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Abstract. Interaction between solid bodies and airflow is widely encountered in mechanical engineering and 

transportation systems. These interactions are commonly analyzed using computational fluid dynamics (CFD), 

which accounts for vortex formation and flow separation. However, such methods are primarily applied to 

stationary objects under steady-flow conditions and require significant computational resources. Therefore, there 

is a need for simplified analytical approaches applicable to both stationary and moving bodies. This paper presents 

a simplified analytical model for airflow-body interaction based on a two-dimensional representation of the object 

as a cylindrical prism. The approach assumes steady flow conditions and introduces a constant coefficient to 

describe suction-side interaction. The interaction forces are derived using a differential-integral formulation based 

on classical fluid mechanics, resulting in a system of ordinary differential equations. Analytical relationships are 

obtained for bodies with different geometries, including cylindrical and segment-type profiles. A parametric 

analysis shows that the drag-related coefficient varies nonlinearly with geometric parameters, exhibiting both a 
local minimum and a maximum within the investigated range. For example, the horizontal force coefficient ranges 

from approximately 1.37 to 2.20 depending on the configuration. In addition, the model predicts negative lift at 

small angles of attack, which is consistent with known aerodynamic behaviour. The proposed method enables 

efficient estimation of interaction forces and supports shape optimization and motion analysis without the need for 

full CFD simulations. The novelty of the work lies in the development of a unified analytical framework that 

reduces the problem to ordinary differential equations while retaining the essential features of airflow interaction.  

Keywords: airflow-body interaction, modelling, aerodynamic forces, shape optimization, prism geometry.  

Introduction 

The mechanical motion of objects is governed by the laws of physics that describe their interactions 

with the surrounding environment and other bodies [1-3]. In the analysis of interactions between solid 
objects and fluids (air or water), two empirical coefficients are widely used: the drag coefficient (Cd) 

and the lift coefficient (Cl) (e.g., [4]). The values of these coefficients differ for three-dimensional and 

two-dimensional models and experiments, and they also depend on whether the motion is steady or 

unsteady (e.g. [5; 6]).  

Numerous experimental, theoretical, and computational studies have therefore been conducted. 
These studies enable comparison of results and support further calculations in the analysis of object 

motion. For example, studies [7-10] investigate the interaction of viscous fluid flow with plates of a 

given length, as well as the influence of gusts and the aerodynamic behaviour of flat square objects. In 
experimental research, most investigations have been carried out under steady-flow conditions with 

stationary objects in standard wind tunnels [11-15]. Similar studies of horizontal flow motion in a 

rectangular overflow well are presented in [16]. To obtain a more accurate assessment of the 
redistribution of fluid interactions in the frontal and rear regions of objects, experimental and modelling 

studies have been conducted to investigate suction effects [17-19]. Extensive experimental and 

computational investigations have also been performed to provide a more complete description of the 

drag coefficient for fluid interactions with objects of relatively simple shapes, such as plates and 

cylinders [20-24].  

Owing to fundamental research in fluid dynamics, it is now possible to perform analytical 

calculations for moving objects in a moving fluid environment [25-29]. However, most existing 

approaches either rely on computationally intensive numerical methods or provide analytical 

descriptions limited to simplified geometries or stationary conditions. As a result, there remains a lack 
of unified analytical models capable of describing airflow interaction with bodies of various shapes 

under both stationary and moving conditions. The aim of the present study is to develop a simplified 

analytical approach for modelling airflow-body interaction that enables the derivation of tractable 

analytical relationships for engineering analysis and optimization.  
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The novelty of the proposed approach lies in representing the interaction as a combination of frontal 

and suction components and reducing the governing equations to a system of ordinary differential 

equations with variable coefficients. This enables efficient analysis of interaction forces and motion 

characteristics without the need for full-scale CFD simulations. 

Models and methods of analysis 

The interaction between a fluid and a solid object strongly depends on the initial conditions of 

motion and on the spatial constraints surrounding the object under consideration. In many cases, these 

interaction processes are simplified by assuming either that the object is stationary while the fluid moves 

around it, or conversely, that the fluid is stationary while the object moves through it. 

