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Abstract

Diminution of petroleum resources, haphazard fuel cost and inclination to switch
to electrical vehicle technology ensure that the relation between air resistance and
fuel economy is a vital scope for meticulous research in road mobility. Fuel
consumption and vehicle performance are affected by the interaction of highly
turbulent exterior airflow over a highway coach at cruising speeds. The shape of
the coach is replicated from a basic cuboid shape to accommodate adequate
commuters for a profitable run. The complex interaction of air flow around the
coach shape gives the challenge to forecast the parameters influencing
aerodynamic drag directly. Hence a thorough numerical investigation on shape of
prime regions of a coach is done to study the real-time changes in values of air
resistance. The net magnitude of air resistance is directly influenced by the density
of the fluid (air) medium, the projected frontal area of the vehicle, the relative
velocity between the coach and air medium and coefficient of air resistance (shapeoriented parameters). In this exertion an emblematic 12 m long coach is chosen for
a nominal design modification. The intention of the work is to emphasis upon
reducing the coefficient of air resistance, thereby to improve attached flow
characteristics upon the significant contours of the coach. By varying the basic
dimensions like radii, length, position and angle of the contours, the modified design
has attained 43 % reduction in coefficient of air resistance. This substantial
reduction in coefficient of air resistance has direct stimulus upon reduction in
aerodynamic drag, improvement in fuel economy and reduction in generation of
carbon di oxide.
Keywords: “Air resistance”, “Coefficient of air resistance”, “Highway coach”,
“Steady flow”

1. Introduction
Buses are employed in public transportation for a variety of applications like city
commuting, airport tarmacs shuttles and intercity mobility etc. Considering the operational
speed, the coaches that ply on intercity highways lay open to relatively high speeds than
their counterparts[11]. These express coaches are usually air-conditioned with closed
windows, characteristic length varying between 12 m – 14.5 m, number of tyres varying
between 6 – 10 numbers, an engine capacity varying between 5500 – 11000 cubic
centimeters, gross weight varying between 16000 – 22000 kg. The expected fuel
consumption of a 12-meter highway coach with a 6 litre power plant is ~ 6 kilometers per
litre. The tractive resistance of any road vehicle be subject to primarily upon the rolling
resistance and air resistance. Gradients and frequent change in speed are limited on
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highways, hence gradient and acceleration resistances are ignored. A representative 12meter-long coach weigh 16000 kg fitted with six tyres. The total gross weight, payload and
six large tyres influence high rolling resistance upon the vehicle. At cruising speeds, the
contribution of rolling resistance is one-third and air resistance is two-third to the total
resistance to motion of the coach. Henceforth, the coach necessitates exclusive
aerodynamic treatment for improved aerodynamic efficiency. From the drag equation as
expressed in Eq. (1),
1
2

𝐷 = ρ𝑎𝑖𝑟 A𝑉∞2 C𝐷

(1)

it is clear that the air resistance is directly inclined by the density of air medium, projected
frontal area of the coach, relative velocity between air and coach and coefficient of air
resistance. The scope of reducing the density of air is obstinate as it is constant for a
location; reducing projected frontal area will affect the internal functional necessities of the
coach (to a certain extend can be reduced); reducing the operational speed is not pertinent
to highway coaches. Hence the shape-oriented CD shall be dealt with paramount attention
to improve the attached air flow characteristics of the coach[1]. To this context, ten vital
regions are identified meticulously based upon the exterior flow field of the actual coach
for optimization without conceding on the functionalities[5].

2. Aerodynamic efficiency of the actual coach
2.1. Elements of air resistance on exterior flow
Wide-ranging pressure difference between the fore body and aft body persuades more
pressure drag upon the coach drag as shown in (Figure 1). Due to the larger surface area,
frictional drag contributes appreciably to the total air resistance. Conversely, the sudden
collapse of the exterior flow field at the rear end stimulus higher pressure drag rather than
frictional drag[2]. The interference of exterior flow field is, to some extent affected by the
outside rear view mirrors and the air-conditioning plant on the roof, which influence a slight
increase in air resistance. The quasi-two dimensional and three-dimensional vortices are
formed due to the separation of the exterior flow field at the sharp contours present at
various edges of the bodywork, this in turn upsurges induced drag upon the vehicle[3]. Hence
the progress to reduce air resistance is engrossed more upon shape-related parameters rather
than surface related parameters.

