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ABSTRACT

Recent studies have revealed the air-cushioning effect of droplet impact upon various surfaces and although pure water droplets have
extensively been studied, the air entrainment dynamics for aqueous polymeric droplets was the focus of this study. Herein, droplets of low to
moderate Weber numbers, We � Oð1� 10Þ, displayed air film thickness gradients which was strongly influenced by the viscoelastic proper-
ties of the aqueous polymeric droplets in the dilute to the semidilute unentangled regimes. Aqueous polyethylene oxide droplets impacting a
smooth thin oil film surface formed a submicrometer air layer, moments prior to impact, which was tracked by a high-speed total internal
reflection microscopy technique. The radial changes in the air film thickness were related to the polymer concentration, thus providing an
alternative tool for comparing the rheometer-derived overlap concentrations with a contactless optical technique.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130251

INTRODUCTION

Aqueous polymeric droplet impact dynamics provides a platform
for understanding the physics of a plethora of commercial and natural
applications, including, but not limited to, spray deposition (i.e., agro-
chemicals,1,2 painting,3 cooling,4,5 combustion6), inkjet printing,7,8 and
respiratory droplet dispersal.9,10 Nevertheless, studies attempting to
discern the role of viscoelasticity in the deposition dynamics of poly-
meric droplets have proven to be challenging.11 In the absence of a
contact line, such as in the early stages of droplet impact, the underly-
ing air decelerates the droplet significantly, generating the entrapment
of air in the form of a central dimple as well as an exceedingly thin air
film underneath.12 While recent work has uncovered the rich physics
of Newtonian drops, the role of polymer additives on the air entrain-
ment dynamics remains an underexplored topic. This study thus seeks
to understand the role of viscoelasticity in the air entrainment of drop-
lets beyond the dilute regime into the semidilute unentangled regime,
yet below entanglement concentrations.13,14

During the droplet impact process, wetting is initiated as a contact
line forms with the removal of the interstitial air layer between the drop-
let and the substrate. However, the entrained air gap can prevent con-
tact entirely, and the non-contact dynamics is especially pronounced
under the commonplace Leidenfrost conditions15 (i.e., when the droplet
impacts a heated surface such that it levitates over a thin vapor film11).

The ability with which the droplet is capable of removing the interstitial
air film determines whether the droplet may bounce, deposit, splash, or
undergo other complex morphologies. Many studies have probed the
air entrainment phenomenon underneath droplet impacts through
theoretical modeling, experiments, and simulations.8,16–49 The role of
the droplet viscosity alone has generated unique observations with
regard to the spreading air film lifting off of the surface with the slope
decreasing with viscosity moments prior to the inception of wetting.24,50

The droplet impact dynamics with the addition of polymers is
unique due to the diversity of the polymer types and the rheological
signatures of the polymers at varying concentrations between the
dilute and entangled regimes.13,14,29,51–54 The role of extensional rheol-
ogy has particularly been elusive in the impact dynamics. For instance,
polymer additives in the dilute regime tend to suppress the rebound of
droplets, where the increase in the extensional viscosity was initially
proposed to be the dominant mechanism by Bergeron et al.55 and later
attributed to energy dissipation near the contact line.56,57 With the
contact line removed via the Leidenfrost effect, Bertola showed that
the added polymers in the dilute regime enhanced the final droplet
bouncing height, which was reportedly unrelated to the extensional
rheology of the droplets.58 However, Pack et al. attributed the delay in
the failure of the air film by increasing polymer concentrations in the
dilute regime, notably due to extensional effects.29
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Beyond the dilute regime, how does the increase in polymer con-
centration affect the air entrainment dynamics prior to the entangle-
ment concentrations? In this study, we show that the air film is
attenuated with the increasing polymer concentration in the semidi-
lute unentangled regime. Utilizing a combination of a high-speed total
internal reflection microscopy (TIRM) technique and a rheometer, an
alternative means by which the critical overlap concentration, c�, may
be determined is presented.

MATERIALS ANDMETHODS

Polyethylene oxide (PEO) (Sigma-Aldrich, product no. 189464,
MV � 4MDa) was chosen as the model polymer with concentrations, c,
between c� 5 and 4000ppm, produced by a serial dilution. The polymer
was initially dispersed in a glass vial via a magnetic stirrer set at 80rpm
in ultrapure de-ionized water (Synergy UV,MilliporeSigma). A pycnom-
eter was used to measure the polymer solution densities, q, and showed
negligible change across all concentrations (q¼ 0:998 �1:001gml�1).
For the side view of the droplet impact process across all polymer con-
centrations, the average droplet radius R¼ 1:116 0:04mm was mea-
sured at least in triplicates at every release height. A high-speed
camera (Phantom V211) at 8000 fps was used to record the side view
of droplet impact to measure R and the initial velocity, U0.

