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ABSTRACT

An extension of standard to spherically symmetric 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 atmosvheric comoression by an accelerating
contact surface followed by the formation of a shoeck wave and such occur-~
rences finﬁ their place in industry associated with pressure relief mech-
anisms and unconfined vapour cloud explosicns. The secaling 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 tyve of gas vented.

The process of shoeck wave formation is examined by both cormputer simu-
lation and vhotographic techniques, each showing similar flow developments
under the same conditions., Quantitative analysis of the contact surface
and shock wave trajectories have allowed alcomparison of the scaled resultis
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,

1
2
b
61 =1,28 % 2 Y E;L A,
Y + 1 [

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

and the other (Ez) 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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Absolute values of blast wave narameters 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 OYME

TNTRODUCTION

1.1 Shock ‘aves

Up to the early 1802's any disturbance propagating throuzh air was
generally regarded as an acoustic wave moving with the sveed of sound.
It was Stokes (1848) who first reported the existance of discontinuities
moving with speeds far greater than that of sound. By using Poisson's
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 ard 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 irmediately. }hihématical
treatment of the nrowagation of such disturbances or shock waves was later
made by Riemann (1840), Rankine (1870), Hugoniot (1887), Chavman (1599),
Jouguet (1992, 1917) and Taylor (1910). In varticular Rierann refined the
theory of shock transition but made the incorrect assumption that the pro-
cess was isentrovic and it was left to Rankine to point out this defect and
show that shock transition commlies with the vrinciple of conservation of
energy but not of entrovy. To confirm this Hugeniot 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 oppbsed to a sound wave was»later described as a dis-
turbance which displaced particles along the direction of propagation, the
- veloclty of the particles being such that it cammot be neglected in com-

parison with the disturﬁance velocity. The equations which govern the
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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.

R ém-lg (1.1)
Cq ¥+ 1 M
2
¢, =1, =1+2(z§-1)2 {(}«12.-1_ -(g-1)§ (1.2)
E—; T—' X+1) 1'12
o
—1 _

& = - 2 1 -1 (1.3)
e_o { ¥+ 1 2 Trzgz
o=e 2 (Rl (1.1)
P Y + 1 '
(o]
5, -5 91+ 2 0F -l +yin 1o _2 §1-1_2;
— Y +1 X+ 1 1)) (1.5)

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 diavhragm 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 mm. diameter tubé using a
diaphragm pressure ratio of 27.

There was a lapse of LO years before interest in shock tubes was
revived by Payman and Shevherd (19L6) 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 contiruous Schlieren records of the disturbances produced
when the diaphrasm ruptures under a variety of conditions, the main experi-
mental changes being the use of different gases, the pressure ratio across
the diavhraem 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
btime
3 C
R
2
4 =S 1
High pressure Diaphragm __ Low pressure |
\ .
Shock tube
Figure 1.1 Wave formin 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 diaphrasm. 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
termerature discontinuity due to the contrasting thermodynamic processes
through which each region has passed. The proverties of the gas in region
(3) are achieved by the undisturbed high pressure gas, region (L),
accelerating through an expansion or rarefaction wave (R) which is centred
due to the earlier assurption 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 (1948) for the one-dimensional case by an
investigation of the method of characteristics for solving the differential
equatiéns 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 example of 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,



time

—PFiston

2 —

Figure 1.2a  Wave form for a piston retreating with
constant velocity

} time
/——-— Piston
o
e ._":’S—
/

Figure 12b 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 same time and form what is known as al
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 camnot 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
Piston

/2

A —

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

P

time

Piston

——

Figure 1.3b Wavcz form for a piston advancing with an
initial acceleration
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In both cases of piston motion the rarefaétion wave is adjacent to & 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 ¢, 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 = (u + ¢)t is thus represented by a straight
line.

The qualitative statements pertaining to rarefaction waves also apvly
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.}

XP: f ( tp)
/ // envelope
/ =
[ "y
£ =
+ Cusp

characteristic directions

distance

Figure 14  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.
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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 = a tD (1.6)

x =a,t 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 wﬁich a discontinuity first
forms., Equation (1.5) represents a motion with constant acceleration and

the corresponding expression for the envelope is:

+
t = 8232 tn °

SRR (1.8)

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

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

value given by:

b T % (1.9)
(¥ + 1)a2

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

corresponding envelove given by:

t

_ ( ¢
t--2-‘2 (

0 - (1.10)
3ay tp ¥ +1)

3 +1) +
¥ +1)
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The minirmum value of t on this envelope is found by differentiating the
above exvression with resvect to tp and setiing the result equal to zero

which gives the equation below:

t = 2 [% (3¥+1) (1.11)
S ¥ +1 oa3

A similar gbservation 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 flanme

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

time given by:

t = % (1.12)
s (¥ + 1)a g

where p is aefined by the exvression

u = pU (1.13)
relating the gas velocity in front of the flame to the flame velocity. If
B ic set to unity, in otherwords making the flame a solid boundary, the
expression reduces to that obtained for the piston motion., Furtherrore 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:

t = _2 % /3§ +1) - 2/¢
S ¥+7 O[ — E7 (1.14)
3

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

B 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.

——

time

~“~ghock wave

distance

Figure 15  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)
assurie 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 Syrmetric Flows

Taylor (19L6), in his peper dealing with the air wave surrounding an
exvanding sphere, introduces the concept of extending the use of a moving
piston to simulate spherically 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 motions are
the fracturing of a glass sphere containing a.high vressure gas, Brode
(1955): the exvlosion 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 anount of energy into a finite volume, the resulting
motion generally being known as a blast wave,

The solution of this tyve 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 respvectively, 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 (194}), the former being
asked to estimate the effects of the release of a large amount of energy
into the atmosvhere in the form of an atomic bomb. By assuning the finite
amount of enerzy is released in an infinitely concentrated form, and the
ambient pressure P is 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 Eo, and the ambient gas density
?‘only, and these can be ombined with distance r and time t to form a

dimensionless similarity variable 7 given by:

1/5

7=r§’é g (1.15)
E t2
o}
The solution can now be expressed in the following form:
P
- =71 = =
5 M), u g(y), e h(y) - (1.16)

Y &

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

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

variable 9. At this point Taylor took the analytical solution no further,
but oroceeded by substituting these relationshins 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,
(195L).

Analytical solutions also exist for the weak shock region where an
approximate acoustical theory can be applied as in the work of Bethe (19Llk)
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 rezion has eluded a suitable analytical

| approach except for an approximate treatment by Von Neumann and Bethe (1958)
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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 (19L47) 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 exmlosion the entire
mass of gas encomoassed 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:

(31 =§t1 (30 : (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 (1946) to predict the path of a eylindrical shock wave,
produced in an inverse pinch machine, from the strong shock region down to
the acoustic limit. It was exvected that a smooth Joining of the two linmit
solutions would give a satisfactory description of the behaviour in the
intermediate regioﬁ. This method has been extended to the case of Spheri-_
cally symmetrie flow by Jones {1$68) and has given good agreemest with 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
assuriptions made concerning the distribution of the shocked gas., The
intermediate strength wave only received suitable treatrment on the advent
of high-speed digital computers, when it was possible to perform a complete

nunerical solution. Since the unsteady spherically symmetric flow of an
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ideal gas is governed by a set of non-linear hypefbolic 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 terds to
be rather complex when there are a number of discontinuities in the flow.
The finiuadiffefence 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 gemerally
gives poor shock definition. The artificial viscosity term most widely
used in this method is that due to Von Neumann and Richtrmyer (1950) who
discuss some of the stability problems of the solution. It has been put
into practical use by Brode (1955) in an extension of the voint source
explosion from the strong shock region using the results of the analytical
solution as initial conditions. The particle-in-cell méthod (p.i.c.) was
first developed by Evens and Harlow (1957), and for one dimension is some-
what inferior to the characteristic and finite difference techniques as
regards accuracy and comouting 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 ekpanding spherical piston is only expected to
develop a single shock wave and therefggq?i%Z?%gst accurate solution the
method of characteristics is chosen to deal with this problem. It was
originally introduced by Massau (1899) and redeveloned by gas.dynamicists
firstly for the solution of steady two-dimensional and unsteady one-
dimensional planar flow. Courant and Friedrichs (19L8) describe the
application of the method of characteristics to these types of flow and
formula te analytical solutions. The solution is based on a linear com-

bination of the unsteady flow equationsin which the dependant variables are
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differentiated in the same 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 tyves of flow mentioned above or for the general case by using
finite difference relations between each characteristic intersection.

For spherically syrmetric flow no analytical solutions exist, meaning
that in thé early anplications 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 time 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 Hertree (1953), Ferri (195L),
Glass (1959) and is given in Chapter 2. An extension of this method to
the problem of three independant varigbles 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 (19L9), Holt (1956), Butler (1940) and others,

As in the case of a shock tube the energy release in an explosion can
be taken, on one hand, as being instantaneoﬁs with the immediate fbrmation 
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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Figure 1.6 Wave form for a point source explosion

i .
L time

Y

distance

Figure 17 Wave form for areal explosion

Brode (1955) cormared the vlots of the shock overvressure versus shock
radius for the point source solution against similar 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 temmerature 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 formétion and the attainment of the overvressures given by the point

source solution are delayed (figure 1.8).

10,000 "® —— point source solution
~--- hot sphere solution'
= cold sphere solution
8
1060 ~ Fol
g
D_ N
<
Figure 18 Radial dependence
of the shock overpressure

As

In the case of energy sources of considerable volume the blast wave may
remain quite different from the point source solution for ruch 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 reroval of the retaining
boundary it will be unable to nzintain 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 develoved blast wave is not necessarily equal to the initial value
at the exvlosive 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 influencé of the piston and the total
energy of the blast is still time devendent has been examined using a
similarity solution by Rogers (1958), Taylor (19L6) and Morgenroth (1942)
and experimentally by Brossard (1970). The latier, 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 cheracterise the blast and
showed that the effective energy transferred was a function of the time

constant of the discharge circuit.

1.L 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 exvnlosion risk and effects. Two of the most common hazards present
in modern industry are those associated with (1) pressure relief mechanisms

and (ii) unconfined vapour cloud explosions.
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1.h.1 Pressure Relief Mechanisms

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 types of pressure relief devices, the relief valve or the bursting disc
assembly. .The former finds its main apolication 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 automatically 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 ovening 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 criterla for design of suitable relief mechanisms for exvlosions
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. 4in
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 poésible to minimise the
time before venting occurs, Aléo 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 rgte at which the explosion is
gmerating new gaseous vroducts. 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 maxirum 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. £t./100 cu. ft.
devending on whether the explosion is mild or violent. A similar lack of
knowledge on the external effects of vressure 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 nrotection device
one mist know the energy imparted to such an ébject 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 duragion of the
accelerating phase of the blast development. It is therefore necessary to
determine the Zoverning 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 reasurement 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 prdfile 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 Vavour Cloud Explosions

The spillage of a large quantity of vapour intb the atmosphere foliowed
by accidental ignition and explosion is a major problem for which there is
little quantitative data available. A methed 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 eagh case from disturbance arrival time
measuremen£s. As for a venting pressurs vessel a vapour cloud exnlosion 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
concitions.

Simpson and Brasie (1958) 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
stoichionetric mixture. Table 1.1 is reproduced and lists the conditions

under which elements fail when subject to a blast overpressure.
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Overpressure of

Structural Elerment Type of Fallure incident blast
' (psig)
Glass windows Shattering 0.5 -1
Corrugated asbestos " 1 -2
Corrugated steel or Al panels Connection failure 1 -2
followed by buckling
Wood sidins vpanels and House .| Whole parnel blown in 2 -3

Structures after failure of
' main connections

Concrete wall vpanels §" or 12"

thick (not reinforced) Shattering 2-3
Self framing steel vanel buildings Collapse 3-15
0il storage tanks Rupture 3-1
Wooden utility poles Snapping 5
Loaded rail cars Overtumn 7
Brick wall vanel 8 - 12" thick Shearing 7 -8

TABLE 1.1 - Structural damacge from blast overpressure

1.5 The Scaling of Svherical 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 Eriesson and Edin (1940) and
Kinney (19%2) is similar to those used elsewhere and is based on geometri-
cal similarity. The avproach, further develoved by Sachs (19Lh), has been
widely used for determining the distance from the origin for the occurence
of a given overoressure. The variables that govern the profile and position
of an ideal svpherical blast wave are the energy released, Eo’ the ambient

' pressure'§; the ambient sonic velocity, € , 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:

A= r and T= t€

- (Eo/1—31 3 (30755173

The term$E0g1/3 is a scaling length which gives a measure of the strength
of the blgst wave. These groups suggest that for two different explosions
identical ﬁlast wave intensities would be expected at distances and tires
which are provortional to the cube root of their respective energy release.
Provided all the initial parameters of a real blast scale then it should be
possible 4o represent any strength wave by a single curve in the A -T vlane,
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 vaiue of the
énergy 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 Eo
a measurement of the shock trajectory or overpressure for distances and
times which are large compared with the dimensions and energy release time.
of the exvlosive source would suffice. The technique for determining Eo
from such exverimental 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 (196?) and Lutzky and Lehto (1270) , who made a numerical
analysis of the late stage equivalence of spherical explosions, aiso Larson
- (1970) investigated the effect of the ambient conditions on the blast

pressure, particularly 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 ffom an initial isothermal sphere of gas assumed that of the
point source (to within 10%) after 10 times 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, ; 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:
_ b :
€ 1.2 2—” S ko4 (1.18)
¥+l cC P v

where b = (3y - 1)/2(¥ - 1)

=

Owing to a lack of experimental measurements to test the validity of this
scaling length it is not kmown 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.
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CHAPTER TWO

THE THEORY OF ONE-DI'ENSICUAL WNSTEADY CO'PRESSIBLE FLOJ AMD ITS
APPLICATION TO GAS EXPADING DITO THE FREE ATIOSPEERE FROM A VESSEL

The process of venting a high vressure gas from a vessel nrovides two
distinct oroblems 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 rmeans of linking each separate part rust be found. The interface
between the vessel contents and the atmosphere forms a distinct boundary,
the trajectory of which is readily recorded by vhotographic techniques. It
is therefore ideal for use as the boundary condition in the solution of
the associated gas flow, With a cormpletely Spherical system, i.e. a
spherically symmetric release of comoressed gas, this boundary condition
will suffice for a solution in both regions under review, making use of the
equations of unsteady one-dimensional flow. Photogranhs show that for the
release of gas from one end of a cylindrical vessel the interface‘is
essentially soherically syrmmetric and its use as the boundary condition for
the solution of the gas flow downstream with these same 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 the wssel orifice from one-dimensional
spherical to axially symmetric flow and requires the use of the two-
dimensional unsteaggfzguations for a solution. Initially this region
occupies only a short space, of the order of the orifice diaméter, 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 ub 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 hyperboliec type.

