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ABSTRACT

Atomization of polymer solutions has important teclogical implications across many fields. Here,
we investigated the atomization dynamics of dilutedlymer solutions using Flow Blurring (FB)
technology. Aqueous solutions of poly(ethylene eXifPEO] of viscosity-averaged molecular weight
in the range 100000 g/mol — 4000000 g/mol and waryoncentrations were sprayed with a FB
atomizer having an orifice diametdd)(of 700 um and a liquid feed-tube-to-orifice separatidf) ©f
100 um. The solutions belong to the dilute regime, whas/mer coil overlap does not occur, that is

<P=C’;,M"<<pm-t (Modesto-Lopez, Pérez-Arjona, & Gafian-Calvo, 201%hear viscosity

measurements indicated that the solutions had sitse® of the order of that of the solvent and
exhibited a Newtonian-like behavior. However, dgrthe atomization, and due to the relatively high
shear stress induced in the atomizer, the solutexisbit extensional rheology, which most likely
arises from the stretching of the polymer chain8igit. Although initially the atomization resutien
formation of filaments, these broke up into droplat relatively short distances from the atomizer
discharge orifice as elucidated by images fromatigh speed videos. The phenomenon is in contrast
with that observed in FB-based atomization of sdimited polymer solutions with concentrations
larger than the polymer coil overlap concentratidn FB atomization of the diluted solutions resulted
in a decrease in droplet size with increasing thetg-liquid mass ratioGLR). The approach herein
aims at understanding the droplet formation dynamicviscoelastic, polymer solutions with FB, for
applications in large-scale synthesis of materials.

KEYWORDS: Flow Blurring, Poly(ethylene oxide), Olegs concentration, Droplet size, Extensional
Viscosity.



1. INTRODUCTION

Atomization of polymer solutions is of remarkableterest to many technological fields, from
agricultural crop spraying, where polymers are dddereduce droplet size and drift, to inkjet pgngt
where the aim is to avoid formation of satelliteoplets that negatively affect the quality of the
resulting image (Park & Harrison, 2008; Shore & ititsam, 2005). Processing of materials and powder
synthesis are fields where liquid atomization oflypeers is highly relevant too. Generally, the
polymer’'s molecular weight and chain conformatiariluence the physicochemical properties of
resulting droplets/particles (Byrappa, Ohara, & &ds, 2008; Li, Van Zee, Bates, & Lodge, 2019;
Wan et al., 2018). Spraying of polymer solutiongetber with functional structures, for instance
graphene and its derivatives, improves the opticechanical, and electrical properties of materials
(Liu et al.,, 2015; Modesto-Lopez, Miettinen, Riikam et al., 2015; Modesto-Lopez, Miettinen,
Torvela, Lahde, & Jokiniemi, 2015; Schutzius, Bay&in, Waldroup, & Megaridis, 2013).
Furthermore, enabling techniques for processingrge quantities of precursors are desirable fram a
industrial point of view. Thus, understanding tipeaying dynamics is paramount to elucidate efficien
atomization mechanisms that allow regulation ofpteb size and, at some extent, control of the
morphology of the sprayed liquid.

Among the wide variety of available spraying tecjugs, the so-called Flow Blurring (FB) is perhaps
the most energetically efficient approach for dispey bulk liquids into droplets (Gafian-Calvo, 2005
Simmons & Agrawal, 2012). Briefly, the efficacy thfe FB mechanism resides in the radial implosion
of a gas current into a liquid flow, thus causinggorous, turbulent motion in the interior of thguid,
which breaks its surface into droplets (see foraimse Figure 3 in Gafian-Calvo (2005)). Similarhg t
efficient atomization capabilities of FB devicevbdeen reported by others (Khan, Gadgil, & Kumar,
2019; Niguse & Agrawal, 2015; Rosell-Llompart & GaiCalvo, 2008; Simmons & Agrawal, 2010,
2012). Flow Blurring technology has also enablespdision of fine water droplets and fuels for
combustion-related applications (Niguse & Agravizfl15; Serrano et al., 2019; Simmons & Agrawal,
2012).

