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In the railroad industry a friction-modifying non-Newtonian liquid, showing elastic behavior, may be applied to the rail in
the form of a liquid jet. The interaction of this elastic liquid jet and the moving surface—specifically whether it splashes or
adheres without splash—is important in this industrial application. Twelve different elastic liquids with widely varying
relaxation times were tested to isolate the effect of elasticity from other fluid properties. Using high-speed imaging, the
interaction between the impinging jet and the moving surface could be captured and analyzed. Although similar to
Newtonian jets, for which the Reynolds number plays a major role, the Deborah number was also salient to the splash of
elastic liquids. At the elevated Weber numbers of the testing, the Weber number had a much smaller impact on splash than
did the Reynolds or Deborah numbers. The ratio of the surface velocity to the jet velocity has only a small effect on the
splash. VVC 2012 American Institute of Chemical Engineers AIChE J, 58: 3568–3577, 2012
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Introduction

The impingement of a non-Newtonian liquid jet on a moving
dry substrate is important in a number of industrial applications.
Spray-coating and polymer impingement cooling are good
examples of such industrial applications. Another such applica-
tion is liquid friction modifier (LFM) coating of the railroad track
top of rail. The LFM that has been studied by the authors is a
water-based suspension of polymers and inorganic solids show-
ing non-Newtonian behavior.1 This liquid is usually applied on
the top surface of the rail through sprayers mounted on rail cars,
locomotives, or track maintenance vehicles.2 Reduced fuel
consumption, reduced rail/wheel wear, and decreased lateral
(curving) forces are some of the benefits of LFM utilization.

In current practice in the railroad industry, air-blast atom-
izers transfer the LFM (atomized to form ligaments and drop-
lets) to the rail surface. Major issues in this application are the
impaction of the liquid on the surface, and the interaction
between the particles and cross-flowing air.3 For effective
deposition on the rail, the droplets/ligaments should have suf-
ficient velocity to avoid excessive deflection in the crosswind
but not have such a high velocity as to cause splash or
rebound after impaction. Both excessive deflection and splash
would cause an undesirable reduction of transfer efficiency.4,5

There are many studies in the literature of Newtonian drop-
let impact on a dry/wet stationary surface. Research done by
Rein,6 Rioboo et al.,7 Yarin,8 and Deegan et al.9 are good
examples in this area. These authors have studied the effects
of fluid properties such as viscosity, density, and surface ten-

sion on the postimpact outcomes. The impact of a single drop-
let on a dry surface was classified by Rein6 into three types:
deposition or spreading, splash, and bouncing. Rioboo et al.7

later expanded this classification to six possible outcomes:
deposition, prompt splash, corona splash, receding breakup,
partial rebound, and complete rebound. Range and Feuille-
bois10 and Crooks and Boger11 have studied more specifically
the effects of surface roughness on the impaction outcome
and have shown that surface roughness decreases the splash
threshold significantly. More detailed results about Newtonian
droplet impact on a dry solid stationary surface can be found
in recent reviews by Yarin8 and Deegan et al.9

The impact of a droplet on a moving surface is also of inter-
est in many industrial applications. Mundo et al.12 studied the
impact of a Newtonian droplet on a moving substrate and con-
cluded that the tangential velocity of the droplet, in the frame
of reference of the solid substrate, is less important than the
normal component of droplet speed. In contradiction to their
finding, several authors (e.g., Povarov et al.,13 Courbin et al.,14

Okawa et al.,15 and Fathi et al.16) have reported that the tan-
gential speed plays a significant role and include it in their
splash/deposition criteria. Povarov et al.13 studied the case of
impact on a spinning disc. They observed that the air boundary
layer, caused by the tangential velocity of the disc, lifts the
droplet from the surface. Courbin et al.14 and Bird et al.17

found that asymmetric splashes occur on impaction of a drop-
let on a moving dry surface; in the frame of reference of the
moving dry surface, the splash is strengthened in the down-
stream tangential direction of the impacting droplet and weak-
ened in the upstream direction. In recent work, Bird et al.17

