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1. Introduction

Atmospheric pressure dielectric barrier discharges (DBDs) 
provide disinfecting and therapeutic treatment of biological 
tissues by delivering radicals, photons, energetic ions and 

electric fields [1–4]. Although the circuitry that delivers the 
voltage waveform to the DBD may be complex, the actual 
DBD devices which create the discharges used in biological 
applications are generally simple. The typical structure is a 
dielectric covered high voltage electrode operating in open air 
[5]. In the floating electrode configuration, the opposite elec-
trode is the tissue being treated, usually less than a few mm 
away from the powered electrode. Other configurations, such 
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Abstract
The desired outcomes of wet tissue treatment by dielectric barrier discharges (DBDs) strongly 
depend on the integrated fluences of reactive species incident onto the tissue, which are 
determined by power, frequency and treatment time. The reactivity produced by such plasmas 
is often expected to be proportional to treatment time due to the accumulation of radicals 
in the liquid over the tissue. However, one of the typically uncontrolled parameters in DBD 
treatment of liquids and tissue is gas flow, which could affect the delivery of plasma produced 
radicals to the tissue. Gas flow can redistribute long-lived, plasma produced gas phase species 
prior to solvating in the liquid, while not greatly affecting the solvation of short-lived species. 
Gas flow can therefore potentially be a control mechanism for tailoring the fluences of 
reactive species to the tissue. In this paper, we report on a computational investigation of the 
consequences of gas flow on treatment of liquid layers covering tissue by atmospheric DBDs 
by up to 100 pulses. We found that gas flow (through residence time of the gas) can control the 
production of gas phase species requiring many collisions to form, such as reactive nitrogen 
species (RNS). The resulting solvation of the RNS in turn controls the production of aqueous 
species such as NO3aq

−  and ONOOaq
−  (aq denotes an aqueous species). With the exception of 

O3 and O3aq, reactive oxygen species (ROS) are less sensitive to gas flow, and so OHaq and 
H2O2aq, are determined primarily by discharge properties.
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as the surface micro-discharge (SMD), have both electrodes 
self-contained and independent of the tissue. In spite of the 
simplicity of these devices, control of the plasma produced 
reactants incident onto the tissue being treated can be chal-
lenging [6, 7]. The plasmas produce a variety of fluxes to the 
tissue, including ions, short- and long-lived radicals, and vis-
ible, UV and VUV photons. These species collectively react, 
making it difficult to independently deliver a single activating 
species to the tissue. The desired products for a specific treat-
ment are typically delivered with by-products, which may 
have a counter-productive effects [8].

The delivery of reactant species to the tissue often occurs 
through an overlying liquid layer, which may be as simple 
as water or a saline solution, or as complex as a biological 
fluid [9–11]. Gas phase reactants produced by the DBD react 
with the liquid layer and transport as transformed reactivity 
to the underlying tissue. An approximate way to characterize 
this treatment is a dose or fluence (reactants cm−2) delivered 
through the liquid layer to the underlying tissue. In the context 
of DBD treatment in ambient air, the dose or fluence is most 
typically affected by pulse-power format—voltage waveform 
and repetition rate.

An often uncontrolled parameter in DBD treatment of 
tissue and liquids is gas flow. The typical arrangement for 
DBD treatment of tissue, at least by floating electrode devices, 
is sustaining the discharge in ambient air without there being 
control on the flow of gas through the electrode-tissue gap, or 
even for humidity. There will likely be natural convection that 
occurs due to gas heating or ion-wind effects, however there 
is typically not controlled forced convection of air through the 
gap. As a result, any convection that does occur would usu-
ally be incidental and not controlled. At the other extreme, 
the SMD is often sustained in a closed volume without there 
being external flow, though there may be internal convection 
[12].

Gas flow could be an important method to control reactivity 
both in the gas phase and in the liquid. Such gas flow trans-
ports pristine (but possibly humid air) into the electrode-tissue 
gap, and transports products of the gap. Control resulting from 
gas flow originates from there being different reaction time 
scales. For example, the time scale required to produce ozone, 
O3, in air is only a few µs. O3 is formed coincident with each 
discharge pulse and its formation is not significantly affected 
by gas flow. However, formation of significant densities of 
reactive nitrogen products (RNS), such as nitric acid, HNO3, 
requires many gas phase reactions occurring over many tens 
of ms (many discharge pulses). These times are long enough 
that gas flow which removes reactants from the gap can affect 
RNS formation. Gas flow also redistributes reactants gener-
ated by the discharge in space, which leads to another level of 
possible control. These spatial distributions of gas phase reac-
tants then map onto spatially dependent solvation of reactants 
into the liquid.

In this paper, we report on the results from a 2D compu-
tational investigation of multiply pulsed DBDs in ambient 
air treating liquid covered tissue with a cross flow of humid 
air through the electrode-liquid gap. The liquid is a few 
 hundred microns thick, consisting of water with dissolved O2.  

A 100-pulse, 100 Hz negative discharge in humid air, and its 
afterglow were investigated. Plasma produced reactivity in 
both the gas and liquid phase, and the fluences onto the under-
lying tissue are discussed. We found that the redistribution of 
gaseous reactants directly affected the manner of solvation 
of reactants into the liquid. The gas flow can either redis-
tribute rapidly solvating species or limit the rate of solvation 
of slowly solvating species by convecting the gas phase spe-
cies out of the domain before solvation. The aqueous species 
can be divided into three groups. The first group containing, 
for example, OHaq and H2O2aq, originate from nearly direct 
interaction of the plasma with the surface of the liquid during 
the discharge. (The subscript aq denotes an aqueous species.) 
These aqueous species are formed in the liquid before gas 
flow begins to influence the gas phase distributions of their 
precursors. The second group containing, for example, O3aq 
and NxOyaq, are strongly affected by the gas flow. The origin 
of these aqueous species are their gas phase analogues whose 
solvation rates are relatively small. Gas flow can convect the 
gas phase precursors far from the initial location of the plasma 
and eventually out of the domain, which then produces a 
plume of their solvation products. The final group containing, 
for example O2aq

− , are indirectly affected by the gas flow. The 
consumption of O2aq

− , by O3aq is a major loss, and so the spatial 
distribution of O3aq (directly a function of gas flow) affects the 
distribution of O2aq

− .
We briefly discuss the modeling platform used in this invest-

igation in section 2. In section 3, we discuss the consequences 
of gas flow on the production of radicals and charged species, 
with a comparison between several flow rates. Concluding 
remarks are presented in section 4.

