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Abstract 

 

Electrode Degradation in Micro-hollow Cathode Discharge Reactors 

 

Daniel Pinero III, M.S.E. 

The University of Texas at Austin, 2015 

 

Supervisor: Halil Berberoglu 

 

This thesis presents an experimental study to understand the effects of different working 

fluids, flow rate, reactor hole diameter and dielectric thickness on the electrode degradation rate 

and total reactor lifetime of micro-hollow cathode discharge reactors. Oxidizing mediums such 

as air and carbon dioxide tend to degrade the reactors at a higher rate than non-oxidative 

mediums. Furthermore, larger dielectric thicknesses and smaller working fluid rates serve to 

decrease degradation. The overall longest reactor lifetime was accomplished at maximum 

diameter, thickness and minimum flowrate, resulting in a total lifetime of 14 hours 42 minutes. 

Additionally, creation of favorable magnetic fields through the use of nickel mesh electrodes was 

investigated in an attempt to increase the reactor lifetime. The results showed that the use of 

mesh electrodes decreased the total lifetime due to the higher energy plasma regime of the 

experimental reactors when compared to reactors found in the literature. Finally, the feasibility 

of utilizing MHCD reactors for oxygen production on a sample return mission to Mars was 

conducted. The study indicated that production quotas can be met but reactor lifetimes and 

power efficiency needed to be improved.  
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CHAPTER 1: INTRODUCTION  

 

1.1 INTRODUCTION 

 

This thesis will present a review of the current state of plasma generation, 

specifically detailing the methods and applications of non-equilibrium plasmas. 

Furthermore, plasma assisted dissociation will be discussed along with reactor lifetimes 

in this application. Reactor degradation will be discussed in detail, emphasizing the 

mechanisms behind reactor failure. An analysis of a novel approach to reduce 

degradation on similar low power reactors is also presented, along with the results of 

using this method on higher power reactors. Finally, a feasibility study on the use of this 

technology to generate oxygen on a sample return mission from Mars to Earth and a 

comparison to current technology concludes this work. 

Micro-hollow cathode discharge reactors (MHCDs) are devices that are capable 

of producing non equilibrium plasma. Two metallic electrodes are placed on both sides of 

a dielectric material. A micro-sized hole (on the order of 100-500 µm) is then drilled 

through this three ply composite. A schematic of this device is shown in Fig x. An 

electric potential is placed between the two electrodes and plasma is created once the 

voltage reaches a critical value determined by the pressure, working fluid and distance 

between the electrodes. 

The geometry of these devices allows for a working fluid to be passed through the 

plasma. The energetic and ionizing nature of the plasma allows for the dissociation of the 
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gases inside the reactor hole. This type of device has been used to successfully dissociate 

a variety of gases, as described in the following chapter. 

However, very little information on the lifetime and durability of MHCD reactors 

currently exists in the literature. In order for MHCD reactors to be a viable technology for 

dissociating gases, the total usable lifetime of these reactors must be quantified. Knowing 

the total usable lifetime of these reactors allows the technology to be compared to other 

feasible technologies. Furthermore, lifetime experiments allow for the identification of 

major hurdles that are currently prohibiting the technology from being fully realized. 

The focus of this paper will explore the degradation of MHCD plasma reactors in 

the self-pulsing plasma regimes, as noted in the C-D region in Fig x. Chapter 2 describes 

the function and theory of non-equilibrium plasma generation. A summary of current 

applications of non-equilibrium plasma follows, specifically concerning the application 

of devices for odor removal and hydrogen generation. Finally a review of literature 

concerning the lifetime and degradation of non-equilibrium plasmas concludes this 

chapter. 

Chapter 3 describes the methods used to study the degradation of MHCD reactors. 

These include a description of relevant analytical parameters, methods used to measure 

the atomic constituency of degraded reactors, the current and voltage characteristics of 

these devices and the software used to observe the degradation area as a function of time. 

The experimental parameters of the reactors which include varying working fluid, reactor 

geometry, flow rate and electrode type are also described. 

Chapter 4 presents the results of the experiments conducted to determine the 

degradation rate of various reactor flow rates, geometries and working fluids. 
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Degradation rate of the reactor electrode within the first hour of reactor operation is 

presented for the various experimental parameters described in Chapter 3. Total lifetime 

of reactors for various geometries and parameters is also presented, along with an atomic 

analysis of the cathode and anode surfaces. Finally, the results of lifetime tests including 

a novel mesh electrode are presented. 

Chapter 5 presents a feasibility study into the utilization of MHCD reactors to 

dissociate Martian carbon dioxide into usable oxidizer for a sample return mission. The 

advantages of this reactor in this application are outlined and realized and ideal reactor 

outputs of oxygen are compared to current technology.  Finally, Chapter 6 summarizes 

the thesis and makes recommendation for future research. 
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CHAPTER 2: BACKGROUND 

 

2.1 NON-THERMAL PLASMAS AND MICRO-HOLLOW CATHODE DISCHARGE REACTORS 

 

Non-thermal plasma has been used in various applications including biomedical 

[1],[2],[3], material modification and synthesis [4], [5],[6], and decontamination [7]. 

Atmospheric non-thermal plasma can be created via a number of methods, such as 

cathode boundary layer (CBL), micro-hollow cathode discharge (MHCD), micro cathode 

sustained discharge (MCSD) and dielectric barrier discharge [8],[9]. The method of 

interest will concern a MHCD reactor, pioneered by Schoenbach [10],[11]. MHCD 

reactors have two metal electrodes, separated by a dielectric material. A hole is drilled 

through this three-layer sandwich which typically measures less than a millimeter, as 

seen in Fig 3.1. When the potential between the electrodes reaches a voltage threshold 

defined by the working fluid’s Paschen curve, an electrical discharge occurs between the 

electrodes in the micro-sized hole and a glow discharge is generated due to the ionization 

of gas between the electrodes.  

The MHCD reactor works under the principle of the Townsend breakdown 

mechanism (or discharge). During this discharge, free electrons are produced and 

accelerate under the influence of an electric field, as seen in Fig 2.1. Given a strong 

electric field, the electrons gain enough energy to liberate further electrons from neutral 

molecules. This liberates even more electrons and causes a cascade that leads to a large 

number of free electrons that are available to form a conductive path from cathode to 

anode [12].  
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Figure 2.1 Townsend discharge mechanism [13] 

In order to determine the sufficient electric field that enables the Townsend 

discharge, Paschen curves are utilized. These curves present the breakdown voltage as a 

function of the product of fluid pressure “p” and distance between the anode and 

electrode “d”; 

𝑉𝑏𝑟 =
𝐴2𝑝𝑑

𝐴3+ln(𝑝𝑑)
                          (2.1) 

Where 𝐴2 is a gas specific constant 𝐴3 is given by the following relation, 

𝐴3 = ln(𝐴1) − ln(𝛼𝑑)                          (2.2) 

Where 𝐴1 is a gas specific constant and 𝛼 is the Townsend coefficient. This relation is 

empirically derived, and different working fluids are represented with different 

correlation coefficients [12] and are presented in Fig 2.2 These curves can be utilized to 

minimize the breakdown voltage by varying gas pressure and electrode geometry to 

minimize power into the system while maintaining the plasma regime of interest. 
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Figure 2.2: Paschen curve for various fluids [12] 

At the breakdown voltage, the type of plasma formed can be controlled by the 

amount of current flowing through the reactor. Fig 2.3 shows the different regimes 

labeled A-F as a function of the log of current. The plasma regimes range from dark glow 

plasmas at low currents to high current arc discharges [14], [15], [12]. The amount of 

current flowing through the system will be controlled by adding an appropriate amount of 

ballast resistance given a certain breakdown voltage as dictated by the Paschen curve for 

gas of interest. 

