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SECTION B SPRING LOAD DIAPHRAGM VALVES

CHAPTER B.I. INTRODUCTION

The pressure release mechanisms discussed in this section
are those in which an obstruction is held in the vent by a spring
or springs. Conventional steam relief valves fall under this
heading but, since they are adequately dealt with in British
Standard specifications 1123: 1950, 759: 1955 and 2591:1956, only
a brief summary of thege specifications will be given.

B.S. 1123: 1950 deals with valves, gauges and other
fittings for air receivers and compressed air installations. Part
2 (a) considers the special requirements of safety valves. The
main points are:

(a) The valve should be of the direct spring loaded
type.

(b) The over pressure should be less than 10% above
set blow off pressure., That is, the valve should permit air to
escape from the air receiver without increasing the pressure
beyond 10% above set blow off pressure when the air compressor is
giving full output.

(¢) The minimum aggregate arca of the orifices (vents)

is given by
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where A = ares in square inches,
Q = full output of compressor in £ free air/min and
P = highest pressure to which the safety valve is to
be set to 1lift in p.s.i. abs.

B.S. 759 : 1955 deals with, amongst other fittings, valves
for application to land boilers. Section 3‘(a) covers the
special requirements of safety valves, Three types of valve
are named: the "ordinary 1ift" valve having a 1ift of D/24
where D is the diameter of the orifice; the "high 1ift" valve
of 1ift D/12: and the "full 1ift" valve im which the 1ift is
such that the area of flow cquals the vent area. The minimum
venting area is specified in terms of the load of the boiler, the
degree of superheat of the steam, the maximum blow off pressure
(sometimes termed 1lift pressure) and the type of valve. Both
the over pressure and the pressure drop through the valve are
defined and ccrtain mechanical details, testing and identification
marks are specified.

B.S. 2591 : 1956, Part 2 is a glossary for safety and
relief valves and their parts with illustrations of five types.
One of these is shown in Fig. B,I.1 to define the terms used
to describe the more important parts.

In this section only full 1ift safety valves are

considered since in these valves maximum discharge is obtained
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for a given vent area. The ordinary 1ift and high 1lift valves
are either dircct-spring or lever-and-spring loaded and as the
valve lifts the reaction from the spring increasses and full
1ift is not possible. Full 1lift valves are mainly proprietary
types and incorporate various devices to increase the thrust
exerted on the valve head by the escaping fluid or to reduce the
spring rcaction as the valve rcaches its maximum 1ift position.
Three methods for increasing the thrust given by S. Elonka
(1954) are the huddling chamber, jet flow and nozzle reaction,
The last of these three is illustrated in Fig. B.I.2. As the
fluid escapes past the vanlve secting it passes through ports in
the valve head. The 1lift increases and the ports are closed by
fixed baffles. The fluid is deflected back towards the vent
increasing the thrust on the valve head, These methods are limited
in application and in the case of rapid pressure rcelcase may reduce
the effectiveness of the spring loaded valve.
There are several devices for reducing the spring reaction.
Two springs can be employed in a mechanism in which a strong spring
holds the valve closed and is released once the valve opens, a
second weoker spring returning the valve head when the pressure
falls. However, link mechanisms designed to give non linear
pressure~displacement loadings on the valve have the widest

applications.
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In section A the force exerted by the fluid was known
and the system of reacting forces had to be determined from
the analysis of the stresses and strains in the diaphragm, In
this section the reacting forces are known since they are
gpecified by the loading system and the thrust exerted on the valve
head must be calculated., The analysis is therefore divided into
three parts: the first dealing with the choice of restraining
gystem; +the second with the thrust of the gas; and the third
with the rate of discharge through these valves., In the
concluding chapter of this section the results of this analysis
are used to compare two types of spring loaded valve and describe
their application to a specific problem,

Finally, to simplify experimental procedure and to allow
comparison with bursting disc valves only gaseous discharges

are consgsidered.
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CHAPTER B.II _ THE RESTRAINING SYSTEM OF FORCES

Two forms of spring loading will be considered and
these will be used in chapter B. IV to analyse the performance of
valves relieving pressure in a vessel. Other forms of loading

can be analysed in the same manner.

on|mn —»

Direct Load

omn

x
7
closed open
Link Load
X —
FIG.B.ILI
Fig, B,II.1

(1) Direct spring load.
The force~displacement relation for a direct spring
loaded valve is shown in Fig., B.II.1. As the valve lifts the

spring reaction on the valve head inercases so that the valve
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remaing open only when the pressure behind the valve is greater
than the blow off pressure, Py.

(iij Indirect link loading.

As an illustration of this type of loading the link
mechanism shown in Fig. B.II.2 has been examined. Four link
arms, cach made from two links, are fastencd at one end to the
valve hecad and at the other to the bridge. The "elbows" of the
link arms are attached to a centre ring by four springs., As the
valve head rises the elbows are displaced away from the central
axis and restrained by the springs, The force on the valve
head depends upon the laverage of the system and the extension of
the springs.

The force-displacement relstion has been determined
graphically for one link system and the effect of changing the
link lengths obtained by direct calculation, The versatility of
this type of loading can be seen in Fig. B.II.3 vhich shows some
of the possible force-displacement relations. The particular
configuration used in the final analysis is that shown in Fig.
B.II.2 : the link lengths are all equal and the distance between
the 1ink arms at the bridge, the length of the spring assembly
and the strongth of the spring are given by

28

i

10 ,

2L 164 and
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ST = 1000 1b., respectively

1]

where S the spring stiffness in 1b.,

N the spring length and the unit of length is that

of one link, |
The blow off pressure has been chosen arbitrarilly

to give a thrust of 120 1b, so that the force-displacement

relation, in future termed the "mechanism-relation", is as

shown in Fig., B.II,2 and has a peak load of 130 1b.



171.

CHLPTER B.III.  THE FORCE EXERTED BY THE DISCHARGING GAS

B.IIT.1 Introduction,

By Newton's Law of Motion the thrust exerted by an
inviscid fluid will be the sum of the pressure drop across the
valve and the rate of change of momentum of the fluid as it
impinges on the valve head. The momentum per unit mass is the
product of the density of the fluid and the velocity vector.

The density and velocity depend upon the state of the gas entering
the valve and the velocity depends, as well, upon the shape of the
valve which is fixed by the shape of the vent and the shape and
position of the valve head,

Hence, any investigation into the forces acting on the
valve head must involve the determination of the effects of valve
head position and shape and the pressure and temperature of the
gas entering the valve. In the case of a viscid fluid skin
drag increases the thrust and the size of the valve would have
to be included as a variable.

The forces acting on a series of obstructions held at
various distances within a vent in a pressure reservoir have been
measured. The force exerted on each obstruction has been related
to its position in the vent and the pressure in the reservoir but

no attempt has been made to cxomine scale effects, The forces
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involved in an actual valve will be more complicated and only a
preliminary esgtimate of valve performance is required from these

simplified models,
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B, IIT,2 Experimental method and equipment

The equipment described in Chopter A.III, dealing with
the measurement of discharge rates through bursting disc valves,
was used. The 1% diameter, " entry radius valve assembly was
adapted to form the vent of the valve. A plate holding an
obstruction representing the valve head wag fixed to the bursting
disc assembly by four pillars. By using a bursting disc in the
assembly the pressure was raised and when the disc burst the pressure
in the reservoir and the thrust on the obstruction were measured
simultaneously. As an additional source of information flash
photographs were talken during the discharge and these were

initiated electronically by the pressure recording equipmente

(i) Obgtructions.

The obstruction represents the valve head in an actual
valve and four bodies of revolution were chosen. A flat plate
having the same diameter, D, as the vent was taken to approximate
most valve heads and a cone of solid angle ﬁ'/2 and base diameter
D was uged for comparison with existing data from experiments
carried out in wind tunnels. The two other obstructions were a
hemisphere of diameter D and a cusped cone formed by the revolution

of a quadrant of a circle of diameter D about a tangent.
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The measured profiles are indicated in Fig. B.III.1l along

with the geomctrical shapes assumed in the theoretical analysis.

£i3) Measurement of pressure in the reservoir.
The pressure was measured with the transducer described
in Chapter A.III. The pressure variation was recorded by a

different method and is desecribed in section (iv) of this Chapter.

(iii) The measurement of thrust on the obstruction.

The requirements of a transducer to measure the thrust

(a) the measurement of forces up to 40 1lb.wt. such
that displacements are sufficiently small not to
affect the position of the obstruction,
(b) the dynamic response to be at least as good as
that of the pressure transducer, i.e., 2,000 c/sec.;
(¢) if possible, a linear pressure output relation;
and
(d) a method for accurately adjusting the position of

the obstruction in the vent.

As discussed earlier, a number of electronic devices are
available for measuring small displacements, An additional method
not mentioned is obtained by using the variation in performance of a

thermionic valve when its constituent elements are moved with
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respect to each other. Thus, the valve characteristics of a
triode can be altered by moving its anode and small movements

can be made to yield considerable changes in its anode resistance.
Recent miniturisation techniques have enabled the manufacture of
a compact highly semsitive valve transducer and such a device has
been used as the basis of an instrument for measuring thrust,

The valve is described in detail in Appendix E and
consisis of an evacuated glags capsule, supporting the cathode,
heater and grid, sealed into a metal cylinder 5 mm. in diameter and
20 mm, long. The anode is attached to a spindle which passes
through a diaphragm sealing one end of the cylinder. Displacement
of this spindle through a small arc of less than half a degree causes a
large change in the valve characteristics and the change in anode
resistance bears a linear relation to the extent of the movement.
Movement greater than one half degrec damages the valve and
provision has to be made to prevent excessive deflection,

Electronically, the valve entails a directly heated
cathode, a grid and an anode; three terminals and the outer casing
provide connections to these elements, The valve requires a
power supply for the heater, a potential between the anode and
the cathode and, depending upon application, a bias voltage on
the grid.

In the present application the change in anode resistance is
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measured in a bridge circuit whose arms are such that the
grid and cathode can be held at the same potential. To ensure
stability, batteries were used to supply the D.C. potential to
the bridge and an accumulator was used to supply the heaters.

When designing a clamp to hold the valve the following
points should be considered: good electrical and thermal
contact with the valve; sufficient heat dissipation to maintain
the valve at a reasonable temperature; and ageing of the valve

before use.

The valve and its assoclated circuit translates
displacement into a voltage output and a diaphragm is used to
relate the thrust on the obstruction to a displacement. The
unit shown in Fig. B.III.2 has been designed to meet these
mechanical requirements. The thrust from the obstruction is
transmitted by a shaft to an arm fixed on the valve spindle and
the resistance to displacement is provided by two diaphragms
attached to the body of the transducer, The valve is held in a
clamp and mounted on the transducer so that the spindle arm
is perpendicular to and just touches the end of the shaft, This
arm 1s flatened at the end and held against the end of the shaft
by a second diaphragm assembly which incorporates a stop to

prevent excessive displacements. The valve clamp also has two
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adjustable stops and these ensure that the valve spindle camnot
be moved through more than the half degree tolerance specified
by the manufacturers.

Since the movement of the shaft is of the order of a
few thousandths of an inch it was emsential to design the
transducer so that the constituent parts could be aligned
correctly. For this reason the body of the instrument was
machined from a single piece of brass and, in turhing the holes
for the diaphragm assemblies, the unit was held in one pogition
in the lathe chuck for all operations. The hole in the head
of the main unit was drilled first and the hole for the other
diaphrogm unit drilled and threaded through the first aperturc.
The other units (diaphragm head, the retaining diaphragm and the
valve clamp) were machined separately and constructed so that
when the complete unit was assembled the two shafts and the
extension arm all met at the same point, The units were then
locked in position by the diaphragm lock nut and the valve
clamp grub screw,

A jig has been constructed to prevent damage to the
valve from heat or excessive movement when the extension arm is
being soldered to the spindle, It also ensures that the arm
is aligned in the axis of the valve, It is shewn in Fig. B.IIL.3

and consists of a replica of the valve clamp and an open cylinder

177 L
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which holds the arm in a boss in one end and has its gides cut
away. The clamp exactly fits the cylinder and by bringing the
valve and arm together in this jig the two can be soldered
together with the minimum distortion,

A number of different arms were tried to keep the
dynamic response as high as possible and the calculations dealing

with the vibrations of such an arm are given in Appendix E.

The transducer is attached to the bursting disc assembly
by a plate mounted on four pillars. It is threaded along its
trunk and screwed into a hole in the centre of the plate so that
the distance between the obstruction and the vent can be altered
by turning the transducer.

(iv) The recording of the pressure in the reservoir and
the thrust on the obstruction and the initiation of
an electronic flash at preset levels in these
parameters.

The outputs from the proximity meter and the resistance
bridge were displayed on the two beams of a double beam
ogseilloscope. The time base was triggered by the signal from
the thrust transducer associated with the sudden application of
load when the disc bursts. Two typical recordings are shown in

Fig. B.IiI./ and the two traces can be distinguished as a narrowing
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band for pressure and a single line for thrust.

To initiate an electronic flash from these measurements
a photocell is fitted in the hood which holds the recording
camera to the osecilloscope. A thin vertical bar is held between
the oscilloscope face and the photocell and when the recording spot
passes behind the bar the photocell produces a voltage signal which
is amplified and used to operate the flash., By fixing the bar at
a particular point in the recording, the flash can be initiated
at a fixed time after the disc burst and hence at a fixed pressure
or thrust, The pressure at which the flash occurs is recorded by
the oscilloscope camera as the pressure at the leading edge of
the bar obstructing the photographic imnge, This is clearly shown

in Pig. B.IIIL.4(2).
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B, ITI.3 Experimental Procedure

The pressure and thrust transducers were not calibrated
for each experiment as in Chapter A.III. but before and after
each series. Pressure recordings at set levels were made as
described in Chapter A,III. and, since they gave identical
results at the beginning and the end, they were used to
calculate the results in this group.

A similar procedure was adopted for the thrust measurements.
The calibration was carried out by placing the appropriate weights
on the transducer and photographing the beam position on the
oscilloscope, As can be seen from Fig. B.III.4(c) the output
is proportional to the thrust,

The bursting disc assembly with a disc of known strength
wag attached to the reservoir and the thrust transducer attached to
the assembly plate., The pressure in the reservoir was increased
slowly and, just before the bursting pressure was reached, the
recording camera shutter was opened, As soon as the discharge
was completed the time axis was calibrated by recording the
zero line, intensity modulated at a known frequency. The camera
shutter was closed and the next experiment commenced by dismantling
the valve assembly, replacing the bursting disc and changing one
of the parameters such as the bursting pressure, the pogition of

the obstruction or the time of initiation of the flash.



To minimise the effect of microphonics on the instruments
the pressure reservoir was isolated in a separate darkroom and
all controls were duplicated. The air supply was connected to
the reservoir by a solenoid valve and the beam could be switched
off electronically instead of using the camera shutter. Hence,
the whole operating sequence could be carried out in the darkroom
or from the instruments,

35 mm, H.P.S. film developed in Kodak special
developer D.8 was used to record the traces and Process plates
cut to fit behind the thrust transducer were used in making the

flash shadowgraphs,

181



Ib.

THRUST.

| ‘ |

! 1

FIG.BIIL.S

RESERVQOIR PRESSURE

B

against
THRUST
tor one position of obstruction.
Series F.F.1/4

] !

1 I J

20 40 50

60

RESERVOIR PRESSURE psig



182.

B.I11.4 Regults

(1) Flat plate.

The experiments are tabulated in Taoble B.IIL 1 and it
can be seen that they covered a large range of displacements for
several burgting pressures and include a group carried out under
similar initial conditions., The results from this group
indicate good reproducibility and arc shown in Fig, B.III.5. as a
relation between reservoir pressure and thrust.

Hence, for each displacement of the plate a single
curve is obtained and the rclation between the two parameters
is linear above the critical pressurc., Below the critical pressure
the reservoir pressure falls more rapidly than the thrust but,
since the present investigation is into valves operating under
choked conditions, only the supersonic portion of the curve will
be congidered.

lds shown in the discussion, the thrust on the obstruction
is directly proportional to the pressure in the reservoir if
both these terms are in absolute pressure units., Hence by

plotting

( Thrust + 1 )
Vent area

againgt (Reservoir gaouge pressure + 1), as showm in Fig.