2. Description of the model

The 2D plasma hydrodynamics model, nonPDPSIM, was 
used in this investigation. The incorporation of liquid species 
and the transport of species between the gas phase and liquid 
phase are described in [13, 14]. The manner of simulating 
multiple discharge pulses has been previously described in 
[14, 15]. The gas phase model, including the equations used 
to solve for the convective flow field and method of solution 
based on integration of Navier–Stokes equations, is described 
in [15]. With these previous descriptions, the model will be 
only briefly discussed here.

The basic model consists of an implicit integration of 
plasma transport equations  for electrons, ions and charge 
densities, and Poisson’s equation, on a 2D, unstructured 
Cartesian mesh. In a time slicing manner, integration of the 
plasma transport equations and Poisson’s equation is followed 
by updates of neutral densities and the electron temperature. 
From a plasma and chemical kinetics perspective, the liquid 
phase is treated identically to and contiguously with the gas 
phase, albeit with different reaction mechanisms. The polariz-
ability of molecules in the liquid phase is chosen to provide 
the appropriate dielectric constant. Neutral gas phase species 
enter into the liquid phase at rates limited by their Henry’s 
Law equilibrium values. Ions and photons cross over into the 
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liquid unimpeded by the interface as their energies are typi-
cally much larger than surface potentials. Water vapor evapo-
rates into the gas phase from a source at the surface of the 
liquid held at the saturated vapor pressure.

The duration of the plasma pulse is typically less than 
15 ns whereas the interpulse period can be hundreds of µs 
to tens of ms. Given this disparity in time scales, the plasma 
produced species appear to be instantaneously generated on 
a pulse-periodic basis. With these time scales, the following 
procedure was used to address multiple pulses. The full set 
of plasma transport and Poisson’s equations  are solved for 
the first discharge pulse, and the sources of the discharge pro-
duced species are recorded. After the voltage is removed and 
the plasma dissipates, Poisson’s equation is no longer solved, 
and we compute the interpulse period enforcing charge neu-
trality. For the second and successive pulses, the sources func-
tions from the first pulse are used to instantaneously generate 
a pulse of plasma produced species while continuing to inte-
grate all transport and continuity equations. The resulting gas 
and liquid phase species densities are followed through the 
following interpulse period until the next pulse.

Similar to the models of plasma jets onto air or onto 
liquids described in [15, 16], a single set of compressible 
Navier–Stokes like equations are integrated for the laminar, 
convective flow field only in the gas phase with a no-slip 
boundary condition at the solid and liquid surfaces. The 
individual species then diffuse in the gas phase within the 
average flow field. All densities and velocities are directly 
computed at the mesh points of the unstructured mesh. The 
inlet boundary conditions for gas flow consist of specifying 
the fluxes perpendicular to the inlet plane of the components 
of humid air. The fluxes are uniform and at a pressure of  
1 atm and temperature of 300 K. The outlet boundary condi-
tion is a specified pressure of 1 atm on the face of the outlet. 
A check is made on the normal velocity into the outlet and 
this velocity is required to be into the outlet. Due to the liquid 
layer being thin, we do not include convective flow in the 
liquid and transport is only diffusive. For sufficiently thin 
liquid layers, diffusion is a good approximation for reactant 
transport. For thick liquid layers, advection is likely the dom-
inant transport mechanism [17].

Although the equilibrium concentrations of species in the 
gas and liquid are well described by Henry’s law equilibrium 
concepts, the kinetics of these processes are less well known. 
It is clear that plasma produced gas phase reactants can 
quickly solvate into liquids and persist in the liquid for times 
much longer than the plasma exposure. For example Traylor 
et al [18] exposed water and phosphate buffered saline (PBS) 
to a surface-micro-dielectric barrier discharge sustained in air 
for 15 min or 3 h. After 2 d, they measured H2O2 concentra-
tions of 10 µM in the water and 200 µM in the PBS. The latter 
persisted for 7 d.

Based on these and similar observations, our working 
assumption is that plasma produced species solvate into the 
liquid with gas phase transport coefficients. The solvated spe-
cies diffuse out of the liquid into the gas with liquid phase 
transport coefficients. Consider the gas phase species having 
density ng adjacent to the liquid (Δx away) and its solvated 

liquid phase partner having density nl at the surface of the 
liquid with Henry’s law equilibrium constant h. The flux from 
the gas into the liquid is,

⎛

⎝
⎜

⎞

⎠
⎟

D

x

n

n h
n n n n h

n n h

1 ,

0,

gl
g l

g
g l l g

l g

( ) ⩽φ =
∆

− −

= >
 (1)

where Dg is the gas phase diffusion coefficient. In this expres-
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flux from the liquid into the gas is,

( )
( )
( / )

( ) ⩽φ =
∆

− −

= >

⎛
⎝
⎜

⎞
⎠
⎟D

x

n

n h
n n n n

h

n n
h

1 ,

0,

lg
l g

l
l g g

l

g
l

 (2)

where Dl is the liquid phase diffusion coefficient. In this expres-
sion, the flux of solvated atoms entering the gas goes to zero as 
the equilibrium concentration in the gas is reached. For compu-
tational convenience to separate the reaction mechanisms for 
the gas and liquid phase, we have gas and liquid partners for 
each solvating species—for example, O3 and O3aq. The nl and 
ng in equations (1) and (2) are the sum of the partner species 
in the gas or liquid phase. When O3 diffuses into the liquid, it 
is converted to O3aq at a rate faster than any other process that 
might affect the densities of the partners. When O3aq diffuses 
into the gas phase, a similar conversion is performed to O3.