suggest a new physical model for the impact of a droplet on a
moving surface. Their model highlights the interaction
between the after-impact lamella and the moving surface.17,18
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The widespread use of non-Newtonian liquids in industry
has motivated many recent works studying the impact of a non-
Newtonian droplet on a stationary/moving surface. Special
attention has been paid to the behavior of elastic liquids. Ber-
geron et al.,19 Crooks and Boger,11 Roux et al.,20 and Dressler
et al.3 report that elasticity helps in controlling the droplet dep-
osition and inhibits the splash. Bergeron et al.19 showed in their
experiments with polyethylene oxide (PEO) solutions that the
high elongational viscosity of elastic liquids helped dampen the
droplet’s spreading after impact, preventing splash/rebound.

Recent experiments by Dressler21 suggested that air-blast
atomizers are less than ideal in transferring LFM to the rail
top surface. The high-speed atomizing air jet carried away
some of the droplets/ligaments from the impacting surface,
which leads to a lower transfer efficiency. To reduce this
effect, a simple new airless, nonatomizing sprayer was devel-
oped by the authors. This sprayer produces a high-speed liq-
uid jet that under some conditions does not break up. In con-
trast to the large amount of research done in the area of drop-
let impact on stationary/moving substrates, we know of only a
few studies of a high-speed Newtonian or non-Newtonian liq-
uid jet impinging on a high-speed moving substrate.

Liu and Lienhard22 studied the interaction of a Newtonian

liquid jet and a stationary substrate but were mainly con-

cerned with heat transfer. A mathematical model has been

proposed by Hlod et al.23 to describe the interaction of a

low-speed highly viscous Newtonian jet with a slow moving

surface. As the speeds in their work were low, splash is not

mentioned in their model. In recent work, Keshavarz et al.24

have studied the impact of a Newtonian jet on a moving rail

surface. They found that, in contrast with the droplet case, in

jet impingement viscous effects are more important in deter-

mining splash than is surface tension. This means that the

main splash criterion was jet Reynolds number, not the

Weber number. If the jet Reynolds number is defined based

on the jet velocity in the frame of reference of the solid sub-

strate, then the authors have shown that the jet impaction

angle plays a negligible role on splash. They also showed

that surface roughness dramatically impairs splash. Finally,

for the high Weber numbers ([200) used in their experi-

ments, they found that Weber number does not affect splash.

The criterion for splash of droplets proposed by Bird et al.17

was redefined for the jet impact of a Newtonian liquid on

moving targets. They showed that the simple model predicts

the main experimental results for Newtonian jets.
For the impingement of a Newtonian, noncavitating liquid

jet on a moving surface, the splash threshold is a function of
the relative jet speed,* (Vrel), the jet diameter, (D), the
impingement angle in the frame of reference of the surface,
(a), the fluid density, viscosity, and surface tension, (q, l,
r), and the surface roughness,24 (e).† These seven variables
are reduced to four dimensionless groups

Re ¼ qVrelD

l
(1)

We ¼ qVrel
2D

r
(2)

a : Impingement angle in the frame of reference of the surface

(3)

e
D
: Relative roughness (4)

For the elastic liquids, another variable will be added to
our previous seven parameters. This new variable is the lon-
gest relaxation time, k, of the PEO solution, which is a mea-
sure of its elasticity. This means that for the elastic liquids
another dimensionless group including k should be added. A
widely used dimensionless parameter containing k is the
Deborah number

De ¼ kVrel

D
(5)

Splash of an elastic liquid should be a function of five
dimensionless parameters: Re, We, a, e

D, and De.
The authors could find no previous literature on the inter-

action of an elastic liquid jet with a moving surface. This ar-
ticle builds on the previous work by exploring the effects of
elasticity on liquid jet impaction on a moving surface.