In the present study, the following assumptions are adopted: the flow is considered steady; the 

interaction is analyzed within a two-dimensional framework; viscous and turbulent effects are taken into 

account in an approximate manner through empirical coefficients; and the object geometry is 

represented by simplified analytical shapes. Under these assumptions, the interaction forces can be 
described using reduced-order analytical models. Previous studies (e.g. [26; 29]) indicate that such 

assumptions are acceptable, as the results can be verified experimentally or numerically. Therefore, this 

approach is also adopted in the present study. In addition, the developed methodology allows an 

approximate analysis of the motion of objects in a moving fluid environment.  

Interaction of a stationary sectoral prism with flow 

A model of the interaction between a stationary sectoral prism and airflow is shown in Fig. 1.  

 

Fig. 1. Interaction of a stationary sectoral prism with airflow: x0y – fixed coordinate system;  

𝑈0– air-flow velocity parallel to the x axis; 𝑅 – sector radius; 𝛽 – orientation angle of the frontal 

elementary interaction surface; 𝑑𝛽 – elementary angular increment; 𝑑𝑠 – length of the elementary arc; 

𝑑𝑁3 – elementary surface reaction; 𝑁1, 𝑁2 –suction forces acting on the plane sides; 𝑋𝑂 , 𝑌𝑂 , and  
𝑀𝑂 – force and moment components of the reactions at point 0 of the fixed prism 

 In the proposed model, it is assumed that the frontal interaction of the flow occurs on the curved 

surface of the prism, whereas the two flat surfaces are subjected to suction effects. The orientation of 

these surfaces is determined by the sector boundary angles 𝛽1 and 𝛽2. The reaction forces acting on the 

plane surfaces in the normal directions, 𝑁1and 𝑁2, as well as the local interaction force acting on the 

frontal surface, 𝑑𝑁3, are determined as follows [25; 26]: 

 

 𝑁1 =  𝐶𝜌𝑅𝐵𝑈0
2 ∙ (cos 𝛽1)2 ; 𝑁2 =  𝐶𝜌𝑅𝐵𝑈0

2 ∙ (cos 𝛽2)2;  𝑑𝑁3 =  𝜌 ∙ 𝑑𝑠 ∙ 𝐵𝑈0
2 ∙ (cos(𝑑𝛽))2;  (1) 

  𝑑𝑠 =  𝑅 ∙ 𝑑𝛽, (2) 

where  𝐶 – dimensionless empirical coefficient accounting for suction-side interaction; 

 𝜌 – fluid density, kg·m-3; 

 𝑅 – sector radius, m;  

 𝐵 – prism height, m; 

 𝑑𝑠 – elementary arc length of interaction, m;  

 𝑑𝛽 – elementary increment of the angle 𝛽, rad.  

The coefficient 𝐶 used in the mathematical model depends on the geometry of the rear surface and 
the flow conditions and is typically determined from experimental data or calibrated using numerical 
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simulations. According to experimental results reported in [26], the value 𝐶 = 0.065 was obtained in a 

wind tunnel for a perforated plate. In the present study, the value 𝐶 = 0.1 is adopted as a representative 

approximation that accounts for geometric differences. 

In the case of prism equilibrium, the reactions at the fixing point 0 can be determined from the 

following equations: 

 , (3)

 

 , (4)

 

 ,  (5) 

where  𝑋0 and 𝑌0 – the reaction forces caused by the interaction forces, N;  

 𝑋0 – the reaction moment caused by the interaction, N∙m. 

The obtained expressions (3)-(5) can be used in static analysis and optimisation problems solving, 

as well as in dynamic studies by substituting these relations into the corresponding differential equations. 

Optimization of the interaction of a two-plane truncated cylinder  

The cylinder of the considered shape has two slits (Fig. 2). One slit is located along the diameter, 

while the other is oriented at an angle 𝛾 to the flow direction. Similarly to the previous analysis described 

by equations (1)-(5), integration leads to the following expressions:  

 

, (6)

 

 

, (7)

 

 𝑀0 = 0.    (8) 

The obtained expressions (6) and (7) can be used for shape optimisation when determining the 

minimum or maximum values of the forces 𝑋0 and 𝑌0 as functions of the parameter 𝛾. For example, to 

determine the extreme values of the horizontal interaction force, the following expression for the 

coefficient 𝐷𝐹𝑥(𝛾) can be analysed: 

 

, (9)

 

The graph of the function 𝐷𝐹𝑥(𝛾) is shown in Fig. 3 for 𝐶  = 0.1.  

