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Hypersonic Flow Characteristics o
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Hypersonic flow characteristics differ from those
at subsonic and even at supersonic speeds

Shockwave standoff distance
decreases

Shock and boundary layer
interactions

Transitional and Turbulent Flow
Large drag coefficient
High rates of heat transfer

Molecular dissociation of air




Objectives
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e Simulate blunt body shapes in dissociating hypersonic flow
 Use a dual objective genetic algorithm to optimize a blunt body
shape for minimizing both drag and heat transfer
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Computational Procedure
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S h a p e G e n e rat i O n COMPUTATIONAL FLUID

Bezier Curves

aP, = aP,

* Fixinitial and end points
e Fixinitial and final slope
e Control point information is
* Easily stored
e Easily swapped between curves
e Changes in control points result in similar changes to the curve
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Random Shapes -- Generated

* Fixed first two and final two control points
* Remaining four are randomly generated
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ICEM Meshing Software

e Automated via calling a script
* Loads the shape profile (red curve)
* Same mesh except for the shape profile portion
* Segmented mesh most accurate and efficient
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Sphere Random body shape
Mesh type Mesh size Cperror HTerror Cp emor HTemror Maximum y+
Reference 631 x 1250 — — — — — — — — 0.87
Uniform 80 % 200 0.1 203 1.3 26.5 3.64
Uniform 120 x 200 0.1 18.6 5.5 18.9 2.88
Uniform 160 x 400 0.1 9.3 34 11 2.27
Uniform 200 x 400 0 8.8 2.8 10.6 2.14
Segmented (390-10) x 400 0 4.0 0.7 2.6 0.99
Segmented (85-115) x 400 0 8.3 1.5 6.5 0.85
Segmented (44-146-10) x 400 0 1.3 1.7 5.8 0.85
Segmented (25-75-10) x 400 0 8.3 2.7 11.7 1.00
Mesh of choice  (35-105-10) x 400 0 15 2.2 5.8 .76
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Mesh Generation (contd.)
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Mesh Generation (contd.) ooy |\

DYNAMICS IABORATORY

Random Shape Examples — Mesh Generation

Case 1l Case 2 Case 3
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ANSYS FLUENT

e Automated via calling a script
e Loads the mesh
e Solves for the flow field
* Finds quantities such as pressure and skin friction coefficient,
along with drag and maximum heat flux
* Outputs design objectives (drag and maximum heat flux)

* Converged solution
* Extremely important to ensure that solutions have converged
e All residuals must be below 1E-4
* Drag and heat flux must be converged to a steady state value
* The simulation must be grid independent, accurate and efficient
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CFD Simulation (contd.)
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Random Shape Examples -- Simulations
Mach Contours
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Genetic Algorithm (GA)

* Stochastic optimization algorithm inspired by biological evolution
* Individual cases are iterated over, combining traits of the
best individuals until convergence is achieved

e Generally employs the following steps:
* Initialization
e Evaluation
* Natural Selection
e Reproduction
e Check for Convergence

15
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Initialization

 Random generation of individuals (body shapes) is simulated

7.10e+00
6.75e+00
6.39e+00
6.04e+00

5.68e+00
5.33e+00
4.97e+00
4.62e+00
4.26e+00
3.91e+00
3.56e+00
3.20e+00
2.85e+00
2.48e+00
2.14e+00
1.78e+00
1.43e+00
1.07e+00
7.20e-01

3.66e-01

1.14e-02

Curve 1 Curve 2 Curve 3
High Drag Low Drag High Drag
High Heat Transfer Medium Heat Transfer Low Heat Transfer

16



G e n et i C A I gO rit h m ( CO ntd ° ) COMPUTATIONAL FLUID

DYNAMICS LTABORATORY

Evaluation and Natural Selection

e Objective values (drag and heat transfer) of each curve are compared
e Values are sorted from best to worst
* Worst half of the individuals are discarded
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Reproduction

* Involves Parent Selection, Crossover, and Mutation

* Parent selection
e Pairs of parent shapes are selected using a skewed random draw
* Higher fitness means higher probability of selection

* Crossover
* Paired curves randomly exchange Bezier point information

* Mutation
 Randomly selected Bezier points of randomly selected curves
are randomly altered

18



Genetic Algorithm (contd.)

