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Abstract  

Efficient separation of palm kernels from the shells remains a critical challenge in palm kernel oil processing, with 

conventional methods typically achieving inadequate separation efficiency. Traditional method which has high 

separation efficiency is however slow and labour-intensive. This study developed and experimentally validated a 

quadratic drag–based projectile motion model that predicted and optimized the post-cracking separation trajectories 

of palm nuts components in centrifugal cracking systems. The model incorporated particle-specific mass, geometry, 

drag coefficients, and air resistance effects, and was numerically solved for projection angles ranging from 10° to 

45° and discharge velocities of 10 m/s and 15 m/s. Experimental trials were conducted using a fabricated centrifugal 

cracking and separation machine to validate the model predictions.  Results show that separation effectiveness 

increases with both projection angle and velocity due to enhanced aerodynamic drag interaction. At 10 m/s, optimal 

separation was achieved between 30° and 40°, while at 15 m/s, a projection angle of 30° produced the clearest 

spatial separation with minimal space requirement. Under this optimal condition, kernel, nut, and shell deposition 

distances were 18.75 m, 17.44 m, and 13.72 m, respectively. Polynomial fits of displacement versus angle yielded 

excellent agreement with experimental data, with coefficients of determination (R² ≥ 0.995). The study demonstrates 

that quadratic drag effects are essential for accurately predicting separation trajectories at practical operating speeds. 

The proposed model provides a physics-based separation principle (an alternative engineering approach to age-old 

processing steps), predictive framework for optimizing separator design and operating parameters (formulation of 

empirical models, for the first time, that could enable prediction of separation distances before the actual design 

application), thereby reducing reliance on empirical trial-and-error approaches in palm kernel processing systems. 

Keywords:  Quadratic projectile drag principle; Palm nut cracking and separation; Aerodynamic interaction. 

1. Introduction 

Palm kernel processing remains a critical unit operation in the palm oil value chain, particularly in Nigeria and other 

tropical economies where palm kernel oil is a major industrial feed stock for food, cosmetics, pharmaceutical and 

chemical industries (Alhaji et al., 2024; Amafade & Ovharhe, 2024; Shehu et al., 2021). A key bottleneck in this 

process is the efficient separation of cracked palm kernels from shells following mechanical cracking. Conventional 

separation approaches such as manual sorting, clay-water bath separation, screening, and air classification are either 
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labor-intensive, moisture-inducing, or limited in efficiency, typically achieving inadequate separation efficiency 

(Cao, 2023; Diepenbroek et al., 2024). Recent mechanized cracking systems increasingly rely on centrifugal impact, 

which ejects mixtures of kernels and shells into free flight. However, most existing studies analyze post-cracking 

separation using empirical observations or simplified projectile motion models that neglect aerodynamic drag (Alade 

et al., 2019; Bakri et al., 2020; Edeh et al., 2022; Man et al., 2023; Taofik et al., 2019). Such assumptions are 

inadequate for accurately predicting deposition distances of palm kernels and shells, which differ significantly in 

mass, geometry, and drag characteristics (Adepoju et al., 2023). 

Previous studies have focused on empirical observations of deposition distances without rigorously applying or 

validating nonlinear theoretical models such as those involving quadratic air resistances. This study addresses this 

gap by developing and experimentally validating a quadratic drag–based projectile motion model to predict the 

separation trajectories of palm nuts, kernels, and shells.  

 

2.0 Materials and methods 

2.1 Materials and Physical Properties 

Dried palm nuts of the Dura variety were sourced locally and conditioned to moisture contents consistent with 

typical processing conditions. After cracking, the mixture consisted of uncracked nuts, kernels, and shells. 

