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Ministry of Supply

ARMAMENT  RESEARCH ESTABLISHMENT

R&PORT No. 18/50

(Weapons Research Report No. 1/50)

The Development of a Closed Vessel

Piezo-Electric Recording Equipment.

Summary

An account is given of the development of a Piezo-Electric recording
equipment for use, in conjunction with Closed. Vessel apparatus, in the
assessment of the ballistic characteristics of propellants. Special
attention was given to possible use of the recorder in routine testing of
propellants, and this consideration, together with that of accuracy, led to
the decision that recording should be in terms of rate of pressure rise against
pressure., For the same reason, various devices have been incorporated to
make the apparatus almost completely automatic in action, apart from the
initial adjustment, and to minimize the computations which follow,

After a note on the main design considerations, a description of the
general arrangement of the final design is given, followed by an account of
special features of this final design.

The various faults which were detected following the installation of the
equipment at the 4.R.E., and_the steps tnken to overcome them, are then
described.,

In conclusion, there are various appendices devoted to such matters as
operating instructions, routine adjustments, the r-pid assessment of maximum
rote of change of pressure, moximun pressure, C.R.T. beam current and
calibrntion writing speeds so that the ppropriate adjustments may be made
for any particular recording, calibration of the riezo-Electric Crystal,
suggested minor improvements in the design, and the measurement of the recorded
curve,
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INTRODUCTION

For the assessment of the ballistic characteristics of a propellant, a
sample of thc propellant is ignited inside a "Closed Vessel" from which the
products of combustion are not permitted to escape until after burning is
completed, and the build-up of pressurc during the period of burning is
examined. By a suitable choice of pressurc-recording system, it is then
possible to express the results of such a firing in terms of the propellant
"force-constant", and the relationship betwcen rate of burning and pressure,
i.e. the propellant 'frate of burning constant".

The essential features of a Closed Vessel are:-
(a) A steel tube threaded (usually internally) at both ends.

(b) Two closing-blocks, each incorporating an obturating device, to fit the
screw threads at the ends of the steel tube.

(¢} Means for igniting the propellant chargc contained in the steel tube
between the inner end surfaces of the two closing blocks.

(d) A guage for recording the build-up of pressure in the chamber during the
burning of the propcllant charge, and

(e) A valve for evacuating thc vessel after the completion of propellant
burning.

The earliest design of pressure-rccording gauge was based on the principle
of the well-known coppcr crusher gauge cmployed for the measurement of maximum
pressure in the gun, the main diffcrence being that, in the prescnt application,
compression of the copper was amplified mechanically and caused a stylus to
draw 2 trecc on a blackened plate moving under gravity.

4An advance in Closed Vesscl recording technique came with the introduction
of the Petavel spring gauge, which made use of the elastic properties of steel.
In this design of goruge, the spring element consists of a steel tube, one end
of which is closed and the other end is fixed to thc body of the vessel or
closing block. Gas pressuré on the closcd cnd compresses the tube, and this
axial elastic deformation is caused to rock a small mirror, which sweeps the
iaage of a light source across a rotating drum camcra. In this way, a
pressure-time curve is rccorded on the length of photographic film wrapped
round thc camera drum, This same basic design of gauge was in use in the
A.R.E., for Closcd Vessel recording up to 1942, the original design having
been improved in the interim period. These improvements were mainly in the
means for supporting the fixed end of the tubular spring member, and in the
mirror suspension.

In 1942, the spring-gauge recording facilities wcre interfered with by
enemy action, and it was at this stage that the Piezo-Electric method came
into usc for routine Closed Vcssel recording in the A.R.E. Advantage was
taken of the experience acquired by the Gun Experimental Section in the use of
tourmaline for this purpose, and rccordings were carried out on the pressure-
time equipment which had rccently been installed by this Section for
experimental work on guns. As thc prograume of the Gun Experimental Section
increascd, opportunities for using these facilities for Closed Vessel
recordings necessarily diminished until finally it became necessary to make
alternative arrangc.aents. This became possible when the rebuilding of the
Closed Vessel laboratory was coaplcted and a Piczo-slectric pressure-tine
recording apparatus was obtained on loan. Froa the accuracy point of view,
this was a retrograde step, as the error involved in reading the record obtained
with this particular app:aratus was greater than that obtained with the design
of spring gauge in recent use.




4t this time, due to the conditions then prevailing, there was an
increasing demand for Closed Vessel work, and the possibility of employing
Closed Vessel methods in the routine testing of gun propcllants was becoming
very attractive on grounds of financial-economy. Authority was therefore
sought, and obtained, for the development of a special recording equipment for
this purpose, It was appreciated that, for the main purpose envisaged, viz.
that of routine propellant proof, a high degree of recording accuracy would be
necessary. Also, the routine of firing the vessels, recording the experimental
results and performing the necessary computations must be simplified as much as
possible in view of the high rate of fire that routine work of this nature
would entail. 1In satisfaction of the relevant requirements, the choice of
recording in terms of rate of pressure rise (i.e. dp/dt) against pressure
was obvious, With pressure-time recording it is necessary to differentiate
the curve for rates of burning to be deduced, and the measurement, ‘from’the
record, of small time intervals corresponding to small pressure increments is
both tedious and inaccurate, so that the advantages of recording dP/dt directly
are immediately apparent.- '

A Ministry of Supply Extra-iural Research Contract, No.294/2/684/CF.94,
was negotiated with the firm of -iessrs. Cinema Lelevision Ltd., for the design,
development and construction of the new recording equipment, which forms the
subject of the present report. 4s much of the work involved in the
development of the equipiment was of a somewhat exploratory nature, it was
possible to define the requirements in general terms only, and it was
necessary to maintain close contact with the firm during the course of the
contract.

Final te¢sts of the equipment, in conjunction with Closed Vessel firings,
could not be carricd out until it was installed in the 4.R.ZE. Such tests
soon disclosed serious faults in the apparatus, and it becamc nccessary to
take further contract action, in Contract No. 6/Insts./930/CB.16(a), with the
same firm, for the elimination of these faults. Extensions to this second
contract became necessary as the correction of the major faults enabled minor
ones to be detected, and progress continued in step fashion until late 1948,
since which time the apparatus has been in constant use without giving any
major trouble,

In addition teo its possible future application in routine inspection and
proof of propellant, this recorder is a valuable research tool, having many
advantages over the pressure-time method. Although rates of burning at
various stages during the combustion process may be deduced from the pressure-
time curve, the plot of rate of burning against pressure is not continuous,
as the necessity for differentiating the curve tends to smooth out any genuine
irregularities in burning. Also, the errors introduced in measuring the small
pressure and time increments, although tending to become smoothed out when
the results are reduced to burning-law form, result in a considerable measure
of uncertainty in individual values of rate of burning. With af/dt -
pressure recording, irregular burning of the propellant is immediately
apparent from the recorded curve, and a continuous plot of rate of burning
against pressure can be made, This enables irrcgularities in burning to be
investigated, Over most of the recorded curve, the recading error is so small
as to be negligible, and this mckes it possible to measure small differences
in ballistic characteristics between propellant scmples. Thus, the new
recorder opens up a wide field of research.

lluch of the material contained in the body of this report was prepared by
Messrs. Cinema Television Itd., and is containcd in the fira's Handbook No. 158.
These reacrks apply, in particular, to Sections 1 to 4 inclusive. Section 5
may be considered as being a Joint Cinema Tedvision - 4,R.E, effort; in
particular, nearly all the work on "hash" removal was done by 4.R.H, staff,
Appendices I and II are due to wessrs, Cinema Television Ltd., and the remaining
Appendices were prepared by A.R.E. staff. 41l the diagrams were prepared in
the ..R.K., in some cases from circuit diagrams supplied by Messrs. Cinema
Television Ltd., under the Coutract. ‘



A Closed Vessel (No.21) tor use, in conjunction with the new recorder, in
routine investigations, was specially designed, and will form the subject of
a separate report.

1, SPLCIFICATION

The original requiremcnts were set out in a provisional specification in
Septecmber 1942, and were for thc development and construction of a cathode ray
tube rccorder for the purpose of obtaining accurate records of the¢ rate of
change of pressure in relation to the pressurc in a closed vessel in which a
propellant chnarge is fired.

The specification states:-

(a) The input signal will ‘be obtained from a Piczo-Electric Grystal Gauge,
feeding into a standard condenser, Circuits will be provided for producing
signals proportional to pressure and to rate of changec of pressure. Switching
will bc provided for selecting the output from any onc of six gauges.,

(b) The gauges will have similar polarity and sensitivities varying between
0.004 and 0,005 microcoulombs per ton per square inch. The maximum pressure
obtained will vary between 10 and 20 tons per squarc inch. The rate of change
will vary between 500 and 20,000 tons per square inch per second. The event
will be completed in from 1 to 10 milliseconds.

(¢) A calibration signal is to be applied automatically at the completion of
the event, and will take the form of a grid of linecs, thc ordinates rcprecsenting
equrl steps of pressurc, and the abscissae equal ratcs of change of pressure.

(d) The records are required to bc read to an accuracy of 2 parts in 1,000,
An instrumental accuracy of this order is to be aimed at, 5 parts in 1,000
being the lowest acceptable. adequate dcfinition, freedom from interfering
signals, good high frequency characteristics and zero constancy are asked for
in this section. The calibrating potentials are to be obtained from a
stondard cell end potentiometer.

(e) The oscillogram will normaily occupy ~ circular area of 60 mm. dismeter
on the C.R. tube, but this could be reduced to a square of about 2" side. The
record is to be full size on Ilford oscillograph paper 70 mm., wide. The
records are to be numbered serially and a number is to appcar showing which
input is connccted.

(f) The C.R. tube should be brightened and 2ll further operations required
to complete the record should occur automntically on thc receipt of a signal
by the cpparntus. A manually operated shutter should be provided.

(g) For purposes of observation a second C.R. tube having a long afterglow
cereen is to be provided in parallel with the recording tube.

(h) The apparatus will be used in a normolly lighted room and light-tight
cassettes should be provided for the sensitive material.

(i) The apparatus will opcrate on normal 240 V 50 c.p.s. 4.C. supply mains.
(j) The apparatus will be constructed in rack form, and attention should be

pald to the fact that it will be used by semi-skilled operators for routine
testing. B




2. DESIGN CONSIDERATIONS

Considering the specification and how it could be met, various requirements
stood out as new or specially difficult problems.