B,ITL.6, a straight line through the origin is obtained. The



RUN NO. Displace- l?“urst»-
psi.g

% 4e3 0+019 32.9

1 5¢4 0-038 428
13 75 0+ 067 387
2 8«6 0. 077 395
2% 9+7 0° 096 40°3
3 10+ 8 0'115 336
1 11+9 00135 36+7
FIT 4 1210 0+ 154 396
4 13-11 0+173 3545

x 15412 00212 39+6

6 16°13 0-231 37+3
7 18+ 15 0* 269 380
T 19-16 0-288 37-2

8 20. 17 0.308 393
g% 21-18 0+ 327 36°5
9 2219 0- 346 40- 4

Table B.II1.1.(a) Flat plate.




RUN NO. ]?tmst—
ing
Series x! Film x Pressure
Turns No. ins. pei.g.
3 6 ¢ 106 -
4 7 o144, 78+ 0
F.P.I 5 8 «183 821
6 9 221 793
7 10 » 260 91-8
2 28 «C77 453
F.P.II.| 4 ) <15/ 52¢9
6 30 «231 54* 5
7 31 * 269 49°6
7, T, 15 108 577 40
F.T.2, L3 43 +183 408
ﬁ A1 0°217 42
e A2 *172 48
1 A3 +122 48
T WA 2059 50
n 4,20 «302 58
a
i‘:
y

Table B.III.1l.(b) Flat plate




Shadowgraphs

h
RUN WO, Displ- Burst- Shadovgreph @ i ation
- acement ing
Series | x! Film % Pressure Plate | Press | P/Pb
Turns No, ins. psi.g. no
24 | 3 0154 4 go.6 Ted | 56e2 | 4941
54 | 4 nX 5306 I.5 | 447 | 871
T4 5 " 56.7 1.6 424, - 801
104 6 " 5546 1.7 302 | 639
F.F.I. | 124 7 " 56¢6 1.8 3002 | 629
154 8 n 36+5
17+, 9 " LboT 1.9 19-8 | <582
20-4 | 10 " 597 I.10 | 174 | <431
254 | 12 " 31-3 :
2.8 | 13 . 308 Lhpe 2 I11.1 | 39.6 858
3%6 | 1 +231 486 IT.2 | 429 | <910
54, | 15 <154 50:6 I3 | 404 | <84
F,F,II.| 102 16 - 077 548 IL.4 31.3 +663
123.8 | 18 - 308 543 IT.6 | 22:3 | 536
Vg7 | 19 - 269 4602 IL.7 | 179 | <536
165,6 | 20 -231 53-7 I1.8 | 18:1 | <479
25.4 | 21 15/ 515 II.9 | 17-1 | -503
5002 | 22 « 077 5345 I1.10| 145 | +428
Table B.III.1{(c). Flat Plate




! 1'7 D' i: .-""‘ --;
ispla~ Dicpla~
! cement. | cement;
' Series x' Turns |Film No. b x! Turns | Film No. ,
" Cone. 5 29 055 | 9 51 091,
. C.I. 2 30 072 1 B 32 L1111
! 2 23 .2595 3 28 .259 |
i fi 24__ ‘ Ai | i 29 i
. Come " o5 | WL 30 "
| F.C.I.L m 26 oo 4w 51 "
‘ , 1l | o7 it '. i 39 L
, | ﬁ
; 17% 3 674 - 17% 8 B74
' p.GoTrr, 10% 4 404 ¢ 18f 9 J590
I A T 029 10% 10 .404 ¢
| ..;: I L_ . VO U . H OO RUUNN RN S
! 1 '
: % 5 .019 4 12 154
 Cu.Cone.s 1 : 6 1 .038 5 14 192
. Cu.l. § o 8 BN /A - 16 2251
| 8 10 . .15 7 18 . 268
| - T A R 4 18 178!
; Y] L 14 , 1 i 20 o
i Cu.Cone.f 15 : i n i 21 it
: F.Cu.I. [ 16 ! 0 0 | 29 T
i “ ] E 17 : i | |
! : l ! ]
| Cu.Cone. 13 | 25 .00 i 13 .28 500
 F.Cu Il 63 | 24 . .260 8 | 29 | .20
: ? 1 ;
N __.;u;,__,--_.-, = B— S ST I N
: * § 5 ; 9 | .192 [ 8 i 15 I508
f Hemisphere 5 | 41 | 1339 o | 17 1546
O RLop e 13 269 10 | 19 .74
| 1 2 w443 | 1y L8 45
| emls%here " .3 i ; " | g .
g F.H E : % f it i 10 no
f H's herd 20 ¢ 18 | .769 158 1 17 606;
L- SR, L A E P S S WJ

TABLE B.III.Z
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slope,K, of this line has been measured for each position of
the obstruction and is plotted in Fig. B.III.7 against the
distance, x, between the plate and the vent. Since the thrust
has been calculated in pressure units, as the thrust divided by
the vent area, the reservoir pressure equals the thrust when the
valve 1s closed and K is a measure of the momentum change the
fluid undergoes in passing through the valve.

In this way, the thrust on the obstruction can be
related to the pressure in the reservoir by a single curve.
However, a more ugeful relation is that between the thrust on
the obstruction and 1ts distance from the vent for a given pressure
in the reservoir., In Fig, B.IV.5 in Chapter B,IV a serieg of
curves has been constructed on_the basis of the approximate
relation shown in Fig., B.IIL.7, Each curve corresponds to a
partlcular reservoir pressure as measured by the appropriate pressure
ratio: from unity at the bursting pressure to a value representing
the transition from supersonic to subsonic flow.

Flash shadowgraphs for a number of displacements of the
obstruction and at different intervals after the disc has burst
are shown in PlatesVII and VIII. Measurements from these
photographs cannot be used quantitatively since there are density
gradients perpendicular to the photographic plate and the image

is distorted
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(ii) Cone, hemisphere and cusped cone.

The experiments are listed in Table B, III.2. It can
be seen that variation in bursting pressure has not been
considercd and in determining the pressure-thrust relations
shown in Fig., B.III.8 it has been assumed that the correlation
used for the flat plate is applicable. Flash photographs have
been taken for each obstruction and samples are shown in Plate
IX,

In certain positions the conical and hemispherical
obstructions were found to vibrate in the vent and in these
experiments the discharge was accompanied by a high pitched
whistle. These vibrations appear on the recordings as shown in
Fig. B.III.4 (b) and they were found to occur under particular
conditions of pressure for each of the positions. It is suggested
that the thrust transducer was such that, at its resonant
frequency, the wave length of the sound waves under these
conditions oqual or are an exact fraction of the gap between
the vent walls and the obstruction., Hence, the frequency of
these oscillations and the size of the gap should be a measure

of the state of the gas passing through the valve,

(iii) The accuracy of the results.
Fig. B.IIL.5 indicates the reproducibility of the

results and where more than a single experiment has been carried
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out for a single displacement the accuracy of K depends upon
the measurcment of pressure and thrust. The pressure recordings
carried out in Chapter A.III were accurate to 0.1% but here
direct calibration was not used and the records were measured
to the nearest 3 n.s.i.g. The thrust recordings were read
to the nearest tenth of a pound so that the slope of the
pressure~thrust curve could be measured to # 1%, In Fig. B.IIL.7

the accuracy of each point is given by the size of the symbol.
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B, III. * Discussion,

(1) Flat plate,

It can be seen from the shadowgraphs in Plate VIII
that there are two phases in the phenomenon When the plate
is close to the vent, as in (a), a jet is formed at the
cylindrical slit made by the edge of the plate and the edge
of the vent, When the spacing is greater that 02 vent
diameters, as shown in (b), the jet is formed in the vent
itself and is deflected by the plate so that the area of
discharge is no longer that of the slit. At these displacements
the formation of a normal shock wave becomes apparent and when
the spacing is 00308 vent diameters, as in (c), a strong
shock wave extending across the jet can be seen. This wave is
termed a Riemann wave and represents a discontinuity in the flow
parameter and o reduction in gas velocity from supersonic to
gubsonic conditions. The thrust on the plate will depend upon
the type of flow taking place and the transition is marked by a
change in the thrust-displacement curve shown in Fig. B.III.7.

The first phase can be analysed theoretically Ly assuming that
the plate acts as one wall of a converging diverging 'nozzle! and
the flow through the wolve ig such that all stream lines are

orthogonal to the conical surfaces BA,, EA, , BAy s.e...BA,

as showm in Fig, B.III.9,
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PLATE
v

Stream lines+—

-

_-_:[__T —

el

FIG.B.IILS.

Fig, B.III1.9.

If the pressure, temperature, density and gas velocity
in the reservoir, at one of these surfaces and at the minimum
flow area BA are Pg, T, ?O’ uy; P, T, e, u; and P, T4, F;, uy
respectively the equations of motion for each cross sectional

area can be written:

u, = 03

: 5 -1

_ 2 ) ( /P \"5
u = u”~ + 20 ., p 1-.15’..)3 ;
T )2 |

. . =1

5 -1

and u o= o +g_7;5_I . _I_’_g<l _(&\6 ;
g §°8 ol )

(equations B.III.1)
Therefore, the pressure P at a given section will depend upon the

velocity, u, of the gas ¥

' : o gt B.IIL.2.
1.2, Fl g__ = 1 — po - 6 "‘1 - u2(
o Fo- 2 g
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The velocity will depend upon the gas dengity and the cross-sectional
area, A, according to:

Mass flow = A, e, u
where the mass flow will be determined by the minimum flow area,

A . The mass flow has been given in Chapter A.III as

LS}

T
Mess flow = A 5 (%9 . B (@o

so that
2 O
o= Mags flow o
A
] 2 2
s @ u = 6'Po' Po. B \P
2 2
< 9 N
+]
where B .-..-( 2 \2(F ) 3 ‘ B.III.3.
) an

U=

+b! 'b

» |
Substituting B,III.3 in B.IIL,2 and putting e = /B Ys for
\

(’o

isentrop:j_c flow

) . 2
('11;"> b= - ---Xz'l . B, (&6. B, Ti 1.4
N o B d\z 3 i P

Therefore, when Y= 104, 32 = 0°3353 and

ajo‘ = < 0;0671 : ) B.IIL.5
/2 . 002
pr 4 (I-p ° )
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Hence, the pressure exerted at any point on the flat plate can

be related to the flow area associated with that point as shown

in Fig, B.III.10.,

To complete the solution, it is necessary to compute

the flow areas fcrmed by the frustrums of the cones between

the rim of the vent and a circle on the flat plate of radius

r. This area is given by

A

and y

.« o 4

where Tk

2Tx R

X

—
=

I

[

2T (R+r) .5
2

,sz-f- (R-r)2

+ + .'..2
2ﬂ(R2r).Jx2 (R - 1)

2 X

rofd
-

and

M

area of cylindrical aperture
between plate and vent.

s [ ()

Re
/

j

B.I1I.6

Since the variation of A with ﬂ\_is required in the calculation,

the minimum flow area has not been determined analytically but

graphically from the plot of A against T(. (not shown). The

minimum flow area as a function of x is shown in Fig, B.IV,1

in Chapter Bo Iv.
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The pressure at any section is obtained from equation
B.III.5 and it is assumed that this is the pressure on the plate
at a point at a radial distance r from the centre. The pressure
distributions across the plate for a number of values of X are
glven in Fig, B,III.1l, For each value of x the pressure can
be integrated over the area of the plate and the total thrust

caleulated from

R
F = 21 P.r. dr
o 1
or FA‘TRQ’) = 2 p. "TL. d‘r(’ B- III- 7
PO
o

The right hand side of equation B.III,7 is a definite integral
and a constant for a given displacement so taa% the thrust is
directly proportional to the reservoir pressure Poe It should
be noted that P, is the absolute pressure and that F is the
thrust on one side of the plate only and the atmospheric pressure
must be subtracted from it before the true thrust is obtained.

If the gauge pressure is Po and the true thrust Fg equation

g
B.IIX.7 can be rewritten

F
.__gz + 1
TR - X
P + 1
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where KX 2 p.TL.d'W

i

the slope of the curve obtained
from Fig. B.III.6,

Therefore, by rearranging,

o= KBy, - (1-X) B.III.8
where A, = TR® = maximum vent area,
Fg is in atmospheres insz.,
POg is in atmospheres and

R is in inches.

B.ITI.8 is the equation to a straigpt line having a slope K and
an intercept on the Pog axis of (1 - K).

The relation between K and x calculated in this manner
is compared with the experimental results in Fig, B.III.7. Within
the range O ‘< X '< 0e5, reasonable agreement is obtained
although the theory predicts lower values of K, This is due to
the assumption that the pressure is constant across each section.
The pressure is probably greater ncar the plate since the momentum
of the gas will cause a concentration of stresm lines at the plate
surface,

When the displacement is greater than 0¢2 vent diameters
the flow mechanism changes and the jet is formed in the vent

giving rise to the Riemann wave, Under these conditions the
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pressure on the plate is a function of both the pressure just ahead
of the Riemann wave and the pressure in the reservoir, If the

pressure just ahead of the wave is P1 the pressure on the plate is

L i
, T -1 T
()"
= = - 1 B,IIL.9
Pq . . . 1 * ‘
Po| 4l - 1 g
P - -1
1] (¥-1) (E}T—l
Py

Hartmamm and Lazarus (1941) have meagured the static
pressures in gas jets and a typlcal pressure-distance relation
is shovm in Fig. B.IIL.12, The increase in presgsure at the
Riemann wave is agsociated with the decrease in velocity across
the shock wave, When the shock wave is present this pressure
change is discontinuous but even when conditions are such that
there is no sghock an increase in pressure is found to occur at
a similar point in the jet.

Hence, as the obstruction moves away from the vent
the pressure should increase fairly rapidly at a certain value of
¥, as shown in Fig. B.IIL.7. This value of x cannot be related
to the results obtained by Hartmam and Lazarus since the flat
plate itself effects the flow conditions in the jet.
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(i) Other obstructions.

The results for the other obstructions are shown in
Fig. B.III.8 and are similar in form to those for the flat
plate, However, the values of x at which the transition
occurs ars much groater since the displacement required before
the obstiuction iz clear of the vent is at least one half vent
diameter. The foimation of the Riemann wave is shown in Plates
IX (a), (@) and (g) but they cannot be related to any value of
K since controlled experiments were not carried out at these large
displacements,

The normal shock waves shown in (a), (d) and (g) are
similar to those found in wind tumnel experiments and in the case
of tho sharp ended obgtructions these waves are attached whereas
they are formed ahead of the blunt obstructions (compare Plate
VIII (c)). The weak shock waves formed on the cone are due to
small irregularities of the surface and the angle they make to
the direction of flow is a measure of the velocity of the gas, The
shock wave at the edges of the twc conical obstructions and part
way along the hemisphere are caused by a sudden change in
direction of the boundary. If the obstructions were in a wind
tunnel the angle these waves make with the axis of the obstruction
could be calculated. However the gas is exwanding in the vent
into an ifinite atmosphere and the problem requires the analysis

of the flow from the vent,
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CHAPTER B.IV. DISCHARGE RATES PAST THE OBSTRUCTIONS AND THE
CAT.CULATION OF VAIVE PERFORMANGCE

B.IV,1 Caleulation of discharge coefficients.

Theoretically, the discharge rate through a valve is
knowm if the minimum eross-sectional area can be determined.
The equations involwring the state of the gas entering the valve,
the discharge area wnd the mass flow through the valve are given
in Chapter A.ITT., However, the true discharge rate is a fumetion
of 'Ehe shape of the gas passage and a discharge coefficient must
be ineluded to account for the three-dimensional effects and the

presence of a boundary layer. The mass flow rate is

L
¥-1
G = Cd.A. Fo ijg (2 B.IV.1
e
where A = minimum flow area,

G = mass flow rate,

Po = density of the gas in the reservoir,

Po = the pressure of the gas in the reservoir and

Cd = the discharge coefficient.
The minimum flow area is computed from the geometry of
the valve, The minimum areas for the flat plate have been
calculated in the previous chapter and those for the cone, hemisphere

and cusped cone are obtained in a similar manner and shown in
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Fig. Bn IV. ll

For instance in the case of the cone shown in Fig., B.IV,2 the
ares of the section 4B is

[¢————2R

o

FIG.B.Iv.2.

