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ABSTRACT
Alpine High-Speed Train serves on the Lanzhou-Urumqi Line in northwest China, where the ter-
rain is mainly the Gobi Desert. To adapt to this complex environment, the independent-air duct
is mainly used for the electrical facilities inside the equipment compartment to prevent the
spread of sand particles. This isolated air duct makes ventilation characteristics of the equipment
susceptible to the external environment. For this reason, this work aims to clarify and inves-
tigate the ventilation characteristic of electrical facilities. A two-step simulation method using
IDDES (Improved Delayed Detached Eddy Simulation) and a real-vehicle tracking test using the
T-typed pitot tubes were conducted. In the simulation, it is found that the ventilation performance
can be influenced by the location of the equipment compartment, facilities and the fan mounted
inside. By comparing the results of the test and simulation, they share the same characteristic that
the air outlet volume of the converter near the head car is being promoted while it near the tail car
is being inhibited. The maximum deviation ratio between the test and simulation is 9%. Therefore,
the measurement method in this study is relatively reliable.
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1. Introduction

High-speed trains (HSTs) are electrically powered and
produce no greenhouse gases or air pollutants, which rely
on a comprehensive power system containing many elec-
trical facilities, such as converters, transformers, traction
motors, etc. They are housed in an enclosed cabin called
the equipment compartment (EC), which is located
underneath the train (Zhou et al., 2019). The ventilation
air vents of EC contain grilles and filters, to protect the
internal electrical facilities from foreign particles (Feng
et al., 2022). This relatively closed environment of the EC
makes it difficult to exhaust the thermal airflow generated
by the operation of electrical facilities, and the heat accu-
mulates. Once the temperature of the equipment exceeds
the safe limits, it will affect the operation of facilities, for
example, causing a secondary breakdown of facilities and
then incurring a short circuit failure (Yang et al., 2010),
and causing irreversible demagnetisation of the perma-
nent magnets (Shen et al., 2018). Favourable ventilation
of electrical equipment can prevent them from failing and

CONTACT Wei Zhou zhou_wei000@126.com; Xinchao Su suxinchao@csu.edu.cn Key Laboratory of Traffic Safety on Track, Ministry of
Education, School of Traffic & Transportation Engineering; Central South University, Changsha 410075, China

short circuits (Zhang et al., 2017), assuring their working
performance and operation safety (Barone et al., 2020; Jia
et al., 2016).

The air-forced cooling technology is mainly used to
chill the electrical facilities in the EC of Alpine HST.
Ambient air is drawn into the air ducts of the electri-
cal facilities by fans, which enhances ventilation per-
formance (Asadi & Arezi, 2011). Alpine HST serves on
the Lanzhou-Urumqi Line in northwest China, where
the terrain is mainly the Gobi Desert and the maxi-
mum wind speed can reach 20m/s (Yao et al., 2012).
To adapt to this complex environment, the EC of Alpine
HST has been retrofitted with a sand-proof design. One
of the sand-proof designs for the electrical facilities is
the independent-air duct, as shown in Figure 1. The
independent-air duct contains a deflector shield between
the air vents of the EC and the inlet and outlet of the con-
verter. It means the air duct is isolated from the EC and
directly connected to the external environment, which
prevents the flow-in sand spread in the EC. Nevertheless,

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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Figure 1. The structure diagram of the independent air duct inside the converter.

this isolated air duct makes the ventilation characteristics
of the equipment susceptible to the external environ-
ment. In this case, the airflow inside the EC cannot be
supplied to the facilities’ air duct as an additional air
source when some of the facilities have insufficient air
intake due to their unfavourable installation location and
the complex external flow fields (Ferranti et al., 2016; Pan
et al., 2021). In addition, when trains are operating for a
long duration, the filters at the air vents become clogged
with sand particles (Kotelnikov et al., 2017). As the run-
ning time increases, the blockage aggravates, making it
difficult for airflow to enter the ducts and hampering the
ventilation effect of the equipment (Tanghong & Gang,
2010). Therefore, it is necessary to adjust the existing
filter replacement intervals.

Some experiments and field tests of ventilation mea-
surement have been conducted in previous studies. A
series of ventilation measurements were carried out
using omnidirectional velocity probes that were installed
around the heated manikin inside the passenger cabin
of the train in different ventilation systems (Maier et al.,
2017; Schmeling & Bosbach, 2017). The accuracy of
the omnidirectional velocity probes is better within the
measurement range from 0.05m/s to 1m/s. A velocity
measurement is performed by 5-hole pressure probes
and hot-wires anemometry (Paradot et al., 2009). The
measurement results have significant errors at the roof
and underbody levels due to the complicated flow field
(Kaltenbach et al., 2008). For an airflow measurement
tool, the S-type pitot tube, the coefficient deviation is less
than 0.3% in the range of 3000 < Re < 22,000 (Kang
et al., 2015). The measurement devices mentioned above
provide great accuracy in low airflow velocity measure-
ment. As the airflow of the EC underneath the train is
complicated (Suzuki et al., 2008;Wang et al., 2021), espe-
cially when the train is running at a high speed, the
above devices are not appropriate. Benjamin proposed
correction factors of the hot wire anemometer, to make it

available in the velocity range of 0–14m/s and tempera-
ture range of 300–500K (Benjamin&Roberts, 2002). The
measuring probe material of the hot-wire anemometer is
a very thin metal wire, which is easily damaged by sand
particles (Comte-Bellot, 1976). Additionally, the irregu-
lar shape of the air vent (López González et al., 2014), and
the blocking effect of measuring devices when installed
in the limited area of the air vent (Wang et al., 2022) will
affect the measurement accuracy. Georgiou presented a
sub-miniature multi-hole pressure probe which enables
its placement within confined and complex geometry
areas (Georgiou & Milidonis, 2014). This probe needs to
be equipped with 5 differential pressure sensors, which
adds measurement costs considerably when there are
many measurement points.

