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Abstract 

Given the ecological problems associated to the CO2 emissions of fossil fuels, plasma technology has 

gained interest for conversion of CO2 into value-added products. Microwave plasmas operating at 

atmospheric pressure have proven to be especially interesting, due to the high gas temperatures inside 

the reactor (i.e. up to 6000 K) allowing for efficient thermal dissociation of CO2 into CO and O2. 

However, the performance of these high temperature plasmas is limited by recombination of CO back 

into CO2 once the gas cools down in the afterglow. In this work, we computationally investigated 

several quenching nozzles, developed and experimentally tested by Hecimovic et al.,1  for their ability 

to quickly cool the gas after the plasma, thereby quenching the CO recombination reactions. Using a 

3D computational fluid dynamics model and a quasi-1D chemical kinetics model, we reveal that a 

reactor without nozzle lacks gas mixing between hot gas in the center and cold gas near the reactor 

walls. Especially at low flow rates, where there is an inherent lack of convective cooling due to the low 

gas flow velocity, the temperature in the afterglow remains high (between 2000 and 3000 K) for a 

relatively long time (in the 0.1 s range).  As shown by our quasi-1D chemical kinetics model, this results 

in a important loss of CO due to recombination reactions. Attaching a nozzle in the effluent of the 

reactor induces fast gas quenching right after the plasma. Indeed, it introduces (i) more convective 

cooling by forcing cool gas near the walls to mix with hot gas in the center of the reactor, as well as (ii) 

more conductive cooling through the water-cooled walls of the nozzle. Our model shows that gas 

quenching and the suppression of recombination reactions have more impact at low flow rates, where 

recombination is the most limiting factor in the conversion process.  

1. Introduction 

Mitigation of global warming, caused by enhanced greenhouse gas concentrations in the Earth’s 
atmosphere, is considered one of the main challenges of the 21st century.2 The International Energy 

Association (IEA) has calculated that, in order to have a 50% chance of restricting global warming to 

2°C, CO2 emissions must be reduced by 17 Gt in 2030 and by 39 Gt in 2050 against projected emissions.3 

In this context, plasma technology is gaining increasing interest for carbon capture and utilization 

(CCU), i.e. capturing CO2 that would otherwise be emitted into the atmosphere and converting it into 

value-added chemicals and renewable fuels, thereby closing the so-called "carbon loop".4,5 Plasmas 

are electricity-driven, which fits perfectly within the future energy landscape that is expected to move 

towards renewable electricity sources (solar, wind, etc.).6 Plasma conversion technology has several 

advantages with respect to other emerging electro- and photochemical technologies: (i) the 

technology is inherently flexible, and therefore suitable for intermittent renewable energy supplies, 

(ii) it is a relatively low cost technology as plasma reactors don’t rely on critical raw materials, (iii) 

plasma chemistry is not limited to occur on the surface of an electrode (like in electro- and 



photocatalysis) as it takes place virtually in the entire plasma volume, and (iv) the technology is easily 

scalable due to its simple design.7 

Plasma-based CO2 conversion has been studied in various types of plasma reactors4,6, but microwave 

(MW) plasmas have proven to be especially interesting for CO2 dissociation, being electrode-free, thus 

avoiding electrode degradation over time, and achieving very high conversion and energy efficiency.8–

11 MW plasmas display different characteristics depending on the operating pressure. At low pressures, 

i.e. below 100 mbar, the plasma is radially expanded to almost fill up the whole quartz tube, operating 

in the so-called diffuse mode.12 At higher pressure, the plasma is confined in a narrow filament in the 

center of the reactor, operating in the contracted mode.12 Recent studies strongly suggest that the CO2 

dissociation process in both modes heavily relies on the thermal dissociation pathway.13 Especially in 

the contracted mode, where the discharge is confined in a small volume, thermal dissociation is the 

dominant pathway. The small plasma volume results in a high power density and a high local specific 

energy input (SEI), yielding gas temperatures up to 6000 K.10,12 While at these high temperatures CO2 

is fully dissociated, only conversions around 10% at energy efficiencies around 30% are measured at 

pressures close to 1 atm.9,10 This is attributed to the recombination of CO back into CO2, once the gas 

slowly cools down after leaving the plasma: 𝐶𝑂 + 𝑂 + 𝑀 ⇄ 𝐶𝑂2 + 𝑀  𝐶𝑂 + 𝑂2 ⇄ 𝐶𝑂2 + 𝑂 

It has been suggested that fast cooling of the gas after the plasma can quench the recombination 

reactions, effectively “freezing” the conversion that was achieved in the hot plasma.9 Modelling work 

by Vermeiren and Bogaerts showed that for warm plasmas with high specific energy input (SEI ≥ 2 
eV/molecule) quenching at the point of maximum conversion inside the plasma could enhance the 

conversion and energy efficiency by up to a factor 3.14 Next to limiting the recombination reactions, 

and thus freezing the formed reaction products (so-called ideal quenching), it is also possible to even 

further dissociate CO2 upon quenching. This is called super-ideal quenching and was predicted by 

Vermeiren and Bogaerts to occur at low SEI (ca. 0.5 eV/molecule) when a vibrational nonequilibrium, 

created or enhanced by the sudden drop in gas temperature, promotes further dissociation of CO2:14 𝐶𝑂2(𝑣) + 𝑂 ⇄ 𝐶𝑂 + 𝑂2  

in which 𝐶𝑂2(𝑣) represents a vibrationally excited CO2 molecule. 

Recently, the beneficial effect of quenching was experimentally shown by Hecimovic et al.1 by using 

nozzles of varying diameter in the effluent of a MW plasma torch. The aim of the nozzle was to force 

mixing of the hot plasma gas with the surrounding colder gas to induce cooling and reduce the 

recombination reactions. Significant improvements of the conversion and energy efficiency were 

observed, especially at higher pressures (900 mbar) and low CO2 flow rates (< 10 slm), which, at a 

plasma power of 1500 W, corresponds to an SEI above 2 eV/molecule. At 5 slm, 1500 W and 900 mbar, 

the conversion in a reactor without nozzle was measured to be about 5%, while attaching a 2.5 mm 

nozzle enhanced the conversion to 35%, which is a 7-fold increase. 

Given the exceptional performance of the nozzle configuration demonstrated by Hecimovic et al., we 

aim in this paper to reveal in detail the gas flow behavior and quenching mechanism of the nozzle by 

means of computational modelling. Through computational fluid dynamics (CFD), we will simulate the 

gas flow and heat transfer within the reactor that was operated by Hecimovic et al. and how this is 

influenced by attaching a nozzle in the effluent. Subsequently, we will use a quasi-1D chemical kinetics 

model to reveal the effect of the nozzle on the underlying chemistry. The most significant results of 

Hecimovic et al. were found at the highest investigated pressure, i.e. 900 mbar. This pressure was used 



for the measurements, but experiments performed at 900 mbar and at atmospheric pressure yield 

identical CO2 conversion,15 thus results presented at 900 mbar are representative for atmospheric 

pressure operating conditions as well. As atmospheric pressure regimes are also most interesting for 

practical (industrial) applications, we will focus on this pressure regime in the present study as well, 

but to be consistent with the experiments, the CFD model is also performed at 900 mbar.   

2. Methodology 

2.1 Calculating the gas flow and heat transfer in a 3D fluid dynamics model 

To reveal the effect of a nozzle in the effluent of the MW plasma reactor, we developed a three-

dimensional (3D) CFD model that calculates the flow behavior and heat transfer within the gas 

flowing through the plasma torch in COMSOL Multiphysics.16 The 3D model geometry of the MW 

reactor, as described by Hecimovic et al., is shown in figure 1. The finite element mesh of the 

simulation domain is shown in the Supplementary Information (SI, section S.1). Note that we have to 

use a 3D model, due to the swirl flow established by the four tangential gas inlets. Although a 2D 

model would be faster, it would require specific approximations about this swirl flow which do not 

fully reflect reality. 

