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Abstract: 

The article discusses the method of reconstructing the ejection process. Measurement data were obtained during 

field tests on an actual object. These data served as the basis for validating the mathematical model of the seat-pilot 

system’s motion. This model describes the spatial motion of the K-36DM ejection seat. The article includes a de-
scription of the mathematical model and a comparison of the measured motion parameters with the calculation 

results. It also presents computed parameters that were not recorded during the tests. Particular attention was paid 

to the reconstruction of the flight trajectory and seat rotation and the determination of the G-forces acting on the 
pilot. The primary objective of the research was to develop a mathematical model of the pilot ejection process using 

the K-36DM ejection seat. In addition to classical equations of motion, such as linear motion of the seat along the 

guide rails and motion of the seat along the rails with rotation around the lower pair of rollers, the model also 
considered the free motion of the seat-autopilot system, taking into account the forces acting on the seat-autopilot 

system. In this work, four phases of the chair movement were modeled, i.e. phase 1: After activation of the first 

pyrotechnic charge, the seat moves in a straight line along the guide rails until the two upper pairs of rollers disen-
gage from the rails; phase 2: The seat continues moving along the guide rails using the lower pair of rollers until it 

exits the cockpit. Simultaneously, the seat begins to rotate relative to this pair of rollers; phase 3: The seat moves 

through the air; initially, it is propelled by the second pyrotechnic charge, providing the necessary flight altitude; 
phase 4: The pilot separates from the seat and descends under a parachute. 
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1. Introduction 

The primary function of the ejection seat is to 

ensure the pilot’s safe escape from the aircraft in 

emergency situations. The first ejection seats were 

developed during World War II. However, they did 

not guarantee complete safety - at high flight 

speeds, the pilot could collide with the aircraft’s 

tail section. Additionally, it should be noted that 

ejection is a process often initiated during non-

steady flight conditions - under both positive and 

negative accelerations. This means that at the initial 

moment, the seat is subjected to accelerations that 

affect its motion and thus the possibility of colli-

sion with the aircraft fuselage. Advances in seat 

design have eliminated this hazard. This is con-

firmed by documented cases of ejection seat use, 

for example during emergency escapes at airshows. 

Modern ejection seats provide full automation of 

the ejection process. The pilot’s role is limited to 

initiating the process. Ejection is possible from 

ground level at zero aircraft speed. This capability 

is provided by so-called 0-0 class seats. 

In aviation engineering, simulation studies are an 

integral support tool both at the design stage and 

during aircraft operation. This also applies to ejec-

tion seats. Simulating their motion requires appro-

priate mathematical models. These models may 

vary in their level of simplification. In the analyses 

presented here, a simplified 3-DOF planar motion 

model in the vertical plane (Głowiński et al., 2010; 

Głowiński et al., 2013) was not used. Instead, a 6-

DOF model was employed, which describes the 

spatial (translational and rotational) motion of a 

rigid body (Maryniak et al., 2004).  

The motion of the seat during ejection can be di-

vided into four stages. The first two result from the 

seat’s design, which is equipped with three pairs of 

rollers moving along guide rails: 

1. After activation of the first pyrotechnic 

charge, the seat moves in a straight line along 

the guide rails until the two upper pairs of 

rollers disengage from the rails. 

2. The seat continues moving along the guide 

rails using the lower pair of rollers until it ex-

its the cockpit. Simultaneously, the seat begins 

to rotate relative to this pair of rollers. 

3. The seat moves through the air; initially, it is 

propelled by the second pyrotechnic charge, 

providing the necessary flight altitude. 

4. The pilot separates from the seat and descends 

under a parachute. 

Throughout all stages of ejection, the seat-pilot 

system is subjected to external forces - gravity and 

aerodynamic force. In specific time intervals, forc-

es generated by the pyrotechnic charges also act on 

the system. The first two stages can be described as 

the constrained motion of a rigid body. Stages III 

and IV represent the free motion of a rigid body. 

Stages I and II are crucial because the motion 

parameters achieved at the end of stage II have a 

direct impact on the free motion, including the 

achieved altitude, speed, and trajectory of the sys-

tem. Therefore, the mathematical description of the 

motion was divided, with stages I and II analyzed 

separately and stages III and IV analyzed together. 

The primary objective of the research was to devel-

op a mathematical model of the pilot ejection pro-

cess using the K-36DM ejection seat. In addition to 

classical equations of motion, such as linear motion 

of the seat along the guide rails and motion of the 

seat along the rails with rotation around the lower 

pair of rollers, the model also considered the free 

motion of the seat-autopilot system, taking into 

account the forces acting on the seat-autopilot 

system. 

The work has been divided into four chapters. The 

first chapter introduces the subject of pilot ejection 

using ejection seats. The second chapter presents a 

review of the literature concerning the ejection 

process itself. In the third chapter, a model of the 

linear motion of the seat along the guides, a model 

of the seat’s motion along the rails with rotation 

around the lower pair of rollers, and an analysis of 

experimental data are provided. A summary of the 

research results is presented in the fourth chapter. 

 

2. Literature analysis 

The pilot ejection process is widely discussed in the 

literature. The ejection process is one of the key 

processes occurring in aircraft, directly affecting 

pilot safety. Proper modeling of the strategy for 

managing this process (Wachnik et al., 2021; Ja-

cyna-Gołda et al., 2015) is essential to minimize 

the risk of fatal accidents in aviation. 

In study (Ramm et al., 1994), equations modeling 

this process are presented, and the optimal parame-

ters for safe ejection are described. The ejection 

process is closely related to the topic of crew safety 

in aircraft. In study (Stępień et al., 2017), the au-
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thors focused on the ejection seat as a crucial air-

craft component affecting safety during military 

operations. Study (Yu et al., 2010) presents a nu-

merical simulation method used to evaluate and 

analyze the effectiveness of aircraft egress using 

ejection seats in difficult situations. The ejection 

process was divided into four stages, for which 

appropriate mathematical models were developed. 

In the free-flight phase, quaternions were used 

instead of classical Euler equations describing 

angular velocities. The resulting equations were 

solved using fourth-order Runge–Kutta methods. 

The obtained simulation results showed good 

agreement with experimental data. 

