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1. SCOPE:

11

1.2

General:

This document discusses, in broad general terms, typical present instrumentation practice for
post-overhaul gas turbine engine testing. Production engine testing and engine development
work are outside the scope of this document; they will use many more channels of
instrumentation, and in most cases will have requirements for measurements that are never
made in post-overhaul testing, such as fan airflow measurements, or strain measurements on

compressor blades.

The specificdtions for each parameter to be measured, in terms of measureme|
measurement accuracy, are established by the engine manufacturers. Each teg
system should meet or exceed those requirements. Furthermore, each.instrun
be recalibrated regularly, to ensure that it is still performing correctly:

Engine Performance:

The basic oufput of a turbojet engine is the thrust produced-by the engine. Sor
turbine engines are tested without their power turbines nstalled, and in conseq
characterized by thrust. In a few cases the engine pressure ratio, EPR, is used

since in testing an engine with a given air-intake bellmouth and exhaust tailpipe
between thrust and EPR is linear and reproducibie.

Those gas turbine engines which primarily drive output shafts: turboshaft, turbd
and marine engines, are characterized: Ry output shaft speed and torque, and t
power.

A few relativgly small turbojet engines deliver enough power to various accessc
electrical generators and hydraulic pumps, so that known loads must be applie
accessory sh
effect of acc

fts when the.engine thrust is being measured. For most engines,
ssory loads’is negligibly small, and the accessory shafts need not

nt range and
st cell instrument
ent system should

ne industrial gas

ience are also
instead of thrust,
the relationship

prop, industrial,
nerefore output

ries, such as
1 to their
however, the
be loaded.

bressed air, called
mpressed air is

-overhaul testing

the engine performance IS measured wrth no bleed air flowrng Many engrnes have valves which
bleed off controlled amounts of compressed air under certain conditions; that air is simply wasted.

Those functions are allowed to proceed normally during post-overhaul testing.

Auxiliary power units, APUs, and ground power units, GPUs, deliver most of their output energy

in the form of compressed air, and a smaller amount of energy as a shaft drive
generator. Both the compressed air flow and the generator shaft output power
controlled and measured when testing these engines.

for an electrical
must be
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1.3 Beneficiaries

The information contained in this document will benefit anyone who is preparing to build and
equip a test facility for any type of gas turbine engine, or to contract with a specialist to do such

work.

2. REFERENCES:

2.1 Applicable Documents:

ment Uncertaimnty Methods and Appiications ™, Dieck, Ronaid H 1
a, 1992. ISBN 11-55617-126-9.

Course in Temperature Measurement”, Moffat, Robert J.; 36th Intg
tation Symposium, Instrument Society of America, 1990.

30, Properties of Aircraft Fuels”, Coordinating ReSearch Council,
Flowmeters Predictable Performance”, Fischer & Porter Co., Wart
Information Bulletin 10C-8, April 1969:

and Turbojet Gas Turbine Engine-Fest Cell Correlation”, SAE Ag
bnded Practice ARP741A, 1993-09-01.

Thrust Measurement", SAE Aerospace Information Report AIR44

andard Viscosity-Temperature Chart for Liquid Petroleum Produc
btandard ANSI Z11:39.

~lowmeter Fuel Flow Calculations”, SAE Aerospace Recommends
, In preparation.

strument Society

brnational

Atlanta, Georgia,

ninster, PA,

rospace

51, in preparation.

Is", American

d Practice

a. "Measur
of Amerig
b. "A Short
Instrumer
c. "Report §
1983.
d. "Turbine
Technica
e. "Turbofan
Recomm
f. "Test Cel
g. "ASTM S
National §
h. “Turbine
ARP4990
2.2 Definitions:
The followin

ACCURACY: This is properly defined as the closeness or agreement between a measured value
and the true value, so that a 99% accurate reading has a 1% error. However, almost all vendors
of instrumentation have adopted the practice of identifying the instrument accuracy by stating its
probably inaccuracy, in some form such as £0.5% of full scale value, or +2% of reading over the
range from 10 to 50 psig. This paper also follows that practice. Note that it is improper to specify
an inaccuracy of a fixed percentage of reading without some lower limit; if the range is allowed to
go to zero, the allowable error also goes to zero, an unattainable objective. For those cases in
which a more detailed analysis of sources of error (bias error, precision error, etc.) is required,
see the full treatment in document 2.1a.
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2.2 (Continued):

ALIASING: A phenomenon of sampled signals. Nyquist's theorem states that a signal which is
sampled N times per second can be reconstructed completely from the samples if it does not
contain significant components at frequencies equal to or greater than N/2 Hz. A higher-
frequency component at M Hz, where M > N/2, will appear in the samples as a spurious
frequency of M - N/2. For example, a 6 Hz sine wave sampled 10 times per second will appear to

be a1 Hz sin

e wave.

ANALOG: A variable quantity, or instrument for measuring it, which varies continuously over

some define
position of a
making the

AUXILIARY |
designed to (
engines, and
the ground a
used in flight

BYPASS AIR:

combustion g
exhaust.