Area frustrum AB = X _ | » -_X
area of vent cos ¥ 1+ tan§ @ + tan §)°

where X = x
R

which is a minimum when
tan§ = X # J16-7f-8x

X + 4

These two equations give the minimum cross~sectional aren for
any value of X,
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The mass flow rate from a pressure reservoir is given

by equation A,III.2 on Page 127 as
=4

. ‘:‘
k(1-0% ~fc . p

Dead

dp
at

de K\k(l-'-g): ;75;1.G. P] 8 .
at P

N

<
o

Hence, by measuring the change in pressure and by esgtablishing
the value of k, all the terms in equation B.IV.1l cxcept Cd
can be determined,

This process has been anplied to the pressure recordings
obtained expcrimentally in Chapter B.III.

The corrected discharge area, Cd.A, is calculated as
described in Chapter A.III, on page 147 from the differential

form of the discharge equation.

i,e., CdA = E,\Lg_l___; dmeyl &
o) 62 dp D EE
where V = the volume of the pressure reservoir,
a, = the speed of sound in the gas in the
reservoir at time t = 0,
© = the tempezatuie of the gas at

the temperature of the gas at
t=0
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p = pressure of gasat t =t

pressure of gas at t = 0
K + 1

5 - <___2____7m
B+ 1

In this way, the corrected discharge area has been
computed (as a fraction of the unobstructed vent area) for a
geries of displacements of each obstruction and related to the
distance between the obgtruction and the vent by the curves
shown in Figs. B.IV. 3 and 4. The difference between one of
these curves and the corresponding minimum area curve is a
measure of a discharge coefficient which varies with the
displacement. These coefficients have not been calculated since
it is the actual discharge rates which are required in the

assessment of valve performance.
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B.IV,2 Discussion

(i) Discharge rates past the flat plate.

These results are used later in this Chapter to determine
the performance of the valve, However, some comment on the
mechanism of discharge is required here,

The difference between the minimum area curve and the
corrected area curve, a measure of the efficiency of the valve,
ig almost entirely due to the change in direction forced on
the gas by the shape of the valve. This effect is similar to
that for the sharp edged orifice and the deviation from
maximum flow will depend upon the abruptness of the change in
direction

The discharge of gas past the flat plate occurs in two
phases, In the first phase, when the distance between the plate
and the vent ig small, the momentum of the gas impinging on the
plate is negligible, The gas discharges through the cylindrical
space as if through an orifice of equivalent areé. This process
continues until the displacement of the plate is about 0+2 D
when the area between the plate and the vent tends towards
the maximum area. The Riemann wave forms across the jet and
the discharge rate remains nearly constant as the plate is moved

away from the vent. Finally, the discharge rate equals that
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of an unobstructed vent when the displacement is about 0°/4 diameters.
This change in flow mechanism has already been noted in Chapter
B.III. and the discharge characteristic confirms that a
transition occurs when the plate is a distance of 02 diameters
from the vent. It is not clear whether the change is sudden
or gradual and a more detailed investigation at the transition
point is required,

(ii) Comparison between the direct and link

loaded flat plate wvalves.,

(a) The force displacement relation for direct and
link loaded systems has been considered in Chapter B.II and
the 'mechanism relations! for two such gystems are shown in -
Fig. B.IV.5. Both have the same blow off load, Fgo, and are

represented by

Fg = n (%) + FgO
B.IV‘2
and Fg = function (%)

respectively,

(b) The thrust exerted by the discharging gas is a
linear function of the pressure in the reservoir and has been

obtained experimentally in Chapter B.III as

Ll
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where P, is the gauge pressure in atmospheres and K is a

g
constant for a given displacement x. If the straight line

K =1 - £
D

b4

shown in Fig. B,II1.7, is taken to represent the experimentally
determined curve, equation B.IV.3 can be rewritten

- Py () + (P ; 1) B.IV..
Ay D o
where P, is the absolute pressure in atmospheres.
This is the equation of a series of lines on the force~displacement
diagram of gradient =~ Pyl and intercept (Pg - 1) Ay .

If ‘these lines are plotted in Fig, B.IV.5 each line
represents all the pogsible positions the valve head can take
up for a given vegsel pressure. For a particular system of
restraining forces this pogition is further limited by the
mechanism relation! and the equilibrium position of the valve head

will be given by the intersection of the two curves.

(¢) The pressure in the reservoir is a function of its
capacity, the discharge rate through the valve and the blow off
pressure, P .. Using equation A.III.1 for adiabatic expansion

3l 1
~Lo-YB,can.rp . P ?

— . ¢ 2. 00 * aJC)O 4 (-—o.- B.IV-

dyg v Poo) g

in the vessel, the rate of pressure fall is



201.

where P ig the presswre at t = O,
00
8op 18 the velocity of sound in the gas in the

resgervoir at,t = 0,
+1

208 =1
B = 2
¥+ 1 »
== the volume of the vessel and

v
CdA = the corrected discharge area and a function
of the displacement, x.

This function has been obtained experimentally, earlier

in this Chapter and can be approximated by

dad = ls £
Q—“Av 2 (D) B.IV.6
vhere &, = unobstructed area,

Substituting this in equation B.IV.5,
T~ 1

2
dPO = M(P ) X
d_b (8] . (-ﬁ) , B. Iv. 7

D1

where M = 2Q5. H.B. Ly 8000 L —2—8—
Py
(@) The valve performance is obtained by the
simultarncous solution of the equaticons B.IV. 2, 4 and 7. For
the direct loaded valve, which has an explicit 'mechanism relationt,

a differential eguation ig obtained which can be solved

graphically 6
’ 301
-~ =y |Po = (+Fg )l o TR
I _ Ly |* To B.IV.8
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wvhere: m and Fgo are fixed by the strength of the spring
loading; and M depends upon the vessel and valve sizes and
the initial conditions at the blow off pressure.

If m = 1360 ats.in®

’

Fgo 816 ats.in® and
AV = 4.0 J-_n2
equation B,IV.8 becomes
~-Po = n (Po - 3504’) p L U3
d‘b P, + 340

U

whence

PO
Mt = -/ (Py -+ 3 40) APy
/ (Py = 3+04) p 12143
P o

00

The solution of this equation gives the variation of
reservoir pressure with time as shown in Fig. B.IV.6 and by
combining equations B, IV.2 and B.IV,3

= P, = 304
Py + 3¢4

Ol

determines the valve head displecement, shown as a function

of time in Fig. B.IV,7. It should be noted that as the pressure

tends towards the blow off pressure the valve closes and theoretically

it would require an infinite time before the valve closed completely.
For the link load valve a graphical 'mechanism relation!

has to be used and the differential equation solved by the finite
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difference method, Equation B.IV.7 can be written

M, ot S _
. = =T
() 20, (@

and)if sufficiently small intervals of pressure are used in

a step by step solution of this equation with equations B.IV 2
and 4)a golution can be obtained graphically. However, in
most cases this solution is not required and an examination of
the mechanism relation and equation B,1IV.4 drawn on the same
diagram of F, against (-]-)}9) will determine the function of the
valve. Consider the two valve mechanisms shown in Fig. B.IV.5
each with the same blow off load and the same maximum load but
differing in the rate of fall in load beyond the maximum,

In the firgt, the slope of the 'tail! of the mechanism
relation is less than the slope of the thrust relation given by
equation B,IV.4. . As the pressure in the vessel falls the valve
slowly closes according to the magnitude of the gradient. Hence,
the valve ig discharging at less than full 1lift for a considerable
time,

If the slope of the 'tail! is greater than that of the
thrust relation the velve will remain at maximum 1ift until the
pressure in the vesgel falls to such a level that the thrust line

intersects the mechanism curve at the maximum 1ift position and
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the valve then closes instontaneously. Thus, the walve will
remain fully open until the pressure is lesg than the blow
off pressure.

In both these cases the solution has been obtained
grophically and the pressure-time and valve-lift-time relations
are plotted in Figs, B,IV. 6 and 7 respectively. Fgo and Av
have the same values (of 8°16 ots.in? and 4°0 in®) as the
direct loaded valve and it is assumed that the maximum 2ift
ig 0233 D. This is not the full 1ift position for the valve
but mnkes possible a comvarigon with the direct loaded valve
which, for m = 1360 and o pressure of 5 ats.g. in the vessel,
can only rise thig far,

Thege results clearly show that the second type of valve
ig the most efficient, It remains fully open throughout the
discherge and closes ingtantaneously once the pressure is well
below the blow off vnlue, Hence, the design requirements for
o link loaded mechunism are that the slope of the mechanism
relation must be negative towords full 1ift and the magnitude of
this slope must be greater than that of the thrust-distance line
for the particular shape of valve hend,

(e) Dynamic loading.

When the valve operates under dynamic conditions the

inertia of the valve hag to be taken into consideration. The
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equation of motion is that described in the introduction:

g (B 1.00%) - R(E) = S (9%, g
\atz/

where

g (p,T). £(X.) is the force exerted by the fluid
1 on the valve head,

R(Xi) is the restraining force exerted by
the loading system and

(d’zxi> is the acceleration of the  j,th element
5‘;2" of mass vy

J

all these values being determined in the i,th direction, at

a value configuration determined by Xj and at the time %,

The equations derived in Chapter B,IV can be used to
solve thesc equations of motion and, since the motion of the
valve is along the axis of the valve, a single equation is
obtained in which:

#(P,T) is represented by the first half of equation B.IV.4
which relates the thrust to the conditions behind the valve for
a given displacement of the valve head and

£(X;) is represented by the second half which relates
the thrust to the displacement so that

#(p, 1) £ (X5) = ~Pp &y & + (p, -1) &y
is the thrust exerted by the expanding air,

The term R(Xj) is represented by the mechanism relation
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and for most loading systems can be written

R(X;) = m (%:) * Fgo

where m is the slope of the line and is positive for the

direct loaded valve, negative for the link loaded valve and

zero for the compressed air valve (with the additional stipulation,
in the third case, that Fy, has some value determining the

closing load and less than the blow off load.)

The ‘bermZ( can be simplified by assuming
dt2

that most of the moving mass resides in the wvalve head and
spindle and the inertin terms corresponding to the links, springs
and other moving parts can be included as an increased mass at

the valve head.

© ) (42
‘%—(Lﬁ) .wj=(w » by X

9t 92
where W = mass of valve head and spindle
and Aw = the correction for other moving parts.

Hence, the equation of motion igs:

Po by (%) + (Pp ~1) 4, -m(%) ~ Fgo

= (v + Aw) 3—?{—

Rearranging and substituting the following dimensionless terms

for displacement and time, a second order linear differential
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equation is obtained
R .
A+ (B7) 4+ _a ).x=_I_’2_-1
4 Po  Fooly

where X = ’

- [ Pooty
7o [

A solution of the equation requires the knowledge of the

=l

pressure function P, (77) and this will have to be specified
arbitrorily., By agsuming a gtep pressure function the maximum
response time can be ascertained and compared with that for a
bursting dise. It is also necessory to asgume that the pressure
is mointained at a constant level during the venting of the gas.
ive. Po(7) Py, at 7= 0
P0(7“) = nP,, at 7,} 0

s i_,.z +- (n o+ ——@-—4- X -1
a7 P od[‘v) .

vhich has the solution

X=§2[1~cosBr]
where A = n~1 and
B = n+ m

Poor by
for the boundary conditions
X = 0 at 7= 0



Approx. time to

max. discharge:

i i | iii | bd ,
30 | 27 | 22 | O1 |msec.| . // //
/ r.
i I 4 ,//
. / // 4/
‘ —_—— valve fully open
‘ ]
Disc bursts / é l
/ Ve // ! FIG.B.IV.8. ‘
,/ // /A DYNAMIC CHARACTERISTICS
= of SPRING LOADED VALVES.

N
\

F

X = x/D X=
/%/ } for valves ]b ing di
[ P Ay . ursting discs
/.// T, aw:Awi't 1 r"‘/.A.E.R ¢ T

w/D

o

12 "4

16 —T —»



208,

= 0 at 7= 0
That is, initially the valve is stationary and closed.
A mumerical solution has been obtained for the valves
described below and the result is shown in Fig. B,IV.8.
(i) & direct-spring~loaded valve with a dimensionless

mechanigm slope and loaded to itwice the blow off pressure. .

Mm_ = 1°0 ond n=2 sothat A = 1, B = 3,
Po
(ii) A link-loaded valve
I = =10, n = 2 sothat A = 1, B = 1,
P Iy
(ii1) A compressed-air-loaded valve
fI_':I’LI;:O,n=2,F'gc,=~-§-soi',ha'l‘.ﬁ::32_,B=2.

A comparison is made with the equivalent bursting dise
and absolute values have been calculated for valves having a blow
off pressure (bursting pressure for the disec) of 85 p.s.i.g; a
diometer of 4" and a reasonable thickness of valws head of 2"

These calculations talke no account of the reduced thrust
caused by the rapid movement of the valve head and an analysis
similar to that carried out by Goldsworthy (1953) would be required.
However, the small differences obtained taking this into account

do not warrant the lengthy procedure and ean usunlly be neglected,
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CHAPTER B.V, CONCLUSIONS

The conventional spring loaded valve suffers from two
main disadvantages:

(a) Loading requirements necessary for good valve
seating are detrementol to rapid relief, That is, the springs
have to be extremely strong and large pressures in excess of
the operating pressures must be applied before the valve opens
aeppreciable, This means thot the valve only operates efficiently
well above the blow off pregsure.

(b) The valves suffer from what is known as chatter, The
valve opens and dischargesvjust sufficient of the vesgel contents
to allow the valve to close and this is followed by an increase
in pressure necegsitating the reopening of the valve,

The first of these features con be discussed with reference
to the wvalve operation diagram in Fig, B.IV.5. 1In order to produce
good geating properties the slope of the mechanism relation has
to be large and in order to obtain a large displacement
intersection (large discharge area) a thrust~displacement-line
agsociated with a high vessel pressure must be chogen, For example,
an excess vessel pressure of 30% is required to open the direct |
loaded valve, whose mechanism relation is shown in Fig, B.IV.S5,

to an extent of x = 0°2,
D

It can be seen from this that an obvious improvement

is available, £ wvalve can be made which has a mechanism relatbn
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with a negntive slope when the valve is open but has the required
applied-force~displacement for good seating when the wnlve is
closed., Then the pressure for maximum 1ift need be only slightly
in excess, or even less than, the blow off pressure. Thus
valve A (Pig.B.IV.5) requires only 4% excess pressure for full
1ift. Further, if the valve hag a mechanism relation having a
slope greater than that of the thrust-displacement lines (as
shown for valwve B), it will remain open at a pressure congiderably
lower than the blow oif pressure and yet maintain good seating.

This type of valve algo overcomes the problem of chatter.
The pressure in the vessel falls consgiderably below the blow off
level before the valve closes so that the pressure will take some
time to rise before the valve is required to open again.

An improvement on this last valve is obtained when the
nechanism relation is digcontinuous, When the valve is closed
the applied force must equal the blow off load but zs goon as the
head hns lifted some small distance the applied force falls immediately
to a level just sufficient to close the velve when discharge ceases
(as shown in Fig. B,IV.5). ©Such a valve is described by Lamb
(1959 and is actunted by compressed air, When the valve is
closed the compressed alr acts on a large area but the nction of
the valve opening diverts the air so that the pressure is applied
to a smaller aren. (The valve also incorporates flame quenching

devices bult those are not relevent in the present context).
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The valve operation diagram has been obtained from the
experimental investigation into the thrust exerted on, cnd the
discharge rate pcst, obstructions in a vent., The relations ‘
have been simplified by using linear plots whereas the thrust—
displacement~curves would not in practice be straight lines,
This does not invalidnte the qualitative results discussed above
but will effect the caleculcted performance and the true curves
should be used. This le~ds to the interesting point introduced

by the sudden changs in thrust at a displacement of about x = 0.2,
D

This inerease in pressure, as the valve opens in this range,
appears to represent the condition when the valve head Wjumps"
the Riemann wave but, since neither its mognitude nor its exact

function are known, no predictions can be made,

Quantitotive assessment of valve performance is limited
to the flat plate and can be divided into three parts.

(2) The most efficient valve is obtained if the mechanism
relotion has a slope greater than that of the thrust-displaceme:t lines.

ir.
EEE? > - Py

ioeo’ had
where Fg is the thrust on the plate,
x is the displocement,

D is the diameter of the vent,

P, 1is the operation pressure and

Ay 1is the aren of the vent.