On the contrary, numerical calculation shows great
advantages in the ventilation studies of the EC, to eas-
ily capture the internal flow characteristics of the EC,
and without the limitations of test devices measurement
conditions. In this regard, some research on the ventila-
tion performance of the cabin and equipment has been
studied numerically. The temperature field simulation of
the EC shows that the maximum average surface tem-
perature of heat-generated equipment is up to 56.5âĎČ
(Jia et al., 2015). In addition, the outdoor environment
condition has a significant effect on the indoor environ-
ment of the train cabin (Li, 2020; Li & Wang, 2015; Liu
et al., 2011). The condensing air flux of air-conditioning
units on the top of the HST was greatly affected during
the train operation at the higher speed (Li et al., 2019).
Moreover, the volume flow rate of fresh air is a key fac-
tor in indoor air quality in the train passenger cabin
(Bai & Gong, 2012). The wind speed, temperature and
gas concentration of the passenger cabin indoor environ-
ment were simulated, to design the air supply schemes
of the air-conditioning system (Yang et al., 2017). And
the air distribution systems in three different train pas-
senger cabins in China were investigated (Wang et al.,
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2014). From the above studies, the ventilation of the
internal environment would be influenced by the exter-
nal environment conditions. The study of the flow field
characteristics in the internal environment can be used
as a design guideline for the ventilation system supply
air scheme. Most studies in the field of internal envi-
ronment ventilation performance of HST were mainly
focused on the passenger cabin. Although some studies
concentrate on the ventilation performance of the EC,
they usually ignore the effects of the ventilation equip-
ment of the electrical facilities on the overall ventila-
tion performance of the EC. The studies on the exter-
nal environment underneath the train were mainly con-
centrated on the flow characteristics around the train’s
bogies (Soper et al., 2018; Zhang et al., 2016; Zhu & Hu,
2017). Bogies will increase the velocity magnitude, veloc-
ity gradient and turbulent intensity of the underbody flow
(Wang et al., 2019; Wang, Burton, et al., 2018). The train
with enclosed bogie cavities/inter-carriage gaps could
decrease the aerodynamic drag (Wang, Zhang, et al.,
2018; Zhang, Adamu, et al., 2022). To improve the venti-
lation of the electrical facilities and EC, the external and
internal flow field characteristics of it need to be further
investigated.

The difficulties of research on ventilation charac-
teristics through literature research are summarised as
follows:

(1) For the airflow measurement in the EC, the mea-
surement devices should have high accuracy in com-
plex flow fields and high-temperature environments.
It should not be easily damaged by sand impacts.
Moreover, it can meet the installation requirements
of arranging multiple measurement points in a lim-
ited space.

(2) There are many factors that influence the ventila-
tion effect. It is greatly influenced by the flow state
of the external environment, especially in the high-
speed flow field. While the study on the ventilation
characteristic and the airflow measurement of the
electrical facilities and EC in different locations are
limited.

(3) The effects of the ventilation equipment inside the
electrical facilities on the overall ventilation perfor-
mance of the EC are ignored. The electrical facilities
containing ventilation equipment and air duct struc-
tures are needed to further modelling. Moreover, it
will increase the number of meshes and computa-
tional resources, to simulate the flowfield containing
a long formation train and electrical facilities, with
the assurance that detailed flow features can be cap-
tured.

For this reason, this work aims to clarify and investigate
the ventilation characteristic of electrical facilities and
EC using numerical calculation and real-vehicle tests.
Concretely:

(1) A two-step simulation method using the IDDES
model is carried out, to capture details of the flow
characteristics around the EC more economically.

(2) The effects of the ventilation equipment inside the
electrical facilities on the overall ventilation perfor-
mance of the EC are considered.

(3) The ventilation performance of ECs in different
locations is characterised, to provide recommenda-
tions for the ventilation equipment arrangement and
design.

(4) T-type pitot tubes (TTPT) are adopted in the airflow
measurement of a real-vehicle test. The TTPT is a
bendable andminiature pitot tube that facilitates the
installation of multiple measuring points at a limited
area of ventilation air vents.

(5) The effect of clogged filters on ventilation is moni-
tored during the test, to provide a recommendation
for filter replacement intervals.

2. Methodology

2.1. Geometrymodels

2.1.1. Alpine HSTmodel
The model of the train is based on the operating Alpine
HST, composed of a head car, a tail car and six middle
cars. The length (L), height (H) and width (W) of the
train are 201.39, 3.86 and 3.33m, respectively. As shown
in Figure 2, the details of bogies are retained, and the pan-
tographs of the train and rail models are not included in
this simulation.

2.1.2. ECmodel
The head and the tail cars are trailers without electrical
facilities in the ECs. Therefore, the ECs in the 2nd car
and 7th car are chosen for the research objects in this

Figure 2. The model of the eight-marshalling train. (a) side view
of the 8-marshalling Alpine HST, (b) the head car and (c) the bogie
of the train.
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study. The length, width, and height of the EC are 4W,
0.98W, and 0.22W, respectively. The EC model includes
two dust collection airboxes, a water tank, a transformer,
and a converter as shown in Figure 3. The ventilation
equipment of Alpine HST adopted the independent-air
duct, the air inlet and outlet of the equipment connected
by deflector shields and air duct. Besides, it contains fans
installed inside the air duct, forcing the air to flow in and
out from the equipment. A grille and filter are installed at
each air vent to smooth the train surface and screen out
impurities.