Thin viscous oil films with an average thickness of 3.2 6 0.6lm
averaged over 20 measurements based on the oil film weight, density,
and the glass slide surface area—assuming uniform coating—were
used to limit asperity-induced random collapse of the air film, similar
to past investigations.21,28,29,37,59,60 To reduce the compliance of the
film,59 the viscosity of the silicone oil was kept at 1080 mPa s, while
the thickness was minimized.

Due to the importance of the existence of a contact line, observ-
ing the droplets from the bottom using the TIRM technique provided
direct evidence of the apparent contact of droplets on surfaces as done
in the previous studies.5,24,25,28,29,33,35,36,38 The droplet impact system
was enclosed in a custom-built chamber where relative humidity and
temperature were tracked. The air film, h, underneath the impacting
droplet, was imaged using the TIRM technique (see Fig. 1). A mono-
chromatic 625 nm LED light (ThorLabs M625L4) was p-polarized and
was directed to a right-angled prism using a mirror with an angle of
22:5� to the horizontal so that the incident angle of the light beam at
the top surface of the prism was �45�, where total internal reflection
occurs at the oil–air interface. Once the approaching droplet entered
within the evanescent field, the light was frustrated, allowing for the
grayscale intensity changes to be converted to the absolute height
changes. A second high-speed camera (Photron NOVA S9) with a
frame rate of 25 000 fps connected to a Mitutoyo long working dis-
tance 5� objective (3:4 lm=pixel) was used to capture the TIRM
signals.

The rheology of the polymer solution was tracked using a rheom-
eter (Anton Paar MCR 302e) equipped with a cone-plate geometry (a
diameter of 59:976mm and an angle of 0:986�). The temperature was
kept at a constant 20:06 0:1 �C using the air-cooled Peltier system.
Before the rheological measurement, all PEO solutions were pre-
sheared with a shear rate of _c ¼ 10 s�1 for 2min with a wait time of
another 2 min for the samples to relax.61 A custom-built solvent trap
was used to minimize the variation of the solution properties due to
evaporation during the measurement.

Table I summarizes the parameters of polymer solutions with vari-
ous concentrations ranging between c ¼ 50 and 4000 ppm. The
Deborah number, De ¼ se=ts, and Capillary number Cad ¼ g0U0=r
show the influence of the extensional relaxation times to the spreading
times as well as the viscous to surface forces, respectively. c� � 461 ppm
is the critical overlap concentration derived from the rheometer utilizing
the changes in the specific viscosity of the PEO solutions across all con-
centrations. A custom pendant droplet method was used to measure
the surface tension of the polymer droplets. Although increasing the
amount of PEO reduces the surface tension r (�15:8%) at low

FIG. 1. A schematic of the total internal reflection microscopy (TIRM) experimental
technique and the droplet impact setup (not to scale). The dashed box displays the
entrained air underneath the impacting droplet as the region of interest.

TABLE I. The parameter space of the polymer solutions as a function of concentration.

c ðppmÞ 50 200 400 500 750 1000 2000 4000

c=c� 0.11 0.43 0.87 1.08 1.62 2.17 4.34 8.68
g0 (mPa s) 1.05 1.21 1.8 2.52 2.92 4.47 10.5 43.6
r ðmNm-1) 67:346 0:7 63:706 0:51 62:466 0:36 63:406 0:12 62:586 0:34 63:336 0:44 63:336 0:43 61:826 0:17
ss (ms) 0.51 2.02 2.58 3.75 4.17 4.33 17.71 39.62
se (ms) 1.50 4.64 8.95 9.24 11.46 14.86 25.20 36.93
De 0.56 1.73 3.33 3.43 4.26 5.53 9.38 13.74
Cad 0.01 0.013 0.015 0.02 0.023 0.032 0.075 0.343
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concentrations, r becomes independent of the concentration beyond
c ¼ 200 ppm.

