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Abstract: In order to evaluate the effects of the blast waves 
generated by firing of large-caliber gun systems against 
humans and ammunition or other objects placed next to the 
guns, it is necessary to determine the phenomena 
generated. The present study presents a qualitative 
assessment methodology, through high speed shooting 
procedure, and a quantitative one, using data acquisition 
systems, for the phenomena that occur when firing of 
large-caliber gun systems.  
The data recorded are useful for validating the 
Computational Fluid Dynamics (CFD) models conceived, 
and their application for various weapon systems 
configurations (located on different fighting devices on 
board ships, etc.), are necessary for the establishment of 
safety distances for the participant staff and materials and 
for new weapon systems implementation. 
Keywords: blast wave, gun system, measurement 
techniques, slow motion analysis, CFD. 
 
1. INTRODUCTION 
 
Without considering a particular weapon system, its 
operating principle is based on energy transfer. 
Through deflagration, a propelling charge transforms 
into gaseous reaction products at high temperatures 
and pressures, able to effectuate mechanical work, in 
order to propel projectiles and rockets. They act on 
the projectile, transferring some of their energy as 
kinetic energy. The propulsion is achieved shortly 
after the projectile leaves the barrel. 
A brief description of a gun system, consisting in 
ammunition (propellant and projectile) and a barrel 
(gun or launcher), shows that the main destination of 
the system is to shoot a projectile or a rocket through 
the intermediary of different powders or propergols 
deflagration. Initial rate and kinetic energy of the 
projectile is necessary for the motion on a trajectory 
that finally crosses the target selected. 
Additionally, during the firing of weapon systems, 
other phenomena associated occur, such as flame, 
smoke, noise, and blast waves in the air. These 
undesirable events represent a direct consequence of 
the projectile propelled by the gases resulted from the 
powder or propellant deflagration. Since the topic of 

this study is represented mainly by blast waves 
generated by shooting bore weapons systems, in the 
present paper we will focus to these phenomena. 
The blast waves generated during firing are generally 
classified by indicating the source of their 
occurrence: 

- primary blast waves – they occur due to rapid 
discharge of propellant gases, after the projectile 
leaves the barrel; 

- secondary blast waves – they are a consequence 
of the unburnt powder particles released from the 
barrel in the atmosphere; the presence of the oxygen 
conducts to the rapid afterburning of the propellants, 
generating the so-called “gun muzzle flashes”. 
The blast waves generated are characterized by 
specific pulses and rapid evolution of their state 
parameters into the external environment in which 
they propagate (pressure, temperature, density). 
The generation of the blast waves in the air is 
followed by transmission and direct wave 
propagation in various media or objects nearby. 
These pulses transmit, on their turn, a part of their 
energy and they induce some important state and 
kinematic parameters modifications to the 
environment in which they propagate, with harmful 
or destructive consequences. 
The gun muzzle blast or muzzle flowfield apparition 
begins with the expulsion from the barrel of the air 
compressed by the projectile accelerated movement 
and, after that, the propellant flows, rapidly 
displacing the nearby environment and forming a 
strong blast wave (the primary blast wave). The blast 
wave initially constrains the free-flow expansion until 
it decouples from the flow field. As a result, unique 
flow features develop in the gun muzzle flow fields 
(Stiefel, 1988). 
Generally, the muzzle flow field of a gun exhibits the 
structure of a supersonic under-expanded jet flow 
encapsulated by an outer blast wave. Due to the high 
in-bore gas pressure, the jet flow rapidly exits the 
muzzle and is severely impeded by the blast wave, 
during the direct interaction with the blast jet flow. 
This interaction results in the formation of a turbulent 
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vortex ring downstream, from the jet core flow, and 
upstream, from the blast wave (Klingenberg & 
Heimerl, 1992). 
An example of such flows formation is given in Fig. 
1.a, which presents a “schlieren” image taken during 
firing of the 7.62 mm caliber NATO rifle G3 at t = 80 
µs after the bullet ejection (Klingenberg & Heimerl 
1992).  
It can be noticed here the first precursor flow together 
with its associated spherical outer blast wave (1) and 
the group of pressure waves, produced by the 
momentum of the jet flow at the muzzle exit that 
ultimately will coalesce into the blast wave. The first 
precursor flow is due to the air column inside the gun 
tube ahead of the projectile, which is compressed and 
pushed out of the barrel by the in-bore acceleration 
and motion of the projectile. 
Other than the definite forward bulge or downrange 
extension of the propellant gas plume, which is due to 
the precursor – propellant flow interaction, the 
expansion of the propellant gas flow produces a flow 
field qualitatively similar to the precursor air column. 
It starts to form as the projectile leave the gun 
muzzle. After the exit, the gas flow is extended to 
precursor flow and quickly covers it. For example, 
Fig. 1.b shows the muzzle flow field of the 7.62 mm 
caliber NATO rifle G3 at t = 400 µs after the bullet 
ejection. The image presents the stage of the flow 
when the propellant flow blast wave (2) just 
overpasses the blast wave (1) of the first precursor 
flow. 