Recently, we have studied the dynamics of generatdicfilaments using a FB device from viscous,
polymer solutions. The viscosity of aqueous sohgiof poly(ethylene oxide) was characterized as a
function of a dimensionless parameter= c¢,,M,/M.. M,, is the polymer's molecular weight,, is

the concentration in mass fraction, avigdis the so-called entanglement molecular weighto(l8e
Larson, 2005; Tao & Shivkumar, 2007). The zero-shage viscosity f,) of PEO solutions (see
Figure la, partially reproduced from Modesto-Lopeal. (2019)) varies linearly witp; nevertheless,
the slope is different for solutions below and abavcritical value op = ¢.,;;. Indeedy is directly
related to the so-called polymer coil overlap coniaionc*, which delimits the transition from a
dilute to a semi-concentrated solution. Thpg,; = c*M,, /M, sets the onset for flament production
with FB. For PEO solutions witlh > ¢+, o Scales ag32 and in this regime the atomization
produces filamentous/fibrous structures (Modestpdzet al., 2019). Here, however, we delve into the
dynamics of the FB-atomization of diluted, aque®IO solutions, in the region whepe< @, i;.
There,n, scales ag and polymer coil overlap is not expected to ocgat, intriguing phenomena
associated to the liquid’s rheology are observdddgh, Phillips, Palangetic, & Vermant, 2012; Colby
Boris, Krause, & Dou, 2007; Larson, 2005).

2. EXPERIMENTAL SECTION
2.1 Materials



Poly(ethylene oxide) [PEO] of viscosity-averaged lecalar weight,M,,, 100000g/mol (100k),
600000g /mol (600k), 100000@ /mol (1M), 200000Qy /mol (2M), and 400000@ /mol (4M) were
purchased from Sigma-Aldrich and used as receatdilled water (Milli Q) was used as solvent. For
atomization experiments, the FB device has ancerifiiameter) of 700um and a liquid feed tube-
to-orifice distanceX) of 100um, resulting in ap = H/D of 1/7 (see Figure 1b).

2.2 Solution Preparation, Viscosity and Surface Tension M easurements

Polymeric solutions of different concentrations &prepared by adding an appropriate amount of PEO
to distilled water, followed by mixing with a magdigestirrer until a uniform solution was obtained.
Typical stirring times were of the order of one gdi;mysome cases, mild heating was applied to fatali
mixing, particularly in the case of PEO of higheoletular weight and relative high concentratione Th
solutions were cooled at room temperature priouge. Subsequently, the viscosity was measured
using a Brookfield DV-E instrument equipped with type spindles, in the shear rate range of4-
100s~1. All measurements were performed at room tempergtlO°C - 24°C) and ambient relative
humidity (40 % - 60 %). Solutions were allowed tahilize for a few minutes before recording any
measurement.

The surface tension of polymeric solutions in a@isvwneasured with a KSV contact angle meter (CAM
100) set up in a pendant drop configuration, f@atistmeasurements in the range-018C°. The
instrument is equipped with a FireWire video canmamlule with a resolution of 640 x 480 pixels and
with a LED, monochromatic, light source. The objeetlens provided with the camera is telecentric
with a 55-mm focus length. The instrument’s sofewapplies a curve fitting using the Young-Laplace
eguation to calculate surface tension.

2.3 Flow Blurring Atomization, Size M easurement with Light Scattering and High-speed Video
Recor ding

The FB atomization system has been described iredqus publication, see Modesto-Lépetzal.
(2019) for details. Briefly, the atomizer was maethbn an optical table using high-precision, mogabl
mounts, which allowed to displace it forward andkveard along a straight center line. Herés the
distance from the atomizer outlet. The atomizer a@erated by controlling the pressures of gadnair
this case, and liquid supply lines. The air was iféd the FB atomizer directly from the supply line
while the liquid was fed pneumatically through arhetic liquid container. A check valve was placed
between the liquid container and the atomizer itdedvoid back flow. Both, gas and liquid pressures
were measured by digital manometers. The FB atomizas operated by first fixing the air pressure
(Pg) in the rangd 00 kPa - 300 kPa, and then adjusting the liquid pressuPg)(until a continuous,
stable atomization was achieved. A calibration euo¥ liquid flow rateQ,, as a function of liquid
pressure was established for each gas pressurenudeziexperiments), was obtained by measuring
the volume of polymer solutions coming out the Fiide for a given period of time. Figure 2 depicts
the evolution ofQ, as a function oAP, = P, — P;, whereP; = P; — P, andP, is the atmospheric
pressure. Typical liquid flow rates used in thisrkvare thus in the range 0.35 — 1.50 mL/s.

