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Abstract 
As railway speeds continue to push beyond conventional limits, aerodynamic drag now 
constitutes a dominant share of total resistance and energy consumption. This review 
synthesizes the state of the art in aerodynamic drag reduction optimization for high-speed trains, 
with emphasis on China’s progress. We first survey core methodologies, full-scale testing, 
wind-tunnel experiments, and computational fluid dynamics (CFD), and assess their respective 
strengths and limitations. Next, we decompose contributions to aerodynamic drag by train 
subsystems (nose, bogies, inter-car gaps, pantograph, and tail), and evaluate existing 
optimization strategies including vortex generators, fairings, deflectors, and head-shape 
refinements. Special attention is paid to crosswind and tunnel-induced pressure effects, as well 
as aerodynamic noise trade-offs. We then identify key challenges such as limitations of 
turbulence modeling, scaling effects, and integration with structural or cost constraints, and 
highlight promising directions for future work (e.g. active flow control, machine-learning–aided 
optimization, or real-time adaptive surfaces). This review not only maps the current 
technological frontier but also frames an agenda for next-generation aerodynamic design in 
high-speed rail. 

Keywords: High-Speed Rail (HSR) Aerodynamics, Drag Reduction Techniques, Computational 
Fluid Dynamics (CFD) in Rail Engineering, Crosswind Stability and Tunnel Pressure Effects, 
Aerodynamic Noise Mitigation, Energy Efficiency, Low-Carbon Transport, Sustainable Rail 
Infrastructure in China 

Introduction 
1.1. Background: The Strategic Imperative of China’s HSR Network 
The construction of China’s HSR infrastructure began strategically in the early 2000s, leading to 
a period of full-scale network expansion within the subsequent decade. This rapid and 
comprehensive deployment resulted in the establishment of the world’s largest HSR network, 
necessitating the parallel development of robust, standardized domestic rolling stock and 
technological systems [1]. The operational backbone of this system relies on domestically 
developed trains, such as the China Standardized EMU CR400AF Fuxing series, designed for 
cruise speeds of 350 km/h and capable of reaching maximum speeds of 420 km/h in 
commercial service. 

This rapid technological advancement required the establishment of comprehensive domestic 
research capabilities. China has developed a full spectrum of systems covering aerodynamic 
theory, shape design (for both trains and civil infrastructure like tunnels), technology evaluation, 
and three-dimensional safety protection systems. This systematic approach ensures that 
engineering innovation keeps pace with the demands of network growth and higher operational 
speeds. 
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Figure 1. “Railway map of People's Republic of China.” Credits: Medium​
 

1.2. The Aerodynamic Imperative and the Energy Constraint 
For modern high-speed trains (HSTs), running resistance is composed primarily of mechanical 
drag and aerodynamic drag. At the operational speeds characteristic of China’s network, 
aerodynamic resistance dominates the energy budget. Data confirms that at 350 km/h, 
aerodynamic resistance accounts for approximately 85% of the total energy required by the 
traction system [3]. 

The fundamental physical relationship dictates that aerodynamic drag increases with the square 
of the running speed. This quadratic relationship means that even marginal speed increases 
incur a severe energy penalty. Research indicates that if trains operate at 400 km/h, the 
proportion of aerodynamic drag may escalate to nearly 95% of the total running resistance. This 
high-speed constraint establishes a critical engineering mandate: maximizing energy efficiency 
is intrinsically tied to the successful reduction of aerodynamic drag. The economic feasibility and 
operational limits of the next generation of HSR (the CR450 platform, targeting 400 km/h 
operating speeds ) depend entirely on overcoming this sharply increased resistance, thus 
defining drag minimization as the core goal of HSR engineering. 

1.3. Scope and Objectives of the Review 
This paper provides an academic review of the innovations driving China’s HSR capabilities. 
The focus is threefold: [1] detailing specific aerodynamic engineering breakthroughs aimed at 
drag reduction and environmental mitigation; [2] examining the rigorous scientific 
methodologies, particularly in computational fluid dynamics and specialized testing, that validate 
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these designs; and [3] analyzing the resulting system-wide impact on network expansion, 
energy efficiency, and overall contribution to sustainable transport goals [9]. 