Materials and Methods

Twelve different solutions of water and PEO were used as
the elastic test liquids, to study the effects of elongational
viscosity (Table 1). The solution shear viscosity and longest
relaxation time were, respectively, measured by a HAAKE
VT550 viscometer and a HAAKE CaBER 1 extensional rhe-
ometer at a temperature of 25�C. Figures 1 and 2 show two
typical measurements from shear (HAAKE

VR

) and extensional
(CaBER

VR

) rheometers, respectively. Dilute PEO solutions
showed a slight shear thinning behavior at low shear rates
and then reached a constant viscosity close to the solvent
viscosity at high shear rates (Figure 1). As the values of
shear rate inside the nozzle and at the moment of jet impact
are very high, the value of high-shear rate viscosity (g1) is
reported as the fluid viscosity. For solutions with low elastic-
ity (PEO solutions with lower molecular weights or concen-
trations), readings from the extensional rheometer were not
accurate or repeatable. This is a well-known challenge for
measurements of relaxation times related to low viscosity
dilute polymeric solutions, which is discussed in detail by
Rodd et al.25 The main challenge is that the liquid bridge in

Table 1. Elastic Liquids Tested

Longest
Relaxation
Time (from

CaBER) (ms)

Longest
Relaxation
Time (from

Rouse-Zimm
Theory) (ms)

Shear
Viscosity

(Pa�s)

8000K PEO-0.5 wt % 101.6 94.00 0.026
8000K PEO-0.1 wt % 29.8 47 0.009
4000K PEO-0.5 wt % 39 28.3 0.017
4000K PEO-0.25 wt % 23.6 18.30 0.011
4000K PEO-0.075 wt % 4.9 11.64 0.007
4000K PEO-0.1 wt % 6.3 9.98 0.006
1000K PEO-1 wt % Not accurate 6.4 0.038
1000K PEO-0.5 wt % Not accurate 1.7 0.01
300K PEO-1 wt % Not accurate 0.21 0.009
300K PEO-0.5 wt % Not accurate 0.17 0.007
100K PEO-1 wt % Not accurate 0.028 0.007
100K PEO-0.5 wt % Not accurate 0.026 0.007

*The relative jet speed is the magnitude of the vector sum of the jet velocity,

Vj, and the surface velocity, VS, that is, Vrel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

j þ V2
s

q
(Figure 4).

†It may also be a function of the surface material (e.g., as represented by the
contact angle of a droplet on the surface), and the ambient air properties but these
effects are not considered here.
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the CaBER
VR

is not elastic or viscous enough and it breaks up
before the plates are separated (i.e., before the start of dia-
meter recordings). Hence, Rouse–Zimm theory (Doi and
Edwards26) was used to calculate the longest relaxation times
in those cases. Once the fluid was elastic enough and liquid
filament lived well more than plate’s separation time, meas-
urements were possible (Figure 2). As discussed by Rodd
et al.,25 an elastocapillary region can be found in the evolution
of the liquid filament diameter, which arises from a balance
between capillary force and the elastic resistance of polymer;
its signature is an exponential thinning of diameter with time
from which the relaxation time can be deduced. The relaxa-
tion time, which is a measure of elasticity, varied by four
orders of magnitude for the PEO mixtures.

The fluid surface tensions were measured by a Du Nou†y
ring apparatus at a temperature of 25�C; all surface tension
values were within �5% of that of water (72.1 mN/m).

To generate the liquid jet, an accumulator was first filled
with the elastic liquid. The accumulator is connected to a
valve and a nozzle with an internal diameter of 648 lm. The
accumulator is pressurized with nitrogen gas and a high-
speed liquid jet was created at the nozzle exit when the
valve was opened. This jet impacted on a fast moving pro-
jectile. The projectile had a 13-mm thick polished steel sur-
face (the top surface of an AREMA 136# rail) fastened to a
wooden base carrier (Figure 3). To study the effect of sur-
face roughness on impaction, sandpaper with a roughness
height to jet diameter ratio of 0.1 was selected and attached
to part of the top surface of the projectile.

The driving force for the projectile was an air cannon,
which was designed and built for experiments done by
Dressler.21 After firing the projectile leaves the air cannon
barrel and passes beneath the spraying nozzle. An energy
dissipation device then stops the projectile (Figure 4). The

Figure 1. Viscosity measurements for two sample PEO solutions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Measurement of relaxation time for 8000K-PEO solution using data from CaBERVR .

