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1 ABSTRACT 

Fuel release and spread from impacted projectile are of interest for the determination of fuel spread and 
fire risk following an airplane crash on a structure, and for applying and validating simulation techniques. So 
far, little representative experimental information can be found from the literature. Thus, liquid dispersal 
processes have been studied at VTT in the selected medium-scale IMPACT tests where deformable steel or 
aluminium projectiles are filled with water and impacted on a solid concrete wall or a steel force plate. Most 
of the “wet” missile tests have been conducted using a cylindrical missile, but in few tests a more 
prototypical 3-D projectile which consists of representative fuselage and wings has been used.  

This paper presents experimental findings of liquid release and spread from ruptured missile impacting a 
wall. Related measuring procedures are also dealt with.  The main parameters of the liquid phenomena 
measured are the velocity of the liquid front coming out from the ruptured projectile, sreading angle and 
direction of liquid release, extent of liquid spray from the target, water pooling area on the floor, and droplet 
size of the liquid spray.  

The test results show that the initial velocity of liquid spurting out from a missile may be much higher 
than the missile impact velocity, but the speed of droplets of the liquid spray slows down rapidly due to 
atomization processes and relating drag.  

   
2  INTRODUCTION 

 
Impact of deformable missile on concrete structures has been studied in the IMPACT tests carried out by 

Technical Research Centre of Finland (VTT).  In the tests, deformable steel or aluminium projectiles 
impacted a solid concrete wall or a steel force plate (Kärnä et al. 2004, Lastunen et al. 2007, Saarenheimo et 
al. 2006, Saarenheimo et al. 2007). Most of the tests so far have been conducted using a cylindrical missile, 
but in few tests a more prototypical 3-D projectile with representative fuselage and wings has been used. Part 
of the test series of the IMPACT tests have been carried out using a water filled missile called “wet missile”. 
The lengths of the cylindrical wet missiles ranged from 0.5 to 1.5 m, and the impact velocities from 70 to 
177 m/s. Water mass of the cylindrical missile ranged from 15 to 68 kg, but a 3-D missile contained only 
about 8 kg of water located in the wings of the projectile. 

The earlier paper (Silde et al. 2007) concentrated on the measuring methods and procedures used in the 
liquid dispersal study, and the main results of the preliminary simulations of liquid spread using the Fire 
Dynamic Simulator (FDS) computer program. Now the focus is on the major experimental findings which 
aim to increase the general understanding of dispersal phenomena under impact conditions and to measure 
quantitative test data which could be used for validation of numerical simulation tools for the simulation of 
liquid dispersal and, ultimately, resulting fires in the case of flammable liquid. A major problem affecting the 
simulations is the definition of the boundary conditions for the liquid phase: droplet size, speed and 
spreading angle.  
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3 CHARACTERISTICS OF LIQUID SPREAD  

Characteristics of typical liquid spread processes observed in the IMPACT tests can be categorised into 
following stages. In the first stage, liquid spurts out from the ruptured missile due to inertial and gravitational 
forces, since the deceleration of the missile is very rapid on impact. The second stage consists of the primary 
and secondary breakup and atomization of the liquid core due to high aerodynamic forces and instabilities 
within the liquid stream resulting in formation of a liquid spray. In the final stage, the airborne droplets and 
the rest of the liquid stream spread around the target forming a splash/spread pattern. Part of flying droplets 
hit directly the wall, ceiling and roof of the test hall, where trapping or splashing may occur. Some droplets 
disperse farther and fall on the floor. The liquid stream, which drops relatively close to the target, forms a 
visible pool on the floor.  

The splash/spread pattern and spreading angle of liquid spurting out from a missile are assessed based on 
still figures taken from video clips recorded with the high-speed (1000 fps) and normal-speed (25 fps, 50 
fields/s) video cameras. Since the collapse period of a missile takes typically less than 10 milliseconds, the 
frame rate of the conventional DV cameras is insufficient to continually capture the detailed phenomena of 
spray propagation, and hence, the DV cameras are mainly applicable for detecting a general overview of the 
splash/spread pattern. Although the transient is very rapid, a few representative still figures could be taken 
from each test even with DV cameras by mounting several DV cameras in parallel.  

