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Abstract: Computational Fluid Dynamics (CFD) simulations are subject to various uncertainties, stemming
from factors such as model parameters, numerical discretization, and boundary conditions. Given the flexibility
of the evidence theory in modeling both aleatory and epistemic uncertainties in CFD simulations, this article

introduces an active learning surrogate model-driven approach for uncertainty quantification in CFD simulations.
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This method aims to properly quantify the uncertainty of CFD simulations using minimal simulation model calls

while achieving accurate uncertainty quantification results. The method utilizes the optimization-based max-min

distance strategy to generate well-distributed candidate sample points. Moreover, it employs a dynamic entropy-

weighted TOPSIS multi-criteria decision analysis to balance the surrogate model’s exploration, exploitation, and

robustness. Additionally, this article proposes a composite convergence criterion, combining Hartley's measure

and Jousselme distance, to formulate the stopping criterion of the surrogate model. Finally, taking the CFD

simulation of the flow field of a supercritical wing with a NASASC(2)0410 airfoil as a case study, the uncertainty

quantification of lift-to-drag ratio due to uncertainties in inflow and turbulence model parameters is conducted.

Keywords: Computational Fluid Dynamics; uncertainty quantification; evidence theory; active learning;

based surrogate model; dynamic entropy-based weighted-TOPSIS
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generation strategy
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Fig. 3 Schematic diagram of rescaled Branin function
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Table 1 BPA structure for evidence variables

X Xz

X il £ 7 BPA X 8] #5760 BPA

(0,0.125] 0.020 (0,0.125] 0.050
[0.125,0.250] 0.090 [0.125,0.250] 0.050
[0.250,0.375) 0.163 [0.250,0.375] 0.150
[0.375,0.500] 0.247 [0.375,0.500] 0.200
[0.500,0.625] 0.239 [0.500,0.625] 0.200
[0.625,0.750] 0.141 [0.625,0.750] 0.150
[0.750,0.875) 0.083 [0.750,0.875] 0.100
[0.875,1.000] 0.017 [0.875,1.000] 0.100
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Fig. 4 An example for the proposed strategy
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Fig. 5 Details and effect of the proposed active learning strategy
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Fig. 6 Results of CBF and CPF achieved by different
surrogate models
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Table 2 Quantitative comparison results of different
surrogate models

Jiid 5%:%f# 2 (Al Jousselme &5 Hartleyill i
STk — 0.7604
HFGP 0.9997 0.7605
#FRBF 0.9551 0.7548
FFSVR 0.8982 0.7369
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Fig. 7 The orthographic projection of the supercritical wing profile of NASA SC (2) 0410
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Fig. 8 The grid setup for NASA SC(2)0410 supercritical wing
and its farfield
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Fig.9 The y* distribution of NASA SC(2)0410
supercritical wing
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C1/Cp = gcrp(61,62) (30)
X, gerp 7 CFD 15 B, 0 16, 53 77 7= K
SHEANG AR S48 AFH| T, RiRZ 40, 845k
It 5 Ma. 18R o, DUTE AR B AN RAT IR S B H,
0,709 S-A it i A A 2 8, HBUE VR TR R R TE
it~ PO A 1] IR BN b E BUK SR R A g,
TR 5 A0 20 56 B v B Y dn 2k 3 R

R3I S-ARRERSH

Table 3 Parameters of S-A turbulence model

TR S Ry el CRU A YL
Chl 0.1355 [0.12893, 0.137]
2 0.622 [0.60983, 0.6875]
o 0.667 [0.6, 1]
el 7.1 (6.9, 7.3]
w2 0.3 [0.055, 0.3525]
w3 2 [0.175, 2.5]
K 0.41 [0.38, 0.46]

SEAh, T A AT IR AT A LA O
DAL QAT I R o RL B2 S Bl LR B, A 5 2 B
S RN AR FAE T, R4 g 7RIS HN
B 9 R )

x4 kRSH

Table 4 Incoming flow parameters

KRS 2R UG
Ma 0.82, 0.849]
a/(%) 3, 3.2]
B/() [0, 1]
H/m [9990, 10000]

LK L 2 50 5 7 B0 AN o e 1 R, 10 JE R
T AN [E] R B i AT B AR ) 1A xR AR AR . Bl
% R AR O i, b5 B AR E X (< 7% 10% Pa)
AR 75 BT R X (> 8 x 10% Pa) Ik, 1 THBHE EE Ny
TN R R ) ZE B R R L, RIS
LR EO0T T BE B e FRINRE 7 A AN T 2 R S, T DA
FEXTHL B S Bh P REHEAT DAL I R v, I8 % M 24
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SR BRAS RIS i B 2 HOe A1 O, 20 A A
[F) AN Hiff 5 4 R AIE 7 30 1 BEL LG TR0 485 SR 1) 5 1

FEZR 5 R KX Bl BEREASFAT T, BEHLAE E
P HE B30 5 F F 43 A R BT VE LG G50 N 5 R e
0ok 2 A0E i N I IAT R 3 A TR 2 8 1 R e ),
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FHEMERERENIAES I, @
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Fig. 10 The variation of absolute pressure contour on the wing root with freestream Mach number
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Table S The incoming flow and turbulence model’s parameters
provided by wind-tunnel experiments

(LR ZHUH

Ma 0.824, 0.8315, 0.8385, 0.8455
a/(°) 3.025, 3.075, 3.125, 3.175
B/(®) 0.125, 0.375, 0.625, 0.875
H/m 9991, 9993.5, 9996.5, 9999

el 0.13, 0.132, 0.134, 0.136
i 0.6182, 0.6375, 0.6575, 0.6775

oy 0.65, 0.75, 0.85, 0.95

e 6.95, 7.05, 7.15, 7.25

w2 0.1052, 0.2055, 0.304

w3 1.875, 2.125, 2.375

K 0.39, 0.41, 0.43, 0.45
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Fig. 11 Angle of attack kernel density estimation and
confidence intervals
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Table 6 Uncertainty quantification of incoming flow and turbulence model’s parameters under the framework of evidence theory
Ma a/() BI) H/m b1 o
FE BPA FE BPA FE BPA FE BPA FE BPA FE BPA
[0.820,0.828) 0.34  [3.00,3.05] 0.25 [0.00,0.25] 0.16  [9990,9992] 0.2  [0.12893,0.131] 0.13  [0.60983,0.6275] 0.4
[0.828, 0.835]  0.22 [3.05,3.10] 0.25 [0.25,0.50] 0.34 [9992,9995] 0.3 (0.131,0.133] 0.37 [0.6275,0.647 5] 0.2
[0.835,0.842] 0.22  [3.10,3.15] 0.25 [0.50,0.75] 0.34  [9995,9998] 0.3 [0.133,0.135]  0.37  [0.6475,0.6675] 0.2
[0.842, 0.849] 0.22 (3.15,3.20]  0.25 [0.75,1.00] 0.16 [9998,10000] 0.2 (0.135,0.137] 0.13 [0.6675,0.6875] 0.2
Ty Cvl Cw2 Cw3 K
FE BPA FE BPA FE BPA FE BPA FE BPA
[0.6,0.7] 0.7 [6.9,7.0] 0.1 [0.055,0.1555] 0.2 [1.752.00] 0.4 [0.38,0.40] 0.14
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Fig. 12 The output response lift-to-drag ratio under

the framework of evidence theory
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