 

 

 

 

 

 

 

 

 

The gas flow behavior is described using a Reynolds-Averaged Navier Stokes (RANS) Shear Stress 

Transport (SST) turbulent gas flow model that solves the following mass continuity and momentum 

continuity equations for a Newtonian fluid.  

 ∇ ∙ (𝜌𝑔𝑢𝑔)⃗⃗ ⃗⃗ ⃗⃗  = 0                                         (1) 𝜌𝑔(𝑢𝑔⃗⃗ ⃗⃗ ∙ ∇)𝑢𝑔⃗⃗ ⃗⃗ = ∇ ∙ [−𝑝𝐼 + (𝜇 + 𝜇𝑇) (∇𝑢𝑔⃗⃗ ⃗⃗ + ∇(𝑢𝑔⃗⃗ ⃗⃗ )𝑇) − 23 (𝜇 + 𝜇𝑇)(∇ ∙ 𝑢𝑔⃗⃗ ⃗⃗ )𝐼 − 23 𝜌𝑔𝑘𝐼 ] + 𝐹     (2) 

 

where 𝜌𝑔 stands for the gas density, 𝑢𝑔⃗⃗ ⃗⃗  is the gas flow velocity vector, superscript T stands for 

transposition, 𝑝 is the gas pressure, 𝜇 is the dynamic viscosity, and 𝜇𝑇 the turbulent viscosity of the 

fluid, 𝑘 is the turbulent kinetic energy, 𝐼  the unity tensor and 𝐹  the body force vector (which includes 

forces like gravity or surface tension, but is considered zero as they are not the driving force of the 

fluid flow in this model). Note that this equation does not contain time derivatives, as the model is 

b) a) 

Figure 1: 3D model geometry of the MW reactor a) without and b) with nozzle attached, as described by Hecimovic et al.1 
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solved for steady state flow, i.e. 
𝜕�⃗⃗� 𝜕𝑡 = 0.  More information on the turbulent gas flow model and the 

equations for calculating 𝑘 and 𝜇𝑇 are given in the SI (section S.2). 

The gas temperature is calculated by representing the plasma as a heat source 𝑄, using the following 

thermal balance equation: 

 𝜌𝑔𝐶𝑝�⃗� 𝑔 ∙ ∇T + ∇ ∙ 𝑞 𝑐𝑜𝑛𝑑 = 𝑄         (3) 

 

Where 𝜌𝑔 stands for the gas density, 𝐶𝑝 for the isobaric heat capacity, T is the temperature, �⃗� 𝑔 the 

gas velocity field vector, and 𝑞 𝑐𝑜𝑛𝑑 the conductive heat flux vector, which is calculated by:17 

 𝑞 𝑐𝑜𝑛𝑑 = −(𝑘𝑔 + 𝑘𝑔,𝑇)∇𝑇                                             (4) 

 

Where 𝑘𝑔 is the thermal conductivity and 𝑘𝑔,𝑇 is the turbulent thermal conductivity of the gas, 

calculated by: 𝑘𝑔,𝑇 = 𝐶𝑝𝜇𝑇𝑃𝑟𝑇                               (5) 

 

In which 𝜇𝑇 is the turbulent dynamic viscosity, which is discussed more in detail in the SI (section S.2) 

and 𝑃𝑟𝑇 the turbulent Prandtl number, as calculated by the Kays-Crawford model.18 The material 

properties 𝜇, 𝐶𝑝 and 𝑘𝑔 in equation 2, 3 and 4, respectively, are adopted from the work of Magin et 

al.19, where these properties are calculated for a wide range of temperatures assuming thermodynamic 

equilibrium. This assumption is further discussed in the SI (section S.5). 

In equation 3, the first term (𝜌𝑔𝐶𝑝�⃗� 𝑔 ∙ ∇T)  accounts for convective cooling and the second term (∇ ∙𝑞 𝑐𝑜𝑛𝑑) accounts for conductive cooling. While the second term directly yields the conductive heat flux 𝑞 𝑐𝑜𝑛𝑑, as defined in equation 4, the convective heat flux is calculated using: 𝑞 𝑐𝑜𝑛𝑣 = 𝜌𝑔�⃗� 𝑔 (𝐻 − 𝑝𝜌𝑔)                              (6) 

 

In which the (𝐻 − 𝑝𝜌𝑔) term represents the internal energy and 𝐻 is the enthalpy, related to 𝐶𝑝 

through: (𝜕𝐻𝜕𝑇)𝑇 = 𝐶𝑝                              (7) 

The total heat flux is then described by: 𝑞 𝑡𝑜𝑡 = 𝑞 𝑐𝑜𝑛𝑑 + 𝑞 𝑐𝑜𝑛𝑣                              (8) 



The final term in equation 3 (𝑄) accounts for the absorbed MW power that is converted into gas 

heating. As atmospheric pressure MW plasmas are known for very fast vibrational-translational 

relaxation, making them quasi-thermal or “warm” plasmas,12,20 it is reasonable to assume that the 

absorbed MW power is nearly fully transferred to gas heating , which allows the integrated value of 𝑄 

to be calculated using the experimental plasma power. The shape of 𝑄, which represents the shape of 

the plasma, is defined using plasma measurements performed by D’Isa et al.10 and Wolf et al.12, who 

described in great detail the radial and axial profile of contracted plasma filaments in a MW reactor. A 

detailed description of the heat source term is given in the SI (section S.6). 

2.2 Calculating the underlying chemistry in a quasi-1D chemical kinetics model 

 

To reveal the underlying chemistry at different locations in the reactor, we developed a chemical 

kinetics model that simulates the CO2 chemistry over a one-dimensional straight line in the reactor. 

While the model calculates the density evolution of the most important plasma species solely as a 

function of time, like a 0D model, it uses the spatial profile of the calculated gas temperature and gas 

flow velocity from the 3D CFD model as input, resulting in a quasi-1D simulation. The spatial gas flow 

velocity profiles that are used to make the conversion between a time-based and quasi-1D simulation 

are shown in the SI (section S.3). The evolution of the species densities as a function of time is described 

by: 

 ∂ci∂t = ∑ a𝑖𝑗𝑟𝑗𝑗                                                                  (9) 

 

in which ci is the concentration of species i (mol.m-3), and j is the index for the reactions included in 

the model. The stoichiometric coefficients are denoted as a𝑖𝑗, and are defined as being negative for 

reactants and positive for products. The reaction rates (𝑟𝑗, mol/(m3·s) -1) can be described by the mass 

action law: 

 𝑟𝑗 = 𝑘𝑗𝑓 ∏ ci−a𝑖𝑗i − 𝑘𝑗𝑟 ∏ cia𝑖𝑗i                                                    (10) 

 

Here, 𝑘𝑗𝑓and 𝑘𝑗𝑟 represent the forward and reverse rate coefficients, respectively. The reactions 

included in the model are shown in Table 1. This set only includes thermal reactions of species that 

play a significant role in the thermal dissociation and recombination pathway of CO2. The rate 

coefficients of the forward reactions, shown in Table 1, are taken from the Gri-mech 3.0 database,21 

while the rate coefficients of the reverse reactions are calculated assuming thermodynamic 

equilibrium: 𝑘𝑟 = 𝑘𝑓𝐾𝑒𝑞                        (11) 

In which 𝐾𝑒𝑞 is the equilibrium constant of the reaction, calculated using thermodynamic constants of 

the NASA-Glenn database.22 

 

 

 

 

 

 

 

 

 

 

 



Table 1:  List of reactions and reaction rate coefficients of the forward reactions used in the model, as 

adopted from the Gri-mech 3.0 database.21 The rate coefficients of the backward reactions are 

calculated assuming thermodynamic equilibrium. M in the reactions below represents any neutral 

species, R is defined as 8.314 J(K.mol)-1, 𝑐𝑀 is given in mol.cm-3, and T in K.  

