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Abstract In a previous study found in literature, the effects of speed and boot-opening on aerodynamic drag, fuel 

consumption and CO2 emission of a typical minibus was studied. The output from the study serve as useful 

potentials tools for road transport regulatory bodies, such as the Federal Road Safety Corps. The study’s developed 

equations’ prediction accuracy of Total-drag-coefficient ranges between 0 % and 11.9 % absolute-error. This 

study’s objectives are to: (a) use wavelet analysis to provide detailed operating-regime for regulatory purpose, 

and (b) apply Fourier Transform for the Analysis and improved prediction of Aerodynamic Drag of a Minibus 

with Open-Boot. First, Computational Fluid Dynamics is used to predict the aerodynamics for typical minibus. 

Thereafter, the resulting wavy plots of Total-drag-coefficient versus boot-opening are combined, for different 

speed, into a single irregular wave-like plot, using a method developed in this study. Then, wavelet analysis is 

applied to the single irregular wave-like plot to identify boot-opening and speed where extremes Total-drag-

coefficient occur; and gives a detailed operating-regime relevant for regulation. Fourier Transform is then applied 

to predict Total-drag-coefficient for arbitrary speed and boot-opening. The results obtained show that the 

occurrence of extremes Total-drag-coefficient corresponds with previous study. It further shows additional 

occurrence of minimum Total-drag-coefficient at boot-opening 41.560. This anomaly with previous study’s results 

is attributed to geometry and/or mesh-influenced turbulent flow. Prediction accuracy improved to maximum 

absolute-error 0.00841 %. 
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1. Introduction  

Aerodynamic drag constitutes a major consideration in vehicle performance evaluation and must be critically 

considered at the Front-End-Engineering-Design (FEED) and Detailed-Engineering-Design (DED). Since 

aerodynamics drag is majorly affected (and can be controlled) by geometry, various shapes and geometry 

modifications have been employed to reduce aerodynamic losses [1]–[4]. The determination of aerodynamic drag 

for vehicles cuts across experimental, empirical and numerical approaches [5]. At the FEED stage, experimental 

determination of aerodynamic drag is generally not available, while empirical approximations are often limited 

by inherent error-prone prediction due to potentially different operational conditions from which such empirical 

prediction models have been developed. DED is also liable to such limitations as FEED. Thus, numerical 

approximations via Computational Fluid Dynamics (CFD) have been established and adopted as a preferred 

design tool for the determination of aerodynamics drag. However, numerical approximations of aerodynamics are 

subject to contending objectives of computational accuracy verses computational speed. As established in 

published literature [6], [7], finer CFD mesh generally leads to improved prediction accuracy but at a higher 

demand on computational resources and increased computational time. Thus, empirical approximations are still 

viable where quick and reasonably accurate aerodynamic drag predictions are required.  
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In a previous study found in literature, the effects of speed and boot-opening on aerodynamic drag, fuel 

consumption and CO2 emission of a typical minibus was studied. [6]. The work resulted in the development of 

polynomial prediction models to predict aerodynamic drag, fuel consumption and CO2 emission. The prediction 

accuracy of the developed polynomial prediction models for estimating Total drag coefficient is between 0% and 

11.9% of absolute error. The study prediction regression models for Total drag coefficient are for vehicle speed 

at discrete values of 60𝑘𝑚/ℎ, 80𝑘𝑚/ℎ, 100𝑘𝑚/ℎ, 120𝑘𝑚/ℎ, and 140𝑘𝑚/ℎ, and did not capture prediction at 

other vehicles speeds. Furthermore, a detailed operating regime to relate Total drag coefficient, vehicle speed, and 

boot opening; this would be relevant for road transport regulatory organisations, such as the Federal Road Safety 

Corps (FRSC). The present study aims to address the identified limitations in the previous study. Thus, the 

objectives of this study are: (a) to use wavelet analysis to provide detailed operating regime for regulatory purpose, 

and (b) to apply Fourier Transform for the Analysis and improved prediction of Aerodynamic Drag of a Minibus 

with Open Boot. Detailed model description, as well as findings, for accomplishing this goal is provided presently. 

 

2. Model Description 

This section presents application of Fourier Transform (FT) for the Analysis and Prediction of Aerodynamic Drag 

of a Minibus with Open Boot. First, a brief description of the problem and solution procedure for the application 

of Computational Fluid Dynamics (CFD) to obtain total aerodynamic drag for minibus with open boot are 

provided. Thereafter, Wavelet analysis and the development of prediction model using Fourier Transform are 

presented. 

