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ABSTRACT 

Experimental and numerical results are presented for the free field blast generated by a 
7.8 kg cylindrical charge of Composition B high explosive. In the experiments, 
overpressure and shock front time of arrival measurements have been recorded. 
Overpressure measurements in the far field provide pressure histories at discrete 
locations. Peak overpressure in the near field is calculated from time of arrival 
measurements. In addition, the ntimerical model was used to generate overpressure 
histories and two-dimensional contour plots of the blast wave. 
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Analysis of a Generic Warhead Part I: 
Experimental and Computational Assessment 

of Free Field Overpressure 

Executive Summary 

To assist the Royal Australian Navy (RAN) in weapon procurement and platform 
vtilnerability, DSTO is developing an experimental and theoretical capability to assess 
blast and fragmentation damage mechanisms of anti ship missile defence weapons. 
Most weapons used in anti-ship missile defence utilise blast/fragmentation warheads. 
To establish a better understanding of the physics involved, damage mechanisms of 
blast and fragment impact have been separated. The study presented here focuses on a 
bare cylindrical blast warhead. This document is the first of two parts. In this report, 
the analysis of results is for the free field. In the second report, the analysis is extended 
to blast / target interaction. 

Instrumentation employed included blast overpressure, time of arrival sensors and 
shock front imaging. Cross-correlation of the measurements allowed validation of the 
different methods employed. A numerical modelling study was conducted 
concurrentiy with the experimental investigation. The IFSAS Computational Fluid 
Dynamics code was used to model the two-dimensional blast profile of the warhead 
for comparison with experimental measurements. The numerical results showed that a 
cylindrical warhead can produce a non-uniform blast wave. The maximtmi 
overpressure generated by a cylindrical warhead can be significantiy higher than an 
equivalent spherical warhead. 

The outcome of this work will lead to a better understanding of the expected level of 
blast from cylindrical warheads. Ultimately, the aim is to determine the damage to 
targets and the mechanisms responsible for damage. Future studies will involve pre- 
formed fragments and fragment / blast synergistic effects. Results of these studies wiU 
be added to a database which will be used to develop predictive target damage and 
vulnerability models for anti ship missile defence. 
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1. Introduction 
The detonation of high explosives in air restilts in an initial localised high pressure and 
high temperature region. This initial pressure disturbance causes a shock wave in the 
surrounding air, commonly referred to as the blast wave. It is important to imderstand 
the characteristics of blast waves in order to determine the damage capability of 
conventional weapons and to develop methods to assess potential terrorist attacks or 
industrial accidents. 

Much work has been done to investigate blast and effects of blast against structures. 
Most of this earlier work focussed on blast waves generated by spherical warheads. 
Lind et al. [1] investigated the protection of structures from the dynamic loading of 
blast waves. A numerical study was tmdertaken to determine the mitigating effects of 
grid like barriers. The initial boundary conditions of the shock wave were based on a 
blast wave generated by a spherical warhead of Trinitrotoluene (TNT). Similarly, 
Ofengeim and Drikakis [2] conducted a ntimerical study of the interaction of a planar 
blast wave with cylinders, showing a strong influence of the initial shock conditions on 
the downstream flow after the cylinder. Varma et al. [3] also used spherical TNT 
warheads in experiments to provide damage data for brick panel walls. 

Ismail and Murray [4] investigated cylindrical warheads and demonstrated that the 
orientation played a crucial role in the accurate assessment of the blast wave 
parameters. They found that multiple shocks were present when the warhead axis was 
in line with the pressure transducer array. Zimmerman et al [5] also investigated the 
variations between spherical and cylindrical warheads and the effects of various length 
to diameter ratios. They found that for cylindrical warheads, both peak overpressure 
and impulse are dependent on the location of the warhead initiation. They also 
concluded that for high length to diameter ratios more energy is directed in the radial 
direction and for low length to diameter ratios more energy is directed in the axial 
direction. 

Typically, the blast waves produced from high explosives have been categorised by 
recording free field static overpressure. This involves measuring the pressure at 
discrete points in the free field surrotmding the explosion. The gauges are usually 
motmted side-on to the direction of the blast wave. The free field can be loosely 
divided into three flow regimes, near field, mid field and far field. Recording pressure 
in the near field is not a trivial exercise. The near field encompasses the fireball and 
detonation products, making it virtually impossible to measure the peak pressure and 
the pressure history in this range [6]. Gauges in the near field are exposed to a variety 
of stimuli and are subjected to many forms of interference. The gauges are sensitive to 
light, heat and mechanical stresses as well as electromagnetic effects from electrical 
noise, the firing pvdse and from the explosion [7]. Therefore, recording pressure 
histories at distances of several warhead diameters from the explosive is extremely 
difficult. 
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Pressure measurements are generally recorded in the mid to far field. These regions are 
a sufficient distance from the explosive to ensure that the fireball and detonation 
products have minimal effect on the pressure gauges. Spherical high explosives will 
generally create spherical blast waves and pressure measurements in the mid to far 
field are usually sufficient. However, the blast waves generated by cylindrical 
warheads differ significantly in the near field [8]. Cylindrical warheads are common in 
missiles used for anti ship missile defence. Therefore, imderstanding the characteristics 
of blast waves produced from cylindrical warheads is important and techniques for 
determining pressure in the near field are required. 

An alternative techiuque to recording pressure histories in the near field was 
undertaken. Pressure was not measured directly, rather, the velocity of the blast wave 
was determined by recording the time taken for the blast to reach discrete points. This 
time is referred to as time of arrival (TOA). A distance versus time relationship was 
used to calculate shock front velocity [9]. Static pressure was determined using the 
Rankine-Hugoitiot relation. 

