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16  Abstract

17 Discrete integration occupies an important place in train aerodynamic tests in crosswinds.
18  Improved delayed detached eddy simulations based on shear stress transport k- turbulence
19  models were carried out to calculate the side force, lift, rolling moment around the lee rail, and
20  surface pressure on bluff and streamlined vehicles. The changepoints and piecewise linearities
21 of the pressure coefficients were evaluated, and the maximum coefficient of determination in
22  the elements was 0.9973. A realizable strategy of the discretization based on the Lagrange
23 rectangular elements was suggested, including the largest lengths and numbers of the elements.
24 From this, a strategy of the discrete integration was presented to measure the aerodynamic loads,
25  considering the real orientation of the elements. The maximum errors of the mean aerodynamic
26 load coefficients of the bluff and streamlined vehicles were 4.1% and 2.2% (except the mean
27 lift coefficient of the bluff vehicle), respectively. The errors were less than those in the previous
28  studies, especially for the streamlined vehicle, which reduced by up to 8.7%. The unsteady
29  aerodynamic loads with no delay obtained by the strategies were near to natural ones in the

30 frequency range that people would be concerned about in crosswinds (at the Strouhal number
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of less than 0.4). Some suggestions were made for using the strategies in the full-scale tests and
model tests, which provided a foundation for further studies of the running safety in natural

crosswinds.
Keywords

Crosswinds, Surface pressure distributions, Aerodynamic load coefficients, Lagrange

rectangular elements, Discretization, Discrete integration
1. Introduction

There is a marked increase in aerodynamic loads on trains in crosswinds, threatening
people’s life, property, and the running safety of the trains [1]. The aerodynamic loads on the
trains in crosswinds have been studied by numerical simulations [2—10], model tests [11-15],
and full-scale tests [16—20] to improve their running safety.

The numerical simulations, model tests, and full-scale tests are the basic means of this
issue [21-23]. The numerical simulations have developed rapidly in recent years, which can
capture the details associated with the flow around the train [9,13], such as the pressure, velocity,
vortex, and turbulence. Unfortunately their results need to be validated by the model tests and
full-scale tests [17,24]. Such techniques can obtain the accurate aerodynamic loads and lay
emphasis on different aspects. The model tests have the advantages of low cost and easy control
and implementation [25-27], and apply to the base research under the ideal conditions such as
the uniform onset flow and atmospheric boundary layer. The Reynolds’ numbers in the full-
scale tests are much larger than those in the model tests [28,29], and the full-scale tests can
obtain the unsteady aerodynamic loads on the trains in natural crosswinds [18,30]. They apply
to the specific research on the aerodynamic loads and running safety of the trains and can help
to improve the numerical simulations and model tests. The model tests and full-scale tests can
be carried out on the static and moving trains with different methods.

For the static trains, the aerodynamic loads were measured using external force balances
[13,31-35] and internal force balances [26,27,30,36—41] in the model tests. Sanquer et al. [24]
developed a new method (named discrete integration) based on pressure measurements to know
the aerodynamic loads in the wind tunnel tests (static model tests), where the loads were
measured with the pressure integration at 300 pressure taps on the vehicle. It provided a reliable
way to access the aerodynamic loads when the taps are dense enough. The proposed method
allowed the rolling moment with small uncertainty and global understanding of the
aerodynamic loads, which was useful for the dynamic behaviour simulations. Such method has

been used in some wind tunnel tests [ 11,42—44], whose numbers of the taps in the tests are listed
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in The number and layout of the taps in the tests in Error! Not a valid bookmark self-
reference. were not the same. At present how to determine the number of the pressure taps is
always a real problem. Liu et al. [48] obtained a reasonable layout of the taps on the streamlined
high-speed train at the yaw angles of 5.87-90°, where the head, middle, and tail car were
equipped with 240, 224, and 240 taps, respectively. However, such number of the taps is hard
to achieve with space limitation in the tests, especially in the full-scale tests. Most numbers of
the taps in the tests in Table 1 were far less than that in Liu et al. [48], nevertheless, their results
were still accurate. The improve related to increasing the number of the taps is small considering
the uncertainty, as Dorigatti et al. [25] mentioned, when the taps achieve the target number.
Therefore, it is necessary to study a realizable layout of the taps on the train in crosswinds
taking account of various circumstances.

In this work, the aerodynamic loads and surface pressure on the bluff and streamlined
vehicle in crosswinds were calculated by the numerical simulations. From this, realizable
strategies of discretization and discrete integration for aerodynamic load measurements were
suggested, where the Lagrange rectangular elements were used for the discretization of the
vehicle surfaces, and that the aerodynamic loads were calculated by the discrete integration
with the correction of the real orientation. The reappearance of the mean and unsteady
aerodynamic loads was evaluated. The strategies would help the model tests and full-scale tests
based on the discrete integration. The integration strategy associated with the Lagrange
rectangular elements is presented in Section 2. The details and validation of the numerical
simulations are reported in Section 3. Section 4 studies the discretization strategy of the bluff
and streamlined vehicle and checks the accuracy of the strategy from a mean and unsteady
standpoint. Some brief conclusions are described in Section 5.

Table 1. The aerodynamic load measurements were made on the static trains using the load
cells in the full-scale tests [16,19].

For the moving trains, the aerodynamic loads were measured still using the force balance
[12,45] and load cells [46] in the model tests, between which there was no essential difference.
However, the mechanical noise interference caused by the track-induced vibrations reportedly
affected the accuracy of the aerodynamic loads [12,46]. Dorigatti et al. [25] calculated the
aerodynamic loads by discrete integration of the pressure at 110 taps in the moving model tests
to mitigate the issues with the mechanical noise above-mentioned. There were still a few
moving model tests calculating the aerodynamic loads on both the bluff and streamlined
vehicles by discrete integration [17,47], whose numbers of the taps are listed in The number
and layout of the taps in the tests in Error! Not a valid bookmark self-reference. were not the

same. At present how to determine the number of the pressure taps is always a real problem.
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Liu et al. [48] obtained a reasonable layout of the taps on the streamlined high-speed train at
the yaw angles of 5.87-90°, where the head, middle, and tail car were equipped with 240, 224,
and 240 taps, respectively. However, such number of the taps is hard to achieve with space
limitation in the tests, especially in the full-scale tests. Most numbers of the taps in the tests in
Error! Not a valid bookmark self-reference. were far less than that in Liu et al. [48],
nevertheless, their results were still accurate. The improve related to increasing the number of
the taps is small considering the uncertainty, as Dorigatti et al. [25] mentioned, when the taps
achieve the target number. Therefore, it is necessary to study a realizable layout of the taps on
the train in crosswinds taking account of various circumstances.

In this work, the aerodynamic loads and surface pressure on the bluff and streamlined
vehicle in crosswinds were calculated by the numerical simulations. From this, realizable
strategies of discretization and discrete integration for aerodynamic load measurements were
suggested, where the Lagrange rectangular elements were used for the discretization of the
vehicle surfaces, and that the aerodynamic loads were calculated by the discrete integration
with the correction of the real orientation. The reappearance of the mean and unsteady
aerodynamic loads was evaluated. The strategies would help the model tests and full-scale tests
based on the discrete integration. The integration strategy associated with the Lagrange
rectangular elements is presented in Section 2. The details and validation of the numerical
simulations are reported in Section 3. Section 4 studies the discretization strategy of the bluff
and streamlined vehicle and checks the accuracy of the strategy from a mean and unsteady
standpoint. Some brief conclusions are described in Section 5.

Table 1. Similarly, at the present period, the aerodynamic loads on the moving trains were
calculated indirectly by the discrete integration of the pressure in the full-scale tests [17,18,20],
as listed in The number and layout of the taps in the tests in Error! Not a valid bookmark self-
reference. were not the same. At present how to determine the number of the pressure taps is
always a real problem. Liu et al. [48] obtained a reasonable layout of the taps on the streamlined
high-speed train at the yaw angles of 5.87-90°, where the head, middle, and tail car were
equipped with 240, 224, and 240 taps, respectively. However, such number of the taps is hard
to achieve with space limitation in the tests, especially in the full-scale tests. Most numbers of
the taps in the tests in Error! Not a valid bookmark self-reference. were far less than that in
Liu et al. [48], nevertheless, their results were still accurate. The improve related to increasing
the number of the taps is small considering the uncertainty, as Dorigatti et al. [25] mentioned,
when the taps achieve the target number. Therefore, it is necessary to study a realizable layout

of the taps on the train in crosswinds taking account of various circumstances.
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In this work, the aerodynamic loads and surface pressure on the bluff and streamlined
vehicle in crosswinds were calculated by the numerical simulations. From this, realizable
strategies of discretization and discrete integration for aerodynamic load measurements were
suggested, where the Lagrange rectangular elements were used for the discretization of the
vehicle surfaces, and that the aerodynamic loads were calculated by the discrete integration
with the correction of the real orientation. The reappearance of the mean and unsteady
aerodynamic loads was evaluated. The strategies would help the model tests and full-scale tests
based on the discrete integration. The integration strategy associated with the Lagrange
rectangular elements is presented in Section 2. The details and validation of the numerical
simulations are reported in Section 3. Section 4 studies the discretization strategy of the bluff
and streamlined vehicle and checks the accuracy of the strategy from a mean and unsteady
standpoint. Some brief conclusions are described in Section 5.