 

2.1 Problem Description 

The problem description, as given in a previous study [6], outlines CFD analysis of TOYOTA™ HiAce™ (2020 

model) minibus as shown in Figure 1(a). A Computer Aided Drawing (CAD) model of a full-scale minibus 

employed is geometrically given as: overall length 𝐿 (5.915 𝑚), width 𝑊 (1.950 𝑚) and height 𝐻 (1.990 𝑚). 

Figure 1(b) shows a pictorial illustration of typical TOYOTA™ HiAce™ minibus with open boot, while Figure 

2(a) illustrates a geometrically simplified TOYOTA™ HiAce™ minibus with boot opening at 𝜃 = 50 and 𝜃 =

900 [6]. 

 

 

 
(a) TOYOTA™ HiAce™ minibus; 2020 model 

(Source: Toyota, 2020) 

(b) Pictorial illustration of typical TOYOTA™ 

HiAce™ minibus with open boot. 

Figure 1: TOYOTA™ HiAce™ minibus; (Source: [6]). 

 

Figure 2(b) presents the numerical wind tunnel employed; the applicable geometrical dimensions are 14𝐿 (length), 

9𝑊 (width) and 5𝐻 (height). These have been adapted, with minor modifications, from the study of Zhang et al. 

[8] and Ashton & Revell [9]; symbols 𝐿, 𝑊 and 𝐻 have been previously defined. 
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(a) A geometrically simplified TOYOTA™ HiAce™ 

minibus with boot opening at 𝜽 = 𝟓𝟎 and 𝜽 = 𝟗𝟎𝟎. 

(b) Pictorial illustration of a numerical wind 

tunnel with a geometrically simplified 

TOYOTA™ HiAce™ minibus; dimension given 

in terms of minibus length (L) and width (W). 

Figure 2: TOYOTA™ HiAce™ minibus; (Source: [6]). 

 

2.2 Governing equations 

The governing equations which describes the aerodynamics air flow around a minibus with open boot includes 

three equations, namely mass conservation equations (Equation (1)), momentum conservation equations 

(Equation (2)), and Energy Equation. These are partial differential equations and are also termed as the Navier-

Stokes equations (NSE). For the present study, the energy equation is ignored since temperature is not expected 

to vary significantly.  Equations (1) and (2) present the general compressible form of the mass conservation and 

momentum conservation equations [8], [10]. The symbols 𝜈, 𝜌, 𝑃, 𝜏̿ and 𝜌�⃗� represent velocity vector of minibus, 

density of air, static pressure of air medium, stress tensor of air flow and gravitational body force with respect to 

air flow respectively. 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝜈) = 0, (1) 

𝜕(𝜌�⃗⃗⃗�)

𝜕𝑡
+ ∇ ∙ (𝜌𝜈𝜈) = −∇𝑃 + ∇ ∙ (𝜏̿) + 𝜌�⃗�, (2) 

Equation (3) presents definition of stress tension for air flow round a minibus, where symbols 𝜇 and Ι represents 

molecular viscosity and unit tensor respectively. SST 𝑘 − 𝜔 viscous model is applied for Turbulence modelling 

[8], [10]. 

𝜏̿ = 𝜇 [(∇𝜈 + ∇𝜈𝑇) −
2

3
∇ ∙ 𝜈Ι], (3) 

2.3 Boundary conditions 

Applicable boundary conditions are described for the numerical wind tunnel geometrically described in previous 

section [11], [12]. In order to effectively move minibus motion, air flows into the wind tunnel from the inlet 

boundary, and against the frontal area of the minibus. This air flow exits the numerical wind tunnel via the exit 

boundary. Numerical consistency of CFD simulations requires that one of inlet and outlet boundaries be assigned 

velocity boundary, and the other assigned as pressure boundary. Since forward motion of the minibus is equivalent 

to air flow velocity against the front of the minibus, the inlet boundary is taken as velocity boundary, and the exit 

is assigned as the pressure boundary. The ground of the wind tunnel is described as a moving wall, while symmetry 

planes are applied to the top and side walls. 

 

2.4 Meshing and Simulation 

Polyhedral volume mesh is applied in the geometric discretisation of the wind tunnel and vehicle exterior flow 

domain; since this type of mesh results in finite volumes (FV) coming in contact with several other finite volumes, 

resulting in better gradient approximations of parameter of interest and accuracy, quick convergence, and low 

demand on computation resources and time [13]–[15]. Figure (3) illustrates the polyhedral mesh for vehicle speed 

at 60𝑘𝑚/ℎ and boot opening at 50. 
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Figure 3: Typical polyhedral mesh for vehicle speed at 𝟔𝟎𝒌𝒎/𝒉 and boot opening at 𝟓𝟎; (Source: [6]). 

