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A torque transducer is employed to record the torque experienced by arotating shaft. But, whenitisinstalled in arecipro-
cating compressor drive system, the response is super imposed by the torsional disturbances due to the inherent torsional
flexibility of the drive. This practical problem is addressed in this paper and methods of reducing the influence of the

undulations on the response are presented.
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Nomenclature

d Diameter of the shaft X
J Mass Moment of Inertia a
L Length of the shaft sections

X, Peak amplitude

1. Objective

Theobjectiveisto achievetheideal response of atorque
transducer used in a reciprocating compressor drive
system in the speed range of 600 rpm to 3000 rpm.

2. Background

With this objective in mind, a test rig was developed
comprising of a variable speed motor (capable of
covering the range of 600 to 3000 rpm), a torque
transducer and areciprocating air compressor and abase
to support these three. Thistest rig which was devel oped
had severe vibration problems at its base. This was
scientifically analyzed and the base was sufficiently
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strengthened. Inthismodified test rig, thevibration levels
were significantly reduced from a maximum of 26mm/
sec to 1.5mm/sec. (Fig. 1)

The dynamic system of the rotor assembly consists
of (Fig. 1) acompressor at one end, torque transducer in
the middle and variable speed motor at the other end
aong with rigid couplings (Flanges). This multi rotor
system has a number of torsional critical speeds. It is
well known that the torque needed by the compressor
ideally varies over one revolution of the compressor shaft
with a periodicity of every revolution of the compressor

(Fig. 2).

Fig .1 Test rig after strengthening the base of the Plummer block and compressor with 30HP motor
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Fig.2 Ideal response

When the motor is connected to the compressor its
response includes al so the contribution from the different
torsional modes. If the exciting (running speed)
frequency of the rotor w is small in relation to the
fundamental torsional critical speedw,, (w/@,), then the
fluctuating torque component will be lessin relation to
the torque developed by the compressor. Theoretically
theresponse of the system will comprise of actual torque
developed by the compressor due to the air pressure
inside the compressor and fluctuations due to the drive
system flexibility. Our aim should be to make the
magnitude of the fluctuation component as small as
possible in relation to the actual contribution from the
compressed air.

3. Experimental Findings

Asexpected, upon measurement of thetorquein a160cc
air cooled compressor for all speeds (from 600 to
3000rpm) the torque vs crank angle response had a lot
of undulationsdueto torsional oscillationsand the curve
was not smooth and satisfactory Fig. 3 represents the
response obtai ned for three typical speeds, viz 600, 1500
and 1750rpm. Table 1 gives exhaustive information on
the fluctuations. Theratio of undulation (X ) to the peak
value (Xp) goeson increasing as the speed increases and
is the highest for a maximum running speed of 3000
rpm. Obliviously the product of the number of
undulations per revolution of the rotor and the speed of

crank angle

600 rpm

Torgee Vi ok anghe

AR
1500 rpm

Torque Vs crank angle

Hn

= e

1750 rpm

Fig. 3 Torque response at various speeds for the existing test rig
@160mm

Table. 1 Summary of the experimental resultsfor existing flange 160mm diameter

SNo  Speed (rpm) (0lw) Peak (X)) Undulation (Xu) Xp/Xu Number of Peaks Critical speed (rpm)
1 1000 0.14 43.0 5.0 8.60 20 20000
2. 1250 0.18 42.0 5.0 8.40 17 21250
3. 1500 0.21 435 7.0 6.20 15 22500
4. 1750 0.25 43.0 10.0 4.3 13 22750
5. 2000 0.28 435 20.0 217 11 22000
6. 2250 0.32 56.0 34.0 164 9 20250
7. 2500 0.35 59.0 38.0 155 8 20000
8. 2750 0.38 43.0 18.0 2.38 8 22000
9. 3000 0.42 37.0 15.0 2.46 6 18000
Average 47.7 3.87 20972

(348 cps)
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the crank yieldsthe fundamental torsional critical speed.
Thisison the assumption that the contribution from the
higher order modes will be small in relation to the
contribution from the fundamental.

4. Finite Element Analysis

Having carried out the experiments and observed the
undulations, it was felt essential to find out the
fundamental torsional critical speed analytically. Finite
element method has been chosen for this purpose and
the results obtained. The drive system of the torque
transducer test setup comprising of fifteen mass moments
inertia(J; to J ), corresponding to 30HP has been shown
inFig. 4. Since the motor occupied the substantial portion
of the rotor length, its mass moment of inertia was

J, =0.0141 N.sec>.mm d, = 30mm
J,=17.04 N.sec2mm d, & d,=80mm
J, = 6.32 N.sec2.mm d, =50mm
J,=6.10 N.sec>.mm dy & dy = 75mm

J, t0 J,;= 6.95 N.sec2.mm d,tod,; =48mm

distributed over 10 nodes. The first five critical speeds
obtained are 345, 726, 1131, 1504, 1837 cps. The mode
shape corresponding to the fundamental torsional critical
speed isshownin Fig. 5.

