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ABSTRACT: To examine the effect of humidity on the operation of dielectric barrier disFKDUJH '%' ZHWHVWHGHOHFWULFFKDUDFWHULVWLFVRIDQDWPRVSKHULF'%'LQÀRZLQJKHOLXPEHtween two parallel plates covered by dielectric in water mist. With increasing relative humidity (RH) levels, the signal current indicated different behaviors of the discharge. The discharge
began as a multipeak Townsend discharge at low humidity levels. After increasing RH of the
injected mist, the width and amplitude of current microdischarges decreased until they reached
a diffuse discharge free from microdischarges. With discharge current gradually decreasing
with increasing humidity, discharge power began to decrease but then increased continually
DIWHUUHDFKLQJDVSHFL¿FKXPLGLW\YDOXH2XUUHVXOWVVKRZWKDWLQWURGXFLQJKXPLGPLVWLQWKH
'%'JDYHWKLVW\SHRIGLVFKDUJHHI¿FDFLRXVSURSHUWLHVWKDWFRXOGEHDSSOLHGWRWKHGHVWUXFWLRQ
of bacteria found in serum plasma.
KEY WORDS: DBD, humidity, mist, electrical characterization, mode transition, multipeaks, Lissajous
¿JXUH

I.

INTRODUCTION

Atmospheric pressure dielectric barrier discharge (DBD) is widely used to produce
homogeneous plasma for sterilization purposes.1,2 7R LQFUHDVH WKH HI¿FDF\ RI SODVPD
in destroying microorganisms, many researchers have proposed the use of humidity
carried by gas introduced to maintain discharge. By adding water vapor to working
gas or by simply controlling ambient humidity, plasma discharge occurring in a humid
environment may result in the enhancement of its ability to destroy microorganisms.
Many researchers have examined the effect of varying humidity level on plasma electric
FKDUDFWHULVWLFVDQGWKHFRUUHVSRQGLQJLQÀXHQFHRQWKHHIIHFWLYHQHVVRIWKHDSSOLFDWLRQ
considered. Messaoudi et al.3DQDO\]HGWKHLQÀXHQFHRIKXPLGLW\RQWKH'%'FXUUHQW
waveform. These investigators found that the introduction of water molecules affected
surface features that control discharge behaviors such as dielectric conductivity. Nersisyan and Graham4 FKDUDFWHUL]HG D '%' RSHUDWLQJ LQ DQ RSHQ UHDFWRU ZLWK ÀRZLQJ
KHOLXP7KH\ IRXQG WKDW WKH DGMXVWPHQW RI ÀRZ UDWH DOORZHG WKH FUHDWLRQ RI XQLIRUP
DBDs with optimized input power. Attempts to identify the role of humidity in plasma
sterilization was investigated by Eto et al.,5ZKRLGHQWL¿HGWKHUROHRIKXPLGDLULQWKH
treatment of spores in DBD. Dobrynin et al.6 also indicated the importance of water

1947-5764/15/$35.00 © 2015 by Begell House, Inc.