 

A total of 95 simulation cases are studied, and ranges between 60𝑘𝑚/ℎ and 140𝑘𝑚/ℎ for inlet velocity at 

20𝑘𝑚/ℎ interval, as well as boot opening between 00 and 900 at interval of 50. The compressible governing 

equations described earlier are discretised using the finite volume numerical scheme, and solved using ANSYS™ 

FLUENT™ Density-Based solver. Pressure-velocity coupling is achieved via Implicit solution method. 

Turbulence modelling is incorporated by the SST 𝑘 − 𝜔 viscous model. For spatial discretisation in ANSYS™ 

FLUENT™, the choice of gradient employed is Least Square Cell Based while the choice of flow is the Second 

Order Upwind method. Turbulent Kinetic Energy and Specific Dissipation Rate both employed the First Order 

Upwind. 

 

2.5 Drag coefficient 

Drag coefficient is determined using the general vehicle performance model [16]–[18] given in Equation (4), 

where the symbols 𝐹𝑑, 𝑀, 𝐶𝑑, 𝐴𝐹, 𝑔, 𝛼, and 𝐶𝑟 represent vehicle propulsion force, mass of vehicle, aerodynamic 

drag coefficient, vehicle frontal area, acceleration due to gravity, slope, and wheel rolling resistance respectively. 

The first and second term in Equation (4) represents vehicle inertia and aerodynamic drag respectively. The third 

and fourth terms describe road slope and rolling resistance respectively.  

𝐹𝑑 = 𝑀�̇� +
1

2
𝜌𝐶𝑑𝐴𝐹𝜈2 + 𝑀𝑔 sin 𝛼 + 𝐶𝑟𝑀𝑔 cos 𝛼, (4) 

The vehicle is assumed to undergo steady-state motion. Therefore, the first term on the Right-Hand-Side (RHS) 

of Equation (4) (that is inertia) is neglected. Furthermore, slope is taken as zero for all 95 cases studied. 

Consequently, the third and fourth terms on the RHS of Equation (4), which stand for road slope and rolling 

resistance respectively, are dropped. Expression to determine drag coefficient is then obtained as shown in 

Equation (5). 

𝐶𝑑 =
2𝐹𝑑

𝜌𝐴𝐹𝜈2, (5) 

2.6 Wavelet Analysis 

Wavelet analysis of Total drag coefficient of a minibus versus boot opening at different vehicle speed is carried 

out in this section, via the use of a continuous wavelet transform (CWT). The motivation to use wavelet analysis 

in this study lends from successful application of wavelets in various fields of study, including dynamics systems, 

economics, and general two-dimensional (2D) and three-dimensional (3D) representation of generic systems. 

Wavelets are small waves which exits in both time and frequency dimensions, and they enable the extraction 

frequency information relative to the consistent time domain [19], [20].  

A continuous wavelet transform 𝑊(𝑠, �̃�) of any given function 𝑎(𝑡) is defined as a convolution of the function 

with a scaled and translated version of the Morlet wavelet 𝜓(𝑡) as shown in Equation (6) [21]. 

𝑊(𝑠, �̃�) = ∫ 𝑎(𝑡)𝜓𝑠,�̃�
∗ (𝑡)𝑑𝑡

∞

−∞
, (6) 

The scaled and translated version of the Morlet wavelet is defined as shown in Equation (7). Scaling and 

translation of the Morlet is accomplished using the 𝑠 and �̃� parameters. Parameter 𝑠 controls the dilation while 
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parameter �̃� shows the location of the wavelet as a function of variable 𝑡. The asterisk in Equations (6 & 7) 

represents complex conjugate. 

𝜓𝑠,�̃�
∗ (𝑡) =

1

√𝑠
𝜓∗ (

𝑡−�̃�

𝑠
), (7) 

The Morlet wavelet satisfies the conditions:   

∫ 𝜓(𝑡)𝑑𝑡 = 0
∞

−∞
, and ∫ |𝜓(𝑡)|2𝑑𝑡 < ∞

∞

−∞
 (8) 

The wavelet power spectrum 𝑃(𝑠, �̃�) of the given function 𝑎(𝑡) is described by the squared modulus as shown in 

Equation (9). 

𝑃(𝑠, �̃�) = |𝑊(𝑠, �̃�)|2, (9) 

In this study, however, discrete data will be applied. Thus, a Continuous Wavelet Transform 𝑊𝑛(𝑠) of any given 

discrete sequence 𝑎𝑛 is defined as a convolution of the sequence with a scaled and translated version of the Morlet 

wavelet 𝜓(𝑡) as shown in Equation (10) [20]. 

