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Summary

A description is given of a torque measuring
system in which the phase shift between the ends of a loaded
shaft is determined by means of toothed wheels and magnetic
pick-ups o

The results of rig tests and of tests carried out
with the system installed in the drive-line of a 12 in» dia.
model VTOL fan are discussed .

It was concluded that torque measurements,
repeatable to an accuracy of ± 2 percent, are possible with
this system „
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1.0 Introduction

A requirement for a torque measuring device to be
installed in the drive-line of a 12 in. dia. VTOL fan (Ref. 1)
led to a survey of possible off-the-shelf proprietary items.
It soon became clear that, because of the high rotational
speed of the driveline (24,000 RPM), stock parts would not be
suitable; and that a strain-gauged torque shaft system
especially developed for the purpose would be quite expensive.

An Engine Laboratory proposal to use a flexible
shaft in the drive, and to determine the torque by measuring
the twist in the shaft by means of toothed wheels and
magnetic pick-ups, appeared to offer a solution to the problem.

Preliminary rig work indicated that such a system
was workable, provided that suitable instrumentation was
available to accurately resolve the phase difference between
the pick-up outputs at each end of the torsion shaft.

Subsequently, a limited literature survey showed
that a similar scheme had been tried by others with some
success (Ref. 2).

2.0 Description of Scheme

2.1 General

The relationship between torque and angle of twist
is given by the following equation:

where θ = Twisting angle (radians)
T = Torque, Ib-in.
H = Length of torsion bar, ins.
G = Shearing modulus, lb/in 2

J = Polar moment of inertia, in 4.

Hence, if the twisting angle and the constants are
known, the torque may be determined.
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The constants may be lumped together and evaluated
by calibration of the shaft in a static rig, i.e., by
applying a known torque and measuring the resulting twist.
Equation (1) may then be rearranged:

θ = = i (2)
T G.J k

T = k * e ’ T W  <3)

The assembly of torsion shaft and toothed wheels
to measure twist is shown in Figure 1. If the unloaded shaft
is rotated, the phase difference between the two pick-up
outputs is constant. When the shaft is loaded, there is a
phase shift between the outputs, proportional to the angle of
twist .

The phase time is a function of both speed and
twist. Hence, if t ’ is the total phase time or counter
reading for the loaded shaft and t is the phase time for the
unloaded shaft at the same speed, then,

0° = (t’ - t Q) 360 N (4)

where N = Revs, per Second

Substituting into Eq. 3,

T = (f - to) - 360 · N · k -

T = (t* - t ) · 2ir N k (5)

2 » 2 Instrumentation

The outputs from the two torsion shaft magnetic
pick-ups were fed into a Hewlett-Packard #5263A time-interval
unit, which was installed in a Hewlett-Packard Electronic
Counter Model 5245L.



NATIONAL  RESEARCH COUNCIL

DIVISION OF MECHANICAL ENGINEERING NRC-ENG-57

Page 7LABORATORY MEMORANDUM

As shown in the block diagram of Figure 2, each
input channel Includes an attenuator circuit followed by an
amplifier, Schmitt trigger and gate circuit . The trigger
level was adjusted to a positive going signal, slightly above
zero, on a linear portion of the input signal»

When a pulse of the appropriate amplitude and
polarity reaches the input, a gate is opened (see Figure 2a)
and a count from a local crystal controlled oscillator is
started on the counter read-out.

When a similar pulse is received by the second input,
the gate is closed and the total count is displayed on the
counter <>

A speed signal was obtained from a separate magnetic
pick-up and displayed on a second Hewlett-Packard counter set
to operate in the period mode. A 6-toothed wheel was used,
hence, the counter period represented | of a revolution.

In order to ensure that both the phase shift and
speed signals were recorded at the same time, the sample time
of both counters was set to "hold”, and the reset buttons
were pressed simultaneously.

2.3 Calibration Rig

The calibration rig (Fig. 3) was built primarily as
a convenience to permit development and testing of the scheme
outside of the actual fan drive in the wing. The design of
the rig followed very closely the one described in Ref. 2.

The rig was also used to calibrate the torsion shafts
to establish the elastic constants for use in equation (1).
For this purpose, an optical dividing head, which permitted
angles to be read within 2 seconds of arc, was added to the
rig. Because of an appreciable drag in the moving parts of
the optical head, it was not connected mechanically to the
torsion shafts, but relied on a touch wire and resistance
meter to establish datum points.

In this rig the torsion shafts did not rotate, but
could be loaded by means of a scale pan and pulley system.
A hollow shaft surrounding the torsion shaft carried the
toothed wheels and was driven by an electric motor and belt.
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The pick-ups were attached to the housings which carried the
torsion shaft splines and hence moved out of phase when the
shaft was twisted.

Rotational speeds of up to 5500 RPM were possible.

2.4 Mechanical Design

The torsion shafts were designed to replace an exist-
ing shaft in the fan drive-line, hence, the maximum length was
already specified. However, selection of the other parameters
necessary to provide the required performance at full duty was
made more difficult by the need for good resolution at the low
end of the speed range as well. Therefore, to ensure an adequate
output in terms of angular deflection, two shafts were made;
one limited to a maximum torque of 300 lb. in. at approximately
12,000 RPM, and the other suitable for full duty running,
nominally 920 lb. in. at 24,000 RPM.

Both shafts were dimensioned to give a shear stress of
50,000 PSI at design conditions and were made of heat treated,
vacuum melt 4340 steel.

The stiffness requirements and the desirability of
keeping the whirling speeds above the running range led to the
adoption of hollow shafts. The partly machined shafts were
drilled to close tolerances by Canadian Arsenals Ltd.