2.2. Numerical method

The IDDES approach, which has been validated to
capture the flow fields around the train simulation
(Cheng et al., 2022; Liang et al., 2020; Liu et al., 2022;
Zhang, Adamu, et al., 2023), the wind-structure inter-
action simulation (Hu et al., 2018; Valger, 2022), the
indoor ventilation simulation (Foster & Kinzel, 2021),
and the wake flow investigation (Zhang, Gidado, et al.,
2023; Zhang, Guo, et al., 2022; Zhang, Wang, et al.,
2022), is used in the current study. In addition, the
unsteady Reynolds-averaged Navier-Stokes (URANS)
model and the IDDES are used to compare the results
of the underbody flow state to LES (Dong et al., 2022).
The results show that the minimum velocity discrep-
ancy, between RANS (URANS) and LES is 14.4%.
The similar difference between the LES and IDDES
is 3.6%.

As a hybrid modelling approach, the basic principle
of IDDES is to use the RANS resolution in the boundary
layer to reduce the cost of near-wall resolving while pre-
serving the fidelity of LES in the flow-separated region.
For the RANS portion, the Shear-Stress Transport (SST)
k-ω turbulencemodel is used formodelling as it is known
to have better performance in adverse pressure gradient
flows and free-stream independence (Shur et al., 2008).
The continuity andmomentum equations are discretized
using the commercial finite volume solver STAR-CCM+.

In particular, the hybrid upwind scheme is used for the
discretization of convective fluxes to blend the second-
order upwind scheme in RANS computations with the
central differencing for LES. The second-order implicit
scheme is used for the temporal advancement, and the
time derivative discretization for unsteady flow calcu-
lations. The Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm is used to update the
pressure and velocity fields.

2.3. Computational domain and boundary
conditions

In this paper, the ventilation simulation is divided into
two steps. Firstly, the external field of 8-marshalling
Alpine HST is simulated, to obtain the flow field around
the ECnear the head car and tail car of the train. Next, the
velocity distribution on the inlet from the external-field
simulation is input to the EC-area computational region
and the EC-area simulation is performed. The compu-
tational domain and boundary conditions of two-step
simulations are presented as follows.

2.3.1. External-field simulation
The calculation domain of the external-field simulation
is shown in Figure 4(a), the height and width of the
computational region are 11W and 21W, which accounts
for a blockage ratio of about 0.5%. The inlet is set at
11W upstream and the outlet is located at 31W down-
stream of the model. Besides, the ground clearance of
the underbody is 0.2m. For the boundary condition, the
velocity inlet is given a uniform incoming flow with a
speed of 55.56m/s (U inf ), the Reynolds number Re =
1.273 × 107 based on the width W of the train. The
ground is set as a no-slip moving wall and given the same
speed as the inlet. A zero static pressure is given at the
pressure outlet. The lateral and upper walls are set as
slip walls, and the surface of the train is set as a no-slip
stationary wall.

Figure 3. The model of the equipment compartment and electrical facilities.
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Figure 4. The calculation domain of (a) the external-field simulation and (b) the EC-area simulation.

2.3.2. EC-area simulation
The EC-area simulations of the 2nd car and 7th car are
denoted as a near head car (NHC) and near tail car
(NTC) condition. The calculation domain of the EC-area
simulation is shown in Figure 4(b), the length of the com-
putational region in the EC-area simulation is 15W. The
width (21W), height (11W) and ground clearance of the
train are the same as the external-field simulation. For the
NHC condition, the length region is from x = 0.09L to
x = 0.33L. For the NTC condition, the length region is
from x = 0.71L to x = 0.95L. The time-averaged velocity
distributions on the inlet surface near the 2nd car and 7th
car taken from the simulation results of the external-field
simulation are applied as boundary conditions respec-
tively. The velocity inlet of the NHC and NTC condition
is obtained from the cross-section plane on x = 0.09L
and x = 0.71L, respectively. The lateral and upper walls
are set as slip walls. A zero-pressure outlet is set as the
boundary condition of the outlet end. The ground is a
no-slip moving wall with a speed of 55.56m/s. The fans
mounted in the inlet and outlet of the air duct inside the
dust collection airbox and converter, and the inlet of the
transformer are set as mass flow inlet boundary condi-
tions. The airflow direction of the fans in the inlet vent
(denoted as extractor fan) is from the external environ-
ment to the air duct, and the direction of the fans in the
outlet vent (denoted as exhaust fan) is from the air duct
to the external environment. The specific parameters are
listed in Table 1. The grilles and filter are simplified as
porous pressure jump surfaces in this simulation, and the

Table 1. The rated working parameters of the ventilation equip-
ment (Zhang, 2007).

Equipment Mass flow rate/(kg/s)

Dust collection air box Inlet 1.8375
Outlet 1.021

Transformer Inlet 3.0625
Converter Inlet 1.3271

Outlet 0.79625

pressure loss caused by them is calculated according to
Eq. (1) (Cheng et al., 2008).

ΔP = α · ρ|v|2 + β · ρ|v| (1)

where �P is the pressure loss (Pa), ρ is the air den-
sity, 1.225 kg/m3, and v is airflow velocity (m/s), α is the
porous inertial resistance and β is the porous viscous
resistance. Here, the α is equal to 0.42996 and β is equal
to 4.27159.

2.4. Mesh strategy

2.4.1. External-field simulation
The trimming and prism layer mesh methods are used.
The first layer thickness is 0.37mm with a growth fac-
tor of 1.2, and 12 prism layers are produced to solve the
boundary on the wall surface. The average surface mesh
sizes of the bogies and train are 0.0296 and 0.0592m, as
shown in Figure 5. The overall number of computational
cells is 26.3 million. The normalised time step is Δt =
5 × 10−4s, which ensures theCFLnumber is lower than 1
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Figure 5. The grid construction of (a) the train, (b) the bogie, (c) the computational region and (d) the prism layers.

