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ABSTRACT  

An extension of standard to spherically symuetric flow in the analysis 

of shock tube performance is used to explain the blast wave developments 

that occur on the release of a gas from a cylindrical vessel into the free 

atmosphere following the rupture of a bursting disc. The characteristics 

of such a flow are essentially an atmospheric compression by an accelerating 

contact surface followed by the formation of a shock wave and such occur-

rences find their place in industry associated with pressure relief mech-

anisms and unconfined vapour cloud explosions. The scaling of these 

explosive forms of energy release is discussed and has been investigated 

with a view to predicting the hazards of a potentially explosive situation 

from small scale experimentation by a variation of the main venting para-

meters. The parameters considered here are the disc bursting pressure, the 

area available for venting and the type of gas vented. 

The process of shock wave formation is examined by both computer simu-

lation and photographic techniques, each showing similar flow developments 

under the same conditions. Quantitative analysis of the contact surface 

and shock wave trajectories have allowed a comparison of the scaled results 

to be made with a point source blast wave solution. In this respect the 

effectiveness of two scaling lengths is examined, one represented by the 

analytical expression below, 

b 
E 1 = 1.28 (  2 ) Co Po Am  (Y + 1) 	C 	F 

where b = (3Y - 1)/2(Y - 1) 

and the other (E2) determined empirically from a knowledge of the energy 

release rate. The ranges over which various parameters have been investi-

gated are given below together with evaluations of scaling lengths. 
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Gas 
Disc Bursting 
Pressure (psig) 

Orifice 
Diameter (in) 

Scaling Lengths 

€ 16.°  E.  2(")  

Air 70 1 0.2948 0.2064 

to to to to 

250 4 1.1271 0.8646 

Helium 140 1 0.1L666 0.2135 

to to to to 

300 4  1.9455 1.0227 

Absolute values of blast wave parameters cannot be predicted for all 

situations using these scaling lengths but they prove to be effective in 

predicting the relative changes brought about by a variation in the venting 

conditions, the plots of the shock strength scaled distance dependance 

merging into a single line after the shock development stages are past. 

These early stages are associated with the blast wave energy injection time 

and it is shown from experimental evidence of gas flow within the vessel 

that the blast wave is fully developed once steady state discharge through 

the orifice has been achieved. The strength of the wave is found to be 

related t o the energy released from the vessel over this period. 
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CHAPTER TTE  

INTRODUCTIO7  

1.1 Shock eaves 

Up to the early 1800ts any disturbance propagating through air was 

generally regarded as an acoustic :•rave moving with the speed of sound. 

It was Stokes (1548) who first reported the existance of discontinuities 

moving with speeds far greater than that of sound. By using Poissonts 

integral describing the one-dimensional motion of an acoustic wave in an 

ideal elastic fluid, he showed how the leading edge of the wave gradually 

became steeper and eventually discontinuous. Stokes, however, doubted 

whether such a discontinuous motion could exist in a real fluid and argued 

that dissipative effects, such as viscosity and heat conduction, would pre-

vent its formation and if for an instant, discontinuous motion was present, 

it would be rendered continuous again almost immediately. Nathenatical 

treatment of the propagation of such disturbances or shock waves was later 

made by Rienann (1860), Rankine (1870), Hugoniot (1887), Chapman (1599), 

Jouguet (1902, 1917) and Taylor (1910). In particular Rierann refined the 

theory of shock transition but made the incorrect assumption that the pro-

cess was isentronic and it was left to Rankine to point out this defect and 

show that shock transition complies with the principle of conservation of 

energy but not of entropy. To confirm this Hugoniot pointed out that, in 

the absence of viscosity and heat conduction, conservation of energy across 

a shock wave automatically implies a change in entropy. 

A shock wave as opposed to a sound wave was later described as a dis-

turbance which displaced particles along the direction of propagation, the 

velocity of the particles being such that it cannot be neglected in com-

parison with the disturbance velocity. The equations which govern the 



changes in such a wave are given by the Rankine - Hugoniot relations 

which, for present purposes, are most conveniently written in the form 

below and are fully derived in Appendix A. 

u - u 	2 
1 	o = 	(M - 1 
co 	+ 1 	( 	iS 

2 

c
= Tl  =1  

T 
c
o 0 

ei 	_  2 
eo 

P1 = 1 + 2X 

0 	y + 

+ 2 	( '‘ - 1)„, 142  - 1 2,52 
( - 1) (1.2) 

(1.3) 

(1.10 

771' 1)c 

—1 
(1 _ 1,1 ( 	/11 

(M2  - 1) 

S - S 	, {1 + 2Y 	(112  - 1)} + In 	- 2 	- 12  1 	o 	y + 1 	 +1 l 	m 	.5) Cy 

1.2'The Shock Tube  

The first practical use of shock waves was made when Vielle (1899) 

developed the shock tube for studying high speed flows of gases. The 

shock was produced by the rupturing of a diaphragm which separated a high 

pressure gas in one section of the tube from a gas at a lower pressure in 

the other. Velocities were measured by mechanical means up to about twice 

the speed of sound in a 20 ft. long and 22 ran. diameter tube using a 

diaphragm pressure ratio of 27. 

There was a lapse of 40 years before interest in shock tubes was 

revived by Payman and Shepherd (19146) who set out to verify the theoretical 

relationships governing the motion of shock waves. They used a wave-speed 
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camera to obtain continuous Schlieren records of the disturbances produced 

when the diaphragm ruptures under a variety of conditions, the main experi-

mental changes being the use of different gases, the pressure ratio across 

the diaphragm and the length of each section of the shock tube. 

The classical descrintion given of the one-dimensional gas notion when 

a diaphragm ruptures assumes that it is completely and instantaneously 

removed and a shock wave is formed immediately as shown schematically in 

Figure 1.1 

h pre 	Dia.hragm Low  pressure 

Shock tube 

Figure 1.1 	Wave form in an ideal shock tube  

The shock wave(S) propagates into the undisturbed gas, region (1), 

with constant supersonic velocity which is determined by the type of gas 

used in the tube and the pressure ratio across the diaphragm. The gas in 

region (2) is that which has undergone an irreversible adiabatic compres-

sion on passing through the shock. wave and is now travelling in the same 

direction and is assumed to have a uniform velocity and thermodynamic 
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state. It is followed by the contact surface (C) which separates the 

shocked gas from the expanded high pressure gas. The gas velocity and 

pressure either side of the contact surface are equal but there is a 

temperature discontinuity due to the contrasting thermodynamic processes 

through which each region has passed. The properties of the gas in region 

(3) are achieved by the undisturbed high pressure gas, region (4) 

accelerating through an expansion or rarefaction wave (R) which is centred 

due to the earlier assumption of instantaneous diaphragm removal. 

Ideally the contact surface is completely planar and there is zero 

mass flux between each region it separates. Because of this property no 

alterations to the flow pattern will be introduced if the contact surface 

is replaced with a solid boundary which follows the same path. 

The problem of a solid boundary or piston moving within a gas is dealt 

with by Courant and Friedrichs (19)8) for the one-dimensional case by an 

investigation of the method of characteristics for solving the differential 

equations of motion for a compressible flow. The problems of a rarefaction 

wave and a compression wave are treated as separate entities, the first 

being an exampled a piston retreating from a gas which is initially at 

rest and the second an example of a piston advancing into a gas under the 

same conditions. The disturbances set un in either case can best be 

illustrated by a diagram showing the characteristic or disturbance paths. 
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Figure 1.2a Wave form for a piston retreating with  
constant velocity  

time 

-Piston 

Figure 1.2b Wave form for a piston advancing with  
constant velocity 

Figures 1.2a and 1.2b show both a retreating and advancing piston which 

have attained a steady velocity instantaneously and set up a network of 

disturbances travelling at the local speed of sound relative to the gas 
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motion. In the case of the rarefaction wave the first and last disturbances 

leave the piston surface at the sane time and form what is known as a 

centred rarefaction wave. The advancing piston formsa shock wave 

immediately which Proceeds with a constant supersonic velocity and is 

followed by a set of disturbances travelling through a uniform gas. Such a 

motion cannot exist in real situations as a piston will always accelerate 

from zero velocity to its maximum over a finite period of time and generate 

a non-centred rarefaction wave and an initially unsteady, shock free gas 

motion ahead of the piston as illustrated in figure 1.3 a and b. 

  

time 

    

R 

    

Piston 

       

\-* 

     

      

        

        

Figure 1.3a Wave form for a piston retreating with an 
initial acceleration  

I,  time 

Figure 1.3b Wave form for a piston advancing with an  
initial acceleration 
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In both cases of piston motion the rarefaction wave is adjacent to a region 

of steady state and for one-dimensional flow it is known as a simple wave 

for which there exists an analytical solution over the whole flow field. 

Each disturbance or characteristic path has its own particular value of u 

and c, the particle velocity and sonic velocity respectively, which are 

maintained throughout the flow subject to it remaining a simple wave. The 

path of the disturbance, x = 	+ c)t is thus represented by a straight 

line. 

The qualitative statements pertaining to rarefaction waves also apply 

to compression waves, but in this case the disturbance paths converge due 

to the increasing gas and sonic velocities at the piston surface. The 

simple wave solution for a compression only exists for a certain time as 

the converging characteristics will intersect and form an envelope on which 

the gas properties would conflict as shown in figure 1.4 

distance 

Figure 1.4 Converging characteristic directions for  
an accelerating piston  

It is at the cusp of this envelope that the solution first begins to be 

invalid and the problem can only be overcome by introducing a discon-

tinuity or shock wave into the flow. 



(1 .10) t = 
t
I) (3Y 4-  1) 4. 	
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The solutions of interest made by Courant and Friedrichs (1948) are for the 

one-dimensional plane flows associated with the two different piston motions 

given by the following expressions: 

x
p 

= a
2 
t
p
2 	 (1.6) 

x
p 
 = a

3  tP 
 3 	 (1.7) 

The equatior for the resulting envelope of characteristics for each case 

has been derived and a simple extension of this theory gives the co-

ordinates of its cusp, that is the point at which a discontinuity first 

forms. Equation (1.5) represents a motion with constant acceleration and 

the corresponding expression for the envelope is: 

t 	1f2a2  to  4. co 	
(1 .8) 

The minimum value of t on this envelope is given when t = 0, and is thus 

on the line representing the first disturbance emitted by the piston at a 

value given by: 

t = c 
s 	o 
177 1)a2  

(1.9) 

The second niston motion (eq. 1.7)  has a non-uniform acceleration with the 

corresponding envelope given by: 
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The minimum value of t on this envelope is found by differentiating the 

above expression with respect to t and setting the result equal to zero 

which gives the equation below: 

t
s 

= 	2 	co (3Y 1) 
+ 1 	6a3  

A similar observation on the shock formation for one-dimensional flows was 

made by Jones (1958) in a theoretical study of flame acceleration. It is 

shown that the disturbances produced by a uniformly accelerating flame 

cause a discontinuity to form on the path of the initial disturbance at a 

time given by: 

C
o  

8 	(r + 1)a2  p 
(1.12) 

where p is defined by the expression 

u = 0.1 	 (1.13) 

relating the gas velocity in front of the flame to the flame velocity. If 

p inset to unity, in otherwords making the flame a solid boundary, the 

expression reduces to that obtained for the piston motion. Furthermore for 

a non-uniformly accelerating flame the discontinuity in the flow is first 

shown to form between the initial disturbance and the flame front. In this 

case the time co-ordinate is given by: 

is  = 2 	co nx 1) - 2/g 	0.10 
6 a

3 

which again reduces to the expression obtained for the piston motion when 

p is set to unity. 
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Figure 1.5 shows each disturbance emitted from an initially accelerating 

piston coalescing with the shock wave and increasing its velocity up to a 

maximum value. This coincides with the intersection of the disturbance 

which left the piston at the time it ceased to accelerate, from then on the 

shock will propagate with a constant velocity equal to that of the piston. 

The acceleration of the shock wave introduces a region of non-uniform 

entropy into the flow because in the initial stages the unshocked gas 

experiences first of all an adiabatic compression and then is compressed by 

a shock of gradually increasing strength. 

E 

distance 

Figure 1.5 Development of a shock wave by 
an accelerating piston 

Physically a concept like that of a piston within a shock tube cannot exist 

as a perfectly defined surface but tends to appear as a finite layer due to 

turbulence, caused by the imperfect rupture of the diaphragm, which grows 

from the effects of conduction and diffusion. These dissipative processes 

also influence the propagation of the shock wave and instead of maintaining 

its constant velocity until it comes under the influence of the reflected 
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rarefaction wave there is a noticeable attenuation. Glass et al (1953) 

assure this attenuation is associated with the boundary layer build-up 

within the shock tube and is most marked for strong shock waves. 

1.3 Spherically Symmetric Flows  

Taylor (19146), in his paper dealing with the air wave surrounding an 

expanding sphere, introduces the concept of extending the use of a moving 

piston to simulatezpherically symmetric flows and comparing the results 

obtained in this way with those for explosions where the contact surface 

has an identical path to that of the piston. Examples of such notions are 

the fracturing of a glass sphere containing a high pressure gas, Brode 

(1955); the explosion of an unconfined vapour cloud, Strehlow et al (1973); 

the detonation of a solid explosive charge, Dewey (1963); gunfire; the 

explosion of a thin metal wire under the discharge of a large amount of 

electrical energy, Brossard (1970); and the focusing of an impulse beam 

from a laser; all of which in general terms can be represented by the rapid 

release of a large amount of energy into a finite volume, the resulting 

motion generally being known as a blast wave. 

The solution of this type of problem falls into one of three categories 

depending on the strength of the explosion. For the case of the shock 

overpressure maintaining a value greater than ten atmospheres at distances -

and times which are large compared with the dimensions of the energy source 

and the energy release time respectively, the point source solution can be 

applied. The problem was treated about the same time, but independently, 

by Taylor (1950), Sedov (1946) and Von Neumann (1944), the former being 

asked to estimate the effects of the release of a large amount of energy 

into the atmosphere in the form of an atomic bomb. By assuming the finite 

amount of energy is released in an infinitely concentrated form, and the 

ambient pressure Tis negligible compared with the subsequent shock over-

pressure, it is possible to scale the dependant variables and show that 
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the shape of the distribution of each new variable does not change with 

time, the motion being self similar. The parameters which determine the 

gas motion are the energy of the explosion E0, and the ambient gas density 

only, and these can be combined with distance r and time t to form a 

dimensionless similarity variable 2  given by: 

• 2 = r 1!.7  

o Et 

The solution can-now be expressed in the following form: 

1-5;  = f (9), U = g (7), 	= h (9) 
IT 	e, 

1.16) 

where subscript 1 refers to the value of the variable immediately behind 

the shock front, while f, g and h are functions of the similarity 

variable ,. At this point Taylor took the analytical solution no further, 

but proceeded by substituting these relationships into the flow equations, 

reducing them to ordinary differential ones which are solved by simple 

numerical techniques. Sedov and Von Neumann obtained a completely analytical 

solution as have more recent workers including Latter (1955) and Taylor J.L, 

(1950. 

Analytical solutions also exist for the weak shock region where an 

approximate acoustical theory can be applied as in the work of Bethe (1944) 

and Von Neumann and Bethe (1958). Alternatively a different approach was 

made by Landau (1945), Whitham (1950) and Sedov (1959) who assumed that in 

this region the shock asymptotically decayed to a sound wave. 

The intermediate shock strength region has eluded a suitable analytical 

approach except for an approximate treatment by Von Neumann and Bethe (1958) 

15 .15) 
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which gives more of a qualitative than quantitive description of a point 

source explosion. An analytical solution which is valid over all three of 

these regions is arrived at by an extension of the shock propagation theory 

of Brinkley and Kirkwood (19t7) by Sachdev (1972) and gives excellent 

agreement with other valid solutions. A simple analytical solution has been 

made by Chernyi (1957) which assumes that for a strong explosion the entire 

mass of gas encompassed by the shock wave is concentrated in a thin layer 

immediately behind the shock and has a density equal to the maximum 

attainable by shock transition given by: 

(1 .17) 

On the basis of this assumption the gas velocity can be taken to be uniform 

within the layer and on equating the change in momentum of the layer to the 

work done by compressing the gas an expression is arrived at for the path 

of the shock as a function of time. A similar technique was adopted by 

Vlases and Jones (1966) to predict the path of a cylindrical shock wave, 

produced in an inverse pinch machine, from the strong shock region down to 

the acoustic limit. It was expected that a smooth joining of the two limit 

solutions would give a satisfactory description of the behaviour in the 

intermediate region. This method has been extended to the case of spheri-

cally symmetric flow by Jones (1968) and has given good agreemertwith other 

theories for predicting the shock path. Unfortunately this type of solution 

cannot be used to give the pressure profile behind the shock due to the 

assumptions made concerning the distribution of the shocked gas. The 

intermediate strength wave only received suitable treatment on the advent 

of high-speed digital computers, when it was possible to perform a complete 

numerical solution. Since the unsteady spherically sylinetric flow of an 
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ideal gas is governed by a set of non-linear hyperbolic partial differential 

equations the numerical methods of solution are limited to three main 

techniques, namely the characteristic mesh, finite difference and particle-

in-cell.Elliot (1971) performs a critical analysis of each of these methods. 

The method of characteristics is the most accurate of the three but tends to 

be rather complex when there are a number of discontinuities in the flow. 

The finite difference method, which is usually used with an artificial 

viscosity term to smooth out shock waves and simplify the solution, is 

prone to inaccuracies if the mesh size is not kept small and generally 

gives poor shock definition. The artificial viscosity term most widely 

used in this method is that due to Von Neumann and Richtmyer (1950) who 

discuss some of the stability problems of the solution. It has been put 

into practical use by Erode (1955) in an extension of the point source 

explosion from the strong shock region using the results of the analytical 

solution as initial conditions. The particle-in-cell method (p.i.c.) was 

first developed by Evans and Harlow (1957), and for one dimension is some-

what inferior to the characteristic and finite difference techniques as 

regards accuracy and computing time, but in two or more dimensions it has 

the advantage it can deal with many more flow discontinuities. 

The flow in front of an expanding spherical piston is only expected to 
to provide 

develop a single shock wave and therefore/the most accurate solution the 

method of characteristics is chosen to deal with this problem. It was 

originally introduced by Massau (1899) and redeveloped by gas dynamicists 

firstly for the solution of steady two-dimensional and unsteady one-

dimensional planar flow. Courant and Friedrichs (1948) describe the 

application of the method of characteristics to these types of flow and 

formulate analytical solutions. The solution is based on a linear com-

bination of the unsteady flow equations in which the dependant variables are 
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differentiated in the sane direction. There are two sets of these 

directions, the positive and negative characteristics, which intersect and 

form a grid in the x - t plane. Along each direction the partial differen-

tial equations become ordinary ones which can be solved either analytically 

for the types of flow mentioned above or for the general case by using 

finite difference relations between each characteristic intersection. 

For spherically symmetric flow no analytical solutions exist, meaning 

that in the early applications of this method the network of characteris-

tics had to be built up in small steps which was a very laborious task. 

The introduction of electronic high-speed computers brought about a 

significant tine saving and an increase in accuracy due to the possible 

reduction in step size. The application of the method of characteristics 

with the use of a computer is described by Hartree (1953), Ferri (1954), 

Glass (1959) and is given in Chapter 2. An extension of this method to 

the problem of three independant variables sees the characteristic paths 

replaced by conical surfaces which intersect along bicharacteristics on 

which the equations are solved in a similar way to the previous case. 

Various schemes of constructing the computational grid are given by 

Ferrari (1940), Holt (1956), Butler (1960) and others. 

As in the case of a shock tube the energy release in an explosion can 

be taken, on one hand, as being instantaneous with the immediate formation, 

of a shock wave which in this case due to its spherical nature will attenuate 

as it progresses from its origin (figure 1.6). On the other hand a more 

realistic approach would be to consider an energy source of finite extent, 

for which the transfer of energy to the blast wave occupies a certain time 

during which both the contact surface and shock, after it has formed, 

accelerate before spherical attenuation sets in (figure 1.7). 
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distance 

Figure 1.6 Wave form for a point source explosion  

time 

S 

distance 

Figure 1.7 Wave form for a real explosion  

Brode (1955) compared the plots of the shock overpressure versus shock 

radius for the point source solution against sinilar plots for isothermal 

spheres. Two of them contained hot gases with equal densities inside and 
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out, one at 2000 atmospheres and the other at 121 atmospheres and a third 

contained a cold high pressure gas. After suitable scaling of the distance 

and time to allow for the different energy contents of the spheres it was 

noticed that the plots coincided with the point source solution at distances 

which were smaller for the higher temnerature spheres. The phenomenon 

responsible for this effect is the slower rarefaction speed in the cold 

sphere reducing the acceleration of the contact surface. Consequently the 

shock formation and the attainment of the overpressures given by the point 

source solution are delayed (figure 1.8). 

0-01 	 cpi 	 1.0 
	 10 

XS 

In the case of energy sources of considerable volume the blast wave may 

remain quite different from the point source solution for much of its life 

as energy transfer is over a much extended period. On the other hand if the 

energy release rate is restricted by the partial removal of the retaining 

boundary it will be unable to rvintain the initial acceleration of the con-

tact surface and the blast wave will reach a maximum strength and begin to 
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attenuate at a much earlier time. It follows, therefore, that the energy in 

a fully developed blast wave is not necessarily equal to the initial value 

at the explosive source but is a function of the rate of transfer of energy 

into the flow by the contact surface and the duration of the period of 

acceleration. It appears that at increasing distances from finite sources 

of energy the blast wave approaches the strength of that from the point 

source. As this can only be true when all the accelerating phases of blast 

development have expired and the energy has ceased to be transmitted into 

the shocked gases by the contact surface it can be used as a criterion for 

examining the energy content of blast waves. The period of flow when the 

shock development is still under the influence of the piston and the total 

energy of the blast is still time dependent has been examined using a 

similarity solution by Rogers (1958), Taylor (1946) and Morgenroth (1962) 

and experimentally by Brossard (1970). The latter, using an exploding wire, 

pointed out that the nominal energy liberated in the circuit under the dis-

charge of a capacitor is not sufficient alone to characterise the blast and 

showed that the effective energy transferred was a function of the time 

constant of the discharge circuit. 

1.4 Hazards of Blast Waves in Industry 

The necessity, in this technologically based society, for the expansion 

of chemical plants, oil refineries and oil storage depots has been para-

mount. It has, however, brought with it an inevitable increase in potential 

hazards together with new problems of designing and siting apparatus to 

minimise explosion risk and effects. Two of the most common hazards present 

in modern industry are those associated with (i) pressure relief mechanisms 

and (ii) unconfined vapour cloud explosions. 
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1.4.1 Pressure Relief Yechanisms  

Pressure relief is designed to prevent the total failure of a vessel 

which is subject to an uncontrollable rising pressure. It has to be effec-

tive in such a way that it can reduce or maintain the pressure at a safe 

value and by doing so a quantity of high pressure gas must be vented in a 

very short period. Vessels encountered in industry normally have one of 

two tyres of pressure relief devices, the relief valve or the bursting disc 

assembly. The former finds its main application where the rate of pressure 

increase is small and the surplus gas can be removed by gradual venting. 

The advantage of the relief valve over its counterpart is that once the 

pressure has returned to normal the aperture is automatics11y closed and 

the contents of the vessel remain intact. The inherent advantages of the 

bursting disc as a pressure relief mechanism lie in its ability to form an 

unobstructed opening in a very short time and therefore its most attractive 

feature is its ability to deal with rapidly rising pressure and even pro-

vide explosion protection. 

The criteria for design of suitable relief mechanisms for explosions 

are beyond the scope of this work but a few important points are brought to 

light which must be taken into account for satisfactory design. An 

explosion, due to its rapidity, will set up pressure gradients within a 

vessel and therefore the location of the relief area is critical, being 

best sited as near to the explosion source as possible to minimise the 

time before venting occurs. Also bad design may cause the relief mechanism 

to be ineffective in reducing the vessel pressure, this will occur if the 

maximum rate of venting is less than the rate at which the explosion is 

generating new gaseous products. The amount of data available on the vent-

ing of explosions is limited and is usually based on past experience rather 

than obtained by an analytical approach to the problem. The ratio of the 

venting area to the vessel volume obviously plays an important part in 
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determining the maximum pressure developed in an explosion. Recommended 

figures for this ratio have been published by Cousins and Cotton (1951) 

after experimentation with the ignition of propane/air and hydrogen/air 

mixtures. A good allowance is between 2 and 10 sq. ft./100 cu. ft. 

depending on whether the explosion is mild or violent. A similar lack of 

knowledge on the external effects of pressure relief is evident and again 

protective measures taken to minimise damage are based on past experience 

and design procedures which utilise 'worst case' principles. One of these 

principles is the use of the total energy within a vessel as a measure of 

shock strength in a blast wave. To design an explosion protection device 

one must know the energy imparted to such an object from both the blast 

pressure and high speed missiles torn from the structure. For the former 

a knowledge of the blast characteristics as a function of distance would 

provide a basis from which the strength and positioning of protective 

structures would be determined. 