 

Reaction Reaction rate coefficient of forward reaction 

𝐶𝑂 + 𝑂 + 𝑀 ⇄ 𝐶𝑂2 + 𝑀 

 𝑘 =  𝑘𝑖𝑛𝑓1 + 𝑘𝑖𝑛𝑓𝑘𝑜𝑐𝑀  

𝑘𝑖𝑛𝑓 =  1.80 x 1010 [cm3mol−1𝑠−1] exp(−9978.8 [ 𝐽𝑚𝑜𝑙]𝑅𝑇 ) 

𝑘𝑜 =  6.02 x 1014 [cm6mol−2𝑠−1] exp(−12552 [ 𝐽𝑚𝑜𝑙]𝑅𝑇 ) 

 

𝐶𝑂 + 𝑂2 ⇄ 𝐶𝑂2 + 𝑂 

 𝑘 =  2.50 x 1012 [cm3mol−1𝑠−1] exp(−2 x 105[ 𝐽𝑚𝑜𝑙]𝑅𝑇 ) 

 

𝑂 + 𝑂 + 𝑀 ⇄ 𝑂2 + 𝑀 

 𝑘 =  1.20 x 1017 [cm6mol−2𝑠−1]𝑇  𝑐𝑀 

 

𝐶 + 𝑂 + 𝑀 ⇄ 𝐶𝑂 + 𝑀 

 𝑘 =  7.76 x 106 [cm6mol−2𝑠−1] ( 𝑇300 [𝐾])−3.08 exp (−2114 [𝐾]𝑇 ) 𝑐𝑀 

 

 

 

  



3. Results and discussion     

 

3.1 Experimental performance of the nozzle 

Figure 2 presents the experimental results acquired by Hecimovic et al.1, showing the conversion as a 

function of the input flow rate in the MW reactor without and with nozzles of varying diameters, for a 

plasma power of 1500 W and an operating pressure of 900 mbar (which, as mentioned, is 

representative for atmospheric pressure operating conditions). In addition, the inverse relation 

between flow rate and conversion, that holds in the case of constant energy efficiency, is marked with 

a grey dashed line. In general, figure 2 shows a significantly higher conversion and energy efficiency 

when a nozzle is attached to the reactor. Interestingly, the performance enhancement of the nozzle is 

most significant at lower flow rates: while the rise in conversion at 20 slm is only a few % for a nozzle 

with diameter of 2.5 mm, at 5 slm the same nozzle enhances the conversion by a factor 7, i.e., from 5 

to 35 %. Furthermore, the best improvements are observed at smaller diameter nozzles. Through 

computational modelling we aim to fully explain these trends and identify the quenching mechanisms 

of the nozzle, using the following steps: in section 3.2, we simulate the gas flow and heat transfer inside 

the MW reactor without nozzle attached as a reference case, varying the gas input flow rates as shown 

by the black datapoints in figure 2. Subsequently, in section 3.3 we describe the gas flow and heat 

transfer inside the MW reactor with a nozzle attached at different input flow rates and different nozzle 

diameters, as shown by the blue datapoints in figure 2. Then, in section 3.4 we validate our model 

results to experimental temperature data, measured using optical emissions spectroscopy (OES). 

Finally, in section 3.5, using the calculated temperature data from these 3D models, we describe the 

Figure 2: Measured conversion in the MW CO2 plasma as a function of flow rate 

and SEI. The black line represents conversion without the nozzle, and the blue 

symbols are for different nozzle diameters, as indicated in the legend. The gray 

dashed line indicates the inverse relation between conversion and flow rate. The 

operating pressure is 900 mbar and the plasma power is 1500 W. 
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effect of the nozzle on the recombination reactions and the net conversion, using a quasi-1D chemical 

kinetics model. 

 

3.2 Behavior of the MW reactor without nozzle 

The flow pattern inside the MW reactor, as calculated by our 3D CFD model, is shown in figure 3. The 

figure shows that the tangential gas injection creates a swirling gas flow in the reactor, which results 

in two distinct regions in the reactor, i.e. a cold edge and a hot center: gas swirling near the reactor 

walls flows at a high gas flow velocity around the hot plasma filament (indicated in the figure by the 

red cone), thus remaining cold and untreated by the plasma. This cool, high velocity swirling gas flow 

is vital to stabilize the plasma in the center of the reactor and to shield the quartz tube walls from 

overheating. Gas near the center of the reactor swirls at a lower flow velocity and is heated by the 

plasma filament (red cone) that is formed above the ignition pin. The gas temperature in this region 

increases significantly towards the center of the reactor, reaching temperatures up to 6000 K for gas 

flowing through the core of the plasma filament (see below). 

Figure 4 illustrates the calculated gas temperature profiles inside the MW reactor operating at 

different flow rates. As the flow rate increases, the core plasma temperature remains more or less the 

same, i.e. between 5500-6000 K, which is in good agreement with the axial temperature profiles 

measured OES, which are discussed further in section 3.4. The shape and temperature of the afterglow, 

however, strongly change upon increasing flow rate, resulting in a cooler, narrower and shorter 

afterglow upon higher flow rates.  

Figure 3: Calculated gas flow velocity streamlines in the MW reactor without a nozzle attached, operating at a flow 

rate of 20 slm and a pressure of 900 mbar. The contracted plasma filament is schematically illustrated in red. 
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Figure 5 presents the magnitude and the direction of the calculated heat flux (as defined in equation 

4, 6 and 8) at the different flow rates, while outlining the shape of the plasma filament in black. The 

direction of the convective cooling is represented by the black arrows, while the direction of the 

conductive cooling is represented by the red arrows. The figure shows that the cooling gradually 

increases upon higher flow rate, as the most significant cooling present is convective cooling, which 

increases at higher flow rates. The model shows that conductive cooling also occurs near the edges of 

the plasma filament where the highest temperature gradient is present (as indicated by the red 

arrows), but this cooling is an order of magnitude lower than the convective cooling of the gas flow. 

The figure clearly demonstrates that little heat transfer is present between the hot plasma core and 

the cool periphery gas flow around the plasma, due to the lack of mixing between these two regions. 

Given the increased convective cooling inherently present at higher flow rates, these higher flow rates 

tend to more effectively quench recombination reactions, which destroy the formed CO in the plasma 

afterglow. This will be further explained in section 3.5.  
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Figure 4: Calculated temperature profiles in the MW reactor without a nozzle attached, for flow rates of 5, 10 and 20 slm, 

operating at a pressure of 900 mbar and a plasma power of 1500 W 
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3.3 Revealing the effect of the nozzle 

When a nozzle is attached in the reactor’s effluent, the flow pattern in the reactor significantly 

changes, as shown by the calculated streamlines in figure 6 a). This figure demonstrates that the nozzle 

disturbs the swirling flow pattern, forcing the rotating flow to converge and mix the hot gas in the 

center with the cool periphery gas flow, right at the end of the plasma. The flow is then highly 

accelerated by the small opening in the nozzle. Figure 6 b) shows the same calculated streamlines as 

figure 6a) but using the color scale of figure 3, for an easy comparison of the flow behavior between a 

reactor with and without nozzle attached. As discussed and shown more clearly in section 3.5, the 

influence of the nozzle on the flow is already present before the gas has reached the nozzle, as the 

converging movement of the gas is dragged upstream by the gas viscosity. This causes a slight increase 

in gas flow velocity in the center of the reactor already before the nozzle when a nozzle is attached. 