Table 1, rather than measured directly [48].

The number and layout of the taps in the tests in Error! Not a valid bookmark self-
reference. were not the same. At present how to determine the number of the pressure taps is
always a real problem. Liu et al. [48] obtained a reasonable layout of the taps on the streamlined
high-speed train at the yaw angles of 5.87-90°, where the head, middle, and tail car were
equipped with 240, 224, and 240 taps, respectively. However, such number of the taps is hard
to achieve with space limitation in the tests, especially in the full-scale tests. Most numbers of
the taps in the tests in Error! Not a valid bookmark self-reference. were far less than that in
Liu et al. [48], nevertheless, their results were still accurate. The improve related to increasing
the number of the taps is small considering the uncertainty, as Dorigatti et al. [25] mentioned,
when the taps achieve the target number. Therefore, it is necessary to study a realizable layout
of the taps on the train in crosswinds taking account of various circumstances.

In this work, the aerodynamic loads and surface pressure on the bluff and streamlined
vehicle in crosswinds were calculated by the numerical simulations. From this, realizable
strategies of discretization and discrete integration for aerodynamic load measurements were
suggested, where the Lagrange rectangular elements were used for the discretization of the
vehicle surfaces, and that the aerodynamic loads were calculated by the discrete integration
with the correction of the real orientation. The reappearance of the mean and unsteady
aerodynamic loads was evaluated. The strategies would help the model tests and full-scale tests
based on the discrete integration. The integration strategy associated with the Lagrange
rectangular elements is presented in Section 2. The details and validation of the numerical

simulations are reported in Section 3. Section 4 studies the discretization strategy of the bluff



167  and streamlined vehicle and checks the accuracy of the strategy from a mean and unsteady

168  standpoint. Some brief conclusions are described in Section 5.

169  Table 1 Discrete integration of pressure in previous model tests and full-scale tests.

Means References Numbers of taps Aerodynamic loads
Gallagher et al.
ataghereta 313 Side force and lift
[17]
Sanquer et al. 300 Side force, lift, and
[24] rolling moment
Dorigatti et al. L64 Side force, lift, and
[25] rolling moment
. . Side force, lift, and
Wind tunnel  Hashmi et al. [43] 162 .
rolling moment
tests
Baker and . . .
. Approximately 100 Side force and lift
Sterling [11]
Avila-Sanchez et 48 Side force, lift, and
al. [42] rolling moment
. . . Side force, lift, and
18 for train-head section and 17 for train- )
He et al. [44] . rolling moment of
body section .
sections
Dorigatti et al. 110 Side force, lift, and
[25] rolling moment
Moving 75 for loading efficiency of 100% and 53 Side force, lift, and

Soper et al. [47]

model tests for that of 66% rolling moment
Gallagher et al. 17 Side force per unit
[17] length

Full-scale
tests

Gao et al. [18]

Liu et al. [20]

106 (58 taps on windward and leeward
side and 48 taps on bottom and roof)
100 (58 taps on windward and leeward
side and 42 taps on bottom and roof)

Side force, lift, and
rolling moment
Side force, lift, and

rolling moment

Gallagher et al. 17 Side force per unit
[17] length
170 2. Measuring methodology
171 2.1. Discrete integration
172 The aerodynamic loads of the vehicles in crosswinds include the pressure and viscous

173 loads. The viscous ones account for only a small share of the aerodynamic loads, which are
174  dominated by the pressure ones. Liu et al. [48] showed that the pressure side force and lift were
175  larger than 96% of the total forces at the yaw angles of 5.87—30°. Therefore, the pressure loads
176  are sufficient to cover the aerodynamic loads in crosswinds, which can be obtained by the

177  discrete integration of the pressure [24,42].
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The aerodynamic loads of the test vehicles can be calculated by the discrete integral of the
pressure over the vehicles, which is an indirect measurement method [18]. The vehicle surfaces
are discretized using a series of elements, on which the aerodynamic loads are calculated by the
integration. The aerodynamic loads on the vehicles are the sums of those on all the elements
[48].

The purpose of the discrete integration is to obtain the aerodynamic loads of the test
vehicles through those on each element, as mentioned above, rather than the continuously
changed pressure on the vehicle surface. The discrete integration would be used in full-scale
tests and model tests with the simplest possible elements. Under such demand, the elements
should be simple, containing the pressure at the nodes, but not the rate of the pressure change.
Therefore, combining with the shape of the vehicle, the Lagrange rectangular elements were
used, instead of the triangular elements, Hermite rectangular elements, or Serendipity elements.

A Lagrange rectangular element discretizing the vehicle surfaces is shown in Fig. 1, which
includes the nodes A, B, C, and D as well as the midpoint M of the element. Xiong et al. [49]

discretized the vehicle surface using such elements.

D(x,.y,) C(x,.y,)

[ ]

M (Xlerxl ,)’1;}’2)
[ ]
y

[ | . ]

Ax.y) B(x,,y)
X

Fig. 1. Lagrange rectangular element.

The aerodynamic force Fe on the element is
F, = [[_ pdxdy = pS, (1)

where pwm is the pressure at the midpoint M, and S is the area of the element.

The pressure at the midpoint and the area of the element can be used to calculate the
aerodynamic forces on the element. Hence the aerodynamic forces of the test vehicles can be
obtained by measuring the pressure at the midpoints of the elements on the vehicle surfaces,
consistent with the previous studies [17,18,20,25,43,47]. The side force of the vehicles is the
vectorial sum of the aerodynamic forces on the elements on the windward and leeward sides,
and the lift is the vectorial sum of those on the elements on the bottom and roof.

The rolling moment on the Lagrange rectangular element cannot be obtained only from

7
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the pressure at the midpoint of the element, unlike the aerodynamic forces, but also the pressure
at the nodes. However, it is a different story for the rolling moment on the adjacent elements,

as shown in Fig. 2.

(@) D, (x, ) C, (. v) (D) Dx v C, (5, ) C, () C, (x, )
M M M, M,
D, (7, C, (x5, D, (x,¥,) C, (x, 1) C, (v, ) C, (v, 7))
M, M, M, M,
L] A el LLELE LTt
D (x.5) | C, (x,, ) C, (x, ¥, C, (x,¥,)
A (x, ) B, (x,,y) i i
M, M, M,
I T N
Y

X
A (x.p) B, (x, ) B, (x. %) B, (x,. 1)

X

Fig. 2. Adjacent Lagrange rectangular elements: (a) adjacent two elements and (b) adjacent three elements.

Fig. 2(a) shows the two adjacent Lagrange rectangular elements, where y of the element
A1B1C1D varies between y1 and y2 and that of the element D1C1C2D; ranges from y» to ys. The
total rolling moment on the two adjacent elements, as a function of the pressure at the midpoint

and their sizes, is calculated by

y2 +32 y3 (2)

Mo, + Mxez = lese + pmzse

xel

2y, +Y,
3

where M1 and M2 are the rolling moments on the elements A;B1CiD; and D1C1C2D> in Fig.
2(a), respectively, and pmi1 and pme are the pressures at the midpoints M1 and M2, respectively.

Fig. 2(b) shows the three adjacent Lagrange rectangular elements, which are the three light
cyan elements (BiB4C4Ci, C1C4CsC2, and C2CsCeCs3) in the figure. Their y ranges are y1—y»,
v2—y3, and y3—ys, respectively. The other elements are used to calculate the total rolling moment

on the three adjacent elements by

M +M +Mxe6:(Mxe4+Mxe5)+(MxeS+Mxe6

)M e 3)

xed xe5

4

1 2y, +Y 2y, +Y. Yy, +2Y Yy, +2Y.
Mxeszzse( c1 23 2+ Py 23 4 Pes 23 3"‘@:2%}

where M4, Myes, and Miyes are the rolling moments on the elements B1B4C4C, C1C4CsCs, and
CoCsC6Cs 1n Fig. 2(b), respectively, and pci1, pca, pcs, and pc2 are the pressures at the nodes Ci,
Cs, Cs, and C,, respectively.