Videos of the atomization process were recorde@atingz using a Shimadzu ultra-high-speed HPV-
2 video camera capable of recording up tb ftmes per second (fps) at a 312 x 260-pixel teol.

The videos were illuminated with a high-intensityahshex Pro Studio Flash (VC-4000) positioned on
the opposite side of the camera, across the FBizonThe flash was synchronized with the video
camera’s power unit through an external triggere Thmera was focused along the centerline of the
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atomization output and began recordingd after the trigger was manually switched on. Thieos
were processed with ImageJ, a freeware image Biogesoftware, to remove their background (static
objects), optical artifacts, and noise.

Droplet size distribution were obtained with a Malv Spraytec® system equipped with a 632.8-nm
He-Ne laser of 15 mm in diameter and with a 300-mamge lens system capable of measuring
particles with size in the range 0.1 — 96. The detection system consists of 36 elementspaged
silicon diode array. It has a maximum acquisitiaterof 2.5 kHz (Rapid mode). Size distribution
measurements were recorded at a distance fromttmeizer outlet oz = 4 cm. To further gain
insights into the nature of the size distributioti®gy were fitted with log-normal profiles using a
commercial software (Igor Pro v. 6.37).

3. RESULTSAND DISCUSSION

In general, polymer solutions exhibit a complexalbgy associated mainly to their molecular weight
and their concentration (Bouldin, Kulicke, & Kehlé988; Clasen et al., 2006; Colby et al., 2007). |
our previous study of FB-enabled atomization ofyp@r solutions, we determined that there exists a
@i directly related to the polymer coil overlap comication,c*, above which only filaments are
ejected from the atomizer (see Figure 3 in Modésioezet al. (2019)). Once out of the device, these
structures do not undergo subsequent breakup,nistegaid maintain their flamentous shape even at
relatively largez. However, in the regiop < ¢..;; polymer chains do not overlap and our preliminary
experiments indicate that droplets instead of féats are produced at> 4 cm. These regimes appear
to be independent of the FB process parametersjsthiequid flow rate and gas pressure (Modesto-
Lopez et al.,, 2019). Dilute polymer solutions withncentration below*exhibit a zero-shear rate
viscosity of the order of the solvent viscosity stsown in Figure la (partially reproduced from
Modesto-Lopezt. al. (2019)). Despite their low concentration and thms #,, several authors have
reported that these solutions exhibit a viscoalas@iture and display extensional viscosity, and
therefore a complex rheological behavior. It isstihmportant to first address the viscous propeudfes
these solutions.

3.1 Viscosity of PEO aqueous solutions

Figure 1c depicts the viscosity of PEO solutiongstigated in this study as a function of sheas. riait
the measured range, the solutions appear to beddamt with viscosity values of the order of thét o
the solvent (InPa - s). Our results agree with data reported elsewhedenaeasured with a variety of
different instruments (Ebagninin, Benchabane, & kek, 2009; Giudice et al., 2014; Mun, Young, &
Boger, 1999; Shore & Harrison, 2005; Sousa, Vegas8, Montanero, & Alves, 2017). For instance,
Park and Harrrison (2008) measured the viscosity0®k-PEO 0.6vt% and 600k-PEO 0.0&t% to

