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Some research progress and prospect of Intelligent Aerodynamics

TANG Zhigong', ZHU Linyang" >, XIANG Xinghao'' %, HE Lei', ZHAO Tun',
WANG Yueqing', QIAN Weigi" *, YUAN Xianxu" >~
(1. China Aerodynamics Research and Development Center, Mianyang 621000, Chinas
2. State Key Laboratory of Aerodynamics, Mianyang 621000, China)

Abstract: Intelligent Aerodynamics (IA), a combination of artificial intelligence (Al) and aerodynamics that
integrates the fourth research paradigm (Big Data), is growing to be a distinct cross-discipline. This paper first
introduces IA's concept and connotation and sketches the main research methods. Secondly, the research progress
and the work carried out in China Aerodynamics Research and Development Center (CARDC) are reviewed
regarding Al-enhanced flow prediction, transition/turbulence modeling, multi-source data fusion,
aerodynamic/aerothermal modeling, and extraction of critical flow-field information. Finally, the future research
work and development trends of TA are prospected.

Keywords: Intelligent Aerodynamics; artificial intelligence; research paradigm; data driven; machine
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Table1 Main difference of research methods between artificial and classical aerodynamics
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Fast transition prediction for wind tunnel testing of the transonic
natural laminar flow standard model CRM-NLF

LIU Yinhui" * ", WU Dongrun" %, DU Xi" %, LIN Dakai" ?
(1. Beijing Aircraft Technology Research Institute, Commercial Aircraft Corporation of China, Ltd. (COMAC), Beijing 102211, China;
2. Beijing Key Laboratory of Simulation Technology for Civil Aircraft Design, Beijing 102211, China)

Abstract: The design procedure of transonic natural laminar wings can benefit significantly from efficient
transition prediction software capable of handling complex aerodynamic geometries. In this article, Commercial
Aircraft Corporation of China Ltd (COMAC) Beijing Aircraft Technology Research Institute developed a
Computational Fluid Dynamics software CFAST to obtain laminar base flows. CFAST is highly efficient; it only
costs 200 seconds per case. The output of CFAST is then integrated into a transition prediction module to
perform fast transition prediction of three-dimensional transonic back-swept wing boundary layers. The transition
prediction module adopts the dual-¢" criterion from the linear stability theory so that both Tollmien-Schlichting
and stationary crossflow modes can be considered. Since open-source experimental data of high-Reynolds-
number laminar flows are rare, the standard research model CRM-NLF designed by NASA is utilized to study
the effects of the attack angle, Reynolds number, and Mach number on the transition prediction. The transition
prediction results agree well with those obtained by RANS with transition models, suggesting that the method is
of great potential in designing and optimizing of transonic natural laminar wings.

Keywords: transonic natural laminar flow model; efficient software; ¢" method; transition prediction
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Icing prediction method for arbitrary airfoil using deep neural networks
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(1. School of Computer Science, Southwest Petroleum University, Chengdu 610500, China;
2. Key Laboratory of Icing and Anti/de-icing, China Aerodynamics Research and Development Center, Mianyang 621000, China;
3. State Key Laboratory of Aerodynamics, Mianyang 621000, China)

Abstract: The icing of the aircraft will affect the aerodynamic performance and is the main factor affecting
flight safety. Accurate prediction of ice shape can provide strong support for anti-icing work and is of great
significance for ensuring flight safety. The traditional numerical icing research methods can hardly meet the
requirements of ice accumulation evaluation under multiple icing conditions. Neural network methods provide a
robust way for the ice prediction task. The current machine-learning prediction model for airfoil icing can only
predict the icing shape of a specific airfoil or a class of airfoils and does not have the universality of icing
prediction for a general airfoil. To solve this problem, a deep neural network-based icing prediction method for a
general airfoil is proposed, which is suitable for low-speed incompressible flow. The method uses the airfoil
pressure coefficient to abstract the characteristics of airfoils, combines the parameters of the flow field and the
cloud field as the input, and uses the Fourier series fitting coefficient of the two-dimensional ice curve as the
output. By this means, a prediction model using a deep neural network is established, and the icing prediction
task of a general airfoil is preliminarily realized. The experimental results of various examples show that the
proposed method has a good ice shape prediction effect for a single airfoil or a general airfoil, and the relative
error of the main characteristic parameters of the ice shape prediction is not more than 15%.