The complete liquid reaction mechanism is discussed 
in [13]. A subset of the reactions is shown in table 1 and is 
discussed here. The water layer initially contains O2aq at its 
equilibrium density with room air. With this dissolved O2, 
electrons solvating into the water will quickly attach to form 
O2aq
− . Charge exchange of negative ions from the gas phase into 

the water also produce O2aq
− . As the density of O3 in the gas 

phase increases, the density of O3aq increases by the solvation 
of O3. In the liquid phase, O3aq can be also produced through 
Oaq reacting with dissolved O2aq however the former channel 
dominates O3aq production. The electron affinities of O2 and 
O3 are 0.48 eV and 1.96 eV, respectively [22]. Due to the larger 
electron affinity of O3aq, electrons more likely attach to O3aq to 
form O3aq

− . O2aq
−  can charge exchange with O3aq to form O3aq

− .
OHaq is mainly produced in significant amounts in the 

liquid through photolysis of H2Oaq and by charge exchange 

of H O2 aq
+  with H2Oaq to form hydronium, H O3 aq

+ . OHaq is also 
formed by solvation of OH from the gas phase. OHaq is reac-
tive and does not penetrate far into the water. In the absence of 
other species, OHaq mutually reacts to form H2O2aq. In pres-
ence of NxOyaq (i.e. NOaq, NO2aq, N2O3aq, N2O4aq and N2O5aq), 
OHaq can reacts to form HNOxaq (i.e. HNO2aq and HNO3aq). 
H2O2aq preserves part of the reactivity of OHaq and reacts with 
NxOyaq with lower rate coefficients. During the repetitive DBD 
discharges, H2O2aq is produced in significant amounts, so the 
reactions with H2O2aq are important on a continuous basis.

NO is the initiating species for forming NxOy and their 
aqueous counter parts. Since NO is created in significant 
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numbers only in the gas phase, the majority of NxOyaq pro-
duction is associated with solvation from the gas phase. The 
solvation probabilities of the higher NxOy species are not well 
known [14]. In general, their solvation rates are small, and 
their residences times in the gas phase are on orders of mil-
liseconds. Once in the liquid, NxOyaq either quickly reacts 
with OHaq and H2O2aq, or slowly reacts with H2Oaq, to form 
HNOxaq. Nitrogen acids, HNOxaq, depending on their acidity, 
either persist or hydrolyze to hydronium and their conjugate 
ions, NOxaq

−  (NO2aq
−  and NO3aq

− ). Nitrous acid, HNO2aq is a 
weak acid and only a few percent hydrolyzes, while HNO3aq 
is a strong acid and nearly completely hydrolyzes. With O3aq 
in the liquid, NO2aq

−  can be slowly oxidized to NO3aq
− .

3. Consequences of convective flow in DBD  
treatment of tissue

The geometry used in our investigation is shown in figure 1(a). 
The powered electrode at the top is covered by an insulator 
with a thickness of 0.1 mm and dielectric constant of 3.0. The 
air gap above the liquid layer is 2.0 mm. The tissue below the 
liquid and above the grounded electrode is treated as a dielectric 
material with a thickness of 5.0 mm and a dielectric constant of 
6.0. The thin liquid layer covering the tissue is 200 µm thick 
and initially consists of water molecules (3.22  ×  1022 cm−3)  
and dissolved oxygen (8 ppm). The liquid layer is computation-
ally treated using the same algorithms as the air gap. The inter-
face between the liquid and gas controls transport of species 

between the two phases. For example, water naturally evapo-
rates from the interface into the gas and to humidify the gas. Air 
flow enters from the left boundary and exits through the right 
boundary. The flow rate is varied from zero to 300 sccm. The 
incoming air is relatively dry, with a humidity of 2.9% (vapor 
pressure of 0.78 Torr or a mole fraction of water of 0.001). In 
this model, any mechanical deformation of the liquid layer is 
not accounted for. The entire computational domain is 8 mm 
wide and 5 mm deep. The unstructured computational mesh 
has 15 389 nodes with spatial resolution ranging from 20 µm 
at the liquid surface to 0.2 mm at the far boundary.

The plasma is produced by a voltage pulse of  −22 kV at 
100 Hz upstream of the middle of the computational domain 
where a small cloud of neutral plasma is placed adjacent to 
the dielectric. The seed electrons have a density of 108 cm−3 
and a diameter of 100 µm, values chosen not to affect the dis-
charge characteristics. The electron density and ionization 
source during the discharge pulse are shown in figure 2. In this 
negative discharge, electrons are accelerated by the applied 
voltage in nearly a Townsend-like avalanche downward to the 
liquid surface within 3 ns. There is charging of the surface of 
the liquid and launching of a restrike positive ionization wave 
(IW) upwards towards the dielectric covered electrode. The 
restrike arrives by about 5 ns, which results in charging of the 
top dielectric.

The charging of the surface of the water and the top 
electrode produce surface ionization waves (SIWs) on both 
surfaces, and the discharge spreads over the liquid and the 

Table 1. Selected aqueous reactions.

Reactiona Rate coefficienta Ref.

eaq  +  O2aq  →  −O2aq 1.9  ×  1010 [19]b

eaq  +  O3aq  →  −O3aq 1.9  ×  1010 [19]b

O•
aq  +  O2aq  →  O3aq 3  ×  109 [19]b

−O2aq  +  O3aq  →  O2aq  +  −O3aq 5.5  ×  109 [20]
•Haq  +  O3aq  →  O2aq  +  −O3aq 1  ×  1010 [20]
•OHaq  +  •OHaq  →  H2O2aq 5.5  ×  109 [19]

NOaq  +  NOaq  +  O2aq  →  NO2aq  +  NO2aq 2.3  ×  106 M−2 s−1 [20]

NOaq  +  NO2aq  +  H2Oaq  →  HNO2aq  +  HNO2aq 2  ×  108 M−2 s−1 [20]

NOaq  +  •OHaq  →  HNO2aq 2  ×  1010 [20]

NO2aq  +  •OHaq  →  HNO3aq 3  ×  1010 [20]