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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projectile speed could be varied from less than 1 m/s to 25
m/s by changing the air cannon air pressure. This test setup
allowed us to vary the surface speed independent of jet ve-
locity, and also guaranteed that impingement occurs on a dry
moving surface, which is a good representation of the rail
surface coating process. Figure 5 illustrates the geometry of
jet impingement.

For high-speed imaging, a Phantom V12 high-speed video
camera along with a high-intensity halogen lamp for back-
lighting were used (Figure 6), enabling the visualization of
jet impingement on the fast moving projectile. Resolution of
the camera and its frame rate were, respectively, set as 800
� 1200 pixels and 6200 pictures per second; the exposure
time was set at 9 ls.

The projectile speed could be easily measured by analysis
of high-speed captured images. Separate sets of high-speed
magnified images of the jet at different heights from the noz-
zle exit were captured for jet diameter measurements. They
were analyzed by an image processing code written in
MatLab

VR

. Mass flow rate measurements of the discharged
liquids were also done by weighing the liquid discharged
from the nozzle over a span of 30 s, then the average jet
velocities were obtained by dividing the mass flow rate by
the fluid density and jet cross-sectional area.

Results and Discussion

Flow rates through the nozzle

To find the jet velocity, flow rate measurements were
completed for all twelve different PEO solutions. The flow
of these elastic solutions through a circular nozzle is signifi-
cantly different from the flow of simple Newtonian liquids. The
latter case has been studied thoroughly in Lefebvre27 and Kesha-
varz et al.24 Two dimensionless groups can express the single-
phase Newtonian liquid discharge from a nozzle: Reynolds num-
ber and discharge coefficient, which is defined as

Discharge Coefficient:

Cd ¼ Actual Mass Flow Rate

Ideal Mass Flow Rate
¼ m

�

An

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2q:DP

p ð6Þ

However, this common approach cannot be replicated for

the discharge flow of elastic liquids, as it neglects the elonga-

tional forces that are present in the flow (Boger28 and Boger

and Walters29). Elongational forces can be considered, for

example, as proposed by Boger28 and Rothstein and

McKinley,30 by introducing other dimensionless numbers such

as the Deborah number or the Elasticity number. The latter is

defined to be the Deborah number over the Reynolds number

El ¼ De

Re
(7)

As mentioned by other researchers (Boger28 and Rothstein
and McKinley30), even considering the Deborah or Elasticity
number effects does not completely explain elastic fluid
behavior at high Reynolds numbers. Consequently, most
work has focused on very low Reynolds number flow (creep-
ing flow) through nozzles/orifices (Rothstein and McKinley30

and Cartalos et al.31).
To analyze the flow rate data from the current experiments

with PEO solutions, we attempted the same approach used

Figure 3. Projectile.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Experimental setup: linear transverse system.21

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Jet pathline angle in frame of reference of
moving surface.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. High-speed camera and light source position
relative to the projectile and the nozzle.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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in related works (Boger,28 Rothstein and McKinley,30 and
Cartalos et al.31); however, those studies were limited to the
creeping flow regime. No robust conclusions could be made
in our case for all different molecular weights and concentra-
tions. We believe that the data do not collapse straightfor-
wardly owing to the nonlinearity of both inertial and elastic
forces at the high Re and De in the nozzle.

In this work, the flow rate at a certain driving pressure dif-
ference across the nozzle was measured. From these data, and
knowing the values of fluid viscosity and relaxation time from
rheometry, one can easily calculate Reynolds, Deborah, and
Elasticity numbers at a certain pressure difference. For other
experiments, only interpolation of the flow rate data was
required for calculating the jet velocity and other variables.

