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1 INTRODUCTION

It is intended that this report should be read in conjunction with
another 2 in which the instrumentation systems used in the main body of
Black Knight test vehicles I are described. Instrumentation techniques

developed for re-entry heads and second-stage assemblies fitted to these

rockets are given in this Report.

Volume and weight limitations did not present a serious problem in

the case of equipment installed in heads carried by single-stage vehicles
(Fig.l(a)) but the introduction of the two-stage rocket (Fig.I(b)) with

its smaller re-entry head necessitated the development of a compact instru-

mentation package.

The requirement for uninterrupted data from heads during the critical
re-entry phase also posed many unique problems which were not eased by

the varied types of head used for these experiments, the vide range of
re-entry velocities and the fact that external aerials should not affect

the motion of the head during re-entry into the atmosphere.

2 DATA HANDLING SYStMS

Design considerations for the head data handling system indicated
that for re-entry velocities in excess of 13000 ft/sec (approx) there could

be severe signal attenuation due to the ionisation of ablation products
caused by the effect of kinetic heating and surface erosion. Signal fading

would be most severe at the particular time during re-entry when heat
transfer data ete, would be most valuable. Since Black Knight is fired

over a land range (Woomera range, W.R.E., Australia) and component recovery

is possible it was considered that the data should be recorded in the head

and recovered after impact. The design of a range of tape recorders was
therefore initiated in Instrumentation Dept (Now I and R Dept) R.A.., with
the close co-operation of the Black Knight group and a number of versatile

instrumentation packages were ultimately produced (see Section 2.2).

Until the development of a tape recorder system had been completed,

non-separating heads (H.01 and H.02) and separating heads (H.03, H.05, and
H. l) for preliminary investigations at relatively low re-entry velocities

(up to 11750 ft/sec) were fitted with telemetry transmitters. Recoverable tape

recorders have been used in two heads (H.06 and H.14) carried by single-stage

vehicles and in the later heads fitted to two-stage vehicles (re-entry

velocity approximately 16000 ft/see).
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2.1 Telemetry systems

To provide adequate signal strength so that the ground receiver aerials

could track throughout flight and during re-entry a modified version of the

465 Mc/s R.A.E. sub-miniature telemetry transmitter (mean power output 6.5 watts)

was installed in the early separating heads. The sender was similar to the

main body unit 3 (Fig.2) except for modified voltage sub-commutation and accelero-

meter fittings. The voltage range used to modulate the transmitter was also

modified so that an input of 0 to +3 volts gave sub-carrier frequencies of

160 to 130 Kc/s.

A special monopole aerial was developed by Radio Dept, R.A.E., to prevent

significant corona loss and to provide a symmetrical drag shape. An aerial of

this type was fitted at the centre of the base dome of each head and it was

intended to remain clear of any ionised wake from the surface of the head

during re-entry. Extensive polar diagram checks indicated that the chosen

arrangement provided adequate signal strength at the range-head telemetry

receivers in the absence of any ionisation effects. A photograph of a complete

re-entry head showing the monopole aerial is given in Fig.3. (Head H.11, of

the head shield type, fitted to B.K.07.) The system proved satisfactory in

practice and extremely good telemetry records were obtained during the re-entry

phase. Before separation from the main body (Fig.1 (a)) the head aerial was capa-

citively coupled to a slave aerial2 fitted to the instrumentation compartment

so that a signal could be received during pre-flight checks on the launcher

and dring ascent.

Although telemetry was not used as the principal data handling system

in heads carried by two-stage vehicles, one of these heads (H2/03 on B.K.17)

was fitted with an experimental single-channel telemetry sender (mean power

output 2 watts) as an aid to re-entry tracking and it was used to monitor

centrifugal acceleration. A slot aerial designed by Radio Dept, R.A.E. was

fitted in the base dome of this re-entry head and it was shown possible to

obtain a satisfactory polar diagram in the forvard direction. Fig.4 shows

a photograph of the aerial in the base dome, taken before the durestos base cap

was fitted into position. The design and installation of these aerial systems

produced many problems and strengthened the decision to use magnetic tape

recording in experimental heads fitted to Black Knight vehicles.

2.2 Tape recorder systems

Details of the tape recorder systems used in re-entry heads are avail-

able in a series of specifications issued by I and R Dept, R.A.., but a brief

summary of the main features is included in this section.
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The recording heads and tape transport systems of all the recorders

provide eight channels of information on half inch magnetic tape. A range

of transistorised units are used to energise the recording heads and provide

the power supply for the tape recorder motors. The units needed for any

particular installation depend on the recording method to be used, the nature

of the data, and the recording time required. Three methods have been used

and these are given below together with notes on the recorders and a typical

re-entry head installation.

(a) Recording methods

i) Direct recording

This method is used where high frequencies (up to 10 Kc/s) are to be

recorded but where amplitude accuracy on replay is not required better than

t20% of full scale deflection. Timing pulses and vibration measurements

are included in this category and when vibration is recorded the linearity

of the system is improved by using a bias oscillator. This is included in

a combined amplifier/oscillator unit (Type IT 2-2-51 Fig.5) which energises

the recording head and is connected to the output from the pre-amplifier

associated with the piezo-electric pick-off.

