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Abstract 
 
Adverse effects of climate change have prompt transition towards a low-carbon 
transportation sector. Electrification of the transportation sector is one of the ongoing 
efforts to reduce the Greenhouse Gas emissions. However, electrification of long haul and 
heavy-duty vehicles remain a huge challenge due to cost and limitation in the current 
battery technology. Improving the aerodynamic design of current truck-trailer is an 
alternative to electrification. This initiative involves modifying the current truck-trailer 
body design or attaching accessories for aerodynamic drag reduction that can lead to 
improved fuel economy. In this paper, the effectiveness of four Cab Roof Fairing (CRF) 
designs on the aerodynamic drag reduction of a simplified truck model is investigated. The 
results of a numerical simulation performed on a two-dimensional model show that the 
CRF can reduce aerodynamic drag by up to 45%. The CRF is found to reduce the vertical 
velocity component of the flow at fore part of the truck body. This leads to a relatively 
smaller wake region when compared against the baseline case. Wind tunnel results is 
performed to verify the results of the numerical simulation. At Reynolds number ≈
1 × 105, the measured coefficient of drag reduction is about 6% when compared with the 
baseline case. 
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1.0  INTRODUCTION 
 
Malaysia aspires to become a carbon neutral country by the year 
2050. One of the main sources of green house gas (GHG) 
emissions is the transport sector. The transport sector consumes 
about 40% of the total energy consumption in Malaysia[1]. The 
road transport sector which accounts for the largest portion of 
the transportation sector includes cars, motorcycles and heavy 
duty vehicles such as trucks. It is reported that 85% of the GHG 
emissions comes from the transport sector [2]. 

Electrification of the road transport sector is one stragety to 
reduce the GHG emissions. Electrification means that electric 
powertrains replace conventional internal combustion engines  
for vehicle propulsion. The global demand for electric vehicles 
(EV) for passenger cars has shown a steady increase in the past 
years. This reflects the consumer confidence towards the 

current EV in terms of cost and reliability. In the ASEAN region, 
the sales of green vehicles achieved 32% of the total vehicles 
sold in 2018 [3]. Despite the popularity of EV for passenger cars, 
electrification of long haul heavy duty vehicles remains a huge 
challege in terms of cost  and battery technology [4], [5].  

The effort to improve the fuel efficiency of heavy-duty trucks 
has been explored in the USA and Europe. The Department of 
Environment (DOE), USA, initiated a research project to reduce 
the fuel consumption of Class 8 trailer-trucks that consumes 
about 11-12% of the total US fuel usage [6]. The DOE initiative 
aimed to reduce the aerodynamic drag of trailer-truck by 25% 
which translates to 12% reduction of the fuel economy. This 
initiative combined computational and experimental work to 
find innovative ways to reduce aerodynamic drag by improving 
the aerodynamic design of the truck-trailers. The European 
Union (EU) launched a similar initiative to improve the fuel 
economy of trailer and trucks. The project is called the 
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Configurable and Adaptable Trucks and Trailers for Optimal 
Transport Efficiency (TRANSFORMERS) [7], [8]. One of the 
initiatives of the project involves introducing aerodynamic truck 
features to reduce drag and improve fuel efficiency. The goal of 
the project is to reduce the overall energy consumption by 25% 
per tonne-km of the freight transport. It is reported that 
improving the aerodynamic design of the trailer can achieve 
5.7% fuel consumption at 80 kilometers per hour.  

In general, there are three regions where the aerodynamic 
design of the truck can be improved; the upper part of the truck, 
the underbody of the truck-trailer and the rear body of the 
trailer. Roof fairings are added to trucks to improve the air flow 
forebody region of the truck. Kim et al. [9] conducted wind 
tunnel experiments to investigate the feasibility of roof-fairings 
to reduce aerodynamic drag. The test was conducted for a 
scaled-down model of a 15-tonne truck. The test result shows 
that the cab roof fairing reduces the drag coefficient by 19%. In 
a different study, a bio-inspired cab roof fairing design is tested 
in a wind tunnel for the same truck model[10]. The drag 
coefficient is reduced by 20%. Charles and Yang [11] investigated 
the effectiveness of cross-flow vortex trap device (CVTD) inside 
the trailer-truck gap region. Numerical simulation results show 
that the CVTD can achieve a drag reduction of about 24%. Story 
et al. [12] tested the effect of CVTD on the aerodynamic drag in 
a wind tunnel experiment. The test is performed for a scaled-
down model at a Reynolds number of 900,000. It is reported that 
the CVTD can reduce the aerodynamic drag by 12%. 