 

Figure 5: Calculated heat flux magnitude profile in the MW reactor without a nozzle attached, for flow rates of 5, 10 and 20 

slm, operating at a pressure of 900 mbar and a plasma power of 1500 W. The direction of the convective heat flux is 

represented by the black arrows, while the direction of the conductive heat flux is represented by the red arrows. The shape 

of the plasma filament is outlined in black. 

MW resonator 
5 cm 



 The effect of the nozzle on the temperature profile in the plasma torch when using the nozzle is 

presented in Figure 7 , where the calculated temperature profile in the reactor with a 5 mm nozzle for 

different flow rates is shown. It is clear that the nozzle greatly affects the temperature in the afterglow, 

which drops by more than 4000 K compared to the plasma region, and is different for the different 

flow rates. Again, good agreement is reached between the calculated temperature profiles and the 

experimentally measured temperatures, which will be discussed further in section 3.4. Compared to 

figure 4, the plasma’s hot afterglow is significantly shortened: after the nozzle, the gas temperature 

quickly cools down below 2000 K. Similar to the reactor without nozzle, the fastest cooling is observed 

at the higher flow rate, which will be discussed in more detail in section 3.5.  

 

 

 

Figure 6: Calculated gas velocity streamlines in the MW reactor with a 5 mm nozzle attached, operating at a flow rate of 20 

slm and a pressure of 900 mbar. The plasma filament is schematically illustrated in red. Figure b shows the same 

streamlines as figure a, but with the color scale of figure 3, to allow easy comparison between a reactor with and without 

nozzle. 

a) 

b) 

MW resonator 

5 cm 

MW resonator 

5 cm 



The heat transfer in the plasma torch with the nozzle becomes very concentrated in the throat of the 

nozzle as shown in Figure 8 which shows the magnitude and direction of the calculated heat flux in the 

MW reactor with 5 mm nozzle for different flow rates. The black arrows represent the direction of the 

convective heat flux and the red arrows the direction of the conductive heat flux. Compared to figure 

5, the heat flux magnitude has increased by two orders of magnitude and is now mainly located in the 

throat of the nozzle. Our model shows that the cooling effect of the nozzle has two origins. First, the 

nozzle forces the cool, untreated gas near the walls to mix with the hot gas in the center. The second 

effect is due to the nozzle itself being externally cooled with cooling water. This is primarily done to 

prevent the copper nozzle from melting, as it is placed close to the hot plasma, but the model shows 

that, in addition, this greatly enhances the quenching capabilities of the nozzle. The effect of the cooled 

nozzle is demonstrated in figure 9, comparing the axial temperature profile in the center of the MW 

reactor between a 5 mm nozzle, cooled by room temperature water, and a hypothetical case where 

the nozzle is not cooled (and the heat loss is only defined by the limited heat dissipation through the 

reactor walls, like the rest of the reactor walls), for (a) a flow rate of 5 slm and (b) a flow rate of 20 slm. 

For both flow rates the figure shows that both nozzles display a very similar cooling curve, but the 

cooled nozzle allows to eventually reach a temperature that is slightly lower (i.e. -500 K for 5 slm and 

-300 K for 20 slm) than the nozzle without water cooling. Hence, in addition to the convective cooling 

resulting from gas mixing inside the nozzle, conductive cooling through the nozzle walls allows for a 

significant portion of heat (i.e. ca. 275 W for 5 slm and 200 W for 20 slm) to be transferred out of the 

system, thus reaching lower overall temperatures in the afterglow. Note that more heat is transferred 

at 5 slm, as the lower flow rate allows the gas to spend more time in contact with the nozzle, resulting 

in more time to exchange heat with the cooled nozzle walls. Surface integration of the total calculated 

heat flux across the nozzle walls shows that the conductive cooling through the nozzle walls increases 

the overall heat transfer, and thus the overall cooling capacity of the nozzle, by ca. 35%. As illustrated 

by figure 9 a), the temperature would remain around 2500 K if no cooling is applied in the 5 slm regime, 

but it lowers to below 2000 K when the nozzle is cooled. As will be shown in section 3.5, this is an 

important temperature threshold for the recombination chemistry that is reached thanks to the nozzle 

Figure 7: Calculated temperature profiles in the MW reactor with a 5 mm nozzle attached, for a flow rate of 5, 10 and 20 

slm, operating at a pressure of 900 mbar and a plasma power of 1500 W 
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cooling. In the 20 slm regime, however, figure 9 b) demonstrates that the temperature reaches the 

2000 K threshold either way, both when the nozzle is and isn’t cooled, thanks to the increased 

convective cooling present at this higher flow rate. Hence, the fact that the nozzle walls are cooled is 

expected only to influence the CO retention at lower flow rates (i.e. 5 slm).  

 

 

Finally, the magnitude of the heat transfer is also influenced by the nozzle diameter. Figure 10 shows 

the magnitude and direction of the calculated heat flux with nozzles of different diameters attached 

to a reactor operating at 10 slm. The black arrows represent the direction of the convective heat flux 

and the red arrows the direction of the conductive heat flux. As the nozzle diameter decreases, the 

Figure 8: Calculated heat flux magnitude profile in the MW reactor with a 5 mm nozzle attached, for a flow rate of 5, 10 

and 20 slm , operating at a pressure of 900 mbar and a plasma power of 1500 W. The direction of the convective heat flux 

is represented by the black arrows, while the direction of the conductive heat flux is represented by the red arrows. The 

shape of the plasma filament is outlined in black. 
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Figure 9: Calculated axial temperature profile in the center of the MW reactor for a reactor 

quipped with a cooled 5 mm nozzle attached and for a hypothetical case when the nozzle isn’t 
cooled, for a) a flow rate of 5 slm and b) a flow rate of 20 slml 

nozzle nozzle 

a) b) 



cooling effect of the nozzle increases. Forcing the gas through a smaller opening induces more gas 

mixing and higher gas flow velocities, which increases convective cooling. Furthermore, it also induces 

more contact with the cooled nozzle walls, resulting in more conductive cooling. Note that reducing 

the nozzle diameter yields a higher pressure inside the reactor. The thermal expansion of the hot gas 

within the plasma induces a high gas flow throughout the reactor. While a reactor without nozzle 

attached can sustain this high flow rate without a local pressure increase, the constriction of the nozzle 

is too narrow to maintain the pressure of 900 mbar in the reactor. This is illustrated in figure 11, 

displaying the calculated pressure profiles in a reactor, a) without and b) with a 2.5 mm nozzle 

attached, operating at a flow rate of 10 slm. The model predicts the pressure difference over the nozzle 

(i.e. before and after the narrow nozzle gap) to be about 250 mbar, which is comparable to the 

pressure differences observed experimentally by Hecimovic et al.1 In the simulation the pressure 

difference was observed as the increase of the pressure in the resonator, with respect to the 900 mbar 

boundary conditions in the effluent. In the experiment the 900 mbar were maintained inside the 

resonator and the low pressures are observed in the effluent. This difference between modelling and 

experiment is not expected to affect the results, as around atmospheric pressure, the plasma 

chemistry and CO2 conversion in MW plasmas has shown to be insensitive to moderate pressure 

changes.1,15 While this pressure build-up is not enough to yield supersonic flow velocities, we can 

expect this to occur when the pressure on the outlet is reduced below 900 mbar. Figure 11 b) also 

illustrates the flow pattern after the nozzle, using arrows that represent the direction of the flow 

velocity vector. After the gas flows out of the narrow nozzle at high gas flow velocities, part of the gas 

recirculates back once its velocity is decreased. This effect might further aid the heat transfer after the 

cooling nozzle by mixing the gas. However, the most significant cooling occurs within the nozzle. 

