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TELEMETRY OF PISTON
PARAMETERS

BY
M. SLAFFER, B.Sc., D.I.C., C.ENG., R.N.S.S.

This Paper reviews current methods employed to determine operating tempera-
tures in the critical piston crown and ring belt areas. The development of the
Admiralty Engineering Laboratory telemetry system is described in detail and
it is claimed that temperatures up to 300 degrees C may be measured continuously
with an accuracy of plus or minus 2% per cent.

Introduction

The efficiency of any prime mover is dictated by two considerations: the
mechanical efficiency of the system, and the thermal efficiency of the cycle.
Improvements in thermal efficiency are related to higher working pressures
and temperatures, both of which are limited by mechanical or thermal stresses
dictated ultimately by the materials of construction. In this context it is of
interest to note in F1G. 7 (Ref. 9), the increase in specific output of automotive
power plants over the last 16 years.

In the case of the conventional piston engine, despite efforts made to limit
excessive temperatures by water and oil cooling, the major controlling factor
is generally associated with the piston and its rings, and in order to achieve
maximum safe working conditions, a knowledge of the temperature and
temperature gradients in the piston crown and in the ring belt area is essential.
Several commercial methods of temperature measurement are available which
include thermal paints, fusible plugs, hardness relaxation techniques, sampling
systems and direct thermocouple measurements. All but the last fall short of
the basic requirement for continuous temperature monitoring. The A.E.L.
has developed a non-contact telemetry system for the continuous recording
of temperature in these regions.

Current Procedure

An established technique for determining piston temperature distribution
involves the use of small ‘fusible’ plugs that are inserted into the piston at
selected sensing points. These plugs are available for a range of temperature
bands within which they melt. They are examined after a test run and, by
judicious reassemblies of plugs, further test runs and subsequent examinations,
it is possible to arrive at a temperature distribution over the piston. A similar
method, using ‘hardness’ plugs that are submitted to metallurgical examination
after a test run, gives an indication of terminal temperatures reached over
somewhat closer intervals than with fusible plugs. A third method of piston
instrumentation involves sampling the parameter once per cycle by means of
contacts fitted to the piston underskirt which make with corresponding contacts
on the cylinder at bottom dead centre, thus connecting (say) thermocouples
in the piston with external recording instrumentation (Ref. 1, 2). A fourth
method, similar to the third in that it samples the information once per stroke
at bottom dead centre, makes use of coupling coils instead of contacts, the
coupling being effected by a high frequency carrier method. (Ref. 7).

None of the above four methods are, however, capable of providing con-
tinuous information so that parameter variations can be determined on a
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Present System

The basic arrangement of the A.E.L. system consists of a temperature
measuring sensor S (F1G. 1) in the form of a thermistor connected to a micro-
miniaturised transmitter Tx, the latter being mounted on the skirt of the piston
where the temperature does not exceed 100 degrees C. A thermistor consists
of a piece of semi-conductor material, in our case the size of a pin head, with
two lead out wires. Its resistance is sensitive to temperature and can change,
typically, from 100,000 ohms to 100 ohms for a rise in its temperature from
50 degrees to 300 degrees C. The microminiature transmitter .circuit is so
arranged that when the thermistor resistance connected to it, changes from
100,000 ohms to 100 ohms then its signal frequency will shift uniformly from,
typically, 2 MHz to 3 MHz. This change in frequency is noted in an outside
receiver, Rx, so that we can observe a 1 MHz shift for a sensor change in
temperature of 250 degrees C, i.e., we have a sensitivity in the measurement
of 4 KHz per degree C.

The transmitter is loop or capacity (C,,) coupled to a ‘radio line’ on the
con-rod, whence the output is again similarly coupled to a fixed external
receiver, the area of coupling remaining constant, in both cases, with relative
movement of the con-rod. If the sensor readings of temperature change slowly,
then they may be followed directly by manual tuning of the receiver or, if the
Rx is in the form of an electronic counter, by noting the digital read out.
If changes in the sensor parameter are fast and are to be followed, then the
received signal frequency must be converted to an analogue and recorded.