The clearance height between the underbody and ground is 
another area where design improvements can be considered for 
more fuel-efficient truck designs. Castelain et al. [13] 
investigated the influence of truck underbody velocity on the 
wake structure at the rear body. Four classes of wake structures 
are identified when the underbody velocity varies. When the 
underbody velocity is above 60% of the freestream velocity, the 
rear wake structure mimics a bluff body where no clearance 
height exists. This is not the case for truck-trailers. When the 
underbody velocity is relatively smaller than the free-stream 
velocity, the low momentum underbody flow detaches from the 
ground to generate wake features that contribute to the overall 
aerodynamic drag. Landman et al.  [14] showed that adding a 
side skirt that covers the wheels of the truck can achieve drag 
reduction of up to 19% of the baseline case when no skirt is 
added to the truck. The clearance height of the truck and ground 
is approximately 8mm when the skirt is attached. Wind tunnel 
tests by Kim and Lee [15] show that the skirt can reduce drag by 
6%. Experiments by Stephens and Babinsky [16] suggest that the 
skirt prevents higher momentum flow from entering the upper 
half of the body from the sides. Adding the side skirt also have 
detrimental effects that leads to additional drag due to the 
interaction with the near-ground flow. The skirting clearance 
height needs to be optimized to avoid detrimental effects due to 
the near ground flow interaction that can offset the overall drag 
reduction mechanism.   

Modifications to the rear part of the trailer has shown great 
potential in reducing aerodynamic drag. NASA began studying 
boat tail design for trailers since the 1970’s [17]. Test results 
show that the boat tail design can reduce up to 32% 
aerodynamic drag as compared to the baseline design. Wind 
tunnel result in [18], [19] further show the potential of rear 
trailer devices in reducing drag. The rear trailer devices are 
shown to perform the best with combinations with the device 

attached at the front and the side of the trailer. Rejniak and 
Gatto [20] explained that the trailing edge devices modifies the 
structure of the generated wake which results in aerodynamic 
drag reduction. 

This paper demonstrates the integration of numerical 
simulations, rapid prototyping and wind tunnel testing in the 
design process of a truck-trailer cab roof fairing (CRF) for 
aerodynamic drag reduction. Wind tunnel model design and 
testing are known to be expensive to fabricate and time 
consuming. Numerical simulations on the other hand are fast 
and relatively cheap compared to wind tunnel testing. However, 
numerical simulations may lack accuracy hence requires 
experimental data for validation and verification.  The advent of 
rapid prototyping has allowed researchers and designers to 
combine numerical simulations and wind tunnel testing at a 
relatively lower cost. The design process of CRF is initiated by 
using numerical simulations in order to identify the roof-fairing 
design that reduces the maximum aerodynamic drag. The 
reference case and best-case model from the numerical 
simulations are then fabricated using rapid prototyping. The 
models are then tested in a wind tunnel for verification of the 
numerical simulation results. 
 
 
2.0  METHODOLOGY 
 
2.1  Geometry and Numerical Method 
 
Figure 1 shows the simplified baseline model of the truck-trailer 
and four CRF configurations. Four CRF designs, CRF1, CRF2, CRF3 
and CRF4 are generated using CAD software. The CRF 
configurations are designed based on existing CRF design in the 
market. Only four CRF designs are considered because these 
designs represent the most used CRF designs in Malaysia.  The 
length, 𝐿𝐿,  of the model is 14 m with a maximum height, ℎ, of 3.9 
m. The gap between the truck and trailer is 0.2 m for all the 
configurations. Steady two-dimensional RANS equations are 
solved using commercial CFD software, ANSYS Fluent 2022. The 
pressure field is solved by coupling of the momentum equation 
and the continuity equation. Values at the cell boundary are 
interpolated from cell center values using a Second Order 
Upwind method. The solution is marched to a steady state using 
a pseudo-time stepping approach. A k-𝜔𝜔 SST model is chosen as 
the turbulence model.  