Artificial intelligence algorithms are often used in 

the context of safety in various branches of trans-

portation, such as road, rail, and air transport (Se-

menov et al., 2025; Izdebski et al., 2024; et al., 

2024), and have also found application in pilot 

ejection systems. In studies (Mao et al.,2022; Mao 

et al., 2011), neural networks were used to select 

optimal ejection parameters in cases of low-altitude 

ejection.  

In study (Chen et al., 2007), a method for examin-

ing the aerodynamic performance of an ejection 

seat was proposed. The motion trajectories of the 

seat are derived based on its aerodynamic charac-

teristics. An analysis of the forces acting on the 

ejection seat using fluid mechanics is presented in 

study (Rahman et al., 2023). Three-dimensional 

Reynolds-averaged Navier–Stokes equations were 

solved to obtain the aerodynamic coefficients of the 

ejection-seat system..  

In study (Zhang, 2022), an aerodynamic analysis of 

an ejection-seat system at various angles of attack 

was carried out using numerical methods. A DES 

model based on the one-equation Spalart–Allmaras 

(S-A) turbulence model was adopted. Parallel 

computations were performed using the domain 

decomposition method, and a multiblock partition 

was obtained with the METIS system. Experi-

mental data were used to validate this method.  

In study (Kowaleczko et al., 2018), the authors 

presented a mathematical model of the pilot ejec-

tion process, taking into account the motion of the 

“seat + pilot” system during the ejection phase and 

after the pilot separates from the seat. The proposed 

model includes six degrees of freedom (6DOF), 

which makes it possible to simulate motion in 

space (not only along a single axis). For model 

verification, data specific to the K-36DM ejection 

seat were used, supplemented with information 

from other ejection seats in order to create a relia-

ble model. In study (Głowiński et al., 2011), the 

authors described a model for determining the 

trajectory of an ejection seat in the TS-11 “Iskra” 

trainer–combat aircraft. The ejection seat and its 

operation were characterized, and simulations were 

performed for various aircraft speeds.  

A model of the flight trajectory of an ejection seat 

from a jet aircraft, taking into account parameters 

influencing the seat’s motion—such as the initial 

seat velocity, ejection direction and angle, aircraft 

altitude, distance/height from the vertical stabilizer 

and canopy, as well as the mass of the pilot and the 

ejection seat—was presented in study (Bastug et 

al., 2025).   

The subject of pilot ejection is extensively present-

ed in publication (Parate, 2022). The study de-

scribes the regulations and policies implemented to 

ensure pilot safety in the context of new ejection-

seat technologies used in military fighter aircraft.  

In the work (Voleti et al., 2024), the ejection pro-

cess was modeled, in which the seat–dummy sys-

tem is subjected to the forces generated by the 

seat’s ejection mechanism, aerodynamic forces, 

drogue parachute forces, and main parachute forc-

es. The study simulated a 0–0 ejection scenario, 

meaning an escape from the aircraft at zero altitude 

and zero speed. 

Modeling the trajectory of any moving object, 

including an ejection seat, is crucial from the 

standpoint of accident risk analysis. In the works 

(Lasota et al., 2025; Lasota et al., 2024), a risk 

assessment model for the occurrence of adverse 

events in the transport of oversized cargo was 

presented, taking into account vehicle routes. In the 

study (Gołda et al., 2021), the trajectories of 

ground support vehicles were determined in order 

to minimize the probability of collisions with other 

traffic participants.  

The literature review has shown that there is a lack 

of a comprehensive approach to determining the 

trajectory of an ejection seat. Most publications 

focus on only one phase of the motion, namely the 

initial moment of ejection. In the present publica-

tion, the authors present four phases of the ejection 

process, which are described in Chapter 1. The 

study considers the ejection process during banked 

flight as well as a scenario in which the pilot and 
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the aircraft remain stationary, including an analysis 

of the loads acting on the pilot. In the study, simu-

lation models were used to model the pilot ejection 

process, which are effective tools widely employed 

in the literature (Szczepański et al., 2017; Jacyna-

Gołda et al., 2017; Szczepańsk et al., 2014). Simu-

lation methods have been used in traffic modeling 

(Jacyna et al., 2022), in the assignment of aircraft 

to airports (Kowalski et al., 2021), as well as in 

supply chain management (Izdebski et al., 2020). 

 

3. Mathematical model of the pilot ejection 

process 

3.1. Linear motion of the seat along the guide 

rails 

In the analysis of phases I and II the following 

coordinate systems were used to analyze the mo-

tion of the ejection seat: 

− Ogxgzg – an inertial coordinate system fixed to 

the ground. 

− C0xes0zes0 – a coordinate system fixed relative 

to the aircraft. Point C0 defines the position of 

the lower rollers on the rails before ejection. 

The C0zes0 axis coincides with the rails. 

− Cxeszes – a coordinate system attached to the 

seat. Point C is associated with the lower roll-

ers. The Cxes axis is aligned with the seat base, 

while the Czes axis is aligned with the seat 

back. 

After the initiation of the ejection process, the seat 

moves along the guide rails without the possibility 

of rotation. Therefore, the translational motion 

occurs along the C0zes0 axis. This motion continues 

until the two upper pairs of rollers disengage from 

the guide rails. A schematic of the forces acting on 

the seat-pilot system after initiation is shown in 

Figure 1. The velocity of the system’s center of 

mass Oes is the same as at point C. 

The motion is caused by the following forces: TI – 

the force of the first pyrocartridge, PN – the aero-

dynamic normal force, Qz – the component of the 

gravitational force. The TI force  acts in time inter-

val 𝑡 ≤  𝑡𝐼 . The force PN is calculated using the 

following formula: 
 

𝑃𝑁 = 𝐶𝑁

𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠 (1) 

 

where Ses - ejection seat reference surface (backrest 

surface). 