Under these conditions the valve will fully open once the blow



off pressure, P,, has been exceeded and then will close when
the pressure falls below the volve closing pressure.

(b) The operation of the valve under equilibrium
conditions (c.f. page 43) can be determined from the following
equations:

F, = function (%), B.IV.2.

g
the mechanism relation:

Tg = K.Pog = (1=K

I, B.IV.4
vhere K = function (%)

and is determined experimentally and given in Fig. B,III.7 and

g: and ‘6 2"1
-4dP. _ P '
9% =0B gdA. Py .2 ( o)
at v co -——-—Poo B.IV.5

where Cd A = function (%)
and obtained exverimentally (given in Figs. B,IV.3 and 4)
T, = TForce on the obgtruction as produced by the loading, .

= the displaccment,

Pog = EOuge pressure in the vessel,
P, = aobsolute pressure in the vesgel,
Pog = absolute pressure in the vessel when the valve first open
%o = the speed of sound in the vessel vhen the valve opens,
_ + 1
, T+ 1
0 = the ratio of specific heats,

D = the diameter of the vnlve,



2124,

A, = the area of the vent and
V = the volume of thc vegsel,

The simultaneous solution of these three equations by
analytical or grophiccl methods determines the valve performance.
In the cose considered under (z) in which the valve opens
instantaneously to its full 1ift position, equations B,IV.2
and B,IV.4 are redundent and equation B.IV.5 with Cd L o constant
at its moxdmum value determines the pressure in the vegsel,

(c¢) The operation of the valve under dynamic conditions.

Fig. B.IV.8 shows the performance of the three types
of valve and it can be seen thot the response time improves, but
only slightly. Conparison with bursting disc valun,
however, indicatcs the poor dynamic cwnlities of such valves and
the orders of magnitude given in B.IV.2 express a 20 fold

increnge in response time.
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SECTION C THE SIZE,POSITION AND RATE O OPENING OF VALVES AS
RELATED TO THE RELIEF OF EXPLOSIONS

CHAPTER C,I  THTRODUCTION

The performance of valves has been discussed in the
previous sections and the rates of discharge of gases through
two types of valve obtained, Some comments have been made on
the mechanism of discharge and the rate of pressure fall in a
vessel, and equations have been derived to calculate the
pressure and temperature changes under these conditions. Hence,
for pfessure release from vessels in which only small increases
in pressure arec expected the venting area can be specified by:

(1) the equation for the discharge area, Cd.A., of
the particular valve;

(ii) the adiabatic expansion equation corresponding
to equation A.III.9a; and

(iii) the expected rate of pressure increase in the
vessel which has to be relieved.

These relations can be written:

valve size = function of Cd.A;
cda =8y 1 arp C.I.1.
a, B P dt
and AP = rate of pressure rise,

dt
That is, equation C,I.1l. gives the discharge area as a funetion
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of the operating pressure and the volume of the vessel. (The
term operating prcssure has been introduccd in this section to
include both the bursting pressure for bursting disc valves and
the blow off pressure of spring loaded valves. )

In this section, the discharge areas required to protect
vessels subjected to explosive pressure rises will be determined
theoretically, It will be shown that, using a comparatively
simple analysis, the discharge area required to maintain the
pressure in the vessel below a certain value is o funetion of
that pressure and the position of the valve, Using these results
a method has been developed to determine the minimum discharge
area required for constant pressure venting for any explosive
system, The theoretical predictions have been tested by the
application of experimental data derived from the literature
and in most cases there is a closc agreement between theory and
practicc,

‘However, pressure fluctuations during combustion and
during pressure relief have been noted by e number of workers.
Since these cammot be accounted for by the simple theory an
extension, based cn techniques developed for non-combustive
Gischarge from vessels, is suggested, To indicate the complexities
of the problem an analogue has been constructed to depict the

variation in pressure under non-combustive discharge conditions.
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Although the analogue has not materially assisted in the
solution of the problem, it may be of interest in other fields
end it has therafore been described in detail.

Before introducing fhe problem and deriving the
equations, the assumptions made throughout the analyses will
bo listed.

(1) Wo agpreciable heat transfer within the gas or
to the walls of thc vessel, The conduction of heat through the
gas is small and, since turbulent mixing is not considered, the
temperature rise is mainly due to the heat evolved in combustion
and the compression of the gas.

(ii) The movement of the gas is caused by the expansion
of the burnt gases and the venting during pressure relief only.
211 random turbulence before and during combugtion is neglected.

(1ii) ZIxcept for the combustion, all processes are assumed
to be adiabatic. viz; the compression of the burat and unburnt
gases; ‘the exparsion of the contents of the vessel when venting
occurg; and the discharge through the vent,

(iv) The combustion occurs at constant pressure for
each element and the flame, or combustion zone, is considered to
be of infinitesimal thickness, This means that the combustion
zone is a temperature discontinuity dividing the burnt and unburnt
gases but on either side of which both particle velocity and

pressure are the seme,
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(v) Finally, it is assumed that the gas is inviscid
and that the pressure, temperature and density of the gas are

related by the equation of state

P&l = du BRT C.I.2.
where P = the abgolute pressure,
T = +the abgolute temperature,

dw = the mass of the element,
dV = the volume of the element,

the molecular weight of the gas and

8
1}

/X = +the universal gas constant.
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CHAPTER C.II THE SIMPLE THEORY

C,IT.1 - Introduction

Consider a gas element of mass dw and volume 4V in
& vessel of volume V. Initially the element is at an absolute
pressure P; and an rbsolute temperature T; and has a density
and molecular weight /°i and m; . The gas in the vessel ignites
at a centre a distance x from the element and a combustion
zone, or flame, spreads through the gas at a velocity S depending
on the pressure and temperature and the combustible gases under
consideration., The heat evolved in this process induces a change
in pressure, waich causes the temperature of the element to rise
to T, a:cI:-cording to the at_iiabatic relation

1
€y = B . €43 = F C.IL.1a

Pu.g u

[
and the equation of state P.dV = dw.r'ﬁ.%T,
Here, subscrint u relates to conditions in the unburnt gas at
a time t after ignition and € is the volume occupied by one

molecule of the gas and given by
. C.II.1b.

Py and G:i are the same for all elements and Fu will be

a constant for all the elements of unburnt gas.
When the flame reaches it, the dlement burns at constant
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prossure and its temperature instantaneously rises to Ty, Since
it has undergone a chemical change, the molecular weight also
changes to that of the products, mg. The temperature rise,
(Tp ~ Ty), will depend upon the properties of the gas and the
heat released on combustion so that the temperature of the
gas immediately after burning will depend upon the temperature
just before burning., Since, each clement is burnt at a different
temperature level, the "initial" conditions in the burned state,
as represented by Ty, will vary from element to element.

The burnt element is compressed adiabatically from
the temperature Ty, to the temperature pr ag given implicitly

g 3
. = pb L. =
Pop + €pp = B0, Ep = By C.II.3

where the subseript b refers to conditions just after burning
and the subscript bp to conditions in the burnt element at a
pressure P, Hence, the temperatures of individual elements of
burnt gas will vary and the term Fy, will only be a constent

for each element and will devend on the conditions in the element
immediately after burning, 1his process continues until the
flame reaches the walls of the vessel and all the reactants have

been burnt,

The mass of any element of gas can be dgtermined from
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either of equations C.II.1 or 2 and the equation of state, G.I.2.
By summing these elements over the volume of the vessel the total
mags of gas can be calculated. This summation represents the
continuity of the medium and exvresses the conservation of mass.
v .
i.e. dw = constant C.IL.3

The energy contained in each element of gas as it

undergoes an adiabatic pressure change is
& = Lv.I ., dw C.IL.Z .
m

vhere Cv is the heat capacity at constant volume and is equal

to R
5 ~1

where § = ratio of specific heats,
The total energy in the system is the sum of all the
elements of energy given by equation C,II.4.

v
i,e. Total energy = & C.II.5

The sum of the heat evolved in the reaction and the
initial energy of the system is:
7y

// LHy dw + Cv, Ty Wy C.IL.6

) mj
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where AH; is the heat of reaction per unit mass of burnt
gas;

Wy is the mass of burnt gas and

w; 1s the initial mass of gas.

Since the equation of conservation of energy states
that, aﬁ any instant of time, the energy in both the burnt and
unburnt gases is equal to the initial cnergy in the combustibles
plus the energy made available by the reaction of the quantity

of gos burnt in this time;

v W
de = L\H;dw. + Ty 4w C.II.7
(o] =

These equations represent a thermodynamic examination
of the combustion of gases in closed vessels and, although they
express the state of the gas as a function of thc position of the
combustion zone, contain no reference to the time rates of change
of properties, To introduce a time scale, the chemical kinetics
of the explosive system must be considered and the rave of
combustion expressed ag a function of temperature and pressure.
By assuming that the temperature and pressure are related by an

adiabatic law the burning rate can be written as a function of

pressure alone, It has been found convenient to express the
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burning rate per unit flame area as being proportional to the

pressure raised to some power,

ie. L, dawb = K pf
Ap at

where Ap = area of the flame at time t and

K and.@ are constants for the system under consideration. This
relation has been tested for a number of systems and found to
give a reasoncble anproximation., The extent of agreement is
shown for the particular example of a 3% pentans air mexture in
Fig. C.II.3.

Equations C.II. 3, 7 and 8 cannot be solved without the
knowledre of the pressure variation from element to element.
Since pressure disturbances are transmitted at a finite veloecity,
the pressure will vary acruss the vessel if the ratio of flame
velocity to the gpeed of sound is appreciable. In the simple
theory this variation in pressure is neglected and it is assumed
that, at any instant of time, the pressure is constant throughout
the vessel. Hence, the equations derived above are sufficient for
the complete solution of this problem.

A more exact golution requireg an equation of motion
based on the principle of conservation of momentum in which the
pressure is related to the velocity of the gaseous elements.

This leads to a problem of the Lagrangian type and a solution
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is obtained by an analysis of the formation and movement of
pressure waves within the vessel; examined in Chapter C.IV.

If pressure relief is avnlied to the vessel at a
certain time, t, the mass and energy of gas vented from the
vessel must be included in the two balances. In a time dt, the

mass vented, dw,, is given by equation A.IIX.4 as

Y+ 1

\ F-1
av, =0dh [Pofif_2 \ . at C.IL9

‘where Cd.A is the dischorge area of the relief wvalve,

Therefore
-t
he L
v, =((3ﬁ>2 cd.A (P 6)2 . dt C.I1.10
tO
54-1
5 -1
where B = ( 2 \\ .
WY

Since the gas discharged may be reactants or combustion products,
the pressure and density terms can bear the subscript u or b and

the corresponding mass terms will be wﬁﬁ and Wy, respectively,

The term
t
Bv = (¥B)? g | cd.a (Pf)z. T, dt. C.IL.11
n {
J

o}
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the cnergy in the vented gases, is introduced in equation C.II.?
and, again, may represent burnt or unburnt gases.

Before solving these equations, the boundary conditions
must be stipuloted. Two problems are examined so that the solution
can be applied to any shape of vessel, The first configuration
covers approximately cubic vessels and the seccond deals with

elongated vessels having e large aspect ratio (major length).
(minor length)

(i) In spherical combustion the flame exponds as
a spherical shell from a point of ignition at the centre of
the vessel until it reachesg the walls when it is completely
extinguislied, When the vent opens the flame will be distorted
but it is agsumed that this effect is equivalent to the
increased cxpansion of the burning spherical shell which would
be caused by an equal venting area evenly distributed over the

entire surface of the vessgel.

(i1) In one-dimensional plane combustion a flat flame
travels along the length of the vessel and is considered to
commence as a plane flame extending across the smaller sgection.
Ignition can occur at any nlane and the discharge area is evenly
distributed over either or both ends but not along the longth
of the vessel, This particular form of the problem can be

adapted to incorporate the effects of non-planar flames and the



central venting of long ducts., These extensions of the theory
ars not dealt with in deriving the equations but are included
in the analysis of two problems in the next chapter.

To sunmarise, the combustion wave moves through the
unburnt gas and raises the temperature of the burnt gas dﬁring
the process of combustion, Heat is not transmitted in significant
quantities through the gas but the increase in temperature and
change of volumec of the burnt gas cause a rise in pressure
accompanied by adiabatic heating of the gas in the vecsel. Thus
every clement of gas has its temperature roised in three
operations: initially in its unburnt condition by adiabatic
compression due to burning of elements of gas ncarer the
ignition ecentre; then in combustion; ond finally in its burnt
condition by adiabatic compression due to the burning of elements
of gas further awsy from the ignition centre. As the combustion
wave progresses through the gas, the pressurc (as measured by
a gauge) rises evenly throughout the vessel but the temperature
of each element of gas incrcases at a rate demending upon the
past history of the element and its state immediately after
combustion, A thermodynamic exsmination of the combustion is
carried out and mass and energy balances obtained, An
assunption of a power law for the variation of flame veloecity

with pressure is introduced and, by solving these three equations,
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the state of the system at any instant of time is determined.
Before ignition the combustible gas is at its initi-1
state signified by the subscript i, After ignition the burned
gas occupies a core surrounded by the unburned gas which has
been conpressed to the temperature T,,, Each element burns from
T, to a temperature Ty, due to combustion, and is then compressed
adiabatically to temperature Tpyp. A1l compressions are adiabatic
but each element of burnt gas is compressed from a different
initial temperature Ty and hence the ' adiabatic function !
varies from element to element in the burnt medium.

This adiabatic function is defined as

3
F = pP§
P = pressure in the vessel =~ constant throughout

the vessel,

€ = wvolume occupied by one mole of gas,

m = molecular weight (average nolecular weight of a
nixture),

w = mass of gas and the subscripts e and f represent

conditions when the combustion is complete and in the

combugtion zone respectively.
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C.II.2 Spherical combustion.

S ttt——

Before writing the mass and energy balances, it should .
boe noticed that in this case only unburnt gas can be vented
during combustion.

The following equations are obtained from the geometry

of the element and equations C.I.2, C.II.la, 1lb, 2, 3, 4, 6, 10

and 11-
(i) Mass balance
Mass of unburnt gas
R
2
= n
A Fu r dr
re
u
= 4 TT(RB - TfB) ng P
3 ™
where R = radius of vessel and

r¢ = radius of the flame,

Mass of unburnt gas

vented fron time t, t
1 ?{\H' 1
= (fumg B)? ca.a P 20v at,

Mass of burnt gas

= 4T .0 ar
O (P
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1 I‘f

T
AT me P 0 =, ar .

o
The total of these is a constant and therefore equal to the
initial mass, wj. Summing these terms, equating to wj and

dividing through by

the first equation is

1 1+?§

' 3
1-m )pTu+g_ crlAn% dt
(f 7
%_
+ 3 n, .,
R =1 C.II.12
oy
wnereT(= r,
R
p= Lk,
Py
1
1 el
c =FR6T1 ;n; B} ,

V = wvolume of the vessel,
'p= Tp
Fy

Equation C.I1.12 is more useful in the form of the

two equations
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_ . 1 L2 1+ B
lean = (l—?fB) plu +¢ Cd.A. p 20, . at
v

%
° C.II.13

% (1°

and = 3 mep M ?
mi — g d )
/ o Fp 7
(vhere n = w, = fraction of gas burnt)
Wi

representing the magses of unburnt and burnt gases respectively.

(ii) The energy equation is obtained in a sinilar
manner and, by dividing through ‘the equation by the term

representing the compression energy in the combustibles,

=

—%' o, (Cv)u,
1 (N F

1

BEQ-b-PKb :L__z_d:r?* 1
Iis
i o Fp
o L /. gnb ]
t h]
+ % Cd.A. p 24 ,gat. C.II.Y
to
Yhere b = n.
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(1ii) The rate of combustion has been given in

equation C.II.8 as

dw, = Ao K .ZPB.