Dealing with the display and recording aspects first, it seemed probable
from past experience (espeecially with the pressurc/time recorder already in use
at 4.R.Z, Woolwich) that the CINTEL cathode-ray tube type 3 EB2 would provide &
trace of the necessary brightness and definition. 4 suitable lens and camera
were available, so that the recording aspeet did not appear to present any
difficulties.

One thing that scemed likely to complieate matters, in order to maintain
reading aecuracy at all points on the curve, was ‘the desirability of modulating
the spot brightness according to the writing speed a0 as to avoid extreme
variations in the thickness of the recorded line.

Some typical pressure v. time records were cxamined with a view to
ascertaining the writing specd ratio likely to be encountered.

It was felt desirable to work the C.R., tube with its anode and sereen
earthy. Under these conditions any modulating signal applied to the grid would
have to bridge a 10 KV. potential differecnce.

It can be shown that for the curve dP/dt v.P., the writing speed is
proportional to the normal intercept between the curve and the P axis. This
intercept did not appear to vary by more than 50 to 1 over that part of the curve
which was of interest, the beginning being of small signifiecance., Since the
apparatus was to be opcrated by the ineidence of a signal, some time would
reasonably be lost and the beginning of the curve would not appear on the
R, tube.

Photographic tcsts showed that a writing specd variation of this order
ecould be recorded without undue spread in the photographic image and hence
without iapairing the reading aecuracy to any great extent. It was therefore
decided not to continue with the development of a brightness modulating system.

In this recorder it is neeessary to deflect the eathode ray beam in two
directions at right angles, corresponding to pressure and to the first time
differential of pressure.

The cathode ray tube 31B2 is fitted with only one pair of defleetion plates,
so that it is nccessary to provide one deflection by magnetie mecans. Some
previous experienee had been gained in the use of deflection coils with this
typc of tube and, in fact, a wodified tube had clreacdy bcen made in which the
plates were spaccd away frou the gun so that they were not directly in the
field of a pair of coils situnted in a convenient position on the neck of the
tube.

It is convenient if the voltage from the standard cell (about 1 volt),
used as a reference potential for the calibration grid, is equivalent to the
largcst signal from the gauge. If this is thc case for a gauge of maximum
sensitivity, i.e. 0,005 mieroeoulombs per ton per square inch, then for a
gauge of minimum sensitivity, i.e. 0.004, a pressure of 10 tons per square inch
must correspond with 0.4 volts, and 500 tons per square inech per second must
correspond with 0.02 volts, These are the minimum input voltages for which the
amplifiers have to be designed, and would be produced by the charge from the
gauge operating on a capacitor and resistor in scries of 0.1 microfarads and
10,000 ohms. The maxima of 20 tons per square inch and 20,000 tons per square
inch per second, then each give rise to a potential of 1 volt.



Some 70,000 milliampere turns are required for the magnetic deflection, so
that the idea of a d.c. amplifier with 0.4 volts input providing a current
change of 50 milliamps in a pair of deflection coils having 700 turns each
seemed quite reasonable, On the other hand, a directly couplcd amplifier to
provide 300 volts (+ 150) from 0.02 volts input must have an amplification of
15,000 which is on thc high side compatible with the great degree of stability
desired, but it was not thought to be beyond the scope of known techniques.

The amplifier circuits are described in Section 4.2.

It was at once evident that the first valve in the pressure amplifier
would be connected across a capacitor of 0.1 microfarad and that there would be
no conducting path to supply bias. to its grid. It would therefore be necessary
to arraonge for this grid to have its potential adjusted to that of the uncharged
input copacitor, i.c. to carth potential. This problem is dealt with more
fully in Section 4.1, which also describes the cricuit used for achicving the
desired result.

It was hoped that it would be possible tn usc standard H.T. supply
vibrators in this circuit. It was required to chonge over two circuits in
synchronism, ~nd o pair of vibrators were driven by a suitable transformer from
the 50 cycle supply. A number of problems presented themselves, such as
inadequnte insulntion, cortact bounce and the difficulty of maintaining correct
phose relntionship between the two vibrators. The use of one drive operating
-1l the contacts was tricd out but rejected owing to insulation and other
difficultiecs, When it became apparent that for the correct operation of
the circuit, 1t would be neccessary to use threc changcover circuits, it became
very difficult to set up and iapossible to maintain the vibrators in adjustment
cxcept for short periods.

It was then decidcd to abandon this typc of switching device and some
expcriments were conducted with relays of the Post Office typc, but these
proved too difficult to adjust with precision, and a completely new type of
vibrator was designed, In this design special attention was paid to features
which had previously bcen troublcsome. The three-stage vibrator was large
cnough to have adequate insulation, 2ll the contacts were scparately adjustable,
the contact points were of silver and the constants of the cibrating springs
were such as to cnsure th-t contact was made at zero velocity so that bounce
was eliminated. The technigue of making thce initial adjustments had to be
learned and proved to be somewhat laborious. Opcration showed it to be worth
while, however, and, except for rc-adjustment when the apparatus was moved for
installation, none has bcen found necessary.

A stondard method of blacking out the trace on the recording tubc is teo
deflcect the cathode roy so that 1t docs not pass through the anode aperture
but is collected in n "buckct™ situnted bechind the anode and which is an
integral part ¢f the construction of the tube. Two coils are accommnodated on
the neck of the tube behind the anode for this purposc. It was proposcd to
usc this wmcthod provided the coil system could be made to respond sufficiently
quickly. A unit containing suitable trigger circuits could then be operated
frow the pressure or differcntiel signal so as to cxposc or brighten the trace
for the required time. These samc¢ circuits could later be operated by the
calibrating signals, which would be applied when the pressure had reached its
final value and the differential had fallen to zero.

Por the purpose of applying the calibration grid, the C.R. tube¢ had to be
scanned in a number of singlc lines in the two deflcction directions spaced
apart by intervals corresponding to known input potentials. The spocing
potentials could readily be obtained from a divider incorporated as part of a
standardising potentiome ter. Scanning could be done by using half cycles of
the normal alternating current supply. Since the writing speed of a sine scan
is a cosine function, the spot velocity, and hence the brightness, will not vary
by more than 10 to 1 over 9(» of. the half-cycle, the velocity being greatest in
the centre and reducing towards the ends of the scan.

9.



Considerably more volts may be applied than are required to just scan the tube
so that the portion of the cycle actually appearing on the screen may have
substantially constant writing speed. . A multi-bank uniselector might be made
to operate from the supply mains, thus producing 50 steps per second, which
would be sufficient to provide twenty calibration steps in each direction in
less than one second. The uniselector would be started automatically at the
conclusion of the event so that the whole trace including calibration grid would
be recorded in about one second.

It was felt at the outset to be desirable, if not necessary, to have
available a generator capable of giving a signal similar to that expected from
the geuge in a closed vessel. In order to ascertain the shape of this curve,
¢. nunber of pressurc-time records were examincd and the P.v.dP/at curves drawn.,
With this information and the results of some discussions with 4.R.E. staff, a
signal generator was designed whose output simulated the pressure wave-form
over the dP/dt range of 500 to 20,000 tons per square inch per second to a
maximum pressure of about 15 tons per square inch. The maximum rate of rise
was adjustable by a six step switch, whilst another switch enabled this maximum
to be attained in 70m, 8 or 90w of the time taken for the pressure to rise to
its maximum value. The circuit is fully described in Section 4.6. As a check
on the design and construction, the output from this signal generator was
"recorded" on & time-pressure oscillogreph which had also been used to record
C.V., firings. Comparison of the records showed good agrecument, and the signal

generator was henceforth used as & standard of test for the apparatus under
construction. It has since been found necessary to have this gencrator
constantly available, and it has become incorporated in the recorder and is used
frequently when setting up the apparatus prior to firing.

Some tests on stabilising the «“.H.T. supply with a conventional saturated
core type of transformer showed that, although the output voltage fromn the
transformer appeared constant when measured by a meter normally indicating r.um.s.
values, there was serious wave-form distortion. This was of such o nature that
the BE.H.T. volts dropped when the input volts rose. A mixing circuit was
arranged to provide the correct ratio of mains véltage and "stabilised"
voltage to give zero -change in E.H.T. for quite substantial changes in mains
volts. It was, however, felt that the ndvantage was not Sufficient to compensate
for the complication involved, and the arrangement was not included in the final
design.

‘During the early testing period of various units and the complete assembly,
considerable time was spent on eliuinating various f aults such as hun and other
spurious signal pick-up, unwanted feedback and cross talk. In particular,
part of the automatic exposing unit was very sensitive to transicnt effects
apparently transaitted via the mains supply. In order to prevent the C.R.
tube being exposed by these unwanted signals, a special circuit was inserted to
render this part of the unit less sensitive until a true or wanted signal
arrived. The operation of this device is described in Section 4.3.

3. GENERAL ARRANGEILNT OF FINAL DiSIGN

A front view of the complete apparatus is given in Plate 1. Plate 2 is a
close-up, with the doors open to expose the cathode ray tubes to view,

The apparatus is incorporated on thrce standard instrument racks, each
elight feet high. The general aim in laying out the position for the various
units has bcen to keep the cathode roy tubes as far as possible from disturbing
fields such as are produced by transformers and chokes in power supply units,
By arranging the tubes high up and the power supplics low down, negligible
unwanted deflection was experienced. The cathode ray tubes are situated at
the top of the centre rack, the various supplies and control ponel bcing at
the bottom of the same rack. The control knobs are within comfortable reach
of the operator who has a convenient view of thc cathode ray tube scrcens at
about normal eye level, through the rectangular windows.
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4 mirror at 45° is provided in conjunction with the monitor tube whose screen
faces downwards. The recording tube also faces downwards and the sercen is
focussed on to the recording paper by a Ross 5" lens working at a maximum
aperture of £/4.5 giving a picture on the record about 65 mm. square.

Situated between the lens and the paper and also focussed on to the paper by a
small lens and prism, is the numbering device, A small portion of the top
left~hand corner of the calibration grid is obscured to allow the illuminated
serinl number counter and gauge number indicator to be photographed. - A
six-way gauge sclector switch nnd a visual serial number indicator are fitted
below the monitor cathode ray tube. The whole recording and monitoring
system is enclosed by light-tight doors, obscrvaticn being made through windows.