NOaq  +  HO•
2aq  →  HOONOaq 3.2  ×  109 [20]

NO2aq  +  •OHaq  →  HOONOaq 1.2  ×  1010 [20]
−NO2aq  +  O3aq  →  −NO3aq  +  O2aq 5.0  ×  105 [20]

HNO2aq  +  H2Oaq  →  +H O3 aq  +  −NO2aq 1.8  ×  101 [21]c

+H O3 aq  +  −NO2aq  →  HNO2aq  +  H2Oaq
1.8 [21]c

HNO3aq  +  H2Oaq  →  +H O3 aq  +  −NO3aq 2  ×  103 [21]c

+H O3 aq  +  −NO3aq  →  HNO3aq  +  H2Oaq 2  ×  102 [21]c

N2O3aq  +  H2Oaq  →  HNO2aq  +  HNO2aq 1.1  ×  104 [20]

N2O4aq  +  H2Oaq  →  HNO2aq  +  HNO3aq 8  ×  102 [20]

N2O5aq  +  H2Oaq  →  HNO3aq  +  HNO3aq 1.2 [20]

NO2aq  +  NO2aq  +  H2Oaq  →  HNO2aq  +  +H O3 aq  +  −NO3aq 1.5  ×  108 M−2 s−1 [21]

NO2aq  +  NO2aq  +  H2Oaq  →  +H O3 aq  +  −NO2aq  +  +H O3 aq  +  −NO3aq 5  ×  107 M−2 s−1 [21]

a Aqueous species have an ‘aq’ subscript. Rate coefficients have unit of M−1 s−1 (l · mol−1 s−1) unless noted otherwise. ‘•’ represents a free radical.
b Approximated by analogy.
c The rate coefficient is estimated according to thermodynamic hydrolysis in liquid water.
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dielectric surfaces. The SIWs on the bottom liquid surface 
and top dielectric surface fundamentally differ due to the dis-
position of electrons at the surface. As the volume IW strikes 
the liquid surface, electrons intersecting with the water are 
quickly solvated, which acts as a sink for gas phase electrons. 
The space charge and electric field which penetrate into the 
gas phase associated with the solvated electrons is small. This 
small penetration of the electric field from solvated electrons 
in turn reduces the intensity of the SIW which extends on the 
surface of the water. In contrast, as the restrike IW reaches 
the top dielectric, charging of the dielectric produces immo-
bile charges which remain on the surface of the dielectric. 
The resulting electric field enhancement enables propagation 
of the SIW along its surface. Secondary electron emission 
also occurs at the dielectric surface, so the top dielectric can 
provide a source for electrons and help the spread of the dis-
charge. The capacitance (F cm−2) of the liquid is also larger 
than that of the top dielectric. The smaller capacitance of the 
dielectric more rapidly locally charges the surface, which 
then promotes spread of the SIW. (An IW striking a surface 
having infinite capacitance will not spread.) Note that the dis-
charge spreading, both electron density and ionization source, 

near and on the liquid is asymmetric with there being greater 
spreading upstream. This asymmetry will be discussed below.

The horizontal gas flow speed is shown in figure 1(b). In 
the base case, air is flowed in through the left boundary at 
60 sccm and pumped out through the right boundary where an 
atmospheric pressure is maintained. Since the flow is uniform 
at the inlet, there is a transient zone near the inlet where the 
boundary layer develops. With no-slip boundary conditions, 
the speed parallel to and at the surfaces is zero. As the boundary 
layer develops with the no slip condition, the flow speed in the 
center of the gap increases to conserve mass flux. With a flow 
rate of 60 sccm, the flow speed peaks in the middle of the gap 
at 16 cm s−1, which is 0.16 mm ms−1. During the interpulse 
period of 10 ms at 100 Hz, the flow distance is 1.6 mm which 
is a significant fraction of the total length of 8 mm.

The density of water vapor in the gas phase is shown in 
figure 1(c). The evaporation of water from the surface of the 
liquid is accounted for by holding the gas phase water density 
equal to the saturated vapor density at the surface of the water. 
Diffusion from the surface into the gas phase then occurs as 

Figure 1. Conditions for the base case where the plasma 
interacts with a liquid layer covering tissue. (a) Schematic of the 
geometry. The total computational domain is 8 mm (wide)  ×  4 mm 
(high)  ×  5 mm (deep). Air flows in from the left boundary and exits 
through the right boundary. (b) Horizontal flow speed for 60 sccm 
flow rate of incoming air. (c) Density of water vapor for 60 sccm. 
The relative scale is noted on the color-bar.

Figure 2. Time evolution of (a) electron density, ne, and (b) electron 
impaction ionization source, Se, for a negative discharge operated 
at  −22 kV for 10 ns over a 200 µm water layer. Only the gas gap 
is shown. The initial gas is 1 atm, N2/O2/H2O  =  79.9/20/0.1, and 
water evaporates from the surface. The contours for ne and Se are 
plotted on a log scale over three decades with maximum values 
shown at the top. Note the asymmetry in the surface ionization 
wave, more intense downstream due to the distribution of water 
vapor. The relative scale is noted on the color-bar.
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long as the local density of water is less than the saturated 
vapor density. At room temperature, the saturated water vapor 
density at the liquid surface is 5.5  ×  1017 cm−3. In the absence 
of gas flow, the entire gap would eventually become saturated 
with water vapor. Under the influence of air flow, where the 
incoming partial pressure of water vapor is less than saturated, 
water vapor is blown downstream as it evaporates from the 
liquid surface. Along the surface of the liquid, the flow speed 
is small so that the density of water vapor is not significantly 
affected, and the air is nearly saturated with water vapor. Near 
the middle of the gap where the flow speed is maximum, con-
vection transports the water vapor downstream in a plume. If 
the system was long enough, the water vapor would eventu-
ally fully fill the gap. However, here the non-uniform distribu-
tion of water vapor plays an important role in the generation 
of plasma produced radicals, such as OH and H2O2.