———e

db
Hence, the rate of combustion is zero at ignition when the flame
area, Ap, is zero. It is assumed that the power low is valid
above a critical flame area AfEIE and the rate of wombustion

can be written

d¥p = én (since wp = n.uy)
dt : dt
- ¢
= MW A . op
Af'
® ¢
where M; = Kir . o,
(am)
& ipitia
2
Because Af = 3:-_5: YZf
Av B
vhere Av = surface area of the vessel,
g_t_l‘ = M- ’ 2 6
@ = AL p C.II.15.
1 Af

(iv) Combining equations C.I1I1.13, 14, 15



bon. = "y ull-n-Aaf C.w X
b:—l_- L Lo p 2 . _1_°.2 P
V. 4 7Zf
n, /
+ Ku = 1 . p - 1
b-1 '
st noogbyia ¢
+ Ar C oy oA v - 1
£ -3 p 1 d? C.IL16
T T
o (
where ny = fraction gas burnt when tis relief valve opens and
O’\_ = 0d A

by

fraction of available areca for discharge.

This equation is solved for e particular case in which
zgu = k p but an approximate solution is available for any
values of Xu and 6b if one assunption is made, This
assunption is given in Appendix C.1 and the solution leads to

the relation

-~

oL

Fol ‘
pTu + (l_n)(xb-\éu) dp =
¥ u dn '
: 1 A ﬁ.rl_ﬁ
b.(ﬁb-g. F By e 20 1
u - u-1 VM 'T?
;
. 1 N
where’?f3 = 1+ b -~ 7{b--lgu.p_(]___n) pl—ﬁ
' Bb-l .

h’ll..::...l )
¥b - 1
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When Ku = p ‘the solution is exact and

s
e

do = b
dn

l!—‘

Ng? j C.II,17a
B . l - l
and TZfB =l+bn-(l-—n) P ¥
P
wvhere H = MiV .

Afai. Cv. Wi

Equation C,II,17 can be solved by finite difference methods

and the variation with time obtained from equation C.11.15 as

do = dp. fn
dn
= H _d'_T_J__ - o~ . @ G. II.l’?b
il AR
where 7 = G, Mv. 4, the dimensionless time term.
v

(v) TUp to the valve operation pressure, Py, the valve
ig cloged and X = 0, The first of equations C.II.17 becomes

dp = b C.II.18a
n

which can be integrated to give

Substituting in the second of the egquations it becomes

-

3 . —
=1_(1+%)p + l.o : C.II.19
b

NE:
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and equation C.II.17 b remains unaltered as

_Q;Q = H.b.?fz P@ .

a7~

(Vi) After the valve has opened the condition that
the pressure no longer rises ls the only criterion for safe venting

= 0 ‘

i1
o-d1
and A = H b. p, .zf

Since combustion will continue after the valve has opened ? ¢ will

Ele

increase and the valve area will have to increase at an appropriate
rate. To ensure that the pressure does not rise, the maximum
value of X at 'Zf = 1 is used and

5;32{71

_ 2
G, = H b p, a C.II.20

This equation can be applied to avwproximately cubic
vessels with central ignition and evenly distributed vents,

When the velve opens to give a discharge area A, =

N e, hv, 14 e -
. N 2_%1 -
.‘.3.‘2 = b 1...(2_ 2 . L \< 0
dn Pq szz )
, | 1-4
?f - 1+bn=-(lL=-n)p & C,II.21
P
don = d_p 2 (\9

7 m |t

o
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FIG.C.i1.2 a. ONE-DIMENSIONAL COMBUSTION
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C.II.3 One-~dimensional combustion,

In the one~dimensional theory an exactly similar
treatment of the problem is pursued. The inclusion of a centre
of combustlon and variation of the venting direction is attained
by the use of a series of coeffleients,

One assumption beyond those expressed in the
sphericaltcése ié included: ”the flame, initiated at the
centre of ignition, is instantaneously established as a plane
across the vessel section, This assumption can be justified
on the basis that, in treating a one~dimensional vessel with a
large aspect ratio, the plane flame is established before the
question of venting arises.

The nroblem of a one-dimensional system introduces
the questions of: direction of flow; position of vents; and
the centre of ignition., The centre of ignitién is made the
origin of the system and the two ends of the vessel are
identified by the subscripts + and = as siuown in Fig, C.IL.2,
The analysis is detailed in A»pendix C.I and the results will
be summarised below and compared with those for the gpherical
vessel,

(1) Up to the valve operating pressure:



R3/e

‘_3'_13 = b and
dn C.I1.22
p = 1+bn ;
6
gn?_- H A , p = 1.dp s and 0-TI.23
Ay b Fr
| -1 -3
Ypp — X, = 1-(21+1)p ¥ +1.0p C.I1.2,
- b b
where X = x, the subscripts are defined in Fig. C,II.2
L

available venting area.

and ILV

(ii) Vhen the valve opens

ﬂ:.l -6
. Y, 26
& = v & Siy . p) ; C.II.25
dIl Iy A’f
%n7~"‘ A PR C.11.26

_ u w u u : 1-1
= (1-8. * S: S+ S$:)p +(S++S")(l+nb)-(l-n)pk X\)

p ,
C.I11.27

where: 8Y, and Su.'_ are coefficients taking the value O when

the vent is closed and 1 when the vent is open;
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is vented.
AplAy= 2 Apl Ay= Arl A=
S=1 or S > S =1
S >
- end +end -end +end
X X FIG.Cll.2b.
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u u + 87 _

Su r S.TXe o I

s = m (T

sa, + %+ Sb+ + Sb_
and Fpn, = B | Fp (atx=1, t=t).

The venting area for constant pressure conditions is

obtained by wutting dp = O in the first equation.
dn

- 3l
X = H b fxf_.(pj 2T c.II.28.
N

c c v
Ehy

Both S and A¢ depend upon the centre of ignition so that the

it
venting areavéannot be determined but, for any one gaseous

system, the maximum value of the ratio Af can be calculated

Sk,

N
OLC = constant(po> 273

and the safe venting area is
C.II1.29

Af equals either 4, Lor 2 and 8 )1
Ly

Hence { has a maximum when § = 1 and Lhe = 2

I,

Therefore the constant in equation C.II,29 is (2H.b.) and the
maximum area is required when the ignition tekes place near the

centre of the vessel and it is vented at one end only.



236,
C.IX.4 Comzarigon of the two systems.

The equations derived in the previous chapters are summarised
in Table C.II.1l. The two equations for the venting area show
that the spherical vessel requires a gmnaller proportion of
1ts surface area for discharge, However, this is due to the
implicit assumption of central ignition in spherical cembustion
and a true comvarison should be made with the eccrresponding

cagse of central ignition in the one~dimensional vessel, Then

by subgtituting the appropriate values of S lend 4; = 1

Ap

the equations are equivalent, being

Y
oN = . b. poé-% )

Each of the parameters required in the zalculation of digcharge
area and rate of change of pressure have a physical meaning,

Also, the two equations for the safe venting area can be rearranged
to give a single relation in terms of the energy of compression
and the energy of combustion in the unburnt gas, Both these

aspects are considered below.

i) b = my .
(1) mo, O
"o T3(0v),
b can also be calculated from eguations C.IL.18 or 22

p = 1+ bn
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and the final pressure is given by this equation wvhen n =1

1 + b

]

i.ec. Pg

L b=pe ""1-" .—l

wolg

Since we are dealing with adiabatic operations, the energy per
unit volume of gas is proportional to the pressure. In the closed
vesgsel the volume of gas is the same at the beginning and the

end so that

= Enerpgy available from combugtion
Energy initially in combustibles.

which is a property of the gaseous system. This expression can

also be derived from the first definition of b.

(1) H = MV

and w3
v

Hy

Pis initial density of the gas,

(%—JE) s initial combustion rate.
v .

¢ =[\63:{Ti i— ;3_)33

i -

1}

. 13
as B

where a; = initial velocity of sound
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N _ 1 a \ 1
¢ o H = E 3 . b ‘ e ¢ —T
Ay, fi at /i ai BY
and  _L1 [\ - initial burning velocity.
Af ()i dt
... H = & initial burning velocity

BY  initial velocity of sound

vhich is a oroperty of the gaseous mixture,

(1) 7= by, b,
v

A
where C = B2,a

i
v = dimensional characteristic of the
Ly vessel

= R for the sphere
3

= [, for the one~dimensional vessel.

Therefore, ¥V is a measure of the time it takes a sound wave

Gl

to travel the greatest distance in the vessgel at the initial

temperature and, hence, is a measure of the size of the vessel

ag it effects the propagation of pressure changes.

(iv) By substituting these physical interpretations
in the equations for the venting area it can be shown that the

criterion for constant pressure venting for both types of vessel is:
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Volume rate of discharge required

Combustion energy in unburnt ras’
Compression energy in unburat gas

= (volume rate of burning) X
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C.IT.5 Comparison with experimental
results,

Equations C.II.17 to C.II,27 predict the hehaviour
of gaseous explosions in closed and vented vessels, By solving
these equations the theory can be examined in the light of
experimental evidence obtained from the literature. In most
cases, the solution requires a step by step calculation using
a finite difference method, Hence, each case must be considered
geparately and the tedious computations make any comprehensive
comparison with experimental results difficult, Only thiee
experinental studies will be considered and; although these are
primarily concerned with the venting of exnlogions, the results
for closed vessels will have to be considered first, Pressure

~elief above the critical pressure can be examined from the

240,

theorotical ztandpoint but in most cases insufficient information

is available for a direct comparison and certain assumptions
have to be nude,

Before considering thess resulls a brief comment on
a previous analysis of the combustion of gases in closed vessels
is necessary. L .aris and von H¥lbe (1935) were the first to
suggest any quarvitative theory to account for the pressure rise
in a closed splisrical vessel, Their theory haas been used as the

basis for the >razsent work, However, certain improvements have
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been introduced and by basing the analysis on the fundemental
concepts of conservation ofrass and energy a solution has been
obtained which does not require the additional assumptions of
small changes in heat capacities. An exact solution is available
for non-vented cxplogionsg in the form:
: ) 1
LR AL T
\Y, 1 ?‘}',E“':"_[
L. comparison with the apnproximate solution '
bn = p=1

obtained by Lewis and von Elbe shows that the errors introduced
arec less then 1%. Howcver, the calculated value of the final

pressure as determined from these two expressions withn = 1

and b = my |, AH;

m Ti zC'V'ju

]

may differ by as much as 10%. For example, in an experiment

on the combustion of ozonec as carried out by Lewis and von

Elbe (1934) the final pressure ratio, Pgs Was 5°72,  Calculating

the pressure ratio from the properties of the gases two values of.the
final pressure ratio are obtained: 5¢69 using the exact relationg

and 6°20 using the anproximate one,

Iewis and von Elbe used these equations to calculate
the fundamental burning velocity from experimental results. Since

the present theory is to be used to calculate pressure rises in
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closed and vented vessels, an additional equation relating the
burning velocity to the pressure has been introduced. This

step is difficult to justify theoretically, particularly in

view of the increase in flame speed due to turbulent mixing

of the gases, This means that the rate of burning for any mixture in
a given vessel should be obtained experimentelly. Bearing this in
mind, the following conparisons between the analysis and

experinental results show remarkable agreement,

(1) Pentane-air explosions in a nearly spherical

vessel ~ Wilson (1954)

These experiments were carried cut to determine the
effectiveness of vents for the relief of exnlosions. Unfortunatcly,
all these results are either for venting vressures less than
eritical or for spring loaded valves about which insufficient
information is availabic, Therefore, only the closed vessel
results have been used and a pressure-~time curve constructed
for the exnlosion assuming the vessel to be anproximately
gsnnerical,

The initial burning velocity has been teken as 1°2 ft/sec
as suggested by Wilson and the exponent é’, which determines
the effect of pressurc on the burning rate, as 1*3. This latter

assumption can be justified theoretically by comparing the
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change of burning rate with pressure predicted by Dugger (1951)
and Manson (1953) and that predicted by the present theory
when 8 = 1-3. Mlthough agreement is good, as shown in Fig.
C.II.3, the value of this cxponent was determined from the
naximum rate of pressure rise given by Wilson. Using equation

C.IL.17b.,

: 2 6
il.e. %\g H, b, rzf . D ;

the maxirum rate of pressure rise occurs when the flame first
touches the vessel walls so that the only unknown, €9 , can

be calculated from this expression, In this case: (Tzf)nnx

= (862;
-l )
(Eg\\ = 178 scc at p = 555 b = 755
) mx
and i/" = Sy Ay . t = 1478 t; whence & = 1315
v

Equations C.II.17, 18a and 19 have been solved
simultaneously and the results plotted in Fig, C.IL.4 in terms
of the pressure ratio p and the dinensionless time group H'7Tb.
Wilson's results are plotted on the same figure together with

the pressure-time curves for stirred explosions using an

increased initial flame velocity, Agreement between theoretical

prediction and experimental measurements is good up to p = 6.

Above this pressure the flame diameter reaches a value of 4 ft.
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and the flame touches the wall of the vessel so that the analysis
is no longer applicable,

The similarity between the pressure-tine curves for
stirred explosions was noted by tilson, Yig. C.IL.4 shows
that these results can be correlated by using different values
for the initial burning velocity in the dimensionless time group
H.Db 7Nand it indicates o possible method for calculating the
effect of stirring and turbulence on explosion and venting
problems., This aspect prééents the gfeatest.defcct in the present
theory since the action of venting effects the burning rate. This
difficulty becomes anparent in sections (ii) and (iii) which
deal with vented exploéions and a possible solution will be

discussed in Chapter C.II.6.

(i1) Propane-air explosions in a nearly spherical

vessel vented at one end — Cousins & Cotton (1951).

Mixtures of propane and air wére exnloaed under different
initial pressures. The explosions were fented using various
bursting discs so that a number of bursting pressures and
venting areas could be exnmined. Additional iﬁformation was
obtained for closed vésséls and the maxdimum préssufe and moximum
rate of pressure rise recorded for two initial pressures., This

latter work agrees with the analysis giveﬁ above in as much as



the firal pressure ratio is a constant. That is, the relation
between maximum pressure and initial pressure is linear,
Unfortunately the shape of the vessel in which these experiments
were carried out is not specified and further ommissions limit
the usefulness of this work, making exact comparison with
theory unreliable. MNevertheless, a comparison has been made

by assuming central ignition and supposing that the vessel

used was the one designed for high pressure explosions having

a length of 1¢54 ft and a diameter of 1 ft.

After the vent has opened the pressure will increase

2l
o poﬁg T 7: .

if

A maxdimum will be reached if

(a) the rate of venting is such that at some stage the

rate of pressure increase exactly balances the rate of discharge

through the vent and
(9\6 - ] ...B>
d = b- ‘Ei . D 2] 1 _
dn H max 4 ...-..2- = O C.II.30
5
or (b) The gas continues to burn until some nart of the flame

reaches the vent and the resulting reduction in flame area causes
the pressure to fall.
In the first case, the maximum pressure is independent

of the operating pressure, p,, at which the vent opens. Maximm
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pressures calculated from equation C.II.30 are usually less than
p = 2 so that these are the lower limits of meximwa pressure as
shown in Fig, C.II.5. In the second case, the maximum pressure
will depend unon the bursting pressure because it will be
affected by the distance between the flame and the vent at the
instant the vent opens. The calcvlation of the maximum pressure
requires the step~by-step solution of equation C,IL.17 for
different values of p, and O, the maximum pressure being that
corresponding to ’zf = 1¢0, The results of these calculations
are showm in Figs. C.II.5 and 6.

In Fig, C.II.5 the maximum pressure ratio is related to
the vent area for a serics of values of the operating pressure
ratio, The diagram has been calculated using@ = 1°3 and is
applicable to propane-air mixtures only but can be used for any
initial pressure and any vessel vhich is approximately spherical.
Using thege results, the variation of maximum pressure with
bursting pressure for three vent areas and two initial pressures
have been calculated and compared in Fig, C.II.6 with the
results obtained by Cougins & Cotton. In this case the values
of _}% have been chosen to give those curves which best fit
the results and in Table C.II.2 these values are compared

with the experimental values of vent area.

2

Ge
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INITIAL PRESSURE.

i, I5 45

VENT DIAMETER :

A -O5(0 0751 | 1167 0510 | 0751 | -ne7
VENT AREA RATIO 2:6l 564 13-61 261 564 13-61
103

REYNOLDS NUMBER

* b 570 8-40 13-02 -39 1678 | 2606
Re 1O

INITIAL BURNING 11300 I-678 2.835 278 3-61 581
VELOCITY sd*  ft/sec

TABLE C.1.2.