Representatively, physical properties (mass, size, shape, and sphericity) were adopted from standard literature (Eje, 

Chiwetalu and Ogbuagu, 2016) and validated by sampling. Mean particle masses were approximately 0.00186 kg 

for nuts, 0.00111 kg for kernels, and 0.00040 kg for shells, reflecting their distinct aerodynamic behaviors. Kernels 

were assumed nearly spherical, nuts elliptical, and shells shallow curved fragments, consistent with observed 

geometry during processing. Air density was taken as 1.225 kg/m³ under ambient laboratory conditions. Drag 

coefficients were selected based on particle shape: 0.47 for kernels, 0.8 for nuts, and 0.9 for shells, in line with 

established aerodynamic data for irregular agricultural particles. 

2.2 Quadratic Drag Projectile Motion Model   

The post-cracking separation process was modeled as projectile motion under gravity and quadratic air resistance. 

For each particle type, motion was described in two dimensions by coupled nonlinear differential equations in the 

horizontal and vertical directions. The drag force was assumed proportional to the square of velocity and acted 

opposite to the direction of motion. Gravity acted only in the vertical direction. The governing equations 

incorporated particle mass, drag coefficient, projected cross-sectional area, and instantaneous velocity. Initial 

conditions were defined by the discharge velocity and projection angle at the exit of the cracking chamber. Linear 

drag effects were neglected due to the moderate-to-high Reynolds number regime associated with ejection velocities 

of 10–15 m/s. The quadratic projectile drag equations used to formulate these numerical solutions are: 

Trajectory Motion of the Particles 

For motion in the x-direction 

𝐹𝐷𝑥 = −𝑏𝑉𝑥 

𝑚𝑥̈ = −𝑏                   

𝑚𝑦̈  =      −𝑚𝑔 − 𝑏𝑦̇                                                                     (1.0)       

𝑓𝑟𝑜𝑚 𝑒𝑞 1    

𝑥̈ +   
𝑏

𝑚
𝑥̇ = 0                                                                                   (1.1)   

𝑙𝑒𝑡 𝑥 =   𝑒𝜆𝑡         

𝑥̇ =  𝜆𝑒𝜆𝑡   𝑎𝑛𝑑   𝑥̈   =    𝜆2𝑒𝜆𝑡     

𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑛𝑔 𝑓𝑜𝑟 𝑥̇ 𝑎𝑛𝑑 𝑥̈ 𝑖𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3, 𝑤𝑒 ℎ𝑎𝑣𝑒      

 𝜆2𝑒𝜆𝑡  +   
𝑏

𝑚
 𝜆𝑒𝜆𝑡  = 0                                                               (1.2)   
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⇒  𝜆 (𝜆 +
𝑏

𝑚
) = 0       

𝑇ℎ𝑒 𝑐𝑜𝑚𝑝𝑙𝑖𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑥 (𝑥𝑐𝑓) 

𝑥𝑐𝑓 = 𝐴 + 𝐵𝑒
−𝑏𝑡
𝑚    

⇒ 𝑥̇ = −
𝑏

𝑚
𝐵𝑒

−𝑏𝑡
𝑚                                                                             (1.3)   

𝑎𝑡 𝑡 = 0, 𝑥̇(0) = 𝑢𝑥  

⇒ 𝑢𝑥 = −
𝑏

𝑚
𝐵 ⇒ 𝐵 = −

𝑚𝑢𝑥

𝑏
  

𝑎𝑡 𝑡 = 0, 𝑥(0) = 0 

⇒ 0 = 𝐴 + 𝐵 

⇒ 𝐴 =
𝑚𝑢𝑥

𝑏
 

⇒ 𝑥 =
𝑚𝑢𝑥

𝑏
(1 − 𝑒

−𝑏𝑡
𝑚  )                                                                    (1.4) 

For motion in the y-direction 

𝐹𝐷𝑦 = −𝑚𝑔 − 𝑏𝑉𝑦     

𝑚𝑦̈ = −𝑚𝑔 − 𝑏𝑦̇                                                                               1.5) 

𝑦̈ +
𝑏

𝑚
𝑦̇ = −𝑔                                                                                    (1.6) 

𝑇ℎ𝑒 𝑐𝑜𝑚𝑝𝑙𝑖𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑦 (𝑦𝑐𝑓) 