This report presents free field pressure data for a cylindrical warhead and is part of an 
ongoing program to measure blast waves produced from non-spherical high 
explosives. The focus of the current paper is to compare experimental overpressure 
from a cylindrical explosive warhead with numerical results for both a cylindrical and 
a spherical warhead. 

The work contained in this report contributes to the Defence Science and Technology 
Organisation's experimental and theoretical capability to assess blast damage 
mechanisms of anti ship missile defence weapons. This docviment is the first of two 
parts. In this report, the analysis of results is for the free field. In the second report, the 
analysis is extended to blast / target interaction. An understanding of the lethality of 
anti ship missile defence weapons is important to be able to provide the Royal 
Australian Navy with advice relating to weapon procurement and platform 
vulnerability. 

2. Experimental Set-up 
Time of arrival measurements and overpressure histories have been recorded for four 
separate firings, however for convenience all of the results will be dealt with 
irrespective of the different firings. A photograph of the test arena set-up showing the 
explosive warhead and the various gauge stands is shown in Figure 1. In each test, a 
bare cylindrical warhead of Composition B (60 : 40) explosive was placed at a vertical 
height of 2015 mm from a concrete pad. The nominal diameter, length and mass of the 
warheads were D = 141 mm, L = 304 mm and Mass = 7.835 kg, respectively. 
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Figure 1. Photograph of the cylindrical warhead and instrumentation. 

2.1 Pressure Measurements 

For mid and far field blast measuremerits it is important to mount instrimientation as 
high as practically possible in order to minimise interference from ground reflections. 
The majority of pressure gauges and all the time of arrival sensors were placed at the 
same vertical height of approximately 2000 mm and varying horizontal distances from 
the warhead. This horizontal distance is the straight-line distance from the vertical 
centreline of the warhead to the sensor or gauge. Pressure gauges were placed as close 
to the warhead as possible, which from previous work with a similar explosive 
warhead [8] was determined to be 1980 mm. Moving the pressure gauges closer to the 
warhead would have resulted in possible damage to the gauges or erratic restilts. 
However a pressure gauge was placed at a nominal 1000 mm vertical height and at a 
horizontal distance of 1010 mm. This results in the gauge being situated downwards at 
an angle of 45° from the warhead centre. Due to the cylindrical geometry and the 
orientation of the warhead, this gauge position will experience lower pressure and 
exposure to fireball effects than if it had been situated at the 2000 mm vertical height. 

Pressure was measured with Endevco (model # 8530B) pressure gauges. These are 
rated to a maximum pressure limit of 6896kPa (1000 psi). The Endevco gauges employ 
a silicon diaphragm onto which a four-arm wheatstone bridge has been diffused. 
Compensation and balancing elements are also included. The gauges were mounted 
side-on to the direction of the blast wave. Each pressure gauge was mounted inside a 
machined nylon (Delrin) and O-ring moimt, which in turn screwed into the centre of a 
baffle plate. The nylon mount is used in an attempt to damp high frequency vibration. 
A baffle plate is shown in Figure 2. The baffle plate is a machined altmiinivmi knife 
edged disk, which is affixed to the top of a gauge stand. This ensures that minimal 
aerodynamic interference is encountered in the vicinity of the gauge. The diameter of 
the krufe edged disk was approximately 240 mm. 
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Figure 2. Photograph showing baffle plate used to mount the pressure gauge. 

Stands used for mounting pressure gauges must be extremely robust, yet still allow for 
fine position adjustment. The stands must also be designed to minimise gauge 
vibrations or "ringing". The stands used for this series of experiments were 
manufactured from 48 mm O.D. galvanised water pipe which has a nominal wall 
thickness of 4 mm. They consisted of a pair of forward legs and a longer diagonal 
piece that acted both as the third leg and the moimting arm for the gauge assembly. 
These two sections were held together by a commercially avaUable coupling knuckle 
which allowed for some height adjustment. The array of pressure gauge stands is 
shown in Figure 3. The stands are designed to provide working heights of 1000 mm or 
2000 mm. An additional section can also be added to increase the working height of 
the 2000 mm gauge stand to 2600 mm. These stands were anchored to the concrete test 
pad (12 m X 12 m) with a clamp that fitted into Unistrut channels. This type of stand is 
usually used in an array of up to four or five gauges and these are aligned to minimise 
shrouding or interference from adjacent gauges. 

Figure 3. Pressure gauge stands. The gauge at 1000 mm height is shown in the lower right 
corner. 
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Pressure measurements were recorded on Digistar III stand-alone recorders. These 
feature a programmable digitising rate of up to 5 million samples per second at 12 bit 
resolution and have up to 4 Mb sample memory. They can be powered by an external 
12V supply and have been designed for operation in harsh environments. 
Measurements from each pressure gauge are recorded on individual Digistar imits and 
are then downloaded onto a laptop computer where the information is subsequently 
processed. 

