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Section S.1 Chemistry  

 

The evolution of the species densities as a function of time is described by: 

 

∂ci

∂t
= ∑ a𝑖𝑗𝑟𝑗𝑗                                                            [S.E1] 

 

in which ci is the concentration of species i (mol.m-3), and j is the number of reactions included 
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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 = 𝑘𝑗
𝑓 ∏ c

i

−a𝑖𝑗
i − 𝑘𝑗

𝑟 ∏ c
i

a𝑖𝑗
i                                                [S.E2] 

 

Here, 𝑘𝑗
𝑓
and 𝑘𝑗

𝑟 represent the forward and reverse rate coefficients, respectively. The reactions 

included in the model are shown in Table S.T1. 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 rates, shown in Table 1, are taken from the Gri-mech 

3.0 database [1], while the rate coefficients of the reverse rates are calculated assuming 

thermodynamic equilibrium: 

𝑘𝑟 =
𝑘𝑓

𝐾𝑒𝑞
      [S.E3] 

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

constants of the NASA-Glenn database [2]. 

 

Table S.T1 | List of reactions and reaction rate coefficients of the forward reactions used in 

the model, as adopted from the Gri-mech 3.0 database [1]. The rate coefficients of the 

backward reactions are calculated assuming thermodynamic equilibrium. Presented below, R 

is defined as 1.9872 cal(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 =  
𝑘𝑖𝑛𝑓

1 + 𝑘𝑖𝑛𝑓

𝑘𝑜𝑐𝑀
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𝑘𝑖𝑛𝑓 =  1.80 x 1010 [cm3mol−1𝑠−1] exp(
−2385 [

𝑐𝑎𝑙
𝑚𝑜𝑙

]

𝑅𝑇
) 

𝑘𝑜 =  6.02 x 1014 [cm6mol−2𝑠−1] exp(
−3000 [

𝑐𝑎𝑙
𝑚𝑜𝑙

]

𝑅𝑇
) 

 

𝐶𝑂 + 𝑂2 → 𝐶𝑂2 + 𝑂 

 

𝑘 =  2.50 x 1012 [cm3mol−1𝑠−1] exp(
−47800 [

𝑐𝑎𝑙
𝑚𝑜𝑙

]

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] (
𝑇

300 [𝐾]
)
−3.08

exp (
−2114 [𝐾]

𝑇
) 𝑐𝑀 

 

 

Section S.2 Experimental Apparatus 

 

S.2.1 2.45 GHz Microwave Reactor   

 

This work utilizes a 2.45 GHz MW source with a maximum power of 1400 W. The 

configuration exploits a forward or reverse vortex to confine and stabilize the plasma. The 
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design is based on early work outlined by V.A. Legasov et al., which showed promising results 

for energy efficiency in the dissociation of CO2 (Figure S1) [3]. 

 

 

Figure S1 | Overview of 2.45 GHz MW reactor at DIFFER with key components labeled. 

 

The MW reactor utilizes a vortex-stabilized MW reactor with a 2.45 GHz magnetron MW 

source (Frick und Mallah MKO 2kW AC002). The magnetron emits an adjustable continuous 

wave (CW) power up to 1400 W at a set frequency transmitted through a WR340 rectangular 

waveguide in a transverse electric mode (TE10) standing wave, such that the electric field is 

always at a right angle to the y-direction of the waveguide (Figure S1).  The CW is applied to 

a CO2 gas flow passing perpendicularly through a fused quartz tube, which intersects the 

waveguide in the z-direction. 
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Figure S2 | WR340 waveguide with intersecting quartz tube. The illustration details the 

tangential gas input and flow geometry (top), field applicator (bottom left), and standing wave 

(bottom right).   

 

The field applicator is a crucial design aspect of the MW plasma reactor configuration, 

significantly influencing field localization and strength (Figure S2). To produce the TE10 

standing wave, a sliding waveguide short reflects the transmitted forward wave, granting low 

radiation losses and high field coupling to the plasma. An automatic stub tuner (HOMER S-

TEAM STHT2450) between the magnetron source and quartz tube ensures a high coupling 

efficiency by matching the impedance of the source to the plasma, such that reflected power 

remains below 1% during experiments. The absorbed power is computed using an integration 

of the automatic impedance and power measurement system using the magnitude and phase of 

the reflection coefficient, incident, reflected/absorbed power, and frequency.  