𝑦𝑐𝑓 = 𝐴 + 𝐵𝑒
−𝑏𝑡
𝑚  

𝑇ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙  𝑜𝑓 𝑦 (𝑦𝑝𝑖) 

𝑦𝑝𝑖 = 𝛼𝑡2 + 𝛽𝑡 

⇒ 2𝛼 +
𝑏

𝑚
(2𝛼𝑡) +

𝑏

𝑚
𝛽 = −𝑔                                                                (1.7) 

let α = 0  and compoaring the constant terms on both sides we have   

⇒
b

m
β = −g  

⇒ β =
−mg

b
                                                                                                  (1.8)  

Therefore, the overall solution for y will be complimentary function plus particular integral  

𝑦 = 𝐴 + 𝐵𝑒
−𝑏𝑡
𝑚 − 

𝑚𝑔𝑡

𝑏
                                                                                  (1.9) 

𝑦̇ = −
𝑏

𝑚
𝐵𝑒

−𝑏𝑡
𝑚 −  

𝑚𝑔

𝑏
                                                                                  (1.10) 
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𝑦̇(0) = 𝑣 

⇒ 𝑣 = −
𝑏

𝑚
𝐵 −

𝑚𝑔

𝑏
                                                                                     (1.11) 

𝐵 = −
𝑚

𝑏
(𝑣 +

𝑚𝑔

𝑏
)                                                                                     (1.12) 

The quadratic projectile drag equations from equations (1. 3), (1.10), and (1.12) used to formulate these numerical 

solutions are: 

𝑥̇=-
𝑏

𝑚
𝐵𝑒

-𝑏𝑡
𝑚 =𝑓𝑥(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)       

𝑦̇=-
𝑏

𝑚
𝐵𝑒

-𝑏𝑡
𝑚 -

𝑚𝑔

𝑏
    =𝑓𝑦(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)   

𝐵=-
𝑚

𝑏
(𝑣+

𝑚𝑔

𝑏
)                             

𝑏=
𝐴𝜌𝐶𝐷

2𝑚
    

𝑑𝑥̇

𝑑𝑡
= 𝑓𝑥(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)                                                                                  (1.13)   

𝑑𝑦̇

𝑑𝑡
= 𝑓𝑦(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)                                                                                  (1.14) 

⇒ 𝑑𝑥̇= 𝑓𝑥(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)*𝑑𝑡                                                                      (1.15) 

𝑑𝑦̇=𝑓𝑦(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)*𝑑𝑡                                                                            (1.16) 

𝐿𝑒𝑡 𝑓𝑥(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)= 𝜅𝑥 

𝑓𝑦(𝑥,˙ 𝑦, ˙ 𝑥, 𝑦)= 𝜅𝑦 

𝐴𝑡 𝑎𝑛𝑦 𝑡𝑖𝑚𝑒 𝑡𝑖 , 𝑤ℎ𝑒𝑟𝑒 𝑖=1,2,3 … … … …    

⇒ 𝑥̇𝑖+1=𝑥̇𝑖+ 𝜅𝑥(𝑖)𝑑𝑡                                                                              (1.17) 

𝑦̇𝑖+1=𝑦̇𝑖+ 𝜅𝑦(𝑖)
𝑑𝑡                                                                                  (1.18) 

   𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑙𝑦, 

𝑥𝑖+1 =𝑥𝑖+ 𝑥̇(𝑖)𝑑𝑡                                                                                     (1.19) 

𝑦𝑖+1 =𝑦𝑖+ 𝑦̇(𝑖)𝑑𝑡                                                                                       (1.20)  

Where: 

• CD = drag coefficient (dimensionless), 

• 𝜌 = air density (kg/m³), 

• A = cross-sectional area (m²), 

• v = speed (m/s) 
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2.3 Numerical Solution Procedure 

Due to the nonlinear nature of the quadratic drag equations, analytical solutions were not feasible. The equations of 

motion were therefore solved numerically using a time-stepping approach implemented in MATLAB. The trajectory 

of each particle type was computed until ground impact, and the horizontal deposition distance was recorded as the 

primary separation metric. Simulations were conducted for projection angles of 10°, 20°, 30°, 40°, and 45°, and for 

initial velocities of 10 m/s and 15 m/s, enabling systematic evaluation of separation trends. 
 