𝑊𝑛(𝑠) = ∑ (
𝛿�̃�

𝑠
) 𝑎𝑛′𝜓∗ [

(𝑛−𝑛′)𝛿�̃�

𝑠
]𝑁

𝑛′=0 , (10) 

The corresponding wavelet power spectrum 𝑃𝑛(𝑠) of any given discrete sequence 𝑎𝑛 is defined in Equation (11). 

𝑃𝑛(𝑠) = |𝑊𝑛(𝑠)|2, (11) 

The Morlet wavelet is a plane wave modulated by a Gaussian and described in Equation (12), where 𝜔0 represents 

nondimensional frequency and taken as a constant value 6 to ensure admissibility condition is satisfied [22]. 

𝜓(𝜂) = 𝜋−1 4⁄ 𝑒𝑖𝜔0𝜂𝑒−𝜂2 2⁄ , (12) 

 

2.7 Fourier Transform for the Prediction of Total Drag Coefficient 

Oloruntoba & Okediji illustrate the variation of Total drag coefficient of a minibus versus boot opening at different 

vehicle speed (Figure (4)) [6]. Boot opening considered in the study ranged between 00 and 900 inclusive, for 

vehicle speed at 60 𝑘𝑚/ℎ to 140 𝑘𝑚/ℎ at 20 𝑘𝑚/ℎ interval. The study produced a fourth order polynomial 

prediction model (refer to Equation 13), averaged for all vehicle speed considered, for calculating Total drag 

coefficient as a function of boot opening with 𝛽1 = 6 × 10−8 , 𝛽2 = −1 × 10−5 , 𝛽3 = 5 × 10−4 , 𝛽4 =

−6.9 × 10−3, and 𝛽5 = 0.5895; and 𝑅2 = 0.8217. 

 
Figure 4: Total drag coefficient of minibus with varying vehicle speeds versus boot opening; (Source: [6]). 

 

𝐶𝑑,𝑟 = 𝛽1𝜃4 + 𝛽2𝜃3 + 𝛽3𝜃2 + 𝛽4𝜃 + 𝛽5, (13) 

 

In order to apply Fourier Transform to predict Total Drag Coefficient as a function boot opening at different 

vehicle speed, Figure (4) is reconstructed in this study to obtain a periodic but irregular wave-like plot as shown 

in Figure (5). The periodic feature of the reconstructed plot represents boot opening range with period of 900. 

There are five cycles which stand for the five vehicle speed instances (i.e. 60 𝑘𝑚/ℎ, 80 𝑘𝑚/ℎ, 100 𝑘𝑚/ℎ, 
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120 𝑘𝑚/ℎ and 140 𝑘𝑚/ℎ) considered in this study. The irregular feature of the reconstructed plot is due to 

relatively different values obtained for Total Drag Coefficient at these different vehicle speed instances.  

The mathematical model for reconstructing Figure (4) to obtain Figure (5) is derived by combining Equations (14 

& 15) to achieve the final expression shown in Equation (16). Equation (15) represents frequency representation 

of Discrete Fourier Transform (DFT) of the data given in Figure (5). Equation (14) is derived in this study to 

transform boot opening (range of 𝜃∗: 00 – 900) at different vehicle speed into periodic representation of boot 

opening (range of 𝜃: 00 – 4700). It should be noted that Equations (14 & 16) are only valid for vehicle speeds at 

60 𝑘𝑚/ℎ, 80 𝑘𝑚/ℎ, 100 𝑘𝑚/ℎ, 120 𝑘𝑚/ℎ and 140 𝑘𝑚/ℎ. 

 
Figure 5: Total drag coefficient of minibus with varying vehicle speeds versus boot opening; (Source: [6]). 

 

𝑛 = 𝜃 = 𝑛(𝜃∗, 𝑉) = 0.2𝜃∗ + 0.95(𝑉 − 60), (14) 

 

The Fourier transform expression for estimating total aerodynamic drag is given in Equation (15): 

𝐶𝑑𝑛
= ∑ 𝑀𝑘 cos (

2𝜋𝑛𝑘

𝑁
+ 𝐴𝑘)𝑁−1

𝑘=0 , (15) 

Substituting Equation (14) into Equation (15) gives  

𝐶𝑑(𝜃∗, 𝑉) = ∑ 𝑀𝑘 cos (
2𝜋𝑘

𝑁
(0.2𝜃∗ + 0.95(𝑉 − 60)) + 𝐴𝑘)𝑁−1

𝑘=0 , (16) 

Where 𝑀𝑘 = Magnitude of complex number, 𝐴𝑘 = Argument of complex number, 𝑁 = Number of datapoints. 