However, the pressures at the nodes Ci, Cs, Cs, and C, cannot be provided directly. The
elements MiM4sMsM,, MaM7MsMs, MsMgMoMg, and MaMsMgM3z in Fig. 2(b) are
approximated the Lagrange rectangular elements because the surface pressure changes

continuously and slowly. Hence the pressure at the point C; can be calculated in those at the

8
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points M1, Ma, Ms, and M. The same is true of the pressure at the points C4, Cs, and Co. It is
worth noting that there are still errors with the less common measurement of the total rolling
moment on the three adjacent elements. The proposed algorithm can decrease the error (see
Section 4.3) compared with the measurements in the previous studies, where the aerodynamic

forces on the elements and their arms were used to calculate the rolling moment on the elements.
2.2. Correction in real orientation of elements

The pressures should be projected into the directions of the aerodynamic forces since they

are in the directions of the element normal. Supposing the normal vector to the midpoint M of

the element is 1 = (n n,n ), the projection is

x1lyr iz

ny

Pwy = ﬁ Pm ()
n

S 6

where pmy and pw: are the projections of pum to the directions of y- and z-axis, which are specially
formulated for the side force and lift, respectively.

Only the real orientations of the midpoints — rather than those of all the points on the
elements — are considered, which interfere with the truth. It is difficult to address the real
orientations of all the points, which is the same as the truth. Nevertheless, such correction in

the real orientation of the elements still helps the aerodynamic loads.
2.3. Pressure and aerodynamic load coefficients

According to the standard EN 14067—1 [50], the pressure and aerodynamic load

coefficients are defined as

Cp _ p;po (7)
Fy
o S ()
F
Cp=—2 9
Fz qS ( )
_ MX,|€E (10)
Mx, lee — qSH
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where C, is the pressure coefficient, p is the pressure, po is the reference static pressure, which
was obtained upstream of the models where the pressure was not affected by the models, g is
the dynamic pressure, Cry, Crz, and Cuy, 1ee are the side force coefficient, lift coefficient, and
rolling moment coefficient around the lee rail, respectively, F), F-, and M, e are the side force,
lift, and rolling moment around the lee rail, respectively, S is the characteristic area, i.e., the

cross-sectional area, and H is the height of the test vehicles.
2.4. Experimental uncertainty

The uncertainties of the pressure and aerodynamic load coefficients are influenced by the
individual uncertainty associated with the pressure and velocity. The calculation formulas have
been presented in our previous work [18]. The errors in Section 4.3 could be used to calculate
the type-B uncertainties of the aerodynamic load coefficients and then their combined standard

uncertainties.
3. Wind tunnel tests and numerical simulations
3.1. Wind tunnel tests and train models

The aerodynamic characteristics of bluff trains and streamlined trains are different in
crosswinds. The strategies of discretization on their surface were studied.

For a bluff train, wind tunnel tests were carried out in a drawing wind tunnel at China
Aerodynamics Research and Development Center in Gao et al. [51]. The cross-section of the
test section is 8 m x 6 m. The wind speed range is 20—100 m/s. The turbulence level is 0.1%,
and the flow deflection angle is less than 0.5°. The boundary layer techniques were used in the
wind tunnel, including a boundary layer suction and a splitter plate. 1:15 models of the bluff
train and ground (the embankment and rails) were installed on the plate, as shown in Fig. 3(a).
No blockage correction was needed for the blockage ratio was smaller than 5%. Gao et al. [51]
illustrated the experimental setup, all of which satisfied the standard EN 140676 [52].

For a streamlined train, wind tunnel tests were carried out in the high-speed test section (3
m x 3 m) of the Wind Tunnel Laboratory of Central South University. The wind tunnel is a
circulating wind tunnel with slotted walls. The wind speed range is 0—94 m/s. The turbulence
level is less than 0.5%, and the unevenness of the velocity is less than 1%, as well as the flow
deflection angle is less than 1°. 1:20 models of the streamlined train and ground (the subgrade
and rails) were installed on the splitter plate, whose upstream end was rounded, as shown in
Fig. 3(b). The blockage correction was used for the blockage ratio (the ratio of the projected
side area of the total modelled configuration to the wind tunnel cross-sectional area) was 9.1%,

between 5% and 15%. The experimental setup, boundary layer, and blockage correction were

10
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the same as our previous work [30] and satisfied the standard EN 14067-6 [52].

T B (b)
/Slde wall of tunnel | = ‘

Fig. 3. Wind tunnel tests: (a) bluff train [51] and (b) streamlined train.

The yaw angle of 30°, which is the angle between the train axis and wind tunnel axis, is
considered at the top of the realistic range for high-speed trains because the ratio of the wind
speed to the train speed is low [26,39,43]. Hence the bluff train and streamlined train were
measured at the yaw angle of 30° for unity. It is worth noting that the yaw angles shown in Fig.
3 are not 30°, but other angles from the same wind tunnel tests.

The train models and ground configurations in the wind tunnel tests and numerical
simulations are the same. Fig. 4(a) and (b) show the bluff train model and ground configuration.
The train model was formed from a locomotive and three freight wagons, and the second freight
wagon was the test model (denoted as BTV). BTV was tested using a freight wagon model as
upstream body. The ratio of the total length of the train model to the width of the tunnel was
less than 0.75. The height of the embankment was 1.23H, and the slope was 2/3. Gao et al. [51]
illustrated the bluff train and ground models, all of which satisfied the standard EN 14067—6
[52].

Fig. 4(c) and (d) show the streamlined train model and ground configuration. Half a down-
stream vehicle was placed next to the test model (denoted as STV). The ratio of the total length
of the train model to the width of the tunnel was less than 0.75. The separation between the
adjacent vehicles was 4 mm. The distance from the upstream end of the subgrade to the leading
end of STV is 578 mm (11.56 m in full-scale dimensions), which was larger than 8 m in full-
scale dimensions. The streamlined train and ground models were the same as our previous work
[30] and satisfied the standard EN 140676 [52].

Mechanical contact between the wheels and rail was excluded by cutting the base of the

wheel in the wind tunnel tests and numerical simulations.
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(a) (b) Wind

Locomotive Test vehicle: BTV 2.34H

NN
X
“\Embankment | 6.03H =[

(c) 578 mm Test vehicle: STV (d)

_ W—:..m
L
: — :
X Vv
“ Subgrade ’

Fig. 4. Train models and ground configurations: (a) side view and (b) front view of bluff train, and
streamlined train model: (¢) side view and (d) front view of streamlined train.

Unfortunately, Gao et al. [51] did not illustrate the measurements in the wind tunnel tests
of BTV. The measurements in the wind tunnel tests of STV were the same as our previous work
[30]. The wind speed was measured using a Pitot tube upstream of the model where the wind
speed was not affected by the vehicle model and its environment. The pressure scanner had a
range of 10 in WC and an accuracy of +0.10% full-scale. The aerodynamic forces were
measured using a force balance, whose range, precision, and accuracy are listed in Table 2. The

air density was calculated from the measured temperature and pressure.
Table 2 Parameters of force balance.

Aerodynamic forces Range Precision Accuracy
F, 1000 N 0.03% 0.09%
F. 1000 N 0.03% 0.12%

The Reynolds’ numbers (Re) in the wind tunnel tests of BTV and STV were 1.30 x 10°
and 5.55 x 10°, respectively, which could ensure the flow similarity between the model and

full-scale flows. Re is defined as

Re = PH (11)
y7i

where p is the air density, v is the wind speed, and u is the dynamic viscosity.