Figure 6. The time-averaged pressure coefficient of the train as a
function of the dimensionless time t∗.

in around 99% of the cells in the interest region. After a
characteristic time, t∗ = tU inf /W = 50, which is about 1
time for the air passing the entire computational region
of the external-field simulation at free-stream velocity,
the airflow velocity becomes dynamically stable with the
residual of the cp of the train below 103 for each time
step. To ensure that the flow is fully developed, the total
computational time is t = 200t∗ = 12s, which is about
3 times for air passing the entire computational region
of the external-field simulation at free-stream velocity, as
shown in Figure 6.

2.4.2. EC-area Simulation
The same mesh method as the external-field simulation
is used, and the first layer thickness of 0.21mm and 12
prism layers are applied. The refinement areas are set
around the equipment and cabin as shown in Figure 7.
The average value of wall y+ on the train and the EC
surfaces are lower than 10, and the equipment surfaces
are lower than 30, which satisfies the requirement of
the target wall y+ value is 1 < y+<30 based on the
IDDES model with hybrid wall functions. The physical
time step of the transient calculation is Δt = 5 × 10−4s,
which ensures the CFL number is lower than 1 in around
99% of cells in the interest region. The maximum num-
ber of inner iterations for each time step is 10. After a
characteristic time, t∗ = tU inf /W = 15, which is about 1
time for the air passing the entire computational region of
the EC-area simulation at free-streamvelocity, the airflow
velocity becomes dynamically stable with the residual of

the cp of each electrical facility below 103 for each time
step. To ensure that the flow is fully developed, the total
computational time is t = 45t∗ = 2.7s, which is about 3
times for air passing the entire computational region of
the external-field simulation at free-stream velocity, as
shown in Figure 8.

To test the mesh sensitivity, three mesh cases were
generated on the EC-area simulation region, with the
mesh details as in Table 2. A profile (z = 0.74m) in the
middle of the EC in the z-direction is created. The time-
averaged pressure coefficient in threemesh cases near the
inlet and outlet vent of the EC in the z = 0.74m plane is
shown in Figure 9. The centre of the dust collection air
box (DCAB1# and DCAB2#), transformer and converter
(AD1# andAD2#) are denoted as a, d, b, c1 and c2, respec-
tively. The points at y = 0.68W and y = −0.68W were
selected as the pressure coefficient monitoring points for
the inlet and outlet vent, respectively. By comparing the
Cp near the vents of the five points between three mesh
cases, the coarse mesh has a significant deviation from
the others. The largest deviation between medium and
fine mesh occurs at the outlet of c2, at around 7%. Thus,
the medium mesh case is deemed to meet the grid inde-
pendence requirements, and is used for the subsequent
simulations.

3. Results and discussion

3.1. Method validation

3.1.1. Numerical method validation
Since it is hard to perform wind tunnel measurements of
airflow velocities in the EC, the results of wind tunnel
experiments with airflow measurements around a cube
building (with open doors in both windward and lee-
ward walls) (Jiang et al., 2003) are compared with the
IDDES simulation, to verify the accuracy of the airflow
simulation method in this paper. The geometry model
and the comparison result are shown in Figure 10. The
building model is a cube of 250mm edge length. The
dimensions of the opening doors are 84mm× 125mm
(length× height), and the thickness of the wall is 6mm.
The maximum wind speed in the wind tunnel is 12m/s.
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Figure 7. The grid construction details of the EC and electrical facilities.

Figure 8. The time-averaged pressure coefficient of electrical facilities as a function of the dimensionless time t∗.

The airflow velocity is measured by the anemometer with
a one-dimensional LDA system, which can measure the
airflow speed in both horizontal and vertical directions.
All the test points are arranged in the centre section of
the building. The computational domain is established
with a height of 4 h (h is the edge length, 250mm) awidth
of 4 h along both sides of the domain, and the length of
upstream and downstream 4 and 8 h, respectively. The
measurement points are arranged in the planes near the
entrance (−0.04 h) and the exit (1.5 h) of the building, as
shown in Figure 10(a).

The trimming andprism layermeshmethods are used,
and the first layer thickness of 0.153mm and 15 prism
layers are applied. The average surface mesh size of the

Table 2. The details of the EC-area simulation in three mesh
cases.

Mesh size/m

Mesh details Coarse Medium Fine

The equipment surface 0.0336 0.0168 0.0084
The equipment refinement

area
0.0672 0.0336 0.0168

The cabin refinement area 0.1344 0.0672 0.0336
Total cells/(×107) 0.54 2.15 8.93

building is 0.0306m. The overall number of computa-
tional cells is 4.12 million. The physical time step of the
transient calculation is Δt = 2.5 × 10−4s, which ensures
the CFL number is lower than 1 in around 99% of cells
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Figure 9. The time-averaged pressure coefficient in threemesh cases near (a) the inlet and (b) the outlet vent of the EC in the z = 0.74m
plane.

Figure 10. (a) The geometry model of the cube building and u velocity comparison of (b) x = −0.04 h and (c) x = 1.5 h.

in the interest region. The maximum number of inner
iterations for each time step is 10. After a character-
istic time, t∗ = tU inf /h = 6 when the airflow velocity
becomes dynamically stable, the data begins sampling
and averaging results for a t∗ of 18.

The comparison of u velocity between the wind tunnel
test and simulation is shown in Figure 10(b) and (c). The
numerical prediction is close to the velocity measured in
the experiment, with a maximum error of around 5%.
Therefore, the results of the numerical calculation can be
considered sufficiently accurate.