 

z

y
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S.2.2 Nozzle Design and Housing    

 

The converging-diverging nozzle, CDN (Figure S3), was housed within a special metal casing 

(Figure S4), which was water-cooled.  

 

 

Figure S3  | Schematic drawing of the converging-diverging nozzle.  

 

Only part of the diverging side of the CDN was in contact with the water-cooled wall from the 
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housing (Figure S4).  

 

 

Figure S4 | Schematic of water-cooled nozzle housing.  

 

Due to the limited contact of the CDN with the metal casing, and the unremarkable difference 

in the measured power lost to water-cooling when the two configurations were compared 

(without and with the CDN), the cooling of the nozzle is expected to be negligible.  
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Section S.3 Temperature Measurements  

 

S.3.1 Doppler Broadening Spectroscopy  

 

The core plasma temperature (Tcore) was determined using the principle of Doppler broadening 

at 777 nm oxygen triplet emission lines, O(3s5S0  3p5P), at 777.539, 777.417, and 777.194 

nm. A high-resolution VIPA spectrometer by LightMachinery was utilized alongside a 50.8 

mm collection bi-convex lens with a focal distance (fpf) = 100 mm with a broadband anti-

reflection coating with a wavelength range between 650 – 1050 nm. The lens was coupled with 

a 610 nm longpass colored glass filter. A 400 m multimode optical fiber was used to project 

the plasma emission onto the entrance slit of the CCD camera. The dispersed emission fed into 

the CCD camera had a resolution of 0.5 pm(pixel)-1, which was used to resolve and analyze the 

spectral lines.  
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Figure S5 | Etalon VIPA slitting incident beam before diffraction grating gives a raw image.  

 

The light enters the spectrometer through an optical fiber and is dispersed by a VIPA Etalon 

on the vertical axis with a sub-picometer resolution, followed by a conventional diffraction 

grating to spread overlapping orders in the horizontal direction. This produces a 2D spectrum 

of light. LightMachinery software unwraps the spectrum, creating an ultra-high resolution 

wavelength spectrum (Figure S5).  

 

Doppler broadening results from the isotropic thermal motion of particles, leading to a 

Gaussian spectral broadening component with a standard deviation value on the order of a 

picometer. This deviation depends on the frequency of the spectral line, the mass of the emitting 

particle, and the temperature. Using a calibration lamp to measure and void the instrumental 

broadening, a convolved fitting algorithm was employed to determine the Gaussian and 

Lorentzian components resulting from the plasma spectrum. The full scope of this fitting 

procedure, including relevant equations, is outlined in the thesis of T.W.H. Righart [4]. 

 



 10 

 

Figure S6 |Comparison of Tcore as a function of pressure without the CDN (blue) and with the 

CDN inserted (orange). A higher trend for the Tcore as a function of pressure is observed with 

the addition of the CDN. The data for the Tcore was collected from Doppler broadening 

spectroscopy.  

 

In Figure S6, the addition of the CDN is not seen to affect the Tcore to a great extent [5]. Flame 

band spectroscopy was utilized as a secondary spectroscopic measurement to give the radial 

temperature profile at both the height of the plasma and in the afterglow region before the CDN.  
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S.3.2 Flame Band Spectroscopy  

 

Doppler broadening is not suitable for measuring temperatures below 2000 K due to the lack 

of atomic oxygen below that temperature and the lack of energetic electrons to excite atomic 

oxygen electronically. To accurately measure the temperature around the plasma and the 

temperature in the afterglow, flame band spectroscopy was utilized as a secondary 

spectroscopic temperature measurement.  

 

 

Figure S7 | Schematic drawing of the flame band optical setup, where data was collected in 

the radial direction along the y-axis at two positions relative to the plasma along the z-axis. 

The first collection occurred at the height of the plasma, z = 0 mm, and the second, z = 42 mm, 

downstream of the plasma.  
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The afterglow was measured along a cylindrical region (d = 27 mm) through the quartz tube 

using an Ocean Optics Flame-S Miniature Spectrometer coupled with two 90° off-axis 

parabolic UV-enhanced aluminum mirrors with a reflective focal length (RFL) = 50.8 mm 

(Figure S7). The mirrors reflect more than 90% of the 250 – 450 nm light waves. Between the 

mirrors, an iris with an opening of 6.9 mm sets the solid angle (W) = 1.45 x 10-2 sr for collection 

onto a multimode UV optical fiber (20 cm, 200 mm), which is fed into a 200 mm entrance slit 

of the spectrometer. The light then moves through a grating blazed at 300 nm. Detailed methods 

for calibration and discrete inverse Abel transforms are described in Raposo et al. [6]. 