Figure 1. Pressure Contour over the Actual Coach.
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Figure 2. Velocity Contour over the Actual Coach.
2.2. Geometry of the actual coach
In this exertion, a typical 12-meter-long highway coach is opted for aerodynamic
development. The exterior dimensions of the coach are illustrated in (Figure 3). The outside
rearview mirrors are not incorporated in the design as the shape of the same is not
optimized. The values of characteristic length, wheelbase, maximum width and height,
ground clearance, approach and departure angles aren't altered to portray the actual
production coach for aerodynamic assessment.

Figure 3. Schematic of the Actual Coach.
2.3. Finite elements of the actual coach
The actual coach model is further exported to an appropriate pre-processor for finite
elements generation over the surface of the coach. With the intention of attaining high
accuracy in results, ~ 20,000 two dimensional elements without any free edges are
generated over the exterior bodywork and tyres as shown in (Figure 4). The flat surfaces
on the bodywork are made into quadrilateral elements and the curvatures on the bodywork
are made into triangular elements. Subsequently, proper element patching tools are applied,
wherever required, to increase the quality index of the mesh. Attention has been taken to
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evade any intersecting or overlapping elements upon the exterior surface. The quality of the
mesh is estimated and found to be more than 99 % for each performed reiterations.

Figure 4. Finite Elements of Actual Coach.
2.4. Boundary conditions
A full-scaled coach model is considered in this work to evaluate the reduction in drag
force, fuel consumption and carbon di oxide generation directly. A virtual wind tunnel test
section is designed to accommodate the pre-processed coach model with finite elements. A
test section with a rectangular cross section is carefully chosen to simulate the tyres on a
flat road[8]. The length, width and height of the test section is 13 times the length of the
coach, 13 times the width of the coach on either side and 14 times the height of the coach
respectively as shown in (Figure 5).

Figure 5. Position of the Actual Coach inside the Test Section.
A blockage ratio of 0.20 % is obtained between the above-stated test section and model
dimensions. The coach is positioned in such a manner that the distance between the forebody is 3.5 times the length of the coach from the test section inlet to guarantee a steady
uniform velocity without turbulence in the upstream region. The distance between the aft
body of the coach and test section outlet is made 8.5 times the length of the coach to vitally
study the downstream flow field after interaction. The pressure outlet is designed so as to
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achieve reduced velocity at wind tunnel outlet. The above-stated values will more replicate
the actual driving scenario on the road. The top, right, left faces of the test section are
designed to have slip condition to prevent flow reversal upon the coach model. In contrast,
the ground face of the test section, exterior bodywork of the coach model and wheels are
designed to have no-slip condition to simulate the growth of the boundary layer. Abrupt
acceleration and braking are not more prevalent to highway driving scenario and hence
steady flow analysis has been opted in which the velocity is not often changing with respect
to time. The average velocity of a characteristic highway coach on an expressway is usually
72 kilometers per hour is considered for the analysis rather than to choose the top speed.
Inputs from previous test runs directs a 300-number time step is adequate for converging
of results. Reynolds-averaged Navier – Stokes (RANS) based Spalart Allmaras turbulence
model is carefully adopted considering its reliability of results for exterior aerodynamic
flow application rather than Large Eddy Simulation (LES) which involves more
computational cost and computing time. For an upgraded flow analysis, four refinement
zones with nearly 1.5 million finite volumes are generated around the coach model, as
shown in (Figure 6). In a real driving scenario, there exists a relative velocity between the
underbody airflow and road surface; the rotating tyres have different local air velocities
which effect a slight increase in air resistance[10]. The above-mentioned distinct
circumstances are also considered where moving road and rotating tyres (366 rpm) are
considered in the investigation. To evaluate the values of crucial properties like pressure
and velocity magnitude, 14 observing probes are fixed over the exterior bodywork. The CD
of the actual coach is assessed to be 0.837 after the simulated flow analysis.