The toothed wheels were splined to fit onto the shaft
ends and were each equipped with a single tooth to avoid some
of the triggering difficulties experienced with multi-tooth
wheels during earlier work. This work led to the conclusion
that the pitch of the teeth should be greater than the maximum
expected angular deflection plus the zero torque phase difference
between the wheels.

3.0 Test Results

3.1 Rig Calibration

The results of a stiffness calibration for the high
speed shaft is plotted in Figure 4. It will be noted that the
response is linear and provides an angular deflection of about
6 degrees for an applied torque of 825 lb. in.
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A similar plot for the low speed shaft (Fig. 5) shows
a deflection of 12 degrees for an applied torque of about
238 lb. in.

With this basic information available it was possible
to check the torques derived from phase shift measurements by
running the rig at a constant speed and applying various load-
ings to the torque shaft. As it was impracticable to set the
two pick-ups exactly in line, they were given a phase-difference
of about 45° in the unloaded condition. Since the phase time
varied with speed, it was necessary to define the zero torque

( Wc t π )
phase-time (t ) as --- --- where the product ( N t )  was obtained

from calibrations of the unloaded shaft run at several speeds.

Figure 6 shows the relationship between torque and
phase time for the low speed shaft .

3.2 Magnetic Pick-ups

A comparison was made between standard pick-ups with
pole pieces of 0.100 in. dia. and modified pick-ups with the
pole pieces reduced to 0.018 in. dia. at the tip to provide a
sharper flux change.

The rig was run at approximately constant speed and
with the torsion shaft unloaded. A series of readings was taken
with each type of pick-up installed in turn with the following
results:

0.018” dia. tip 0.100” dia. tip

PERIOD (ps) PHASE (ps) PERIOD (ps) PHASE (ps)

2453.13
2454.29
2452.43
2453.00
2451.53
2463.29
2466.85
2447.99
2447.56
2437.41

1481.1
1482.7
1480.5
1481.5
1480.6
1487.8
1489.5
1477.9
1477.5
1471.6

2456.68
2465.66
2465.55
2457.89
2452.77
2449.90
2440.36
2444.03
2443.84
2439.81
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These figures show an RPM drift (confirmed by
stroboscopic light) that tends to obscure any random variations
due to other causes. However, the Nt product for the unloaded
shaft should be constant and should therefore indicate the
presence or otherwise of differences in the performance of the
pick-ups.

Although the number of samples was small, a statistical
check showed that the coefficients of variation were 0.024 and
0.055 for the reduced and standard diameter tips respectively,
suggesting a much smaller deviation for the former configuration.
This type of pick-up was therefore used for all subsequent
testing .

3.3 Calibration in Wing

In order to obtain a zero point Nt calibration on the
installed torque shaft, a special coupling was made to permit
free rotation of this shaft alone, thus eliminating any other
loading due to the gears, bearings, etc. in the drive line,

Because of the low power requirements, the turbine
was driven by the normal shop air supply through a crude nozzle.
A maximum speed of about 4000 RPM was obtainable.

3.4 Test Running

Both the low speed and the high speed shafts were
Installed in turn in the drive-line to the fan. The former was
operated up to its design torque limit of 300 lb. in. and the
latter to 20,000 RPM (about 1100 lb. in.).

The results of several runs are plotted in Figure 8.
Although most of the data points are from the high speed shaft,
a set of points from the low speed shaft are plotted for
comparison. These show a small, but significant, difference
between the slopes of the high and the low speed torque curves
at speeds below 5000 RPM.

3.5 Accuracy

Although it was not possible to determine the overall
accuracy of the system installed in the drive line, some
indications of the system performance may be obtained from the
rig test results.
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Tables 2 and 3 give a comparison between the applied
torque and the torque derived from measured parameters, and
equation (5), for the low speed and the high speed shafts
respectively »

TABLE 2 (LOW SPEED SHAFT)

Applied Torque Calculated Torque (Eq. 5 ) Percentage Difference

40,272 lb.in. 40.211 lb.in. 0.15
80.544 79.569 1.21

120.816 II9.225 1.32
161.088 159.890 0.74
201.360 199.929 0.71
241.632 240.164 0.61
281.904 279.546 0.84
241.632 240.242 0.58
201.360 201.423 0.03
161.088 I6O.49O 0.37
120.816 120.387 0.36
80.544 80.369 0.22
40.272 40.451 0.44

TABLE 3 (HIGH SPEED SHAFT)

Applied Torque Calculated Torque (Eq. 5 ) Percentage Difference

251.70 lb.in. 255.953 lb.in. 1.69
377.55 376.051 0.40
503.40 494.327 1.80
629.25 621.191 I.28
755.10 745.298 1.30
629.25 620.611 1.37
503.40 507.494 0.81
377.55 379-935 Ο.63
251.70 250.677 0.41

The value of the constant ”k” for each shaft was
determined from measured values of twist and applied torque,
as described in section 2.1. The results obtained from each
calibration were averaged to minimize errors, some of which
appeared to be caused by hysteresis in the shafts. One other
possible source of error was in the calibrating rig itself,
which was observed to deflect slightly at the higher loadings
and may have accounted in part for the larger errors shown for
the high speed shaft .
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The variation in phase time or counts per unit
torque during a calibration of the high speed shaft is shown
in Figure 7. The theoretical value is also shown and although
the scatter of the experimental points is not excessive, there
is a trend towards a reduction in counts at the larger torque
values.

In general, these results indicate that torque may
be measured by this system with an accuracy of ± 2%.

4 ,0 Acknowledgement
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5.0 Conclusions

1.0 Measurement of the phase shift between the two ends
of a loaded flexible shaft in a drive-line provides
a practical method of torque measurement.

2.0 The system is capable of measuring torque with a
repeatability of + 2 percent .
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