Splash/nonsplash results

Figure 8 shows two photos of elastic liquid jet impaction.
Figure 9 shows an equivalent pair of photos of Newtonian
liquid jet impaction. For equal values of shear viscosity, add-
ing elasticity led to significant improvements of the splash
threshold in all the tested cases. Elastic/elongational forces
were helpful in preventing splash as they increased the re-
sistance of the moving lamella to lift off and kept it attached
to the moving surface even at high impaction speeds (see,
for example, part A of Figure 8). When splash does occur,

the splash of elastic liquids differed from Newtonian liquid
splash. For example, a comparison of Figure 8B with Figure
9B shows that due to increased elasticity postimpact elastic
droplets are much larger than postimpact Newtonian ones.
Furthermore, in the elastic liquid cases thin films or liga-
ments connect the droplets together; these filaments do not
exist in the Newtonian splash cases. Similar findings were
reported about atomized droplet sizes for elastic liquids in Li
et al.1 and postimpact droplet sizes in the case of elastic
droplet impact on a moving surface by Dressler et al.3

Figures 10 and 11 show the splash/nonsplash data for
elastic liquid jet impaction on smooth and rough surfaces
in terms of Deborah and Reynolds numbers. In both graphs,
the line separating splash from deposition has a positive
slope: 0.13 for the smooth surface and 0.081 for the rough
one.‡ The positive slope of the separation line means that
increasing the Deborah number causes the critical Reynolds
number for splash to also increase. In other words, adding
elasticity to the liquid jet helps to avoid splash, which is in
accordance with similar work done on droplet impact (Ber-
geron et al.,19 Crooks and Boger11 Roux et al.,20 and Dress-
ler et al.3).

Figure 7. (A) Schematic of the model used for drop impact.17 (B) Schematic of the model used for jet impact.24

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Projectile is traveling from left to right with a
velocity equal to 5.9 m/s in both (A) and (B).

The elastic liquid jet velocity is 20.3 m/s in (A) and 30.0

m/s in (B).

Figure 9. Projectile is traveling from left to right with a
velocity equal to 3.6 m/s in both (A) and (B).

The Newtonian liquid jet velocity is 12.5 m/s in (A) and

18.6 m/s in (B).

‡The dependence of the slope of the dividing line on roughness ratio will be
considered in follow-on work.
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The fact that Reynolds and Deborah numbers are the pri-
mary determinants of liquid splash motivated the authors to
extend our simple model for Newtonian jet impact24 to the
case of elastic liquids. What follows is a brief description of
the previous model and the way elastic effects will be intro-
duced in the model. Then, there will be a comparison of the
model predictions with experimental data.

The model proposed by Keshavarz et al.24 is based mainly
on the original modeling of drop impact on moving surfaces
done by Bird et al.17 Figure 7A shows a schematic model
for spherical droplet impact on a moving substrate. The
lamella is the portion of the drop that has contacted the solid
line (region*) and is transferred into an outward moving film
with thickness h and length L. The normal speeds of the
droplet, tangential speed of the surface and the lamella are,
respectively, Vn, Vt, and V1. The relative kinetic energy will
be q(V1 � Vt)

2L2h and the surface energy will scale as rhL.
According to Bird et al.,17 splash occurs when the relative
kinetic energy of the lamella is much greater than the sur-
face energy or in other words when the surface energy is not
big enough to suppress the kinetic energy

q Vl � Vtð Þ2L

r
� C � 1 (8)

where the constant value of C is a function of surface and air
properties.§ This criterion also explains the occurrence of the
asymmetric splash observed by Courbin et al.14 Keshavarz
et al.24 start from the same criterion and apply it to a different
geometry for jet impact, that is, an axisymmetric column of
liquid impacting on a moving substrate (Figure 7B). To
simplify and relate this criterion to the main dimensionless
numbers, (i.e., Re, We, and relative angle or velocity ratio)
several assumptions were made in the Bird et al.17 modeling
that are repeated in the Keshavarz et al.24 work:

1. Conservation of mass dictates that the volume of drop-

let in* and ** regions are equal to each other.
2. The thickness of the propagating lamella is propor-

tional to the momentum boundary layer thickness in the liq-

uid, that is, h ¼ c1

ffiffiffiffi
mt

p
, where c1 is a constant of order 1.

