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Abstract

Plasma jets are being intensively studied for biomedicine applications but their fine control
remains challenging due to the mutual interactions between plasma and target. Even
considering perhaps one of the simplest scenario in a research laboratory, using a plasma jet to
treat a 203 cells culture in a plastic multi-well plate, it is not known in detail how the physical
environment of the micro-well may influence the nature of the plasma jet treatment. This study

aims to shed light by investigating for the: first time the liquid flows induced by the plasma
treating a bilogically-relevant liquid (e.g. PBS) in standard tissue culture grade multi well
plates {i.e. 96, 24, 12 and & wells). Evaporation, induced by the anhydroos gas flow, is
demonstrated to govern the thermal effect and be at the origin of the observed liquid cooling.
Moreover, the formation of stable vortexes in the higuid induce a non-uniform distribution of
plasma generated reactive species. This phenomenon, reported for various vessels and
volumes of liquid. does not onginate from thermal gradients but is instead the likely result of a
combination of electrohydrodynamic forces and gas flow tangential components induced by

the plasma impinging on the liquid surface.

Keywords: electrohydrodynamic, atmospheric pressure plasma, liquid target, Schlieren,

evaporation, plasma medicine, vortex recirculation

(Some figures may appear in colour only in the online journal)

1. Introduction

Aumospheric pressure plasma jets (¢ APPJ) are nowadays maybe
the most versatile, widely adopted and nvestigated type of
atmospheric plasma reactor for a great vanety of biomedical
and material processing innovative applications.

In the last decades the scientific effort on APFJs has grad-
ually shifted from their investigation in free flow conditions
to the study of their interaction with different targets [1]. The
relation between plasma and target has been demonstrated to
be mutual, potentially affecting both the target and the plasma
characteristics [ 2—4]. The interaction between plasma and lig-
uids has been the subject of intense research, in particular

* Amthor to whom any cormespondence should be ad dressed.

focused on the production of bio-active reactive oxygen and
nirrngan epearias (RONS) in ploema reeaed lgeids Thic ipie
in fact is of grear relevance for plasma blomedical applicarions
where precise control over these reactive species s mandatory
to achieve the desired biological response.

Concerning targets in plasma biomedical studies, there is
a certain uniformity in commonly sdopted in vitre configura-
tions due to the standardized vessels (e.g. tissue culture grade
multi well plate, Petri dishes) and liquids (e.g. PBS and culture
media) routinely used for microbiology assays.

The characteristics of these targets and setups certainly
influence the plasma treatment conditions but in spite of their
large diffusion, they have been very scarcely investigated from
a physical point of view. Only few papers reported on these
configurations rising awareness on the influence of seldom



controdled parameters such as the in vitro target support or
the vessel horder height [2, 5, 6]. Such parameters can signifi-
cantly alter the RONS produced by the plasma and their distri-
bution at the target surface and bulk. It is reasonable o suspect
that other features and parameters not yet investigated may
play a similar role in governing plasma biomedical treatment.

Thus, 1t appears critical and relevant to undergo a physi-
cal investigation of the adopted setups even when the main
focus of the research maybe purely biological. For example,
in the plasma medicine context the understanding of plasma-
liquid interaction 15 of major importance since water 15 the
main component of most targets (e.g. culture medium, tissnes,
- [T

As a representative example, Sasaki er al [8] reported
on how the plasma-induced cell membrane permeabilisation
decreased markedly with increasing liguid volume covering
the cell culture. This is believed o be linked o the increased
distance between hguid surface and cells, which prevents
short-species such as OH to reach the bottom of the well due
to their short diffusion length in the order of few hundred
micrometers. The addition of few milliliters of culture medium
while harmless from a purely biological point of view could
completely change the plasma treatment outcome. The trans-
port of reactive species and its limits controd in many cases the
plasma treatment efficiency and outcome [9].

Similarly, studies non related to the plasma domain reported
om how natural convection can take place inside Petri dishes in
incubators and lead to non-uniform cell culiure [10].

Rics et al [4] reported on how the chemical composition
{especially water related species) of a plasma jet can be signifi-
cantly affected by the target composition and electrical charac-
teristics. Abways in the case of an APP] impinging on a liquid
Kondeti er af [ 11] observed higher decomposition rate of crys-
tal violet for oscillating surface dimple and suspected a possi-
ble role of vortex recirculation. The dependency of interfacial
dynamic (in that case the dimple oscillation) sed the vessel
dimension was also highlighted in the work.

Awareness s rising that only a combined charactenzation
of both the treatment condibions and effects conld provide the
necessary insight on the leading mechanisms of plasma sction.

In this context, some papers already reported on how an
APP] impinging on a liguid surface is likely to induce modifi-
cations of the fluid dynamic regime in the bulk liquid. Two
main effects have been observed: a fast liquid flow mow-
ing away from the impinging point; the formation of stable
vortexes with velocities up to several centimeters per second.