Values of 𝑀𝑖 and 𝐴𝑖 are given in Table 1 (Appendix A). 

 

2.8 Total aerodynamic drag prediction algorithm for arbitrary vehicle speed and boot opening 

The algorithm for the implementation of the Fourier Transform model derived in this study, for the prediction of 

Total Drag Coefficient as a function boot opening at different vehicle speed, is presented in this section. Figure 

(6) shows the flowchart for the implementation of Total Drag Coefficient prediction algorithm for arbitrary vehicle 

speed and boot opening. The algorithm takes vehicle speed and boot opening as input data, calculates and outputs 

periodic representation of boot opening and Total Drag Coefficient. 

Since the Fourier Transform model derived in this study, for the prediction of Total Drag Coefficient as a function 

boot opening at different vehicle speed, is only valid for certain vehicle speeds (i.e. at 60 𝑘𝑚/ℎ, 80 𝑘𝑚/ℎ, 

100 𝑘𝑚/ℎ, 120 𝑘𝑚/ℎ and 140 𝑘𝑚/ℎ), approximate solution for arbitrary vehicle speed and boot opening is 

given presently. Linear interpolation will be applied to predict Total Drag Coefficient at vehicle speed other than 

those used to derive the prediction model, but within the 60 𝑘𝑚/ℎ to 140 𝑘𝑚/ℎ range. This approximation is 

expected to give reasonably accurate result, since Total Drag Coefficient can be described by a polynomial 

expression as shown in Equation (13) over the range of vehicle speed considered, with a maximum absolute 

prediction error of 11.9 % [6]. Moreover, prediction via Fourier Transform method proposed in this study is 

expected to give more accurate prediction than polynomial approach. At vehicle speed greater than 140 𝑘𝑚/ℎ, 

threshold vehicle speed of 140 𝑘𝑚/ℎ is assumed. In a similar approximation, at vehicle speed less than 60 𝑘𝑚/ℎ, 
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threshold vehicle speed of 60 𝑘𝑚/ℎ is assumed. Similar to vehicle speed, the developed Fourier Transform model 

derived in this study to predict Total Drag Coefficient is only valid for boot opening between 00 and 900 at 50 

intervals; linear interpolation can be applied to obtain Total Drag Coefficient predictions at other values of boot 

opening. 

 

Figure 6: Flowchart for the implementation of total aerodynamic drag prediction algorithm for arbitrary 

vehicle speed and boot opening 

 

3. Results and Discussion 

3.1 Wavelet Analysis 

Wavelet power spectra for Total drag coefficient of a minibus versus boot opening at different vehicle speed is 

presented in Figure (7). The graph shows that the horizontal axis describe boot opening series, where a unit 

represents 50 for a total periodic representation of boot opening of 4700; thus, resulting in the horizontal axis 

having a maximum of 94 index. The vertical axis represents period. It should be noted that the period 𝑇 = 900 

described in Figure (5) is equivalent to 𝑇𝑒𝑞𝑢𝑖 = 19 in Figure (7). The corresponding significance of the wavelet 

power spectra is analysed via a test against the null of AR(1) model. Area of significance in the figure are 

enveloped by white lines.  
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Figure 7: FFT – Wavelet Analysis. 

The results in Figure (7) show that boot opening at 900 has greater impact on Total drag coefficient than at other 

boot opening values as indicated by red colour between periods 0.25 and 0.5, especially at vehicle speed values 

of 100 𝑘𝑚/ℎ , 120 𝑘𝑚/ℎ  and 140 𝑘𝑚/ℎ . This can be attributed to two factors, namely: vehicle speed and 

modified vehicle geometry due to boot opening. From the theory of aerodynamics, Total drag coefficient increases 

quadratically with vehicle speed [23]–[28]; thus, the observed increase in wavelet power with respect to vehicle 

speed. Furthermore, the geometric form of the vehicle due to boot opening results in increased vehicle surface for 

surface friction, and by implication, increased Total drag coefficient. Contribution from pressure drag to Total 

drag coefficient is negligible as demonstrated in a previous study [6]. 

In addition, average Reynold’s number, 𝑅𝑒, and turbulence for the minibus are possible indicator for the observed 

increased values of Total drag coefficient. For air flow round and over the minibus of length, 𝐿 = 5.915 𝑚, 

Reynold’s number increased linearly from 𝑅𝑒 = 6.75 × 106 at vehicle speed 𝑈 = 60 𝑘𝑚/ℎ to 𝑅𝑒 = 1.57 × 107 

at 𝑈 = 140 𝑘𝑚/ℎ. This is an indication of increased turbulent flow characteristics. Although, external flows have 

been demonstrated in previous studies to be subjective in the estimation of Total drag coefficient [29], however, 

increased vehicle speed coupled with favourable vehicle geometry results in increased chaotic turbulent flow and 

Total drag coefficient . 