BYPASS RA
flowrate of cdg

COMPRESS
maintain the
compressor |k

the whole compressor, vielently interrupting the proper functioning of the engin

called a surg

DIGITAL: A
usually nume

operating range.  Reading arn anatog mstranment requires the us
pointer moving over a calibrated scale, or the height of a fluid on-§
easurement.

POWER UNIT (APU): This is a gas turbine engine, mounted in an
roduce compressed air for such functions as cabin-air-conditionin
to drive an electrical generator. Some APUs are{used only when

as well.

In a turbofan engine, air which the engine draws in, but which is
rocess. It is compressed slightly and:discharged together with thq

[1O: In a turbofan engine, the mass flowrate of bypass air divided
mbustion air.
DR STALL: A condition in which one or more blades in the turboc

lades are airfoils, and flow separation produces a stall. If a stall g

a}

E .

ariable quantity, or instrument for measuring it, which is represen
rical, values. A typical digital instrument will display a measureme

as 123.14.

nd are shut off when the aircraft's main engineshave been started.

r to observe the
scale, etc., in

aircraft, which is
j or starting other
the aircraft is on

Others may be

not used in the
P core engine

by the mass

ompressor cannot

pressure differential’across them. It is related to the "stall" of an gjrcraft wing; the

ropagates through
e, the event is

ted by discrete,
nt in such a form

GROUND POWER UNIT (GPU): This is a gas turbine engine, similar in function to an auxiliary
power unit, but which is mounted on a cart or truck and is brought to the aircraft which it is to
serve on the ground.

INDUSTRIAL ENGINE: This is a turboshaft engine which is designed for nonaircraft applications,
such as electrical generation, driving petroleum pumps, etc. Industrial engines can be much
heavier, and therefore more rugged, than comparable aircraft engines. Some industrial engines
are designated as marine engines.
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2.2 (Continued):

K-FACTOR: In a turbine flowmeter, the number of electrical impulses it delivers per unit volume
of the fluid being measured. It is often treated as approximately constant over some useful range
of fluid flow rates.

MARINE ENGINE: An industrial engine which is designed for marine service, such as driving a
ship's propeller.

REHEAT ENGINES: Also called afterburning engines, these are turbojet or turbofan engines in
which additio SN i T el i air from the main
combustion grocess, and burned there to raise the air temperature, the airflow’yolumetric flow
rate, and thefefore the engine thrust.

RESISTANCE TEMPERATURE DETECTOR (RTD): A temperaturé-sensing dgvice which
consists of an electrical resistor that has a known characteristic of resistance versus temperature.
RTDs are mgde of lengths of wire or thin films of metal deposited on an insulatjng substrate, and
typically havg resistances in the order of hundreds or thousands of ohms. See(thermistor.

The smallest observable increment inthe variable being measured by the
instrument, usually stated as a fraction of full scale.

THERMISTQR: This is an RTD made of a semiconducting material. Thermistors are available
with very large, either positive or negative, temperature coefficients of resistange. Their stability
and reprodudibility are usually not adequate for accurate temperature measurement, but

thermistors afe often used in control systems.

THERMOCOUPLE: A temperature-sensing device which consists of two condiictors of dissimilar
electrothermal characteristics. (The conductors are joined together at one end, {the hot junction,
where the jurction is placed in)contact with the item whose temperature is to beé measured. At
the other end, the cold junction, a voltmeter or other device is used to measure|the electrical
voltage which is produced-by the difference in temperature between the two junctions.

TRIBOELECTRICAL: The separation of electrical charges of opposite sign by jprocesses such as
friction betwegen two solid bodies.

TURBOFAN ENGINE: A turbojet engine which draws in more air than the combustion process
will use, compresses the bypass air slightly, and discharges it together with the core engine
exhaust. The earliest turbofan engines had bypass ratios of 1.0 or less; the largest current
turbofan engines have bypass ratios of 5.0 or more.

TURBOJET ENGINE: A gas turbine engine which is designed to power an aircraft by drawing in
air, compressing the air, burning fuel to heat the air, and discharging the hot compressed air in
such a way as to produce the thrust which moves the aircraft. A turbine in the exhaust stream
extracts enough energy from it to drive the intake air compressor. See turbofan engine and
reheat engine.



https://saenorm.com/api/?name=0aa1d8fdefe3299364de85b563377715

SAE AIR5026

2.2 (Continued):

TURBOPROP ENGINE: A turboshaft engine which is designed to drive an aircraft propeller.

TURBOSHAFT ENGINE: A gas turbine engine which primarily delivers its output power to turn
an output shaft. A typical application is to drive a helicopter rotor. See turboprop engine and

industrial eng

3. INSTRUMENT

ine for specialized forms of turboshaft engines.

