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Assessing the interaction between high-enthalpy effects and 
transition to turbulence/fully turbulence, by means of DNS

Motivation

■ High Mach number

■ High-enthalpy

■ Relatively low altitude
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State of the art
Boundary layers + chemical reactions:
■ Malik and Anderson (1991): Linear stability analysis

■ Marxen et al. (2013, 2014): First stages of transition
■ Duan and Martin (2011): Temporally evolving boundary layer
■ Di Renzo and Urzay (2021), Passiatore et al. (2021), Li et al. (2022): Spatially 

evolving boundary layer

■ Volpiani (2021): Shock-wave boundary layer interaction
+ vibrational excitation:

■ Knisely et al. (2019): Linear stability analysis
■ Passiatore et al. (2022): Spatially evolving boundary layer
■ Passiatore et al. (2023): Shock-wave boundary layer interaction

+ ionization + gas surface interaction and/or ablation + radiation:
■ Fundamental studies ..
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Modeling and numerical approach

■ Multi-component Navier-Stokes equations. Additional equations for species in the 
mixture and vibrational energy

■ Variable heat capacities. Thermally-perfect equation of state

■ Multicomponent molar diffusion

■ Transport properties as a function of temperature and species mass fractions

■ 5-species (N2, O2, NO, O and N) with dissociation chemistry and thermal non-
equilibrium (Park’s 2T model)
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Modeling and numerical approach
High-order numerical schemes for high-enthalpy hypersonic turbulent flows:

■ Hybrid-schemes: Skew-Symmetric + ENO-type schemes (Di Renzo and Urzay 2020)

■ Dispersion Relation Preserving schemes (Volpiani 2021)

■ High-order WENO schemes (Li et al. 2022)

■ High-order central schemes + nonlinear artificial dissipation (Sciacovelli et al. 2021)

Central part
High-order dissipation
Low-order dissipation (shock-capturing)
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Transition
Modal (suction and 
blowing)

Wall
Non-catalytic
Thermal equilibrium
Adiabatic/isothermal

NSCBC
Characteristic BC 
extended to multi-
component 
thermochemical 
out-of-equilibrium flows

Mach number
9  - 12.5

Chemical dissociation/Chemical dissociation + Thermal non-equilibrium

Cases setup 

Inflow
Locally self-similar 
solution

Reynolds number
up to 6000

Freestream temperature
300 K – 600 K

<latexit sha1_base64="jU45K3mNFcVOmGVtGHBuUibAlv4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BFvBU0mKqMeiF49V7AekoWy2k3bpJht2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZekAiu0XG+rcLa+sbmVnG7tLO7t39QPjxqa5kqBi0mhVTdgGoQPIYWchTQTRTQKBDQCca3M7/zBEpzGT/iJAE/osOYh5xRNJL3ANV+D0eAtNovV5yaM4e9StycVEiOZr/81RtIlkYQIxNUa891EvQzqpAzAdNSL9WQUDamQ/AMjWkE2s/mJ0/tM6MM7FAqUzHac/X3REYjrSdRYDojiiO97M3E/zwvxfDaz3icpAgxWywKU2GjtGf/2wOugKGYGEKZ4uZWm42oogxNSiUTgrv88ipp12vuZe3ivl5p3ORxFMkJOSXnxCVXpEHuSJO0CCOSPJNX8mah9WK9Wx+L1oKVzxyTP7A+fwB+kJC/</latexit>

Re✓

CNEAdia M=10
TCNECool M=12.5
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<latexit sha1_base64="ZtDUGFMAvznTCzlAB2DDiphsaB8=">AAAB+XicbVDLTgJBEOz1ifha9ehlIph4kewSoh6JXjxiIo8EkMwOszBh9pGZXhKy4U+8eNAYr/6JN//GAfagYCWdVKq6093lxVJodJxva219Y3NrO7eT393bPzi0j44bOkoU43UWyUi1PKq5FCGvo0DJW7HiNPAkb3qju5nfHHOlRRQ+4iTm3YAOQuELRtFIPdsudlAEXBPXeUovK9Nizy44JWcOskrcjBQgQ61nf3X6EUsCHiKTVOu268TYTalCwSSf5juJ5jFlIzrgbUNDarZ10/nlU3JulD7xI2UqRDJXf0+kNNB6EnimM6A41MveTPzPayfo33RTEcYJ8pAtFvmJJBiRWQykLxRnKCeGUKaEuZWwIVWUoQkrb0Jwl19eJY1yyb0qVR7KheptFkcOTuEMLsCFa6jCPdSgDgzG8Ayv8Gal1ov1bn0sWtesbOYE/sD6/AGNfJJQ</latexit>
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Cf

<latexit sha1_base64="hTwFxOQFA3HKF1Nv055rqRGqe7A=">AAACCXicbVC7SgNBFJ2N7/hatbQZjEIsjLsiainaWEYwRsiuy+zkJhmcfTBzVxJCWht/xcZCEVv/wM6/cZJsocYDA4dz7uXOOWEqhUbH+bIKU9Mzs3PzC8XFpeWVVXtt/VonmeJQ44lM1E3INEgRQw0FSrhJFbAolFAP786Hfv0elBZJfIW9FPyItWPREpyhkQKbbpe7e93A2d33miCR3XoamQo8hC72RTzYDuySU3FGoJPEzUmJ5KgG9qfXTHgWQYxcMq0brpOi32cKBZcwKHqZhpTxO9aGhqExi0D7/VGSAd0xSpO2EmVejHSk/tzos0jrXhSayYhhR//1huJ/XiPD1olvAqUZQszHh1qZpJjQYS20KRRwlD1DGFfC/JXyDlOMoymvaEpw/0aeJNcHFfeocnh5UDo9y+uYJ5tki5SJS47JKbkgVVIjnDyQJ/JCXq1H69l6s97HowUr39kgv2B9fANn/5mP</latexit>

(x� x0)/�?in
<latexit sha1_base64="hTwFxOQFA3HKF1Nv055rqRGqe7A=">AAACCXicbVC7SgNBFJ2N7/hatbQZjEIsjLsiainaWEYwRsiuy+zkJhmcfTBzVxJCWht/xcZCEVv/wM6/cZJsocYDA4dz7uXOOWEqhUbH+bIKU9Mzs3PzC8XFpeWVVXtt/VonmeJQ44lM1E3INEgRQw0FSrhJFbAolFAP786Hfv0elBZJfIW9FPyItWPREpyhkQKbbpe7e93A2d33miCR3XoamQo8hC72RTzYDuySU3FGoJPEzUmJ5KgG9qfXTHgWQYxcMq0brpOi32cKBZcwKHqZhpTxO9aGhqExi0D7/VGSAd0xSpO2EmVejHSk/tzos0jrXhSayYhhR//1huJ/XiPD1olvAqUZQszHh1qZpJjQYS20KRRwlD1DGFfC/JXyDlOMoymvaEpw/0aeJNcHFfeocnh5UDo9y+uYJ5tki5SJS47JKbkgVVIjnDyQJ/JCXq1H69l6s97HowUr39kgv2B9fANn/5mP</latexit>

(x� x0)/�?in

<latexit sha1_base64="hTwFxOQFA3HKF1Nv055rqRGqe7A=">AAACCXicbVC7SgNBFJ2N7/hatbQZjEIsjLsiainaWEYwRsiuy+zkJhmcfTBzVxJCWht/xcZCEVv/wM6/cZJsocYDA4dz7uXOOWEqhUbH+bIKU9Mzs3PzC8XFpeWVVXtt/VonmeJQ44lM1E3INEgRQw0FSrhJFbAolFAP786Hfv0elBZJfIW9FPyItWPREpyhkQKbbpe7e93A2d33miCR3XoamQo8hC72RTzYDuySU3FGoJPEzUmJ5KgG9qfXTHgWQYxcMq0brpOi32cKBZcwKHqZhpTxO9aGhqExi0D7/VGSAd0xSpO2EmVejHSk/tzos0jrXhSayYhhR//1huJ/XiPD1olvAqUZQszHh1qZpJjQYS20KRRwlD1DGFfC/JXyDlOMoymvaEpw/0aeJNcHFfeocnh5UDo9y+uYJ5tki5SJS47JKbkgVVIjnDyQJ/JCXq1H69l6s97HowUr39kgv2B9fANn/5mP</latexit>

(x� x0)/�?in

Transition & chemistry

■ Species transport equation is in a locally self similar laminar boundary layer.           
The air mixture is increasingly more dissociated as it flows along the flat plate 

■ Occurrence of turbulence reduces chemical dissociation of the mixture. Chemical 
dissociation is slower than the turbulent characteristic time scale

Locally self-similar solution

<latexit sha1_base64="l060eysTCz1UuvF1FyD9R7GTleo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbRD0WvXizgv2iXZZsmrahSXZJskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8SaciZpwzDDaTtWFIuQ01Y4vp35rSeqNIvko5nE1Bd4KNmAEWys1Cl3gvQ+qE7LQbHkVtw50CrxMlKCDPWg+NXrRyQRVBrCsdZdz42Nn2JlGOF0WuglmsaYjPGQdi2VWFDtp/ODp+jMKn00iJQtadBc/T2RYqH1RIS2U2Az0sveTPzP6yZmcO2nTMaJoZIsFg0SjkyEZt+jPlOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLysVDtVS7yeLIwwmcwjl4cAU1uIM6NICAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QO1FI+z</latexit>

YO2

<latexit sha1_base64="C8O0Sx2Ato3/V9IJy03RRWosGRY=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTERxEPcDaIeg148RjAPSOIyO+kkQ2YfzPSKcc3BX/HiQRGv/oY3/8ZJsgdNLGgoqrrp7vIiwRXa9rcxN7+wuLScWcmurq1vbJpb21UVxpJBhYUilHWPKhA8gApyFFCPJFDfE1Dz+pcjv3YHUvEwuMFBBC2fdgPe4YyillxzN/9w3GyDQHp75DYR7jHhwTDvmjm7YI9hzRInJTmSouyaX812yGIfAmSCKtVw7AhbCZXImYBhthkriCjr0y40NA2oD6qVjO8fWgdaaVudUOoK0BqrvycS6is18D3d6VPsqWlvJP7nNWLsnLf0Q1GMELDJok4sLAytURhWm0tgKAaaUCa5vtViPSopQx1ZVofgTL88S6rFgnNaOLku5koXaRwZskf2ySFxyBkpkStSJhXCyCN5Jq/kzXgyXox342PSOmekMzvkD4zPH2xSlbw=</latexit> z/
�⇤ in

