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Fig. 1. Overall framework.
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Fig. 4. Structure of residual neural network.
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Fig. 5. Activation function curves: (a) Sigmoid; (b) ReLUj
(c¢) Tanh.
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F 1 AENMER AR R T

Table 1.  The local average flow features used as the inputs of neural network.

Feature Sign Feature Sign
Density p Scalar function 317! Tr(S%)
Nearest wall distance duw Scalar function 41 Tr(£22S)
Turbulence intensity Tu Scalar function 517 Tr(£225%)
Kinematic viscosity v Normalized strain rate 1S11/CISI + 11921
Eddy viscosity vt Vortex Reynolds number (strain rate) pdz,S/u
Reciprocal of local velocity /U Vortex Reynolds number (vorticity) pd2,Q/
1 2 2
Scalar function 117! Tr(S?) Q criterion/! 2 (HQH ! )

Scalar function 2!

Tr(£22)

Ratio of modified viscosity to
kinematic viscosity (x)

Dimensionless quantity similar to

1
5 (121 = 1817) + 1181

l/t/(wa)

turbulent viscosity

£ 2 B5IRIENEEL R

Table 2.  Results of fivefold cross validation.

Fold Training error Validation error
1 0.011719 0.013654
2 0.012549 0.010681
3 0.015313 0.018738
4 0.012985 0.015888
5 0.015822 0.014451

4 EA o Hr

HEET A FHHR ) WCNS $4-F4. WCNS
#% 20T 2000 4FH Deng 55 29 211 HARAFET 12
AP sl ] B A BIE R . A SCR T WCNS-E6ES
& X EA R AP IR IR R R PR SR A B ik, 7E45
KT RGBSRz B . Hor) 23045 B0
¥ WCNS-E6ES5 #% =0 FH T = 1 3 1 43 25 T 15340
I RE G T2 M IR R R Y 43 B IR RS vk
HEAT TR LE, TERR T A% AR S B i TR (A A
J7 AL

41 T3 &FFEMR

T3 ZR G A 5564 A I AR s Bk
B[] B DR 75 7R X 3 [ B 1 T 8 ) 045 &
SA LI U0 IF fie 2 1 I AR . LR AL HE S&K,
T3A, T3A-F1 T3B, i F THr e Fearsin rh iy 2
I REONZ I R A FHEOTE TR i B H
IREEPR I S&K I TIA-AIRL. SR F A8
UL 1, A% R 324 x 108(T 1A x ¥E1A]), “FAR
A 291 WIS AT, A IE N sh A, TR
SR TAL B A B0, 38 B A 1 26 n ke 3.

#3 CHHRABIA A

Table 3. The entry condition of plate cases.

Case U/m-st Re,, Tus /%
S&K 50.1 3.4 x 106 0.179
T3A- 19.8 1.4 x 10° 0.843
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[]. 3R T T A i TR A e S
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G AR FGARA | AR DX B T DX 1Y) FEE
FELBR (A7 AESEVE2 MR, IXAES 2 TPl T i
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Rey BRI T T3A-HE 451 A 1] s ] 5~ T 00 45 2.
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Fig. 6. Wall friction curve of transition plate cases: (a) S&K; (b) T3A-.
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Fig. 7. Intermittency and turbulent viscosity distribution of T3A- case: (a) 7 from SST-7-Rep; (b) 7 from SA-ResNet; (c) discrep-
ancy of 7 between SST-7-Rey and SA-ResNet; (d) turbulent viscosity from SA-ResNet.
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Fig. 8. Computing mesh for S809 airfoil.
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Fig. 9. Aerodynamic characteristics of the S809 airfoil: (a) Ci;
(b) Ca.
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Fig. 10. S809 airfoil transition position changes with the

angle of attack.
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Fig. 11. Friction coefficient of S809 airfoil at different angles
of attack.
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Table 4. Comparison of transition model’s compu-

ting time.
ComputingTime SA  SA-ResNet SST-7-Rey
S&K 1.0 1.11 1.30
T3A- 1.0 1.33 1.49
S809 (o = 3°) 1.0 1.20 1.78
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High-order natural transition simulation method
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Abstract

Turbulence model combined with machine learning is one of the research hotspots in fluid mechanics. The
existing approaches reconstruct or modify the turbulence eddy viscosity or Reynolds stress based on the
experimental /numerical data. In this paper, we reconstruct the mapping function between intermittency and
the mean flow variables by deep neural network (ResNet), developing an quasi-algebraic transition model
coupled with the Spallart-Allmaras (SA) model. We mainly concentrate on the natural transition flows and take
the results calculated by the computational fluid dynamics solver with the SST-7-Rey model as the training
data. Seventeen local mean flow quantities satisfying the Galilean invariants are selected as the input features.
Five-time cross validation is performed to avoid overfitting. Combining with the high-precision weighted
compact nonlinear format, S&K, T3a- transition plate and S809 airfoil are used to test the performance of the
model. The results are compared with those from the SST-7-Re, transition model, showing that the pure data-
driven ResNet model can predict the intermittent field accurately, which greatly improves the ability of SA
model to simulate the natural transition flow. For the example of S&K and T3a- transition plate, the
comparison of wall friction shows that the SA-ResNet model is in good agreement with the experimental result,
but the BC model, which is also an algebraic model, predicts the transition position of the T3a- transition plate
model prematurely. The training data do not contain any numerical solution about airfoil, but the model can
still be applied to the case of S809 airfoil with different attack angles. The predicted results of lift resistance
characteristics, frictional coefficient distribution and transition position are close to the results from the SST-7v-
Rey transition model. On this basis, another advantage of the model is the solution efficiency. The efficiency is
improved more significantly in the case with larger mesh quantity. With the same convergence accuracy, the
CPU time required by the SA-ResNet model for the S&K plate case is 85.6% that of the SST-7-Re, transition
model, while the CPU time required by the S809 airfoil with a larger mesh volume is only 67.2% that of the
later model. This study demonstrates the great potential of machine learning in the construction of transition

models.
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