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Abstract: With potential benefits in drag reduction and fuel saving, the aerodynamics of vehicle platoons have
been investigated for a wide range of cases in open space. When vehicle platoons travel in road tunnels, the
platooning strategy could be affected by the tunnel size, the traffic lane, and the inter-vehicle spacing. This
paper presents a detailed investigation of these effects by numerically simulating the aerodynamics of an eight-
lorry platoon travelling through road tunnels. The slipstream velocity and pressure fields, flow structures, and
drag forces are examined as the inter-vehicle spacing are varied from 0.1L to 1.5L, where L is the length of a
single lorry. It is found that the airflow induced by the moving platoon in the large tunnel (two-lane tunnel) is
weaker than that in the small tunnel (single-lane tunnel), but similar to the case in the open air. As a result, the
drag reduction due to platooning is most significant in the small tunnel, while the results in the large tunnel and
the open air are largely identical. It is further found that, owing to the efficient shielding, the drag reduction in
the open air increases monotonically as the inter-vehicle spacing decreases. However, the flow fields in both
small and large tunnels change pronouncedly when the inter-vehicle spacing is 0.25L, resulting in relatively
larger drag coefficients at this spacing. These findings are less sensitive to the traffic lane. This study provides
useful insight into the platooning strategy of a long lorry platoon.

Keywords: Vehicle aerodynamics; Lorry platooning; Road tunnel; Drag reduction; Inter-vehicle spacing;
Blockage ratio

1. Introduction
Vehicle platooning, whereby a series of vehicles travel in close proximity, is believed to be a promising

solution to address modern traffic challenges, such as road congestion and fuel consumption. In recent years, the
development of connected and autonomous vehicles through vehicle-to-vehicle communication has enabled
platooning strategy to be considered in real scenarios. Therefore, this topic has received growing attention from
both fundamental research and engineering applications.

It has long been known that platooning can lead to drag reduction, and this benefit has been utilized in 

many scenarios. Examples include bobsleigh crew members' position [1], cycling team racing [2, 3], marathon 

runners [4], and NASCAR (The National Association for Stock Car Auto Racing) [5]. These applications are 

believed to be inspired by the migrating geese, who fly in a V-shape platoon so that the flock can migrate over a 

great distance without rest [6]. To reveal the drag-reduction mechanism due to platooning, researchers have 
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attempted some simple geometrical configurations, such as thin circular disks [7], cylindrical tubes [8–10], a
rectangular plate placed downstream of an oval plate [11] and a flat disc followed by a cylinder [12]. It is found
that there is an optimal inter-body spacing for the drag reduction, which allows the development of a quasi-
steady vortex in the inter-body region, and thus the separating free shear layers of the leading body can re-attach
onto the trailing body. As a result, the drag force reduces.

Similar behaviours in drag reduction associated with vehicles running in close proximity and the potential
for fuel-saving have been identified by wind tunnel experiments [13–21] and fuel consumption track tests [22–
27]. Research works based on computational fluid mechanics have provided detailed insights into the drag-
reduction mechanism [24, 28–33]. These studies have illustrated that the drag reduction mainly results from the
shielding effect. Briefly, the trailing vehicles are shielded from the high-speed airflow, therefore the drag force
on the frontal surface is reduced. In addition, thanks to the trailing vehicles, the leading vehicle experiences an
increased pressure in its rear region, and thus smaller pressure differential between the frontal and rear surfaces,
which also contributes to the drag reduction.

To achieve greater fuel saving, researchers have also explored the optimal inter-vehicle spacing [15, 17, 18,
29, 34, 35]. The SARTRE (Safe Road Trains for the Environment) project, which aimed to develop a system
that allows platoons to travel on public highways, showed that higher drag reduction and fuel saving could be
achieved with smaller inter-vehicle spacing. Schito & Braghin [34] found that a 6-vehicle platoon with smaller
inter-vehicle spacing has a smaller drag coefficient, and this finding is valid for a variety of vehicle geometries.
In a recent experimental study of an eight-lorry platoon, Robertson et al. [15] also reported that the drag
decreases as the inter-vehicle spacing decreases from 1.5L to 0.5L, where L is the length of a single vehicle.
This study demonstrated that the shielding effect is more effective at smaller inter-vehicle spacing by reducing
the frontal pressure.

However, some other studies have indicated that platooning does not always lead to dragging reduction for
certain inter-vehicle spacings [13, 18, 26, 32, 33, 36–38]. Zabat et al. [18] first reported that the trailing vehicle
experiences the most considerable drag reduction, but this effect reverses when the inter-vehicle spacing
decreases below 0.2L. Pagliarella et al. and Watkins & Vino [36, 37] even reported a so-called “drag penalty”
phenomenon for a two-vehicle platoon with small inter-vehicle spacing. Specifically, while the leading vehicle
yields a significant drag reduction, the trailing vehicle experiences a higher drag than that in the isolation case.
Le Good et al. [13, 19] also found a “drag penalty” for platoons consisting of 3-5 cars when the inter-vehicle
spacing is 0.25L. A similar phenomenon was observed by Mirzaei & Krajnović [33], who used Large-Eddy
Simulation to investigate a two-Ahmed-body platoon, and indicated a “drag penalty” for two inter-vehicle
spacings (0.3L and 0.5L). Recently, Ebrahim & Dominy [32] investigated the performance of a car platoon with
inter-vehicle spacing ranging from 0L to 1.0L. This study found that, for the inter-vehicle spacing of 0.25L and
0.5L, the impinging flow will cause the drag to exceed the vehicle-in-isolation case. Törnell, Sebben, &
Elofsson [21, 39] reported that the drag of the trailing truck in a two-vehicle platoon increased as the inter-
vehicle spacing dropped down from 20 meters to 5 meters, after which the drag decreased as the spacing
decreased. These studies suggest that the drag properties associated with vehicle platooning are sensitive to the
vehicle geometry and the inter-vehicle spacing. Moreover, McAuliffe & Ahmadi-Baloutaki [20] noted that it is
important to take real road conditions into account; otherwise, the advantage of platooning could be overstated.
Therefore, more detailed studies are required to understand the effects of inter-vehicle spacing on different types
of vehicle platoons that are likely to occur in real scenarios.