The density of OH is shown in figure  3(a) for different 
times during the 7th pulse. For this length and flow speed,  
7 pulses are sufficient to convect plasma produced species out 
of the system. OH is primarily produced by electron impact 
dissociation of H2O vapor, and so its initial density follows 
the profile of the plasma streamer at 30 ns, shortly after the 
discharge pulse. The low density of OH downstream of the 
location of the plasma at 30 ns is the residual OH from prior 
pulses. The initial distribution of OH reflects both the location 
of the streamer and the distribution of the H2O vapor. The OH 
density is larger near the top dielectric where the SIW spreads 
on its surface, and the OH density is larger near the water 
surface where the humidity is highest. A small asymmetry in 

the initial distribution of OH produces more radicals on the 
downstream side of the plasma streamer due to the higher H2O 
density downstream. This asymmetry in the distribution of 
water vapor is also apparent in the electron density and SIW 
shown in figure 2. After the discharge terminates, the OH den-
sity diminishes mainly through mutual reactions to produce 
H2O2, shown in figure 3(b), and by solvation into the water. 
For times prior to about 0.1 ms, the flux of OH into the water is 
relatively small (indicated by the small gradient of OH at the 
surface of the water) since the density of OHaq at the surface 
of the water is saturated. As the density of OHaq at the surface 
is depleted by reactions at later times, solvation of OH from 
the gas phase increases. The convective flow is not apparent 
in redistributing the remaining OH density until about 1 ms. 
At this time, most OH has already reacted to form H2O2 or 
solvated into the water, and the air flow carries only residual 
OH downstream.

H2O2 is mainly produced in the afterglow of the discharge 
pulse through the mutual reaction of two OH radicals. For this 
reason, the OH-profile is imprinted into the initial profile of 
H2O2 every discharge pulse. The density of H2O2 reaches its 
maximum value when the OH is nearing depletion, at about 
1 ms, and then is convected downstream. At 10 ms the majority 
of H2O2 has blown downstream. The H2O2 concentrates along 
the top insulator for several reasons. The first is that OH 
reaching the insulator recombines and returns to the gas as 
H2O2. The second is that the flow speed slows to zero through 
the boundary as the insulator is approached. The third is that  
H2O2 is unreactive with the insulator in this model whereas 

Figure 3. The evolution of (a) OH and (b) H2O2 densities in the gas gap for a flow of 60 sccm for the 7th pulse. The time is shown in each 
frame. The contours are plotted on a 3-decade log-scale with the maximum values noted in each frame. The relative scale is noted on the 
color-bar.
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H2O2 solvates into the liquid, thereby reducing its density at 
the lower surface. H2O2 moderately accumulates on a pulse-
to-pulse basis. Since H2O2aq is not fully saturated in the top 
layer of the water, H2O2 continues to solvate into the water 
throughout the pulse.

The density of O3 during the 7th pulse is shown in 
figure 4(a). O3 is primarily generated by O atoms, reacting 
with O2. O is produced by electron impact dissociation of O2 
in the plasma on a pulse-to-pulse basis. The reaction time for 
O atoms to produce O3 is about 200 µs. The majority of O 
atoms produced in the discharge have formed O3 by 0.1 ms 
prior to the convective flow redistributing the O3 in the after-
glow. Note that the O3 initially produced following O atom 
production by dissociation of O2 does not have the bell-shape 
of the OH at the surface of the water which is generated by 
electron impact dissociation of H2O. Since the O2 density 
is nearly constant as a function of height whereas the H2O 
density is a function of height (larger near the water), there 
is more production of OH near the water. Initial produc-
tion of O3 is fairly uniform in the streamer. At 0.1 µs when 
O3 begins to be generated from the fresh production of O 
atoms by the current pulse, the residual O3 from the prior 
pulse is downstream of the location of the discharge. During 
the 10 ms afterglow, this plug of O3 slowly reacts and flows 
downstream, and is replaced by the newly produced O3. The 
gradient of O3 is small at the top surface since any quenching 
of O3 produces an O atom which quickly regenerates O3. 
The gradient of O3 is small at the surface of the water since 
the density of O3aq is saturated due to its small Henry’s law 

constant. Since the rate of solvation of O3 is small compared 
to OH, most of the O3 is blown downstream where it slowly 
reacts with the increasing density of NO and NO2.

The density of NO during the 7th pulse is shown in 
figure  4(b). NO is mainly produced in the afterglow of the 
discharge pulse. Near the top insulator, the electron temper-
ature is highest and so production of N2(A) and N atoms is 
largest, both of which are precursors for NO. Since NO does 
not react with the insulator and is caught in the slowly moving 
boundary layer, NO accumulates on a pulse-to-pulse basis 
near the top of the gap. On any single pulse, after 1 ms air flow 
begins to carry NO downstream before it gets solvated. Since 
NO only slowly solvates, a fairly uniform plume is generated.

The solvated densities of H2O2aq, NO2aq and O3aq in the 
liquid layer are shown in figure 5 after the 1st, 10th, 40th and 
80th pulse. H2O2 solvates to form H2O2aq while OH solvates 
to form OHaq relatively slowly. Photolysis of water by plasma 
generated UV directly in the liquid layer also produces OHaq. 
As a result, the majority of OHaq is produced directly under 
the discharge. The OHaq mutually reacts to form H2O2aq 
within a few microseconds and within a few microns of the 
surface. As a result, after the first few pulses, H2O2aq reflects 
the production of OHaq. H2O2 near the liquid surface can also 
solvate as the plume of H2O2 convects downstream. This sol-
vation makes a relatively small contribution to the total pro-
duction of H2O2aq but has important consequences. This small 
production of H2O2aq downstream occurs where the density of 
NO2aq
−  is also large, and so the H2O2aq downstream is largely 

consumed by reactions with NO2aq
− .

Figure 4. The evolution of (a) O3 and (b) NO densities in the gas gap for a flow rate of 60 sccm for the 7th pulse. The time is shown in each 
frame. The contours are plotted on a 3-decade log-scale with the maximum values at the top. The relative scale is noted on the color-bar.
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NO and NO2 only slowly solvate into the water and slowly 
react in the gas phase. As a result, they convect downstream 
and survive to solvate downstream of the discharge. NOaq 
rapidly reacts with OHaq to form HNO2aq, slowly reacts with 
H2O2aq to form HNO2aq and reacts with O2aq

−  to form NO3aq
− . 