RESULTS

In Fig. 2, the rheology of the PEO solutions was obtained by
applying a shear ramp setting with a shear rate ranging from 1 to
1000 s�1. The shear viscosity as a function of shear rate exhibited rate-
independent behavior for PEO solutions at low concentrations (e.g.,
c < 400 ppm). As the concentration was increased, the shear viscosity
showed shear thinning behavior commonly associated with the align-
ment of polymer chains under shear flow. The rate-dependent shear
rheology of the aqueous PEO solutions was well captured by the cross-
model fitting,64 with the expression

g ¼ g0 � g1
1þ k_cð Þm þ g1 ; (1)

where g0 is the zero-shear viscosity, g1 is the high-shear rate shear
viscosity measured at 1000 s�1, _c is the shear rate, and k andm are fit-
ting parameters for the shear thinning behavior of sample solutions.
The zero-shear viscosity calculated from the cross model displayed
two orders of magnitude of difference over all of the concentrations as
shown in Table I. Using the dripping-onto-substrate-method (DoS),62

we measured the uniaxial extensional relaxation times of PEO solu-
tions from 50 to 4000 ppm using the following expression developed
by Entov and Hinch:63

L tð Þ
L0

� G0L0
2r

� �1
3

exp � tf � tc
3se

� �
; (2)

where LðtÞ is the radius of the thinning filament, L0 is the needle
diameter, tf is the total filament thinning time, tc is the elasto-capillary
transition time, G0 is the elastic modulus, r is the surface tension, and
se is the uniaxial extensional relaxation time of the PEO solutions. For
Newtonian liquids (e.g., water), the pinch-off process is balanced by
the droplet inertia and the capillary force and, thus, denoted as the

inertia-capillary regime. A delay in the pinch-off observed for PEO sol-
utions as displayed by the semi-log plot in Fig. 2(b) is representative of
the balance between the elastic and the capillary forces, and thus mani-
festing the elasto-capillary regime. By performing an exponential fit-
ting on the normalized minimum neck diameter LðtÞ=L0 within the
elasto-capillary regime, as shown in Fig. 2(b) by the decrease in slope
with increasing polymer concentration, se is obtained for each concen-
tration which is used as a measure of viscoelasticity of the PEO solu-
tions. We note that although drop impact in our study is biaxial by
nature and, thus, the dynamics is more complex, we utilize the uniaxial
dynamics as an approximation.

As the impacting droplet approaches the surface, the change in
the droplet momentum drives the deformation, where capillary waves
propagate along the droplet surface during the spreading phase, as
shown in Fig. 3(a) from t � 0 to 2:7ms. Figure 3(a) also shows that
the spreading dynamics between the water and PEO droplet are
remarkably similar at the same Weber number (We ¼ 2 qU0R=r).
Droplets achieve maximum spreading at a critical time, ts � 2:7ms,
with a similar maximum spreading radii. As the capillary waves pro-
ceed at t � 4:7ms, the top surface of the droplet is inverted and forms
a cylindrical air cavity vertically throughout the droplet. Although PEO
droplets did not show an appreciable difference from water droplets in
terms of the total time for complete liftoff, the morphologies of the lift-
ing droplets were distinguishable as the PEO droplets showed a blunted
top surface prior to takeoff. Since the top surface collapse rates are
related to the impact velocity U0, the velocity was measured by tracking
the center of mass of the impacting droplets using the side view images
in Fig. 1(a) prior to apparent contact (t < 0ms). Apparent contact rep-
resents the side-view image-derived t ¼ 0 ms, with no regards to actual
contact which is more clearly visible in the TIRM setup.

The comparison of U0 to the release height, H, for water and
PEO droplets with c � 50–4000 ppm is presented in Fig. 3(b). At
higher polymer concentrations [e.g., 2000 ppm in Fig. 3(a)], the
droplets formed a thinning filament before pinch-off, which slowed
the impact velocity. The release height was increased for higher

FIG. 2. (a) Shear rheology of aqueous PEO solutions across various concentrations. The dashed lines represent the cross-model fitting [Eq. (1)]. (b) Pinch-off dynamics of the
thinning neck using the dripping-onto-substrate method.62 The inset image shows the minimum neck diameter, L, as a function of time for the 400 ppm PEO solution with the
needle diameter, L0. The time axis was shifted by tc so that tf � tc ¼ 0 demarcates the transition from the inertia-capillary regime to the elasto-capillary regime. The dashed
lines are fittings based on the Entov and Hinch model63 [Eq. (2)] to estimate the uniaxial extensional relaxation time of the polymer solutions.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 113105 (2022); doi: 10.1063/5.0130251 34, 113105-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