 

Figure 10: Calculated heat flux magnitude profile in the MW reactor with a 10, 5 and 12.5 mm nozzle attached, 

for a flow rate of 10 slm, operating at a pressure of 900 mbar and a plasma power of 1500 W  
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Figure 11: Calculated pressure profile in a reactor operating at 10 slm a) without and b) with a 2.5 mm nozzle attached. The 

recirculation zone in the flow after the nozzle is illustrated by the arrows in b).  

3.4 Validation of the calculated gas temperature profiles 

Figure 12(a) presents the axial profile of the gas temperature in the plasma, measured using OES (C2 

Swan band) by D’Isa et al.,10 as well as the gas temperature calculated by our 3D CFD model for a MW 

reactor without a nozzle, operating at a flow rate of 10 slm. Figure 12(b) presents the same data for a 

MW reactor with a 2.5 mm nozzle attached, and in addition shows the axial profile of the vibrational 

temperature, also measured using OES, making use of the database developed by Carbone et al.23 

Figure 12(b) shows that the MW plasma is in quasi-thermal equilibrium, as the vibrational temperature 

is more or less equal to the gas temperature. Furthermore, the figures show that the gas temperature 

calculated by the model is in satisfying agreement with the experimental data.  

  



Figure 13 presents the radial temperature profiles of the calculated gas temperatures and the gas 

temperature measured with a thermocouple at different distances from the waveguide, for a MW 

reactor with 5 mm nozzle, operating at different flow rates. Note that at lower flow rates, the 

temperature could only be measured at longer distances from the waveguide due to the temperature 

becoming too high for thermocouple measurements. The figures displays satisfying agreement 

between the calculated gas temperatures and the experimental data.  

 

 

 

 

Figure 12:  Axial profile of the measured gas (rotational) temperature, as well as the gas 

temperature calculated by our 3D CFD model, for a MW reactor, a) without nozzle attached, 

as adopted from D’Isa et al.10 and b) with a 2.5 mm nozzle attached, operating at 10 slm, at a 

pressure of 900 mbar and a plasma power of 1500 W. In (b), also the vibrational temperature 

is plotted. 

b) 
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Figure 13: Calculated and experimental radial temperature profiles at different distances from 

the waveguide, for a MW reactor with a 5 mm nozzle attached, for a flow rate of a) 20 slm, b) 

10 slm and c) 5 slm, at a pressure of 900 mbar and a plasma power of 1500 W. 
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3.5 Effect on the conversion and underlying chemistry 

In this section we reveal how the cooling capabilities of the nozzle affect the recombination reactions 

and why this quenching effect is more significant for lower flow rates. To investigate the mechanisms 

of the CO recombination reactions and to reveal important temperature thresholds in the thermal CO2 

dissociation process, we modeled the CO2 chemistry in the reactor with a quasi-1D chemical kinetics 

model. This model simulates the thermal CO2 dissociation process over a one-dimensional straight line 

in the reactor, based on the gas flow velocity and temperature profile, as calculated by the 3D CFD 

model. Figure 14 shows the result of the quasi-1D chemical kinetics model for a reactor operating at a 

flow rate of 20 slm without nozzle, for a temperature profile taken in the center of the reactor. These 

simulation results thus represent the evolution of gas flowing through the center of the plasma 

filament, starting at the beginning of the waveguide. The left y-axis of figure 14 corresponds to the gas 

temperature profile, illustrating that in the plasma core the gas heats up to 6000 K, but at the end of 

the waveguide (corresponding to 0.17 s), the gas quickly cools back down, to 1500 K after 0.23 s. The 

right y-axis of figure 14 shows the corresponding calculated CO production rate. A positive value for 

the production rate indicates the formation of CO (mainly by the CO2 + O → CO + O2 reaction), while a 

negative value for the formation rate indicates the destruction of CO (mainly by the CO + O + M → CO2 

+ M reaction).  

 

The figure shows that as the gas approaches the plasma filament and the gas temperature rises above 

1800-2000 K, the formation rate of CO increases, eventually reaching a peak value around a 

temperature of 3000 K. As highlighted in the figure, this temperature value is considered the threshold 

for efficient thermal CO2 conversion. While the exact values of these temperature thresholds can vary 

slightly upon changing flow rate, they are in good agreement with what is expected in literature for 

thermal CO2 chemistry at atmospheric pressure.4 Once the gas temperature increases further, the CO 

formation rate decreases again, eventually reaching zero at around 0.05 s, when the temperature has 

reached ca. 4000 K. At these temperatures the rate of CO recombination balances the dissociation rate, 

reaching a steady state situation where there is no net formation or destruction of CO. Note that at 

Figure 14: Calculated gas temperature profile (left y-axis) and CO production rate (right y-axis) over a straight line in 

the center of the MW reactor without a nozzle attached, for a flow rate of 20 slm. The temperature threshold for net 

thermal CO2 dissociation above 3000 K and the zone of recombination between 2000 and 3000 K are also highlighted in 

the figure. 



temperatures around 6000 K, CO dissociation into C and O is also present, although in a very limited 

amount. Once the gas has passed through the plasma filament and cools back down to below the 3000 

K threshold, the efficient thermal CO2 dissociation diminishes, while the recombination reactions still 

occur. This translates into a negative CO formation rate, because CO recombines with O (+ M) into CO2 

(+ M). Hence, 3000 K is considered the threshold for the recombination reactions (as indicated by the 

horizontal dashed line in figure 14). Once the gas temperature decreases below ca. 2000 K, the CO 

formation rates becomes zero again, as the temperature is now too low for either of the recombination 

or dissociation reactions to occur. To avoid recombination reactions and reduce the overall CO 

destruction, the gas temperature should thus, once cooled down below the 3000 K threshold, drop as 

quickly as possible below 2000 K to quench the recombination reactions. Integration of the positive 

and negative CO production peaks in figure 14 shows that the time-integrated CO destruction rate is 

72 % of the time-integrated CO production rate, meaning that 72 % of the CO that is formed in the 

center of the plasma is destroyed after the plasma by recombination.   

Similar to figure 14, figure 15 illustrates the calculated temperature profile and CO production rate in 

the center of the reactor, again for a reactor without nozzle, but operating at 5 slm. At this lower flow 

rate, the gas takes more time to reach the plasma filament and heat up to the 3000 K and 4000 K 

thresholds. Likewise, the gas spends a longer time at the temperature for net thermal conversion, 

making the initial CO production peak broader compared to at 20 slm, although the maximum value is 

clearly lower (cf. figure 15 vs. figure 14). However, after the plasma the gas also cools down more 

slowly, due to the limited convective cooling shown previously in figure 5. As a result, the gas also 

spends more time in the recombination zone below 3000 K, broadening the CO destruction peak, and 

resulting in a higher loss in CO due to recombination reactions. Indeed, while for a flow rate of 20 slm, 

72 % of the produced CO was destroyed in the negative CO production peak in figure 14, time-

integration of the CO production peaks in figure 15 shows that for a flow rate of 5 slm, 83 % of the 

produced CO is destroyed by recombination after the plasma. 

