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What should I do to compute my test flow?

There’s a long history of different codes for modelling reflected shock tunnels:

▶ 1960’s: ESTC, NENZF (McIntosh @ ANU and Lordi et al. @ Cornell)

▶ 1990’s: STN (PJ and Krek @ UQ),

▶ 2010’s: ESTCj, NENZFr (PJ and many others @ UQ)

▶ Current: ESTCN, NENZF1d, Eilmer



What do these codes actually do?

Step 1: Start with temperature/pressure of the shock tube gas and incident shock speed:

Incident Shock
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An aside about equilibrium shock calculations:

Most programs compute shock jumps using equilibrium chemistry:

Slow Reactions Fast Reactions Chemical Equilibrium

Unreacted Flow Fully Reacted Flow



An aside about equilibrium shock calculations:

Most codes used (and many still use) NASA CEA:

▶ Close source, old school FORTRAN 77, developed at NASA Lewis in the 80’s-90’s

▶ Inputs are text files that get read in and written out

▶ Interface is unpleasant and requires lots of work on our end

I’ve written my own code for this: github.com/uqngibbo/equilibrium-c

▶ Open source, modern C and Python

▶ Lightweight with minimal dependencies

▶ Nice interface to modern language via C bindings



Shock Tunnel Calculations Step 2: Shock Reflection

Solve the shock jump problem assuming that postshock velocity is zero in the lab frame:

Reflected Shock
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Shock Tunnel Calculations Step 3: Pressure Relaxation

Fudge the answer toward the measured stagnation pressure:

Relaxed State to Pe
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Shock Tunnel Calculations Step 4: Expansion to Mach 1

Compute up to the nozzle throat using isentropic expansion:
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Shock Tunnel Calculations Step 5: Supersonic Expansion

The rest of the nozzle, expanding by area, or pressure, or something else...
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Shock Tunnel Calculations Step 5: Supersonic Expansion

Most of the options with different programs pertain to this part:

Step 5: Supersonic
Nozzle Calc.

Equilibrium Isentropic Expansion:

- Target area ratio or pitot pressure
- Fast and Easy
- Ignores noneq/viscous effects

Implemented by:

- ESTCN,

Quasi 1D Expansion:

- Target area ratio or pitot pressure
- Fast
- Accounts for chem/therm noneq.

Implemented by:

- NENZF1d

- Ignores viscous effects

2D CFD Simulation

- Uses actual nozzle shape
- Slow (ish?)
- Accounts for chem/therm noneq.

Implemented by:

- Eilmer

- Includes viscous /turbulence etc.



So which program should I use?

Do you have opinions
about tunnel codes? No NENZF1d

ESTCN
I liked ESTCj and just
want that again.

I REALLY need to
compute the flow
condition carefully

Eilmer

START

Yes



NENZF1d:
Quasi-1D nonequilibrium expansion of the nozzle region:

▶ Can stop at the end of the nozzle, or when a pitot/stag ratio reached

▶ Chemical Reactions and thermal nonequilibrium supported

▶ Works with CEA or equilibrium-c for the throat analysis

https://gdtk.uqcloud.net/docs/nenzf1d/nenzf1d-manual-for-hugo



ESTCN:

Faithful (?) recreation of the old ESTCj code:

▶ Uses CEA and the Eilmer 4 gas models under the hood

▶ Called from command line in a familiar way

▶ Needs pitot-to-stag ratio or corrected area ratio

$ estcn --task=stn --gas=cea-lut-air.lua \

--T1=300 --p1=125.0e3 --Vs=2414 --pe=34.37e6 --ar=27.0



Eilmer is an option!

Steady-state solver big improvements:

▶ 5-20 minutes on a workstation

▶ Can do reacting, turbulent, multi-temperature flow

▶ Examples take in shock speed/fill conditions in input scripts

▶ No fudging needed for viscous corrections
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Comparison at Mach 8: Shot 11760

$ estcn --task=stnp --gas=cea-lut-air.lua --T1=300 --p1=194.0e3 \

--Vs=2241.37 --pe=45.0e6 --pp_on_pe=7.011e-3

Estimated Exit State:

Eilmer NENZF1d ESTCN
v (m/s) 2926 2956 (+1.0%) 3005 (+2.7%)
T (K) 419 429 (+2.4%) 466 (+11.2%)
p (Pa) 4783 4738 (-0.9%) 4917 (+2.8%)

M 7.14 7.12 (-0.3%) 6.96 (-2.5%)



The Atomic Oxygen Problem

Almost all of the tunnel calcs we could find use 5 species air:

▶ N2, O2, N, O, NO

▶ Tristan discovered this this leads to artificially high amounts of O!

Shot 11760 outflow mass fractions with 5 species and 6 (+NO2)

5 Species 6 Species
N2 0.736 0.737
O2 0.196 0.199
N 4.06e-25 0.0
O 0.00107 4.24e-11

NO 0.0658 0.0619
NO2 0.000710



The Atomic Oxygen Problem
Eilmer steady-state calculation of Tristan’s PhD experiment:
▶ 6.8M cells, 7 species reacting, SA turbulent, 4.5 hours on 1024 cores (Setonix)
▶ Compare 0.001 mass fraction of O vs zero O
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The Atomic Oxygen Problem

▶ Right now lots of the nenzf1d examples still use 5 species air (sorry)

▶ We’re experimenting with a 7 species NOX scheme from UCSD that looks good

▶ Once I’m happy all of the scripts will be ported to fix this (sorry again)

Figure 1: web.eng.ucsd.edu/mae/groups/combustion/mechanism.html

https://web.eng.ucsd.edu/mae/groups/combustion/mechanism.html


Coming soon: Standalone Python Script

One of the examples in equilbrium-c is just the same thing as ESTCN

▶ Cross-platform (thanks Oliver Street!), lightweight, easy to install

▶ Ideally we build it into a properly maintained tunnel toolkit

▶ Zero dependencies and integrated with PyShot-like program

uqngibbo@melchior:~/.../equilbrium-c/examples$ python3 shocktube.py

s7

p: 32712.207 Pa T: 830.250 K rho: 0.137 kg/m3 v: 2166.979 m/s

h: 552788.454 J/kg s: 8248.303 J/kg/K Mmix: 0.028965 kg/mol M: 3.819564

N2:0.7551779, Ar:0.0129160, CO2:0.0004847, O2:0.2314180, NO:0.0000034



The Future

Can we do any better?

▶ The tools in this talk are for production post-processing

▶ Methods haven’t changed much in 50 years

▶ What if I want to modify the condition or tunnel itself?

More predictive analysis is possible with different tools:

▶ l1d: Lagrangian quasi-1D for unsteady flow analysis

▶ Eilmer: Kyle’s (not yet available) BDF2 method for time-accurate implicit steps

▶ PITOT: Chris James’s code can apparently work for RST’s?



Final Thoughts

▶ Mass fractions computed by ESTCN are not accurate at all

▶ Don’t use 5 species air if you are doing combustion experiments!

▶ Accounting for shock attenuation is hard but probably worth trying

▶ We should look at using L1d for shot analysis, at least to benchmark accuracy



Thanks!

Figure 2: xkcd.com/2723/

https://xkcd.com/2723/