 

Methodology: Approaches to Aerodynamic Assessment in China HSR 
The pursuit of minimal drag and maximal safety for HSTs relies on sophisticated and highly 
validated assessment methodologies, integrating both numerical simulation and experimental 
testing. 

2.1. Numerical Simulation (CFD) and Turbulence Modeling 
Computational Fluid Dynamics (CFD) plays a vital role in the aerodynamic design and safety 
validation of HSTs, possessing the capability to potentially replace physical wind tunnel testing 
in certain engineering applications [14]. Accurate prediction of flow characteristics, particularly 
the complex wake flow and forces generated in crosswind conditions, necessitates careful 
selection of turbulence models. 

Numerical studies comparing various Reynolds-Averaged Navier–Stokes (RANS) models have 
shown discrepancies in predicting aerodynamic performance. For analyzing the dynamic 
behavior of trains under crosswind, critical parameters such as side force and lift coefficient are 
most accurately predicted using the Shear Stress Transport (SST) k-ω model, followed closely 
by the Realizable k-ε model [16]. The measured error of the side force coefficient obtained using 
the SST k-ω model, when compared to wind tunnel data, is often less than 1%. 

 

Figure 2. “A three-panel computational fluid dynamics (CFD) visualization produced using the 
SST k-ω turbulence model.” Credits: Wiley Online Library​

 

3 



The selection of a high-fidelity turbulence model is more than a methodological preference; it is 
a fundamental prerequisite for operational safety. The accuracy of the predicted aerodynamic 
forces directly determines the calculated critical running speed necessary to prevent vehicle 
overturning or derailment under strong winds. Consequently, the proven accuracy of models like 
SST k-ω for simulating crosswind conditions is an essential link connecting advanced CFD 
methodology to the determination of safe operating envelopes for the HSR network. However, it 
is also noted that while steady RANS models can predict certain trends, they are generally 
inadequate for capturing complex unsteady flow phenomena, such as wake flow bistability [19] 

2.2. Experimental Validation and Ground Simulation 
Aerodynamic characteristics for Chinese HSR rolling stock are validated through a combination 
of techniques, including real-train experiments, conventional wind tunnel tests, and numerical 
simulations [4]. Furthermore, novel experimental methods, such as the moving model test 
utilizing stagnation pressure measurements, have been developed and proven reliable. This 
technique demonstrated high agreement with both wind tunnel tests and numerical simulations, 
with differences typically below 6.1%. 

●​ A paramount consideration in high-fidelity aerodynamic modeling is the accurate 
simulation of the relative motion between the train and the ground plane. Wind tunnel 
tests conventionally mount the model above a static ground plane, which generates an 
unrealistic boundary layer that compromises flow conditions underneath the vehicle [22]. 
Studies using CFD demonstrate the magnitude of this error: switching from a full moving 
ground simulation to a static ground simulation resulted in the total drag of a three-car 
model decreasing significantly by 6.4%, while the lift prediction was also highly sensitive 
to the ground condition, especially on the head car [22].​
​

 

Figure 3. “Schematic of Wind Tunnel Model.” Credits: Springer Nature Link​
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The established necessity of employing computationally expensive moving ground simulation 
techniques, both numerically and experimentally, underscores a critical developmental stage in 
Chinese HSR research. It signifies a move beyond basic geometric streamlining to focus 
intensely on complex, localized flow phenomena, particularly concerning the underbody flow 
and its contribution to overall resistance and lift. This high-fidelity approach is indispensable for 
validating the minute, yet essential, drag reductions required for the ultra-high-speed operations 
planned for the CR450 generation. 

 
Discussion 
Engineering Efficiency and Drag Reduction 
3.1. Optimization of Pressure Drag: Nose and Wake Shaping 
Aerodynamic drag is divided into pressure drag (dominated by nose and wake effects) and 
viscous drag. The overall drag coefficient is inextricably linked to the streamlined length and 
shape of the head and tail cars. China’s HSR development reflects a technical evolution focused 
on maximizing efficiency within increasingly constrained operational parameters. 