 

The wavelength-integrated emission intensity (𝐼𝛾) from the flame band spectra can be used to 

obtain the product of the [𝑂] and [𝐶𝑂] concentration through:   

 

𝐼𝛾 = 𝑘𝛾(𝑇)[𝐶𝑂][𝑂],      [S.E4] 

 

where [𝐶𝑂][𝑂] are carbon monoxide and atomic oxygen number densities (m-3) and 𝑘𝛾(𝑇) is 

assumed equal to 1.14 × 10−24𝑒−
2080

𝑇  (photons.m-3s-1). [6]–[8] With temperature (𝑇) known 

from the wavelength-dependent flame band spectra fitting, [S.E4] can be solved for [𝐶𝑂][𝑂].  

 

To more easily compare different operating conditions, a geometric average of the O and CO 

fractions (𝑓𝑂 and 𝑓𝐶𝑂) is defined by:  

 

(𝑓𝑂𝑓𝐶𝑂)
1

2 =
([𝐶𝑂][𝑂])

1
2

[𝑀]
,      [S.E5] 

 

with [𝑀] representing the neutral density and is given by:  
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[𝑀] =
𝑝

𝑘𝑏𝑇
      [S.E6] 

 

where 𝑝 represents the pressure (Pa), 𝑘𝑏 represents the Boltzmann constant, and 𝑇 is the 

temperature (K). 

 

 

Figure S8 | Flame band spectroscopy temperature data without CDN, 5 slm, 150 mbar, at the 

height of the plasma (z = 0 mm, (1)) and in the afterglow region (z = 42 mm, (1)).  The red 

lines in (1) indicate the FWHM of the plasma.  

 

In Figure S8, the radial temperature profile is given for a flow rate of 5 slm and a pressure of 

150 mbar without CDN at the height of the plasma (Figure S8(1)) and in the afterglow region 
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(Figure S8(2)). The temperature gradient at the height of the plasma is relatively gradual from 

the sides to the center, where the data points are no longer visible (Figure S8(1)). The red lines 

in Figure S8(1) represent the FWHM of the plasma, indicating a sudden and dramatic increase 

in temperature due to the plasma since all data points above 2500 K are no longer plotted due 

to uncertainty in accuracy using flame band spectroscopy. Figure S8(2) shows the radial 

temperature profile in the afterglow region of the plasma at z = 42 mm, where a temperature 

gradient is still observed. At temperatures above 2000 K, dissociation of CO2 is still active [9]. 

 

Using flame band emission intensity, we can take the geometric average of the O and CO 

fractions, (𝑓𝑂𝑓𝐶𝑂)1/2, above the nozzle at the point of decay seen between 300 and 400 mbar 

at 𝜙 = 5 slm (Figure S9).  
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Figure S9 | Product (CO x O) concentration based on emission profile 42 mm downstream 

from plasma as measured by flame band spectroscopy without and with CDN for 𝜙 = 5 slm at 

two pressures, p = 300 and 400 mbar as a function of the radial position in the quartz tube.  

 

Figure S9 shows (𝑓𝑂𝑓𝐶𝑂)1/2, representing the product of the molar fraction of O and CO shown 

as a function of the radial position in the quartz tube.  

 

S.3.3 Infrared Thermography  

 

ImageIR, an infrared (IR)-thermographic camera equipped with a 50 mm lens, uses an open 

calibrated filter position with a spectral range of 2 – 5.7 mm to capture all images, which 

provides the surface temperature of the quartz tube. The emissivity of the quartz tube is 

determined by comparing the temperature recorded by the IR camera with an identical tube 

painted with a specialized IR coating with a known high emissivity. This data is then used to 

calibrate and correct the temperatures. The collected information is used to quantify the power 

lost to the environment at the height of the plasma and aids in elucidating our understanding of 

the heat transfer and power loss at the height of the plasma.  