 
 

Fig. 2. Model of a two-plane truncated 

cylinder: L1, L2 – plane edges; 𝛾 – sector 

half-angle as an optimization parameter 

Fig. 3. Variation of the horizontal force 

coefficient 𝑫𝑭𝒙 as a function of the sector half-

angle 𝜸, illustrating the nonlinear dependence 

and the presence of local extrema  

𝑋0 − 𝑁1 ∙ cos 𝛽1 − 𝑁2 ∙ cos 𝛽2 − 𝜌𝑅𝐵𝑈0
2 ∙ ∫ (cos 𝛽)3 ∙ d𝛽

𝛽2

𝛽1

 =  0 

𝑌0 − 𝑁1 ∙ sin 𝛽1  +  𝑁2 ∙ sin 𝛽2 − 𝜌𝑅𝐵𝑈0
2 ∙ ∫ (cos 𝛽)2 ∙ sin 𝛽 ∙ d𝛽 =  0

𝛽2

𝛽1

 

𝑀0 − 𝑁1 ∙
𝑅

2
 +  𝑁2 ∙

𝑅

2
 =  0 

𝑋0 =  𝜌𝑅𝐵𝑈0
2 ∙ {2(sin 𝛾)4 +  2𝐶 +  [

3(cos 𝛾)2

2
−

(cos 3𝛾)2

6
]} 

𝑌0 =  𝜌𝑅𝐵𝑈0
2 ∙ {(sin 𝛾)3 ∙ cos 𝛾  +  0 +  [

sin(2𝛾)

4
−

sin (6𝛾

12
]} 

𝐷𝐹𝑥(𝛾) =  
𝑋0

𝜌𝑅𝐵𝑈0
2  =  {2(sin 𝛾)4 +  2𝐶 +  [

3(cos 𝛾)2

2
−

(cos 3𝛾)2

6
]} 
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The obtained graph shows that this function has a local maximum at 𝛾 = 0, a minimum at 𝛾 = 0.25 
𝜋, and a supremum at 𝛾 = 0.50 𝜋 within the interval 0 ≤ 𝛾 ≤ 0.50 𝜋. Values of the coefficient 𝐷𝐹𝑥 at 

some characteristic points of the graph are as follows: 𝐷𝐹𝑥(0) = 1.533; 𝐷𝐹𝑥(0.25𝜋) = 1.367; 

𝐷𝐹𝑥(0.5𝜋) = 2.20. Additionally, the analysis of the graph (Fig. 3) reveals another effect: in the pressure 

zone, the force decreases within a certain range when a cylindrical surface is replaced by a flat surface. 

Interaction of the sides of a segmental slice pyramid  

The model of a possible wing configuration to be analysed consists of one flat surface and one 

cylindrical surface (Fig. 4). The objective of the analysis is to determine the interaction forces as 
functions of the flow angle of attack α. Similarly to the previous analysis, the following relations are 

obtained for the range 0 <  𝛼 <  𝛾: 

  

, (10) 

  

, (11)

 

 𝑀0 = 0.    (12) 

where  𝛼 – angle of attack, rad;  

 𝛾 – half-angle of the segment centre, rad;  

 𝛽 – variable integration angle (Fig. 4), rad. 

As in the previous case, expressions (10) and (11) can be used to solve analysis and optimisation 

problems. For example, after integration of expression (11), relation (13) is obtained for analysing the 

vertical reaction force Y0 in the following form: 

 . (13) 

An example of the graph of the function 𝐷𝑦(𝛼) for a central angle of 2 𝛾 = 0.5 𝜋 (rad) and for 

𝐶 = 0.1 is shown in Fig. 5. Extremal values of the coefficient Dy obtained at some characteristic points 

of the graph are as follows: 𝐷𝑦 (0.122) = –0.129; 𝐷𝑦 (0.785) = 0.533. 