 

Figure 2.3 Voltage-current regimes of various discharges [14], [15] 



 

7 

 

MHCD reactors have been shown to be successful in the dissociation of various 

gases [16],[17]. The design of the MHCD reactor greatly facilitates the dissociation of 

gas due to the non-thermal plasma generated in a confined circular volume. An important 

parameter in determining the dissociated of gases is the residence time of the gas in the 

area of active non-thermal plasma. It has been shown that longer residence times increase 

the total conversion yield of dissociating gases [18], [19]. While the plasma generated is 

assumed to be only present in the reactor hole, the region surrounding the hole can also 

contribute to gas dissociation as gases pass through these regions as they enter and exit 

the reactor. 

 A self-pulsing, micro-hollow plasma regime has been shown to produce lower 

operating temperatures, lower electrode degradation due to the pulsed nature of the 

plasma existing in the reactor and to create a more stable plasma that may exist due to 

manufacturing imperfections [12]. Also, the tendency for electrons to find the path of 

least resistance along the electric field away from the anode circular electrode (Pendel 

effect) draws the ions to the center of the reactor through hole [20], [21]. This effect 

should allow for increased ionization effects due to centralized plasma and decreased 

degradation. 

2.2 USE OF NON- EQUILIBRIUM PLASMAS FOR THE DISSOCIATION OF GASES 

  

Applications of dissociating gases using non-equilibrium plasmas across a 

varying array of generation techniques follows. The focus of these applications is 

dissociating species to neutralize odor nuisances and breaking down various hydrogen 

carrying molecules to produce diatomic hydrogen. 
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2.2.1 Use of non-equilibrium plasmas for eliminating biogas odors 

 

Biogas is a product of anaerobic digestion and is mainly composed of methane, 

carbon dioxide and nitrogen. Biogas can be produced from many different locations 

including landfills, farms, and wastewater treatment plants (WWTP). The quality of 

biogas (% methane that can be used as fuel) largely depends on the type of digester and 

typically ranges from 45-70% methane with a respective complement of carbon dioxide 

and nitrogen [22]. The aforementioned major components of biogas are odor free. 

However, trace compounds such as hydrogen sulfide and volatile organic compounds 

(VOCs) lead to the gas having a foul or putrid stench. The composition of trace 

compounds in biogas depends on the type of digester used.  

Hydrogen sulfide is present in all biogas generated through anaerobic digestion [23]. 

Hydrogen sulfide has a characteristic odor of rotten eggs and humans can detect it at 

concentrations as low as 0.5 ppb (parts per billion) [24]. Biogas composition contains 

amounts of hydrogen sulfide that are up to two million times the odor threshold. [23] 

Furthermore, hydrogen sulfide has been observed to dominate all other odors in biogas 

and in anaerobic digester environments in general [25]. Thus, hydrogen sulfide can be 

regarded as the primary source of odor nuisance associated with biogas.  

 The definition of VOCs is fairly broad and described as organic chemicals that 

have high vapor pressure at room temperature. The Environmental Protection Agency 

(EPA) adopted a more specific definition as [26]  

"Volatile organic compounds (VOC)" mean any compound of carbon, excluding 

carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, 
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and ammonium carbonate, which participates in atmospheric photochemical 

reactions.”  

Furthermore, the EPA keeps no formal list of VOCs, only a list of volatile compounds 

exempted from regulation [27].  

The primary types of VOCs found in biogas are sulfur, halogenated, and organic 

silicon compounds [28]–[31]. Due to the volatility of VOCs at room temperature and 

pressure, many odors or scents are caused by VOCs. However, the odor thresholds of 

VOCs are varying and many VOCs produce no detectable odor (common silicon 

compounds)[23], [32]. 

Removal of Hydrogen Sulfide using Non-Equilibrium Plasmas 

  

Dang [33] conducted a study on the removal of hydrogen sulfide using DBD with 

a varying metal oxide catalysis. The inflow of hydrogen sulfide was mixed with air until 

a concentration of 200 mg/m
3
 was achieved. Removal efficiency approached 100%. 

Gutsol [34] explored the dissociation of hydrogen sulfide using four different plasma 

generation techniques (corona, DBD, streamer, and contracted glow discharge). No 

carrier gas was used and pure research grade hydrogen sulfide was passed through the 

plasma. Plasma generation with high electric field to gas density produced the worst 

conversion (corona, DBD, streamer) while low electric field to gas density performed the 

best with up to 60% conversion of hydrogen sulfide (contracted glow). Zhao [35] 

performed experiments using DBD reactor combined with metal catalyst in an 7.5-20% 

hydrogen sulfide and complement of argon by volume mixture. Complete conversion into 

hydrogen and sulfur was accomplished. Linga Reddy [36] utilized DBD in hydrogen 

sulfide conversion with the specific goal of capturing hydrogen. A 5-25% hydrogen 
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sulfide and complementing percentage volume of argon was used. A conversion 

percentage of 70% was achieved. Zhao [37] utilized a corona discharge reactor for the 

production of hydrogen. Hydrogen sulfide was mixed independently with argon, helium, 

nitrogen and hydrogen in molar fraction ranging from 0.05 to 0.5. Conversions as high as 

30% were achieved. Liang [38] also utilized a DBD in a coaxial cylindrical reactor that 

was packed with ceramic rings or glass pellets. An oxygen, carbon dioxide and hydrogen 

sulfide mixture was used with a 30 ppm concentration of hydrogen sulfide. A maximum 

conversion rate of up to 93.3% was achieved at increasing voltages.  

Removal of VOCs using Non-Equilibrium Plasmas 

 

Mohamed conducted a study on the destruction of benzene (a VOC) and methane 

(classified as a VOC in their study) in a modified micro-hollow discharge reactor [39].  A 

mixture of 300 ppm benzene and dry air as the carrier gas was used. A conversion rate of 

90% of benzene into phenyl, hydroperoxyl, hydroxide and hydrogen was achieved.  

Chen  presented a review of single and two stage plasma catalysis over a wide range of 

plasma generation techniques, metal catalysis and VOCs [40]. Types of reactors reported 

included corona discharge, DBD, surface discharge and packed bed reactor. Plasma only 

(without metal catalyst) and catalytic conversion rates up to 100% were reported. Chang 

[41] presented a comparison amongst non-thermal plasma technologies in terms of 

working temperature and flue gas application geared towards the removal of VOCs from 

industrial flue gases. 
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2.2.4 Use of non- equilibrium plasmas for hydrogen production 

  

Hydrogen has an abundance of applications, from powering the main engines of 

space vehicles to providing the electrochemical potential of fuel cells. However, it is 

difficult to find molecular hydrogen on earth due to its highly reactive nature. Therefore, 

hydrogen must be derived from chemical compounds containing hydrogen, such as 

hydrocarbons and water.   

Hydrogen from Hydrocarbons 

 

The majority of plasma based hydrogen reforming technologies utilize 

hydrocarbons as the feedstock.  Both thermal and non-thermal plasma production 

methods have been shown to convert feedstocks of hydrocarbons to hydrogen via various 

reforming techniques.  

Non-thermal plasma processes in the hydrocarbon conversion industry are more 

developed due to their lower power requirement which is on the order of a few hundred 

watts or lower [42]. Contrary to thermal plasmas, only the electron temperatures are 

raised and the bulk gas temperature can remain at as low as the room temperature. For 

hydrocarbon reforming, the four processes used are gliding arc, dielectric barrier 

discharge (DBD), microwave and corona discharge [43].  

Paulmier [42] compared the efficiencies of these methods and their respective 

reforming potential. The table reports a high efficiency for the gliding arc non-thermal 

plasma with diesel as a feedstock. 
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Table 2.1: Plasma Reformer Technologies [42] 

 

A study involving hydrocarbon dissociation into hydrogen utilizing a micro-

hollow cathode discharge reactors (MHCD) has been done by Lindner et al [21]. While 

the reactor itself does not resemble the dielectric sandwich used by our group, it uses a 

“pit” design that Schoenbach demonstrated, which was a favorable design for chemical 

reactions [10]. Methanol was flowed through the microchannel with nitrogen as a carrier 

gas due to its low energy requirement and its ability to facilitate plasma decomposition 

reactions involving hydrocarbons [44]. A conversion rate of about 15% was reported for 

these tests, which was measured as the inlet flow rate of methanol to the outlet flow rate 

of hydrogen. Note that these tests were not optimized and the performance could be much 

better.  Lindner reports that this observed performance was already on par or exceeded 

that of more developed plasma devices, specifically that of the dielectric barrier discharge 

reactor [45].   