 
a. t = 80 µs 

 
b. t = 400 µs 

Fig.1. Schlieren photograph of gun muzzle flow field 
during firing of the 7.62 mm caliber NATO rifle G3 [2] 

At the muzzle, the jet core flow is bounded by the 
normal inner shock or Mach disk (3) and by the 
lateral intercepting or barrel shock (4), and it is fully 
developed.  
The propellant gas plume consists in two gas balls 
that adhere together. A turbulent vortex ring (6) can 
be outlined to develop at some distance from the 
Mach disk. Its outer gas-air interface or plume 
boundary (5) is turbulent, as is the whole plume 
boundary. In the downrange direction, the blackening 
of the film near the vortex and the boundary of the 
forward bulge indicates an increase in the gas density 
of these flow regions.  
This increase is due to the flow deceleration in the 
vicinity of the outer blast wave. The deceleration is 
caused by the flow restraint that occurs as a 
consequence of the presence of this strong outer 
shock front. 
The many complex issues outlined above show that 
flow fields formed during firing of weapon systems 
are among the most complex phenomena, and 
modeling them is extremely difficult. Taking into 
account all relevant aspects of the phenomena that 
occur is still far from the purpose and objectives of 
the actual mathematical models.  
Thus, gas flow and blast wave characteristics are 
based on simplified hypotheses and on the steady 
state solution.  
A detailed theoretical analysis, including features 
such as turbulence, two-phase flow, and interface 
processes and combustion, as well as inhibition 
reaction by chemical flash suppressants, are either 
unavailable or inaccurate.  
Experimental studies complete and facilitate the collection 
of new information, allowing an inductive understanding 
of the complex phenomenology of reactive flow taking 
place at or near the gun muzzle barrel. 
An improvement in the understanding of gun muzzle 
flow gas dynamics was developed together with the 
ability to prove and measure the flow properties of 
the muzzle effluent (Schmidt, 1988). The images of 
the effluent taken at the muzzle barrel displayed 
details of muzzle flow fields. Experimental data 
obtained in case of small and medium-caliber gun 
systems proved remarkable similarities, which led to 
the conclusion that the similitude models can be 
extended also to large-caliber gun systems, when 
considering the gas flow and the basic flow field at 
the muzzle barrel. Of course, the muzzle exit flow 
properties or energy effluxes and, consequently, the 
strengths and sizes of gun muzzle flow fields, 
generally vary with gun tube emptying properties so 
that scaling laws are required. 
In Romania, there were not performed until recently 
experimental researches in this direction, and there 
were never considered the side effects of these blast 
waves onto staff, materials and munitions placed in 
the vicinity of the gun system. 
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2. EXPERIMENTAL DETERMINATION OF 

THE PROPERTIES OF THE BLAST 
WAVES GENERATED INTO THE AIR 

 
In case of real gun systems firings, a blast wave 

is generated in the environment. Supplementary, the 
propellant is transformed into gaseous products, 
which are initially at high pressures and temperatures 
and they expand into the air.  
The evolution of the reaction products is strictly 
dependant on several parameters, such as: 

- ballistic parameters of the gun system; 
- presence of different devices at the muzzle 

barrel; 
- the firing itself (elevation angle of the barrel). 

A major importance in the study of gun systems 
firing safety is the knowledge of the blast waves 
features in the air, together with the flame evolution 
at the muzzle barrel. 
Therefore, the purposes of the experiment were: 

- to put into evidence, using ultra-high speed 
shooting techniques, the phenomena 
associated to firing especially at a short 
distance from the muzzle barrel; 

- to record, for a certain type of munition, the 
variation of the pressure versus time and 
versus distance, using pressure sensors. 

 
2.1 Equipment, materials and devices 
 
2.1.1 Transducers 
For the experiment the following equipment, devices 
and materials were used:  
 
- Fast data acquisition system PCQT: 

� Keithley acquisition board, DAS-58 
� number of acquisition channels used: 4; 
� maximum acquisition frequency: 1MHz (250 

kHz / channel); 
� number of measurement points: 200000 (50000 

points / channel); 
 

-  4 piezoelectric pressure transducers from PCB 
Piezotronics (Table 1): 

� 2 - M102A04, scaled from 69 bars; 
� 2 - M108B11, scaled from 4800 bars. 