The computation domain and mesh are shown in Figure 2. The 
computation domain has a size of 6𝐿𝐿 × 7.5ℎ. The model truck is 
located at the center of the computational domain. 
Unstructured hexahedral meshes are generated for the 
computational domain. Near the walls, a Y+ less than 2 criteria is 
prescribed. The total number of grids points generated for this 
2D domain is about 6100. At the inlet, a velocity inlet of 20 m/s 
is specified. The outlet condition is set to atmospheric pressure. 
Adiabatic and no-slip condition are applied to the upper and 
lower walls. The calculations are run for at least 500 iterations. 
The solutions are considered to converged when the all the 
residuals fall below a value of 10−4 or stabilises for at least the 
last 100 iterations. 
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Figure 1 a) Baseline model and four cab roof fairing configurations: b) CRF1 c) CRF2 d) CRF3 e) CRF4 

  
 

 
Figure 2 Computational domain and mesh 

 

 
Figure 3 Cross-section of the subsonic wind tunnel 

 
2.2  Wind Tunnel Test Setup 

 

The wind tunnel used in this study is an open circuit subsonic 
wind tunnel located at Universiti Sains Malaysia. Figure 3 shows 
the meridional view of the fore part of the wind tunnel. The inlet 
section consists of honeycomb flow straighteners and a 
contraction cone. The contraction ratio is 9:1. The test section is 
a square duct with a dimension of 300 mm × 300 mm. The length 
of the test section is 600 mm. The flow velocity into the inlet 

section of the wind tunnel is measured by calculating the static 
pressure difference across the contraction section. Static 
pressure readings are measured at point A and B using a 
differential manometer. Four static pressure tapings are located 
90° apart at locations A and B. Ideally, the flow velocity into the 
inlet section of the wind tunnel, 𝑉𝑉𝑖𝑖𝑖𝑖, equals the velocity into the 
test section, 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. However, discrepancy exist due to total 
pressure loss from flow contraction and boundary layer effects. 
Hence, the wind tunnel is calibrated prior to testing in order to 
find the relationship between 𝑉𝑉𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is measured at 
the entrance of the test section, point C, using a pitot-static tube. 
The pitot-static tube is inserted at the midpoint of the test 
section. 𝑉𝑉𝑖𝑖𝑖𝑖 is varied by varying the wind tunnel fan speed. The 
pressure readings at point A, B and C are recorded to calculate 
𝑉𝑉𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.   
 

 
Figure 4 Wind tunnel calibration plot 

 
Figure 4 shows the relationship between 𝑉𝑉𝑖𝑖𝑖𝑖 and 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. Through 
this plot, desired 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  can be obtained from the corresponding 
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static pressure difference across the contraction section.   The 
drag is measured using a three-component balance 
(TecQuipment) as shown in Figure 5a). As shown in Figure 5b) 
The truck model is mounted to the force balance using a custom-
made shaft. The component balance is calibrated by attaching 
blocks of known mass on to the balance. The calibration plot is 
shown in Figure 6. Drag measured by the force balance is 
corrected using the calibration plot obtained.  
 
 

 
Figure 5 a) Three component force balance and b) model truck mounted 
to the force balance. 

 
Figure 6 Force balance calibration plot 

 
3.0  RESULTS AND DISCUSSION 
 
3.1  Numerical Simulation Results 

 
The drag force, 𝐷𝐷, is calculated using a control volume analysis 
whereby it is assumed that the flow is steady, inviscid and 
incompressible. The drag force, 𝐷𝐷, is calculated using Eq. 1.  
 

𝐷𝐷 = � 𝜌𝜌𝑉𝑉2(𝑉𝑉∞ − 𝑉𝑉2) 𝑤𝑤𝑤𝑤𝑤𝑤
𝐻𝐻

0

 (Eq. 1) 

  
Here, 𝜌𝜌 is the air density with a value of 1.22 𝑘𝑘𝑘𝑘

𝑚𝑚3 . 𝑉𝑉∞ and 𝑉𝑉2 are 
the inlet velocity and the downstream velocity at about 0.5𝐿𝐿 aft 
of the model truck tail. 𝑤𝑤, 𝑤𝑤, and 𝐻𝐻 are the model width, vertical 
position and domain height, respectively.  Figure 7 shows the 𝑉𝑉2 
profile for all the models simulated. The 𝑉𝑉2 profile is normalized 
by the 𝑉𝑉∞. The baseline case represented by open circles has a 
relatively larger deficit region as compared to all the other 

models. The deficit region is caused by the blockage effect due 
to the model body. The blockage causes the flow to be radially 
displaced and as a result, the normalized 𝑉𝑉2 profiles is shown to 
have a relative higher 𝑉𝑉∞ ( 𝑉𝑉2

𝑉𝑉∞
> 1) from about 0.2𝐻𝐻 to 𝐻𝐻.  