CNEAdia

<latexit sha1_base64="h5kqrroJrWhNKeVUOh+Cy2SRykE=">AAAB/nicbVDLSsNAFJ34rPUVFVdugq3gQkpSRF0W3bisYB/ShjCZ3LRDJ5MwM7GUEPBX3LhQxK3f4c6/cfpYaOuBC4dz7uXee/yEUals+9tYWl5ZXVsvbBQ3t7Z3ds29/aaMU0GgQWIWi7aPJTDKoaGoYtBOBODIZ9DyBzdjv/UIQtKY36tRAm6Ee5yGlGClJc88LHeHNABFWQDZQ+5l/GyYlz2zZFfsCaxF4sxICc1Q98yvbhCTNAKuCMNSdhw7UW6GhaKEQV7sphISTAa4Bx1NOY5Autnk/Nw60UpghbHQxZU1UX9PZDiSchT5ujPCqi/nvbH4n9dJVXjlZpQnqQJOpovClFkqtsZZWAEVQBQbaYKJoPpWi/SxwETpxIo6BGf+5UXSrFaci8r5XbVUu57FUUBH6BidIgddohq6RXXUQARl6Bm9ojfjyXgx3o2PaeuSMZs5QH9gfP4AJKGVnA==</latexit>

eYn,w
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Transition & thermal excitation (I)

<latexit sha1_base64="I+qlm/W2d3uIRuACURkudW1rEII=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CbaCF8tuEfVY9CJ4qdAv2C4lm2bb0GyyJFmhlP4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53c2vrG5lZ+u7Czu7d/UDw8ammZKkKbRHKpOiHWlDNBm4YZTjuJojgOOW2Ho7uZ336iSjMpGmac0CDGA8EiRrCxkl9uXDR6rTLyH4JeseRW3DnQKvEyUoIM9V7xq9uXJI2pMIRjrX3PTUwwwcowwum00E01TTAZ4QH1LRU4pjqYzE+eojOr9FEklS1h0Fz9PTHBsdbjOLSdMTZDvezNxP88PzXRTTBhIkkNFWSxKEo5MhLN/kd9pigxfGwJJorZWxEZYoWJsSkVbAje8surpFWteFeVy8dqqXabxZGHEziFc/DgGmpwD3VoAgEJz/AKb45xXpx352PRmnOymWP4A+fzBy2Aj+Q=</latexit>

T � TV [K]

■ Transition to turbulence changes the distribution of 
thermal non-equilibrium

■ Temperatures difference is positive everywhere in the 
laminar region; as the flow transitions, a vibrational over 
excited state is encountered at the edge

■ NOTE: thermal non-equilibrium decreases as increasing 
Reynolds number. A companion fully laminar simulation 
presents thermal equilibrium by the end of the domain

TCNECool
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Transition & thermal excitation (II)

<latexit sha1_base64="I+qlm/W2d3uIRuACURkudW1rEII=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CbaCF8tuEfVY9CJ4qdAv2C4lm2bb0GyyJFmhlP4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53c2vrG5lZ+u7Czu7d/UDw8ammZKkKbRHKpOiHWlDNBm4YZTjuJojgOOW2Ho7uZ336iSjMpGmac0CDGA8EiRrCxkl9uXDR6rTLyH4JeseRW3DnQKvEyUoIM9V7xq9uXJI2pMIRjrX3PTUwwwcowwum00E01TTAZ4QH1LRU4pjqYzE+eojOr9FEklS1h0Fz9PTHBsdbjOLSdMTZDvezNxP88PzXRTTBhIkkNFWSxKEo5MhLN/kd9pigxfGwJJorZWxEZYoWJsSkVbAje8surpFWteFeVy8dqqXabxZGHEziFc/DgGmpwD3VoAgEJz/AKb45xXpx352PRmnOymWP4A+fzBy2Aj+Q=</latexit>

T � TV [K]

<latexit sha1_base64="OBwXq914MIyETEmGOhodc2qecPY=">AAACA3icbVDJSgNBEO2JW4xb1JteGhPBU5gRUY+iHgQvEbJBMoSenkrSpGehu0YJQ8CLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVc+LpdBo299WZmFxaXklu5pbW9/Y3Mpv79R0lCgOVR7JSDU8pkGKEKooUEIjVsACT0Ld61+N/Po9KC2isIKDGNyAdUPREZyhkdr5vWLrGiQy2noQPqCQPqSVYZE2b912vmCX7DHoPHGmpECmKLfzXy0/4kkAIXLJtG46doxuyhQKLmGYayUaYsb7rAtNQ0MWgHbT8Q9DemgUn3YiZSpEOlZ/T6Qs0HoQeKYzYNjTs95I/M9rJtg5d1MRxglCyCeLOomkGNFRINQXCjjKgSGMK2FupbzHFONoYsuZEJzZl+dJ7bjknJZO7o4LF5fTOLJknxyQI+KQM3JBbkiZVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AK9Sluo=</latexit>

� eT [K] ■ Shock-impingement on a transitional 
boundary layer

■ High thermal non-equilibrium

■ Extreme vibrational excitation at the shock 
impingement

<latexit sha1_base64="fcQyUM+6lcc5Kk04leLYCYyymcU=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTti1JJoY4mJgAYI2Vv2YMPu3mV3zkgu/AobC42x9efY+W9c4AoFXzLJy3szmZkXxIIb9LxvJ7eyura+kd8sbG3v7O4V9w+aJko0ZQ0aiUjfB8QwwRVrIEfB7mPNiAwEawWj66nfemTa8Ejd4ThmXUkGioecErTSQ7kzJJg+Tcq9YsmreDO4y8TPSAky1HvFr04/oolkCqkgxrR9L8ZuSjRyKtik0EkMiwkdkQFrW6qIZKabzg6euCdW6bthpG0pdGfq74mUSGPGMrCdkuDQLHpT8T+vnWB42U25ihNkis4XhYlwMXKn37t9rhlFMbaEUM3trS4dEk0o2owKNgR/8eVl0qxW/PPK2W21VLvK4sjDERzDKfhwATW4gTo0gIKEZ3iFN0c7L8678zFvzTnZzCH8gfP5A23EkCw=</latexit>

x̂

<latexit sha1_base64="38ND+a6nrCiRHA9WfxSCrJyA4z8=">AAACB3icbVC7SgNBFJ2Nrxhfq5aCLCaCWITdIGoZtLGMYB6QjWF2cjcZMvtg5q4Ylu1s/BUbC0Vs/QU7/8bJo9DogYHDOfdy5xwvFlyhbX8ZuYXFpeWV/GphbX1jc8vc3mmoKJEM6iwSkWx5VIHgIdSRo4BWLIEGnoCmN7wc+807kIpH4Q2OYugEtB9ynzOKWuqa+yXXl5Sloyx1eyCQ3h53XYR7THmYZaWuWbTL9gTWX+LMSJHMUOuan24vYkkAITJBlWo7doydlErkTEBWcBMFMWVD2oe2piENQHXSSY7MOtRKz/IjqV+I1kT9uZHSQKlR4OnJgOJAzXtj8T+vnaB/3tGJ4gQhZNNDfiIsjKxxKVaPS2AoRppQJrn+q8UGVPeCurqCLsGZj/yXNCpl57R8cl0pVi9mdeTJHjkgR8QhZ6RKrkiN1AkjD+SJvJBX49F4Nt6M9+lozpjt7JJfMD6+AZGHmcQ=</latexit> y
�⇤in
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<latexit sha1_base64="wrS4dg9f4ZLDXjjWRe1cj3t6uZ4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64ELJ+fcS+49QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsY32Z+e0KVZlI8mmlM/QgPBQsZwcZK/sOYCRQqRrJXv1xxq+4caJV4OalAjka//NUbSJJEVBjCsdZdz42Nn2JlGOF0VuolmsaYjPGQdi0VOKLaT+dLz9CZVQYolMqWMGiu/p5IcaT1NApsZ4TNSC97mfif101MeO2nTMSJoYIsPgoTjoxEWQJowBQlhk8twUQxuysiI6wwMTankg3BWz55lbRqVe+yenFfq9Rv8jiKcAKncA4eXEEd7qABTSDwBM/wCm/OxHlx3p2PRWvByWeO4Q+czx+8T5IW</latexit>

Skin friction

Second-mode transition

<latexit sha1_base64="hTwFxOQFA3HKF1Nv055rqRGqe7A=">AAACCXicbVC7SgNBFJ2N7/hatbQZjEIsjLsiainaWEYwRsiuy+zkJhmcfTBzVxJCWht/xcZCEVv/wM6/cZJsocYDA4dz7uXOOWEqhUbH+bIKU9Mzs3PzC8XFpeWVVXtt/VonmeJQ44lM1E3INEgRQw0FSrhJFbAolFAP786Hfv0elBZJfIW9FPyItWPREpyhkQKbbpe7e93A2d33miCR3XoamQo8hC72RTzYDuySU3FGoJPEzUmJ5KgG9qfXTHgWQYxcMq0brpOi32cKBZcwKHqZhpTxO9aGhqExi0D7/VGSAd0xSpO2EmVejHSk/tzos0jrXhSayYhhR//1huJ/XiPD1olvAqUZQszHh1qZpJjQYS20KRRwlD1DGFfC/JXyDlOMoymvaEpw/0aeJNcHFfeocnh5UDo9y+uYJ5tki5SJS47JKbkgVVIjnDyQJ/JCXq1H69l6s97HowUr39kgv2B9fANn/5mP</latexit>