The velocity Ves is the vector sum of the aircraft 

velocity Vap and the seat velocity along the guide 

rails WC. In the coordinate system C0xes0zes0 it has 

the following components: 
 

𝑈0 = 𝑉𝑎𝑝 𝑐𝑜𝑠 𝛼𝑒𝑠0, 

𝑊0 = −𝑉𝑎𝑝 𝑠𝑖𝑛 𝛼𝑒𝑠0 + 𝑊𝐶 
(2) 

The initial angle of attack of the seat before ejec-

tion, 𝛼𝑒𝑠0, is equal to the sum of the aircraft’s angle 

of attack 𝛼𝑎𝑝 and the installation angle of the seat 

𝜑𝑒𝑠: 
 

𝛼𝑒𝑠0 = 𝛼𝑎𝑝 + 𝜑𝑒𝑠 (3) 
 

Meanwhile, the angle of attack of the seat during 

motion 𝛼𝑒𝑠 is given by: 
 

𝛼𝑒𝑠 = − 𝑎𝑟𝑐𝑡𝑎𝑛
𝑊0

𝑈0
 (4) 

 

The normal force coefficient CN depends on this 

angle. 

The weight component of the seat-pilot system 

depends on the pitch angle of the seat 𝛩𝑒𝑠0 and is 

given by: 
 

𝑄𝑧0 = −𝑚𝑔 𝑐𝑜𝑠 𝛩𝑒𝑠0 (5) 
 

The initial pitch angle of the seat 𝛩𝑒𝑠0 is related to 

the aircraft pitch angle 𝛩𝑎𝑝 by the following rela-

tions: 
 

𝛩𝑒𝑠0 = 𝛩𝑎𝑝 + 𝜑𝑒𝑠 (6) 
 

The aircraft angles 𝛼𝑎𝑝  and 𝛩𝑎𝑝  occurring in (3) 

and (6) result from the flight conditions at the 

moment of ejection. 

The lack of rotation means that the motion of the 

seat in the first stage can be treated as the motion of 

a material point along the rails (i.e.  the C0zes0 axis). 

The equations of motion take the form:  
 

𝑚
𝑑𝑊𝐶

𝑑𝑡
= 𝑇𝐼 + 𝑃𝑁 − 𝑄𝑧0 

𝑑𝑧𝑒𝑠0

𝑑𝑡
= 𝑊𝐶  

(7) 

 

These equations apply if the condition is met: 

 

𝑧𝑒𝑠0 < 𝑙1 (8) 
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3.2. Motion of the seat along the rails with rota-

tion around the lower pair of rollers 

After the displacement by a distance of l1, only the 

lower rollers remain in contact with the rails – the 

bottom rollers continues to move along them. As a 

result, the seat gains the ability to rotate around 

these rollers. This is shown in Figure 2. This mo-

tion continues until the lower rollers detach from 

the rails. To determine the equations of motion of 

the seat during this stage of ejection, the Lagrange 

method has been used. The motion has two degrees 

of freedom: 

𝑧𝑒𝑠0  – the distance traveled by the lower rollers 

(point C) along the rails since the start of motion, 

  – the angle of rotation of the seat around the point 

C. 

The Lagrange equations describing the motion of 

the system are as follows: 
 

𝑑

𝑑𝑡
(

𝑑𝐸𝑘

𝑑𝑊𝐶
) −

𝑑𝐸𝑘

𝑑𝑧𝑒𝑠0
+

𝑑𝐸𝑝

𝑑𝑧𝑒𝑠0
= 𝐹 

𝑑

𝑑𝑡
(

𝑑𝐸𝑘

𝑑𝜔
) −

𝑑𝐸𝑘

𝑑𝜀
+

𝑑𝐸𝑝

𝑑𝜀
= 𝑀 

(9) 

 

The following quantities are defined here: 

𝑊𝐶 =  𝑧̇𝑒𝑠0  - the translational velocity along the 

rails, 𝜔 = 𝜀̇ - the angular velocity of rotation.  

The above equations require determining the kinet-

ic and potential energy of the system in inertial 

frame.  

To calculate these: 

− the position of the center of mass of the seat in 

the inertial frame Ogxgzg is determined: 
 

𝑥𝑔 = 𝑥𝑔 𝐶0
− 𝑧𝑒𝑠0 𝑠𝑖𝑛 𝛩𝑒𝑠0+ 

          + 𝑅 𝑠𝑖𝑛( 𝜀 + 𝜀0 − 𝛩𝑒𝑠) 

𝑧𝑔 = 𝑧𝑔 𝐶0
+ 𝑧𝑒𝑠0 𝑐𝑜𝑠 𝛩𝑒𝑠0+ 

          + 𝑅 𝑐𝑜𝑠( 𝜀 + 𝜀0 − 𝛩𝑒𝑠) 

(10) 

 

𝑥𝑔 𝐶0
, 𝑧𝑔 𝐶0

 - coordinates of point C0 resulting from 

the motion of the aircraft, treated as known. 

− the velocity components: 
 

𝑈 = 𝑥̇𝑔 = 𝑈𝐶0
− 𝑊𝐶 𝑠𝑖𝑛 𝛩𝑒𝑠0 + 

         + 𝜔𝑅 𝑐𝑜𝑠( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0) 

𝑊 = 𝑧̇𝑔 = 𝑊𝐶0
+ 𝑊𝐶 𝑐𝑜𝑠 𝛩𝑒𝑠0 − 

          − 𝜔𝑅 𝑠𝑖𝑛( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0) 

(11) 

 

𝑈𝐶0
and 𝑊𝐶0

 are the components of the velocity of 

point C0. This velocity is identical to the velocity of 

the aircraft. 
 