  

Fig. 4. Model of a segmental slice pyramid: 

dN2, dN3 – elementary interaction forces 

acting on the curved surfaces of the segment  

Fig. 5. Dependence of the lift-related coefficient 

Dy on the angle of attack α, demonstrating the 

variation of aerodynamic response (for 

𝟎 <  𝜶 <  𝜸) 

𝑋0 =  𝜌𝑅𝐵𝑈0
2 ∙ {[∫ (sin (

𝜋

2
 +  𝛼 − 𝛽))

2

∙ sin (
𝜋

2
 +  𝛼 − 𝛽) ∙ 𝑑𝛽

𝜋
2

−𝛼

𝜋
2

−𝛾

] + 

+(−𝐶) ∙ [∫ (sin (
𝜋

2
+ 𝛼 − 𝛽))

2

∙ sin (
𝜋

2
+ 𝛼 − 𝛽) ∙ 𝑑𝛽

𝜋
2

 + 𝛾

𝜋
2

−𝛼

] + (−2) ∙ (sin 𝛼)2 ∙ cos 𝛼 ∙ sin 𝛾} 

𝑌0 =  𝜌𝑅𝐵𝑈0
2 ∙ {[∫ (sin (

𝜋

2
 +  𝛼 − 𝛽))

2

∙ cos (
𝜋

2
 +  𝛼 − 𝛽) ∙ 𝑑𝛽

𝜋
2

−𝛼

𝜋
2

−𝛾

] + 

+(−𝐶) ∙ [∫ (sin (
𝜋

2
+ 𝛼 − 𝛽))

2

∙ cos (
𝜋

2
+ 𝛼 − 𝛽) ∙ 𝑑𝛽

𝜋
2

 + 𝛾

𝜋
2

−𝛼

] + (−2) ∙ (sin 𝛼)2 ∙ sin 𝛼 ∙ sin 𝛾} 

𝐷𝑦(𝛼) =  
𝑌0

𝜌𝑅𝐵𝑈0
2  =  

(sin 2𝛼)3

3
−

(sin(𝛾 +  𝛼))3

3
 +  𝐶

∙ (
(sin 2𝛼)3

3
−

(sin(𝛼 − 𝛾))3

3
)  +  2 sin 𝛾 ∙ cos 𝛼 ∙ (sin 𝛼)2 
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From the graph shown in Fig. 5, it follows that at small angles of attack (0 ≤  𝛼 <  0.35 rad) the 

lift force is negative (𝐷𝑦 <  0). This result is well known in aerodynamics (see, for example, [30]). 

Furthermore, it should be noted that the commonly cited explanation that a “longer path” in the upstream 

region of an airfoil necessarily produces positive lift is not always valid. 

Analysis of the flight dynamics of a sports javelin 

The flight dynamics model of a sports javelin is shown in Fig. 6. The sharp ends and elongated 

shape of the javelin can be approximately described by a segmental cut if the excess surface at the 

boundary approaches a plane. Using procedures like those previously applied in determining air 

resistance, the following equations of motion in the stationary reference frame x0y can be obtained:  

 𝑚𝑥̈ =  − 𝑁 sin 𝜑;  (14) 

 𝑚𝑦̈ =  𝑁 cos 𝜑;  (15) 

 𝐽𝑐𝜑̈ =  𝑀𝐴 − 𝑁𝑑.    (16) 

The normal component N of the flow interaction forces and the moment of air interaction MA at the 

reduction centre A are described by the following equations: 

 , (17) 

 , (18)

 

where  𝜀 – can take the value ± 1 and is defined as 𝜀 =  sign(−𝑥̇ sin 𝜑  +  𝑦̇ cos 𝜑 − 𝜉𝜑̇). 

Other notations used in the model are as follows: 

𝜑 – angular coordinate of the javelin during rotational motion, rad;  

𝜉– variable distance of the javelin section from the reduction center 𝐴, m; 

𝑚, 𝐽𝑐 – mass of the javelin (kg) and its moment of inertia about the centre of mass C 
(kg·m2);  

𝜌 – medium density, kg·m-3; 

𝑑, ℎ – coordinates of the center of mass relative to the reduction point 𝐴, m;  

𝐿, 𝐵 – length and width of the javelin, m. 