(x� x0)/�?in

<latexit sha1_base64="C8O0Sx2Ato3/V9IJy03RRWosGRY=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTERxEPcDaIeg148RjAPSOIyO+kkQ2YfzPSKcc3BX/HiQRGv/oY3/8ZJsgdNLGgoqrrp7vIiwRXa9rcxN7+wuLScWcmurq1vbJpb21UVxpJBhYUilHWPKhA8gApyFFCPJFDfE1Dz+pcjv3YHUvEwuMFBBC2fdgPe4YyillxzN/9w3GyDQHp75DYR7jHhwTDvmjm7YI9hzRInJTmSouyaX812yGIfAmSCKtVw7AhbCZXImYBhthkriCjr0y40NA2oD6qVjO8fWgdaaVudUOoK0BqrvycS6is18D3d6VPsqWlvJP7nNWLsnLf0Q1GMELDJok4sLAytURhWm0tgKAaaUCa5vtViPSopQx1ZVofgTL88S6rFgnNaOLku5koXaRwZskf2ySFxyBkpkStSJhXCyCN5Jq/kzXgyXox342PSOmekMzvkD4zPH2xSlbw=</latexit> z/
�⇤ in

<latexit sha1_base64="g0FlrHvhQwtEw7MgZnCe0kZ2xWU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jGoB08SiXlAsoTZyWwyZHZ2mekVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8GbqN5+4NiJWjzhKuB/RvhKhYBStVLu9r3ULRbfkzkCWiZeRImSodgtfnV7M0ogrZJIa0/bcBP0x1SiY5JN8JzU8oWxI+7xtqaIRN/54duqEnFqlR8JY21JIZurviTGNjBlFge2MKA7MojcV//PaKYZX/lioJEWu2HxRmEqCMZn+TXpCc4ZyZAllWthbCRtQTRnadPI2BG/x5WXSKJe8i9L5Q7lYuc7iyMExnMAZeHAJFbiDKtSBQR+e4RXeHOm8OO/Ox7x1xclmjuAPnM8f2GqNhA==</latexit>

DNS

<latexit sha1_base64="+VSP7825gJhBQ9AsXtbeq2DuHvw=">AAACBnicbZDLSgMxFIbPeK31NupShGARBKHMFG+4KtpFN0IFe4F2KJk004ZmLiQZoZau3Pgqblwo4tZncOfbmGlH0NYDIR//fw7J+d2IM6ks68uYm19YXFrOrGRX19Y3Ns2t7ZoMY0FolYQ8FA0XS8pZQKuKKU4bkaDYdzmtu/2rxK/fUSFZGNyqQUQdH3cD5jGClZba5l7punSBbMtC/fI9OkInP1BI7raZs/LWuNAs2CnkIK1K2/xsdUIS+zRQhGMpm7YVKWeIhWKE01G2FUsaYdLHXdrUGGCfSmc4XmOEDrTSQV4o9AkUGqu/J4bYl3Lgu7rTx6onp71E/M9rxso7d4YsiGJFAzJ5yIs5UiFKMkEdJihRfKABE8H0XxHpYYGJ0slldQj29MqzUCvk7dP88U0hV7xM48jALuzDIdhwBkUoQwWqQOABnuAFXo1H49l4M94nrXNGOrMDf8r4+AbSOpTo</latexit>

DMD: 100 kHz + 50 kHz + 2 kHz

11

CNEAdia

<latexit sha1_base64="Mw8EZ8+a9kcWhs8gBbfdFVsrBeY=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xESRhN6RbutDQbde2S0I2/A4vHjTGqz/Gm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVCbGmnAnaMsxw2kkUxXHI6WM4up35j2OqNJPiwUwSGsR4IFjECDZWCqq+wCHHyFdDWe2VK27NnQOtEi8nFcjR7JW//L4kaUyFIRxr3fXcxAQZVoYRTqclP9U0wWSEB7RrqcAx1UE2P3qKzqzSR5FUtoRBc/X3RIZjrSdxaDtjbIZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHJkJJolgPpMUWL4xBJMFLO3IjLEChNjcyrZELzll1dJu17zLmsX9/VK4yaPowgncArn4MEVNOAOmtACAk/wDK/w5oydF+fd+Vi0Fpx85hj+wPn8AbS3kWo=</latexit>

r⇢

<latexit sha1_base64="p0tF9v0hEdUAUAaIgAC3xcLOot0=">AAACBHicbVC7TsMwFL3hWcorwNjFokViKkmFgLGChbFI9CG1UeS4TmvVech2EFXUgYVfYWEAIVY+go2/wWkjBC1HsnR8zr3XvseLOZPKsr6MpeWV1bX1wkZxc2t7Z9fc22/JKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje6yvz2HRWSReGtGsfUCfAgZD4jWGnJNUuVXoyFYpijxB2d/Fzu3VHFNctW1ZoCLRI7J2XI0XDNz14/IklAQ0U4lrJrW7Fy0mwk4XRS7CWSxpiM8IB2NQ1xQKWTTpeYoCOt9JEfCX1Chabq744UB1KOA09XBlgN5byXif953UT5F07KwjhRNCSzh/yEIxWhLBHUZ4ISxceaYCKY/isiQywwUTq3og7Bnl95kbRqVfusenpTK9cv8zgKUIJDOAYbzqEO19CAJhB4gCd4gVfj0Xg23oz3WemSkfccwB8YH9/FDZeK</latexit>

@uk/@xk



Turbulence dynamics
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<latexit sha1_base64="OJUA25DNKaV1mX3EvXfEo4YQMEk=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxkTwFGaCqMegFw8eImSDZAg9nZqkSc9id00wDPkOLx4U8erHePNv7CwHTXxQ8Hiviqp6XiyFRtv+tjJr6xubW9nt3M7u3v5B/vCooaNEcajzSEaq5TENUoRQR4ESWrECFngSmt7wduo3R6C0iMIajmNwA9YPhS84QyO5xaTbQXjCtHY/KXbzBbtkz0BXibMgBbJAtZv/6vQingQQIpdM67Zjx+imTKHgEia5TqIhZnzI+tA2NGQBaDedHT2hZ0bpUT9SpkKkM/X3RMoCrceBZzoDhgO97E3F/7x2gv61m4owThBCPl/kJ5JiRKcJ0J5QwFGODWFcCXMr5QOmGEeTU86E4Cy/vEoa5ZJzWbp4KBcqN4s4suSEnJJz4pArUiF3pErqhJNH8kxeyZs1sl6sd+tj3pqxFjPH5A+szx9eU5HY</latexit>uTL

<latexit sha1_base64="o79YctqAeCxCHzE8lcz6e5Mnazc=">AAAB9XicbVBNS8NAEJ34WetX1aOXYCt4KkkR9VgU1ItQwX5AG8tmu22XbjZhd6KW0P/hxYMiXv0v3vw3btsctPXBwOO9GWbm+ZHgGh3n21pYXFpeWc2sZdc3Nre2czu7NR3GirIqDUWoGj7RTHDJqshRsEakGAl8wer+4GLs1x+Y0jyUdziMmBeQnuRdTgka6b4Qt1vInjC5urwZFdq5vFN0JrDniZuSPKSotHNfrU5I44BJpIJo3XSdCL2EKORUsFG2FWsWETogPdY0VJKAaS+ZXD2yD43SsbuhMiXRnqi/JxISaD0MfNMZEOzrWW8s/uc1Y+yeeQmXUYxM0umibixsDO1xBHaHK0ZRDA0hVHFzq037RBGKJqisCcGdfXme1EpF96R4fFvKl8/TODKwDwdwBC6cQhmuoQJVoKDgGV7hzXq0Xqx362PaumClM3vwB9bnD9+/khw=</latexit>uGFM

<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

<latexit sha1_base64="UAMfp4ZC5MsSXlcJjgkSY4rLskw=">AAAB9XicbVBNTwIxEO3iF+IX6tFLI5h4IrvEqEeiF4+YyEcCK+mWLjS03U07q5IN/8OLB43x6n/x5r+xwB4UfMkkL+/NZGZeEAtuwHW/ndzK6tr6Rn6zsLW9s7tX3D9omijRlDVoJCLdDohhgivWAA6CtWPNiAwEawWj66nfemDa8EjdwThmviQDxUNOCVjpvpz0usCeINXSTMq9YsmtuDPgZeJlpIQy1HvFr24/oolkCqggxnQ8NwY/JRo4FWxS6CaGxYSOyIB1LFVEMuOns6sn+MQqfRxG2pYCPFN/T6REGjOWge2UBIZm0ZuK/3mdBMJLP+UqToApOl8UJgJDhKcR4D7XjIIYW0Ko5vZWTIdEEwo2qIINwVt8eZk0qxXvvHJ2Wy3VrrI48ugIHaNT5KELVEM3qI4aiCKNntErenMenRfn3fmYt+acbOYQ/YHz+QOXG5KU</latexit>urms

■ Existing compressible scaling can be used, as long as Morkovin’s hypothesis stands

■ Qualitative similar behavior to cryogenic hypersonic boundary layers

Zhang et al. (2018)

Xu et al. (2021)

Zhang et al. (2018)

<latexit sha1_base64="D3v3Ygdk+ReMg2t3EyxLU3e4bXQ=">AAAB7XicbVBNSwMxEJ31s9avqkcvwVbwVHZLUS9C0YsXoYL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz84KYM21c99tZWV1b39jMbeW3d3b39gsHh00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQz9VtPVGkmxYMZx9SP8ECwkBFsrNQs3V151VKvUHTL7gxomXgZKUKGeq/w1e1LkkRUGMKx1h3PjY2fYmUY4XSS7yaaxpiM8IB2LBU4otpPZ9dO0KlV+iiUypYwaKb+nkhxpPU4CmxnhM1QL3pT8T+vk5jw0k+ZiBNDBZkvChOOjETT11GfKUoMH1uCiWL2VkSGWGFibEB5G4K3+PIyaVbK3nm5el8p1q6zOHJwDCdwBh5cQA1uoQ4NIPAIz/AKb450Xpx352PeuuJkM0fwB87nD8XejfQ=</latexit>