3.1.2. Two-step simulationmethod validation
To verify the EC-area simulation is practicable and effi-
cient, a combined simulation of the whole 8-marshalling

train and two ECs in the 2nd car and 7th car is conducted,
as shown in Figure 11. In the combined simulation, the
same boundary conditions and mesh strategy are used
in the external-field simulation and the EC-area simula-
tion. The height and width of the computational region
are 11W and 21W. The inlet is set at 11W upstream and
the outlet is located at 31W downstream of the model.
Besides, the ground clearance of the underbody is 0.2m.
For the boundary condition, the velocity inlet is given a
uniform incoming flow with a speed of 55.56m/s (U inf ).
The ground is set as a no-slip moving wall and given the
same speed as the inlet. A zero static pressure is given at
the pressure outlet. The lateral and upper walls are set
as slip walls, and the surface of the train is set as a no-
slip stationary wall. The interfaces of fan are set as mass
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Figure 11. The combined model of the 8-marshalling train and two ECs.

flow inlets. The grilles and filter are simplified as porous
pressure jump surfaces in this simulation.

The trimming andprism layermeshmethods are used,
and the first layer thickness of 0.21mm and 12 prism
layers are applied. The average surface mesh sizes of the
electrical facilities, bogies, and train are 0.0168, 0.0168,
and 0.0336m, respectively. The overall number of com-
putational cells is 91.7 million. The normalised time step
is Δt = 5 × 10−4s, which ensures the CFL number is
lower than 1 in around 99% of the cells in the inter-
est region. The transient simulation begins sampling and
averaging for the period of t∗ = tU inf /W = 100, after
the initial period of t∗ = 50 when the flow field becomes
dynamically stable.

The time-averaged pressure coefficient of two kinds
of simulation methods near the inlet and outlet vents of
EC are shown in Figure 12. It can be observed that the
pressure coefficient of the two methods has similar fluc-
tuation and values. The CPU solver time per time-step of
the combined simulation and the EC-area simulation is
3.05 and 1.16 h which is reduced by 62%. The total com-
putational times of the two simulationmethods are about
203 and 75 h with 192 cores.

3.2. Velocity inlet boundary characteristic

The time-average velocity magnitude NU distributions
(normalised by U inf ) on the inlet surface near the head
and tail car from the simulation results of the external-
field simulation are shown in Figure 13. The width of
the low-speed area (0.99U inf ) on the inlet boundary
in the NHC condition is 3.67m and it is increased to
5.92m in the NTC condition, which becomes 61%wider.
The velocity distribution of the inlet boundary in the
NHC condition is characterised by a ‘w’ shaped with
two high-speed disturbances (a1 and a3) on both sides
of the train and two low-speed disturbances near two
wheels area at the bottom of the train (a2 and a4), while
in the NTC condition, the velocity distribution is char-
acterised by a ‘u’ shaped with one low-velocity distur-
bance (b2) and two high-speed disturbances (b1 and
b3) which are relatively far away from the sides of the
train.

3.3. Ventilation characteristic

First, the external field around the EC is analysed. The
time-averaged velocity contours in the z = 0.74m plane
are presented in Figure 14. The outermost black line is the
location of the low-speed boundary layer (v = 0.99U inf )
around the EC. The low-speed layer near the tail car is
significantly thicker than that of the EC near the head
car. A small boundary layers’ thickness variation (from
0.99U inf to 0) corresponds to a large velocity gradient,
which makes it hard for the airflow to be drawn into or
to be exhausted from the EC. In the NHC condition, the
EC area has a smaller gradient of velocity variation than
the two ends of the bogies area. In the NTC condition,
the velocity gradient variation is greater in the EC area,
especially around the outlet of the EC.

To further analyse the situation of the external air-
flow into the EC, the distributions of the time-averaged u
velocity in the z = 0.74m plane are shown in Figure 15.
The black lines inside the EC are the locations of the ven-
tilation fans installed in the air duct (AD) of the electrical
facilities, which guides the airflow towards the negative y-
direction. Blue arrows indicate the airflow into the EC,
and red arrows are the reverse. As the train operates,
the external airflow is drawn into the equipment by the
combined effect of the pressure difference between the
inside and outside of the EC and the ventilation fans.
The path of the airflow into the AD is close to the wall
on the windward side. With the resistance effect of the
wall, two high-velocity airflows appear along the wall
and toward the centre of the AD. In addition, under the
action of the fans, the positive airflows from the outlet
vent are squeezed and discharged to the external envi-
ronment along the leeward wall of the AD. A comparison
of the variation in y-velocity at the different air vents is
shown in Figure 15. The deviation rate of the velocity
is defined here as Rv = (vNTC− vNHC)/vNHC. To observe
the detailed trends of airflow velocity near the vents, the
points at y = 0.526W and y = −0.526W are selected as
the monitoring points for the inlet and outlet vents. Near
the inlet vents of the facilities (Figure 16(a)), the airflow
velocity is smaller in the NTC condition than that in the
NHC condition. The airflow velocity at the inlet of the
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Figure 12. The time-averaged pressure coefficient of two kinds of simulation methods near the (a) inlet and (b) outlet vents of EC.

Figure 13. The input-velocity boundary condition of the inlet from the external-field simulation. (a) near head car condition and (b) near
tail car condition.
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Figure 14. The time-averaged velocity contour of the EC in the z = 0.74m plane in (a) near head car and (b) near tail car conditions.

Figure 15. The time-averaged v velocity distribution of the EC in the z = 0.74mplane in (a) near head car and (b) near tail car condition.