Figure 6. Finite Volumes with four Refinement Zones of the Actual Coach.

3. Numerical optimization on imperative details
From the exterior flow phenomenon of the actual coach model, ten prime details are
identified thoughtfully for design optimization. In this methodology, the major dimensions
like characteristic length, maximum width and height from the ground are not varied
whereas the radii, length, position and angle (anyone) of the stated detail are varied till an
optimum point without affecting the functionalities of the coach. The assortment of optimal
dimensional changes from the ten details are then unified in the modified coach to evaluate
the improvement in aerodynamic efficiency.
3.1. Windscreen
The quasi-stagnation of the air near the large windscreen region influence separation of
air streamlines and reattachment of the same downstream over the roof as shown in (Figure
2) and side panels[9]. The region between the point of separation and reattachment of the air
stream is characterized by a low-pressure region affecting attached airflow characteristics
over the frontal bodywork. Hence the chance of reducing the volume of the fore-mentioned
low-pressure regions are dependent on the windscreen angle, δ. The δ of actual coach model
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is 60 which is further increased till 180 with an increment of 30. It is noticed that by
increasing δ, the flow characteristics improve slightly, which is evident from the reduction
in CD ~ 9 % as shown in (Figure 7), further increase of δ beyond 180 will affect the design
of existing doorway location and henceforth excluded.

Figure 7. Windscreen angle, δ vs % Reduction in CD.
3.2. Roof leading edge
Primarily, flow analysis of a sharp roof edge design R1 is done to evaluate the flow
quality at the leading edge. The flow separation at the sharp edge is found to be more
prominent than the actual coach with an edge radius of R1 = 5 cm. With this insight. R1 is
further increased to 30 cm with an increment of 5 cm to evaluate its relation with C D.
Appreciable improvement in flow quality and reduction in CD ~ 13 % are identified as
shown in (Figure 8). Even-though further increase in R1 facilitated in the reduction of air
resistance, it is not considered as it will lead to sizable deviation of front-end design which
is not readily accepted in production coaches.

Figure 8. Roof leading edge, R1 vs % Reduction in CD.
3.3. Front pillars
The front and rear pillars are noteworthy structures that improve the structural integrity
of the coach. In aerodynamic perception, the exterior flow over the vehicle body is 3dimensional and the flow separation is present in lateral directions also as shown in the
(Figure 2). The separation near front pillars reattaches upon the side panels downstream. In
order to improve the flow quality upon the front lateral ends, increasing R2 (radius) is
considered. R2 of the actual coach model is 5 cm which is further increased to 30 cm with
an increment of 5 cm. The attached flow quality over the front pillars is noted to improve
upon increasing R2, which is evident from exceeding reduction in CD ~ 31 % as shown in
(Figure 9). Further increase in R2 will affect the forward visibility of the driver (blind spots)
and also require special reinforcements upon the lateral directions and henceforth excepted.
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Figure 9. Front Pillar thickness, R2 vs % reduction in CD.
3.4. AC position on roof
It is ostensible that the position of ac plant over the roof of the coach will increase the
frontal area and also the local flow separation at the roof. The increase in the frontal area
and local flow separation is inevitable as the ac plant cannot be located in any other region
due to other functional requirements. In this portion of work, the shape of the ac plant is
not optimized; instead the position of the same is varied and evaluated at five different
regions viz. 3/4th from the front (existing position), extreme front, extreme rear, center and
1/4th from the front. The position of the ac plant in extreme front over the roof increased
drag due to improper reattachment of the airstream over the roof from the windscreen.
Because of the position of the ac plant at the extreme rear end, the separated flow at the
front part of ac plant doesn’t reattach on the vehicle downstream, thereby increasing
turbulence at the rear region. The fore-mentioned extreme positions induce a relatively high
pressure drag at the vicinity of the ac plant and increase the CD by 1 ~ 3%. As foreseen from
the results of the existing position, the position of ac plant at the center of the roof induces
less drag when compared with the two extreme positions and a fewer drag reduction ~ 3 %
is observed. The final trial is to position the ac plant at 1/4th from the front leading edge
gave conspicuous results amounting to CD reduction of ~ 5% as shown in (Figure 10) due
to the smooth reattachment of the airstream from windscreen upon the ac plant on the roof.
Albeit this position induces flow separation, but the effects are comparatively lower when
compared with other positions and hence may be treated to be the optimum.