Hydrogen from Ethanol and Ammonia 

 

A study by Aubry et al. reported the use of a non-thermal plasma reactor for 

assisting steam reforming of ethanol [46]. A water/ethanol mixture was passed through 

the plasma with an inlet ethanol to water mole fraction ranging from 0 to 0.72. The 

authors showed that the mole fraction of hydrogen in the products remained fairly 

constant at 0.3 as the ethanol to water mole fraction was varied. This performance was 
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similar to those of catalytic reactors.  The regime of the plasma reactor was not discussed 

in detail by the authors, which was only described as “non-thermal”.  Qiu reported the 

use of a MHCD reactor for hydrogen generation using a high-pressure ammonia-argon 

mixture [19]. A reactor hole diameter of 100 µm and a mica dielectric thickness of 250 

µm was used. The electrons used were a 100 µm thick molybdenum foil. Conversion 

rates of up to 20% were reported at a residence time of 5 µs with a power efficiency 

(breakeven to produce more energy than what was put in to dissociate the gas) of 11%.  It 

should be noted that ammonia concentration nearing 100% and increased residence time 

would increase efficiency and conversion percentage. It was also reported that pulsed DC 

voltage would likely increase power efficiency.  

Synthesis Gas Generation from Humidified Carbon Dioxide 

 

A study by Berberoglu and Taylan studied the use of CO2 and argon saturated 

with water vapor for the production of synthesis gas using a MHCD reactor with varying 

reactor hole size, thickness and flow rate. The authors reported a maximum hydrogen 

yield of 28.4% from saturated argon and 4.9% from saturated carbon dioxide at a flow 

rate of 10 mL/min. The maximum energy conversion efficiency saturated carbon dioxide 

was 14.8% and 2.0% for saturated argon [12]. 

2.3 ELECTRODE DEGRADATION OF MHCDS OR PLASMA REACTORS 

 

While the previous studies have shown the feasibility of non-equilibrium plasma 

to reform various gas species into favorable products, these reactors do not have a long 

lifespan (less than 1 hour). A review of current reactor lifespans from literature and the 

mechanisms behind reactor failure follows. 
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Electrode degradation caused by plasmas has been thoroughly studied for arc 

discharges in spark plugs for internal combustion engines. While this type of research 

differs from our application, arc discharges contain regimes that are comparable to the 

MHCD reactor’s operational regime, specifically the glow regime. During the glow 

regime, the primary degradation processes are sputtering and plasma assisted oxidation 

[47]. 

Sputtering takes place when accelerated ions and/or fast atoms bombard the 

cathode surface and electrode atoms are ejected from the electrode surface if their 

collisional energy is greater than their binding energy [48]. Osamura and Hori determined 

that sputtering of the electrode surface occurs during the glow phase [49], [50]. Nishio 

considered sputtering to be the main erosion mechanism in glow discharge and added that 

oxidation of the electrode surface increased the erosion rate [51].  

Plasma assisted oxidation occurs when “noble metals”, or metals that normally do 

not form an oxide layer at high temperatures, form an oxide layer in the presence of 

plasma due to the presence of oxygen radicals and ions [52].This oxidation ends up being 

the principle form of degradation.  

Electrode degradation is one of the main issues of MHCD reactors as it decreases 

the viable lifetime of the reactors. Electrode degradation in MHCD reactors is due to ion 

and electron collisions with the electrode surface. When oxygen is present, oxidation of 

the electrode surface accelerates degradation [47], [53]. In the literature, there are a few 

studies that analyzed the electrode degradation in MHCD reactors. For instance, Park et 

al. [54] utilized a MHCD reactor with nickel cathodes and a polyimide dielectric layer of 

7 µm operating in the normal glow regime at a voltage and current at 250 V and 0.5 mA, 
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respectively. Using a nickel screen anode, the lifetime of the reactors reached 100 hours 

with stagnant Neon gas at a pressure range of 300 to 500 Torr with reduced visible 

degradation compared to annular electrodes. A study by Kunuku et al. [55] utilized a 

novel hybrid granular structured diamond film cathode electrode on an MHCD reactor 

operated in Argon at a pressure of 4 torr. A total reactor lifetime of 4 days was reported at 

an applied power of 0.5 W.  Similarly, Lindner et al. [56] studied cathode degradation of 

a MHCD reactor operating in the normal glow regime at low atmospheric pressures and 

at 500V and single digit mA current. They observed lifetime of their reactor was 3 hours 

when the flow rate was the highest at 14.8 mL/min and the channel width was the largest 

at 100 µm. The failure of the reactor was due to oxidation of the dielectric layer and 

clogging of the discharge hole, resulting in a short circuit. Also, a study by Dussart 

showed that reactors developed from silicon can last a few minutes to a few hours in a 

noble argon or neon environment at unidentified pressures [57]. 
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CHAPTER 3:  DESIGN OF EXPERIMENTS FOR UNDERSTANDING 

THE ELECTRODE DEGRADATION OF MHCD REACTORS  

 A series of experiments were chosen to investigate the effects of total lifetime and 

degradation rate of MHCD reactors. The overall reactor design and values chosen for the 

reactor diameter, dielectric thickness, and working fluid flow rate were based on the 

previous work by Taylan [12]. This was done in order to correlate the results of that study 

concerning reactor gaseous output and energy density with reactor degradation rate and 

lifetime. 

3.1 REACTOR DESIGN AND TEST SETUP 

 

The reactor was constructed by taking a 150 µm thickness 5 x 2 cm dielectric 

mica ply with two 50 µm thick aluminum foil electrodes attached with non-conducting 

acrylic adhesive. A 100-500 µm diameter hole was drilled through this structure using 

micro drill bits on a mill. Note that the thickness of the mica ply was varied by stacking 

multiple plies on top of each other. A schematic of the reactor is shown in Fig 3.1 

 

Figure 3.1: A schematic of a micro hollow cathode discharge reactor [12] 

DielectricHoleMetal Electrodes
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Figure 3.2: Schematic of test setup [12] 

 

The reactor was supplied by a high voltage Stanford Research Systems DC power 

supply. In order to push the reactor into the self-pulsing regime, a ballast resistor of 1 

MΩ and measurement resistor of 100 kΩ were connected in series, effectively driving the 

current of our supply voltage range into the self-pulsing regime. An inlet and outlet 

fitting placed on either side of the reactor and clamped with rubber gaskets allowed for 

gas to be fed into the reactor. A schematic of this setup is shown in Fig 3.2. 

3.2 EXPERIMENTAL PARAMETERS 

 

Degradation at an electrode gap voltage of 4500 V was measured in still air for 

reactor dielectric thicknesses of 150, 300, and 450 µm and reactor through hole diameters 

of 200, 400 and 500 µm. Images of the anode and the cathode were captured at five 

minute intervals for 60 minutes using a Nikon microscope. Measurements of eroded area 

of the aluminum electrodes were made in NIS elements and acquired three times and 

averaged at each time interval. Each experiment for a given reactor parameter was 

conducted in duplicates. The reported values correspond to the arithmetic averages of the 

measurements. The results presented in this chapter were developed with a 90% 
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prediction interval from two repeat reactor tests. The uncertainty of the degradation rate 

was also derived from a 90% confidence interval from the reactor samples.  

Degradation tests were done with carbon dioxide gas with a purity of 99.5% from 

Matheson Tri-Gas with variable geometric and flow parameters. Argon tests were 

conducted using argon gas with a purity of 99.998% from Airgas. Air degradation tests 

were conducted in stagnant air with atmospheric composition. 

Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy 

(EDX) were performed air, carbon dioxide and argon degraded reactors using Quanta 650 

equipped with a Bruker AXS EDX. An example of a reactor and degraded electrode is 

shown in Fig 3.3. 

 

Figure 3.3: Example image of reactor and degradation region. Note that this image is 

representative of stagnant air and other gases passed through the reactor 
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Region 

Discharge Hole 

Unaffected 
Region 

4.5 kVappliedV 
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Argon and carbon dioxide were also flowed through the reactors at various 

dielectric thicknesses and hole diameters described above with varying flow rate of 10, 

30 and 100 mL/min. 

Lifetime tests of the above reactors were also tested by running the reactor until 

plasma failed to be produced in the through hole. Time averaged voltage and current 

through the reactor was measured throughout the duration of the lifetime test using 

LabVIEW.  

For all carbon dioxide and argon tests, the cathode electrode was positioned to 

face the outlet of the reactor. This was done to allow for the effects of the flow on 

removing electrode char to be minimized. 

3.3 RELEVANT PARAMETERS 

 

Residence time, the time the working fluid spends in the reactor hole volume, is given by 

the following, 

𝑡𝑟𝑒𝑠 =
𝜋𝐷𝑟𝑒𝑎𝑐

2 𝑑

4�̇�𝑖𝑛
                                                  (3.1) 

The specific energy input (SEI), which is defined qualitatively as the electrical energy 

into the reactor divided by the molar flow rate of influent into the reactor, is 

SEI =
𝑃𝑎𝑣𝑔

�̇�𝑓𝑙𝑢𝑖𝑑,𝑖𝑛
                                 (3.2) 

where the input average power into the system is calculated as  

𝑃𝑎𝑣𝑔 = 𝑉2𝐼                               (3.3) 

where V2 and I are the circuit voltage and current, respectively. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

 

4.1 ELECTRODE DEGRADATION IN STILL AIR 

Two failure modes were identified in the reactors. The first failure mode involved 

the resistance of the reactor increasing due to the plasma touching the electrode at greater 

and greater distances until the reactor was pushed in to the normal glow regime, indicated 

by the current decreasing by several orders of magnitude. This will be referred to as the 

“low current” failure mode. The other mode consisted of the continuation of the self-

pulsing regime, but with a discharge location now located through the mica to the 

backside of the electrodes. This failure mode is more likely to occur in the smaller reactor 

thicknesses. This will be referred to as the “displaced discharge” failure mode. Lifetime 

tests were conducted in air and in carbon dioxide. Figure 4.1 presents an example of the 

current versus time of a low current failure. Note that the current drops significantly after 

26 thousand seconds into the test. Also note that the variance at the beginning of the test, 

denoted by the width of the data is significantly smaller than the variance as the reactor 

nears failure. 
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Figure 4.1: An example of a low current reactor failure 

 

An example of a displaced discharge reactor failure is shown in Figure 4.2. Once 

again, variance increases as the reactor degrades towards failure. However, failure occurs 

before the breakdown voltage value is reached, as seen in the low current failure. Past 

failure, the reactor forms new breakdown paths through the mica resulting in an increase 

in current. This path then forms between the electrode and current begins to decrease 

until new paths are created. These subsequent paths are seen as current spikes post 

failure. Note that pre-failure average current decreases linearly for both failure modes. 

Both of these failure modes were also seen in the lifetime tests of carbon dioxide. 
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Figure 4.2: An example of displaced discharge reactor failure 

 Figure 4.3 displays a 400 µm diameter, 150 µm thick reactor that failed after 27 

hours running in still air. The only flow through the reactor would be due to natural 

convection caused by the elevated temperature induced by the plasma and mass 

displacement due to ionization. The reactor was operated in a “worst case” test scenario 

consisting of high voltage, oxidizing medium, and low dielectric thickness (higher 

plasma specific energy).Reactors operated in air failed in the low current failure mode. 
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Figure 4.3: Lifetime degradation of cathode (top) and anode (bottom) of a 400 µm 

diameter reactor, seen on the right of each micrograph. The labels on the images 

correspond to EDX zones of analysis. 

4.1.1 SEM and EDX Analysis 

 

The results are shown in Tables 4.1and 4.2 for the cathode and anode sides of the 

reactor, respectively. 

 

Table 4.1: Cathode zone composition for air, in atomic percent 

 

 

 

 

  

 

 

 

Zone 1 Zone 2 Zone 3 Zone 4 

Carbon 10.9 6.1 7.4 30.3 

Oxygen 46.6 63.8 47.2 4.3 

Aluminum 42.2 29.7 45.2 65.4 

Silicon 0.3 0.4 0.2 0.0  

1 2 4 3 

6 5 7

1 
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Table 4.2: Anode zone composition for air, in atomic percent 

 

Zone 5 Zone 6 Zone 7 

Carbon 5.3 1.0 37.1 

Oxygen 60.6 68.7 15.0 

Aluminum 33.7 29.7 46.2 

Silicon 0.4 0.6 1.7 

 

Tables 4.1 and 4.2 show that the atomic percent of oxygen increases as the 

distance to the reactor hole decreases, demonstrating that oxygen from the air is being 

deposited as aluminum oxide on the electrode surface. Zones 4 and 7 are locations 

identified with a minimal amount of surface coating away from the reactor hole. These 

zones are characterized by a minimal amount of oxygen, showing that the white coating 

on the aluminum electrode is likely aluminum oxide due to the increase in oxygen 

content. While the electrode is pure aluminum, an abundance of carbon of the electrode 

might be due to oils from skin due to handling and manufacture. 

4.1.2 Degraded Electrode Area as a Function of Hole Diameter and Dielectric 

Thickness 

 

Fig 4.4 shows degradation area as a function of time for varying reactor 

diameters. The general trend is that reactor diameter does not affect the degradation rate 

in the first hour, which is the extent of our testing period, for diameters of 200 and 500 

µm. This is somewhat expected, as images from our previous analyses has shown the 

plasma to be smaller than the range of diameters tested (shown in Fig 4.15). 
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Figure 4.4: Degradation area as a function of time and reactor diameter in air 

 

However, Table 4.4 shows that the uncertainty of the 400 µm diameter test 

degradation rate does not overlap with the other two reactor diameters. This shift upwards 

in rate is due to the anomalous points between 30 and 45 min. It should be noted that 

even though all three tests do not fit with uncertainty, all three prediction intervals 

contain considerable overlap within the 60 minute test period. A longer test period might 

reveal rates that match to within uncertainty. 
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Figure 4.5: Degradation area as a function of time and dielectric thickness in air 

 

Another parameter being investigated is the dielectric thickness at constant 

diameter. Fig 4.5 shows the degradation for varying dielectric thicknesses. Each ply of 

mica is approximately 150 µm thick. The thicknesses tested are 150, 300 and 450 µm. 

Generally, we expect the energy of the plasma to be spread out across the dielectric, 

making the plasma less energy dense. This makes the rate of degradation decrease. This 

is what occurred when the dielectric thickness was increased from 150 to 300 µm with a 

rate decrease of 39%. However, increasing the thickness from 300 to 450 µm did not 

decrease the rate further as Table 4.3 shows. It is possible that there is a certain thickness 

where degradation rate levels off and only incrementally decreases with additional layers 

of dielectric. Note that the thickest dielectric also has a high uncertainty as indicated by a 
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wide prediction interval. However, in terms of total degradation the thickest reactors 

degraded the least and the thinnest the most. A summary of all air degradation tests and 

parameters is shown in Table 4.3. 

Table 4.3: Summary of test parameters and degradation rates 

Thickness 

[µm] 

Diameter 

[µm] 

Degradation Rate 

[µm
2
/min]  

150 400 10200 ± 260 

300 400 6800 ± 190 

450 400 6600 ± 400 

150 200 9500 ± 140 

150 400 10200 ± 260 

150 500 9500 ± 150 

4.2 ELECTRODE DEGRADATION IN PURE ARGON FLOW 

 

Degradation tests were done with argon gas with a purity of 99.998% from Airgas 

with a flow rate for 1 ply and 30 mL/min for 3 ply mica reactors with a reactor diameter 

of 400 µm at 4500V. The flow rate was varied in order to maintain a consistent residence 

time of 113 µs of the gas in the reactor hole.  