One important scenario that should be considered is when vehicles travel in road tunnels. The tunnel walls
will not only restrict the airflow motion but also modify the aerodynamics of the vehicles via the so-called
piston effect. Specifically, unlike the case of vehicles traveling in the open space, where the air displaced by the
vehicles can freely move away to most directions, the airflow around vehicles in a tunnel is mostly pushed to
proceed in the same direction as the vehicles. As a result, a high-pressure region is formed in the front of the
vehicle and a low-pressure region behind it, where the wake structures act as an air-sucker. These changes in the
flow field lead to significant variations in the aerodynamic forces. Therefore, investigating the aerodynamics of
vehicles travelling through road tunnels is critical for optimising the platooning strategy.

Previous research on this topic primarily focused on the time-averaged quantities (such as airflow velocity
and forces coefficient), and their dependences on the vehicle velocity and the traffic density (or the inter-vehicle
spacing). By using model-scale experiments, Chen et al. [40] found that the vehicle speed had a greater
influence on the piston effect than the inter-vehicle spacing and the vehicle size. Sambolek [41] reported that the
time-averaged airflow velocity in the tunnel decreases as the vehicle speed increases. Katolický & Jícha [42]
also reported that the airflow in the tunnel depends on the vehicle speed, as well as the traffic density. However,
the airflow induced by the vehicles eventually approaches a saturated value at a certain traffic density. Recently,
Lee et al. [43] investigated the drag coefficients of sedans in a double-deck tunnel. The influences of the
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blockage ratio (the cross-section area of the vehicle over that of the tunnel), the vehicle speed, and the inter-
vehicle spacing were evaluated. This study showed that the time-averaged drag coefficient increases with an
increase in the blockage ratio and the inter-vehicle spacing, but with a decrease in the vehicle speed. In addition,
a negative interaction was observed between the vehicle speed and the inter-vehicle spacing. However, most of
these studies were conducted under stable or quasi-static conditions, which are different from the actual airflows
in road tunnels.

With the development of modern experimental technology and computational ability, more studies have
begun to investigate moving vehicles in road tunnels with the transient aerodynamics being accounted for.
Different approaches have been used to model the relative movement between the vehicles and the tunnel, such
as using a porous jump-moving wall [44], adopting a relative velocity [45], and employing the dynamic mesh
technique [46–48]. In the numerical studies of a two-vehicle platoon travelling in a curved tunnel, where the
inter-vehicle spacing was varied from 1.5L to 10L, F. Wang et al. [46, 47] found that even if the inter-vehicle
spacing is large, the drag coefficients of the vehicles in platooning are lower than that of a single vehicle. In
addition, the drag coefficient decreases with decreasing the inter-vehicle spacing but slightly increases as the
vehicles slow down. However, in a reduced-scale tunnel experiment, Sike et al. [49] found that the influence of
the vehicle speed is more significant than the inter-vehicle spacing. Bhautmage & Gokhale [45] found that
vehicles travelling at high speed with smaller inter-vehicle spacing produce larger wake structures, but the
corresponding drag coefficients were not examined.

To gain a better understanding of the aerodynamics associated with vehicle platooning running in road
tunnels, a recent study investigated the case of an eight-lorry platoon using both model-scale experiments and
numerical simulations [50]. The most interesting finding of that study is that the drag reduction effect due to
platooning is larger in the tunnel than that in the open air. However, owing to the limitation of the laboratory
conditions, the experiments and thus the corresponding numerical simulations in that study were performed in a
single-traffic-lane tunnel with a blockage ratio being 36%. Since the blockage ratio has a significant effect on
the drag coefficient [43], it is worth checking whether the above-mentioned interesting finding is valid in a large
tunnel with a smaller blockage ratio. In addition, as the majority of road tunnels have multiple traffic lanes, the
effect of the traffic lane is also of interest. Moreover, previous studies of vehicles travelling in road tunnels
mainly explored cases with large inter-vehicle spacings. It is not clear whether the “drag penalty” phenomenon,
which was observed for platoons with small inter-vehicle spacing in the open air, also exists in road tunnels.

Following the motivations above, this paper reports a numerical investigation of the effects of blockage
ratio (BR), traffic lane, and inter-vehicle spacing on the aerodynamics of lorry platooning, with a focus on the
drag properties. Lorry platoons running under four different circumstances are investigated: in the open air, in a
small tunnel (BR =36%, similar to single-lane tunnels), in a large tunnel (BR =15%, similar to two-lane tunnels),
and along the right traffic lane of the large tunnel. The inter-vehicle spacing is varied from 0.1L to 1.5L, where
L is the length of a single lorry. A Detached Eddy Simulation methodology is employed in the present study,
which is introduced in Section 2. After showing the validation of the numerical model in Section 3, a detailed
analysis of the flow fields and the drag properties are presented in Section 4. The effects of the blockage ratio
and the traffic lane are first discussed in Section 4.1, and then the effects of the inter-vehicle spacing are in
Section 4.2. Finally, the major findings are highlighted in Section 5.