In the first case, it has been reported on how the impinging
of a plasma jet on a liquid can induce a fast hnear flow going
in the depth direction within the first seconds (< 10 5) from the
plasma ignition. The group of Kawasaki in particular investi-
pﬂh‘ﬂ thas cffcct in corrclation with the fast transpart af RIS
in the bulk liguid and the supply of thase species to the bat-
tom of the vessel [12-14]. The fast liquid flow appears visible
as rich of ROS that react with the dissolved Kl-starch lead-
ing to a colour variation. Rumbach er af [15] also reported a
similar fast flow taking place in the first 5 s of plasma treat-
ment, for a different setup and nsing pH sensitive reagents
In this case a basic pH was associated with the observed fast

flowr. It was hypothesized that charged species accumn lation
and EHD forces were the main reasons for measured effect on
pH modulation.

Mitsugi er al [16] reported on the possible role of plasma-
induced pressure waves as o possible cause of this ROS fast
flow but only for small gas flow rate (<1 slm) as for higher
flow the stream was not detected although the intensity of pres-
sure waves increased. Always the same group observed the
same phenomenon through PIY technique confirming the short
duration of this fast flow.

As suggested by Kawasaki et af [17] this fast linear fow
going in the depth of the vessel is inversely dependent on the
gas flow rate and the gap distance between the plasma reactor
and the liquid surface. In their work. they assumed the possible
role of vortex recirculation, that could take place inside the
liquid, in opposing the linear fast flow so blocking it for certain
conditions [14].

Dealing with the second class of plasma induced effect in
liquid samples, vortex recirculation has indeed been reported
I'I}' rl1‘1'||'r I1'|III'”I."= nn Ap‘pl tresntmiend I'I'l"| ] IIII'I'IJ'iI'I ll'nlll'l'l'll'
Kovacevic et al [18] reported on the Schlieren visualization
of these vortex formations and the reversing of the rotation
direction when plasma is ignited compared to gas only con-
ditions. Thagard ef al observed vortex formations as well in
considerably larger vessels (several cm side) for a rod-plane
configuration without gas flow [19]. Conversely, these forma-
tions have been marginally reported in other paperfor different
plasma jet sources [20-24].

Due o the relatively slow diffusion of reactive species in
the liquid phase. the mixing cansed by this fluid dynamic plays
a critical role in the transport and chemical balance following
plasma jet sction on liquid samples [20]. Thus, the study of the
plasma-induced liquid flnid dynamic and its origins appears
as a critical issue to be investigated in detail to achieve proper
control over plasma and liguid processes. Concerning the vor-

tex recirculation various explanations (figure 1) for the causes
at the origin of these phenomena have been advanced:

{a) Huayunq forces and Manngncm' cffcct
(b} Gas flow shear stress
ic) Electrohydrodynamic (EHD) forces

Usually only one or two of these causes are taken into
sccount at a time in the literature. Moreover, most of the
pioneering papers previously mentioned address the subject
marginally [18. 21, 25] and usually investigate setups with
custom vessels containing large volume of liquid (tens or
hundreds of millilitres) [19, 21]. wsually distilled water.

Prompted by the potentially huge impact of this plasma
indneed vortex recirrnlation and the poscihle dependency
between vessel size and interfacial dynamic, in this work, the
effect is investigated in small and very small vessels typical of
the plasma medicine experimental setups. Furthermore. the up
toaday s suspected causes of this phenomenon are addressed
systematically from an experimental and analytical point of
view so to infer general considerations and guidelines that
could be applied to other similar setups.



Figure 1. Concepiual representation of the forces and effects taking
place when an APPI impinges on a lguid contained in a vessel:

(1) Buoyancy forces and Marangoni effect possibly cansed by
concentration gradiems or {1a) heat transfer; (2) gas Aow shear
stress on the liquad surface potentially affected by

(2a) plasma-induced gas Aow modification; (3) EHD forces.

In its final intent, the work aims not only at bringing
new insight on plasma induced liguid flows but also at ris-
ing awareness on their impact in widely adopted experimental
setups such as those encountered in plasma medicine e

experiments.

2. Methodology

The atmosphenic plasma jet used in this work is a plasma
gun (PG) already described in detail in [26]. Briefly, the
PG is a coaxial DB reactor with a quartz capillary Aushed
with helium and powered by a micropulsed high voltage gen-
erator. The 12 cm long capillary was tapered at the outlet
@, = 1.3 mm, @, = 3 mm). The source was Huoshed
with a helium flow (1 or 2 slm, 99999% pure, water content
<05 ppm) and powered by 2 ps (FWHM) duration voltage
pulses of 12 k' peak that could be set to be either with positive
or negative polarity. The repetition rate of the pulses was fixed
at | kHr. The plasma source was positioned vertically over
the sample (figure 2). The discharge gap (distance between
the nozzle and the surface of the liquid) was fixed at 5 and
15 mm.

The adopted vessels were 96, 24 and 12-multiwell
microplates iNunclon® Delia Surface, Thermo Fisher Scien-
tific, DK, f-multiwell plates (TPF flat bottom, SigmaAldrich,
FR) and a glass test tube (Thermo Fisher Scientific, DK).

Moreover a custom-made 3D-printed vessel with two paral-
kel glass windows was created specifically for this investigation
{figure 3). The vessel was designed to present a cubic cavity
of 16 = 16 % 16 mm’.