These reactions reduce the density of NOaq to negligible values 
beyond the surface layer. NO2aq mutually hydrolyzes, which 
is a slow process, while rapidly reacting with OHaq to form 
HNO3aq. The density of NO2aq is therefore depressed in that 
portion of the liquid layer where the density of OHaq is large 
at the surface. However, since NO2 continually solvates into 
the liquid in the downstream plume, the density of NO2aq 
rebounds downstream where OHaq does not reach.

O3 has a slow to moderate rate of solvation so O3 solvates 
under the discharge as well as solvating downstream from its 
plume. In the absence of organic molecules in the water, O3aq 
is relatively unreactive and so becomes saturated in the thin 
liquid layer. O3aq does charge exchange with O2aq

−  to form O3aq
− , 

a process that depletes O2aq
−  as the density of ozone increases.

The solvated densities of H O3 aq
+ , NO2aq

−  and NO3aq
−  in the 

liquid layer are shown in figure 6 after the 1st, 10th, 40th and 
80th pulse. NO2aq

−  is initially produced by the hydrolysis of 
HNO2aq and the bimolecular reaction of NO2aq. Neither HNO2 
nor NO2 have large densities in the gas phase until several 
pulses have occurred. NO2aq

−  then slowly increases its den-
sity downstream as its gas phase precursors increase their 
densities. NO2aq

−  reacts with the increasing density of O3aq 

downstream to produce NO3aq
− . Under the discharge where 

the density of O3aq increases on a pulse-to-pulse basis, NO2aq
−  

is eventually nearly completely consumed. Downstream the 
density of NOaq at the surface is large which, through reac-
tions with O3aq, generates NO2aq

− . So even though O3aq has a 
large density downstream which reacts with and consumes 
NO2aq
− , the density of NO2aq

−  manages to survive due to its 
larger production by hydrolysis of HNO2aq. As a result, O3aq 
penetrates the liquid layer everywhere while NO2aq

−  only accu-
mulates downstream. The density of NO3aq

−  extends from the 
location of the discharge where the plasma streamer hits the 
liquid fully downstream. NO3aq

−  is mainly produced through 
hydrolysis of HNO3aq, and so its density is higher along the 
liquid surface where HNO3 solvates into the liquid, or HNO3aq 
is formed by reactions of OHaq and NO2aq.

The positive ions are dominated by H O3 aq
+ , which has a 

maximum density of nearly 5  ×  1016 cm−3 after 100 pulses. As 

positive ions are solvated into the liquid, H O2 aq
+  is formed first 

through charge exchange reactions. There is also a contrib ution 

from photoionization of H2Oaq. H O2 aq
+  quickly reacts with 

H2Oaq to produce H O3 aq
+  and OHaq. H O3 aq

+  is more stable as the 
terminal positive ion. During this process, significant OHaq is 

also produced. Although H O3 aq
+  and O2aq

−  are coincident under 
the discharge, a tail of H O3 aq

+  extends downstream, whereas 

O2aq
−  is located dominantly under the discharge where electrons 

Figure 5. The time evolution of (a) H2O2aq, (b) NO2aq and (c) O3aq densities in the 200 µm water layer at the end of sequential discharge 
pulses (1st–80th pulse). The time and pulse number are shown in each frame. The contours are plotted on a 3-decade log-scale with the 
maximum values shown at the top of each frame. The relative scale is noted on the color-bar.
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initially solvate. The persistence of H O3 aq
+  downstream results 

primarily from the hydrolysis of nitrogen-oxides and acids 
from the gas phase plume that also extends downstream.

The plasma produced aqueous species can be basically 
divided into two groups—less and more affected by the gas 
flow. Short-lived gas phase species, such as electrons, ions and 
OH, are produced coincidentally with the plasma streamer. 
After the discharge, they are either quickly solvated into 
the liquid or react in the gas phase before the air flow can 
redistribute their densities downstream. As a result, aqueous 
species that trace their origins to these short lived gas phase 
species appear where the plasma streamer hits the liquid. The 
long-lived gas phase species, such as O3 and NxOy, are pro-
duced in the afterglow after the discharge pulses when the air 
flow plays a significant role in redistributing their densities. 
These species are blown downstream as they solvate into the 
liquid. As a result, aqueous species tracing their origins to 
these long-lived gas phase species appear from the streamer 
to downstream locations.

Gas residence time, here controlled by flow rate of the 
incoming air, to some degree can control the coincidence 
of short- and long-lived species in the gas phase, which is 
then imprinted in the liquid phase through solvation. At one 
extreme, in the absence of gas flow, short- and long-lived spe-
cies are spatially coincident and, diffusion aside, will solvate 
and produce aqueous species at the same locations. Aqueous 
species that trace their origins to either short- or long-lived gas 

phase species will be initially mixed and react. At the other 
extreme, very large gas flow rates will convect long-lived spe-
cies away from the location of the discharge prior to their sol-
vation into the liquid. In this case, aqueous species that trace 
their origins to either short- or long-lived gas phase species 
will be initially produced at different spatial locations.

The consequences of gas flow rate from 0 to 300 sccm on 
the distribution of reactive species in the gas phase and in 
the liquid were investigated. The axial speeds (as shown in 
figure 1(b)) have essentially the same spatial distributions with 
increasing flow rate with the exception of an increase in mag-
nitude and an extension of the boundary layer downstream. 
The mid-gap speed at 15 sccm is 4 cm s−1 which produces a 
residence time 200 ms or a flow distance of 0.4 mm between 
pulses. At 300 sccm the mid-gap flow speed is 80 cm s−1  
for a residence time of 10 ms and a flow distance of 8 mm 
(the full length) between pulses. Due to the lower speed in the 
boundary layers, species close to the surface will have longer 
residence times. However, at 300 sccm, plasma produced 
species outside the boundary layer can be convected out of 
the gap during a single inter-pulse period. Depending on the 
speed of solvation, the density of the aqueous species can be 
reduced significantly compared to the case of small flow rate.