𝑈𝐶0
= 𝑉𝑎𝑝 𝑐𝑜𝑠( 𝛩𝑎𝑝 − 𝛼𝑎𝑝),  

𝑊𝐶0
= 𝑉𝑎𝑝 𝑠𝑖𝑛( 𝛩𝑎𝑝 − 𝛼𝑎𝑝) 

(12) 

 

The radius R  and angle 𝜀0 determine the position 

of the center of mass of the seat and are given by: 
 

𝑅 = √𝑥𝑚𝑐
2 + 𝑧𝑚𝑐

2   

𝜀0 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑥𝑚𝑐

𝑧𝑚𝑐
  

(13) 

 

The total kinetic energy of the system includes both 

the kinetic energy of the mass center and the rota-

tional energy relative to the mass center is equal to: 
 

𝐸𝑘 =
𝑚

2
(𝑈2 + 𝑊2) +

𝐼𝑦

2
𝜔2 = 

=
𝑚

2
(𝑉𝑎𝑝

2 + 𝑊𝐶
2) +

𝐼𝑦 + 𝑚𝑅2

2
𝜔2 − 

−𝑚𝑊𝐶𝑅𝜔 𝑠𝑖𝑛( 𝜀 + 𝜀0) +  
+𝑈𝐶0

𝑚[𝑅𝜔 𝑐𝑜𝑠( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0) − 

−𝑊𝐶 𝑠𝑖𝑛 𝛩𝑒𝑠0] − 

−𝑊𝐶0
𝑚[𝑅𝜔 𝑠𝑖𝑛( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0) − 

−𝑊𝐶 𝑐𝑜𝑠 𝛩𝑒𝑠0] 

(14) 

 

The potential energy is equal to: 
 

𝐸𝑝 = 𝑚𝑔𝑧𝑔 = 

= 𝑚𝑔[𝑧𝑔 𝐶0
+ 𝑧𝑒𝑠0 𝑐𝑜𝑠( 𝛩 + 𝜑𝑒𝑠) + 

+𝑅 𝑐𝑜𝑠( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0)] 

(15) 

 

By calculating the derivatives appearing in (9), we 

obtain the equations of motion for the seat-pilot 

system when it moves along the rails on the lower 

pair of rollers and has the ability to rotate: 
 
𝑑𝑊𝐶

𝑑𝑡
− 𝑅 𝑠𝑖𝑛( 𝜀 + 𝜀0)

𝑑𝜔

𝑑𝑡
+ 

+𝜔2𝑅 𝑐𝑜𝑠( 𝜀 + 𝜀0) + 𝑔 𝑐𝑜𝑠 𝛩𝑒𝑠0 = 

=
𝑇𝐼 + 𝑃𝑁

𝑚
− 𝑚𝑅 𝑠𝑖𝑛( 𝜀 + 𝜀0)

𝑑𝑊𝐶

𝑑𝑡
+ 

+(𝐼𝑦 + 𝑚𝑅2)
𝑑𝜔

𝑑𝑡
−  

−𝑚𝑔𝑅 𝑠𝑖𝑛( 𝜀 + 𝜀0 − 𝛩𝑒𝑠0) =  

= 𝑀 − 𝑃𝐴𝑥𝑚𝑐 − 𝑃𝑁𝑧𝑚𝑐  
𝑑𝑧𝑒𝑠0

𝑑𝑡
= 𝑊𝐶  

𝑑𝜀

𝑑𝑡
= 𝜔 

(16) 
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Fig.1. Diagram of forces acting during motion along the guides without rotation. Source: own work 
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Fig.2. Diagram of forces acting during motion along the guides with rotation. Source: own work 

 

The coefficients CN, CA and Cm  require knowledge 

of the current angle of attack 𝛼𝑒𝑠. To calculate it, 

the components of the velocity vector of the center 

of mass of the seat relative to the air must be 

known. This vector is equal to:  

 

𝑉𝑒𝑠 = 𝑉𝑎𝑝 + 𝑊𝐶 + 𝑉𝜔 (19) 

 

In the rotating reference frame Cxeszes it has the 

following components: 
 

𝑈 = 𝑉𝑎𝑝 𝑐𝑜𝑠( 𝛼𝑒𝑠0 − 𝜀) − 𝑊𝐶 𝑠𝑖𝑛 𝜀 + 𝜔𝑧𝑚𝑐  

𝑊 = −𝑉𝑎𝑝 𝑠𝑖𝑛( 𝛼𝑒𝑠0 − 𝜀) + 

          +𝑊𝐶 𝑐𝑜𝑠 𝜀 − 𝜔𝑥𝑚𝑐  

(20) 
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The current angle of attack is calculated using a 

formula analogous to (4): 
 

𝛼𝑒𝑠 = − 𝑎𝑟𝑐𝑡𝑎𝑛
𝑊

𝑈
 (21) 

 

3.3. Free motion of the seat-autopilot system 

In the analysis of phases I and II the following 

coordinate systems were used to analyze the mo-

tion of the ejection seat: 

− Ogxgygzg – an inertial coordinate system fixed 

to the ground. 

− Oesxesyeszes – a coordinate system attached to 

the seat. Point Oes is the center of mass of the 

seat. The Oesxeszes plane is the plane of sym-

metry. The Oesxes axis is parallel to the seat 

base, and the Oeszes axis is parallel to the seat 

back. 

The mathematical model of the free motion of the 

seat after losing contact with the guides results 

from the application of Newton's Second Law of 

Motion. It is similar to the models used in flight 

mechanics to describe the motion of flying objects. 

In the non-inertial reference frame associated with 

the seat Oesxesyeszes, which has its origin at the 

center of mass Oes, the following equations are 

applied, as shown in Figure 3: 

− translational motion: 

 

𝑚(𝑈̇ + 𝑄𝑊 − 𝑅𝑉) = 𝐹𝑥 

𝑚(𝑉̇ + 𝑅𝑈 − 𝑃𝑊) = 𝐹𝑦  

𝑚(𝑊̇ + 𝑃𝑉 − 𝑄𝑈) = 𝐹𝑧 

(22) 

 

U, V, W – components of the translational ve-

locity in Oesxesyeszes system. 

− rotational motion: 

 

𝐼𝑥𝑃̇ − 𝐼𝑥𝑧𝑅̇ + (𝐼𝑧 − 𝐼𝑦)𝑄𝑅 − 𝐼𝑧𝑥𝑃𝑄 = 𝑀𝑥 

𝐼𝑦𝑄̇ + (𝐼𝑥 − 𝐼𝑧)𝑃𝑅 + 𝐼𝑥𝑧(𝑃2 − 𝑅2) = 𝑀𝑦 

−𝐼𝑥𝑧𝑃̇ + 𝐼𝑧𝑅̇ + (𝐼𝑦 − 𝐼𝑥)𝑃𝑄 + 𝐼𝑥𝑧𝑄𝑅 = 𝑀𝑧 

(23) 

 

P, Q, R – components of the angular velocity 

in Oesxesyeszes system. 