2. Computational models and methods

2.1 Description of the vehicle and the platoon

In this study, a 1/20th scale box-type lorry (see Figure 1) was used. It has a dimension of 0.395 m, 0.175 m,
and 0.125 m for length (L), height (H), and width (W), respectively. This lorry model is simplified from a
commercial Leyland DAF 45-130 vehicle, which has been extensively investigated in previous studies [15, 28,
50–54]. Despite some simplifications, such as the removal of side mirrors and windshield overhangs, these
simplifications do not significantly affect the aerodynamic performance of the lorry model but help to reduce the
numerical efforts greatly [52, 55, 56].
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Figure 1. The shape and dimensions of the model-scale lorry used in the experiments. The two black solid lines with arrows on the lorry’s
surface indicate the positions for the surface pressure analysis, which will be presented in Section 4.2.2

The platoon of the present study consists of eight lorries. It has been proven in previous studies [15, 28, 50,
54] that an eight-vehicle platoon is long enough to ensure boundary layer development so that the aerodynamics
of the platoon can be fully examined. The platoon travels at a nominal speed ����� = 25 m/s, which yields a
Reynolds (Re) number of 3 × 105 based on the height H of the lorry. Although this Re number is lower than
the full-scale value, it is high enough for the examination of aerodynamic coefficients [57]. Previous model-
scale experiments and numerical simulations for bluff vehicles conducted at Re numbers of ~105 have shown
good agreement with full-scale data [52, 58, 59].

2.2 Simulation methodology and numerical schemes

Airflow around a bluff body is highly turbulent. Because of the higher accuracy in reproducing unsteady
flow characteristics, Large Eddy Simulation (LES) provides an efficient solution to this problem. However, LES
requires vast computational resources, especially for high Re number flow [60]. On the other hand, Reynolds
Averaged Navier-Stokes (RANS) is more widely used to simulate vehicle aerodynamics [46, 61–64], because it
has a lower requirement for mesh density than LES. The present study adopts Improved Delayed Detached Eddy
Simulations (IDDES). The principle of IDDES is that the attached flow near the wall is simulated with RANS,
while the detached flow is resolved with LES. As a result, the mesh density is largely reduced for IDDES, so
this method is a more flexible approach for simulating high Re number flow. It has been demonstrated by Niu et
al. [65] that using IDDES based on the Shear Stress Transport (SST) k–ω model can better simulate turbulent
flow involving boundary layers with adverse pressure gradients, separation, and recirculation. Details about the
SST-IDDES model can be found in [66, 67].

The simulations are performed using commercial software (ANSYS Fluent 18.2) based on a pressure solver
with the finite volume method. For the pressure and velocity coupling equations, the SIMPLE (Semi-Implicit
Method for Pressure-Linked Equations) algorithm is applied. The bounded central differencing scheme is used
to solve the momentum equations. The second-order upwind scheme is applied to solve the k and ω transport
equations. The time advancement is conducted using a second-order implicit scheme, and the time step is set to
be 1 × 10−4 s [50,68,69]. Note that a smaller time step (0.5 × 10−4 s) has also been tested in this work to
confirm that the present time step is sufficient. The number of iterations is set to be 50 for each time step so that
the residual is sufficiently small before considering the solution converged.

2.3 Computational domain and boundary conditions

The computational domain is illustrated in Figure 2. It consists of stationary and moving sub-domains. The
origin of the coordinate system is at the tunnel’s portal and centre of the roadway on the tunnel floor, with the x-
axis being positive in the platoon’s travelling direction, and the z-axis pointing vertically upward. The width and
height of the stationary domain are 40.14H and 20.6H, respectively. The sliding mesh technique is adopted to
simulate the relative movement between the lorry platoon, the ground plane, and the tunnel. This technique has
been used to simulate vehicles travelling in a tunnel [50, 70–72]. More detailed information about this technique
can be found in Chu et al. [73]. According to the best practice guidelines [71, 74], the simulation results must be
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amended when the ratio of the tunnel’s cross-section to the computational domain is between 5% and 15%. In
the present study, this area ratio is 2%, so the results do not need to be amended.

Figure 2. The dimensions and the boundary conditions of the computational domain.
The boundary conditions for the computational domain are also shown in Figure 2. The top, side, front and

back faces of the computational domain are defined as the pressure outlet boundaries and the reference pressure
was set to zero. The no-slip wall boundary conditions are specified for the lorry surfaces, the ground plane, and
the tunnel walls. To ensure that the turbulent flow around the platoon is fully developed, the simulations start
when the leading lorry is 20.6H away from the tunnel’s portal and stop when the last lorry is also 20.6H away
from the tunnel’s exit. Note that the present study adopted the sliding mesh technique to simulate the relative
movement between the lorry platoon, the ground plane, and the tunnel, which is different from the usual
stationary simulations. In other words, the platoon is moving in the simulations and the airflow is induced by the
movement of the platoon. Therefore, the velocity inlet boundary condition is not required in the present study.
Only the speed of the platoon (����� = 25 m/s) should be specified in the simulations.

2.4 Simulation cases

To investigate the effects of blockage ratio, traffic lane, and inter-vehicle spacing, a series of simulations
are conducted in the present study. To be specific, platoons travelling under four different circumstances (see
Figure 3) are simulated: in the open air (OA), in a large tunnel (LT), along the right traffic lane of the large
tunnel (RLT), and in a small tunnel (ST). The OA cases are simulated as references. The ST cases are identical
to the tunnel experiments that have been investigated previously with a fixed inter-vehicle spacing of 1.5L [50],
in which the effect of the inter-vehicle spacing remains to be explored. The LT cases are used to determine the
influence of the blockage ratio, and the RLT cases are used to examine the effect of the traffic lane. Note that
the blockage ratio of the large tunnel (15%) is similar to the cases of real road tunnels with two traffic lanes. For
the effects of the inter-vehicle spacing, platoons with six different cases are investigated (see Figure 4).