The camera is fitted with a handle, one turn of which winds the recording
paper on 70 mm., thus bringing an unexposed piece into the recording position.,
A stop is fitted which prevents the handle being rotated for more than one
revolution at a time.

The working anode currcnts of the cathode ray tubecs for low specd records
are rather small to read directly on a normal microawmmeter, and current
wultipliers with a factor of 10 are provided on the cathode ray tube control
panel.

Since two cathode ray tubes are incorporated in the apparatus, the focus
coils and regulating rheostats are connected to their power supply in the form
of a bridge circuit, so that opcration of the focus control on one tube has no
effect on the current in the other focus coil, even though both coils are
supplied from the same power pack.

Since the supply unit for the cathode ray tubes was designed and constructed,
a modification has been made to the cathode ray tube heater which is now rated
to run at 4 volts with an approximate current of 1.2 amperes. The regulating
rheostats fitted have very little effect on the current, but the above condition
is usually obtained by turning the controls complctely in a clock-wise direction.

On the left-hand rack near the top is situated the differential amplifier,
so arranged that its output is connected to the cathode ray tubes by short
lengths of screened low capacity cable. Below this are the galvanometer and
potcntial divider units of the spccial potentiometer supplying the calibrating
wltages. The calibrator is immediately under the potential divider and
contains a uniselector for applying the appropriate signals sequentially for
tracing the calibrating grid on the cathode ray tube.

Lastly, on this rack is the Zero Adjuster, which automatically corrects
for currents in the input circuit which tend to set the pressure amplifier off
its true zero condition. The necessary power supplies for thc above units
are housed at the bottom of the rack.

The right-hand rack contains the pressure cmplifier also connected to the
cathode ray tubes by low capacity cable and the exposing unit. The latter
contains the circuits for brightening the cathode ray tube traces on receipt
of the signal and fer initiating the calibration on the completion of a
successful event. The power supplies for these two units are accommodated
at the bottom of the rack. '

Beneath the c¢xposing unit is fitted the signal generator incorporating

its own powcr supply unit. This unit is permanently ccnnected to position
6 of the guage selector switch.
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4. SPECIAL FEATURES OF FINAL DESIGN

4.1 The Gauge Circuit.

4.1.1. The Problem of Zero Drift.

The Piezo-Electric Gauge is essentially an electrostatic device in which
a change of pressure on thc gauge results in a displacement of charge through
the crystal. If this charge is passed through a substantially capacitive
load, the potential difference devclopcd across the capacity will be proportional
to pressure change. However, the gauge does not deliver any current when the
pressure is steady, and the maintenance of a potcntial difference with a
sustained pressure is entirely conditional on the absence of any appreciable
lcakage across the capacity. If, for example, thc potential diffcrence must
be maintained for 10 milliseconds within an accuracy of 2 parts per 1000 the
time constant must exceed 5 seconds, which, with thc capocity of O.JuF, implies
a resistance of greatcr than 50 megohms. Insulation resistances of the order
of hundreds of megohms can be obtained without difficulty, but such circuits
are susceptible to interference frow stray leckage currents from various sources.,

Unfortunately the gauge is not the only possible source of current in the
gauge circuit. The circulit must be connected to at least one grid of a
thermionié valve for purposes of amplification, and this grid is liasble to lose
electrons by thermionic emission and to collect positive ions prescnt in the
valve due to iuperfect vacuum. There are other possible sources of stray
leakage current, but the grid current of the valve is, in itself, of sufficient
magnitude to require counter-measurcs if drift of the zero is to be kept within
tolerable limits. The magnitudes of leakage currents are necessarily very
uncer tain, but, for protcction against zero drift, it would appear reasonable
to specify that o current of .0 amp should notgiverise to more then 1 nV
changc of potential, which would correspond to a D.C. rcsistance of not more
than 100,000 ohms.

\

The problem arises, then, of devising o shunt, to close the gauge circuit,
having a D.C. resistance of less than 100,000 ohms, but with an impedance of
the order of hundreds of wegohms for the duration of the desired signal.

palis 2., The Ideal Solution

If we ignorc, for thec moment, the difficulties of obtaining the requiréd
component values, an ideal solution is to be found in the use of an inductive
shunt having a very high inductence and low D.C. resistance. Using a single
inductance L1 in shunt with the gauge capacitor C, the fractional loss of a
unit-step signal after time t would be %tz/L1C. For a loss of two parts per
thousand in ten milliseccnds and C = O0.%1uF the required inductance is 250,000 H.
Provision must be made fcr damping this circuit which would otherwise continue
to oscillate (at about one cycle per second) for a long time after any traasient
disturbance. By the terms of the problcm we arc not allowed to use either a
simple shunt resistance or a simple serics resistancc. We can, howcver, use a
series resistance which in turn is shunted by a second inductance to short
circuit the D.C. resistancec. For thc circuit to be non-oscillatory it can be
shown that L2 must be at least eight times L1, Suitable values in the present
case would be: -

B = O.uF »_*_M“w_.._}

11 = 250,000 H 3
—uh&;‘:'
L2 = 2,500,000 H & e ¢ ""(""““”{
R = 2.5 megohas. im\ ‘:\ ;} L-{i
\'.']“ !).
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ks S5 The Practical Solution

The manufacture of inductances of the order of a million henries is not
considered to be a practical proposition, so that an alternative method has
been devised which makes usc of valve circuits and feedback. Although this
method appcars so very diffcrent, it should be emphasised that it gives a
rcsult very closely cquivalent to the passive circuit already discussecd.

The esscntial property of an inductance is that it draws a current
proportional to the time integral. of the applied voltage. To simulate .
induc tance we must usc D.C. voltage amplification, integration and current
fecdback. The D.C. amplificr must have its zero stable to a fraction of a
millivolt and this has becen achieved by the use of a vibrator with metallic
contacts which converts the D.C. to 4.C., which is then amplified and rectified
by a synchronous contact.

L.1.4. The Vibrator

48 no vibrator of suitable characteristics was commercially available a
vibrator was designed for this purpose. Three change-over contacts are used,
and the contacts are rcquired to have diffcrent change-over durations so that
their closings oand openings occur in o definite scquence.  an important design
ferturc concerns the tuning of the uoving contact springs to definite frequencigs.
While o contact spring is in transit from one fixed contact to the other it is
in o state of free vibration. If it is arronged that exactly one cycle of
vibration occurs during the transit timc the moving contact will alight on the
fixed contact with zero velocity so that no bounce occurs. The threc springs
arc tuncd to different frequencics corresponding to thc required transit times
and 2ll fixed contacts are adjustable to give the correct timings. The
stiffncss of thc contact springs causes the natural frequency of the vibrator
tc rise with amplitude cf vibration, and this detuning effect plays an iaportant
part in strbilising the amplitude of vibration. The vibrator is polarised and
is driven at 50 cycles per sccond from the mains supply.

4.1.5, Operation of the Circuit
(Refer to Circuit Diagram, Fig.1)

The changeover contact with the shortest transit time is used to connect
the grid of valve 27 alternately to the two sides of the gauge circuit. To
miniigdsc disturbance of the gaugc circuit by this operation, the impedance of
the moving contact must bc as high as possible. To this end, valve 27 is
o pentode arranged as o cathode follower, and all screening of the grid lead
is returned to the cothode to climincte most of the capacitance of the grid
lead.

any potential difference across the gauge circuit results in an A.C.
signal on the grid of valve 27. This signal is cathode-followed by valve 27
«nd is then amplified by 4.C. - coupled valves 18 and 30, The high impcdance
of the grid circuit of voalve 27 renders this circuit liable to spurious
signal pick-up during the time that the moving contact is in transit, and so
cpen circuited. To prevent over-load of valve 30 by these spurious signals
the connection between valves 18 and 30 is broken by the second contact of
thc vibrator. This second contact has a transit time which is longer and
which ovcrlaps the transit time of the first. The transit time of the third
contact is longer still and overlaps the others.

The output of valve 30 is applied across capacitor 35 in scries with
the third contact of the vibrator, and rectified pulses charge capacitor 39.
The cathode follewer 43 causes thc potential of the onc fixed contact to follow
the potecntianl of the other. Therc being thus a negligible potential difference
rcross the fixed contacts, capacitor 35 is fecding into an A.C. short circuit
so that the current pulscs in capacitor 35 are almost indepcndent of any
potential already prescnt on copacitor 39.
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The mean charging current of capacitor 39 is therefore proportional to the
potential difference across the gauge circuit, and the potential across this
capacitor will be proportional to the time integral of thc potential across the
© gauge. The integrated potential is sgpplied via cathode follower 43 and

a 100 megohm resistor . 6 to the gauge circuit. The current through resistor 6
will therefore be proportional to the time integral of the voltage across the
gauge circuit, thus simulating the action of the inductance L1 in the ideal
case considered above.

Resistor 6 does not, as might bc supposed, shunt the gauge circuit with
100 megohms, Any signal on the gauge circuit is transmittcd directly through
cathode followers 15 and 43, and over 90w of the signal will be applied to
the other end of resistor 6. Thus the equivalent shunt resistance will be
over ten times the actual resistance of 6.

So far, only capacitor 39 has becen described as an integrating clement in
the* circuit. Capacitor 39 corresponds, by simple inversion, to inductance L1
of the ideal passive circuit considered sbove. By the same inversion,
capacitor 41 and resistor 40 correspond respectively to L2 and R of the passive
circuit. These circuit elements are necessary to ensure that after any
transient disturbance the zero will be restored without oscillations and in a
reasonably short time
Some trouble was e xperienced with small interfering signals picked up in
the gauge circuit from the pulse waveforms necessarily present in the circuits
of the zero adjuster. Bresk through was found to be occurring along several
paths, and the additional elcments 51 - 55 wiere inzluded to effect a cure
without materially affecting the normcl operation of the circuit.

The meter 7 is included to monitor the operation of the circuit. The
meter reading is, in effect, a much magnified indication of the correcting
current through resistor 6, full scalc readings corresponding to + O.7ud.

L.2, The Amplifier Circuits

22, The Effect of Gauge Lead Capacitance

The gauge has to produce a signal representing pressure and a signal
representing the time diffcrential of pressure. These signals would be
developed in pure capacitance and purc resistance loads, respectively, The se
loads would still operate correctly, connected in scries, if the gauge had
infinite impedance, but the finite capacitance of the gauge lcad modifies the
responsc at high frequencies. (Gauge lcads may vary in length but it was
assumed that in every case thc capacitance would be made up to a standard
value of 500 pF., which, with the lo.d resistance of 10 K gives a high
frequency droop corresponding tu o tiane constant of 5 microseconds. Both
amplificrs were then arranged to produce a compensating high frequency boost.