Keywords: aircraft icing; airfoils; icing prediction; deep neural network; Fourier series
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Fig. 1 Ice shape prediction input conditions
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Fig. 2 Pressure coefficient comparison
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Table 1 Parameter values for icing conditions

28 A
Sk e/ (°) -4,-2,0,2,4
RFHSE v/ (mos ) 60, 75, 90, 105, 120

SRR/ C
WAKE R G/ (gm ) 0.1,0.2, 0.5, 0.8, 1, 1.25
K EAE EAE D, /pm 15, 20, 25, 30, 40, 50
SEUKIT T /s 1350

-30, —22.5, -15, -10, -5
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Fig. 4 Coordinate transformation of ice shape
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Fig. 5 Ice shape characteristic parameters
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Table 2 Feature vector weight settings

JE 7 ZHURHAE LB HURHLE

I A% R i e e g [
RAEH I A SRR ) A 22 T HCEE tbl
ATPNet-1 256 256 11
ATPNet-2 256 384 1115
AIPNet-3 384 256 1.5:1
ATPNet-4 256 512 1:2
AIPNet-5 512 256 21
x3 HOERRSHEAN
Table 3 Airfoils and parameters
= a v i Ciw Dy T
R /C) JmsY) /T Jgm®  Jum s
NACA0012 -2 105 -15 0.5 25 1350
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Fig. 6 Influence of different weight proportions on ice shape

Table 4 Analysis of weight comparison between experimental results and predictions

AR /%
WY A4 R
Su Sl Sice h”sp hu hl 0 u 0 1

ATPNet-1 7.302 7.512 4.130 1.020 2.022 6.331 0.171 0.069
AIPNet-2 0.000 0.002 9.306 0.997 2.060 5.164 0.171 0.069
AIPNet-3 7.762 16.687 7.214 5.348 0.482 8.417 0.143 0.069
AIPNet-4 0.000 14.553 1.559 10.329 4.578 11.649 0.098 0.069
AIPNet-5 0.000 16.687 1.845 0.755 0.085 6.127 0.150 0.069
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Table 5 Airfoils and parameters selection
450 A a/(°) v/(ms ) t/°C Ciw/ (g ) Dy /pim T /s
1 NACA0012 —4 75 -30 0.2 30 1350
2 NACA0012 0 120 —22.5 0.1 50 1350
3 NACA0012 -2 60 15 0.8 20 1350
4 NACA0012 2 105 -10 0.5 15 1350
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0.050 + 0.050 F
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o —— AIPNet o —— AIPNet
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Fig. 7 Comparison of icing prediction results for specific airfoil
x6 WERSH
Table 6 Analysis of experimental results
AHXSRZE /%
8l
Su Sl Sice h*sp hu hl 0 u 91
1 0.001 8.589 13.409 7.452 - - - -
2 16.548 8.099 5.814 7.994 - - - -
3 0.001 18.174 17.594 6.545 10.904 1.542 0.204 0.053
4 8.980 7.988 13.394 11.110 2.003 1.093 0.048 0.008
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Table 7 Airfoils and parameters selection
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Fig. 8 Comparison of icing prediction results for arbitrary airfoil
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Table 8 Quantitative analysis results of ice shape characteristics for four examples
AARTRZ /%
i
Su Sl Sicc hsp hu hl 0 u 0]
1 7.178 36.269 1.334 9.568 - - -
2 14.869 4.658 5.923 1.610 - - -
3 7.892 0.000 5.064 0.732 0.421 3.106 0.122 0.032
4 0.001 6.088 9.481 3.507 0.546 2.202 0.076 0.033
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Higher-order nonlinear shock wave discriminant based on
deep neural network
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(1. School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China;
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3. State Key Laboratory of Aerodynamics, Mianyang 621000, China)