(ii) Frequency modulation

An amplitude accuracy on replay of better than -+1% can be achieved

with an IM system if two basic principles are applied:

(a) The difference between tape speeds during recording and replay

must be negligible.

(b) Calibration voltages must be recorded.

The former is achieved by care in the design of the recorder and by

using flutter compensation and speed control on replay. A stable timing

signal must be recorded on the tape with the data for this purpose.

Frequency modulator type IT-I-5-57 (Fig.5) requires an input voltage

of 0 to +5 volts and the centre frequency and frequency deviation can be

adjusted to suit the tape speed. A recommended relation between recording

speed, FM bandwidth, signal bandwidth, maximum sampling rate and switch
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speed (see Note (i)) is given below. Acceleration, pressure, temperature, pitch

and yaw rates etc, which do not usually vary at frequencies greater than 20 c/s

are recorded on FM channels which are time-division multiplexed.

Recording Timing W Signal Maximum Switch
speed frequency bandwidth bandwidth sampling speedin/see Kc/s c/s 0/s rate rev/secsamples/sec

71 10 3600 to 8400 0 to 1000 300 12

5 1800 to4 200 0 to 500 150 6

IZ 2.5 900 to 20o 0 to 250 75 3

(iii) Carrier erase

In this system a constant amplitude carrier signal (see Note (ii)) is recor-

ded on the tape before use. During the recording process the carrier is erased

in proportion to the magnitude of the signal, so that on replay the data is con-

tained in the amplitude of the carrier. The accuracy is similar to direct record-

ing but carrier erase has the advantage that DC signals can be recorded and the

circuitry becomes very simple for low impedance sources such as thermocouples

because no amplifiers or modulators are needed. This is important when the

volume of an instrumentation package must be kept to a minimum.

The input to each channel on a recording head comprises two windings,

one is connected to the transducer and the other is connected to a battery which

provides a bias current of a few milli-amperes. Accuracy can be improved by

using frequent calibration signals, but the quality of a record depends critically

on stable tape characteristics and the method has only limited applications. A

typical accuracy for a system recording thermocouple outputs is 410% of full scale,

Note (i)

A multiplex switch (Fig.5) vas developed by Vaotric Ltd to Space Dept Speci-
fication No. SP.245 for use with tape recorders. Six single-pole 24-way switches
are driven at speeds of 3 to 12 rebec by a 6.3 volt DC motor and gear-box e Each
switch comprises a printed circuit track which is plated with rhodium (thickness
0.01 inch approx) and the rubbing contact is made from hard gold. The noise
level at the contact is less than 100 micro..volt peak to peak for running times in
excess of 100 hours.

Note (ii)

A carrier frequency of 750 c/s is used to obtain recordings with the sub-
miniature tape recorder when operating at a tape speed of 1 inches/see.
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although ±5% may be achieved in favourable conditions. A pre-amplifier is

necessary for most transducers with relatively high output impedances, in

which case FM recording is preferred.

3ach of the recording methods described above have been used in Black

Knight re-entry heads and on one occasion (head H2/05 on B.K.16) all three

systems were used simultaneously on one recorder.

(b) Tape recorders

(i) Miniature recorder (Type IT-7-3-61)

The miniature recorder shown in Fig.6 has a tape capacity of 100 ft

(width 1 inch) and is fitted vrith a 3 phase 65 volt 400 c/s motor which gives

a recording speed of 34 or 7- inches per second. Two recording heads are

fitted; one has four tracks and the other eight. FM and timing channels are

usually connected to one head and the other is used for direct recording.

When subjected to an acceleration of IOOg in any direction and a vibration

of 20g (peak) in the frequency range 10 to 3000 c/s, variation of tape speed

and flutter level is less than ±1%. A DC motor has been used to drive the

recorder and even the flywheel has been omitted when weight saving and power

supply economy have been of paramount importance. Armouring was extended,

after initial flight trials, to cover the whole top plate i.e. both spools the

tape transport system and recording heads (see Fig.6).

-(ii) Sub-miniature recorder (Type IT-7-7-61)

The sub-miniature tape recorder which was designed for the smaller re-

entry heads carried by two-stage vehicles is shown in Fig.7. It has a tape

capacity of 30 ft and only the take-up spool is armoured. Recording speeds

of 7j, 3-1 and IJ inches per second are obtained by fitting different gear-

heads to the DC motor. Double windings are provided on each track of twin

recording heads so that all three methods of recording can be used. Because

some of the re-entry heads fired as part of the "Dazzle" programme disintegrate

before impact, additional tape protection is provided by enclosing the complete

recorder in a durestos capsule fitted with a steel lining.