M = 14

<latexit sha1_base64="TBifKdUkeC1IQXWtRfQqm63hX1o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IU0V6EohcvQgXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HT5qCtDwYe780wM8+POVPatr+twtr6xuZWcbu0s7u3f1A+PGqrKJGEuiTikez6WFHOBHU105x2Y0lx6HPa8Se3md95olKxSDzqaUy9EI8ECxjB2khu9f66UR2UK3bNngOtEicnFcjRGpS/+sOIJCEVmnCsVM+xY+2lWGpGOJ2V+omiMSYTPKI9QwUOqfLS+bEzdGaUIQoiaUpoNFd/T6Q4VGoa+qYzxHqslr1M/M/rJTpoeCkTcaKpIItFQcKRjlD2ORoySYnmU0MwkczcisgYS0y0yadkQnCWX14l7XrNuaxdPNQrzZs8jiKcwCmcgwNX0IQ7aIELBBg8wyu8WcJ6sd6tj0VrwcpnjuEPrM8fW7KNvQ==</latexit>

M = 8

<latexit sha1_base64="TBifKdUkeC1IQXWtRfQqm63hX1o=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IU0V6EohcvQgXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HT5qCtDwYe780wM8+POVPatr+twtr6xuZWcbu0s7u3f1A+PGqrKJGEuiTikez6WFHOBHU105x2Y0lx6HPa8Se3md95olKxSDzqaUy9EI8ECxjB2khu9f66UR2UK3bNngOtEicnFcjRGpS/+sOIJCEVmnCsVM+xY+2lWGpGOJ2V+omiMSYTPKI9QwUOqfLS+bEzdGaUIQoiaUpoNFd/T6Q4VGoa+qYzxHqslr1M/M/rJTpoeCkTcaKpIItFQcKRjlD2ORoySYnmU0MwkczcisgYS0y0yadkQnCWX14l7XrNuaxdPNQrzZs8jiKcwCmcgwNX0IQ7aIELBBg8wyu8WcJ6sd6tj0VrwcpnjuEPrM8fW7KNvQ==</latexit>

M = 8

<latexit sha1_base64="cm9Pa1MXmDU2T33tcTfinB/qYM8=">AAAB+nicbVDLSgMxFM3UV62vqS7dBFvBhQwzxddGKLpxI1SwD2iHkknvtKGZB0lGKWM/xY0LRdz6Je78G9N2Ftp64MLhnHuTe48XcyaVbX8buaXlldW1/HphY3Nre8cs7jZklAgKdRrxSLQ8IoGzEOqKKQ6tWAAJPA5Nb3g98ZsPICSLwns1isENSD9kPqNEaalrFmsCJITqGJdvL52KdVrumiXbsqfAi8TJSAllqHXNr04vokmgX6GcSNl27Fi5KRGKUQ7jQieREBM6JH1oaxqSAKSbTlcf40Ot9LAfCV2hwlP190RKAilHgac7A6IGct6biP957UT5F27KwjhRENLZR37CsYrwJAfcYwKo4iNNCBVM74rpgAhClU6roENw5k9eJI2K5ZxZJ3eVUvUqiyOP9tEBOkIOOkdVdINqqI4oekTP6BW9GU/Gi/FufMxac0Y2s4f+wPj8AWJvkiE=</latexit>

Present, M = 12.5

TCNECool
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Compressibility effects

<latexit sha1_base64="hTwFxOQFA3HKF1Nv055rqRGqe7A=">AAACCXicbVC7SgNBFJ2N7/hatbQZjEIsjLsiainaWEYwRsiuy+zkJhmcfTBzVxJCWht/xcZCEVv/wM6/cZJsocYDA4dz7uXOOWEqhUbH+bIKU9Mzs3PzC8XFpeWVVXtt/VonmeJQ44lM1E3INEgRQw0FSrhJFbAolFAP786Hfv0elBZJfIW9FPyItWPREpyhkQKbbpe7e93A2d33miCR3XoamQo8hC72RTzYDuySU3FGoJPEzUmJ5KgG9qfXTHgWQYxcMq0brpOi32cKBZcwKHqZhpTxO9aGhqExi0D7/VGSAd0xSpO2EmVejHSk/tzos0jrXhSayYhhR//1huJ/XiPD1olvAqUZQszHh1qZpJjQYS20KRRwlD1DGFfC/JXyDlOMoymvaEpw/0aeJNcHFfeocnh5UDo9y+uYJ5tki5SJS47JKbkgVVIjnDyQJ/JCXq1H69l6s97HowUr39kgv2B9fANn/5mP</latexit>

(x� x0)/�?in

<latexit sha1_base64="WVPNmI96YMFKOuMJozS6NpwOhWU=">AAAB83icbVDLSsNAFL2pr1pfVZduBltBXNSkiLosunFZwT6giWUymbRDJ5MwMxFC6G+4caGIW3/GnX/j9LHQ1gMXDufcy733+AlnStv2t1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuz5WlDNBW5ppTruJpDjyOe34o9uJ33miUrFYPOgsoV6EB4KFjGBtJLeanbsB5Ro/nlX75Ypds6dAy8SZkwrM0eyXv9wgJmlEhSYcK9Vz7ER7OZaaEU7HJTdVNMFkhAe0Z6jAEVVePr15jE6MEqAwlqaERlP190SOI6WyyDedEdZDtehNxP+8XqrDay9nIkk1FWS2KEw50jGaBIACJinRPDMEE8nMrYgMscREm5hKJgRn8eVl0q7XnMvaxX290riZx1GEIziGU3DgChpwB01oAYEEnuEV3qzUerHerY9Za8GazxzCH1ifP7uekNc=</latexit> y/
�⇤

<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

■ High-turbulent Mach number; strong compressibility effects, mainly at boundary 
layer edge

<latexit sha1_base64="jkrW4+tIsOHvYujyw/8Skf4Gim4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BFvBU0mKqMeiFy9CBdMW2lA22027dLMJuxOhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0gE1+g431ZhbX1jc6u4XdrZ3ds/KB8etXScKso8GotYdQKimeCSechRsE6iGIkCwdrB+Hbmt5+Y0jyWjzhJmB+RoeQhpwSN5FXv+1jtlytOzZnDXiVuTiqQo9kvf/UGMU0jJpEKonXXdRL0M6KQU8GmpV6qWULomAxZ11BJIqb9bH7s1D4zysAOY2VKoj1Xf09kJNJ6EgWmMyI40sveTPzP66YYXvsZl0mKTNLFojAVNsb27HN7wBWjKCaGEKq4udWmI6IIRZNPyYTgLr+8Slr1mntZu3ioVxo3eRxFOIFTOAcXrqABd9AEDyhweIZXeLOk9WK9Wx+L1oKVzxzDH1ifP+qqjhs=</latexit>

Mt

<latexit sha1_base64="Mw8EZ8+a9kcWhs8gBbfdFVsrBeY=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xESRhN6RbutDQbde2S0I2/A4vHjTGqz/Gm//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVCbGmnAnaMsxw2kkUxXHI6WM4up35j2OqNJPiwUwSGsR4IFjECDZWCqq+wCHHyFdDWe2VK27NnQOtEi8nFcjR7JW//L4kaUyFIRxr3fXcxAQZVoYRTqclP9U0wWSEB7RrqcAx1UE2P3qKzqzSR5FUtoRBc/X3RIZjrSdxaDtjbIZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHJkJJolgPpMUWL4xBJMFLO3IjLEChNjcyrZELzll1dJu17zLmsX9/VK4yaPowgncArn4MEVNOAOmtACAk/wDK/w5oydF+fd+Vi0Fpx85hj+wPn8AbS3kWo=</latexit>

r⇢
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<latexit sha1_base64="MN3Z02UJ057hSIVLoB0NLs+0C8k=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CbaCp5IUUY9FLx4r2A9pQ9hsJu3SzSbsbiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fsKoVLb9bRTW1jc2t4rbpZ3dvf0Ds3zYlnEqCLRIzGLR9bEERjm0FFUMuokAHPkMOv7oZuZ3HkFIGvN7NUnAjfCA05ASrLTkmeVqf0wDUJQFkD1MPV71zIpds+ewVomTkwrK0fTMr34QkzQCrgjDUvYcO1FuhoWihMG01E8lJJiM8AB6mnIcgXSz+elT61QrgRXGQhdX1lz9PZHhSMpJ5OvOCKuhXPZm4n9eL1XhlZtRnqQKOFksClNmqdia5WAFVABRbKIJJoLqWy0yxAITpdMq6RCc5ZdXSbtecy5q53f1SuM6j6OIjtEJOkMOukQNdIuaqIUIGqNn9IrejCfjxXg3PhatBSOfOUJ/YHz+AAOkk9k=</latexit>

eYn

<latexit sha1_base64="YAt0COtWd6IJGSypcgqaTMNWqwg=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CbaCBylJEfVY9OKxgv2QNoTNdtMu3WzC7kRaQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZ58ecKbDtb6Owtr6xuVXcLu3s7u0fmIfltooSSWiLRDySXR8rypmgLWDAaTeWFIc+px1/fDvzO09UKhaJB5jG1A3xULCAEQxa8sxy9dFLxXkf6ARSGaosq3pmxa7Zc1irxMlJBeVoeuZXfxCRJKQCCMdK9Rw7BjfFEhjhNCv1E0VjTMZ4SHuaChxS5abz2zPrVCsDK4ikLgHWXP09keJQqWno684Qw0gtezPxP6+XQHDtpkzECVBBFouChFsQWbMgrAGTlACfaoKJZPpWi4ywxAR0XCUdgrP88ipp12vOZe3ivl5p3ORxFNExOkFnyEFXqIHuUBO1EEET9Ixe0ZuRGS/Gu/GxaC0Y+cwR+gPj8wfvnpRj</latexit>

Yn,rms

■ Relatively small chemical dissociation. Decoupling of flow and 
chemical time scales (small Damkholer numbers)

■ Peak of species fluctuations matches peak of temperature fluctuations

■ Comparison against a frozen chemistry assumption (i.e., no chemical 
activity) reveals that temperature fluctuations decrease due to the 
endothermic nature of the reactions