be 4.41 cP and 4.69 cP, respectively. Such valwee wf the order of that of the pure solvent, a
glycerol/water mixture (50/5@t% ) of 4.58 cP. Sousa al. (2017) reported a viscosity for a 1M-PEO
of 0.05 wt% to be~ 6 cP in a glycerol/water mixture (40/6&%). Tirel and co-workers (2017)
measured the viscosity of a 8M-PEO 0.00@36 to be 1.34 cP in an isopropyl alcohol/water migtur
(5/95wt%). Furthermore, Tirtaatmadja and coauthors (20@pnted the viscosities of 600k-PEO
0.17wt%, 1M-PEO 0.wt%, and 2M-PEO 0.0@t% in glycerol/water mixtures to be 5.9 cP, 5.8 cP,
and 5 cP, respectively. Those studies emphasizeighéy viscoelastic nature of PEO solutions even a
very low concentration (Park & Harrison, 2008; Soes al., 2017; Tirel et al., 2017; Tirtaatmadja et
al., 2006). Next, to investigate the dynamics oftazation of agueous solutions with FB, high-speed



videos were recorded to capture the early stagdseqgbrocess. Furthermore, although not investijate
herein, it is important to highlight that the vistasticity of PEO aqueous solutions is influencedh
polymer molecular weight distribution. Kulicket al. report that aqueous solutions prepared with
commercially obtained PEO of a wide molecular weiglstribution exhibited a marked non-
Newtonian behavior compared to PEO of narrow maéoueight distribution, which showed a nearly
Newtonian profile (Kulicke, Elsabee, Eisenbach, &iBcher, 1983).

3.2  Ejection of filamentsand formation of droplets

Ultra-high-speed videos of FB-atomized solutionthvdifferent zero-shear rate viscosities of 4.75 cP
(100K, 2.0 wt%) and 1.71 cP (600k, 0.1 wt%) weeorded at = 0 cm, the atomizer’s outlet, and at
z= 4 cm. The pressures employed for these experiments Rgete100 kPa andP;, ~ 78 kPa, which
resulted in liquid flow rates @@, = 0.375mL/s andQ, = 0.536 mL/s for the 4.75-cP and 1.71-cP
solutions, respectively. Figure 3a shows an imddbeoFB atomization of the solution with the highe
no atz = 0 cm, and Figure 3b shows an image of that at4 cm, note that the images belong to
different atomization events under similar expentaé conditions. Initially, flaments with varying
diameters of the order aD0 pm come out of the atomizer. During the atomizatibnvater with FB
devices Gafan-Calvo (2005) and Rosell-Llompart@af@ian-Calvo (2008) observed ligaments right at
the atomizer outlet. The formation of those depemushe so-called capillary time, which in case of
water, a Newtonian fluid, is of the order of miaeosnds. It is important to note that in the work of
Gafan-Calvo (2005) and Rosell-Llompart and GandmeC@008) the devices’ orifice had diameters
between three and ten times larger than the on@ iasthis study. Using an ultra-high speed video
camera Modesto-L6pez and Gafian-Calvo (2018) obdénat during a FB-based atomization of water
in pressurized environments droplets, insteadarhents, come out the atomization device. However,
in our experiments a = 4 cm, conversely t@ = 0 ¢m the filaments are no longer observed, instead
they have broken into droplets despite the relbtilarge viscosity of the solution. In the casetlod
atomization of the solution with,= 1.71 cP, in addition to the filaments, dropletsne out the device
(Figure 3c). These filaments appear to be thintan tthose in Figure 3a. In this case too, a
significantly large fraction of the filaments halveen transformed into dropletszat 4 cm as shown