Table C.IL.2

The discrepancy between experimental and theoretical results

for turbulent conditions has already been noticed and a suggested
correlation employing a Reynolds number is considered. In this
case the Reynolds number depends upon the diameter of the vent
and the density of the gas and, if the initial flame velocity,

% roquired to give the correct value of A is plotted
’ o
b

against the appropriate Reynolds number, Rex, based on the
vent diameter and the initial density, a direct relation is

obtained, This is shown in Fig, C.II.6c and the oquation
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Su® = k. (Re") has been obtained, Since the initial flamo
velocities used to calculate the pressure-~time curves in
section (i) were proportional to the fan diameter it is
pogsible that the correction facior to be applied to turbulent
conditions is directly wroportional to the Reynolds number.

(i1i) Pentane-air explosions in a duct -

Rasbash and Rogowski (1956).

In these expcriments a tube 6" in diameter and 6! long
was used and pentane~air mixtures were ignited at one end.
Pressure-time records were obtained for exolosions vented at
either end using burgting discs or open vents. Again all
but a few experiments involved venting at pressures below the
eritical ratio and the closed vesscl experiments will be
analysed first,

The explosion takes place in three phases, In the
first, the gas buras as o spherical shell until the flame
reaches the wall. During this process the sphere is displaced
alone the tube due to the flow of gas away from the ignition
ends The analysis of +this phase is identical to that for
spherical combustion using equations C.,II.17, 18a and 19 and
taking the radius of the vessel to be the "equivalent radius'.

That is, the radius of a sphere which has the same surface area
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to volune ratio as the vessel under consideration. bThe
displacement can be calculated from the equation for the
movements of elements by assuming that the centre of the sphere
is such an element. In the second phase, two flames exist,
travelling in opposite directions. Gerstein et al (1951)
have shown that the two flames will be approximately hemi-
gpherical in ghape and have a surface area of about tiwice the
crogs-gsectional area of the tube, This means that equations
G, I1.22, 23 and 2/ must be solved with ég = 4. This stage
is completed when one flame reaches théizall and the time and
pressure at which this occurs can be determined from equation
C.IT.24. In the final stage, a single flame travels down the
tube and an analysis similar to that used in the second stage
but with Af = 2 is used.

Av

These calculations are detailed in Appendix C,IT,2
and the results are shown in Fig. C.IL.7. Both the pressure-
time curve and the flame positions at various stages in the
process are showm, The threce stages are clearly shown in the
experimental curve and, although it doeg not coincide with that
predicted by the theory, it is evident that there is reasonable
agrecment.

Information on the venting of this duct at superecritical

pressures is not directly available but an examination of the
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pressure~time curves for a serics of experiments indicates that
constant pressure venting will occur when the vent diameter

is betwcen 2% and 3" and the bursting pressure is less than

30 p.s.i.g. Under these conditions there are two flames in
the duct and Af = 2. Substituting this figure and

SAv
appropriate values of H, b, and ¥ in equation C.IL 28,

8 = sp2x10” O
c
at an average value of p = 25
-3

C‘& = 666 X 10

and the vent diameter is 1°85 inches - assuming a discherge

250

coefficient of 070, This is small compared with the experimental

value and the difference is probebly due to the inercased

turbulance, If H is calculoted using an initial burning velocity

determined by the Reynolds number, as plotted in Fig. C.II.bc,

the vent diameter for constant pressure vemtirg is D = 2+9t
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C,IL.6 Assessment of the importance of the simple

theory and its reliability.

In the last chapter the theory was uszd to caleulate
the pressure~time curves for unvented explosions and the
naximun pressures in vented explosions. The theory predicts
the performance of unvented explosions with remarkable
accuracy but undcrestimates the maximum pressures once
relief has been applied. A method has been suggested for
accounting for the difference but further experimental
results are required to check this.

In gpite of these deviations this theory provides
a sound basis for further experiments and also confirms
certain empirical correlations put forward by other workers,
For instance, the K factor suggested by Burgoyne & Newitt

(1960) and used by Rasbash (1959) would appear to bear a

logarithmic relation to the maximum pressures and to illustrate

this the results given in Fig. C.II.5 have been replotted
in Fig, C.II.8.

However, an extended experimental programme is required

to test the validity of the theoretical expressions. The

simulianeous measurement of pressure and flame position must

251,

be made so that the several phases of combustion can be delinecated

and the effect of the venting on the burning rate examined,
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At the same time, the equations should be solved for various
combugtion systems and the results tabulated so that any

explogive mixture can be treated theoretically once its rate

of combustion is known,
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CIAPTER C.IIT THE HYDRAULIC ANALOGUE AWD ITS USE I
UEHCWSTRATIVNG THE INTERAGTION LND REFLECTION
OF WAVES TN A VESSEL.

C,III.1 Introduction

In the previous chapter equations were derived to
predict the pregsure variction within a vessel vhen a gaseous
explosion is vented, Agreement with experimental results was
obtained by the introduction of a correction faoctor which
increased the initial flame velocity in direct proportion to a
Reynolds number dependent on venting conditions., It was suggested
that this correction factor had to be introduced to account for
the turbulence set up by the sudden exculsion of gas as the vent
opened. That is, the effect of venting on the explosion was
accounted for empirically.

The effect of venting on explosions could be determined
using o fundagmental approach but this would require the introduction
of the equation of motion for the gas in the vessel, This is
obtained by apnlying the principle of conservation of momentum
to the movement of gas and accounts for the veriation in pressure
in the vessel at o given instant of time. When the exvlosion
is unvented the assumption of quasi-steady-state conditions

(no variation in pressurc in the vessel) is adequate so long as
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the zas volocity is not appreciable corpared with the speed
of sound, However, when the veat opens the discharge of gas
occurs at the speed of sound and pressure voriations do oceur.
These toke the form of rarefaction waves which are formed at
the vent and are reflected from the walls cf thz vessel,

The equations of motion describe the pressure variation
in thege waves and their novement through the gas and a
onalysis of the problem under non-combustive conditions and
in a one-dimcnsiocnal vessel has been developed by Giffen
(1940) and extended by Kestin & Glass (1951) and Benson (1955).
Using the methed of characteristics Beuson has calculated the
pressure variation in the vessel and the formation and
reflection of the rerefaction wave for both sudden and slowly
onening vents, The results of theso calculations are shown
diagramotically in ¥ig. C.IIT,1 in which the pressure variation
is shown on o P--t diagram and the wave formation on an xm~t
diagran,

When the vent opens suddenly a discrete rarefaction
wave is formed because, at a certein pressure level in the
wave; the particle velocity completely satisfies the mass flow
requircd to maintain sonic velocities in the vent, Hence, a
relatively sudden pressure difference occurs across the wave

and the pressure at a given point falls in steps. When the
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vent opens slowly conditions at the vent never remain the same
and the prcssure fulls continuously ouce the pressure
disturbance associnted with the first instant of vent opening
has reached the closed end, It should be noted that the
lines on the x~t diagram do not represcent pressure waves but
disturbances travelling at th= local speed of sound through
the gos., 4 wuve ig formed only when a group, or ray, of these
disturbances are bounded by undisturbed gas as in Fig. C.III.la.
T he inclusion of combustion further complicates the
issue since the rarefaction waves distort and are distorted by
the fleme front. Despite this difficulty, the analysis is
still possible since the interaction of wave and flame can be
predicted if the flame is considered to be a temperature
discontinuity sepavating two different gases, This interaction
betueen a rerefaction wave and a contact surface has already
been mentioned in Section A {see Fig., A4.I.16) and is shown
again in ¥Fig, C,ITI,2, Depending on the properties of contact
surface and rarefaction wave either of two interactions can
take place, If the temperature ratio across the oontac£
surface is greater than a certain function of the pressure across
the rarcfaction wave a shock is formed as in Fig, C.III.2b., But,
if the tewperature ratio is less, only transmitted and reflected

rarefaction waves are formed as shown in Fig, C.1II,2a. Thus,



it may be supposed that the flame could travel through the
vessel as shovn in Fiz, C,IIL,Z2c,

The analysis of such a problem is further complicated
by the heat of reaction produced at the flame and the
interaction of non-planar flames with complicated wave patterns
generated in any real vessel., The former difficulty could be
overcome by congidering the flame as a source of compression
waves, whose interaction with the other waves can be predicted,
but the latter complication could not possibly be dealt with
by normal computational methods,

In an attempt to demongtrate these difficulties, an
hydraulic analogue was constructed and the remaining chapters
describe briefly the experiments carried out using it., The
analogue does not materially assist the solution of the nroblem

but it has served to show some of the difficulties involved,

256,
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C.IIT.2 Waves on liquid surfaces,

Varcs formed on the surfaces of liguids can be
divided into two groups: those with wavelengths much greater
than the depth of the liquid, known as long waves in shallow
vater snd revresented by tidal waves; ard those in which the
disturbances do not extend far below the surface, so that the
wavelength i5 considerably less toan the depth, called
surface waves, To this latter groun belong most wind waves
and surface tongion waves and it can be shown that tidal waves
represent an aporoximation of this group and can be derived
by assuning vertical accelerations to be negligible, The
equations so derived show certain similarities with the equations
for two-dinensional compressible irrotational ges flow as
shown belov.

(1) The continuity equations are:

for surface waves

C%tlgl +.§3(__1’ hy) = - 3_13
x y t
where 11 is the depth of the fluld and u and v are the velocities

in the x and y directions respectively;

and for a compressible gas

qltw) + gflpv) = -4dp
9x )ay 3‘5
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where e is the density of the gas and u, v, %, ¥y have the
some meaning as above.
(ii) The equations of motion are:

-2 - :
h = +u + V - df = constent
9 t

where h is the depth,

=i |

1s the velocity vector,

=y

is the external force vector
(in this case gravitational attraction).

and @ is the velocity potentialj

and for a comnressible gas

Q*%*-ﬁg+v-@=constan‘b
{" st

vherec P 1is the pressure,
(1 is the density and
the other terms have the same meaning,.
(iii) The equations for the velocity potential are:
for the hydraulic analogue

N,

(1—5113'(3'@2) 3_}2;2@ . (1;“511'1 (_35)2\) ﬁfg

A
ISR AR R - I

and for the comvressible gas
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where a local velocity of sound waves

(iv) Discontinuous flow occurs when:

i

for the hydraulic analogue, the Froude Number is greater than

one,

l.ee O > 1 where g is the fluid velocity.
Jen
Under these conditions an hydraulic jump is produced and the
flow is said to be shooting:
and for the compressible gas, the Mach Number is greater than

one

i.e. q > 1 where q is the velocity of the
gas

Under these conditions the gas is said to be travelling at
supersonic velocities and shock waves can be prodiced,

From the above equations it con be seen that, if the
following terms are taken to be analagous, the equations are

identiecal.,
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/ Dengity ratio £
A ) £
Depth ratio ho
Temperature ratio I
~ To
2 :
Square ¢f depth _1[1‘_\ Pressure ratio P_
ratio do | Po
Velocity of water wave , fég Velocity of sound Y&

Mach Niumber M = q

aq
/\/ ;1— ¥ RT

Froude Number F =

Streaming flow Subsonic flow
F{1 M1
Shooting flow Supersonic flow
Fpl ¥ Y1

The statement that both T and £ are analagous
To eo

to the dopth ratio and that the pressure ratio, P_, is analagous
Po

to the square of the depth ratio requires the additional
stipulation that the analogy lies between surface wave phenomena
and compressible gas flow phenomens for a gas which has a ratio
of specific heats of tuo,

Under continuous, shockless, conditions the analogy

holds quantitatively but when discontinuous flow occurs agreement
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is no longer posgible, It can be showmn that the depth

ratio across an hydreulic jump is given by

1
hp oo [ (1 + 8r2)% 1]
hq -

vhereas the density ratio across a shock is

& . 1 ey 2
F‘; 14+ 0-1) M

(the Rankine - Hugoniot relation).

For Froude and Mach numbers above 1+5 there is a
congiderable difference between the two. It follows that, if
an hydraulic jump has formed in the water flow, depth measurement
downgtream of it cannot bear the same simple relation to gas
density as in the continuous case, However, this argument
does not effect the patterns the waves form and qualitative
agreement is still good,

The analogue wag first demonstrated by Raboushinski
(1934 and the theory has since been extended by Prieswerk
(1938) and Laitone (1954). Several problems have been studied
uging the analogue and gome of them are ligted below. Subsonic
and supersonic flows past models have bsen investigated by
Laitone (1952) and Menabe and Ohira (1955), flow through
nozzles and diffusers has been examined by Binnie and Hooker

(1937) and Elack ond Mediratta (1950) and the problem of gas
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movement in furnaces by Sammons (1949). An attempt has been
made to use the analogue in studies of combustion by both
Oppenheim (1953) and Glick et al (1954) and an ahalagous
shock tube has been developed by Gilmore et al (1950),
Harleman and Ipven (1954) and Harlemen (1956) to study the
interaction and diffraction of shock waves, In all, except the
lasgt, steady-state conditions have been examined, However, the
analogue hag its mogt useful a»plication in non~steady-state
phenomena where the time dimension is introduced and the
advantages of the reduced wave velocity are apparent.

The discharge of gas from a vessel is a non-steady-
state process and the analogue can be used to gtudy the changes
both inside and outgide the vessel. Such an analogue has

been constructed and is described in the next two chapters,
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C.IIT, 3. The congtruction of the analogue

The thres cgsential features of the analogve are:

(1) The atmosphere into which the vessel discharges.
The depth of wnbter rcpresenting atmospheric pressure (or more
exactly, atmospheric density) must be carefully chosen. It
has been pointed out earlicr that two types of wave exist
deponding unon their wavelength and it should also be realised
thot the sccond type, the long waves in shalluw water, havo a
velocity of propagation which depends uvon the wavelength. The

velocity of propagation of any surface wave can be determined from

the formula
“= [ enr
¢ = BA + 2Wo-\ tanh, 2Mh,
2T P A n
where C is ‘the veloeity of the wave,

A is its wavelength,

(D the dengity of the liquid,

‘o-'its gsurfoece tension and

h, the depth of liquid,
This equation has been derived by Coulson (1955) and is drawn
in Fig. C.II1.3. The two regions are shown and it can be seen
that for depths of h, > 4" the velocity of the long wave

" depends upon its wavelength whercas ot the depth of 2% the



velocity is neariy constant ond under these conditions,
2 = gh
For this renson, tho "atmospheric® depth of water in the
analogue was made .
The presence of capillary waves in the analogue does
not effect the results as long as the water depth is of tne
correct mognitude tut they are o nuisance vhen it comes to

analysing photograohic records.

With such a thin layer of water it was necessary to

ensure that the surface used in the analogue was both flat and

level, A frame wos constructed from aluminium chammel over
which were distributed sixteen screw jecks., These jacks

supnrorted a plate glass sheet €' x 3! and they wero adjusted

204

until the glass was as flat as could be ascertoined by a workshop

stroight edge. The aluminium frame was supported on a table by
three adjustable screws and thesc were used to level the glass

sheet. Once the sheet had been levelled further supports were

added to ensure that no chonge in level occurred,

Initially, the depth of water was maintained by perspex

walls and a 3" weir at one end, However, it was found that the

waves were reflected from the walls and interfered with flow

patterns, To eliminate these woll effects the water level was
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mointained by rubber strips, §% thick stuck on the glass

near the edge. A meniscus was formed on these strips, by
cooting them with petroleum jelly, nnd 4" depth of water was
obtained. When the waves reached the edge they broke the
meniscus and the excess water was drained away by o gutter
placed round the glass sheet, Once the wave had passcd, the
meniscus reformed and "atmospheric” conditions were maintained,

(i1) The vessel.

The vesscl consists of four perspex walls fixed to the
glass sheet by nlasticine. It is rectongular in shape - 16"
long and 9" wide - so that the annlogue con be exemined using
o squat or long vesscl. Hence, provision is made to fit the
vent in either side of the vessel.

(iii) The vent.

To produce on analagous state of affelirs the vessel must
be filled with wator to a given level and a gap in the wnlls
opened suddenly to discharge the woter, This was achieved by
moking the vent in the form of a shaped "orifice" closed by a
lifting gate.

A stainless steel plate slides in grooves in the uprights
supporting the shaped vent wnlls, These walls just touch the
sliding plate on knife cdges making a water tight seal. The gate

is raised by a rod passing through the lintel of the suoporting
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srch and loaded by a spring to 1ift the gote, The plate is
attached to the 1ifting rod by a pin through an elongated hole.
This allows the plote to rest on the glass sheet representing

the base of the annlogue and prevents leakage below the gate,

The gate is held closed by a catzh which engages on the rod.