<latexit sha1_base64="6yI88k5kgG2wHEO9WEb4AvK869E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFPVY9OKxgmkLbSyb7aZdutmE3Y0QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWUSEJdEvFIdn2sKGeCupppTruxpDj0Oe34k9uZ33miUrFIPOg0pl6IR4IFjGBtJLeaPl5UB+WKXbPnQKvEyUkFcrQG5a/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BSdGWWIgkiaEhrN1d8TGQ6VSkPfdIZYj9WyNxP/83qJDq69jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrkUzIhOMsvr5J2veZc1hr39UrzJo+jCCdwCufgwBU04Q5a4AIBBs/wCm+WsF6sd+tj0Vqw8plj+APr8we9a439</latexit>

y+

<latexit sha1_base64="6yI88k5kgG2wHEO9WEb4AvK869E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFPVY9OKxgmkLbSyb7aZdutmE3Y0QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWUSEJdEvFIdn2sKGeCupppTruxpDj0Oe34k9uZ33miUrFIPOg0pl6IR4IFjGBtJLeaPl5UB+WKXbPnQKvEyUkFcrQG5a/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BSdGWWIgkiaEhrN1d8TGQ6VSkPfdIZYj9WyNxP/83qJDq69jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrkUzIhOMsvr5J2veZc1hr39UrzJo+jCCdwCufgwBU04Q5a4AIBBs/wCm+WsF6sd+tj0Vqw8plj+APr8we9a439</latexit>

y+

<latexit sha1_base64="6yI88k5kgG2wHEO9WEb4AvK869E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFPVY9OKxgmkLbSyb7aZdutmE3Y0QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWUSEJdEvFIdn2sKGeCupppTruxpDj0Oe34k9uZ33miUrFIPOg0pl6IR4IFjGBtJLeaPl5UB+WKXbPnQKvEyUkFcrQG5a/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BSdGWWIgkiaEhrN1d8TGQ6VSkPfdIZYj9WyNxP/83qJDq69jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrkUzIhOMsvr5J2veZc1hr39UrzJo+jCCdwCufgwBU04Q5a4AIBBs/wCm+WsF6sd+tj0Vqw8plj+APr8we9a439</latexit>

y+

<latexit sha1_base64="QjjDwompm27OOZK+YST4QQ2Rgg0=">AAAB9XicbVBNSwMxEM36WetX1aOXYCt4KrtF1GPRi8cK/YJ2Ldk024Ym2SWZVcvS/+HFgyJe/S/e/Dem7R609cHA470ZZuYFseAGXPfbWVldW9/YzG3lt3d29/YLB4dNEyWasgaNRKTbATFMcMUawEGwdqwZkYFgrWB0M/VbD0wbHqk6jGPmSzJQPOSUgJXuS/VeF9gTpFqaSalXKLpldwa8TLyMFFGGWq/w1e1HNJFMARXEmI7nxuCnRAOngk3y3cSwmNARGbCOpYpIZvx0dvUEn1qlj8NI21KAZ+rviZRIY8YysJ2SwNAselPxP6+TQHjlp1zFCTBF54vCRGCI8DQC3OeaURBjSwjV3N6K6ZBoQsEGlbcheIsvL5NmpexdlM/vKsXqdRZHDh2jE3SGPHSJqugW1VADUaTRM3pFb86j8+K8Ox/z1hUnmzlCf+B8/gBji5Jz</latexit>

Trms

<latexit sha1_base64="1m4qy8m3g/J4oFgmvtHl62bfJus=">AAAB+XicbVDLSgNBEJz1GeNr1aOXxSB4MewGUY9BQTxGMA9IQpid9CZD5rHMzAbWJX/ixYMiXv0Tb/6Nk2QPmljQUFR1090Vxoxq4/vfzsrq2vrGZmGruL2zu7fvHhw2tEwUgTqRTKpWiDUwKqBuqGHQihVgHjJohqPbqd8cg9JUikeTxtDleCBoRAk2Vuq57p2STyDOyRC43abSnlvyy/4M3jIJclJCOWo996vTlyThIAxhWOt24Memm2FlKGEwKXYSDTEmIzyAtqUCc9DdbHb5xDu1St+LpLIljDdTf09kmGud8tB2cmyGetGbiv957cRE192MijgxIMh8UZQwz0hvGoPXpwqIYaklmChqb/XIECtMjA2raEMIFl9eJo1KObgsXzxUStWbPI4COkYn6AwF6ApV0T2qoToiaIye0St6czLnxXl3PuatK04+c4T+wPn8AdNwk8s=</latexit>

Frozen-chemistry

CNEAdia
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Turbulence & thermal excitation
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<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤ <latexit sha1_base64="yWpCD+teWB10s2eYpfMXdRETpOM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7pbRD0WvXis0C9ol5JNs21oNhuSrFKW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvkJxp47rfTm5tfWNzK79d2Nnd2z8oHh61dJwoQpsk5rHqBFhTzgRtGmY47UhFcRRw2g7GdzO//UiVZrFomImkfoSHgoWMYGOldrlx0eg/lfvFkltx50CrxMtICTLU+8Wv3iAmSUSFIRxr3fVcafwUK8MIp9NCL9FUYjLGQ9q1VOCIaj+dnztFZ1YZoDBWtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxIQ3fsqETAwVZLEoTDgyMZr9jgZMUWL4xBJMFLO3IjLCChNjEyrYELzll1dJq1rxriqXD9VS7TaLIw8ncArn4ME11OAe6tAEAmN4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/DRaOvA==</latexit>

T/Tw

<latexit sha1_base64="+0mn9qEw6nINDoto+6g2KWERMNs=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0iKqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v5B9fCorWWmCG0RyaXqhlhTzgRtGWY47aaK4iTktBOOb2d+54kqzaR4MJOUBgkeChYzgo2V2qkbubE7qNY815sDrRK/IDUo0BxUv/qRJFlChSEca93zvdQEOVaGEU6nlX6maYrJGA9pz1KBE6qDfH7tFJ1ZJUKxVLaEQXP190SOE60nSWg7E2xGetmbif95vczE10HORJoZKshiUZxxZCSavY4ipigxfGIJJorZWxEZYYWJsQFVbAj+8surpF13/Uv34r5ea9wUcZThBE7hHHy4ggbcQRNaQOARnuEV3hzpvDjvzseiteQUM8fwB87nD51CjoE=</latexit> p
.d
.f
.

<latexit sha1_base64="CDvrA13uBzBJasQr3Y8S2Ju7WCM=">AAACBHicbVC7TsMwFHXKq4RXgLGLRYvEVCUVAsRUwcLAUERfUhNFjuu0Vh0nsh2kqurAwq+wMIAQKx/Bxt/gphmg5UiWjs+9R/feEySMSmXb30ZhZXVtfaO4aW5t7+zuWfsHbRmnApMWjlksugGShFFOWooqRrqJICgKGOkEo+tZvfNAhKQxb6pxQrwIDTgNKUZKS75VutVGeQkrzYrrmvfjKIhZ9vXbFd8q21U7A1wmTk7KIEfDt77cfozTiHCFGZKy59iJ8iZIKIoZmZpuKkmC8AgNSE9TjiIivUl2xBQea6UPw1joxxXM1N+OCYqk1PvpzgipoVyszcT/ar1UhRfehPIkVYTj+aAwZVDFcJYI7FNBsGJjTRAWVO8K8RAJhJXOzdQhOIsnL5N2reqcVU/vauX6VR5HEZTAETgBDjgHdXADGqAFMHgEz+AVvBlPxovxbnzMWwtG7jkEf2B8/gBos5YH</latexit>

Lines: T
Symbols: TV
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<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

<latexit sha1_base64="bxiYs+NTfD8Z4leK1M6YYqRHhro=">AAACDXicbVDLSsNAFJ3UV62vqEs3wVYQFzUpoi6LblxJBfuAJobJdNIOnTyYuRFKyA+48VfcuFDErXt3/o2TNgutHriXwzn3MnOPF3MmwTS/tNLC4tLySnm1sra+sbmlb+90ZJQIQtsk4pHoeVhSzkLaBgac9mJBceBx2vXGl7nfvadCsii8hUlMnQAPQ+YzgkFJrl6r2b7AJLUHlAO+OzpOXBtwkqV5d9Nrt5FlNVevmnVzCuMvsQpSRQVarv5pDyKSBDQEwrGUfcuMwUmxAEY4zSp2ImmMyRgPaV/REAdUOun0msw4UMrA8COhKgRjqv7cSHEg5STw1GSAYSTnvVz8z+sn4J87KQvjBGhIZg/5CTcgMvJojAETlACfKIKJYOqvBhlhlQ6oACsqBGv+5L+k06hbp/WTm0a1eVHEUUZ7aB8dIgudoSa6Qi3URgQ9oCf0gl61R+1Ze9PeZ6MlrdjZRb+gfXwDVmGbvQ==</latexit>

�⇤/u⌧

⌧N2

■ Largest thermal non-equilibrium in the buffer layer

■ Large temperatures difference in the fully turbulent 
region, due to sweeps and ejections events

■ Main responsible for thermal non-equilibrium is 
molecular nitrogen (Damkholer number of order 1)

Ejections

TCNECool

<latexit sha1_base64="38f9aCy35z6zF3p63zEo3GK4QzQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqGXQxsIigvmA5Ahzm71kyd7esbsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVFHWpLGIVSdAzQSXrGm4EayTKIZRIFg7GN/O/PYTU5rH8tFMEuZHOJQ85BSNldr3GHGJql+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/d0rOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1OBlwxasTEEqSK21sJHaFCamxCJRuCt/zyKmnVqt5l9eKhVqnf5HEU4QRO4Rw8uII63EEDmkBhDM/wCm9O4rw4787HorXg5DPH8AfO5w9JUY+L</latexit>

Laminar
<latexit sha1_base64="NJ2BA0jXOCfS+zVjT5rb2Qr0omk=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FSSIuqx6MVjhX5BG8pku2mXbjZhdyOU0r/hxYMiXv0z3vw3btoctPWFhYd3ZpidN0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VZS1aCxi1Q1QM8ElaxluBOsmimEUCNYJJvdZvfPElOaxbJppwvwIR5KHnKKxVr+pUGqeIYpBueJW3YXIOng5VCBXY1D+6g9jmkZMGipQ657nJsafoTKcCjYv9VPNEqQTHLGeRYkR0/5s8ec5ubDOkISxsk8asnB/T8ww0noaBbYzQjPWq7XM/K/WS01468+4TFLDJF0uClNBTEyyAMiQK0aNmFpAquztlNAxKqTGxlSyIXirJ69Du1b1rqtXj7VK/S6PowhncA6X4MEN1OEBGtACCgk8wyu8Oanz4rw7H8vWgpPPnMIfOZ8/bD6R8Q==</latexit>

