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Designing high-lift systems for small custom-built aircraft requires balancing conflicting aerodynamic
objectives—maximizing lift for safe low-speed operation. Traditional CFD-based optimization of flap
shapes and configurations is computationally expensive and too slow for extensive design exploration.
This limits the ability to fully exploit the design space and achieve optimal performance. To overcome this,
we leverage Al-based surrogate models trained on high-fidelity CFD data, enabling rapid evaluation and
efficient shape optimization of flap systems. This approach significantly accelerates the design cycle while
improving low-speed performance, safety, and overall aircraft efficiency.
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The aerodynamic response of each generated configuration was evaluated using compressible
CFD simulations with the RANS SST turbulence model. For each case, lift, pitching moment, and
pressure coefficient distribution were extracted. The analysis was performed at sea-level conditi-
ons, corresponding to M = 0.15 and Re = 3.5 x 105, for angles of attack ranging from 6° to 14°.

‘ 4. Surrogate Models for Pressure Coefficient Distribution

E E branch net branch net
: :-------------------------------------------------------------------:‘ ‘ E bra‘IIChnet ran ne Sha:penet ran i encoder decoder
E 3x GNO layer )
e o e | | . . oon| 0 ek
LI ¢ e o . 60 .o o0 5 ’ O T —ex=5, — X® Py)
/\ AAN /\ : Bk, AoA y ) R @ v * *O\.\ o
(I o000 o o0 § ’
. _ -0.75 o
SDF preview (128x96) | geom_id=0 ) .
p : |Z:: 5 (] | @ | - \ T / weights, biases l
s é l E /‘\ /‘\ ‘ branch net 3
--0.25 § . - & ‘Xé >§<‘ ‘X{ >§<‘ I9tRe ‘/ \‘
. . . . . --0.50 : ‘ ‘ PR .
0.2 0.4 . 0.6 0.8 1.0 e . ‘ : N P
--1.00 ' y ‘\ /‘ ‘\ /‘ AoA ‘ ‘ . par . '
; O O e . J@| | giee — e
Model CL ™M i trunk net multi trunk i T : 3 AoA y . ] .\ ./.
p50 p75 P90 p95 p50 p75 P90 p95 : " " .
osesace: MLP 0.897 1583 2626  3.649 0998 1.768 2.805 3.839 N ! D ‘
"""""" fesle D2 A S Lek 2 A2 2450 . Test normalized absolute error (NAE) percentiles for surface pressure prediction [%]
et SDF Encoder 0.886 1597 2705 3.665 1.010 1.797 2.967 3.919 : b
eI XGBoost 0.994 1.858 3.017  4.069 1.219  2.101 3235  4.237 o Model Wing Slot ST
) Test normalized absolute error (NAE) percentiles [%] ¥ p50  p75  p90  p95 p50  p75  p%  p9  p50  p75 po0  p95
' ) ! ---- Conditioned MLP 0.123 0.144 0.169 0.188 0.769 0935 1.140 1312 0.759 0.862 0.999 1.106
oL mip oL | Reshet CL | SDF Encoder oL | xGBoost : o L----NIF 0044 0063 0092 0.117 0303 0385 0525 0651 0198 0255 0338 0417
' . o . 3 ——————— DeepONet 0.082 0.108 0.140 0.162 0.520 0.635 0.801 0950 0402 0488 0596 0.695
38 ; 38 38 38 Pressure Coefficient Distribution e MultiTrunk DeepONet 0053 0076 0.104 0.126 0440 0559 0722 0846 0257 0323 0412 0.500
27 ,: a7 S 37 o a7 AR C1\\[0) 0.069 0.085 0.108 0.131 0353 0462 0627 0756 0456 0.535 0.638 0.732
5 361 S 36 S 36 g6 ——a@@ ||| T T e
g g g g
2 > g 3 g 3 E - f Test case pressure comparison | geom_id=5264 | AOA=6 . Test case pressure comparison | geom_id=9872 | AOA=9 \
& ae &) 3.4 —3 Wing o2 Slot Wing " Slot
.02+ 1.02+
23 23 a3t o - von |2 weaeton | L N\ 100 frﬁﬁ . N\ .
- H ! , b $ H f X
3.2 : : : : : : : 3.2 ‘ : : : : : : 3.2 ; ; ; ; ; ; ; 3.2 o zz:z UP o 098 | v 1.00 - v 0.951 0 0981 d ' ’ 1.00
3.2 3.3 3. 4Gr03:d trztGh 3.7 3.8 3.2 33 34sz:d tr:[-)jtSh 3.7 3.8 3.2 3.3 3. 4Gr°.;i"51d tr::j:h 3.7 3.8 3.2 3.3 3, 4Gro;l;"5‘d tritsh 3.7 EX) g 0.925 4 1 g 006 ‘\\ " 4 g 0.99 g 0.9 l: g - \\ g s