(iii) Long play recorder (Type IT-7-10-61)

The performance of the sub-miniature recorder is inferior to the miniature

in terms of tape capacity, speed variation and flutter level. The long play

recorder (Fig.8) was designed to improve these characteristics without increasing
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the size significantly. The recording time is 20 minutes and an AC constant
speed motor is fitted, as in the miniature recorder, but in this case the power
unit is contained within the instrument. The recorder has yet to be used in
flight but it has performed satisfactorily during ground tests.

Unlike the earlier recorders described above, the long play recorder
could be started before launch because the complete flight time of Black Knight
rockets does not exceed about 13 minutes. This would result in the folloving

advantages:-

(I) Re-entry data could be obtained with increased reliability because
it would not be necessary to start the recorder during flight.

(II) Time correlation between data obtained from the tape and events
recorded by range instruments during re-entry could be improved because timing
pulses recorded on the tape before launch could also be recorded against range

time.

(c) Typical tape recorder installations

A schematic diagram illustrating the use of various units associated
with the tape recorder systems i- given in Fig.9. It comprises a typical re-
entry head installation using five multiplexed IN channels, two direct record
and one carrier erase channel. Four sections of the six-pole sampling switch
multiplex the inputs to four FM channels (2, 5, 6 and 7). These channels
are shared between 3 rate-gyroscopes, 3 accelerometers, 2 differential pressure
transducers, calibration voltages and battery voltage monitors. The remaining
two sections of the switch are used to sample 12 thermocouple outputs and 3
calibration voltages which are amplified as described in section 3.3(b) to
frequency modulate channel 8. The carrier-erase method is used on channel I
to record the output from an erosion gauge of the open-circuit type (see section

3.5). The staircase voltage output which makes the pick-off self-calibrating
plus the low output impedance of the gauge is ideal for the carrier erase
method of recording. Pulses from time marker SP4 Mk.2 are recorded on channel
4 by the direct record method (a pulse repetition frequency of 2.5, 5 or 10
Kc/s is selected according to tape speed).

Various sub-assemblies which form part of the tape recorder systems are
shown in Fig.5 (Table I gives type and specification numbers) and several
transducers and associated units are illustrated in Fig.t0. Re-entry head
H.06 (B.K.06) was the first to be fitted with an instrumentation assembly
in which data handling as provided by a tape recorder system (Fig.11). A
miniature tape recorder was used in the instrumentation assembly fitted in
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re-entry head H2/09 (Fig.1 2) and a sub-miniature recorder vas installed in

the head carried by B.K.12 (Fig.13).

(d) Monitoring on the launcher

A signal could be received from heads fitted with telemetry before launch

(see section 2.1) but this method could not be used to check the instrumenta-

tion in re-entry heads fitted with tape recorders. The policy adopted was

to switch on all instrumentation except the recorder just before launch and

check battery voltages and the inputs signals to the recording heads by using

land-lines. The operation of the tape recorder which was started during flight

was then checked for a few seconds. A stepping switch (Fig.5) inside the head

was used to select monitoring points and economise in the number of land-lines.

The same switch isolated the internal connections from the priming plug so

that ionisation due to re-entry heating would not cause short-circuits within

the head.

(e) Tape replay equipment

Recordings obtained from re-entry heads are replayed oh a multi-channel

equipment (Ref. No. EA Series T.I.R2) manufactured by Elliott Bros Ltd. This

system enables all channels to be replayed and recorded on paper at the same

time. Full details are given in Specification No. SP.230 (Magnetic Tape

Replay Equipment) issued by Space Dept, R.A.E.

3 TANSDUCERS

The design of most re-entry vehicles, especially those with a military

application, is a compromise between conflicting requirements such as minimum

structure weight but adequate strength. In addition, the body must be protected

from the effect of kinetic heating during re-entry and it must be aerodynami-

cally stable otherwise an undamped oscillation may destroy the vehicle or

damage its payload. Not all the aerodynamic derivatives are easily determined

in wind tunnels at hypersonic velocities (especially 01q and t) and neither

is it possible to adequately simulate kinetic heating. Flight tests are there-

fore essential and a comprehensive range of transducers is required to monitor

dynamic behaviour so that the aerodynamic characteristics can be determined.

Skin temperature and erosion measurements are also required to investigate

the performance of materials and measurements of vibration and decelleration

provide additional information on the environment which a payload must with-

stand to survive re-entry.
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There are two possible methods of making aerodynamic measurements in

free flight 4 . The first is similar to wind tunnel techniques in which

forces, moments and incidence a are measured directly so that force and

moment coefficients CA, CN and CM may be calculated as functions of c. Black

Knight heads fitted to single-stage vehicles were instrumented largely in

accordance with this philosophy i.e. accelerometers were used to determine

forces, moments were derived from rate-gyro measurements and ineidence was

obtained from differential pressure transducers (angle of attack had to be

oscillating and the weight and moments of inertia had to be known). The alternative

approach is to determine the aerodynamic derivatives CN,, C . and j . This

method has limitations because the coefficient vs angle of incidence curve

cannot be completely determined but since this technique requires much less

instrumentation it is preferred where the space available is limited. This

method, using only accelerometers, is employed in the smaller re-entry heads

which are fitted ith tape recorders and carried by two-stage vehicles.