These dimensions were chosen in order to reproduce as
close as possible those of the 24-multiwell microplate (cylin-
der @16 mm, H:16 mm) while having parallel walls so to be

more convenient for Schlieren visualization.
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Figure 2. Photo and schematic represemation of the experimental
setup. The points ‘a’ and ‘b are the position of the optical probe fior
2as lemperatare measurements, 1 men away from the capillary
orifice and either on the jet axis (a) or 5 mm radially away from it
(b

/s -

Figure 3. Representation of the custom square-hase vessel adopted
for Schlieren investigation. The characteristic length scale is the
samiz a5 that of a standard round-based well of a 24-multiwell

ricroglate,

Even if with different geometry (cubic instead of cylindri-
cal} the custom contamer has the same charactenstic length
scale of a standard well adopted for in vite experiments and
should therefore present comparable fluid dynamic regimes.
The relevance of this cubic vessel to mimic liquid dynamics in
cylindrical cell culture wells will be further detailed along the
manuscripl.

During treatment the vessels where positioned on a 1 cm
thick dielectric PVC plate positioned on a grounded table. The
relatively big impedance of the support allows to neglect the
small differences in wall thickness and materials properties
between the various vessels.

The liguid adopted for the test was PBS (Dulbecco’s phos-
phate buffered saline by Gibeo, 90% water). A total amount of
200 pl. 3 ml and 4 ml was used in the 96, 12 and 6-well plates
respectively. The test tube was filled with 3 ml. In the 24-well
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Figure 4. Photos of vortex formation due to plasma action in FBES
with KI and starch reagents for different vessels: (a) 96 well plate,
(bp 24 well plase, (ch 12 well plase, {d) & well plate, (2) test iube,
after ~ 6 5 from treatisent stan.

plate and the custom vessel 1.7 ml and 2 ml were introduced
to grant the same liguid height (8 mm) inthe two containers.
Fresh (untreated) PBS was inserted into the vessel before cach
tesk

Visualization of helium and liguid flows was performed on
a Z-type Schlieren [27] optical test bench, equipped with a 3 W
green LED light source, aset of parabolic mirrors, a knife-edge
mounted vertically on a precision translation and a high frame
rate camera (IDT-Streal X5-3, shutter speed: 1710000 =, fps:
1) [28].

The overall plasma-produced oxidizing species distribu-
tion in the solution was detected by Kl-starch reaction [249].
Kl-starch reagents were mixed into the liquid target prior to
plasma exposure (0.3%., KI and 0.5%,, starch).

Mon-invasive temperature measurements were performed
by means of an infrared camera ( Fluke Ti420 by Fluke) with a
640 = 640 pinels detector, an accuracy of £2 “C and a res-
olution of (.1 “C. The mitial calibration of the camera was
done using an optical probe used also for gas temperature mea-
surements {Fotemp, Optocon). The emissivity was corrected
with the calibration procedure. The camera was mounted so
t have the infrared sensor parallel to the sample surface and
positioned 10 cm above it. Due to the intense absorption of
water in the infrared spectrum due o the fundamental O-H
stretehing vibrationz, the infrored sequisition i@ axpeetad o be
mediated over a layer of 50 gem under the liquid surface [30].

The mass loss (Am) due to evaporation was evaluated
through & high sensibility balance (MettlerToledo ME403).
Videos were acquired with a Canon EOS 6D equipped with
a 100 mm macro lens (Canon series 48). The recording were
effectuated with a frame rate of 30 fps and a shutter time of
14500 5.

3. Resulis

The pictures in figure 4 show that the modification of the flud

§
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Figure 5. Schlieren acquisitions. Superimposed bloe arrow are o
help the visualization of vortexes in the gas phase while red
linesdarrows ane used 1o highlight murbalent froms and vorexes in the
liguid phase.

dymamic regime 1n the hguid phase can take place m vessels
(96,24, 12 and 6 well plates as well as in glass test tubes) filled
with volumes and liguid typical of biomedical studies.

This direct comparison between different plates clearly
demonstrates that the phenomenon 15 not vessel dependent and
can potentially take place in very small volumes down to few
bussds cuds ol pl. The phemnncuons i cloaly ool speiliv o a
particular vessel geometry but can affect potentially any con-
tamer commaonly adopted i bomedicine. In all investgated
cases, the PBS conmining K1 and sirch reagents was meared
with the PG (+12 kVpea. | kHz, 1 slm, 5 mm gap).

For all vessels, there is a clear accumulation of reactive
species al the surface, that appears of darker color, and the for-
mation of steady state vortexes is observed after few tens of
seconds after plasma ignition. The vortex flow direction is the
same in all cases: radially outward along the liquid surface and
upward at the center of the vessel (i.e. clockwise stream on the
right-hand side of the vessels).

The: wnrtexes are the 21 projectinn on the camern plane af
fiocus of an actually 30 vortex structure with toroidal shape
and centered on the jet axis.



Considering that the charactenstic length scale of the
observed flow is of the order of one centimeater and the rotation
of the vortex in the order of seconds, a velocity of ~1 cm 5!
15 deduced.