The results of BTV were nearly Re independent over the range [0.50Remax, Reémax](Remax =
1.30 x 10°). Fig. 5 illustrates the mean side force and lift coefficients of STV for different Re at
the yaw angle of 90°, where EFy and Cg, are the mean side force and lift coefficients,
respectively. There are error bands in the figure. The average values for the experimental
uncertainties associated with the mean side force and lift coefficients were 0.028 and 0.040,
respectively. Re ranged from 0.41Remax to Remax (Remax = 5.67 x 10°). The mean side force and
lift coefficients remained unchanged, for Re over 3.47 x 10°, showing no significant differences
for different Re (at the 0.3% level).
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Fig. 5. Aerodynamic force coefficients for different Reynolds numbers.
3.2. Computational method and turbulence modelling

Improved delayed detached-eddy simulation (IDDES) can accurately simulate complex
turbulent flows at high Re by activating Reynolds-averaged Navier-Stokes equations (RANS)
and large eddy simulation (LES) in different flow regions. It significantly improves the
application effect of detached-eddy simulation (DES) and delayed one (DDES) in recirculation
regions and flow separation and is simple in implementation, cost-free, and robust, refer to Shur
et al. [53] for a detailed description. The shear stress transport (SST) k- turbulence model
combines the advantage of the k-w model in the boundary layer and the k-¢ model in the
separation region [54,55]. Morden et al. [56] recommended that the SST k- model would be
optimal when looking at the surface pressure. It has been demonstrated to be capable of
reproducing a complex flow with strong separations [57]. IDDES based on the SST k-w
turbulence model has been used to simulate the flow around trains in crosswinds [5,58—61],
whose results were reliable. Therefore, IDDES based on the SST k-w turbulence model was
used to model the viscous, turbulent, unsteady, three-dimensional, and strongly separated flows
around the bluff and streamlined trains in crosswinds. The physical time step was set to 1 x 10

% s so that the Courant number was about 1.
3.3. Computational domain and boundary conditions

Fig. 6 shows the computational domains and boundary conditions of BTV and STV. Fig.
6(a) and (c) include the overhead views of the train models. The width and height of the domain
equaled those of the wind tunnel, while the domain extended in the streamwise direction. The

blockage ratio was smaller than 5%.
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Fig. 6. Computational domain and boundary conditions of BTV: (a) side view and (b) front view and STV:
(c) side view and (d) front view.

The front end of the computational domain was the velocity inlet, which had a uniform,
i.e., block, profile. The flow speed was independent of the height above ground, except for a
thin boundary layer on the domain bottom. Re at the velocity inlet of BTV and STV were 1.29
x 10% and 5.52 x 10°, respectively, approximating to the wind tunnel tests. The back end of the
domain was the pressure outlet with a boundary pressure of 0 Pa. The sides, roof, and bottom
of the domain were the no-slip walls consistent with the wind tunnels. The surfaces of the train
and ground models and plates were treated as the no-slip walls. The middle of the bluff train
was 15 m away from the velocity inlet and 20 m to the pressure outlet. The middle of the
streamlined train were 6 m and 15 m away from the velocity inlet and pressure outlet,

respectively.
3.4. Computational mesh and validation

Fig. 7 shows the computational meshes of BTV and STV, which were the trimmed meshes.
There were two refinement boxes (Fig. 7(a) and (b) for BTV, as well as (e) and (f) for STV)
around the test vehicles to capture the regions of high pressure/velocity gradient such as the
vortices and recirculation cells. The blue and red frames represent the refinement box 1 and 2
in the figure, respectively, which were based on BTV and STV. The mesh resolution of the
refinement box 2 was higher than that of the refinement box 1. The numbers of cells around the
vehicle and between the vehicle and boundaries were sufficient. There were prism layer meshes
on the no-slip wall, as shown in Fig. 7(c) and (g), which appropriated for the selected
computational method and turbulence model in Section 3.2. As recommended by SIEMENS
[55], the thicknesses of the first cell layers on the surface of BTV and STV were 2.59 x 10% m

and 8.82 x 1078 m, respectively, so that their dimensionless wall distances y+ were less than or
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nearly 1, as shown in Fig. 7(d) and (h). y+ in the previous studies was of the same order of
magnitude [58,59,61].

BTV Refinement box 2 Refinement box 1

(a) """" - © \l\\
| ] 1111111111111';
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Fig. 7. Computational mesh for BTV: (a) side view, (b) top view, (¢) boundary layers, and (d) dimensionless
wall distance y+, and for STV: (e) side view, (f) top view, (g) boundary layers, and (h) dimensionless wall
distance y+.

The mesh independencies for BTV and STV were proven by changing the mesh resolution.
Fig. 8 illustrates the mean side force and lift coefficients of BTV and STV with three mesh
resolutions (coarse, medium, and fine meshes) and those measured in the wind tunnel tests in
Section 3.1. The computational mesh shown in Fig. 7 is the medium mesh. The numbers of the
cells are listed in Table 3. The mean aerodynamic force coefficients with the coarse mesh
differed by large from those with the medium and fine meshes, while the coefficients with the
medium mesh were in general agreement with the fine mesh. The mean aerodynamic force
coefficients had an accuracy higher than 1.3% between the medium and fine meshes. Fig. 9

illustrates the mean pressure coefficients on the cross-sections of BTV and STV, where Cj is
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the mean pressure coefficient, and WWS and LWS represent the windward and leeward sides
of the vehicles. Fig. 9(al) shows the cross-section of BTV. The blue point begins at the position
in the figure and rotates counterclockwise. The distance traveled by the blue point is ¢ in Fig.
9(a2), and the perimeter of the section is C. Fig. 9(b1) shows the cross-section of STV, which
is the Loop-8 in Gu et al. [30]. The blue point begins at the position in the figure and rotates
clockwise, of which the rotation angle is a in Fig. 9(b2). The difference among the mean
pressure coefficients with the different mesh resolutions was similar to the mean aerodynamic
force coefficients. The coefficients with the medium mesh approximated to those with the fine
mesh, and the differences were slightly clear near the transition among the windward side, roof,
leeward side, and bottom. The mean side force coefficient, which most affected the running
safety of the vehicle [15,43,62], with the medium mesh was larger than that with the fine mesh,
and the medium mesh could economize the resource of computer. Therefore, the pressure and

aerodynamic load coefficients with the medium mesh were taken as the result.
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Fig. 8. Mean aerodynamic force coefficients with different mesh resolutions and in wind tunnel tests for (a)
BTV and (b) STV.
Table 3 Total numbers of cells with different mesh resolution.

Test vehicle Coarse mesh Medium mesh Fine mesh
BTV 37 million 62 million 90 million
STV 34 million 49 million 73 million

Fig. 8 illustrates the errors (the numbers above the red bars) between the mean
aerodynamic force coefficients with the medium mesh and those measured in the wind tunnel
tests. The maximum error was 4.7%. It is worth noting that the characteristic area to calculate
the aerodynamic force coefficients in Section 2.3 is different from that in Gao et al. [51]. The
coefficients in Fig. 8(a) have been converted by the characteristic area ratio. The wind tunnel
test of STV was included in the wind tunnel campaign at three separated facilities in Li et al.
[63], whose results showed a good consistency of the aerodynamic force coefficients measured

at the three wind tunnels. The error bars on the green bars in Fig. 8(b) indicate the uncertainties
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of the mean aerodynamic force coefficients, which associated with the mean side force and lift
coefficients were 0.010 and 0.014, respectively. Fig. 9(b1) and (b2) illustrate the mean pressure
coefficient and taps in the wind tunnel test of STV. The mean pressure coefficient with the
medium mesh was close to that in the wind tunnel test, although there were still differences at
individual taps, which might have been due to the errors of their positions and orientations in

the test.
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Fig. 9. Mean pressure coefficients on cross sections with different mesh resolutions: cross sections of (al)
BTV and (b1) STV and mean pressure coefficients of (a2) BTV and (b2) STV.

4. Results and discussion
4.1. Discretization of bluff vehicle surface

The strategy of the discrete integration in Section 2 is based on the Lagrange rectangular
elements, whose shape function is the product of the Lagrange polynomials, that is, its interior
is linear. The linear characteristics of the pressure coefficient on the vehicle surface were studied

with the principle of piecewise linearity to evaluate the adaptability and maximum size of the
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elements.

The surface pressure distribution of the bluff vehicle did not change a great deal along the
length besides both ends of the vehicle [6]. Hence the cross section X1—X1 that is in the middle
of BTV is analysed to study the lateral and vertical discretization of the bluff vehicle surface.
Fig. 10 illustrates the mean pressure coefficient on the cross section X1—X1 of BTV, where
Epy and Epz are the projections of the mean pressure coefficient to the y- and z-axis,
respectively. There are changepoints of the mean pressure coefficient in the figure to determine
the maximum size of the Lagrange rectangular elements, which partition the mean pressure
coefficient curves into different segments that are best fit by different straight lines. The
changepoints were searched by the parametric global method, where the locations of the
division points were varied until the total residual error attained a minimum [64—66]. The
positions close to both ends of the vehicle were ignored when determining the changepoints.
The mean pressure coefficient changed so rapidly there that the Lagrange rectangular elements
were not capable of capturing them well. Fortunately the pressure there actually had little effect
on the aerodynamic loads of the vehicle.