Figure 3. Platoons travel under different circumstances. OA: in the open air; LT: in a large tunnel; RLT: along the right traffic lane of
the large tunnel; ST: in a small tunnel.
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Figure 4. Platoons with different inter-vehicle spacings ranging from 0.1L to 1.5L.

3. Mesh independence and numerical validation
The quality of the IDDES model depends on the mesh resolution because the blending process between the

RANS and LES is affected by the cell size [75]. The surface grid for the lorry is shown in Figure 5(a, b). Meshes
for a horizontal slice of the entire domain are displayed in Figure 5(c). The meshes in the present work are
structured hexahedral grids generated by the commercial software Ansys ICEM-CFD. Sufficient refinement
close to the solid walls is made to resolve the critical flow features. Three sets of meshes (shown in Table 1) are
used to verify the independence of the meshes.

Figure 5. Computational grid used in the present study: (a) mesh for the surfaces of the lorry’s cab and box; (b) mesh for the lorry’s
bottom surface; (c) mesh for a horizontal plane of the whole domain at �/� = 0.57.

Table 1. The parameters for the grid sensitivity test in the present study

Coarse Medium Fine

Averaged �+ 5 2 1

Number of mesh cells in the moving domain (million) 20.3 28.2 35.5

Number of mesh cells in the stationary domain
(million) 10.5 14.6 14.6

Total number of mesh cells (million) 30.8 42.8 50.1
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Figure 6. Pressure coefficients for different mesh densities: (a) slipstream pressure at 40H away from the tunnel’s entrance, 0.45H
above the ground plane, and 0.14H away from the lorry body; (b) surface pressure on the cab’s centre of the leading lorry. The shaded
rectangles in (a) indicate the time for each lorry in the platoon passing through the monitoring point.

Figure 6 shows the pressure coefficients in the tunnel and the surface pressure coefficients on the cab
centre of the leading lorry obtained from the simulations using different numbers of cells. The pressure
coefficient C_p is defined below:

��(�) =
�(�) − �∞
1
2 �∞�����

2 (1)

Here, the normalized time � = ������ � is set to zero when the leading lorry enters the tunnel. �∞ and �∞

are the pressure and the density of the room air in the experiments. It is seen that the results for the medium and
fine meshes compare well with each other. In addition, the IDDES method recommends that �+~1 for the mesh
resolution [67]. Therefore, the fine mesh is adopted in the present study.

The quality of the mesh has been checked by the Courant-Friedrichs-Lewy number (CFL = �����∆�/∆� ,
where ∆� represents the cell length and ∆t is the time step). It is found that the CFL number remains below one,
with only a small number of localized exceptions occurring. Previous studies have shown that this minor
infringement on the stringent CFL requirement has no significant effect on the simulations [76–78]. The quality
of the mesh has been checked by other quantities as well, such as the blending function and the turbulent
viscosity ratio, which also confirm that the present mesh meets the requirement of the IDDES model [39].

Figure 7. The time-averaged surface pressure coefficients of different lorries along the central line (see the solid line O1 in Figure 1) of
the platoon in a small tunnel: (a) Lorry 1; (b) Lorry 5. The shaded areas are used to distinguish different regions along the lorry’s surface.

The numerical model has been validated by comparing it with experimental results (including slipstream
properties, surface pressures, and drag coefficients) obtained by Zhang et al. [50] and Zhang [79]. For example,
Figure 7 shows the surface pressure distribution of different lorries along the central line. It is seen that the
numerical data are in good agreement with the experimental ones, demonstrating the reliability of the numerical
model. More details about the numerical validation can be found in Zhang et al. [50] and Zhang [79].
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4. Results and Discussion
4.1 Effects of blockage ratio and traffic lane

In this section, the effects of blockage ratio and traffic lane on the slipstream properties, flow structures,
and aerodynamic forces are investigated. The inter-vehicle spacing of the platoon is fixed at 1.5L, which can
reflect typical road conditions appropriately. Smaller inter-vehicle spacings are more relevant to connected and
autonomous vehicle technologies and will be discussed in the following section.

4.1.1 Flow field analysis

Figure 8 shows the instantaneous velocity fields at a horizontal plane of � � = 0.57 for lorry platoons
running under different circumstances. Here, the non-dimensional horizontal velocity is defined as:

���� � = (
� �
�����

)2 + (
� �
�����

)2, (2)

where u and v represent the longitudinal and lateral velocity components, respectively. This dimensionless
velocity includes both the streamwise and spanwise velocities of the airflow induced by the moving platoon, so
it provides a more accurate assessment of the slipstream velocity and its effects on passengers [15]. The
influence of the blockage ratio on the aerodynamic flow is reflected by the velocity magnitude, which indicates
that the moving platoon in the small tunnel induces a stronger piston effect than those in the large tunnels.
However, in terms of the velocity distribution pattern, the airflows created by the platoons in the large tunnels
are similar to that in the open air, and the difference between the LT and RLT cases is not obvious in this figure.

Figure 8. Instantaneous velocity fields at the horizontal plane of � � = 0.57 for lorry platoons running under different circumstances.
The velocity magnitude is coded by the colour.