 

Figure 15: Calculated gas temperature profile (left y-axis) and CO production rate (right y-axis) over a 

straight line in the center of the MW reactor without a nozzle attached, for a flow rate of 5 slm. The 

temperature threshold for net thermal CO2 dissociation above 3000 K and the zone of recombination 

between 2000 and 3000 K are also highlighted in the figure. 



Figure 16 shows the results for running the quasi-1D chemical kinetics model in the center of the 

reactor for 20 slm (a) and 5 slm (b) with a 5 mm nozzle attached to the reactor. The results from figure 

13 and 14 without nozzle are also depicted (as dashed lines) to more easily distinguish the effect of 

the nozzle. The figures show that for both high and low flow rate, adding a nozzle drastically changes 

the cooling curve after the plasma in two distinct ways: (i) while the temperature is slightly higher 

inside the plasma, it reaches a lower value after the plasma compared to when no nozzle is attached, 

and (ii) the average cooling rate in the effluent is much higher, i.e., it rises from 9.1x104 to 6.0x105 K/s 

for 20 slm, and from 6.4x104 to 4.8x105 K/s for 5 slm. Locally, in the steepest part of the cooling curve, 

the cooling rate even exceeds 107 K/s, which is indeed high enough to efficiently suppress 

recombination reactions according to literature.24 Due to these high quenching rates, the time spent 

after the plasma in the recombination zone between 2000 and 3000 K (i.e. 0.03 s for 20 slm and 0.12 

s for 5 slm) is drastically reduced compared to the reactor without quenching nozzle, especially for the 

5 slm case, where the gas took a long time to cool down below 2000 K without nozzle attached. As a 

result, recombination only occurs for a very short time, which is represented by the very narrow 

negative peaks in the CO production rate. Note that these destruction peaks are high in intensity, 

reaching almost -10,000 mol m-3s-1 at 20 slm. This is due to the high concentration of O atoms that are 

still present for a short amount of time when the gas is quickly quenched from 6000 K. However, these 

peaks are very short in duration (i.e. less than 0.5 ms), resulting in very low overall CO recombination 

during this timeframe. For 20 slm, the time-integrated value of the CO destruction peaks in figure 16 

(a) is reduced from 72 % to 24 % of the time-integrated CO production peak, while for 5 slm in figure 

16 (b), the time-integrated CO destruction is reduced from 83 % to 64 % of the time-integrated CO 

production peak. Note that attaching a nozzle not only impacts the cooling curve of the temperature 

profile, but also has a limited influence on the heating curve: both for the 20 slm and 5 slm regime, the 

temperature profile reaches its maximal value slightly faster when a nozzle is attached. As mentioned 

earlier in section 3.3, this is attributed to the flow velocity field in the reactor that has slightly adapted 

to the converging shape of the nozzle, making the gas flow slightly faster in the center of the reactor. 

While this reduced CO destruction due to fast quenching explains the overall improvement seen in 

figure 2 when the nozzle is attached, it does not yet explain the significantly higher improvement at 

lower flow rates compared to higher flow rates. However, figures 14 - 16 only represent gas flowing 

through the center of the plasma, and do not capture the overall effect in the whole reactor. Indeed, 

a significant portion of the treated gas will not experience the maximum temperature of 6000 K in the 

center of the plasma filament, but will flow closer near the edges of the plasma, where the gas 

temperature lies between 2000 – 4000 K.  



 

Figure 17 shows the calculated temperature profile and CO production rate over a straight line at a 

radial distance of 6.5 mm from the center of the reactor, for a flow rate of 20 and 5 slm without nozzle 

attached. The temperature profiles indicate that due to the increased convective cooling, the 

temperature in this part of the reactor is clearly lower at 20 slm compared to 5 slm. At 5 slm the 

temperature reaches up to 2500 K, while at 20 slm, the gas temperature barely exceeds 2100 K. This 

was also represented in figure 4, where the high temperature zone extends to a somewhat larger radial 

distance at 5 slm compared to at 20 slm. At 5 slm, the temperature is high enough for some CO2 

dissociation to occur in this region (i.e., radial distance of 6.5 mm), although at a lower rate than in the 

Figure 16: Calculated gas temperature profile (left y-axis) and CO production rate (right y-axis) 

over a straight line in the center of the MW reactor with and without a 5 mm nozzle attached, for 

a flow rate of a) 20 slm and b) 5 slm. The temperature threshold for net thermal CO2 dissociation 

above 3000  K and the zone of recombination between 2000 and 3000 K are also highlighted in 

the figure. 

a) 

b) 



center of the reactor, as the threshold temperature of 3000 K for efficient thermal conversion is not 

reached. After the plasma, CO recombination still occurs, as indicated by the negative CO production 

rate, although also at a lower rate than in the center. This indicates that also in this part of the reactor, 

an improvement in conversion would occur if the gas is quenched after the plasma, as the negative 

peak of the CO production rate is positioned behind where the nozzle would be placed (as indicated in 

figure 17). At 20 slm, however, the temperature only reaches up to 2100 K, so that very limited thermal 

CO2 dissociation occurs, as shown by the very small peak in CO production rate. Furthermore, the gas 

temperature does not peak high enough above 2000 K to induce significant recombination reactions. 

Hence, in this part of the reactor at 20 slm, the limiting factor of the CO2 conversion process is not CO 

recombination, but rather the short residence time in the hotter regions of the plasma. As a result, this 

part of the reactor will not display a significant improvement in CO retention due to quenching, making 

the overall effect of quenching on the MW reactor performance as a whole less impactful for 20 slm. 

This is in great contrast to the reactor operating at 5 slm, where CO2 conversion is limited by 

recombination also beyond the center of the reactor, where most of the gas flows, and quenching 

could thus impact the conversion in large parts of the gas stream.  

The fact that the CO2 conversion in the outer layers of the plasma is mainly limited by the residence 

time at high flow rates (e.g., 20 slm), and mainly by recombination at low flow rates (e.g., 5 slm), is also 

represented in the experimental results in figure 2. For a reactor without nozzle (black data points), 

lowering the flow rate from 40 slm down to 10 slm improves the conversion, indicating that conversion 

could be limited by the residence time, and lowering the flow rate, thus increasing the residence time, 

the conversion could be enhanced. In general, given the inverse relation between flow rate and SEI, 

this can be summarized as the SEI being the limiting factor, as at high flow rates the SEI is simply too 

low to provide enough power to the gas within the short time frame that the gas spends flowing 

through the active parts of the plasma. Indeed, these data points align with the inverse relation 

between flow rate and conversion (which is the same as the directly proportional relation between SEI 

and conversion), indicated by the grey dashed line. Reducing the flow rate to 5 slm, however, does not 

follow this relation, as the overall conversion drops. Indeed, lowering the flow rate reduces the 

convective cooling and increases the significance of back reactions in the whole reactor. Figure 2 

indicates that below 10 slm, the conversion is mainly limited by recombination, rather than by 

residence time.  

Figure 17: Calculated gas temperature profile (left y-axis) and CO production rate (right y-axis) over a straight line at 6.5 mm 

from the center of the MW reactor without a nozzle attached, for a flow rate of a) 5 slm and b) 20 slm. 

a) 

Where nozzle would be 

b) 

Where nozzle would be 



This is further demonstrated in figure 2 when a nozzle is attached to the reactor (blue data points). 

The greatest improvement is seen at 5 slm, which is most limited by recombination, while smaller 

improvements are observed at higher flows, when already in the standard case without nozzle there 

are less recombination reactions. As shown by figure 2, the improvement due to quenching by the 2.5 

mm nozzle at 5 slm is so significant, that this case also becomes residence time-limited. Indeed, the 

recombination reactions are suppressed to the extent that lowering the flow rate from 10 slm to 5 slm 

enhances the conversion, aligning again with the inverse flow rate-conversion relation.  