DCAB2# is greatly influenced by the location of the EC,
with an inhibition ratioRv of−63%.Near the outlet vents
of the facilities (Figure 16(b)), the airflow velocity in the
front half of the EC in theNTC condition is greater, while
the rear half is smaller than that in the NHC condition.
The turning point is between the two ADs of the con-
verter. The airflow velocity at the converter outlet1# is
greatly influenced by the location of the EC, with a pro-
motion ratio Rv of 51%. It was therefore found that the
vents close to the rear bogie will be greatly affected by
the location of the EC. To explain it, the time-averaged
pressure coefficient distribution of the EC is presented in
Figure 17. As is clear in the figure, the gradient of pres-
sure variations between the external environment and

the interior of the EC in the NHC condition is signifi-
cant, which helps the airflow exchange. In contrast, the
pressure gradient is not obvious in the NTC condition.
Moreover, the closer the bogie, the greater the pressure
distribution is influenced by the location of the EC.

Next, the ventilation characteristic of the AD inside
the electrical facilities is further analysed. The following
analysis is based on the two air ducts of the converter,
since it has a relatively regular shape ofADs. As Figure 18,
Fan1# is an extractor fan mounted at the inlet vent of the
converter to draw the air from the outside environment
into the AD, and Fan2# is an exhaust fan at the outlet vent
to discharge the air to the outside. Based on the installa-
tion position and working characteristics of the fan, it is
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Figure 16. The time-averaged v velocity in two conditions near (a) the inlet and (b) the outlet vent of the EC in the z = 0.74m plane.

Figure 17. The time-averaged pressure coefficient distribution of the EC in the z = 0.74m plane in (a) near head car and (b) near tail
car conditions.

presumed that the pressure distribution conducive to the
normal operation of the fan should have a higher posi-
tive pressure or a lower negative pressure near the inlet
(y1 = 0.26W) and a lower positive pressure or a higher
negative pressure near the outlet (y2 = −0.26W). How-
ever, the corresponding pressure distribution front and

rear of the fan in Figure 18(a,b) shows that the operation
of the extractor fan is inhibited and the exhaust fan could
work at a lower load. To explain this, the airflow in theAD
is pushed towards the external environment, due to the
greater negative pressure outside the inlet and outlet vent.
Leave aside the working condition of the fan, a significant
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Figure 18. The time-averaged pressure coefficient distribution inside the AD in (a) NHC and (b) the NTC conditions, (c) the differential
pressure between the fore and rear of the fan in the inlet and (d) the outlet vents.

differential pressure between the outside environment
and the inside of the AD can promote the equipment
ventilation performance. Define the differential pressure
between the fore and rear of the fan inside the AD in
the inlet end Dp_inlet = Cp_y2−Cp_y1 and the outlet end
Dp_outlet = Cp_y2−Cp_y3. As shown in Figure 18(c,d), it
has a larger undulating differential pressure in the inlet
end and it is a gentle variation in the outlet end. Com-
pared to the NTC condition, the ADs near the head car
have greater pressure variations. In addition, the adjacent
vents have different pressure distributions. The pressure
variations at the AD2# are greater than the AD1#. Cor-
respondingly, the larger velocity areas occur in the vents
in the NHC condition. The inlet2# in the NHC condi-
tion has the largest area of airflow toward the external
environment, as shown in Figure 19. Overall, for the con-
verter in the same EC, the ventilation performance of the
AD2# is more favourable. For the different locations of
the EC, the ventilation performance is preferred in the
NHC condition.

Two yz-profiles (x1 = 0.46Lrefiend and x2 =
0.48Lrefiend) in the middle of two ADs of the converter
are created. The motion of the airflow inside the ADs is
analysed by visualising the in-plane velocity vector image
in the x1 and x2 profiles of the ducts (Figure 20). Due to
the abrupt shape change between the duct and the vent,
the direction of the airflow is altered (as shown by the red
arrows). This makes it difficult for the extractor fan (grey
line), at the rear of this abrupt change, to draw the air into
the duct. After the rectification by the duct, the exhaust
fan (black line) can easily discharge the airflow out to
the external. Part of the airflow is, blocked by the abrupt
change of the outlet end at the rear, creating a backflow.
It can be observed that after the airflow meets the shape
mutations, it would rotate in two directions, as shown in
Figure 21. The positive vorticity near the shape mutation
of the inlet end area dominates, while the negative vor-
ticity is dominant near the outlet end. Moreover, strong
vorticity sheets are observed at the inlet and outlet vents
in the NHC condition (Figure 21(a,b)). The closer to the

Figure 19. The time-averaged v velocity distribution of (a) vent1# and (b) vent2# near inlet and outlet vents in NHC and NTC conditions.



14 Y. WU ET AL.

Figure 20. The time-averaged in-plane velocity vector image of the ADs in the yz-profile in (a) AD1#, (b) AD2# of NHC and (c) AD1#, (d)
AD2# of NTC condition.

Figure 21. The time-averaged v vorticity contours of the ADs in the yz-profile in (a) AD1#, (b) AD2# of NHC and (c) AD1#, (d) AD2# of
NTC condition.

EC of the tail car, the vortices on two sides of the vents
gradually dissipate to the sides.

4. Vehicle experiment on ventilation
measurement

In the real-vehicle tracking test, the Alpine HST was
operating between Urumqi-Hami-Lanzhou with a total
length of 1776 kilometres in north-western China, where
the differential temperature in day-night is so extreme
that the ventilation issue for the equipment becomemore
serious. In such a special operating environment, criti-
cal electrical facilities are operating under a heavy load,
which is often alerted due to high temperatures. There-
fore, a real-vehicle tracking test can contribute to moni-
toring the ventilation performance of electrical facilities.
The basic situation of the test is listed in Table 3. The
converter in the 2nd car is selected for the measurement
subject in this test. Themeasurement points are arranged
at the outlet, due to the shape of the air inlet being irregu-
lar. As the train changed the running direction during the
test, the relative location of the measurement subject was
changed.When the train operates away fromUrumqi, the
8th car will be the head car, and the measurement subject
will be close to the tail car at this time (NTC condition),
while the train approaches Urumqi, the 1st car is the head
car, and themeasurement subject will be close to the head
car at this time (NHC condition).