The principal dynamic parameters for a typical re-entry head of a

two-stage vehicle are shown in Fig.14. Transducers are selected to cover these

ranges although the number o^ acelerometers is sometimes increased so that two

ranges can be covered; one for the initial re-entry phase and another for

later.

3.1 Pressure and acceleration transducers

These transducers are either the standard G.W. type (variable inductance)

or the S.E.L. bridge type, according to the data link employed. The standard

G.W. types (G.W.2A, T.D.237A, T.D.217A) used with telemetry have been fitted

in three separating heads carried by single-stage vehicles, and the S.E.L.

transducers illustrated in FigAl0 are used with the tape recorder systems.

The S.E.L. transudoers comprise a centre tapped variable inductance which forms

tuo arms of a bridge network; energised at 3 Ko/s. Pressure or acceleration

causes an out of balance current which is amplified and rectified to give a

voltage output proportional to the magnitude of the quantity being measured.

Oil damping is used in the accelerometers (Type S.E.55) to give a frequency

response which is 3 db down at 20 c/s and capillary tubing gives the same

affect in the pressure transducers (Type S.E.50 and S.3.70). The diaphragm

type of sensing element used in these transducers gives a very low sensitivity

to transverse aocleration which makes them particularly suitable for re-entry

measurements where lateral accelerations can be very high. The 3 Kc/s bridge

supply is provided by an oscillator (Type IT-1-3-54) which can energise up to
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12 transducers. An amplifier is included in each transducer demodulator

so 4hat the full scale output from the pick-off can be adjusted to ±2.25

volt or 0 to +4.5 volt.

3.2 Vibration measurement

The barium titanate vibration pick-off (Type F, Fig.l O) manufactured

by G.E.C., was used to measure vibration in several re-entry heads fitted

with tape recorders. Although excessive telemetry bandwidth is required to

transmit one channel of vibration information, the direct record method used

on one channel of a tape recorder provides this data without loss of informa-

tion from other transducers. Because a vibration pick-off is a high impedance

device it is necessary to use a pre-amplifier (Type IT-3-12-51) to supply

current into the low input impedance of the direct record amplifier (Type

IT-2-2-57). The arrangement is shown diagrammatically in Fig.9. (Channel 3)

3.3 Temperature measurement

The effect of kinetic heating is one of the principal factors which

influence the design of re-entry vehicles. To determine the type of flow

around an experimental head, the position of transition from laminar to
turbulent flow and the heat transfer factor it is necessary to measure the

heat flow into the head during re-entry. This information can be obtained

from skin temperature at several positions on the inside surface of the re-

entry head, and it is concluded in Ref.5 that the most suitable transducer

for this application is the thermocouple. Several types of thermocouple

were therefore used to measure skin temperature in re-entry heads carried

by single-stage and two-stage vehicles.

(a) Heads fitted with telemetr,

Two methods have been described in which the R.A.E. sub-miniature tele-
metry sender is used to transmit the voltage outputs from several thermocouples

in addition to the voltage and inductive outputs from other transducers 5 . In

method (i) the voltage output from each thermocouple is amplified by a separate

D.C. amplifier and transmitted on one channel of the telemetry system. Method

(2) uses a single pre-amplifier for all thermocouples but the transmitter

must be fitted with a special multi-track telemetry switch. In order to use

a standard telemetry unit method (1) was adopted and a D.C. amplifier was

designed for use Tith thermocouples.

The amplifier (Fig.1 6) is described in Ref.6 and so only the principal

features are given in this section. Drift at the output was overcome by using
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a chopper amplifier in wJhich the thermocouple voltage was converted to a square-
wave, amplified by an R.C. coupled amplifier and then demodulated in a synchro-

nous rectifier (see Fig.15). Another reason for converting the thermocouple

output to A.C. was to provide D.C.isolation betw.een the input and output terminals

of the amplifier by using transformer coupling. This was necessary because the
telemetry sender earths the output circuit of the amplifier which is also earthed

at the hot junction of the thermocouple connected to the input terminals. The
effect of the te]hmetry earth on the output from a two-wire thermocouple is
shown in Fig.17(a) and the corrected output using f.C.isolation is shown in
Fig.17(b) (Two-wire thermocouples were used to ensure that the thermo-electric

properties were known accurately i.e. within _+1% of maxigum output).

Because maximum temperatures of approximately 10000C to 12500C are
measured nickel-chrnmium/nickel-aluminium (Chromel/Alumel) thermocouples have
been used. This thermocouple gives a practically linear E.M.F./temperature

characteristic above 100 0C7 which simplifies calibration and data analysis.
The voltage gain of the pre-amplifier is set at 60 so that a 50 my output from
the thermocouple at 12500C gives full scale deflection of the telemetry system.
(i.e. +3 volts at the modulator.) The overall time constant of the amplifier
is 5 m sec (approx) which causes an error of about 0.06% in the maximum tempera-
ture recorded during the re-entry of heads fitted to single-stage vehicles.