9@ + u & I 4 (9-1gw =0 (2.1)
ot ox O0x x
& “+ LLQL_L + 1 a__P = O (2.2)
dt ox € ax
IS wdsS = o (2.3)
ot Ox

X
P = BR|e|eap|S-So (2.1)

S, Cv
where 7 =1, 2 or 3 for planar, cylindrical or spvherical flow, The first
two equations express the conservation of mass and momentum respectively,

the third is the necessarycondition for isentropic flow and the fourth is

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

e? = [:B__P] | (2.5)

3@ S = const.

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

(2.1) can be eliminated to give:

P wdP g pC Ju ¢ (7—l)€£1 = © (2.6)
ot ox 0x x

In these equations the direction of differentiation of each deperndant

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

(2.5) 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.

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

P, 3P [w_&} e 0o du [huel]r(gIRUe 0 (o
ot 0x © ot dx x

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

then:

from which:

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

(AO _%%=‘1+cf (Al) %%=11-c
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Along each of these directions equation (2,7) reduces to:

()\I) gg-s- Qc% +(r) -1)&2=O (2.8)
X

(A2) Lo +(n-nead-o (2.9)
X

Also along a third direction (A 3) dx _ , the entropy equation (2.3)
dt !
becomes :

(A3) S .,

5t (2.10)

The form of the characteristic equations (2.8), (2.9) and (2.10) are ideal
for numerical solution by finit;a difference techniques along a network of
characteristic directions., It is convenient to replace u and ¢ by a new
set of dependent variables which have a special significance for one-

dimensional planar flow that will be explained shortly.

r=%+xf1 (2.11)
u
s == .- ¢ (2.12)
2 ‘K—_—,l' :
The characteristic directions now becore:
(M) ax_(X+rDr-@&-3)s ' (2.13)
dt 2 2 :
A2 x (3 -¥)r,(¥+1)s
(A2) & > - (B (2.1k)
()\3) dx r +8 (2.15)
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Also from the equation of state (equation 2.L) and the use of the definition

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

dpP 2 de - c dS

e ¥ T oM (2.16)

p

and herce the characteristic equations become:

1 2 2
dr . (r - &S~ -1 (" -9 (2 -1 (2a7)
(A'). G T Y- (20

il

d 1 1) a5 - (¥ -1) (s° - 2 - 2.18
(A) ds - L (s - r S T)s )(2;_1) (2.18)

()\3) % =0 (2.19)

It an be seen that for one-dimensional planar homentropic flow, as distinct
from isentrovic 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 specizl mses.

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 adooted in this work for the solution og these equations
makes use of a C.D.C. 600 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 Prorram To Determine The otion of a Gas Ahead of an

Exvanding Snherical Piston

A corputer 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 infroduce 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
¢ylindrical and planar flows, The program, for which a listing and flow
diagram appeafs 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 knowm, since there is no ‘
motion at t = o. The step length A x 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 voint (2,2). From this point a nevaositive characteristic is
introduced and its first intersectionis 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 proverties at intersections of tyve (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.

SUBRCUTINE PT3

In general subroutine PT3 is ca2lled from the main program to determine
any point on the network (i, j) where 1 # 1 or i # ji It is supplied with
sonic velocity
the co-ordinates of and the values of gas velocity,and entropy at the points

(i-1,3) and (i,3-1) and it returns the respective values for point (i,3).

The method is described below with the use of Figure 2.2

Figure 2.2 Part of the characteristic network

If a1l the flow parameters and the co-ordinates are known at points 1 and 2

on part of the network and provided the points are suffieiently 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-orainates of point 3, to a first approximation, are
those of point 3' and are determined from the solution of equations (2.13)
and (2.14) using the values of r and s for points 1 and 2, The entrovy
at point 3' is found by projecting a path line from point L suitably chosen
to intersect 3', Along a path line entropy is coﬁserved and therefore the
value of SS, is found by linear interpolation between 5y and Sy, A similar
procedure for determining the values of r3' and 53' is adopted, this time
using equations (2.17) and (2.18). A second apvroximation to the co-
ordinates and the values of r3, 53 and S3 can be made by repeating the
calcvlations 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 (At)3 for each integration step; it is curmlative 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 wiih these
values for the point (j-1,3) 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 moverent of the piston is determined by the values of the co-efficients
of a polynomial whicﬁ are chosen either to fit experimental data or are
'suitable alternatives. The method used in this subroutine is described

below using Figure 2.3.



piston path

Figure 23 Intersection of a characteristic and

the piston path

Knowing x = f(t) for the piston path an initial estimate is made of tj 3
]

by setting tj j = tj 1,5° The value of x at point 2 is now given by
¥ =iy
X = f(‘o:j j) and the corresponding value of gas velocity or piston speed is
>

%% = f'(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 t An

3,3°
iteration procedure is now implemented, calculating voints L, 5, etc., until
convergence is comolete. 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
éhead of it. |

As the characteristic network is built up a point will be reached at
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vwhich 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-Eugoniot
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 éuch a position on the acoustic
line that they meet the shock and the positive characteristics at their

intersection points (figure 2.lL).

positive \ _
characteristic 7\ “shock path
NS p

\nega‘tive characteristic

Fgure 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 shead 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,3) (figure 2.5).

positive
characteristic

Figure 25 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)k+1;1-1 and then by calling sub-
routine SHOCK with the gas proverties at point (i,j), the Rankine-Hugoniot
conditions are usedto determine the appropriate values at‘point (k,1)
behind the shock. The approximate values of these properties can be deter-
mined by introducing a further positive characteristic between points
(k,1-1) and (k,1) and using equation (2.17). The flow vroperties at point
(k,1-1) 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 repezted until the solution for the conditions at point
k,1l converges. The integration is now continued to the piston path as

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

and then a new positive characteristic is introduced between points (i,3j-1)

ositive
b N

chafacteristic "shock path

N negative characteristic

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 (i+1, j-1) and
(i-1, j-1). Subroutine PI3 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 behiﬁd
the wave at voint (k,1). As in the previous case the conditions at point °
(kx,1) are also detefmined 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. Thé integration is
now solely verformed 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 cormputer graph plotting
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facilities., The entire characteristic network can be drawm 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 Yovements Inside the Vessel Durineg Discharge

Giffen (1940) discusses the theory of the rapid discharge of a gas from
a vessel wﬁich 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 vressure gradients. A second uses a gquasi-
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, A;, 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 (1951) 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 gave 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 A1/A2 = 1 the ratio of the two mass
flow rates is 1.709, whereas when A1/15.2 = 5.8 the corresponding ratio is
only 1.006.

2.3 The lave 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:

Doy (2.20)

where P is the surrounding atmospheriec pressure, then the gas velocity in
the orifice will be sonic and the corresponding pressure, P2, will be that
reached by adiabatic expansion to these sonic conditions. When PO 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 ovening 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 drooped to P2 and the gaé 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 u, at pressure P1 (figure

1
2.7b). On reaching the rear of the vessel the rarefaction wave is reflected
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Figure 27 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 *+he
new value of the gas velocity after passing throuch the reflected wave to
be zero and the pressure falls to P3. VWhen 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 Ph leaving a new set of
sonic conditions in the orifice provided P3 is greater than Pc' 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 lecationms.

ol

R
i \~-vessel rear
R k \«vessel front

A\
N\
Ny

Figure 28 Pressure profile at the rear and the
front of a vessel during venting

The pressure transient duration of the rarefaction wave increases
with time as showanigure-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. TFor
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 characteristies, 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 tc an undisturbed fluid
the wave is of a simple type. The positive characteristics that enter the
rarefaction zone across the head of the wave gb all carry the same value of
r given by:

rEu e, = S 7 (2.21)

2 Y-1 Y-1

Along any negative characteristic direction in this region

- ¢ = const, (2.22)
From equation (2.21)

+ ¢ = S (2.23)

Y-1 ¥ <1

rofe

Substituting into equation (2,22) for u gives

s = 1 (c_=c)= ¢ = const, (2.24)
¥-1 ° Y =1

Therefore along a negative characteristic both ¢ and u are constant and
thus the characteristics path is a straight line. For complete transition

of the rarefaction wave,

c u c (2.25)




Y1
fl=§.1il§w =1-=Dh (2.26)
c P 2 c
[o] (o] (o]

Similar reasoning for the reflected rsrsfaction wave in the region cdfe,
vwhich 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,

=1
AT G PO B (2.27)
. TP, it T
°3 3 3

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 Giffeﬁ nor Bannister and Mucklow (19L48), 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 accuratelyit is necessary to solve for the flow conditicns in the
interaction region, One way of doing this is described by Moszynski (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 Discharge Rates for a lion=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 29  Non-centred rarefaction wave

chcked 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 thesé 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 isentroric 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 pronerties still hold., The reflection of the head ¢f 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 aa', 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 Develonment 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 syrmetric
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region of moving gas separated by the contact surface from a cémpressed
layer of the atmosphere. As the gas velocity in the orifice increases,
the expansion process becomes orientated aiong the axis of the vessel.
The effect of this will be to distort the syrmetrical flow in a localised
region end 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
snherical éymmetry at the point of energy injection. Furthermore, as the
flow develops the more advanced disturbances will become less dependant on
the changes that_pccur around the vessel orifice. The type qf gas Jjet
which can be formed will depend on the ratio of the vessel gas pressure to
that of the surrounding gas and also to the velocity of efflux. Hartménn
and Lazarus (1941) describe the proverties of jets with pressure ratios in
the range 3 to 7 and a velocity of efflux equal to the local velocity of
sound, Pack (19L8) 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 méthod of characteristics to solve the hyperbolic
second order partial differential equations of flow.

The venting of a gas above its critical pressure throush a rapidly
opened averture will cause a steady state jet to be formed only after the ‘
orifice has become choked, It is well mown 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
becoring 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 veriod of time 1s 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 up 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 éf how these venting characteristics are determined

by a combination of empirical and numerical schemes.

2.1.1 The Vent Throat Chokine Tirme

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
discrevancy 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.,
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Figure 210  Characteristic network for a
centred rarefaction wave -




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 P3 using equations(Z-.Zé)

and (2,27) and eliminating u, givings
=1 P )l
c, = % (cO + c3) or (P)2r = 3 (1 + g_%zf (2.28)
7 2

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

pressure step given by AP = P =P,
N -1

This provides the fan of characteristic directions over which the solution
of the flow is determined, The conditions of gas veloclty and sonic
velocity along each of these directions up to the head of the reflected

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

characteristic
P P .
_1;1 . _o = A1P> (j=-1 (2.29)
o o
y=1
2y
and & - iilé (2.30)
c P
o o
thus u. c -c
— =2 E ° jg (2.31)
(o} Y - 1 c

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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2.1.2 The Nate of Ereresy Discharre During Venting

The rate at which energy is vented %to the aitmosnhere depends on the

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

Thus
P

dE 1 0 . .

= = — 2

dt Y - 1 eo 11‘0 (-032)
where the term 1 32 is the specific internal energy of the gas in

Y -1 G)
o)

the vessel and %,is 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 becorme constant at a value correspeonding to that at
choked concitions. Integrating equation (2.32) gives:

t
E(t) = _1 % Ayl Qu dt (2.33)

=T 6

Both @)and u can be ekpressed in terms of the pressure P irmediately

[o]

behind the orifice plane
i
Q= (’o P (2.3h)
P |

a - 2 1 -§P 7Y (2.35)
c Y -1 P

To solve equation (2.33) it is required to know the time dependance of the
pressure P, The pressure changes that occur at the orifice end of the ves-
sel will be represented by the waveforn at the rear of the yessel. Both
the theoretical result for a centred rarefaction wave (figwe 2.11) and the
experirental 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 exvress the pressure change at the front of

the vessel by a linear equation of the following form:

P - P
g’- =1 -5 "5 g- (2.36)
o Po <

where t. is the throat choking time.
A solution of equation (2.33) is thus obtained by substituting for G)and u
fron equations (2,3L) and (2.35) and then replacing the unfnown vpressure

term by equation (2.35) leaving the equation in a suitable form for numeri-

cal integration.
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Figure 212  Experimental pressure profile at the rear of the
vesse!l for a non-centred rarefaction wave

See Chapter Three for the details of the experimental work.



CHAPTER THEEE

EXPERTMENTAL TNHVESTIGATION

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
preximity 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 sbout by variation of the experimental conditions
are such that they can be detected, Using the point source solution developed
by Brode (1955), the total energy originally contained in a vessel can be
used as an approximation to EO 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 upver limitations immosed on the
experirents by safety considerations it is possible to prescribe the
required experirental accuracy for each of the measured parameters for a
vessel ofn 9,3 cu.ft. and an upmer 1limit of bursting nressure for the
discs of 20 atmospheres:

(1) External disturbance photogravrhs over a period of 1.5 msec. with

5

exposure times of < 1psec. and a framing rate of 10” f.p.s.:

(i1) Shock arrival times at distances up to i ft. from the vessel

must be to an accuracy of + 1< over a range from 1 to L ms;
(11i) Bursting vressure up to 20 atm, + 1%;
(iv) Second stage static pressure, + 1%; and

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

2% over a time scale of 3 msec.

3.1 The Pressure Vessel and Associated Tguinment

A 6 in, bore, 1 ft. 6in, long mild sfeel tube with 1/h in. walls was
used to construct a wressure vessel of~90.,3 cu.ft, to the specifications
laid down in B.S. 1590 and was tested to 30 atrmosvheres. As shown in
figure 3.1 the front flange plate has provision for holdine a bursting disc
assembly. This assembly is chosen from a series enabling the gas to be
vented through orifices with dianmeters ranging from 1 in. to 6 in. in 1 in.
steps. The burstine disc is clamped between two 8 in. diameter vlates, the

inner one having & 6 in. dizmeter aperture and the outer a smaller aperture
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appropriaté 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 nerimeter.

The flange at the rear of the vessel has three pressure tappings located
on a 2 in, radius: two of these are for pressure rmeasurement by a Budenburg
gauge and a strain gauge vressure transducer and the remaining one is for
connectioﬂ to a reservoir of high pressure gas. At the centre of this plate
is a 1/& 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 termperature during

the filling process.