− kinematic relations for angular velocities: 

 

𝛷̇ = 𝑃 + (𝑄 𝑠𝑖𝑛 𝛷 + 𝑅 𝑐𝑜𝑠 𝛷) 𝑡𝑎𝑛 𝛩 

𝛩̇ = 𝑄 𝑐𝑜𝑠 𝛷 − 𝑅 𝑠𝑖𝑛 𝛷 

𝛹̇ = (𝑅 𝑐𝑜𝑠 𝛷 + 𝑄 𝑠𝑖𝑛 𝛷)/ 𝑐𝑜𝑠 𝛩 

(24) 

 

− kinematic relationships for linear velocities: 

 

[

𝑈𝑔

𝑉𝑔

𝑊𝑔

] = [

𝑥̇𝑔

𝑦̇𝑔

𝑧̇𝑔

] = 𝐿𝑔/𝑓 [
𝑈
𝑉
𝑊

] (25) 

 

 
Fig.3. Coordinate systems as well as forces and moments acting on the seat-pilot system Source: Kowalec-

zko et al., 2018 
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The transformation matrix 𝐿𝑔/𝑓 = 𝐿𝑓/𝑔
−1  is calculated by knowing the matrix: 

 

𝐿𝑓/𝑔 = [
𝑐𝑜𝑠 𝛹 𝑐𝑜𝑠 𝛩 𝑠𝑖𝑛 𝛹 𝑐𝑜𝑠 𝛩 − 𝑠𝑖𝑛 𝛩

𝑐𝑜𝑠 𝛹 𝑠𝑖𝑛 𝛩 𝑠𝑖𝑛 𝛷 − 𝑠𝑖𝑛 𝛹 𝑐𝑜𝑠 𝛷 𝑠𝑖𝑛 𝛹 𝑠𝑖𝑛 𝛩 𝑠𝑖𝑛 𝛷 + 𝑐𝑜𝑠 𝛹 𝑐𝑜𝑠 𝛷 𝑐𝑜𝑠 𝛩 𝑠𝑖𝑛 𝛷
𝑐𝑜𝑠 𝛹 𝑠𝑖𝑛 𝛩 𝑐𝑜𝑠 𝛷 + 𝑠𝑖𝑛 𝛹 𝑠𝑖𝑛 𝛷 𝑠𝑖𝑛 𝛹 𝑠𝑖𝑛 𝛩 𝑐𝑜𝑠 𝛷 − 𝑐𝑜𝑠 𝛹 𝑠𝑖𝑛 𝛷 𝑐𝑜𝑠 𝛩 𝑐𝑜𝑠 𝛷

] (26) 

 

   – yaw,  pitch and  roll angles of the seat 

 

 

a) Forces acting on the seat-pilot system 

The resultant force F has the following components 

in the Oesxesyeszes  coordinate system:  
 

𝐹𝑥 = 𝑄𝑥 − 𝑃𝐴 + 𝑃𝑝𝑥𝑙𝑒𝑓𝑡
+ 𝑃𝑝𝑥𝑟𝑖𝑔ℎ𝑡

+ 𝑇𝐼𝐼𝑥 

𝐹𝑦 = 𝑄𝑦 + 𝑃𝑦 + 𝑃𝑝𝑦𝑙𝑒𝑓
+ 𝑃𝑝𝑦𝑟𝑖𝑔ℎ𝑡

+ 𝑇𝐼𝐼𝑦 

𝐹𝑧 = 𝑄𝑧 − 𝑃𝑁 + 𝑃𝑝𝑧_𝑙𝑒𝑓 + 𝑃𝑝𝑧_𝑟𝑖𝑔ℎ𝑡 + 𝑇𝐼𝐼𝑧 

(27) 

 

The force components present here are: 

− gravitational forces: 

 

𝑄𝑥 = −𝑚𝑔 𝑠𝑖𝑛 𝛩,  

𝑄𝑦 = 𝑚𝑔 𝑐𝑜𝑠 𝛩 𝑠𝑖𝑛 𝛷, 

𝑄𝑧 = 𝑚𝑔 𝑐𝑜𝑠 𝛩 𝑐𝑜𝑠 𝛷 

(28) 

 

− aerodynamic forces on the seat: 

 

𝑃𝐴 = 𝐶𝐴
𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠, 

𝑃𝑦 = 𝐶𝑦
𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠,      

𝑃𝑁 = 𝐶𝑁

𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠 

(29) 

 

where: |𝑉𝑒𝑠|2 = 𝑈2 + 𝑉2 + 𝑊2 

− stabilizing parachute forces (calculations 

should be carried out for both parachutes – the 

left and the right): 

The parachute is oriented perpendicular to the local 

airspeed Vp , generating a drag force: 
 

𝑃𝑝 = 𝐶𝑥𝑝

𝜌|𝑉𝑝|
2

2
𝑆𝑝 (30) 

 

The velocity vector Vp  results from the sum of the 

velocity of the center of mass and the rotational 

motion of the seat-pilot system. Its magnitude is 

equal to: 
 

|𝑉𝑝| = √𝑈𝑝
2 + 𝑉𝑝

2 + 𝑊𝑝
2 (31) 

The individual components are calculated using the 

following formulas: 
 

𝑈𝑝 = 𝑈 + 𝑄ℎ𝑝_𝑧 − 𝑅ℎ𝑝_𝑦,       

𝑉𝑝 = 𝑉 + 𝑅ℎ𝑝_𝑥 − 𝑃ℎ𝑝_𝑧,       

𝑊𝑝 = 𝑊 + 𝑃ℎ𝑝_𝑦 − 𝑄ℎ𝑝_𝑥 

(32) 

 

(hp_x, hp_y, hp_z) are the coordinates of the parachute 

attachment point (the end of the rod). 

The components of the parachute force in the 

Oesxesyeszes coordinate system are equal to: 
 

𝑃𝑝𝑥 = 𝑃𝑝
𝑈𝑝

|𝑉𝑝|
, 

𝑃𝑝𝑦 = 𝑃𝑝
𝑉𝑝

|𝑉𝑝|
,            

𝑃𝑝𝑧 = 𝑃𝑆

𝑊𝑝

|𝑉𝑝|
 

(33) 

 

The stabilizing parachute forces appear after the 

seat has moved along the rails by a distance lp - the 

forces of the second ejection charge. 