in the image of Figure 3d. Nevertheless, theresarae atomization events of the 1.71-cP solution
where relatively short, thin filaments are presewgn atz = 4 cm, as depicted in Figures 3e and 3f.
While in Figure 3e the filament appears linking tdimplets (see red oval in the figure) in Figure 3f
they emanate from a single droplet forming a “taifhe mechanism of formation of these short
filaments remains unknown, however, their preseacebe most probably attributed to the viscoelastic
nature of the solutions, which undergo extensiahablogy and stretch out due to the tangential
stresses exerted by the acceleration as they nwweaifd. Next, images of the early stages of the
atomization of the 1.71-cP solution (PEO 600k, wt®%, P; = 100 kPa, Q, = 0.536 mL/s) are
discussed in more detail. Figure 4 shows sequentades of the atomization recorded in the region
close to the atomizer outlet; the time between daaime being lus. The images depict several
filaments breaking up into droplets at a very higte. For instance, the red oval highlights a kaflk
solution structure that extends its overall dimensi simultaneously thinning the diameter of the
filaments that form it. In frame 1, the charactiécidength of the “chunk” enclosed in the oval is
roughly600 um while 20us later (frame 20) and just 600 um farther in the axial direction, it has
doubled its length. In other words, in the regitose to the atomizer’s outlet the filaments streitia
rate of roughly\30 m/s. Note that as the camera is focused on the cqritaé of the atomization and
perpendicularly to the axial direction of the matiof the gas and liquid flows. It thus records the
motion of filament in one direction only, that ihe axial direction. Therefore, while stretching of
filaments may be occurring simultaneously in otldéections the camera does not capture such
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movements. As a consequence, the elongation epested herein correspond to those observed along
the axial direction. Interestingly, the filamentld& the oval, pointed out by a white, dashed line i
some frames, does not appear to significantly redtsccharacteristic diameter but only follows an
undulating motion as it travels downstream, ah#& polymer chains in the filament were expanded
already. This points to the fact that the ligamdotated at the periphery of the two-phase jet tiear
exit of the nebulizer undergo significantly smakrain rates due to the presence of smaller tartbul
stresses. Similarly to our results, Park and Hamrigsbserved the formation of droplets linked by thi
filaments during the spraying of PEO solutions gsanTurbo Tee Jet nozzle (Park & Harrison, 2008).
However, the droplets produced by them had a wveligtiarge mean size, of the order of 1 mm. Park
and Harrison attributed the filament formation he textensional rheology of the solutions. In their
work, the number of filaments increased with risihg polymer molecular weight as well as the
solution’s concentration, that is, increasing thisceelastic nature of the atomizing solution.
Furthermore, in the work of Park and Harrison (20@®lutions with molecular weight larger than
300k (0.5wt%) formed filaments at distances as farzas 13 cm, and their presence decreased
significantly atz = 17 cm. In contrast, in our experiments, both the lerggthles and the diameters of
filaments and droplets are much smaller, with fégns disappearing at distances as close=a4 cm.
This shorter length scales most likely result framefficient mixing due to the turbulent motiontie
interior of the FB atomizer.

Ancillary experiments demonstrate the viscoelastature of these dilute solutions. During the
atomization of a 100k PEO solution of 1.5 wt%, & 200 kPa, Q, = 0.54 mL/s) we were able to
capture the in-flight collision of two droplets dspicted in the sequential images of Figure 5« A0-
um droplet accelerates and impacts- 40-um droplet. They do not coalesce, but instead a thin
filament is formed between the two as the largepl#it passes through the smaller one. As they
continue their motion, the filament elongates, tiheducing the size of the0-um droplet. These
phenomena are significantly different from the ceden two droplets of a Newtonian fluid collide
(Finotello et al., 2018; Qian & Law, 1997; Shaopl €hai, & Fan, 2018); in such case no filament is
formed but instead a small satellite droplet i€tg@ during the collision. In frame 6, an initighucheter
of the filament can be established 3s= 2R,. Figure 5b shows the evolution of the filament's
dimensionless radiu8* = R/R, as a function of a characteristic dimensionlesgt*, which was
calculated by non-dimensionalizing the time of grecesst, with a characteristic capillary time,
1/2
t. = (paﬁ) ! , WhereR is the filament radius at each frarpeando are the density and surface tension
of the polymer solution, respectively. The plotaclg shows two distinct regimes, with a transiten
7" ~ ¢(1). Fort* < 1, R*decreases as0.7737**** and forr* larger than unity* scales as 0.227.
The evolution of the filament is in good agreemevith inertia-capillary and elasto-capillary
phenomena of filaments of viscoelastic solutiond asually reported in rheological studies (Anna &
McKinley, 2001; Mckinley, 2005; Tirel et al., 2017n the so-called inertio-capillary regime, the
filament radius decreases linearly with time, u@ ooint where elastic forces become relevant hed t
elasto-capillary regime takes over (Anna & McKinl@p01; Dinic, Zhang, Jimenez, & Sharma, 2015;
Mckinley, 2005). From the plot, the droplet chaeaistic pinching time is thus estimated to be
~ 4.12 ps. In Newtonian solutions the approach to the pipeimt, which in such fluids corresponds to
the point of rupture, is extremely rapid encompasgs sudden increase in curvature, thus producing
very large extension rates at this location thay mmause breakup of the necked fluid. However, in
viscoelastic, polymer solutions their molecules significantly extended, causing a localized insgeea
in the elastic stresses, which grow to balancectpllary pressure, thus preventing the neckedlflui
from breaking off. Alternatively, a cylindrical #iment forms in which elastic stresses and capillary
pressure balance each other, and the radius desreaponentially with time (Tirtaatmadja et al.,
2006). Although theoretically an estimation of thkaxation timeA, can be obtained by an exponential
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fitting of the data in the elasto-capillary regimvéh R/R, = Aexp {— %} the lack of sufficient data