A typical splash/spread pattern around a cylindrical and 3-D missile recorded with the high-speed camera 
is illustrated in Figure 1. The liquid spread takes place mainly in the direction of wall tangent 
perpendicularly to the missile direction.  The pattern very close to the missile is very flat, but becomes 
thicker as the instabilities and breakup of the liquid core begins (Figure 2). Typical spreading angle is only 
about 0 … 10 o calculated from the wall tangent. A typical splash/spread pattern around a cylindrical missile 
is quite symmetrical and uniform. On the contrary, liquid release from a 3-D missile results in a relatively 
asymmetric and non-uniform spreading pattern in the vicinity of the missile. Since water is located inside the 
wings of a 3-D missile and because the liquid release occurs mostly to surface normal direction of wings, 
vertical spreading directions are more pronounced than horizontal. In summary, the missile geometry, 
material and consequent rupture mode have a clear influence on the liquid spread pattern in the vicinity of 
the missile, because the fragments and/or slices of the missile interfere with the free surface of the liquid 
core.    

 

    
 
Figure 1. Typical liquid splash/spread pattern around a cylindrical (left side) and a 3-D missile (right side). 
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Figure 2. Typical liquid splash/spread pattern looking from side of the target: a cylindrical (left side) and a 3-

D missile (right side).   
 
 

4 DISCHARGE VELOCITY 
 

The discharge and propagation speed of the liquid spurting out from a missile is assessed based on still 
figures taken from video clips recorded with the high-speed (1000 fps) camera. The frame rate of the high-
speed cameras is sufficient to assess even the momentary velocity of liquid front near the impact target i.e. 
within a distance of 1 – 2 m from the missile.  

A typical propagation velocity of liquid (spray) front spurting out from a cylindrical missile with 
associated deceleration is illustrated in Figure 3. The missile impact velocity in this test was 125 m/s and the 
liquid mass 37 kg. The x-axis in the Figure 3 indicates the distance from the missile meanwhile the y-axis 
shows the ratio of liquid velocity to the missile impact velocity. The velocity is assessed to four different 
directions (angles) from the missile. The initial discharge speed of liquid is very high, of the order of two 
times the impact velocity of the missile. Due to the high initial velocity, the stable droplet size is very small, 
and hence, the propagation velocity of the spray front slows down rapidly when the distance from the impact 
target increases and the atomization processes and related drag phenomena become more pronounced. 
Within about 1.5 m distance from the missile the velocity has slowed down to half of its initial value. Note 
that in some other IMPACT tests the relative initial discharge velocity of liquid has been was even higher i.e. 
as high as about 2.5 times the missile impact velocity.  
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Figure 3. A typical propagation speed of liquid (spray) front coming out from a cylindrical missile. 
 
 
5 LIQUID POOLING    
 

A visible pool is formed on the concrete floor near the impact target as a result of the following 
mechanisms: part of the liquid stream and droplets coming out from a missile fall down directly on the floor 
close to the target, part of the liquid spray hits the ceiling of the room followed by splashing and raining of 
droplets onto the floor, and part of liquid may also splash off the surrounding frame structures of the impact 
wall and fall down on the floor.     

The visible pool area has been assessed by means of the measuring grid drawn on the floor in front of the 
impact target (Figure 4). The wet area was photographed manually by digital and DV cameras soon after the 
tests. In selected tests, the collection trays (steel plates) were also located on the floor for a rough assessment 
of the average amount of water per area on the trays. However, some uncertainties are involved with these 
methods. For example, the floor was dried very soon after the tests due to heating effect of the lamps. Some 
test arrangements, such as the frames of the concrete wall target, have also a great influence on the spray 
propagation and on the wet area formed. Due to a variety of test arrangements and associated disturbing 
factors, it is not possible to make any extensive conclusions on the pooling area and shape. However, it is 
worth mentioning that the pool area was typically of the order of 15 – 50 m2. The pool size and form was 
mostly depending on the initial amount of liquid inside the missile and the impact velocity. Amount of liquid 
per floor area in selected tests varied between 0.7 and 1.5 L/m2 at 0.5 – 1.5 m distance from the target. Just 
below the target the liquid density could not be measured reliably, but it was assumed to be more than 1.5 
L/m2.  Beyond 4 m distance from the target the liquid density was typically less than 0.1 L/m2. Some 
individual splashes were detected on the floor as far as 10 - 15 m sideward from the target. In the 3-D missile 
tests, where the initial liquid mass was only 8 kg, the pooling was not measured due to different test 
arrangements compared to the tests with a cylindrical missile.  
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Figure 4. Example of water pool on the floor after an IMPACT test with associated measuring grid.  
 