COMPUTATIONAL FLUID
DYNAMICS LTABORATORY

7.10e+00
6.75e+00
6.39e+00
6.04e+00
5.68e+00
5.33e+00
4.97e+00
4.62e+00
4.26e+00
3.91e+00
3.56e+00
3.20e+00
2.85e+00
2.49e+00
2.14e+00
1.78e+00
1.43e+00
1.07e+00
7.20e-01
3.66e-01
1

19



G e n et i C Algo rit h m ( CO ntd ° ) COMPUTATIONAL FLUID

DYNAMICS LABORATORY

Check for Convergence

* If convergence criteria is met, the fittest profile is output as the solution

e Criteria include
e Similarity between individuals in the current generation
e Similarity between current and previous generations
 Number of generations simulated

20



Overview of Optimization
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Begin
Optimization
Program

Generate N
random shapes for
initial generation

Generate shapes
of new generation

Output:

fittest individual

Mesh Simulate
shapes Shapes
NO Converged? Evaluation
g Natural
Reproduction :
VES Selection

MOGA
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Weighted Objective Values

* Multi-objective optimization does not necessarily has a single solution
* Changes in importance of objective values gives different results
e Current cases considered
* Evenly weighted drag and heat transfer
 0.75dragvs. 1.0 heat transfer (HT) as relative weights
 0.5dragvs. 1.0 HT as relative weights
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Results (contd.)
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Evenly Weighted Drag vs. HT
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Results (contd.)
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Combined Results and Pareto-Optimal Front

Pareto-optimal Front
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Flow in Chemical Non-Equilibrium
Results (DLR Case) SR

Park’s Five Species (C, O, O,, CO, CO,)Model

The Park'94 kinetic model contains 18 equations described in Table 1. The forward and reverse reaction rates for
Arrhenius reactions are the fallowing ;

K¢ (T) = AF T exp (-E¢ /Ty [m2/ (kmol . 5)]

K (T) = Ar T exp (B, M) [ME 1 (kmol2 . 5)]

Table 1 shows the constants that were used to determine the reaction rates.

Chemical Reaction & by E A he E:
1 | CO2+02 €3 CO+0+02 B.H0ETE -1.5 BE3Z275 | 1T 14E10 | 075 | 535
2 | CO2+0 > CO+0+0 1.36E14 -1.5 B3Z275 | 228E11 | 075 | 535
3 | CO2+C & CO+0+C 1.36E71% -1.5 B3275 | 28E11 | 075 | &35
4 | CO2+C0 & CO+CO+0 E.H0E1D -1.5 B3Z275 | 1T14E11 | -075 | &35
3 | CO24+C02 ¢ CO+0+C02 | BYOETS -1.5 B3/ | T1ETT | 075 | &35
6 | CO+02 <> C+0+02 2.30E17 1.0 | 18000 543E1Z | 100 a
T | CO+043 C+040 3A0ETY 100 | 129000 | YA9E1Z | -1.00 O
8 | CO+C & C+0+C 3.40E17 1.0 | 128000 7A89E1Z | 100 I
9 | CO+CO &3 C+O+CO 230ETY 100 | 125000 | A13E12 | -1.00 I
10| CO+C02 > CHO+C 02 2.30ETY 100 | 18000 ) 613E1Z | -1.00 I
11 | 0240 < 0+0+4C 1.00E713 -1.5 59500 | 1.00E13 | -1.00 I
12 | 02400 ¢ 0+0+C0 200E18 -1.5 89500 | 200E12 | -1.00 O
13 | O24C02 €3 0+0+002 200E18 -1.5 50500 | 2D0E12 | -1.00 I
14 | CO+C0 45 CO2+C 2 33E06 04 B&7 10 460EY | -0.25 I
159 | CO+0 &5 0240 JH0ET0 | 018 | BE200 | 1.34E11 | 043 I
16 | CO2+0 ¢ 02+C0 210E10 0a 27800 4 11E7 050 | 23600
17| 02402 & 040402 200ET8 -1.5 89500 | ZD0ETZ | -1.00 I
18 | 0240 < 0+0+0 1.00E713 -1.5 59500 | 1.00E1S | -1.00 I