The initial high-speed models, such as the CRH380A Hexie, demonstrated high performance, 
achieving a maximum trial speed of 486.1 km/h on its 16-car set [23]. The successive Fuxing 
generation, exemplified by the CR400AF, represented a shift toward domestic standardization 
and integrated efficiency, maintaining a standardized operational speed of 350 km/h with a 
maximum speed of 420 km/h. The current research frontier is the CR450AF prototype, which 
has achieved a record speed of 453 km/h and is designed for a service speed of 400 km/h. This 
transition from achieving speed (CRH series) to optimizing efficiency and standardization 
(Fuxing series) is crucial, as the increased standard operating speed intrinsically demands 
superior drag reduction refinement to maintain economic viability under the severe energy 
penalties outlined previously. 

 

Figure 4. “China Railway CR450AF.” Credits: Popular Science 
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3.1.2. Localized Flow Control and Passive Drag Reduction 
While the nose shape accounts for a large portion of pressure drag, the design space for 
macro-shaping is often restricted by requirements such as driver visibility and internal vehicle 
packaging [24]. Therefore, continued efficiency gains rely heavily on localized flow control 
mechanisms. Vortices, which significantly contribute to drag, are generated primarily at complex 
points, such as the car coupling components where air separates, and in the lengthy wake 
region behind the train, which can extend over 100 meters. 

Localized passive flow control devices, such as Vortex Generators (VGs), are instrumental in 
mitigating these effects. Research demonstrates that the optimal installation location for VGs is 
critical; when VGs are arranged at the boundary layer mutation point, the aerodynamic drag of 
the tail car can be reduced significantly, showing an improvement of up to 15.42%. The 
mechanism involves triggering flow separation ahead of the natural separation point, thereby 
controlling and reducing the strength of the resultant separation vortex, which effectively 
reduces the tail car’s aerodynamic drag. 

Further refinement has focused on the complex underbody region. Aerodynamic kits, comprising 
streamlined bogies and deflectors, have been shown to yield a total drag reduction rate of 
2.90% when applied to an eight-car model. These components improve the flow structure and 
reduce air velocity around the bogie regions. These localized gains, such as the 15.42% 
reduction on the tail car and the cumulative 2.90% overall reduction from underbody kits, 
highlight that micro-design innovations are the essential pathway for achieving the marginal yet 
necessary efficiency improvements needed for the economic operation of trains like the CR450 
at 400 km/h. 

Table 1: Comparative Aerodynamic and Speed Characteristics of Key Chinese HSR Trains 

Train 
Series 

Status Max 
Operating 
Speed 
(km/h) 

Max Trial 
Speed 
(km/h) 

Aerodyna
mic Focus 

Reference 

CRH380A 
(Hexie) 

In Service 
(since 
2010) 

350 416.6 
(8-car) / 
486.1 
(16-car) 

Initial 
High-Spee
d 
Streamlini
ng 

 

[23] 
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CR400AF 
(Fuxing) 

In Service 
(since 
2016) 

350 420 
(Design) 

Efficiency, 
Drag 
Reduction, 
Standardiz
ation 

[5] 

CR450AF 
(Fuxing) 

Prototype/
Developm
ent 

400 
(Target) 

453 
(Record) 

Extreme 
Drag and 
Noise 
Reduction 

[5] 

 

Table 2: Quantitative Impact of Localized Aerodynamic Mitigation Techniques 

Targeted 
Area 

Mitigation 
Technique 

Primary 
Aerodynami
c Effect 

Measured 
Improvement 

Reference 

Tail Car/Wake 
Region 

Optimized 
Vortex 
Generators 
(VG) 

Reduced 
separation 
vortex 
strength 

Up to 15.42% 
reduction in 
tail car drag 

[3] 

Underbody/B
ogie Region 

Streamlined 
Bogies and 
Deflectors Kit 

Improved flow 
structure/redu
ced bottom 
flow velocity 

2.90% total 
drag 
reduction rate 
(8-car) 

[3] 

Pantograph 
System 

Low-Noise 
Optimized 
Structure 

Control of 
vortex 
shedding 

3.1 dBA 
reduction in 
maximum 
SPL 

[4] 

 
3.2. Mitigation of Aerodynamic Environmental and Safety Effects 
High-speed operation generates significant external environmental impacts that must be 
mitigated to ensure safety, passenger comfort, and public acceptance. 