The formation of a blast wave as mentioned earlier for an idealised 

case depends on the rate of energy release and the duration of the 

accelerating phase of the blast development. It is therefore necessary to 

determine the governing factors and to what extent they influence these two 

parameters in order to establish adequate procedures for current and future 

design requirements. For a venting pressure vessel it is possible to 

determine the energy release as a function of time by the measurement of 

the internal pressure transients. The vented gas does work on its surround-

ings by the interface acting as an expanding piston. A measurement of the 

distance-time profile of the interface can be used to determine the energy 

imparted to the surrounding gas and to calculate the dynamic and thermo-

dynamic changes during the compression and rarefaction stages of the venting 

process. 
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1.4.2 Unconfined Vapour Cloud Explosions  

The spillage of a large quantity of vapour into the atmosphere followed 

by accidental ignition and explosion is a major problem for which there is 

little quantitative data available. A method of determining the vapour 

cloud explosion energy release rates is propsed by Strehlow et al (1973). 

By assuming that the flow is shock free and using acoustic techniques an 

assessment of the energy is made in each case from disturbance arrival time 

measurements. As for a venting premlre vessel a vapour cloud explosion con-

tains accelerating layers of gas, in this case driven by a flame front. 

The rate at which the flame imparts energy to the flow can be determined 

from a knowledge of its trajectory. The flame does not act as a true piston 

due to the mass flux across it, however, with a knowledge of the thermo-

dynamic changes the gas undergoes on crossing the flame it would be possible 

to determine the complete flow domain after applying the correct boundary 

conditions. 

Simpson and Brasie (1968) compared the damage done by a confined vapour 

cloud explosion with the estimated energy release. An analysis showed that 

the probable initial yield of the explosion was only a fraction of that 

calculated by assuming the structure contained the explosive vapour as a 

stoichiometric mixture. Table 1.1 is reproduced and lists the conditions 

under which elements fail when subject to a blast overpressure. 



-22- 

Structural Element Type of Failure 
Overpressure of 
incident blast 

(psig) 

Glass windows Shattering 0.5 - 1 

Corrugated asbestos it 1 	- 2 

Corrugated steel or Al panels Connection failure 
followed by buckling 

1 	- 2 

Wood siding panels and House Whole panel blown in 2 - 3 
Structures after failure of 

main connections 

Concrete wall panels 8" or 12" 
thick (not reinforced) Shattering 2 - 3 
Self framing steel panel buildings Collapse 3 - 4 
Oil storage tanks Rupture 3 - 4 
Wooden utility poles Snapping 5 
Loaded rail cars Overturn 7 
Brick wall panel 8 - 12" thick Shearing 7 - 8 

TABLE 1.1 - Structural damage from blast overpressure 

1.5 The Scaling of Spherical Blast Waves  

The necessity for scaling blast waves stems from the need to predict 

the characteristics of any particular explosion using the results obtained 

from small scale experimentation and from the monitoring of intense 

explosions under controlled conditions. 

The principle of the scaling laws for explosive blasts first formu-

lated by Hopkinson (1915) and described by Ericsson and Edin (1960) and 

Kinney (1962) is similar to those used elsewhere and is based on geometri-

cal similarity. The approachl further developed by Sachs (19/1),has been 

widely used for determining the distance from the origin for the occurence 

of a given overpressure. The variables that govern the profile and position 

of an ideal spherical blast wave are the energy released, Eo, the ambient 

pressure P, the ambient sonic velocity, 17 , and the distance and time 
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co-ordinates, r and t. A dimensional analysis of these variables yields 

the following dimensionless groups: 

r 	 and T= t 
(E0/T)1/3 -- /1°1 /3  

The tern E0  1/3 is a scaling length which gives a measure of the strength 

of the b1Est wave. These groups suggest that for two different explosions 

identical blast wave intensities would be expected at distances and tines 

which are proportional to the cube root of their respective energy release. 

Provided all the initial parameters of a real blast scale then it should be 

possible to renresent any strength wave by a single curve in the A - -c plane. 

This curve can be drawn for a blast of some standard reference strength and 

then information on other values can be obtained by either scaling the para-

meters up or down. 

The problem in scaling blast waves is to determine the value of the 

energy Eo, coupled to the blast. As mentioned earlier this value is not 

necessarily the total amount of available energy in an explosion but some 

fraction of it which is determined by the initial rate of energy release 

and the duration of the accelerating phases. To determine the value of E 
 

a measurement of the shock trajectory or overpressure for distances and 

tines which are large compared with the dimensions and energy release time 

of the explosive source would suffice. The technique for determining E0  

from such experimental data is reported by Jones (1968) for intermediate 

strength blasts and by Kinney (1952) for the detonation of solid explosives. 

Other workers have investigated the scaling of blast waves, particularly 

Chou and Huang (1969) and Lutzky and Lehto (1970), who made a numerical 

analysis of the late stage equivalence of spherical explosions, also Larson 

(1970) investigated the effect of the ambient conditions on the blast 

pressure, particpinrly in the close-in region. 
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The similarity between the trajectories of scaled blast waves and that 

of the point source explosion was noticed by Brode (1955) who pointed out 

that the blast from an initial isothermal sphere of gas assumed that of the 

point source (to within 10%) after 10 tines the initial mass of the gas in 

the sphere had been engulfed by the shock wave. Use of this was made by 

Munday (1971) to determine the energy coupled to the blast for the venting  

of a partially failed pressure vessel. In a novel, but equally valid 

approach, a relationship was derived which expressed the value of the 

scaling  length as a function of the vessel dimensions and the relevant gas 

properties and has the form below: 
-- 1

b 	Co 22 A2 	
(1.18) 

[ 

Er 1.28 	c  2 ) 

I 

... 

(15 + 1) 	z. 7  -  

where b = (3Y - 1)/2(r- 1) 

Owing  to a lack of experimental measurements to test the validity of this 

scaling  length it is not known if it is reliable. However, a similarly 

derived expression for a vented reservoir of a hydraulic analogue suggests 

that this approach is both effective and sound. 

.111■1, 
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CHAPTER TWO 

THE TrEORY OF 07.TE-DrE7SIO7AL U7STFADY CO!TPRESSI13LE FLV'ID ITS 

APPLICATIO7 TO GAS EV-W=1G INTO THE FREE AT7.0SPHERE FR.Cr"r A VESSEL 

The process of venting a high pressure as from a vessel provides two 

distinct problems that can be solved independently. These problems, which 

are the main topics of this chapter, are the solution of the gas flow exter-

nal to the vessel and the solution of the wave action inside the vessel 

during the period of venting. To form a complete solution of the whole flow 

system some means of linking each separate part must be found. The interface 

between the vessel contents and the atmosphere forms a distinct boundary, 

the trajectory of which is readily recorded by photographic techniques. It 

is therefore ideal for use as the boundary condition in the solution of 

the associated gas flow. With a completely spherical system, i.e. a 

spherically symmetric release of compressed gas, this boundary condition 

will suffice for a solution in both regions under review, making use of the 

equations of unsteady one-dimensional flow. Photographs show that for the 

release of gas from one end of a cylindrical vessel the interface is 

essentially spherically symmetric and its use as the boundary condition for 

the solution of the gas flow downstream with these sane equations is per-

fectly valid. However, in this case the interface trajectory cannot easily 

be used to provide the boundary condition for the solution of the wave 

action inside the vessel during venting. The difficulty arises when the 

type of flow changes in the region of theNessel orifice from one-dimensional 

spherical to axially symmetric flow and requires the use of the two- 
flow 

dimensional unsteady/equations for a solution. Initially this region 

occupies only a short space, of the order of the orifice diameter, but as 

the flow-rate in the orifice increases and the interface moves down stream 

the transition region expands and the axially symmetric flow extends further 
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out from the vessel, eventually forming a steady state jet. The flow in 

the orifice remains planar, and being readily determined by experimentation, 

is more conveniently used as the boundary condition for the vessel internal 

wave action. Since the histories of both the interface and the flow in the 

orifice can be determined from the same absolute starting time there is a 

continuous relationship between their development. It therefore becomes 

unnecessary to solve for the flow region between orifice and the interface 

to match un the two boundary conditions. The solution of the flows pertain-

ing to these two types of boundary conditions is discussed thoroughly in 

the remainder of the chapter along with an analysis of the flow transition 

region. 

2.1 External Gas Movements and The Method of Characteristics 

The unsteady one-dimensional flow of an ideal gas is governed by a set 

of quasilinear partial differential equations of the hyperbolic type. 

(2.2) 

c)S 	[LDS 

— 
P = Po [e _ 

etp 	so- 
ea 	cv  

(2.3) 

(2.4) 

where ) = 1, 2 or 3 for planar, cylindrical or spherical flow. The first 

two equations express the conservation of mass and momentum respectively, 

the third is the necessary condition for isentropic flow and the fourth is 

the equation of state for an ideal gas. 
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The sound speed c is given by the relation: 

02 	
s = const. 
	(2.5) 

Using equations (2.5) and (2.3) the derivatives of the density in equation 

(2.1) can be eliminated to give: 

	

t  i)P 	ecz  au  

	

at 	ax 
(2.6) 

In these equations the direction of differentiation of each decendant 

variable is different. However a linear combination of equations (2.2) and 

(2.6) can be formed such that each variable is differentiated in the same 

direction. These are known as the characteristic directions and along them 

the partial derivatives become total. 

nultinlying equation (2.2) by- A and adding to equation (2.6) gives: 

	

[Lt t a 	+ AL 1- 3u. [Au 4-Rcli--( -1)e,-2-G1=° (2.7) 
t 	32c 	P 	dr 	dx 	 z 

The condition that P and u are differentiated in the sane direction is 

then: 

/11 	U. 1- eG 

A 

from which: 

A ± ec  

Each value of A gives a characteristic direction whose path becomes: 

(AI) dx = u + c, 
dt 

( Az) 	= u - c 
dt 
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Along each of these directions equation (2.7) reduces to: 

(Ai) 	+ 	+ 	- i)enc2  = o 	 (2.8) 
x 

( A2) 	dP 	c du + ( n 1)Ouc2  = 0 
dt 	dt (2.9) 

Also along' a third direction (A l) dx = u  the entropy equation (2.3) 
dt 	' 

becomes: 

( A3) dS _ n  
dt 

(2.10) 

The form of the characteristic equations (2.8), (2.9) and (2.10) are ideal 

for numerical solution by finite difference techniques along a network of 

characteristic directions. It is convenient to replace u and c by a new 

set of dependent variables which have a special significance for one-

dimensional planar flow that will be explained shortly. 

= u 	c r 

s =
2 
 - 

- 1 

The characteristic directions now become: 

( AI) 	dx 	(r 1) r - (/( - 3) s 
dt 	2 	2 

(2.11) 

(2.12) 

(2.13) 

(A2) 	dx 	(3 -y) r 	(Y 1) s 
dt 	2 	2 (2.14) 

(A3) 	dx - r + s 
dt (2.15) 
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Also from the equation of state (equation 2.4) and the use of the definition 

of the sound speed (equation 2.5) the following relationship is derived. 

dP _ 2 dc - 

 

dS (2.16) c 	y — 1 C 	-1) 

 

and hence the characteristic equations become: 

(A1) dr . 1 
	

(r - s) dS - 
(y 	) (r2 	s2)  (7 	 1) 	(2.17) 

dt • Cp 	c7, 

(A2) ds = 1 	(s - 	dS - (K - 1) (s2  - r2) (9 - 1) 	(2.18) 
dt 71; 	T: 

( A3) 	
dS =o r, 
- - 
dt (2.19) 

Itcan be seen that for one-dimensional planar honentropic flow, as distinct 

from isentronic flow, that the new dependant variables are constant along 

their respective characteristics and are generally referred to as the 

Riemann invariants. This considerably simplifies the calculations and 

leads to analytic solutions for some specialcases. 

The normal solution of equations (2.17), (2.18) and (2.19) is obtained 

by replacing the differentials by finite difference relations and assuming 

the variable coefficients are constant over the step length. The correct 

value for the coefficient is obtained by iteration procedures. 

The method adopted in this work for the solution of these equations 

makes use of a C.D.C. 6400 computer and the programing methods described 

below are based on the techniques presented by Courant and Friedrichs (1948), 

Ferri (1961), Glass (1959), and Hartree (1953). 
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2.2 A Comnuter Proc,ram To Deterrine The Motion of a Gas Ahead of an 

Exnandin17 Spherical Piston  

A computer program has been written which solves the flow equations, 

using the method of characteristics, for a gas moving in front of an 

expanding spherical piston. It deals with both compression and rarefaction 

waves and can introduce a single discontinuity into the flow at the 

appropriate time and position. Use of the program is limited to a con-

tinuous piston motion and is easily adapted to deal with one-dimensional 

cylindrical and planar flows. The program, for which a listing and flow 

diagram appears in Appendix B, consists of the main routine, PISTON, 

which sets the boundary and initial conditions, controls the integration 

steps and builds up the characteristic network and shock profile. Three 

subroutines, PT3, PATH and SHOCK are called during the integration to 

determine the gas properties throughout the required distance-time domain. 

In the early stages of the integration the execution of the main 

program is straight forward and it is only when discontinuities have to be 

introduced into the flow that more complex procedures are adopted. 

Initially integration is performed over a network of characteristics as in 

Figure 2.1, the upper left hand boundary representing the path of an 

accelerating piston and the lower right hand boundary the path of the first 

disturbance caused by the piston motion which travels at the speed of sound. 

The conditions at the starting point (1,1) are known, since there is no 

motion at t = o. The step length Ax determines the starting point (1,2) 

of the next negative characteristic. The conditions at this point, which 

is on the acoustic line, are again those of the undisturbed gas and they 

determine the gradient of the characteristic drawn to intersect the piston 

path at point (2,2). From this point a new positive characteristic is 

introduced and its first intersection is with 	the third negative one 

at point (2,3). The procedure is continued by integrating up each negative 
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characteristic to the piston and thus building up the network. It can be 

seen that there are three types of intersection, (i) at the acoustic line, 

(ii) in between each of the boundaries, and (iii) at the piston path. The 

co-ordinates and gas properties at intersections of type (i) are easily 

determined due to the undisturbed conditions along the acoustic line, those 

of type (ii) and (iii) are determined by calling the subroutines PT3 and 

PATH respectively. 

SUBROUTflTE PT3 

In general subroutine PT3 is called from the main program to determine 

any point on the network (i, j) where i / 1 or i / j. It is supplied with 
sonic velocity 

the co-ordinates of and the values of gas velocity,/and entropy at the points 

(i-1,j) and (i,j-1) and it returns the respective values for point (i,j). 

The method is described below with the use of Figure 2.2 

1. 3' 
' I 1 

/ 
/ 	I 

/ 	/ 	1 
/ 	/ 	I 

/ 3/ 

/ 	/ 	I 

Figure Z2 Part of the characteristic network  

If all  the flow parameters and the co-ordinates are known at points 1 and 2 

on part of the network and provided the points are sufficiently close 
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together the assumption that the characteristic directions are straight and 

the dependant variables change linearly between any two points is quite 

acceptable. The co-ordinates of point 3, to a first approximation, are 

those of point 3' and are determined from the solution of equations (2.13) 

and (2.1I) using the values of r and s for points 1 and 2. The entropy 

at point 3' is found by projecting a path line from point 4 suitably chosen 

to intersect 3'. Along a path line entropy is conserved and therefore the 

value of S3, is found by linear interpolation between S1  and S2. A similar 

procedure for deternining the values of r
3' 

and s
3' 

is adopted, this time 

using equations (2.17) and (2.18). A second approximation to the co-

ordinates and the values of r3, s3  and S3  can be made by repeating the 

calculations using the mean values for the quantities on the right hand 

side of the equations instead of the initial values. 

The error incurred by approximating the differential equations in this 

way is of the order (&t)3 for each integration step; it is cumulative and 

may lead to instabilities of the solution if the integration step is too 

large or if the calculations are extended over too great a domain. 

SUBROUTINE PATH  

Subroutine PATH is called from the main program to determine the profile 

of the piston path together with the co-ordinates and gas properties at the 

points where the characteristics intersect. It is supplied with these 

values for the point (j-1,j) and imposes the necessary boundary conditions 

that exist at the piston. At this surface the gas velocity is equal to 

that of the piston due to there being zero mass flux across the boundary. 

The movement of the piston is determined by the values of the co-efficients 

of a polynomial which are chosen either to fit experimental data or are 

suitable alternatives. The method used in this subroutine'is described 

below using Figure 2.3. 
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Figure 2.3 	Intersection of a characteristic and  
the piston path  

Knowing x = f(t) for the piston path an initial estimate is made of t. . 
J,J 

by setting t. = t 	. The value of x at point 2 is now given by 
i /i 	i-lyi 

x = f(tj)j ) and the corresponding value of gas velocity or piston speed is 

dx  
dt _ - fl(tj/j  ). A line is now drawn with this gradient to intersect the 

negative characteristic projected from point (j-1,j) at point 3. The value 

of the time co-ordinate at point 3 gives an improved estimate of tj,j. An 

iteration procedure is now implemented, calculating points 4, 5, etc., until 

convergence is complete. The value of s at the point of intersection is 

found from equation (2.18) and knowing the gas velocity the sonic velocity 

can be determined. The entropy, S, is taken as being equal to that of the 

undisturbed gas because, the piston motion being continuous, the gas at its 

surface undergoes no irreversible processes. The subroutine also calculates 

the amount of work done by the expanding piston on the gas that is driven 

ahead of it. 

As the characteristic network is built up a point will be reached at 
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which two positive characteristics intersect. The values of r and s on 

each characteristic at this point will differ and lead to a discontinuity 

in the solutiOn with which the procedure used up to now will not deal. To 

overcome this problem a shock wave is introduced into the flow and the 

integration is performed as before on either side with the Rankine-Hugoniot 

relations used to take the solution from one side to the other. It is at 

this point that the main program revises its method for fixing the starting 

co-ordinates of all negative characteristics. The positive characteristics 

will initially intersect the shock path from both behind and ahead and 

determine its profile by the values of r and s they carry. It is convenient 

to start the new negative characteristics at such a position on the acoustic 

line that they meet the shock and the positive characteristics at their 

intersection points (figure 2.4). 

Figure 2.4 Positioning of new negative characteristics 

An iterative procedure is adopted for choosing the starting point. There 

are two types of shock intersection points which have to be dealt with in 

slightly different ways, (i) the point where the positive characteristic 
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intersects the shock from ahead and (ii) the point where the positive 

characteristic intersects the shock from behind. In the first case normal 

integration is made upto the shock front at point (i,j) (figure 2.5). 

positive 
characteristic 

Figure 2.5 Positive characteristic intersection ahead  
of the shock wave  

The shock velocity is chosen such that its transition is compatible with 

the conditions of flow already existing behind it. The program initially 

sets the shock velocity equal to (u + c)10.10.1  and then by calling sub-

routine SHOCK with the gas properties at point (i,j), the Rankine-Hugoniot 

conditions are usedto determine the appropriate values at point (k,l) 

behind the shock. The approximate values of these properties can be deter-

mined by introducing a further positive characteristic between points 

(k,l-1) and (k,l) and using equation (2.17). The flow properties at point 

(k,l-1) and the gradient of this characteristic are found by interpolation 

between points (k+1, 1-1) and (k-1, 1-1). The shock velocity is adjusted 

and the procedure repeated until the solution for the conditions at point 

k,1 converges. The integration is now continued to the piston path as 

before. 
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For the second case integration proceeds upto point (1-1,j) (figure 2.6) 

and then a new positive characteristic is introduced between points (i,j-1) 

Figure 2.6 Positive characteristic intersection behind  
the shock wave  

and (i,j). The flow properties at point (i,j-1) and the gradient of this 

characteristic are found by interpolation between points (1+1, j-1) and 

(i-1, J-1). Subroutine PT3 is called to determine the appropriate values 

at point (i,j) immediately in front of the shock. An initial guess of the 

shock velocity is made and subroutine SHOCK called for the conditions behind 

the wave at noint (k,l). As in the previous case the conditions at point 

(k,l) are also determined from point (k,1-1) using equation (2.17) and an 

identical procedure is used to find the correct shock velocity. Eventually 

the shock wave will be intersected from ahead by the final positive charac-

teristic whereupon it emerges into the undisturbed gas. The integration is 

now solely nerforned behind the shock wave and is started by calling sub-

routine SHOCK and continuing as in case one. 

The main program ends by making use of the computer graph plotting 
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facilities. The entire characteristic network can be drawn together with 

the piston and shock paths. Alternatively, gas velocity and sonic velocity 

profiles can be plotted for a series of six constant time lines between the 

piston path and the outermost disturbance. 

2.3 Gas nyvements Inside the Vessel During Discharge  

Giffen (1940) discusses the theory of the rapid discharge of a gas from 

a vessel which had at the time an important part to play in the exhaust 

process of an internal-combustion engine. The implications of the term 

•"rapid discharge" are considered and it is pointed out that the rate of 

release of a gas determines the criterion used for developing the associated 

theory. One method uses the theory of propagation of waves within the 

vessel and allows for internal Pressure gradients. A second uses a quasi-

steady state theory which, being an approximation, considers the gas pres-

sure in the vessel to be uniform and the gas velocity as being negligible. 

The former theory has obvious advantages when the area, A2, of the orifice 

formed after the rupture of a bursting disc is not small compared with the 

cross-sectional area of the vessel, A1 . In this case the rate of fall of 

pressure at the orifice end of the vessel will be significant before the 

disturbance can be transmitted throughout the whole volume giving rise to 

internal pressure gradients. For a relatively small orifice area the pres-

sure drop is considerably less and the disturbance is transmitted throughout 

the vessel before any further significant pressure drop can take place and 

therefore the approximation of a uniform vessel pressure is valid. Kestin 

and Glass (151) examined the rate of discharge of gas using Giffen's wave 

theory and compared it with the values obtained from the quasi-steady state 

theory. It was shown that the latter method gate mass flow rates which were 

considerably less than those predicted by the wave theory and from experi-

mental data. The discrepancy between the two theories was most apparent 
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/ for the smaller area ratios, e.g. when Al /A2  A
2 = 1 the ratio of the two mass 

/ 
flow rates is 1.709, whereas when Al  /A2 A2 = 7.8 the corresponding ratio is 

only 1.006. 

2.34 The Wave Action Within the Vessel during Venting  

The assumptions that Giffen makes in developing his wave theory are 

that the expansion process is adiabatic and the gas motion is in one dimen-

sion only, that being the axis of the vessel. The opening of the vent is 

taken to be instantaneous and the pressure in the orifice assumed to drop 

immediately to a value which is determined by the initial vessel pressure. 

If the initial pressure Po  exceeds the critical value given approximately 

by: 

Y  
Y-1  

P = 
1  

(2.20) 

where P is the surrounding atmospheric pressure, then the gas velocity in 

the orifice will be sonic and the corresponding pressure, P
2
, will be that 

reached by adiabatic expansion to these sonic conditions. When P
o 
falls 

below this critical value then the pressure in the orifice, having reached 

atmospheric, remains constant and the flow becomes subsonic. 

At the instance of the orifice onening a disturbance is transmitted with 

the speed of sound to the rear of the vessel; as the gas accelerates and 

expands the changes that take place at the orifice are transmitted to the 

bulk of the gas by a rarefaction wave as shown in Figure (2.7a). The final 

disturbance, or tail of the wave leaves the front of the orifice when the 

pressure has dropped to P2  and the gas velocity has become sonic. As the 

stationary gas passes through this wave it is set in motion towards the 

open end of the vessel and achieves a velocity u1 at pressure P
1 
(figure 

2.7b). On reaching the rear of the vessel the rarefaction wave is reflected 
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Figure 2.7 Wave form during the venting of  
a -ressure vessel 
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back into the moving gas. The boundary conditions at the wall require the 

new value of the gas velocity after passing through the reflected wave to 

be zero and the pressure falls to P3. When the wave reaches the front of 

the vessel all the gas is momentarily in a stationary state at the new 

lower pressure. The process is now repeated; the rarefaction wave travel-

ling to the vessel rear reduces the pressure to P4  leaving a new set of 

sonic conditions in the orifice provided P
3 
is greater than P

c
. This is 

continued until the vessel pressure is reduced to atmospheric in a series 

of steps as shown in Figure 2.8 for two vessel locations. 