3.2 Photogravhic Investiration

The number of photographic instrurments and techniques developed for the
study of hizh speed motion of fluids cover a wide range of application and
are reviewed by Singh (1952). Firstly the three most well nown methods of
forming an image are those of shadowgraphy, schlieren and interferometry.
The tyve 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 vrincinle 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
corcave — Sreen
- ’L ima czz
~—
knife edge s

Figure 3.3  Single mirror schlieren arrangement

An image of the light source is formed at the same distance from the mirror
on a knife edse which is placed so as to just allow the light beam to vpass
by. If a disturbance is in the path of the beam refraction occurs and part
of the light is intercented by the knife edge. This has the effect of
causing a series of dark and light areas on the photographic record whrich
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
internret. Conventional high-speed framing cameras have maxirmum rates of

about 105 f.n.s. with an image size of 10mm square on 35mm roll film.
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Latest develooments, however, have increased the framing-ratetn over 10
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 rmechanical trouble.
The camera used in this work 1is relieved of this potential 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 Eizht Multivnle Snark Camera

The princinle of the Miltiple Spark Camerg as supnlied by Impulsvhysik
GmbH. of Hamburg, . Germany is based on the ovotical system due to Cranz and
Schardin (1929) and obtains separation of each successive image by vurely
ortical means. The essential optical comnonents of thisbsystem are the
multiple spark head and the recording camera (Figures3.h and 3.5), together
with the combined power supvly and control unit.

The spark head contains eicht adjustable spark gans in a vertical row
which can be triggered seguentially 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 suitsble gases or gas
mixtures,

The recording camera is composed of a receiving head, the lens, bellows
and plate holder. The geometrical arransement of the camera and light
source is similar to that for a‘'single spark schlieren system. The spark
head is vlaced at a distance of twice the focal length from the concave
mirror and the eight light beams from the sparks are focused zt the sare
distance from the rdrror, after a deflecticn 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 cemera giving a format

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

3.3 Shock Tetector Gauges and Arrival Time ‘easurine Systen

Four niezo-electric gauges have been designed to detect the arrival time
of a weak shock wave to an accuracy of one nicrosecond. To convert a small
high frequency vressure transient into a suitable electrical signél it is
necessary o have a large area of contact between the sensing element and
the medium in which the measurements are to be made. 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 gauce, illustrated in
figure 3.6, has a sensing element of a L 3n, square crystal of lead
zirconate~titanate {PZT Bimorph) as sunplied by Vernitron ILtd. Each face
of the crystal hasa silver coating which acts as the connection to the

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

attaching it with a conducting adhesive to a central brass olug which 1

n

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 silvgr 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 potentiél
difference between each crystal face which is detected by a high input
impedance »re-amplifier. The one whose circuit is given in Anpendix C has
an inout irmedance of 1090 {2 and a rise time of < 0.1 psec.

Tests were made on the nerformance of the gause with the aid of a
shock tube., The resulting sisnal, illustrated in fisure 3.7, was produced
by a shock wave of aporoximately 10 psig overpressure. The rise time, which

devends primarily on the transition time of the acoustic wave between each
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face of the crystal, is } usec. for the 0.019 in. element used here and has
a neak of 0.2 volts without amplification. The oscillations following the
initial rise are due to multinle reflections of the wave off the sides of
the gauge; the form of the signal can in no way be used as either a rmeasure
of the pressure stev behind the shock or the duration of the positive nhase
of the wave.

The high frequency signal from each gauge is armlified and differentiated
with a suitable time constant using the multichannel 10 Hz chronometer

described by ¥ay (1°71),

3.} Pressure Transducer

The pressure 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 censideration
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
rust be adhered to for a good 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 diavhragm dimernsions on a log-log plot of pressure against t/a,

the ratio of the diavhragm 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.b. It is important that the transducer has adequate sensitivity at

the minirmum 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 at the minimum
useful oressure and are nlotted for different values of R/a where R is the
strain gauge radius. Should the minirum strain requirerent differ from 10~
then the curve is used by shifting it along the abscissa by a factor of
6min/10“6 or alternatively the oressure scale is divided by this value.
The maxirmum stress (Smax) that the diaphragm is subject to during omeration
mist be well within the maximum working stress (Sq) of the material used
resulting in the inequality

Smax § S4/2
This constraint on the minimum strength of the material is shown plotted
for various values of 5; is psi. Finally it is irportant that the natural
frequency of the diaphragn is adequate for accurate measurement of the
transient pressures. This constraint on the frequency, f » fmin, where
fmin is several times the maxirmum frequency of the pressure signal, is
plotted as a x f apgainst t/a on the chart.

A calculation of the minimum electrical signal required which can be
suitably ampliriied suggests that an average minirmm strain of 10‘5 is
sufficient in this case. For a useful pressure range from 10 to 320psi the
diaphrasm dimensions are restricted to the nolygon 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 vressure
‘range. The maximunm frequency that can be obtained while still maintaining
the required sensitivity is that corresponding to a value of t/a = 0.156. It
is convenient to set a to 0.25 in, from which t is found to be 0.0L in., and
(from a value of a x £ = 1,5 x 10h) the diaphragn 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 apprpximately 1,000 psi.

The transducer is constructed to these dimensions as illustrated in
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figure 3.2, The main body is of mild steel and encloses the diaphragm on
all sides excevnt that oven 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 lMicro-
Measurerents 1155 JB which is bonded to the diaphragm with the recormended
‘adhesive.~ The gauge acts as a sirple ‘heatstone bridge, two arms picking
up radial strains and two tangential strains. With this configuration the
strain gauge is self-compensating for slowly changing environmental termmer-
atures. Thé output from the transducer is amplified using the circuit shown
in Avvendix C and with a suitable combination of gain and excitation voltage
a sensitivity of L mv/psi is obtained. The calibration was performed with
a standard Budenburg 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 vrocess for a
200 psig bursting pressure 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 givinz a pressure resolution
of 1/255 of the full scale setting and a time resolution of 0.15 of the
recording tiree subject to a minirmunm of 5.5 usec. The recorded signal can
then be transferred to an oscilloscore or a chart recorder for a detailed
analysis of the wave form, or direct time interval measurement can be made

by precise location of the stored information.
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3.5 Exverimental Procedure

The arrangement of the apoaratus is shown schematically in figure 3.12.
The vessel, which is mounted in a rigid manner, has its axis in the hori-
zontal vlane 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 cdnnected 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 vressure 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 séquential 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 L 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 em 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
photodiodé through the small glass window in the vessel rear. This ensures
vthat there is a minimum of delay between the opening of the bursting dise
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 cavillary the fron£
face of the gauge becomes tangential to any spherical disturbance centred
at the intfrsection of the vessel axis and the undistorted disc plane.
After re-setbing the various instruments the filling process is started by
emitting gas from a reservoir to the vessel (after 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 3tol
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 disec,
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rupture occurs andthe contents of the vessel are vented through the orifice
which is formed. The light beam, previously intgrcepted 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 Venner
pulse generator. The output 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 channéls 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.0. 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
XXXG/Y/Z where XXX is the nominal bursting pressure (psig), G is the initial
letter of the gas used to fill the vessel (air = A, helium = H), T 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
NONTMAL CONDITIONS FOR EACH SET OF EXPERIMENTS
i
Experimental | Nominal Bursting Orifice Number of Runs
oet Pressure (psig) | Diameter (inches) Arrival Times | Photographs

T70A/2/- 70 2 21 8
100A/2/- 100 2 21 8
200A/2/~ 200 2 10 8
1304/L/- 130 L 10 8
275A/2/- 275 2' 10 8
27SA/1 /‘ 275 1 10 8
1Lo8/L/- 1ho L 10 8
250H/Li/- 250 L 10 8
275H/1/- 275 1 10 8
2004/2/- 200 2 10 8
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3.6 Experimental Accuracy

3.6.1 Photographic Recordings

The trigger from the vhotcdlode after the bursting disc has ruptured
defines the starting noint for all time measurements. Ideally this time
should be coincident with thaﬁ 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
trigeger pulse is readily determined by subtracting the time interval between
the trigger vulse and the disturbance reaching the rear of the vessel from
the time a sound wave takes to travel this diétance. This delay can be
determined from the pressure recordings to within + 3 usec. Each sequence
of photographs is therefore subject to this error of 3 usec 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 us.

The only significant errors in the distance measurements taken from the
vhotographic 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
measﬁrements are subject to the same correction factor and error as the
photographic recordings i.e. * 3 us. The shock detector gauges provide a
signal which marks the end of each measurement period ahd by suitable
adjustment the error caused by the triggering levels in the detection
eircuits can be reduced to less than 1 u sec. The readings displayed on

each channel of the chronometer are also subject to an error of + 0.1 us
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due to the possibility of the start and stovn signals not coinciding with
the 10 MHz counting pulse, giving a total absolute error for the arrival
time measurements of aporoximately |} usec. 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 accumilated 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% respvectively 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.l1 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 L} usec and the
latter a resolution of 0.1% of the recording time giving a typical error in

this measurement of 10 usec.



-6 -

CHAPTER FCUR

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

values for each case are given as indicated in the tables that follow,

(1) Nominal bursting pressure, orifice diameter and vented gas

description as per Run Number. (Table L.1).
(ii) Nominal bursting disc thickness (Table h.1).
(iii) Disc bursting pressure (Table L.1).
(iv) Second stage steady pressure (Table L.1). |

(v) Pressure transition time at vessel rear (Table L.1)
(vi) Shock wave arrival time measurements at a number of locations
(Table L.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 détermination of the part played by each coefficient in the
develomment and propagation of the shock wave in the associated

flow (Table L.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 L.L)
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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 L.1 the bursting disc thickness is the nominal value as
specified by the manufacturers of the aluminium foil and sheet used for gll
the experiments. Where two figures are given two discs, one of each thick-
ness, werelloaded 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 annlication of Newtons 2nd law to the system provides an
estimate of the bursting dise opening time.

Table 1,2 shows the arrival time measurements of the shock wave,
averaged over a series of runs, together with the standard deviation feor
each location of the detector gauge. The distances are measured from the
sensitive element on the face of the gauge to the intersection of thé
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 + a2t2 (ho1)

where x is the contact surface distance at a time t (msee.). The
coefficients 2, and a2 represent the contact surface initial radius and an
acceleration term respectively. The values of the coefficients come in

four grouvns and are chosen to be of the same order of magnitude as that

obtained from the experimentsal work. Program PISTON was run for all the
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TABLE Li.1

AVERAGE EXPERIMENTAL PRESSURE READINGS

B Nominal Disc Average Bursting Averape 2nd Preﬁsure transition
un Number{ Thickness > Stage Steady time at vessel
(thou.) Pressure (psig) Pressure (psig) rear (usec)
70A/2 4 69.3 57.9 473
100A/2 5 98.1 82.2 T
1104/2 6 109.6 92.0 Los
11454/2 8 143.9 122.2 101
954/3 8 96.3 63.4 740
2004/2 10 197.5 167.3 h27
1304/3 10 131.h 88.7 769
1004/L 10 98.4 "~ h2.8 1196
130A/L 10 + 5 128.3 61.1 1052
2000/ 10 + 10 197.3 99.8 108l
2604/3 10 + 10 262.2 182, 62l
2754/2 10 + 6 273.6 236.5 432
2754/1 8 27k .1 263.8 L2
250471 26 218.2 12h.2 1126
1LoH/L 16 139.3 59.6 611
2508/L 26 2h5.2 107.2 731
275H/1 8 286.2 274.0 87
200H/2 10 201.,0 167.3 336
3008/ 32 297.6 13kL.1 756

data for one-dimensional spherical co-ordinates and for one-dimensional
planar co-ordinates where indicated in Table L.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 }.2

ARRIVAL TIME MEASURMENTS (MSEC) AND THEIR STANDARD DEVIATION (uSEC)

Ulstance
Run (£5) 1.5313 2,0313 2.5313 3.0313 3.5313 4.0313
Number
70A/2 - - 2.2318 28 | 2.6629 27 | 3.1035 29 | 3.5331 29
100A/2 1.3330 | 15 | 1.7720 2, | 2.2100 26 | 2.6L29 25 | 3.0807 20 | 3.5137 20
1104/2 1.33L0 23 | 1.7686 25 | 2.2077 27 | 2.6387 26 -
145072 1.2968 25 | 1.7226 29 | 2.1590 25 | 2.5895 28 | 3.0206 20 | 3.h560 21
95A/3 1.3h25 23 1 1.7730 22 | 2.2120 21 | 2.6L65 30 -
200A/2 1.261,8 29 | 1.6994 | 30 | 2.1197 28 - -
130A/3 1.3216 28 | 1.7753 | L5 | 2.16L9 30 - -
100A/L 1.3967 | 47 | 1.8383 | L8 | 2.2780 62 | 2.5650 52 -
130A/1 1.2260 88 | 1.6525 91 | 2.0708 89 | 2.5055 90 -
200A/L 1.2007 {107 | 1.6121 [109 | 2.0152 |110 | 2.Lk33 {112 -
260A/3 1.1717 | 58 | 1.5842 | 59 | 1.9651 57 | 2.4102 57 -
275A/2 1.1731 27 | 1.59LkL 29 | 2.0112 29 | 2.hhh8 | 29 -
275A/1 1.22L) 16 | 1.6562 16 | 2.0852 17 | 2.5233 18 -
250A/L - 1.6383 25 | 2.0369 30 | 2.4530 27 | 2.881L 3
1401/, - 1.29h3 85 | 1.6545 81 | 2.0606 86 | 2.L4650 8l
250H/)) - 1.2703 | 50 | 1.6265 | 56 | 2.0014 | 61 | 2.3987 | 72
275H/1 - 1.8 | 16 | 1.8531 W | 2.274h | 15| 2.705L | 16
200H/2 - 1.4231 23 | 1.82ik9 25 | 2.2325 23| 2.6613 29
3008/L - 1.2048 | 50 | 1.5787 50 | 1.95L7 55 | 2.3499 61
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TARLE .3

COEFFICIENTS OF THE SEC™WD -0ORDER PALYIONTAYT, REPRESENTING

Run Number a, aL2 Co-ordinrates
AN 0.1 | 0.h spherical
1/2 0.1 | 0.5 n
1/3 0.1 | 0.6 "
1/h 0.1 | 0.7 "
1/5 0.1 | 0.8 n
1/6 0.1 | 0.2 n
1/7 0.1 | 1.0 n
1/8 0.1 | 1.2 ]
1/9 0.1 | 1.4 n

B. 2/1 0.1 1.0 n
2/2 0.2 | 1.0 n
2/3 0.3 1.0 U
2/4 o.L | 1.0 n

L 2/5 0.6 1.0 n
2/6 0.81 1.0 "
2/7 1.2 1 1.0 n
2/9 2.4 1 1.0 n
2/10 3.2 1 1.0 "
2/11 6Ll 1.0 "
2/12 0.5 ! 1.0 Planar
2/13 0.1 ] 1.0 n
2/8 1.6] 1.0 svherical