Abstract: In the numerical simulation of supersonic flow, accurately identifying shock wave position is
essential to solve an aircraft's aerodynamic and thermal characteristics. The traditional artificial shock
identification method seriously depends on empirical coefficients, which has some limitations in practical
application. A higher-order nonlinear shock wave discriminant is constructed by using a deep neural network to
establish a more general shock identification method. Based on the training data set and the test data set, the
depth Feedforward Neural Network is constructed, and the model is trained to meet the prediction accuracy of
shock wave identification; it is applied to one-dimensional Lax and Sod shock problems and two-dimensional
supersonic inviscid circular cylinder to verify the accuracy of the discriminant. The results show that this paper's
high-order nonlinear shock discriminant can more accurately distinguish the smooth region and shock region than
the artificial shock discriminant. Secondly, the shock discriminant can accurately identify the shock position
under different Mach numbers and grid distributions, but the accuracy of shock identification depends on the grid
resolution.
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Research on the multiphase flow characteristics of the near free-surface
supercavitating vehicle
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(1. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, Chinas
2. Xi’an Modern Control Technology Research Institute, Xi’an 710065, China)

Abstract: In the context of near-free surface supercavitating vehicle The method of combining theoretical
analysis and numerical simulation was adopted to carry out the research on the dynamic mechanism of the near-
free surface cavity evolution. A multiphase flow solver based on the OpenFOAM open source software platform
was built to achieve two-phase numerical simulation of free-surface flow, ventilated cavitation and air
entrainment. Simulation analysis of near-free surface cavitating flow for axisymmetric and projectile-wing
combination configurations was carried out respectively. The effects of ventilation rate, projectile length-to-
diameter ratio, sailing depth, sailing speed, etc, was further investigated and the mechanism of interaction
between free surface and cavity was revealed. Furthermore analysis of the influence mechanism of the trans-
media hydrofoil on the gas-liquid interface fluctuation and the pressure distribution of the projectile was
obtained. It was found that the increase in the length-to-diameter ratio of the projectile will lead to an increase in
the wavelength and a decrease in the amplitude of the cavity induced wave, which will help to improve the
stability of the supercavity and enhance the drag reduction rate. When the Froude number is high, too large
ventilation coefficient will lead to deflecting downward of the cavity central axis and the increase of the cavity

flow area. The pressure drag will be increases significantly. For the projectile-wing combination configuration,
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the hydrofoil cuts the tail of the main cavity, which is easy to cause intermittent wetting of the tail section, and

the amplitude of the wave above the main cavity is significantly reduced, indicating that the hydrofoil has a

suppressing effect on the main wave.

Keywords: supercavitation; near free-surface; OpenFOAM; numerical simulation
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5.22 31.37 13.887 0.0196 0.127 0.005
6.96 31.37 13.887 0.0314 0.132 0.005
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Table 2 Drag coefficient under different Fr number
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Fig. 16 Free-surface fluctuation induced by the ventilated
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(C4=9.259, Fr=31.37, f =3.48)
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Three-channel coupled instability criteria for symmetrical tailless
hypersonic vehicles
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(1. China Academy of Aerospace Aerodynamics, Beijing 100074, China;
2. School of Astronautics, Beihang University, Beijing 100191, China;
3. National Computational Fluid Dynamics Laboratory, Beijing 100191, China)

Abstract: Modern plane-symmetric hypersonic vehicles (HSV) typically feature a tailless configuration and
small control surfaces, significantly reducing the vehicle’s stability and complicating the vehicle’s lateral and
longitudinal control. This paper uses the linear small disturbance theory to develop three-channel open-loop and
closed-loop coupled instability criteria for HSV. The criteria include the classical aerodynamic static and
dynamic derivatives, forming a new group of three-channel coupled instability criteria. Compared with the
existing criteria, this research introduces the static stability coupled criteria and the three-channel dynamic
stability coupled criteria in the pitch and roll channels. The critical values of the lateral and longitudinal criteria
are no longer zero as the classical criteria by considering dynamic derivative in the pitch channel. Moreover, the
effectiveness of the three-channel coupled instability criteria is verified by numerical simulations. The new
criteria improves the discrimination method for determining the static and dynamic stabilities and provides a fast
and effective tool for stability analysis of this type of vehicle.
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Time-domain analytical formulation for acoustic velocity prediction
in uniform mean flow