The second ejection charge moves the ejection seat 

beyond the area at risk of collision with the air-

craft's fuselage. It operates during time 𝑡𝐼 ≤ 𝑡 ≤ 𝑡𝐼𝐼

. Since its nozzle exit creates an angle II with the 

seat backrest, the force TII  has the following com-

ponents: 
 

𝑇𝐼𝐼𝑥 = 𝑇𝐼𝐼 𝑠𝑖𝑛 𝜙𝐼𝐼,            

𝑇𝐼𝐼𝑦 = 0,            

𝑇𝐼𝐼𝑧 = −𝑇𝐼𝐼 𝑐𝑜𝑠 𝜙𝐼𝐼 

(34) 

 

Based on the results of observations, it was deter-

mined that the second ejection charge does not 

cause the seat to rotate. This means that the angle 

II  is chosen in such a way that the line of action 

of the force TII  passes through the center of mass 

of the seat-pilot system. 

b) Moments of forces acting on the seat-pilot 

system 
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The resultant moment M has the following compo-

nents in the Oesxesyeszes coordinate system: 
 

𝑀𝑥 = 𝐿 + 𝑀𝑝𝑥_𝑙𝑒𝑓𝑡 + 𝑀𝑝𝑥_𝑟𝑖𝑔ℎ𝑡 

𝑀𝑦 = 𝑀 + 𝑀𝑝𝑦_𝑙𝑒𝑓 + 𝑀𝑝𝑦_𝑟𝑖𝑔ℎ𝑡 + 𝑀𝑑𝑎𝑚𝑝 

𝑀𝑧 = 𝑁 + 𝑀𝑝𝑧_𝑙𝑒𝑓 + 𝑀𝑝𝑧_𝑟𝑖𝑔ℎ𝑡 

(35) 

 

There are components of moments here: 

− the static aerodynamic moments of the seat 
 

𝐿 = 𝐶𝑙
𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠𝑑𝑒𝑠 ,      

𝑀 = 𝐶𝑚
𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠𝑑𝑒𝑠 ,      

𝑁 = 𝐶𝑛
𝜌|𝑉𝑒𝑠|2

2
𝑆𝑒𝑠𝑑𝑒𝑠                 

(36) 

 

Cl - rolling moment coefficient, Cm - pitching mo-

ment coefficient, Cn - yawing moment coefficient, 

des - characteristic dimension of the seat (seat 

height or 𝑑𝑒𝑠 = √4𝑆𝑒𝑠/𝜋). 

The pitching moment coefficient has also been 

supplemented with a damping moment dependent 

on the angular velocity of pitching Q. For a flat 

plate, this moment is given by:  
 

𝑀𝑑𝑎𝑚𝑝 = −𝐶𝐷

𝜌𝑄2

64
𝑤𝑒𝑠𝑑𝑒𝑠

4  (37) 

 

wes - seat width,  CD - the drag coefficient of a flat 

plate.  

− the moments from the stabilizing parachute 
 

𝑀𝑝𝑥 = 𝑃𝑝𝑧ℎ𝑝_𝑦 − 𝑃𝑝𝑦ℎ𝑝_𝑧,   

𝑀𝑆𝑦 = 𝑃𝑝𝑥ℎ𝑝_𝑧 − 𝑃𝑝𝑧ℎ𝑝_𝑥,       

𝑀𝑝𝑧 = 𝑃𝑝𝑦ℎ𝑝_𝑥 − 𝑃𝑝𝑥ℎ𝑝_𝑦          

(38) 

 

The components of the aerodynamic force of the 

parachute are described by formulas (33). 

For the chosen coordinate system, the angle of 

attack and the seat's slip angle, which influence the 

aerodynamic characteristics, are calculated using 

the following relationships: 
 

𝛼𝑒𝑠 = − 𝑎𝑟𝑐𝑡𝑎𝑛
𝑊

𝑈
,             

𝛽𝑒𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑉

√𝑈2 + 𝑉2 + 𝑊2
 

(39) 

 

4. Data for calculations 

4.1. Mass and geometric data 

The calculations were performed for the K-36 DM 

ejection seat. Its geometry is shown in Figure 4 and 

Table 1,2. As a result of the burning of propellant 

charges, the mass of the seat changes. This was 

taken into account in the simulations by using the 

data collected in the table. The data were obtained 

from the literature and during measurements of the 

seat prototype. 

 

Table 1. The mass of the ejection seat. Source: own 

work based on Dowództwo Wojsk Lot-

niczych, 1985 
Masses Moments of inertia 

pilot mass mp 78 kg Ix 33.78 kgm2 

seat mass at launch mes 125 kg Iy 38.97 kgm2 

first stage mass mI 8 kg Iz 13.68 kgm2 

second stage mass mII 3.7 kg Ixz -8 kgm2 

headrest with 
parachute mass mhr 

18.5 kg  
 

rescue container 

mass mrc 
9 kg  

 

 

Table 2. The characteristics of the ejection seat. Source: own work based on Dowództwo Wojsk Lotniczych, 

1985 
length of the rails l=1.045m 

reference area of the seat (backrest area) Ses =0.69m2 

characteristic dimension of the seat (seat height) des=1.24m 

reference area of the paraschute Sp =0.06m2 

position of the left parachute 
hp_x=-2.06m 
hp_y=-0.283m 

hp_z=-0.55m 

position of the right parachute 
hp_x =-2.06m 
hp_y =0.283m 

hp_z =-0.55m 
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Fig. 4. Basic geometric data of the K-36DM ejection seat. Source: own work based on Dowództwo Wojsk 

Lotniczych, 1985 

 

The simulations required knowledge of the aerody-

namic characteristics of the seat. The aerodynamic 

coefficients CA, CN and Cm depend on the angle of 

attack of the seat es, while the coefficients Cy, Cl 

and Cn  depend on the  sideslip angle es. 

Due to the lack of original, reliable aerodynamic 

characteristics of the K-36DM ejection seat, the 

simulations used the characteristics provided in 

(Szajnar et al., 2010; Szendzielorz et al., 1986), 

which were obtained from wind tunnel tests of the 

SK seat. However, these characteristics have a 

limited range. To estimate the coefficient values for 

other angles, the characteristics of another seat, 

provided in (Reichenau, 1972), can be considered. 