2.4 Experimental Setup and Procedure 

A centrifugal palm nut cracking and separation machine equipped with an adjustable discharge pipe was fabricated 

and used for experimental validation. The machine projected cracked mixtures onto a horizontal deposition platform. 

For each test condition, a known mass of dried palm nuts was fed into the machine, and the resulting nuts, kernels, 

and shells were allowed to follow free-flight trajectories. 

Deposition distances were measured manually using a calibrated measuring tape. Each experiment was repeated 

three times, and mean separation distances were computed to reduce random measurement error 

 
 

Plate 1.1a: Schematic Drawing of the Machine Assembly 
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Plate 1.1b: Isometric Drawing of the Machine Assembly 

 

2.5 Model Validation and Data Analysis 

The numerical predictions of deposition distance were compared with experimental measurements to assess model 

validity. Deviations were attributed to frictional losses, particle–particle interaction, air turbulence, and variability in 

particle geometry. Separation efficiency was evaluated based on the spatial separation between kernel and shell 

deposition zones. The experimental results met theoretical expectations and align with relevant literatures. The 

trajectory ordering (kernel>nut>shell) was anticipated by drag physics and has been observed experimentally. The 

dependence on velocity and angle also matches the projectile motion formulas and prior tests. There is no 

contradiction; every key feature of the results of this study is supported either by fundamental equations or by 

analogous studies. Thus, the experiments as well as simulations are validated as correctly capturing the expected 

behaviours under quadratic drag. 

 
 

3.0 Result and Discussion 

The results obtained from simulating the projectile motion of palm nut components comprising the kernels, shells, 

and nuts under various launching angles and two velocities (10 m/s and 15 m/s) as depicted by the following graphs. 

The motion trajectories of the kernels, shells, and nuts were plotted for launching angles of 10°, 20°, 30°, 40° and 

45°.  Each graph plotted y-displacement vs x-displacement, illustrating the flight paths under air drag conditions. At 

10° (Fig. 1.1): The motion was mostly horizontal. All three components kernels, shells, and nuts landed close to 

each other, with minimal vertical displacement. Separation was poor due to similar low trajectories and limited time 

in air for drag to differentiate motion. At 20° (Fig. 1.2): A slight increase in vertical displacement was noted. The 

kernels began to show a marginal lead in horizontal displacement due to its lower mass and higher drag-to-mass 

ratio. However, overlap in trajectories still occurred. 

At 30° (Fig. 1.3): Distinction in trajectories became clearer. The kernels travelled further along the x-axis while the 

shells dropped earlier. This separation indicated effective utilization of drag force differences. At 40° (Fig. 1.4): The 

spatial separation became even more distinct. Kernels, nuts, and shells had well-separated landing zones, validating 

the hypothesis that drag interaction over longer flight times enhances separation. At 45° (Fig. 1.5): While total range 

peaked, overlap between kernels and nuts occurred again. Due to symmetry in projectile motion and longer hang 

time, the nuts travelled nearly as far as the kernels. Shells still dropped earlier. It was observed that at 10 m/s, 30° to 

40° offered the best compromise between horizontal displacement and separation clarity. 45° had the longest range 

but reduced differentiation between nuts and kernels. See table 1.1 
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For Velocity =10m/s, the graphical results are: 

 

 
 

Fig. 1.1: Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @100  and 

velocity = 10m/s 

 

 

Fig. 1.2: Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @ 200  and 

velocity = 10m/s 
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Fig. 1.3: Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @  300 and velocity 

= 10m/s 

 

Fig. 1.4: Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @400  and 

velocity = 10m/s 
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Fig. 1.5: Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @450  and 

velocity = 10m/s 

 

Table 1.1: The separation distances for various angles of inclination and speeds  

Angle (Deg.) Speed (m/s) Separation/Displace met Distances (m) 