The load circuit was split into two capacitors and two resistors to
permit each amplifier working with one terminal grounded. (See Fig.2 for
block diagrem).

4.2.2, Choice of Deflection Methods.

The recording cathode ray tube had only one pair of deflection plates, so
that deflection in the other direction had to be effected magnetically. The
rise in impedance of the deflecting coils with frequency severely limits the
deflection which can be obtained at high frequencies. The magnetic deflection
was used therefore for the pressure signal, leaving the electrostatic deflection
plates available for the differential signal with its much greater high-
frequency content.

1.



4.2.3. The Pressure Amplifier.
(Refer to Circuit Diagram. Fig. 3)

The output of the pressure amplifier is a current which passes through the
deflecting coils, and the main complication in the amplifier, which is
otherwise fairly simple, is the rise of impedance of the coils with frequency.,
Both the inductance and the resistance of the coils are rather uncertain
guantities, so that it is desirable to use an amplifier output circuit of
sufficiently high i.pedance that the current will bc substantially independent
of the colls and equal to the current on short circuit.

The freqguency characteristic of the short circuit current is affected
only by C2, which, shunting the cathode fecdback resistors R16 and R22, produces
the required 5 microsecond high frequency boost.

The output impedance of the eaaplifier is raiscd to a high value by positive
fecdback froa R14 and R20 via R1 and R5 to the grids of V4 and V3. The rising
frequency characteristic caused by C2 is off'set, round the fecdback loop, by
the shunt consisting of C1, R17 and VR6. Somc compensation for the effects
of deflector coil capacitance is provided by VC1 and VC2.

4 push pull amplifier can be operated from a single input signal if
sufficient degeneration of the un-balanced couponent is provided by the use
of comaon cathode rcsistancc. R2 and R4 in parallel form a resistance in
the coumon cathode circuit of V1 and V2, while R18 is common to the cathode
circuits of V3 and Vi. These rcsistances cause the signal, which is completely
unbalanced as it is applied to the grid of V1, to become almost balanced as it
appears in V3 and V4 and, in addition, they help to fix and stabilise the mean
operating currents of the valves. A further stabilisation results froam the use
of the volt drop across R19 as the source of voltage for the grid-cathode
circuit of V1 and V2. The current in R19 consists mainly of the sum of the
currents of V3 and Vi. any tendency to change in this current is opposed by
fecdback from R19 into the grid-cathode circuit of V1 and V2 and thence from the
anodes of V1 and V2 back t~» the grids of V3 and V.

bo2.4. The Differential Amplifier
(Refer to Circuit Diagram. Fig. 4)

The differential amplifier has three D.C. coupled push-pull stages. The
unbalanced input signal becomes substantially balinced by degeneration of the
unbalanced component by common cathode resistances. Further stabilisation of
operating conditions in thc first two stages is obtained by fceding from the
comnon cathode circuit of the sccond stage through a cathode follower to the
grid-cathode circuit of the first stage. The resulting degecnerative D.C. loop
opposes any tendency to drift inm the operating conditions.

« considerable range of gain control is rcquired and is effected by
ndjusting the ainount of ncgative fecdbick which is applicd across the last two
stages. The required overall frequency characteristic is iaparted to the
~aplifier by including the inversc chiracteristic in the fecdback circuit.
Capacitors 52 and 53 in conjunction with resistors 45, 58, 46 and 59 produce
a 5 microsecond ti.e constant droop in the fecdback loop. Additional small
capacitors 44, 47, 57, and 60 and small resistors 51 and 54 are required to
control the phase characteristic of the loop gain in the vicinity of cut-off
to avoid instability.

4An adjustable D.C. shift is applied to the point where the end of the
feecdback network feeds into the anode circuit of the first stage. The shift
signal, Jjust as any other signal, will bc opposed by a signal amplified and
returned through the fecdback network, so that at some point in the feedbnck
network thc direct and rcturned signals will cnncel.
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Resistors 14 and 17 have such a value that this null point occurs where
the gain control is shunted across the feedback network, so that the gain
control can be varied without affecting thc shif't.

The small capacitors (18, 24, 50 and 55) shunting the anode-grid coupling
networks serve to balance the grid capacitances of the valves and give the
amplifier an approxim~tely lcvel frequency characteristic., At maximum gain
with no feedback, the characteristic is level, but as the gain is reduced by
the application of fecdback thc characteristic approximates to the inverse of
the fcedback characteristic, thus producing thc desired 5 microsecond boost.
Thc variation of frequency characteristic with gain is not objectionable, as
the high gein settings arc used only for slovly changing signals where the 5
microsecond correction would have no significance.

4.3, The kxposing Unit
(Refer to Circuit Diagram. Fig.5)

The function of this unit is to ensure that the C.R. Tubes are brightened
as soon as the signal arrives from the gauge, to maintain thc brightness during
the event and to rcstore the blacked-out condition as soon as the prcssure has
rcached its meximum value. By this timec the differential which, of coursc,
starts froa zero, will have fallen to zcro again, It would be possible to use
the diffcrcntial signal to opecratc thc cxposing circuit, switching on when
the signal reached some fraction of its maximum value and switching off again
on falling below thc samc fraction, Unfortunately, this would mean that the
end of the trace was not rccorded ond the point of maximum pressure would be
lost. In order to extend thc exposurc time, the differential signal is again
differcntiated and the resulting signal is inverted and added to the original.
The combined value of thecse two signals remains sufficiently high until the
point of maximum pressure 1s reached.

The valve V10 is normally conducting so that current flows through the
C.R. Tube black-out coils which are connected between the anodes of V10 and V9.
The current is supplied frowm the HT line through the choke in the anode of V9,
These two valves have a common cathodc resistor so that thc cathode current
must be sharcd between them. A trigger pair V7 and V8 couplcd to the grids of
V9 and V10 dctermines which of these valves shall take current, and on the
relative grid potentials of V9 aond V10 being suddenly reversed V10 ceascs to
conduct, the current previously flowing in the coils now flowing in V9.

Valves V1 and V2 accept the positive and ncgative going balanced
diffcrential signals from the deflection plates of the C.R. Tubes. The points
X and Y being connected together arc driven negative as the differential signal
increases, the grid of V7 follows, thc trigger pair flip over and thc tubes are
exposed., The precisc amplitudc at which this takes place is detcrmined by the
bias on the grid of V1 and is controlled by the potentinl divider VR.1.

The differentinl signals are also fed via diffcrentiating nctworks to the
vilves V3 snd V4, the resulting d2p/dt2 signals being amplified and inverted by
V5 and V6. The anode of V5 is also connected to the point X so that the
signal from V5 is added to that froa V1. The amplitude to which this signal
can fall without blacking out is determined by the adjustumcnt of VR.3. Owing
to thc additional amplification in this part of the circuit, spurious or
interfering signals with stecp wavefronts appearing on the C.R. Tubc platcs
aay have sufficient amplitude at X to operate thc exposing circuit. Since
thc sccond differcntial signal is used to maintain the cxposurc only at the
end of the event, arrangemcnts are included to hold it off until the pressure
has attained a reasoncble valus.
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The potential divider VR7 connected to the trigger valve V8 holds the
grid of V13 positive while the tube is blacked out. Since V13 has the seme
cathode resistor as V5 and V6 the current flows in V13, thus preventing any
signal from being delivered by V5 to the point X. As soon as the tubes are
cxposed the grid of V13 goes negative, allowing the current to flow in V5
and its signal to be added at X. ‘

Another function of the circuits in this unit is to start the calibration
grid uniselector when the re~ord has been completed. A relay in the anode of
V15 is used to close the uniselector starting circuit. The relative grid
pctentials of the common cathode peir V14 and V15 are such that V14 normally
takes the current, As the pressure rises, the potential of V14 grid falls by
virtue of its connection to the pressure amplificr output valve cathodes
through V11 and Vi2. This is delayed, however, by the bias supplied from the
potential divider VR2 until the pressure has risen to between one third and
one half of the maximum value. In the weantime, the exposing circuit having
operated, the grid of V15 is taken even more ncgative so that V14 is still
conducting. - As soon as the exposing circuit returns to normal and the tubes
are blackcd out, Vi5 grid reverts to its initicl potential whereas V14 grid
is now negative, V15 therefore takes the current, the relay is energised
and thc calibretion is initiated.

The points X and Y are connected together during the recording of the event,
but are then disconnected so that appropriate signals from the calibration unit
may be applied to the c¢xposing circuits at the point Y. From this point onwards
the circuit works cxactly as before, negative signal being required to expose
the C.R. Tubes.

4.4, The Calibrating Unit.
(Refer to Circuit Diagram, Fig. 6)

The calibrating lines have to be drawn with the same value of beam current
used for the actual record. Hence the rate of sweep used in the calibration
must bear some relation to the speed of the record in order to produce an
appropriate recorded density.

The slowest records are made on the calibration grid hnving the highest
2 and the smallest dP/dt. The writing specd on the recording is proportional
to the length of the normal to the curve, the scale being such that the length
of one side of the record represents a velocity of full scan in 20/500 = 4O
milliseconds.

4s for siuwplicity a 50 cycle wave is used for the sweep, full scan can
be effected in about 6 milliseconds, which provides sufficient density.

The exposing circuits are readily operated by a 50 cycle wave in quadraturé.
as a shift is applicd to the amplifiers to bring the zero lines to the edges of
the screen, o D.C. bias is used to neutralise the shift and to centralise the
sine wave scan.

« 25 position 8 bank uniselector hos alternate half wipers removed, the
remaining hoalves being connected together in pairs, so that for a complete
revolution the unisclecter has 4 banks each with 50 positions. One of these
banks is used for stepping the uniselector along 50 times per second, the
driving current being obtained by a half wave rectifier from the mains supply
transformed down to a suitable voltage. The second bank supplies the
quadrature wave to the exposing unit at the point Y during the calibration,
but connects the points X and Y during the recording time. The amplitude is
adjusted so that the tubss are brightened for nearly half a cycle. The two
remaining banks hove their wipers connected to the two amplifiers which are
connected, in the rcset position of the uniselector, to the input capacitor
«nd resistor. '
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When the uniselector is operated, the amplifiers are connected sequentially
to the various calibrating potentials and scanning sine wave so that at each
calibrating step one line is drawn across thc screen, The horizontal lines
(@p/dt calibration) are traced first, followed by thc vertical lines (P
calibration). The first line to be drawn in cach case is the zero line, the
amplifier inputs bcing at ecarth potential.