Fig. 10(b) illustrates the mean pressure coefficient and changepoints on the windward and
leeward sides of the cross section X1-X1, where the blue and green frames represent the
windward and leeward sides, respectively. The windward side of the main beam, z < 0.24H,
exhibited a negative pressure, and the mean pressure coefficient increased with the increase in
z. This might have been due to the vortices on the embankment, which were reported at the
height of the top of the rails [67]. The windward side of the roof, at z > 0.77H, experienced a
negative pressure, and the mean pressure coefficient showed a trend of first increasing and then
decreasing and finally increasing with the increase in z. The largest mean pressure coefficient
was -1.045 around the transition between the windward side and roof, at z=0.94H. The position
of the maximum negative pressure was similar to that observed by the previous studies [6,47].
The minimum distance between the changepoints on the windward side was 1197 mm, which
partitioned the curve into four segments. A negative pressure appeared on the leeward side,
whose variation was caused by the vortices. The minimum distance between the changepoints
on the leeward side was 1033 mm. The changepoints partitioned the curve into four segments
similar to those on the windward side.

Fig. 10(c) illustrates the mean pressure coefficient and changepoints on the bottom and
roof of the cross section X1—X1, where the blue and green frames represent the bottom and
roof, respectively, and W is the width of BTV. The bottom was a negative pressure region, where
the mean pressure coefficient showed a trend of first decreasing and then increasing and finally

decreasing. This was related to the vortices separated from the apron board and main-beam of
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the vehicle. The minimum occurred was -0.284 at y = -0.10/, while the largest value was -
0.532 at y = 0.20W. The changepoints approximately divided the mean pressure coefficient
curve into three equal segments. On the bottom of the vehicle, unlike on the windward side,
leeward side, and roof, the geometric detail of the vehicle led to the pressure variation. Hence
the dimensionless distance between the changepoints — rather than the absolute distance — made
sense on the bottom. The mean pressure coefficient was negative on the roof and was partitioned
into two segments by the changepoints. The trend of first slow increasing and then sharp

decreasing was similar to that in Flynn et al. [4].
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Fig. 10. Mean pressure coefficients on cross section of BTV: (a) position of cross section X1—X1 and mean
pressure coefficients on (b) WWS and LWS, as well as (c) bottom and roof.

To summarise, for convenience, the bluff vehicle should be divided into at least three and
four Lagrange rectangular elements in the lateral and vertical directions, respectively. The
maximum vertical length of the elements should be 1000 mm.

BTV was divided into three and four Lagrange rectangular elements in the lateral and
vertical directions, respectively, as mentioned above. The vertical length of the elements was
less than 1000 mm. Fig. 11(a) shows the horizontal cross sections Z1-21, Z2-72, 7Z3—73, and
74—74 at the midpoints of the vertical elements, and Fig. 12(a) shows the vertical sections
Y1-Y1,Y2-Y2, and Y3—Y3 at the midpoints of the lateral elements.

Fig. 11(b)—(e) illustrate the mean pressure coefficients and changepoints on the windward
and leeward sides of the horizontal cross sections, where L is the length of BTV. The mean
pressure coefficients on the windward side numerically showed trends of first decreasing and

then increasing and finally decreasing. The coefficients changed slightly in the middle of the
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vehicle but changed significantly near the ends. The pressure variations in the middle of the
vehicle might have been caused by the following factors. The flow was slightly deflected for
the yaw angle when crossing the windward slope of the embankment, influencing the flow
acceleration near the transition between the windward side and roof of the vehicle, the flow
acting on the vehicle directly, and the vortices separating from the windward slope. The mean
pressure coefficients were negative on the leeward side and slowly decreased along the length
of the vehicle, which might have been caused by the vortices separating from the vehicle and
moving downstream in crosswinds. Similar results were found by Hemida and Baker [6]. The
minimum distance between the changepoints on the windward on leeward sides was 4412 mm,

and the changepoints partitioned the curves on the windward and leeward sides into three and

four segments, respectively.
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Fig. 11. Mean pressure coefficients on horizontal cross sections of BTV: (a) positions of horizontal cross
sections and mean pressure coefficients on horizontal cross section (b) Z1-Z1, (¢) Z2—Z72, (d) Z3-Z3, and
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Fig. 12(b)—(d) illustrate the mean pressure coefficients and changepoints on the bottom
and roof of the vertical sections. The mean pressure coefficients presented dramatic changes on
the bottom, which might have been due to the complex geometry [6], especially the bogies. The
coefficients generally remained unchanged along the length of the vehicle — just fluctuated
around some values. The dimensionless distance between the changepoints was meaningful
compared with the absolute distance on the bottom, as mentioned above. The changepoints
partitioned the curves into three segments, which were two bogie regions and a middle region.
The roof exhibited negative pressures, and the mean pressure coefficients showed trends of first
increasing and then decreasing. The largest value -1.622 occurred at x = 0.17L on the vertical
section Y1-Y1, and the maximum -2.003 occurred at x = 0.53L on the section Y2—Y2, as well
as the largest value was -1.009 at x = 0.82L on the section Y3—Y3. The position of the maximum
pressure on the roof moved rearward with the increase in the distance between the vertical
section and windward side, which might have been caused by the yaw angle. The minimum
distance between the changepoints on the roof was 4277 mm, which partitioned the curves into

four segments.
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Fig. 12. Mean pressure coefficients on vertical sections of BTV: (a) positions of vertical sections and mean
pressure coefficients on vertical section (b) Y1-Y1, (c) Y2-Y2, and (d) Y3-Y3.

The regions with the significant variations in the mean pressure coefficients on the roof

corresponded to the bogies on the vertical section Y1—Y1 and Y3—Y3, as shown in Fig. 12(b)

21



532
533
534
535
536
537
538
539

540

541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

and (d). Thus the bottom and roof could be divided into three or four segments for capturing
the mean pressure coefficients in the longitudinal direction. However, on the section Y2—Y2,
the region with the significant variation in the mean pressure coefficient on the roof was
matched with the middle of the bottom, as shown in Fig. 12(c). Hence, the bottom and roof
should be divided into five segments.

To summarise, the bluff vehicle should be divided into at least five Lagrange rectangular
elements, whose maximum longitudinal length of the elements should be 4250 mm, in the

longitudinal direction.
4.2. Discretization of streamlined vehicle surface

The shape of the streamlined vehicle body which excludes the streamlined head is similar
to that of the bluff vehicle, whose discretization could refer to the discretization of the bluff
vehicle surface in Section 4.1.

Fig. 13 illustrates the mean pressure coefficients on the cross section X2—X2 of STV,
which is in the middle of the vehicle body. STV was divided into three and four Lagrange
rectangular elements in the lateral and vertical directions, respectively, as mentioned in Section
4.1. Fig. 13(a) shows the pressure taps at the midpoints of the elements.

Fig. 13(b) illustrates the mean pressure coefficients on the windward and leeward sides
and at the taps. On the windward side of the roof, z > 0.73 H, the vehicle experienced a negative
pressure, and the mean pressure coefficient showed a trend of first increasing and then
decreasing with the increase in z. Similar results were found by Guo et al. [58] and Huo et al.
[59]. The largest value occurred around the transition between the windward side and roof, at z
= 0.93H, which might have been due to the flow acceleration [68], similar to the trend of BTV
shown in Fig. 10. The mean pressure coefficient was negative on the leeward side. The
coefficient varying was complex. This was because the flow, detaching from the roof, mixed
with the flow that blew over the streamlined head, giving rise to complex three-dimensional
vortices [13].

Fig. 13(c) illustrates the mean pressure coefficients on the bottom and roof and at the taps.
The mean pressure coefficient on the bottom was positive near the windward side, at y <-0.25W,
which showed a trend of first increasing and then decreasing. The peak value occurred at y = -
0.42W, which might have been related to the windward rail [69]. The mean pressure coefficient
was negative at y > -0.24W, and it showed a trend of first increasing and then decreasing. The
maximum -0.638 appeared at y = 0.37/. The maximum negative pressure might have been
caused by the vortices behind the leeward rail [69]. A negative pressure appeared on the roof,

and the mean pressure coefficient showed a trend of first increasing and then decreasing. The

22



566
567
568

569

570
571

572
573
574
575
576
577
578
579

580
581
582
583
584
585
586
587
588

largest value of the coefficient occurred around the transition between the windward side and
roof, at y =-0.32 W, as mentioned above, where the flow velocity was accelerated and there was

a strong negative pressure.

(@ X

N
Leeward :ﬂdc.'