Cc. 3/1 0.1 | 5.0 spherical
3/2 0.2 ! 5.0 n
3/3 0.3 | 5.0 "
3/L 0.L | 5.0 n
3/5 0.5 | 5.0 n
3/6 0.6 | 5.0 n
3/7 0.8 | 5.0 n
3/8 1.2 | 5.0 n
3/9 2.L | 5.0 "
3/10 0.5 | 5.0 Planar

D. L/ 0.1 | 0.5 spherical
L/2 0.2 | 0.5 "
L/3 0.3 | 0.5 "
L/l 0.L | 0.5 "
L/5 0.5 | 0.5 n
L/6 0.5 | 0.5 n
L/7 0.8 | 0.5 n
/8 1.2 | 0.5 n
L/9 1.6 | 0.5 n
L/10 3.2 | 0.5 n
h/11 0.1 | 0.5 Planar
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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,

.2 2
x=t (ao tat +at ) (L.2)

where x is the vosition of the contact surface (ft) at time t (msec), the
values of the coefficients being given in Table L.L for each set of

exnerimental conditions,

TABLE L.L

COEFFICIENTS OF THE FOURTH-ORDER POLYNCMIAL TO FIT THE EXPERIMENTAL

MEASUREMENTS OF THE CONTACT SURFACE TRAJECTORY

Run Number ao a1 a2
704/2 L.0611 | - 7.0127 2.6143
1004/2 Lh.2bhs | - 7.2534 3.6591
1104/2 5.357L | - 10.9%60 6.6888
1454/2 5.3036 | - 10.58L 6.3810
954/3 5.2793 | - 10.287 5.9555
200A/2 6.4506 | - 13.569 8.3217
1304/3 9.2691 | - 28,072 2} .836
100A/L 7.3519 | - 18,300 13.428
130A/% 10.309 | - 26.373 18,164
2004/ 11.899 - 36.5L8 32.585
260A/3 13.155 | - L5.763 47.563
275472 10.600 - 30.535 26.019
2754/1 12.376 - 41.778 L0.LS5S
250A/L 15.687 | - 55.529 56.071

1LOH/L L5.637 ~256.58 391.0kL
250H/L 39.4n -210.56 322,72
275H/1 L1.002 -258.79 L76.0L
200H/2 31.343 -170.94 275.35
300H/L 32121 -152.5kL 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 discrenancies between the ideal situations and actual occurrences. The
outcome of the commuter studies of blast wave development has been given
oriority in this chanter, as a consequence of the results being derived from
what are the simvlest of boundary and initial conditions dealt with through-
out this work. A comvarison.of the computer results with any individual
blast wave‘is made difficult by a lack of reproducibility in the way each
blast wave develovs, thus requiring average méasurements to be used as
typical for each case. A comnariéon 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 develovment are comparable,
These results are then related to those for a point source explosion fron

which a means of scaling the non-ideal blast is put forward.

5.1 Computer Studies of Shock Formation and Develovment

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 unifeorm and non-uniform accelerations in the
former co-ordinaté system and uniform accelerations in the latter. An
extension to non-uniform acceleration for the spherically symmetric 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 oproduced 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
TCo’where.Co is the velocity of sound in the undisturbed gas. This hasvthe
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 disturbaﬁce. For a particular point on
the graph with co-ordinates (X1, T1 Co); if X, > T1Co then the point is

ahead of, and if X1 <T Co’ it trails the initial disturbance.

1
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 motioen.
A shock wave first forms on the acoustic line and increases in strength as
the pressure waves from behind catch up and coalesce. This shoqk 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 veloclty are
plotted along constant TCo 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 TCO = 0.6. The develovment of the shock
wave here has no real interest due to the piston being continuously acéeler-

ated, resulting in an infinite amount of energy eventually being transferred

to the flow.
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5.1.2 One-Dimensional Svherically 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 teing measured from the
initial piston radius. In Figure 5.3 the relationship is continuous withiﬁ

" the region of experimentation and for all values of a_, X is less than TC°

2
indicating the shock formation is within the acoustic line.

At low values of acceleration the shock formation is furthest avay from
the initial piston position and also at the greatest distancé behind the
acoustic wave. An increase in piston acceleration brings the shock fdrmatiou

point closer to both the initial rosition and the acoustic line. Figure S

{1lustrates the effect of changing the initial piston radius for three
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different accelerations using data of Table 4,3 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 valuve. 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 forﬁation voint for a plane piston motion as would be expected for a9

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 TCo lines. At TCG =
1.0 the shock wave is well defined, yet inside £he acoustic wave, whereas

at TCo = 1.1 the shock is travelling into an undisturbed gas, replacing the

acoustic wave as the outermost disturbance.

5.1.1 One-Nimensional Soherically Syrmetric Flow With Non-Uniform

Acceleration

The gas motion associated with an expanding spherical piston with a non-
uniform acceleration is similér 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
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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 desls
with the computer simulation of a real explosion by an expanding spherical
piston,

This method of describing the flow and shock wave development associsted
with an expandihg piston is only suitable for an idesl 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
applicatidn 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-dimensiohal plane flow with those
obtained from equation (1.9) is made in Table 5.1 below for the three

accelerations considered.

TABLE 5,1
COMPARISOY OF THE SHOCK FORMATION CO-ORDINATES DETERMINED BY
PROGRAM PISTON AND BY ANMALYTICAL MEANS

Acceleration (32) T, C, (Program PISTON) T, C, [Equation (1.9)7

0.5 1.165 1.06
1.0 0.556 0.530
5.0 0.131 0.106
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A similar commarison for a non-uniform acceleration with a value of a3 = 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 Assoclated With a Snherical Piston

Movement Revwresenting the Exverimentally Determined Yotion of a Contact

Surface in an Explosive Systen

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 vresent 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 poiynomial 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 polynomial,which has the form:

x = t2 (ao +a.t + a2t2) (5.1)

1
were given for each set of experimental conditions in Table L.L. 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 revoresentative
and has to be ignored.

The solution of the flow for such & piston motion is verformed by program
PISTON by develoving 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
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a 2 in., diameter vent; the positive characteristic directions are included.
The trajectory oflthe piston is of the form previously described. As would
be expected for a spherical one-dimensional flecw 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
develovment unto the point where the tail of the wave makes an intersection.
The tail has its origin where the piston trajectory suvports a point of
inflection, i.e. where the acceleration is zero. The subsequent deceleration
veriod causes a rarefaction wave to develon, 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 attenuvation 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 TCo 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 devends on the magnitude and duration of the accelerating vhase
which is a function of both the rate of release of the energy and the ‘
veriod of influence of the contact surface on the surrounding gas.

Figures 5.9 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 pas 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 coalese¢ing 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 symmeiric geometry of the systenm
will mean a minimum of attenuation, but here there has not been sufficient
time for a discontinuity to develoo in the flow. The most favourable pdint
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 wave acceleration and the maximum shock
velocity reached devends 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 FORMMATICN CO-ORDINATES FOR AN ACCELERATING PISTON

Run Number | x_ (ft) T, C, (£t)

TOA/2 0.266 0.309
1004/2 0.2L5 0.286
1104/2 0.190 0.221
1L54/2 0.182 0.215
95A/3 0.181 0.2k
2004/2 0.1L6 0.172
1304/3 0.101 0.118
100A/L 0.127 0.150
130474 0.085 0.100
2004/l 0.077 0.089
260A/3 0.071 0.082
2754/2 0.086 0.100
2754/1 0.088 0.09%
2504/L 0.061 0.069
1L0H/L 0,020 0.022
250H/L 0.022 0,025
275H/1 0.022 0.025
200H/2 0.029 0,033
300H/Y 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 rmst 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 thé 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-ORDTNATES AND MAGHNITUTE OF THE POINT OF MAXTUM SHOCK VELOCITY

Run Hurber | x (££) | 1C_ (£8) | M = V/co
T0A/2 0.50k 0.513 1.205
1004A/2 0.478 0.L481 1.239
1104/2 0.398 0.3N 1.280
1454/2 0.397 0.390 1.29L4
954/3 0.432 0.5 1.305
2004/2 0.378 0.3Lk6 1.116
130A4/3 0.25L 0.23h 1.413
100A/L 0.305 0.287 1.378
1308/L 0.297 0.237 1.70L
200A/L 0.262 0.210 14675
260A/3 0.192 0.16L 1.655
2754/2 0.250 0.212 1.615
275A/1 0.209 0.179 1.611
250A/L 0.231 0.17 1.86L
1LOH/L 0.204 0.094 3.1L6
250H/L 0.222 0.107 2.916
275H/1 0.171 0.092 2,60L
200H/2 0.190 0,112 2.338
300H/L 0.23L 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 1.651 msec. to the
first frame and then a further 20 pysec. 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
measurenents, 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 tcwards
the vessel, gradually decreasing in strength. The propagated wave makes an
angle of aporoximately 90o 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 L.2 (Chapter i) along with their standard deviations. The
shock wave strength and hence its arrival timg at a certain position
obviously depends on the experimental conditions under which the shock was
generated. The deviations of these times from the mean will therefore
depend upon a number of experimental discrepancies., Firstly the bursting
pressure of the dise 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 disec folding around the plate
and causing obstructions to the flow. These particular discrepencies 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 develorment, The following series of photographic
plates 11lustrates the way in which the bursting of the disc can lead to

widely differing flow patterns.
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Eaéh 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
showvn 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 ffame number indicated along
side. Most of the frames unfortunately show a faint double image caused by
reflections in adjacent orisms of the camera head., Steps taken to eliminsate
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 froﬁ 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 small 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 usec. 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 syrmetric. The mode by which the burstiing 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 maxirmum 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 lj 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. ﬁue 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 sidgs of the jet. Eventually the
bursting disc will runture 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 vrimary wave., Due to the poor opening performance of
the disc the arrival time measurement for this particular run will be con--
sidersbly 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 L again shows helium being vented over an orifice with a nominal

Iy in. diameter, but this time with the bursting pressure at 1L0 psig. The
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disc rupture is far from ideal and the appearance of a large jagged segment
j1lustrates how uneven the aperture is likely to be., The resulting flow is
thus far from syrmetrical and consists of & 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
beling distributed symmetrically around the vessel axis, the irregularities
in the disc rupture causing randon jets of gas to be vented at angles which
depend updn 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
evldence 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
sysﬂem for which the average speed of the éontact 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.
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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 pronagating along the radius leaving peteals
which begin to fold back onto the well 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
Sb extends the time covered for the observaticn of venting under these con-
ditions to 559 upsec. and in Frame 8 the petals have almost been folded back
to their 1imit. 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 &s small vrojectiles. For disec 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 Reynolds number of the flow (A'106) and also to the
3&gged_edges of the torn bursting dise. 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, 100psig., air blast over a four inch diameter orifice is
recorded. The bursting disc does not begin to form petals until approxi-
mately 500 psec, after its initial opening whereupoﬁ they fold back rapidly.
As soon as the gas passes over the edge of the disc the increased resistance
net 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 thethinmerdiscs
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 somevhat erratic, the
centre of the disc being ripped out as a single 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 enérgy blasts considerably larger., Particularly nctable 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.

5.1 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 dévelopment. The orifice choking time is
defined as that veriod 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 acceleratés 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



choked from the start and would stay so throughout the remainder of the
opening time. Alternatively tﬁe 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. Mo experi$ental measurements are
available for the bursting disc opening times in this work but a semi-
empirical relationship derived by Curzon and Phillips (1971) from a simple
model of the disc ovening 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-
nental 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 tines,
however, are the same 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 psec.,is taken
whilst unsteady state conditions prevail in the vessel orifice. At 150 usec.
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 UNSTEADY STATE PRCCESSES WITHIN A

VENTTNG PRESSURE VESSEL

Centred Rarefaction %‘;izl"crgnﬁ t%r;?seiiy Bursting Disc
Run Number Wave ReJ(E‘lection time the vessel orifice opening time
psec) (usec) (usec)

T0A/2 85 388 172
1004/2 88 329 160
110A/2 90 315 168
1454/2 86 315 169
954/3 221 519 255
2004/2 N 337 161
130A/3 211 558 2Lk
1004/1 L55 T 322
130474 428 62k 3L6
200A/L b3 671 322
260A/3 208 L16 2Lh
275472 79 353 173
27541 20 122 86
2508/4 429 697 328
1408/l 161 1480 3LL
250H/L 170 561 328
275H/1 8 79 86
200H/2 33 303 161
300H/k 165 591 332
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5.5 The Blast Wave Energy and Scaling Lensth

The amount of energy vented from the vessel up to the time of steady
statg conditions develoning in the orifice is calculated as outlined in
Chapter 2. This value of Eo is used to calculate the scaling length (62)
of the blast wave used in the expression given on page 23, Chapter 1. A
comparison is made with the scaling length (61) derived by Munday (1971)
given by equation 1.18, page 2L. Table 5.5 presents these results for each
set of exﬁerimental conditions used in this work. A comvarison of the two
independently derived scaling lengths gives a reasonable agreement for the
two inch diameter crifice size and smzller, but with the larger areas there
is an increased discrevancy. This can be put 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 rmst 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 Discrenancy Between the Point Source Solution and the Scaled
Exverimental Results

The shock wave arrival times at the locations laid down in Table L.2
have been scaled using the scaling length (€1) 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 vressure transition times at the
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BLAST WAVE ENERGIES AND SCALTI:IG LENGTHS

Scaling Length (ft)
Run Number | Energy (ft 1bf)
<, €,

704/2 66 0.3154 | 0,3188
1004/2 79 0.3347 | 0.3709
110A/2 8l 0.3418 | 0,3868
1454/2 103 0.3653 | 0.4377
954/3 261 0.4976 | 0.5L42
2004/2 156 0.l190 | 0.5075
1304/3 356 0.5520 | 0.6250
100A/L 652 0.6755 | 0.7L19
130A/L 662 0,6787 0.8333
2004/1 1037 0.788L 1.0150
260A/3 500 0.618L | 0.8611
2754/2 194 0.4509 | 0.,5895
275A/1 19 0.206L | 0,2948
2504/} 1368 0.8646 | 1.1271
1LOH/L 890 0.7h93 | 1.36L0
2508/L N/D N/D 1.78L3
275H/1 21 0.2135 | 0.,L656
200H/2 22l 0.L731 0.803L
300H/ls 226l 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.
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TABLE 5,6

SCATED SHOCK WAVE ARRIVAL TIMES AMD PRESSURE TRANSITION TIMES

Scaled Distance Scaled Time Scaled Pressure
Fun Number ( }\) (T ) Transition Time
(Tr)
T0A/2 7.94 7.88 1.37
9.50 9.10
11.07 10.96
12.6h 12.48
100A/2 Lh.12 L.0L 1.00
S.L7 5.38
6.82 6.7
8.17 8,02
9.52 9.35
10.86 10.55
110A/2 3,95 3.88 0.916
5.25 5.1k
6.54 6.h3
7.83 7.58
1454/2 3.h9 3.3k 0.810
h.6L h.lL3
5.78 5.55
6,92 6,65
8.06 7.77
9.21 8,89
954/3 2.81 2.78 1.07
3.73 3.67
L .65 4.5
5.57 5.48
2004/2 3.01 2.8 0,749
h.00 3.77
.98 L.70
1304/3 2.h5 2.38 1.00
3.25 3,20
L.05 3.90
10044 2.06 2,12 1.12
2.74 2.79
30111 B-hé
.08 L.07
130A/L 1.8} 1.65 0.8LhL
2.4l 2.23
3.0h 2.79
3.6h 3.38

contd/...
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The results for each case are also given in Table 5.6. A comparison of
these exverimental 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 differirng definitions of the energy
tern, Eo’ in the expression for the scaling length €. Brode incorporates
terms for the gas internal energy, the preshock internal energy of the pas
enclosed by the wave and the kinetic energy of the wave, whereas Kinney
makes use .of a simple internal energy scaling term in a similar way to
Manday.