It is further observed in Figure 8 that the largest velocity magnitude occurs in the rear wake region of each
lorry for all the cases examined. To better visualize the flow structures in this region, Figure 9 shows time-
averaged streamlines at the centreline plane for three representative lorries in the platoons running under
different circumstances. Each lorry serves as a static reference for the generation of streamlines, which are
averaged over the period of � = 7.5~17.5 when the lorries are travelling inside the tunnel. As the overall
features of the flow fields around intermediate lorries in the platoons are similar, the fifth lorry is taken as the
representative of intermediate lorries for analysis. It is seen that, compared with the cases in the open air, the
upper vortices in the rear region are enlarged for all the lorries in the small tunnel. While in the large tunnel, the
vortices behind the first and fifth lorries are similar to those in the open air, but the vortices behind the last lorry
are similar to those in the small tunnel. When the platoon is running along the right lane of the large tunnel, the
vortex structures are similar to those in the LT case.
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Figure 9. Time-averaged velocity fields in the rear region of three representative lorries in the platoons running under different
circumstances. The data are obtained at the centreline plane of � �= 0. The solid lines are streamlines and the arrows represent velocity
vectors. The velocity magnitude is coded by the colour.

To reveal the effects of the traffic lane, Figure 10 shows the time-averaged streamlines (over the time of
� = 7.5~17.5) at the � �= 0.57 plane for three representative lorries in the platoons running in the large tunnel.
It is seen that the wake structures become asymmetric when the platoon is running along the right lane, which is
more obvious for the last lorry. Furthermore, as indicated by the coding colour, the flow strength increases
between the lorries and the side closer to the tunnel wall but remains relatively unaffected on the more open side.
This could be understood as the effect of local blockage due to the tunnel wall.
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Figure 10. Top view of time-averaged velocity fields around three representative lorries in the platoon at the plane of � �= 0.57. Top
panel: in the large tunnel. Bottom panel: along the right lane of the large tunnel. The solid lines are streamlines and the arrows represent
velocity vectors. The velocity magnitude is coded by the colour.

The blockage ratio also has a strong impact on the pressure field. It is seen in Figure 11 that, the frontal
positive pressure is largest for the platoon in the small tunnel, then the two cases in the large tunnel, and finally
the case in the open air. It is further seen that the frontal pressures progressively drop from the leading lorry to
the last one for all the cases, which is more significant in the small tunnel. Moreover, the positive pressure in the
frontal region of the first few lorries and the negative pressure in the rear region of the last lorry is also more
pronounced in the small tunnel. This piston-induced effect is less so for the two cases in the large tunnel, which
depends weakly on the traffic lane. A closer look at Figure 11 reveals that the pressure fields ahead of the first
few lorries for the RLT case become stronger and asymmetric on the side closer to the tunnel wall. As will be
shown in the next section, these differences in the velocity and pressure fields result in different drag forces for
the lorries in the small and large tunnels.

Figure 11. Instantaneous pressure fields at the horizontal plane of � � = 0.57 for the platoons running under different circumstances.
The pressure magnitude is coded by the colour.
4.1.2 Aerodynamics force analysis

Two types of aerodynamic forces are examined in this section, i.e., the drag force �� and the side force ��.
The non-dimensional force coefficients are defined as:

�� =
��

0.5������
2 ��

, (3)
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�� =
��

0.5������
2 ��

.

Here, �� is the referenced surface area, which has been taken to the cross-section of the lorry normal to the
x-axis.
Table 2. The coefficients of drag force and side force for a single lorry running under different circumstances and the corresponding root

mean square (r.m.s.) values

��−������ r.m.s. ��−������ r.m.s.

Open air (OA) 0.62 0.02 0.0035 0.0386

Large tunnel (LT) 0.71 0.02 0.0027 0.0419

Right lane of large tunnel (RLT) 0.74 0.03 0.0072 0.0417

Small tunnel (ST) 0.96 0.03 0.0026 0.0461

First of all, the force coefficients of a single lorry are determined as the baseline (Table 2). Note that the
data are averaged over the time of � = 7.5~17.5 when the lorry is running through the middle section of the
tunnel. For the data in the open air, the corresponding time-averaging is made. As seen in Table 2, the drag
coefficient of a single lorry increases from 0.62 in the open air to 0.96 in the small tunnel, indicating a
considerable impact on the blockage ratio. However, the drag coefficients for the LT and RLT cases are
approximately the same within the uncertainty (indicated by the r.m.s. values). In terms of the side force,
although the data for the RLT case is about 3 times larger than that in the LT case, possibly owing to the
asymmetric flow field, the values are too small to induce lateral instability. The time-averaged values of side
forces are even much smaller than the r.m.s. values (see Table 2), suggesting that side force is not important for
a single lorry.

Figure 12 illustrates the temporal variation of drag coefficients for all lorries in the platoons running under
different circumstances. Here, � = 0 indicates the time when each lorry enters the tunnel and � = 25 represents
the time leaving it. It is seen that the trailing lorries for all the cases benefit from the shielding effect due to
platooning, with the most significant drag reduction occurring between the leading lorry and the second one. In
the small tunnel, the drag coefficients of all lorries increase dramatically when entering the tunnel, then
gradually fall as travelling through the tunnel before abruptly decreasing at the exit. For the data in the large
tunnel, such variations are less pronounced. In addition, while the drag coefficients for most of the trailing
lorries in the small tunnel are visibly different, the data for trailing lorries in the large tunnel have roughly the
same magnitude, which is similar to the case in the open air.
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Figure 12. Temporal variation of drag coefficients for all lorries in the platoons running under different circumstances: (a) in the open
air, (b) in the large tunnel, (c) along the right lane of the large tunnel, and (d) in the small tunnel.