LIU Qiuhong*, WANG Xuheng, XUE Sidan, HE Jiahua

(National Key Laboratory of Science and Technology on Aerodynamic Design and Research,
Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: The time-domain analytical formulation for acoustic velocity prediction in a uniform mean flow
is considered theoretically and numerically. For acoustic velocity prediction based on the permeable surface
principle, a theoretical analysis of the source terms on the right hand of the convective vector wave equation
shows that part of the permeable surface source contributing to the acoustic velocity propagation is neglected.
Based on the time-domain integral formulation V1A-M for the convective vector wave equation, an analytical
formulation CV1A-M is developed by further considering the contribution from the missing permeable surface
source. The acoustic velocity radiations are predicted numerically using formulations VIA-M and CV1A-M for a
stationary/rotating monopole and dipole in a uniform mean flow. The numerical solutions of formulation CV1A-M
agree well with the theoretical values, while the numerical solutions of formulation V1A-M differ significantly
from the theoretical values due to the neglection of part of the loading source on the permeable surface. The
radiation from a dipole in a uniform mean flow dose not induce any vortical disturbance and the linearised Euler
equation can be used to describe the relationship between acoustic velocity and acoustic pressure.
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Abstract: The wall distance of Cartesian grids is an essential parameter for the proper wall treatment using
ghost cells and is also one of the critical factors governing the efficiency of the flow field simulation after mesh
adaptation. This paper proposes a triangular parameterization method that converts the problem of computing the
minimum distance between spatial points and discretized triangular meshes on the surface into a constrained one-
dimensional extremum problem. This simplification only requires symbolic judgments and a small number of
addition, subtraction and multiplication operations to obtain the minimal distance, yielding significant
improvements in the accuracy and efficiency compared to existing methods. Meanwhile, a KDT (K-dimensional
tree) data structure based on the nested enclosing box concept is developed to optimize the backtracking of data
points far from the surface in the KDT nearest neighbor search algorithm. The application of this method to
three-dimensional geometries such as spheres, missiles, and DPW6 demonstrates that the error between the
computed wall distance and the resolved one is within one millionth. Moreover, the computational costs of using
a single core for billion-scale grids are comparable to those of parallel computation using existing methods.
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Fig.5 Sketch of an optimized backtracking process when the
circle intersects the split axis
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Experiment of far-field interference of cantilever support device
in 8 m x 6 m low speed wind tunnel

LIU Litao, HUANG Zhiyuan, CHEN Hong*, FAN Litao, LI Xiaobing, LIU Yan
(Low Speed Aerodynamics Institute of China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: The cantilever support device is one of the most commonly used support devices in the 8 m X 6 m
low-speed wind tunnel. However, it inevitably exerts aerodynamic interference on the test model, which can be
divided into near-field and far-field interferences. Correction of the aerodynamic interference is indispensable for
obtaining reliable aerodynamic performance of testing models. The two-step method is commonly used in
conventional support interference tests, where only the near-field interference is usually obtained, but the far-
field interference is difficult to acquire. In this paper, the aerodynamic interference of the cantilever support
device is studied by flow field and force measurement of typical models in the 8 m x 6 m low speed wind tunnel
(FL-13) of China Aerodynamic Research and Development Center. Based on analyses of the interference
characteristics of the cantilever support device, we propose an effective method for correcting the support
interference. These results provide valuable support for developing and verifying the far-field interference
correction methods in the 8 m x 6 m low speed wind tunnel.

Keywords: low speed wind tunnel; cantilever support device; far-field interference; test; correction method
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Fig. 1 The cantilever support device in 8 m x 6 m wind tunnel
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Fig. 6 Aerodynamic interference of the cantilever support (longitudinal)
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Fig.7 Aerodynamic interference of the cantilever support (lateral)
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Fig. 9 Typical support positions of the cantilever support device
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Fig. 10 Effects of the cantilever support on the flow pitching angle
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Fig. 11 Effects of the cantilever support on the dynamic pressure
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Table 1 Effects of cantilever support on the flow pitching angle

Aa /(%)
y/mm
2; = —~1000 mm 2, = —500 mm 3 =0 2, = 500 mm 25 = 1000 mm
-2350 0.021 0.030 0.094 0.219 0.228
-1200 0.028 0.050 0.105 0.203 0.231
0 -0.304 -0.294 —-0.247 —-0.146 —
900 —0.437 —0.536 -0.617 -0.702 —0.788
1800 —-0.402 -0.522 -0.631 -0.730 -0.820
*2 BREWEREXZWE
Table 2 Effects of cantilever support on the dynamic pressure
Aglq
y/mm
7 = -1000 mm 2y = —500 mm 23 =10 z; = 500 mm 75 = 1000 mm
-2350 0.0001 0.0001 0.0001 0.0009 0.0009
-1200 -0.0006 -0.0019 -0.0045 -0.0071 -0.0058
0 -0.0078 -0.0120 -0.0244 -0.0439 —
900 -0.0043 -0.0080 -0.0153 -0.0146 -0.0113
1800 -0.0021 -0.0063 -0.0105 -0.0077 -0.0049
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Fig. 13 Aerodynamic interference of the cantilever support (longitudinal)
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Fig. 14 Aerodynamic interference of the cantilever support (lateral)
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Table 3 Difference of aerodynamic interferences between
ventral and dorsal cantilever supports