2.2 Time of Arrival Sensors 

The time of arrival sensors were placed at horizontal distances of 915 mm to 3185 mm 
and a vertical height of 2000 mm. Sensors used in TOA measurements require a rapid 
response time (< l)xs) and must be physically small so that they do not significantiy 
distort the shock front. Also, there is a need for large numbers of sensors to be used in 
order to get accurate spatial information of the shock wave. The advantage of this 
technique is that time of arrival sensors can be placed at very small distances from the 
explosive. The time of arrival sensors used for these experiments were Dynasen CA- 
1134 piezoelectric pins. These pins have a 3.175 mm diameter and utilise 0.508 mm 
thick PZT-5A crystal. These small sensors produce an electrical signal proportional to 
pressure when impacted by a fast moving object or shock front. This type of 
piezoelectiic pin is normally used for velocity of detonation measurements, where they 
are in direct contact with the explosive, or for measuring time of arrival of stress waves 
in solid materials. Therefore, tiiis type of sensor is insensitive to many tmdesirable 
stimuli that can excite pressure gauges. For a similar sized warhead to the one used 
here, it has been determined that these sensors are sensitive enough to measure blast 
time of arrival at distances of up to 5000 mm. These sensors are considered to be 
disposable because they are approximately one hxmdredth of the cost of a pressure 
gauge. 

The pin sensors were mounted in the tip of a solid aluminium cone that was attached 
to a 32 mm diameter aluminium pipe that was approximately 400 mm long, as shown 
in Figure 4. This assembly was affixed to a 2000 mm high stand that was manufactured 
from similar material to the pressure gauge stands as shown in Figure 1. The TOA 
stand consisted of a slightiy angled upright pipe that was attached to a steel base plate. 
Since the height was fixed at 2000 mm, the stand was simply aimed at the warhead 
centieline and bolted into position in the Unistrut channel. Some horizontal adjustment 
was possible by moving the aluminitim pipe in and out. 
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Figure 4. Time of arrival sensor. 

Although these sensors can easUy be multiplexed, it was decided not to in order to 
ensure reliability and simplicity. Each sensor was directly cormected to a single channel 
with no added amplification or conditioning of the output signals. Four sensors were 
used for each firing and their outputs were sent to individual channels of a 4 channel 
Tektronix TDS 544A digital storage oscilloscope. Data from this was transferred onto a 
laptop computer using GPIB software. 

2.3 Photo instrumentation 

Photo instrumentation activities included a Hycam rotating prism camera which was 
used to capture the shock wave travelling across a zebraboard background. As a 
backup for this, a NAC-EIO rotating prism camera was also used to provide another 
film, which could be used to test for correct exposures, and as a primary camera in the 
event of a Hycam failure. A Locam camera was used to provide a high speed colour 
documentary of each explosive event. A Minolta 35 mm camera was also used in 
sequencing mode to give still images of each event. 

Figure 5 shows the arena set-up with the zebraboard. The zebraboard was 4.8m wide 
and 1.2m high. Situated along the bottom and top of the zebraboard were fluorescent 
lamp reflectors which were used to hold slow peak - long duration flash bulbs. The 
zebraboard was made from steel tubing, with a steel wire mesh to hold 100 mm wide x 
1 mm thick aluminium sfrips (zebra sfripes) runnmg at 45 degrees. Setting the zebra 
stripes at 45 degrees improves the shock wave signature on the film. 

The iricrease in density caused by the blast wave, increases the refractive index of the 
air. It is this change of refractive index at the shock wave edge, which visually distorts 
the image of the background, subsequentiy allowing the shock wave to be recorded 
photographically, as shown in Figure 6. The position of the shock wave and time from 
detonation can be measured from the film and used to calculate velocity. 
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Figure 5. Arena set-up showing the zebraboard. 

Figure 6. Photograph of the zebraboard showing the visual distortion created by shock wave. 

Both the Hycam and the NAC-EIO were fitted with half height heads, which better suit 
the field of view required when using the zebraboard background. The field of view of 
each camera covered the entire width of the background. This also allowed a slower 
framing rate to be set, i.e. half that of a full height head, thus saving wear on the 
camera. The "event out" signal from the Hycam camera was used to trigger the firing 
of the explosive warhead. The camera takes approximately 1 second to reach the 
required speed, and can record for approximately 1.4 seconds at speed, using a 100 ft 
reel of film. Both cameras were run at a nominal framing rate of 3000 frames/second, 
effectively 6000 half frames/second. Mirrors were used to film the zebraboard from 
within a protective structure called a splinter proof, in order to protect the cameras 
from the blast. The splinter proof was positioned 43m from the warhead. The film used 
was 16 mm black and white Kodak 7278 Tri-X Reversal. The Locam camera was set to 
run at 500 frames/second. This camera recorded an overall view of the test arena. This 
imaging provided a high speed record of each event which was later transferred to 
video (Betacam). The video from event 4 was also converted into an AVI (audio visual 
interlaced) file, and digital stills. 
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There are two components to the analysis of the 16 mm fihn in providing velocity data 
of the shock wave. The first component is to derive timing information from the film 
rebate, using an event mark which has been exposed on the fihn, and timing marks 
which had been set at 1000 Hz. The 16 mm fihn is placed on a light box and several 
timing marks are measured to provide the camera's running speed, as shown in 
Figure 7. The distance between 6 timing marks is measured in millimetres, and 
averaged. The average distance between the 6 timing marks is then divided by the 
height of a 16 mm frame (7.605 mm). This value provides us with the number of 
frames that have been recorded per millisecond. The event mark (also recorded on the 
fihn rebate) as seen m Figure 8, is used to determine the exact position of To (time of 
detonator initiation) on the fihn. For the Hycam camera, the To image will lead the 
timing light signal by 5 frames. As the film rebate is visible on the fihn analyser, the 
operator can reset the fihn frame counter to zero by viewing the event mark next to a 
frame, and going backward 5 frames. Any measurements taken are then allocated the 
relevant frame number, and timing information. 