concentrations to obtain the same impact velocity across the polymer
concentrations. The energy balance during the droplet free fall, thus,
requires the contributions from kinetic energy, potential energy, surface
energy, and viscous dissipation. The surface energy from the formation
and stretching of the filament is ignored based on the fact that it is at
least an order of magnitude smaller than the other contributions. The
impact velocity for the polymeric droplets with a thinning filament
may be expressed as U0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðgH�UÞ

p
, where U represents the

energy loss per unit mass. U was utilized as a fitting parameter to the
measurements of U0. In the dilute regime, U¼ 0:068�0:078 m2 s�2

with c� 50–400ppm, the measured impact velocities were within
5% of each other. In the semidilute unentangled regime, U¼ 0:09
�0:1 m2 s�2 with c� 1000–4000ppm.

During the impact sequence, the droplet made apparent contact
with the substrate, as in Fig. 3(a), but a thin layer of air prevented con-
tact. The non-contact dynamics was captured using the TIRM tech-
nique, as depicted schematically in Fig. 1. The air film thickness h was
measured radially outward from the center of the air dimple based on
the intensity information (e.g., snapshots of the liquid–air interface at
t � 0 and 2:7ms). For a spreading droplet, the liquid–air interface
moved in both the r and z directions over time and squeezed out the
air underneath. As the droplet is decelerated by a lubricating air layer,
the droplet may sustain enough air underneath to reach maximum
spreading. Droplets with higher impact velocities resulted in dimin-
ished values of hm, which eventually triggered the air film rupture due
to intermolecular forces. Figure 4(b) shows the velocity, uz, of the min-
imum air film height, hm, in the z-direction over the spreading process
[see the inset in Fig. 4(b)] withWe ¼ 2qU2

0R=r � 8, where hm decays
over time. The air–liquid interface decrement is described by the
Reynolds equation given by

@h
@t

� a
12ggr

@

@r
rh3

@p
@r

� �
þ @ hUrð Þ

@r
¼ 0 ; (3)

where a is either 1 or 4 depending on the no slip (i.e., maximum shear
stress) or zero-shear stress boundary conditions, respectively. gg is the
air viscosity, p, the driving pressure, and Ur is the rate of spreading of
the apparent contact radius. If a vapor source term from evaporation
was relevant, the righthand side would need to be adjusted to account
for it, which we ignore in this study. The third term on the lefthand
side of the equation represents the spreading drop in the film drainage
which would counteract the decrease if the effect was strong. However,
for the prescribed observation time window, the film drainage only
decays and, thus, the drop spreading is ignored. The remaining term

to resolve is the pressure gradient, @p@x ; which may be estimated by the
initial drop inertia driving the flow given by the dynamic pressure gra-

dient scaling pI
L � qU2

0
h , resulting in the film drainage scaling to be

h � 1
t , which overpredicts the observed thinning rate in Fig. 4. The

radial hydrostatic pressure gradient, pgL � qgHd

L , where Hd is the height

of the drop and L �
ffiffiffiffiffiffi
hR

p
is an order of magnitude smaller than the

capillary pressure gradient, pcL � rh
L3 , and thus, we utilize the capillary

pressure gradient in Eq. (3)—similar to a bubble impacting a wall65—

to obtain the scaling for the air film thickness as h � gg L
4

r

� �1
3

t�1=3,

where the prefactor was increased to 1:25� 10�4 to fit the experimen-
tal data in the inset in Fig. 4(b). The scaling is shown to agree well with
the data at later times beyond a few frames of the camera> 0.1ms.

The initial hm at t ¼ 0 was set by the initial observation of the
dimple, which is sensitive to the camera frame rate and exposure time.
By taking the derivative of hmðtÞ with respect to time, we may quantify
the droplet velocity uz in the z-direction during the spreading process.
At t ¼ 0, uz varies from 0:25 to 0:5 mm s�1, which is three orders of
magnitude smaller than the impact velocity of 0:5 m s�1, indicating
that the impacting droplet has already decelerated before entering the
evanescent field. Note that uz manifests striking similarity across all
concentrations during the spreading process, and the variation of uz
across the concentrations is around 28:7% at t ¼ ts:

The evolution of the air film topology showed the effects of poly-
mer concentrations on the air entrainment dynamics. The droplet
reached maximum spreading at 0 � t=ts � 1, as shown in Fig. 5.