Each amplifier has a power consumption of 1 50 mW and is supplied from

a 24 volt battery of sealed re-chargeable cells (capacity 50 milli-ampere hour).
Re-entry heads H.03, H.05 and H.11 were instrumented in this manner and five
calibration voltages of 0 to 50 mv were connected periodically to the input
terminals of each amplifier to provide an overall calibration of each telemetry

channel.

Resistance thermometer instrumentation2 was also fitted in the majority

of heads equipped with telemetry to measure air temperature, thermocouple cold-
junction temperature and internal structure temperatures. Skin temperatures

of second-stage assemblies (Fig.1 (b)) have also been sampled before separation
by using resistance thermometers connected to a temperature measuring system

2fitted in the main body of the vehicle2 .

(b) Heads fitted with tape recorders

Two sampling switches and a single R.C. coupled amplifier are used as
a variant of method (2) given in Ref.5. Simplification was possible because
there is no earth connection at the output terminals of the pre-amplifier when
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thermocouple voltages are recorded on tape instead of using telemetry. Due

to the higher re-entry velocity of heads carried by two-stage vehicles and

fitted with tape recorders, skin temperatures of up to 18000C are possible

at certain positions and so platinrm/platinu-rhodium thermocouples
7 are

fitted in addition to other types. Each output must be amplified to give

a full scale reading of about +4.5 volt for FM recording (see section 2.2).

A schematic diagram of a typical thermocouple installation is shown

in Fig.18. Two 24-may sampling switches are fitted to the same shaft with

their moving contacts aligned, and the leads from each thermocouple are

connected to similar segments on each switch. (Positive to switch No.1 and

negative to switch No.2.) The moving contacts are c onnected to the input

terminals of an R.C. coupled amplifier so that as the svItches rotate the

thermocouple voltage outputs are scanned and amplified to modulate the

tape recorder system.

Because the input to the amplifier does not alternate (the polarity

does not reverse) the charge on condenser C3 changes from the quiescent value

and the voltage output of the amplifier tends to drift away from zero. This

effect is reduced by short-circuiting the input and output terminals of the

amplifier once per switch revolution i.e. with zero amplifier input the charge

on condenser C3 is allowed to return to the quiescent condition.

In a typical installation, thermocouples are connected to segments I

to 20, calibration voltages of 20 my, 10 my and zero are connected to segments

21, 22, and 23, and segment 24 is used to short circuit the input and output

terminals of the amplifier to provide D.C. restoration of the complete waveform

composed of 23 pulse amplitudes. The maximum drift per switch cycle occurs

when the sampling switch operates at its lowest speed because the time interval

between successive D.C.restorations is then a maximum. This occurs at a switch

speed of 3 rev/sec (tape speed 17 in/sec, see section 2.2) and for a typical

sequence of input signals on segments I to 23 the zero shift at the amplifier

output is about +1% of the voltage required to fully modulate the channel

(.4.5 volt).

The sampling switches shown in Fig.18 form part of the six-pole 24-vay

multiplex switch illustrated in Fig.5 and described in Note (i) (section 2.2).

A circuit diagram of the amplifier (specification No. SP.27) which is adjusted

to give a voltage gain of about 225 is given in Fig.19.
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The terminal board shown in Fig.1 8 forms the cold junction of the thermo-

couple installation vhich is thermally insulated in araldite so that it remains

at the launch temperature throughout flight.

3.4 Rate-xvroscope installation

Rate-gyroscopes are fitted in Black Knight heads to measure angular rates

about the pitch, yaw and roll axes during re-entry. The instrument used in

the majority of installations has been the Miniature Rate Gyroscope Series 4,

manufactured by Smiths Aircraft Instruments Ltd. The gyro requires a 3 phase

115 volt 400 c/s power supply of about 5 watts and the pick-off is energised

at 26 volt 400 c/s. The restraining torque in this gyroscope is provided by

a torsion bar which is selected to give an instrument with the required range.

Installations of three rate-gyroscopes in re-entry heads are energised

fram a 20 watt invertor (manufactured by Mortley Sprague) which is fitted with

a transistor frequency control (accuracy t1%) and supplied from a 26 volt battery.

A typical installation is shown in the block diagram given in Fig.20. The pick-

offs are energised by a transformer which has three secondary vindings and its

primary connected to one phase of the gyro supply. The voltage output from

each pick-off is rectified and smoothed in a phase sensitive rectifier which is

also supplied with a signal from a phase reference transformer (see Fig.20).

Scaling factors are usually adjusted so that an output of ±1.5 volt is

obtained from each phase sensitive rectifier for input rates of ±4.5 rad/seo

(pitch and yaw axes) and ±3.5 rad/sec (roll axis). The linearity of the gyro

pick-off system is within ±2% of the desired straight line characteristic at
all points, and the undamped natural frequency of the gyro gimbal assemblies

are approximately 76 c/s (pitch and yaw) and 66 c/s (roll). The transient

response of the damped gimbal assemblies show that the damping factor is about

0.63 and the overall time constant for a gyroscope and phase sensitive rectifier

does not exceed 7.5 m sec8.