Figures 5-10 display the aerodynamic characteris-

tics used in the calculations.

 

 
Fig. 5. Tangential force coefficient. Source: own work 
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Fig. 6. Normal force coefficient. Source: own work 

 

 
Fig. 7. Lateral force coefficient. Source: own work 

 

 
Fig. 8. Rolling moment coefficient. Source: own work 
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Fig. 9. Pitching moment coefficient. Source: own work 
 

 
Fig. 10. Yawing moment coefficient. Source: own work 
 

For the damping of the seat's rotational motion, a 

value of CD=2 was adopted. Meanwhile, for the 

stabilizing parachutes controlling the seat's motion, 

Cxs=1.4 was used. 

 

4.2. Forces of the ejection charges 

In the initial phase of ejection, the seat-pilot system 

is subjected to the forces from two ejection charg-

es, which operate sequentially. The magnitude of 

the first-stage ejection charge force TI is unknown. 

However, the seat's description specifies that the 

first-stage ejection charge operates for approxi-

mately 0.2 seconds and should provide a minimum 

exit velocity of 13.6 m/s. During the calculations, it 

was estimated that this force is equal to 

TI=27000N. This force is responsible for initiating 

the seat's movement and ensuring its safe exit from 

the aircraft's cabin. The specific magnitude and 

duration of this force are crucial for determining 

the seat's velocity and trajectory during ejection. 

The second-stage charge force TII  is crucial for 

ensuring the seat's further separation from the 

aircraft after the first charge's work is finished, and 

its value directly impacts the trajectory and safety 

of the ejection process. The duration of the force TII 

from the second-stage ejection charge and its mag-

nitude can be estimated based on literature or other 

available data. According to (Dowództwo Wojsk 

Lotniczych, 1985), this force acts for 0.4 seconds 

after the first-stage has completed its work and 

should not be less than 3300 daN. However, studies 

conducted at the AFIT (Polish Air Force Institute 

of Technology) indicate that these values are de-

batable. Figure 11 shows the results of laboratory 

tests for the second-stage ejection charge.
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Fig. 11. Force profile of the second-stage ejection charge over time. Source: own work   

 

4.3. Analysis of experimental data 

In 2018, a series of experimental studies were 

conducted to identify the motion of the ejection 

seat. These studies were part of an investigation 

into the causes of an aviation accident that occurred 

during an emergency ejection from a MiG-29 

aircraft. Special attention was given to the case of 

ejection from an aircraft that was stationary on the 

runway. For these specific conditions, a rich set of 

video and measurement data was available, ob-

tained from tests carried out at a testing range. The 

frame-by-frame analysis of the films allowed for 

the identification of all stages of the ejection pro-

cess, as well as the reconstruction of the seat's 

trajectory and rotation during the experiments. 

Figure 12 shows the reconstructed trajectory of the 

seat-pilot system, while Figure 13 presents the 

change in the seat's pitch angle up to the moment of 

the headrest ejection. These trajectories serve as the 

basis for verifying the accuracy of the seat motion 

simulation model. 

From the graph shown in Figure 13, an important 

conclusion can be drawn regarding the operation of 

the second-stage ejection charge. Analyzing this 

graph, it is evident that during its operation, the 

angular velocity of the seat-autopilot system re-

mains constant, and the pitch angle increases line-

arly. This linear relationship also applies to the free 

rotation until the moment the headrest is ejected. 

This indicates that the second-stage ejection charge 

does not generate a pitching moment - its line of 

action passes through the center of mass of the 

system. 

Therefore, the cause of the angular velocity, which 

leads to the rotation, should be sought in the first 

phase of motion when the seat exits the aircraft. 

This rotation occurs while the seat moves along the 

rails on the last — lower pair of rollers. The motion 

model for this phase is described in section 2.2. 

a) Case 0-0 

Based on the described models of ejection seat 

motion, a series of simulations were conducted 

under various initial conditions, including the 0-0 

ejection scenario. 

The 0-0 ejection refers to the case where both the 

aircraft and the pilot are at rest (i.e., the aircraft is 

stationary on the runway, and the pilot is seated in 

a stationary position within the cockpit). Simula-

tions of this scenario are critical for understanding 

how the seat behaves during ejection under such 

specific conditions. 

By running these simulations, the performance of 

the ejection seat can be assessed, ensuring that the 

seat functions correctly and safely in different real-

world situations, especially during emergencies 

when the aircraft is not in motion. 
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Fig. 12. Trajectory of the seat during ejection. Source: own work 

 

 
Fig. 13. Seat pitch angle during ejection. Source: own work 

 

The Case 0-0 refers to an ejection scenario in 

which both the aircraft and the pilot are at rest. This 

is one of the most challenging ejection cases be-

cause the aircraft does not have an initial velocity 

that could assist in ejecting the seat from the cock-

pit. The 0-0 case typically applies to situations 

where the aircraft is stationary on the ground (e.g., 

on an airport runway), and the ejection is triggered 

due to an emergency in which the pilot needs to 

exit the cockpit. For these initial conditions, exten-

sive research material obtained during field tests 

was available. 

Figure 14 shows the trajectory obtained from the 

film and the trajectory calculated for the ejection 

case without wind, as well as with a wind speed of 

3 m/s blowing in the opposite direction of the 

ejection. There is a strong agreement between the 

trajectories in the first phase of flight. In the second 

phase, a difference appears. This could be related to 

the fact that during the tests, the symmetry of the 

seat’s motion was disrupted — the seat performed a 

rotation around the longitudinal axis Oesxes. Figure 

15 presents the trajectory, showing the position of 

the seat at various points along the path. The imag-

es of the seat are taken from the analyzed film. 

Figure 16 shows the change in the seat’s pitch 

angle. To facilitate the analysis of the plots, the 

figure was supplemented with film frames showing 
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the seat’s positions. A very good agreement can be 

observed between the simulation results and the 

pitch angles measured from the film. Only after the 

headrest is jettisoned do differences appear — in 

reality, the seat’s rotation is stopped, while in the 

simulations the seat continues to rotate. This rota-

tion can be eliminated by including an additional 

force from the headrest’s pyrotechnic charge in the 

equations of motion. Unfortunately, no information 

is available regarding the magnitude and duration 

of this force. Therefore, in the calculations it was 

experimentally adjusted to stop the rotation. The 

results of these calculations are shown by the black 

curve. 