FIG. 3. (a) Side view of droplet impact on the thin oil film. The top row represents
water and the bottom row represents a PEO solution of c ¼ 2000 ppm at We ¼ 8.
The t � 0 ms was set at the frame when the impacting droplet initially contacts the
surface. t � 2:7 ms was chosen to display the maximum spreading of the droplets.
The scale bar represents 1 mm. At high concentrations of PEO solutions (e.g.,
c ¼ 2000 ppm), a thinning filament was observed, which slows down the impact
velocity and was accounted for by increasing the droplet release height. (b) The
impact velocity, U0, was measured against the release height, H, for water and
polymer droplets with c � 50–4000 ppm. The dotted lines are described by
U0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðgH � UÞ

p
.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 113105 (2022); doi: 10.1063/5.0130251 34, 113105-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


During the spreading phase, the topology of the air dimple near r ¼ 0
was independent of the concentration and displayed self-similar
behavior at the same We, for all time. However, the thicknesses gradi-
ent of the air film beyond the air dimple region was altered as a func-
tion of c, where it increased with the increasing polymer
concentration, from c � 5 to 500 ppm but decreased between c � 500
and 4000 ppm [e.g., please see Figs. 5(a)–5(c)]. The retraction stage
commenced at t=ts ¼ 1 until t=ts � 3:4, where the droplet left the
field of view. During the retraction phase, the top surface of the droplet
carried enough momentum to collapse inward, inverting the top sur-
face. The top surface inversion is caused by the capillary waves along
the droplet–air interface, which eventually form a single wave that
deforms the top surface enough to be detected in the TIRM setup.
Figures 5(d)–5(f) show the strong air dimple inversion induced by the
top surface collapse for the 5 ppm case which is yet stunted for the
500 ppm case. Further increasing the concentration to 4000 ppm dis-
played an incremental change compared with the 500 ppm top surface
collapse and yet enhanced the probability of droplets bouncing off of
the substrate. Although the onset time of the air dimple inversion is
nearly independent of the polymer concentration at the same We, the
size of the inversion decreased with the increasing concentration.

The top surface inversion was sometimes large enough to punc-
ture the air film and initiate wetting whereas sometimes the air dimple
was significantly deformed but did not break during the retraction. As
the concentration was increased, the air film may recover during the
retraction stage completely and the rate of recovery increased with
concentration. For instance, the air dimple recovered at t � 2:3ts for
c ¼ 500 ppm PEO droplet, but t � 2ts for c ¼ 2000 ppm case [see the
inset in Figs. 5(e) and 5(f)]. The total recovery of the dimple was quan-
tified by the time at which the average intensity in the air dimple

region was restored to its original value prior to the top surface
collapse.

Figure 6(a) shows the change in specific viscosity, gsp ¼ ðg0
�gsÞ=gs, as a function of the PEO concentrations. The solvent viscos-
ity of the DI water gs � 0:95 mPa s. The critical overlap concentra-
tion, c�, was estimated from the interaction of the dilute and
semidilute unentangled regimes where these two regimes may be iden-
tified based on the slope transition in Fig. 6(a). gsp / c0:8 in the dilute
regime where c < c�, and gsp / c1:64 in the semidilute unentangled
regime where c > c�. From the plot, the corresponding specific viscos-
ity gsp � 1 for c�, indicating the equivalent contribution from the
PEO additive and the solvent.66 In short, the rheometer-derived criti-
cal overlap concentration gave rise to c� � 461 ppm.

The air film thickness gradients generally follow parabolic curva-
tures due to the natural shape of the spherical drop before and during
maximal spreading, the point at which the drop looks similar to a pan-
cake. Nevertheless, even the central dimple is parabolic and well
approximated by a spherical cap as shown previously.67 Thus, the cur-
vature of the air film, j, may be fitted by a quadratic fitting formula of
the form, h ¼ jr2 þ ar þ b to the air film topology at ts. The vertex of
the parabolic fit was set at the point (rm; hm) of the minimum air film
thickness to where the liquid front displayed the maximal curvature
within the upper bound of the optics (e.g., � 600nm). The curvature
was thus obtained for various We and plotted against the polymer con-
centration, as shown in Fig. 6(b) where the critical overlap concentra-
tion occurs at c� � 500 ppm and independent of We. Two distinct
regimes between the dilute and the semidilute unentangled regimes
were found, which was also observed in Figure 6(a), using the rheome-
ter. While the PEO drops clearly demonstrate the nonmonotonic
changes in the air film curvature, Fig. 6(c) shows that for pure glycerol