Figure 10. AC position on Roof vs % Reduction in CD.
3.5. Rear slant
In general, the rear end panels of the bus have a slant angle, ψ between 00 to 30 for better
aesthetic appearance and structural rigidity. In airflow standpoint, the continuous flow over
the roof and the side panels of the coach are abruptly spread into the atmosphere due to the
truncated end at the rear end. The outcome of the abrupt dispersion is a high turbulent flow
at the rear region and the point of reattachment of the air streamlines are observed at a
farther distance downstream as shown in (Figure 2). Incidentally, profiles with smooth and
near reattachment at the tail (rear) end will excite lesser drag upon the moving body. Hence
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ψ varying between 60 and 180 with an increment of 30 are designed and analyzed. From the
evaluations, it is observed that a meager CD reduction amounting to ~ 1 % are attained for
tested ψ values, as shown in (Figure 11). In this portion of work, the passenger occupant
space at the rear row is not negotiated up to a maximum of ψ = 180. Beyond 180 the
passenger occupancy is affected as well there was no further drag reduction perceived.

Figure 11. Slant angle, ψ vs % Reduction in CD.
3.6. Roof trailing edge
Analogous to the Art. 3.2. flow investigation of a sharp roof edge design R3 is done to
evaluate the flow quality at the trailing edge. From the comparative results, it is anecdotal
that the flow separation at the sharp edge is found to be higher than the actual coach with
the edge radius of R3 = 5 cm. With this understanding, R3 is further increased till 30 cm
with an increment of 5 cm to evaluate its relation with CD. A trivial improvement in flow
quality and reduction in CD ~ 2 % are identified, as shown in (Figure 12). Further increase
in R3 beyond 20 cm does not help in the reduction of air resistance. Nevertheless, the
improvement is low; the same is accounted for the modified coach.

Figure 12. Roof trailing edge, R3 vs % reduction in CD.
3.7. Rear pillars
The rear pillars typically have an edge radius ranging between R4 = 0 to 5 cm. The
attached 3-dimensional flow on the side panels tends to separate swiftly at the rear end,
causing higher turbulence, as shown in (Figure 2). This leads to reattachment of the
airstream at a farther distance from the rear end. The characterized low-pressure region
between the separation and reattachment at the rear end is directly relational to the induced
drag of the vehicle. Hence increasing the edge radius of the pillars is implemented in design
from R4 = 10 to 30 cm with an increment of 5 cm to reduce the volume of low-pressure
region. Meager reduction in CD ~ 3 % is observed, as shown in (Figure 13) by increasing
R4, which does instead not affect the driver visibility nor the occupant space.
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Figure 13. Rear pillar thickness, R4 vs % Reduction in CD.
3.8. Rear Diffuser
The necessity of departure or the diffuser angle, β facilitate the coach not only to
negotiate steep gradients but also forms a better place to accommodate the spare wheel. In
this work the underbody is assumed to be flat and no optimization is carried out. Yet, β is
taken into account for aerodynamic optimization. The increase in β influence good chances
of the underbody air stream to effectively reattach with rear-end flow at a shorter distance.
Drastic increase of β will affect the occupant space and hence an optimal range varying
between β = 120 to 240 is considered. The opted values shall accommodate for front or rear
engines layouts. A minor reduction in CD ~ 1% is observed by increasing β as shown in
(Figure 14) and is considered for the modified design.