A secondary influence of flow rate is on the distribution of 
water vapor in the gap. Since it takes a finite time for water vapor 
to diffuse into the gap, lower flow rates result in more uniformly 
distributed water vapor than higher flow rates, as shown in figure 7 

Figure 6. The time evolution of (a) +H O3 aq (b) −NO2aq, and (c) −NO3aq densities in the 200 µm water layer at the end of sequential discharge 
pulses (1st–80th pulse). The time and pulse number are shown in each frame. The contours are plotted on a 3-decade log-scale with the 
maximum values shown at the top of each frame. The relative scale is noted on the color-bar.
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for flow rates of 15 and 300 sccm. (See figure 1(c) for 60 sccm.) 
With an air flow of 300 sccm, water vapor is largely confined to 
the boundary layer where the flow speed is low. Without flow, the 
water vapor is nearly uniformly distributed in the gap.

The fluences of neutral species to the tissue after 0.4 s for 
flow rates of 0, 15, 60 and 300 sccm are shown in figure  8. 
Depending on the route for species to reach the underlying 
tissue, the fluences either vary strongly or do not vary with gas 
flow. For example, the fluence of O3aq to the tissue is shown in 
figure 8(a). For all practical purposes, the only source of O3aq 
is solvation of O3 from the gas phase. As a result the density 
of O3aq is a sensitive function of gas flow. Without gas flow, 
the fluence of O3aq has a maximum value of 2.8  ×  1014 cm−2,  
directly under the streamer. The distribution of O3aq then 
reflects diffusion of O3 in the gas phase. With a low flow rate 
of 15 sccm, the maximum value of fluence is 3.3  ×  1014 cm−2,  
slightly upstream from where the streamer hits on the liquid 
layer. Even at this low flow rate, there is redistribution of O3 in 
the gas phase. The fluence also extends upstream by the spatial 
extent that the SIW spreads on the surface of the water. The 
fluence of O3aq extends downstream as the gas flow extends a 
plume of O3 downstream. With increasing gas flow, the profile 
of the fluence of O3aq to the tissue significantly changes as the 
location of peak value shifts downstream. At 60 sccm, the max-
imum fluence is reduced to 1.2  ×  1014 cm−2, and its tail down-
stream increases to 8  ×  1013 cm−2 as the more rapid gas flow 
produces a plume of O3aq from the upstream to downstream. 
There is less fluence upstream as O atoms are themselves con-
vected downstream prior to forming O3. The end result is that 
the fluence of O3aq is fairly uniform downstream. This uni-
formity comes at the cost of dose. At 300 sccm the O3 is so 
rapidly convected out of the domain that even the density of 
O3aq is reduced downstream. The spatially integrated fluence 
of O3aq decreases with increasing gas flow which progressively 

convects more O3aq out of the domain. In the end, the effect of 
gas flow on the fluence of O3aq depends on the production path-
ways for O3aq and its rate of solvation. O3 is produced nearly 
exclusively in the gas gap with a long enough lifetime that gas 
flow can redistribute its density. The solvation rate of O3 is 
relatively slow and O3aq reflects the time average density of 
O3 above the liquid, a value that can be controlled by gas flow.

Different from O3aq, H2O2aq is an example of a species 
produced in the volume of the discharge and which solvates 
relatively quickly, or is produced by a discharge generated 
species which solvates moderately quickly, in this case, OH. 
The fluence of H2O2aq to the tissue is shown in figure 8(b) 
for flow rates of 0–300 sccm. In spite of the increase in flow 
rate, the spatial distribution of the fluence of H2O2aq does not 
appreciably change until a flowrate of 300 sccm. For flow rates 
up to 60 sccm, the maximum fluence is 1.8–2.5  ×  1015 cm−2  
near the location where the streamer strikes the liquid. 
H2O2aq is dominantly produced in the liquid. OHaq is gener-
ated by OH produced by the streamer and which directly 

solvates into the liquid, by charge exchange of H O2 aq
+  with 

H2Oaq, and by photolysis of H2Oaq, all of which occurs in 
the direct vicinity of the streamer. OHaq then quickly forms 
H2O2aq. H2O2 is also formed in the gas phase in the dis-
charge through similar pathways and the solvation rate of 
H2O2 is large, and so that the majority of H2O2 solvates 
into liquid before being blown downstream except for the 
highest flowrate. Therefore, the fluence of H2O2aq peaks 
under the plasma streamer. The spatial extent of H2O2aq is 
partly determined by the spatial extent that the SIW that 
spreads on the surface of the water.

The fluences of a third class of species are affected not 
only by the gas flow but also by reactions. For example, the 
fluence of NO2aq, shown in figure 8(c), is produced by both 
solvation from the gas phase and reactions in the liquid. With 

Figure 7. Water vapor density for flows of (a) 15 sccm and (b) 300 sccm entering from the left boundary and exiting though right boundary. 
The density of water vapor in the gap decreases with gas flow. The relative scale is noted on the color-bar.

Plasma Sources Sci. Technol. 25 (2016) 055020



W Tian et al

11

increasing gas flow, the plume of NO2 extends downstream 
providing a source of NO2aq, spreading beyond the location 
where reactions with ROS would deplete its density. The 
increase in gas flow therefore produces a larger fluence of 
NO2aq downstream.

The fluences to the tissue of the charged species H O3 aq
+ , 

ONOOaq
−  and O2aq

−  are shown in figure 9 after 40 pulses. The 

fluence of H O3 aq
+  peaks under the plasma streamer with a tail 

to the downstream. Fluences generally decrease with flow 

Figure 8. Fluences of neutral species onto the tissue underlying the 
200 µm water layer integrated over 40 pulses with different gas flow 
rates (0–300 sccm). (a) O3aq, (b) H2O2aq and (c) NO2aq.