249

250

El Shaer, Mobasher, & Zaki

amount and direct plasma treatment for achieving quicker inactivation of bacteria. Kikuchi et al.7 investigated the capability of DBD plasma in atmospheric humid air to
sterilize bacteria. These researchers found that the water content in air could determine
the generation of reactive species such as hydroxyl radicals, which are effective in the
LQDFWLYDWLRQRIVRPHVSRUHV8VLQJD'%'UHDFWRUZLWKDFHUDPLF¿OOHU<DKRQJHWDO8
examined discharge current behavior in the presence of humidity. They found that in
certain conditions of operation, discharge current decreased with increasing relative humidity (RH). Van Deynse et al.9 found that water vapor–based plasma in DBD can be an
excellent tool for the surface activation of polyethylene and changing the water contact
angle. Massines et al.10SRLQWHGRXWWKDW'%'GLVFKDUJHPRGHVDUHZLGHO\LQÀXHQFHGE\
DPELHQWFRQGLWLRQVEHWZHHQWKHSODWHVLQDSDUDOOHOSODWHFRQ¿JXUDWLRQZLWKWKHLQMHFWLRQ
of helium as the carrier gas. Here, we investigate the effect of varying RH levels of water
PLVWLQWURGXFHGEHWZHHQWZRSDUDOOHOSODWHVLQDUHDFWRUFRQ¿JXUDWLRQRSHUDWLQJXQGHU
ÀRZLQJKHOLXPJDV
II. MATERIALS AND METHODS
A. Experimental Setup
The experimental arrangement used two circular stainless-steel-plane parallel electrodes
9.5 cm in diameter covered by 1-mm glass layers as the dielectric. The interelectrode
gap was adjusted to 3 mm. For initiating and maintaining the discharge, helium gas was
introduced from an opening in one of the two electrodes, and water mist was introduced
in the space between the two electrodes. Voltage was generated by a high-speed highYROWDJH DPSOL¿HU 7UHN ,QF 86$ PRGHO $+6  GULYHQ E\ D IXQFWLRQ JHQHUDWRU % .3UHFLVLRQ&RUS<RUED/LQGD&$PRGHO$ $SSOLHGKLJKYROWDJHZDV
PHDVXUHG ZLWK D  KLJKYROWDJH SUREH 7HNWURQL[ ,QF %HDYHUWRQ 25 PRGHO
P6015A, 75 MHz) and the current by a Rogowski coil (Pearson Electronics, Palo Alto,
&$0RGHOYROWDPS 7KHYROWDJHGURSDFURVVDQ)FDSDFLWRUZDVPHDsured using a 10:1 oscilloscope probe. Measured signals were displayed on a four-channel digital oscilloscope (Tektronix; model TDS2024C, 200 MHz). Flowing helium gas
ZDVLQWURGXFHGE\DPDVVÀRZFRQWUROOHU 0)&  2PHJD(QJLQHHULQJ,QF6WDPIRUG
CT; model FMA-A2409). Water mist was generated by a commercial ultrasound nebulizer (Folee Medical Equipment Company, Ltd., Jiangsu Province, China; model W001)
that produced water droplets 30 μm in diameter. After passing in the plasma region
between the electrodes, water mist went to the treatment chamber. RH as a percentage
was measured inside the treatment chamber using a programmable humidity controller
ZLWKVHQVRU )2;+IURP&2127(&&R/7'.RUHDZLWKUDQJH±5+ 7KH
setup of the experiment can be seen in Fig. 1.
III. RESULTS
9ROWDJHFXUUHQWFKDUDFWHULVWLFVZHUHPHDVXUHGDWGLIIHUHQW5+OHYHOVXQGHUÀRZLQJ+H
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FIG. 1: E[periPental arrangePent of '%' unGer ÀoZing heliuP Zith the inMection of
Zater Pist.

JDVRI/PLQ7KHKLJKDOWHUQDWLQJFXUUHQW $& YROWDJHZDVNHSWDWN9SHDN±SHDN
at a frequency of 12 kHz. Figure 2 shows the measured voltage-current characteristics at
different humidity levels. The electric charge Q versus voltage V (Q-V) characteristics
LQWKHIRUPRI/LVVDMRXV¿JXUHVDWGLIIHUHQWKXPLGLW\OHYHOVDUHVKRZQLQ)LJ
IV. DISCUSSION
0HDVXUHPHQWV RI FXUUHQW YHUVXV YROWDJH ,±9  DQG DQG FKDUJH YHUVXV YROWDJH 49 
characteristics of a DBD plasma at different humidity levels of water mist showed proQRXQFHGHIIHFWVRILQMHFWHGPLVWÀRZLQWKHLQWHUHOHFWURGHUHJLRQRIWKHSURGXFHGSODVma. Figure 2a shows a case with no injected humidity, for which the humidity sensor
LQGLFDWHGDQDPELHQWKXPLGLW\RILQWKHWUHDWPHQWFKDPEHU,QWKLVFDVHIRUDOPRVW
two excitation cycles, the current signal presented pulses of increased amplitudes during
only negative cycles . Those current pulses corresponded to microdischarges, indicating
a homogeneous mode regime at a multipeak Townsend discharge mode. As the humidity level increased, the current peaks narrowed, showing decreases in amplitude. This
was accompanied by an increase in peaks per half-cycle. Figures 2a to 2d show current waveforms having dissymmetry in peak shape and amplitude during positive and
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FIG. 2: Voltage and current traces versus time at different humidity levels.