Kernel Nut Shell 

10 10 3.35 3.29 3.07 

20 10 6.29 6.14 5.43 

30 10 8.43 8.0 6.8 

40 10 9.5 9.0 7.2 

45 10 9.6 9.0 7.15 

10 15 7.5 7.3 6.75 

20 15 14.0 13.5 11.5 

30 15 18.75 17.5 13.8 

40 15 21.5 19.0 14.2 

45 15 22 19 14.3 
 

These graphical analyses show that as both velocity and angle increased, the separation between nut, kernel, and 

shell improved. However, higher angles (especially 45°) result in greater trajectory spread, which requires more 

space. The optimal condition balancing clear separation with minimal space requirement occurs at 30° and 15 m/s. 

At this point, the kernel and shell follow distinct paths without excessive displacement, making it the most space-

efficient setup for effective separation.   

When initial velocity was increased to 15 m/s: At 10° (Fig. 1.6): Horizontal range increased, but separation was 

minimal. Shells, nuts and kernels landed in a narrow band. At 20° (Fig. 1.7): Kernels began to separate more 

distinctly; however, drag at higher speed made shells fall short significantly. At 30° (Fig. 1.8): Optimal separation 

was observed. Kernels achieved longest trajectory, nuts landed mid-way, and shells dropped early, the ideal 

condition for a separation unit. At 40° (Fig. 1.9): Kernel range increased further but with overlap with the nuts. 

More vertical hang time caused convergence in mid-air paths. At 45° (Fig. 1.10): Again, though the kernels reached 

farthest range, both nuts and kernels shared overlapping arcs. It was observed that at 15 m/s, 30° clearly produced 
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the best spatial separation, optimizing the drag interaction while maintaining distinct flight paths. The data from 

table 1.1 were fitted to a polynomial equation and both the resulting polynomial equations and their goodness of fit, 

R2, were summarized on tables 1.2 and 1.3.  The maximum displacements were also indicated. 

For Velocity = 15m/s, the combined graphical results  

 

Fig.  1.6 Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @100  and 

velocity = 15m/s 

 

Fig.  1.7 Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @200  and 

velocity = 15m/s 
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Fig.  1.8 Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @300  and 

velocity = 15m/s 

 

 

Fig.  1.9  Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @400  and 

velocity = 15m/s 
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Fig.  1.10 Combined Graph of y displacement in respect to x displacement for Nut, Kernel and shell @45 0  and 

velocity = 15m/s 

Table 1.2 Summary of data from table 1.1  

Material Speed 

(m/s) 

Equation R2 Maximum Displacement (m) 

@ 45o 

Kernel 10 d = -0.6777+0.4493θ-0.0049θ2 0.9997 9.6 

15 d = -1.0803+0.9524θ-0.0097θ2 0.9999 22.0 

Nut 10 d = -0.5436+0.4315θ-0.0049θ2 0.9998 9.0 

15 d = -1.2662+0.9719θ-0.0116θ2 0.9999 19.0 

Shell 
 

10 d = -0.1828+0.3733θ-0.0047θ2 0.9997 7.15 

15 d = -0.5068+0.7287θ-0.0095θ2 0.9957 14.3 

 

 
 

Table 1.3 Graphical Summary of Nuts, Kernels, and Shells Displacement vs Angle & Velocity 

Fig. No. 
Velocity 

(m/s) 

Angle 

(Deg.) 

Separation 

Observed 

Trajectory 

Overlap 

Space 

Efficiency 
Comments 

Fig.  1.1 10 10 Poor High Inefficient 
Overlap in paths, poor 

separation 

Fig.  1.2 10 20 
Slight 

improvement 
Moderate Moderate Kernel starts diverging 

Fig.  1.3 10 30 Fair Less Better 
Kernel and shell show 

different paths 

Fig.  1.4 10 40 Good Low Efficient Clear separation begins 

Fig.  1.5 10 45 Very good Very low Less efficient 
Excellent separation, but 

needs more space 

Fig.  1.6 15 10 Slight Moderate Moderate Increased velocity helps 
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Fig. No. 
Velocity 

(m/s) 

Angle 

(Deg.) 