A tap on the ond of the lever dislodges the cateh and the

gote rises. The tap is provided by a solencid and spring so that
the gote can be opened without touching the vessel.

The time tnken for the gate to open has bcen measured
and, although there is gsome varintion in this interval, it is
less than 50 m,secs, Two sets of vent walls have been constructed
gso that the discharge width can be one or two inches.

(iv) The recording of wave patterns and the

measurement of water depth inside the vessel,

The formation of the jet in the vent was investigated
photographically. The photographic technique is best
described with the aid of Fig, C.III.5. A cine camera was used
to observe, through a mirror, the field ahead of the vessel.,
The camera and the gate catch were operated simultanecously
and the wave patterns on the glass recorded, The table could
be lighted from above or below and a centimetre grid was used
es o background to facilitate spaticl measuremen's. A thirty

seconds timer was placed in the field of view of the casera



. OBLIQUE DIFFUSE ILLUMINATION,

BOUNDARY

stzrvol:'lr :h “ptmosphere® TIMER

llluir;i;oti
JB SECONDS <= 4\_ e

GLASS PLATE

FIG.C.IH.6 Water Table (plan)




267,

so that indenendent timing was available., The overall picture,
as seen by the camera, is shown in Fig., C.III.6. Taree
techniques were used to illustrate different facets of the
phenomencn and they will be described in the section deoling
with the exmerimeontal results.

The depth of licuid in the vessel was measured eloctronically
using the proximity meter described in section A, The water
surface constituted the earth plate of the condenser and the
live end was supported over the water in the vessel. The change
in output from the proximity meter was recorded on an oscilliscope
using a drum camera., Unfortunately the calibration of the denth
probe ig non-linear (see Fig, C.III.7) and the gain of the
amnlifying eireuit had to be increased as the depth fell, The
resultant recording is shown in Fig, C.III1.7 together with the
derived pressure-time curve,

Although the analogue was intended as a tool for
examining the effect of waves within the vessel a great desl
of the work concerned the formation of the jet outside the vessel.
Algo, difficulties in measuring and photogranhing the waves in
the vessel precluded any extensive investigation into these
effects and the experimental programme was concluded with the
examination of the reflection of an hydrsulic jum-> in a series
of obstructions. These two aspects are described very triefly in the

chapters that follow,
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C, IIT.A The formation of the jot and the expanding
shock wave,

In Plate X a series of cine photographs have been
reproduced showing the main phages in the jet formation
outside the vessel., In these experiments a dic was added to
both the water in the vessel and the surrounding loyer and
the water table was lit from below as shown in the diagraom.
The light tronsmitted through the water is a function of its
depth so that light areas in the photograph represent shollow
water which is cnelagous to low density (i.e. low pressurc)
regions. Since the simplified energy equation is

gh + % ¢ = congtant
these areas also represent regions of high velocity.

The first photograph shows the formation of a
circular region of liquid exprnding into the otmosphere mmd the
second and third show how this region cxpaonds in o unifornm
monner throughout the field, The third photogroph in the
sequence also shows the formation of a jet and its subsequent
exponsion to full size is illustrated in (d) and (e). The jet
shown in (e} can be compored with the photograph of o gas
jet under similar conditions taken by Fraser et al (1957).

The last three photographs show the contraction of the jet









as the pressure in the vesgel falls,

A number of important noints are illustrated in this
sequence, Firstly, the uniformity of the high pressure region
behind the shock can clearly be seen especially in the later

stages of the expansion. Also, the initial formaticn of the

jot as denicted in (¢) shows a wide fan not met with in steady-

state gas flow. However, the analagous vhenomenon of the

formation of a gas jet has not been cbiained experimentally

and it is nossible, in view of the closeness of the anslogue in

other phages, that a rapidly expanding jet is formed originally.

The discontimuily in the jet equivalent to the Mach
Bridge is clearly visitle at M in (e) and Cemonstrates the
change from low pressure high velocity flow up stream to the
relatively high pressure low velocity flow dowmn strean,

These recordings do not show the boundary dividing
the fluid that was originally in the vessel from the fluid
originally forming the atmosphere., Hence, the jet boundary
cannot be determined and the expanding sheet of fluid coming
from the vessel cannot be differentiated from the atmospheric
fluid between tke expanding discontinuity and the jet, These
boundaries have been marked by filling +tho vessel with water
to which a die has been added and leaving the atmosvhere

clear. With lighting from above both the boundaries and the
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presence of waves on the surface are defined, The contact
surface (boundary) between the expanding cir from the vessel
and the compressed atmosphere is well defined cnd it can be
geen that there is o distortion of this boundary due to the
instability inkerent in an accelerating wall of fluid as
discussed by Toaylor and Lewis (1950). This distortion can
also bo seen in the photographs of the expanding gnses when o
disc bursts as described in Section A and shown in Plate VI.
These photographs &lso show the position of the jet
boundary throughout the discharge. The results again cgree
with those for gas jets as a comparison with the photograph

token from o paper by Fraser et al shows,

It can be coneluded from thesc results that the analogue

represents two~Cimengional gas flow in most respects and that

it can be used qualitatively to demonstrate phenonmena connected

with tho discharge of gases from a vessel, Further information

on the expansion of the jet may be of importance to determine
the analagous gnscous expansion but it was felt thoat this hos
1little bearing on the present problem and informetion on wave

formation within the vessel is of nore use.
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C.IIT.5 Wave formation within the vessel,

The pressure variation in the vessel is showm in the
recording in Fig, C.III.7. The wave motion is quite clear and
ag with the case of the gas the frequency changes as the
of flux continues., The length of the wave also increases with
time and this would be expected from the expanding rarefaction
wave, An attempt has been made to interpret, on the basis
of obgervations made during the experiments, the wave motion
in the vessel., Fig. C.III.8 depicts this result in terms of
the depth~tine and position-time diagrams discussed earlier,
The velocity of the wave, represented by the slove of the lines
in the %t diagram, has been derived from the depth~time curve

and the resulting wave pattern avpears to correspond with the

depth variation. However, due to the three dimensional effects,

no exact representution is pogsiblc using this simple anzlysis.
For this reason these oxperiments were discontinued and an
investigation into the reflection of waves within the vesgsel
commenced. The expansion waves in the vessel could not be
photographed because of the smnll changes in depth. Instead,
the refiection of ¢ compression wave in a vessel was examined
and the series of photographs showm in Plates XITI, XIII and
XIV obtained.
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Plate XITI shows the simple reflection of a curved
wave from a wall in which the reflected wave is the sane
shape as the incident wave.

Plate XIII shows the reflection within a semi-~infinite
vessel and the formation of a plane wave travelling between the
parallel walls., It also shows the secondary waves which are
reflected from the walls. These waves have been discussed
by Glass (1550) and it is of interest to see them produced so
exnctly in the analogue.

Finally, in Plate ZIV o more complicated system has

been examined and the reflection and re-reflection of waves
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in a triangular vessel photographed., The comnlicated interaction

leads to a system of multiple waves and it is clearly

denonstrated how difficult anv analysis must be,
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CHAPTER C,IV CONCLUSIONS

In this section an attempt has been made to calculate
the optimum size for the vents. A simple analysis has proved
successful vrovided the effect of turbulence is accounted for
and an empirical relation between o correction factor for
turbulence ond the vent size is suggesteds The more complicated
analysis including the effects of waves has not been attempted
zlthough a possible method has been discussed. The difficulties
involved in such an analysis are illustrated using an hydraulic
analogue,

Hence, predictions of explosion pressures must at
present be made ueing the simple theory and the method is
outlined below,

Information is required concerning the nature of the
explosive mixture and this is best obtained using a spherical vessel
with central ignition, The final pressure and the maximum rate
of pressure increase con be obtained from experiments on the

spherical vessel and used to determine:

b = Pe - 1
vhere e = Pg ,
Py

Pg = final pressure and
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P; = initial pressure; and
@ = +the exponent in the pressure-burning-rate

equation and given by

d ¢
(.—.?2) = 3.D.Su. . P,
dt max R

radius of the vessel and

where R

Su fundamental burning velocity

These results can be used for any vessel if the following

dimensionless terms are used

P = E. = Dressurc at given instont ;
51 Initial rressure
; = C- AY_ . t H
v
H = kX8 ; X = correction factor for turbulance;
C
and A= A g
Av

\6 +1

¢ = 2 B¢ ~1),y(Initial velocity of sound)
(*0’1—1 ’

where

Su = Tundamental burning velocity,

¥V = Volume of the vessel

Av = Surface area available for fixing vents and
A = corrected discharge area of the vent.

The term Av hnsg a special significance as it is o measure of
v

the extent the vessel deviates from being svherical. Thus for
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vessels which have an aspect ratio less than three this term

hag a value
Y = < 1 ) R
Av 7z + 2

where z = Veasel diometer

Vessel length

= aspect ratio.

In vesscls with aspect ratios greater than three the
conditions asvroach one-divensional and the available ares,
Av, is equal to the area of the ends on wh:ch vents operate.
i.e. Av equals the cross--sectional area of the vessel when one
end is vented tnd Av is twice the cross-sectional area when both
the ends arc vented, |

The correction factor, k, is determined emjirically
and since experimental evidence is not yet available it is
suggested thet the relation between k and a Reynolds number
shown in Fig. C.IX1.6¢c is used. The Reynolds mumber, Re” is
that for the flow through the vent under sonic wonditions at the

initial pressure in the vessel.

. =
i.e« Re” = uD Pi
1 s
/1 i
where u = velocity in vent
c

H

/lj_ he viscosity,

T



D

(1

U

vent diameter;

density in vessel at P = Pi

The dingram in Fig. C.II.6c has been obtained fram
results for propane-air mixtures in a particular vessel and
may not be applicable in all cases and this is one of the
points of the theory wiich will have to be tested.

The most important equation derived in the analysis

is that deternmining the safe ventlng area ratio, Cﬁc.

(& . 3321
io (=1 ch = I’Iub po ﬂ ) for z \ '
(5 3__35___
end mc=.¢£.pr for z)

24V

vhere Po pressure ratio ot wiich the vent opens,
Af = area of flome
= 2 or 4 times the vessel cross~section for one
and two flames respectively and
S 1is a coefficient which depends upon the position

of the vent and the point of ignition,

S/Af is therefore a criterion for the placing of the

vent. Fig. C.T1I.2b gives the values of S/Af for a nuuber of

ignition positions and vent locationz and it can be seen

that:

() If the source of ignition is known the vent

should be nlaced nesar it
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(b) If the source is not known a number of vents
should be distributed over the vessel.

The other equations can be used to predict the pressure
variations and flame position but, if the equations for the
aren of the vent under safe venting conditions can be verified
the others become unnecessary for the practical design of

pressure relief vents,
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CONCLUSIONS

The investigations described in this thesis were carried
out with a view to obtaining data for the design of valves
required in the protection of pressure vessels, A generalised
form of the equations of motion has been established and the
individual sections of the thesis deal with the determination
of the functions in these equations under different conditions

of valve operation, The equation of motion is:

v

g (em.e(h) - R(%) = Z ( _qf_g) v,
P S ’
for the prineipal directions i = x, y, 2z
where g (p,T).£(X;) represents the resultant force on the
obstruction due to the passage of gas
through the valve,
R(X;) represents the resultant of the

system of forees retaining the

obstruction in the wvent,

2
E (_é_zi) vy represents the resultant of the

J j acceleration forces;

The following discussion is divided into two sections

dealing with slowly changing pressures (equilibrium conditions)
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and rapidly chenging pressures (dynemic conditions).

I Equilibrium conditions.

When the pressure changes slowly the rate of change
of momentum of the moving parts of the valve is small and
the equations of motion are:

g (®0).1(x) = R(X;)

The function & (P,T) represents the relation between
the thrust and the pressure and temperature in the vessel and
these will depend upon the rate at which the gas is discharged
from the vessel and the rate of increase in pressure, For
slowly changing pressurcs a steady-state material balance
supplies the necessary information for caleulating these
properties if the disclhiarge characteristic of the particular
valve is known. The characteristics have been determined
experimentally for bursting disc valves and a simplified
model of the spring loaded diaphragm valve,

In the former case it has been shown that the shape
of the bursting disc holder plays an important part in the
discharge process and that the rate of discharge is a maximum
when the entry to the valve has a radius of curvature equal
to half the valve diamcter. Under these conditions the flow

rate is about 95% of the maximum flow rate obtainable,
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Theoretical considerations have been introduced to show that
this result is to be expected although a quantitative analysis
is not possible.

The discharge rates through spring loaded valves
have also been determined experimentally, Theoretical
estimates of the flow rate through the vent area have been made
for one design of valve to show the deviation from one-
dimensional inviscid flow but only measured values of
effective flow area are quoted as a function of valve head

displacement,

The movement of the valve depends upon the functions
£(Z;) and R(Xi) and the two types of valve ropresent the
complementary faccts of two similar probiems, Tho bursting
disec velve remains closed during deflection and the function
f(Xi) is thc area in the term representing the force exerted
by the gas presswre and can easily be calculated, The term
R(X;), however, depends upon the stress in the disc and hence
‘on the degree of deformation and is computed only with considerable
difficulty. By making certain gimplifications a solution to
the equation is possible but, since a knowledge of the
deformation process is not required, a full anslysis of the

equilibrivm deformation has not been attempted, The analysis
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has been restricted to the point of rupturc at the pole of the
deformed disc and the static bursting pressure has been
caleulated from the mechanical nropertics of the dise material.
Using a gravhicel method, suitable when the physical data is
in the form of an exporimental curve, the instability strain,
and hence the bursting pressure, has been determined for copper,
aluminium and brass and these results compare well with both
experimental and theoretical valucs reported by other workers,

In the case of the spring loaded valve the function R(Xj)
deponds upon the valve head displacement and is computed from
the spring strength and the design of the loading mechanigm,
The unknown function is @ (P, T).£(X;) vhich will depend
upon the shape of the valve head and the vent ag well as
on the disnlacement of the valve head. Yo attempt has been
made to calculate this function but the thrust on several
different valve heads hos been measurcd and the funetions
g (P,T) and £(X;) are expressed as a single curve for each
of them,

By combining these results with the discharge rates
past the valve head the performance of the spring loaded
valve has been analysed and a graphical method is used to
illustrate the function of three different types of loading

mechanism, It 1s coneluded that ths direct loaded velve ig the
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most inefficient of the three and that an indirect loading
gystem is required wiich will give & load which decreases

vith displacement,

ITI Dvnamic conditionsg,

The rate of change of momentum must now be included
in the equations of motion, In addition all the other
functions may toks another form and cach will be considered
sepcrately,

The first term, F(P,T).f(X3), will alter on two
counts, Firstly because the gns and valve parts are moving
at congiderable speeds and a correction has to be cpplied to account
for their relative motions, Anclyses on the basis of gag
dynamice are poseible butl require o knovledge of the valve
motion, This means thot the equations of motion must be solved
without considering these effects and a subsequent correction
made once the magnitude of the rate of volve opening is knovn.
Secondly the properties, P and T, of the gas in the vesscl
are contimally changing and will be effected by the valve
performance, A&s a first step to the solution of the problem
the pregsurc change has been stipulated as an instantencous

rige from ambient to some fixed proportion of the valve
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operation pressure. But, since thesc valves are to be
considered in relation to explosion relief, a detailed

survey has been made of possible analyses of the pressure
chonges involved in vented explosions. A simple theoretical
analysis has becen esteblished and it is suggested that this
should be the first step to a more rational appronch to the
subject, The theory has been used to compute pressure changes
for explosions on which eyperimental data is aveilable and
agreement is good, The cffcct of venting these cxplosions

has been examined and the problem tackled on the basis of
wave phenomena. However, it can be concluded that o solution
on this bagis is impracticable and iv has been showvm, using
en hydraulic analogue, that the analysis involved would be
both lengthy and complicated, Instead o scini~empirical method is
suggested and, on the results examined in this thesis, it can
be gtated that there is at least some npogsibility of a
correlation on this basis for explosion data to be used in the
design of pressure relief by venting.

