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1. Introduction: cold atmospheric-pressure 
plasma (CAP) and plasma medicine 

2. One dimensional numerical simulation for 
generation of reactive species in pure water: 
effects of transport due to drift, diffusion, 
and advection 

      a) reactive neutral species 

      b) currents (electrons and ions) 

3.   Summary  
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Medical applications of plasma technologies 

processing of  

biologically functional surfaces 
plasma based therapies 

surface processing of 
artificial bones 

surface functionalization of cell 
culture dishes  

wound healing, cancer therapy, blood 
coagulation, sterilization, ...  



Plasma System 

Typical Parameters: 
Vpp = 10kV 
frequency :  27kHz (sinusoidal)  
He gas floe : 3L/min 



Plasma medicine 

low-temperature plasma 

new generation of plasma device 
 

free radicals, ROS, RNS 
 

blood coagulation, would healing,  
local sterilization, cell proliferation 

etc. 
 
 

laser 

thermal plasma 

laser scalpels 
heat 

argon plasma coagulator 
heat 

traditional 
surgical devices 

scalpels・electrical 
scalpels 

mechanical force/ 
heat 

radiations 

X-ray, heavy ions 
 

ionization 
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─ Simulation Model ─ 1D Reaction-Diffusion equations 

・37species with  
・111 reaction equations 

 medium: pure water 
 

 O2and N2dissolved in 
water at  1atm 

Initial Conditions 

・chemical reactions and diffusion in water 
gas inlet 

gas outlet 
O2 N2 

OH- 

H+ H2O2 

O2
- 

ONOO- 

O2 

N2 

plasma 

OH NO e- 

OH 

NO 

diffusion 



Transport terms connecting the gas and liquid phases 

one dimensional reaction diffusion equations in the liquid phase 

H2O2 𝑙𝑖𝑞 

H2O2 𝑔𝑎𝑠 

𝑣  

𝑑[OH]

𝑑𝑡
= 𝑘𝑖𝑗 H H2O2 +      +

𝑑

𝑑𝑥
OH  

transport  term reaction terms 

 OH  ： flux  𝑘𝑖𝑗： rate constant 

Assumptions 
 
 All gaseous species enter the liquid surface at thermal 

speed. 
 Fluxes of charged particles are specified by their electric 

currents. 
 Neutral particles desorb by Henry’s law 
 No charged particle  leaves the liquid 

H + H2O2        OH  + H2O  for example 



Model equations 
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plasma 

water 

Boundary Conditions 

thermal velocity 

drift,  
diffusion, 
advection  

0































x

ii
i

i

g

H

i

igas

i

th

i En
x

n
D

RTk

n
nv 

vi
th 

ni
gas 

ki
H 

R 

Tg 

: 

: 

: 

: 

: 

thermal velocity (gas) 

concentration (gas)  

Henry’s constant 

gas constance 

gas temperature 

Surface 

Bottom 

L : bottom depth 

Lx

ii
i

i En
x

n
D
















 0

x = 0 

depth 

x > 0 

L 

if L  is sufficiently large 



gas-liquid interface 

desorption  
(evaporation) 

adsorption 
or 

electrical current  

 highly reactive chemical 
species such as OH  

transport of  
less reactive  

species 

boundary layer 
(100 nm ~ 1 µm) 

bulk water 

gas phase 
(with water vapor) 

electric 
filed if any 
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6 species supplied to pure water 

species 
Gas density 

(cm−3) 

Incident flux 

(mol ∙ cm2 ∙ s−1) 

H2O2 14101  
6108.1   

HO2 9103  
11105.5   

NO 13101  
7109.1   

NO2 12108  
7102.1   

NO3 13101  
7103.1   

O3 15101  
5105.1   

   

 



𝐴 𝑙𝑖𝑞 

A 𝑔𝑎𝑠 

𝑣  

depth 



Concentration profiles in water 
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plasma:  gas phase 

convection 
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Simulation model with advection 
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current effects (without net current) 

transport of reactive  
species 

bulk water 

gas phase 
H+ ions electrons 



H2 

electron and H+ supply （0.01mA/cm2 : no net current) 

0.1 [sec] 



×H 

e-
aq 

H2 

0.1 [sec] 

electron and H+ supply （0.01mA/cm2 : no net current) 



Conclusions 

1. Numerical simulators for advection-reaction-diffusion 

equations for reactive species in liquid has been developed for 

1D systems based on available chemical data.  

2. There is a liquid-phase boundary layer with a thickness of 

about 100nm1µm, only in which highly reactive chemical 

species supplied through the surface exist.  

3. Current (electrons and H+ ions) generates H2O2 via O2
-/HO2  

and then also generates OH radicals from  

                                     eaq + H2O2 -> OH + OH-   

 