3.2.1. Aerodynamic Noise Reduction 
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Aerodynamic noise is a major constraint on HSR operation, particularly in dense urban 
environments [25]. The principal sources of this noise include the complex flow around the 
pantograph system, the bogie regions, and the joints between cars due to air separation [4]. 

Mitigation techniques focus on acoustic optimization through passive flow control. This includes 
extensive streamlining of the train body, the use of fairings, skirts, and diffusers to smooth 
airflow around exposed components [26]. For the pantograph, optimization involves streamlining 
components like insulators and applying pantograph shrouds to divert airflow and prevent noise 
from spreading. Numerical simulations utilizing Lighthill acoustic theory have quantitatively 
demonstrated the effectiveness of these measures. Optimized, low-noise pantograph structures 
have been shown to achieve a reduction in maximum sound pressure level (SPL) of 3.1 dBA 
compared to original designs. 

This quantifiable reduction in noise is critical for network viability. Aerodynamic noise directly 
impacts the public acceptability of high-speed lines and constrains potential routing options in 
populated corridors. A reduction of 3.1 dBA is a significant environmental improvement that 
supports higher network capacity and operational adoption in urban peripheries, directly 
enabling the strategic goal of national network expansion [6]. 

 
3.2.2. Tunnel Aerodynamics and Pressure Effects 
When HSTs enter tunnels, the rapid compression of air generates transient pressures, 
micro-pressure waves (MPWs), and magnified resistance, which exert adverse effects on 
passengers and railway infrastructure [27]. Chinese standards and regulations include explicit 
acceptance criteria for pressure changes inside the train, maximum permissible MPW 
amplitude, and the upper limit for pressure waves generated when two trains meet in a tunnel or 
open air. 

Aerodynamic design directly influences these constraints. Nose streamlining, primarily designed 
for drag reduction, simultaneously acts to mitigate the initial transient pressure pulse. Research 
has shown that nose optimization can reduce the MPW amplitude by 10.78% [28]. Furthermore, 
infrastructure criteria related to tunnel acoustics and pressures directly determine minimum 
tunnel cross-sections and required track spacing. The requirement to limit aerodynamic impacts 
means that civil engineers must ensure that tunnel sizes and track separations for higher 
speeds (e.g., above 400 km/h) maintain conditions no worse than those established for 
lower-speed international guidance. 
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Figure 5. “The study process diagram of the internal pressure fluctuation modeling.” Credits: 
MDPI 

The existence of specific national criteria for MPW, pressure comfort, and infrastructure 
dimensions highlights that HSR engineering success relies on an integrated, system-level 
design approach. The train’s aerodynamic profile must be intrinsically linked to the design of the 
civil infrastructure (tunnels and track geometry) to guarantee safety, stability, and passenger 
comfort under high-density, high-speed operations [7]. 

Table 3: Reported Effectiveness of Aerodynamic Mitigation Strategies in Chinese 
High-Speed Rail 

Targeted Area Technique Reported Effect Quantitative Impact 

Nose / Tunnel Entry Nose shaping / 
elongation 

Reduced pressure 
drag & 
micro-pressure 
waves 

Up to 10.78% 
reduction in MPW 
amplitude 

Tail Car / Wake 
Region 

Optimized Vortex 
Generators (VGs) 

Controlled separation 
vortex strength 

Up to 15.42% 
reduction in tail drag 

Underbody / Bogie Streamlined bogies + 
deflector kit 

Improved underbody 
flow, reduced 
turbulence 

2.90% total drag 
reduction (8-car 
model) 

Pantograph System Shrouds, streamlined 
insulators 

Reduced vortex 
shedding & 
aerodynamic noise 

3.1 dBA reduction in 
SPL 

Crosswind Safety CFD (SST k–ω 
model) validation 

Improved accuracy of 
side force prediction 

Error < 1% compared 
to wind tunnel 

Ground Simulation Moving vs. static 
ground plane 

More accurate 
drag/lift prediction 
underbody flow 

6.4% error in drag if 
static plane used 

 

Network Expansion and Sustainable Transport Outcomes 
The engineering efficiencies achieved through aerodynamic optimization translate directly into 
improved economic viability and, consequentially, measurable contributions to national 
sustainable development goals. 