Knowing that the diffusion coefficients for many
reactive species in the liquid phase is relatively  low
() = ~10"% em® 5"} and assuming a mass fraction
(c) of 1 at the surface and O at the bottom of the well is
possible to estimate a mass diffusion flux (/) in the order of
~10~% gem~? 5~ according to equation (1) [31]:

J = —pDVe (1)

Where o is the liquid density assumed in this case to be the
same as water { | gem™ 7). The mass flux can be expressed also
a5 follow:

J = pilig 2y

Where wp is the velocity of diffusion of the reactive species
generated at the surface. In this case the diffusion velocity is
in the order of 10~% cm s~ ',

The comparison of the diffusion velocity with the one of
the vortexes (several order of magnitude higher) suggests that
the convective mixing plays a dominant role in the transport
of chemical species in the bulk liguid in the investigated case
[201. 32]. This leads w a non-uniform distribution but also wa
relatively fast transport from the surface w the bottom of the
vessel in the well plates. As later demonstrated, the vortex for-
mation is not determined by the circular base of the vessels.
Leveraging on this aspect and to allow the implementation of
Schlieren imaging, the following results were collected on the
custom vessel with the same characteristic length of the 24 well
plate but with a square base. A selection of frames extracted
from Schlieren acquisitions is presented in figure 5. The hor-
izontal shadow wvisible in the middle of the well is casted by
the meniscus formed at the surface of the liguid in proximity
of the glass wall

As visible in the first row of figure 5. for none of the con-
sidered cases the helium flow alone (plasma off ) was able
induce the formation of a stable regime in the liquid sample
even after several tens of minutes. The helium flow 15 charac-
terized by a Reynolds number of 150 and 290 at | and 2 slm
of gas flow. As visible this gives a laminar flow at the out-
let of the nozzle [33]. Random fluctuation in the liguid den-
sity appear due to the dry helium cooling effect because of
water evaporation, bat no steady state regime 15 achieved in
thiz mondition

For the cases at higher helium flow (figure 5 first row, two
left columns) we observe that stable vortexes are generated in
the gas above the liquid surface.

Moreover, a column of helium moving upward is clearly
visible to enclose the source capillary reducing the mixing
with ambient air. in agreement with the numerical simulation
reported by Mohades et af for a similar configuration [34].

Following the plasma ignition, a fast moving front is initi-
ated, propagating from the impinging point and moving away
from it in the depth of the liguid, is observed as depicted in
figure 5 “plasma on 2 &' for every experimental conditions.
Thie fast moving front, typical of tha first few seeonds, can
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Figure 6. Temporal evolution of target solution containing KI-starch
reagents during plasma exposure for different operating conditions.

b associated with the fast flow already reported in details by
the growp of Kawasaki [12-14, 17].

As hypothesised in one of their work [ 14] this fast fliow, tak-
ing place in the first few seconds after plasma ignition, could
be hindered by vortex recirculation moving in the opposite
direction (upward under the impinging point).

This hypothesis is hene confirmed through Schlieren in the
transition visible in figure 5 rows 4 5 and & s. From the fast
liepuid Aemar movang away from the impinging prant the lig-
uid velocity field evolves into a stable toroidal vortex recir-
culation. The vortex stability was verified for up to several
minutes after plasma ignition and presenting no significant
variations over this perind. These vortexes appear to rotate
faster and have smaller dimensions for the cases at higher flow
rate (2 slm) nearly mirroring the vortexes formed in the gas
phase (see figure 5 row 20 5).

The cases at lower fow rate (1 slm) induce wider voriexes
always flowing in the same direction. No significant influence
of the vnltage pulze polarity ic oheerved on the Anid dynamic
induced inside the liquid (figure 5 third and right-hand side
columns).

In figure & are presented the results achieved from the
addition of Kl-starch reagent in the liguid. The cases are the
same as those investigated with Schlieren technique. The only
exception is the central column that show frame obtained on
a standard round well. K1 starch distributions for different
volumes, vessels and treatment times but typical of most of
plasma jet in vifre experiments, as documented in figure 6, is
probably the most striking evidence that reactive species trans-
port in gas and liguid phase has to be in detail considered. At
u first glance, ona indead unambiguouvsly shosrves that very
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. .

Figura 7 Tnfrarsd camera acqaizitiong of the lidiid aiface after
&0 s of exposure. The gap distance was 5 mm for all cases. The
cases {a), (chand (F) are withouwt plasmea and (b). (e) and {g) with
plasma {12 kY and | kHz)
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different scenario for reactive species delivery are measured
and will play a critical role in any biological assays on plasma
treatment. As expressed in the introduction, this is the main
maotivation of this paper. and is probably to be accounted for
in plenty of in vitno experiments with other setups, plasma
sources and operating conditions.

For all considered cases, in the first 20 s after the plasma
ignition, it is observed an accumulation of reactive species at
the surface of the liquid. These species are transported into the
bulk of the liquid starting from 30 s after the start of the plasma.