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 Mach number,

A11 the vlots of the shock strength against distance show an initial
period'of acceleration followed by one of attenuation. As the distance
spporoaches infinity the experimental results and the point source soluiien,
on a linear set of axes, will approach asymptotically because in each case
the front of the blast wave decays to a sound wéve. The initial development
of the shockwave devends on the rate of energy release and therefore as
would be exuected 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/l;, 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 develovment stages have passed. This effect is shown to &
greater extent in the curves for the 1, 2 and 3 in. diameter vents and to a
lesser extent for the L in. diameter vent. In all cases the line into
which the shock trajectories eventually merge is displdced to the right of
the point source solution which suggests that the constant in Munday's
scaling length has to be increased.

The absolute magnitudes of the scaling lengths can thus be assessed

using the following reasoning with reference to Figure 5.16 a and b below.

f
S
S

logD—=

Figure 516 Plot of shock wave magnitude against distance

The shock wave magnitude (S) (which can be represented bva'- 1 as in this
work) is vlotted against distance D, using both linear and logarithmic
scales. Curve (1) is for a point sourcellast 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 S, the positions of

1
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the two blast waves are D1 and D2 respectively. To superimpose the two
curves the experimental distances must be scaled by a length € which is
defined by the following relationship:

D, = D2/'€ (5.2)

and is true for any value of S in this region. On the logarithmic vlot at

S1 equation 5.2 takes the form:

log D, = log D, - log € (5.3)

1 2

that is the horizontal distance between the curves is equal to log (€). 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 exverimental conditions it is subject to error. Suéh a scaling
1ength£§1 gives a curve (1'), which is displaced to the right of the point
source curve (1). The horizontal distance between curves (1) and (1') is

equal to log (C), where C is a correction factor for EH such that:

€ = cE:1 (5.h)

The value of this correction factor at each orifice diameter is given in

Table 5.7 below.

TABLE 5.7

CORRECTIC! FACTORS FOR SCALING LENGTH €1

Orifice Diameter (in) 1 2 3 L

0
-

A /A, 36 2.25

c ‘ 3.4 | 3.0] 1.8] 1.6
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In general the scaling lengths €, of Table 5.5 are less than the corres-
ponding values fer EH 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 109 when the shock wave had engulfed ten times 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 1s 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 summarises the results obtéined for testing the relative
effectiveness of each scaling length., Colurm two indicates whether the

plot of shock strength, as a function of scaled distance, becomes colinear
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TABLE 5,8

SCALED SHOCK WAVE LOCATICNS USED TO EYAMINE THE RELATIVE

EFFECTIVENESS OF THE CHOSET SCALING LENGT

Approach of

Incation of

Iocation of

Location of Shock

Run Mumber | Curves to Shock for Sheek for at Intersection
within 104 | 10% approach | 10 x mass vented | of last disturbance
275A/1 Yes 2.0 0.672 0.7
275H/1 Yes 0.7 0.270 0.h5
704/2 Yes 2.5 0.947 2,98
100A/2 Yes 2.0 0.87h 1.92
1104/2 Yes 2.0 0.854 1.81
145472 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 0.3h7 -
90A/3 No - 0.884 -
1304/3 Yes 0.7 0.85h -
2604/3 Yes 0.h 0.69L -
100A/L Yes 0.8 0.882 -
130474 No - 0.787 -
2004/k Yes 0.5 0.750 -
2504/ Yes 0.35 0.7L0 -
140H/Y Yo - 0.324 -
250H/L No - 0.333 -
300H/L No - 0.310 -

" (to within 10%) with similar curves for other experimental conditions

whilst Columm three gives the position at which this occurs.

Columm 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.

of Figures 5.15 a, b, ¢, and d.

These locations are also shown on each curve

Finally the remaining Columm 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 l; of Table 5.8 and referring to Figures 5.15 a, b, ¢, and d indicates
the relative effectiveness of the "energy vented" scaling length>€2. It
appears that the energy associated with the 1 in. diameter vent blast
waves is greater than the amount considered in evaluvating 62. The lower
pressure blasts for the 2 in, dlameter vent give similar results whereas
at higher pressures there is good agreement with Brode'!s hypothesis which
isvmaintained for the case of the 3 in. diameter vent. The group of
curves for the L 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 vlaced. 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 develoved before the shéck has engulfed the amount
of gas in question., The limited number of results in the last colum of
Table 5.8 are sufficient to confirm that the choking time of the vessel
throat is an important factor in the develooment of the blast wave.

To surmarise the merits of each scaling lerngth in Table 5.5 it is
clear that both €, and €

1 2
that is associated with the blast wave is higher than predicted in each

are on the low side and the amount of energy

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 iis ability to translate changes in
experimental conditions to degrees of variation in the energy associated
with the blast wave. It appears that EH 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 Eﬁ can be used for scal-

ing blast waves with values of A1 > i and an extensiont higher pressures
A2

and other types of gas can be made with reasonable confidence. For values
of A1 < l; the throat choking time must be determined to calculate the erergy
assgiiated 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 measurineg 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 bléstwave 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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Figure 517 Comparison of a real and a point

source blast wave trajeciories

blast wave. At large values of,& 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 paraliel
and the value of AT 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 thevshock wave trajectory will
differ from that of the voint source and therefore these measurements will.
give a good indication of the relative time over which thé blast wave is
energised,

Calculations are made by taking each value of the scaled gauge location
and the corresvonding scaled arrival time from Table 5.6. The arrival time
for the point source solution at this same gauge location is determined and
sﬁbtracted 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 TNCREMENT BETWEEYN THE ARRIVAL OF A REAL AlD
POINT SOURCE BLAST WAVE AT LARGE DISTANCES

Run Number | AT

TOA/2 0.63
100A/2 0.55
1104/2 0.58
145472 0.L5

954/3 0.59
200A/2 0.42
130A/3 0.5hL

1004/4 0.66
130A/L 0.39
200A/1 0.36

260A/3 0.30
2754/2 0.24
2754/ 0.12
2504/ | 0.39
1LOH/L 0.07
2500/L 0.13
275H/1 0.27
2001/2 0.03
300H/L 0.13

A comparison of these time increments with the scaled pressure transition
times (Table 5.5) shows that there is a linear relationshivp between the two.
In figure 5,18 the two variables in question are plotted to confirm their
relationshin. The exverimental conditions that apvroximate 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 parametersT:randZYif are subject to errors of approximaﬁely 2 and 10%
resvectively which indicates that most of the scatter in the experimental
points is due to errors inZKﬁi;

Further evidence of the blast wave being developed from only part of the
total a;ailable energy is provided in some recent work by Garrison (1973).
In a commarison 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

reglions.

5.7 The Anparent 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 (CDA) and (1i) the
ratio of the actual mass flow rate through the orifice to the theoretical
value (CDF). 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 /Coulson and Richardson (196L)7
show the discharge co-efficient (CDG) for a sharp edged orifice to be
dependant both on the Reynold's number and thearea ratio A1/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 CDG for an orifice rounded on the upstream face
varving 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 CDA a method is used which determines the value of the Mach
Number for the ms approaching the vessel orifice; this is a sole function of

the ratio PB/PO and is given by:

Y-1
et O 5.9
1 EPB/POBTFF

PB/Po is found from the experimental records of pressure variation in the
vessel and the apparent area ratio A1/A2 = pn is then calculated from the

expression:

u? = 2 v xoa ) (5.6)

The discharge co-efficient CbA is determined by taking the ratio of p and the
actual value of A1/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 CDA is made along with the
Reynold's Nurber for the flow through the orifice. The latter is defined by:

Re =0, d; 1, (5.7)
“1 ’ .



THE DISCHARGE CO-EFFICIENTS C

- 102 -

TABLE 5.10

A

FOR THE QUASI-STEADY

-

FLOW THROUGH A SHARP EDGED ORIFICE

1

Run Nurber Yominal Or%fica Actual Ori?ica Apparent.OrifiCe c A Reynolds
Area Ratio Area Ratio [Area Ratio (u) D |Number x 10
27541 36 37.20 112,00 0.885 5.45
704/2 9 9.07 8.98 1.010 2.95
100A/2 9 9,09 9.16 0.993 k.00
110A/2 9 9.12 9.28 0.98L L.35
1Lh54/2 9 9.1k 9.97 0.918 5.55
200A/2 9 9.18 9.79 0.938 7.h9
2754/2 9 9,31 10.82 0.860| 10.1
954/3 L L.OkL 3.92 1.031 5.08
1304/3 L k.05 h.22 0.959 6.72
2604/3 L L.11 L.51 0.912 12.7
100471 2.25 2.27 2.19 1.037 6.15
1304/L 2.25 2.28 2.28 1.000 T.7h
2004/L 2.25 2.29 2.L6 0.931 11.5
2504/ 2.25 2.31 2.h3 0.952| 1L.2
275H/1 36 37.20 L2.91 0.867 1.86
200H/2 9 9.18 10,19 0.900 2,52
1L0H/L, 2.25 2,29 2.31 0.992 2,65
250H/4 2,25 2.31 2.37 0.975 .52
300H/k 2,25 2.32 2.4 0.952 5.39

Olson (197h) has investigated the effects of both the Reynold's number and

the Mach MNumber on the discharge co-efficient C A

D L)

Theoretical treatment

of the flow through a standard ASME nozzle did not agree fully with his

experimental work, however, results for an orifice which was desipgned to

minimise -two~-dimensional effects did show good agreement.

By calculation

of the laminar boundary layer displacement thiclkness the value of CDA 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 opposite 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
colums 5 and 6 of Table 5.10 are plotted. An estimated line is drawm for
each different orifice diameter to make the trend of the plotted data more
apparent. It seems unlikgly at the high Reynold'!s Number of the flow
investigated here that any laminar boundary layer will be formed. As the
Reynold's ﬁumber inereases two-dimensional effects will cause smaller vena
contracta cross-sectional areas and hence smaller discharge co-effiecients.

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 apvlication 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:

a Y+
=Aju, P, =M, c, 0, = (P /P)ET (5.8)

Byuy €' (Ml °p @) ‘I'( ;P)

where P1 can be found from the expression

P
(o}
oY
P1 ) 21 + ¥ ;1 M'§1—Y (5.9)

A knowledge of both the experimental and theoretical values of M| will

therefore be sufficient to determine CDG.

from the experimental work determines the former value of M‘ and a reference

Equation 5.5 with values of PB/PO

to the work of Giffen (19L0) mentioned in Chapter 2 will determine the

latter value, The figures obtained for CDG for each set of experimental
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conditions are given in Table 5.11 below. These results are very close %o
the ones for CDA and show similar trends, thus confirming that the values
of the discharge co-efficient given in the literature for a sharp edged

orifice cannot ncrmally be used for this type of flow,

TABLE 5,11

DISCHARGE CO-EFFICIENTS BASED OM MASS FLOW RATES (CDEl

6
D
275A/1 0.863
T04/2 1.007
1004/2 0.988
1104/2 0.977
145472 0.91L
2004/2 0.929
275A/2 0.847
954/3 1.017
130A/3 0.955
260A/3 0.901
1004/L 1,016
1304/4 0.988
2004/ 0.931
2504/L 0.9

Fun Number c

275H/1 0.842
200H/2 0.8%0
1hou/L 0.938
250H/Ly 0.960
300H/4 0.979

5.8 An Assessment of the Shock Wave Distortion From a Svhericzl 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 geométry of the gas release
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mechanism is far from svherically symmetric and it is only at ruch 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 (Tg) to that at the
angle under consideration (T,). 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 Tg/Tp for the 300 psig.
air blast over a LI 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 iocations 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 Sumnary and Conclusions

To surmarise this work the important points from each section of the
results discussion are presented below along with the conclusions.

(1) The computer sirmulation of the various types of compressible flow
associated with an exvanding niston gives a clear picture of the develoo-
ment of a discontinuity from a compression wave., The results indicate thav
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 ﬁhe
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 pistcn
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,

(i1) 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 revoresentation 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/L) is 0,028 ft. The vredicted 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,

(i1i) The shock wave arrival times are denendent 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 minirmum for those conditions under
which the opening of the bursting disc avproaches the ideal case, that is
for thin, small diameter discs. A series of photograpvhic plates demonstirates
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 thsn
the bursting disc opening time., This indicates that the energy release rate
from the vessel is controlled mainly by the thermodynamic proverties of the
gas being vented and to a small extent by the mechanical properties of the
bursting disc material.

(v) The two scaling lengths € , and €2 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 of€1
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€§1 and
Eé for scaling the shock wave strength for comparison with the point source
blast wave the following voints emerged. Of the two scaling 1engths€1
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€§1 in predicting the change of blast strength
brought abtout by varying bursting pressure, venting area and the fype of gas
released is good for small venting areas (A1/A2 > I}) and can be extended to
higher pressure blasts with reasonable confidence. For larger venting areas,
(AI/AZ <L) 62 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 anpears that it would rot be wise to vredict 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 exnerimentation
to ascertain the effectiveness of the scaling technique under the new con-
ditions. To use either method without analysing the situvation before hand
would probably mean the stfength 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 veriod.

(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 Recormendations 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 PISTCH until a knéwn 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), howev;r, 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 corputation
times, it is recormended that before using it for further work the effect
of mesh size on the results should be carefully assessed.