Figure  7.  Opto Scale used to measure 
timing Marks. 

TIMING MARKS 1000Hz 

Figure 8.Event Mark and Timing Marks. 

The second component of the analysis is to calculate the shock wave position from the 
centre of the warhead. The 16 nun film is projected onto a frosted glass screen in a 
NAC 160F Motion Picture Analyser, as shown in Figure 9. The operator uses a cursor 
as iUustrated in Figure 10, to measure X and Y coordinates from two reference pomts, 
and the outside edge of the shock wave. The NAC analyser provides data pomts in 
generic NAC imits, which the operator converts to millimetres by using the trial site 
survey data. 
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Figure   9. 
Analyser. 

NAC   160F  Motion   Picture Figure 10. Gathering X and Y co-ordinates 
of reference marks and shock wave position. 

Figure 11 shows how a typical frame would be analysed. For each frame being 
analysed, three coordinates are measured, they are reference mark 1 (P) XiYi, reference 
mark 2 (N) X2Y2, and the shock front position (Z) X3Y3. Each position is measured three 
times and then the average value of the three is used to reduce htmian error. Whilst 
these values are in NAC tmits, the following equations are used to calculate the 
position of the shock front (Z) relative to the warhead position (C) X4Y4 using the NAC 
analysis data and the survey data, whilst correcting any film jitter or camera 
movement. 

N - Reference Mark 2 C - Charge position on charge axis        P - Reference Mark 1 /Z - Shock front position 

Figure 11. Warhead position relative to shock front position, and reference points P and N [10]. 

The X,Y coordinates measured in Figure 11, are used to determine the distance 
between P and N in NAC units, using Equation 1. The distance in NAC units can then 
be compared to the distance in millimetres from the survey data, and a scale factor 
from NAC units to millimetres can be calculated. 

PN -I (X, ■X )^+(Y -Y)^ (1) 
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The gradient of the line between P and N is calculated using Equation 2. Checking the 
slope of P and N for each image, allows a correct warhead position to be established, 
even if the fihn jitters between frames in the analysis projector. 

Y,-Y, 

''"t^ (2) 
By using the scale factor calculated from Equation 1, the distance CP from the site 
survey data, is converted from millimetres to NAC Units. The NAC value of X and Y at 
position C is then calcvdated using Equation 3 (based on position P) or Equation 4 
(based on position N). 

CP 
X,=X,—_=andY4=Y,-(X,-X4)xC3 (3) 

CN 
^4=^2- I        2   andY^=Y^-(X.,-X^)xC3 (4) f- C3 

The result from Equation 3 and Equation 4 should be the same. The option of using 
either reference mark is available so that if the shock wave distortion on the 
background, blast products, or target debris were to obscure one of the reference 
marks, the warhead position relative to the shock wave position can still be calculated. 

Equation 5 calculates the distance of CZ in NAC units. The scale factor calculated from 
Equation 1, is then used to convert the distance of CZ from NAC units to miUimetres. 

CZ = ^(X,-X,fHY,-Y,f (5) 

The calculations done thus far provide the position of the shock wave on the 
zebraboard background. The zebraboard was situated back away from the actual shock 
wave so that it would not be damaged, nor interfere with the shock wave. Figure 12 
illustrates the geometry of the trial site. 

10 
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A - Charge to Lens Axis 
B - Camera to Backdrop 
C - Charge to Backdrop 
D - Camera to Charge 
E - Shock front to Charge 

Hycam Camera 

rpre.—I 

Charge 
Position 

Actual 
Shock' 
Position 

Position 

Figure 12. Schematic Geometry of the trial site [10]. 

Equation 6 is used to calculate the actual shock wave position. An imaginary line 
running from the camera, to the edge of the shock wave, and to the projected shock 
position, forms a tangent to the shock wave, and therefore the value of a+P degrees, 
and the length of D, can be used to find the length of E which is the actual shock wave 
position from the centre of the warhead. 

E = D sin (a+p) (6) 

3. Numerical Model 
A computational fluid dynamics analysis was conducted using IFSAS (Integrated Fluid 
Structure Analysis Software). In the numerical model, the flow is assumed to be two- 
dimensional, compressible and inviscid. Free Slip conditions are applied at all solid 
boundaries. The code uses an explicit second order Lax-Wendroff scheme with 6* 
order Flux Corrected Transport. Two cases have been modelled. The first case involves 
modelling the blast from a bare cylindrical warhead and is intended to be a direct 
comparison with the experimental tests. The second case is based on a bare spherical 
explosive warhead and is included here to illustrate the different blast profiles of 
cylindrical and spherical warheads. It should be stated, that the computational analysis 
here is not intended to be a predictive tool. Rather, the aim of the numerical work is to 
provide a complete two-dimensional representation of the blast in the free field. The 
complicated physics of the explosive detonation is not included in the model. 

11 
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Therefore, the validity of the model deteriorates in the near field. However, the model 
is relatively accurate in the far field, as shown in Section 4. 