The path of the oxidized reagents follows the vortex struc-
tures previously identified through Schlieren imaging. For the
case at higher flow rate the vortex are faster and lead to a nearly
uniform diffusion of the plasma induced species within 80 s
The cases at lower flowrate are characterized by larger and
slower vortexes which induce reactive s.]:n:ci:s flow closer to
the vessel wall and a central column in commespondence of the
IIIII]J‘IIIIEIJ]E l.HJIIIIL. “I.L' '\'\JILLLIJE l.l‘.|1 HliLI.I.IJ il lll': wenlig \J[‘ |J.|.|._I
vortexes forms a torus of clear. unreacted. liguid up to 80 =
after the start of the plasma for some cases. The oxidation of
increasingly more reagents and their diffusion makes gradu-
ally harder to visualize the vortexes after times longer than
60 s.

A selection of [R camera acquisitions is reported in figure 7.
Both the pictures and the extracted temperature values show
how the heat transfer is strongly dependant on the gas flow
rate and nearly unaffected by the presence of the plasma or the
shape of the vessel. The images also show a nearly uniform
temperature over the liguid surface with a very low deviadon
between the various points.
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Figure B. Liquid surface temperature (up) and liquid loss (botiom)
over reatment time.

The average temperatures of the liquid surface for different
conditions are reported in figure 8. A general decrease of the
temperature over time is reported for all cases. Also there is a
clear grouping of the experimental points along two different
trend lines, one charactenstic of each investigated gas fow.
With 1 slm of He gas flow it is recorded an average loss of
0036 °C 57! while at 2 sl the hosa iy of 00065 °C >~ L

Similar trends are also observed for the liguid mass loss
recorded during the treatments. The cases divides into two
groups according to the He flow valoe. An average evapora-
tiomof | 77 gl @ m “jand | R gi=™" » m™~) are revorrded
for the 1 slm and 2 slm conditions respectively. Mo significant
difference between the gas only and the plasma treatment 1s
ohserved also in this case, probably in virtue of the very low
power characteristic of the adopted plasma source. In addi-
tion, the polarity of the excitation pulse does not seems to play
a key role for the measured phenomena in #y experimental
conditions.

4. Diacusaion

In this secton, the effects possibly causing the vomex forma-
tion are addressed one b:,r one with reference to the .n.du]:l:d



experimental setup and supported or discarded thanks o exper-
imental evidences or theoretical considerations. The analysisis
performed for the square custom vessel who has the advantage
of allowing Schlieren imaging visualization (figure 5).

4.1 Buoyancy forces and Marangoni effact

One of the most common cause of Aows in Auids are den-
sity gradients caused by non-uniform heat transfer (ie. con-
vection). The Richardson number (Ri) is usually adopted to
express the ratio of a buoyancy term over a flow shear term
and often used to evaluate the importance of natural convection
over forced convection [35]. Typically, the natural convection
15 negligible when Ri < 0.1 and forced convection is negligi-
ble for Ki = 10. Neither is negligible when 0.1 < Ri < 100 [t
15 simplest to express Ri using a combination of the Grashof
number (Gr) and the Reynolds number (Re):

Gr

Ri= o %

BT, — T
Gr = % @
ke = % (5)

Where u is the flow speed (m s~'), L the characteristic
length {my), in this case the vessel side { 16 mm). i+ the kinematic
viscosity (m® s~'). g the gravity acceleration (9.8 m s~ '), Fis
the coefficient of thermal expansion (K~'), 7, and T . the tem-
perature of the surface and of the unperturbed fluid (K). Being
the initial liquid velocity zero (u = 0), no forced convection,
the Re = 1 and therefore Bi 2% 1. With this assumption, the
bucyancy forces in the liquid phase should be not negligible in
our case. The same analysis on the He flow in = 126 m s~',
L=16=107"mw=1I12= 107 m?s", =337«
W K T, = M0, Ty = 17°C) givee n Hi = 77 w
10-% which suggest a negligible impact of buoyancy on the
gas phase as also confirmed by the laminar downward column
of He visible in Schlieren acquisitions.

In the investigated setup the only two possible sources of
thermal effects on the liquid are the heating due to the plasma
discharge and the cooling due to evaporation as a consequence
of the helium flow (initially very low humidity content). In
light of the short treatment time and the imitial thermal equi-
librium, the heat transfer scross the well walls s considerad
Mﬁlllsi.h]f_. The variation of the mcan liquid surfacc tcmpcra-
ture, recorded with the [R camera (figure 7), shows a predom-
inant cooling effect in all cases. Moreover, it is measured that
the surface temperature is essentially affected by the gas flow
with little or no impact of other paramcters such as gap dis-
tance or the presence of the plasma. This trend is supported
in the graphs reporting the temperature vanation and the mass
loss due to evaporation (figure 8).