An interesting apolication 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 diavhragm 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 overvoressure 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 exténding
the plots in Figures 5.15 a, b, ¢ 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 Chavnter 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 cormatible with flame transition. The photo-
graphic equipment can be used directly for obtaining records of the distur-
bances set up 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

u particle velocity

c sonic velocity

Y ~ ratio of gas specific heats
M shock wave Mach number

T gas temperature

e gas density

P gas préssure

S gas specific entropy

Cv specific heat of gas at constant volume
X,r distance

t time

az,.a3 constant coefficients

E° explosion energy

9 similarity variable

A scaled distence

T scaled time

E% scaling length

A2 orifice area

Sub and suverscriots

. embient conditions
1 refers to imediately behind the shock wave
0 refers to immediately a2head of the shock wave or to undisturbed
gas
P refers to a piston motion

s refers to the point of shock wave formation
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CHAPTZR TWO
17 parameter to indicate the co-ordinate system
A a constant miltiplying fector
)\ 1,2,3 identifying symbol for each characteristic direction
T Tew dependent variable
s New dependent variable
Cp specific heat of gas at constant pressure
A1 ' vessel cross-sectional area
Z vessel length
B energy
MB, ﬁass flow rate
A x step length for numerical integration
Pc critical vressure
Subscrints
0, 3 refers to conditions in the vessel when the gas is stationary
1, L refers to conditions in the vessel after the passage of the

rarefaction wave

2 refers to conditions in the vessel orifice

CHAPTER THPES

t diaphragm thickness

a diaphragm radius

R strain gauge radius
émin minirnen diaphragm design strain

S maximun diaphragm design stress

max

S1 maximum working stress of diaphragm material
£ frequency

£ minimum diaphragm design frequency
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t

a,a, a
o’ 1’ T2

T

time
constant coefficients

time

CHAPTER FIVE

APPENDIX A
W

v

distance

sound speed in undisturbed gas
shock formation time

scaling lengths

scaled pressure transition time
pressure transition time

shock wave strength

distance

scaling length correction factor

discharge coefficient based on mass flow rates
discharge coefficient based on effective orifice area

Reynolds number

area ratio (AT/AZ)

orifice diameter

gas viscosity in the orifice

mass flow rate

- shock wave velocity

particle velocity relative to the shock wave

gas specific volume
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APPENDIX A

The Classical Shock Wave Theory

The classical shock wave theory regards a shock as a pure discon-
tinuity and disrerards the properties of real gases that tend to smooth
out all such discontinuitiess 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
1ot in the preshock region and by subscrivt '1!' in the shocked region and

with reference to Figure Al we have:

—= W

U| uo

Figure A1 Coordinate system for a shock wave

Vo =W-1,
vy T W - u,

and from the laws of conservation:

Mass Vi Vo

170N (4.1)
1
Momentun P +v2 =P +v2 (A.2)
Pomentwn 5 %% T 5% Y% .
v1 vo
Frerey W2+ ¥ PV, =W+ ¥ PY (A.3)
—_— "1 v 11 o y_TF ©°0 .
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From Equations (A.1) and (A.2) the relative gas velocities become

\ri -y B - %
o TV
o 1

2 2

and by substituting in Equation (A.3) the following relationship is

obtained: -

P, (Y - (y-17,

= (A.L)
PPN V- (¥ -1

Equation (A.L) is known as the shock adiabatic or the Hugoniot relation.

The curve is shown in Figure A 2 passing through the vpoint (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

Vv -V

1 = %_@i =5 " F = const. | (4.5)
o 1

Therefore, starting from (PB, Vo) on the Hugoniot curve, a line can be

1

\'
o

drawn with slooe —gygiz and the values of P1 and V, are determined at the
intersection with the Hugoniot curve.
Points on the curve to the right and below (Po, Vo) cannot represent

real solutions for the shock transition.



PRESSURE

-120 -

— SPECIFIC  VOLUME——#

FIGURE A2 HUGONIOT CURVE
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Derivation of the Panline-Huroniot Relations for Shock Transition

The Rankine-Fugoniot 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:
= I _ =
M=y u v

=2
c
o o

c

Putting Equation (A4.3) in the form

11 =Y=-1 k -Y-1 v, (2.6a)

- Y -1 Ve (4.6Db)
Y

where k = constant, rearranging Equation A.2 and combining with Equations

(A.6a) and (A.6b)

vV, T 2Y¥ -1k (4.7)

Replacing the expression for k and using the definition of the speed of

sound we have:

2
v, =2 S + Y -1 v, (4.8)
Y""lv*o Y + 1
from which
Vi % = 2 % - _2 Ve (4.9)
co Y+1Vo Y+1co
and
Yy "% = 2 gn-_% (A.10)
c ¥+ 1 H ,
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By rearranging Squations (A.L) and (A.5) and substituting for the speed of

sound:
2Y 2 P
Yg =(y+1) 1 + (Y-1) (A.11)
c ? P
(o} (o}
o Pere o of - 1) (A.12)
Po Y + 1

A rearrangenent of Equation (A.l4) and substitution for P1/ Po from Equation

(4.12)

v E)o Y +1

Ve Pl 2 (1- | (£.13)
_12 1|1 2 ?1; 4.13

The ratio of the sound velocities is obtained from the equation of state

which, after substituting for P1 /Po and (31 /Qo and rearranging yields

'C2 2
1 =7, =1+2(=-1D, [(M-1 -(y-1) (4.14)
I SR R

(o]

Similarly the equation of state can be expressed in the following form:

v
P, _
= §€l§ e §S1 ) Sog (4.15)
(o] E)O CV

and substitution for P, /Po and €0/€1 gives

S1-So=ln[1+ 2Y (1{2-1)] +yln{1-_2 E1-1;

Y +1



- 123 -

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.



A8
[Ve]
-4

LCG

25

25
22

23
29
24
27
31

21
28

23
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PRAGRAM PISTON (THPUT,0UTRPUT,TAPES=INPUT,,TAFZ5=0UTPUT,TAPZ62)

DIMENSTION XX (163), TT(13D) .

C O 140 X{S0,50) 3T(53,57) ,U(50,50),3(58,50),S5(583,50),X5(50),TS(%
18), JEMNO(HG) 4USL(50) yUS3(53) 3051 (30),CS2(50) ,SS1(5¢L
2335519(57)

COMMON/QNE/GAMMA CD X0 4ETA3 Ty yVELSH, IP 3 WORKT

HWRITE (Hy597) .

FO‘?%?“‘T(/iY, .'.'....OUTPUT FROH DECK :‘U‘v'BEQ 1...'.".......'.‘)

I=2=¢

HWIAKT=9,.0

xG=1,

Ci=1126.0

T3TOP=203.1

TSTOP=TSTOP*CL/ (X3*10.0%*3)

GAMMA=1.4

£ETA=2.0

FTA=0,10

PIST=1.3

PIST=PIST/12.0

XSTEP=0(.1

JSE=49

JSTOP=JSE

D3 403 I=1,JSE

JEMD(T)=JSE

CONTINUE

00 26 J=1, JSE

Js=J

XSTART=PIST+FLOAT( J-1) *XSTEP.

DO 24 I=1,)

IS=I-1 .

IF(I-1) 25,25,26

X(L, )= (XSTART+PIST)I/2.0

T(I; =X (IyJ)=PIST

UCT,J) =340

C(I,N=1.d

S(I,J)=1.0

50 TO 27

IF(I-J) 23,22,22

CALL PATH

G0 TO 24

CALL PT3

IF(T(I, N-T(I-1,04)) 28,28,29

CONT INUE

CONTINUE

CINTINUE :
WRITE(Gy31) Ty JsX(I 3 0) , T(Ty D sU(I,0),C I, ,S(I, )
FOPMAT(1Xy215,5(4X3F12,6))

CONTIHUS

CONTINUE

WOITE (6533)

FORMAT(LX, *NO SHIOK FORHATION IN THE REGION OF INTEGRATION®)
G0 TO 32 :

I=IS+1

J=Js

XT1=(X(I,J)=X(I,J-1))/{TI{I,)-T(I,J=1))
XT2=(X(T=1,d)=X(I~1,J=1))/ (T(T=1,0)-T(I=1,J-1))
TSUIS)=(X(I~1,yd- 1) =X(T,J- 1) #XT1*T (I, J-1) -XT2%T (I- 1,J-1)) 7{XT1=-XT2)
X5(JSY= X(I=1,)- Z1) +XT2*(TS(JS) =T (I-1,J-1))



WRITE(B,30)1S,J5,XS(JS),TS(JS)
20 FO3GAT(LA,2(EX513) 35X *THT SHOCK 3IZGIHS T FO2H AT X==,F5.3,*4i0 A
ITIHME OF*,F5.3) o
37 CONTINUE
J=JS
J335=JS
Iu=1IS :
JZHD(IS)=US
JEND(IS+1)=JS
In=JS53-1IS
I037=I5+1

YZLSH=U(I0ST, JSS-1) +C(I0ST, JS3-1)
XSTART=PIST+FLOAT(JSS~1} *XSTEP +XS(JSS) -X (I0ST,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)-PIST

U(I,J)=0.0

C(I,J)=1.0

S(Ty J3=1.0

G0 TO 37

CALL PT3

COMT INUE

CONTIHUS

XERR=XS (JSS) =X (IU, J5S)

IF (A3S(XE2R)-03.03001) 38,33,39

3G XSTART=XSTART+XER2
GO TO 34
38 CONTIHUE
DG 661 I=1,TU _
WRITE(6,129) I,JsX(IyJ),T(I,d),U(I,0),0(I,0),S(I,J)
120 FURMAT(LX, 213,6X,5F10.5)
€01 CONTIHUE
US3(JSS)=U(IU;J33)
C50(J35) =C(IU, JSS)
SS9 (J35)=S(IU,JSS)
t.2 CALL SHOCK
UCIOST,SS)=US1(J3S
C(IOST, JSS)=CS1(JSS)
S(10ST, JSS)=5S1(JSS)
X(I0ST,J53)=XS(JS3)
T(I05T, JSS)=TS(JSS)

C**»» CHIZCK THE SHGCK VELOSITY YAS BEEN CHOSEN COZRECTLY
R1=(U(TI0UST,JSS~1)/2.0) +C(I05T, JSS-1)/(GAMMA-1.10)
S1=(ULI0ST, 53-1)/72.0) =C(IOST, JSS~1)/7{GA1MA-1.0)

PSHI=(U(IONST, JSS)/2.2) +C(TOST, JSS)/ (GAMA=-1.0)
SSH1=(U(TOST,JSS)7240) -C(IOST, JSS)/ (GAHMA=1.0)
Si1= (W1-S1+3SH1-SSH1) /2.0
3722 (21%*2-G1%% 242 SY1 ¥ ¥2~3SH1*¥2) /240
X1=(X(I0ST,JSS) +X(I9ST,JS3-1))/2.¢C

2322145217 (5(T0ST, J55) =S (T0ST, JSS=1)) 74+ 0- ( (GAMMA=1.0) 74 .0} *SR2% (E

1TA/X1) ¥ (T(IOST,JSS) =T (IOST, J=1))

PER2=#3-RSH1
IF (ARS(2EQR)=0.00331) 40,40,41
L1 VELSH=VELSH+REFR
60 TO 42
40 CONTIHYE

W W
N

J



- 126 -
WOITS(5,117) YELSH; J,RERR
147 FORAMAT{LYs¥A SHOSC VELOCITY OF #*,F1G.,5,*0N J=%,1I3,*G0VES AN REZIXR
10F+,F13, ))
,\LT_(G, 3 JyVELSH
760 FORHA (/1Y 15, h?,cb.h * us CS 3SS*)
Nﬁxlhko,luL)U)C(J),CSG(J),SSC(J)
701 FOAMAT(LX,* 0*,3(4X;F8,5))
HeITE(5,732)US1(J) ,C51(J) 4S54
702 FOIMAT(LX,* 1*,304%,F3.5))
Cr*¥¥ POILESN FROM THE SHOZK TO THE PISTON PATH
Tu>71i=I0ST+1
00 3 I=I0ST71,JSS
IS=1I-1
Js=J
iF (I-0) 44,445,465
L5 CA4ALL PATH
GO TO kS
Ly CALL PT3
IF (T(Iyd)=-T(I-1,1))) L7,L8,48
8 CTOHTINUE
48 CONTIHUE
WRITE(G6,121) 1
121 FORHAT(1X,213,
&3 CONTIHUE
GO TO 99
L7 WRITE(H,L9) TI,J
49 FORMAT(1X,*S0722Y, CHISIN INCORRECT SHOCK STARTING POINT*,21&)
GO 70 23
a9 CUNTINUE
TU=TY-1
IOST=Z0ST+1
JS1=Js+1
| 00 54§ J=JS51,JSE
" C**2x CAHLCOULATE INTEFSESTION OF SHOCK WITH GCHARACTERISTIC 3ZHINO
UC=U(I0ST,d-1)+C(I0ST,Jd-1)
TINTLI=(X{TIOST,J-1)=XS{J=-1) +VELSH* TS (J=-1)=US*T(I0ST,J~-1)) /7 (VELSH-UGC
1)
YINT1=X(I0ST,J-1)+UG*(TINTL-T(IOST, J-1))
IF(IU-1) B52,64,6%
C*>*¥ CALSULATE -mIPPgtCTIJN OF SHOCK WITH SHARACTERISTIGC IN FRONT
66 US=U(IU,J~1) +C(IU, J=1)
TINTO=(X(IU,J=-1)=XS{J-1) +JELSH*TS(J~1}-UC*T{IU, J-1)) /7 (VELSH-UC)
XINTO0= X(IYyJ=1)+YCH(TINTG-T(IU,J~-1))
IF (XINTO=-XINTL1) S1,51,52
51 IWER=1
¥XS(J4)=XINTI
TS(H=TINT]
GO TO 53
52 IWsRr=1
XS(J)y =XIHT1
TSN =TINTL
£3 CONTINUE
DY3=X5(J)=-X35(J-1)
IF (DXS-0.5) S»(¢,331,931
g81 JSct=J-1
IF (JSTOP,.,EN,JSE+1l) JSTOP=JSE
GO 7O 108
g80 CONTIVUZ

JeX (IyJ),T(I;J),U(L,U3,C(L,J)sS(I,J)
Xy 2F10.5)