4.1. Quantitative Energy Efficiency and Low-Carbon Substitution 
HSR is recognized internationally as an inherently sustainable, low-carbon transportation 
infrastructure. A core metric for evaluating sustainable transport impact is energy consumption 
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per passenger-kilometer (kWh/pkm) [29]. The primary means of lowering the HSR baseline 
consumption for this metric is the reduction of aerodynamic resistance. 

Comparative studies confirm the significant ecological advantage of HSR. The energy 
consumption per passenger-kilometer for passenger cars and civil aviation is approximately five 
times greater than that of HSR. Thus, by providing a faster, reliable, and energy-efficient 
alternative, HSR network expansion facilitates large-scale substitution away from higher-carbon 
transportation modalities, such as conventional rail, highways, and domestic air travel. This 
substitution effect is a principal mechanism by which HSR networks contribute to national 
energy conservation and carbon dioxide emission reduction targets. 

Table 4: Sustainability Impact Comparison of HSR vs. Alternatives (Conceptual) 

Transportati
on Mode 

Relative 
Energy 
Consumptio
n (per 
passenger-ki
lometer) 

Dominant 
Energy 
Penalty 

Contribution 
to CO₂ 
Reduction 

Reference 

HSR (China) Baseline (1.0) Aerodynamic 
Drag 
(85–95%) 

Direct 
low-carbon 
mode / 
Substitution 
effect 

[3] 

Private 
Car/Highway 

 5.0 (5 times 
HSR) 

Rolling 
Resistance, 
Engine 
Inefficiency 

Substitution 
promotes 
reduction 

[8] 

Civil Aviation  5.0 (5 times 
HSR) 

Fuel/Propulsi
on Efficiency 

Substitution 
promotes 
reduction 

[8] 

 

4.2. HSR as a Driver for Technological Innovation and Industrial Upgrading 
Beyond the direct benefit of lowered operational energy consumption, the deployment of 
large-scale HSR infrastructure has demonstrated significant positive economic spillover effects. 
HSR development is conducive to reducing total energy consumption and energy intensity 
across urban areas by promoting technological innovation, industrial agglomeration, and 
comprehensive industry upgrading. 
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This macro-economic benefit occurs through changes in the spatial pattern of transport demand. 
The HSR network facilitates the shifting of the economic structure, specifically reducing the 
added value ratio of the secondary (heavy industry) sector while accelerating the growth of the 
tertiary (service) sector [9]. This shift is important because the tertiary sector is generally 
associated with a low-energy-consumption, high-efficiency model. 

Furthermore, analysis of regional consumption patterns indicates that the energy consumption 
reduction induced by HSR is often greater in peripheral cities than in central cities. This finding 
confirms a positive spread effect throughout the network, suggesting that the benefits of 
efficiency and technological advancements are broadly distributed, promoting balanced and 
sustainable regional development rather than concentrating benefits solely in core metropolitan 
areas. 

The relationship between engineering and sustainability forms a powerful feedback loop. The 
continuous technological success in aerodynamic optimization, exemplified by localized drag 
cuts of up to 15.42% , directly reduces the operating costs and enhances the speed and 
economic competitiveness of HSR relative to air travel and road transport. This increased 
operational efficiency strengthens the economic justification for continued HSR investment and 
network expansion. The expanded network, in turn, drives wider industrial and technological 
spillover effects, including enhanced industry agglomeration and green technology innovation, 
accelerating progress toward national sustainable development goals [9]. 

5. Critical Comparisons and Research Gaps 

A key challenge in reviewing aerodynamic innovations in high-speed rail is that reported benefits 
are often highly context-specific, and results from different studies are not always directly 
comparable. While many papers quantify drag reduction, noise mitigation, or energy savings, 
the methodologies, turbulence models, and experimental conditions vary significantly, making 
cross-study synthesis difficult. 

Comparative Strengths and Weaknesses: 

Macro-shaping (nose and tail design): Nose streamlining consistently delivers measurable 
reductions in pressure drag and tunnel-induced micro-pressure waves. However, geometric 
redesign is costly, subject to packaging and visibility constraints, and offers diminishing returns 
as shapes converge toward similar elongated profiles. 