 

Figure 4.6: Argon reactor degradation with EDX analysis zones 

 

1 

2 3 
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4.2.1 SEM and EDX Analysis 

 

Fig 4.6 shows a micrograph of a sample reactor with argon as the working fluid 

labeled with EDX analysis zones. The analysis in Table 4.4 determined higher amounts 

of carbon towards the reactor hole and higher amounts of oxygen in zones two and three. 

Note the similar atomic consistency for zones two and three.  The presence of oxygen and 

aluminum in this region indicates the likelihood of high amounts of aluminum oxide in 

both of these zones away from the reactor hole. 

Table 4.4: Cathode zone composition for argon, in atomic percent 

 

Zone 1 Zone 2 Zone 3 

Carbon 55.7 27.4 25.3 

Oxygen 30.6 53.0 55.4 

Aluminum 13.5 18.9 19.2 

Silicon 0.2 0.7 0.1 

4.2.2 Degradation Electrode Area as a Function of Dielectric Thickness 

 

Fig 4.7 shows the degradation as a function of time for reactors with a working 

fluid of argon. For these tests, the parameters described in the previous section with a 

constant residence time and varying thickness were tested. 
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Figure 4.7: Electrode degraded area as a function of time for argon 

 

Table 4.5 indicates that the thinner reactor degraded faster, despite the increased 

degradation due to the increased flow rate of the thicker reactor. As noted before, 

residence time was constant for both tests.  

Table 4.5: Summary of argon test parameters and degradation rates 

Thickness 

[µm] 

Diameter 

[µm] 

Flowrate 

[mL/min] 

Degradation Rate 

[µm
2
/min]  

150 400 10 1900 ± 260 

450 400 30 1200 ± 170 
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4.3 ELECTRODE DEGRADATION IN PURE CARBON DIOXIDE FLOW  

4.3.1 SEM and EDX Analysis 

Fig 4.8 presents a micrograph of a degraded electrode and labeled with EDX 

zones under consideration for a reactor with carbon dioxide as the working fluid. 

 

 

Figure 4.8: Micrograph of carbon dioxide reactor degradation with analysis zones 

 

The results that are shown in Table 4.6 are surprisingly similar to the tests in 

argon, with higher carbon content towards, higher oxygen content away from the reactor 

hole and similar amounts of aluminum and oxygen in zones two and three. The presence 

of oxygen and aluminum in this region indicates the likelihood of high amounts of 

aluminum oxide in both of these zones away from the reactor hole. 

 

 

 

 

1 

3 

2 



 

31 

 

Table 4.6: Cathode zone composition for carbon dioxide, in atomic percent 

 

Zone 1 Zone 2 Zone 3 

Carbon 53.3 23.3 16.6 

Oxygen 33.4 53.5 55.7 

Aluminum 13.0 23.0 27.6 

Silicon 0.3 0.2 0.2 

 

     

4.3.2 Degradation Analysis 

 

An analysis of the effect of carbon dioxide on the degradation rate of MHCD 

plasma reactors was conducted. The results of these tests are framed and analyzed in two 

unique ways. A series of tests using reactor geometry and flow conditions as the 

independent variables is presented first, followed by an analysis on the degradation rate 

as a function of SEI and residence time. 

Variable Geometry and Flow Conditions 

 

Reactor degradation tests were carried out in order to determine the effect of 

reactor hole diameter, dielectric thickness and flow rate on the degradation rate of plasma 

reactors with carbon dioxide as the working fluid. Taylan has shown that variable 

geometry and flow conditions had a significant effect on the effluent composition of an 

influent of pure carbon dioxide [12]. Therefore, a study into the effects of geometry and 

flow conditions on the degradation rate of these reactors is of importance in order to 

determine the total output of desirable products over the lifetime of the reactor. The 
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results of these tests are presented in the following section. 

 

 

Figure 4.9: Degradation area as a function of time and reactor diameter in carbon dioxide 

 

Fig 4.9 shows the degradation rate with diameter as the independent variable 

given constant flow rate and dielectric thickness. The diverging prediction interval shows 

that the slopes of these two graphs are not similar. An analysis of the confidence interval 

shows that the slopes of these two reactors do not have overlapping uncertainty (as seen 

in Table 4.9). Therefore, a larger diameter hole serves to decrease the rate of degradation 

in the first hour.  
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Figure 4.10: Degradation area as a function of time and dielectric thickness in CO2 

 

The rate of degradation for reactors of varying dielectric thicknesses and constant 

flow rate and reactor diameter is shown in Fig. 4.10. An analysis of the confidence 

interval shows that the slopes of these three reactors do not have overlapping uncertainty, 

as seen in Table 4.7, and indicated by the diverging prediction intervals. Therefore, a 

thicker dielectric serves to decrease the rate of degradation. This is similar to the trend 

found for reactor tests run in stagnant air. 
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Figure 4.11: Degraded area as a function of time and flow rate for CO2 

 

Fig 4.11 shows the degradation rate with working fluid flow rate as the 

independent variable given constant dielectric thickness and reactor diameter. Once 

again, the diverging prediction interval demonstrates that the slopes of these two reactors 

are unique. An analysis of the confidence interval shows that the slopes of these three 

reactors do not have overlapping uncertainty, as seen in Table 4.7. Therefore, an increase 

in the flowrate increases the rate of degradation. 

 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50 60

D
e
g

ra
d

e
d

 A
re

a
 [

m
m

2
] 

Time [min] 

10 mL/min

30 mL/min

CO2 

Dreac = 400 µm  
d = 450 µm 



 

35 

 

Table 4.7: Test parameters and degradation rate of variable dielectric tests in CO2 

Thickness 

[µm] 

Diameter 

[µm] 

Flowrate 

[mL/min] 

Degradation Rate 

[µm
2
/min]  

150 400 30 7900 ± 165 

300 400 30 6700 ± 90 

450 400 30 4700 ± 130 

 

Variable SEI and Residence Time 

 

The above data can be reanalyzed using constant SEI and residence time as a 

basis for comparison. SEI is a measure of energy input into the molar quantity of gas 

through the reactor and residence time is the amount of time the gas spends in the reactor 

hole. It is of importance to analyze the degradation rate as a function of these parameters 

as the effect on the synthesis gas products are a function of these parameters, as discussed 

by Taylan [12]. 

Fig 4.12 shows all degradation as a function of time for the test parameters 

outlined in Tables 4.8 and 4.9. The prediction intervals of all four tests diverge 

throughout the given test interval, indicating unique rates of degradation for the 

individual reactor parameters and test conditions.  
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Figure 4.12: Electrode degraded area for CO2 tests, variable SEI and residence time 

 

The test set was chosen in order to determine the effect of SEI and residence time 

on the reactor in CO2. Given constant SEI, decreasing residence time serves to increase 

the rate of degradation in the one-hour testing period, shown in Table 4.8. A reason for 

this occurring might be due to the higher velocity molecules bombarding the cathode 

surface upon exiting the reactor hole and accelerating the sputtering of aluminum.  
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Table 4.8: Degradation rate of carbon dioxide at constant SEI of 3 eV/mol 

   Dreac 

[µm] 

d 

[µm] 

Flowrate 

[mL/min] tres [µs] 

Degradation rate 

[µm
2
/min] 

400 450 10 339 9000 ± 330 

515 150 10 187 11800 ± 280 

400 150 10 113 12900 ± 160 

 

Given constant residence time and variable SEI, Table 4.9 shows that decreasing 

SEI serves to decrease the rate of degradation. This is explained by the intensity of the 

plasma. High SEI indicates more energy being supplied into the plasma given the volume 

of the reactor hole. Therefore, a higher intensity plasma contains ions and electrons with 

higher energy, which serve to sputter the aluminum electrode surface with greater 

intensity. This results in a higher rate of degradation. 