Figure 2.8 Pressure profile at the rear and the  
front of a vessel during venting  

The pressure transient 	duration of the rarefaction wave increases 
in 

with time as shown figure 2.7c and d. This is because the head of the wave 

is always travelling at a speed greater than that of the tail and thus the 

pressure transition is spread out over the length of the vessel. For 

certain vessel conditions it is possible for the head of the rarefaction 

wave, after reflection, to catch up with the tail of the wave which has not 
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been reflected. When this occurs there is no location in the vessel at 

which stationary conditions exist. 

Analytical solutions for the pressure wave formed during the venting of 

a vessel can be obtained using the method of characteristics. For this type 

of flow the values of r and s along the positive and negative characteris-

tics respectively are constant (Riemann invariants) and since the part of 

the rarefaction fan abd (Figure 2.7a) is adjacent to an undisturbed fluid 

the wave is of a simple type. The positive characteristics that enter the 

rarefaction zone across the head of the wave ab all carry the same value of 

r given by: 

r = u0 + C0 	= C
o 
	

(2.21) 
2 Y - 1 	Y - 1 

Along any negative characteristic direction in this region 

s = u - c 	= const. 	 (2.22) 
2 Y - 1 

From equation (2.21) 

c
o 

2 ^r -1 	Y - 1 

Substituting into equation (2.22) for u gives 

s = 	1 	(c - c) 	c 	= const. 
o 

- 1 	Y - 1 

(2.23) 

( 2.24) 

Therefore along a negative characteristic both c and u are constant and 

thus the characteristics path is a straight line. For complete transition 

of the rarefaction wave. 

co = 
u
1 + 	

c
1 
	 (2.25) 

Y - 1 	2 	Y - 1 
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(2.26) 

Similar reasoning for the reflected rarefaction wave in the region cdfe, 

which is adjacent to the stationary region gfc, shows the positive character-

istic directions to be straight and gives the following expression for gas 

properties after expansion through the wave. 

Y-1 
c
1 =

P
1
ye'Y 

Y - 1 
u
1 

c3 	
p
3 	

= 1 + c3  
(2.27) 

In the region cbd where the incident and reflected wave interact there is no 

part adjacent to a stationary region and the rules of a simple wave cannot 

be applied. Neither Giffen nor Bannister and Mucklow (1948), in a later 

paper, took into account the wave interaction but assumed that the character-

istic directions remained straight in this region. 

To determine the duration of the wave reflection at the rear of the 

vessel accurately it is necessary to solve for the flow conditions in the 

interaction region. One way of doing this is described by hoszynski (1952) 

using the method of characteristics and determining the network by graphical 

means. Alternatively the co-ordinates and properties at each point on the 

network can be determined using subroutine PT3 of the program PISTON with a 

slightly modified form of the main routine to provide the boundary and 

initial conditions and to control the integration steps. 

2.3.2 Dischar e Rates for a Eon-centred Rarefaction Wave 

In real situations the time for both the removal of the bursting disc 

and the acceleration of the expanding gases gives rise to a non-centred 

rarefaction wave, which is shown diagrammatically in figure 2.9. The 
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Figure 2.9 	Non-centred rarefaction wave  

choked conditions in the vessel throat are not obtained instantaneously, 

but over a finite period, the throat choking time, determined by which ever 

is the governing factor of these two real effects. The sonic conditions 

eventually obtained in the throat, however, are identical to those for a 

centred rarefaction wave because both are reached by isentropic expansion 

from the same starting conditions. It follows that the non-centred rare-

faction wave is also of the simple type and the relations derived for the 

gas transition properties still hold. The reflection of the head of the 

wave at the vessel rear will occur at the same time for both types of wave. 

The tail of the wave is delayed by an increment eat, which is maintained 

throughout its life due to the gas properties on each side being identical 

to those of the centred wave. 

2.4 The Development of a Steady State Gas Jet  

The initial outflow of gas from a vessel orifice has a relatively 

small velocity and the sudden expansion process it experiences will take 

place equally in all directions giving rise to a spherically symmetric 
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region of moving gas separated by the contact surface from a compressed 

layer of the atmosphere. As the gas velocity in the orifice increases, 

the expansion process becomes orientated along the axis of the vessel. 

The effect of this will be to distort the symmetrical flow in a localised 

region and initiate the development of a gas jet. At this stage, however, 

the shape of both the contact surface and any shock wave that has sub-

sequently developed will not be significantly affected by a deviation from 

spherical syIldetry at the point of energy injection. Furthermore, as the 

flow develops the more advanced disturbances will become less dependant on 

the changes that occur around the vessel orifice. The type of gas jet 

which can beformedwiLl depend on the ratio of the vessel gas pressure to 

that of the surrounding gas and also to the velocity of efflux. Hartmann 

and Lazarus (1941) describe the properties of jets with pressure ratios in 

the range 3 to 7 and a velocity of efflux equal to the local velocity of 

sound. Pack (1945) describes jets with pressure ratios only a little above 

unity as having a periodic structure to a first approximation. He outlines 

a method for computing the conditions in a steady two-dimensional super-

sonic jet using the method of characteristics to solve the hyperbolic 

second order partial differential equations of flow. 

The venting of a gas above its critical pressure through a rapidly 

opened aperture will cause a steady state jet to be formed only after the 

orifice has become choked. It is well known that such a jet will not form 

a blast wave on its own accord and it is reasonable to assume that such a 

jet will not contribute to the development of a previously formed blast 

wave. Therefore the time between the start of venting and the throat 

becoming choked will provide a good indication of the period during which 

the energy associated with the blast wave is released from the vessel. 

The method by which this Period of tine is calculated is directly linked to 
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a measurement of the changing gas pressure at the vessel rear. The energy 

vented into the blast wave un to the choking time is then readily obtained 

and can be used for the purposes of scaling the blast wave and calculating 

the deviation from the point source solution. The following section gives 

a detailed description of how these venting characteristics are determined 

by a combination of empirical and numerical schemes. 

2.4.1 The Vent Throat Choking Time 
A calculation is performed for a centred rarefaction wave to determine 

the pressure transition time at the vessel rear for the ideal situation in 

which the gases in the vent reach critical conditions instantaneously. The 

discrepancy between this and the experimental values is used to determine 

the throat choking time. 

Figure 2.10 shows part of the characteristic network used in the 

calculations. 

C ntn, 

3 

 

z 
Figure 2.10 Characteristic network for a  

centred rarefaction wave  
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The boundary conditions for the integration over the area of wave inter-

action are determined from the analytical solution of the simple wave 

equations. The value of P
1 
is determined from P

3 
using equations(2.26) 

and (2.27) and eliminating u1  giving: 

11, Y-1 
c
1 
= 2 (c

o 
+ c3) or P1 2Y = 	1 + 	(2.28) 

Po Po 

The rarefaction wave is divided into N - 1 equal increments each having a 

pressure step given by Q P = Po  - P1  

N - 1 

This provides the fan of characteristic directions over which the solution 

of the flow is determined. The conditions of gas velocity and sonic 

velocity along each of these directions up to the head of the reflected 

th wave, bd, are determined from equation (2.25). For the j negative 

characteristic 

P 	 A 	. 
_P o - LAP (j - 1)  

Po 	
Po 

(2.29) 

 

Y-1 

  

   

and 	P. 2Y 

c o 	0 

 

(2.30) 

thus u. 
= 	2 	c - c. 

co 	Y - 1 	c  

( 2 .31 ) 

The gas properties and co-ordinates of each point on the grid are deter-

mined using subroutine PT3 from program PISTON. For points on the rear of 

the vessel the boundary conditions must be imposed, that is next to the 

wall the gas velocity must be set to zero. 
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2.4.2 The - Rate of Energy Discharge During Venting  

The rate at which energy is vented to the atmosphere depends on the 

effective area of the orifice and also the local gas velocity and density. 

Thus 

dE 	1 	
ii 

dt 	1 e: (2.32) 

where the term 1 
	0 is the specific internal energy of the gas in 

Y - eo 
the vessel and :pis its mass flow rate towards the open end. During the 

initial stages of venting the rate of energy flow from the vessel will 

increase from zero and become constant at a value corresponding to that at 

choked conditions. Integrating equation (2.32) gives: 

E(t) = 	1 dt 	 (2.33) 

 

Y 1 

 

Both e and u can be expressed in terns of the pressure P immediately 

behind the orifice plane 

(2.34) 

Y-1 
u _  2 	1pl) 2Y 
c
o 

Y - 1 	PI 
(2.35) 

To solve equation (2.33) it is required to know the tine dependance of the 

pressure P. The pressure changes that occur at the orifice end of the ves-

sel will be represented by the waveform at the rear of the vessel. Both 

the theoretical result for a centred rarefaction wave (fire 2.11) and the 

experimental result for a non-centred wave (figure 2.12) show approxi-

mately linear time dependence of pressure at the vessel rear. Any non- 
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linear behaviour in the pressure change at the front of the vessel will 

be transmitted to the rear and will show up in the recordings. It is 

therefore quite reasonable to exnress the pressure change at the front of 

the vessel by a linear equation of the following form: 

- 
1 - P 	P 

o 	1 
P 

 
tc  (2.36) 

where to  is the throat choking tine. 

A solution of equation (2.33) is thus obtained by substituting for e  and u 

from equations (2.3h) and (2.35) and then replacing the unInloim nressure 

term by equation (2.36) leaving the equation in a suitable form for numeri-

cal integration. 

200 

Cn 

a. 
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Figure 212 Experimental pressure profile at the rear of the 
vessel for a non-centred rarefaction wave  

See Chapter Three for the details of the experimental work. 
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CHAPTER. TPITIE  

EYSERIIMTAL INVESTIGATION 

The aims of the experimental investigation are to study the formation 

and propagation of the shock wave resulting from the rapid venting of a high 

pressure gas from a vessel into the free atmosphere. In order to simplify 

the gas release mechanism and to maintain some resemblance to the pressure 

relief devices found in industry, it was decided to employ a cylindrical 

vessel fitted with a bursting disc assembly at one end. 

The measurements made throughout this work fall into two main categories, 

firstly an analysis of the disturbances set up externally during the venting 

process and secondly an analy sis of the corresponding internal effects. In 

a little more detail; the external disturbances were investigated in the 

proximity of the bursting disc by photographic techniques and further down 

stream by the measurement of the shock wave arrival times at a series of 

detection points; and a chronological record of the pressure at the vessel 

rear was made during the venting process, determining the conditions at the 

orifice and the rate of energy release during the initial stages. It is 

important that all time measurements are synchronised so that any inter-

dependence between the external and internal effects can be readily 

ascertained. 

Prior to the detailed design of the experimental apparatus some know-

ledge of the scale of the phenomenon is required to ensure that the changes 

in blast strength brought about by variation of the experimental conditions 

are such that they can be detected. Using the point source solution developed 

by Brode (1955)0  the total energy originally contained in a vessel can be 

used as an approximation to Bo  in the scaling length expression without 

incurring more than an order of magnitude error in the calculated arrival 

times. Calculations by. this method were thus made for estimates of changes 
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in arrival times of a shock wave, generated by the sudden release of high 

pressure air from a vessel, for conditions varying over a range of pressures. 

Using these results and bearing in mind the upper limitations imnosed on the 

experiments by safety considerations it is possible to prescribe the 

required experimental accuracy for each of the measured parameters for a 

vessel ofrw0.3 cu.ft. and an upper limit of bursting nressure for the 

discs of 20 atmospheres: 

(i) External disturbance photographs over a period of 1.5 msec. with 

exposure times of < 1psec. and a framing rate of 105  f.p.s.; 

(ii) Shock arrival times at distances up to 4 ft. from the vessel 

must be to an accuracy of + 15 over a range from 1 to 4 ms; 

(iii) Bursting pressure un to 20 atm. + 1; 

(iv) Second stage static pressuret + 15; and 

(v) Pressure transition tines at the rear of the vessel to within 

2% over a time scale of 3 msec. 

3.1 	The Pressure Vessel and Associated Equipment  

A 6 in. bore, 1 ft. 6in. long mild steel tube with 1/h in. walls was 

used to construct a nressure vessel of,v0.3 cu.ft. to the specifications 

laid down in B.S. 1500 and was tested to 30 atmospheres. As shown in 

figure 3.1 the front flange plate has provision for holding a bursting disc 

assembly. This assembly is chosen from a series enabling the gas to be 

vented through orifices with diameters ranging from 1 in. to 6 in. in 1 in. 

steps. The bursting disc is clamped between two 8 in. diameter plates, the 

inner one having a 6 in. diameter aperture and the outer a smaller aperture 
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appropriate to the orifice size required. The plates and disc are held in 

position by two retaining screws (not shown). The outer plate has a 
1/8 in. 

radius machined on the inside edge of the orifice to allow the bursting 

disc to distort freely without shearing around its perimeter. 

The flange at the rear of the vessel has three pressure tappings located 

on a 2 in. radius; two of these are for pressure measurement by a Budenburg 

gauge and a strain gauge pressure transducer and the remaining one is for 

connection to a reservoir of high pressure gas. At thecentre of this plate 

is a 
1/4 in. diameter window onto which a photodiode can be mounted. 

(Figure 3.2). The cylinder itself has provision for fitting a thermocouple 

at either end which can be used for monitoring the gas temperature during 

the filling process. 

3.2 Photogranhic Investigation  

The number of photographic instruments and techniques developed for the 

study of high speed notion of fluids cover a wide range of application and 

are reviewed by Singh (1969). Firstly the three most well known methods of 

forming an image are those of shadowgraphy, schlieren and interferometrY. 

The type of image required in this work is one that possesses both good 

spatial and time resolutions and therefore it is desirable to form an irage 

of high contrast. Considering the amount of detail there will be in the 

area of the bursting disc after rupture, schlieren records are found to be 

particularly suitable for the quantitative and qualitative study of flows 

containing shock waves, expansion waves and contact surfaces. 

The principle of schlieren photography is based on the change in 

refractive index of light passing through a disturbance in which there are 

density gradients. There are several methods of achieving schlieren which 

are described by North (1959)one of which is by placing a point source of 
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light at twice the focal length of a concave mirror:  (Figure 3.3). 

point light source 
corrave -141111111.11  mirror 	disturbance 	lens 
—4.11111111011111 

knife edge 

Figure 3.3 Single mirror schtieren arrangement  

An image of the light source is formed at the same distance from the mirror 

on a knife edge which is placed so as to just allow the light beam to nass 

by. If a disturbance is, in the path of the beam refraction occurs and part 

of the light is intercepted by the knife edge. This has the effect of 

causing a series of dark and light areas on the photographic record which 

correspond to regions of different density in the flow field. The image of 

the disturbance is focused on the screen by a suitable lens. 

The cameras used for studying high speed events are usually of two types, 

those that form streak images and those that have framing facilities. The 

former provides a high precision in the measurement of time at the expense 

of spatial resolution and consequently the records are often difficult to 

interpret. Conventional high-speed framing cameras have maximum rates of 

about 105  f.n.s. with an image size of 10mm square on 35mm roll film. 

image 

screen 
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Latest developments, however, have increased the framing rate over 10 

6 

f.p.s. but with a loss of image size and a deterioration in spatial resolu-

tion. All the cameras mentioned above use a continuous light source and 

have high speed moving parts and are therefore prone to mechanical trouble. 

The camera used in this work is relieved of this notential fault by the use 

of a multiple spark source with a series of prisms to provide the image 

sequencing. A detailed description of its operating principles is given 

below. 

3.2.1 The Chronolite Eight Yailtinle Snark Camera  

The principle of the flUltiple Spark Camera as supplied by Inpulsphysik 

GmbH. of Hamburg, W. Germany is based on the optical system due to Cranz and 

Schardin (1022) and obtains separation of each successive image by purely 

optical means. The essential optical components of this system are the 

multiple spark head and the recording camera (Figures3.4 and 3.5), together 

with the combined power supply and control unit. 

The stark head contains eight adjustable spark gaps in a vertical row 

which can be triggered sequentially from the control unit with a time 

interval between each flash continuously variable over a range of 1 psec. to 

1 sec. The spark head can be pressurised with suitable gases or gas 

mixtures. 

The recording camera is conposed of a receiving head, the lens, bellows 

and plate holder. The geometrical arrangement of the camera and light 

source is similar to that for asingle spark schlieren system. The spark 

head is placed at a distance of twice the focal length from the concave 

mirror and the eight light beams from the sparks are focused at the same 

distance from the mirror, after a deflection of 90 degrees by a prism, onto 

the knife edges in the schlieren head. They are then directed onto the 

eight adjustable deflecting prisms by means of which the images are 
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arranged in the desired position on the back of the camera giving a format 

of eight reproductions of the flow field each approximately 30 mm diameter. 

3,3 Shock Detector Gauges and Arrival Tine Thasuring System  

Four piezo-electric gauges have been decigned to detect the arrival time 

of a weak shock wave to an accuracy of one microsecond. To convert a small 

high frequency pressure transient into a suitable electrical signal it is 

necessary to have a large area of contact between the sensing element and 

the medium in which the measurements are to be rade. The sensor must be 

mounted on a solid body which in turn must be held in a rigid manner to 

minimise undesirable low frequency signals. The gau7e, illustrated in 

figure 3.6, has a sensing element of a 1in. square crystal of lead 

zirconate-titanate (PZT Dimorph) as sunplied by Vernitron Ltd. Each face 

of the crystal hasa silver coating which acts as the connection to the 

gauge amplifier. Contact with the underside of the crystal is achieved by 

attaching it with a conducting adhesive to a central brass plug which is 

connected to the centre in of a B.N.C. plug. The earth contact is made to 

the main body of the gauge with a band of silver paint across the face of 

the assembly. 

The action of a pressure force on a piezoelectric material sets up an 

internal strain which changes the dipole moments within the molecular struc-

ture of the crystal. This induces a surface charge resulting in a notential 

difference between each crystal face which is detected by a high input 

impedance nre-amplifier. The one whose circuit is given in Anpendix C has 

an input impedance of 100 nJ2 and a rise tine of < 0.1 sec. 

Tests were made on the nerfornance of the gauge with the aid of a 

shock tube. The resulting signal, illustrated in figure 3.7, was produced 

by a shock wave of approxinately 10 psig.overpressure. The rise time, which 

depends primarily on the transition time of the acoustic wave between each 
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face of the crystal, is 4 psec. for the 0.019 in. element used here and has 

a peak of 0.2 volts without amplification. The oscillations following the 

initial rise are due to multiple reflections of the wave off the sides of 

the gauge; the form of the signal can in no way be used as either a measure 

of the pressure step behind the shock or the duration of the positive phase 

of the wave. 

The high frequency signal from each gauge is anplified and differentiated 

with a suitable time constant using the multichannel 10 nliz chronometer 

described by 	(1()71). 

3.l Pressure Transducer  

The nressure transducer used for monitoring the sten-like wave form at 

the rear of the vessel during the venting process consists of a strain 

gauge mounted onto an aluminium diaphragm. The choice of the dimensions 

and properties of the diaphragm material must be made with a consideration 

for sensitivity, natural frequency and linear response over the required 

pressure range. A procedure for compromise among the various transducer 

qualities is given by Werner (1953). He lists a set of constraints which 

must be adhered to for a Rood diaphragm design and then goes on to express 

these as a set of inequalities. Charts have been constructed for steel, 

dural and dow metal which show the necessary inequalities and the area of 

suitable diarhragm dimensions on a log-log plot of pressure against t/a, 

the ratio of the diaphragm thickness to its radius. The design chart for 

aluminium is reproduced in figure 3.8 and the details of its construction 

are given below. 

The equations that are used in the design are the usual expressions for 

tangential and radial strains which only hold for small deflections and for 

t/a < 0.4. It is important that the transducer has adequate sensitivity at 

the minimum Pressure for which readings are to be taken. The sensitivity 
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lines are calculated with a value of strain equal to 10

-6 
at the minimum 

useful pressure and are plotted for different values of R/a where R is the 

strain gauge radius. Should the minimum strain requirement differ from 10 6  

then the curve is used by shifting it along the abscissa by a factor of 

emin/10 6 
or alternatively the nressure scale is divided by this value. 

The maximum stress (Smax) that the diaphragm is subject to during operation 

must be well within the maximum working stress (Si) of the material used 

resulting in the inequality 

Smax 4, S1/2 

This constraint on the minimum strength of the material is shown plotted 

for various values of S is psi. Finally it is important that the natural 

frequency of the diaphragm is adequate for accurate measurement of the 

transient pressures. This constraint on the frequency, f fnin, where 

fmin is several times the maximum frequency of the pressure signal, is 

plotted as a x f against t/a on the chart. 

A calculation of the minimum electrical signal required which can be 

suitably annliiied suggests that an average minimum strain of 10-5  is 

sufficient in this case. For a useful pressure range from 10 to 300psi the 

diaphragm dimensions are restricted to the polygon and bounded on the left 

and right by the 1 psi and 300 psi lines respectively. At high natural 

frequencies the sensitivity curves begin to restrict the useful pressure 

range. The maximum frequency that can be obtained while still maintaining 

the required sensitivity is that corresponding to a value of t/a = 0.16. It 

is convenient to set a to 0.25 in. from which t is found to be 0.0)4 in., and 

(from a value of a x f = 1.5 x 104) the diaphragm will have a natural fre-

quency of 60 Khertz. Aluminium has a maximum working stress of 35,000 psi 

which indicates that the upper pressure limit is approximately 1,000 psi. 

The transducer is constructed to these dimensions as illustrated in 
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figure 3.'3. The main body is of mild steel and encloses the diaphragm on 

all sides except that open to the pressure source. The diaphragm is pro-

vided with a thick flange in order to isolate the sensitive area from 

external strains when the transducer is clamped to the rear of the vessel. 

The type of strain gauge employed, illustrated in figures 3.10, is a Micro-

Measurements 455 JB which is bonded to the diaphragm with the recommended 

adhesive. The gauge acts as a simple Wheatstone bridge, two arms picking 

up radial strains and two tangential strains. With this configuration the 

strain gauge is self-compensating for slowly changing environmental temner-

atures. The output from the transducer is amplified using the circuit shown 

in Appendix C and with a suitable combination of gain and excitation voltage 

a sensitivity of 4 my/psi is obtained. The calibration was performed with 

a standard Dudenburg Test Gauge and the resulting curve is plotted in 

figure 3.11 and shows good linearity and undetectable hysteresis. An 

example of the type of pressure record made by the transducer is shown in 

figure 2.12 for the first few milliseconds of the venting process for a 

200 psig bursting ptessure and a 2 in. diameter vent. Calculation of 

results makes it necessary to have a high degree of accuracy in inter-

preting this signal for both the pressure levels and the pressure transition 

times. Therefore the pressure signal is fed to a Data Lab DL 905 transient 

recorder which has an eight bit digital store giving a pressure resolution 

of 1/256 of the full scale setting and a time resolution of 0.15 of the 

recording tine subject to a minimum of 0.5 p.sec. The recorded signal can 

then be transferred to an oscilloscope or a chart recorder for a detailed 

analysis of the wave form, or direct tine interval measurement can be made 

by precise location of the stored information. 
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3.5 Experimental Procedure  

The arrangement of the apparatus is shown schematically in figure 3.12. 

The vessel, which is mounted in a rigid manner, has its axis in the hori-

zontal plane and at the same height as the centres of the concave mirror, 

the spark head and receiving head of the photographic recording system, the 

latter two being placed about 3 ft. apart to minimise parallax. The shock 

detector gauges are placed at suitable locations downstream from the vessel 

and are connected via the preamplifiers to their respective amplifier on 

each channel of the chronometer. A point light source is situation down 

stream from the vessel with a lens focusing the beam along the axis onto 

the photodiode at the rear of the vessel. Next to the photodiode is the 

strain gauge pressure transducer, from which the amplified output is dis-

played on the D.V.M. for current pressure readings and fed to the transient 

recorder for storage. The recorded signal is displayed on a C.R.O. or 

transferred to a chart recorder when required for further analysis. 

Before commencing the experimentation it is necessary to check the 

alignment and functioning of each part of the apparatus. Firstly to 

obtain a satisfactory sequential firing of the spark head several critical 

adjustments have to be made. It is advisable to make the initial adjust-

ment of the spark gaps in air with 4 KV across the discharge capacitors and 

then to pressurise the spark chamber with a suitable gas or gas mixture. 

This increases the energy that can be discharged and consequently the light 

output of each spark. In this work the spark chamber was initially 

pressurised to 2 atmospheres with nitrogen and the voltage was set to 5 KV; 

a trial and error procedure was then adopted for the addition of argon until 

a satisfactory sparking sequence was obtained, the final chamber pressure 

being approximately 3 atmospheres. Both the plane of the spark gaps and 

receiving head, of the camera must be vertical so the knife edges can be 
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adjusted to give the same density image for each spark. The beam of light 

from each spark, reflected by the schlieren mirror, is directed to pass in 

front of the bursting disc such that the vessel is just in the field of view 

and can be used as a reference plane for distance measurements off the 

photographs. The camera is loaded with an Ilford HP3 12 cm x 9 cm plate. 