Separation 

Observed 

Trajectory 

Overlap 

Space 

Efficiency 
Comments 

improvement slightly 

Fig.  1.7 15 20 Moderate Less Better Improved divergence 

Fig.  1.8 15 30 Good Low Most Efficient 
Clear separation in 

minimal space 

Fig 1.9 15 40 Very good Very low Less efficient More spread than needed 

Fig.1.10 15 45 Excellent None Least efficient 
Full separation, but 

requires large space 
 

Velocity = 15 m/s 

Inclination Angle = 30° 

 

 

Fig. 1.11 Displacement as a function of inclination angles for speed of 10 m/s 

 

 

 

 

 

 

 

 

 

 

Fig. 1.12 Displacement as a function of angles of inclination for speed of 15 m/s 
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Table 1.4 Comparison of Theoretical and Experimental separation distances at velocity of 15m/sec and angle 

of inclination of 30o 

Parameter Theoretical Value (m) Expected Theoretical Max 

Value (m) 

Experimental value 

(m) 

Mean Separation Distance 

Between Kernel and Nut 

1.25 2.4919 1.372 

Mean Separation Distance 

Between Nut and shell 

3.7 4.9 3.652 

Mean Separation Distance 

Between kernel and shell 

4.95 - 5.031 

  

4.0 Conclusion 

This study developed and experimentally validated a quadratic drag–based projectile motion model for predicting 

the separation trajectories of palm nuts, kernels, and shells in centrifugal cracking system. Results demonstrated that 

aerodynamic drag plays a dominant role in post-cracking separation, particularly at discharge velocities of 10–15 

m/s, where simplified drag-free models are inadequate. Both simulation and experimental findings consistently 

showed that separation effectiveness improved with increasing projection angles and velocities, with optimal 

performance achieved at a projection angle of 30° and a velocity of 15 m/s. Under this condition, kernels, nuts, and 

shells followed clearly distinct trajectories while maintaining minimal spatial requirements, making it the most 

practical configuration for industrial application.  

Theoretical analysis of kernel, shell and nut motion under different ejection angles (100, 200, 300, 400, 450) and 

velocities (10 m/s and 15 m/s) (simulation), indicated that launching at 30° and 15 m/s provided the most effective 

separation. This optimal condition which ensures efficient categorization of the components based on flight paths 

was utilized for the design and development of the system whose experimental results offered efficient separation as 

predicted. The relationship between nuts and shells separation distances and those of kernels and nuts was described 

by a polynomial curve which, by curve fitting, gave an empirical relationship between these separation distances. 

This empirical relationship is especially useful in design to predict the separation distances for given speed/tilting 

angle combination. 

The experimental separation distances compared with expected theoretical maximum values   showed that kernel-

shell separation is 98.3% efficient (using table 1.4) for projection angle of 30o and speed of 15m/s although the 

overall efficiency of separation between the product heaps is 63.3%. That is, the actual experimental separation 

distances were 63.3% of the expected theoretical maximum distances. This study provides a physics-based 

framework for palm kernel-shell separation by integrating quadratic air resistance into trajectory modeling and 

validating it experimentally. It advances existing empirical approaches by offering a predictive, explainable tool for 

machine design and parameter optimization, thereby reducing reliance on trial and error adjustments in separation 

system. Future studies should incorporate particle–particle interactions, airflow turbulence, and rotational effects to 

improve model fidelity. Extending the model to different palm varieties, moisture contents, and large-scale industrial 

separators would further enhance its applicability.  The research provides linkage between projectile-drag theories 

and the design of agro-industrial processing equipment (agro-physics technological innovation) in which utilization 

of locally accessible materials guarantees the scalability. 
 

Nomenclature  

• CD = drag coefficient (dimensionless), 

• 𝜌 = air density (kg/m³), 

• A = cross-sectional area (m²), 

• v = speed (m/s) 
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