 

6 SIZE OF DEPOSITED DROPLETS 
 

Droplet size of the liquid spray is an important input parameter that must be given as boundary conditions 
for the applicable simulation techniques to be used for simulation of liquid dispersal and following fires in 
the case of flammable liquid. The size of the droplets deposited on the floor is measured in the IMPACT 
tests using the specific collection trays coated with a 1-2 mm layer of high-viscosity gearing oil (Normax  
EP680 Machine, 680 cSt in 40 oC, ≈4000 cSt in 20 oC,). High-viscosity oil was selected in order to prevent 
any movements and possible coalescence of the drops after they had impinged the oil layer. The density of 
the oil was lower than that of water in order to intensify the sinking of drops into the oil layer. The droplet 
size in the oil layer is assessed from photographs using a specific image analysis software. This method is 
not suitable very close to the impact target due to the high droplet density and velocity. Nevertheless, a few 
meters away from the target, the method will give information about droplet size and water distribution 
(concentration) on the measurement location. The smallest droplet diameter that can be detected using this 
method is around 15 µm. It is worth mentioning that the size of droplets detected on the oil-coated trays does 
not represent necessarily the size of airborne droplets of the “primary” liquid spray.   

Figure 5 shows the measured droplet size in three different IMPACT test with different missile impact 
velocities and distances from the target. The arithmetic mean diameter of droplets in Figure 5 varies mostly 
between 200 and 300 µm. In some samples the diameter is only of the order of 100-150 µm. Very large 
droplets that splash off the surrounding structures are filtered away from the measurement.  
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Figure 5. Example of droplet size measurement on oil-coated collection trays in three different IMPACT 
tests. 

 
 

7 SIZE AND VELOCITY OF AIRBORNE DROPLETS 
 

Measuring the size of airborne droplets from the high-velocity spray under very fast, short, energetic and 
vigorous impact conditions is a very challenging task. A specific measuring arrangement/procedure to detect 
the droplet size is developed in the IMPACT project. The system consists of two parallel cameras with a 
proper backlighting illumination. A simplified sketch of the measuring arrangement is illustrated in Figure 6.  

A high-speed video camera (250-500 fps) is used for droplet size measurement. The minimum exposure 
time of the camera is 50 µs, which is too long to stop the motion of high-speed droplets. To resolve the 
problem, a high-speed stroboscope with 1 µs flash time has been used for backlighting illumination. Since 
the shutter of the high-speed camera is kept continuously open between the consecutive shots, the camera is 
able to “see” the droplets only during a 1 µs light impulse of the stroboscope that stops the motion of single 
drops in the image. The imaging area is small enough to detect also very small droplets, of the order of few 
tens micrometers. A high-shutter-speed camera (frame rate 25 fps or 50 fields/s) with a double pulse imaging 
located parallel to the high-speed camera is used for measuring the velocity of droplets in the focus area. The 
time difference between the double images is set at 50 µs. A DC-based lamp is used for backlighting 
illumination. A carefully located and designed opening in the shelter wall with cutter blades allows the flow 
of spray droplets through the imaging area of both cameras.   

An example of droplet size measurements in one IMPACT test using the high-speed video camera is 
shown in Figure 7. The system was used successfully first time in the latest IMPACT test just before writing 
this paper, and the analysing work of the images was still under way. However, the preliminary results are 
very promising, and show that the measuring system works properly, and it could be applied in the future 
tests also. The illumination and sharpness of the images need still optimization, but the results so far are 
already good enough to get quantitative information about droplet size.    

 
 



20th International Conference on Structural Mechanics in Reactor Technology (SMiRT 20)  
Espoo, Finland, August 9-14, 2009  

SMiRT 20-Division 5, Paper 2050  
 

 7 

 

 
 

Figure 6. A. sketch of measuring arrangement to detect the size and velocity of airborne droplets. 
 
 
 

 
Figure 7. An example of drop size measurement of airborne droplets in IMPACT test. 

 
 

8 CONCLUSION 
 

Liquid release and spread phenomena have been studied at VTT in the IMPACT tests where the missile is 
filled with water. Relevant measuring system and procedure have been developed and used in the wet missile 
IMPACT tests so far. New useful experimental information on the dispersal phenomena under the impact 
conditions is gained. This information can be utilised to understand better fuel dispersal processes under 
aircraft-impact conditions, and in applying and validating analysis methods for the determination of fuel 
spread and fire risk following an airplane crash.  

The measurements indicate that the discharge speed of liquid coming out from the ruptures missile is in 
some tests even as high as 2.5 times the missile impact velocity, but the propagation speed of the spray front 
slows down rapidly when the distance from the impact target increases. The liquid splash/spread pattern of 
cylindrical and 3-D missiles behaves qualitatively very differently. The material of missile has a great 
influence on the rupture mode of the missile, and hence, on the spreading pattern in the vicinity of the impact 
target. Mean diameter of the water droplets deposited on the floor is measured to be around 200 – 300 µm, in 
some samples the mean diameter is even smaller. The measuring procedure developed to assess the size of 
the airborne droplets seems to work properly, and more quantitative data on droplet size will be measured in 
the future tests.   
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