3.1 Initial Conditions 

The blast effect of the detonation is modelled by setting an initial region of high 
pressure and high temperature. The initial conditions of this high pressure, high 
temperature region have been determined using the "balloon" analogue of Ritzel and 
Matthews [11]. The methodology described by Ritzel and Matthews is based on the 
work of Brode [12]. The initial high pressure, high temperature region is referred to as 
a balloon of nil confinement. The total blast energy of a pressurised balloon containing 
an ideal gas is given by Equation 7, 

c._V(P-Po) 
^-~pr (7) 

where E is the available blast energy of the warhead, P is the initial pressure, Po is the 
ambient pressure, V is the volvime of the balloon and yis the ratio of specific heats for 
the gas in the balloon. These parameters may be adjusted in order to "tune" the 
numerical results with observations from experiments. The shape of the initial high 
pressure region should have the same aspect ratio as the explosive. In this 
investigation, the available blast energy for Composition B is assumed to be 5.117 
MJ/kg [8]. For the current series of tests, the average mass of the Composition B high 
explosive is 7.835 kg. For the cylindrical warhead, the length and diameter of the 
warhead are L=304 mm and D=141 mm, respectively. Therefore, the total available 
blast energy is £=4.00925x10^ J and the initial cylindrical high pressure region must 
have a length to diameter ratio of approximately L/D=2. The balloon dimensions were 
set at L=720 mm and D=360 mm, this is in agreement with Wildegger-Gaissmaier et al. 
[8], where a similar sized warhead was modelled using the balloon analogue. The gas 
in the balloon was set to be HeUum, y=1.66. Helium was chosen rather than air 
because less energy is expended in accelerating Helium during the initial expansion of 
the balloon [11]. Using Helium to pressurise the balloon has been determined to 
produce a blast profile close to that created by a high explosive detonation [11]. A 
summary of ihe balloon parameters is given in Table 1. Using Equation 7, the pressure 
of the balloon, P, is determined to be 3.6116x108 Pa. The temperature is set at 3000 K in 
agreement with Wildegger-Gaissmaier et al. [8]. The same balloon parameters were 
used for the spherical warhead, with ihe exception that the initial shape of the balloon 
was spherical with a radius of 260 mm. 

12 
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Table 1. Initial conditions for the numerical model of the cylindrical explosive warhead. 

Diameter D 360 mm 
Length L 720 nun 

Blast Energy E E=4.00925xl07J 
Specific Heat Ratio y 1.66 
Ambient Pressure Po 1.01325x105 Pa 

Ambient Temperature To 298 K 
Balloon Pressure p 3.6116x108 Pa 

Balloon Temperature T 3000 K 
Balloon Density po 57.93 kg/m^ 

3.2 Afterburn Energy 

The chemical formula for Composition B shows that it is 43% oxygen deficient for 
combustion [13]. This means that approximately 40% of the total potential energy of 
the explosive is released as post detonation energy, referred to as afterburn. Wildegger- 
Gaissmaier et al. [8] investigated the effects of afterburn and concluded, for a warhead 
of the size used here, that 3.41MJ/kg should be released into the balloon gas as 
constant after-burn energy. Since 4.25 kg of Helitim was used to create the high 
pressure balloon, a total of 14.5MJ of afterburn energy was released. In accordance with 
Wildegger-Gaissmaier et al. [8], this energy was released over 30 mOliseconds. 

3.3 Grid Set-up 

In the experiments, the warhead was positioned at a vertical height of 2015 mm. Due 
to axi-symmetry only half of the warhead and free field needs to be modelled 
computationally as shown in Figure 13. A symmetry boundary is located at X=0, and a 
flow-through boundary at X=6000 mm and Y=4000 mm. The ground is accoimted for 
with a solid boimdary at Y=0 with slip velocity condition in the X direction. Static 
overpressure histories were output at the locations shown in Figure 13. The horizontal 
(X) and vertical (Y) coordinates of these points is given in Table 2. 

The domain shown in Figure 13 was discretised using cells of 20 mm x 20 mm, 15 mm 
X 15 mm, and 10 mm x 10 mm. The static pressure histories at the points shown in 
Figure 13 showed convergence for a cell size of 10 mm x 10 mm. Therefore, the 
numerical results presented in this paper were generated with a grid resolution of 
10 mm X10 mm. 
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Table 2. Output Locations for Static Overpressure. 

Pressure output 
location 

X coordinate Y coordinate 

1 1010 1000 

2 1980 2010 
3 2520 2000 
4 2950 2040 
5 3550 2000 

6 2010 2610 
7 2560 2600 
8 2960 2590 
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4. Results and Discussion 
In the following discussion, results recorded during the experiments will be compared 
with results generated ntimerically. The numerical method is not predictive and 
attempts have been made to match the numerical restilts with the measurements from 
the experiments. The errors associated with the experimental results have not been 
quantified. Rather, the approach adopted here is to use multiple techniques to 
determine the same parameter. For example, overpressure is measured directly with 
pressure gauges and is also determined from time of arrival data. The discussion of the 
results has been grouped into four sections comprising, time of arrival, overpressure 
histories, blast profile plots and fireball. 

4.1 Time of Arrival 

The time of arrival data recorded with sensors is presented in Table 3. All of the time of 
arrival sensors were placed at 2000 mm height, which corresponds to the horizontal 
centreline of the warhead. The distance, X, in Table 3 is the horizontal distance from the 
vertical warhead centreline to the time of arrival probe. Time of arrival of 16.532ms 
was also recorded with the PCB pressure gauge located at 9995 mm. Only one result 
from this gauge was obtained during the four firings. The peak pressure cotild not be 
given because the recorded pressure level was higher than the anticipated maximum 
tiiat was preset on the Digistar recorder. Therefore, only time of arrival information 
was obtained. Time of arrival data was also determined from the zebraboard images. 
For one of the events, the shock wave travelling across the zebraboard is shown in 
Figure 14. 

Table 3. Time of arrival data from sensors. 