4. Conclusion 

We developed a 3D CFD model and a quasi-1D chemical kinetics model to simulate the effect of 

quenching nozzles developed by Hecimovic et al., for enhancing the CO2 conversion in a MW plasma 

reactor by quenching the recombination reactions in the effluent. Our models show that due to the 

tangential gas injection, two distinct regions are formed in the reactor: (i) hot gas that swirls in the 

center of the reactor and (ii) cool gas swirling near the walls, which forms a cool periphery gas flow 

around the hot center. Without nozzle attached, there is very limited heat transfer between these two 

regions, and the only cooling present is due to convective cooling from the gas stream, which is more 

significant at higher flow rates. When a nozzle is attached, the cooling drastically increases in two ways: 

(i) the small nozzle opening forces the hot gas in the center and the cool gas near the walls to mix, 

while (ii) the nozzle walls (being water-cooled) induce additional conductive cooling. In this way, the 

effluent gas can be cooled faster, and to lower temperatures. Our quasi-1D chemical kinetics model 

shows that the nozzle allows to quickly cool below some important temperature thresholds, i.e. the 

recombination zone between 2000 and 3000 K. The fast cooling capabilities of the nozzle allow the gas 

to spend less time in the “recombination zone”, thus limiting the amount of CO lost to recombination 

reactions.  

While the fastest cooling in general (i.e., with nozzle as well as without quenching nozzle) is observed 

at the higher flow rates, due to the more pronounced convective cooling, the largest improvement 

due to the quenching nozzles is observed at the lowest flow rate of 5 slm. Due to the strong cooling 

capabilities of the smallest nozzle of 2.5 mm, we have shown that recombination reactions are 

suppressed to such an extent that also the low flow rate regime of 5 slm becomes limited by residence 

time, rather than by recombination, and due to the great reduction of recombination reactions, the 

conversion enhances by even a factor seven, i.e., from 5% without nozzle, to 35% with quenching 

nozzle.  
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  S.1 The finite element mesh 

 

Figure S1 presents the finite element mesh of the 3D CFD model domain, in which the color scale 

indicates the size of the mesh elements. The simulation domain consists of 700 000 tetrahedral-shaped 

mesh elements, in which the size of the elements is reduced specifically in zones where physical 

properties are expected to display high gradients, e.g. in the center of the reactor where the plasma 

filament is located, in the throat of the nozzle, in the inlet tubes. To resolve the thin boundary layers 

of the fluid along the no-slip boundaries (i.e. u = 0 m/s) of the reactor walls , the finite element mesh 

near the walls consists of 4 mesh boundary layers with dense element distribution in the normal 

direction along the walls of the reactors. 

This mesh was refined by re-solving the model on progressively finer meshes until the solution 

remained mesh independent. In this form, the models take 6-10h to solve (without parallelization) on 

a desktop equipped with an Intel Core i7-5820K CPU and 64.0 GB RAM, using a relative tolerance of 

0.001 as conversion criterium.  

Figure S1: Finite element mesh of the simulation domain of the MW reactor geometry a) without nozzle attached and b) with 

nozzle attached. The color scale indicates the size of the mesh elements. 

cm 



S.2 The turbulent gas flow 

We apply the Menter’s Shear Stress Transport (SST) model,1 which uses the common k-ε model in the 
free stream and combines it with the more accurate k-ω model near the walls, where the flow is more 
complicated.  

This approach includes the following equations for the turbulent kinetic energy 𝑘 and the specific 

dissipation ω: 

 𝜌𝑔(𝑢𝑔⃗⃗ ⃗⃗ . ∇)𝑘 =  ∇ ∙ [(𝜇 + 𝜇𝑇𝜎𝑘)∇𝑘] + 𝑃 − 𝛽0𝜌𝑔𝜔𝑘 (𝑆. 1) 𝜌𝑔(𝑢𝑔⃗⃗ ⃗⃗ . ∇)𝜔 =  ∇ ∙ [(𝜇 + 𝜇𝑇𝜎𝜔)∇𝜔] + 𝛾𝜇𝑇 𝜌𝑔𝑃 − 𝛽0𝜌𝑔𝜔2 + 2(1 − 𝑓𝑣1) 𝜎𝜔2𝜌𝑔𝜔 ∇𝑘 ∙ ∇𝜔 (𝑆. 2) 

 

Where 𝜌𝑔 stands for the gas density, 𝑢𝑔⃗⃗ ⃗⃗  is the gas flow velocity vector, 𝜇 is the dynamic viscosity,  𝜎𝑘, 𝜎𝜔 and 𝛾 are model coefficients defined in equations S.10, S.11 and S.12 below, and 𝛽0 and 𝜎𝜔2 are 

dimensionless model constants defined in table S1. The other symbols are explained below. 

In equations S.1 and S.2, 𝜇𝑇 is the turbulent viscosity of the fluid and is defined as: 

 𝜇𝑇 = 𝑎1𝑘𝑚𝑎𝑥(𝑎1𝜔, 𝑆𝑓𝑣2) (𝑆. 3) 

 

In which 𝑆 is the absolute strain rate and 𝑎1 is a dimensionless model constant, defined in table S1. In 

equations S.2 and S.3, 𝑓𝑣1 and 𝑓𝑣2 are two blending functions that control the switch from the k-ω 
model to the k-ε model in the free stream (where 𝑓𝑣1 = 1) 

 

𝑓𝑣1 = tanh (min(𝜃22, 4𝜎𝜔2𝑘𝐶𝐷𝑘𝜔𝑦2))4  (𝑆. 4) 

𝑓𝑣2 = tanh(𝜃22) (𝑆. 5) 

 

In which y is the y-component of the position vector, and 𝜃2  and 𝐶𝐷𝑘𝜔  are placeholders for the 

following terms: 

 𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2 1𝜔 𝜕𝑘𝜕𝑥 𝜕𝜔𝜕𝑥 ,  10−10) (𝑆. 6) 

𝜃2 = 𝑚𝑎𝑥 ( 2√𝑘𝛽0𝜔𝑙𝑊2 , 500𝜇𝑦2𝜔 ) (𝑆. 7) 



 

In which 𝑙𝑊 is the wall distance. 

In equations S.1 and S.2, P serves as a product limiter coefficient and is defined as: 𝑃 = min(𝑃𝑘10𝜌𝛽0𝑘𝜔) (𝑆. 8) 

 

In which 𝑃𝑘 is a placeholder for the following term: 

 𝑃𝑘 = 𝜇𝑇 (∇𝑢𝑔⃗⃗ ⃗⃗ ∙ (∇𝑢𝑔⃗⃗ ⃗⃗ + (∇𝑢𝑔⃗⃗ ⃗⃗ )𝑇) − 23 ∙ (∇ ∙ 𝑢𝑔⃗⃗ ⃗⃗ )2) − 23𝜌𝑘∇ ∙ 𝑢𝑔⃗⃗ ⃗⃗  (𝑆. 9) 

 

The model coefficients in equations S.1 and S.2 are defined as: 

 𝜎𝑘 = 𝑓𝑣1 ∙ 𝜎𝑘1 + (1 − 𝑓𝑣1)𝜎𝑘2 (𝑆. 10) 𝜎𝜔 = 𝑓𝑣1 ∙ 𝜎𝜔1 + (1 − 𝑓𝑣1)𝜎𝜔2 (𝑆. 11) 𝛾 =  𝑓𝑣1 ∙ 𝛾1 + (1 − 𝑓𝑣1)𝛾2 (𝑆. 12) 

 

In which 𝜎𝑘1, 𝜎𝑘2, 𝜎𝜔1,𝜎𝜔2, 𝛾1 and 𝛾2 are dimensionless model constants, defined in table S1. 