 

 
Figure 7 Normalized 𝑉𝑉2 profile at 0.5𝐿𝐿 aft of the model truck tail 

 
Figure 8 Calculated drag values using Eq.1 

The size of deficit region is related to the 𝐷𝐷 as shown in Figure 
8. Here, the D values are normalized by the baseline case drag 
force, 𝐷𝐷𝐵𝐵𝐵𝐵𝑡𝑡𝑡𝑡𝐵𝐵𝑖𝑖𝑖𝑖𝑡𝑡. It is shown the CRF helps to reduce the drag 
force as compared to the baseline case. CRF4 has the largest 
drag force reduction in comparison all the other cases. The 
normalized value of D for CRF4 is 0.55 whereas CRF1, CRF2 and 
CRF3 have a value of 0.58, 0.70, and 0.62, respectively. 

Figure 9 shows the distribution of vertical velocity, 𝑉𝑉𝑦𝑦, 
normalized by the 𝑉𝑉∞. Since the 𝑉𝑉∞.is purely axial, any deficit in 
𝑉𝑉∞ is distributed in the vertical direction. Blue regions in the 
contour plot show high values of 𝑉𝑉𝑦𝑦. This is visible at the fore part 
of the truck as the flow navigates itself across the model body. 
The baseline case shows a relatively larger area of high 𝑉𝑉𝑦𝑦 as 
compared to the other cases with CRF. Case CRF4 with the 
lowest 𝐷𝐷 shows a relatively smaller region of high 𝑉𝑉𝑦𝑦.  
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Figure 9 Distribution of 𝑉𝑉𝑦𝑦 value for a) baseline, b) CRF1, c) CRF2, d) CRF3, and e) CRF4 

 

Figure 10 Streamlines across the model body a) baseline case and the case with highest drag reduction, b) CRF4. Dashed red line shows the boundary of the 
wake region. 

The CRF reduces the 𝐷𝐷 by reducing the areas of large 𝑉𝑉𝑦𝑦 that 
occurs at the fore part of the truck body. The influence of the 𝑉𝑉𝑦𝑦 
region on the truck body aft region is shown in Figure 10. The 
streamlines across the model geometry are compared for the 
baseline case and the case with highest drag reduction, case 
CRF4. The red dashed line shows the boundary of the wake 
region that develops as the flow passes through the model 
geometry. The size of the wake region is larger for the baseline 
case as compared to case CRF4. This explains the relatively larger 
velocity deficit for the baseline case as compared to the other 
CRF cases as shown in Figure 7. The role of CRF in reducing drag 
is clearly demonstrated from this streamline plot. As the flow 
passes through the fore part of the truck, the CRF guides the flow 
so that the vertical component of the velocity, 𝑉𝑉𝑦𝑦, is minimized 
This helps to reduce the size of the wake region that forms 
downstream of the truck body. 

Figure 11 shows the distribution of the static pressure 
coefficient, 𝑐𝑐𝑝𝑝,  of the baseline case and CRF4 along the trailer 
body. The 𝑐𝑐𝑝𝑝 is defined in Eq. 2. The numerator is the pressure 
difference between the pressure on the trailer surface and the 
freestream pressure. The denominator is the dynamic pressure. 
For incompressible flow, the 𝑐𝑐𝑝𝑝 , can be defined using the only 
the velocity ratio of the flow near the trailer body to the free 
stream velocity. In this case, the freestream velocity is the inlet 
velocity.  If 𝑐𝑐𝑝𝑝 is 1, this means that flow velocity close to the body 
is to zero. On the other hand, if 𝑐𝑐𝑝𝑝 = 0, this means that the flow 
velocity close to the body is equal to the freestream velocity. For 

the Baseline case, the 𝑐𝑐𝑝𝑝, is close to 1 throughout the trailer 
body. This indicates that the flow velocity,𝑣𝑣, in that region is 
relatively lower than the freestream velocity, 𝑉𝑉∞. A relatively 
lower velocity contributes to the drag force as the 𝑐𝑐𝑝𝑝 is relatively 
high. For CRF4, the 𝑐𝑐𝑝𝑝 distribution is close to 1 at the front part 
of the body and gradually reduces along the trailer body. This 
explains why CRF4 has a relatively lower aerodynamic drag than 
the baseline case. 
 