X(mm) Time (ms) 

915 0.3842 

1330 0.5211 

1360 0.5634 

1751 0.7291 

1775 0.7739 

1885 0.7866 

1850 0.8840 

2235 1.0203 

2240 1.084 

2300 1.100 

2305 1.194 

2720 1.442 

2735 1.485 

2745 1.588 

3165 1.929 

3185 2.061 
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2.121ms 

3.105ms 
4.192m 

4.234ms 
4.835m 

5.364ms 
5.403m 

6.493ms 
5.931m 

7.622ms 
6.434m 

8.751ms 
6.925m 

9.880ms 
7.404m 

Figure 14. Images of the shock wave distortion on the zebraboard. 
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The time of arrival data obtained from the zebraboard over two independeiit events is 
given in Table 4. 

Table 4. Time of arrival data from zebraboard in two separate events. 

Event 1 Event 2 

X(mm) Time (ms) X(mm) Time (ms) 

3576 2.322 _J 3600 2.258 

3678 2.459 3712 2.399 

3780 2.595 3818 2.541 

3829 2.732 3865 2.682 

3973 2.868 4009 2.823 

4061 3.005 4106 2.964 

4151 3.141 4192 3.105 

4244 3.278 4284 3.246 

4326 3.415 4365 3.388 

4408 3.551 4448 3.529 

4488 3.688 4531 3.670 

4568 3.824 4609 3.811 

4643 3.961 4687 3.952 

4718 4.098 4767 4.093 

4795 4.234 4835 4.234 

4864 4.371 4912 4.376 

4938 4.507 4984 4.517 

5008 4.644 5052 4.658 

5078 4.78 5125 4.799 

5152 4.917 5196 4.940 

5218 5.054 5262 5.081 

5286 5.19 5336 5.222 

5354 5.327 5403 5.364 

5419 5.463 5471 5.505 

5486 5.6 5536 5.646 

5552 5.737 5603 5.787 

5617 5.873 5668 5.928 

5680 6.01 5732 6.069 

5743 6.146 5801 6.210 

5805 6.283 5866 6.352 

5874 6.419 5931 6.493 

5933 6.556 5997 6.634 

5994 6.693 6057 6.775 

6057 6.829 6119 6.916 

6121 6.966 6182 7.057 
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Table 4 continued. Time of arrival data from zebraboard in two separate events. 

Event 1 Event 2 
X(mm) Time (ms) X(mm) Time (ms) 
6181 7.102 6246 7.198 
6240 7.239 6307 7.340 
6300 7.376 6372 7.481 
6364 7.512 6434 7.622 
6425 7.649 6496 7.763 
6484 7.785 6558 7.904 
6544 7.922 6628 8.045 
6606 8.058 6680 8.187 
6661 8.195 6740 8.328 
6723 8.332 6801 8.469 
6785 8.468 6862 8.610 
6840 8.605 6925 8.751 
6900 8.741 6985 8.892 
6958 8.878 7044 9.033 
7015 9.015 7103 9.175 
7076 9.151 7164 9.316 
7130 9.288 7207 9.457 
7188 9.424 7280 9.598 
7235 9.561 7343 9.739 
7301 9.697 7404 9.880 
7359 9.834 7464 10.021 
7420 9.971 
7479 10.107 

The time of arrival data from the sensors, zebraboard and Pitot static pressure gauge is 
plotted in Figure 15, with a fitted curve of the form: 

63 X = a„+ct + a,Jn(t) + -^ 62" (8) 

where X is the distance from the warhead and the values of the constants, aeo, aei and 
363 are 8.6354, 0.9781 and -2.7729xl0"^ respectively. The remaining parameters in 
Equation 8, are the speed of sound, c=340m/s, and time, t. 
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Figure 15. Shock front time of arrival measured with sensors, zebraboard and Pitot static 
pressure gauge. 

The fitted curve in Figure 15 accurately represents the trend of the data. Equation 8 was 
differentiated to determine velocity of the blast wave. This enables Mach number to be 
calctilated as a function of distance [9]. By assuming the shock to behave as an ideal 
gas, the Rankine-Hugoniot relation can be used to give Equation 9, where P is the 
shock wave pressure, Po is ambient pressure, ythe ratio of specific heats and M is 
Mach nvunber. 

P             2y 
— = 1 +  

Po 1 + Y 
k-i] (9) 

Overpressure (P-Po), as a function of distance from the warhead is shown in Figure 16. 
Also shown in Figure 16 are overpressures measured during the experiments. Future 
work wiU employ time of arrival measurements to determine overpressures at 
distances of a few millimetres from the warhead. 
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Figure 16. Peak overpressure versus distance from the warhead. 

4.2 Overpressure Histories 

Typical blast overpressure histories from various pressure gauges are shovm in Figure 
17 to Figure 20. Also shown for comparison in each of these figures are the numerical 
results for spherical and cylindrical warheads. As stated in Section 2.1, the pressure 
gauges were positioned at various horizontal distances (1010 mm < X < 3550 mm) and 
at three different heights. These gauges were positioned such that their heights were 
nominally 1000 mm, 2000 mm and 2600 mm. The entire set of pressure histories 
recorded dvu-ing the trial is given in Appendix A. 