Figure 17 shows the seat’s vertical velocity. It 

indicates that during the operation of the I-st pyro-

technic cartridge, this velocity increases linearly. 

After the first-stage cartridge finishes firing, the 

velocity reaches 18 m/s, while by the end of the 

second-stage cartridge operation, it reaches 30 m/s. 

Figures 18 and 19 show the calculated accelera-

tions acting on the seat along the Oesxes and Oeszes 

axes. During the operation of the first-stage pyro-

technic cartridge, the dominant acceleration is nz in 

the head-to-feet direction, reaching nearly 13g. It 

increases sharply after the activation of the second-

stage cartridge, reaching values of 17g. Due to the 

inclusion of the TII  force component along the 

Oesxes axis in the calculations, an additional accel-

eration nx  appears, ranging between 5 and 6g. 

 

 
Fig. 14. Calculated and recorded flight trajectory. Source: own work 
 

 
Fig. 15. Flight trajectory and seat position. Source: own work 
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Fig. 16. Seat pitch angle until the headrest is jettisoned. Source: own work 

 

 
Fig. 17. Vertical velocity of the seat. Source: own work 

 

 
Fig. 18. G-Force along the Oesxes axis. Source: own work 
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Fig. 19. G-Force along the Oeszes axis. Source: own work 

 

The results obtained show that for the 0-0 ejection 

scenario, the ejection is safe – the pilot moves 

forward without colliding with the aircraft. The 

achieved maximum altitude ensures the parachute 

deployment. The calculated overload, although 

significant, do not exceed the permissible limits, 

which for short-duration accelerations should be in 

the range of 15 to 20 g. 

b) Ejection in horizontal flight 

It refers to the process of ejecting a pilot or crew 

member from an aircraft while the aircraft is flying 

horizontally. This type of ejection occurs when the 

aircraft is not in a steep climb or descent, and the 

ejected seat must deal with the aerodynamic condi-

tions of level flight, including the aircraft's speed 

and altitude, as well as potential forces acting on 

the pilot during ejection. 

Using the developed simulation program, ejection 

calculations were performed during level flight at 

various speeds. The flight conditions of the aircraft 

that affect ejection, such as the angle of attack and 

the aircraft's pitch angle, were calculated based on 

the balance of forces acting on the aircraft. 

This approach allows for the determination of how 

these flight parameters influence the ejection pro-

cess, ensuring that the pilot's safety during ejection 

is maintained regardless of the aircraft's speed or 

attitude. 

Figures 20 to 23 show sample results obtained for 

different aircraft flight speeds: 0, 50, 100, and 200 

m/s. In each case, it was assumed that the ejection 

height was 0 meters, and the wind from the front 

was blowing at a speed of 3 m/s. 

From Figure 20, it is evident that the higher the 

flight speed, the greater the distance the seat travels 

-over 350 meters at a speed of 200 m/s. The maxi-

mum altitude ranges from 50 to 60 meters. The 

increase in flight speed reduces the maximum pitch 

angle of the pilot (face-down). This is shown in 

Figure 21, which concerns the first phase of the 

flight, up to the moment the pilot separates from 

the seat. While for the 0-0 conditions the seat ro-

tates at a constant speed, in the case of ejection 

during level flight, this rotation is halted and then 

changes direction. This is the result of the stabiliz-

ing parachutes' effect. Figure 21 indicates that the 

maximum seat pitch angle ranges from -72° for 

Vs=50 m/s to -28° for Vs =200 m/s. These results 

correspond to the ejection scheme shown in 

(Dowództwo Wojsk Lotniczych, 1985) and pre-

sented in Figure 22. 

Figure 23 shows the distance between the center of 

mass of the seat and the top of the vertical stabi-

lizer. It can be seen that the increase in flight speed 

leads to a decrease in this distance. However, the 

seat does not collide with the aircraft, which con-

tinues its straight-line flight. 

c) Ejection during banked flight 

Simulations were also conducted to assess the 

effect of the aircraft's bank angle on the ejection 

process. It was assumed that at the moment of 

ejection, the aircraft is in horizontal flight at an 

altitude of 100 meters with a speed of 200 m/s. 
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Figure 24 shows the trajectory of the seat, while 

Figure 25 presents the distance between the seat’s 

center of mass and the tip of the vertical stabilizer. 

An increase in altitude can only be observed at 

bank angles less than 90°. The smallest distance 

between the seat and the stabilizer occurs during 

ejection without any bank angle. This distance is 

reached at approximately 0.3 seconds and amounts 

to 2.8 meters. The results also show that the seat’s 

trajectory curves to the right, with the greatest 

deviation from the initial flight path being 95 me-

ters, achieved at a bank angle of 90°. 

 

5. Conclusions 

The developed seat–pilot system motion model 

enables the simulation of ejection under various 

flight conditions. The simulations provide a repre-

sentation of the spatial motion. The reliability of 

the results was verified to a limited extent by com-

paring them with experimental data. A broader 

scope of validation would be possible after obtain-

ing the aerodynamic characteristics of the K-36 

DM seat. This is particularly important since this 

seat is certified for use over a wide range of speeds 

- accounting for air compressibility may be neces-

sary. Currently, the model allows for determining 

accelerations only at the center of mass. It is desir-

able to determine the accelerations acting on differ-

ent parts of the pilot’s body, such as the head. This 

would require expanding the model to include a 

representation of the human body.

 

 
Fig. 20. Seat flight trajectory. Source: own work 

 

 
Fig. 21. Seat pitch angle. Source: own work 
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Fig. 22. Ejection schematic. Source: own work based on Dowództwo Wojsk Lotniczych, 1985 

 

 
Fig. 23. Distance between the seat and the vertical stabilizer. Source: own work 

 

 
Fig. 24. Seat flight trajectory. Source: own work 
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Fig. 25. Distance between the seat and the stabilizer. Source: own work 
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