Figure 14. Diffuser angle, β vs % Reduction in CD.
3.9. Side panels
The side paneling of the coach is generally made flat, as shown in (Figure 3). This flat
side panels help in better airflow pattern during symmetric winds, as shown in (Figure 2).
But then, in case of asymmetric winds, curved side panels are preferred to reduce cross
wind sensitivity effectually. With this awareness, three different curvatures, R5 of side
panels are attempted viz., 1,2,3. Type 1 curvature is made upon the longitudinal direction
to enhance attached flow characteristics during symmetric wind. Type 2 curvature is made
upon the lateral direction to upkeep crosswinds. Type 3 curvature is made into a 3dimensional curve to combine the merits of Type 1 and 2. In this part of work, only
symmetric flow conditions are evaluated and hence a distinguished reduction of CD ~ 13%
is observed as shown in (Figure 15), is accounted for modification.
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Figure 15. Side Panels camber, R5 vs % reduction in CD.
3.10. Roof
The roof paneling of the coach is almost made flat to easily accommodate luggage and
fixture of ac plant, as shown in (Figure 3). Current developments in body design offer ample
space to accommodate the luggage beneath the passenger area. To this context, three
different curvatures, R6 upon roof are introduced to improve attached flow characteristics
over the roof. Longitudinally curved roof panels (Type 1) are designed to facilitate attached
airflow over the roof upon the length of the vehicle. In case of asymmetric winds, lateral
curved roof panels (Type 2) are designed to reduce the effect of symmetric winds to a slight
extent. The combination of Type 1 and Type 2 is made into 3-dimensional curve (Type 3)
to include the merits of both. In this portion of work, symmetric flow conditions are
evaluated and sensible reduction of CD ~ 6% is observed as shown in (Figure 16), is
involved for modification.

Figure 16. Roof Panels camber, R6 vs % Reduction in CD.

4. The Modified coach
The major dimensions like characteristic length, maximum width and height from the
road, wheel track and wheelbase are kept constant throughout the design optimization as
shown in (Figure 17).

Figure 17. Schematic of the Modified Coach.
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Figure 18. Pressure Contour over the Modified Coach.

Figure 19. Velocity Contour over the Modified Coach.
The enhancement in attached flow characteristics between the actual and modified
coaches can be envisioned from the pressure distribution over the bodywork and velocity
contour upon the sectional planes as illustrated in (Figure 1) , (Figure 18) and (Figure 2),
(Figure 19).
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4.1 Comparison and discussion
The optimum values of the modified details particularized under section 3 is collectively
amalgamated in designing the modified coach. Trivial design changes at significant details
of the coach, as shown in (Figure 20) resulted in an enhanced flow characteristic, as shown
in (Figure 21).

Figure 20. Comparison of Centerline Section of Actual and Modified
Coaches.

Figure 21. Comparison of Air Streamlines over the Actual and Modified
Coaches.
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Observing probes, as shown in (Figure 22) are incorporated in the analysis to find the
variation in pressure and velocity at 14 vital locations on the bodywork.
From Eq. (2)[1]
𝐶𝑝 =

𝑝− 𝑝∞
𝜌 2
𝑉
2 ∞

𝑤 2

= 1 − (𝑉 )

(2)

∞

Figure 22. Probe Locations.
The pressure coefficients at 14 locations of actual and modified coaches are plotted to
have comparative learning between the designs. From (Figure 23) it is obvious that the
minor modification of details has resulted in improvement of overall airflow field upon the
exterior bodywork.

Figure 23. Comparison of Cp between Actual and Modified Coaches.
A superior decrease of CD amounting to 43 % is achieved in this exertion, yielding
comparable decrease in aerodynamic drag as shown in (Figure 24), though development is
considered to be an unceasing process.