Figure 17(a) shows the results for a gauge located at a horizontal distance of 
X=1010 mm and a vertical height of Y=1000 mm. It can be seen that there are significant 
differences between the numerical results and the experimental overpressure record. 
Figure 17(a) iQusfa-ates the limitation of the numerical model in the near field. The 
magnitude of the numerical overpressure for the spherical warhead was 2727 kPa and 
as expected, this is higher than the overpressure for the cylindrical warhead, which 
was 1924 kPa. This is due to the non-uniform blast of the cylindrical warhead. The 
magnitude of the experimental measurement was 1192 kPa and this is considerably 
less than the numerical result. It should also be noted that, in the experiment, the peak 
overpressure occurs later than nxmierical results. Qearly, a different approach is 
required to model blast in the near field. 

Figure 17(b), shows the results from a gauge situated at a horizontal distance of 
X = 1980 mm and a height of Y = 2010 mm.  The agreement is better than in Figure 
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17(a). The experimental peak overpressure of 1992 kPa is higher than the numerical 
result of approximately 1630 kPa for a cylindrical warhead and 1053 kPa for a spherical 
warhead. Although there are differences between the results from the experiments and 
the numerical values, the trend of the numerical results is reasonably accurate. The 
numerical results show that the overpressure from a cylindrical warhead can be higher 
than that from a spherical warhead. This phenomenon was also observed by Swisdak 
[14]. Swisdak [14] foimd that the peak overpressure from cylindrical warheads with 
L/D=2 was approximately 1.6 times greater than the blast caused by spherical 
warheads. 

It wotild have been possible to achieve closer agreement with experimental results in 
Figure 17(b) by increasing the initial balloon pressure, however, this wotild have 
resulted in greater differences in other regions of the flow field. This is evident in 
Figure 18(a), which shows the experimental and predicted overpressures at a similar 
horizontal distance from the warhead but at a height of 2600 mm instead of 2000 mm. 
As can be seen, reasonable agreement has been achieved. The predicted overpressure 
for the cylindrical case was 1269 kPa compared to the measured overpressure which 
was 1066 kPa. However, if the initial balloon pressure in the model was increased to 
correct for the variations seen at the 2000 mm height, the calculated overpressure 
would have been even higher at the 2600 mm height. 

Figure 18(b), shows overpressure histories at a horizontal distance of X = 2520 mm and 
vertical height of Y=2000 mm. The peak experimental overpressure was 1160 kPa 
while the calculated level for the cylindrical case was approximately 812 kPa. For the 
spherical case the predicted level is even less at 591 kPa. Obviously, this difference has 
serious implications when determining the resultant blast damage effects. Further 
work is required to model the blast overpressures in the near field region. 

Results from a gauge positioned at X=2560 mm and height of Y=2600 mm, are shown 
in Figure 19(a). This location can now be considered as the mid field region. Figure 
19(a) shows a relatively good agreement between the experimental overpressure of 724 
kPa and the magnitude of the calculated overpressure for the cylindrical warhead of 
663 kPa. Figure 19(b) shows results from a position of X=2950 nam and a height of 
Y=2040 mm. There is reasonable agreement between the measured experimental 
overpressure and the calculated overpressure for the cylindrical warhead. The 
measured overpressure of 675 kPa was once again higher than the calculated result for 
the cylindrical case, which was 496 kPa. As expected, the calculated result for the 
spherical warhead of 384 kPa was lower than the overpressure from the cylindrical 
warhead. 

Figure 20(a) shows results for a gauge positioned in the mid to far field, at a distance of 
X=2960 mm and a height of Y=2590 mm. The measured overpressure was 594 kPa 
which is higher than the numerical result of 453 kPa for the cylindrical warhead. Once 
again, the restilt predicted for spherical warhead was lower at 362 kPa. Figure 20(b) 
shows the results for the gauge positioned in the far field, where X=3550 mm and 
Y=2000 mm. At this distance, the measured and the calculated result for the cylindrical 
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warhead show good agreement. The magnitude of the measured overpressure was 338 
kPa compared to 296 kPa for the cylindrical warhead. Furthermore, the difference in 
peak overpressure between the cylindrical warhead (296 kPa) and the spherical 
warhead (242 kPa) is also relatively small. 

The results shown in Figure 17 to Figure 20 suggest that the differences between tiie 
cyUndrical and sperical warheads are more apparent in the near field and that the 
respective blast overpressure levels are comparable in the far field. Future work will 
involve further analysis of the numerical results along the vertical centre line to 
determine if the same trends are apparent. 
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Figure 17. Experimental and computational overpressure histories at (a) X=1010 mm and 
Y=1000 mm and (b) X=1980 mm and Y=2010 mm. 
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Figure 18. Experimental and computational overpressure histories at (a) X=2010 mm and 
Y=2610 mm and (b) X=2520 mm and Y=2000 mm. 
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Figure 19. Experimental and computational overpressure histories at (a) X=2560 mm and 
y=2600 mm and (b) X=2950 mm and Y=2040 mm. 
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Figure 20. Experimental and computational overpressure histories at (a) X=2960 mm and 
Y=2590 mm and (b) X=3550 mm and Y=2000 mm. 

4.3 Blast Profiles 

The numerical model was used to generate contour plots of static pressure shown in 
Figure 21 and Figure 22 for the cylindrical and spherical warheads, respectively. Each 
frame represents the static pressure profile at the time shown at the top of the frame. 
Overpressure may be calculated by subtracting the ambient pressure of 101.325 kPa. 