The Transmitter

The requirement for small dimensions, considered together with the adverse
conditions under which the transmitter would be operating, precluded the
usually applied methods for attaining frequency stability, i.e., by the use of
tuned circuits or crystals maintained at a constant temperature. Also the
prospect of employing automatic frequency control in the receiver seemed full
of uncertainties. Instead, a circuit was chosen that could meet what is, after
all, the basic requirement, i.e., a large ratio of signal frequency sweep of the
transmitter to its undesired frequency shift as caused by environmental
temperature variations between ambient and 100 degrees C. Special care was,
in any case, taken in the design to stabilize the transmitter, as far as possible,
in its own rlght The final circuit is-shown in FIG. 2.
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F1G. 2—TRANSMITTER (ONE CHANNEL) CIRCUIT DIAGRAM AND PHYSICAL DIMENSIONS

Two silicon transistors and micro-miniaturised low temperature co-efficient
resistors (50 p.p.m.) are welded rather than soldered together in a switching
type of RC circuit. Only one condenser with linear temperature characteristics
is included in the frequency determining part of the RC circuit in order to ease
the approach in the design for frequency/temperature stability. The circuit is
essentially an emitter coupled multivibrator (Ref. 8) whose frequency ‘f’ is
given approximately by

1 R, R,
, where R, = ———;i.e., R, and R; in parallel (sensor
CR, R, + Ry disconnected)

and where R, and R, are both large and assist in maintaining constant current
generator action.

From this it follows that the transmitter frequency can be conveniently
controlled (by large amounts) by a varying thermistor resistance across R; or R,.

A more accurate analysis would show that the frequency is to some extent
dependent upon the supply voltage, the aerial loading and upon the transistor’s
temperature. Adequately stable frequencies can nevertheless be maintained
for a particular sensor temperature throughout the temperature range of the
transmitter environment by keeping the supply voltage constant, by ensuring
that the aerial loading is fairly constant throughout the engine cycle and by

f 1
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balancing out the effect of the transistors’ temperature variation with an
auxiliary thermistor device, T, connected between base and emitter. This
auxiliary thermistor is included in the completely encapsulated unit. F1G. 3 (a)
shows transmitter frequency versus its environmental temperature plotted for
a series of constant sensor temperatures. Ideally these lines would be horizontal.
Temperature increments of the thermistor (sensor) environment are given,
in terms of transmitter frequency, by interceptions on any vertical line. For
example, the vertical line ‘AA,’, transposed on to FI1G. 3 (), gives the calibration
when the temperature of the transmitter is 80 degrees C; and there is no signi-
ficant change in the calibration, for any other temperature value of the trans-
mitter. The consumption per transmitter unit is Sv X 3mA.

Possible Displacement Sensor

For displacement measurements, preliminary work has shown that a tuned
circuit shunted across R, or R, can control the transmitter frequency when its
dynamic impedance is altered by proximity of metal to the inductance of the
tuned circuit. The high frequency used for the transmitter permits the employ-
ment of a small value of inductance. In an actual experiment, a small probe
consisting of an air cored coil of 50 microhenries tuned to the transmitter
frequency by an auxiliary condenser, produced a frequency sweep of 150 kc/s
for 0-015 inch movement when using a 3 mc/s carrier and an important addi-
tional test indicated that the presence or absence of oil in the gap had no effect
on the frequency. The avoidance of an iron core in the coil will in some respects
facilitate its design for use at high temperatures; but there seems to be no
known alternative to the coil being wound with ceramic coated wire and
encapsulated in some form of ceramic.

Block Schematics

A block schematic for single channel operation is shown in FIG. 4(a).

For multichannel operation, FiG. 4(b), a low pass filter acting as a separator
is inserted between the output of each transmitter and the common radio line
coupling, to prevent interference between transmitters. This reduces the output
from each transmitter, but by this means interference is reduced to a sufficiently
low enough level as to be of negligible significance. The signal strength can, if
required, be more than retrieved with elimination of the high impedance
coupling capacitance C,, by using the tinsel wire connection referred to later.

At the receiving end, channels are selected via appropriate filters and the
signals converted to analogue values for direct recording.

Experimental Work and Results
Sensitivity

Two transmitters with ranges 1-8 to 2-7 mc/s and 2-8 to 3-7 mc/s have been
built. The characteristics of an earlier unit tested on the bench, are shown in
F1G. 3(a). The two transmitters have equally good characteristics but they are
not reproduced here. A sensitivity of approximately 7 kc/s per degree centigrade
is indicated for thermistor temperatures between 150 degrees and 300 degrees C,
and an estimated overall measuring accuracy of - 21 per cent is anticipated.

