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ABSTRACT.
This paper describes the method, the

procedure and data results of engine vibration
test which is carried out on engines for use on
unmanned air vehicles.
The paper focuses on the testing of rotating
propulsion systems powered by an internal
combustion engine which is composed of main
rotating components such as the alternator,
gearbox, propeller, dampers & couplings.
Three measurement methods for measuring
torsional and lateral vibrations are presented:
a. Gear tooth pulse signal.
b. Shaft Strain Gage.
c. Laser Displacement Sensors
The paper also presents data from tests which
were performed using each method and
discusses the applications, the advantages and
disadvantages of each method.

INTRODUCTION.
According to Federal Airworthiness

Regulations (FAR 33), each engine must
undergo a vibration survey to establish the
torsional and bending vibration characteristics
of its crankshaft and drive shafts. The torsional
and bending vibration stresses of the rotating
shafts should not exceed the endurance limit
stress of the material from which they are
made. If the maximum stress cannot be proved
to be lower than the endurance limit, the
engine must be run at the peak amplitude, for
instance: 10 million stress reversals without
fatigue failure for steel shafts.
This type of vibration test is common to
unmanned air vehicle engines.
The tested engines are divided into the
following three categories:
a. New design model of Aviation engines.
b. Modified model of existing Aviation engines
c. Originally Non aviation engines, usually from
the automotive industry, which were modified
for use as Aviation engines.

Of all the above engine categories the internal
combustion engine type is the most common.
The engine vibration test is divided in two
stages:
The first stage includes a sweep of the engine
for critical speeds of the rotating system.
During this test engine's speed varies from idle
to the maximum and the torsional and bending
vibrations are measured continuously.
The second stage includes an endurance test
in which the engine is stabilized and operated
for 10 million fatigue cycles at the critical speed
which was defined in stage one.
In order to perform this test a unique
measuring system which integrates several
measuring methods was developed. The
system enables the evaluation of critical
speeds of the engine's rotating system for
engines in working range speed of up to 10000
rpm.
The following topics will be discussed:
a. Description of measuring methods.
b. Presentation of a typical vibration test
including description of the tested engine, the
test set up, the test procedure and the results.
c. Comparison between the measuring
methods.

TORSIONAL AND BENDING
VIBRATIONS MEASURING
METHODS.

a. Gear Tooth Pulse Signal-
When using this method the angular

twist and the angular fluctuation of the rotating
shafts & the couplings are measured. The
method is based on magnetic sensors which
are attached rigidly to the engine housing.
Each sensor is facing the cylindrical surface of
the tooth gears which are fixed to the rotating
shafts.The passing of each tooth near the
magnetic pole of a sensor induces a voltage
pulse providing an output of sine wave form
with frequency correlated to the number of
teeth on the gear and the shaft speed.



The momentary angular fluctuation of the
rotating shaft cp°(t) is calculated by measuring
the phase shift of the actual pulses compared
to the calculated average pulses and using the
formula

cp°(t)= 360° x (ZAT^t) - SAT1ave(t).) / T
where:

<.p°(t)- Angular fluctuation of the shaft.
T- Period of shaft revolution.
AT.|(t)- Time between two sequential

pulses.
AT1ave(t)- Average time between pulses
ZAT^t)- Total actual pulses
£AT1ave(t)-Total theoretical average

pulses
t - Time

The angular twist of the shaft is calculated by
measuring the phase shift of the pulses at each
end of the shaft and using the formula

e°(t)=360°x(5T1(t)-5T2(t))/T
where:

9°(t)- Angular twist of the shaft.
T- Period of shaft revolution.

ST^ty-Total phase shift at one end of shaft.
5T2(t)-Total phase shift at reverse end of shaft

t - Time
b. Shaft Strain Gage-

This method involves the bonding of
strain gauges on the rotating shafts and
transmitting the data by telemetry.
Fatigue stresses on rotating shafts are
developed by the simultaneous action of
alternating bending and torsion forces. The
shear & the normal stresses which are
developed as a result of those forces are the
basis for definition of the critical speeds.
c. Laser Displacement Sensors-

This method involves measuring of
shafts displacement in X-Y directions using
non-contact sensors. The laser type sensors
enable the placement of the sensor at a
distance of up to 80 mm from the shaft with
measuring resolution of 0.005 mm.

For each of these methods the data is
presented On Line using a PC based data
acquisition and processing system.