To make a direct comparison, the data in Figure 12 are averaged over the time of � = 7.5~17.5 and then
plotted in Figure 13(a). The differences between the drag coefficients in the open air and the small tunnel have
been reported in a previous study [50]. There is a sudden increase in the drag coefficient of the last lorry in the
small tunnel, owing to the strong negative pressure in the rear region. Drag coefficients in the large tunnel
exhibit almost independence of the traffic lane, with the magnitudes being consistently larger than those in the
open air. When compared with the small tunnel, the drag coefficients in the large tunnel are smaller for the first
two lorries, thanks to a weaker piston effect. However, the data become larger for the fourth to the seventh
lorries. This is because the frontal pressures for these lorries diminish slower than those in the small tunnel, as
shown in Figure 11. Figure 13 also reveals some effects of the vehicle number. When the vehicle number
exceeds five, the drag coefficients for the intermediate lorries trend to level off. This suggests that a platoon
consisting of five vehicles could be long enough for studying the aerodynamics of the platoon. For a shorter
platoon, because the boundary layer around the platoon is not fully developed [15], the drag properties would
behave differently. Detailed effects of the vehicle number are subject to future study.
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Figure 13. A comparison of (a) time-averaged drag coefficients and (b) drag reduction ratio in terms of (1 − ��/��−������)100% for
all lorries in the platoons under different circumstances.

Because the drag coefficients of a single lorry are different for different circumstances, it is more
meaningful to compare the drag reduction ratio in terms of (1 − ��/��−������)100%. It is seen in Figure 13(b)
that, because of the strong piston effect, the drag reduction is most significant in the small tunnel. Interestingly,
although the drag coefficients in the large tunnel are larger than those in the open air, their drag reduction ratios
are almost identical. It is not clear whether this phenomenon is valid for other blockage ratios (i.e., tunnel sizes).
At this stage, we believe it could be coincidental. If taking the results in the small tunnel into account together,
one would expect that the drag reduction ratio could have other different values for different blockage ratios.
Thus, to have a clear understanding of this phenomenon, more blockage ratios should be explored.

Finally, the coefficients of side force are examined to check whether the lorries in platooning would
experience any lateral instability. From Figure 14, it is seen that the time-averaged coefficients of side force
(over the time of � = 7.5~17.5) are considerably small for all the cases, which are even smaller than the r.m.s.
values (order of ±0.05). A similar level of r.m.s. values have been found for lorry platoons with different inter-
vehicle spacings, so the effect of side force is not important here. The following section will not discuss the side
force anymore.

Figure 14. Time-averaged coefficients of side force for all lorries in the platoons under different circumstances. The error bar in the
left corner is averaged over the r.m.s. values of all the cases.
4.2 Effects of inter-vehicle spacing

In this section, the effects of inter-vehicle spacing will be discussed. Six different cases as illustrated in
Figure 5 are examined. For the sake of simplicity, only four typical spacings (0.1L, 0.25L, 0.5L, and 1.0L) will
be exhibited in the flow field analysis.

4.2.1 Flow field analysis

Figure 15 shows the transient pressure fields around the platoons with different inter-vehicle spacings and
under different circumstances. Similar to the results shown in Figure 11, the airflow created by the moving
platoons is most significant in the small tunnel, but less so in the large tunnel. The asymmetric pressure patterns
are also obvious for all the RLT cases. In addition, the key features of the positive pressure ahead of the first
lorry and the negative pressure behind the last lorry are similar for the platoons with different inter-vehicle
spacings. However, the pressure variation trend is different for the intermediate lorries.

To show the different behaviour more clearly, Figure 16 presents the time-averaged pressure fields (over
the period of � = 7.5~17.5 ) around the fifth lorry as a representative example. It is seen that the frontal
pressures decrease monotonically as the inter-vehicle spacing decreases for all the cases, but the rear pressures
in the tunnels are substantially larger at 0.25L than other inter-vehicle spacings, in contrast to the data in the
open air. This suggests that the drag coefficients may behave differently for the platoons with 0.25L spacing in
the tunnels.
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Figure 15. Instantaneous pressure coefficient fields for lorry platoons with different inter-vehicle spacings and running under different
circumstances. The data are obtained at the horizontal plane of � �= 0.57. The pressure magnitude is coded by the colour.
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Figure 16. Top view of time-averaged pressure coefficient fields around the fifth lorry in the platoons with different inter-vehicle
spacings and running under different circumstances. The data are obtained at the horizontal plane of � �= 0.57. The pressure magnitude is
coded by the colour.

To further illustrate how the inter-vehicle spacing affects the airflow in the rear region of the intermediate
lorries, Figure 17 compares the time-averaged velocity fields (over the period of � = 7.5~17.5) in this region of
the fifth lorry for different cases. When the inter-vehicle spacing is larger than 0.25L, there exist two counter-
rotating vortices in this region for all the cases. As the inter-vehicle spacing is reduced to 0.25L, the flow
structures change dramatically. The bottom vortex is highly compressed and almost disappears when the inter-
vehicle spacing is further decreased to 0.1L. The upper vortex also shrinks in size as the inter-vehicle spacing
decreases and becomes invisible at the spacing of 0.25L. As a result, the airflow moves directly upward rather
than impinging on the cab’s front. These changes in flow structures suggest that the frontal pressures for the
intermediate lorries decrease with the inter-vehicle spacing.
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Figure 17. Time-averaged velocity fields in the rear region of the fifth lorry in the platoons with different inter-vehicle spacings and
running under different circumstances. The data are obtained at the centreline plane of � �= 0 . The solid lines are streamlines and the
arrows represent velocity vectors. The velocity magnitude is coded by the colour.