 

Table S1: Dimensionless model constants used in the SST turbulent flow model. 𝜎𝑘1 0.85 𝜎𝑘2 1 𝜎𝜔1 0.5 𝜎𝜔2 0.856 𝛾1 0.5556 𝛾2 0.44 𝑎1 0.31 𝛽0 0.09 

 

  



S.3 Gas flow velocity profiles of the quasi-1D chemical kinetics model 

Using the axial gas flow velocity calculated by the 3D CFD model, we can convert the time dependence 

of a 0D chemical kinetics model to a spatial dependence over a straight line in the reactor, resulting in 

a quasi-1D model. The axial gas flow velocity profiles in the center of the reactor, which are used in 

this conversion, are presented for two different flow rates in figure S2, for a) a reactor without and b) 

a reactor with 5 mm nozzle attached. The figures clearly display the increase in gas flow velocity as the 

gas flows through the narrow nozzle gap. 

 

 

Figure S2: Axial velocity profile in the center of the reactor as calculated by the 3D CFD model for a reactor a) without and 

b) with 5 mm nozzle attached. 

  

a) 

b) 



 

S.4 Boundary conditions in the model 

For the calculation of the gas flow velocity field �⃗�  (u,v,w) and pressure p inside the reactor, the 

following boundary conditions are introduced in the model geometry when solving the Navier-Stokes 

equations (equations 1 and 2 of the main paper): 

At the Inlet: �⃗� = �⃗� 0 (𝑆. 13) 

In which �⃗� 0 is the flow velocity defined by the input flow rate. 𝑘 =  32 (𝑢0𝐼𝑇)2 (𝑆. 14) 

𝜔 = 𝑘12(𝛽0)14𝐿𝑇  (𝑆. 15) 

Where 𝑢0 is the input flow rate, 𝐼𝑇 the expected turbulence intensity (here 0.05 for medium 

intensity), 𝛽0 a dimensionless model constants shown in table S1 and 𝐿𝑇 the turbulence length 

scale.  

At the reactor walls: �⃗� = 0 (𝑆. 16) 

Where the velocity is zero as a result of the “no slip” condition at the walls. 

At the outlet: [−𝑝𝐼 + 𝜇(∇�⃗� + ∇(�⃗� )𝑇) − 23𝜇(∇ ∙ �⃗� )𝐼 ] �⃗� =  𝑝0�⃗� 𝑜𝑢𝑡𝑙𝑒𝑡 (𝑆. 17) 

In which 𝑝0 is the pressure at the outlet, and �⃗� 𝑜𝑢𝑡𝑙𝑒𝑡 the unit vector normal to the outlet boundary. 

For the calculation of  the gas temperature 𝑇𝑔, the following boundary conditions are introduced in 

the model geometry when solving the heat balance equation (equation 3 of the main paper): 

 

At the Inlet: 

−�⃗� 𝑖𝑛𝑙𝑒𝑡 ∙ 𝑞 =  𝜌�⃗� ∫ 𝐶𝑝𝑑𝑇𝑔𝑇
𝑇𝑖𝑛𝑙𝑒𝑡  ∙  �⃗� 𝑖𝑛𝑙𝑒𝑡 (𝑆. 18) 

In which 𝑇𝑖𝑛𝑙𝑒𝑡 is the gas temperature of the inlet stream, usually 293.15 K, and �⃗� 𝑖𝑛𝑙𝑒𝑡 the unit vector 

normal to the inlet boundary. 

At the reactor walls: 

For the heat loss through the reactor walls to the environment at a heat loss rate 𝑞𝑙𝑜𝑠𝑠, the boundary 

condition states: −�⃗� 𝑤𝑎𝑙𝑙 ∙ 𝑞 = 𝑞𝑙𝑜𝑠𝑠 (𝑆. 19) 



𝑞𝑙𝑜𝑠𝑠 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇𝑔) (𝑆. 20) 

In which �⃗� 𝑤𝑎𝑙𝑙 is the unit vector normal to the wall boundary, 𝑇𝑒𝑥𝑡 is the gas temperature of the 

environment, usually 293.15 K and ℎ the heat transfer coefficient of the reactor wall material (10 

W/(m²*K) for the quartz tube). 

At the outlet: −�⃗� 𝑜𝑢𝑡𝑙𝑒𝑡 ∙ 𝑞 = 0 (𝑆. 21) 

In which �⃗� 𝑜𝑢𝑡𝑙𝑒𝑡 is the unit vector normal to the wall boundary. 

S.5 The thermodynamic and transport properties of the model 

All thermodynamic and transport properties of the gas, i.e. the viscosity, the thermal conductivity and 

the heat capacity are adopted from Magin et al.2, where these properties are calculated for a wide 

range of temperatures assuming thermodynamic equilibrium. This means that changes in gas 

composition and energy balance due to chemical reactions are taken into account within these 

properties, e.g. the endothermic characteristic of CO2 splitting, as well as the formation of CO and O2 

and the destruction of CO2 are represented in the heat capacity and thermal conductivity. However, 

as these properties are calculated assuming thermodynamic equilibrium, the properties assume that 

chemical equilibrium is reached very fast as the temperature increases or decreases. This assumption 

is reasonable in an atmospheric MW plasma torch, because at 6000 K, which is the core temperature 

of the plasma filament, chemical equilibrium is reached within milliseconds, which is very fast 

compared to the timescale of the residence time in the reactor (in the seconds range). In the effluent 

of the reactor, however, chemical equilibrium is reached slower, so the impact of chemistry on the 

heat balance is not completely accounted for in this part of the reactor. However, at this point the heat 

balance is mostly defined by the hot gas flowing form the 6000 K plasma zone, rather than 

recombination reactions heating the gas, which makes the error of the assumption relatively small.  

  



S.6 Representing the plasma as a heat source 

By representing the plasma as a heat source using the thermal balance equation (equation 3 in the 

main paper), the 3D shape of the plasma is required as input for the model.  

This heat source term (𝑄) is then defined as: 𝑄 = 𝑁 ∗ 𝑟𝑎𝑑(𝑥) ∗ 𝑟𝑎𝑑(𝑦) ∗ 𝑎𝑥(𝑧) 

In which 𝑟𝑎𝑑 and 𝑎𝑥 are the radial and axial power profiles of the MW power, respectively, and N is a 

normalization factor, such that:  ∭𝑄 𝑑𝑥 𝑑𝑦 𝑑𝑧 = 𝑃𝑀𝑊 

 

Where 𝑃𝑀𝑊 is the microwave power that is absorbed by the plasma, measured in the experiments. 

The radial and axial power profiles (𝑟𝑎𝑑 and 𝑎𝑥) are defined using analytical functions that 

approximate the radial and axial profile of a contracted plasma filament, as measured by D’Isa et al.3 

and Wolf et al.4. The radial power profile used in the model, is shown in figure S3a, resembling closely 

the profile measured by D’Isa et al., shown in figure S3b. The axial power profile used in the model, is 

shown in figure S4a, resembling closely the profile measured by D’Isa et al., shown in figure S4b. 

Furthermore, as concluded in the work from D’Isa et al., the plasma diameter and length of the plasma 

is independent on the flow,3 allowing us to use the same power profile for every flow rate. 

  

Figure S3: a) Radial power density profile of the plasma assumed in the model  

                  b) Radial ICCD image taken by D’Isa et al 
  

Figure S4: a) Axial power density profile of the plasma assumed in the model  

                  b) Axial ICCD image taken by D’Isa et al. 
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