 

S.3.4 Emissivity of the Quartz Tube  

 

To correct the temperature (T) of the quartz tube to ensure that the measured temperature is 

accurate, a calibration for the emissivity was performed using IRBIS. The emissivity of the 

quartz tube was determined by comparing the temperature recorded by the IR camera with an 

identical tube painted with a specialized Lab IR Paint coating with a known high emissivity. 
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Figure S10 | IR calibration for quartz tube temperature to correct emissivity, allowing for 

accurate measurement of the temperature used to calculate the power loss to the environment.    

 

Figure S10 shows a good correlation between the corrected temperatures against the measured 

temperatures. This data was then used to calibrate and correct the recorded temperatures used 

in calculating the power loss to the environment.  

 

S.3.5 Power Loss to Environment   

 

The power lost to the environment is calculated using the Stefan-Boltzmann Law, which gives 

the total energy radiating from the surface of a blackbody, relating the radiation to the 

thermodynamic temperature, T.  

 

The radiative power lost (𝑃𝑟𝑎𝑑, W) is added to the power lost due to advective heat transfer to 

the environment (𝑃𝑎𝑑𝑣, W):  

 

𝑃 =  𝑃𝑟𝑎𝑑 + 𝑃𝑎𝑑𝑣 =  𝐴𝜀𝜎(𝑇4 − 𝑇𝑒𝑛𝑣
4 ) + 𝜔𝐴(𝑇 − 𝑇𝑒𝑛𝑣)   [S.E7] 
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where 𝐴 is the surface area (m2), 𝜀 is the emissivity calculated from the calibration of the quartz 

tube, ∆𝑇 is the difference between the corrected temperature of the surface of the quartz tube 

and environmental temperature (𝑇𝑒𝑛𝑣, 300 K), and 𝜎 is the Stefan-Boltzmann constant (5.67 x 

10-8 W.m-2K-4). The heat transfer coefficient of the gas to quartz tube,  𝜔, was assumed to be 

10 W(m2K)-1 but could be between 5 – 37 W(m2K)-1 [10]. Using these extreme values, a 

maximum deviation of ~75 W of power loss is found, which is only 5% of the total input power. 

Figure S11 shows the results for the two flow rates, 𝜙 = 5 and 15 slm, as a function of pressure 

(mbar).  

 

 

Figure S11 | A comparative look at the calculated power loss within the waveguide (𝑃), 

calculated from IR thermography measurements, as a function of pressure with and without 

the CDN. The overall power lost at the height of the plasma drops considerably with the 

introduction of the CDN at higher flow rates but remains roughly the same for lower flow rates.   

 

Figure S11 shows the calculated power (P) loss as a function of pressure measured by IR 

thermography for two different flow rates without and with the CDN. Notably, at a 𝜙 = 15 slm, 

there is a significant decrease in the power loss to the environment when the CDN is used 

compared to without the CDN. Conditions without a CDN have a considerably more significant 
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heat loss to the environment at the height of the plasma, resulting in less . Although the CDN 

seems to extend the cooling trajectory post-CDN at 𝜙 = 15 slm, while still leading to higher , 

lending to the assumption that the power not being lost to the environment is contributing to 

thermal , therefore producing more CO pre-CDN. However, the power loss to the 

environment is still only 80 W at 700 mbar, representing ~6% of the total input power. Even if 

this additional power is directly converted to CO, it could not account for the observed ~20% 

increase in . Consequently, we can conclude that the power loss does not have a significant 

effect on the production of CO. These results serve to confirm the presence of a cool sheath of 

gas from the vortex at higher flow rates when the CDN is present, which explains the reduction 

in energy lost to the environment. It is also evident that this is only mildly pressure-sensitive 

at higher flow rates. A reduction in heat loss to the environment results in a drop in the average 

temperature at the height of the plasma, which partially explains the higher (thermal)  when 

the CDN is introduced. 

 

S.3.6 Thermocouple Measurements  

 

K-type thermocouples were used to measure the gas temperature within the Faraday cage, at 

the gas inlet in the primary manifold, and below the mixing nozzle at 220 mm and 450 mm 

from the plasma. The temperature range of the thermocouples is 75 – 1600 K.  