Table 4.9: Degradation rate of carbon dioxide at constant residence time of 113 µs 

   Dreac 

[µm] 

d 

[µm] 

Flowrate 

[mL/min] 

SEI 

[eV/mol] 

Degradation rate 

[µm
2
/min] 

400 150 10 3 12900 ± 160 

400 450 30 1.5 10400 ± 290 
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4.4 CARBON DIOXIDE AND ARGON DEGRADATION RATE COMPARISON 

 

Fig. 4.13 displays the degradation of reactors over time for both argon and carbon 

dioxide. This plot was created in order to compare argon and carbon dioxide as a working 

fluid for a subset of tests described in the previous sections.  

 

 

Figure 4.13: Degraded area as a function of time for argon and carbon dioxide 

 

Degradation rates for the range of carbon dioxide tests are significantly more than 

the rate for argon reactors. This shows that oxygen ions formed in the plasma play an 

important role in the magnitude of degradation. Oxygen ions form aluminum oxide on the 
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surface of the electrode, which serves to increase the rate of degradation. This effect of 

degradation magnification through oxidation is reported in the literature [51]. 

4.5 OPERATIONAL TIME (LIFETIME) OF STANDARD AND MESHED 

ELECTRODE MHCD REACTORS WITH CARBON DIOXIDE AS THE 

WORKING FLUID 

This section presents, the total operational time of the reactors (lifetime) using 

carbon dioxide as their working fluids.  Performance of reactors using the standard 

aluminum electrodes as well as the meshed electrodes is reported. 

4.5.1 Lifetime of Standard Electrode Reactors 

 

As carbon dioxide is the working fluid of concern for our primary application in 

the production of synthesis gas and for other applications, it was therefore necessary to 

characterize the lifetime feasibility of this device in the totality of operation whilst 

working in carbon dioxide instead of degradation rates in the first hour of operation.  

Table 4.10 shows results of the lifetime tests conducted using various reactor 

geometries and flow conditions for MHCDs with standard electrode architecture. The 

purpose of this test was to determine trends in lifetime degradation for varying reactor 

thickness, diameter and flow rate of carbon dioxide. Furthermore, a worst case and best 

case scenario was identified to provide an upper and lower limit on the life expectancy of 

all reactors that fall within the given experimental matrix.  
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Table 4.10: Lifetimes of reactors in carbon dioxide with various flowrates and geometries 

 

 

At constant flow rate and diameter, increasing the thickness serves to increase the 

lifetime of the reactor as the thickness increased from 100 to 200 µm. However, 

increasing the thickness more did not have a pronounced effect in increasing the lifetime. 

This mirrors the results discussed above in the one hour degradation rate tests in air. This 

increase in lifetime as thickness increases can be explained by the lower energy dense 

plasma that is produced as the volume inside the reactor is increased. 

At constant diameter and thickness, increasing the flowrate decreased the 

degradation time consistently throughout the test set. This is due to higher flow velocities 

removing electrode and dielectric material from the vicinity of the reactor hole, exposing 

new material to the plasma and therefore increasing the degradation rate. 

Given constant flowrate and dielectric thickness, a trend correlating reactor 

diameter to degradation could not be definitively established. While reactor diameters of 

200 and 500 µm had similar degradation times, the 400 µm diameter sample produced a 

time that was 2-3 hours longer. This trend in mirrored in the variable diameter 

degradation rate tests in air. 

Voltage 

[V] 

Diameter 

[µm] 

Thickness 

[µm] 

Flow rate 

[mL/min] 

Lifetime 

[hh:mm] Failure mode 

4500 500 400 10 14:43 displaced discharge 

4500 100 100 100 <00:53 displaced discharge 

4500 400 100 30 2:10 displaced discharge 

4500 400 200 30 10:39 low current 

4500 400 400 30 9:57 low current 

4500 200 200 30 8:37 low current 

4500 500 200 30 7:38 displaced discharge 

4500 400 200 10 11:55 displaced discharge 

4500 400 200 100 4:35 displaced discharge 
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Given the trends stated above and our given parameter limits, the maximum 

thickness and lowest flowrate would produce the maximum reactor lifetime and the 

smallest thickness and highest flowrate would produce the minimum reactor lifetime. The 

results in Table 4.10 verify this claim. 

4.5.2 Lifetime of Meshed Electrode Reactors 

 

Park et al were able to successfully demonstrate significantly improved 

degradation by implementing a nickel screen mesh electrode into their MHCD design 

[54]. However, their conclusion was drawn for the steady glow plasma regime at lower 

voltages and current, and therefore lower power consumption. Additionally, their tests 

were done with a self-pulsing plasma and without a working fluid passing through the 

reactor hole. Therefore, experiments were conducted to investigate the feasibility of this 

method to prolong the lifetime of a flow reactor using carbon dioxide. 

Three test reactor configurations were chosen with constant diameter and 

thickness and varying reactor diameter. For each experimental reactor configuration 

parameter an equal reactor with nickel electrodes with thickness of 10 μm and 

transmission of 49% was tested alongside an unmeshed reactor. The results are shown in 

Table 4.11  
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Figure 4.14: Cathode side with nickel iron mesh before (left) and after (right), with the 

reactor hole on the left of the image 

 

Meshed reactors have a similar lifetime if not worse than the unmeshed reactors, 

as shown in Table 4.11. Fig 4.14 shows that the meshed portion of the reactor has been 

damaged and following the destruction of this material the degradation continued on 

towards the mounting aluminum foil electrode.  

 

 

   Figure 4.15: Glow plasma concentration in reactor hole 

Mesh over reactor hole 

Degraded mesh 
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Table 4.11: Summary of test parameters and lifetime results for meshed and unmeshed 

reactors 

Mesh 

Voltage 

[V] 

Diameter 

[µm] 

Thickness 

[µm] 

Flow rate 

[mL/min] 

Lifetime 

[h:mm] Failure mode 

No 4500 200 150 30 6:30 displaced discharge 

Yes 4500 200 150 30 2:55 displaced discharge 

No 4500 400 150 30 3:24 displaced discharge 

Yes 4500 400 150 30 2:00 displaced discharge 

No 4500 500 150 30 5:57 displaced discharge 

Yes 4500 500 150 30 2:02 displaced discharge 

 

The electron density of the reactor appears to have a greater effect on the 

degradation of the electrode than what the established protective magnetic field lines 

described above can handle. Therefore, the lifetime of the reactor decreased due to less 

available material to degrade on a meshed electrode when compared to a solid metal 

electrode. Once again, the plasma was observed to traverse the path of least resistance, 

contradicting the Pendel effect that is established in the literature, as seen in Fig 4.15. 
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CHAPTER 5: PORTABLE REACTORS FOR SPACE APPLICATIONS 

 

5.1 INTRODUCTION 

 

Deep space missions (missions past the Earth’s gravitational influence) have long 

been possible with well-established technologies. Moons and planets with a relatively 

dense atmosphere allow for aero braking and a small energy input for a safe deceleration 

for surface operations, making trips to these planets relatively easy as they do not require 

a large mass of fuel and oxidizer past ejection from the earth’s influence. However, 

returning a probe from surface operations back to earth is something that has never been 

achieved due to the massive fuel and oxidizer requirements to lift mass through a thick 

atmosphere and away from the planet’s gravity well. It is of incredible scientific value to 

return samples from these bodies to earth. While rovers such as MSL (Curiosity), MER A 

and B (Spirit and Opportunity) and Cassini-Huygens  have opted to carry the scientific 

equipment to the samples, the true scientific potential of the samples can be realized with 

the vast array of analysis equipment and nonexistent power requirements can allow for 

greater scientific output per mass of payload. Therefore, there exists a great benefit for 

creating portable and low power oxidizer production technologies. 