Considering the gas only cases and assuming the enthalpy
of vaporization of PBS 1o be equal to that of water, 2257 g
(#.), for a mean mass loss due to evaporation over 80 s ( Am)
of 24 and 36.5 mg for | and 2 slm respectively, it is possi-
ble, through the following equation. to estimate a mean cooling

power of (.68 W and 1.03 W,

Mm=H,
I

Pesp = (6)

The plasma source adopted in this setup is charactenized by
a particularly low power consumption. The power delivered
to the plasma reactor from the pulse generator vary accord-
ing to the operating conditions but for the considered cases
it is was measured to be always in the range of 0.2-03 W
[36). Additionally, only a fraction of this power is expected
tor be comverted into heat while most goes into the excitation
of helium atoms and other species. This is also confirmed by
simple temperature measurement performed on the gas flow on
the capillary axis 1 mm under the nozzle (figure 1 position *a’)
and at the same height but shifted 5 mm radially (figure 1 posi-
tion “b*) where the helinm flow exit the well moving upward.
The gas at the exit of the capillary was recorded to be between
21 and 22 °C and to increase at 24.6 “C when the plasma was
present. The gas is then cooled by the water evaporation reach-
ing temperatures in the range of 17 “C—19 “C when exiting the
well.

The difference between the cooling and heating powers
suggest that any possible thermal effect is mainly controlled
by the helium gas induced evaporation. Since this effect is
also present in the gas only cases where the vortexes are not
ohserved this analysis supports that vortexes formation is very
likaly independent of the tharmal balance betweaen gas fow
cooling and liquid evaporation.

Furthermore, as reported by Kovacevic et al [ 18] for a close
setup but using Ar gas and a larger vessel, the gas only cool-
ing effect 15 expected to cause liquid rotation opposite to the
one here reported. Anyway, this effect is not observed in the
present case on smaller vessels representabive of those com-
monly adopted in biomedical m ovirre experiments. While in
Kovacevic experiment the liguid cooled by the gas was in con-
tact and possibly heated by the surrounding liquid at ambi-
ent temperature, in this case the cooled liquid is contoured by
thermally insulating walls. Moreover, the lower liquid depth
could also play a role in the observed differences. Also in the
present case, the smaller surface 1= culnplc-‘bel}' covered h:.r the
He flow cansing a uniform evaporation and not presenting sur-
face temperature gradients that may induce liquid flows. This
consideration leads to another possible canse of liquid flow due
to temperature gradients: Marangoni stresses [37. 38). These
stressez could be induced by gradients in the surface tension
leading to flows from regions of high 1o low surface tension.
The uniform temperature distribution at the surface observed
with the infrarcd camera allows us to cxclude poasible fow duc
to surface unequal heating/cooling. As presented in details in
the works by Thagard et al [19, 25] Marangoni stresses can be
caused by concentration gradients of surfactants (e.g. PFOA,
Rhodamine B, etc). The degradation of this chemical com-
pound by the plasma discharge canimpose a gradient sufficient
to induce a liguid motion near the surface.

The absence of surfactants in our liquid target considerably
reduces the possibility of such effect,



We conclude that effects other than thermal ones must cause
the vortex formation.

4.2, Gas flow shear stress

Another possible onigin of the vortexes could be the gas flow
impinging on the liquid surface and propagating radially across
its surface. The motion of the gas could transfer momentum to
the liquid by shear stress on its surface and initiate a radial lig-
uid motion from the center to the border of the well (figure 1).
The condition in which a column of gas impinges on a lig-
uid surface 15 vanously addressed in non-plasma literature
[3%. 40]. It is accepted that the energy transferred from the gas
stream appears in the liguid in three distinguished forms: dis-
placement of the liquid {gravitational energy), motion of the
liquid {kinetic energy) and increase of the surface arca due to
the dimple formation instead of a flat surface (surface energy ).
For this discussion it will be disregarded the effect on the liguid
displacement and the surface energy which usoally cause the
formation of a dimple under the gas injection nozzle and that
in this configuration is observed only for the cases at higher
flow rate (figure 6, taro first columns on the left) (9, 21, 41].
These phenomena are not associated with modification of the
fiow in the bulk liquid and therefore will not be considered in
this discussion.

The transfer of kinetic energy from the gas flow impinging
on the liguid and then flowing across its surface can take place
through shear stress and can cause vortex formation with char-
acteristics similar to the one here observed [40, 42]. Therefore,
vortex formation similar to the one observed could be possi-
bly caused by the gas flow independently from the presence of
plasma. Following the reasoning presented by Semenov et al
[20] it is possible w express the shear stress at the gas-liquid
interface (7} in terms of the gas flow velocity (i) according
to the following formula:

_ el
= _-"‘-g (7
Where Ay is the thickness of the viscous sublayer that is

expressed as:

(&)

Where i is the gas speed (m s '), L the characteristic
length (m), 17, the kinematic viscosity (m® 5"}, g, the gas
density (kg m *1. In virtue of the laminar flow and the very
low Ri number, it is reasonable to assome as a first approxima-
tion that the speed of the gas over the liguid surface nearby the
impinging point is close o the speed at the exit of the capillary
(125ms! for 1 slm, 25. 1 ms~! for 2 slm). The density and
viscosity are casily found in the literature (p, = 0.1 785 kgm .
g = 112 = 10 * m? 57"} while as characteristic length is
again chosen the side of the vessel (F. = 16 = 10 I m) The
shear strass iz in this way astimated to be (067 Pa and 1.87 Pa
for | and 1 elm Ha fAlow rate. Thasa valuas ars comparnhle with
thoac reported by Scmemoy er al [20].