To provide a satisfactory triggering pulse the light beam from the 

point source must travel along the vessel axis and be focused on to the 

photodiode through the small glass window in the vessel rear. This ensures 

that there is a minimum of delay between the opening of the bursting disc 

and the light falling onto the photodiode. The bursting disc thickness and 

orifice diameter are then chosen to give the required combination of burst-

ing pressure and venting area and the whole assembly is clamped to the 

front of the vessel. The shock detector gauges are placed at suitable 

locations in front of the vessel, their centres being within 6 in. and at 

the same height as the axis. It is important to ensure that the sensitive 

element of each gauge is normal to the shock wave at the point of impact. 

This is achieved by aligning each gauge holder in turn with the use of a 

dummy gauge which has a 0.031 in. diameter capillary bore along its axis. 

On viewing the centre of the bursting disc through this carillerT the front 

face of the gauge becomes tangential to any spherical disturbance centred 

at the intersection of the vessel axis and the undistorted disc plane. 

After re-setting the various instruments the filling process is started by 

emitting gas from a reservoir to the vessel (alter purging for gases other 

than air). The flow rate is adjusted by a needle valve such that the gas 

velocity inside the vessel can be taken as zero and the pressure, which is 

displayed on the D.V.M., as uniform. The whole process takes about 3 to 4 

minutes during which time the gas temperature in the vessel is checked, the 

flashing rate is set, the laboratory is darkened and the cover is removed 

from the photographic plate. On reaching the bursting pressure of the disc, 
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rupture occurs and the contents of the vessel are vented through the orifice 

which is formed. The light beam, previously intercepted by the complete 

bursting disc, falls on to the photodiode giving a signal which is amplified 

and used to mark absolute zero in time by feeding to the input of a Verner 

pulse generator. The outout is taken either delayed by a known increment 

or coincident with the input to start both the flashing sequence of the 

camera and the arrival time measurements by removing the unit inhibit on the 

four channels of the chronometer. A prepulse is also taken to trigger the 

transient recorder. The shock wave which is formed downstream from the ves-

sel strikes each shock detector gauge in sequence, the signal from which 

inhibits the appropriate channel of the counter. Each scaler then displays 

the interval between the start signal and the arrival of the shock wave at 

the gauge locations. The recorded pressure wave form is transferred to the 

chart recorder and the bursting pressure and the 2nd stage steady pressure 

are read. For precise determination of the pressure transition times the 

Z-modulation facility of the recorder is used to locate the points of inter-

est on the signal displayed by the C.R.O. The measurements made are the 

time between the triggering and the pressure disturbance reaching the rear 

of the vessel together with the duration of the wave reflection. 

It was not found possible to make parallel photographic recordings and 

arrival time measurements due to the electrical noise from the sparks inter-

fering with the timing system. However, this could be overcome by providing 

a delayed re-set pulse followed by a start pulse to the chronometer after 

the photographic record is complete. 

The experiments were performed in sets for each combination of bursting 

pressure and venting area and for two different gases. Approximately 30 

runs were made for the first few sets of observations: about 22 arrival 

time measurements: and 8 to make photographic recordings under the same 
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nominal conditions of bursting pressure and venting area. Analysis of these 

results showed that it was only necessary to perform 10 runs for the arrival 

time measurements in the remaining sets of experiments. Table 3.1 shows the 

conditions for each set of experiments performed. The nomenclature used to 

refer to a particular run in any one set of experiments is of the form 

ZUG/1/Z where XIX is the nominal bursting pressure (psig), G is the initial 

letter of the gas used to fill the vessel (air = A, helium = H), Y is the 

orifice diameter (inches) and Z is the run number in that set. All gases 

were vented into the atmosphere under normal conditions of temperature and 

pressure without any obstruction hindering the development of the pressure 

waves. 

TABLE 3.1  

NO=AL CONDITIONS FOR EACH SET OF EXPERIMENTS 

Experimental 
Set 

Nominal Bursting 
Pressure (psig) 

Orifice 
Diameter (inches) 

Number of Runs  

Arrival Times Photographs 

70A/2/- 70 

N
N

 C
V

  C
V

 en
 CV

 el
 

.-1-1
  —

1  en
  CV  

T.'. 	
.."1

^
/

  

21 8 
100A/2/- 100 21 8 
110A/2/- 110 20 8 
145A/2/- 11.5 21 8 
95A/3/- 95 25 8 
200A/2/- 200 10 8 
130A/3/- 130 10 8 
100A/14/- 100 10 8 
130A/4/- 130 10 8 
200A/4/- 200 10 8 
260A/3/- 260 10 8 
275A/2/- 275 10 8 
275A/1/- 275 10 8 
250A/4/- 250 10 8 

140H/4/- 1140 10 8 
25011/4/- 250 10 8 
275H/1/- 275 10 8 
20011/2/- 200 10 8 
300H/4/ 300 10 8 
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3.6 Experimental Accuracy 

3.6.1 Photographic Recordings  

The trigger from the thotodiode after the bursting disc has ruptured 

defines the starting point for all time measurements. Ideally this time 

should be coincident with that at which the disc first ruptures, but due to 

fragments of the disc intercepting the light beam for extended periods it 

has to be corrected to obtain absolute values for these measurements. This 

delay between the initiation of the venting process and the photodiode 

trigger pulse is readily determined by subtracting the time interval between 

the trigger pulse and the disturbance reaching the rear of the vessel from 

the time a sound wave takes to travel this distance. This delay can be 

determined from the pressure recordings to within + 3 gsec. Each sequence 

of photographs is therefore subject to this error of 3 psec and a further 

error of 1% of the recording interval introduced by the setting of the 

flashing rate, giving a total absolute error of up to + 10 ps. 

The only significant errors in the distance measurements taken from the 

photographic plates are those introduced by the lack of definition of the 

various boundaries. The use of a high contrast and fine grain emulsion 

keeps this error below 0.03 in. 

3.6.2 Shock Distance - Time Measurements  

As the chronometer start pulse is provided by the photodiode these time 

measurements are subject to the same correction factor and error as the 

photographic recordings i.e. + 3 gs. The shock detector gauges provide a 

signal which marks the end of each measurement period and by suitable 

adjustment the error caused by the triggering levels in the detection 

circuits can be reduced to less than 1 g sec. The readings displayed on 

each channel of the chronometer are also subject to an error of + 0.1 gs 
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due to the possibility of the start and stop signals not coinciding with 

the 10 MHz counting pulse, giving a total absolute error for the arrival 

time measurements of approximately I psec. The position of the shock 

detector gauges is measured to the centre of the undistorted bursting disc 

plane and can be determined to + 0.05 in. 

3.6.3 Pressure Measurements  

Errors arising from the pressure measurements are accumulated at each 

stage of the processing of the signal from the transducer. Firstly the 

non-linear response of the diaphragm and hysteresis effects introduce small 

errors of 0.2% and 0.3% respectively over the 0 - 300 psig. range. To 

achieve the greatest accuracy in storing the signal in the transient recor-

der the input gain is adjusted such that the signal covers as much of the 

range as possible. Errors introduced at this stage can amount to 0.8%. 

Again it is advantageous to set the controls on the chart recorder so that 

when the pressure record is plotted it gives near to a full scale deflection 

and can be read to within 0.5%. A total maximum error of 1.8% is thus 

incurred for each pressure measurement. A further error of approximately 

0.5% is apparent when reading the second stage steady pressure which shows 

small oscillations due to reflections of the rarefaction wave from the 

vessel walls. 

3.6.4 Pressure Transition Times  

The accuracy in obtaining the time duration of pressure transients is 

determined by the natural frequency of the transducer and the resolution of 

the transient recorder. The former has a quarter cycle of 4 psec and the 

latter a resolution of 0.1% of the recording time giving a typical error in 

this measurement of 10 psec. 
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CHAPTER FOUR 

RESULTS 

In order to analyse the properties of the blast waves generated under 

different conditions of bursting pressure and venting area the principle 

readings listed below were made during the experimentation. The average 

valuesihr each case are given as indicated in the tables that follow. 

(i) Nominal bursting pressure, orifice diameter and vented gas 

description as per Run Number. (Table 4.1). 

(ii) Nominal bursting disc thickness (Table 4.1). 

(iii) Disc bursting pressure (Table 4.1). 

(iv) Second stage steady pressure (Table 4.1). 

(v) Pressure transition time at vessel rear (Table 4.1) 

(vi) Shock wave arrival time measurements at a number of locations 
(Table 4.2) 

Additionally the coefficients of the polynomial representing the path of 

the contact surface used in the execution of program PISTON are tabulated 

in two groups. 

(i) Hypothetical coefficients for a second-order polynomial used in 

the determination of the part played by each coefficient in the 

development and propagation of the shock wave in the associated 

flow (Table 4.3). 

(ii) Coefficients for a fourth-order polynomial which provides a least 

squares fit to the experimental measurements of the contact surface 

distance-time relationship (Table 4.4) 
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The relevance of each reading will become clear from the description of the 

analytical techniques that are employed to obtain the results in a form 

which will provide a quantitive assessment of the properties that determine 

the strength of the blast wave as outlined in Chapter 1. 

In Table 4.1 the bursting disc thickness is the nominal value as 

specified by the manufacturers of the aluminium foil and sheet used for all 

the experiments. Where two figures are given two discs, one of each thick-

ness, were loaded into the holder. The average bursting pressure is an 

indication of the total vessel energy content and together with the second 

stage pressure and the associated transition time provide a means of assess-

ing the rate of energy release during the initial stages of venting. The 

rate of opening of the disc depends on its thickness and the forces acting 

upon it, a simple apnlication of Newton's 2nd law to the system provides an 

estimate of the bursting disc opening time. 

Table 4.2 shows the arrival time measurements of the shock wave, 

averaged over a series of runs, together with the standard deviation for 

each location of the detector gauge. The distances are measured from the 

sensitive element on the face of the gauge to the intersection of the 

vessel axis with the plane of the undistorted bursting disc, these all being 

at the same height. The results after suitable scaling can be compared with 

those for a point source explosion. 

The polynomial representing the path of the contact surface when running 

program PISTON on hypothetical data was of the form: 

x = ao  a2 t
2 

where x is the contact surface distance at a time t (cosec.). The 

coefficients a
o 
and a

2 
represent the contact surface initial radius and an 

acceleration term respectively. The values of the coefficients come in 

four groups and are chosen to be of the same order of magnitude as that 

obtained from the experimental work. Program PISTON was run for all the 
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TABLE 4.1  

AVERAGE EXPERIMENTAL PRESSURE READINGS 

Run Number 
Nominal Disc 
Thickness 
(thou.) 

Average Bursting
Pressure (psig) 

Average 2nd 
Stage Steady 

Pressure (psig) 

Pressure transition 
time at vessel 
rear (lasec) 

70A/2 4 69.3 57.9 473 
100A/2 5 98.1 82.2 417 
110A/2 6 109.6 92.0 405 
145A/2 8 143.9 122.2 401 

95A/3 8 96.3 63.4 740 

200A/2 10 197.5 167.3 427 

130A/3 10 131.4 88.7 769 

100A/4 10 98.4 • 42.8 1196 

130A/4 10 + 5 128.3 61.1 1052 

200A/4 10 + 10 197.3 99.8 1084 
260A/3 10 + 10 262.2 182.4 624 
275A/2 10 + 6 273.6 236.5 432 
275A/1 8 274.1 263.8 142 

250A/4 26 248.2 124.2 1126 

140H/4 16 139.3 59.6 641 
250H/4 26 245.2 107.2 731 

275H/1 8 286.2 274.0 87 

200H/2 10 201.0 167.3 336 

300H/4 32 297.6 134.1 756 

data for one-dimensional spherical co-ordinates and for one-dimensional 

planar co-ordinates where indicated in Table 4.3. 

The experimental measurements of the distance-time relationships for 

the contact surface are taken from the photographic images recorded for 

each set of conditions, and example of which is shown in Plate 2 . The 

constraints that are imposed on the form of the polynomial fitted to this 

data arise from two considerations both at the initiation of venting. When 



TABLE 4.2  

ARRIVAL TIME MEASURMENTS (YISEC) AND THEIR STANDARD DEVIATION (4SEC)  

Distance 
Run 	(ft) 
Number 

1.5313 2.0313 2.5313 3.0313 3.5313 4.0313 

70A/2 - - 2.2318 28 2.6629 27 3.1035 29 3.5331 29 
100A/2 1.3330 15 1.7720 24 2.2100 26 2.6429 25 3.0807 20 3.5137 20 

110A/2 1.3340 23 1.7686 25 2.2077 27 2.6387 26 - 
145A/2 1.2968 25 1.7226 29 2.1590 25 2.5895 28 3.0206 20 3.4560 21 

95A/3 1.3425 23 1.7730 22 2.2120 21 2.6465 30 - 
200A/2 1.2648 29 1.6994 30 2.1197 28 - - 
130A/3 1.3216 28 1.7753 45 2.1649 30 - - 
100A/4 1.3967 47 1.8383 48 2.2780 62 2.5650 52 - 
130A/4 1.2260 88 1.6525 91 2.0708 89 2.5055 90 - 
200A/4 1.2007 107 1.6121 109 2.0152 110 2.14433 112 - 
260A/3 1.1717 58 1.5842 59 1.9851 57 2.4102 57 - 
275A/2 1.1731 27 1.5944 29 2.0112 29 2.4)148 .29 - 
275A/1 1.2244 16 1.6562 16 2.0852 17 2.5233 18 - 
250A/4 - 1.6383 25 2.0369 30 2.4530 27 2.8814 31 

140H/4 - 1.2943 85 1.6545 81 2.0606 86 2.4650 84 

250H/4 - 1.2703 50 1.6265 56 2.0014 61 2.3987 72 
27511/1 - 1.4454 16 1.8531 14 2.2744 15 2.7054 16 
200H/2 - 1.4231 23 1.8249 25 2.2325 23 2.6613 29 

30011/4 - 1.2448 50 1.5787 50 1.9547 55 2.3499 61 
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TABLE 4.3  

COEFFICIDTTS 07 THE SEC071) -07.DER  pOT.,777.7.AT,  REP? ESENTTNG 

A C07TACT SURFACE TRAJECT= 

Run 7Aimber ao a
2  

Co-ordinates 

A. 1/1 0.1 

C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 C
D
 u-

or
tA

rt
vi

.v
i.
vt

A
ro

n
vt

.v
.t. 	

.
.
.
.
.
.
.
.
 
	

0
 
C
D
 C
D
 C
D
 C
D
 C
D
 

•
•

•
•
•

•
•
•

•
•
•
 	

•
•
•
•
•

•
•

•
•
•
•

•
•
•
•
•

•
•
•

•
•
•

•
 	

•
•

•
•

•
•

•
•
•
  

\
-1
1
V
0
.
1 

-
1
\
A
V
I
V
A
V
I
A
W
A
V
I
V
I
.
  
P
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
 
.

"
"-
N
D
0

'
,(
3
0
3

.-
-4

C
r
O
s
t
.
  

spherical 
1/2 0.1 n 
1/3 0.1 n 
1/4 0.1 !! 
1/5 0.1 n 
1/6 0.1 It 

1/7 0.1 n 
1/8 0.1 n 
1/9 0.1 !! 

B. 2/1 0.1 n 
2/2 0.2 n 
2/3 0.3 n 
2/4 0.4 n 
2/5 0.6 n 
2/6 0.8 II 
2/7 1.2 II 
2/9 2.4 It 
2/10 3.2 n 
2/11 6.4 n 
2/12 0.5 Planar _ 
2/13 0.1 n 
2/8 1.6 spherical 

C. 3/1 0.1 spherical 
3/2 0.2 n 
3/3 0.3 n 
3/4 0.4 !! 
3/5 0.5 “ 
3/6 0.6 n 
3/7 0 . 8 " 
3/8 1.2 n 
3/9 2.4 if 
3/10 0.5 Planar 

D. 4/1 0.1 spherical 
4/2 0.2 " 
h/3 0.3 " 
4/4 0.4 n 
4/5 0.5 n 

4/6 0.6 if 
4/7 0.8 n 
4/8 1.2 " 
4/9 1.6 n 
4/10 3.2 tt 
4/11 0.1 Planar 



... 

- 68 - 

the time is zero, firstly the position of the contact surface is zero; and 

secondly, the contact surface is stationary. The latter assumption rules 

out the concept of infinite acceleration and the polynomial takes the form 

below, 

x = t2 (ao 
+ a

l
t + a

2
t2) 
	

(4.2) 

where x is the position of the contact surface (ft) at time t (msec), the 

values of the coefficients being given in Table 4.4 for each set of 

experimental conditions. 

TABLE 4.4  

COEFFICIENTS. OF THE FOURTH-ORDER POLYNOMIAL TO FIT THE EITPERIMENTAL 

MEASUREMNTS OF  THE CONTACT SURFACE TRAJECTORY 

Run Number a
o 

a
1  

a
2 

70A/2 4.0611 - 	7.0127 3.6143 

100A/2 4.2445 - 	7.2534 3.6591 

110A/2 5.3574 - 10.960 6.6888 

145A/2 5.3036 - 10.584 6.3810 

95A/3 5.2793 - 10.287 5.9565 

200A/2 6.4506 - 13.569 8.3217 

130A/3 9.2691 - 28.072 24.836 

100A/4 7.3519 - 18.300 13.428 

130A/4 10.309 - 26.373 18.164 

200A/4 11.8°9 - 36.548 32.585 

260A/3 13.155 - 45.763 47.563 

275A/2 10.600 - 30.535 26.019 

275A/1 12.376 - 41.778 40.455 

250A/4 15.687 - 55.529 56.071 

140H/4 45.637 -256.58 391.04 

250H/4 39.441 -210.56 322.72 

275H/1 41.002 -258.79 476.04 

200H/2 31.343 -170.94 275.35 

300H/4 32.121 -152.54 209.70 
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CHAPTER FiVE  

DISCUSSION OF RESULTS 

It is convenient to relate all the properties of blast waves to those 

developed under ideal conditions and then to discuss how real effects lead 

to discrepancies between the ideal situations and actual occurrences. The 

outcome of the comnuter studies of blast wave development has been given 

priority in this chanter, as a consequence of the results being derived from 

what are the simplest of boundary and initial conditions dealt with through-

out this work. A comnarison of the computer results with any individual 

blast wave is made difficult by a lack of reproducibility in the way each 

blast wave develops, thus requiring average measurements to be used as 

typical for each case. A comnarison of the blast wave strength for the 

range of experimental conditions present in this work is made with those 

measured by other workers under different geometrical conditions, but where 

the amounts of energy available for blast wave development are comparable. 

These results are then related to those for a point source explosion from 

which a means of scaling the non-ideal blast is put forward. 

5.1 Computer Studies of Shock Formation and Development  

Computer studies have been made of the flow produced by an accelerating 

piston in both one-dimensional planar and spherically symmetric systems. 

The examination deals with both uniform and non-uniform accelerations in the 

former co-ordinate system and uniform accelerations in the latter. An 

extension to non-uniform acceleration for the spherically sylLietric system 

is discussed. The results were produced in both numerical and graphical 

formats, the former being far too extensive for presentation in full here. 

However a substantial amount of information can be obtained from the 

graphical presentations and, for some cases, they provide a clearer picture 
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of the effects being investigated. Where necessary the principle numerical 

results have been extracted and presented in tabular form. 

5.1.1 One-Dimensional Plane Flow with Uniform Acceleration  

The type of wave-form produced for the case of a one-dimensional plane 

piston motion with uniform acceleration is shown schematically in Figure 5.1. 

Both axes have dimensions of feet, although the ordinate is reduced time 

TC
ol
where C

o 
is the velocity of sound in the undisturbed gas. This has the 

advantage of making the gradient of the first disturbance emitted by the 

piston, the so called acoustic line, take a value of unity and also 

simplifies the task of determining whether a particular set of co-ordinates 

is ahead of or trailing this initial disturbance. For a particular point on 

the graph with co-ordinates (X1 , T1  Co); if 	> TI C0  then the point is 

ahead of, and if X
1 

< T1  Co, it trails the initial disturbance. 

In accordance with the hypothesis put forward in Chapter 1, Figure 5.1 

shows no discontinuity in the flow during the initial stages of gas motion. 

A shock wave first forms on the acoustic line and increases in strength as 

the pressure waves from behind catch up and coalesce. This shock develop-

ment process is clearly shown in Figure 5.2 for the same piston motion, 

where the profiles of both the gas velocity and the sonic velocity are 

plotted along constant TC
o 
lines from Figure 5.1. The distance co-ordinate 

is scaled such that the piston boundary is always defined by zero, and the 

position of the outermost disturbance, whether it be the acoustic-wave or 

the shock wave takes the value of unity. In this case the discontinuity in 

the flow is clearly first shown at TC0  = 0.6. The development of the shock 

wave here has no real interest due to the piston being continuously acceler-

ated, resulting in an infinite amount of energy eventually being transferred 

to the flow. 
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5.1.2 One-Dimensional Spherically Symmetric Flow With Uniform 

Acceleration  

A one-dimensional spherical flow presents a different picture of shock 

formation as illustrated in Figure 2.1 (following page 30) for a general 

case. The shock formation point is now behind the acoustic line and as the 

shock wave increases in strength it will overtake the disturbances ahead of 

it and eventually enter the region of undisturbed gas. As this example is 

typical of the shock development in the experimental work it will be dealt 

with in greater detail at a later stage. 

In each case the position of the point of shock wave formation is 

related to the motion of the piston. For the piston that has the larger 

acceleration the convergence of the characteristic directions, which depends 

on the rate of change of (u + c) at the piston boundary, will be greater and 

thus give an earlier discontinuity. Additionally an identical acceleration, 

but coupled with a larger piston area will increase the value of c at this 

boundary, also giving rise to an earlier discontinuity. These two effects 

of acceleration and initial piston radius are shown in Figures 5.3 and 5.4 

using the piston motions listed in Table 4.3 . Both the distance and time 

co-ordinates are plotted so as to indicate the position of the shock forma-

tion relative to the acoustic line, the latter being measured from the 

initial piston radius. In Figure 5.3 the relationship is continuous within 

the region of experimentation and for all values of a2, I is less than TCo 

indicating the shock formation is within the acoustic line. 

At low values of acceleration the shock formation is furthest away from 

the initial piston position and also at the greatest distance behind the 

acoustic wave. An increase in piston acceleration brings the shock formation 

point closer to both the initial position and the acoustic line. Figure 5.4 

illustrates the effect of changing the initial piston radius for three 
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different accelerations using data of Table t..3 B, C, and D. These curves 

all show a maximum value where the shock formation point first coincides 

with the acoustic line. As the initial piston radius increases from zero the 

shock formation co-ordinates, initially trailing the acoustic line, increase 

in value. On reaching the acoustic line this tendency is reversed and 

further increases in initial piston radius give shock formation points on 

the acoustic line at decreasing values. The curve becomes asymptotic to the 

shock formation point for a plane piston motion as would be expected for a
o
, 

the initial piston radius, approaching infinity. 

5.1.3 One-Dimensional Plane Flow With Non-Uniform Acceleration 

An extension to a non-uniform acceleration for a one-dimensional plane 

flow yields a similar result to that for one-dimensional spherical flow, i.e. 

shock formation behind the acoustic wave. The program PISTON provides the 

results for this particular case in Figures 5.5 and 5.6, the former showing 

the piston trajectory and positive characteristic directions and the latter 

the gas velocity and sonic velocity profiles between the piston boundary 

and the outermost disturbance for a number of constant TC
o 
lines. At TC = 

0 

1.0 the shock wave is well defined, yet inside the acoustic wave, whereas 

at TC
o 

= 1.1 the shock is travelling into an undisturbed gas, replacing the 

acoustic wave as the outermost disturbance. 