TiH PRAR TR
ClLa 0.095 0.095
Crsn 0.013 0.012
Consh 0.054 0.052
Ao, s 0.028° 0.028°
Aayiz, 55 0.402° 0.402°
Ay, g 0.231° 0.228°
Aospre, s 0.820°
ACryis, mapesws —ACLyR, 5 0.041 0.041
ACpypr, mapews —ACDpR, 5 0.014
ACppe, mapeirs —ACwrre, 15 0.057
ACpapl, mapesrs —ACLapL, 5 0.055
ACep, mupeas —ACuen, wiras ~0.057 —
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Table 4 Comparison of aerodynamic interference between
ventral and dorsal cantilever supports (o= 0°)

TiH FRAIR  mFRAR
WM a4 R
ACpapl, mabmny — ACLapl, wripms 0.055 —
ACyep, mapsrs — ACmapl, i 0.057
AT A R
ACpapl, wapesmss —ACLapl, 1peany 0.035 0.052
AC,ap, mes —ACuem, i 0.058 0.145
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Table S Aerodynamic interference of the ventral
cantilever support

TiH 7 A R P A R
Cra 0.095 0.095
Cron 0.013 0.012
Comor -0.054 ~0.052
Ao, e 0.028° 0.028°
Aasppe, s 0.231° 0.228°
ACLyLR, mab 0.0027 0.0027
ACLpr, mwms 0.0030 0.0027
AC, oy, s -0.0125 -0.0118
ACLapl, musss 0.0057 0.0054
AC, ap1, Moo -0.0125 —0.0118
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Aerodynamic energy analysis of multi-section evacuated tube system

. . . * . .
ZHANG Ziwei, WANG Yingxue , SUN Haocheng, GU Liquan, REN Wenqiang
(Key Laboratory of Transportation Tunnel Engineering, Ministry of Education, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Evacuated tubes can realize the ultra-high-speed and energy-saving operation of trains by
providing a closed low-pressure environment. This paper proposes a multi-section evacuated tube to obtain a
smoother transition between the train's open-line and vacuum-running modes. The initial vacuum pressure in
each section are different. When a train passes through the tube, the air in adjacent sections is mixed to fulfill the
proper transition between regular- and low-pressure environments. Referring to work and energy theory of ideal
gas, aerodynamic energy consumption is analyzed by numerical calculation method, with particular attention paid
to tube parameters' influence on aerodynamic energy consumption. Results show that by selecting reasonable
parameters, the reduction of the energy consumption induced by the aerodynamic drag surpasses the vacuum
potential energy loss, indicating that the system can indeed reach an aerodynamic energy-saving state. In
particular, the system achieves an impressive energy-saving performance when the tube is equipped with
transition sections and a long large-blockage-ratio middle section. The multi-section evacuated tube system
design method based on aerodynamic energy-saving criteria can hopefully provide new insights for developing
ultra-high-speed trains as well as designing and operating evacuated tubes in the future.

Keywords: multi-section evacuated tube; ultra-high-speed trains; aerodynamic drag energy consumption;

vacuum potential energy loss; parameter design
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Influence of tail-blowing control on aerodynamic drag of urban rail trains

JIANG Xin, DU Juntao’, SHANG Keming
(CRRC Qingdao Sifang Co., Ltd, Qingdao 266111, China)