Moving further it is possible to use equation (9) to try to
have an estimate of the expected liquid velocity close to the

surface due to the shear stress imposed by the He flow.

L 1"
= (mm)

The resulting velocity is in the order of 10-60 cm 5!
which is comparable with other values reported in the liter-
ature but probably higher than the real one due to the initial
approximation on the gas velocity [20, 43].

Mevertheless, for the investigated setup, for none of all
cases with only gas Aow (figure 5, first row) it is observed the
formaton of vorexes inthe ligquid even afier several minues.
For the same gas flow condition vortexes are instead observed
to form within few seconds after that the plasma is ignited.
An hypothesis that could be advanced is that the gas flow only
induced liquid motion may be hindered by the liguid viscos-
ity and inertia as well as the thermal effect possibly favour-
ing a motion with opposite direction (see previous section).
These contrasting effects could potentially explain the insta-
bility observed in the Schlieren acquisitions for the gas only
cases and the impossibility for a stable regime to take place
(figurc 5, first row).

As suggested in various papers, the plasma discharge can
possibly increase the gas flow velocity due to thermal expan-
sion as a consequence of the high temperature reached in prox-
imity to the electrode. Gas velocity alteration due to plasma
induced gas heating is expected to be in the order of 10%-30%
according to the literature on similar plasma configurations
[20, 21, 44]. In this study the present hypothesis was investi-
gated comparing the case with gas only at 1 slm, which present
no liquid circulation, with the results achieved at 1 slm with
plasma (vortex) and 2 slm for the gas only (no vortex). If the
plasma effect was only of inducing a gas velosity increase
the vortex formation would have been obtained also with an
increase of 100% of the flow rate of the gas only. The evi-
dence that this is not the case supports the hypothesis that the
vortex formation 1s not just a consequence of a plasma induced
temporary increase of the gas mean velocity.

Moreover, the gas vortexes above the surface remain similar
with and without plasma suggesting a limited alteration of the
gas velocity. Similar observation were reported by Hefny e al
[23] for a similar plasma setup, helium flow and gap distance.
The gas velocity increase alone is therefore not the cause of
the observed liguid circulatdon.

Amyway, plasma can also induce alteration of the gas flow
velocity profile potentially leading the gas flow from being
purely laminar to presenting tangential velocity components
(swirl). In the investigated case a tangential component on the
shear stress at the liguid surface conld explain the formation of
vortexes such as those observed. Examples of such flows are
well-known for example to take place in liquid near a rotating
disk or in cylindrical cavity with rotating top lid [45]. More-
ower, the formation of such voartexes has heen confirmed o
be strongly dependznt on tangential componznts alzo in the
numerizal simulation of an APP] impinging on a liguid sur-
facca [2]. Purthcrmore it is documcnted how axisymmetric
liquid flows are usually unstable with respect to angential per-
turbations and that plasma discharge generation can induce

&4~

(9)



perturhation within the jet shear layer [46, 47). This explana-
tion is also supported by the observed dependency between gas
fiow and vortexes dimension (figure 5). The higher gas flow
(2 slm) leads to higher gas velocity and shear stress on the
liquid surface which generates faster and smaller vortexes but
only if there is a plasma-induced swirl component to tngger
the process. Therefore. the plasma-induced gas flow modifi-
cation, in terms of introduction of a tangential component, is
possibly at the onigin of the ohserved voriex formation.

4.3. Elsctrohydrodynamic (EHD) forces

Another possible cause for the vortex are EHD forces gener-
ated by the plasma ionization wave (IW) impinging and propa-
gating along the liquid surface and the charging of the surface
itself. Damy et af (28] reported on the non-negligible effect
of EHD forces acting on the He flow of the same APPI inves-
tigated in this work while impinging on a solid target. They
demuonstrated the critical role played by negative ions in induc-
ing modification of the gas propagation. In the present case
the ionic wind is probably of less importance, even negligi-
ble, in the building of a stable He channel connecting the
APPJ and the target in virtue of the higher gas flow, smaller
gap and smaller onfice compared with the work of Damny
(0.5 slm, 20 mm gap and 4 mm diameter). Yan Doremaele
et al [48] in their work on a helivm APPJs interacting with
solid dielectric target highlighted the dominant role played by
deposited surface charges in governing the EHD effects in the
gas phase. It must be remarked anyway that FBS, used here
as a target, is characterized by a relatively high conductiv-
ity (~1.2 ms cm 'y Compared to a solid dielectric substrate
where deposited charges can stray for several seconds [49], on
the PBS surface they are expected to have a relatively short
residence time leading to a faster charge dissipation.

The ionic wind, here a more proper expression would be
“onic flow”, that is of the most interest in our case is the
one produced inside the liguid. The IW striking and propa-
gating over the surface and the charge transportation through
the formed conductive channe! lead to the charging of the lig-
uid surface. This in tumn induces an electric field that can have
values up to 100 kY cm !l ag reported in a numerical invest:
gation by Morberg et af for a configuration similar to the one
here discussed [50].