5.1.4 One-Dimensional Spherically Sy.Lietric Flow With Non-Uniform 

Acceleration  

The gas motion associated with an expanding spherical piston with a non-

uniform acceleration is similar to that of a symmetric explosive source. In 

this case the movement of the contact surface is governed by both the forces 

present and the mass of gas being accelerated. Initially these forces will 

be large and the amount of gas under the influence of the contact surface at 

a minimum, resulting in a high acceleration. As more gas is set in motion 



0 

O 

0 
O 

O co 

O 

Shock Piston Path 

Shock Formation Point 

O 

1.3 

FIGURE 5.5 
0 

O 

One drrtnF!-:^al pane piston motion  
with non-tin6.crm zcce!aration  

040 1'.60 	1.80 2.40 
C.40 	0.60 	0.00 	I .00 	1 . 20 	1.40  

RADIAL DISTANCE (FEET1 2.00 	2%20 



O 
O 

9.00 

0.25 	0.50 	0.75 	1.00 
SCALED DISTANCE 

cb.00 	0.25 	0.50 	0.75 
SCALED DISTANCE 

TCo=1O 
9, 

04 

O 
O 

0.25 	0.50 	0.75 	1.00 
SCALED DISTANCE 

SCALED DISTANCE 

O 
O 
cb.00 	0%25 	0%50 	0.75 	1.00 	1.25 	cb.cia 	0.25 	0.50 	0.75 	1.00 

SCALED DISTANCE 

N 

1.25 

TCo=G9 
o CM() 
A U/ CO 

0.25 	0.50 	0.75 
SCALED DISTANCE 

1.00 1.25 

FIGURE 5.6  

Ono dirnensional plane Piston rri-,tion with non - unform acceleration  
Sonic and Gas Vcicuty Profiles  



- 73 - 

the driving force of the explosion will diminish and the acceleration of the 

contact surface will decrease and eventually become negative as all the 

energy is dispersed. The characteristics of such a flow will be dominated 

by two regions, one of compression and one of expansion or rarefaction. The 

former is subtended by an accelerating piston where the characteristic 

directions converge making it possible for a shock wave to form. The 

adjacent rarefaction region is subtended by a decelerating piston where the 

flow is expanding and the motion of the gas decreasing. A more detailed 

analysis of these two regions is made in the following section which deals 

with the computer simulation of a real explosion by an expanding spherical 

piston. 

This method of describing the flow and shock wave development associated 

with an expanding piston is only suitable for an ideal explosion and could 

not be expected to deal rigorously with the complicated flow patterns that 

are set up in a real situation. Its validity, however, for the former 

application is confirmed by a comparison with the work of others, particularly 

that of Courant and Friedrichs (1948) and Jones (1958) as mentioned in 

Chapter 1 (pages 8 and 9). A direct comparison of the Ts  Co  co-ordinates 

determined by program PISTON for a one-dimensional plane flow with those 

obtained from equation (1.9) is made in Table 5.1 below for the three 

accelerations considered. 

TABLE 5.1  

COMPARISON OF THE SHOCK FORMATION CO-ORDINATES DETERMINED BY 

PROGRAM PISTON AND BY ANALYTICAL MEANS 

Acceleration (a2) Ts  Co  (Program PISTON) Ts  Co  equation (1 .927 

0.5 1.165 1.06 

1.0 0.556 0.530 

5.0 0.131 0.106 



- 714 - 

A similar comnarison for a non-uniform acceleration with a value of a
3 
 = 1.0 

substituted into equation (1.11) gives a figure of 0.925 for TsCo  whilst the 

corresponding value from Figure 5.5 is 0.910. 

5.2 Computer Studies of The Gas Flow Associated With a Spherical Piston  

Movement Representing the Exnerinentall Determined 7.otion of a Contact 

Surface in an Explosive System 

The flow of gas has been determined for the case of a spherical piston 

moving into the atmosphere in such a way that its trajectory represents the 

motion of the contact surface nresent when a high nressure gas is released 

from a cylindrical vessel. The trajectory of the piston is defined by 

using the method of least squares to fit a polynomial to the experimentally 

determined distance-time data. The constraints on the equation that have 

to be satisfied are that initially the piston velocity and its distance 

co-ordinate are both zero. The distance-time measurements are made off 

photographic glass-plate negatives from one of which Plate 2 is printed. 

The co-efficients of the polynoniallwhich has the form: 

2 (a
o 	

a
1
t + a

2
t
2) 	(5.1) 

were given for each set of experimental conditions in Table 4.h. It is 

evident that in each case the motion of the piston is represented by an 

initial acceleration followed by a period of attenuation. The range over 

which the polynomial forms a good fit to the experimental data is well 

covered by these two periods and any subsequent motion is not representative 

and has to be ignored. 

The solution of the flow for such a piston motion is performed by program 

PISTON by developing the network of characteristic directions between the 

piston path and the outermost disturbance. The form of graphical output is 

shown in Figure 5.7 for the results obtained from a 70 psig air blast over 



0 

0 
O 

0 

0 
0 

0 
07 

FIGURE 5-7 
hack Formation Point 

Run nur.ber70A /2  
Positive character stc directions 

0'.20 	0'.30 0.80 	D.S0 0.40 	0.50 	0.60 	0.70 
SCALED DISTANCE (X/X0I 

1.20 1.00 	i'.18 



- 75 - 

a 2 in. diameter vent; the positive characteristic directions are included. 

The trajectory of the piston is of the form previously described. As would 

be expected for a spherical one-dimensional flow the shockwave forms inside 

the acoustic wave, gradually accelerates as the waves from behind catch up 

and coalesce, and emerges into the undisturbed region. The period of piston 

acceleration gives rise to a compression wave which influences the shock 

development upto the point where the tail of the wave makes an intersection. 

The tail has its origin where the piston trajectory supports a point of 

inflection, i.e. where the acceleration is zero. The subsequent deceleration 

Period causes a rarefaction wave to develop, the head of which is co-linear 

with the tail of the compression wave. The effect of the rarefaction wave 

on the shock development is one of attenuation; this of course is amplified 

by the spherical co-ordinates of the system and is present throughout the 

whole of the period investigated. However at small times the forces present 

are at their greatest and overcome the attenuation effects to give a nett 

accelerating motion to the gas flow. The sonic and gas velocity profiles 

between the piston path and the outermost disturbance are shown in Figure 

5.8 for a number of TC
o 
values. The formation of the shock wave inside the 

acoustic line and its advancement to the front of the disturbed region are 

clearly illustrated. The strength of the shock wave attained in the 

explosion depends on the magnitude and duration of the accelerating phase 

which is a function of both the rate of release of the energy and the 

period of influence of the contact surface on the surrounding gas. 

Figures5.9 to 5.11 are a series of plots illustrating the changes 

brought about in the shock formation and its subsequent development by dif-

ferent piston accelerations. The one pertaining to the air blast shows a 

much later shock formation time than those of the helium blasts. Also the 

distance between the piston surface and the shock wave is substantially 
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greater for the air blast. This observation is endorsed by the measure-

ments taken off the photographs of this particular distance and is repre-

sented by the points on each graph. 

The sonic and gas velocity profiles for the different venting con-

ditions are comnared in Figures 5.12 to 5.14, The state of each shock 

development at different intervals of time is clearly shown, the later 

values on the graph being whilst the shock is attenuating. The computer 

representation of the flow suggests that the method of shock formation can 

be described by a series of compression waves coalescing over a period of 

time to form a single large amplitude wave with a gradually steepening 

front which eventually becomes discontinuous. The position of the shock 

formation is at the point most favourable for a discontinuity to exist. At 

a scaled distance of 1.0, the furthest distance from the piston surface at 

which a shock wave could be formed, the attenuation effects are at a maxi-

mum and consequently the compression waves will be the weakest. Towards 

the piston surface, however, the spherically sylmetric geometry of the system 

will mean a minimum of attenuation, but here there has not been sufficient 

time for a discontinuity to develop in the flow. The most favourable point 

in the flow for shock formation is therefore at the compromise between the 

effects of attenuation and the duration of the flow development. Table 5.2 

gives the shock formation co-ordinates for the piston motion derived from 

each set of experimental conditions. 

The duration of the shock wr.ve acceleration and the maximum shock 

velocity reached depends on the magnitude and period of influence of the 

contact surface. This in turn is related to the time dependance of the 

energy released at the vessel orifice and will be discussed in more detail 

at a later stage. Table 5.3 lists the co-ordinates at which the maximum 

shock velocity is attained together with its magnitude at this position. 
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TABLE 5.2  

SHOCK FOR7ATION CO-ORDINATES FOR AN ACCELERATING PISTON 

Run Number xs  (ft) Ts  Co  (ft) 

70A/2 0.266 0.309 
100A/2 0.245 0.286 
110A/2 0.190 0.221 

145A/2 0.182 0.215 

95A/3 0.181 0.214 
200A/2 0.146 0.172 

130A/3 0.101 0.118 

100A/4 0.127 0.150 

130A/4 0.085 0.100 

200A/4 0.077 0.089 

260A/3 0.071 0.082 

275A/2 0.086 0.10o 

275A/1 0.088 0.096 

250A/4 0.061 0.069 

140B/4 0.020 0.022 
250H/4 0.022 0.025 
275H/1 0.022 0.025 
200H/2 0.029 0.033 

300H/4 0.028 0.031 

5.3 Shock Wave Arrival Times  

The arrival time of the shock wave is measured by a series of piezo-

electric gauges, the sensitive elements of which respond to the compressive 

action of the wave front. The location of these gauges must be as near to 

the vessel axis as possible so as to eliminate the need to correct each 

result for any non-spherically symmetric shape that the shock wave might 

adopt. This way of positioning the detector gauges could possibly lead to 

shock wave distortion being introduced by the first gauge, causing subsequent 

gauges to give an incorrect result. However, provided the gauge is small 
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TABLE 5.3  
CO-ORDINATES AND MAGNITUDE OF THE POINT OF MAXIM SHOCK VELOCITY 

Run Number x (ft) TO
° 
(ft) M = V/C  

70A/2 0.504 0.513 1.205 

100A/2 0.478 0.481 1.239 

110A/2 0.398 0.391 1.280 

145A/2 0.397 0.390 1.294 
95A/3 0.432 0.415 1.305 

200A/2 0.378 0.346 1.416 
130A/3 0.254 0.234 1.413 
100A/4 0.305 0.287 1.378 
130A/4 0.297 0.237 1.704 
200A/4 0.262 0.210 .1.675 

260A/3 0.192 0.164 1.655 
275A/2 0.250 0.212 1.615 

275A/1 0.209 0.179 1.611 

250A/4 0.231 0.171 1.864 

14011/4 0.204 0.094 3.1146 
25011/4 0.222 0.107 2.916 

275H/1 0.171 0.092 2.604 

200H/2 0.190 0.112 2.338 

30011/4 0.234 0.122 2.696 

the disturbance it sets up in the flow will be dissipated before the 

shock reaches the next detector gauge location. Plate 1 illustrates the 

shock wave(S) approaching one of the detector gauges which is located two 

feet away from the vessel. There is an initial delay of 1.661 cosec. to the 

first frame and then a further 20 issec. to each subsequent frame. The shock 

wave is seen to be of a spherical nature, its surface showing no 

irregularities which would lead to further errors in the arrival time 

measurements. The curvature of the shock wave at this distance is minimal 

over the small angle that the gauge subtends making the contact between it 
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and the sensitive element virtually planar. The wave (RS) is reflected 

from the front face of the gauge and travels against the main flow towards 

the vessel, gradually decreasing in strength. The propagated wave makes an 

angle of approximately 90°  with the side of gauge and any reflection is 

therefore difficult to observe on the photograph. Beyond the gauge the 

complete spherical form of the shock wave will be re-established and the 

next gauge which is located at a minimum of six inches further down stream 

will be met with an undistorted spherical wave front. 

The average arrival time of the shock waves at each gauge location are 

given in Table 4.2 (Chapter 4) along with their standard deviations. The 

shock wave strength and hence its arrival time at a certain position 

obviously depends on the experimental conditions under which the shock was 

generated. The deviations of these tines from the mean will therefore 

depend upon a number of experimental discrepancies. Firstly the bursting 

pressure of the disc will vary about the nominal value due to imperfections 

in the material used, and further the orifice diameter will be slightly less 

than the nominal value due to fragments of the disc folding around the plate 

and causing obstructions to the flow. These particular discrepancies will 

have a small and perhaps negligible effect on the amount of energy trans-

ferred to the shock wave. A more significant effect on the shock wave 

trajectory is brought about by the way in which the bursting disc opens. 

Ideally the time between the initial rupture of the material and the disc 

opening out to form an unrestricted orifice should be negligible. In 

practice the mode by which the disc opens is unpredictable and can consider-

ably effect the flow development. The following series of photographic 

Plates illustrates the way in which the bursting of the disc can lead to 

widely differing flow patterns. 
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Each plate shows a series of exposures of a blast wave produced by a 

gas being vented to the atmosphere from a cylindrical vessel through a cir-

cular orifice. The vessel is located to the left hand side of each frame as 

shown schematically against frame 7 of Plate 2a, the front flange being 

clearly visible. In each case the experimental conditions of bursting pres-

sure, venting area and the type of gas contained in the vessel are indicated 

by the run number at the bottom of the plate. The exposures are numbered in 

sequence and their absolute times are determined from T1 , the delay between 

the opening of the bursting disc and the first exposure together with AT, 

the time interval between successive exposures. Where there is considerable 

detail in a frame which is discussed further, an enlargement is made and 

positioned below the main sequence with the frame number indicated along 

side. Most of the frames unfortunately show a faint double image caused by 

reflections in adjacent prisms of the camera head. Steps taken to eliminate 

this fault were not successful. 

Plates 2a and 2b are both of 275 psig. air blasts over a 2 in. diameter 

orifice. They are taken from two different runs under the same experimental 

conditions and illustrate the extent of reproducibility of the blast wave. 

Plate 2a covers the early development of the flow pattern from 67 psec. to 

137 psec. In frame 1 the bursting disc is only open a snail amount and the 

gas that was originally contained inside the vessel is seen to be emerging 

into the atmosphere. A weak shock wave, S, forms after about 87 psec. and 

is strengthened by the action of the contact surface, C. Initially the 

shock profile is ellipsoidal in form due to the energy injection point not 

being spherically symmetric. The mode by which the bursting disc opens 

appears to be that of the petal formation described earlier, there being 

evidence of the orifice area increasing with time. The way in which the 

contact surface is emerging from the vessel in Plate 2b suggests that a 
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large fragment of the disc has been ripped away in the bursting process 

leaving the maximum venting aperture from the start. Under these conditions 

the axially symmetric flow that exists in the orifice is maintained into 

the surroundings for a greater length of time and thus the contact surface 

and shock wave initially present a flatter profile. A comparison of the 

two series of frames for these experimental conditions is best made by 

using the shock wave positions. Frame 8 on Plate 2a has approximately the 

same shock position as Frame 4 on Plate 2b, but the exposure times are 

137 psec. and 192 psec. respectively indicating that the non-ideal mode of 

bursting of the latter leads to a slower shock development. 

An interesting feature is shown on Plate 3 where the bursting disc has 

failed to open fully. A four inch diameter orifice should have been formed 

through which helium gas is vented to the atmosphere. However, after the 

disc had been distorted a pin-hole appeared at the apex of the dome and part 

of the gas was vented over this small area in the form of a jet. Due to the 

extremely rapid movement of helium this quantity of gas is capable of form-

ing a weak shock wave directly down stream, and numerous compression waves, 

each with a different origin, intersect the sides of the jet. Eventually the 

bursting disc will rupture completely and the sudden increase in the rate of 

energy release will cause a second shock wave to develop which will catch up 

and coalesce with the primary wave. Due to the poor opening performance of 

the disc the arrival time measurement for this particular run will be con-

siderably greater than the average for these conditions. Unfortunately it 

is not possible to present shock arrival times for photographically recorded 

runs as it was found that interference from the spark head caused the read-

ings from the chronometer to be mostly unreliable. 

Plate 4 again shows helium being vented over an orifice with a nominal 

4 in. diameter, but this time with the bursting pressure at 140 psig. The 
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disc rupture is far from ideal and the appearance of a large jagged segment 

illustrates how uneven the aperture is likely to be. The resulting flow is 

thus far from symmetrical and consists of a number of individual shock 

fronts being driven independently by different areas of the contact surface. 

The uneveness in the flow results from the source of energy injection not 

being distributed symmetrically around the vessel axis, the irregularities 

in the disc rupture causing random jets of gas to be vented at angles which 

depend upon the obstruction caused by the disc fragments. Once the orifice 

is completely clear the gas flow becomes symmetric and the initial 

irregularities are dissipated. Eventually the main shock front will take on 

a continuous and spherical form. Frame 7 of this plate provides experimental 

evidence of the conclusions drawn from the computer simulation of one-

dimensional spherical flow, that is the shock wave is formed ahead of the 

contact surface and behind the initial acoustic disturbance. In this 

enlarged frame a series of compression waves are clearly visible ahead of 

the main shock wave. Their smooth profiles suggest that they originate 

from the place of the initial disc rupture and have not been effected by 

the subsequent irregular gas motion. Another feature that is also apparent 

from the photographs after studying both air and helium venting systems is 

the relative position of the shock wave with respect to the contact surface. 

As indicated in the discussion of the computer results the contact surface 

and shock wave are much closer when the blast is driven by a helium venting 

system for which the average speed of the contact surface is approximately 

twice that for air under the same experimental conditions. 

Plates 5a and 5b show two different sequences of an air blast over a 

four inch diameter orifice with a nominal bursting pressure of 130 psig. 

The disc opening is, in both cases, very nearly symmetrical about the vessel 

axis and consequently the shock wave has a smooth yet elipsoidal profile. 



(a) 

PLATE FIVE 
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In frames 1, 2 and 3 of Plate 5a the disc has begun to tear at its centre 

and in Frame 3 these tears are propagating along the radius leaving petals 

which begin to fold back onto the wall of the orifice due to the force 

exerted by the gas issuing from the vessel. The remaining frames illustrate 

this process and show the area available for flow rapidly increasing. Plate 

5b extends the time covered for the observation of venting under these con-

ditions to 559 tisec. and in Frame 8 the petals have almost been folded back 

to their limit. Due to the high degree of turbulence in the flow it is 

usual at this stage for fragments of the disc to be severed and carried 

down stream as small projectiles. For disc ruptures such as these that 

approach the ideal case, the greater reproducibility of the flow pattern 

after the initial opening can be shown by a chronological comparison of the 

frames from each sequence. 

The highly turbulent conditions present during the venting period are 

due to the very high Reynold's number of the flow (r-106) and also to the 

jagged edges of the torn bursting disc. The effect the bursting disc petals 

have on the flow whilst they are being folded back can be seen in Plate 6. 

A late developing, 100osig., air blast over a four inch diameter orifice is 

recorded. The bursting disc does not begin to form petals until approxi-

mately 500 peec. after its initial opening whereupon they fold back rapidly. 

As soon as the gas passes over the edge of the disc the increased resistance 

met by compressing the gas ahead sets up a stationary shock wave in the 

flow. The enlargement of Frame 5 shows in detail the series of eddies that 

are formed at the contact surface. These continue in the flow until their 

energy has been dissipated as is almost the case in Frame 8. 

An examination of each disc after rupture suggested that thethinnerdiscs 

with the smaller bursting diameter conformed most readily to the ideal case. 

These showed that the bursting was accomplished by an inital rupture in the 
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centre and a propagation of tears to the outside forming a number of petals 

(normally six for the material used in this work) which folded back against 

the sides of the orifice plate to leave an aperture. With the larger vent-

ing areas and thicker bursting discs the behaviour was somewhat erratic, the 

centre of the disc being ripped out as a s!sgle fragment on most occasions. 

These tendencies are reflected by the standard deviations of the arrival 

times, those for the lower energy blasts being small and those for the 

higher energy blasts considerably larger. Particularly notable are the 

large values for the cases where two layers of foil were used in the burst-

ing disc. By adding further complications to the mode of bursting a 

greater deviation from the ideal case would be expected. 

5.4 Choking Times and Steady State Jet Formation  

The time taken for the vessel orifice to become choked plays an impor-

tant part in the flow development. During this period unsteady subsonic 

flow exists in the throat as the pressure falls from its value when the disc 

ruptured to the one corresponding to sonic flow. The process is one of gas 

expansion and acceleration whereby energy is imparted to the surrounding 

medium across the contact surface. When the orifice becomes choked a 

steady state gas jet will begin to form and further venting will not have 

any effect on the shock wave development. The orifice choking time is 

defined as that period over which unsteady-state conditions prevail. It is 

determined by measuring the pressure transition time at the vessel rear dur-

ing venting and subtracting from this the theoretical transition time for a 

centred rarefaction wave leaving the vessel front under identical conditions. 

The time for the pressure in the orifice to become constant depends on two 

factors, firstly the rate at which the gas accelerates and secondly the 

rate at which the bursting disc opens. If the bursting disc opening rate 

were the limiting factor the aperture made available for flow would become 
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choked from the start and would stay so throughout the remainder of the 

opening time. Alternatively the bursting disc opening time may be short 

compared with the time for the gas to accelerate to sonic velocity and thus 

it would be the gas properties alone that determine the duration of unsteady 

state conditions in the vessel orifice. No experimental measurements are 

available for the bursting dix opening times in this work but a semi-

empirical relationship derived by Curzon and Phillips (1971) from a simple 

model of the disc opening process is used to give a good approximation to 

these times. Table 5.4 lists the centred rarefaction wave reflection time 

off the vessel rear, the duration of the unsteady state conditions in the 

vessel orifice and the bursting disc opening time for each of the experi-

mental conditions. In all cases the time for the pressure to become con-

stant in the orifice is substantially greater than the bursting disc opening 

time and therefore the latter should not change the strength of the blast 

wave eventually developed. It is worth noting that the duration of the 

unsteady state period in the vessel orifice for helium is considerably less 

than that for air due to the greater sound speed; the disc opening times, 

however, are the sane in each case. Plate 7 illustrates the formation of a 

steady state jet for the case of an air blast over a two inch diameter 

orifice with an initial pressure of 145 psig. Frame 1,at 232 ilsec.l is taken 

whilst unsteady state conditions prevail in the vessel orifice. At 150 psec. 

later the orifice is choked (Frame 2) and the steady state jet is beginning 

to develop. At more advanced times the characteristics of a steady state jet 

begin to appear, the enlarged Frame 7 showing the Mach Bridge about four 

inches down stream from the orifice. Fragments of bursting disc (D) can be 

seen in Frames 5, 6, 7 and 8, the last three frames also showing the main 

shock wave which is actually passing through the incident beam of the 

schlieren system and is some 12 inches ahead of its position in these images. 
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TABLE 5.4  

DURATION OF TJNSTEADY STATE PROCESSES WITHIN A 

VENTING PRESSURE VESSEL 

Run Number 
Centred Rarefaction 
Wave Reflection time 

(psec) 

Duration of Unsteady 
State conditions in S 
the vessel orifice 

(psec) 

opening time  

Bursting Disc 

(psec) 

70A/2 85 388 172 

100A/2 88 329 160 

110A/2 90 315 168 

145A/2 86 315 169 

95A/3 221 519 255 

200A/2 91 337 161 

130A/3 211 558 2414 

100A/4 455 741 322 

130A/4 428 624 3)46 

200A/4 413 , 	671 322 

260A/3 208 416 244 

275A/2 79 353 173 

275A/1 20 122 86 

250A/4 429 697 328 

140H/4 161 480 344 

250i/4 170 561 328 

27511/1 8 79 86 

200H/2 33 303 161 

300H/4 165 591 332 
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5.5  llief.-a ngLencrt1-I 

The amount of energy vented from the vessel up to the time of steady 

state conditions developing in the orifice is calculated as outlined in 

Chapter 2. This value of Eo  is used to calculate the scaling length (€2) 

of the blast wave used in the expression given on page 23, Chapter 1. A 

comparison is made with the scaling length (el) derived by Munday (1971) 

given by equation 1.18, page 24. Table 5.5 presents these results for each 

set of experimental conditions used in this work. A comparison of the two 

independently derived scaling lengths gives a reasonable agreement for the 

two inch diameter orifice size and smaller, but with the larger areas there 

is an increased discrepancy. This can be rut down to the assumptions made 

in the derivation of equation 1.18, these being (i) the gas velocity inside 

the vessel is zero and (ii) the pressure remains constant during the initial 

stages of venting, both being better approximations for the smaller orifice 

areas. As there is no way of estimating which scaling length is the more 

effective, the choice must be swung in favour of that derived by Munday 

solely on the success of applying a similarly derived scaling length in the 

field of hydraulic analogy. The scaling of the shock wave arrival times 

will therefore be discussed using this scaling length and comments will be 

made on the outcome of using the one based on the amount of energy vented 

up to the time of steady state conditions in the vessel orifice. 

5.6 The Discrepancy  Between the Point Source Solution and the Scaled 
Emerimental Results  

The shock wave arrival times at the locations laid down in Table l.2 

have been scaled using the scaling length (el) derived by Munday (Table 5.5) 

and are presented in Table 5.6. Also the shock wave trajectories predicted 

by program PISTON have been similarly scaled, but these results being too 

numerous have not been tabulated. The pressure transition times at the 
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TABLE 5.5  

BLAST WAVE DIERGIES AND SCALING LENGTHS 

Run Number Energy (ft  lbf) 
Scaling Length (ft) 

E
2 

 E1 
 

70A/2 66 0.3154 0.3188 

100A/2 79 0.3347 0.3709 

110A/2 84 0.3418 0.3868 

145A/2 103 0.3653 0.4377 

95A/3 261 0.4976 0.5442 

200A/2 156 0.4190 0.5075 

130A/3 356 0.5520 0.6250 

100A/4 652 0.6755 0.7419 

130A/4 662 0.6787 0.8333 

200A/4 1037 0.7884 1.0150 

260A/3 500 0.6184 0.8611 

275A/2 194 0.4509 0.5895 

275A/1 19 0.2064 0.2948 

250A/4 1368 0.8646 1.1271 

140H/4 890 0.7493 1.3640 

250H/4 N/D N/D 1.7843 

27511/1 21 0.2135 0.4666 

200H/2 224 0.4731 0.8034 

300H/4 2264 1.0227 1.9455 

front of the vessel provide an indication of the blast wave energy injection 
and 

period,(in order to make comparisons between different strength blasts it is 

necessary to scale these figures also. The method of scaling the transition 

times is that used for shock wave arrival times, i.e. 