The aforementioned assumption is widely used in modeling

lamella thickness behavior; however, recent experiments by

Ruiter et al.18 have shown that the lamella thickness is a

much more complex function of different parameters such as

viscosity, time, droplet velocity, roughness, and so on. It is

of course expected that for the splashing of an elastic liquid

droplet, the extensional properties of the fluid should also

affect the lamella thickness.
3. The critical time at which splash starts, tc, corresponds

to the moment at which the lamella distinctively separates

from the drop. This criterion leads to the approximation L(tc)
� a(tc).

Their criterion for droplet splash on moving substrates

can be easily simplified and re-expressed in terms of

dimensionless numbers based on the relative velocity

(Vrel: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

n þ V2
t

p
) as

We:Re2 1

6
� sin2a

6
þ sin a

Re

� �� �2

� K (9)

where We ¼ qV2
rel:R

r , Re ¼ Vrel:R
m , and a is arc tan Vt

Vn

� �
. Here, a is

the angle relative to the surface normal direction, in the frame

of reference of the surface, made by a fluid pathline (Figure 5).

The predictions of this simple model for Newtonian jet impact

agreed qualitatively with experimental results. In the range of

tested jet/substrate speeds, both the model and experiments

showed higher effects of Reynolds number on splash than

Weber number or jet angle.24

For elastic liquid jets, the same general approach can be
taken to build a simple model. Physically, elongational de-
formation in the lamella will result in locally high exten-
sional viscosity, which will in turn change the lamella’s
speed and energy. Without knowing the deformation field,

Figure 10. Splash/non-Splash boundary for elastic liquids impacting on the smooth surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

§It is noteworthy that air properties, especially ambient pressure, can signifi-
cantly change the splash threshold in the jet case. Ongoing work is focused on
these effects but for the sake of simplicity air properties are here assumed to be
fixed and not to affect the splash threshold.
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the exact effects of elongational properties are not known.
One may still make a simple model using some approxima-
tions. In the case of the Newtonian jet, the shear viscosity
resists splash through its effect on the lamella’s thickness
growth with time (h ¼ c1

ffiffiffiffi
mt

p
). One may similarly account

for the effect of extensional viscosity. It was always
observed during experiments that the lamella’s thickness is
much higher for elastic liquids than Newtonian ones (e.g.
compare Figures 8A and 9A), which is consistent with previ-
ous measurements of the effects of polymer addition on
droplet impaction.32

We propose that a reasonable approximation for the
lamella thickness for an elastic liquid is

helastic tð Þ ¼ 1 þ cDemð Þ
ffiffiffiffi
mt

p
(10)

In Eq. 10, helastic is the lamella thickness at time t for the
elastic liquid, and c and m are scaling constants that are
functions of surface roughness patterns and air properties.

If one uses this correlation for lamella thickness in the jet
impact model, the splash threshold criterion can be worked
out using the same assumptions made in the Newtonian
case. The new criterion will be the following

We:Re2

1 þ cDemð Þ2

1

6
� 1

6
sin2aþ 1 þ cDem

Re
sin a

� �� �2

� K (11)

Figure 11. Splash/nonsplash boundary for elastic liquids impacting on the rough surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Comparison of experimental data with fitted splash threshold (see text) for both Newtonian24 and elas-
tic liquids.

Impaction on a smooth surface (K ¼ 3 � 105 for Newtonian solutions and K ¼ 9.2 � 105 for elastic liquids). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Equation 11 is identical in form to Eq. 9 if the Reynolds
number in Eq. 9 is replaced by a modified dimensionless
group (P � Re

1þcDem). This new dimensionless variable also
has a physical significance; it is approximately the ratio of
inertia forces to the sum of the elastic and viscous forces in
the lamella.