 

Although the measured temperature of the thermocouples is not equal to the gas temperature 

due to convective and radiative heat transfer with the gas, the effect for temperatures below 

1000 K is expected to be low [11]. Due to the expected turbulent mixing of the gas, the recorded 

temperatures are considered the average temperature of the mixture downstream of the plasma, 

with an error of  50 K.  
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Section S.4 Analytical Techniques  

 

S.4.1 Gas Chromatography 

 

Gas Chromatography (GC) is the primary analytical technique for determining the effluent 

mixture. The measured composition allows for calculating the conversion (). An InterScience 

Compact GC 4 was utilized to measure the gas composition by separating a fraction of the 

effluent, which is then passed through four specialized columns (Molsieve 5A (10 m*0.53 

mm), Rt-Q-Bond (4 m*0.32 mm ID), CP-PoraBOND Q (20 m*0.32 mm ID), and Rt-Q-Bond 

(2m*0.32 mm)).  

 

 

Figure S12 | Calibration for CO as measured by GC.  

 

Figure S12 shows the linear calibration for CO based on the response recorded on GC. Two 

samples were taken for each measurement, and the GC standard error was calculated for the 

complete data set.  
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S.4.2 O2 Sensor 

 

A secondary measurement of the partial pressure of O2 in the effluent gas was measured using 

a Pyroscience FDO2 Optical Oxygen Sensor. The FDO2 sensor utilizes a robust technique 

called luminescent quenching. A sensor dye is excited with red light and is measured. The 

presence of O2 quenches the luminescence, causing a change in the intensity. This is measured 

and converted to the partial pressure of O2. Measurements are ~ 3 m downstream of the plasma; 

thus, the effluent mixture is locked. It is not cross-sensitive to any of the gases used during 

these experiments and, therefore, can be trusted as a secondary measurement source to ensure 

accurate values for conversion. The measurement time is under 2.0 s and has an accuracy of 

±0.5% O2 under the conditions outlined in this work.  

 

The coupling of gas chromatography with an oxygen sensor allows for reliable and accurate 

reading of the post-plasma gas composition. 
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Section S.5 Key Performance Indicators: Degree of Dissociation and 

Efficiency of Process  

 

The conversion (𝛼) of CO2 to CO is described using the net stoichiometric ratios of the 

reduction reaction:  

 

𝐶𝑂2 → (1 − 𝛼)𝐶𝑂2 +  𝛼𝐶𝑂 + 
𝛼

2
𝑂2 ,    [S.R1] 

 

of which the values are accurately measured from the effluent using gas chromatography.  

 

The specific energy input (𝑆𝐸𝐼) (eV.molecule-1) is defined by the input power to the system 

(kJ.s-1) divided by the particle flux of the total inlet flow rate of CO2:   

 

𝑆𝐸𝐼 =  
𝑃

𝑁𝑚𝑜𝑙.𝑁𝐴(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒.𝑚𝑜𝑙−1)
 × 6.24 ×  1021(𝑒𝑉. 𝑘𝐽−1) ×  60 (𝑠.𝑚𝑖𝑛−1)            [S.E8] 

 

Since the molar volume of a gas depends of the temperature and pressure, 𝑁𝑚𝑜𝑙 must be defined 

as the molar volume (𝑉𝑚𝑜𝑙𝑎𝑟) of an ideal gas under standard conditions (STP, 22.709, L.mol-

1), and is calculated by dividing the flow rate in Standard Liters per Minute (𝜙𝑠𝑙𝑚) by 𝑉𝑚𝑜𝑙𝑎𝑟: 

 

𝑁𝑚𝑜𝑙 = 
𝜙𝑠𝑙𝑚

𝑉𝑚𝑜𝑙𝑎𝑟
     [S.E9] 

 

The conversion, or dissociation degree, defined as alpha (𝛼), is considered by the mole fraction 

of target species, CO:  
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𝛼 = 
𝜒𝐶𝑂

𝜒𝐶𝑂+𝜒𝐶𝑂2

     [S.E10] 

 

The conversion is calculated based on the mole fraction of CO (equation S.E11), where the 

mole fraction (𝜒𝑖) of a species (𝑖) in the effluent is calculated as: 

 

𝜒𝑖 = 
𝑛𝑖

∑ 𝑛𝑖𝑖
.     [S.E11] 

 

In general, the net reaction required to produce a single CO molecule in the dissociation of CO2 

is represented as:  

 

𝐶𝑂2 → 𝐶𝑂 +
1

2
𝑂2, ∆𝐻 = 2.93 𝑒𝑉.                                      (S.R2) 