Water in its many forms is an abundant molecule throughout our solar system 

[58]–[60]including the polar regions of Mars [61]and potentially stored in underwater 

reserves elsewhere on the planet [62].Additionally, methane is also abundant on the moon 

of Titan [63] while carbon dioxide is the major gas constituent of the Martian atmosphere 

[64]. A micro-hollow cathode discharge (MHCD) reactor has been shown to be able to 

reform hydrocarbons and other gaseous substances to create hydrogen and other major 
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fuel and oxidizer components. Additionally, the small size, low weight and relatively low 

power requirement make this an ideal candidate for space applications. 

This chapter will present a feasibility study of sending a 0.5 kg return sample 

from the surface of Mars utilizing a MHCD to dissociate Martian carbon dioxide into 

oxidizer. Based on the mission requirements outlined by the 2001 Mars Surveyor 

mission, 22 kg of oxygen and an accompaniment of hydrogen is required to return a 

sample of 0.5 kg to Earth [65]. This study will determine the power and reactor 

requirements in order to meet this goal. The results will then be compared to a solid-

oxide electrolysis system that was designed to be used in the 2001 Surveyor mission. 

Taylan has experimentally determined the output products of the MHCD reactors 

used in this thesis [12]. Using these experimentally determined outputs, this feasibility 

study compares the oxygen outputs reported in the 2001 Surveyor mission to the MHCD 

device which is the subject of this thesis. Based on the requirements outlined in a 

hypothetical sample return mission, the total continuous power required will be 

determined for the MHCD reactor and compared to the scaled version of the solid oxide 

device reported in the literature [65].  

5.2 MHCD REACTOR ADVANTAGES IN SPACE ENVIRONMENTS 

 

MHCD reactors present many advantages for operation in the Martian 

atmosphere. An atmosphere consisting of mostly carbon dioxide (96.0%) [64] allows for 

an ideal feedstock to create oxygen. Additionally, the low surface pressure of Mars 

allows for an optimization of reactor geometry. 

Figure 5.1 presents the Paschen curve for carbon dioxide with a line 

corresponding to the minimum breakdown  voltage of roughly 900 V[12]. If we wish to 



 

46 

 

minimize the input power, we desire a low voltage and this occurs at roughly a value of 

pressure multipled by electrode gap distance equal to 2 Torr-cm. The atmospheric surface 

pressure of Mars at the mean radius is 0.52 kPa [66], forcing the value between the 

electrodes, d, to be 0.51 cm. A large electrode separation distance is desirable as it 

increases the residence time of the working fluid, allowing for a longer time for 

dissociation to occur and increasing efficiency. However, this will only occur with an 

increase in power to the reactor, as increasing electrode distance serves to decrease the 

energy density of the plasma and decrease the conversion yield [12]. However, if the 

energy density is maintained by increasing the power into the reactor then an increase in 

conversion yield will occur. A way to geometrically curb the decrease in energy density 

is to confine the plasma into a smaller volume by decreasing the reactor geometry. 

 

Figure 5.1: Paschen curve for carbon dioxide [12] 

 Another advantage of this device is the low continuous input power.  Taylan 

demonstrated that a reactor with carbon dioxide as the working fluid with a diameter of 

400 µm and electrode separation of 150 µm operated at 4500 V had a power consumption 
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of 2.7 W. While we expect a reactor operations at lower pressures and higher electrode 

separation distance to require more power due to lower energy density, this can once 

again be minimized by decreasing the reactor hole diameter. While the breakdown 

voltage of the gas is high, this is not prohibitive as the value can be efficiently achieved 

by utilizing transformers. 

 Finally, the ability for reactors to be drilled in parallel on a single dielectric 

substrate or manufactured separately and placed in series allows for the device and the 

individual reactor yields to be easily scaled up. Simultaneous plasmas in multiple holes 

has already been demonstrated and is a viable plasma production method [57][67].  

Devices in parallel allow for the increase in gaseous yield while devices in series all for 

the refinement of unconverted influent gas. However, multiple reactors operating in 

parallel or in series requires the scaling of the power requirement by a factor that is 

depending on the amount of reactors under consideration.  

5.3 IDEAL AND TRUE REACTOR YIELDS 

 

Using data acquired by Taylan [12], a calculation of the total amount of oxygen 

will be calculated. Taylan’s data is shown in Fig 5.2. Furthermore, we will assume a case 

based on complete conversion of the influent carbon monoxide which will present a best 

case scenario for this technology. Complete conversion by this type of reactor is achieved 

by increased residence time of the influent gas in the reactor, either by increased 

electrode separation distance or a series reactor configuration.  
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Figure 5.2: Concentration of effluents for various reactor geometries [12] 

Fig 5.2 shows that the maximum amount of effluent oxygen is constant and around 3 

mol %.  This value does not vary on any geometry is acquired at a maximum residence 

time based on the individual reactor geometries, in all cases a flowrate of 10 mL/min, the 

lowest flowrate tested. This mol percent will be used to determine an effluent mass rate 

of oxygen. We make the following assumptions for our analysis 

 The inlet mass rate is equal to the outlet mass rate.  This assumes a significant 

amount of material is not deposited in and around the reactor hole. 

 Constant residence time (implying constant hole diameter and flow rate) 

 The inlet gas is pure carbon dioxide 

 The outlet gas only consists of the detected gases: carbon dioxide, carbon 

monoxide, and molecular oxygen. This is true for a separation distance of 150 µm 

and diameter of 400 µm. 

 Complete conversion can be achieved at the baseline power level 

Mole fraction is converted to weight fraction using the following equation 

𝑤𝑖 = 𝑥𝑖
𝑀𝑖

𝑀𝑚𝑖𝑥
                               (5.1) 
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Where 𝑀𝑚𝑖𝑥 is the molecular weight of the mixture, calculated by  

𝑀𝑚𝑖𝑥 = ∑𝑥𝑖𝑀𝑖                                    (5.2) 

The outlet mass flow rate of each gaseous constituent is calculated as follows 

�̇�𝑖 = 𝑤𝑖�̇�𝑡𝑜𝑡                                        (5.3) 

With the total mass determined via the inlet flow rate, 

�̇�𝑡𝑜𝑡 = 𝜌𝐶𝑂2�̇�𝑖𝑛                                 (5.4) 

5.3.1 True Reactor Yield 

 

True reactor yield represents a conversion that has been demonstrated in 

experiments. A series of tests conducted by Taylan [12] at 4500 V involving the 

dissociation of pure carbon dioxide into carbon monoxide and carbon dioxide are shown 

in Fig 5.2. 

The total gas production is determined by multiplying this outlet rate by the 

relevant time interval. The oxygen yield for various timeframes is given in Table 5.1. 

Table 5.1: True reactor yields over various time intervals 

Timeframe 

O2 Reactor Yield 

[g] 

1 hour 0.03 

1 day 0.67 

1 week 4.66 

1 year 243.10 
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5.3.2 Ideal Reactor Yield 

 

The ideal reactor yield assumes that complete conversion of carbon dioxide into 

the two reaction products, given by the following equation 

2𝐶𝑂2
𝑒𝑛𝑒𝑟𝑔𝑦
→    2𝐶𝑂 + 𝑂2                                            (5.5) 

Under complete conversion conditions, we expect a 2:1 mole fraction ratio of 

carbon monoxide to molecular oxygen. Using an analysis with similar assumptions to 

those described for the true output, we obtain the following oxygen yields over the 

specified time frames in Table 5.2.  

Table 5.2: Ideal reactor yield over various time intervals 

Timeframe 

O2 Reactor Yield 

[g] 

1 hour 0.38 

1 day 9.08 

1 week 63.54 

1 year 3313.39 

 

Complete conversion can be achieved by increasing the residence time for a given 

reactor geometry and given electrode potential. Increasing the residence time with static 

geometries is done with reducing the flowrate. However, this leads to a reduction of mass 

flow rate into the system and this is at odds with one of the above stated assumptions. 

