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Abstract:  

The paper deals with an adaptation of the standard interior ballistics model for the case 

of amphibious rifle shooting ammunition under water. The adapted mathematical model 

was validated and experimentally verified using the 5.56 mm underwater projectile shot 

from the 5.56 mm amphibious rifle. The dependence of the underwater interior ballistic 

processes on the powder mass was investigated. The results of theoretical mathematic 

model solution correspond very well with experiment. The described mathematical mod-

el and the dependence of the underwater interior ballistic processes on the powder mass 

can be a reference for designers in the design process of the underwater ammunition or 

underwater rifle. 
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1. Introduction 

The amphibious rifles are based on the fundamental principle of a gas-operated auto-

matic mechanism [1] and are often designed for use in two environments (water and 

air). For ensuring the performance and accuracy of the firing process, then the predic-

tion of interior ballistic performance plays a very important role in the ammunition 

and amphibious rifle design. While the interior ballistic process of amphibious rifles 

when shooting in the air has been researched and published widely, then the results of 

the interior ballistic process of amphibious rifles research when shooting underwater  

are published partially only. A research of the underwater interior ballistic perfor-

mance is presented in [2], however this research has not been interested in the energy 
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conservation equation when shooting under-water. Besides, experimental studies are 

still incomplete. It is the reason for the need of the more in-depth research on this 

issue. On the other hand, in the trend of weapons technology development, the types of 

ammunition are often modified to match the available weapons for different combat 

conditions, so researches of the dependence of interior ballistic process on the ballistic 

characteristics of the cartridge (it means the projectile mass and powder mass here) 

also has an important meaning. 

In comparison with the standard interior ballistics of automatic rifle valid for air, 

which uses gas-operated principle [3], the underwater interior ballistics is different. Its 

biggest difference is in the projectile being in the water inside the barrel bore when the 

density and viscosity of water are greater than the density and viscosity of the air. In 

addition, the projectile during its movement ejects the amount of water inside the bar-

rel and changes the water mass. So, it is difficult to calculate it by the model of the 

standard interior ballistics in air. 

For the prediction of amphibious rifle interior ballistic performance when shoot-

ing underwater, the paper improves the standard interior ballistic model for air into an 

interior ballistic model used for shooting underwater and applies it to calculate the 

case of firing projectiles 5.56 mm. Some calculation results are compared with exper-

iments to validate the improved interior ballistic model. 

2. Mathematical Model of Interior Ballistics for Amphibious Rifle when 

Shooting Ammunition under Water 

2.1. Features of Interior Ballistics for Amphibious Rifle when Shooting Ammuni-

tion under Water  

The process of the amphibious rifle shooting effect when shooting in water is close to 

that of shooting in the air. Some different characteristics are as follows: 

• there is water in the barrel bore, 

• under the effect of propellant gas pressure, the system includes projectile and 

all water in the barrel is pushed out of the barrel bore. To simplify the calcula-

tion, the system can be considered as an object with a variable mass, which is 

calculated as the sum of the projectile mass and the actual mass of water in the 

barrel bore at the same time. The sum of mass varies according to the position 

of the object compared to the original position, 

• in the shooting process, the projectile�s motion is affected by a pressure, which 

consists of the hydrostatic pressure and the dynamic pressure. This pressure 

creates a drag force for projectile [4]. 

According to the above characteristics, the process of projectile motion in the 

barrel bore can be divided into two phases (Fig. 1): 

 

Fig. 1 Diagram of the process of the underwater projectile motion in the barrel 
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Phase I. The projectile moves from its initial position until the top of the projec-

tile reaches the muzzle cross-section. In this phase, the projectile�s mass is considered 

as the sum of projectile mass and the actual mass of water inside the barrel bore ahead 

of the projectile.  

Phase II. It starts when the projectile top leaves the muzzle cross-section and 

ends when the projectile bottom reaches the muzzle cross-section. In this phase, the 

actual projectile�s mass is considered only. 

2.2. Mathematical Model of Interior Ballistics for Amphibious Rifle when Shooting 

Ammunition under Water 

In accordance with classical interior ballistic theory, the system of interior ballistic 

equations of the automatic weapon when firing in the air is in [5] and [6]: 
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where ψ � the mass fraction of burnt powder, χ, λ, µ � the shape coefficients of pow-

der, z � the relative thickness of burnt powder, p � the average pressure of powder gas 

in the barrel, Ik � the total pressure impulse, S � the cross-section of the barrel bore, lψ 

� the fictive length of free volume of a cartridge chamber, l0 � the fictive length of free 

volume of a cartridge chamber, l � the displacement of projectile inside the barrel, f � 

the specific energy of powder, ω � the mass of powder charge, γ � the adiabatic con-

stant, ϕ � the coefficient of projectile fictitious mass, mp � the projectile mass, vp � the 

velocity of projectile, ∆ � loading density of powder, δ � the powder density, α � the 

co�volume of powder gas. 

Different features of interior ballistics for the amphibious rifle shooting the ammuni-

tion underwater were analysed above. So, the system of the differential equations of 

interior ballistic process in the amphibious rifle shooting the ammunition underwater 

is arranged which includes the burning rate law equation, the rate of gas formation 

equation which is the same as in air, the derived equation of projectile translation mo-

tion and the energy conservation equation. 

2.3. Basic Assumptions 

In order to determine the mathematical model of the interior ballistic process in the 

amphibious rifle shooting the ammunition underwater, the following assumptions are 

used: 

• considering the projectile as a piston pushing water out of the barrel, there is no 

gas passing through the gap between the projectile and the barrel, 



·  the water in barrel is not evaporated by the heat, 
·  water is an incompressible and viscous fluid, 
·  heat losses inside the barrel are neglected, 
·  the barrel is placed horizontally, and water is in static state (Fig. 2). 

2.4. Derivation of Equation of Projectile Translation Motion in Barrel Bore under 
Water 

In order to describe the projectile motion in the barrel bore underwater, the 2D orthog-
onal coordinate system has been used with the beginning point at the centre of the 
cartridge chamber bottom O, as it is shown in Fig. 3, where: x – the axis represents the 
horizontal axis of the projectile symmetry. It also is the horizontal axis of the barrel; lb 
– the distance of projectile movement inside the barrel, lp – the length of underwater 
projectile; lcb – the length of cartridge chamber; l – the displacement of projectile in-
side the barrel, and 0l x d= - , pa – the pressure at the projectile bottom. 

      

Fig. 2 View of the barrel with ammunition located in water 

 
 
 
 

 
 

      

 
 
 

Fig. 3 Coordinate system to study underwater interior ballistics 

According to the third assumption and Newton’s Second Law of Motion, we can 
describe the motion of the projectile in the barrel bore underwater as follows: 
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