Intermodulation Interference

Apprehension that interchannel interference might nullify the system for
general use was soon dispersed. Preliminary tests on the bench with both
transmitters fitted on a piston, temporarily removed for the purpose from a
Lister engine, showed that intermodulation interference between two adjacent
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F1G. 5—TELEMETERED TEMPERATURES DURING ENGINE TRIALS UNDER START, LIGHT AND FULL
LOAD CONDITIONS—SIMULTANEOUS OPERATION OF TWO CHANNELS

channels had been reduced to an insignificant value by the transmitter output
filters and the receiver selecting filters.

When reassembled in the engine the transmitters were connected to
temperature probes sited (@) near the perimeter of the crown and (b) just inside
the upper groove base. The results for a half-hour run, which included start,
light and full load conditions, are shown in FiG. 5. Separate runs for each
channel confirmed the temperature rise times soon after starting and soon after
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applying the load: but the droop of a few degrees during the following ten
minutes was not evident. Nevertheless the results confirm that no untoward
phenomena arise during running conditions. The differences are believed to
be due to slightly different running conditions and thermal distributions in the
engine and in the transmitter units themselves. Regarding the latter, small
monolithic designs of stable transmitters may shortly become available so that
transient temperature differential between internal components of the trans-
mitter, that occur during a rapidly changing heat condition, will not have a
significant effect on the frequency measurement.

Mechanical Strength, Signal Stability and Battery Capacity

The transmitter units fitted in the Lister engine, withstood the forces encoun-
tered under light and full load conditions estimated, from stroke and rpm
considerations, at 4+ 200g. One of the transmitters was, in fact, finally fitted
on the base of the con-rod where it also experienced an impact force during
every engine cycle, when plunging into the sump of hot oil.

In the original design it was intended that the transmitting part of each
consist channel of a ‘throwaway’ probe complete in itself, i.e., containing the
sensor, the transmitter and its own small battery. It was soon established that
techniques at elevated temperatures were not, and still are not sufficiently
well known to warrant this forward step. Instead it was decided to fit one
transmitter on the piston underskirt, one on the con-rod, and the batteries for
both in a housing fitted to the con-rod base. This would demonstrate possible
optional sitings for these components.

The problem of flexible connections between components on the piston and
their counterparts on the con-rod was solved by the use of copper tinsel wire
msulated with PTFE tubing—always routed round the gudgeon pin. The
PTFE tubing was anchored to frame near the ends where the tinsel wire
emerged. This proved highly successful; and, to demonstrate the durability
of the tinsel wire, some of the leads were duplicated, routed round the gudgeon
pin, connected in series, and the engine operated for a period of five hours
without the necessity for lead or component replacement.

During this test one of the transmitters was kept under close observation
for stability. The frequency did not change by more than 5 kc¢/s, i.e., 1 degree C.

The power supply consisted of a battery of four Type RM625 Mallory cells
connected in series. The maker’s characteristics indicate an operating time of
60 hours for one channel, 30 hours for two channels and pro rata for more
channels.

Further Development

It is intended to develop the system to enable eight parameters to be observed
simultaneously. The only type of sensor that can be visualized at present for
detecting movement in oil atmospheres and under high temperature conditions
1 a small, multilayer coil embedded in ceramic. The choice of high frequencies
in the present system permits the use of a small value of inductance and without
an iron core, the limiting value of a cored inductance being the curie point
of the metal used.

Although the present design of transmitter unit is quite small, it is reckoned
that a smaller one, produced by integrated circuit techniques, would have
much reduced thermal delays between its constituent components thus leading
to an improvement in transient measuring accuracy.

Conclusions

A system of telemetering information continuously from piston engines
using frequency modulation of carriers in the band 1 to 10 mc/s and occupying
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1 mc/s per channel has been described and proved for two channels as regards
temperature measurement. Outstanding items of which details are given in
the text are:

(@) A micro-miniaturized transmitter, adequately stable in frequency in its
own right throughout the working temperature range, 20 to 100
degrees C, and capable of being directly modulated by a thermistor
sensor up to 300 degrees C or more to give an estimated temperature
measuring accuracy of 4 21 per cent.

(b) A constant load, non-contact arrangement for sending signals from the
transmitter unit via the con-rod to an external receiver.

(¢) An optional flexible lead system consisting of tinsel wire in PTFE tubing
for connecting components on the piston to those on the con-rod.
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