0.900 - | .94 \ 0.98- 0.85 ) 0.94 - \ 1 0.98 -
CM | MLP CM | ResNet CM | SDF_Encoder CM | XGBoost 0.8751 [ \\ ground truth| 0.2 N
o8] —oss -0.575 o8] 0.850 - L] 0-92 N 0-97 + o.80{{_ 2 prediction ) ) N 097~
’ ’ A ’ o 0 200 400 600 800 1000 0 20 40 60 80 100 120 0 50 100 150 200 250 300 ! 0 200 400 600 800 1000 0 20 40 60 80 100 120 0
—0.60 ) °'e —0.60 s ~0.600 oflee —0.60 . k Node index Node index Node index ! Node index Node index
Y ® % . / 0
=0 RE & =03 % 0625 4 o2 oy A ; The spatial coordinates x and y were encoded using Fourier features, whereas the geometry type (wing, slot, or flap) was represented by a one-hot vector.
c —0.64- c —0.64 c c -0.64 | .
S g £ -0.650 J 2 P d '
S —0.66 1 - = —0.66 2 2 —0.66 1 '
£ —0.68 o £ -0.68 £ -oe7s £ ~0.68 0 ; H I H h d h - H H
¥ 4 , , ¥ 4 N— = 5. Genetic Algorithm Based Shape Optimization
-0.70 | e -0.70 5 -0.700 . -0.70 | .
0721 4 -0.72 OB -0.72
B ———— L ————————— o Tppa— Evolutionary optimization in a normalized design space. Candidate designs are evaluated via a surrogate model, enabling fast exploration without expensive simulations.
—0.74—0.72-0.70—-0.68 —0.66—0.64 —0.62 —0.60—0.58 —0.74-0.72—-0.70—-0.68—0.66 —0.64—0.62—0.60—0.58 —0.750-0.725 —0.700 —0.675 —0.650 —0.625 —0.600 —0.575 —0.74—0.72—0.70—-0.68 —0.66—0.64 —0.62 —0.60—0.58
Ground truth Ground truth Ground truth Ground truth ( \ . . .
Population size 1000 Objective Functions - ..
Generations 800 I (R e CL vs AOA | Initial Shape VS Optl mized
Independent runs 10 Glift = — CL' ; ; ; i i i i i 3 3 3 ; ;
Selection Tournament, size 10 .
CL | resulting NMAE CL | test error percentiles CL | test parity-shape metrics Crossover Uniform, p = 0.7 2. Lift-Moment trade-off Cy
1.4% 4 ,p=0.
train % - 3% " mmm s|ope metric Gy =-Cy - —
val 4 / o Gene exchange 0.6 lift+moment L e
1.359 - == test o sl T 2.8%1 R2-based metric Mutation Gaussian, p = 0.4 = Balancing parameter: Kk =4.761
2.6% 9 Gene mutation mu0.2, 0 0.05 ) =  Ensures comparable influence of lift and
13% - 3% | / g pan pitching moment
< 125%- w Lan o 2 2.2%
s T e o i g GA optimization: CL evolution and Pareto fronts
p50 e p75  mmmsm p90  mmmm 95 S 29 an(CL)
12%- O ] 2% a 3.525 3.550 3.575 3.600 3.625 3.650 3.675 3.700
A . . / 1.8% - -0.62 3
115% 1 o + O 1.5% 1 =T L6% = | — i
1.1%- & %7 e A O a 1% 1 Qo i e g o =
MLP ReslNet SDFiE;'ncoder XGBloost Mi.P ReSlNet SDFiE;'lcoder XGBloost MLP ReslNet SDFiE;wcoder XGB‘DOSt —— gen 0
Model Model Model — gen 10 -0.64
—e— gen 50
CM | resulting NMAE CM | test error percentiles CM | test parity-shape metrics —*— gen 60 _
3.5% | o slope metric top-5 by fitness
4% L / =i overall best by fitness | —0.66 =
O - 3.25%1 R2-based metric @)
3.5% - 3% - g
= © |
39 - % 2.75% - 3
" S -0.68 5
< o 25% H
2 2.5% o |
-35% - P50 s p75 mmmm pO0  mmmm p95 § 7 25 :
13% 4 © A o 2% / 8 »
I " % best avg(CL) |
, < ) -0.70 :
125% - O A 1.5%1 1.75%- = tOP-5 mean avg(CL) . % ;
O — ; * I I I ‘ I I I
1.2% 1 o vl & I & Lo e S — population mean avg(CL) i
MlLP ReslNet SDFiEHcoder xGB‘oost MlLP ReslNet SDFiE;u:oder XGB‘oost MlLP ReslNet SDFiEhcoder XGBloost 0 2 4 6 8 1 0 1 2 1 4
Model Model Model AOA [deg]
This project has received funding from the European High-Performance Computing Joint Undertaking (JU) under grant agreement No 101163317. tomas.brzobohaty@vsb.cz

EuroHPC X e X
nitindertaking — The JU receives support from the Digital Europe Programme. www.ffplus-project.eu