At the conclusion of the calibration the amplificrs are returned to
zero input by way of the check switch (in position 0). Operation of the
check switch now, through the positions 1, 2, 3 and 4, after reducing the
beam currents to avoid burning the C.R. Tube screens, exposes the spot and
enables its position t6 bc obscrved at the corners of a squarc dctermined by
the maximum calibration values recordes.

The switchcs markcd ~RESSURE DIVISIONS and DIFFERENTIAL DIVISIONS cnable
the number of steps recorded to be sclected. Thesc can be varied between 9
and 20, the choice being dctermined by the expected maximum pressure, and by the
maximum rate of rise. In the pressure direction e¢ach stcp rcprescnts one ton
per squere inch, but in the diffcerential direction the value of cach step depends
on the setting of o control xnob on the potcntiometer Resistancc Unit (183 -
$12). This is variable in 5 steps froa 50 to 1000 tons per square inch gper
second. Whatever selection is made, of course, the wholc range of potentials
arc applied during calibration. The lincs not required merely overscan the
C.R, Tubc and cre masked off in the camera gatc.

In order that the rate of sweep may be varied in accordance with the
record speed, potential dividers are fitted in the form of Kelvin Varley slides
enabling the scale to be read from O to 100. It can be shown that the .
amplitude required for the pressure amplifier is proporticnal to the ﬂax1mum
dP/dt, whilst for the differential amplifier it is proportional to (df/dt)

divided by P. For conveniencc, since the maximum veriction in ¥ is only two

to one, this has becn ignored in computing thc graph showing the scttings of

the writing speed controls which are therefore rclated to dP/dt and its square.
Controls are alsc fitted in the fora of log law potential dividers for supplying
the required D.C. shifts.

A push button S2 enables the unisclector to bc returned to its initial
posi tion in readiness for thc next recording. Once it has been rcset it is
not possiblec to observe thc spot in othcer than the initial position since it
is advisable to avoid thce complicaticn of switches in the input circuits. It
was found impossible to provide this facility and keep the amplifiers free
frem-unwanted pick-up such as hum. The push botton S1 c¢nables the uniselector
to be operated independently either for checking or for setting up gains etc.,
in the operated position. Ncon lamps show which position the uniselector is in.
A switch 38 cnablcs the drive to be switched off so that adjustments may bc made
to other parts of the apparatus, e.g. when using the signal generator and
setting amplifier gains, without the unisclector becing operated by each signal.

Connected in series with the drive is o lamp which illumin~tcs the
gauge and secrial number indic~tor so thnt the figures arc photographed on the
record. At thc end of ench operation the serial nuabcr counter is steppcd
up one digit and the switch S4 encbles the supply to be cut off from this
. counter when not required.

§35.  The Potentiometer.

(Refer to Circuit Diagraus. Figs. 7 and 8)
The potentiometer for providing standard voltage stcps is in two parts.

A conventional circuit balances the potential diffcrence across a lond
resistence agninst the potential of a standard Weston cadmium cell (Fig.7).
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The .oad resistance comprises two potential dividing networks with constant
resistance attenuaters (Fig. 8). The first pair of attenuators have positions
marked from .60 to .69 and from .000 to .009 respectively, the two figures
taken together representing the mantissa of the common logarithm of the gauge
sensitivity. The values are so arranged that these figures also represent the
logarithm of the voltage per step on the potential divider R5 which provides
the pressure calibrating steps. It will be seen that for a gauge with a
sensitivity of .005 microcoulombs per ton per square inch (common logarithm
.6990) the voltage per step on R5 is .05, which is the voltage produced by

such a gauge across a capacity of 0.1 microfarads for a pressure of 1 ton

per square inch. The calibrating pressurec scale is therefore read directly

in tons per squarc inch, provided the attenuators arc set to the gauge sensitivity
used. i

Similarly, the third attenuntor determines the value of the steps on RS,
these being indicated on the control knob scale and verying between 50 cnd 1000
tons per square inch per second. The galvanometer used for determining balance
has o sensitivity such that the error is not mcre than 0,1% if the deviation is
within 5 mm. of zero.

4.6. ‘The Test Signal Generator.

(Refer to Circuit Diagram. Fig.9)

It would clearly have been very inconvenient, if not impracticable, to
have relied on firings in the closed vessel as the sole source of signals for
testing the apparatus, especially during the development period, and the test
signal generator was therefore’ devised as a convenient. artificial source.
The generator has proved so useful that it is now retained as a permament
accessory.

The gecnerator is required to produce a transicnt signal whose waveform
corresponds closely to the signal picked up by the gauge when a charge of |
propcllant is fired in the closed vessel, The waveform should be adjustable
to simulate the effects characteristic of propellants of differing geometrical
form and size.

4 feature common to all the waveforms is that for a considerable fraction
of the total range of pressure the rate of build-up is proportional to the
pressure, which results in most of the waveforw having the form of a growing
cxponential curve, In the electrical circuit this can be siaulated by the
charging of a capacitance with a negative resistance. Two valves
regeneratively coupled can supply the negative resistance, and the shunt
capacitance can be adjusted to vary the time constant.

The proportionality between the differential and the pressure is not
maintained all the way up to the final pressure, and the maximun differential
may occur at from 70 to 90» of the final pressure depending on the geometry
of the propellant. This effect may be simulated in the elcctric:l circuit
by mcking use of the non-linear characteristics of the valves. The non-
lincarity may be controlled by o suitable cowbinntion of negative and positive
feedback.

Reforring now to the actual circuit details, (Fig. 9), the output signal
is fed through capacitor C1 which represents the standard capacitance of the
geuge and its lead. The sign-.l ~pplied to C1 represents pressure, at the rate
of 10 volts for 1 ton per square inch., C2 cad R1 serve to iaprove the D,C.
isolation of the gauge circuit, and the tine constant con be regarded as
representing the cooling of the closed vesscl, though in view of its relative
unimportance no serious attempt has boen made to provide the correct value of
ti.e constant. The signal is produced by reducing the onode current of Vi
from about 10 a4 to zero, representing a pressure rise of about 15 tons per
squore inch.
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The cathode of V! is coupled to the cathode of V2, and the anode of V2
is coupled back to the grid of Vi, This forms a regenerative loop providing
a negative resistance effect which, with thc capacitance shunting the anode
of V2, is responsible for the shape of the greater part of the waveform,

As the changeover of current from V1 to V2 spproaches completion, the
fall of mutual conduotance on the bottom bend of the V1 characteristic reduces
the rate of change of current. This non-lincar effect can be reduced in two
stcps by adding R9 and R8 between the cathodes, the resulting loss of gain
being made good by adding R11 and R12 in the coupling from V2 anode to V1
grid. R4 and R5 are compensating resistances to maintain constant D.C.
starting conditions on the grid of V. The values have been chosen so that
the moximum differential occurs at approximately 70, 80 or 9(¢ of the final
pressure, occording to the setting of switch S1, corresponding to signals
produced by multi-tube.

The bottom bend of V2 affects the shepe of the start of the signal,
as the development of the regenerative effest is then dependent on the mutual
conductance of V2. If the signal was to be initiated by bringing V2 into
operation (by raising its grid potential from bclow cut-off) very slowly,
the rcsulting wavceform would start with a portion which would be hyperbolic
(differential proportional to squere of pressurc) rather than exponential.
To produce an approximation to the desircd exponcntial shapec, the grid potential
of V2 must be raised at a definite ratec. This is achieved by a simple.
resistancc-capacitance combination in the grid circuit. The requircd rate
is modified slightly by the proportions of negative and positive feedbacks in
use, and is corrected by resistors R14 and R13 controlled by switch S51.

when the "firing" switch, S3, is closed the grid of V2 jumps to a
potential, dctcrimined by the slider of VR1, a few volts below cut-off and then
rises, as detcrmined by thc capacitor charging, to bring V2 into opcration at
the rcquired ratc. Test switch S4 is provided for checking the setting of
VR1. when S4 is opcrcted the capacitor is shunted by R16. If VR1 is
adjusted so thot the circuit can only just be fired by S4, it follows that the
potential supplied from the slider of VR1 is bclow the firing point of V2
by an amount equal to the volt drop across R16, which has bcen chosen to provide
o suitable value.

To change the time scale of the complete waveform without changing its
shape involvcs changing only two capacitances. Switch S2 changes the time
scale in this way over a range of 40 to 1 in six steps.

5 FAULTS DETACTED AND CORRECTSED JURING TwdTS.

5.1. The Phenomenon of "Hash"

When the apparatus was installed and tricd out at the 4.R.E,, woolwich,
various faults immediately became apparent. The most serious of thcsc was
the phcnomenon generally known as "hash".

In the first tests, a rangc of propellant shapcs and sizes selected to
provide a wide range of test conditions was fired in the Closcd Vessel. In
most cases the recorded curves were rendered extremely difficult, if not
impossiblc, to read with ~ny rcasonablec accuracy by the occurrcnce of
high-frequency oscillations of lirge amplitude, frequently referrcd to as
"hash", supcrimposcd on the wmain trace. In addition, signals corresponding
in frequency to pressure waves in thc Closed Vesscl were recorded in some
cases, but thcse could usually be eliainated by a suitable choice of ignition
system.
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The main requirement, then, was to eliminate the unwanted "hash", and the
logical approach to this problem appeared to be to discover its origin, if
possible, Various possible explanations, such as mechesnical vibration of
various components of the vessel, were examined, but in most cases they could
be discarded because the naturnl frequencics involved were very much lower than
the "hash" frequency. Vibration of the gauge crystal itself, however, is
not precluded. 4n entirely different design of gauge, employing quartz
instead of the usual tourmaline, was tried out, but did not effect any
inproveaent in this direction, as can be seen in Fig.11. Records Nos, 380,
303 and 377 are for the same charge weight of cordite Wif 017 fired in the
Closed Vessel., For rounds 380 and 3963 the normal design of tourmaline gauge
was used, but for round 377 a piston and quartz crystal arrangement was
enployed.. The quartz crystal was of the same dimensions as the tourmaline
crystal, but gives a smaller size of record because of its smaller Piezo-
lslectric sensitivity. However, the ratio of "hash" amplitude to the amplitude
of the wain trace is approximately the same in the two cases.