Transitional
<latexit sha1_base64="q6+c0JwH6VidGzxAkqklukRx46E=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmWFvqQdSibNtKFJZshDKEO/wo0LRdz6Oe78G9N2Ftp6IHA45x5y74lSzrTx/W9vbX1jc2u7sFPc3ds/OCwdHbd0YhWhTZLwRHUirClnkjYNM5x2UkWxiDhtR+O7md9+okqzRDbMJKWhwEPJYkawcdJjw6rIcipNv1T2K/4caJUEOSlDjnq/9NUbJMQKlyUca90N/NSEGVaGEU6nxZ7VNMVkjIe066jEguowmy88RedOGaA4Ue5Jg+bq70SGhdYTEblJgc1IL3sz8T+va018E2ZMptZQSRYfxZYjk6DZ9WjAFCWGTxzBRDG3KyIjrDAxrqOiKyFYPnmVtKqV4Kpy+VAt127zOgpwCmdwAQFcQw3uoQ5NICDgGV7hzVPei/fufSxG17w8cwJ/4H3+AB+1kKA=</latexit>

Turbulent
<latexit sha1_base64="q6+c0JwH6VidGzxAkqklukRx46E=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmWFvqQdSibNtKFJZshDKEO/wo0LRdz6Oe78G9N2Ftp6IHA45x5y74lSzrTx/W9vbX1jc2u7sFPc3ds/OCwdHbd0YhWhTZLwRHUirClnkjYNM5x2UkWxiDhtR+O7md9+okqzRDbMJKWhwEPJYkawcdJjw6rIcipNv1T2K/4caJUEOSlDjnq/9NUbJMQKlyUca90N/NSEGVaGEU6nxZ7VNMVkjIe066jEguowmy88RedOGaA4Ue5Jg+bq70SGhdYTEblJgc1IL3sz8T+va018E2ZMptZQSRYfxZYjk6DZ9WjAFCWGTxzBRDG3KyIjrDAxrqOiKyFYPnmVtKqV4Kpy+VAt127zOgpwCmdwAQFcQw3uoQ5NICDgGV7hzVPei/fufSxG17w8cwJ/4H3+AB+1kKA=</latexit>

Turbulent
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Considerations on closure modeling (I)
<latexit sha1_base64="ioaMqUi1muwCQl0F8tRqVTcIbPQ="></latexit>
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<latexit sha1_base64="RmAcxHeqS2KoUkuLVu+XHHapmtw="></latexit>
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�⇤<latexit sha1_base64="RmAcxHeqS2KoUkuLVu+XHHapmtw="></latexit>
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<latexit sha1_base64="QG8sJ9OnGLamub2VBwSIelNGrPg=">AAAB73icbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxo1QwT6gHUomzbSheYxJRiilP+HGhSJu/R13/o2ZdhbaeiBwOOcecu+JEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoJvNbT1QbpuSDHSc0FHggWcwItk5q3ylBpU1Fr1T2K/4MaJkEOSlDjnqv9NXtK5JmacKxMZ3AT2w4wdoywum02E0NTTAZ4QHtOCqxoCaczPadolOn9FGstHvSopn6OzHBwpixiNykwHZoFr1M/M/rpDa+CidMJqmlksw/ilOOrELZ8ajPNCWWjx3BRDO3KyJDrDGxrqKiKyFYPHmZNKuV4KJyfl8t167zOgpwDCdwBgFcQg1uoQ4NIMDhGV7hzXv0Xrx372M+uuLlmSP4A+/zB0jAkCM=</latexit>

Momentum

<latexit sha1_base64="1RpnUdtF7nQ2o9rPg1rqwU1FXbY=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRF1GXRjcsK9gFtKJPJTTt0MgkzE6XEfoobF4q49Uvc+TdO2iy09cCFwzn3ztx7/IQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUUmjTmMey5xMFnAloa6Y59BIJJPI5dP3JTe53H0AqFot7PU3Ai8hIsJBRoo00tKstIjUjHAcgFNMM1NCuOXVnDrxK3ILUUIHW0P4aBDFNIxCacqJU33US7WX5u5TDrDJIFSSETsgI+oYKEoHysvnqM3xqlACHsTQlNJ6rvycyEik1jXzTGRE9VsteLv7n9VMdXnkZE0mqQdDFR2HKsY5xngMOmASq+dQQQqW5nGI6JpJQbdKqmBDc5ZNXSadRdy/q53eNWvO6iKOMjtEJOkMuukRNdItaqI0oekTP6BW9WU/Wi/VufSxaS1Yxc4T+wPr8AVkMlBE=</latexit>

Partial densities

<latexit sha1_base64="D7u/xtx0YrCC2ggU4rBxI/jGHSc=">AAAB+3icbZBNS8NAEIYnftb6VevRy2IRPJWkiHosevFYwX5AG8pmO2mXbjZhdyOW0L/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0gE18Z1v5219Y3Nre3CTnF3b//gsHRUbuk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDurtx9RaR7LBzNJ0I/oUPKQM2qs1S+VWzxQc6aCoEQ1nPRLFbfqzkVWwcuhArka/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELsWJY1Q+9n89ik5s86AhLGyTxoyd39PZDTSehIFtjOiZqSXazPzv1o3NeG1n3GZpAYlWywKU0FMTGZBkAFXyIyYWKBMcXsrYSOqKDM2rqINwVv+8iq0alXvsnpxX6vUb/I4CnACp3AOHlxBHe6gAU1g8ATP8ApvztR5cd6dj0XrmpPPHMMfOZ8/MA6Uiw==</latexit>

Vibrational energy

<latexit sha1_base64="CiGCDSM4F+UMS1nqmkmFK1xenic=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0mKqMeiF48V+gVtKJvttF262YTdiRBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXxFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJko0hxaPZKS7ATMghYIWCpTQjTWwMJDQCab3c7/zBNqISDUxjcEP2ViJkeAMrdRvRsgkBQV6nA7KFbfqLkDXiZeTCsnRGJS/+sOIJyEo5JIZ0/PcGP2MaRRcwqzUTwzEjE/ZGHqWKhaC8bPFzTN6YZUhHUXalkK6UH9PZCw0Jg0D2xkynJhVby7+5/USHN36mVBxgqD4ctEokRQjOg+ADoUGjjK1hHEt7K2UT5hmHG1MJRuCt/ryOmnXqt519eqxVqnf5XEUyRk5J5fEIzekTh5Ig7QIJzF5Jq/kzUmcF+fd+Vi2Fpx85pT8gfP5A/n+kac=</latexit>

Total energy

<latexit sha1_base64="GaDAC5kYuEO/uqLVbJbm69HgAN0="></latexit>

⇢ (guiuj � euieuj) = ⌧SGS
ij � 1

3
⌧SGS
kk = �2µSGS

✓
eSij �

1

3
eSkk�ij

◆
,

⇢
⇣
ghuj � eh euj

⌘
= � µSGS

PrSGS

@eh
@xj

⇢
⇣
]Ynuj � eYneuj

⌘
= � µSGS

Scn,SGS

@ eYn

@xj
<latexit sha1_base64="VId7KEidLQ/lnRvaJIYPVM6+Rrc="></latexit>

⇢
�
]eV uj � feV euj

�
= � µSGS

PrSGS,V

@feV
@xj

<latexit sha1_base64="BH5e4Rf/soCFccKMo9b5fYEjgyw="></latexit>

⌧SGS
ij � 1

3
⌧SGS
kk = �2µSGS

✓
eSij �

1

3
eSkk�ij

◆

⌧SGS
kk = 2CI⇢�

2|S̃|2

16



0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

Re
θ
=3560

Re
θ
=5030

Re
θ
=6200

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2
N

O
2

O

■ Gradient assumption may be used, but with non-constant 
turbulent Prandtl number and turbulent Schmidt number

■ Vibrational turbulent heat flux can be modeled by means of a 
vibrational turbulent Prandtl number

<latexit sha1_base64="U+x3veNRKH5bX2nDprDlWY3C9Po=">AAAB8XicbVBNS8NAEN34WetX1aOXYCt4qkkR9Vj04rGC/cA2lM1m0i7dbMLuRCih/8KLB0W8+m+8+W/ctjlo64OBx3szzMzzE8E1Os63tbK6tr6xWdgqbu/s7u2XDg5bOk4VgyaLRaw6PtUguIQmchTQSRTQyBfQ9ke3U7/9BErzWD7gOAEvogPJQ84oGumxMj7vBSCQVvqlslN1ZrCXiZuTMsnR6Je+ekHM0ggkMkG17rpOgl5GFXImYFLspRoSykZ0AF1DJY1Ae9ns4ol9apTADmNlSqI9U39PZDTSehz5pjOiONSL3lT8z+umGF57GZdJiiDZfFGYChtje/q+HXAFDMXYEMoUN7fabEgVZWhCKpoQ3MWXl0mrVnUvqxf3tXL9Jo+jQI7JCTkjLrkidXJHGqRJGJHkmbySN0tbL9a79TFvXbHymSPyB9bnD5w3kDs=</latexit>

y/�
<latexit sha1_base64="U+x3veNRKH5bX2nDprDlWY3C9Po=">AAAB8XicbVBNS8NAEN34WetX1aOXYCt4qkkR9Vj04rGC/cA2lM1m0i7dbMLuRCih/8KLB0W8+m+8+W/ctjlo64OBx3szzMzzE8E1Os63tbK6tr6xWdgqbu/s7u2XDg5bOk4VgyaLRaw6PtUguIQmchTQSRTQyBfQ9ke3U7/9BErzWD7gOAEvogPJQ84oGumxMj7vBSCQVvqlslN1ZrCXiZuTMsnR6Je+ekHM0ggkMkG17rpOgl5GFXImYFLspRoSykZ0AF1DJY1Ae9ns4ol9apTADmNlSqI9U39PZDTSehz5pjOiONSL3lT8z+umGF57GZdJiiDZfFGYChtje/q+HXAFDMXYEMoUN7fabEgVZWhCKpoQ3MWXl0mrVnUvqxf3tXL9Jo+jQI7JCTkjLrkidXJHGqRJGJHkmbySN0tbL9a79TFvXbHymSPyB9bnD5w3kDs=</latexit>