)
S
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TF(JS570P~J5E
IF(T37G6P-T ({J
JSTOP=J-1
ISTOP=JSTCP
GO TO 33%
IsToP=J
> COHTINUE
YRITE(6,107) J, XS(J),TS(J),IHER
FORMAT (/1X,I3,#XS=>,F103,5,+TS=4,F10 .5,* IWER=*,13)
IF (I3-1) 135,181,131
CONHT IHUE
XSTART=PISTHFLCAT(J~-1)*XSTZP+XS(J)-XS(J-1)
CONT IHUE
00 55 I=1,TU
IF(I-1) 50,%8,87
50 X(I,J)=(XSTART+PIST)/2.0
T(I,J)=X(T,J)-PIST
U(I;J)=90.9
C(I,J)=1.0
S(I’ Jr=1.0
GO TO 55
CALL °T3
CONTIMNUE
CONTINUE
IF (IH4ER) 59,39,510
69 I=IU+1
Uoc=u(i-1, ) -C(I-1,))
VUS=YZLSH-UGC v
TX=(X(I-1,y D XSI-D)+TSI-L)¥VELSH-(T{I~-1,J)*Ul))/vUC
XX=X(I=1,J) +UC* (TYX-T(I-1; 1)) :
XERR=XS(J) -XX
IF(ABS(XERR)=-3.,03131) ©65,55,066
65 XSTAKT=XSTART+XERR
GO 70 o5&
CONTINIE
00 532 I=1,1U
WRITE(E,122) T,JyX(TyJd)sT(T,0),4,U(Z,;J),C(I1,J),S(I,))
122 FORMAT(1LX,2I3,5X%,53F10.5)
602 CONTINUE
I=TU+1
XWATT=X(1y4J-1)
THAZT=T(I,J-1)
UHAIT=U(TI, J-1)
CHAIT=C(I, J-1)
SHAIT=S(I,J-1)
Cr»x**% SALCULATE THE CONOITIONS AT THEZ SHOCK BOUNDARY 3Y PROJECTING AN EXT
C***++:TVF CHARACTERISTIC BASK 7O J-1
T34CK=TS (1) =-T{I-1,J)+T(I-1,J-1)
63 UC=(UHATIT+1(I-1,J-1)-CHAIT-C(I-1,J-1))/2.0
XBACK=X(I-1,J-1y+UC*(TBACK-T(I-1,J-1))
CRACK=C(I-1,J-)+ ({CHATIT-C(I=-1,J-1))*(TBACK-T(I-1,J-1))) /{THALT-T(
1I-1,;J-1))
U3aCK=U(I~-1,J-1)+ ((UAATIT-U(I-1,J-1))*(TBACK-T(I-1,J-1)))/(THAIT-T(
1I1-1,J-1))
STACK=S{T=-1, J-1)+ { (SHAIT=-S({I-1,J-0))*(TRACK-T(I-41,J-1))) /7 (THAIT-T(
1I-1,J4-1))
Y {(I;J-1)=X3ACK
T(I,J-1)=T3ACK

y 395
953,953,995

|~

F]
i

[$2 Ve Vo]
WD 0
4 O

Ko JXNE)
WO WD
Jl o

p-> -
[o3] [ous
s ~

n
&

U W,
Ut oo

[o4)
1



62

61

160

182 €O

63

63

67

110

800

01

gcz2
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’S(.H ~X(Iy N
S(qu\)-a §03331) 51,461,062
TBASK=T3ACK~-XZFR
GO T2 53
CoHTIHUE
X{I, J=-1)=XMAIT
T(I,J-1)=THWHAIT
U(I, J-1)=UdaAI7
C(I,J-1)=0HATT
S(I,J-1)=SNAIT
ygsatn=u(r, n
CS3I(J)=C(I, N
S53(J)=S(I,))
GO0 70 182
CONT INUE
USG0(J)=0.0
CSd()N=1.0
S30(J)=1.0
NTINUE
JERD(ICSTY=J
VELSH=U(IOST,J-1) +C(I0S5T,J-1)
CALL SHOCK
U(INST,J)=US1(J)
C{ICST,J)=CS1(M
S(I0ST,J)¥=Ss1(U)
X{I0ST, J)=XS(J)
T(I0ST, )=TS(N)
R1I=(U(IOST,,J=-1)/2.3)+C(I05T,yJ-1)Y/(GAMMA-1.2)
S1=(U(IGST, =-1)/2.0)=-C(I0ST,;J~-1)/ (GANHMA-1,0)
XSHL1=(U(I0OST,J)/2.0)Y+C(I0STyJ) 7(GAIMA-1.0)
SSH4=(UL(INST, 3 /72.0)-C(I0ST,J) /7(GAYMMA-1,0)
SRl=(R1—Si+?SHi'SSH1)/2.@
SU2=(R1**2-S4** 2+ 351+ *¥2-SSH1¥*2) /2.1
X1=(X({IOST,J)EX(I2STyJ-1))/2.C
R3=RL+SR1~ (3(I0ST, J)-S(I0ST,J=1))/4,0-((GAMYA-1,0)/4,0)*SR2* (ETA/X

1) {T(I0ST, N -T(IOST,J-1))

RERR=13-RSHL
IF (ABS(RERRI~D.C0J21)167,67968

VEZLSH=VELSH+RERR

0 TC 63

CouTINUE

WRITE(Ly110) VELSH, J, RERR

FORHMAT(1X,¥A SHOCK VELGCITY OF *,F13.5,*0H J=%,I3,*#GOVES AN KERR
10F*,F10.5)

NRIT‘(G 8509) J,VELSH

FORMAT (/41X yIb,LX,Fo b, * us Cs SS*)
WRITZ(6,801)USC{J) ,656(J),SSC(N)

FOQ'*AI—(lX’# 04,3("+X,F30F))
HRITE(6,892)US1(J),0S1(J),351(N)

FORMAT(LX 4> 1*,3(4X4F345))

I0ST=1I0ST+1
N0 79 I=TOST,ISTOP
IF(I-J) 71,72,72
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TE(6,75)
FORMAT(1X, *SECOND SHICK FORMATION®)
CONTINUE

GU TO 59

XTREB=XS () =X (IU, J)

IF (ABS(XERR)-0.23201)83,63,81
¥START=XSTART+XER®

GO TO 5&

CONT INUE

DO 603 I=1,IU

WRITE(S,111) I,J,X(I,J) 3 TLI, )y UCIy4)50CT,50),SCT,d)
FUIMAT(LX,2I3,5X,5F10.3)

CONTINUE

JIND(IU) =y

USO(J)=U(IU,

CSI(I=C (T, J)

SS3(J)=S (I, J)

CALL SHOCK

I=I0ST~1

X(Is)=XS(D

T(I,N=TS())

U(T, ) =US1(J)

C(I,N=CSL(D)

S(I,J)=3S1(J)

SO

CALCULATE THE IHTEZRSESCTION OF THE CHARACTERISTIC 8EHIND THE SHOCK WITH J-1

UC1=U({I, N +C(i, N

US2=(JS1 (J=-1)+U(IDST, J-13)/2,0-(CS1(J=1)+3(T0ST,4J-1)) /2.0

UC3=UJs1-UC2
TX=(XS(J=-1)=X(I,J) ~U32=TS(J=-1) +UCL1*T(L,U)) /Y23
XX=XS(J=1) +JC2*(TX-TS(J~-1))

X=USL (J-1)+ ({U(I35T, J-1)-U31 (J-1)) ¥(TX-TS(J=-1))) /(T (I0ST, J-1) -TS(

1J-1))

CX=CS1(J-1)+({C(IJST; J=-1)=-CS1{J-1)) *(TX=-TSUJI=-1))) /(T (IOST, J-1) -TS

id-1))

SX=531(J-1)+((S{I3ST,J-1)=-53S1{J=1))*(TX=-TS{J=1)))/(T(IDST,J~-1)-TS¢

1d-11))

R1=UX/2.,0+CX/(GAXMMA-1.10)
S1=UX/2,0-CS/(GAN*A~1,)

REH1=USL (J)/2.0+48351(J) 7 (GAMMA-1.C)
SSH1=U51(J)/2.5-C51(J) 7(GAMME=-1,0)
SR1=(~1-S1+RSH1-SSH1)/2.0

SR2= (R1¥*¥2-51%¥ 2+ 3SH1* *2-SSH1%¥%¥2) /2.0
X1=(XX+XS(J)})/2.0

AS=R1ESPL*(SSL( N -SX) /744 0= ((GAMMA=1.0) /4. 0)*SR2*(ETA/X1) *(TS(J)-TX

1)

-3

RERP=3-RSHL
IF(A3S(RERRI-3,00101)82,82,83
VELSH=VZLSH+RERR
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IF (YZLSHWLT.1.8) VILSH=1.3
G2 TO 8%
3z CUNTINUE
U2ITE(E,112) YELSH, )y RERR
112 FORHAT(lX:*ﬁ SHODX YZLOCITY OF *,F10.5,%C0N J=%,I3,*GOVES Al RZ®R
13F*,F10.5)
W21TE(5,953) J,VELSH
S0 FORMAT(/1X,I%, LX, Beliy* Us cS S5S*)
WRITE (53 841)USC (J),CSC(}) SSG(J)
Q01 FORMATILX,,* 2*;3(uX4F8.5))
NOTT;(O;CJZ)U31(J),CSi(J),SSi(J)
g2 FORMAT(1X,™ 1#,3(+X,F3.5%5))
0o 385 1=I3ST,iSTOP
IF (I-J) B50,874587
57 C&LL PATH
GO TO 88
56 CALL PT3
IF (T(Z,J)-T(I-1,J)) 8G,283,90
90 CONTINUE
83 CONTINUE
WRITE(63124) Iy3Jy,X{I,J),T(I,J),;U(1,),C(I,I);S(I,J)
4 FORMAT(LX,213,5X,5F10.5)
5 CSOMTIIIUE
IU=TuU-1
GO TO 92
58 WRITE(6,91)
91 FURMAT(1X;+#SECOND SHOCK FORMATION=)
g2 CONTINUE
50 CONTINUE
160 CONTIIUE
Crxa+x PLOT TH= CHAROCTERISTIC NETWORK
CALL START(2)
XX (1)=0.0
XX (2)=XS(JSE)
TT{1)=6.0
TT(2)=T(ISTOP,JSK)
CALL SCALE (XX,;12.0,2,1)
GALL SGALE(TT,412.C,2,1)
FIRSTX= XX(3)
D L|X '.,oL
DELTX=XX (#4)
FIRSTT=TT(3)
DELTT=0.25
ELTT=TT(4)
CALL AXIS(0.GsCaTy 22HRADIAL DISTANCE (FEET) - ,12 0,0.0,4FIRSTX,0%
1LTX)
CALL AXIS(D.0,0.0,234SCALED TIHE T*CO0 (FEET),23,12.0,30,0,FIRSTT,D
12LTT)
CALL PLOT (3.G,12.90,3)
ChALL PLOT (12.8,12.9,2)
CALL PLOT (12.0G40.0,52)
C*+%*»  PLAOT THEZ PISTON PATH
JP=JSTOP
DO 19t J=1,J4P
XX (J) =X (J, J) -PIST
TT (I =T(J,
101 CONTINUE
XX (JP+1) =FIRSTX
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XX (JP+2)=DZLTY¥Y

TT{JP+1) =FIRSTT

TTJP+2) =D5LTT

CALL LINE (XX,TT,JP,1,3,1)
C¥x==*+  D{LYT THZ +IVE CHARASTERISTICS

JSi=1

J51=JST0P

06 1672 I=1,Js1

IF(JENS(TI) «57.dSE) JENI(T) =JSE
J52=JZHO (1)

DS 103 J=T,J52

JP=J-T+1

AKX (JPY=X(T,J)-FIST

TT(IP)I=T (I, ))
163 cCouTInuL
¥X (JP+1) =FIRSTX
XX (JP+2)=DELTX
TT(JP+1) =FIRSTT
TT(JP+2) =0ELTT
CALL LIHE (XX,TT4JP,1,0,1)
102 COWTINUE
Cr¥x¥xyxs PLOT THE S40CK PROFILE
00 105 J=1S,JSe
JP=J+4~-JS
XX (JP)=XS({J)-PIST
TTOJP)=TS(J)
106 CONTIMUE
XX (JP+1) =FIRSTX
XX (JP+2)=DELTX
TT(JP+1) =FIRSTT
TT(JP+2)=DELTT
CALL LIHZ(XX,TT4d2,1,0,1)
ChALb EZNPLOT
JS=JS+1
SVoP
ENJ

MPILEQ SPAC

[
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SU3RIITIHE T3

DINENSION XX(122),TT(12D)
CoO4MGH X153350),7T(53,52),U(5C,55),0(50,52),S(53,50),X¥S(58);TS(5
13), JEND(5) US1(;C),USJ(CJ),CSl(JO),CJU(DG),S:i(‘ﬂ

2)5359(58)
CIHi0 I/ UNE/GA: |A’JG,XP "TI:'\’I,J,VELSH,IP,HOE‘(T

|
|

)
-

-

U(I;d=-1)/2.0)+C (T, J=1) 7(GAMME-1,0)
U(I,J4-1)/2,0)-C(I,J-1)/7(GAHMA-1.0)
UZI-1,0)/2.0)+#3(Z~1,0) 7 (GAMA-1,0)
U(I=-133)/72.0)-0(I=1;0)/7(GANMA=-1,0)
=(;h.HA+1.G)‘Dl/° ﬂ-(GAHﬂn-3.G)*31/2.G
=S(3.0-GAMMAYIR2/2.0+(GAMHYA+1.0)*52/72.0
(I, =X {I-1, ) -¥(I,J=1)+RS1*T(1,J-1)-KS2*(T(I-1, J)))/(RS1L-RS2)
X{L; JY=X(I,J- 1)+?>1*(T(I,J)-:(T J-1))
IF(IT)Y 1i,12,12
14 CONTINUE
RhY=(R1+R2) /2.0
SL=(S1+52) /2.0
RS4=R4++ShH4
XT2=(X(I,J-)-%(I-4,IM)/(T(I,J=-1)=-T(I-1,N))
12 T4=(X(Iy,d)=X(1=-1, 1) ~T (I, 1) ¥RSL+T(I-1,J)*XT2)/(XT2-RSH)
KL4=X {1y J)=RSL*{T(I,J)=-T4H)
SSu=S({I-1, 1+ (S(I,J=1)=S{I=-4, N)F(XG-X(I=143 1))}/ (X{I,J-1)=-X(I-1,4))
S(T, J)y=5s¢
TJF(IT) 13,14,14
13 CONTINUE
SP1=R1-S1
SRZ2z=Ri**2=-51+*2
1=(X{I,Jd-1Y+X(Z,0))/2.0
14 R3I=R1+SRI* (S{I, ) =S(I,J-1))/4,0-({GAMMA-1,0)/4.0)*SR2* (ETA/XL) *(T(
11, 1) -T(I,J-1))
IF (IT) 15,16,16
15 CONTI:UZ
SR3=52-R2
SRY=S2**2-22%%2 - .
X2=(X(I-1,1)+X{(T,1))/72.0
156 S3=S2+#SP3¥ (Sl ) ~S(I-1,0)) /L. 0-((GAMMA-1.0) /4. 0)*SRa*{ETA/X2) = (T (
1T, N-=-T(I=-1,4))
U(I, J)=R3+S3
C(IyN=(R3-S3)*{(GiM4A-1.0) /2.0
IF(17) 17,184,188
17 CONTINUE
IF(ITTY 18,21,21
21 CONTINUZ
PS11=(GAMMA+L . C)*21/2 0~ (5AHMA-3.0)¥52 /2.1
ES12=(GAIMMA+L,. 0)* 372, 0-(GAAML =3 .0)*S3/72.10
R31=(3S11+RS12) /2.8
PS21=(3.,0-GAMIA)Y*R2/2 .0+ (GAMMA+1.0)*S2/2.0
RS22=(3.0-GAMHA)Y*%3/2, 3+ (GAMMA+1.0)*S3/72.8
RP32=(25321+3522) /2.1
RS4= (14 +Se+R3+83) /2.0
SR1=(1~-SL+R3-83)72.0
SR2= (A4 #F2-S54{#¥%2+233#%2-53%%2}) /2.0
SR3I={52-R2+83-23)1 /2.0
SO3=(32%¥%¥2=-R2**2+353%*2-R3**2)/2.0

I\!‘\ﬂﬂ'l 11

~

AR T T VR R Ve B I |

G I v B & N 0 BT G 7 T o T B B O
DU TN N b s e o~

(WY
o
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X1=(X{(I,J~1)+X(Z,3))1/72.¢0
X2={X(TI=-4, N +Y%{Z,J))/2.90
IT=1
GO TO 13

13 CoTIHE
RETI=
eND

23HPIL

43}

2 SPAC

i
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=
[o¥]
J
<
-4
1
e
ot

PATH

A~HSIOH VK(‘CU),TT(*OG)

: X{Z3,50) 3 7(5T,50),U(58,52),0(=
J-NJ(“J),UDl( £),US3

1.