 

Thus, the energy efficiency (𝜂) of conversion is calculated by coupling the conversion (𝛼), to 

the formation enthalpy of the net reaction (S.R2) over the SEI, which is a measure of how well 

the given conditions perform: 

 

𝜂 =  𝛼
∆𝐻𝑓

𝑆𝐸𝐼
.     [S.E12] 

 

  



 23 

Section S.6 Modeling Details 

 

To calculate the gas flow velocity, we apply the Menter’s Shear Stress Transport (SST) model 

[12], which uses the standard 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: 

 

𝜌(𝑢𝑔⃗⃗⃗⃗ . ∇)𝑘 =  ∇ ∙ [(𝜇 + 𝜇𝑇𝜎𝑘)∇𝑘] + 𝑃 − 𝛽0𝜌𝜔𝑘   [S.E13] 

 

𝜌(𝑢𝑔⃗⃗⃗⃗ . ∇)𝜔 =  ∇ ∙ [(𝜇 + 𝜇𝑇𝜎𝜔)∇𝜔] +
𝛾

𝜇𝑇
𝜌𝑃 − 𝛽0𝜌𝜔2 + 2(1 − 𝑓𝑣1)

𝜎𝜔2𝜌

𝜔
∇𝑘 ∙ ∇𝜔  [S.E14] 

 

Where 𝜌 stands for the gas density, 𝑢𝑔⃗⃗⃗⃗  is the gas flow velocity vector, 𝜇 is the dynamic 

viscosity,  𝜎𝑘, 𝜎𝜔 and 𝛾 are model coefficients defined in equations S.E22, S.E23, and S.E24 

below, and 𝛽0 and 𝜎𝜔2 are dimensionless model constants defined in Table S.T2. The other 

symbols are explained below. In equations S.E13 and S.E14, 𝜇𝑇 is the turbulent viscosity of 

the fluid and is defined as: 

 

𝜇𝑇 =
𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔,𝑆𝑓𝑣2)
     [S.E15] 

 

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

S.T2. In equations S.E13 and S.E14, 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) 
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𝑓𝑣1 = tanh (min (𝜃2
2,

4𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2))
4

    [S.E16] 

 

𝑓𝑣2 = tanh(𝜃2
2)     [S.E17] 

 

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

the following terms: 

 

𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥

𝜕𝜔

𝜕𝑥
,  10−10)   [S.E18] 

 

𝜃2 = 𝑚𝑎𝑥 (
2√𝑘

𝛽0𝜔𝑙𝑊
2 ,

500𝜇

𝑦2𝜔
),    [S.E19] 

 

in which 𝑙𝑊 is the wall distance. In equations S.E13 and S.E14, 𝑃 serves as a product limiter 

coefficient and is defined as: 

 

𝑃 = min(𝑃𝑘10𝜌𝛽0𝑘𝜔),    [S.E20] 

 

in which 𝑃𝑘 is a placeholder for the following term: 

 

𝑃𝑘 =  𝜇𝑇 (∇𝑢𝑔⃗⃗⃗⃗ : (∇𝑢𝑔⃗⃗⃗⃗ + (∇𝑢𝑔⃗⃗⃗⃗ )
𝑇
) −

2

3
∙ (∇ ∙ 𝑢𝑔⃗⃗⃗⃗ )

2
) −

2

3
𝜌𝑘∇ ∙ 𝑢𝑔⃗⃗⃗⃗ . [S.E21] 

 

The model coefficients in equations S.E13 and S.E14 are defined as: 

 

𝜎𝑘 = 𝑓𝑣1 ∙ 𝜎𝑘1 + (1 − 𝑓𝑣1)𝜎𝑘2,    [S.E22] 
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𝜎𝜔 = 𝑓𝑣1 ∙ 𝜎𝜔1 + (1 − 𝑓𝑣1)𝜎𝜔2,    [S.E23] 

 

𝛾 =  𝑓𝑣1 ∙ 𝛾1 + (1 − 𝑓𝑣1)𝛾2,     [S.E24] 

 

in which 𝜎𝑘1, 𝜎𝑘2, 𝜎𝜔1,𝜎𝜔2, 𝛾1 and 𝛾2 are dimensionless model constants, defined in table S.T2. 

 

Table S.T2: 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 
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