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1. Introduction

One currently held view posits that bullet veloc-
ity is the main factor affecting the size of a tem-
porary cavity (Lindsey 1980; Owen-Smith 1981; 
Swan 1987; Ryan et al. 1988). This proposition 
differs from our own observations, particularly 
with regard to parenchymal organs. It has been 
noted that the liver always disintegrates after being 
hit with a single “Brenneke” type bullet, which is 
regarded as slow. In contrast, bullets from rifled 
firearms, which are regarded as fast, sometimes 
destroy only lobes or small parts of the liver, as 
has been observed on a large scale during armed 
conflicts (Mays 1971; Carroll et al. 1973; Pachter 
and Spencer 1979; Cannon et al. 2011). Lungs and 
the heart, through which bullets have passed, have 
proven to be the best for observations and draw-
ing conclusions. Lungs, which have high rupture 
strength due to their high flexibility, allow the de-
termination of the extent of temporary cavity for-

mation even through gross anatomical observation 
by allowing the establishment of an area of collat-
eral hyperaemia (Figure 1). The resistance of these 
organs to the action of bullets has been observed 
on the battlefield (West 1946; Yao et al. 1968).

Gunshot wounds in 20 roe deers (Capreolus 
capreolus), 11 wild boars (Sus scrofa), and 10 foxes 
(Vulpes vulpes) killed during hunts were subjected 
to detailed macroscopic analysis. By examining the 
mechanical damage, the authors were able to link 
the extent of the damage with bullet type (shape, 
design, etc.), as well as with bullet deformation 
and fragmentation during tissue penetration. A 
similar procedure has been employed by other 
authors (Feuchtwanger 1982; Fackler 1986, 1987, 
1996; Fackler et al. 1988; Nichols and Welch 2004).

Pioneering research on this topic has been pub-
lished by Lindsey and Fackler (from the 80’s of last 
century) and also other authors (Feuchtwanger 
1982; Barach et al. 1986; Fackler 1987, 1996; Fackler 
et al. 1988; Korac et al. 2000, 2006; Nichols and 
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Welch 2004). These researchers, making observa-
tions under laboratory conditions, demonstrated 
temporary cavity formation as the result of dif-
ferent bullet types. Although this research indi-
cates that the bullet’s shape is the primary factor 
influencing the generation of a temporary cavity, 
it does not explain the mechanisms underlying this 
phenomenon.

Only in isolated papers have authors specified the 
laws of physics responsible for specific phenomena 
related to bullet movement and which influence 
this movement (Wlodarczyk 2002; Kneubuehl et 
al. 2011). To our knowledge, there are no available 
literature reports that explain the diverse effects of 
bullet penetration on the bodies of gunshot wound 
victims, particularly factors influencing the shape 
and size of temporary cavities.

2. Mechanism of interaction between the bullet 
and the body of a gunshot wound victim

A moving bullet causes piling of the tissues lo-
cated in front of it. The destructive action of the 

bullet’s frontal surface causes destroyed tissues and 
body fluids to form a two-phase medium composed 
of fluids and solids. A three-phase medium may be 
created if there are gases (e.g., air) in the tissues 
being destroyed. Thus, the bullet moves in a self-
generated multi-phase medium. Simultaneously, 
an area of disturbance triggered by the bullet’s 
movement and interactions between the elements 
that comprise this multi-phase medium emerges 
behind the bullet’s frontal surface (West 1946; 
Feuchtwanger 1982; Kundu and Cohen 2008). The 
generation of chaotic and intensified movement 
of the conglomerate of body fluids, damaged tis-
sues, gases, and sometimes small bullet fragments 
leads to rapid propagation of the energy carried 
by these elements. The energy transfer causes tis-
sue dislocation outwards from the bullet’s axis of 
motion. Recollapse of the dislocated layers takes 
place in elastic tissues, followed by renewed out-
ward movement. This pulsatory tissue movement 
around the bullet’s path is observed as a tempo-
rary cavity. Because of the tissues’ relatively high 
inertia, the piling of tissues, growing in cascades, 
continues even after the bullet has moved a consid-
erable distance (Fackler et al. 1988). The described 
movement causes a sudden increase of pressure in 
tissues that may lead to their damage, particularly 
when the gunshot wound involves organs devoid 
of elastic elements (e.g., liver, kidneys). In contrast, 
elastic tissues (e.g., muscles, lungs) are largely re-
sistant to this type of damage (West 1946; Fackler 
1987; Korac et al. 2006). The effect of a temporary 
cavity, in the form of circulatory disturbances, can 
be observed macroscopically (Figure 1). However, 
disturbances occurring in the external zone are 
visible only in microscopic preparations (Korac et 
al. 2000).