Figure 9. Fluences of ions onto the tissue underlying the 200 µm 
water layer integrated over 40 pulses with different gas flow rates 
(0–300 sccm). (a) +H O3 aq, (b) −ONOOaq and (c) −O2aq.
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rate. H O3 aq
+  is mainly produced through charge exchange and 

hydrolysis of RNS. When positive ions produced by the plasma 
streamer strike the liquid, they solvate and charge exchange 

with H2Oaq to form H O3 aq
+ . These reactions occur mostly under 

the plasma streamer. In the other pathway, NxOyaq reacts with 
OHaq, H2O2aq and H2Oaq to form the nitrogen acids HNO2aq, 

HNO3aq and HOONOaq, which then hydrolyze to form H O3 aq
+ , 

NO2aq
− . NO3aq

−  and ONOOaq
− . As the flow rate increases, the pre-

cursor gas phase NxOy species are convected downstream and 
out of the domain, thereby decreasing nearly all sources of 

H O3 aq
+  that trace their origins to hydrolysis.

The spatial distributions of the fluences to the tissue 
of ONOOaq

− , and of NO3aq
− , are similar to that of H O3 aq

+ , 
decreasing with flow rate under and near the plasma streamer 
with a tail that increases with flow rate. ONOOaq

−  is produced 
by hydrolysis of ONOOHaq which is produced by reactions 
of OHaq with NO2aq and HO2aq with NOaq. (The hydrolysis 
of ONOOHaq has branchings to both ONOOaq

− , and NO3aq
− , 

which explains their similar profiles.) The former reaction 
dominates and so the spatial extent of ONOOaq

−  is determined 
by the spatial extent of OHaq. NO2aq originates from gaseous 
NO and NO2, whose distributions are strongly affected by the 
gas flow. With low gas flow, NO2aq is mostly formed under 
and near the plasma streamer. With high gas flow, NO2aq 
is formed less under the plasma streamer and more in the 
downstream. The density of NO2 decreases with flow rate due 
to convection out of the domain. As a result, the fluence of 
ONOOaq

−  decreases with flow rate under and near the plasma 
streamer while increasing with flow rate downstream. This 
trend continues until the highest flow rate of 300 sccm when 
the precursors are blown out of the domain before solvating.

The fluence to the tissue of O2aq
−  is shown in figure  9(c). 

Unlike other ions, the fluence of O2aq
−  increases with flow 

rate. O2aq
−  is formed through electron attachment and charge 

exchange, and so its initial formation tends to peak under the 
plasma streamer. The spatial extent of O2aq

−  is in part determined 
by the extent of the SIW. In the liquid, O2aq

−  further charge 
exchanges with O3aq to form O3aq

− . In spite of a small rate coef-
ficient, charge exchange with O3aq is still significant due to 
the moderate density of O3aq. In the absence of gas flow, reac-
tions of O2aq

−  with O3aq dominantly occur in the vicinity of the 
streamer. As O3 is progressively blown downstream with higher 
flow rate, the density of O3aq in the vicinity of the discharge 
decreases (and particularly upstream of the where the streamer 
strikes). The depletion of O2aq

−  by reactions with O3aq is less and 
so more O2aq

−  is able to diffuse through the liquid to reach the 
underlying tissue.

4. Concluding remarks

During DBD treatment of biological surfaces using air plasmas, 
and wet surfaces in particular, gas flow is typically not actively 
controlled. Gas flow has the potential to not only affect produc-
tion of gas phase species but also their solvation into the liquid 
and the subsequent reaction of aqueous species. DBD produced 

species with a cross gas flow of humid air were computation-
ally investigated in the context of plasma tissue treatment of wet 
tissue. The species produced in the gas phase are redistributed 
by the gas flow, which both redistributes their solvation into 
the liquid and reduces their residence time, the latter of which 
par ticularly affects production of RNS. Depending on their pro-
duction pathways, the aqueous species and their fluences are 
then indirectly affected by flowrate. Those species which are 
formed at the liquid surface during the discharge, such as OHaq 
and H2O2aq, are weakly affected by gas flow. Those aqueous 
species which result from gas phase precursors formed in the 
gap during the afterglow, such as NxOyaq and O3aq, are strongly 
affected by the gas flow. The precursor species are convected by 
the gas flow downstream, producing a plume of solvation prod-
ucts downstream. The reactions attributed to these species can 
be regulated with gas flow. With a high flow rate, these species 
are depleted in the gas phase which then reduces their solvation 
into aqueous species. Another class of species, for example O2aq

− , 
can be indirectly affected by gas flow. The initial production of 
O2aq
−  is dominantly due to the attachment of solvated electrons to 

O2aq. and is nearly insensitive to flow rate. However, the deple-
tion of O2aq

−  is dominated by reactions with O3aq, which in turn is 
a sensitive function of flow rate (lower with increasing flow). So 
O2aq
−  is sensitive to flow through its depletion by O3aq,

The dependencies of aqueous species on flow rate dis-
cussed here are, to some degree, an extreme case. The 
plasma discharge strikes in the same location and only a 
single streamer was investigated. In practice, the location 
of the streamer may vary and the plumes from multiple 
streamers will likely overlap. The details of flow rate control 
of aqueous species will critically depend on these details and 
configurations. For example, Sakiyama et al [23] performed 
experiments and modeling of a surface microdischarge appa-
ratus sustained in stagnant humid air in a sealed container. 
They found a transition between ROS dominated reactants 
to RNS dominated reactants with increasing exposure of the 
gas to the discharge. The exposure time is analogous to flow 
rate in an open system—low flow rate maps to long expo-
sure time. A defining experiment to investigate the potential 
of this using flow rate to regulate the distribution of reac-
tants in the gas and liquid phase would be a single DBD-
like streamer striking the same location on a stagnant liquid, 
while controlling cross-flow of the gas across the liquid sur-
face. Measurements of gas phase species leaving the gap at 
the end of the liquid as a function of gas-flow rate would 
determine the importance of residence time. Simultaneous 
measurements of the liquid phase activation would be cor-
related to the gas phase species. Such control of production 
of aqueous species in DBDs through gas flow is a relatively 
unexplored opportunity.
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