In the absence of a more satisfactory explanation, "hash" is tentatively
presuned to be a genuine phenomenon of propellant coubustion, and as such would
nerit further study. However, in the present connection it is regarded as
interfercnce which prevents legible recording ef the main event occurring in
the Closcd Vessel, It is surmised that, during the burning of the propellant,
there cccur high-frequency irrecgularities in the developuent of the pressure,
which, although of small amplitude, produce large signals when differentiated.

A Closed Vessel charge of a large propellant size will have a comparatively
snall burning surface, and will give a slow build-up of pressure. To record
such a signal, the differential amplifier aust be set at high gain, and this,
of course, results in considerable amplification in the signals producing "hash".
The ratio of "hash" amplitude to the amplitude of the main signal is then very
large, and the record is illegible, On the other hand, o charge of small-sized
propcllant produces a large dP/dt signal, which requires little amplification,
with the result that the ratio of hash to main signal smplitudes is small,

This can be seen froum the records for three different cord sizes in Fig,10.

Some filtering circuits were tried with a view to reducing the amplitude
of the "hash", but it became apparent that this could not be done without
introducing distortion of the curve. Owing to the unknown precise nature of
the curve it is not possible to calculate exactly what this distortion will
be, and absolute accuracy cannot be obtained. The relative accuracy between
rounds will not, however, be affected.

Froia the experience obtained with various filter arrangemnents it was
found possible to select a sunll number which would cover the required range
of reeord spceds. 4 plug and socket arrangement was fitted in the input lead
to the apparatus, enabling suitablc filters to be inserted as required.

4 preliminary exaamination of the problem of rewoving "hash" without
excessive distortion of the recorded curve indicated that a filter circuit
containing resistonce and ceopacity offered the best solution. At first sight,
the developuent of suitable circuits appeared to be a somewhet formidable
under taking, in view of thec wide dr/dt range cf the apparatus and the
diversity of the signals, corresponding to different propellant shapes and sizes,
which were required to be recorded. For the direct assessment of the
distorting effect of the filter, Closcd Vessel signals were obviously
unsuitable, due to "hash"; alsc, such a wethod would have been very laborious,
in view of the large number of {firings involved. There was a reguirement,
then, for a means of applying to the recorder a smooth signal of the type
produced by the Closed Vessel so that the amount of distortion caused by any
filter combination could be measured directly. Fortunately, such a device wes
available, in the form of the signal generator (Section 4.6) developed as a
means of applying test signals during the development of the recorder.
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A limited number of Closed Vessel firings, covering the complete dP/dt
range of the recorder, was carried out with various combinations of filter
resistance and capacity introduced in the input lead to the apparatus, and the
recorded curves showed that, in most cases, the "hash" could be recmoved without
reducing the maximum dP/dt by more than 1w,

Soue examples of the effect of the filter on the shape of the recorded
curve are shown in Fig.12, In all these cases, the signal was provided by
the simulator. In record No., 271, the curve with the higher maximum is for
an unfiltered signal, but for the lower curve a filter consisting of capacity
only was employed, the signal generador and recorder settings being the same
in the two cases. It will be seen that the filter condenser has reduced the
maximum pressure and the maximum dP/dt by the same fraction. Thus, this
reduction in record size is equivalent in effect to a decrease in sensitivity
of the Piezo-slectric crystal, and may be allowed for in the gauge sensitivity
setting on the recorder. The addition of resistance to the filter, however,
causes the maximun dP/dt and maximua pressure to be reduced by unequal anounts,
as ccn be seen froa records 772, 774a and 777b of Fig.12, In all three cases,
the trace with the higher maxinmua is an unfiltered signal from the simulator,
and the lower troce is the sane signnl after filtering. Nos. 772 and 774a

- correspond to the tubular propellant shape, and 777b to the cord shape. In
each case, the gauge sensitivity setting on the recorder was adjusted to
allow for the capacity of the filter condenser. For convenience, the reduction
in dP/dt wmax. due to the introduction of resistance into the filter circuit is
henccforth referred to as distortion.

In record No., 772 an excessive amount of filter resistance (BBOKYZ) was
used, causing 12.5v distortion (i.e. a 12,5v reduction in dP/dt max.). A
much smaller resistance (only 45K¢.) was used for rccord No, 77hka, and this
reduced the distorticn to only 2, Y. It will be noticed that, in both cases,
distortion does not commence until dP/dt max. is approached, and there is no
detectable difference between the filtered and unfiltered troces over the straight
portion when dP/dt is increasing. It is precisely this portion of the curve
which is of interest in the determination of the propellant burning law from
this type of reccord, for the following reason. It will be remembered that
these two records correspond tc the tubular shape of propellant, which has
the property that its surface area remains constant during burning, if parallel
layer burning is nssumed, and the area of the ends of the sticks (a very small
fraction of the total area) is ignored. If instantaneous igniticn is effected
over the whole charge surface and the dimensional accuracy of the s ticks is
of & high order, when burning is couplcted the charge surface area will
decrease in .tantancously from its constant valuc te zero i.e. dp/dt will
decrease frowm dP/dt max. to zero at cunstant pressure. In practice, these
ideal conditions are iupossible to achieve, and the decay of dp/dt to zero takes
a finite time. siven without such complications as so-called erosive burning,
(i.e. non-parallcl layer burning due to gas flow tangential to the propellant
burning surfrce), the result is that, due to dimensional differences, some
of the propcllant sticks begin tc burn through before others. A4lso, individual
sticks may burn through unevenly, due to non-uniform ignition and
eccentricity of the pcrforation with respect to the outer surface. The se
factors lead to c rounding-off of the recorded curve in the region of maximum
. dP/at when the burning surface, in fact, commences to decreasc as, at this
stage, there is still an appreciable fraction of the charge available for
increasing the pressure.

llethods for deducing rates of burning from the recorded curve must involve
knowledge of the area of the burning surface of the charge. This is known,
with some degree of certainty, only up to the stage at which it begins to
decrease,in the above case, with the result thet rate of burning calculations
can not be made for the rounded portion of the curve and its continuation to
the maximum pressure. It is precisely this part of the curve which is distorted
by the filter, and it follows that, for propellants of such shape that the
surface area remains sensibly constant during burnlng, the distorting effect

of the filter may be ignored.
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For the present purpose tube, slotted tube, multitube and strip
propellant may be considered to burn with constant surface area, and distortion
by the filter of the Closed Vessel signal presents no difficulty in the
computations. The cord shape, however, is in a different category in this
respecet, as its surface area decrcases continuously as burning proceeds. For
the caleulation of rate of burning, the curve of df/dt v. P for cord propellant
is of intcrest up to at least 90% of the maximum pressure, i.e. well beyond
the maximum dP/dt stage, which occurs in the region of two-thirds of the maximum
pressure.  Record No. 777b of Pig.12. shows the typc of distortion caused
by the filter in the case of a cord round. In this particular case,
distortion commences at a pressure of about 8 tons per sg. in., but the curve
would be measured up to cbout 14 tons per sqg. in. Howéver, it has bzen found
that, for the.same maximun dP/dt in the two cases, the .same combination of
filter capacity and resistance causes approximatecly the same percentage
reduction in de/dt at 90/ of the maximum pressure for a cord signal as at maximun
dP/dt for a tube signal. In some cases, therefore, filter distortion may be
ignored cven for cord propellant, as the maximun error at any point of the
measured curve is 1%, with no error over half this range. For wore precise
work, however, it is necessary to apply corrections for the c¢ffect of the
filter, «nd thesc may be obtained directly by rc¢cording similar filtered and
unf'iltercd signals frow the signal generntor.

For the rapid design. of filters appropriate for specified dP/dt levels,
curves of maximum recorded dP/dt against filter resistance for various filter
capacitics have been developed, using the previously-mentioned criterien of
1% distor tion at dP/dt max. for a tube round. These curves are reproduced
in Fig.13, from which it can be seen that, for example, if the maximum dr/dt
expected in a particular firing is 3,000 tons per sq. in. per sec., a filter
with capacity 0.000%uF and resistance 220 KfX could be used, and such a filter
would be expected to remove all hash and distort a tube signal by v At maximua
de/dt.

The curves of Fig,13 were obtained, basically, by recording filtered and
unfiltered signals supplied by the simulatcr, and measuring the distortion caused
by the filter. It has previously been explaincd (in Section 4.6) that dP/dt
amplitude variation is provided for in the simulator, through a six-position
switch. By this means, the full dr/dt range of the recorder could be covered.
With the switch in position 1, the simulator set to generate "tube" signals,
and no filter in the circuit, a signal was recorded. Further signals were
then recorded, firstly with a filter condenser of O0,0.0%uF capacity, and then
with the samc filter condenser and increcsing cmounts of filter resistance
until there was an appreciable amount (approximntely Sv) of signal distortion.
Pinally, a second unfiltered signal was recirded to provide a check on signal
genérator drift during the series of recordings. . selection aef records from
such a scries is shown in Fig.14., The records were then accurately measured,
using & travelling microscopc, and the percentage distortion caused by each
of the wvaluecs of filter resistance was crlculated. These values of
distortion were plotted against resistance, and the rcsistence causing 1w

" distortion ‘in these particular circumstances was detcrmined by extrapolation.
It was felt that this method, as compared with one involving repeated
determinations at or near the 1% level, would give accurate results with a
minimun cxpenditure of time.

The above procedurc was repeated for each of the remnining five dP/dt
settings of the signal generator, In this way was obtained a series of values
of resistance which, associated with a condenser of 0,000%F capacity, distort
the signal by %v at specified dP/dt levels. These figires were cmployed to
plot one of the curves of Fig.2, and the remaining curves, for filter
capacities of 0.0006, 0.001, 0.0015 =and 0,002uF respectively, were obtained in
& similar manner,
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The filter network is buiit up inside a frame of insulating material
fitted with plugs for insertion in the socket provided in the input lead to
the apparatus. Twelve such fremes have been provided for carrying filters
to cover the whole dP/dt range. Filters for the following maximum dP/d+t
values are suggested:- 900, 1200, 1500, 2000, 3000, 4000, 5000, 7000, 10,000,
15,000 and 20,000 tons per sq. in. The remaining frame can then be used
as a short-circuiting device for firings in which a filter is not required.