y/�

<latexit sha1_base64="U+x3veNRKH5bX2nDprDlWY3C9Po=">AAAB8XicbVBNS8NAEN34WetX1aOXYCt4qkkR9Vj04rGC/cA2lM1m0i7dbMLuRCih/8KLB0W8+m+8+W/ctjlo64OBx3szzMzzE8E1Os63tbK6tr6xWdgqbu/s7u2XDg5bOk4VgyaLRaw6PtUguIQmchTQSRTQyBfQ9ke3U7/9BErzWD7gOAEvogPJQ84oGumxMj7vBSCQVvqlslN1ZrCXiZuTMsnR6Je+ekHM0ggkMkG17rpOgl5GFXImYFLspRoSykZ0AF1DJY1Ae9ns4ol9apTADmNlSqI9U39PZDTSehz5pjOiONSL3lT8z+umGF57GZdJiiDZfFGYChtje/q+HXAFDMXYEMoUN7fabEgVZWhCKpoQ3MWXl0mrVnUvqxf3tXL9Jo+jQI7JCTkjLrkidXJHGqRJGJHkmbySN0tbL9a79TFvXbHymSPyB9bnD5w3kDs=</latexit>

y/�

Considerations on closure modeling (II)
<latexit sha1_base64="7G49HQZIGy7Tiwg1cyMvIaddtIc=">AAAB7XicbVDLTgJBEOzFF+IL9ehlI5h4IrvEqEeiF4+YyCOBDZkdZmFkdmYz02tCCP/gxYPGePV/vPk3DrAHBSvppFLVne6uMBHcoOd9O7m19Y3Nrfx2YWd3b/+geHjUNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLR7cxvPTFtuJIPOE5YEJOB5BGnBK3ULNd1D8u9YsmreHO4q8TPSAky1HvFr25f0TRmEqkgxnR8L8FgQjRyKti00E0NSwgdkQHrWCpJzEwwmV87dc+s0ncjpW1JdOfq74kJiY0Zx6HtjAkOzbI3E//zOilG18GEyyRFJuliUZQKF5U7e93tc80oirElhGpub3XpkGhC0QZUsCH4yy+vkma14l9WLu6rpdpNFkceTuAUzsGHK6jBHdShARQe4Rle4c1Rzovz7nwsWnNONnMMf+B8/gDCzI6a</latexit>

Prt

<latexit sha1_base64="f9S7U+JRmrEEAdKylrI3MSgY2yc=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYCJ4kLAbRD0GvXiMYB6YhDA7mU2GzM4uM71CWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dfiyFQdf9dlZW19Y3NnNb+e2d3b39wsFhw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/up36zSeujYjUA45j3g3pQIlAMIpWeizVdC/F88ak1CsU3bI7A1kmXkaKkKHWK3x1+hFLQq6QSWpM23Nj7KZUo2CST/KdxPCYshEd8LaliobcdNPZxRNyapU+CSJtSyGZqb8nUhoaMw592xlSHJpFbyr+57UTDK67qVBxglyx+aIgkQQjMn2f9IXmDOXYEsq0sLcSNqSaMrQh5W0I3uLLy6RRKXuX5Yv7SrF6k8WRg2M4gTPw4AqqcAc1qAMDBc/wCm+OcV6cd+dj3rriZDNH8AfO5w+eKZA8</latexit>

Prt,V

<latexit sha1_base64="JNiRvOsRyrnPPmVy3eMtJIKBYkc="></latexit>

⇢u00v00@ ef/@y
⇢v00f 00@eu/@y

<latexit sha1_base64="Io5WMmgsQCEtuFAXJWEOO0IIxBs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BFvBg5SkiHosevFY0X5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbm+bHgGh3n28qtrK6tb+Q3C1vbO7t7xf2Dpo4SRVmDRiJSbZ9oJrhkDeQoWDtWjIS+YC1/dDP1W09MaR7JBxzHzAvJQPKAU4JGeizf016KZ3JS7hVLTsWZwV4mbkZKkKHeK351+xFNQiaRCqJ1x3Vi9FKikFPBJoVuollM6IgMWMdQSUKmvXR28cQ+MUrfDiJlSqI9U39PpCTUehz6pjMkONSL3lT8z+skGFx5KZdxgkzS+aIgETZG9vR9u88VoyjGhhCquLnVpkOiCEUTUsGE4C6+vEya1Yp7UTm/q5Zq11kceTiCYzgFFy6hBrdQhwZQkPAMr/BmaevFerc+5q05K5s5hD+wPn8AsDiQSA==</latexit>

Sct,n

TCNECool

CNEAdia
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Considerations on closure modeling (III)
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<latexit sha1_base64="/IYMPMyWkx9+qfSx68HQj6WfNqg=">AAACAXicbVDLSsNAFJ34rPUVdSO4CbaCq5IUUZdFNy5b6AuaECbTSTt08mDmRiwhbvwVNy4UcetfuPNvnLRZaOuBgcM593DnHi/mTIJpfmsrq2vrG5ulrfL2zu7evn5w2JVRIgjtkIhHou9hSTkLaQcYcNqPBcWBx2nPm9zmfu+eCsmisA3TmDoBHoXMZwSDklz9uGpHys/jacu1gT5A2u5mWdXVK2bNnMFYJlZBKqhA09W/7GFEkoCGQDiWcmCZMTgpFsAIp1nZTiSNMZngER0oGuKASiedXZAZZ0oZGn4k1AvBmKm/EykOpJwGnpoMMIzlopeL/3mDBPxrJ2VhnAANyXyRn3ADIiOvwxgyQQnwqSKYCKb+apAxFpiAKq2sSrAWT14m3XrNuqxdtOqVxk1RRwmdoFN0jix0hRroDjVRBxH0iJ7RK3rTnrQX7V37mI+uaEXmCP2B9vkDvRWXFQ==</latexit>

QTV

<latexit sha1_base64="VXNu6vD7iL4o28KognZj5YBBJzA=">AAACBHicbVA7T8MwGHTKq5RXgLFLRIvEVCUVAsYKFsYi0YfURJHjOq1VPyLbQaqiDiz8FRYGEGLlR7Dxb3DaDNBykqXT3Xe2v4sSSpR23W+rtLa+sblV3q7s7O7tH9iHR10lUolwBwkqZD+CClPCcUcTTXE/kRiyiOJeNLnJ/d4DlooIfq+nCQ4YHHESEwS1kUK7WveF8fN45g+FznzB8AjOQj6rh3bNbbhzOKvEK0gNFGiH9pe5AqUMc40oVGrguYkOMig1QRTPKn6qcALRBI7wwFAOGVZBNl9i5pwaZejEQprDtTNXfycyyJSasshMMqjHatnLxf+8QarjqyAjPEk15mjxUJxSRwsnb8QZEomRplNDIJLE/NVBYygh0qa3iinBW155lXSbDe+icX7XrLWuizrKoApOwBnwwCVogVvQBh2AwCN4Bq/gzXqyXqx362MxWrKKzDH4A+vzB1kWmI0=</latexit>

!̇n

<latexit sha1_base64="6yI88k5kgG2wHEO9WEb4AvK869E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFPVY9OKxgmkLbSyb7aZdutmE3Y0QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWUSEJdEvFIdn2sKGeCupppTruxpDj0Oe34k9uZ33miUrFIPOg0pl6IR4IFjGBtJLeaPl5UB+WKXbPnQKvEyUkFcrQG5a/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BSdGWWIgkiaEhrN1d8TGQ6VSkPfdIZYj9WyNxP/83qJDq69jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrkUzIhOMsvr5J2veZc1hr39UrzJo+jCCdwCufgwBU04Q5a4AIBBs/wCm+WsF6sd+tj0Vqw8plj+APr8we9a439</latexit>

y+

<latexit sha1_base64="6yI88k5kgG2wHEO9WEb4AvK869E=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFPVY9OKxgmkLbSyb7aZdutmE3Y0QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZ58ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWUSEJdEvFIdn2sKGeCupppTruxpDj0Oe34k9uZ33miUrFIPOg0pl6IR4IFjGBtJLeaPl5UB+WKXbPnQKvEyUkFcrQG5a/+MCJJSIUmHCvVc+xYexmWmhFOp6V+omiMyQSPaM9QgUOqvGx+7BSdGWWIgkiaEhrN1d8TGQ6VSkPfdIZYj9WyNxP/83qJDq69jIk40VSQxaIg4UhHaPY5GjJJieapIZhIZm5FZIwlJtrkUzIhOMsvr5J2veZc1hr39UrzJo+jCCdwCufgwBU04Q5a4AIBBs/wCm+WsF6sd+tj0Vqw8plj+APr8we9a439</latexit>

y+

<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

<latexit sha1_base64="v2pZrX83NyYkQUJ0svd+inKm1QM="></latexit>

!̇n 6= !̇n(fYn, eT , ⇢)
<latexit sha1_base64="h/X3nuRCK7Gmx/hHUOx1U28X3/k="></latexit>

QTV 6= QTV(fYn, eT , fTV , ⇢)

<latexit sha1_base64="U+x3veNRKH5bX2nDprDlWY3C9Po=">AAAB8XicbVBNS8NAEN34WetX1aOXYCt4qkkR9Vj04rGC/cA2lM1m0i7dbMLuRCih/8KLB0W8+m+8+W/ctjlo64OBx3szzMzzE8E1Os63tbK6tr6xWdgqbu/s7u2XDg5bOk4VgyaLRaw6PtUguIQmchTQSRTQyBfQ9ke3U7/9BErzWD7gOAEvogPJQ84oGumxMj7vBSCQVvqlslN1ZrCXiZuTMsnR6Je+ekHM0ggkMkG17rpOgl5GFXImYFLspRoSykZ0AF1DJY1Ae9ns4ol9apTADmNlSqI9U39PZDTSehz5pjOiONSL3lT8z+umGF57GZdJiiDZfFGYChtje/q+HXAFDMXYEMoUN7fabEgVZWhCKpoQ3MWXl0mrVnUvqxf3tXL9Jo+jQI7JCTkjLrkidXJHGqRJGJHkmbySN0tbL9a79TFvXbHymSPyB9bnD5w3kDs=</latexit>

y/�

CNEAdia TCNECool
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<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤
<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

<latexit sha1_base64="dROlv57f7oCpdKcCpFkKmzyWVdg=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRjAxHkhLiHokevGIiQUSqGS7bGHDdtvsbk2aht/gxYPGePUHefPfuEAPCr5kkpf3ZjIzz485U9q2v63C2vrG5lZxu7Szu7d/UD48aqsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ7czv/NEpWKReNBpTL0QjwQLGMHaSG41fbyoDsoVu2bPgVaJk5MK5GgNyl/9YUSSkApNOFaq59ix9jIsNSOcTkv9RNEYkwke0Z6hAodUedn82Ck6M8oQBZE0JTSaq78nMhwqlYa+6QyxHqtlbyb+5/USHVx7GRNxoqkgi0VBwpGO0OxzNGSSEs1TQzCRzNyKyBhLTLTJp2RCcJZfXiXtes25rDXu65XmTR5HEU7gFM7BgStowh20wAUCDJ7hFd4sYb1Y79bHorVg5TPH8AfW5w+75o38</latexit>

y⇤

■ Good-quality wall-resolved LES, but….