P, hJ Sy

O —— ©"

0.0
08— T~ 040
T .| —uws 3 08 ! ! !
N 0.6 | | ® Tapsonwws |/  ________N\_____ (@] E E Bottom
® TapsonLWS 1 1
04+ [— F?tt?ng on WWS 12 E E Roof
—— Fitting on LWS a6l ! H ® Taps on bottom
""""""""""""""""""" : | | e Taps on roof
02 20L ! Fitting on bottom
____________________________ | | —— Fitting on roof
0.0 . L 2.4 I L H .
-1.2 -10 -08 -06 -04 -02 00 02 04 -0.6 0.4 0.2 0.0 0.2 0.4 0.6

y/W
Fig. 13. Mean pressure coefficients on cross section of STV: (a) position of cross section X2—X2 and mean
pressure coefficients on (b) WWS and LWS, as well as (c) bottom and roof.

The linear least-squares data fitting was carried to the mean pressure coefficients in the
elements on the cross section X2—X2, and the fitting straight lines should pass by the mean
pressure coefficients at the midpoints of the elements. The red and magenta lines are the fitting
lines on the windward and leeward sides in Fig. 13(b), and ones are the fitting lines on the
bottom and roof in Fig. 13(c). The linearities of the mean pressure coefficients were evaluated
by the coefficient of determination R?. The closer R* was to 1, the higher the linearity was,

though this was not the original meaning of R?, which is defined as

RZ =1_ SSres (12)
SS

tot
where SSres 1s the total sum of squares, and SSio is the residual sum of squares.

The linearities of the mean pressure coefficients of the most elements were relatively high
on the cross section X2—X2. The maximum R? was 0.9047, while the peak value of R* in the
elements was 0.9453. Only the elements near the transition between the windward side and roof
were with low linearity, as mentioned above, but they made a small contribution for the
aerodynamic loads. Therefore, the lateral and vertical discretization of the bluff vehicle in
Section 4.1 applied to that of the streamlined vehicle body. The vertical discretization of the
streamlined vehicle body was the same as that in Liu et al. [48], which was divided into four

elements. Moreover, as mentioned by them, the aerodynamic loads did not significantly
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improve with a small increase in the number of the elements in the vertical direction. This was
the inevitable result caused by the mean pressure distribution of the streamline vehicle body
according to the results above.

The vehicle body of STV was divided into five Lagrange rectangular elements in the
longitudinal direction, as mentioned in Section 4.1. In the lateral and vertical directions, it fell
into three and four elements, respectively, as shown in Fig. 13. To study the longitudinal
discretization of the streamlined head, the horizontal cross sections Z5—75, Z6—726, Z7-77, and
78—78 at the midpoints of the vertical elements, as shown in Fig. 14(a), are analysed, as well
as the vertical sections Y4—Y4, Y5-Y5, and Y6—Y6 at the midpoints of the lateral elements, as
shown in Fig. 15(a).

Fig. 14(b)—(e) illustrate the mean pressure coefficients on the windward and leeward sides
and at the taps on the vehicle body. The windward side of the horizontal section Z5—Z5 was a
negative pressure region, which was around the transition between the windward side and roof,
as shown in Fig. 13(b). The mean pressure coefficient was negative on the leeward side and
showed a trend of first increasing and then decreasing and finally becoming stable. The largest
value occurred at 0.05L <x < 0.27L. The positions of the maximum pressures on the windward
and leeward side moved forward with the lowering in the horizontal sections. Apart from the
section Z5—Z75, the maxima of positive and negative pressures appeared on the windward and
leeward side of the streamlined head, respectively, as mentioned by Zhang et al. [68].

The red and magenta lines are the fitting lines on the windward and leeward sides of the
vehicle body in Fig. 14(b)—(e). The linearities of the mean pressure coefficients on the
windward and leeward sides of the vehicle body were high. The average value for R*> was 0.9145,
and the maximum was 0.9999. The largest value of R* in the elements was 0.9895. Therefore,
the longitudinal discretization of the bluff vehicle in Section 4.1 could be applied across the
streamlined vehicle body.

Fig. 14(b)—(e) also illustrate the pressure changepoints on the windward and leeward sides

of the streamlined head, where the minimum distance between the changepoints was 2733 mm.
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Fig. 14. Mean pressure coefficients on horizontal cross sections of STV: (a) positions of horizontal cross
sections and mean pressure coefficients on horizontal cross section (b) Z5—Z25, (c) Z6—726, (d) Z7-727, and
(e) Z8-Z8.

Fig. 15(b)—(d) illustrate the mean pressure coefficients on the bottom and roof and at the
taps on the vehicle body. The mean pressure coefficients changed rapidly on the bottom similar
to those of BTV. Jiang et al. [69] found that there were abrupt changes in the mean pressure
coefficient near the cowcatchers, which might have been related to their geometric shapes. The
pressure presented dramatic changes near the bogie cabins, especially when the flow left them,
as mentioned by Guo et al. [70]. A positive pressure appeared in some areas near the front end
of the vertical section Y4—Y4, which might have been related to the yaw angle, as mentioned
in the description of Fig. 12. The rest of the roof was a negative pressure region, and the mean
pressure coefficient showed a trend of first increasing and then decreasing. The largest value
occurred at 0.13L < x < 0.45L, of which the position moved forward with the increase in the

distance between the vertical section and windward side of STV.
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Fig. 15. Mean pressure coefficients on vertical sections of STV: (a) positions of vertical sections and mean
pressure coefficients on vertical section (b) Y4—Y4, (¢) Y5-Y5, and (d) Y6—Y6.

The red and magenta lines are the fitting lines on the bottom and roof of the vehicle body
in Fig. 15(b)—(d). The linearities of the mean pressure coefficients near the bogies were
relatively low, which was caused by the chaotic variations of the coefficients [69]. The
linearities of the coefficients were high in the middle of the bottom, and the largest value of R?
was 0.9836 in the elements. Overall the linearities of the coefficients were high on the roof. R
of 73.3% of the elements was larger than 0.8816, and the maximum was 0.9973.

Fig. 15(b)—(d) also include the pressure changepoints on the bottom and roof of the
streamlined head, where the minimum distance between the changepoints was 3403 mm.

To summarise, the maximum longitudinal length of the Lagrange rectangular elements
should be 2700 mm on the streamlined head of the vehicle.

The streamlined head of STV was divided into four Lagrange rectangular elements in the
longitudinal direction, as mentioned above. The longitudinal length of the elements was less
than 2700 mm. The cross sections X3—X3, X4—X4, X5-X5, and X6—X6 at the midpoints of the
longitudinal elements are analysed. The streamlined head was divided into three and four
elements in the lateral and vertical directions, respectively, as mentioned above. However, to
facilitate realistic testing, the sections X3—X3 and X4—X4 were divided into two and three

vertical elements with the same height of the other elements, respectively, since the original
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heights of the sections were low. Similarly, the section X3—X3 had only one element in the
lateral directions. Fig. 16(a) shows the taps at the midpoints of the vertical elements, and Fig.
17(a) shows those at the midpoints of the lateral elements.

Fig. 16(b)—(e) illustrate the mean pressure coefficients on the windward and leeward side
of the cross sections and at the taps. The transition between the windward side and roof of the
streamlined head exhibited negative pressures. The mean pressure coefficients showed a trend
of first increasing and then decreasing with the increase in z. The maximum negative pressure
appeared around the transition between the leeward side and roof, which was similar to the

results in Zhang et al. [41].
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Fig. 16. Mean pressure coefficients on windward and leeward sides of streamlined head: (a) position of cross
sections and mean pressure coefficients on cross section (b) X3—X3, (c) X4—X4, (d) X5—XS5, and (e) X6—X6.

Fig. 17(b)—(e) illustrate the mean pressure coefficients on the bottom and roof of the cross
sections and at the taps. The mean pressure coefficient changed acutely on the bottom of the

cross section X3—X3. With the increase in y, the positive pressure was transposed to the
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negative one on the bottom, and the mean pressure coefficient showed a trend of first slightly
increasing and then significantly decreasing and finally sharply increasing. The mean pressure
coefficient was kept essentially constant on the bottom of sections X4—X4, X5—X5, and X6—X6.
The roof was a little positive pressure region at y = -0.5W, indicating that the airflow acted on

the region directly [41].
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Fig. 17. Mean pressure coefficients on bottom and roof of streamlined head: (a) position of cross sections
and mean pressure coefficients on cross section (b) X3—X3, (c) X4—X4, (d) X5—X5, and (e) X6—X6.

The red and magenta lines are the fitting lines on the windward and leeward sides of the
streamlined head in Fig. 16(b)—(e), and ones are the fitting lines on the bottom and roof in Fig.
17(b)—(e). The linearities of the mean pressure coefficients were relatively high except
individual elements. The average of R*> was 0.7526, and the maximum was 0.9903. The largest
value of R? was 0.9472 in the elements. Such linearity could be acceptable, considering the
complex variations of the pressure on the streamlined head, especially on the bottom.