In this Finite element analysis, the fundamental
torsional critical speed obtained was 345 cps very close
to the experimental result of 348 cps. From the summary
of the results shown in Table 1 it is observed that as
(w/w,) increases (X p/Xu) decreases increasing the
contribution from the undulations. As one could observe
from Fig. 3 the worst response is for the running speed
of 3000 rpm. It is also observed that the node (location
of zero displacement) for the first modeis 720mm away
from the compressor end.( Fig. 5)

L,=102mm L=107mm
L,=51.42mm L,=106mm
L,=59.2mm L,=10mm
L,=81.23mm L, tol ;g =64mm
L=52.77mm

Fig.4 Finite element model of the 15 rotor system

Fig. 5 Fundamental mode shape of 15 rotor system
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5. Improving the Performance

Having obtained an analytical model in which the
fundamental torsional critical speed is very close to the
experimentally obtained value, our next task would be
to reduce (Xp/Xu), two approaches seem to be logical.
One of them is to increase this fundamental torsional
critical speed in order to get the ratio (w/w,) as low as
possible which will result in undulations X, small in
relation to the peak value X, The other approach is to
bring the nodal point of the mode shape close to the
torque transducer in order to enable the torque transducer
not to pick up the contribution from torsional oscillations.

For both the approachesthe only parameter that can
be altered is J,, the mass moment of inertia of the
coupling connecting the compressor to the torque
transducer (Fig. 1). When J, isincreased the node comes
closer to the torque transducer whereas when it is
decreased the fundamental critical speed in torsion
increases. The maximum increasein J, correspondsto a
flange diameter of 318mm only. (Sinceany moreincrease
will result in the flange outer diameter touching the base
of the table of the test rig). The maximum decreasein J,
corresponds to a flange diameter of 140mm. (since any
more decrease will result in the mass moment of inertia
becoming smaller than the one for the motor leading to
no net increase the fundamental torsional critical speed).

Table. 2 Summary of the experimental results (flange 140mm diameter)

The response corresponding to 140mm diameter
flangeisshowninFig. 6 & 7 andinTable2. Theresponse
corresponding to 318mm flange is shown in Fig.8 & 9
and Table 3. It may be observed from Table 1, 2 and 3,
the undulation ratio (Xp/Xu) was the highest for the ®
140mm (varies from 20 to 2.4) and the lowest for @
318mm (varies for 3.35 to 0.81). Obviously 140mm
diameter flange had the highest torsional critical speed
of 424 cps. It may a so be observed from Figs. 5, 7and 9
that the node for thefirst modeisat adistance of 420mm
from the compressor end for aflange diameter of 318mm,
700mm for the diameter of 160mm and 760mm for a
diameter of 140mm.

6. Results

The responses obtained for the existing flange diameter
of 160mm with the two extremitiesfor 140mm diameter
and 318mm diameter for the highest speed of 3000 rpm
are compared in Fig.10. The summary of the
experimental and analytical resultsfor various casestried
are shown in Table 4. It is clear that the contributions
fromtheundulationsaretheleast for 140 diameter flange
since the fundamental torsional critical speed is the
highest. The node corresponding to 318mm diameter
flangeisnot close enough to the centre line of the torque
transducer (Fig.9) eventhough it got shifted from 760mm
incase of 140mm diameter flange and 420mm for 318mm

SI.No Speed (rpm) Peak (Xp) Undulation (Xu) (XX, Number of Peaks Critical speed (rpm)
1 600 405 2 20.25 45 27000
2. 1000 a4 5 8.8 25 25000
3. 1250 a4 6 7.33 21 26250
4, 1500 45 10 4.5 17 25500
5. 1750 44 10 4.4 14 24500
6. 2000 41 14 2.92 14 28000
7. 2250 45 16 2.81 11 24750
8. 2500 45 17 2.64 10 25000
9. 2750 46 15 3.06 9 24750
10. 3000 41 17 241 8 24000
Average 43.55 5912 25475

(424cps)

Fig. 6 Torque at 3000rpm for 140 diameter modified flange

Fig. 7 Fundamental mode shape of 15 rotor system for 140mm
diameter
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Table. 3 Summary of the experimental results (flange 318mm diameter)

SI.No Speed (rpm) Peak (Xp) Undulation (Xu) (X/X) Number of Peaks Critical speed (rpm)
1 600 24 8 3 26 15600
2. 1000 235 8 2.93 14 14000
3. 1250 235 10 2.35 10 12500
4. 1500 235 8 2.93 12 18000
5. 1750 235 7 3.35 8 14000
6. 2000 25 18 1.38 6 12000
7. 2250 25 20 1.25 8 18000
8. 2500 44 52 0.84 5 12500
9. 2750 31 28 1.10 5 13750
10. 3000 27 33 0.81 5 15000
Average 27 1.99 14535
(242cps)
Table 4. Consolidate report on torque transducer (Experimental & Analytical)
SI.No Flange diameter (mm) Analytical (FEA) (cps) Experimental findings (cps) % variation
Fundamental torsional Average
critical speed (cps) (X /X))
1 318 266 242 1.99 9.9
2. 265 282 254 2.45 11
3. 230 306 277 2.70 10
4. 220 318 281 3.02 10.6
5. 160 382 349 3.87 11
6. 140 417 424 591 1.65

Fig. 8 Torque at 3000rpm for 318 diameter modified flange

Fig.10 Comparison of response at 3000rpm for different flange
diameters

Fig. 9 Fundamental mode shape of 15 rotor system for 318mm
diameter

diameter flange. Hence the second approach has not
yielded satisfactory results.

7. Inferences

In order to improve the performance of the response
curve, it isbetter to aim at afundamental torsional critical
speed whichisat least 10 times more than the maximum
running speed of the compressor (3000 rpm in the present
case). This will substantially reduce the undulating
amplitude X, in relation to the peak amplitude Xy Since
the basic parameters associated with the drive, viz the
compressor, transducer and motor cannot be altered the
leading dimensions of the two flange couplings, one
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