The law of conservation of energy asserts that 
only the adoption of the bullet’s energy by tissues 
and organs enables their displacement or destruc-
tion. Hence, the formation of a temporary cavity 
depends on the adoption of the bullet’s energy by 
tissues. The bullet-tissue interaction (i.e., the forc-
es operating at the moment of energy exchange) 
appears to be particularly crucial. Only some 
regularities can be observed, and solely under labo-
ratory conditions with extreme simplifications (e.g., 
shooting at homogeneous media or homogeneous 
tissues and organs). The obtained results are not 
always reproducible, and cannot form the basis for 
conclusions about the effects of gunshot wounds 
in real conditions (battlefield, hunting).

Figure 1. An irregular hyperaemic zone around a wound 
in the lungs of a roe deer was caused by a temporary cavity 
after being shot with a half-jacket (deformable) bullet
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3. Fluid mechanics

3.1. Flow specificity

Flow around bodies, even by single-phase media, 
is always a very complex phenomenon. Even mod-
ern hydraulic engineering uses physical models of 
facilities and structures subject to flow mechanics 
because the complexity of the factors that influence 
specific flows is unpredictable, even in computer 
simulations (Orzechowski et al. 2001; Kundu and 
Cohen 2008). Two forces act on everybody mov-
ing in fluid and on each body that is being flowed 
around by a fluid: one force (called the lift force) 
is directed perpendicular to the flow velocity vec-
tor, and a second force (called the profile drag 
force) is directed opposite to the flow velocity vec-
tor (Orzechowski et al. 2001; Kundu and Cohen 
2008). In practice, only the profile drag force af-
fects the bullet as it penetrates tissues and organs. 
Separating the components of this force into fric-
tional drag and pressure drag is of no importance 
to the present discussion.

3.2. Selected rules of physics that determine 
the flows

All types of flow around bodies can be divided 
into laminar (stationary) and turbulent flow. For 
every specific flow around a body, there are certain 
values (Reynolds number [Re] and high Reynolds 
number [Recr]) that indicate the type of flow around 
the body (Orzechowski et al. 2001; Kundu and 
Cohen 2008). Elements of a fluid (or fluid system) 
in turbulent movement usually shift in the direc-
tion of mass transport, making it difficult to pre-
dict pulsatory movements in all possible directions 
(Kundu and Cohen 2008; Kneubuehl et al. 2011). 
The moment that determines the change of the flow 
from stationary to turbulent is the breakaway of the 
boundary layers, fluid layers directly adhering to 
the solid body that is being flowed around. During 
the action of flow around solid bodies, the so-called 
boundary layer forms between fluid molecules and 
the surface of the body that is being flowed around. 
This layer is characterised by reduced flow velocity 
compared to free flow velocity (ν∞), and its thick-
ness is a function of the distance from the body that 
is being flowed around (Orzechowski et al. 2001). 
An undisturbed laminar boundary layer guaran-
tees holding minimal profile drag, which translates 

into a low level of energy exchange. In turn, this 
low level of energy exchange prevents or limits 
the possibility of generating a temporary cavity. 
In practice, such flows around bodies are the goal 
in the construction of airplanes, land vehicles, and 
floating vessels (Orzechowski et al. 2001). Under 
specific conditions, the boundary layer may break 
away from the body that is being flowed around, 
which leads to increased energy exchange and, as a 
further consequence, causes specific disturbances 
in the medium. The very moment of this breaka-
way depends on flow-around velocity and the shape 
of the element that is being flowed around. The 
boundary layer is only able to break away from 
streamlined profiles in the presence of a high angle 
of attack, defined as the angle between the longi-
tudinal axis of the profile and the flow direction 
vector. For bodies with non-streamlined profiles 
(e.g., a cylinder), the boundary layer always breaks 
away. A similar and more distinct phenomenon 
takes place with regard to sharp-edged plates that 
are positioned perpendicular to the flow-around 
direction (Figure 2; Orzechowski et al. 2001; Kundu 
and Cohen 2008).