points does not allow us to obtain a reasonablaevdlevertheless, the transition from the inertio-
capillary to the elasto-capillary regimes is clgappreciated both from the video frames and froen t
plot, thus demonstrating the viscoelastic naturthisfdiluted solution.

3.3 Droplet sizeasa function of gas-to-liquid massratio

The droplet size was studied as a function of tltoegss parameters such as the gas pressure and the
gas-to-liquid mass ratid:{.R), which is typically used to assess the size oplits produced during an
atomization process. The droplet size distributiohall polymer solutions were measuredatof 100
kPa, 200 kPa, and 300 kPa and varying liquid flates. Figure 6 shows a typical droplet size
distribution of solutions sprayed with FB; in tlparticular case, the distributions correspond tQ® RE
100k and 1.5vt% atP; = 300 kPa, and varyingl, of 1.09 mL/s, 1.33 mL/s, and1.42 mL/s. The
plots show an initially broad distribution, rangifrgm 0.1 um to ~ 200 um, at the lowest liquid flow
rate with a small shoulder at400 ym. The mean droplet diameter shifts towards a lasges with
increasing, simultaneously decreasing the fraction of smalptkts. The measurements appear to be
very sensitive td@,, the figure shows that a rise ©f22 % in Q, causes a shift of the main peak from
~ 10 um to 40 um, and subsequently to 70 um with a further increment of 7 % of Q,, while the
position of the shoulder &@00 um remained nearly constant. Inspection of the sistriblutions
evidence that the main broad line is formed bydigerposition of at least two log-normal lines. All
measured distributions were fitted with lognormatdtions and their dimensionless, mean diameters,
di andd; are plotted in Figure 7. Heré; = d,/D andd; = d,/D, whereD is the diameter of the

orifice of the FB atomizer andl, andd, are the mean diameters of the two main lines nbthfrom

the lognormal fittingd; scales ag3'®* and interestingly, as the dimensionless diameiesss they

approach the orifice mean diamet®r,An increase of eithet; ord; is caused by an increase of the
liquid flow rate, thus implying that at a sufficiénhigh Q, the produced droplets are of the order of
the FB atomizer’s orifice diameter.

Figure 8 shows the mean diameafgrmade non-dimensional with the minimum attainalderdterD,,
that isd* = d,/D,, as a function of the gas-to-liquid mass ratiéK). D, = o /AP andAP is the gas
pressure drop across the FB device (Rosell-Llompdsaian-Calvo, 2008). Th8LR is associated to
the energy supplied to the bulk liquid to breakib small droplets by the turbulent motion. Theref
increasing theGLR implies that the kinetic energy transported by ¢fas current is increased, thus
enhancing the production of smaller droplets comgado lowerGLRs. This trend is evidenced by the
plot of Figure 8, in which a power law fit results the following scaling parametedt =
0.816GLR™%*°, and it depicts data points corresponding to emshpressure. In general, a higher gas
pressure results in larger values of the dimensgsnmean diametdr*. ForGLRs < 0.1, thed, is at
least two orders of magnitude larger tliyn conversely, foGLRs > 0.1, d, tends towards smaller
values, and perhaps approaching Broniarz and coauthors sprayed diluted PEO swisti with
viscosities in the range of the ones used in tiidys using an effervescent atomizer, which funio
with a different mechanism. Although the sizes thegyort are of the order of a few millimeters, the
tendency is similar to our data, that is, the dzbgize decreases with increasing @R (Broniarz-
Press, Ochowiak, & Woziwodzki, 2010).