= T C
o 
 T T  

E
1 
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TABLE 5.6  

SCALED SHOCK WAVE ARRIVAL TINES AND PRESSURE TRANSITION TIMES 

Run Number 
Scaled Distance 

( A) 

Scaled Time 

( t ) 

Scaled Pressure 
Transition Time 

(TT) 

70A/2 7.94 7.88 1.37 
9.50 9.40 
11.07 10.96 
12.64 12.48 

100A/2 4.12 4.04 1.00 
5.47 5.38 
6.82 6.71 
8.17 8.02 
9.52 9.35 
10.86 10.65 

110A/2 3.95 3.88 0.916 
5.25 5.14 
6.54 6.43 
7.83 7.68 

145A/2 3.49 3.34 0.810 
4.64 4.43 
5.78 5.55 
6.92 6.66 
8.06 7.77 
9.21 8.89 

95A/3 2.81 2.78 1.07 
3.73 3.67 
4.65 4.58 
5.57 5.48 

200A/2 3.01 2.81 0.749 
4.00 3.77 
4.98 4.70 

130A/3 2.45 2.38 1.00 
3.25 3.20 
4.05 3.90 

100A/4 2.06 2.12 1.12 
2.74 2.79 
3.41 3.46 
4.08 4.07 

130A/4 1.84 1.66 0.844 
2.44 2.23 
3.04 2.79 
3.64 3.38 

contd/... 
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TABLE 5.6 contd. 

    

200A/4 

260A/3 

275A/2 

275A/1 

250A/4 

140H/4 

250H/4 

27511/1 

20011/2 

30011/4 

1.51 
2.00 
2.49 
2.98 

1.77 
2.36 
2.94 
3.52 

2.59 
3.44 
4.29 
5.14 

5.19 
6.88 
8.58 

10.28 

1.80 
2.24 
2.68 
3.13 

1.48 
1.85 
2.22 
2.59 

1.14 
1.142 
1.70 
1.98 

4.35 
5.42 
6.49 
7.56 

2.53 
3.15 
3.77 
4.39 

1.04 
1.30 
1.56 
1.81 

1.33 
1.78 
2.23 
2.71 

1.53 
2.07 
2.59 
3.15 

2.24 
3.04 
3.84 
4.67 

4.67 
6.32 
7.96 
9.64 

1.64 
2.03 
2.45 
2.88 

1.07 
1.37 
1.70 
2.03 

0.80 
1.02 
1.26 
1.51 

3.48 
4.47 
5.48 
6.53 

1.99 
2.55 
3.13 
3.73 

0.72 
0.91 
1.13 
1.36 
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The results for each case are also given in Table 5.6. A comparison of 

these exoerimental shock wave characteristics is made with the point source 

solution derived by Kinney (1962) and not that derived by Brode (1955). 

The reason for this choice lies in the differing definitions of the energy 

term, E
o
, in the expression for the scaling length 6. Brode incorporates 

terms for the gas internal energy, the preshock internal energy of the gas 

enclosed by the wave and the kinetic energy of the wave, whereas Kinney 

makes use of a simple internal energy scaling tern in a similar way to 

Monday. 

In Figures 5.15 a to d the shock strength, as predicted by the numerical 

solution of the relevant equations, is plotted as a function of scaled 

distance for each set of experimental conditions alongside Kinney's point 

source solution. To make use of a logarithmic scale the shock strength is 

expressed by M - 1, where M is the shock each number. 

All the plots of the shock strength against distance show an initial 

period of acceleration followed by one of attenuation. As the distance 

approaches infinity the experimental results and the point source solution, 

on a linear set of axes, will approach asymptotically because in each case 

the front of the blast wave decays to a sound wave. The initial development 

of the shock wave depends on the rate of energy release and therefore as 

would be expected the experimental conditions that possess a high initial 

pressure and a large venting area show a much earlier shock development. 

The extremes of these conditions being illustrated by the curves for Runs 

70A/2 and 300H/4, the former achieving its maximum velocity after the point 

source solution and the latter somewhat before. 

There are several conditions that can be used to show the effectiveness 

of the chosen scaling factors for a set of particular blast waves. Their 

relative magnitudes can be assessed by an examination of the degree by 
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which the shock trajectories merge into one another and become colinear 

after the early development stages have passed. This effect is shown to a 

greater extent in the curves for the 1, 2 and 3 in. diameter vents and to a 

lesser extent for the 4 in. diameter vent. In all cases the line into 

which the shock trajectories eventually merge is displaced to the right of 

the point source solution which suggests that the constant in Nunday's 

scaling length has to be increased. 

The absolute magnitudes of the scaling lengths can thus be assessed 

using the followinp, reasoning with reference to Figure 5.16 a and b below. 

Figure 5.16 Rot of shock wave magnitude against distance  

The shock wave magnitude (S) (which can be represented byll- 1 as in this 

work) is plotted against distance D, using both linear and logarithmic 

scales. Curve (1) is for a point source blast with unit energy release 

whereas curve (2) is a typical experimental blast wave. The plots cover a 

region in which each blast wave has a similar form and scaling lengths can 

be applied meaningfully. At a value of shock strength S1  the positions of 
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the two blast waves are D
1 

and D
2 
respectively. To superimpose the two 

curves the experimental distances must be scaled by a length e which is 
defined by the following relationship: 

D1 = D2/E 
	 (5.2) 

and is true for any value of S in this region. On the logarithmic plotat 

S
1 

equation 5.2 takes the form: 

log D1  = log D2  - log e 	 (5.3) 

that is the horizontal distance between the curves is equal to log (4E). As 

this is constant for all values of S the two curves in Figure 5.16b are 

parallel. Since the scaling length for a real blast wave is derived from 

nominal experimental conditions it is subject to error. Such a scaling 

length el  gives a curve (11 ), which is displaced to the right of the point 

1 
source curve (1). The horizontal distance between curves (1) and (1 ) is 

equal to log (C), where C is a correction factor for el  such that: 

C= CC 
	

(5.4) 

The value of this correction factor at each orifice diameteris given in 

Table 5.7 below. 

TABLE 5.7  

CORRECTION FACTORS FOR SCALING LDIGTH  

Orifice Diameter (in) 1 2 3 4 

AT/A2  36 9 1 2.25 
C 3.1 3.0 1.8 1.6 
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In general the scaling lengths 6-2  of Table 5.5 are less than the corres-

ponding values for e1 which means that a larger correction factor has to be 

applied. 

The relative effectiveness of each scaling length can be assessed in a 

quantitative manner using the observations of Brode (1955) on an exploding 

sphere. His scaled results were shown to agree with the point source solu-

tion to within 10% when the shock wave had engulfed ten tines the mass of 

gas released from the ruptured sphere. The total available energy was 

assumed to contribute to the blast strength, whereas for a partially failed 

vessel this is not so. For reasons stated previously it is reasonable to 

assume that the energy associated with the type of blast of interest here 

is released up to the time of steady state conditions in the orifice. 

Ideally on reaching these conditions a final disturbance will travel from 

the orifice to the shock front with a velocity corresponding to the local 

velocity of sound relative to the gas motion, i.e. u c. It is only after 

this wave impinges upon the shock front that the steady state conditions 

present in the vessel orifice begin to influence the shock wave trajectory. 

The time at which this occurs is difficult to determine as a solution of the 

gas flow between the orifice and the contact surface is involved. 

However, a reasonable approximation to this time can be made by assuming 

the disturbance transit time of the region between the orifice and the con-

tact surface is negligible compared with that of the region between the 

contact surface and the shock front. The results of program PISTON can then 

be used to trace a disturbance path or characteristic direction from the 

contact surface to the shock front. 

Table 5.8 sunnarises the results obtained for testing the relative 

effectiveness of each scaling length. Column two indicates whether the 

plot of shock strength, as a function of scaled distance, becomes colinear 
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TABLE 5.8  

SCAT ED SHOCK WAVE LOCATIONS USED TO EXAMINE THE RELATIVE 

EFFECTIVENESS OF THE CHOSEN SCALING LENGTHS 

Run Number 
Approach of 
Curves to 

within 10% 

Location of 
Shock for 

10% approach 

Location of 
Shock for 

10 x mass vented 

Location of Shock 
at Intersection 

of last disturbance 

275A/1  Yes 2.0 0.672 0.71 

275H/1 Yes 0.7 0.270 0.45 

70A/2 Yes 2.5 0.947 2.98 

100A/2 Yes 2.0 0.874 1.92 

110A/2 Yes 2.0 o.854 1.81 

145A/2 Yes 2.0 0.808 - 

200A/2 Yes 1.0 0.798 - 

275A/2 Yes 0.8 0.740 2.05 

200H/2 Yes 0.35 0.347 - 
90A/3 No - 0.884 - 

130A/3 Yes 0.7 0.854 - 

260A/3 Yes 0.4 0.694 - 
100A/4 Yes 0.8 0.882 - 

130A/4 No - 0.787 - 

200A/4 Yes o.5 0.750 - 

250A/4 Yes 0,35 0.740 - 

140H/4 No - 0.324 - 

250H/4 No - 0.333 - 
300H/4 No - 0.310 - 

(to within 10%) with similar curves for other experimental conditions 

whilst Column three gives the position at which this occurs. Column four 

indicates the scaled position at which the shock wave has engulfed ten 

times the mass of gas vented from the vessel up to obtaining steady state 

conditions in the orifice. These locations are also shown on each curve 

of Figures 5.15 a, b, c, and d. Finally the remaining Column gives, where 
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possible, an estimate of the scaled position at which the last distur-

bance to leave the vessel orifice during the initial unsteady period would 

intersect the shock wave. Unfortunately it was not possible to determine 

these locations for every set of conditions as those with the larger 

energy release needed a finer characteristic network to accommodate the 

more rapid motions and a sacrifice had to be made in the duration over 

which the complete flow pattern was solved. A comparison of columns 3 

and 4 of Table 5.8 and referring to Figures 5.15 a, b, c, and d indicates 

the relative effectiveness of the "energy vented" scaling length 62. It 

appears that the energy associated with the 1 in. diameter vent blast 

waves is greater than the amount considered in evaluating 62. The lower 

pressure blasts for the 2 in. diameter vent give similar results whereas 

at higher pressures there is good agreement with Brode's hypothesis which 

is maintained for the case of the 3 in. diameter vent. The group of 

curves for the 4 in. diameter vent, even though they do not show the same 

tendency to become co-linear at later stages, all have the point of 

interest similarly placed. It is located to the right of where the curve 

begins to straighten which indicates that for such conditions the blast 

wave has become fully developed before the shock has engulfed the amount 

of gas in question. The limited number of results in the last column of 

Table 5.8 are sufficient to confirm that the choking time of the vessel 

throat is an important factor in the development of the blast wave. 

To summarise the merits of each scaling length in Table 5.5 it is 

clear that both E
1 

and E
2 

are on the low side and the amount of energy 

that is associated with the blast wave is higher than predicted in each 

case. It therefore appears that neither of these methods as they stand 

are suitable for predicting the absolute value of the scaling length for 

the experimental conditions present in this work. The relative effective- 
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ness of each factor is represented in its ability to translate changes in 

experimental conditions to degrees of variation in the energy associated 

with the blast wave. It appears that CI  is the more effective in dealing 

with differing pressures and gases for the small venting areas. For the 

more intense blast waves the energy associated with the mass of gas vented 

up to steady state conditions is a better approximation for the energy term 

used in determining the scaling length. In general E-1 can be used for scal- 

ing blast waves with values of Al > 4 and an extension to higher pressures 
A2 

and other types of gas can be made with reasonable confidence. For values 

of Al < 4 the throat choking time must be determined to calculate the energy 
A2 

associated with the blast wave. At present this has to be done by empirical 

means as insufficient knowledge is available to derive an analytical 

expression. Factors which influence this time are, (i) the type of gas 

being vented, (ii) the orifice area, (iii) the material and thickness of the 

bursting disc. With so many variables extrapolation of the results for the 

experimental ground covered here must only be done with utmost caution. 

A more rigorous assessment of these results can only be made by deter-

mining the approach to the point source solution over a greater distance by 

further experimentation. (In this work the computational results cannot be 

extended further due to lack of additional boundary conditions and the 

shock arrival time gauges are not suitable for measurement of shock strength). 

However, looking at the results at hand in a different light leads to a 

further method for measuring the deviation of a real blast wave from a 

point source blast. This is achieved by making a comparison of the scaled 

shock wave trajectories for each different blastwave with that of the point 

source solution as illustrated in Figure 5.17 for a typical case. The point 

source blast wave has a higher velocity throughout its history and therefore 

will arrive at a given location at a time increment At ahead of the real 
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real blast 
wave 

point source 
blast wave 

AZ 

Figure 5.17 	Comparison of a real and a point 
source blast wave trajectories 

blast wave. At large values of A both types of blast waves will have 
dissipated much of their energy and their fronts will be travelling at 

almost sonic velocity. The trajectories of each wave will then be parallel 

and the value ofA-C at any location downstream will be constant. This 

reasoning can be used with the results obtained from the shock arrival time 

gauges as their positioning in all cases was such that the passing shock 

wave velocity was approximately equal to that of sound. Obviously the 

faster the blast wave develops the less the shock wave trajectory will 

differ from that of the point source and therefore these measurements will 

give a good indication of the relative time over which the blast wave is 

energised. 

Calculations are made by taking each value of the scaled gauge location 

and the corresponding scaled arrival time from Table 5.6. The arrival tine 

for the point source solution at this same gauge location is determined and 

subtracted from that of the real blast wave. These are then averaged for all 

the gauge locations of one particular set of experimental conditions and the 
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results are presented in Table 5.9 below. 

TABLE 5.9  

TIME INCRE7ENT BETWEEN THE ARRIVAL OF A REAL AND  

POINT SOURCE BLAST WAVE AT LARGE  DISTANCES  

Run Number AT, 

70A/2 0.63 
100A/2 0.56 
110A/2 0.58 
145A/2 0.46 

95A/3 0.59 
200A/2 0.42 

130A/3 0.54 
1ooA/4 o.66 

130A/4 0.39 
200A/4 0.36 

260A/3 0.30 

275A/2 0.24 

275A/1 0.12 

250A/4 0.39 

140H/4 0.07 
25011/4 0.13 
27511/1 0.27 

200H/2 0.03 

300H/4 0.13 

A comparison of these time increments with the scaled pressure transition 

times (Table 5.6) shows that there is a linear relationship between the two. 

In figure 5.18 the two variables in question are plotted to confirm their 

relationship. The experimental conditions that approximate most readily to 

an instantaneous energy injection into the blast wave, i.e. those with small 

pressure transition times in the vessel orifice, show the least deviation 

from the point source blast wave whilst those with the longer pressure 

transition times show the greatest deviation. By referring back to section 
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3.6, which deals with the experimental errors, it is possible to show that 

the two Parametersr.randL7C are subject to errors of approximately 2 and 10% 

respectively which indicates that most of the scatter in the experimental 

points is due to errors inLY-1: 

Further evidence of the blast wave being developed from only part of the 

total available energy is provided in some recent work by Garrison (1973). 

In a comparison of the method of T.N.T. scaling (the weight of T.N.T. with 

energy equivalent to the total vessel contents) with a hydrodynamic model 

for predicting the blast strength from a ruptured pressure vessel the 

following conclusions were drawn: 

The former method gave unrealistically high overpressures near the vessel 

and values too low at distances far removed. The hydrodynamic solution 

which does not include the total available energy in determining the blast 

strength provided a better correlation with the available data across both 

regions. 

5.7 The Apparent Vessel Discharge Co-efficient 

The discharge co-efficient for steady flow through an orifice is a 

measure of the degree of flow reduction from the theoretically calculated 

value. It can be expressed in a variety of ways including (i) the ratio of 

the effective area to the actual area of the orifice (CD ) and (ii) the 

ratio of the actual mass flow rate through the orifice to the theoretical 

value (CD ) There is little information available on the values of dis-

charge co-efficients for quasi-steady flow through a sharp edged orifice. 

The data that are available for steady flow LToulson and Richardson (19617 

show the discharge co-efficient (CD
G) for a sharp edged orifice to be 

dependant both on the Reynold's number and the 'ea ratio Al/A2, but at high 

values of the former it is essentially constant at 0.62. Grace and Lapple 
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(1951) give values of CD  for an orifice rounded on the upstream face 

varying between 0.7 and 0.88 depending upon the degree of curvature and the 

size of the orifice. 

An attempt has been made to deduce values for both these forms of dis-

charge co-efficient under the experimental conditions considered here. 

Firstly for CD
A 
a method is used which determines the value of the Mach 

Number for the Efts approaching the vessel orifice: this is a sole function of 

the ratio 
F3IFo 

and is given by: 

Y-1 
14
1  = 
	2 	1

3
/1°

o   Y - 1 	
Y-1 

1 + 
3 o 

(5.5) 

P
3
/1° is found from the experimental records of pressure variation in the 

vessel and the apparent area ratio Al/A2 = p is then calculated from the 

expression: 

Y+1 
2 	_ 

	

p2 = 1, 	+ Y-1 r2 Y-1  1 

	

11` 	Y + 1 	Y + 1 
(5.6) 

The discharge co-efficient CDA is determined by taking the ratio of p and the 

actual value of Al/A2. To use the nominal orifice area for the latter ratio 

would incur an error caused by the fragments of the bursting disc which tend 

to reduce the size of this aperture. An estimate of this area reduction 

based on the bursting disc nominal thickness has been made and is incor-

porated into Table 5.10. A list of the apparent area ratios and also the 

calculated values of the discharge co-efficient C
D
A 
is made along with the 

Reynold1s Number for the flow through the orifice. The latter is defined by: 

Re =?2  d2  u2 	 (5.7) 
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TABLE 5.10  

THE DISCHARGE CO-EliFICIENTS CD FOR THE QUASI-STEADY 

FLO'd THROUGH A SHARP EDGED ORIFICE  

Run Number 
Nominal Orifice 

Area Ratio 
ActliAl Orifice 

Area Ratio 
Apparent Orifice 
Area Ratio 	(p) 

A 
CD 

Reynolds 
Number x 10 

275A/1 36 37.20 42.00 0.885 5.45 

70A/2 9 9.07 8.98 1.010 2.95 

100A/2 9 9.09 9.16 0.993 4.00 

110A/2 9 9.12 9.28 0.984 4.35 

145A/2 9 9.14 9.97 0.918 5.55 
200A/2 9 9.18 9.79 0.938 7.49 

275A/2 9 9.31 . 	10.82 0.860 10.1 

95A/3 4 4.04 3.92 1.031 5.08 

130A/3 4 4.05 4.22 0.959 6.72 

260A/3 4 4.11 4.51 0.912 12.7 

100A/4 2.25 2.27 2.19 1.037 6.15 

130A/4 2.25 2.28 2.28 1.000 7.74 

200A/4 2.25 2.29 2.46 0.931 11.5 

250A/4 2.25 2.31 2.43 0.952 14.2 

275H/1 36 37.20 42.91 0.867 1.86 

200H/2 9 9.18 10.19 0.900 2.52 

140H/4 2.25 2.29 2.31 0.992 2.65 

250H/4 2.25 2.31 2.37 0.975 4.52 

300H/4 2.25 2.32 2.44 0.952 5.39 

Olson (1974) has investigated the effects of both the Reynold's number and 

the Mach Number on the discharge co-efficient CD
A Theoretical treatment 

of the flow through a standard AS?E nozzle did not agree fully with his 

experimental work, however, results for an orifice which was designed to 

minimisetwo-dimensional effects did show good agreement. By calculation 

of the laminar boundary layer displacement thickness the value of CD
A was 

determined and shown to increase with both Reynold's Number and Mach Number. 
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The results of this work produce an apposite effect, that is the discharge 

co-efficient decreases with Reynold's Number, the Mach Number in each case 

being unity. This effect is illustrated in Figure 5.19 where the data of 

columns 5 and 6 of Table 5.10 are plotted. An estimated line is drawn for 

each different orifice diameter to make the trend of the plotted data more 

apparent. It seems unlikely at the high Reynold's Number of the flow 

investigated here that any laminar boundary layer will be formed. As the 

Reynold's Number increases two-dimensional effects will cause smaller vena 

contracta cross-sectional areas and hence smaller discharge co-efficients. 

The second discharge co-efficient considered is defined by G/G', i.e. 

the ratio of the actual to the theoretical mass flow rates through the 

orifice. During the steady state period in the vessel an application of 

the principle of mass conservation shows the flow rate in the main vessel 

to be equal to that in the orifice and therefore the above ratio can be 

expressed in the following form: 

Y+1 

CD 	G 	Lit Pi 	
=MI 	= 	/P T 

G 	
1  ( 1 0 ) 	(5.8) 

.(1-1-(T 	c 1 P1)' 	N1' (711-7130) 

where P
1 

can be found from the expression 

P 
 

2Y 
P1 

 
c1 + Y - 1 VII •I-Y 

= ( 	2 
0 

(5.9) 

A knowledge of both the experimental and theoretical values of /11  will 

therefore be sufficient to determine CDG. Equation 5.5 with values of P /P '3 
from the experimental work determines the former value of 11[1 

and a reference 

to the work of Giffen (190) mentioned in Chapter 2 will determine the 

latter value. The figures obtained for CD
G 
for each set of experimental 
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quasi-steady sonic flow  
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conditions are given in Table 5.11 below. These results are very close to 

the ones for CD
A 
and show similar trends, thus confirming that the values 

of the discharge co-efficient given in the literature for a sharp edged 

orifice cannot normally be used for this type of flow. 

TABLE 5.11  

DISCHARGE CO-ElifiCIENTS BASED ON MASS FLOW RATES (CDG_1 

Run Number C
D
G  

275A/1 0.863 

70A/2 1.007 

100A/2 0.988 

110A/2 0.977 

145A/2 0.914 

200A/2 0.929 

275A/2 0.847 

95A/3 1.017 

130A/3 0.955 

260A/3 0.901 

100A/4 1.016 

130A/4 0.988 

200A/4 0.931 

250A/4 0.941 

275H/1 0.842 

200H/2 0.890 

140H/4 0.938 

250H/4 0.960 
300H/4 0.979 

5.8 An Assessment of the Shock Wave Distortion From a Spherical Form 

The spherical shape of the shock wave assumed in this work was based on 

the source of energy injection approximating to that of a point. However, 

in the early stages of the blast formation the geometry of the gas release 
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mechanism is far from spherically symmetric and it is only at much later 

stages of the blast development that this approximation can be considered. 

A measurement of the shock wave shape for an eccentric source of energy 

injection has been made by James (1965) and Mawbey (1965) who both showed 

the initial form to be elipsoidal, changing to spherical at later stages. 

In an attempt to assess the deviation from spherical symmetry of the blast 

waves produced under the conditions of this work, shock wave arrival times 

have been measured at different angles to the vessel axis, but maintaining 

the same distance from the centre of the bursting disc. The arrival times 

are expressed as the ratio of that on the vessel axis (TB) to that at the 

angle under consideration (TA). An average is taken for each location and 

the results plotted in Figure 5.20 for a series of different angles and at 

three positions in front of the vessel. The ratio TB/TA  for the 300 psig. 

air blast over a 4 in. diameter orifice increases with both angle and reduced 

distance from the vessel. This indicates that the shock wave has the 

greatest deviation from a spherical form at the early stage of development 

and as it moves away from the vessel, the energy becoming redistributed, it 

approaches a spherical shape. A 200 psig. blast over a 2 in. diameter 

orifice reaches a spherical shape much sooner; the results showing that 

arrival times at locations up to 20°  to the axis can be almost identical to 

those on the axis. It is also evident from Figure 5.20 that the arrival 

times measured during the main experimentation would not differ from those 

on the vessel axis beyond the accuracies of the measuring equipment because 

at no time did the gauges subtend an angle of more than five degrees to the 

vessel axis. 
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5.9 Summary and Conclusions  

To summarise this work the important points from each section of the 

results discussion are presented below along with the conclusions. 