Micro passive devices (vortex generators, fairings, underbody kits): These provide localized 
drag reductions (e.g., 15.42% at the tail, ~3% overall from underbody kits) and are relatively 
low-cost retrofits. Their weakness lies in sensitivity to installation location, limited scalability to 
different trainsets, and potential side effects such as increased flow noise or maintenance 
challenges. 

Pantograph optimization: Streamlining and shrouds reduce noise by ~3 dBA, directly improving 
environmental performance. However, aerodynamic noise remains a major unresolved 
constraint at 400 km/h+, and pantograph improvements alone cannot offset system-level noise 
growth. 
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CFD and turbulence modeling: RANS-based approaches, particularly SST k–ω, have shown 
high predictive accuracy for side force under crosswinds, but remain inadequate for unsteady 
wake phenomena. Hybrid approaches (e.g., DES, LES) offer improved fidelity at prohibitive 
computational cost, limiting real-world adoption.​
 

Unresolved Gaps:​
Scalability: Many localized flow-control studies are conducted on reduced-scale models or 
simplified three-car sets. Full-train validation under operating conditions remains limited.​
 

Integration trade-offs: Few studies evaluate aerodynamic solutions alongside cost, 
manufacturability, or structural constraints. A device that improves drag may add weight, 
complexity, or acoustic penalties. 

Cross-domain coupling: Aerodynamic advances are often studied in isolation. There is 
insufficient integration with other design domains such as vibration control, passenger comfort, 
or track–structure interaction. 

400 km/h+ regime: While China’s CR450 prototypes push this threshold, empirical data on drag, 
noise, and safety margins above 400 km/h remain scarce. Current extrapolations rely heavily on 
simulation. 

Active flow control: Proposals such as air-jet actuators or adaptive surfaces are promising but 
remain largely theoretical, with limited experimental verification or demonstration at realistic 
Reynolds numbers. 

Overall, while aerodynamic optimization has delivered measurable incremental gains, the field 
remains characterized by fragmented methodologies, unstandardized reporting, and insufficient 
full-scale validation. Addressing these gaps requires unified testing protocols, cross-disciplinary 
integration, and greater focus on the high-speed operational envelope beyond 400 km/h.​
 

Conclusion 

China’s high-speed rail network represents a globally leading example of integrated engineering 
where advanced aerodynamics are pivotal to achieving unparalleled performance and 
sustainability metrics. The technological maturity of the system is demonstrated by the shift from 
the first-generation CRH series to the optimized, standardized Fuxing CR400 series, aiming for 
400 km/h operation with the CR450 prototype [2]. 

The foundation of this success lies in highly rigorous scientific validation, moving from 
generalized studies to specialized methods, including high-fidelity CFD utilizing the SST k-ω 
model for crosswind stability assessment and experimental validation through complex moving 
ground simulations [16]. These methodologies validate crucial technical breakthroughs: 
localized passive flow control techniques achieve significant efficiency gains, such as up to 
15.42% reduction in tail car drag using optimized Vortex Generators, and comprehensive 
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underbody kits yielding 2.90% total drag reduction [3]. 

Aerodynamic innovations have also decisively addressed major environmental constraints. 
Noise mitigation, particularly through optimized pantograph fairings, has achieved a measured 
reduction of 3.1 dBA in maximum sound pressure level. Simultaneously, the integrated design 
approach ensures infrastructure compatibility by meeting stringent domestic criteria for 
micro-pressure wave mitigation and tunnel cross-sections [7]. 

Ultimately, the high engineering efficiency achieved through aerodynamic optimization translates 
directly into a significant sustainable transport dividend. HSR maintains a substantial energy 
consumption advantage, approximately one-fifth the energy use per passenger-kilometer 
compared to air or road travel, acting as a critical component in national carbon reduction 
strategies. Furthermore, the network promotes positive socio-economic restructuring and 
technological diffusion across regions. Continued research and development, particularly for the 
economically challenging 400+ km/h operational threshold of the CR450 platform, will rely on 
further breakthroughs in micro-aerodynamics to sustain HSR’s position as a cornerstone of 
sustainable global transportation. 
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