This high electric field, even if effeettve—amiy—foy a short
period cqual o the applicd voltage pulsc (4 ) or the deposived
surface charge residence time. may be cnough to put inio
motion the liquid closer to the surface. This hypothesis is
also supported by the work of Kanazawa er af [51], on pulsed
streamer discharge (without gas flow) generated over a water
solution caninduce the formation of vortexes in the liquid. This
was also observed with Schlieren for a similar configuration
over silicon oil by Ohyama er al [52] where the phenomenon
was linked to a tonic wind and liguid interface interaction and
evaluated by means of a dimensionless index, the conductive
EHI} Bayleigh number (Ehd), defined as follow:

ik

Ehd = ———
Pl

(1)

Where f is the current, L the characteristic length (zap dis-
tance), @, the gas density, 1+, the kinematic viscosity of the
gas, ji the ion mobility in the gas and A the electrode area.
Reliable values for g can be extracted from the literature
(500 m?V-"'s"') [53, 54]. The rms value of the current () dur-
ing the voltage pulse vary slightly among the investigated cases
and it is always around a mean value of 20 mA. The area A is
assumed equal to the area covered by the plasma on the liquid
surface (assessed by photo acquisitions to be 16 mm®). The
Ehd number for our conditions at 5 mm gap is 141 while for
the 15 mm case is 3800,

These values are comparable with the range reported by
Ohyama (~ 1000}, supporting the idea that the ohserved vortex
formation may have the same cause, EHD forces.

In the present work it is possible to speculate on the effect
of the excitation voltage polarity. The achieved results show
a vortex formation dynamic that is essentially identical for the
two polarities probably due to the greater gas inertia compared
to possible 1onic wind effects (figure 5, two column on the
right). The Kl-starch investigation instead shows a faster dis-
tribution of the reactive species for the positive polarity. This
may be attributed to a greater production of reactive species
rather than a more effective momentum transfer of the nega-
tive polanty. While gaseous negative ions have been proven
to be more effective in the transfer of momentum in the gas
phase this is not necessarily true for the liquid phase. Anyway
it cannot be excluded that polarity, as well as bipolar excita-
tion, may still play an effect in other configurations different
from the one here addressed.

5. Conclusion

Vessel shape and volume, and induced liquid mixing are criti-
cal to AFP] applications to liquid systems as surface and liquid
transport can have a critical impact on the reaction kinetics
[49, 24]. The setup configuration in which an APPJ impinges
on a liquid surface is widely adopted in plasma medicine.

It is shown how the impinging of an APPJ can induce liquid
recirculation also in vessels and liquids commonly adopted for
biomedical in vitro studies.

The generated vortexes strongly affect the distribotion of
long-lived reactive species inside the liguid, leading to non-
uniform distributions (e.g. pristine volume of liquid inside the
vortexes) but also o a relatively fast transport from the surface
to the bottom of the vessel.

This effect can significantly alter the transport and distri-
bution of long-lived reactive species even in volumes as small
a5 few hundreds ul and in turn affect the treatment outcome.
Thinking about in vitre cells it 1s evident how this effect could
lead to great variation in the cells exposure to ROMNS with cells
that could potentially be untouched (e.g. inside the vortexes)
and other overexposed (e.g. near the surface). Similarly, it must
be taken into account that cells might be exposed o RONS
concentration several order of magmiude higher/lower than the
mean value usually measured over the entire liguid volume.

Especially comparison berwesn plasma wreamment and var-
ious controls that may include exposure to gas flow only or to
liguid solutions with various concentrations of reactive species



mimicking those produced by the plasma, should take this
mixing dynamic into sccount. These evidences strongly sug-
gest that reactive species transport in gas and liquid phase has
to be in detail considered and accounted for in plenty of in
vitny experiments even with other setups, plasma sources and
operating conditions.

The phenomena at the origin of the vortex formation have
been investigated and discossed leading to the final observation
that the main causes are EHD forces and gas flow tangential
COMpPOnEents.

Conversely, the cooling due to evaporation that can signifi-
cantly reduce the sample temperature is discarded as a possible
couse for the liguid motion. Nevertheless, it must be noticed
that for longer exposure times (e.g. several minutes) evapo-
ration can surely lead to a decrease in the liguid esshs and
consequently affect the liguid Aow regime.

According to the theoretical considerations here reported,
the liquid viscosity as well as the applied voltage are supposed
to be key parameters for the observation of this phenomenon.
Likewise, the same effects are expected to happen when using
other gases such as Ar. Neventheless, the different gas prop-
erties and the resulting different gas flow regimes (e.g. Ar
presents much higher Re numbers compared to He for same
geomeatrizal configurations and gaz Hows) recommznd coution
in any possible generalization or direct comparison.

These findings highlight how special anention should be
paid to the charactcnzation of actups sdopted for plasma in
vitne hiomedical experiments. Only diagnostic performed in
realistic conditions can give an insight of what is happening
during plasma applications.

Future studies will focus on the investigation of a wider
range of operating conditions, including different higuid vol-
umes and characteristics (i.e. conductivity and viscosity L
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