The work of Oloruntoba & Okediji only identified one value for maximum boot opening at 𝜃∗ = 41.840. The 

authours did not include boot opening at 𝜃∗ = 900 as a maximum value, since Total drag coefficient continued to 

rise at this value of boot opening. In this study, however, the introduced period (𝑇 = 900), in Figure (5), for 

Periodic representation of boot opening, 𝜃 , results in apparent peaks of Total drag coefficient at 𝜃 =

(900, 1850, 2800, 3750, 4700), which correspond to peaks for vehicle speed 𝑈 = (60,80,100,120,140)𝑘𝑚/ℎ 

respectively. Consequently, Figure (7) exhibits a ridge (defined as Ridge-1) at period 𝜏 ≅ 1, which corresponds 

to 𝜃∗ = 900 and majorly affects all vehicle speed studied with the exception of 𝑈 = 60 𝑘𝑚/ℎ. As described in 

previous paragraph, vehicle speed as well as coupled effect of modified vehicle geometry due to boot opening and 

turbulence fluid flow are contributory to this observation. There exist three additional ridges, defined as: Ridge-

2, Ridge-3, and Ridge-4. It is apparent that Ridge-2 and Ridge-3 occur at 𝜏 ≅ 0.5 and 𝜏 ≅ 0.375 respectively as 

shown Figure (7), while Ridge-4 is shown in an extended view of Figure (7) as illustrated in Figure (8). Ridge-2 

and Ridge-3 correspond to peak values for Total drag coefficient at 𝜃∗ = 42.50 and 𝜃∗ = 30.630 respectively, 

and affect all velocity instances studied. Ridge-2 gives a value close to observed value (𝜃∗ = 41.840) reported by 

Oloruntoba & Okediji. At 𝜃∗ = 41.560, that is between Ridge-2 and Ridge-3, a consistent minimum Total drag 

coefficient occurs for all velocity instances. This is an anomaly from the polynomial model fit presented by 

Oloruntoba & Okediji for which the authors’ prediction of Total drag coefficient is approximately close to the 

maximum value at 𝜃∗ = 41.840. And the deviation of this observation from the polynomial fit model could be as 

a result of geometry or mesh influenced turbulent flow. Thus, there is need for more detailed study, via 

experiments and/or computational fluid dynamics analysis, to capture Total drag coefficient trends at finer steps 

0 2 4 6 8

Power
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around this boot opening region. Nevertheless, this region of minimum Total drag coefficient between Ridge-2 

and Ridge-3 is narrow and reflects difficulty in its actual determination. Thus, failure to accurately determine its 

location would potentially lead to maximum Total drag coefficient due to the two bounding ridges. Therefore, the 

minimum Total drag coefficient between Ridge-2 and Ridge-3 should be avoided.  Ridge-4 corresponds to peak 

values for Total drag coefficient at 𝜃∗ = 10.840, compared to the value (𝜃∗ = 9.300) observed by [6]; which is a 

more conservative value for regulation. 

  

Figure 8: FFT – Wavelet analysis for lower period. 

Figure (8) further shows minimum Total drag coefficient within two pertinent parts with periods in the vicinity of 

0.15625 ≤ 𝜏 ≤ 0.250  and 𝜏 ≅ 0.775  which correspond to boot opening of 9.840 ≤ 𝜃∗ ≤ 18.750  and 𝜃∗ ≅

68.630 respectively. The first part closely matches the range, i.e. 100 ≤ 𝜃∗ ≤ 150, reported in previous studies 

[6], [30] – [32]. The second part is about 7% lower than the value reported by Oloruntoba & Okediji [6]. Based 

on the results, boot opening at 𝜃∗ ≅ 68.630 exhibits the more consistent minimum Total drag coefficient for all 

vehicle speed studied. Apparently, this would be the most preferred choice of boot opening. However, there are 

other factors to be considered. The first consideration is size and weight of load. For large and heavy load to 

achieve boot opening at 𝜃∗ ≅ 68.630 would potentially lead to steady state and transient handling instability and 

degrade safety. For light and no-load scenarios, the boot could be propped to the desired boot opening to achieve 

the minimum Total drag coefficient without major risk to vehicle handling and safety.  