 
2.1.2 Ultra-high speed shooting technique and 
apparatus 
The ultra-high speed video camera is designed for use 
in industrial and scientific research applications, 
including determinations of mechanical systems 
kinematics, microscopy, flowing analysis and 
gaseous dissipation, etc. 
The phenomena were recorded using an ultra-high 
speed video camera FASTCAM SA3, model 120K-
C2, with a CMOS sensor, which enables double 
exposure, facilitating very high speed recordings.  
 

Table 1. Transducers used for data acquisition 
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Transducer  

code / 
serial no. 

 
 

Sensibility 
(bar/volt) 

Firing 
angle Obs. 

Test 1 to 3 0º   

Test 4 to 14 60º 

 

3 
M102 B11 / 
19624 

13.945  Trigger 

2 
M108 B11 / 
25739 

13.44   

1 
M108 A04 / 
25718 

6.78   

4 
M102A04 / 
22381 

2.618   

 
The sensor captures digital color images of 1.3 
million pixel resolution (1280 H x 1024 V). Reducing 
the recording window, the image acquisition rate may 
increase up to 120000 frames / second (fps).  
The camera has an internal memory of 4 GB, which 
permits real time storage of the images recorded, with 
the possibility of post-transfer to the data processing 
unit. The USB 2.0 digital interface permits the 
installation of “plug-and-play” (using the dedicated 
software) and data transfer through wire to the 
computer. Also, the trigger system (trigger input and 
output signals) permits fast integration of the camera 
with a lighting system based on laser emissions or 
stroboscopic light. The dedicated software contains 
stand-alone applications, such as ActiveX control, 
driver TWAIN, MATLAB and LabVIEW plug-ins, 
and a Software Development Kit (SDK) for 
personalized applications. 
 
2.1.3 Experimental methods 
In order to evidence the phenomena that appear when 
firing of gun systems, especially after the projectile 
leaves the muzzle barrel, the following activities are 
performed. 
a.Experimental configuration is achieved, by 

arranging all the devices and connecting them. 
b.Verification of the ultra-high speed camera, 

synchronizing the firing with the image recording; 
the tests are performed without real firing. 

c.The ultra-high speed camera is set. 
d.The gun/cannon position is set through the height 

and direction mechanisms adjustments, in the same 
time with the targeting through the barrel (or 
another adequate targeting system). 

e.The gun is loaded with the projectile. 
f.The safety measures for the staff before firing are 

taken. 
g.The command “FIRE” is given. 
h.The recording of the video camera starts in the 

same time with the firing. If a manual release of the 
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video recording is set, after the “FIRE” command 
immediately starts the recording. 

i.The .avi or .mpg folder resulted is saved. 
j.The above-mentioned activities are repeated for 

every test during the experiment.  
 
2.2 Determination of the characteristics of the 

blast waves generated by firing  
The characteristics of the blast waves generated by 
firing of gun systems depend on several parameters, 
from which we may number: 

- ballistic characteristics of the munition; 
- geometric and operation characteristics of the 

guns (barrel caliber and length, operation 
principle, devices attached to the muzzle 
barrel, etc.); 

- blast waves receptors position (distance to 
the muzzle barrel and the angle versus the 
barrel axis).  

The experimental procedure consisted in firings of a 
76 mm caliber cannon, 1942 model, at two elevation 
angles of the barrel (0º and 60º). The characteristics 
of the blast waves generated by firing in the air were 
determined through the air pressure measurement 
with piezoelectric transducers, placed in certain 
positions (indicated through distances among the 
muzzle barrel and each transducer) (Silver, 2006). 
The arrangement of the pressure transducers against 
the muzzle barrel is shown in Fig 2. 
 

  
a b 

Fig. 2. Arrangement of piezoelectric transducers during 
firing of the 76-mm cannon 

 
3. RESULTS 

 
The measurement of the overpressure created in front 
of the barrel by the powder flow by firing of a 76 mm 
caliber cannon, 1942 model, was performed.  
There were performed three firings with the barrel at 
0° and 11 firings at 60º.  
During the first tests, for the 0º barrel firings, there 
were recorded pressure variations versus time only on 
the first two channels.  
Overpressure variations from powder gases 
expansion in case of the firings by 60º were recorded 
on all the four channels.  

In Fig. 3 there are presented the graphics of pressure 
versus time for the three firings with the barrel at 0º, 
and for three firings at 60º. 