In Figure 21(a) and Figure 22(a), the initial balloon for the cylindrical and spherical 
warheads are shown. Figure 21(b) and Figure 22(b) show pressure contour plots at 1 
millisecond. In both figures, the blast wave has travelled a relatively short distance 
from the warhead and is classified as being in the near field. The accuracy of the 
numerical model is limited in the near field, however, these contour plots may stiU be 
useful for a qualitative comparison between blast from cylindrical and spherical 
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warheads. In Figure 21(b), the high pressure gas in the balloon has expanded to a 
horizontal distance of over 2000 mm. The initial blast wave has an obvious non- 
uniform shape. The blast is more focused at the horizontal centreline of the warhead at 
Y=2015 mm. A reflection of the blast is visible at the lower left corner of the frame. The 
spherical case shown in Figure 22(b), shows a uniform blast profile, also with a ground 
reflection visible at the lower left corner. 

Figure 21(c) through to Figure 21(f) show the development of the blast wave in 1 
millisecond intervals for the cylindrical case. The reflection of the blast wave that was 
visible at 1 millisecond develops into a Mach stem and is clearly visible after five 
milliseconds as the highest pressure region in Figure 21(f). An important feature to 
note here is that the static pressure is considerably higher in the region of the mach 
stem compared with the rest of the blast wave in Figure 21(f). The corresponding 
frames for the spherical case in Figure 22(c) through to Figure 22(f) show a similar 
trend to the cylindrical case. A Mach stem is also clearly shown in Figure 22(f). 

In Figure 21(f) and Figure 22(f) for the cylindrical and spherical warheads, respectively, 
the blast waves have travelled a significant distance and can be classified as being in 
the far field. The differences between the blast waves are less apparent in these figures. 
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Figure 21. Static pressure contour plots for the cylindrical warhead. 
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Figure 22. Static pressure contour plots for the spherical warhead. 
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4.4 Fireball 

After the detonation of a high explosive like Composition B, the detonation products 
continue to expand into the free air. The expansion of the detonation products causes 
mixing with the oxygen in air and allows the combustible components of the 
detonation products to burn. This is known as the fireball [15]. 

A series of fireball images recorded with the Locam camera is shown in Figure 23. 
Figure 23 shows that the fireball is non-spherical and has a significant horizontal 
component. The images in Figure 23 can be compared with contour plots from the 
numerical model. As discussed in Section 3, the numerical model does not simulate the 
detonation of the high explosive. However, the nimierical results can be used to 
provide a qualitative analysis of fireball growth [8]. By assuming that the fireball and 
detonation products do not mix with the ambient gas, a contour plot of ratio of specific 
heats shows how the gas in the initial high pressure "balloon" expands. In the model, 
the explosion source is a high pressure helium balloon. Helium has a specific heat ratio 
of Y =1.667. The ambient gas used was air with a specific heat ratio of y =1.4. Figure 24 
shows contour plots of specific heat ratio for the cylindrical warhead. The contour plots 
are for 1 nrdllisecond intervals from 0 to 5 milliseconds. At Time=0, Figure 24 shows 
the initial shape of the high pressure balloon. After 1 millisecond, the gas in the high 
pressure balloon has expanded into a shape representing a cross with significant 
vertical and horizontal components. This highlights the non-uniform expansion of the 
cylindrical balloon as observed in Section 4.3. Figure 24, shows the gas in the balloon 
continues to expand in the shape of a cross and after 5 milliseconds has a similar shape 
to that shown in Figure 23, though the time increments of Figure 23 and Figure 24, are 
not synchronised. 

For comparison purposes. Figure 25 shows contour plots of specific heat ratio for a 
spherical warhead, at 1 millisecond intervals. At time zero, the spherical shape of the 
initial high pressure balloon can be seen. At 1 millisecond this high pressure gas has 
expanded and approximately retained its spherical shape. There is also the formation 
of multiple "jets". The origin of these jets is tmclear. Further investigation is required to 
determine if the presence of the jets occurs in reality or whether they are a 
characteristic of the numerical procedure. 
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Figure 23. Fireball images recorded with a Locatn. 
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Figure 24. Contour plots of specific heat ratio for the cylindrical warhead. 
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Figure 25. Contour plots of specific heat ratio for the spherical warhead. 
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5. Conclusion 
An experimental and numerical investigation of the blast produced from a bare 
cylindrical high explosive warhead was conducted. Time of arrival measurements were 
used to determine peak overpressures in the near field. Overpressure histories in the 
mid to far field were measured with pressure gauges and also determined numerically. 
The results show significantly higher overpressures at points that are perpendicular to 
the axis of the cylindrical warhead. This feature of cylindrical warheads is important 
when determining the potential damage that can be caused by a warhead. 

The results of the numerical analysis were used to generate two-dimensional contour 
plots of pressure. A close agreement was achieved with results from experiments for 
overpressures in the far field. In the mid field however, there were significant 
differences in the amplitudes of overpressures measured in the experiments and those 
determined with the nvimerical model. More work is needed in order to accurately 
model blast in the near to mid field. Currently, the ntmierical model is used to provide 
a qualitative comparison between a cylindrical and spherical warhead. The model 
shows that the blast waves differ in the mid field and become quite comparable in the 
far field. 
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Appendix A: Side-on Overpressure Histories 

The following overpressure histories were recorded during the Generic Warhead trial 
that was conducted from 12*1^ to 22"d of June 2001. Four warheads were detonated 
during the trial. The warheads were cylindrical and made from Composition B. The 
nominal diameter, length and mass of each warhead was 141mm, 304 mm and 7.835kg, 
respectively. The warheads were placed with the length in the vertical direction and 
the horizontal centreline of the warhead was set at 2000 mm. In each figure below, the 
position of the pressure gauge is described in terms of the horizontal distance from the 
warhead centreline, X, and the vertical height, Y, from the ground (Y=0). 
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