In practice, it is convenient to use a standard filter capacity of 0.000HuF
which reduces both maximum dP/dt and waximum pressure by 1w, This is equivalent
to a reduction in gauge sensitivity, and it is possible to adjust the gauge
sensitivity setting on the rccorder to take this into account so that the
differential and pressure calibration steps on the record retain the-desired
whole numbers. The use of a standard filter capacity thus has the advantage
that such adjustment to the gauge sensitivity setting is the same for all filters
used.

A typical example of the removal of hash from a Closed Vessel signal is
given in Pig.15. The chaorge consisted of Cordite N, in multitubular form,
the wcan web thickness being 0.060 in. and the density of loading 0.2 grams
Rentc.Cc. For record No. 45 no filter was used, and the hash amplitude was
very large. As the size of the filter is increased the record becomes
progressively sumoother, but it is secen that the hash occurring in the early
stages of burning is the most difficult to remove. Ultimately, however,
all hash was removed (see record No. 227) by using a filter made up of five
100 K {'} resistors and five 0.0007uF condensers. (The resistors were, of
course, in scries with the gauge, and the condensers in parallel).- Fig. 13
shows that, at this particular dP/dt level (1600 tons/sq.in./secg a filter
with a jotal resistance of 420 K. and a total capacity of 0.0005uF would
cause v distortion. Thus, in this particular case, distortion is little wmore
than 1%, but if the resistance values are increased to, say, 470 K4 each,
as for reccrd No. 111, there is a serious reduction in dP/dt max.: also,
dP/dt max. is displaced in the direction of the pressure zero.

It is interesting to note that, in contrast to the above example, the
maximum hash amplitude occurs in the region of dB/dt max., as for cordite
WM 017 (see Fig. 11). It would appear that further study of hash formation
might furnish evidence on the mechanism of propellant burning.

Some typical filtered records for various propellant shapecs are shown in
Fig,.16. Record No., 760 was for the cord shape of propellant, the maximum
dP/&t occurring at about 2/3 of the maximum pressure. This is characteristic
of the cord shape for which this figure of 2/3 is exact if the relationship
between rate of burning and pressure is linear, The second record, No. 745,
is for the tubular (i.e. constant burning surface) shape. In this case, it
is necessary mcrely to multiply the values of dP/dt by a constant in order
to deduce rates of burning. Thus, the recorded curve is of the same shape

as the curve of rate of burning against pressure. It can be scen at a glance
that, over the range from 2 to 12 tons per sq. in., the law of burning is
of the form:- Rate of burning = {3, where ©: is a little greater than

unity. In record No. 749 there is the complication that burning surface of the
propellint shope, slotted tube, decreases as the burning procecds, and this

fact mokes a considerable contribution to the shape of the curve. The
remaining records, Nos. 896, 899 and 725, for the multitube propellant shape,
indicate the burning - through of the web, at which ‘stage the charge burning
surface, and therefore dP/dt also, commences to decrease repidly. 4 point of
interest here is the hump which occurs in the early part of the curve, which

is thought to be duc to crosive burning of the propellant inside the
perforations. The hump becomes incre .singly pronounced in the order H - FNH/P
- N/2P/il, and this is probably comnected with the fact that propellant adiabatic
flame temperatures decrease in this order. Elementary theory of erosive burning
predicts that propellants become more susceptible to crosive burning as the
adiabatic flame temperature is reduced.
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5.2, Faul¥ in Zero Adjuster

Sowe of the carly Closed Vessel recordings werc sufficiently well defined,
even vithout the use of a hash filter, to disclose a hump which occurred in
such a random manner and with such variable amplitude that there was a strong
suspicion that it did not emanate from the Closed Vessel, but was due to a
fuult in the recorder 'itself,  Simultaneous recordings with the old
pressurc-time recordcr and the new apparatus proved conclusively that the fault
was in the ncw recorder. It was cventunlly traced to the zero adjuster
circuit, «nd was due to rn interfering signal being fed back to the input
Sy aleuhin Suitable filter networks were fitted to ntitenuate the interfering
signals, The effcct of these filters was to cause a time constant of 10
seconds to appear temporarily across the input capacitor. The input signal
would thereby be reduced by one thousandth of its value in 10 milliseconds.

The filter time constant was 2 milli-seconds, so that the crror introduced
could amount to only 0.0%.

DYas)s Screen Charging of the C.R.T.

when the above two difriculties had beun overcome, it beccame possible to
make a dircct comparison between the nuw recorder and the pressurc-time
apparatus formcrly employed by simultaneous recording of the same Closed Vessel
firing. For this purpose, two tourualine gauges were fitted to the Closed
Vessel gauge block; one gauge wis connected to the new reocorder, and the other
was connected to the pressure-tine apparatus.,

Froim a comparison of curves of rate of burning against pressure deduced
from the simultaneous recordings, it soon became apparent that there was some
wandering of the spot on the screen of the recording cathode ray tube in the
new equipnent. For the cord shape of propellant, in particular, the rate of
burning deduced from the dB/dt - P curve was in very close agrecment with that
deduced from the P - t curve up to the stage of waximua d®/dt, but beyond this
stage the rate of burning calculated from the ncw type of curve became
increasingly greater than that indicated by the P - t record. Thilsvefifiect
was cquivalent to over-shocting of the spot on the recording tubc, and was
deduced tc be due to cwllection by the screen of the beam current giving rise
to clectrostatic chirges of sufficicent magnitude to affect the deflection of
the beam at cr near the screen. The screen was only cne crystal thick, and
the rcsistance wes therefore high and would prevent the rapid disposal of such
charges. wWhile the spot is travelling in a straight line there will be
vvershout in the dircetien f metion, but at df/dt m-x. there is a change in
sign of the velocity coapenent in the dr/dt direction. Beyend this stoge, the
velicity cuapunent in the dircction of zero d2/dt is increasing rapidly, but
the cuap . nent in the pressure directicn is decreasing, and there is opportunity
fur the i ver-deflected spot t drift back in the zerc pressure directiuon.

I'his will lecd t. fictiti usly high d2/dt deflections, mainly over that part of
the curve in which dP/dt is decrexsing.

To cliamincte screen charging c¢ffects, advantage was token of recent
advances in technique to put an luainiua backing on the screen, sufficiently
thin for the electrons to penetrate to the luainescent wmaterizl but thicik enough
to provide a low resistance surfacc much less prone to e stablish areas cof
unequal churge.

The same effect was observed on the wonitor tube in spite of the lower
resistance of its doublc screcn, but this was not cunsidered to be cof sufficient
iLnportance to warrant correcticn, as this tube is uscd as an indicator only,
and no measurements are wcde of the trace cppearing on it.
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5.4+ Microphony in Differential Amplifier

Microphony at full gain in the differential amplifier was due to shocks
transmitted from the uniselector switch. Although precautions had been taken
to absorb these shocks at their source, a small amount of vibration reached
. the input pair of valves. This was greatly reduced by mounting them resiliently.

5.5. Differential amplifier Power Supply

With the differential amplifier power supply provided, stabilisation is
confined to certain sensitive parts of the circuit. This has proved to be
insufficient, and there is a certain amount of "hum" present at high gain.

In this respect it is unfortunate that this is the most useful part of the
range for the study of gun 'propellants, and it has therefore been necessary

to noake provision for the whole H.T. supply to the differential amplifier to be
stabilised., :

5.6. Instability of Pressure amplifier.

An occasional slight instability in the pressure amplifier was cured by
& &light modification to the feedback circuit.

5.7. Photographic Problems. s

At one time during the early tcsts a photographic effect becamc apparent
which caused somc anxiety. On some records a general fogging occurred
accompanied by thickening of thc trace., It was observed that this thickening
was bad at the beginning of thc record, bccoming progressively bctter during
the calibration until the last few lines were frequently normal, Sonetimes,
the early part of the trace was reversed in density, appearing as a white line
on a grey background or as a double black line,

Observation of thc recording tube during one of these recordings showed
that during the calibration period the whole screen was luminous with a
suffused glow which was evidently the causc of thc fogging cxposurc. This
glow was apparently due to scattered clectrons from the bcam during the tiamc
when it was deflected off the screen mnd was hitting either the edge of the
deflecting plate or more likely thc aquadag coating on the inside of the glass
tube,

The observations and results seemed t fit in wcll with tne photographic
"CLuYDEN" effect, in which an image due tu a short high intensity exposurc
fcllowed by a long low intensity uvne mcy be partially or completely reversed,
depending on the relative values of the two exposures.

Some thought was given to the problem of eliminating thc fogging cxposure,
and a circuit was devised for limiting the scanning whilst retaining the fast
writing speed.

It transpired, however, that by suitable adjustment of the exposure variables,
beam current, lens aperture and calibration writing spccd, the effect could be
eliminated under normal conditions of operation without modification to the
circui ts.
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APPENDIX I

OFERATING INSTRUCTIONS

(2) Switching on and setting up

See that all switches are OFF except C.R. tube heaters,
Switch on mains supply. WAIT 415 MINUTES.
Turn BRIGHTNESS controls fully anticlockwise,
Switch on POWER SUPPLIES in following order:-
ECEL .
FOCUS
DIFFERENTTIAL AMPLIFIER
CAIIBRATION UNIT
ZERO ADJUSTERS
POTENTICMETER (BATTERY SWITCH)
PRESSURE AMPLIFIER
EXPOSING UNIT
Operate UNISEIECTOR (put UNISELECTOR SWITCH ON and PUSH BUTTON).
Set DIFFERENTIAL, DIVISIONS AND DIFFERENTIAL SENSITIVITY so that their
product exceeds the maximum differential expected. (See Appendix III for

assessment of maximum dP/dt).

Select and plug in FILTER appropriate tc expected maximum differential
(see Fig. 13).

Set PRESSURE DIVISIONS tc exceed expected pressure, (See Appendix
IV for assessment of maximum pressure),

STANDARDISE POTENTIOMETER.,

Set GAUGE SENSITIVITY to the MANTISSA of the COMMON LOGARITHM of the
gauge sensitivity in microcoulcmbs per ton per square inch,

Turn Recording Tube BRIGHINESS Control to give cne or two microamps
beam current, Operate CHECK switch and adjust amplifier gain and shift
controls so that spot proceeds to corners of camera gate. Note that the
spot is masked by the serial number printer in the top left-hand corner.