(i) The computer simulation of the various types of compressible flow 

associated with an expanding piston gives a clear picture of the develop-

ment of a discontinuity from a compression wave. The results indicate that 

the shock wave is formed on the most advanced disturbance set up by a one-

dimensional plane piston moving with a uniform acceleration. For this same 

piston moving with a non-uniform acceleration and for a spherically 

symmetric piston moving with a uniform acceleration the position of the 

shock wave formation is, in most cases, between the piston surface and the 

most advanced disturbance. However, for the latter co-ordinate system, as 

the initial Piston radius increases the shock formation point returns to the 

outer most disturbance and then approaches asymptotically the value for the 

plane piston motion. The distance the shock formation point falls short of 

the outermost disturbance also depends upon the magnitude of the piston 

acceleration. With the coefficient of the 2nd order term in the equation 

representing the piston trajectory at values of 0.5, 1.0 and 5.0 the ratios 

of the shock formation distance co-ordinate to that of the outermost dis-

turbance are 0.83, 0.86 and 1.0 respectively. 

(ii) The flow associated with the discharge of a high pressure gas from a 

cylindrical vessel through an orifice can be determined by computer simu-

lation. A representation of the contact surface trajectory by a fourth 

order polynomial shows a shock wave to develop at a position that depends 

on the initial gas pressure, the type of gas and the orifice diameter. For 

a weak blast (Run No. 70A/2) the shock wave forms at a distance of 0.266 ft. 

downstream from the orifice whereas the corresponding figure for a strong 

blast (Run No. 300H/4) is 0.028 ft. The predicted shock trajectory is in 

good agreement with experimentally determined values and the distance 

reduction between the contact surface and the shock wave is confirmed for 
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helium venting systems. The flow pattern developed in this way for a high 

pressure gas released from one end of a cylindrical vessel is very similar 

to that recorded by photographic techniques for the same experimental 

conditions. 

(iii) The shock wave arrival times are dependent on the mode of rupture of 

the bursting disc. This causes /lost time' in the early stages of shock 

formation which can never be recovered. At a fixed distance away from the 

vessel for blast waves produced under identical conditions the standard 

deviation of the arrival times is a minimum for those conditions under 

which the opening of the bursting disc approaches the ideal case, that is 

for thin, small diameter discs. A series of photographic plates demonstrates 

the number of ways in which a bursting disc can rupture and the types of 

flow that are subsequently developed. From this evidence it appears that 

the flow irregularities caused by the bursting disc opening are eventually 

smoothed out and the subsequent motion is controlled only by the gas expan-

sion process. 

(iv) The choking time of the vessel orifice is considerably greater than 

the bursting disc opening time. This indicates that the energy release rate 

from the vessel is controlled mainly by the thermodynamic properties of the 

gas being vented and to a small extent by the mechanical properties of the 

bursting disc material. 

(v) The two scaling lengths E1 and e2 derived independently, the first 
assuming steady state conditions inside the vessel during discharge to 

derive an analytical expression and the second determined empirically from 

a knowledge of the energy release time dependance, show a good agreement for 

the low intensity blast waves. The assumptions used in the derivation ofei  

do not possess the same degree of validity for the larger blasts and there-

fore a discrepancy appears between the two values. 
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(vi) In an assessment of both the absolute and relative merits of 
C1 

and 

E:
2 
for scaling the shock wave strength for comparison with the point source 

blast wave the following points emerged. Of the two scaling lengths e1

gives a marginally better prediction of the true blast strength but as they 

stand neither method is effective in obtaining a reliable estimate. The 

relative effectiveness of E1  in predicting the change of blast strength 

brought about by varying bursting pressure, venting area and the 	,pe of gas 

released is good for small venting areas (A1/A2  > 4) and can be extended to 

higher pressure blasts with reasonable confidence. For larger venting areas 

(A1/A2 
< 4)e:

2 
is more effective in representing the change in blast strength 

from different initial conditions, however, extrapolation to blast waves 

outside the range of this work must only be performed with caution. From 

these results it appears that it would not be wise to predict blast wave 

strengths nroduced by a system with a dis-similar geometrical form. To do 

this it would be necessary to perform further small scale experimentation 

to ascertain the effectiveness of the scaling technique under the new con-

ditions. To use either method without analysing the situation before hand 

would probably mean the strength of the blast wave predicted could be 

grossly underestimated which would have serious consequences when designing 

for blast containment. There is, however, a strong case for the relaxation 

of the constraints placed on the safety margins that are normally allowed 

from the use of conventional blast scaling techniques. 

Further results have shown that there is a linear relationship between 

the scaled value of the throat choking time and the difference between the 

arrival time at a fixed location of a real and a point source blast wave. 

This suggests that the energy associated with the blast wave must be 

released from the vessel over this period. 

(vii) Discharge co-efficients have been calculated for the sonic flow of a 

gas through an orifice and a strong dependence on both Reynolds number and 
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orifice diameter is apparent for the conditions of this work. It is there-

fore not advisable to make use of discharge coefficients from the standard 

tables for this type of flow as in many cases the value approaches unity. 

5.10 Recommendations for Further Work  

There are numerous aspects of this work that can be explored further 

and in so doing add to the knowledge already gained regarding shock wave 

development and its ultimate strength when driven by an accelerating contact 

surface. 

The rate of transfer of energy across such a surface is an important 

factor to determine in assessing the blast wave strength. A useful exercise 

would be to execute program PISTON until a known amount of energy has been 

transferred across the contact surface. By then bringing the piston to 

rest instantaneously the resulting shock wave could be analysed. A similar 

investigation was made by Kiwan (1970), however, in his work the piston 

motion was uniform and the shock formation was assumed to be instantaneous. 

The accuracy of program PISTON is in doubt over extended computation 

times, it is recommended that before using it for further work the effect 

of mesh size on the results should be carefully assessed. 

An interesting application of computational techniques to shock wave 

formation is given by Satofuka (1970). By using the Fluid-in-cell (FLIC) 

method proposed by Gentry et al (1966) and a model for a diaphragm opening 

process the shock formation was investigated in cylindrical and two-

dimensional shock tubes. The attraction of this method is that it solves 

for the flow between the orifice and the contact surface and also the effect 

of the diaphragm opening time on the flow development can be obtained. An 

extension of this method to the venting of a gas from a cylindrical vessel 

to atmosphere should therefore show some interesting features. 
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The measurement of the shock wave overpressure to supplement the 

arrival time measurements at fixed locations downstream from a venting 

vessel is recommended. This will provide a more accurate assessment of the 

blast strength at these later stages and provide further data for extending 

the plots in Figures 5.15 a, b, c and d. 

For a short vessel the assumptions made about throat choking times can- 

not hold as the rarefaction wave will be reflected from the vessel rear and 

be returned within this period. It is therefore likely that the blast 

strength will show a dependance on the vessel length below some critical 

value which is open for investigation. 

Most arrangements for venting contents of .a vessel include a piping 

system to carry the vessel contents to a safe area. The back pressure 

caused by restricting the flow from the vessel will reduce the effective-

ness of the relief area in venting an explosion. Further useful experi-

mentation could therefore be performed on venting into pipe systems of 

different bore and also those that include bends of various angles. 

Finally the extension of the experimental techniques used in this work 

to the other industrial hazard outlined in Chanter One, that is vapour 

cloud explosions, would be advantageous. Program PISTON can easily be 

adapted by providing a new set of boundary conditions in place of those at 

the piston surface that are compatible with flame transition. The photo- 

graphic equipment can be used directly for obtaining records of the distur-

bances set un during theearly stages of flame propagation. To perform this 

work in the laboratory would require the careful design of an explosion 

chamber with observation windows so as to give adequate protection for both 

equipment and personnel. 
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NOMENCLATURE 

The symbols and meanings listed below are in their order of appearance 

in each Chapter. From Chapter Two onwards only new symbols are listed, the 

meanings of the old symbols being taken as those in the previous chapter. 

CHAPTER ONE 

particle velocity 

sonic velocity 

Y 	. ratio of gas specific heats 

M 	shock wave Mach number 

T 	gas temperature 

? 	gas density 

P gas pressure 

S gas specific entropy 

qv 	specific heat of gas at constant volume 

x,r 	distance 

t time 

a2, a3 	constant coefficients 

E
o 	

explosion energy 

similarity variable 

A scaled distance. 

scaled time 

scaling length 

A
2 	

orifice area 

Sub and superscripts  

ambient conditions 

1 	refers to immediately behind the shock wave 

0 	refers to immediately ahead of the shock wave or to undisturbed 
gas 

refers to a piston motion 

refers to the point of shock wave formation 
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CHAPTER TWO  

parameter to indicate the co-ordinate system 

a constant multiplying factor 

A 1,2,3 	
identifying symbol for each characteristic direction 

r 	New dependent variable 

s 	New dependent variable 

Cp 	specific heat of gas at constant pressure 

Al 
	

vessel cross-sectional area 

z 	vessel length 

E energy 

mass flow rate M
o  

step length for numerical integration 

P
c 	

critical pressure 

Subscripts  

0, 3 	refers to conditions in the vessel when the gas is stationary 

1, 4 	refers to conditions in the vessel after the passage of the 
rarefaction wave 

2 	refers to conditions in the vessel orifice 

CHAPTER THP7E  

t diaphragm thickness 

a 	diaphragm radius 

R 	strain gauge radius 

minimum diaphragm design strain 

S 

min 

maximum diaphragm design stress 
Max 

S
1 	

maximum working stress of diaphragm material 

f frequency 

fmin 	
minimum diaphragm design frequency 



- 113  - 

CHAPTER FOUR  

t time 

ao, al , a2  constant coefficients 

T 	time 

CHAPTEP 1,IVE 

X 	distance 

Co 	sound speed in undisturbed gas 

T
s 	

shock formation time 

(fLpel p(a2  scaling lengths 

17 	scaled pressure transition time 

T
T 	

pressure transition time 

S 	shock wave strength 

D distance 

C 	scaling length correction factor 

CD
G 	

discharge coefficient based on mass flow rates 

CD
A 	

discharge coefficient based on effective orifice area 

Re 
	

Reynolds number 

area ratio (A
1
/A2) 

d
2 	

orifice diameter 

p
1 	

gas viscosity in the orifice 

G mass flow rate 

APPENDIX A 

W shock wave velocity 

v 	particle velocity relative to the shock wave 

✓ gas specific volume 
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APPEVDIX A  

The Classical Shock Wave Theory 

The classical shock wave theory regards a shock as a pure discon-

tinuity and disregards the properties of real gases that tend to smooth 

out all such discontinuities; these being viscosity, heat conduction and 

mass diffusion effects. The general laws of conservation of mass, momentum 

and energy can be applied to give relationships between the gas properties 

in front and behind the shock wave. 

It is convenient to utilise a co-ordinate system which has the shock 

plane itself as the reference datum. Denoting gas properties by subscript 

lot in the preshock region and by subscript '1 1  in the shocked region and 

with reference to Figure Al we have: 

w 
Uo  

vo 

Figure Al Coordinate system for a shock wave  

= w - u0 

= w  

and from the laws of conservation: 

Mass 

	

v-1 
	0 	 (A.1) 

V
1 
- V

o 

	

Momentum 	P1 	1 
+ 1P2  = Po 

	o 
+ 1V-2 
	

(A.2) 

V1 	
Vo 

Energy + Y 	=  + Y PV 
1 	I I 	0 - 0 0 

Y - 1 	Y - 1 
(A.3) 
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From Equations (A.1) and (A.2) the relative gas velocities become 

,v2 xr2 P1  130  
o o V

o 
- V

I 

2 	2 
= V1 

P
I _Po 

Vo -V1 

and by substituting in Equation (A.3) the following relationship is 

obtained: 

P1 	+ 1)V - (Y - 1)V
1  

P _  (Y + 1) V
1 
 - (Y - 1)V 

(A.4) 

Equation (A.4) is known as the shock adiabatic or the Hugoniot relation. 

The curve is shown in Figure A 2 passing through the point (Po, Vo) and 

giving the loci of all other shocked conditions that can be reached from the 

initial state. It can be shown that for a given shock velocity there is a 

unique value for the shocked conditions. 

From Equations (A.1) and (A.2) the mass flux across the shock is given 

by: 2 

M
2 	p p 
= o 	=  1 	o  = const. 

_  (AS) 

Therefore, starting from (Po, V
o 
 ) on the Hugoniot curve, a line can be 

drawn with slope - v. 
2 
 and the values of P

1 
and V

1 
are determined at the 

o 
Vo 

intersection with the Hugoniot curve. 

Points on the curve to the right and below (P , V ) cannot represent 
0 0 

real solutions for the shock transition. 



P1 

PO 
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V 0 
SPECIFIC VOLUME-Ng- 

FIGURE A2 HUGONIOT CURVE  
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Derivation of the Rankine-Hugoniot Relations for Shock Transition 

The Rankine-Hugoniot relations express the change in properties of a 

gas after it has passed through a shock wave. They are normally given as a 

function of shock strength: in this case the Mach number is used and defined 

below: 

M = -uo = 
co 	co 

Putting Equation (A.3) in the form 

 

P V 1 1 =Y-1 k -Y- 1 
Y 1 	2Y 

(A.6a) 

  

and P V o o = Y - 1  k 	Y - 1 .0. 
V o 

Aro 

(A.6b) 

where k = constant, rearranging Equation A.2 and combining with Equations 

(A.6a) and (A.6b) 

1 o = 2 Y 1 k 
	 A.7) 

Y + 1 

Replacing the expression for k and using the definition of the speed of 

sound we have: 

2 
1r1  =  2 	o + Y - 1 y

o Y + 1 fro 	Y + 1 

from which 

(A.8) 

- o = 2 co - 2 'Aro 	(A.9) 
co Y + 1 	Y + 1 c

o 

and 

u0  = 	2 	24 -1 8 
co 	Y + 1 

(A.10) 



Po C r  

OP Y  
P1 = 	ex-o 	- S 

	

' 	1 	o  ( A . 5 ) 

S1 - So = ln 1 + 2Y 	(;12  - 1)] 
Y + 1 Cv  

+ y ln[1 - 2 	- 1 
Y + 1 	M 

• • 
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By rearranging Equations (A.4) and (A.5) and substituting for the speed of 

sound: 

2 
2Y1r0 	(y 	1)  Pi 	(y 	1) 

2 
o 

Po 

	

P1 =1 + 2Y 	(M2 - 1) 
P
o 	

Y + 1 

(A.11) 

(A.1 2) 

A rearrangement of Equation (A.4) and substitution for P1/P0  from Equation 

(A.12) 

-1  
V0 	[ - 2 	- 

vl 	e0 	
y  + 1 (A.13) 

The ratio of the sound velocities is obtained from the equation of state 

which, after substituting for P1/Po  and ypo  and rearranging yields 

C
2 
1 =T 	= 1 +2 (Y - 1), 
C 2 	7177) o To 

x11 - 	- (Y - 1)1 

 

(A.1)4) 

 

Similarly the equation of state can be expressed in the following form: 

and substitution for Pi/Po  and eo/ei  gives 

( A .1 6 ) 
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APPENDIX B  

A listing of program PISTON can be found on the following pages, 

immediately after which is a table of the principle names and their mean-

ings. Names which have not been explained are usually intermediates in 

the calculation of a defined variable, others are integers that make up 

the program logic. A series of flow charts, one for each routine, follows 

which describe the logic system in more detail. 
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PTIOG RA A PISTON (IAPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUTI TAPE62) 
DIMENSION XX(102),TT(130) 	 • 
rOPION 	X(50 250),T(53,53),U(50,50),'3(50 751:),S(50 1.50),XS(50),TS(5 
10), 	JEND(50):US1(50),US3(5)),CS1(30),CS1(50),SS1(50 
2),SSO(53) 
CONON/ONE/GAMMA,CO 2 X0 I ETA,I,J,VELS41 IP,WORKT 
1,P..:TE(67 597) 

597 FORHAT(/1X 2 4. 	OUTPUT FROM DECK AUYW7R 1 	 
IP=0 
WOKT=0.0 
X0=1. 
C0=1126.0 
TSTOP=20.9 
TSTOP=TSTOP4C0/(X3410.0**3) 
GAMMA=1.4 
ETA=2,0 
ETA=0.0 
PIST=1.0 
PIST=PIST/12.0 
XSTEP=0.1 
JSE=49 
JSTOP=JSE 
OD 400 I=1,JSE 
JEND(I)=JSE 

400 CONTINUE 
DO 20 J=1,JSE 
JS=J 
XSTART=PISTfFL0AT(J-1)*XSTEP. 
DO 21 I=1,J 
IS=I-1 
IF(I-1) 25,25)26 

25 X(I,J)=(XSTART+PIST)/2.0 
T(I,J)=X(I,J)-PIST 
U(I,J)=1.0 
c(i,J)=i.a 
S(I,J)=1.0 
GO TO 27 

26 IF(I-J) 23,22,22 - 
22 CALL PATH 

GO TO 24 
23 CALL PT3 

IF(T(I)J)-T(I-1,J)) 28)28)29 
29 CONTINUE 
24 CONTINUE 
27 CJNTIHUE 

31 FOP.1AT(1X12I5,5(4X,F12.6)) 
21 CONTINUE 
20 CONTINUE 

WP.ITE(6233) 
33 FORNAT(1X,*NO SHOCK FOZNATION IN THE REGION OF INTEGATION*) 

GO TO 32 
28 I=IS+1 

J=JS 
XT1=(X(I,J)-X(I1 J-1))/(T(I,J)-T(I,J-1)) 
XT2=(X(T-1 1.1)-X(1-1 1 J-1))/(T(I-1 1 J)-T(I-11J-1)) 
TS(JS)=(X(I-17 J-1)-X(I,J-1)+XT1*T(I,J-1)-XT2*.T(I-10-1))/(XT1-XT2) 
XS(JS)= X(I-13J-1)+XT2*(TS(JS)-T(I-1,J-1)) 



WtITE(6,30)ISI OS,XS(JS),TS(JS) 
30 F3NAT(1X 1 2(5X,I3),5Xy*THE SHOCK lEGIAS TO FJP,M AT X='',F6.3 1 *AND A 

1TDIP OF ',F6.3) 
3? CONTINUE 

J=JS 
JSS=JS 
IU=IS 
JEND(IS)=JS 
JE17(I34-1)=JS 
IO=JSC-IS 
IOST=IS+1 
VELSH=U(IOST,JSS-1)+C(IOST,JSS-1) 
XSTART=PIST+FLOAT(JSSI)*XSTEP+XS(JSS)X(IOST,JSS 1) 

34 CONTINUE 
DO 131 I=1,IU 
IF (I*1) 35,35,35 

35 X(I,J)=.(XSTART+PIST)/2,0 
T(I,J)=X(I,J)-FIST 
U(I,'J)=0.0 
C(I,J)=1,0 
S(I,J)=1.0 
GO TO 37 

36 CALL PT3 
37 CONTINUE 
131 CONTINUE 

XERR=XS(JSS)-•X(IU,JSS) 
IF(A3S(XERR) -0.03001) 38,33,39 

39 XSTART=XSTART4XER 
GO TO 34 

38 CONTINUE 
DO 001 I=1,IU 
WaITE(6 ;120) I,J,X(I,J),T(I,J),U(I,J),C(I,J),S(I,J) 

120 FORMAT(1X,213,5X,5F10.5) 
601 CONTINUE 

US3(OSS)=U(IU3JSS) 
CSO(JSS)=C(IU,JSS) 
SSO(JSS)=S(IU,JSS) 

L:2 CALL SHOCK 
U(IOSTOSS)=US1(J33) 
C(IOST,JSS)=CSI(TSS) 
SCIOST,JSS)=SS1(JSS) 
X(IOST,JSS)=XS(JSS) 
T(IOST,JSS)=TS(JSS) 

C44"" CHECK THE SHOCK VELOCITY HAS BEEN CHOSEN CO:).RECTLY 
R1=(U(IOST,OSS-1)/2.0)+C(IOST,J3S-1)/(GAMHA - /.03) 
S1=(U(IOST,JS3-1)/2.0)-.C(IOST,JSS-1)/(GAHMA -1.0 ) 

- PSH1=(U(IOST,JSS)/2.0)+C(IOST,JSS)/(GA1NA-1.0 ) 
SSH1=(U (IOST,JSS)/2.0) -C(IOST,JSS)/(GAHMA-1.0) 
S;U=C■1-S1+::SH1-SSH1)/2.0 
32=(-7).1"2-..S1* - 2+SH1**2-SSH1**2)/2.0 
X1=MIOST,JSS)+X(IOST,JSS-1))/2.0 
R3=:R1+S-:1-''CS(IOST,JSS)-S(IOSTIJSS-1))/4.0- ((GAMMA*1.3)/4.0)*Sa2*(E 

1T4/X1) 4 (T(IOST,JSS)-T(IOST,J1)) 
PERR=3-RSHi 
IF(A3S(REPR)-0.00301) 40,40,41 

41 VELSH=VELSH+REFP. 
GO TO 42 

40 CONTINUE 
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W7ITF(61 117) VELS9,J,RTRR 

117 FORMATUX,4A SHOCK 4ELOCITY OF *I F10.51 *ON J=*,i3) *GOVES AN RERR 
10F*,F10.5) 
WP,ITE(67700) JOELSH- 

700 FOR9AT(//X,I5,4X,F6.4)* 	US 	CS 	SS*) 
W'.ITE(62 701)USC(J),050(J),SSO(J) 

701 F0.-AT(1X,* 	0*23(4X;F8.5)) 
W1-!ITE(6,702)US1(J),CS1(J),SS1(J) 

702 FOIAT(iX,* 	1.*,3(4X 7 F3.5)) 
C"." F?,OCEE9 FRO;1 THE SHOCK TO THE PISTON PATH 

IOST1=IOST+1 
00 43 I=IOSTiyJSS 
IS=I-1 
JS=J 
IF (I-J) 44,45,45 

L5 CALL PATH 
GO TO 45 

44 CALL PT3 
IF (T(I,J)-T(I-1,J)) 47)48,48 

48 CONTINUE 
46 CONTINUE 

WRITE(6) /21) I,J,X (I,J),T(I,J) ,U(I,J),C(I,J),S(I,J) 
121 FO:1IAT(1Xy2I3,5X,F10.5) 
43 CONTINUE 

GO TO 99 
47 WRITE(6,49) I,J 
49 FO;:MAT(1Xy*SOrlaY, CHOSEN INCORRECT SHOCK STARTING POINT+,2I4) 

GO TO 23 
99 COATINUE 

IU=IU-1 
IOST=IOST+1 
JS1=JS+1 
DO 50 J=JS/ I JSE 

C"" CALCULATE INTERSE3TION OF SHOCK WITH CHARACTERISTIC BEHIND 
UC=O(IOST,J-1)+C(IOST 7 J-1) 
TINT1=(X(IOST 2 J-1)-.XS(J-1)+VELSH*TS(J-1)-UYT(IOSTIJ-1))/(VELSHUC 

1) 
XINT1=X(IOST,J-1)+UC*(TINT1T(IOST,J-1)) 
IF(IU-1) 52,64961 

C"" CALCULATE INTEFSECTI0H OF SHOCK WITH CHARACTERISTIC IN FRONT 
64 UC=U(IU7 J-1)+C(IU7 J-..1) 

TINT0=(X(IUI J-1)-XS(J-1)+4ELSH*TS(J-1)-UC4- T(iU4J-1))/(VELSH-U0) 
XINTO= X(IU1 J-1)+JC*(TINTO-T(IUIJ-t)) 
IF (XINTOXINT1) 51,51,52 

51 IWEP=r) 
XS(J)=XINTO 
TS(J)=TINT? 
GO TO 53 

52 IW '''R=1 
XS(J) =XINT1 
TS(J)=TINTi 

53 CONTINUE 
OXS=XS(J)-.XS(J-1) 
IF (DXS-0.5) 986,081,931 

981 JSE=J-t 
IF (JSTOP.E0.JSE+1) JSTOP=JSE 
GO TO 100 

980 CONTINUE 
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IF(JSTOP-JSE) 9977 -Y36 1 395 
%S IF(TSTGP-T(J-1,J-1)) 999099,995 
999 JSTOP=J-1 
997 ISTOP-'2JSTOP 

GO TO 335 
993 ISTOP=J 
995 CONTINUE 

',,P.ITE(6,107) J, XS(J),TS(J),IWER 
107 FORAT(/1X,I3, 4- XS= 4- 1 F10.5, 4- TS=4 ,F10.514. IWFR=*,I3) 

IF (Ii-1) 1G,181,131 
181 CONTTNUE 

XSTAT=PIST+FLOAT(J-1)*XSTEP+XS(J)-XS(J-1) 
54 CONTINUE 

00 55 I=1,IU 
IF(I-1) 56,56)57 

56 X(I,J)=(XSTART+PIST)/2.0 
T(I, J)=X(I,J)-PIST 
U(I,J)=0.0 
C(I,J)=1.0 
S(I,J)=1.0 
GO TO 55 

57 CALL PT3 
58 CONTINUE 
55 CONTINUE 

IF (INE) 59)59,50 
60 I=IU4-1 

UC=U(I-1,J)-C(I-12 J) 
VOC=VELSH-UC 
TX-7:(X(I-1,J)-XS(J-1)+TS(J-1)*VELSH-(T(I-11J)*UC))/VUC 
XX=X(.7:•-1,J)+UC'. (TX-.1.(I11J)) 
XERR=XS(J)-XX 
IF(ASS(XER)-0$00301) 65;65;66 