Figure 24. Comparison of Drag Force between Actual and Modified
Coaches.
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5. Fuel Economy and Emissions
5.1 Fuel Savings
The succeeding methodology is adopted to evaluate the fuel consumption of the
coaches[4]. The amount of air resistance, D involved in the operating conditions as tabulated
(Table 1) is evaluated by Eq. (1). The work done to overcome the air resistance of the coach
is evaluated by Eq. (3).
𝑊=

(𝐷 𝑋 𝑥)

(3)

η𝑒𝑛𝑔

The volume of fuel utilized to produce W is evaluated by Eq. (4).
𝑉𝑓𝑢𝑒𝑙 =

(𝑊⁄𝐻𝑉𝑓𝑢𝑒𝑙 )

(4)

𝜌𝑓𝑢𝑒𝑙

In consideration of the reduction in CD, a sizable reduction in fuel consumption
amounting to ~ 35 liters per trip is attained, as shown in (Figure 25).
Table 1. Operating parameters
Density of air, ρair

1.225 kg/m3

Projected frontal area of the coach, A

6.483 m2

Average velocity, V∞

72 kmph

Coefficient of air resistance, CD

0.837

Distance covered by the coach per
journey, x
Thermal efficiency of the diesel
engine, ηeng[6]

700 kms

30 - 35%

Heating value of fuel, HVfuel

42500 kJ/kg

Density of fuel, ρfuel

835 kg/m3

5.2 Emission reduction
The complete combustion of diesel gives carbon dioxide (CO2) and water (H2O) as
products with large quantity of heat. The density of diesel is 835 x 10-3 kg/L and the
percentage composition of carbon in diesel is 86.2 %. Hence 720 x 10-3 kg/L of carbon
reacts with 1920 x 10-3 kg/L of oxygen to produce 2640 x 10-3 kg/L of CO2[7]. It is
recognized that the stoichiometric combustion of 1 liter of diesel produces 2640 x 10-3 kg/L
of CO2. The prudently modified coach with ~ 43% reduction in drag force is evaluated and
observed to produce ~ 93 kg of CO2 per trip lower than the actual coach as shown in (Figure
25).
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Figure 25. Comparison of Fuel Consumed and CO2 produced.

6. Conclusion
In this implicit assessment of a highway coach for reduced air resistance and low
emissions, the major dimensions of the coach are not conceded to comply with existing
technical standards. Scarcer works have been carried out to deliberately reduce the CD value
of a coach below 0.35 but focused on very futuristic designs; however, cannot be readily
adopted by the manufacturers. In this exertion, no such stern deviation is carried out from
the actual coach to implement the same design for production readily. The ultimate
imperative remarks are enumerated below.
1)

Without compromising on the major exterior dimensions, an apparent reduction in
drag force amounting to ~ 43 % is achieved. This reduction shall be complemented
with a better aesthetic appearance to the coach.

2)

Ten vital regions are selected to individually improve the air flow characteristics at
various locations upon the coach by varying the dimensions of the details. Sharp edges
are replaced with curved panels and seemly selection of angular changes are adopted
to enhance an improved flow quality throughout the exterior bodywork. Optimum
values are adopted for modification of the actual coach.

3)

Fuel economy calculations are performed considering the average trip speed rather
than to consider the top speed of the coach to envision the realistic scenario. An evident
decrease in fuel consumption amounting to ~ 35 liters per trip of 700 kms is
accomplished.

4)

Constructive aerodynamic shape exploration of the coach has directly reduced the
equivalent formation of greenhouse gas, CO2 amounting to ~ 93 kg/trip.

5)

The above stated fuel economy and emission calculations shall be further deployed to
envisage the actual outcomes for the total number of similar coaches plying per driving
season or annum.
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Appendix
A
CD
Cp
D
p
p∞
R1
R2
R3

projected frontal area
coefficient of air resistance
coefficient of pressure
air resistance (drag)
static pressure at the observing
point
static pressure in the freestream
roof leading edge thickness
front pillar thickness
roof trailing edge thickness

R4
R5
R6
V∞
w

rear pillar thickness
side panel curvature
roof panel curvature
freestream velocity of air
local velocity of the air streamline

β
δ
ρair
ψ

diffuser angle
windscreen angle
density of air medium
slant angle
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