4.1. Measurementmethod

A double heads T-type Pitot tube (TTPT) is developed
by the Key Laboratory of Traffic Safety on Track (Central
South University) (Xu et al., 2014). It is a symmetrical
structure to meet the bi-directional flow measurement
in the vehicle test, and its tubes are flexible to fit with
the limited mounting space. The Chebyshev method is
a common method of airflow measuring points arrange-
ment. It requires that if the aspect ratio of the measure-
ment section is >1, there should be more than 5 lateral
measurement points in each line (Caré et al., 2014). In
this case, the aspect ratio of the measurement section is
equal to 1000/240 = 4.167, requiring 8 probes pre-line
and 6 probes pre-column to be evenly arranged in the
measurement section. Considering the limited space in
the vent, the number of measurement points has been
reduced to 4× 2 points located in the middle area of the
vent to leave enough space for ventilation, as shown in
Figure 22.

The TTPT is connected to a differential pressure
sensor using pressure transmission. According to the
Bernoulli equation, the relationship of the differential
pressure between two pressure holes of TTPT and the
airflow velocity is given in Equation (2):

ΔPd = 1
2
ρv2 (2)
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Table 3. The introduction of the real-vehicle test.

Train traction mode Marshalling quantity

Location of
tested-
converter Train speed

Alpine HST Power distribution Eight-marshalling 2nd car 200 km/h
Running routes Running mileage Test cycle

Alpine HST Urumqi-Hami (NTC) Urumqi-Lanzhou (NTC) 1776 km 02/06/2016–12/10/2016
Hami-Urumqi (NHC) Lanzhou-Urumqi (NHC)

Figure 22. TTPT test system diagram

where �Pd is the dynamic pressure (Pa), ρ is the air
density, 1.225 kg/m3, and v is airflow velocity (m/s).

The air volume Q at the outlet vent cross-section is
obtained:

Q = (v1# + v2#)
2

· S1 + (v3# + v4# + v5# + v6#)
4

· S2

+ (v7# + v8#)
2

· S3 (3)

where v is the average velocity of eachmeasurement point
and S is the area of the air outlet vent cross-section.

For comparing the air volume of the simulation and
the real-vehicle test, they are normalised as in Equations
(4) and (5).

cq_sim = Qr

Qrated
(4)

cq_test = Qr

Qrated
/
Qstatic

Qrated
= Qr

Qstatic
(5)

where the air volume during the train in static (fans are
working), operation, and the rated air volume of the ven-
tilation equipment’s cooling fan is denoted as Qstatic, Qr,
and Qrated, respectively. Different from the test, the Qr
of the simulation is obtained from the integration of the
airflow velocity and the area of each cell grid.

4.2. Measurement correction

In the vehicle test, some wires were anchored inside the
deflector shield of the converter’s outlet vent, and the
T-type Pitot tubes (TTPT) were fixed on the wires. The

wires and the TTPT would increase the blockage ratio of
the air outlet vent, which might affect the accuracy of the
flow rate measurement. Hence, using the numerical cal-
culation to compare the blockage effect of the Chebyshev
method and the test measuring method described above,
three different degrees of blockage were modelled as in
Figure 23. The black lines show the vent grilles and the
yellow lines show the fixedwires andTTPTs, with awidth
of 10mm.

The blocking ratio B

B =
⎛
⎝S −

ij∑
i=1,j=1

sij

⎞
⎠ /S (6)

where S is the total area of 0.240m2, and the area
ij∑

i=1,j=1
sij

is the effective ventilation area.
Hence, the effective areas of three different blockage

degrees are 0.2352, 0.2167and 0.1862 m2, correspond-
ing to the blocking ratio are 2.0%, 9.7%, and 22.4%,
respectively.

According to the simulation result in Figure 24, the
blockage effect of the test measurement method on the
ventilation is not so obvious that the air volume deviation
from the originalmodel is around 2%,while the deviation
from the Chebyshevmeasurement method is around 4%.

Since the test measurement method is a non-standard
method, the measuring value needs to be corrected
based on the Chebyshev method. A correction factor c is
defined, and the average correction factor cv = 0.882 will
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Figure 23. The model of the three different blockage ventilation equipment outlets.

Figure 24. The air volume of different blockage models under
different wind speeds.

be used in the data processing of the vehicle test to reduce
the deviation due to fewer measuring probes in the test.

4.3. Results analysis on running location

The air volume of different running locations in differ-
ent operating routes during the test cycle is shown in
Figure 25.

The test data during the single-train operation in dif-
ferent directions were picked out according to the oper-
ating mileage logs. In static conditions, the averaged air
volumes of the air outlet when the train runs on the
route Urumqi-Hami and Urumqi-Lanzhou are 4580 and
4304 m3/h, respectively, which are higher than the rated
air volume of 3900m3/h to meet the normal working
requirements of the equipment.

When the train is running at full speed 200 km/h, the
operating direction has a great impact on the air vol-
ume. InNHC conditions of Hami-Urumqi and Lanzhou-
Urumqi, the average air volumes are 4940 and 4409m3/h,
which is 7.9% and 2.4% higher than the static air vol-
ume, respectively. In NTC conditions of Urumqi-Hami
and Urumqi-Lanzhou, the average air volumes are 3828
and 3822 m3/h, in other words, which is close to or even
lower than the rated air volume of 3900 m3/h. Compared
to the static air volume, the restraint ratios are −16.4%
and −11.2%, respectively.