To study the atomization characteristics of the d&ice with these solutions, the flow discharge
coefficient Cp), which represents the ratio of measured mass riéd&to theoretical mass flow rate for
our FB atomizer, was calculated with = Q. ,/A,(2pAP,)*/? whereQ,, , is the solution mass flow
rate,A, is the cross-sectional area of the atomizer drggharifice,p is the density of the solution, and
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AP, is the liquid pressure drop across the atomizyurE 9 depict€, as a function of the gas-to-
liquid mass ratioLR). Naturally, the data indicate that for a giv@iR rising the gas pressure results
in a decrease of the discharge coefficient, thdsaig the actual mass of atomized solution. Higher
values ofGLR imply an enhancement of the turbulence in the &eris interior, thus increasing the

hydraulic resistance, that i%QP—L. It is also interesting to point out that for aveg P; value, all data
£

points collapse into a single line independentlythe zero-shear rate viscosity of the solution,clvhi
was different for each of them. Fitting of thg data as function afLR gives the following relations
Cp, = 0.0172GLR 9944, Cp, = 0.0124GLR™°%27 | and Cpy = 0.0103GLR~%91* for P, = 100, 200,
and 300 kPa, respectively.

Figure 10 shows the Reynold®d) and Deborah je) numbers as a function 6fLR. Re was
calculated as p,,v,,D/no, Wherep,, andv,, are the air-solution mixture’s density and velgpcit
obtained using the volume fraction of air and tledymer solution, since they both simultaneously
leave the atomizer’s orifice (Khan et al., 201Bg is the ratio of a time of relaxatiom) to a

characteristic time of the proce#d.(The Rouse-Zimm model was used to calculate tlaxagbn time

of the polymer solutions with, = Z(TI\O[IZ]MT”';S where the intrinsic viscosity with units ofL /g was
ARB

obtained with[n] = 0.0125M278 for PEO in watery; is the solvent viscosityy, is Avogadro’s
number kg is the Boltzmann constant, afids the absolute temperature. In the limit of dcemin

hydrodynamic interactions the functi?év—) takes the value of 0.422 (Dinic, Biagioli, & Shan2017,
Greiciunas et al.,, 2017; Tirtaatmadja et al., 2008he characteristic time of the FB atomization
2
process¥) was calculated witﬁ%. Figure 10a shows a tendency of the Reynolds nutoba@ecrease
11

as theGLR increases, indeeRe decreases nearly two-fold as t6&R varies from~ 0.06 to ~ 0.3.
These results evidence the important role of visgalsiring FB in addition to the geometrical critar
established by Gafan-Calvo (2005). FurthermoreafgivenGLR, polymer solutions with larger,
exhibit lowerRe most likely because the increased dominance ebuis mechanisms dampen inertial
effects. The lines in the plot are exponentiainfgs to guide the eye. In Figure 10b the Deborah
number for each PEO molecular weight is plottec dsnction ofGLR. Solutions of PEO of higher
molecular weight show largére, thus implying their relaxation time is signifiggnlarger than PEO

of lower molecular weight. Indeed, increasiig one order of magnitude from 100k to 1M causes an
increase iDe of a similar order. Additionally, for a given maoldar weight the Deborah number
decreases as tl64.R is increased, which means that the augment inggnassociated with the FB
mechanism improves the solutions’ capability trewfland the relaxation time scale is reduced in
comparison with the time scale of the atomizatibimese results correlate well with those of Figure 8
where a smalled* is obtained with largefLRs.