As the oscillation frequency of the head at re-entry does not exceed

5 c/s (approx) the maximum error at the output of a rate-gyroscope due to time

delays is about ±2.8% of the peak reading. For a full scale oscillation the

overall accuracy of the system at 5 c/s is approximately ±3.8%. This assumes

that the non-linearity of the data handling system is ±1%, reading errors are

+1%, the rate-gyro linearity error is t2% and the power supply frequency

error is ±1%.
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The output from each rate-gyroscope is biased so that the voltage remains

within the limits 0 to +3 volts required at the input of a telemetry transmitter.

A similar output is used with frequency modulators of tape recorder systems.

3.5 Erosion gauges

The following techniques were developed to measure the surface erosion

of durestos nose cones during re-entry into the atmosphere.

(a) A radio-active method.

(b) Pneumatic method.

c) Open-circuit method.

All three techniques were designed to measure the wall thickness of the

head but only the radio-active system provides a continuous reading; the other

methods give an output in the form of a series of steps. Systems (a) and

(b) could only be used in the larger re-entry heads fitted to single-stage

vehicles because of the volume occupied by the equipments. The more compact

"open-circuit" method is used in the smalle r heads carried by two-stage

rockets.

Radio-active method

It was expected that a durestos nose conewould erode about 0.25 inch at

the stagnation point (wall thickness 0.9 inch) during re-entry and the radio-

active erosion gauge was developed to give a continuous measurement of this

process. In the original scheme a y-ray source and detector were to be mounted

on the inside surface of the nose cone and the detector was required to dis-

criminate between the direct radiation which would remain constant and the

back-scattered radiation fran the outside surface wh4ch would vary with skin

thickness9 . After some experimental work with a 5 milli-curie source of cobalt

60 the following discouraging features were revealed.

(i) The intensity of the reflected radiation was low and difficult to

detect.

(ii) The time constant of the system was much to long (about 30

seconds).

(iii) Variations of the y-ray intensity with time gave a noisy output

signal.

Because of the difficulties listed above the following modified system

its adopted:

RESTRICTED



16 RESTRICTED

A cylindrical plug of durestos is impregnated with % by weight of cobalt

60 and irradiated to give a source strength of 5 milli-ouries. The source is

diffused uniformly throughout the plug by tumbling cobalt in the form of 5

micron powder with asbestos flock which is then impregnated in the normal way

to form durestos. The plug is then fitted in the wall of the nose cone from

the outside so that it erodes with the surface and an ionisation chamber inside

the head (Pig.21) is used to monitor the intensity of the direct radiation which

is proportional to the volume of the plug and hence the thickness of the durestos

wall. The voltage developed across a high resistance by the ionisation current

is connected to an electrometer triode which acts as an impedance changer.

The output from the triode is amplified to give +3 volt which decreases as

the radio-active source erodes with the nose cone. The response time of the

final arrangement given in the schematic diagram Fig.21 is approximately I

second. The ionisation chamber and cylindrical container which carries the

electrometer valve in an anti-vibration mounting is shown in Fig.22.

Radio-active plugs and detectors to drawing G.W.36964 were used with

telemetry in re-entry head H.05 and with a miniature tape recorder (F.M. channel)

in head H.06. In both cases one erosion gauge was fitted at the nose (plug

depth 0.75 inch) and another in the cone wall (plug depth 0.375 inch).

Pneumatic method

Three blind capillary holes are drilled to different depths in a durestos

plug which is fitted in the wall of the nose cone frem within the head (see

Fig.23). The capillaries are connected to a nitrogen bottle, via an orifice$

by a single metal tube and the complete system is filled with nitrogen at a

pressure of 1000 lb/in2 . A transducer acts a s a flow meter by measuring differ-

ential pressure across the orifice and during the erosion process the following

events occur:-

(i) With every part of the system initially at 1000 lb/in2 the trans-

ducer registers sero pressure drop across the orifice.

(ii) When surface erosion opens the longest capillary the transducer

indicates a pressure drop across the orifice caused by a flow of nitrogen.

The magnitude of the pressure difference depends on the relative impedance to

flow offered by the orifice and the capillary hole.

(iii) As erosion progresses the opening of successive capillaries

increases the flow rate with a corresponding increase in differential pressure.
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After the first capillary opens the pressure in the nitrogen bottle

and the differential pressure across the orifice gradually decrease, so that

at the second increase in flow the transducer output has fallen below the

pressur-e indicated when the first capillary opened. Instead of a series of

steps which would be obtained from a constant pressure supply, the transducer

gives a sawtooth output having a rising average level (see Fig.23). Increments

of approximately equal amplitude are achieved with a constantly falling

reservoir pressure by making successive capillaries of larger diameter. In

this way a greater fraction of the remaining pressure is dropped across the

orifice at each step to obtain equal pressure changes in the output from

the transducer.

The length of the capillary holes in the plugs were arranged so that

erosion depths of 1/16, 1/8, and 3/16 inch could be detected by a 0 to 750

lb/in2 pressure pick-off. Transducer type G.W.2A was used with telemetry

in re-entry head H.05 and type S..50 was used with a miniature tape recorder

(F.M. channel) in head H.06.