Therefore, the lateral and vertical discretization of the streamlined head was the same as
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that of the vehicle body.
4.3. Mean aerodynamic load coefficients

The discretization of the vehicle surfaces in Sections 4.1 and 4.2 applied to most bluff and
streamlined vehicles of similar shapes. BTV and STV were discretized using the strategy of the
discretization, as mentioned above, to clear the accuracy of the discretization and discrete
integration. Fig. 18 and Fig. 19 show the layout of the taps, which are at the midpoints of the
elements, on the BTV and STV, respectively. The layouts on the windward and leeward sides
were the same and did ones on the bottom and roof. BTV was divided into five, three, and four
elements in the longitudinal, lateral, and vertical directions, respectively. There were 70
elements, including 40 elements on the windward and leeward sides and 30 elements on the
bottom and roof. STV was divided into nine, three, and four elements in the longitudinal, lateral,
and vertical directions, respectively. There were 116 elements, including 66 elements on the
windward and leeward sides and 50 elements on the bottom and roof. The above mentioned
was the ideal layouts of the taps. In tests, if the locations of the taps were not available, the
discretization would remain unchanged, and the taps would move around the midpoints of the
longitudinal elements in the longitudinal direction. The principle of moving direction was to try
not to change the geometric features around the taps. The eighth longitudinal element moved

rearward in Fig. 19 because its midpoint was originally situated on the wheelset.
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Fig. 18. Layout of taps on BTV: (a) side view and (b) top view.
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In the model tests, the pressures at the taps would be monitored using pressure scanners,
and the aerodynamic loads and surface pressure distribution of the vehicle would be obtained.
Of course, a preference for force balances should be stated in the wind tunnel tests (the static
model tests). In the full-scale tests, the ranges of absolute pressure transducers that could be
used in the tests would be far greater than the variation of the surface pressure on the vehicle in
crosswinds. Its resolution would be relatively low. Variations of altitude might also be larger
than those of the surface pressures in the full-scale tests. Hence, to obtain the aerodynamic loads,
differential piezoresistive transducers with small ranges and high accuracies would be advised
to use for measuring the pressure differences between the corresponding taps in the full-scale
tests.

The projections of the pressures at the corresponding taps on the windward and leeward
sides in y-axis were the same, so the differential piezoresistive transducers could directly
measure the side force. However, that would be not the case for the lift, where the projections
at the corresponding taps on the bottom and roof in z-axis were different. Fortunately, a
quantitative relation between the coefficient Cx,. for calculating the lift and the coefficient Ca,
measured by the differential piezoresistive transducers could be made. Fig. 20 illustrates the
relation between the two mean pressure coefficients EApz and EAp . The relations of BTV and
STV were nearly linear between the two coefficients, and R? of those were 0.9999 and 0.9912,
respectively. The fitting relations could be obtained early by the numerical simulations in the
future full-scale tests. There was a simple way of using Ca, in place of Cap: since the

approximation function was Cap: = Cap, Whose accuracy would be relatively low.
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Fig. 20. Mean pressure coefficients on bottom and roof of (a) BTV and (b) STV.

Table 4 lists the mean aerodynamic load coefficients obtained by the discrete integration
mentioned above and numerical simulations, as well as the errors between them, indicating the
accuracy of the discretization and discrete integration suggested above. It is worth noting that
the mean aerodynamic load coefficients obtained by the numerical simulations in the table
included the viscous loads. The error of the mean side force coefficient of BTV was the smallest,
which was 2.5%, while the mean lift coefficient had the largest error of 12.9%. The linearity of
the mean pressure coefficient was relatively low on the bottom of BTV with complicated
geometry, leading to a large error in the mean lift coefficient. But such errors could be accepted
since the side force most affected the running safety of the vehicle, as mentioned in Section 3.4.
The mean aerodynamic load coefficients of STV had little errors, and the maximum error was
only 2.2%. The bottom of STV had regular shape due to the equipment cabins, thus the error of
the mean lift coefficient was little. The errors of STV were little in general. This might be
because the flow separation around STV was suppressed due to the aerodynamic shape, thus

the linearity of the mean pressure coefficient was higher than that of BTV.
Table 4 Mean aerodynamic load coefficients and their error.

) . BTV STV
Mean aerodynamic load coefficients —— — — — — —
C Fy C Fz C Mx,lee C Fy C Fz C Mx,lee
Discrete integration 3.097 2247 2233 4.074 3979 2.566
Numerical simulation 3.176 2579 2.145 4.142 4.038 2.511
Relative error 25% 129% 4.1% 1.6% 1.5% 22%

The errors in Table 4 were in acceptable range, especially considering the experimental
uncertainties. Therefore, the strategies of the discretization and discrete integration suggested
above were sufficient to obtain the mean aerodynamic loads on the vehicles in crosswinds. The
surface pressure distributions of different bluff vehicles would be similar and so did streamlined

vehicles. Hence the strategies could be extended to more vehicles.
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The discrete integration (see Section 2) and discretization of the vehicle surfaces (see
Sections 4.1 and 4.2) have been improved. The strategies above fit together well. The number
of the taps would be relatively small, which was easier to use in the tests, especially in the full-
scale tests. The mean aerodynamic load coefficients of BTV and STV were calculated with the
method in Gao et al. [18] with the layouts of the taps shown in Fig. 18 and Fig. 19. The
suggested strategies significantly improved the accuracies of the mean lift and rolling moment
coefficients of the streamlined vehicles, which were increased by 8.7% and 8.4%, respectively,
compared with the calculation of the coefficients in the previous studies. However, the errors
of the mean lift and rolling moment coefficients of the bluff vehicles reduced by 1.3% and 2.8%,
respectively.

The errors in Table 4 were for the yaw angle of 30° (see Section 3.1). Liu et al. [48]
indicated that the discrete integration would have approximate equal errors at the yaw angles
of 5.87—30°. The errors in the range of 30—90° would be smaller than the maximum error at the
yaw angles of less than 30°. Anyway, the yaw angles would be primarily 0—30°, as mentioned

in Section 3.1. The errors in Table 4 could be directly used in the full-scale tests and model tests.
4.4. Unsteady aerodynamic load coefficients

The aerodynamic loads on the vehicles in crosswinds were unsteady and fluctuated around
the mean values [68]. The reappearance of the unsteady aerodynamic loads was evaluated in
this section.

Table 5 lists the amplitudes of the unsteady aerodynamic load coefficients of BTV and
STV. The amplitudes of the aerodynamic load coefficients obtained by the suggested strategies
were larger than those obtained by the numerical simulations, with an average increase of 0.363,
indicating that the fluctuations acquired by the suggested strategies were larger. This might be
due to the amplification of the pressure fluctuations at the taps in the strategies. Although the
fluctuations of the aerodynamic loads cannot be accurately evaluated in the strategies, the large

fluctuations measured were conservative in the running safety of the vehicles [71].
Table 5 Amplitudes of unsteady aerodynamic load coefficients.

) . BTV STV
Aerodynamic load coefficients
Fy Ck CMx, lee CFy Cr: CMx, lee
Discrete integration 1.139 2.167 0.888 0.779 0.514 0.373
Numerical simulation 0.961 1.581 0485 0.280 0.245 0.129

Fig. 21 illustrates the normalized cross-correlation (NCC) of the aerodynamic load
coefficients of BTV and STV, where 7 is the time lag. The largest values of NCC occurred at ¢
= 0, which indicated that the unsteady aerodynamic load coefficients were obtained by the

suggested strategies with no delay.
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Fig. 21. Normalized cross-correlation of aerodynamic load coefficients: (a) BTV and (b) STV.
Fig. 22 illustrates the power spectral densities (PSDs) of the aerodynamic load coefficients
of BTV and STV, where the blue and red lines are PSDs obtained by the discrete integration
and numerical simulations, respectively, and the gray line is the ratio of the former to latter, i.e.,

the transfer function. PSDs are plotted against the Strouhal number (S¢), which is defined as

_ At (13)
Vv

St

where f'is the time-varying frequency of the aerodynamic load coefficients.

