� �
RS;max

� cSG

cLG

8><
>:

9>=
>;

þ 0:43
We0:67

Re0:30 b2
max 1� ðq=qRayÞ

2
� �0:33

¼We
12
þ 1� ðq=qRayÞ

2
: ð27Þ

This equation enables us to predict the maximum spreading ratio of
both the electrically charged droplets and the neutral droplets. Eq.
(27) reduces to Eq. (3) when q/qRay becomes zero. Eq. (4), which ex-
presses the relation between parameters a and bmax, can be used



Fig. 8. Droplet before impact and at the maximum spread state.
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also for the case of electrically charged droplets because this equa-
tion is based on the mass conservation of the droplets. The value of
cðcÞSL;arb can be determined from Eqs. (17) and (12), while cSG from Eq.
(16), respectively.

To evaluate the accuracy of the improved model, the maximum
spreading ratios predicted from the model were compared with
the measured data as shown in Fig. 9; and the improved model
represents most of the measured data within the range of ± 5%.

Even though the performance of the spread model has been im-
proved for higher accuracy than the previous model, there is still
some discrepancy between the measured and the predicted values.
This is considered to be due to the assumptions made on the elec-
tric charge distribution along the droplet surface and the energy
dissipation in the spreading process. Moreover, the half-torus
assumption for the spread droplet shape does not consider a pos-
sibility of the presence of thin liquid layer in the center portion.
In the present model, for simplicity, the surface charge distribution
was assumed to be uniform regardless of the droplet shape and
only the viscous dissipation (by the liquid motion inside the drop-
let) was considered as the energy dissipation. However, in practice,
the charge density varies along the surface (because of the surface-
shape irregularity) and the force required to move the contact line
between the three phases (i.e., between the droplet, substrate and
the surrounding gas) may be another source of the energy loss dur-
ing the spreading process.
Fig. 9. Assessment of the improved model for the maximum spreading ratios.
The present model is applicable only to the case of droplet col-
lision against dielectric substrates because the amount of the elec-
tric charge was conserved (i.e., there is no electric discharge
through the substrate) during the spreading process. However, var-
ious kinds of substrates are being used in engineering applications
and their electrical characteristics should be considered in predict-
ing the spreading behavior of charged droplets, which is left as a
future work.

4. Conclusion

The spreading phenomena of electrically charged droplets
impacting on dielectric substrates were studied both experimen-
tally and analytically, and the results are summarized as follows:

� The maximum spreading ratios of electrically charged drop-
lets are higher than those of the neutral droplets when the
impacting conditions (velocity and size of the droplet)
remain the same; moreover, the difference becomes larger
as the electric charge ratio increases.
� An improved model was proposed to predict the maximum

spreading ratio of the electrically charged droplets. This
model is based on modification of the liquid–gas and the
liquid–solid interfacial tensions, expressed as a function of
the electric charge ratio and the surface area ratio. The
improved model predicts the maximum spreading ratio
within an accuracy of ± 5%.
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