PRESENTATION OF TYPICAL
ENGINE VIBRATION TEST
The presentation describes the

instrumentation and data results of tests which
were performed on two types of engines:
TEST SPECIMENS

Engine type 1: A two stroke, horizontally
opposed, four cylinders engine. The engine
power is delivered, from one output to a three

blade propeller via a reduction gearbox, and
from the other output to a 2 kW alternator.
Couplings are connecting the engine's
crankshaft to the gear and the alternator
shafts.

Fig 1:Two stroke, four cylinders engine

Engine type 2: A two stroke, vertical two
cylinder engine. The engine power is delivered,
from one output to a two blade propeller and
from the other output to a 2 kW alternator via.
rubber coupling.
INSTRUMENTATION AND DATA
PROCESSING

The following parameters were
measured:
a. Propeller shaft torsional & bending stresses.
b. Propeller shaft displacements.
c. Reduction gearbox coupling twist angle.
d. Crankshaft twist angle.
e. Alternator coupling twist angle.
f. Alternator shaft torsional stresses.

Propeller shaft torsional & bending
stresses
Stresses were measured by strain
gauge bridges bonded to the free shaft
area between the propeller and the
engine housing.
Propeller shaft displacements
Propeller shaft lateral and vertical
displacements were measured using
laser sensors pointing to the free end of
the propeller shaft.

laser sensor telemetry equip.
Fig 2: Propeller shaft instrumentation



Reduction gearbox coupling twist angle
Twist angles were measured using the
Gear Tooth Pulse Signal method. Two
magnetic sensors were attached rigidly
to the gearbox housing facing the
cylindrical surface of the tooth gears.

Fig 3: Gear box instrumentation

Crankshaft & Alternator Coupling twist
angles
Crankshaft & alternator twist angles
were measured using the Gear Tooth
Pulse Signal method. For this purpose
two tooth gears were installed on both
sides of the alternator coupling flanges:
one at the free end of the crankshaft and
one on the alternator side.

magnetic sensors
Fig 4: Alternator Coupling instrumentation

Alternator shaft torsional stresses
The Alternator was instrumented to
measure the torque on its shaft by
bonding a torsion type strain gauge
bridge on the shaft, wiring it from the s/g
to the shaft end through an inner shaft
hole and installation of the transmitting
antennas on the alternator fan.

S/G bridge

Fig 5". Alternator inner shaft instrumentation

coupling
flange

TEST PROCEDURE
The engine ground vibration test

included the following stages:
Stage I -Vibration Survey - during which the
critical speeds of the engine were defined. The
search for the critical speeds was performed in
two steps: one by varying the engine speed
continuously from idle to maximum speed and
back to idle for cycle duration of about 1
minute. The second step was performed by
running the engine from idle to maximum
speed in steps of about 100 rpm. At each step,
after RPM stabilization, signals were recorded
and were analyzed in the time and the
frequency domains. Based on this data the
critical speeds were defined.
Stage II - which included running the engine for
10 million stress cycles at the critical speed
which was defined in stage I.

TEST RESULTS
The test results are made up of data taken
from the tests which were performed on both
engines focusing on the critical speeds which
were found for different running configurations
of the engines. The main purpose of the
presentation is to show how the critical speeds
are demonstrated using the different measuring
methods. The results do not describe in detail
the different configurations and do not analyze
the results of the data.
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Propeller Shaft Measurements:
Torque & bending using S/G method,
critical speed at 4000 rpm
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Fig 6: Time Domain Test Results

Alternator Coupling
Twist Angle measurement using the Tooth
Gear Method
Critical speed at 3950 rpm
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Alternator Shaft
Torque measurement using S/G Method
Critical speed at 4150 rpm

Fig 8: Time & Frequency Domains Test Results

COMPARISON BETWEEN MEASURING
SYSTEMS

TOPIC
Applicable On

Main
Application

Range
Accuracy
installation

Signals
Analyzing

Cost of the
equipment

S/G
Metal Shafts

Direct
measurement
of stresses
which is
useful for
fatigue
analysis
0-1000 Hz
+20 jis
On exposed
shafts

On every
ordinary
analyzing
equipment

10k $ per
channel

GEAR
Rubber
Couplings
Direct
measurement
of twist
angles useful
for critical
speed
identification
0-200 Hz
+0.1°
Need
installation of
tooth gears
Need special
data
analyzing
system

1 k $ per
channel

Fig 7: Fluctuation & twist of the crank and the propeller
shafts & the alternator coupling
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