Therefore, increasing residence time with constant flow rate can be achieved by 

extending the electrode gap distance. Consequently, the power consumption will need to 
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be increased in order to maintain constant energy density and any voltage increases that 

are associated by increasing our pressure gap distance parameter in the Paschen curve.  

5.4 COMPARISON TO APPLICABLE TECHNOLOGIES 

 

An oxygen generation system that was to be flown on the 2001 Mars Surveyor 

mission was developed by the University of Arizona Space Technology Laboratory for 

the explicit use of generating oxidizer for a sample return mission [65]. This system 

utilized carbon dioxide conversion via a solid-oxide electrolysis over a zirconia catalyst. 

The entire system had a generating capacity of 0.04 grams oxygen per hour. This value is 

similar to the oxygen generating using a single reactor at experimentally determined 

conversion rates. Additionally, this system has a hard requirement of a completely pure 

influent stream of carbon dioxide.  However, this system can be scaled to produce the 22 

kg of oxygen necessary for a sample return of 0.5 kg surface sample a at an operating 

power of 8 W over the course of 393 sols [65].  

In order for our single reactor to meet the above stated requirements, we assume a 

reactor operating at optimal voltage and residence times, requiring 2.7 W per reactor.  For 

true output 82 reactors operating at a total power of 221.4 W are required to meet the 

oxygen production requirements. If we assume complete conversion, 6 reactors operating 

at a total power of 16.2 W are required. This power requirement assumes that the baseline 

power is equal to the experimentally observed power consumption.  

5.4.1 Technology Realization 

 

Two obstacles prevent MHCD reactors from being realized as a viable technology 

for a Martian sample return mission; power consumption and degradation. A method to 
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reduce both degradation and power consumption involves moving into a low frequency 

pulsing regime. A high residence time gas (which is what is required for high conversion) 

results in a relevant pulsing frequency of 5 kHz, a frequency that is much lower than 

what is currently used in our experiments of 46kHz [12]. Matching the pulsing rate with 

the residence time would increase the energy requirement. Furthermore decreasing the 

rate would serve to lower the amount of damaging discharges on the electrode, lowering 

the rate of degradation. 

Pushing the reactor into the abnormal glow regime as past researchers have done 

with this type of reactor [68] would decrease the power consumption of each device and 

push the plasma production into a regime that has been shown to mitigate electrode 

degradation by the nickel electrodes utilized in the lifetime tests [54]. However, the 

conversion ability of these types of plasmas is unproven. 

Taylan [12] has also suggested a way of mitigating degradation by way of timed 

voltage pulses. A timed pulse would serve to sustain an EMF for a period of time to begin 

a Townsend discharge but would switch off the voltage as soon as the discharge reaches 

the electrode. This should prevent the energetic plasma from degrading the electrode 

while generating plasma for dissociation of the working fluid. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 

 

6.1 CONCLUSION 

 

Micro-hollow cathode discharge reactors have been shown to be applicable in 

various technical areas. Developed in the mid-90s, the technology has matured to be 

viable in many research applications. However, only recently has this type of reactor 

been utilized as a method of gas dissociation. The high electron density, simple 

construction and advantageous hollow geometry make this a promising application of this 

technology. 

Non equilibrium plasma reactors have already been demonstrated to dissociate 

volatile organic compounds, carbon dioxide, and various hydrocarbons. While the 

technology has been proven to work on a small scale level, this study explores the various 

hurdles currently preventing this technology from becoming an economic reality. These 

include high input power, low yield and failure due to degradation. This thesis explores 

the effect geometry parameters such as electrode gap distance, dielectric thickness and 

hole diameter have on the rate of degradation. Furthermore, the effect of working fluids 

at varying flowrates is explored, particularly carbon dioxide. 

Various gases were tested through nominal reactor geometries and it was shown 

that gases with oxygen such as air and carbon dioxide degrade at a higher rate than argon. 

The literature has shown this was to be expected, as a common degradation mechanic of 

aluminum electrode involves destruction via oxidation induced by the plasma. EDX 

analysis confirmed this result, as high levels of oxygen and aluminum were found in the 

degraded zone. 
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A study of the effects of degradation rate by varying reactor hole diameter and 

electrode gap separation was conducted in still air. The rate of degradation was shown to 

be unaffected by the diameter of the reactor. This is likely due to the fact that the plasma 

is confined to a small volume with the reactor hole, abutting the wall. Additionally, the 

flow through the hole is negligible and does not facilitate degradation of the electrode by 

ejecting material in and around the reactor hole. This has been verified via microscopic 

observation of the reactor. The rate of degradation was also shown to increase as 

electrode gap distance decreased. This is due to the energy density increasing as a finite 

amount of energy is confined to a smaller volume between the electrodes.  

A geometrical study involving flowing carbon dioxide with variable flow rate, 

dielectric thickness and reactor diameter was also performed. Varying diameter at equal 

flow rates did in fact show a different in the degradation rate, with smaller diameters 

resulting in increased degradation. Unlike the still air tests, an equal volumetric flow rate 

through a smaller area speeds up the flow, facilitating degraded material from leaving the 

electrode and exposing “fresh” electrode to the plasma. This is supported by a set of tests 

done at equal diameter and variable flow rate, as increased flow rates resulted in 

increased degradation. Varying the dielectric thickness at constant diameter and flow rate 

showed decreasing degradation rates with increasing thicknesses. This is due to a diffuse 

plasma impacting the electrode at discharge, resulting in decreased sputtering. 

A series of lifetime tests were conducted in carbon dioxide for reactors of varying 

geometries (reactor diameter, thickness, electrode type) and flow rates. Increased flow 

rate resulted in shorter lifetimes while increased dielectric thicknesses resulted in longer 

reactor lifetimes, reflecting the results seen in the sixty minute degradation experiments. 
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Reactors with nickel meshed electrodes had shorter lifetimes than their standard 

aluminum electrode counterparts. The longest lifetime was accomplished at maximum 

dielectric thickness and minimum flowrate, resulting in a lifetime of 14 hours and 43 

minutes. 

In order to extend the lifetime of the reactor, a nickel mesh was used as an 

electrode on both the anode and cathode side of the reactor. Reactors at lower power have 

been shown to greatly benefit from the addition of a micro meshed electrode. The 

relevant theory behind the success of this method involves beneficial magnetic fields that 

form around the electrode mesh, diminishing the effect of the plasma focusing energy on 

a single point and subsequently degrading that spot on the electrode. Lifetime tests were 

performed and the results are shown in Table 3.11 All meshed reactors performed worse 

than their unmeshed counterparts. While this does not support the established 

experimental evidence, a key requirement of those tests was a low power plasma on the 

order of mW total power. The 2.7 W reactors of this study proved to be too energetic to 

prevent the degradation of the electrode and served to increase the degradation as the 

total amount of degradable material was decreased.  

This study also conducted a feasibility study into the application of the current 

reactor in a space environment to produce in-situ oxidizer for a sample return mission to 

Mars. The reactor was shown to be too energy intensive to generate 22 kg of oxygen in a 

393 sol return mission when compared to similar technology. Degradation of the reactor 

within 3-6 hours also greatly hinders the feasibility of this reactor. However, lower power 

operating modes remain a path to be explored and would serve to decrease degradation 

and improve power consumption. 
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6.2 RECOMMENDATIONS 

 

Two major obstacles must be overcome in order for this technology to be a viable 

technology; degradation and power consumption. A method to reduce both degradation 

and power consumption involves moving the plasma into a low power regime, such as 

the abnormal glow phase or a slower pulsing plasma. As a long residence time is sought, 

switching to a slower pulsing mode to match the residence time would serve to increase 

power efficiency and lower the amount of damaging discharges on the electrode. Pulsing 

the reactor before the Townsend cascade reaches the opposing electrode via a function 

generator could also potentially serve to decrease degradation. 

Pushing the reactor into the abnormal glow regime would reduce the power 

requirement further. Additionally, this regime has been shown to decrease degradation by 

the implementation of a mesh electrode. However, the conversion ability of these types of 

plasmas is unproven and would need to be characterized. 
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