The fluctuations of the side force and rolling moment coefficients were similar [68,72],
but the fluctuation of the lift coefficient was different from them. The cyan region in Fig. 22
represents the frequency range where the transfer function was less than 1.5, and PSDs obtained
by the discrete integration could be considered similar to those obtained by the numerical
simulations. This frequency range was approximately St < 0.4, the three aerodynamic load
coefficients considered, and given that the side force most affected the running safety, as
mentioned in Section 3.4. This was because almost all the large vortices near the vehicle were
captured by the discrete integration, to which the low-frequency fluctuations were related.
COOPER [73] found the break point of the aerodynamic admittance, and after calculations, it
corresponded to St (based on the length of the vehicle) of 0.4. On the one hand, this confirmed
the above view. On the other hand, the unsteady aerodynamic loads were proved to be accurate
in this work. PSDs obtained by discrete integration were larger than those obtained by the
numerical simulations at St > 0.4, indicating that the fluctuations of the aerodynamic load
coefficients obtained by the discrete integration were large at high frequencies. These high-
frequency fluctuations resulted from the separation and attachment of the small flow structures
around the vehicles and the instability of the shear layers [5,7]. The high-frequency fluctuations
might be captured by some taps and then be amplified by the discrete integration, as mentioned

above.
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Fig. 22. Power spectrum densities of aerodynamic load coefficients: side force coefficients of (al) BTV and
(a2) STV, lift coefficients of (b1) BTV and (b2) STV, and rolling moment coefficients around lee rail of (c1)
BTV and (c2) STV.

Fortunately, the results of the previous full-scale tests [18] and current numerical
simulations illustrated that the most dominant frequencies of the aerodynamic load coefficients
were at St < 0.4. Therefore, the suggested strategies could reflect the real frequency
characteristics of the unsteady aerodynamic loads in the frequency range that people would be
concerned about in crosswinds. The high-frequency fluctuations could be treated using an
appropriate filter, which will become our research focus in the future.

The full-scale frequency corresponding to St = 0.4 was 4.938 Hz with the relative wind
velocity of 50 m/s (the relatively large value measured in Gao et al. [18]). When the frequency
of the pressure was less than 1 Hz, the error of the pressure was less than 5% with a plastic

tubing (with an outer diameter of 2 mm and inner diameter of 1.8 mm) of which the length was
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no more than 8 m, according to Liu et al. [20]. Therefore, the full-scale tests could be carried

out using the suggested strategies and plastic tubing in combination.
4.5. Discussion on nonlinear interpolation

The interior of the above Lagrange rectangular element is linear, as mentioned in Section
4.1. This is not surprising: people expect nonlinear interpolation (NI) to improve the strategies,
according to the mean pressure coefficients on the vehicle surfaces in Section 4.1 and Section
4.2. Fig. 23 illustrates the nonlinear interpolation of the mean pressure coefficients on the cross
section X2—X2 of STV. The pressure taps at the midpoints of the elements are shown in Fig.
13(a), and the mean pressure coefficients on the cross section and taps are equal to those in Fig.
13(b) and (c). The modified Akima interpolation [74] was carried out, which modified the
weights in the Akima algorithm for one-dimensional interpolation [75,76] and thus could avoid
an overshoot. The Akima algorithm produces fewer undulations compared to the spline
algorithm but is not as aggressively flattened compared to the pchip algorithm [74]. Different
from the linear interpolation, the nonlinear one could basically reproduce the mean pressure
coefficients on the vehicle surface, especially on the windward and leeward sides. But there is
still gap with the goal of “close to the true value”, which might have been due to the small

amount of the taps.
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Fig. 23. Nonlinear interpolating among mean pressure coefficients at taps on: (a) WWS and LWS, as well as
(b) bottom and roof of cross section X2—X2 of STV.

The mean aerodynamic force coefficients on the cross section X2—X2 of STV, including
the side force and lift coefficients, could be obtained by adding up the nonlinear interpolation
of the mean pressure coefficient. The mean aerodynamic force coefficients on the cross section
X2—-X2, meanwhile, could be calculated by the discrete integration reported in Section 2.1.
Table 6 lists the errors of the aerodynamic force coefficients calculated by the means above
(compared with the coefficients obtained by the numerical simulation), where the numbers in

parentheses are absolute differences. The maximum error in the mean side force coefficient was
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4.5%, while the one in the mean lift coefficient was 40.7% (the absolute difference was 0.044).
The errors of the discrete integration and nonlinear interpolation were small and almost the
same as each other. The error in the mean lift coefficient was slightly large, which might have
been caused by the small number of the taps and the complex changes of the pressure on the

bottom of the vehicle.

Table 6 Error of mean aerodynamic force coefficients on cross section X2—X2 of STV.

Algorithm Epy Cr

Discrete integration 4.2% (0.005) 28.9% (0.031)
Nonlinear interpolation 4.5% (0.005) 40.7% (0.044)

With the layout of the taps in Fig. 19, the accuracies of the aerodynamic load coefficients
obtained by the discrete integration and nonlinear interpolation were similar. The error of the
nonlinear interpolation was slightly large. The nonlinear interpolation could reproduce the
continuously changed pressure, but it would need more taps than the discrete integration to
improve the accuracy. There would be an optimal density of the taps in the nonlinear
interpolation, which would be more complex than the layout in Fig. 19. This was opposite to
the original intention of this work, which was to obtain the acrodynamic loads with the fewest
number of the taps, rather than the continuously changed pressure on the surface. Therefore,
the discrete integration was sufficient in the circumstances. In the future, the optimal density of
the taps related to the nonlinear interpolation will be our research focus to reproduce the

continuously changed pressure on the vehicle surface.
5. Conclusions

IDDES based on the SST k-w turbulence model was carried out to calculate the
aerodynamic loads and surface pressure on the bluff and streamlined vehicles. The discrete
integration and discretization of the vehicle surfaces have been improved. The results are
summarized as follows.

(1) The linearities of the surface pressure on the bluff and streamlined vehicles were generally
high in the longitudinal, lateral, and vertical directions. The maximum R? in the elements
was 0.9973. The vehicles could be discretized by the Lagrange rectangular elements. The
linear of pressure on the streamlined vehicle body (excluding the streamlined head) was
similar to that on the bluff vehicle.

(2) The strategy of the discretization based on the Lagrange rectangular elements was suggested
to measure the aerodynamic loads on the vehicles in crosswinds. The discretization for all
the vehicles was the same in the lateral and vertical directions, where the vehicles should

be divided into at least three and four Lagrange rectangular elements, respectively. The
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maximum vertical length should be 1000 mm. In the longitudinal direction, the bluff vehicle
and streamlined vehicle body should be divided into at least five elements, whose largest
length should be 4250 mm. The longitudinal length of the elements should be no more than
2700 mm on the streamlined head. If the locations of the taps were not available in tests, the
taps would move around the midpoints of the longitudinal elements in the longitudinal
direction, remaining the geometric features around the taps. The strategy required a
relatively small amount of the taps, and the number of the taps on BTV and STV were 70
and 116, respectively. Note that the accuracy of the mean and unsteady aerodynamic loads
would be uncontrollable and unpredictable if the discretization is not performed as required.

(3) The strategy of the discrete integration was suggested to measure the acrodynamic loads on
the vehicles in crosswinds. The side force and lift were calculated with Eq. (1), and the
rolling moment were determined by Eq. (2) and (3). The pressure should be projected into
the directions of the aerodynamic forces to consider the real orientation of the elements. The
difference of the projections of the pressure for calculating the lift could be obtained early
by the numerical simulations, when using the differential piezoresistive transducers.

(4) The strategies of the discretization and discrete integration could be used to measure the
mean aerodynamic loads accurately. The errors of the mean side force coefficient, lift,
coefficient, and rolling moment coefficient around the lee rail of BTV were 2.5%, 12.9%
and 4.1%, respectively, while the maximum error of STV was 2.2%. Compared with the
previous studies, the strategies significantly improved the accuracy of the mean
aerodynamic coefficients of STV, which was increased by up to 8.7%, while the accuracy
of BTV was raised by 2.8%.

(5) The strategies suggested above could basically reproduced the unsteady aerodynamic loads.
The fluctuation was larger than that in real situations. The amplitudes of the aerodynamic
load coefficients increased by average 0.363, which was conservative. The unsteady
aerodynamic loads with no delay were near to natural ones in the frequency range that
people would be concerned about in crosswinds (St < 0.4).

(6) The suggested strategies were enough to be used in the full-scale tests with the plastic tubing.
The differential piezoresistive transducers were suggested to be used in the full-scale tests.
Additionally, the suggested strategies could be used in the model tests.

In the future, the suggested strategies will be used to measure the unsteady aerodynamic
loads on the trains in natural crosswinds by the full-scale tests. The frequency characteristics of
the aerodynamic loads obtained by the strategies and plastic tubing (see Liu et al. [20]) and the
overestimation of the high-frequency fluctuations will be further studied. Moreover, the running

safety (such as the relative wheel unloading) of the vehicles will be assessed based on the
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strategies. The nonlinear interpolation and its layout of the taps will be studied deeply.
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