Open-circuit method

Electrical conductors are embedded at various depths below the surface

of a nose cone which must be made from a non-conducting material for this

method to be applicable e.g. durestos. Each conductor short-cirouits a

resistor and these are connected in series to form a chain which has an

initial resistance of zero. As the surface erodes the short-circuits become

open-circuits and the total resistance of the resistor chain increases in

steps. In practice a cylindrical plug of nose cone material is divided into

half cylinders and the short-circuiting loops are printed as a circuit on

the flat surface of one section. The two sections are then glued together

and machined to fit a cavity in the nose cone.

The illustration in Fig.24 shows the construction of the open-circuit

erosion gauge and a typical bridge-circuit used to monitor the total resis-

tance of the resistor chain. The triangular print at the top of the plug

is used as a datum in the machining process to set the first conductor at

the correct depth below the surface. Only five loops have been included

in later gauges giving a maximum output from the bridge circuit of 20 my

in 4 my steps which are either recorded on tape by the carrier erase method

(see section 2.2) as in re-entry head H2/06 or amplified like a thermocouple

output (see section 3.3(b)) for F.M. recording.
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Typical durestos erosion gauges comprise five equi-spaced conductors

arranged &t depths below the surface of 0.02 to 0.22 inch for a plug at the

stagnation point, or 0.02 to 0.10 inch for a plug fitted in the side of

the cone.

4 OTHE INSTRUMENTATION

4.1 Second-stage ignition equipment

The design and development of equipment fitted in the second-stage

adaptor-bay of two-stage vehicles (see Fig.1 (b)) is given in Ref.10 and only

a summary is included in this section. This nstallation controls the sequence

of events from separation of the second-stage assembly to re-entry of the

head.

The second-stage is spin stabilised on separation from the main body

and maintains the correct attitude for re-entry throughout its trajectory.

A Philips ionisation gauge and associated electronics (Fig.25) has been

fitted to all second-stage assemblies so that a programme switch is started

when the ram-pressure in the gauge reaches a value of 5.3 x 10 - mm hg

during descent. This fires the second-stage propulsion unit and separates

the head (tape recorder running) from the burnt-out rocket motor at an

altitude of 200 000 ft (approx) giving maximum re-entry velocity. This technique

was developed for use with heads designed to investigate the effect of kinetic

heating, erosion rates and re-entry dynamics.

A programme switch has been fitted to start the re-entry sequence in

second-stage assemblies used in the "dazzle" project because of the higher

altitude at which it must be initiated (approximately I million feet). The

ram-pressure system has also been included however as a secondary method which

will operate at a lower altitude to prevent a complete loss of information

if the switch fails to initiate the re-entry sequence or if some malfunction

of the first-stage propulsion system causes a reduced time interval to re-entry.

4.2 Time delay unit

Owing to limited tape capacity the miniature and sub-miniature tape

recorders must be started from 7 to 10 minutes after launch so that the

data recording period occurs during re-entry into the atmosphere. A time

delay switch was developed to meet this requirement and the complete unit

oomprisds a voltage stabiliser, 50 c/s square-wave oscillator and single-phase

synchronous motor which drives the switch through a slipping clutch to close

two contacts after a selected time interval. The motor is fitted with two 12

volt windings which are supplied by the power unit as shown in Fig.26.
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The synchronous motor is energised before launch and its operation is

monitored whilst the clutch functions in1 the slipping mode and the switch

remains in the start position. The time interval begins when a detent is

withdrawn electrically to release the switch and this may occur at launch

(single-stage vehicles e.g. B.K.06) or at separation of the second-stage

assembly e.g. B.K.181 0 . The torque needed to drive the switch is less than

the torque required when the clutch is operating in the slipping mode and

so the possibility of failure after the pre-flight check is remote.

Time delays of up to 15 minutes (approx) can be set on the unit (Fig.27)

and the total power consumption of the motor, oscillator and voltage stabi-

liser is about 2 watts.

4.3 Time correlation unit

Although the unit described in this section has not been flight tested

it did form part of the instrumentation development programme for Black

Knight and it is included in this Report for completeness. The unit was

developed from the basic timer1 1 which is used in a modified form (time

marker SP.4. Mk.2) to record timing pulses on magnetic tape in re-entry heads.

These time markers cannot be correlated with range time however because

all recorders used until the present have been started in flight. The block

diagram given in Fig.28 shows a unit which was developed to provide time

correlation between data from tape recorders started in flight and information

obtained by range instruments. The output from the timer comprises three

synchronised voltage waveforms as follows:-

(a) The normal timing pulse (2.5 Kc/s or 5 Kc/s).

(b) A timing pulse having an interval of 25.6 sec.

(c) A square-wave having a period of 51.2 sec.