The term R(X;) is fixed by the restraining system ond
in the case of the spring loaded valve.can be assumed to remain
unchanged, But, in the case of the disc it will depend upon
stresses and hence on the deformotion, Thus, this term camnot
be congidered separately and will form an implicit part of the

solution.
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Similarly, the term representing the rate of change
of momentum can be determined in one case as an explicit
relation involving the velocity of the moving parts of the valve
vhereas, for the disc, only an implicit solution is available
since the mass of individual clements depend upon their

thickness (state of strain).

Thus, for the spring loaded valive the equations of
motion have been solved on the assumption that the thrusi-
displacement relation ic not affected by the veloecity of the
valve head. The responsc of such a valve to the application
of a shock load has been calculated and it ig showm that the
valve opening rate depends on the type of loading and the

relative mass of the moving paris.

The more complicated cquations obtained in the case
of & disc do not yield an analytical solution except when the
equations are simplified by assuming the material to be
perfectly plastic. This stipulation leads to a differential )
equation repregenting the traverse of an "inertia" wave acrosg
the disc. The inclusion of strain hardening effects cannot

be accounted for in the simple solution and the experimental



investigation of shock loaded discs was carried out in an
attempt to elucidate the true mechanism of deformation, It
has been shown that the presence of strain hardening modifies
the "inertia" wave in certain definite ways. These can best
be accounted for by postulating the presence of a strain wave
vhich travels through the disc at a velocity dependent on the
nagnitude of the strain. Since the velocity of the inertia
wave also depends uron the strain intensity the interaction
of these two weves will control the deformation process.
Information on the nropagation of strain waves s limited to
the one-dimensional case and therefore the mroblem has been
reduced to the consideration of the dymamic deformation of a
wire under the influecnce of a suddenly applied maznetic field.
A qualitative analysis indicates the pocgible mode of
deformation and this appears to agrce with the experimental
measurements,

The results have been correlated in bterms of the initial
acceleration of the disc centre and the maximum dynamic
deflection so that knowing these two quantities the phenomenon
can be described as a single function, in this case an
experimental curve., It has been shown that the initial
acceleration depends on the radius and thickness of the disc

and on the magnitude of the pressure loading, However, only an

I3

o

5
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order of magnitude can be quoted and it is suggested that the
initial acceleration is approximately half thet of a free plate
under the same loading conditions, The maximum dynamic
deflection is proportional to the radius of the disc over

the ranse of pressures used, In this way the deformation

of any couper disc can be predicied,

The dynamic deflections have been obtained using a shock
tube and this tool has shown remarkable flexibility., Discs
of diameter 2%, AW or 6" can be loaded with pressure pulses
of up to 30C p.s,i, and it has been designed to nroduce a
pressure pulse of sufficient duration to allow as near congtant
presswrc loads as possible, These experiments should be extended
to a more detailcd study of the deformation of discs and
materials having different mechanical pronertics should be
used,

Probably the most important design calculation for
bursting discs concerns the detcrminotion of the bursting
pressure. Under slow load conditions the experimental values
are used but if the disc is to rupture under dynamic pressure
loading the bursting pressure will be different, A suggested
mechenism of rupture hes lcad to the prediction of dymanic

bursting pressures and the results have buen tested using the



shock ‘tube, with reasoneble success. However, it is essential
to extend these tests to other materials before accepting

these resulis as conclusive,

When the rate of pressure increase is finite but
insufficiently rapid to influence the mode of deformation the
results described above camnot be nseds To overcome this
difficulty, the strain cnergy, the lkkinetic energy and the
work cone by the loading medium have been calculated from the
equilibrium egquations gnd, by applying the principle of
congervetion of encrgy, the rate of deflection for any pressure
epplication Las becn determined, These results are of more
importence then tihose for shock loadings but as yet they have

not been tested experimcentally,

To summarise, an attempt has been mede to determine
all the factors influencing the performance of bursting dise
velves and spring loaded valves, particulerly under dynamic
conditions. The experimontal work hag been restricted to the
use of gas in these valves and only supersonic conditions
have beecn considered. Information has been presonted for

designing the most efficient relicf valve and a method has

been suggested whereby the positioning and size of the valve can

be ealculated,
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APPENDIX E. I The response of the measuring equipment

to static and dymamic changes in tho

measured voriables,

The static responsce of the equipment can be calculated ond
mecsured comnaratively easily ond the methods are discussed
in the individual scctions bclow, However, the dynamic
responses of a mechanism not only require a knowledge of the
natural frequency but olso the extent to which the mechanisms
arc damped. Tor this reason a preliminary description of the
methods used to determine the errors introduced into the
dynamic measurementsg is included here,

The perfect measuring device will respond exnctly
to the measurcd variable, If, however, the device has o
notural frequency it will resonate vhen subjected to a
change in variable of the some frequency so that there will
be maximum magnification of the voricble considerably greater
than the static cnlibration suggests., If the impressed frequency
does not equal the notural frequency but is of the same order
of magnitude, an error ig still introduced althongh it will
be smoller thon that described above.

If the wvarintion of the measurced property with time is

to be recorded o further error is introduced, There will be
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a time lag between the change in property and the recorded
change. This is of little consequence if it remains constant
during the recording but, unfortunately, the lag depends upon
the rate of chonge of the variable and since this is not
constant the recorded time chonge of the property will be
digtorted, As with the magnification, both the natural
frequency and the amount of domping effect the oxtend of
this error.

The effect of discord (that is, the rotio of
impressed frequency to natural frequency) and of damping

foetor con be expressed by the equations:

2 1] Impressed frequency
2 T Undamped natural frequency of systom

where

L)
i

Doamping factor

moagnification foctor

i S
!

= dynomic reccrding
static calibration

the phago angle by which the recorded

A
I

frequency legs the impressed frequency.
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These equations are quite simply solved and are plotted in
Fig.l for o series of values of the damping factor h, Both
the natural frequency and the damping factor can be determined
experimentolly (as suggested by Bennet, Richards and Voss
1947) by shock exciting the mechanism and recording both

the frequency of vibration, fd, and the rate at which the
amplitude falls ond ccleulating the required quantities from

lo
h = 1°g10 E
2 Aof%
(l' gé2n”™ + loglo E
fn= __fd _ ir n<o2
(1 - n%)®
where Lo 1is the first considered omplitude measured

from the rest position,

An  is the amplitude of the n th succeeding swing
past the rest position ~nd

fn is the undamped notursl frequency.

In this way the errors introduced by the dymamic
requirements of the mechanism can be calculated for each
instrument for the maximum impressed frequency to be expecteds

The direct calculation of the natural freguency of a
plone diaphragm is foirly simple when the movements are small

but for the corrugated diaphragms used here which are subjected
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to comparatively large deflections the some equations do not
caply ond experimental mcthods are more relicble, Similarly

in the case of more complicoted mechanisms, the caleulation of the
natural frequency is difficult although on occasions the

analysis can be reduced to that of port of the system which

-is nost liable to low froquency vibrations.

(i) The static response of the pressure transducer.

The equations governing the deflection of corrugated
diaphragms have been derived by Horingx (1957) and Flindt (1956)
but when the present equipment wos designed an such cnclysis
was avellable, The design of the diaphragn was loft to the
nonufacturers and o mmber tested under the specific conditions
required in the oxperimonts. Tho finol choice of o 0® 004"
shin stoel diaohragn wos determined by the sonsitivity requirenments
and by the response time,

(ii) Dymnonic response of the pressure transducer,

The frequency and damping factor of the transducer

was determined by tapping the diaphragm with o light rod. The
rod wvas actunted by ¢ small venduwlun so thot the same impact
could be applied to all the diaphragms, The output from

the transducer wos recorded in the normnl manner. The
recordings for o series of Berillium-copper dinphragms, and

for shim steel dicphrogns in both designs of transducer are
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reproduced in Fig. 2. The thicker Bc. Cu diaphrogms and the
ghin steel diaphrogms show about the same response frequency
but the latter hos the udvantage.of only one node of vibration.
The response of the saim steel disphragm in the perspex holder
wos totally inndequate, L very low frequency disturbance is
recorded some time after the initial impact ocnd is probably
due to the non-rigid nature of the holder.

The danping foctor calculcted from the equations given
above is of the order of 0206 so that the undenped frequency
can be enlculated and is about 500 ¢/see, The maximum impressed
frequency wes alweys less than 150 ¢/sec so that the maximun
discord was 0e3, ond the magnificotion factor less than le1.
Sinilarly the phase angle difference, which will effect time
nexsurements, is ot most 3° (cquivalent to about 3% in the
quarter cycle.) This means thot for the greatest rate of
chonge of pressure the errors may be in the order of o few
percent but in all other cases they are negligible. This also
accounts for the difficulties encountered in measuring the wave
motion in the vesssel since under these conditions the
discord approached unity and the magnification and phase
chonge are a naxinum,

The notural frequency was checked by exciting the



diaphragm at its resonont frequency using a loudspeaker
driven from an oudio-generator. The output from the
transducer was fed to on osciliscope ond the resoncnt frequency
determined as being 500 ¢/scc, Since the domping factor, h,
is nearly zero, this equals the naturcl freguency ond ogrees
well with the value determined by the provious method,
(iii) The static response of the thrust transducer.
The transducer volve could be disvloced by a moximunm
of 1° of circular neasurc. The length of the extension orm

is cbout 1" go that the maxdimunm noverment of tho shaft is

Ymax =+ x 1L x1
180

= 0;009 inches,
The thrugt-displocement relaticn for the two

diaphragms can be colculated from

1}

y__tB 3 e P1 f 1 ( r1 2 ' 2 .'
e 2 sl Im R -3 /r
R4 F [ R r1 f;(—-l-)

i_gg [ 1 “(32)2 1n _3";% (rz\)zg
/

]

|

where v = deflection of a disc of thickness t and
rodius R,
P = )i ,



W = load concentrated over a rigid central

area of rodius r and

F = Youngt!s modulus
1 -~ (Poisonts rotio)

ond W + W maxirmm load cpplied to thetransducer
= 100 1b,wt.
Substituting the approprirte values for R, rq and rp and F
of 0*25, 0°125, 00625 and 30 x 106_for o spring stcel, the
thickness of the two discs rmst be 02019 ins, for ¢ moximum
deflection of 0?005 ins. The deflection in this range is
lincor with respect to the anplied force,
(iv) The dynamic response of the thrust transducer.
Since the deflection of the diaphragms ig less thon
their thickness the natural frequency wns expected to be high.
However, when tested it was found to vibrate and it was
decided that the extension arm wre eausing the trouble (see
Fig. B,IIX.2, Page 176). The noturcl frequency of éuch an
arm ccn be caleulated if it is cssumed that the two ends are
simply supported,
= 1 [pI
22 N om

where = the length of the arm,

L
E = Young'!s nodulus for the material,
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I = +the second moment of the crossw~section ond

m = mass per unit length of the arm.

Tor a circular section arm the rotio of the second moment and

the mass per unit length is

where

vhere

=8 s 2

m 4 o
[o density of the material
R

r = inside radius of orm when it consists of

i

outgide radius of crm,

o tube.
s o T
P B R
a
c = /Eé = velocity of sound in thc material

NP

The frequency can be increased in three woys ond cach

was tried in turn.

(a) Use o thin wclled tube which will incrense the
frequency by o maxirum of 1°/ times;

(b) Using o thicker arm to incrcasc the frequency
proportionally; and

(¢) By decrensing the length to incrence the
frequency by the square of the length.

The final design of the transduccr used an zrn three
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times as thick and about half as long as the original design
and the vibrations were reduced to negligible proportiong.
However, vibrations do occur and are produced by the initial
sudden pressure application whon the disc bursts ond last for
o very ashort period. Thoy givo some idec of the naturcl
frequency of the transducer, This frequency is greater than
2000 q/éec. which mcang that the discord is considerably less

than O*1 ond dynamic errors are negligible.
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APPENDIX E,II Electronic circuits.

(1) Pressure measurement.

The pressurc was measured with a capacitance type
pressure gouge using o propriectory capacitonce bridge - the
Fieldon Proximity Meter P.l.2, The output wos amplified in o
Scuthern Ingtruments D.C. Amplifier and disploayed on o
Southern Instruments oscilloscope. The only other electrenic
circuitry used was tho trigger device described in Chapter
L, III and circult diagroms will not be reproduced herc.

(i1) Thrust measurcment.

The electronic sonsing element wos on R.C.L. 5734 Mechano-
electronic Transducer ~nd importent details from the data shoeot
are shown in Fig. 32, The most suitable arrangoement in the
present application is to moke the valve one arm of a
resistance bridge as shown in Fig, 3b, The two voriable
registances balonce the bridge under zero deflection conditions
g0 that when the transducer arm is moved the bridge becones
unbalanced and o potential is produced across the output
terminals, This is fed to onc becam of a Cossor 1049 double
beom esecilliscope,

(1i1) Flash initintion.

In opdor to obtoin shadowgraphs of the gas streaming

past the obstructions, o photormltiplier wms fitted toc the
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v

oscilliscope camerc hood. When tho oscilliscope beam passes
behind o small obgstruction on the CRT face the voltage across

the photomiltiplier load falls suddenly and this change is

uged to initinto the flash, The equipment is shown diagromatically
in Fig. 4.

The signal from the photormltiplicr is fed through a
two stage amplifier to the trigger system of the £1ash unite
The sccond stage of the amplifier is a "long~tail-pair" to chaonge
the sign of the signal,

The flash unit is a Turnor HS/5 capable of giving o 5
or 20 joules output in.a)u.sec and initicted by a thyratron
trigger,

(iv) Multiple flash equipment.

The requirement of this unit wos the production of a series
of fiftoen one microgecond flashes at intervals of 100 microscconds
to be triggered from the second of two pulses from the
photomultiplier detector, These signals were produced by the
light~soreens when the shock wave passed them and gave negative
gignals of about 5v amplitude. In order to uso the second of
these pulses o "divide by twe® circuit of the type used in
nuclecr counting equipment onsured that the seccond of the
pulges wng fed to o thyratron. The thyrotron is o gos filled

volve which is triggered to its conducting state thus rejecting
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any subsequeut pulses from the divide by two circuit. The
signal from the thyratron operates a univibrator which generates
o positive going square wove, This adjustable duration pulse
is used as the sercen voltage for o pentode amplifier, the
pentode being normally cut off and being sct to gain conditions for
the duration of the pulse, The DC level and the impedonce of the
pulse sourco have been adjusted to mnteh the input
requirements of the pentode by o cathode follower. A
square wave generator provides the grid signol to the
pentode, and the output of this gtage provides the trigger
for a pulse generator, The pulses arc then amplified to the
level required to pulse the cathode ray tube light source
to full brilliance.

This QRT is a Ferrantl tube specially designed to be
used a8 a light source. It requires a potential'of 25,000 v
between the cathode and anode and is held at cuf—off by a
bias voltage on the grid, The pulses oppose this bias and
swilteh on the tube for the duration of each pulse whon the
whole of the CRT focc is 1it up. The high potentinl is
supplied from a 25 kv r,f, unit ~nd o 0°05 }J.f high
voltoge condenser.

Once the two signals have been received by the

equipment only the required mumber of light pulses arc
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available., Hence, the thyratron and scale-of-two have
to be reset beforce the operation can be repeated.

The circuit is broken down into ite constituent parts
in Fig., 5 which illustrates, by cathode roy tube displays,
how the final microsccond pulse train, initiated by the
photormltiplier, is processed through the systen.

The circuit is dotailed in Fig. 6 in which the

circuit velues ore ag follows:

V1 6 HG6

V2 6 SN 7 Scale-of-two valve
V3 EN,91 Thyr~tron

Vs 6 SN 7 Univibrator valve
V5 5¢CH 6 Cathode follower
vé 6 CH 6 Gated amplifier
v7 6 CH 6 Video~nmplifior
Rl 1C0 K Ro 1, ¥
R? 2K Rb 1, M
R3 100 X Re 50 X
R4 47 Rd 10 ¥
R5 15X Re 10 X
R6 220 X c1 47 pf
R7 220 K c2 L7 pf

R8 lox C3 00l }ﬁ‘



R9
R10

R15
R16

100 K
22 X
22 K
220 K
150 K
i
1M
10K
10 X
§8 K

330 K

current liniting resistor

C
a5
cé
c7
c8

c10
C1l
Cl2

0. 002 }li‘

47 pf
001 pf
01 pf
o1 pf
05 uf

0+ 05 i

37 pf

IIT
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