66 XSTAKT=XSTAT+XERR 
GO TO 54 

65 CONTINUE 
00 60%! I=1,IU 
W;ITE(6,122) I,J,X(I,J),T(I,J),U(I,J),C(I,J),S(I1J) 

122 FORMAT(1X 2 213,5X 7 3F10.5) 
6C2 CONTINUE 

XWAIT=X(I)J-1) 
TWAIT=T(I,J1) 
UHAIT=U(I,J-1) 
CWAIT=C(I ) J...1) 
SWAIT=S(I,J*1) 

C***** CALCLATE THE C040ITIONS AT THE SHOCK BOUNDAY BY PROJECTING AN EXT 
C"4"- +IVE OHARACTE"),ISTIC SACK TO J-1 

T9ACK=TS(J)-T(I-1,J)+T(I-11J*1) 
63 UC=(U'1ATT+U(I-1,J-1)-CWAIT-C(1-1,J-1))/2.0 

XBACK=X(I-1,J-1)+JC4 (TBACK-T(1-1 1 J-.1)) 
C72,ACK=C(T-1,J-1)+((CWAIT-C(I-1,J-1))*(TBACK-T(I-1,J-1)))/(TWAIT-T( 

1I-1,J-1)) 
U34CK=U(I-1 1 J-1)+C(U4AIT-U(I-1,J-1))*(TBACK-T(I-1,J-1)))/(TWAIT-T( 

1I-11 J-1)) 
S71ACK=S(I-1,J-1)+USWAIT-S(I-10-1))*(TBACK-T(I-11J-1)))/(TWAIT-T( 

1I-1, J-1) ) 
Y(I 7 J-1)=XBACK 
T(I)J-1)=TSACK 
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U(I2 J-•1)=-U9ACK 
C(I,J-1)=C3ACK 
S(I,J-1)=S3ACK 
CALL PT3 
XER=XS(J)•X(I,J) 
IF(AS(XEq:)-9.03301) 5101,62 

62 1-94CK=T9AC'(--XERR 
GO TO 63 

61 CONTINUE 
X(T I J-1)=XWAIT 
T(I,J-1)=TWAIT 
U(I,J-1)=U4AIT 
C(I,J-1)=CNAIT 
S(I,J•i)=SNAIT 
USO(J)=U(I,J) 
CSO(J)=C(I,J) 
SS3(J)=S(I4J) 
GO TO 132 

160 CONTINUE 
USO(J)=0.0 
CSO(J)=1.9 
SSO(J)=1.0 

182 CONTINUE 
JEND(IOST)=J 
VELSH=U(IOST IJ-1)+C(IOST,J--i) 

69 CALL SOCK 
U(IOST,J)=US1(J) 
C(IOST,J)=CS1(J) 
S(IOST I A=SS1(J) 
X(IOST,J)=XS(J) 
T(I03T,J)=TS(i) 
R1=(U(IOST,J-1)/2.0)+C(IOST,J-1)/(GAMMA-1.0) 
S1=(U(IOST,J-1)/2.0)•C(IOST,J-1)/(GAMMA-1.0) 
:RSH1=(U(IOST,J)/2.0)+C(IOST,J)/(GAIMA-1.0) 
SSHi=(U(IOST,J)/2.0)—C(IOST,J)/(GANMA-1.0) 
SR1=- (1'.1—S1+?SH1—SSH1)/2.0 
S.!2=(°14.4.2—S11'*24-S111-1—*2—SSH14-4-2)/2.0 
X1=MIOST I AFX(IOST,J-.1))/2.0 
R,3=R14-SRi's(S(IOST,J)••SCI0ST,J-1))/4.0-•((GAMA-•1.0)/4.0)*SR2*(ETA/X 

11) 4 (T(IOST,J)—T(IOST,J•1)) 
PERK= :3—PSH1 
IF(A3S(iLEIZ0-.0.00301)67,67,68 

63 VELSH=VELSH+RERR 
IF (VELSH.LT.1.0) VELSH=1.0 
GO TO 69 

67 CONTINUE 
WRITE(6,110) VELS-4,JI RERR 

110 FO'ZNAT(1X /*A SHOCK VELOCITY OF * I F10.5 1.1- ON J=4. 1 1.3, 4-GOVES AN RERR 
10F*,F10.5) 
WRITE(6,899) J / VELSH 

800 FORMAT(/1X,I5,4X,F6.4,4 	US 	CS 	SS*) 
147.ITE(62 831)US0(J),C50(J),SS0(J) 

601 ROR'•1AT(1X,* 	 9*) 3(4X,F8.F)) 
WRITE(6,812)US1(J),CS1(J),SSi(J) 

802 FORAT(1Y I * 	1*)3(4)( 7 F8.5)) 
IOST=IOST+1 
00 70 I=IOST,ISTOP 
IF(I—J) 71,72,72 
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72 CALL PATH 
GO TO 73 

71 CALL PT3 
IF(T(I,J)-T(I-1,J)) 74,74,75 

7E CONTINUE 
73 CUNTINUE 

41:71ITE(6,123) 	I,JyX 
.23-FO:ZNAT(1X,22:31 5Xli-, F10,5) 
70 CONTINU 

GO TO 77 
74 	WRITE(6,76) 
75 	FO?,1AT(1X,'''SECOND 	SHOCK FOIATION*) 
77 CONTINUE 

GU TO 70 
59 XERR=XS(J)-X(IU,J) 

IECABS(XE(?fl)-0.00')01)80,60,81 
61 YSTART=XSTART+XER:1. 

GO TO 54 
80 CONTINUE 

00 	603 I=1,IU 
WRITE(6,111)I,J,X(I,J),T(I,J),U(I,J),C(I,J),S(I,J) 

11 F3R1AT(1X,213,5X,F10.5) 
03 CONTINUE 

JENO(IU)=J 
USO(J)=U(IU,J) 
CSO(J)=C(IU,J) 
SSO(J)=S(IU,J) 

84 CALL SHOCK 
I=IOST-1 
X(I,J)=XS(J) 
T(I,J)=TS(J) 
U(I,J)=US1(J) 
C(I,J)=CS1(J) 
S(I, J)=SS1 (J) 

" CALCULATE THE INTERSECTION OF THE CHARACTERISTIC BEHIND THE SHOCK WITH 
. UO1=U(I,J)+C(I,J) 
1132=US1(J1)fU(IDSTIJ-1))/2,0(CS1(J-1)+C(IOSTI J-'1))/2.0 
UC37-UUC2 
TX=CXS(J-1)--. X(I,J)002x-TS(J-1)+UCi*T(I,J))/UC3 
XX=XS(J*1)+UC2*(TXTS(J-•1)) 
UX=US1(i1)+((U(IOST,J1).-U31(J1))*(TXTS(J-•1)))/(T(IOST,J1)-TS( 

1J-1)) 
CY=CS1( 1-1)+(tC(IOSTIJ-1) -CS1(J-1))*(TX-TS(J-1)))/CT(IOST,J-1)-TS( 

1J-1) ) 
SX=SS1(i•-1)f((S(IOST,J-1)-.. SST(J-1))*(TX-TS(J-1)))/(T(IOSTI J-1)•TS( 

1J-1)) 
P1=UX/2.0+CX/(GAM1A-1.0) 
S1=UX/2.0-CS/(GAWIA-•1.1) 
RSH1=US1(1)/2.C+CS1(J)/(GAMMA1.0) 
SSH1=0S1(J)12.0-051(J)/(GAMMA1.0) 
SFU=(r 1-S1+'RSH1-..S3H1)/2.0 
SR2=(11"2-.S1*42+;1SH1"2.-.SSH1442)/2.0 
X1-7.(XX+XS(J))/2.0 
R5=R1+S(SS1(J) -SX)/4.0-((GAMMA-1.0)/4.0)''Sa24(ETA/X1)*(TS(J)-TX 

1) 
RE'ZR=;:3-PSH1 
IF(A2S(RE7:R)-0.09)01)82,62,83 

3 VELSH=VELSH+RERR 

J-1 
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IF (VELSH.LT.1.C) V=LSH=1.0 
GO TO 84 

52 CONTTNUE 
W:;TT7(6,112) VELSAIA,REP.R 

112 FORMAT(1X,*A SHOCK VELOCITY OF *,F10.5, 4-ON J=4.1 I3 1 4GOVES AN REg 
10F'', F10.5) 

1,4iTE(5,900) J,VELSH 
900 FORAT(/1X,IF-,4X,Ft5.41* 	US 	 CS 	 SS4. ) 

WRITE(6,9k)1)USC(J),CS0(J),SSO(J) 
901 FOIA1- (1X,* 	 0 -4 ,3(4X,FB.5)) 

WP,ITE(6,932)US1(J),CS1(J),SS1(J) 
9G2 FORAT(1X 1 1' 	 14 ,3(4-X,E8.5)) 

DO 35 I=IDST,ISTOP 
IF (I-J) 56,87,57 

87 CALL PATH 
GO TO 88 

35 CALL PT3 
IF (T(I,J)-T(I-1,J)) 59,89,90 

90 CONTINUE 
58 CONTINUE 

WRITE(6,124) I,J,X(I,J) I T (I,J),U(I,J),C(I,J),S(I,J) 
124 F0IAT(1X,213,5X,;.5F10.5) 

e5 CONTINUE 
IU=IU-•1 
GO TO 92 

59 WRITE(6,91) 
91 FORHAT(IX 1 4SECON3 SHOCK FTRNATION*) 
92 CONTINUE 
50 CONTINUE 

/CO CONTINUE 
PLOT THE CHARACTERISTIC NETWORK 

CALL START(2) 
XX(1)=0.0 
XX(2)=XS(JSE) 
TT(1)=0.0 
TT(2)=T(ISTOPI JSE) 
CALL SCALE (XX,12.0 1 2,1) 
CALL SCAIE(TT,12.0 1 2,1) 
FIRSTX=XX(3) 
DELTX=0.25 
DELTX=XX(4) 
FIRSTT=TT(3) 
DELTT=0.25 
DELTT=TT(4) 
CALL 4XIS(0.0,U.0,22HRA3IAL DISTANCE (FEET),-22,12.0,0.0,FIRSTX,OE 

1LTX) 
CALL AXIS(O.L,C.0,231SCALE.O TIME T*C0 (FEET),23,12.O,90.0,FIRSTT,O 

1ELTT) 
CALL PLOT (0.0,12.0,3) 
CALL PLOT (12.0,12.0,2) 
CALL PLOT (12.0,0.0,2) 

C":""-  PLOT THE PISTON PATH 
JP=JSTOP 
00 101 J=1,JP 
XX(J)=X(J,J)-PIST 
TT(J)=T(J,J) 

101 CONTINUE 
XX(JP+1)=FIRSTX 
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XX(JP+2)=DELTY 
TT(JP4-1)=FIRSTT 
TT(JP+2)=DELTT 
CALL LINE (XX,TT I JP,1,10.) 

C**"4 # PLOT THE 	7,HARACTEP.ISTICS 
JS1=1 
JS1=JSTOP 
DO 10? I=1,JS1 
IF(JE:0(T).GT.JSE) JEND(I)=JSE 
JS2=JENO(I) 
DO 103 J=I3JS2 
JP=J-I+1 
XX(JP)=X(T,J)-FIST 
TT (JP)=T (I, J) 

103 CONTINUE 
XX(JP+1)=FIRSTX 
XX(JP+2)=DELTX 
TT(JP+1)=FI?„STT 
TT(JP+2)=DELTT 
CALL LINE (XXI TTIJP,1,01 1) 

102 COTTOUR 
c*****44.4. 	PLOT THE SHOCK PROFILE 

JO 105 J=JSI JSE 
JP=J+1-JS 
XX(JP)=XS(J)-PIST 
TT(JP)=TS(J) 

106 CONTINUE 
XX (JP+1) =FIRSTX 
XX(JP+2)=DELTX 
TT(JP+1)=FIRSTT 
TT(JP+2)=DELTT 
CALL LINE(XX,TT I JP 2 12 0 1 1) 
CALL ENFLOT 
JS=JS+1 
STOP 
ENO 

COMPILED, SPACE 
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SUTRO'JTINE PT3 
OIAEN-iION XX(1CD I TT(100) 
CON01 	V50350),T(5J)5g),U(50,50),C(50,5L7),S(50,50),YS(50) 1 TS(5 

1)), 	 JEN0(57:),US1(50),US0(5J),CS1(50),C30(3),SSi(50 
2) t 3S1(50) 
CJA■i0A/ONE/GAA,30,XC,ETA,I,J,VELSH,IP,WORKT 
IT=-1 
11- 1- =-1 
TTT=1 
R1=(J(I)J-1)/2.C)+C(I,J-1)/(GAMMA-1.0) 
S1=(U(I7J-1)/2.6) -0(I,J-1)/(GAt14A-1.0) 
R2=(U(I-1,J)/2.0)+C(I-1 1 J)/(GX;VA-1.0) 
S2=(U (I-17))/2.6)-C(I-1,J)/(GAMMA-1.0) 
RS1=U;AMA+1.0P'R1/2.0-(GAIA-3.C)4'S1/2.0 
RS2=(3.0 -G4d14A) 4 2,2/2.04-(GAWIA+1.0) 452/2.0 

10 T(I,J)=(X(I-11J)-Y(I ) J-1)+RS1*T(1,J-1)-RS2*(T(I-1,J)))/(RS1-RS2) 
X(11J)=X(I,J-1)+aS1'(T(I,J)-T(I1 J-1)) 
IF(IT) 11,12,12 

11 CONTINUE 
R4=(R1+R2)/2.0 
S4=(S14.S2)/2.0 

XT2=MI,J-1)-X(I-1,J))/(T(I1J-1)-T(I-1,J)) 
12 T4=(X(I,J)-X(1-1,J) -T(I,J)*RS4+T(I-11 J)*XT2)/(XT2-RS4) 

X4=X(I,J)-RS4*(T(I,J)-74) 
SS4.=S(I-1,J) -1- (S(I)J-1)-S(I-1,J))*(X4-X(I-1,J))/(X(I) J-1)-X(I-12 ,1)) 
S(II J)=SS4 
IF(IT) 13114;14 

13 CONTINUE 
S2.1=R1-S1 
SR2=R1*42-Si**2 
X1=(X(I) J-1)+X(I,J))/2.0 

14 R3=R1+1*(S(I;J)-S(IIJ-1))/4.0-((GAMMA-1.0)/4.0)*SR2'(ETA/X1)*(T( 
1I,J)-T(I 1 J-1)) 
IF (IT) 15)161 16 

15 CONTIdUE 
SR3=S2-R2 
SP,4=S2'*2-?,24-4.2 
X2=(X(I-1/J)+X(I,J))/2.0 

15 S3=S24- 5F).3*(S(1) -S(I-1,J))/4.0-((GAMMA-1.0)/4.0) 4-SR4*(ETA/X2) -4 (T( 
1I,J)-T(I-1 1 J)) 
U(I,J)=R3+S3 
C(I,J)=(R3-S3)'(GAM`IA-1.0)/2.0 
IF(IT) 17718,18 

17 CONTINUE 
IF(ITT) 18,2/221 

21 CONTINUE 
P511=(GAMAA+1.C)*=Z1/2.0-(GAHMA-3.0)*S1/2.2 
P.S127-(GArlIA -1-1.G)* .-;3/2.0-(GAAHA-3.0) 4S3/2.0 
RS1=511+S12)/2.0 
RS91=(3.0-GAM1A)*-Z2/2.04-(GANIA+1.0)*S2/2.0 
PS22=(3.C-GAA)*;3/2.0+(GAMMA+1.0)*53/2.0 
PS2=(2321+RS22)/2.0 
RS4=(- N.+5,14-R3A-S3)/2.0 
S;':1=(1-Si+R3-S3)/2.0 
Sai!=(P.1**2-S14*24-R3**2-53**2)/2.0 
SR3=(S2-R2+S3-R3)/2.0 
S°. =(32'  
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X1=(X(:) ,1-1)+X(:,J))/2.0 
X2 --- (X(T-11  J)+X(1:7 J))/2.0 
IT-1 
GO TO 13 

13 C9 IT I. VJE 
RET'JzN 
END 

SPACE 
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St13FZ3NTINE PATH 
1..)::1 ,-Th3TON XX (1E0) I  TT(100) 
COAMO1 	X (5::7 56) yI(50,50),U(5c21 50),C(50,5C) ,S (50 ) 50) ) XS(50), TS(5 

10) , 	 JENJ (53 ) :US1 (5C) ,US3 (50) ,CSI (50) CSO (50 ),SS1(5C 
2), SS9(51 ) 
C0110:1/ONE/GANli-,73 0, X0 ETA, I7J2VELSHI IP1WORKT 
A0=0.1 
L=1.0 

A2=i, .3 
AL:=1.0 
.AL:=A4/12.0 
IF (IP) 1,1,2 

1 	(6,3) AC I  Alp A2 
3 FrjaeIAT U1X1 '40=*I E11.57 *A1=* IE11.51 *A2=* IC11.5) 

IP.FT=0 
2 CONT INUE 

IP=1 
T(12 J)=T(I-1,J) 

11 TREAL7:-T (11  J)-'eX0 4-10.04'4 3/00 
XREAL=(TREAL*'2)*(A0-1-A1*TP,EAL+424- TREAL**2)4A.4 
UREAL=2.0'AO*TREAL+3.04i-ki*TREAL**2+.4.0 4.A2*TREAL"3 
X(17  J)=XREAL/X0 
U (I I  J)=(UREAL/CO) *10.0*.*3 
THE'ri=( (X (I-1,J)—X(I,J)) +T(I1 J)*U(I)  J)—(U(I-1).1)—C(I-1,J) ) 4̀ T(I—i,J) 

1)/ (U 	(U(I-17J)—C(I-1)J))) 
TOLD=T (3:1 J) 
T ( 	_) =TNELI 
TOIFF=A3S(TNEW—TOLO) 
IF (T.DIFF-0.00061) 10)10 )11 

10 CONTINUE 
S2= (U(I-12 J)/2.0) —C(I—i$ J) /(GAMMA-1.0) 
R2= (U (I-17  1)/2.6) 4-C (I-11  J)/ (GAMMA-1.0) 
S;;Ilt= S"""" 2— P.2."2 
X2,-- (X(I-1,1)-1-X(I / J))/2.0 
S3=S2—( (GAl.:1A-1.0) /4.0)'S'-',4'(ETA/X2) (T (It s)) —T (I-1,J)) 
C(T.,J)=( (U(I,J)/2.Cs)—S3)'(GAtiNIA-1.0) 
S(17 .1)=S 
IF (U (J, J) —U(J-11  J-1) ) 22) 22713 

22 I'RET=1 
13 IF (IPET) 151 15 7 15 
15 IF (U(JiJ) --!1(J-19 J-1) ) 17 2 18,18 
18 U( J)=U (J-10-1) 

C ( 	J)=C(J-11 J—/) 
S(J,J)=S(J-11 -1-1) 

15 CONTINUE 
17 CONTINUE 

P0=14.7 
PP1=C (I-13  J-1)" ( ( 2.C*GAM:1A)/ ( GAMMA-1.0) ) 
PP2=C (I )  J) .'* ( (2.0*GAIMA)/ (GA:"../A-1.0)) 
ifiOicK= (PP1I-PP2) 43.14159*(X ( 1,J) **3—X (I-1)  J-1) *x`3)/3.0 
WORK=NOP,K÷P0*144.0 
WORKT=W0RKT1-W0RK 
WD=PP24- °0 4- 144.0'2.0*3.1415 34- X (I2 J)"24.11 (I, J) *CO 
W7.1TE(F.-., 1 1.2) .1 7 1.10r;KOORKTIR 

12 FOR''AT (1X/ y IS t_-;Xl‘ INCP.EMENT AND TOTAL WORK*12F15.51 4- FT L3F*1 
i*RATE OF WORK4.1 1--15.6, 4- FT LBF/SEC*) 

RETURN 
ENO 
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SU3POUTINE SHOCK 
DIN7N3ON XX(1C0) / Ti(100) 
CO41401 	X00 3 50),T(5315g) ;U(02 50) 1 0(50 1 5:1 1 $(50,50),XS(50),TS(5 

1.3), 	 JEND(51),US1(5C),USJ(5D iCS1(50),CS0(53),SSIA50 
2),SS3(50) 
COA10`i/(ME/GAI:01X0yETA,I,J,VELSH,IP I WMT 
CH'i;',OH=(VELSH-USO(J))/CSO(J) 
SH-SH1ACH*(-2) 
US1(J)=USO(J)+2.9 .'SHIACH*(1.0-SHVAC2)/(GAAMAI-1.0) 
PS:.3=CSi,(J) 4 (2.V'SAAMA)/(G:1?-11A-1.0)) 
P31=PS 12÷(1.0+2.C*SA:VIA(SHAACH"2-1.0)/(GAMA+1.0)) 
H3S0=PS0**(1.3/GAN1t,) 

KHOS1=:',HOS1/(1.0-2.0*(1.0-SHMAC2)/(GA4HA+1,C)) 
NT1=(1.0/GAV:IA)*4 1-05(1.O+2.0*GAMA*(SHMACH"2-1.0)/(GAAU-1-1.0)) 

T2=ALOG(sHHAC2*(1.0+(GATIA-1.0)*(SHIIACH4 *. 2-1.0)/(GAmyr.;+1,0))) 
SS1(J)=SSO(J)+ENTi+ENT2 
5:11=GANAA''SHI4.ACH**2-SHAAC2-(GAMI'4 A-1.0) 
GH1=G1*2.3*(GA:-■11-2.0)/((GAM1A+1.3)**2) 
CSIAJL=CSO(J)2'SORT(1.04-GM1) 
RETURN 
END 

30M2ILER SPACE 
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Principle Names used by Program PISTON 

(in order of appearance) 

MAIN ROUTINE  

refers to the point of intersection of the Ith positive 
and the Jth negative characteristic 

distance 	) 
) 

time 	) 
) 

particle velocity ) used in the graph plotting routine 
) 

sonic velocity 	) 
) 

gas pressure 	) 

X 	distance at a point on the characteristic network 

T 	time at a point on the characteristic network 

II 	particle velocity at a point on the characteristic 
network 

C 	Sonic velocity at a point on the characteristic network 

S 	entropy at a point on the characteristic network 

XS 	distance co-ordinate of the shock wave 

TS 	time co-ordinate of the shock wave 

US1 	particle velocity behind the shock wave 

USO 	particle velocity in front of the shock wave 

CS1 	sonic velocity behind the shock wave 

CSO 	sonic velocity in front of the shock wave 

SS1 	entropy behind the shock wave 

SSO 	entropy in front of the shock wave 

GAMMA 	ratio of the gas specific heats 

CO 	sound speed in air at 20°C 

X0 	scaling length (set to unity in this work) 

VELSH 	shock wave velocity 

WORKT 	total work done by the piston (Ft. lbs F) 

TSTOP 	time at which the computation is terminated 

I, J 

XX 

TT 

UU 

CC 

PP 



PIST 

JSE 

%STEP 

IU 

IOST 

J END(I) 
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starting distance co-ordinate of the piston 

number of negative characteristics that are computed 

integration step length 

number of positive characteristics ahead of the shock 
wave 

number of positive characteristics behind the shock wave 

negative characteristic at which the positive charac-
teristic (I) terminates on the shock path 

dependent variables at points 1,2,3 and 4 

dependent variables at.points 1,2,3 and 14  

entropy at point 4 

SUBROUTINE PT3  

R1, R2, R3, R14, 

Si, S2, S3, S4 

534 

SUBROUTINE PATH 

  

AO, Al, A2, A3 	coefficients of the 
path 

polynomial representing the piston 

WORK 
	

work increment done by the piston during a single 
integration step 

SUBROUTINE SHOCK 

 

SHMACH 

 

Shock wave Mach number 
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FLOWCHART FOR PROGRAM PISTON  
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FLOWCHART FOR SUBROUTINE PT3  
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FLOWCHART FOR SUBROUTINE SHOCK  
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SHOCK DETECTOR GAUGE AMPLIFIER 

m 

Power sJpply- 24volts 
Input impedance 100 MD-
Output impedance = 50.n 
Voltage gain. 1-100 
Risetime ' .100nS 

122 Mn 

820 Ku 	TA 3zo 
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STRAIN GAUGE PRESSURE TRANSDUCER AMPLIFIER  
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