■ … we have to do better for turbulence-chemistry 
interaction!

<latexit sha1_base64="v2pZrX83NyYkQUJ0svd+inKm1QM="></latexit>

!̇n 6= !̇n(fYn, eT , ⇢)<latexit sha1_base64="g7HI8/kG53abm4EbGSypKlxPCk8=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFhPBKtwFURshaGMZ0ZhAcoS9zV6yZG/v2J0TQshPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6305uZXVtfSO/Wdja3tndK+4fPJo41Yw3WCxj3Qqo4VIo3kCBkrcSzWkUSN4MhjdTv/nEtRGxesBRwv2I9pUIBaNopfvyVblbLLkVdwayTLyMlCBDvVv86vRilkZcIZPUmLbnJuiPqUbBJJ8UOqnhCWVD2udtSxWNuPHHs1Mn5MQqPRLG2pZCMlN/T4xpZMwoCmxnRHFgFr2p+J/XTjG89MdCJSlyxeaLwlQSjMn0b9ITmjOUI0so08LeStiAasrQplOwIXiLLy+Tx2rFO6+c3VVLtessjjwcwTGcggcXUINbqEMDGPThGV7hzZHOi/PufMxbc042cwh/4Hz+AEaZjSQ=</latexit>=

<latexit sha1_base64="U+CIBUShHN0ZrlFaK/sl6Vr4Ylo=">AAAB+HicbVA7T8MwGHTKq5RHA4wshgqJqUoqBIwFFsYi0YfURpXjOq1Vx7ZsB1Gi/hIWBhBi5aew8W9w0wzQcpKl8933yecLJaPaeN63U1hZXVvfKG6WtrZ3dsvu3n5Li0Rh0sSCCdUJkSaMctI01DDSkYqgOGSkHY5vZn77gShNBb83E0mCGA05jShGxkp9t3wlpRKPNM7uR0d9t+JVvQxwmfg5qYAcjb771RsInMSEG8yQ1l3fkyZIkTIUMzIt9RJNJMJjNCRdSzmKiQ7SLPgUnlhlACOh7OEGZurvjRTFWk/i0E7agCO96M3E/7xuYqLLIKVcJoZwPH8oShg0As5agAOqCDZsYgnCitqsEI+QQtjYrkq2BH/xy8ukVav659Wzu1qlfp3XUQSH4BicAh9cgDq4BQ3QBBgk4Bm8gjfnyXlx3p2P+WjByXcOwB84nz91EJL1</latexit>

Approximation!!

TCNECool

<latexit sha1_base64="VXNu6vD7iL4o28KognZj5YBBJzA=">AAACBHicbVA7T8MwGHTKq5RXgLFLRIvEVCUVAsYKFsYi0YfURJHjOq1VPyLbQaqiDiz8FRYGEGLlR7Dxb3DaDNBykqXT3Xe2v4sSSpR23W+rtLa+sblV3q7s7O7tH9iHR10lUolwBwkqZD+CClPCcUcTTXE/kRiyiOJeNLnJ/d4DlooIfq+nCQ4YHHESEwS1kUK7WveF8fN45g+FznzB8AjOQj6rh3bNbbhzOKvEK0gNFGiH9pe5AqUMc40oVGrguYkOMig1QRTPKn6qcALRBI7wwFAOGVZBNl9i5pwaZejEQprDtTNXfycyyJSasshMMqjHatnLxf+8QarjqyAjPEk15mjxUJxSRwsnb8QZEomRplNDIJLE/NVBYygh0qa3iinBW155lXSbDe+icX7XrLWuizrKoApOwBnwwCVogVvQBh2AwCN4Bq/gzXqyXqx362MxWrKKzDH4A+vzB1kWmI0=</latexit>

!̇n<latexit sha1_base64="6GNyepjuBRbOVWYiD1gBiLu+SNM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL95MwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mX5ol4pVW+yOPJwAqdwDh5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6pjjNo=</latexit>

O

<latexit sha1_base64="Pa9Vsv2kEn3hsjaElbQqpFcw+6s=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL540inlAEsLsZDYZMju7zPQKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSLZ8aLoXidRQoeSvWnIa+5E1/dD31m09cGxGpRxzHvBvSgRKBYBSt9HB71yuW3LI7A1kmXkZKkKHWK351+hFLQq6QSWpM23Nj7KZUo2CSTwqdxPCYshEd8LaliobcdNPZpRNyYpU+CSJtSyGZqb8nUhoaMw592xlSHJpFbyr+57UTDC67qVBxglyx+aIgkQQjMn2b9IXmDOXYEsq0sLcSNqSaMrThFGwI3uLLy6RRKXvn5bP7Sql6lcWRhyM4hlPw4AKqcAM1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz9F3I0y</latexit>

NO

<latexit sha1_base64="MN3Z02UJ057hSIVLoB0NLs+0C8k=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CbaCp5IUUY9FLx4r2A9pQ9hsJu3SzSbsbiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fsKoVLb9bRTW1jc2t4rbpZ3dvf0Ds3zYlnEqCLRIzGLR9bEERjm0FFUMuokAHPkMOv7oZuZ3HkFIGvN7NUnAjfCA05ASrLTkmeVqf0wDUJQFkD1MPV71zIpds+ewVomTkwrK0fTMr34QkzQCrgjDUvYcO1FuhoWihMG01E8lJJiM8AB6mnIcgXSz+elT61QrgRXGQhdX1lz9PZHhSMpJ5OvOCKuhXPZm4n9eL1XhlZtRnqQKOFksClNmqdia5WAFVABRbKIJJoLqWy0yxAITpdMq6RCc5ZdXSbtecy5q53f1SuM6j6OIjtEJOkMOukQNdIuaqIUIGqNn9IrejCfjxXg3PhatBSOfOUJ/YHz+AAOkk9k=</latexit>

eYn

<latexit sha1_base64="6GNyepjuBRbOVWYiD1gBiLu+SNM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL95MwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3mX5ol4pVW+yOPJwAqdwDh5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6pjjNo=</latexit>

O

<latexit sha1_base64="Pa9Vsv2kEn3hsjaElbQqpFcw+6s=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGUY9BL540inlAEsLsZDYZMju7zPQKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSLZ8aLoXidRQoeSvWnIa+5E1/dD31m09cGxGpRxzHvBvSgRKBYBSt9HB71yuW3LI7A1kmXkZKkKHWK351+hFLQq6QSWpM23Nj7KZUo2CSTwqdxPCYshEd8LaliobcdNPZpRNyYpU+CSJtSyGZqb8nUhoaMw592xlSHJpFbyr+57UTDC67qVBxglyx+aIgkQQjMn2b9IXmDOXYEsq0sLcSNqSaMrThFGwI3uLLy6RRKXvn5bP7Sql6lcWRhyM4hlPw4AKqcAM1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz9F3I0y</latexit>

NO

<latexit sha1_base64="IOgTRQ2h9UDUsq3aEQ9YL7wtDQ8=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBVnBVkiLqsujGZQV7gTaEyXTSDp1cmDkRS8jGV3HjQhG3PoY738ZpmoW2/jDw8Z9zOHN+LxZcgWV9G6WV1bX1jfJmZWt7Z3fP3D/oqCiRlLVpJCLZ84higoesDRwE68WSkcATrOtNbmb17gOTikfhPUxj5gRkFHKfUwLacs2j2gDYI3h+mmRujqkMVFZzzapVt3LhZbALqKJCLdf8GgwjmgQsBCqIUn3bisFJiQROBcsqg0SxmNAJGbG+xpAETDlpfkCGT7UzxH4k9QsB5+7viZQESk0DT3cGBMZqsTYz/6v1E/CvnJSHcQIspPNFfiIwRHiWBh5yySiIqQZCJdd/xXRMJKGgM6voEOzFk5eh06jbF/Xzu0a1eV3EUUbH6ASdIRtdoia6RS3URhRl6Bm9ojfjyXgx3o2PeWvJKGYO0R8Znz+BIpcA</latexit>urms
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Conclusive remarks
■ Compressible wall-bounded turbulence of hypersonic gases with high-temperature effects is 

qualitatively similar to configurations under cryogenic conditions 

■ The main effects of CNE being the reduction of internal energy 

■ CNE is reduced by turbulent mixing. TNE is tightly coupled with turbulence; the former occurs 
and persists because of sweep and ejection events 

■ Strong pressure gradients in (i.e., SWBLI configurations) further promote thermal out-of-
equilibrium 

■ For both CNE and TCNE, unclosed source terms may be non-negligible. Attention must be paid 
to the development of turbulence models and scaling in the context of high-enthalpy flows 

■ Work in progress:                                                                                                            
Collaboration with Stanford. Turbulence-chemistry interaction modeling for LES
Collaboration with Prof. Mario Di Renzo. Turbulent scaling for finite-rate chemistry
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