According to Orzechowski et al. (2001) and 
Kundu and Cohen (2008) the profile drag Rx is 
calculated using dimensional analysis for every 
flow-around case:

Figure 2. The drag coefficient (cx) as a function of flow-
around velocity for a sphere (similarly for a cylinder – V). 
The initial value of cx increases slightly with increases 
in V (A – B). At a certain substantial velocity (beyond 
point B), the value of the drag coefficient falls abruptly. 
This phenomenon is called the drag crisis. X = denotes 
the place where the drag crisis appears
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Rx = cxA ρν2
∞ 

                      2

where:
Rx  = profile drag
cx  = profile drag coefficient
A  = conventional reference surface
ρ  = fluid density
ν  = undisturbed flow velocity

The profile drag coefficient (cx) depends on the 
shape of the body that is being flowed around, 
its position in relation to the flow vector, and the 
Reynolds and Mach numbers, where the Mach 
number can be ignored in the range Ma < 0.4 
(Orzechowski et al. 2001).

The Reynolds number, although an imperfect 
characteristic, is currently used to assess the sta-
bility of flows, around bodies and around each 
other. This characteristic must be always de-
termined empirically for specific systems. The 
Reynolds number is a variable characteristic and 
depends on the specific conditions that exist at 
a given moment and place. It is important that a 
temporary cavity can form only after the breaka-
way of the boundary layers, which always occurs 
during turbulent flows around bodies. The breaka-
way of the boundary layer allows a much lower 
energy transfer in the case of laminar flows than 
in the case of turbulent flows (Orzechowski et al. 
2001; Kundu and Cohen 2008).

To present the complex character of flows, we 
should look at the factors affecting the Reynolds 
number:

Re = ρνD 

              µ

where:
Re  = Reynolds number 

ρ  = fluid density

ν  = fluid velocity

D  = dimensional characteristics of the body that is being 
flowed around

μ  = fluid viscosity

The fluid density ρ is easy to calculate for single-
phase media and multiphase media, with known 
and homogeneous proportions of the elements 
making up the medium (Orzechowski et al. 2001; 
Kundu and Cohen 2008).

3.3. Elements determining the arousal 
of pulsating cavities

In the case of a bullet penetrating the body of a 
human or animal, the determination of this param-
eter is difficult, and verges on impossible. Tearing 
tissues and individual anatomical elements, the bul-
let creates a three-phase medium in front of itself 
and around itself, in which the continuous phase 
is water (contained in blood, lymph, intercellular 
fluid, cells) and the dispersed phase is solid elements 
of tissues and individual anatomical structures and 
gases released from the tissues being damaged. The 
composition of such a medium is variable in time 
and impossible to determine beforehand. Sucked-in 
solid elements (e.g., small parts of clothing and hairs) 
can reach the dispersed phase behind the bullet to-
gether with atmospheric air.

Irrespective of the bullet’s design and speed, it is 
not possible to determine the density of the fluid 
(medium) in which the bullet is moving at a par-
ticular moment. In addition, the parameters of such 
a medium are variable in time and space and the 
changes happen very quickly. When a bullet pen-
etrates the body of a living being, the characteristic 
fluid velocity (ν) is equal to the velocity of the bullet. 
This velocity decreases during tissue penetration and 
the degree of its change may have a stepwise charac-
ter, depending on interaction with individual parts 
of tissues and organs. In addition, the bullet’s path 
can also change. At the same time, this interaction 
depends on the state of individual organs at a given 
moment. For example, bullet penetration through 
the lungs depends to a certain extent on the inhala-
tion or exhalation phase, just as penetration through 
the cardiac muscle depends on the systolic or dias-
tolic phase; this applies to other muscles, as well.

Another factor influencing the value of the 
Reynolds number is the dimensional characteris-
tics of the body that is being flowed around (D) 
(Orzechowski et al. 2001).

For a bullet, it is the shape of its frontal surface 
perpendicular to the axis of the bullet’s path. The 
value of D may undergo changes in time during the 
process of target penetration.

The final factor is absolute fluid viscosity (μ). 
In previously describing the density of fluid (ρ) 
in which the bullet moves, it was mentioned that 
this value is impossible to determine. In the case 
of absolute fluid viscosity, for the same reasons, 
the determination of a specific value for μ is also 
impossible. The described findings demonstrate 
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that it is not possible to determine the Reynolds 
number for every individual gunshot wound case, 
and therefore it is not possible to determine the 
profile drag coefficient (cx). At the same time, the 
direct influence of the bullet’s shape on the value 
of the Reynolds number must be borne in mind. 
This influence translates directly into the flow-
around type; in the case of a gunshot wound, it 
translates directly into the size of the temporary 
cavity (Orzechowski et al. 2001).