The unit is fitted in the head and timing pulses (a) and (b) are recorded

on separate channels of the tape recorder. Square-wave (c) is transmitted

on one channel of the telemetry sender in the body until the head or second-

stage assembly separates shortly after "all-burnt". The square-wave is recorded

against range time at the telemetry receivers (accuracy ±-12 m sec i.e. time

for one revolution of the telemetry switch) until separation, so that pulse (b)

on the tape can be correlated with range time throughout the remainder of

the flight. An approximate re-entry time from range instruments (accuracy

say ±5 seconds) can be refined from the recovered tape record by comparing

the output from a longitudinal accelerometer with the positions of timing pulse

RESTRICTED



zuL±(±UtJJ)

(b) which are known in terms of range time (accuracy ±12 m sec). Timing pulse

(a) then gives a fine time scale which can be used to correlate "on-board"

measurements with data obtained during re-entry by range instruments. An

accuracy of ±12 m sec gives a spatial resolution of ±138 ft for heads fitted

to single-stage vehicles and _+192 ft for two-stage firings.

Although a 5 Kc/s timing pulse is shown in Fig.28 (pulse (a)), 2.5 Kc/s

for use with a 1- in/sec tape speed can be obtained by suitable frequency

division. A voltage stabiliser is included in the unit so that it can be

supplied from a 26 volt battery and the total current consumption is about

200 mA. A circuit diagram and assembly details are given in drawings Nos.

G.W.44247 to G.W.44250.

4.4 Flash unit and detector

Black Knight vehicles are fired at night so that optical methods can be

used in addition to other tracking techniques during exit and re-entry into

the atmosphere. A "marker-flash" system was therefore fitted in heads carried

by single-stage vehicles so that the trajectory and velocity at re-entry could

be determined from ballistic cameras and photo-multipliers on the range.

Pyrotechnic flash units (developed by A.R.D.E. Langhurst and Armament

Dept R.A.E.) were used to provide the trajectory markers end their construction

and operation were similar to the type A cartridge used in the main body of

the vehicle2 . From two to eight pyrotechnics were ejected during re-entry at

intervals of 1 to 5 seconds depending on the number fitted. The first flash

was ejected at about 140 000 ft when a i g switch, sensing decelleration,

started a programme clock controlling the ejection sequence. Since this

altitude is less than the maximum "all-burnt" altitude of the single-stage

vehicle (385 000 ft approx) it was possible to use a smaller cartridge than

type A with a reduced light output. The type B unit for re-entry heads is shown

in Fig.29 (the smaller cartridge) and typical performance figures at sea

level are; total light output 1.57 x 105 candle-sec, peak intensity 2.55 x 107

candles, time to peak intensity 1 .9 m sec and total burning time 23.6 m sec.

To ensure that re-entry velocity could be obtained fram ballistic camera

data the time at which each flash occurred was also monitored by a detector
2'1 2

in the head and transmitted on one channel of a telemetry sender (head H.03 etc)

or multiplexed, with other voltage outputs, onto an F.M. channel of a tape

recorder (head H.06 etc). The photo-conductive cell which triggers the detector was

fitted behind a transparent silica window in the base dome of the head and the

sawtooth voltage output from the unit was adjusted to remain within the range

0 to +3 volts for both data handling systems.
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The re-entry velocity and trajectory of heads fitted to two-stage
vehicles are obtained by using shuttered ballistic cameras because the higher

velocity ensures radiation in the visible spectrum which can be recorded

by range instruments.

5 CONCLUSIONS

Instrumentation systems developed for Black Knight re-entry heads and

second-stage assemblies have been described in this Report. Flight results

are not given because these are included in papers on specific aspects of the

re-entry experimentsl 3 ,1 4 and in Post-Firing Meeting reports. The reliability

of the data handling equipment has been very satisfactory throughout the

firing programme as there has been no loss of information due to telemetry

defects and only one tape recorder failed to operate correctly.
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Fig.2 Neg. No. C17SO

Fig.2 465Mc/s telemetry transmitter fitted in re-entry heads



Neg. No. C 1751 Fig.3

Fig.3 Complete hoad assembly showing telemetry aerial
on base-dome of head H.11. (B.K.07)
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Fig.4 Neg. No.C15
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Fig.4 Base-dome assembly showing telemetry slot-aerial

in head 112/03 (B.K.17)
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Fig.5 Sub-assemblies used in tape recorder systems
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Fig.6 Miniature tape recorder, multiplex switch (8 tracks)
and power supply switches
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Fig.7 Sub-miniature tape recorder and durestos capsule
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Fig.8 Long play tape recorder, and durestos capsule
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Fig.11 First instrumentation assembly to include a tape recorder.

(Head H.O 6 fitted to B.K. 06)
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Fig.12 Tape recorder instrumentation in head H2/09 fitted to B.K.18
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Fig.22 Detector of radioactive erosion gauge (lonisation chamber
and electrometer valve container)
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Fig.25 Neg. No. C 1763

Fig.25 Philips gauge unit
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Fig.27 No&. No. C1764

Fig.27 Time delay unit
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Fig.29 Nag. No. C 1765

lop.

Fig.29 Pyrotechnic flash units. (Type A and B)
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