Xm.
o

oy ‘H

N e

< W

oWl
T

N

U | T | B T R VI - R

A IO

712,10

) 1,1,2

6,3) HQ, 1 L)
(/1Xy*A0=%,¢

i ST Sl R S = S s T S o T b B Y 07

-
=

2
1

e~y \QCJCJUJ‘._;,A

oI e e e e DWW
[
in

J~VC U, UMSL TN O >~ 0O

1 [k IR [RS R ] S O Sl

— Y T
“ o= - %

JI=T(I-1,J)
ZAL=T(I,J)*X0*10.0**3/C3

E/GA-J‘H,SU’ Oy_lH,I J,VrLSq,Ip,H‘JR(T

X?bAL (TR;AL‘“Z)*(AD+A1*T?EAL+A2*TQEAL‘“2)+Ah

UREAL=2, 0*A0*TREAL+3, 0*ALXTREAL¥¥2+ L4, 0¥ A2¥TREAL**3

X{I, J)=XREAL/XG
U(I, JI=(UREAL/COI*10.0%*3
THEH=((X(I=-1,0)-X{I,N)+T(I,I *U(I,

1)/ UL, )= (U(I-1,J)-C(I-1,J)))

TOLO=T(I, )

T(I,J)=TNEN
TOIFF=A3S{THEN-TOLD)
IF(TDIFF-0.700C61) 10,10,11
COIITINUE
S2=(U(T=1, 1) /2
R2=(U(I-1, N /2
SR4u=S2¥%p-RR¥*D
X2=(X{I-1, JI)+X(I;J))/2,0
S3252- ((GAAHA-1
ClTy; ) =C(U(T,1/2.5)=-S3)*(GAMHA-1.0)
S(1s)=S(I-1,0)

WO)=C(I~1,J) 7 {GAMMA~1,0)
LO) O UTI-15J) Z(GAMMA-1.0)

S IF (UGJy, N -uld~1,J-1)) 22,22,13

22
13
15

138

15
17

12 FORMAT(LX/,I5,5X, * IMTRENENT AND TOTAL WORK*,2F15.6,*FT L3F¥*,

IRET=1

IF (IPST) 15,16,15

Ir (UGJyd)-JeJ-41,J)-1)) 17,186,18

Ui, d)=d=-1,J-1)

C(J, N=50J-1,J-1)

S(J, J) =S(J'1,J-1)

CONT INUE

COHT IHU=

PO=14.7
PPA1=0(I-4,J=-1)%"((2.,0*GAM1A)/(GAMMA=-1.0))
PP2=C (T, ¥ **({2.9*GAMMA) /7 (GAMYA-1.0))
HOWK=(PPL+PP2)¥#3,15158%(X(1,J) ¥¥3-X(I-1
ADRK=H0RK+*P*14L,. 0
WORKT=HORKT +WOEK
WR=PR2*00+ 1 44,0%2
WMRITE(L,42) IaMOKsHIRKT,HR

1¥RATE OF WORK#,F15.5,*FT LBF/SZC*)
RETURH
EHD

1.5,%A1=%,511,5,¥7A2=%,711.5)

¢ 3%3414153¥X(T,J4)**2*J (I, H*Ca

s J-1)¥*3)/3.0

0) /440)>S24% (ETA/X2)* (T (T, J) =T (I=1,J))

N=(U(I-1,4)-C(I-1,NI*¥T(I~-1,J)



SU3RJUTINE SHDCK

QIMEN3ION XX (1C2), TT(100)
CoMnan X(L0,50) ,T(53,50);U050,503),0(50,50)5S(50,50),XS(53),TS (5
17, JEND(51),US1(EC) ,US3(57),051(50),8S53(58) ,331(53

2),3S31(50)

COAAOI/ONE/GAMMAL 3D, X0,E7 :\,I)J!VELSH’IP,HOQKT

SHYLCH=(VEILSKH=-US3(J))/7CS0())

SHAEL?2= JHi‘bh‘“( 2)

US1 () =USQ () +2,2* SHYACH* (1,0-SHMEAC2)} /7 (GA'IMA+1,0)

PSJ—LJU(J)“*((Z S*GAMN /(GaMMA-4.0))

PS1=PSI* (1,042, 0*5AHMA® (SHALCH**Z-1,0)/ (GAMMA+1,0))

BHISI=PST** (1. 3/7GAMMA)

KHOS1=HCS3/ (14 0-2.0% (1. 0-SHMAC2) /(GAMMA+1,.T))

ENTI=(Ls D/ GAMIAY FALOS (1. 3+ 2, D¥ GAMMAF (SHMACH*¥2-1.0) /7 {GAMA+1,0))

:ﬂT7—HgOG(JH”\CZ*(1-:+(G\Hﬂﬁ-l.ﬁ)*(SHHACH*‘Z-i-C)/(GAH*Q+1.0)))
1 (J) =SS0 () +EHTL+INT2

r11 GAMMA* SHMACH** 2-SHMAC2-(GAMMA-1.0)

GH1=GH1%2. 3* (GANHMA-1.0) / ({GAMIA+L.3) **2)

C51(J)=0S3(1)>S0aT (1., 0+GM1)

RETURH

END
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Principle Names used by Program PISTON

(in order of appearance)

MATN ROUTINE

I, Jd refers totﬁhe poigt of interse?tiQn of the Ith positive
and the J°° negative characteristic

X » distance )

TT time ,;

{114 particle velocity ; used in the graph plotting routine

cC . sonic velocity g

PP gas pressure ;

X distance at a point on the characteristic network

T time at a point on the characteristic network

U 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

S51 entropy behind the shock wave

S50 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. 1lbs F)

TSTOP time at which the computation is terminated



PIST
JSE
XSTEP
IU

JOST

J END(1)

SUBROUTINE PT3

RJ, R2’ RB} R)J’
st, s2, 53, sh

Ssh

SUBROUTINE PATH

A0, A1, A2, A3

WORK

SUBROUTINE SHOCK

SHMACH
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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 L
dependent variables at points 1,2,3 and L

entropy at point L

coefficients of the polynomial revresenting the piston
path

work increment done by the piston during a single
integration step

Shock wave Mach number
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FLOWCHART FOR PROGRAM PISTON

A

START }

Read n mitia Aermodynamc , dyname ond geonetri

daba ot Fero tme . Seé afl Infijtrf b correck values

Thtegralbe along e T *negabwe characters brc

3

No

Lom e mbial dsburbasce &b Ae P:sbm patt

ce. I= LT - b\7 Ca.((lnj Subrowtings Prz and Patis

‘r\la

T < s Ke whole domain becq covered 7>

¥s

[0 ] < Poes adlsmr;'lnu(éj appeal i~ Fe —>_¢ei_*
(=125 I

Set
Js=3T
Is = I-1
TosT« L
Ty =T-~t

I
Determme te Starting orddnalbes of Ke
Shock (wave

debermine Ke Sta.l‘ftﬁj Coaf‘dma.!'—{'g e new
negative chatactersbic Ral passes Hough
H e shock [AY- 3 Jfa.rémj pﬂ;né .

l Guess fMRe hock waoce oeloaej J

l

D&tefrﬂm-e- Re /zU”"dAf?OM:C and d7namm
data /mme'd(a,fehf /n I.[/“on( Jg fie Shock tave
57 h;f:'jmﬁan e He ngthu.;c characlertbic
#om I=1!,Tv
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bohind He Shock (oavc

Call Subrmutine SHOCH b calulole He
Kesmodynamie ond duynamic properties }Mea'«q.(‘&(7

!

Do Hese propertieo fitr Subrowbine SHock
ij/te Lorft &bsc 7@.(,\/ 6-7 @Cfé"app/a.»("rory ag
He reswlts bepunol Le shock fave

{_ /(Jejues; e Shock toave uelouf-j ]

ﬂéz:?,wée Qlonj e n%ja/l'u: charucterstr;

75""’"1 fic Shock tave b HKe /ml-an /;alt
(e fon I:Zosrel ,Tss

v

and T TS/

Set ITv=z Tuv -1t ; LTosT: ZoSiy 4y

i
< zs T< TFSF

No

¥ Ves

Cateclate He inbersecton 68

V

e ﬁkapoSIﬁ}c charac tersbics ik K e
Shoek tave Co O—SC&/‘&_II-\ wheites the nell
ngjatwe Charactersbic s (o meet M shock
Gave where Kerris an rntersection from bennd
or checol b, e puilBoc charcclerisbc

fte Zv™aad

Set Zwee=( If te t+we chamelrséze
M&fjcaé’( fQﬁw A@‘ur\d

Set Iwee zo (f e +¢.;e choroctervatic
Intersects [Pom ahead .

Yes i
<7 Twer = | D

I No

!

Plot #e Characterséic
nebwork or fe gagand
Senig yedoce 67 pmﬁcer

<

No Yoo
V +{{Zs Zuv =0  D>—=>b
Tnbegrate from Ke inibrad J The Shock wave
disburbance bo Ke piston now fe [lead:n
patt 67 ke approprike - disburbonce J
mefto o L(_S[Aj Jubrxefines
P13 PARTH ard SHoLk
RS
Lfos T = TOST +f 1 J Tu= Zv-1
L . —a] J
P ' ~
T= Tl
1
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FLOWCHART FOR SUBROUTINE PT3

§TART

’mu‘msdjﬂamm,dtfnamrc_ M:/Jcomfr:c data
in {dr pontsg (L“f o ) ond ({:IJV‘I)

Caleulate /KeI‘Mod.fnam/c, cfyna/mc and Jeomeéric

|

Us:nj rmean 'uo.(ue( of Mmod7nam <, daznamxc
a\,l‘jepmcél‘tc dafa be,égc&a cack peommt
obtain an mpoved esbtimale of e data

at PO'“.C (i'/_/)

data ot Fou\'t (i’J')

'ﬁemoa&/namlc'dvaam:é and J&Jmcfﬁtc.' data
)Qr\ point (ilJ‘) ownb & man pregras

E~no
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FLOWCHART FOR SUBROUTINE PATH

ﬂﬂl‘moo’7n4M.Llob.’MM{c W‘/oepmcéuc data
for pom{'(f—l,J') n

Determnt mtessection of Ke negabive Chosclesshi
Hough pont (j=1,1 ) et e puston pak by
/,-”6.4,5(7 Seéé‘vnj éJ.,_]. = éf"(_]. and l(’t/‘afm’
wn by f lonvergence (s Comple e

Caletate e e ,orepafl:/a:; al~ He
1Cear FO/f‘C (/,j } on e

Flit-‘«‘/\ pqlﬁ

Delermine Ke amsunt g wonk done b fhe
prsEon in ﬂu‘./:qj ;’-r’-om

x'j";j"' bo x.l'tl‘

TRermodinamic , dynamic and geomebnc data
at pont (J’,J'.) ot Lo Mmam program

End
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FLOWCHART FOR SUBROUTINE SHOCK

Thermodynamic | dypamie. 3»4 propertiecinpront of fe

Shock wave ond e Shock wade ue/oa,éj 1

)

Compute Mle gas properties bekindd ke
shock wave using He HKonkine H:«janmé
/‘Ua«é’mm

[

ﬁu,md,(/nam:c ard dynamic gas /J/v/)eftlci
behind He Shook Wave owf (v/"‘al';p/bjla»«

17



SHOCK DETECTOR GAUGE AMPLIFIER

input
protection /l

frequency  r2av
compensation
|
s A f oip
47" gain e |l
T T 71 : W
I II N lKn.__ + 24y Son 022
. S
1P > ‘ —" |
! [———] |00)_AF ‘é | K
|
|
|

2N 2904-

,l/ 2N 3904
{Kn

Power supply - 24volts

\v4 Input impedance ~ 100Ma

‘ Output impedance = 50 n
Voltage gain= 1-100
Risetime 7 100nS

J XIONdddVv

- €M -




—_— 12V

STRAIN GAUGE

PRESSURE TRANSDUCER AMPLIFIER

>
'5'°°:§\/

75 Ka oW~
¢
en T L e oY,
4.::25',.9 12ka _[
SU'G"‘ toolc =
2 ot, V
Gauge o B8
o 350 Py ‘o
MA 728 oFF
. ik [o]
\maishdse'ltfo F o J R 3:Otoo 200 % . Joo o Vg
: Z4ata | wE 2mE F w0
I 3K ing S 2un
) n
oo = 22K
- —"lv S bVH K loﬂ
Cope T U L
==L o/p £ 9p * oFF 0 1 =
= 75k X LYo -
— i v 44 ‘
21 Kk
= S 1suwn
= 1002
O~ 100 A
% | ke o 750

_m'“'_