  

Fig. 6. Schematic representation of the planar 

motion model of a sports javelin, showing the 

centre of mass C, the point A of resultant 

aerodynamic force application (at the midpoint 

of the javelin), and the velocity vector VC  

Fig. 7. Motion trajectory of the centre of 

mass of the javelin in the x0y plane 

The results of a numerical modelling example are shown in Fig. 7-9 for the following parameters: 

𝜌 = 1.25 kg·m-3; 𝑚 = 1 kg; 𝐶 = 0.1; B = 0.05 m; 𝐿 = 1 m; 𝐽𝑐= 𝑚 𝐿 2 ·12-1; g = 9.81 m·s-2; 

𝑑 = 0.01 m; x(0) = 0 m; y(0) = 2 m; 𝜑(0) = 0.611 rad; 𝑥̇(0)= 30cosφ(0) m·s-1; 𝑦̇(0) = 30·sin𝜑(0) m·s-1; 

𝜑̇(0) = -0.25·s-1. 

𝑁 =  (1 +  𝐶)𝜌𝐵 ∫ (−𝑥̇ sin 𝜑 +  𝑦 cos 𝜑̇ − 𝜉𝜑̇)2 ∙ 𝜀𝑑𝜉

𝐿
2

−
𝐿
2

 

𝑁𝑀𝐴 =  (1 +  𝐶)𝜌𝐵 ∫ (−𝑥̇ sin 𝜑 +  𝑦̇ cos 𝜑 − 𝜉𝜑̇)2 ∙ 𝜀 ∙ 𝜉𝑑𝜉

𝐿
2

−
𝐿
2
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Fig. 8. Normal component N of the 

interaction force as a function of time t 

during the motion 

Fig. 9. Rotation angle φ as a function of time t 

during the motion process 

The resulting graphs indicate that the initial conditions can be varied within a certain range to obtain 

the maximum flight distance when the javelin reaches the ground. 

Results and discussion  

Analytical studies conducted on flat and cylindrical objects confirm that continuous interaction 
forces with the surrounding environment can be approximately described by analyzing the frontal and 

suction sides of the object separately. In this approach, ordinary differential equations with variable 

parameters can be used instead of partial differential equations. 

In the analysis of the planar flight motion of a javelin, the interaction is considered by decomposing 

the motion into translational and rotational components. As a result, the main problem is reduced to 
evaluating surface integrals over the object surface with a variable projection of the flow velocity onto 

the surface normal. In addition, the interaction on the suction side must also be considered, and its 

influence is described by the coefficient C, which requires experimental determination. 

The validity of the proposed analytical approach is supported by previous studies [26], in which a 

comparison with experimental data for a plate oscillating in an unsteady airflow showed a discrepancy 
within 10-12%. Furthermore, CFD simulations for bodies of rhombic shape reported in [26] also 

demonstrated good agreement with the analytical model under steady-flow conditions. These results 

suggest that the proposed approach can provide reasonable estimates of interaction forces for 
engineering applications within the considered assumptions. At the same time, it should be noted that 

the present study does not include direct experimental or numerical validation for the specific geometries 

and motion conditions considered. Therefore, further investigations involving dedicated experiments 

and CFD simulations are required to extend the validation of the model. 

Overall, the results demonstrate that the proposed simplified analytical approach provides a 
practical and computationally efficient tool for estimating interaction forces and analysing the motion 

of bodies with relatively simple geometric shapes. 

Conclusions 

1. The results of the present study indicate that, within the adopted assumptions of steady two-

dimensional flow and simplified geometry, the interaction between airflow and a solid body can be 
described using a reduced-order analytical framework formulated as a system of ordinary 

differential equations. This formulation may serve as a practical tool for approximate analysis and 

preliminary optimization of mechanical systems without direct reliance on CFD methods.  

2. The proposed approach suggests that the interaction forces can be approximated by separately 
considering the frontal and suction regions of the body surface. However, the accuracy of this 

representation depends on the empirical coefficient C, which reflects the characteristics of the 

suction-side interaction and requires further refinement based on experimental or numerical data. 
3. The present model should be regarded as an approximate and condition-dependent analytical 

framework. Its applicability to real aerodynamic configurations requires further validation against 

experimental measurements or high-fidelity numerical simulations. Future work will focus on 
extending the approach to more complex geometries and combined translational-rotational motion, 

as well as on systematic validation of the model. 
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