FIG. 4. (a) Snapshots of the bottom view of the liquid–air interface at t � 0 ms, where the TIRM setup first detects the air dimple, and t � 2:7 ms, where the droplet reaches
maximum spreading (c � 4000 ppm). The maximum spreading is indicated by the appearance of an outer rim of the bottom view. The air film height, h, is extracted from the
intensity distribution along the dashed line. (b) The velocity, uz, of the minimum air film height, hm, in the z-direction during the droplet spreading phases across all concentra-
tions. The inset shows hm as a function of time for c � 5–4000 ppm. The black dashed line represents the scaling hm / t�

1
3 with a prefactor of 1:25� 10�4. All droplets mea-

sured above have We � 8.
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drops in the zero-shear viscosities utilized in this study demonstrate a
marked monotonic decrease in the air film curvature with increasing
shear viscosity. We, thus, conclude that the air film curvature changes
observed in our study are truly due to the rheology of the polymers.

To understand the transition of the air film topology over c�, we
consider two dimensionless numbers De and Ca, which show a similar
transition at the critical overlap concentration [please see Fig. 6(d)]. We
assume that the relaxation time is a reasonable measure for the polymer
solution’s extensional behavior, presumably for both uniaxial and biax-
ial flows. Thus, we may give a tentative description of the transition of

the air film topology over c� in the following way. In the dilute regime,
nearly an order of magnitude increase was observed in De
(0:56 � 3:33), whereas the increase in Cad (0:008� 0:015) was inap-
preciable with the increasing concentration. We predict that at lower
concentrations, the rise in the extensional viscosity causes the rise in
the air film curvature with minimal influence from the shear viscosity
during the impulsive deceleration of the droplet in the midst of the
droplet spreading phase. However, in the semidilute unentangled
regime, the increase in Cad (0:02� 0:343) surpassed the rate of
increase in De (3:80� 13:74), which indicates a strong change in the

FIG. 5. The normalized spatiotemporal changes in the air film topologies at We � 8. (a)–(c) Droplet spreading phase across three concentrations from top to bottom [c ¼ 5
(top), 500 (middle), and 4000 ppm (bottom)]. The inset shows the liquid–air interface at the point of maximum spreading, t=ts ¼ 1. (d)–(f) Droplet retraction stage across the
same three polymer concentrations in (a)–(c). The inset was selected at the moment when the air dimple completely recovered from the top surface inversion. The color bar
represents the elapsed time normalized by the spreading timescale (ts � 2:67ms).
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viscous dissipation within the droplet, albeit to a small value. At suffi-
ciently large concentrations beyond c�, we expect the overlap of the
polymer chains to be able to result in strain softening resulting in the
decrease in the extensional viscosity as opposed to the increase
observed in the dilute regime.14 We thus suspect that the strain soften-
ing effect will dominate the dynamics, causing the air film curvature to
noticeably diminish for concentrations in the semidilute unentangled
regime, but more work is needed to find the mechanism underlying the
changes in the air film curvatures in future investigations.

CONCLUSIONS

In summary, we demonstrated how the entrained air film profile
changed as a function of the droplet polymer concentration beyond
the dilute regime into the semidilute unentangled regime for aqueous

PEO droplets impacting a smooth non-compliant viscous oil film.
When the polymer concentration increased in the dilute regime
(c < c�), at fixed We, the thickness gradient of the air film increased.
In the semidilute unentangled regime, the polymer concentration
increase attenuated the air film thickness gradient. Since the air film
thickness gradient reached a maximum near c�, the future work may
show how TIRM may be used as a contactless rheological tool to pre-
dict the crossover concentrations across a series of polymer types.
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FIG. 6. (a) Specific viscosity as a function of concentration for aqueous PEO solutions reveals two distinctive regimes: dilute regime (/ c0:8) and semidilute unentangled
regime (/ c1:64). The rheometer-derived critical overlap concentration was found to be c� � 461 ppm. (b) The curvature, j, of the characteristic air film topology at ts as a
function of concentration. The overlap concentration using the TIRM setup was c� � 500 ppm. The inset demonstrates the fitting to the characteristic air film topology (blue
data points) from the point (rm; hm) of the minimum air film height to the point of maximum curvature distinguishing the air film of interest and the outer rim. (c) The air film
curvature for PEO drops and glycerol-water drops (10, 31, and 52.3 wt. %) as a function of the zero-shear viscosity. (d) The capillary number and Deborah number plot across
various We.
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