negative half-cycles. Negative half-cycle peaks seemed to be higher than those occurring during positive half-cycles. As shown in Figs. 2e and 2f, as humidity increased to
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FIG. 3: 4V characteristics in the form of /issaMous ¿gures at different humidity levels.

DQGDERYHSHDNZLGWKDQGDPSOLWXGHZHUHGUDVWLFDOO\UHGXFHG7KHFXUUHQWVLJQDO
broadened to adopt a sinusoidal shape, indicating an increasingly pronounced diffuse
mode. Figure 4 shows the variation of discharge current with RH. Here, the plotted current values take into account the amplitude of current peaks and an average was made
between values in positive and corresponding negative half-cycles.
,Q )LJ  WKH GLVFKDUJH FXUUHQW JUDGXDOO\ GHFUHDVHG DV 5+ LQFUHDVHG7KLV UHVXOW
LVLQDJUHHPHQWZLWKWKDWJLYHQE\<DKRQJHWDO8 who attributed the reduction in discharge current with humidity to the electronegative nature of the water vapor molecules
adsorbed by high-energy electrons forming negative ions and consuming an effective
number of electrons, contributing to DBD current.
'LVFKDUJHSRZHULVFDOFXODWHGIURPWKHVXUIDFHRI/LVVDMRXV¿JXUHVRI49SORWVLQ
Fig. 3. The result is displayed in Fig. 5, where the calculated power is plotted versus RH
values. The values of power begin to decrease with increasing humidity until they reach
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FIG. 4: Discharge current at different RH values.

FIG. 5: Discharge poZer versus RH values.

DYDOXHRI5+3RZHULQFUHDVHVJUDGXDOO\ZLWK5+6LPLODUEHKDYLRURFFXUULQJLQ
the curve of discharge power versus ambient humidity was reported by Benard et al.11
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%HFDXVH GLVFKDUJH SRZHU UHÀHFWV WKH HI¿FDF\ RI WKH GLVFKDUJH12,13 increasing the
humidity level beyond a certain value will lead to an increase in the power. This is favorDEOHWRPDQ\DSSOLFDWLRQVHVSHFLDOO\WKRVHLQWKHPHGLFDO¿HOG
V. CONCLUSION
5+KDVDVLJQL¿FDQWLPSDFWRQDWPRVSKHULF'%'XQGHUÀRZLQJKHOLXP,QWURGXFLQJ
KXPLGLW\WKURXJKZDWHUPLVWLQWKHLQWHUHOHFWURGHUHJLRQXQGHUÀRZLQJ+HFDQFDXVH
properties of discharge to change. Under certain RH levels, discharge can operate in
a complete diffuse mode without any microdischarges. Above certain RH levels, disFKDUJHSRZHUFDQEHPD[LPL]HGXQGHUÀRZLQJKHOLXPJDV,QFUHDVLQJKXPLGLW\PD\
DOVRFKDQJHVXUIDFHSURSHUWLHVRIWKHGLHOHFWULFPDWHULDOZKLFKFDQLQÀXHQFHWKHSODVPD
properties. This effect must be studied more extensively.
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