RESET UNISEIECTOR and return CHECK switch to position one,

PUSH UNISELECTOR butten and switch OFF when horizontal calibration
line is about half way across the screen. Reduce PRESSURE WRITING SPEED
to zero and adjust D.C. BIAS until the spot is in the centre of the
C.R. Tube screen, Set WRITING SPEED controls according to the graph
provided, (See Appendix VI), Check C.R. TUBE FOCUS.
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Switch ON the UNISELECTOR wntil vertical line is halfway across
screen, then switch OFF.

Set DIFFERENTIAL D.C. bias for central spot and DIFFERENTIAL WRITING
SPEED ccntrcls accerding to the graph, (See Appendix V). Switch ON the
UNISEIECTOR which will proceed to its fully operated position,

Turn CHECK switch OFF.

The reccrding tube BRIGHINESS and IENS APERTURE may be set by the
following rule:-

dP/dt max. gives the beem current in microamps
25 x P .max. at a lens aperture of f/8,

If the figure obtained exceeds 2C, increase the lens aperture to
£/5.6 and divide beam current by 2. If this still exceeds 20, increase
lcns to £/4.5 and divide current again by 1.5. (See, however,

Appendix V for direct assessment of beam current and lens aperture.)

NOTE The beam current meter reads 10 times the actual value,

The monitor tube current may be set to about 10 microamps. (100
microamps on the meter).

(b) Application of Test Signal

RESET UNISELECTOR.

A test signal may now be offered from the signal generator (connected
to line 6 switch position) and any necessary adjustments made to the
exposing unit controls to ensure the end of the event being recorded.

The Uniselector may be switched OFF if desired whilst making these tests,
which can however only be made with the Uniselector in the RESET position.

(c) Routine Before Firing

Set GAUGE SEIECTOR SWITCH to the required channel. On opening the
inspection dcor the spot position may be observed by operating the CHECK
switch to position 1. Make any necessary adjustments to the SHIFT
controls, Return CHECK switch to OFF pcsition,

See that the COVER DOORS are securely CLOSED,

Switch un SERIAL NUMBER relay and the UNISEIECTOR.

Check POTENTIOMETER and WIND ON PAPER ONE TURN,

The apparatus is now ready for firing, but if for any reason it is
necessary to check the spot position, or make any other adjustment which
might fcg the sensitised paper, remember to wind on the paper ONE TURN

before firing.

(d) Routine After Firing

Immediately it is observed that a record has been obtained REDUCE
THE BEAM CURRENTS TO ZERO, SWITCH OFF SERIAL NO. RELAY.

29.




WIND ON PAPER TWO TURNS and cut off. Remcve the R.H, Cassette tc
the dark-room for processing,

Should it be desired to record a number of events in succession,
the paper should be wound on one turn only,

After resetting the uniselectcr and restoring the beam currents,
the apparatus is ready for the next record.

(e) Switching Off

Switch off the supplies in the following order:-
FOCUS
BT
PRESSURE AMPIIFIER
EXPOSING UNIT
DIFFERENTIAL AMPLIFIER
CALIBRATOR
ZERO ADJUSTER
POTENTIOMETER

GENERAL MAINS SUFPPLY



APPENDIX II

ROUTINE ADJUSTMENTS

(a) Differcntial Amplifier

When the gain controls have been set to the approximte value required,
the amplifier balance should be checked.  With the shift control about
the middle of its travel, adjustment of the screen balance (9 in cirocuit
S.3) will bring the spot to the required position. This control is
operated by the centre spindle behind the valve cover. The fine gain
control should now be turned fully clcckwise and the spot should be
returned to its position by means of the screen balance control.

Reducing the fine gain control will now displace the spot, which should
be returned by operating the cathode balanee (7 in circuit S.3). This is
the left-hand spindle behind the valve cover. The spot position should
now be independent of the position of the fine gain control, and the
amplifier balanced.

The balancing control 42 only needs adjustment when either of the
valves 35, 37 are changed, and should be adjusted to give zero hum
deflection on the C.R. Tube.

(b) Pressure Amplifier

The pressure amplifier may be balanced in a similar manner using the
controls VR1 in circuit 8.5 (screen balance) VR2 (gain) and VRL4 (cathode
balance). The latter is situated on the left-hand side; +the screen
balance is the top one of the two right-hand spindles behind the valve
cover .

Owing to the limited range of the gain control in this amplifier it
is unlikely that any out of balance will occur during normal operating.

The control VR5 in circuit S5 is used for balancing the hum appearing
on the grid of V2 and is adjusted on installation. Should it be necessary
to readjust, some additional hum should be introduced across the H.T. line
by disconnecting the two smoothing eondensers in the power supply. Set
the gain to maximum and observe the hum deflection on the C.R. Tube.

The control VR5 may now be adjusted until the deflection is 2 minimum.

(c) Zero Adjuster

The Zero Adjuster is provided with a control knob for varying the
current through the vitratar driving coil. This is set by hand to the
position of minimum contact noise, on either side of which the noise
level rises steeply. The vilratar has proved to be a very reliable
component and it is unlikely that any other adjustment will have to be
made.

(a) Exposing Unit

The trigger circuit formed by the pair of valves V7 and V8 (in
mircuit S7) is adjusted by the resistors VR4 and VRS so that V7 is normally
taking current but flips over sharply when the grid of V7 is taken :
negative, i.e., when VR5 is reduced.
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VR1 determines the amplitude of the dP/dt signal required to operate
the unit and hence the point at which the curve is first exposed. If
set too low the unit may be triggered by interfering signals. Since,
however, the beginning of the trace is not usually of special importance,
it is not necessary for the control to be set too finely.

VR3 determines the amplitude of the derived d°P/j42 signal at which
the unit blacks out. This control must be set with some care if the end
of the trace is to appear and is not at the same time to be confused owing
" to the slowing down of the writing spced. The use of the signal generator
on an appropriate range is a great help in setting the control.

Somec types of interfering signal, although of small amplitude may,
owing to their frequency characteristic, give risc to derived signals
sufficient to operate momentarily the exposing trigger circuit. The
control VR7 may be used to hold off the effcet of the derived signals
until the event takes place and the C.R. Tube is exposed by the normal
signal. The correct setting for this control can be ascertained by
observing that the C.R. Tube remains blacked out before an cvent takes
place. The resistor VR6 controls the operation of the calibration
relay, and may be turned completely anticlockwise when it is desired to
withhold the operation of the uniselecctor, e.g., when adjusting other
sections of this unit in conjunction with the signal generator. The
normal operating position may be casily found by trial. In addition, VR2
should be adjusted so that a pressurc signal of at least half the normal
amplitude is rcquircd beforc the calitbrating relay opcrates. The position
for this is casily determined by reducing the pressurc ampllfler gain and
supplying a signal from the test generator.
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APPENDIX IIT

ASSESSMENT OF  MAXIMUM dP/dt.

Before carrying out a firing in the Closed Vessel, it is necessary to
make an assessment of the maximum value of dP/dt to be expected, so that
the appropriate controls on the recorder may be set to give the maximum
practicable size of record. For rapid assessment, this quantity has been
graphed against propellant size for various propellant compositions and
shapes, Thus, in Fig. 17, dP/dt max. is plotted against propellant size
for cord propellants ranging in ediabatic flame temperature from 1,700°K
to 3,600°K. Similarly, Fig. 18 is for the tube shape, and Fig.19 is for
multitube and slotted tube. In all cases, the propellant loading density
in the vessel, which is of 700 c.cs. capacity, is 0.2 grams ger C.C., which
is standard for propellants with flame temperatures of 2,200°K or greater,
For propellants cooler than this, the loading density is increased to 0,25
grams per c.c..to bring the maximum pressure up to a reasonable level.
Fig, 20 is intended to meet such cases,

For the present purpose, it is sufficiently accurate to assume that,
for any particular shape and size of propellant, dP/dt max. is related to
adiabatic flame temperature To. In other words, it is assumed that all
propellants with t he same Tg follow the same law of burning. In Figs. 17,
18 and 19, values of Ty, where associated with propellant nomenclature,
are included merely to indicate the order of temperature level, and in
some cases do not correspond exactly to To for the composition specified.

Logarithmic scales vere chosen for these graphs because the main
interest, so far as gun propellants are concerned, is in the size range
from about 0.2 in. to 0.06 in., and the corresponding dP/dt max. range
from about 800 to 5,C0C tons per sq. in. per sec. This method of plotting
spreads out that part of the scale in which the main interest lies, and at
the same time leads to straight line graphs which are, of course, much
easier to draw than the curves which would be obtained by plotting to
even scales,

It should be mentioned that some of these graphs are based on rather
scanty data. In Fig.17, for example, only two propellant samples irith a
T, of 1,700°K have so far been fired in the Closed Vessel, and these were
very nearly equal in size., Thus, in effect, only one point on this curve
is known with any degree of certainty. The method adopted in drawing
these sets of curves was first to establish curves for those compositions
which had been explored in the past over the greatest range of size
(e.g., cordite S.C. and W.M. in the case of the cord shape), and to
assume that the corresponding curves for the remaining compositions are
parallel to these.

It is well known that, for various reasons, the relationship between
rates of burning and pressure for any particular propellant composition and
size is not invariable. In practice, the products from different factories
differ slightly in this respect, and, in fact, the product of individual
factories is found to vary also., Such variations cause differences in the
moximum recorded dP/@t, and it will be appreciated, therefore, that the
plotted curves referred to above can give merely a general indication of the
order of maximum dP/dt in any particular case. In addition, there are various
other factors which contribute to the ‘uncertainty of the dP/dt mex. estimate.
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For example, in the case of cordite N, it has been established that the

granulation of the picrite used in t he manufacture of this propellant has an
appreciable effect on rate of burning, which increases as the picrite -
crystal is reduced in size. For this reason, it is suspected that a colloidal
propellant burns somewhat faster than one containing an appreciable proportion

of crystalline ingredients, for the same adiabatic flame temperature.

The plotted curves, then,permit dP/dt max. to be estimated to a
degree of accuracy which is sufficiently high for the purpose of adjusting
the various settings on the recorder . Having estimated dP/dt max., the
number of differential divisions and the dif