The identified ridges exhibit nonlinear wavy pattern which suggests contributions, to each major period, from 

sinusoids of varying period to reconstruct Total drag coefficient. Thus, in order to obtain accurate reconstruction 

of Total drag coefficient profile, all or major sinusoids must be considered. For applications where, noniterative 

steady state values are required and also with low demand on computational resources, the complete 95 sinusoids 

presented in Table A-1 are recommended to obtain accurate reconstruction of Total drag coefficient profile. But 

for resource intensive computational applications, selected sinusoids are recommended to achieve a compromise 

between prediction accuracy and solution speed. The choice of selected sinusoids would also depend on the nature 

of application. 

 

3.2 Fourier Transform for the Prediction of Total Drag Coefficient 

Figure (11) compares the prediction of Total drag coefficient using Equation (16) and the numerical data used for 

developing the prediction model. The vertical axis shows Total drag coefficient, 𝐶𝑑, while the horizontal axis 

shows the Periodic representation of boot opening, 𝜃. As described previously, the prediction model expressed 

as Equation (16) implemented all the 95 sinusoids provided in Table A-1 to achieve accurate prediction of Total 

drag coefficient. Prediction accuracy will be considered presently. Prediction of Total drag coefficient for boot 

opening and vehicle speed other than the values used in the development of the prediction model will now be 

considered. 

Since a typical minibus’ expected boot opening can be considered bound between 00 and 900 inclination, the 

prediction model described in Equation (16) is expected to give reasonably accurate results. Boot opening greater 

0 2 4 6 8

Power
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than 900 could lead to prediction error due to inherent limitations in extrapolation and thus the prediction model 

in this study should not be applied for such scenarios. Furthermore, prediction of Total drag coefficient for boot 

opening and vehicle speed other than those considered in the development of the prediction model, has been 

considered via linear interpolation and within the values used for developing the prediction model, as described 

in the algorithm presented in Figure (6). Thus, excessively high prediction error is not expected. The potential 

source for major prediction error is in the use of threshold vehicle speed when actual vehicle speed is greater than 

60 𝑘𝑚/ℎ or less than 140 𝑘𝑚/ℎ. Thus, the threshold vehicle speed should be applied with caution. Further studies 

need to be carried out to determine the appropriate parameters for vehicle speed outside the bound considered in 

the development of the prediction model for Total drag coefficient. 

 
Figure 9: Comparison of total aerodynamic drag prediction with data for minibus’ periodically represented 

boot opening. 

Prediction error of Equation (16) in in the determination of Total drag coefficient is presented in Figure (10). The 

vertical axis shows Prediction Error, 𝜀, while the horizontal axis represents the Periodic representation of boot 

opening, 𝜃 . The result shows that maximum and minimum prediction error are 0.00802% and −0.00841% 

respectively. The figure further shows that the prediction model is least accurate for vehicle speed 60 𝑘𝑚/ℎ. 

Although the order of magnitude of prediction error at this vehicle speed and other instances of vehicle speed are 

negligible, this occurrence is accounted for by the fact that Equation (16) relied on contributions from all the 

vehicle speed instances considered in the development of the prediction model. And as illustrated in Figure (5), 

Total drag coefficient progressively vary from vehicle speed 60 𝑘𝑚/ℎ to vehicle speed 140 𝑘𝑚/ℎ, especially at 

boot opening 900. Thus, affecting the magnitudes and phases of sinusoids which are shown in Table A-1 and 

implemented in Equation (16). 

 



Oloruntoba O et al                                   Journal of Scientific and Engineering Research, 2023, 10(8):90-102 

Journal of Scientific and Engineering Research 

100 

 

Figure 10: Prediction error plot for total aerodynamic drag prediction of minibus’ periodically represented 

boot opening. 

 

4. Conclusions  

The effect of vehicle speed and boot opening on aerodynamics, fuel consumption and carbon dioxide emission of 

a typical minibus had been carried out in a previous study. The study resulted in the development of polynomial 

models for predicting aerodynamic drag, fuel consumption and CO2 emission. The developed model’s prediction 

accuracy of Total drag coefficient was found to range between 0% and 11.9% of absolute error. The objectives of 

this study are: (a) to use wavelet analysis to provide detailed operating regime for regulatory purpose, and (b) to 

apply Fourier Transform for the Analysis and improved prediction of Aerodynamic Drag of a Minibus with Open 

Boot. First, Computational Fluid Dynamics is applied to predict the aerodynamics for typical minibus to obtain 

wavy plots of Total drag coefficient versus boot opening at different vehicle speed. The resulting wavy plots of 