4.2.2 Surface pressure analysis

Based on the analysis above, the first and the last lorries show expected changes in the flow fields due to
platooning, but the behaviours of intermediate lorries are non-trivial. Therefore, the surface pressure analysis in
this subsection focuses on the intermediate lorries. Again, the fifth lorry is taken as a representative example.

Figure 18 presents the time-averaged surface coefficients (over the time of τ=7.5~17.5) of the fifth lorries
in the platoons with different inter-vehicle spacings and running under different circumstances. The surface
pressure drops significantly near the edge of the lorry cab, where the strongest flow separation occurs. These
suction peaks are stronger for the RLT cases. Thanks to the more effective shielding at smaller inter-vehicle
spacings, the pressure on the cab’s front surface decreases for all the cases as the inter-vehicle spacing decreases,
with the largest drop occurring between 0.25L and 0.1L. The pressures on the box’s top and rear surfaces also
decrease with the inter-vehicle spacing in the open air, although to not a greater extent. While in the tunnels, the
pressures on the lorry box surfaces do not change monotonically but exhibit anomalous behaviour at the inter-
vehicle spacing of 0.25L. Compared to the data for other inter-vehicle spacings, the top surface of the lorry box
has a relatively larger value at this spacing, while its rear surface is relatively lower.

The anomaly in the surface pressure for the 0.25L case is also observed along the cross-section of the box
(see Figure 19). The data are obtained in the position just behind the flow separation region, so most of the
values are negative. The progressively increased pressure coefficients for most of the cases again demonstrate
that the shielding effect due to platooning is more efficient at smaller inter-vehicle spacings. However, the data
for the 0.25L cases in the tunnels do not follow the monotonic trend. In addition, when the platoon travels along
the right lane of the large tunnel, the surface pressures along the box section lose the symmetry slightly,
manifesting the effect of the traffic lane.
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Figure 18. Time-averaged surface pressure coefficients of the fifth lorries in the platoons with different inter-vehicle spacings and
running under different circumstances: (a) in the open air, (b) in the large tunnel, (c) along the right traffic lane of the large tunnel and (d) in
the small tunnel. The data are obtained along the central line of the lorry (see the solid line O1 in Figure 1) and the error bars indicate the
largest r.m.s. values in the simulations. The shaded areas are used to distinguish different regions along the lorry’s surface.
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Figure 19. Time-averaged surface pressure coefficients of the fifth lorries in the platoons with different inter-vehicle spacings and
running under different circumstances: (a) in the open air, (b) in the large tunnel, (c) along the right traffic lane of the large tunnel and (d) in
the small tunnel. The data are obtained along the front loop of the box’ cross-section (see the solid line O2 in Figure 1) and the error bars
indicate the largest r.m.s. values in the simulations. The shaded areas are used to distinguish different regions along the lorry’s box section.

4.2.3 Drag Force analysis
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Figure 20. Temporal variation of drag coefficients of the fifth lorries in the platoons with different inter-vehicle spacings: (a) in the open air,
(b) in the large tunnel, (c) along the right traffic lane of the large tunnel, and (d) in the small tunnel.

Following the surface pressure analysis, Figure 20 presents the temporal variation of the drag coefficients
of the fifth lorries for different cases. Clearly, the shielding effect is most efficient at the inter-vehicle spacing of
0.1L for all the cases. As discussed in Section 4.2.1, the low vortex in the wake region almost disappears at this
spacing, and the airflow directly moves upward rather than impinging on the cab’s front, which leads to a
significant reduction in the frontal surface pressure and thus the drag force. A close look at the data reveals that
the drag coefficient in the open air decreases in a monotonic manner with decreasing inter-vehicle spacing.
However, owing to the anomaly occurring at the spacing of 0.25L, the drag coefficients in the tunnels do not
follow the monotonic trend, regardless of the tunnel size and traffic lane.
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Figure 21. Time-averaged drag coefficients of all lorries in the platoons with different inter-vehicle spacing: (a) in the open air, (b) in the
large tunnel, (c) along the right traffic lane of the large tunnel, and (d) in the small tunnel.

To examine the effect of the inter-vehicle spacing quantitatively, Figure 21 compares the time-averaged
drag coefficients of all lorries in the platoons with different inter-vehicle spacings. As seen in Figure 21(a), the
variation trends of the drag coefficients from the first to the last lorries are similar for different inter-vehicle
spacings in the open air. Specifically, the drag coefficients first drop sharply between the leading and the second
lorries and then decrease slightly (or remain almost the same) for the following ones. Some exceptions are
coming from the last lorries in the platoons with small inter-vehicle spacings, which have stronger negative
pressures in the rear regions (as shown in Figure 15) and thus larger drag coefficients. For the platoons running
in the tunnels, the situation is a bit complicated. When the inter-vehicle spacing is larger than 0.25L, the
variation curves of the drag coefficient in the large tunnel are similar to those in the open air, but the curves in
the small tunnel show more significant drag reductions (except for the last lorries). As the inter-vehicle spacing
is reduced to 0.25L, the drag coefficients in the tunnels, regardless of the tunnel size and traffic lane, still
decrease between the first and the second lorries but increase consistently afterward for the trailing lorries. As a
result, some trailing lorries in the tunnels have greater drag coefficients at this spacing than those at larger
spacings. With the inter-vehicle spacing further decreasing to 0.1L, the drag-coefficient curves for the first four
lorries in the tunnels look like the cases in the open air, but the curves for the last four lorries look like the cases
in the tunnels with the spacing of 0.25L.