4. CONCLUSION

PEO solutions of varying molecular weights and emt@tions below the polymer’ coil overlap
concentratiort*were atomized using the Flow Blurring mechanisnihéligh, viscosity measurements
show the nearly Newtonian behavior of these fluiagges from high-speed videos of the atomization
process show that in flight these solutions exhilsitoelastic nature, even those of PEO of the sbwe
M, = 100k. Although at very early stages of the atomizafwocedure filaments form, they evolve
into droplets in a relatively short distance frdme atomizer outlet; and at= 4 cm a cloud of droplets

is already observed. Droplet size measurementsyugyht-scattering equipment indicate a broad
distribution for all solutions and FB conditionsewertheless, careful inspection of their plots e¢ve
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that they arise from the contribution of two maigihormal profiles, and their mean diameters exlaibit
linear dependence. Furthermore, the general tegdshaws that rising th6LR causes a reduction of
the dimensionless diameter of the second peak.adilgiuid pressures result in small@tRs and thus
larger droplet size for a relatively narrow randes0R. That is, at smallefLR, the sensitivity of the
mean droplet size is higher than that of largeueslof GLR. The Reynolds number, based on the
density and velocity of the air-solution mixturenuag out the atomizer, as a function@fr, shows a
characteristic line for each of the solutions uisethis work. Furthermore, the ability of PEO sabuiis

to flow augments with increasing tlséR. This study sheds light into the breakup dynamicElow
Blurring-based atomization of polymer solutions.
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FIGURE CAPTIONS

Figure 1. a) Zero-shear rate viscosity as a function ah@edsionless concentration parameter (from
Modesto-Lopezt al. (2019)), b) Schematics of the cross-section \oéa FB atomizer, c) Shear
viscosity as a function of shear rate for PEO sohgt atomized in this study.

Figure 2. Calibration curve of the Flow Blurring device feach gas pressui;, employed in this
work, whereQ, is the measured solution flow rafg,is the liquid pressure, a§{ = P; — P,.

Figure 3. Frames from high-speed videos of two PEO solstatomized with a FB device a) 100k 2
% wt right at the atomizer outlet,= 0 cm, and b)z = 4 ¢m; and 600k 0.1 % wt c¢) at= 0 cm, and
d) — f)z = 4 cm. The red oval indicates droplets linked by a fignrta The red arrows point out
filaments stemming from droplets. The white daslmeglindicates the atomizer’s wall.

Figure 4. High-speed video frames of FB atomization of R&0 k 0.1 wt% (1.71 cP) recorded in the
vicinity of the atomizer outlet. The images depmiot the entire frame but only the lower half. Thayg
bar on the left side of some frames indicates thmaer. Red ovals indicate the evolution of
polymeric structures, and the white, dashed liglalights a polymer filament.

Figureb. a) sequential images of the impact of two PE(Qléts (100k, 1.5 wt%) and subsequent
filament elongation (frames 1-14). The time betweacoh frame is Ls. b) Dimensionless radius
R* = R/R, as a function of dimensionless tinie where the inertio-capillary and elasto-capillary
regimes are observed.

Figure6. Particle size distribution of a PEO 100k 1.5 vg8tution atomized a; = 300 kPa and
varying Q,.

Figure 7. Non-dimensional diametéy as a function of non-dimensional diametgr The mean
diameters of the two main line$, andd,, were made non-dimensional by the FB device’s aific
diameterD, that isd] = d,/D andd; = d,/D.

Figure 8. Dimensionless diametdrt = d,/D, as a function of GLR

Figure 9. Discharge coefficient(;) as a function of GLR at varying;. The solid lines show a power
law fitting.

Figure 10. a) Reynolds number and b) Deborah number ascidmof GLR.
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Flow Blurring Atomization of Poly(ethylene oxide) Solutions below the Coil Overlap

Concentration

Miguel Hermosin-Reyes, Alfonso M. Gafian-Calvo, LBisModesto-Lopez*

Highlights:

* Dilute PEO solutions show Newtonian-like shear o8ty
» Atomized droplets exhibit extensional viscosityflight
» Polymer filaments break into droplets in a timelscd the order of microseconds

e Mean droplet size of Flow Blurring-atomized solusodecreases with increasing GLR