The formula used to determine the profile drag 
(Rx) also contains a component called the conven-
tional reference surface A. This parameter, which 
reflects the current shape of the bullet and its longi-
tudinal dimension, undergoes continuous changes 
during tissue penetration, as does the value of the 
profile drag itself. The Rx vector can also change, 
which renders impossible any predictions regarding 
the parameters of the temporary cavity.

When bodies comparable to the shape of bul-
lets (e.g., a sphere) are fired from small arms, the 
movement of the boundary layer is always turbulent. 
During the initial phase, the value of the profile drag 
coefficient (cx) decreases as flow velocity increases. 
This value grows slightly at slightly higher velocities, 
and a further increase in the velocity causes a sharp 
drop in the value of cx. This phenomenon is called 
the drag crisis, and it results from a drop in the pres-
sure exerted on a considerable surface area of the 
body that is being flowed around, in comparison to 
the pressure of the fluid flowing around that body.

The drag crisis appears at substantial flow-around 
velocities (Figure 2). In this state, the ensuing tur-
bulent flow of the medium around the body be-
comes very chaotic, and the transfer of energy is 
dispersed in all directions. Therefore, only a small 
portion of the energy is transferred perpendicularly 
to the surrounding tissues, enabling the generation 
of a smaller temporary cavity than the potential 
capabilities (including speed) of a moving bullet 
might otherwise indicate (Orzechowski et al. 2001).

Shotgun pellets are designed to undergo deforma-
tions during target penetration, thus assuming non-
streamlined shapes. Military bullets also undergo 
deformations during target penetration, although 
their original shape is streamlined and they have a 
copper alloy jacket on the entire frontal and lateral 
surfaces (a requirement of international war conven-
tions). The full jacket requirement does not prohibit 
the introduction of other structural components (e.g., 
placing a hard core or empty chambers inside) that 
would enable their deformation or disintegration after 

a hit or loss of stability (Fackler et al. 1988). The con-
structional requirements for small arms (i.e., pistols 
and revolvers) make bullets for these arms unstable 
and deformable, particularly during the infliction of 
gunshot wounds from a longer distance (Mays 1971).

For example, the flow-around resistance coeffi-
cient (cx) of hemispherical cups depends on their 
position in relation to the movement of the fluid 
flowing around the body, and ranges from 0.36 to 
1.44 with a Reynolds number of 4×105. The Reynolds 
number will always be much higher for a sharp-edged 
plate positioned perpendicular to the flow-around 
velocity vector than for bodies with other profiles. 
In the zone in front of the plate, in its central part 
along the BA segment, a growth in the pressure of 
the fluid flowing around the plate compared to the 
pressure of this fluid takes place; in the zone from 
point B to C this pressure decreases abruptly, as does 
the pressure behind the plate. A number of whirls 
occur behind the plate, resulting from departing 
the boundary layer already on the outer edge of the 
plate – point D (Figure 3) (Orzechowski et al. 2001).

The phenomenon of cavitation must also be in-
cluded during the discussion of phenomena oc-
curring during gunshot wounds (Orzechowski et 
al. 2001). This sudden and short-lived formation of 
steam bubbles in the boundary layer and their abrupt 
subsidence further complicates the phenomena de-
scribed above (Kundu and Cohen 2008). In addi-
tion, if massive and resistant elements of hydraulic 
engineering facilities can suffer damage as a result 
of cavitation, this phenomenon can also damage the 
jackets of military bullets, making them more sus-
ceptible to disintegration and fragmentation.

Figure 3. Diagram of the generation of a temporary pul-
sating cavity using the example of the flow around a 
sharp-edged plate (C–D) positioned perpendicular to 
the direction of the free flow velocity (V) vector
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After considering the described regularities and 
our own observations, it can be concluded that 
bullet design (and principally, a bullet’s shape and 
deformability) is the main factor responsible for the 
generation of a temporary cavity. In addition, the 
bullet’s frontal surface, which undergoes random 
deformations during tissue and organ penetra-
tion, can create asymmetrical temporary cavities. 
Therefore, each bullet can generate temporary cavi-
ties of different sizes, and bullet velocity is not a 
factor influencing the size of the temporary cavity.