Abstract: In order to explore the influence of tail-blowing control on the aerodynamic resistance of urban
rail trains, the DDES method based on realizable k-¢ two-equation model is used to simulate the flow structures
around the train body on open railways, and the numerical method is verified by wind tunnel test results. The
influence of the tail-blowing control at different positions and different blowing speeds is analyzed. The results
show that, the pressure drag is an important source of the train resistance, accounting for about 80.1% of the total
resistance, while the friction drag accounts for about 19.9%. The air blowing control can significantly reduce the
aerodynamic resistance of the train, with much greater influence on the pressure drag than the friction drag.
Under different air blowing schemes, the drag reduction effect on the rear car is most significant, followed by the
middle car, with the highest drag reduction rates of 27.6% and 4.6%, respectively. The pressure in the separation
area and the strength of the streamwise vorticity are important factors affecting the train resistance. When the
blowing boundary is close to the core of the streamwise vortex, the streamwise vorticity is weakened. When the
blowing speed increases from 0.2U to 0.4U, the drag reduction rate increases from 7.9% to 12.2%. When the

blowing speed further increases to 0.6U, the drag reduction effect weakens, with the overall drag reduction rate
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reaching 12.9%. The wake structure varies with the angle between the blowing direction and the wall tangential

direction. When the central blowing point increases from 1.5 m to 5.0 m from the nose tip of the tail car, the

aerodynamic drag reduction rate of the train decreases from 12.9% to 11.3%.

Keywords: acrodynamic drag reduction; tail blowing; flow control; urban rail train
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Table 1 Key parameters of the grids with different resolutions

Mg mE  FEE /08 LIEW BRI R

Pt EH mE/mm Tyt
HL 0.83 25 0.6 81
SRS 1.07 35 0.6 79
S s 1.07 35 0.4 54
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Fig.4 Comparison of longitudinal pressure coefficient
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Table 2 Comparison of aerodynamic drag coefficients of the train under different turbulence models

bl it K# e R#F B RERZE BERAE

ko-standard 0.339 0.174 0.383 0.896 ~28.54% -20.18%

k-e-standard 0.383 0.207 0.423 1.013 ~21.08% - 9.76%

k-&-Realizable-DDES 0.399 0.253 0.488 1.139 - 8.96% 1.53%
e 45 R 0.353 0.233 0.536 1.122 — —
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Fig. 6 Contribution ratio to the aerodynamic drag of the train
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Fig. 7 Schematic diagram of the cross sections
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Fig. 8 Time-averaged pressure distributions in different
vertical cross sections of the train
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Fig.9 Time-averaged pressure distributions in different
horizontal cross sections of the train
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Fig. 10 Pressure contours of the rear car with

time-averaged streamlines
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Fig. 11 Instantaneous vortex structures around the blunt train based on iso-surfaces of Q-criterion (Q = 3000)
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Fig. 12 Schematic diagram of the blowing device on the rear car
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Table 3 Air blowing schemes on the rear car
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Fig. 13 Influence of different blowing schemes on the

aerodynamic drag reduction ratio of the train
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Fig. 14 Influence of different blowing schemes on the pressure

difference, friction drag and total drag of the train

15 A1 16 A RIS TT 5T 191 4 8 4 B
i~y =0.08 m AT {5 A2k Il Wil R, i
TH P 000 2554 4 RO 1 90 495 A0 355 AT T AL, SR T W A%
AT R 55 U ) o 9 J5E S A5 P8 T PR AT ) T g 2
T IC P T [R]I, WAR RT AL 3 AR U
JE LR s 48 e, (A A1) 4 e 9 el B B R S BB
iR BEAR T Ha %, RAIE TR AR T N U7 O 5L
T E R Ot seAh, B F R s gt R 4 N 4
FER B R A2 00 85 %0 B AE R B T U5 B B Ao
BT RIS VAR o TR, WA A ) TR R BRI
REEZEMTT.

7020 —0.12 —0.04 0.04 012 0.20

=

(@) IR (b) 7%
(OF:E = (d) FrEm

E 15 AERSHFRTIEEEENZE
Fig. 15 Pressure contours on the train surface under different
blowing schemes
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drag reduction ratio of the train
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Fig. 20 Pressure variations on the rear-car surface under different blowing speeds
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Fig. 21 Pressure contours and streamlines in the cross section of y = 0 under different blowing speeds
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Fig. 22 Pressure contours and streamlines in the cross section of y = 0.08 m under different blowing speeds
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Fig. 26 Pressure contours on the train surface under different
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Fig. 27 Pressure contours and streamlines in the cross section of

y =0 under different blowing angles
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