 
Figure 11 Static pressure distribution along trailer for a baseline and 
CRF4 cases 
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𝑐𝑐𝑝𝑝 =
𝑃𝑃 − 𝑃𝑃∞
0.5𝜌𝜌𝑉𝑉∞2 

= 1 − �
𝑣𝑣
𝑉𝑉∞
�
2

 (Eq. 2) 

 
 

 
Figure 12 3D printed truck model of a) Baseline and b) CRF4 

 
 
3.2  Wind Tunnel Test Result 
 
A wind tunnel test is performed to verify the findings of the 
numerical results. The model geometry for the baseline case and 
CRF4 are fabricated using a 3D printer as shown in Figure 12. Due 
to the size limitation and wind speed of the wind tunnel, the 
Reynolds number of model and actual truck cannot be matched 
to achieve dynamic similarity. The actual truck Reynolds number 
is in the order of magnitude of 106. Therefore, the length of the 
3D printed model is determined by fixing the Reynolds number 
to 1 × 105. The order of magnitude of the Reynolds number is 
comparable to the wind tunnel tests performed in [9] and [10]. 
The flow regime at this order of magnitude is turbulent flow is 
sufficient to capture the flow physics of the actual truck 
Reynolds number despite not able to match the actual Reynolds 
number. 

Figure 13 shows the result of the wind tunnel test. The 
horizontal axis is the Reynolds number and vertical axis is the 
coefficient of drag, 𝑐𝑐𝑑𝑑 , as defined in Eq. 2.  

 

𝑐𝑐𝑑𝑑 =
2𝐷𝐷

𝜌𝜌𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2 𝐴𝐴
 (Eq. 3) 

 
The drag force, 𝐷𝐷, measurements are obtained from the 
calibrated force balance. The truck model frontal area, 𝐴𝐴, is 
obtained from CAD software when preparing the geometry 
drawing. The air density, 𝜌𝜌, is assumed to be constant 
throughout the test velocity since the variation in the measured 
room air temperature is small. The velocity in the test section, 
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , is determined using the calibration plot shown in Figure 4.  
The 𝑐𝑐𝑑𝑑  for CRF4 is relatively smaller than the baseline case 

throughout the test Reynolds, 𝑅𝑅𝑅𝑅, number range. The change of 
𝑐𝑐𝑑𝑑  change between baseline and CRF4 is plotted in Fig. 14. At 
𝑅𝑅𝑅𝑅 =  0.4 × 105, the 𝛥𝛥𝑐𝑐𝑑𝑑  is about 30% and when 𝑅𝑅𝑅𝑅 =
1.4 × 105, the 𝛥𝛥𝑐𝑐𝑑𝑑  is about 6%.  
 

 
Figure 13 Measured aerodynamic drag of the truck model at different 
Reynolds number order of magnitude. 

 
Figure 14 The change of drag coefficient of the truck model at 
different Reynold number between baseline and CRF4 

 
 
4.0  CONCLUSION 
 
Numerical simulations are performed on a simplified two-
dimensional model truck to investigate the effectiveness of CRF 
in reducing drag. The results of the two-dimensional numerical 
simulations show that the CRF can reduce drag up to 45% as 
compared to the baseline case. The drag reduction mechanism 
is attributed to the reduction of the vertical velocity component 
size distribution at the fore part of the truck. The CRF acts as a 
guide for the flow across the truck body. The reduction in the 
vertical velocity component is found to reduce the size of the 
wake are that is responsible for the aerodynamic drag. A 
relatively smaller wake region leads to aerodynamic drag 
reduction. The result of the simulation is verified and validated 
by fabricating a scaled-down truck model using rapid 
prototyping technology. This method allows for the model to be 
fabricated fast at a relatively lower cost compared to traditional 
method. Wind tunnel test of the most effective CRF (CRF4) 
shows a 6% drag reduction at 𝑅𝑅𝑅𝑅 = 1.4 × 105.   
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