4.4. Results comparison between simulation and
test

Comparing the air-volume coefficient of the outlet vent
1# between the vehicle test and the EC-area simula-
tion in Table 4. Define an inhibition ratio to reflect
the difference between the NHC and NTC condi-
tion, Ri = (cq_tail− cq_head)/cq_head, and a deviation ratio
reflected the difference of the simulation and test,
Rd = (cq_test− cq_sim)/cq_sim. It is the same that the air
volume in NHC condition is being promoted while in
NTC condition is being inhibited. The values measured
in the test seem to magnify the difference between the
NTC and NHC conditions. The inhibition ratios of the
test and simulation conditions are −22.5% and −26.3%.
This factor is not taken into account in the NTC sim-
ulation in this paper. Nevertheless, the deviation ratios
between the test and simulation in the NTC and NHC
conditions are −8% and −4%. Therefore, the measure-
ment method in this study is relatively reliable.
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Figure 25. The air volume of different running directions in (a) the Urumqi-Hami running route and (b) the Urumqi-Lanzhou running
route.

Table 4. The comparison of the normalised air-volume coeffi-
cient between simulation and test.

Near Tail
Car

Near Head
Car

Inhibition ratio
(cq_tail−cq_head)

cq_head
%

Vehicle Test 0.836 1.079 −22.5%
Simulation 0.92 1.02 −9.8%
Deviation ratio

(cq_test−cq_sim)

cq_sim
%

−9% 6% –

4.5. Results analysis on runningmileage

Due to the strong wind and blown sand operating envi-
ronment in the Urumqi running route, the sand particles
are more easily swept up by the combined effect of the
ambient strongwind and thewind that is disturbed by the
train operation, and sand particles would be drawn into
the air duct by the fan inside the ventilation equipment.
Besides, part of the sand particles cannot pass through
the grille filter. It will accumulate and block the filter
during the long mileage operation, which greatly affects
the equipment’s ventilation. Therefore, the study of filter
replacement intervals can prevent the equipment’s venti-
lation from being affected by excessively clogging filters.

The average air volume of each day in several mainte-
nance cycles is analysed, given in Figure 26. As the train
operating mileage increased, the degree of filter clogging
is increasingly serious, and the air volume decreased by
0.81% and 2.17% per kilometre in NTC and NHC condi-
tions, respectively. Hence, the effect of running mileage
on air volume in different running locations is shown in
Equation (7).

{
Q′ = Q0 − 0.0217Sc, Head End
Q′ = Q0 − 0.0081Sc, Tail End

(7)

where the air volume at the beginning of a maintenance
cycle is denoted as Q0/(m3/h), the current air volume
is denoted as Q’/(m3/h), and the cumulative mileage of
train is denoted as Sc/mileage.

Supposed the train runs to and fro on Urumqi-
Lanzhou-Urumqi in one day after single maintenance
based on the average static air volume in NHC condition,
4,580m3/h, the filter clogging will make the converter’s
outlet air volume lower than the rated air volume when
the operating mileage reached 22,818 km, and the filter
needs to be replaced.
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Figure 26. The effect of running mileage on air volume during several maintenance cycles.

5. Conclusions

In this paper, a two-step simulation method of ven-
tilation characteristic around the equipment compart-
ments underneath the Alpine HST using IDDES were
performed. Besides, a real-vehicle tracking test using the
TTPT was also conducted. The effects of EC, air vent
location, and train mileage on ventilation performance
are obtained. The conclusions are as follows:

In the numerical calculation,

(1) Ventilation performance can be influenced not only
by the location of the EC, but also by the location
of the facilities. The gradient of pressure variations
between the external environment and the interior
of the EC in the NHC condition is significant, which
helps the airflow exchange. Moreover, the closer the
bogie, the greater the pressure distribution is influ-
enced by the location of the EC.

(2) The operation of the extractor fan is inhibited and
the exhaust fan could work at a lower load, due to
the pressure distribution and the shape of the AD.
The airflow in the AD is pushed towards the external
environment from the inlet and outlet vents. After
the airflow meets the shape mutations, it rotates in
two directions, which makes it hard to draw the air
into the duct by the extractor fan.

In the real-vehicle test,

(1) The restraint effect occurs at the NTC condition
compared to the train in static, the maximum

restraint ratio is −16.4%, which is lower than the
rated air volume.

(2) The air outlet volume of the converter near the head
car is being promoted while it near the tail car is
being inhibited, which is the same as the simulation
result. The maximum deviation ratio between the
test and simulation is 8%. Therefore, the measure-
ment method in this study is relatively reliable.

(3) The filter clogging will make the converter’s outlet
air volume lower than the rated air volume when the
operating mileage reached 22,818 km, and the filter
needs to be replaced.

Therefore, in response to the foregoing study, the rec-
ommendations for the EC improvement and the research
prospects are as follows:

(1) The key electrical facilities should be mounted
in the middle of the EC. Its ventilation air duct
should be smoother without shape mutations and
the position of the inner fan should be placed based
on the pressure distribution. Moreover, the filter
replacement intervals need to be shortened by refer-
ring to the train operating mileages given in this
article.

(2) Due to the relevant parameters are not available,
the study of the temperature field in the area of
the equipment compartment is not involved in this
paper. Moreover, with the increase in train operat-
ing speed, it is important to investigate the influence
of higher operating speed on the ventilation effect of
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the equipment compartment. All of these need to be
further investigated in the future.
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