 

 

  

  
α = 0º α = 60º 

Fig. 3. Pressure recorded versus time 
 

In Table 2 there are given the most representative 
results of the experiment. There are of significant 
importance the values of the maximum overpressures 
recorded on different pressure channels, together with 
the calculated average speed of the blast waves. 
Ultra-high speed shooting was performed for all the 3 
firings at 0° angle with a recording rate of 7500 fps, 
while for the firings at 60° angle the recording rate 
was 10000 fps. It was used an external trigger signal 
started by the cannon firing system.  
The maximum resolution permitted for the recording 
rate was 1024x256. On the basis of the recordings, 
the phenomena associated to firings with medium and 
large-caliber gun systems can be evaluated from 
qualitative point of view, as following: 
-  appearance of a foreflow of the powder gases and 

of the air in front of the projectile in the barrel; 
-  generation of a blast wave once the projectile 

leaves the barrel, due to the post-combustion 
phenomenon at the muzzle barrel suffered by the 
unburnt powder particles; 

-  projectile rotative motion about its axis; 
-  appearance of blast waves attached to the top and to 

the bottom of the projectile, etc. 
Due to the firing position configuration, the 
safety conditions and, most of all, to the flow 
opacity, there were not put into evidence all the 
aspects regarding flow gaps. Though, the 
phenomena outlined here are the most 
spectacular.  
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Table 2. Results of the tests performed 

 
In Figs. 4 and 5 there are presented 
different stages of the projectile trajectory and of the 
flow field evolution in the vicinity of the cannon 
muzzle. It can be noticed that, during two firings, the 
projectile is destabilized on its trajectory.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Images captured at 7500 fps acquisition rate 

No. test Pressure 
channel 

Maximum overpressure 
[bars] 

Arrival time  
[ms] 

Average speed of the blast 
wave [m/s] 

Obs. 

3 2.265 0.02449 
1 

2 1.341 1.472 
1063 0º 

3 4.03 0.000129 
2 

2 0.794 1.590 
968 0º 

3 3.45 0.01422 
3 

2 1.295 1.709 
908 0º 

3 0.852 0.006 578 

2 0.685 1.907 402 

1 0.311 5.632 365 
11 

4 0.184 11.93  

60º 

3 0.705 0.0053 590 

2 0.664 1.869 400 

1 0.323 5.611 
12 

4 0.223 11.88 
367 

60º 

3 0.708 0.0044 588 

2 0.665 1.869 398 

1 0.325 5.635 
13 

4 0.225 11.87 
368 

60º 

3 0.915 0.014 596 

2 0.689 1.861 401 

1 0.327 5.63 
14 

4 0.204 11.89 
368 

60º 
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Fig. 5. Images captured at 10000 fps acquisition rate 

 
A quick effect evaluation onto people and materials 
may be performed using the data from Table 3 (Goga, 
2009). 
As it can be noticed, the values of the overpressures 
recorded vary between 0.2 and 4 bars, which may 
conduct to important accidents of the personnel found 
during firing in the vicinity of the gun system. 
 

Table 3. Effects of different overpressure values [5] 
Effect P [mbars] 

Tympanic membrane perforation 350 – 1000 
Vehicles overthrown 700 – 800 
Partial damage of steel concrete 
structures 

400 – 600 

Important damages to buildings 300 – 500 
Breaking down power-line towers 300 – 500 
Destruction of wood or concrete walls 75 – 150 
Strain of metallic plates 75 – 125 
Men thrown to the ground 70 – 100 
Windows breaking, plaster falling, 
insignificant damages for buildings 

35 - 75 

Breaking of regular windows 10 – 15 

4. CONCLUSIONS  
 
During firing with small and medium caliber gun 
systems, one or two foreflows are generated into the 
field, right before powder gas flow, depending on the 
speed of the projectile and the barrel length. 
The general profile of the pressure variation versus 
time is significantly different of the ideal blast wave 
Experimentally, there were recorded, using an ultra-
high speed video camera, the flow fields generated by 
6 firings of a 76 mm caliber gun system, putting into 
evidence the blast waves and the pressures. 
In the same time, variations of the blast waves 
overpressures versus time were determined. 
The general profile of the pressure variation versus time is 
significantly different of the ideal blast wave profile, especially 
through the attenuation of the negative stage amplitude. 
In case of the pressure transducers farther from the 
muzzle barrel, the precursor wave is noticed before 
the apparition of the peak corresponding to the 
overpressure of the blast wave generated by firing. 
The recordings corresponding to the positive stage for 
each channel present at least two maximum peaks, 
due to the reflections produced in the environment 
(ground, walls, etc.). 
The recording using more channels permits both the 
determination of hydrodynamic damping of blast 
waves’ amplitude, and the evaluation of the speed of 
the blast waves. 
The present paper opens the possibility of new 
theoretical and experimental studies, giving valuable 
data for using in numerical simulation software for 
muzzle barrel flow in different gun systems, for the 
safety distances evaluation regarding staff implicated, 
and for the establishment of the arrangement of the 
munitions and the materials used during firing in 
order to avoid their initiation or damage. Meanwhile, 
starting from the results obtained here, there can be 
developed studies and researches regarding the blast 
waves’ effect on human beings and materials. 
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