As the inter-vehicle spacing (as well as the blockage ratio) has different impacts on different lorries in the
platoons, it is more meaningful to compare the overall drag coefficient experienced by the whole platoon, which
is shown in Figure 22(a). It is seen that the data in the open air increases monotonically with the inter-vehicle
spacing, but the increasing rate becomes slower for larger spacings. For the results in the tunnels, their
dependences on the inter-vehicle spacing are similar to that in the open air, except for the anomalous behaviour
at the inter-vehicle spacing of 0.25L. A somewhat interesting finding in Figure 22(a) is that the overall drag
coefficients of the platoons in the small and large tunnels are almost the same. This finding recalls the results
shown in Figure 13: compared to the small tunnel, the drag coefficients in the large tunnel are lower for the first
two lorries, but they become higher for the fourth to the seventh lorries, thus resulting in the practically equal
magnitude of the overall drag coefficients in both tunnels. Similar to the almost identical drag reduction ratios
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between the large tunnels and the open air as shown in Figure 13 (b), it is not clear at this stage whether the
present finding is valid for other tunnel sizes. More blockage ratios should be explored in the future.

When evaluating the drag reduction ratio defined by (1 − ��/��−������)100% (see Figure 22(b)), the
results become more interesting. First of all, no “drag penalty” is observed in the present study. As mentioned in
the introduction, the “drag penalty” phenomenon was mostly reported for short platoons formed by other types
of vehicles with small inter-vehicle spacing [13, 18, 32, 33, 36, 37]. For the present platoon formed by eight
box-type lorries, considerable drag reduction is found for all the inter-vehicle spacings, with the largest
reduction occurring at the inter-vehicle spacing of 0.1L. Secondly, although the platoons in the large tunnel have
the same magnitudes of drag coefficients as those in the small tunnel, the drag reduction ratios are almost
identical to the cases in the open air, except for the 0.25L spacing. For the inter-vehicle spacing larger than
0.25L, the drag reduction ratios in the small tunnel are about 15% larger than those in the large tunnels and the
open air. The differences become relatively small when the inter-vehicle spacing is 0.1L, as the whole platoon
largely resembles a single freight train for such a small inter-vehicle spacing.

Figure 22. The effect of inter-vehicle spacing on (a) the overall drag coefficients and (b) the overall drag reduction ratio in terms of
(1 − ��/��−������)100% for the whole platoons running under different circumstances. The data are taken from Figure 22 and averaged
over all the lorries with the same inter-vehicle spacing and under the same circumstance.

5. Conclusions
This paper presents a numerical study of the aerodynamics associated with lorry platoons travelling

through road tunnels. By making a detailed analysis of the slipstream velocity and pressure fields, surface
pressures, and aerodynamic forces, the effects of the blockage ratio (i.e., the tunnel size), the traffic lane, and the
inter-vehicle spacing of the platoon are investigated. The major findings are summarized as follows.

 As the blockage ratio decreases, the piston effect becomes less effective, so the velocity and pressure
fields in the large tunnel are weaker than those in the small tunnel. The drag variations when lorries
enter/leave the large tunnel also decrease compared to the data in the small tunnel. On the other hand,
the flow structures in the large tunnel are qualitatively similar to those in the open air. As a result,
although the lorries running in the large tunnel experience greater drag coefficients than those in the
open air, the drag reduction ratios due to platooning are almost the same for these cases. However, it
is not clear whether this phenomenon is valid for other tunnel sizes, so more blockage ratios should be
explored in the future.

 When the platoon is travelling along the right lane of the large tunnel, the wake structures and the
pressure fields become asymmetric. The airflow on the side closer to the tunnel wall becomes stronger,
but the effects are not as significant as the influence of the blockage ratio. The drag coefficients as
well as the drag reduction ratios are nearly identical to the values when the platoon is travelling along
the centerline of the large tunnel.

 The inter-vehicle spacing of the platoon has small effects on the pressure fields around the leading and
the last lorries but modifies the pressure differences and the flow structures between the intermediate
lorries significantly. When the inter-vehicle spacing is above 0.25L, there are two counter-rotating
recirculation vortices in the gap region between intermediate lorries. As the inter-vehicle spacing
decreases, the bottom vortex is compressed and the upper vortex becomes less distinguishable. As a
result, the airflow moves directly upward rather than impinging on the cab’s front, which increases the
surface pressures on the box section of the intermediate lorries.
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 Due to the substantial shielding effect, the frontal surface pressures of the intermediate lorries decrease
dramatically with the inter-vehicle spacing decreasing. However, owing to the influence of the tunnel
walls on the flow structures, the intermediate lorries for the 0.25L platoons in the tunnels have higher
surface pressures on the lorry’s box and lower surface pressures in the rear region. This anomaly in
the surface pressure leads to anomalous drag behaviour at this inter-vehicle spacing for the platoons in
the tunnels.

Based on the findings above, the strategy to maximize the drag reduction for a lorry platoon in the open air
is to reduce its inter-vehicle spacing as much as possible. This strategy is mostly applicable to the lorry platoon
running in road tunnels, which is independent of the tunnel size and the traffic lane. However, due to the
anomalous drag behaviour at 0.25L, the optimal inter-vehicle spacing for a lorry platoon running in the tunnel
should be carefully considered. Moreover, different types of vehicles, especially different frontal geometry,
would result in different flow structures and thus induce different drag properties [20, 32]. Therefore, the effect
of vehicle geometry is an important issue to explore in the future. In addition, the vehicle number in the platoon
would have a potential effect on the drag reduction behaviours [13, 19], so this issue also deserves further study.
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