4. CONCLUSIONS

In summary, we have reached the following con-
clusions. The shape of the bullet’s frontal surface 
during the process of tissue penetration is the pri-
mary factor in the formation of a temporary cavity. 
The size of a temporary cavity does not depend 
directly on bullet velocity. Every gunshot wound 
should be analysed individually, regardless of the 
type of weapon that inflicted the wound.

5. REFERENCES

Barach E, Tomlanovich M, Nowak R (1986): Ballistics: 
a pathophysiologic examination of the wounding 
mechanisms of firearms. Part I. Journal of Trauma 26, 
225–235.

Cannon JW, Sebesta JA, Blackbourne LH, Smith DL, Hol-
comb JB (2011): Thoracoabdominal war wounds com-
plicated by thoracobiliary fistulae: a report of cases 
managed over the past eighteen years and a review of 
the literature. Journal of Surgical Radiology 2, 207–326.

Carroll CP, Cass KA, Whelan TJ (1973): Wounds of the 
liver in Vietnam: a critical analysis of 254 cases. Annals 
of Surgery 177, 385–392.

Fackler ML (1986): Ballistic injury. American Journal of 
Emergency Medicine15, 1451–1455.

Fackler ML (1987): What’s wrong with the wound bal-
listics literature, and why. In: Latterman Army Insti-
tute of Research, Division of Military Trauma Research 
Presidio of San Francisco, California 94219, July. In-
stitute Report No. 239.

Fackler ML (1996): Gunshot wound review. Annals of 
Emergency Medicine 28, 194–203.

Fackler ML, Bellami RF, Malinowski JA (1988): The 
wound profile: illustration of the missiletissue interac-
tion. Journal of Trauma 28 (Suppl. 1), 21–29.

Feuchtwanger MM (1982): High velocity missile injuries: a 
review. Journal of the Royal Society Medicine 75, 966–969.

Kneubuehl BP, Coupland, RM, Rothschild MA, Thali MJ 
(2011): Wound Ballistics. Springer-Verlag, Berlin, Hei-
delberg. 27–33, 95–135.

Korac Z, Kelenc D, Mikulic D, Havcevic J (2000): Analysis 
of temporary cavity produced by high velocity missile 
in gelatin blocks. Acta Clinica Croatia 39, 211–214.

Korac Z, Suad C, Nanad BB (2006): Histologic analysis 
of pig muscle tissue after wounding with a high-ve-
locity projectile preliminary report. Acta Clinica 
Croatia 45, 3–7.

Kundu PK, Cohen IM (2008): Fluid Mechanics. Elsevier, 
Burlington. 165–167, 339–376.

Lindsey D (1980): The idolatry of velocity, or lies, damn 
lies, and ballistics. Journal of Trauma 20, 1068–1069.

Mays ET (1971): Complex penetrating hepatic wounds. 
Annals of Surgery 173, 421–428.

Nichols NC, Welch JR (2004): Ballistic Gelatin. In: In-
stitute for Non-Lethal Defense Technologies Report, 
The Pennsylvania State University, State College, Ap-
plied Research Laboratory.

Orzechowski Z, Prywer J, Zarzycki R (2001): Fluid Me-
chanics in Environmental Engineering (in Polish). 
Science-Technical Eds., Warsaw. 146–169, 226–288.

Owen-Smith MS (1981): High Velocity Missile Wounds. 
Edward Arnold, London. 21–32.

Pachter HL, Spencer FC (1979): Recent concepts in the treat-
ment of hepatic trauma. Annals of Surgery 190, 423–428.

Ryan JM, Cooper GJ, Maynard RL (1988): Wound bal-
listics: Contemporary and future research. Journal of 
the Royal Army Medical Corps 134, 119–125.

Swan KG (1987): Missile injuries: Wound ballistics and 
principles of management. Military Medicine 152, 29–34.

West JP (1946): Chest wounds in battle casualties. Annals 
of Surgery 123, 986–991.

Wlodarczyk E (2002). Analytical model of the shape of 
transient gunshot cavity (in Polish). Biuletyn Wo-
jskowej Akademii Technicznej 10, 19–32.

Yao ST, Vanecko RM, Printen K, Shoemaker WC (1968): 
Penetrating wounds of the heart: a review of 80 cases. 
Annals of Surgery 168, 67–78.

Received: 2012–09–05
Accepted after corrections: 2012–11–19

Corresponding Author:

Jozef Szarek University of Warmia and Mazury in Olsztyn, Michała Oczapowskiego St. 13, 10-719 Olsztyn, Poland
Tel. +48 89 523 3252, E-mail: szarek@uwm.edu.pl