Total drag coefficient versus boot opening at each vehicle speed studied are combined into a single irregular wave-

like plot, using a method developed in this study. Thereafter, wavelet analysis is applied to the single irregular 

wave-like plot identify boot opening and vehicle speed where minimum and maximum Total drag coefficient 

occur; and gives a detailed operating regime relevant for regulatory bodies. This was followed by the application 

of Fourier Transform to predict Total drag coefficient for arbitrary vehicle speed and boot opening. The results 

obtained showed that the occurrence of minimum and maximum Total drag coefficient corresponded with 

previous study. This study further showed an additional occurrence of minimum Total drag coefficient at boot 

opening 41.560 (between Ridge-2 (𝜃∗ = 42.50 ) and Ridge-3 (𝜃∗ = 30.630 )) which is consistent for all the 

velocities considered in the study. This anomaly with previous study’s results can be attributed to geometry or 

mesh influenced turbulent flow. Therefore, for regulatory purpose, the minimum Total drag coefficient between 

Ridge-2 and Ridge-3 should be avoided due to uncertainty in prediction using previously developed regression 

model. Further experimental and/or computational fluid dynamics analysis is required to capture Total drag 

coefficient trends at finer steps around this boot opening region. However, prediction accuracy is improved with 

maximum absolute error of 0.00841%. 

 

Appendix A 

Table A-1: Values of Magnitude of complex number (Mk), Argument of complex number (Ak) described in 

Equation (16). 

𝒌 𝑴𝒌 𝑨𝒌 𝒌 𝑴𝒌 𝑨𝒌 𝒌 𝑴𝒌 𝑨𝒌 𝒌 𝑴𝒌 𝑨𝒌 

0 0.577635 0 24 0.000705 0.479383 48 0.001731 2.510451 72 0.000214 -0.22454 

1 0.001964 -0.93896 25 0.00551 1.753976 49 0.001369 1.280161 73 0.002299 -0.54947 

2 0.000934 2.863849 26 0.00311 2.587807 50 0.007264 -3.1232 74 0.001871 -2.10037 

3 0.001543 -2.30327 27 0.002004 1.953722 51 0.00098 1.444922 75 0.004856 -2.041 

4 0.000919 2.918192 28 0.000489 2.962738 52 0.000903 -0.87484 76 0.002985 0.352756 

5 0.008326 -0.39367 29 0.002589 -1.49682 53 0.001908 3.11672 77 0.001082 -1.93159 

6 0.001947 0.086729 30 0.008121 2.028435 54 0.001493 0.415275 78 0.001513 -0.86225 

7 0.002072 -0.29997 31 0.003542 3.116242 55 0.007937 -2.47452 79 0.001383 -1.56624 

8 0.002286 -1.82819 32 0.002006 2.612445 56 0.001178 -2.42602 80 0.0136 -1.03336 

9 0.002687 -0.83564 33 0.001878 2.256276 57 0.001304 -2.35599 81 0.001274 0.178529 

10 0.015943 0.619268 34 0.001598 0.081181 58 0.001825 -3.09117 82 0.001114 -1.79922 

11 0.001634 1.230444 35 0.012619 2.872533 59 0.000606 0.930886 83 0.002043 -0.67861 

12 0.002043 0.678611 36 0.000606 -0.93089 60 0.012619 -2.87253 84 0.001634 -1.23044 

13 0.001114 1.799219 37 0.001825 3.091167 61 0.001598 -0.08118 85 0.015943 -0.61927 

14 0.001274 -0.17853 38 0.001304 2.35599 62 0.001878 -2.25628 86 0.002687 0.835636 

15 0.0136 1.033364 39 0.001178 2.426018 63 0.002006 -2.61244 87 0.002286 1.828186 

16 0.001383 1.566241 40 0.007937 2.474523 64 0.003542 -3.11624 88 0.002072 0.299966 

17 0.001513 0.862253 41 0.001493 -0.41528 65 0.008121 -2.02844 89 0.001947 -0.08673 

18 0.001082 1.931592 42 0.001908 -3.11672 66 0.002589 1.496821 90 0.008326 0.393666 
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19 0.002985 -0.35276 43 0.000903 0.874841 67 0.000489 -2.96274 91 0.000919 -2.91819 

20 0.004856 2.040998 44 0.00098 -1.44492 68 0.002004 -1.95372 92 0.001543 2.303271 

21 0.001871 2.100375 45 0.007264 3.123198 69 0.00311 -2.58781 93 0.000934 -2.86385 

22 0.002299 0.54947 46 0.001369 -1.28016 70 0.00551 -1.75398 94 0.001964 0.938964 

23 0.000214 0.224541 47 0.001731 -2.51045 71 0.000705 -0.47938    
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