Figures 12 and 13 show the theoretical splash threshold
(Eq. 11) relative to the experimental data for smooth and
rough surfaces. The y axis in these graphs is normalized by
values of K in each case (K ¼ 3 � 105 for Newtonian
liquids on the smooth surface; K ¼ 9.2 � 105 for elastic
liquids on smooth surfaces; and K ¼ 6.8 � 105 for elastic
liquids on rough surfaces), and also c ¼ 6 for both smooth
and rough surfaces. The value of m (0.13 for the smooth sur-
face and 0.081 for the rough surface) is selected based on
the slope of the separating lines in the corresponding
Deborah vs. Reynolds number graphs (i.e., Figures 10 and
11). One interesting result apparent in Figure 12 is that the
normalized splash threshold using the new dimensionless

Figure 13. Comparison of elastic liquid splash with
semianalytical splash threshold (see text) for
rough surface (K 5 6.8 3 105).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Splash/nonsplash boundary for elastic liquids impacting on the smooth surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. Splash/nonsplash boundary for elastic liquids impacting on the smooth surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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group (P) collapses reasonably the elastic liquid results on
the Newtonian data for smooth surface impaction.¶

Several other interesting results can be seen from the
model:
• For low pathline angles (a ! 0) the threshold is mainly

a function of We�Re2

1þcDemð Þ2; its dependence on angle is negligible.

• Keshavarz et al.24 showed that in the case of Newtonian
liquid jet impact, the splash threshold is primarily a function
of We � Re2. A simple sensitivity analysis of this function
shows that the Reynolds number has a much greater impact
on the splash threshold than the Weber number.24 The same
argument holds here for our new splash threshold, for which

Re
1þcDemð Þ is more important than the Weber number.

These model predictions are qualitatively verified by plotting
splash/deposition in Weber vs. P and jet pathline angle (a) vs. P
coordinates. Figures 14 and 15 for the smooth surface and Figures
16 and 17 for the rough surface show that the dominant dimen-

sionless group in determining the splash threshold is P for both
smooth and rough surface impact. The effects of Weber number
(Figures 14 and 16) and also jet angle (Figures 16 and 17) are
smaller than P for both smooth and rough surface impact. The
simple model of jet splash and the experimental results both show
that the main controlling parameters for avoiding splash are viscos-
ity (through reduction of Reynolds number) and elasticity of the
liquid (through increase of Deborah number).

Conclusions

Twelve different samples of elastic liquids (PEO solu-
tions) were prepared and tested to study the effects of elas-
ticity on the liquid jet impingement on a high-speed moving
surface. The experiments and the results are qualitatively
consistent with previous works of both single elastic droplet
impaction and Newtonian jet impingement on a moving sur-
face. A simple model, extended from Newtonian data analy-
sis, was used for the elastic liquids and model predictions
for small jet pathline angles were verified by experimental
observations.

Figure 17. Splash/nonsplash boundary for elastic liquids impacting on the rough surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 16. Splash/nonsplash boundary for elastic liquids impacting on the rough surface.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

¶There were insufficient data for Newtonian jet impaction on a rough surface to
draw conclusions for that case.
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The key findings of this study are:
• Adding elasticity significantly increased the splash

threshold relative to a Newtonian liquid of equal viscosity.
• For both smooth and rough surfaces, the most important

dimensionless numbers were the Reynolds and Deborah
numbers.
• As was also the case for the Newtonian liquid jet

impaction, the Weber number and jet pathline angle play
only a small role in impaction.
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Notation

D ¼ diameter, m
R ¼ radius, m
V ¼ velocity, m�s�1

Vrel ¼ relative velocity, m�s�1

Re ¼ Reynolds number based on relative velocity
We ¼ Weber number based on relative velocity
a ¼ jet pathline angle in solid surface frame of reference, rad
r ¼ surface tension, N�m�1

e ¼ roughness height, m
l ¼ viscosity, Pa�s
m ¼ kinematic viscosity, m2�s�1

q ¼ density, kg�m�3

Wt ¼ weight
Cd ¼ discharge coefficient
m� ¼ mass flow rate, kg�s�1

An ¼ Nozzle Area, m2

k ¼ largest relaxation time, s
De ¼ Deborah number
El ¼ Elasticity number
m ¼ separating line slope
P ¼ dimensionless number
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