http://www.esi-cfd.com/esi-users/fastran_kinetic_model



Flow in Chemical Non-Equilibrium
Results (DLR Case)

CFD++ Six Species (C, C,, O, O,, CO, CO,)Model

Mumber of Reaction Reactants Products
1 1.0 COz + 1.0 CO3 1.0CO+1.00+ 1.0 CO;
2 1.0 CO: + 1.0 CO 10CO+1.00+1.0C0
3 1.0C0O:+1.00; 10CO+1.00+1.00;
4 1.0CO;+1.0C 1.0CO+1.00+10C
5 1.0C0O:+1.00 - 1.0CO0+1.00+1.00
& 1.0 CO + 1.0 CO: <-> 10C+1.00+1.0C0;
7 1.0CO+1.0C0O - 1.0C+1.00+1.0C0O
B 1.0C0O +1.00; -> 1.0C+1.00+1.00;
9 1.0CO+1.0C - 10C+1.00+10C
10 1.0CO+1.00 - 10C+1.00+1.00
11 1.0 0; + 1.0 CO; - 200+ 1.0C0;
12 1.00:+1.0CO <> 200+1.0C0
13 1.00:+1.00; <= 200+1.00;
14 100:;+1.0C < 200+10C
15 100:+1.00 <> 200+100
16 1.0CO+1.00 -> 10C+1.00;
17 1.0C0O;+1.00 - 1.0CO + 1.0 O
18 1.0C0O:+1.0C; <-> 1.0CO+1.00+1.00C;
19 1.0C+1.0C0O; <> 10C+1.0C+1.0C0;
20 1.0C:+1.0C0O <> 1.0C+1.0C+1.0C0
21 1.0C:+1.0C; < 10C+1.0C+1.0C;
22 1.0C:+1.00; < 10C+1.0C+1.00;
23 10C:;+1.0C < 10C+10C+1.0C
24 1.0C.+1.00 - 10C+1.0C+1.00
25 1.0CO+1.0C; - 1.0C+1.00+ 1.0Cs
26 1.00;+1.0C, - 1.00+1.00+1.0C;
27 1.0CO+1.0C -> 1.0C;+1.00
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Flow in Chemical Non-Equilibrium
Results (DLR Case) S

Validation Case

* Experimental Data from the DLR case was used to validate the species
model.

* The results showed that for the DLR case, the current chemical reaction
model is not suitable. Pressure is calculated correctly, but not heat flux.

* Pressure contours are shown below
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Results (DLR Case)
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Validation Case
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Flow in Chemical Non-Equilibrium
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(Optimization Case)

Air Dissociation Five Species (N, N,, NO, O, O,)Model

Qo+M & 20+M

No+M < 2N+M

NO+M < N+O+M
NO+0 < Oo+N

N2+0 < NO+N

N+O < NOT+e”
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Results (contd.)
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* Accomplishments
e Successful simulation of blunt body shapes in dissociating
hypersonic flow
e Validation of CFD results against experimental data and other CFD
code
* Optimization of a blunt body shape for specified relative objectives
of minimizing the drag and heat transfer

 Current Work
* Simulations with more Bezier Points
e Simulations at various Mach numbers
* Simulations of 3D complex shapes
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Thank you!

COMPUTATIONAL FLUID
DYNAMICS LABORATORY

Questions?
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