CHARACTERISTICS:

3.1 Analog Verst

In the early d
devices: liqui

Digital instruments can have both higher resolution and better agcuracy than cc

instruments.
between nun
the needle af

On the other
parameter be
pressure may
well-defined |
and report th
performing a

The same pg
updates rapig
rate is only a
values are lik
observe the |

The best soll
the rate of re

ays of gas turbine engine testing, most measurement instruments
 manometers, Bourdon-tube pressure gauges, d'Arsonval.electrig

S Digitar mstroments:

They also avoid several common sources of errars:*counting calik
bered points, interpolating between calibration marks, and paralla
d the instrument scale.

hand, analog instruments are much easier to read than digital insf
ing read is changing rapidly. For example, small fluctuations of a

make the needle of a Bourdon-tube’ pressure gauge flicker back
pand; it is relatively easy to logk-at the instrument, estimate the ce
it as the reading. Experienced-operators doing this hardly realize
N averaging function.

rameter, read on a digital instrument, is harder to deal with. If the
ly, the least significant digit may be a blur of superimposed figure
few times per second, the operator can distinguish each successi
ely to jump around randomly. About all he can do is to watch for 4
ighest anddowest values, and report their average as the reading

tion i to use a digital instrument, because of its higher accuracy,
sporise of its analog circuitry by means of a low-pass filter so that

Al IcoviminAatac Aananct s

ratn a-d h Af +h
arsou—uiscrimatc S agantst oo oot

Cuiinhh A £l
UCTT T TiteT

averaging for+H
and has anti-a

- ane K
uaure UPUI ALUT .

liasing properties.

~

D.
ve reading, but the
. period of time,

were analog
al meters, etc.

mparable analog
ration marks

X offsets between

ruments when the

N otherwise stable
and forth over a
nter of the band,

that they are

instrument
If the update

but to slow down
t does most of the
electrical noise,

Unfortunately, some gas turbine engine parameters inherently fluctuate so much that an
instrument which has adequate filtering, i.e. a long time constant, may respond too slowly during
starting, slam accelerations, and other transient situations. Some specialized digital instruments
have variable filtering, which can be switched from one mode to another as needed. This is

readily done i

n computer-based systems with digital filtering techniques.
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3.1

3.2

3.3

(Continued):

In some engine-testing situations a critical parameter (say, EGT - exhaust gas temperature) may
be increasing rapidly, and the operator must decide quickly whether it will settle at a safe value or
whether he should shut the engine down. The judgment is much easier with an analog indicator

than with a digital one. For that reason, in many computer-based systems critical parameters are

displayed in quasi-analog form in addition to the digital display. One example would be a bar
graph which uses unfiltered data for fast response.

A special pitfall of digital data is that they may be displayed with excessive precision, lending

significance t
psi is known
rounded to th
leads the ope
8750, will avq
will mask sm

Static Measu

In usual prac
been allowed
the normal flu
desired is an
system, it mg
seconds, and
estimate an 4
highest and |

Dynamic Megsurements:

Under some
measured. It
less stable; a
fluctuation in
the intake air

Meanngiess digits. SUPPOSE a Pressure transducer witht a totat
0 be accurate to 1% of full scale. Then for most purposes itsaea

rator to think that the last digit is meaningful. Rounding the displg
id troubling the operator with minor noise and hysteresis ‘in the trg
Il fluctuations in the pressure being measured.

fements:

pwest readings in a suitable period and will calculate their mean v

conditions, hewever, the fluctuations themselves are of interest an
is known-that nonuniformity of air flow at the engine's air intake
very had-air flow can even cause the engine to stall or surge. Th
suchiparameters as rotor speeds and engine thrust can give a us

nradue

range of 10 000

ling should be
e nearest 50 psi, or at least to the nearest 20 psi. Displaying-a repding like 8736 psi

y to 8740, or even
nsducer, and also

ice, a set of data for an engine performance point is taken only after the engine has
to stabilize at the desired power level for'a few minutes. For suclp measurements,
ctuations which occur in many engine\:parameters are only a nuispnce; what is
average value. If the test cell is eqtipped with a computer-based|data acquisition

y be allowed to observe each parameter for a period of time, perhiaps a few tens of
to calculate an average. If.there is no computer, the test cell opgrator must
verage value for each fluctuating parameter. Typically, the operator will note the

lue.

d must be
akes the engine

en the degree of
eful indication of
flow quality. Note that even with ideally perfect intake air flow some residual

d by large scale

fluctuations wl

turbulence in

v ad bhvinctahibiting 1n thn AnanAalc fiinl Anmtral oA o
M oCPToOOOTCC O oy oot T ST e Chgim S Tat T CcoOmarorseTrvo™

its internal air flows.

The observed fluctuations will be affected by the dynamic characteristics of the instrumentation
systems. For example, one possible technique for measuring rotor speed is to connect the
variable-frequency signal from the tachometer to a frequency-to-voltage converter (see 8.2) and
to read the converter's output with a digital DC voltmeter. A suitable attenuator network is used
so that the voltmeter may be calibrated to read directly in rpm or in percent of nominal speed.

Many frequency-to-voltage converters contain a phase-locked loop, which usually is stabilized by
a single-pole RC filter. The digital voltmeter has a sampling rate of a few samples per second,
which affects its response characteristics. It usually will also have a low-pass input filter, to
discriminate against noise.
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3.3 (Continued):

Each of these three elements acts to slow the response of the system to changes in the rotor
speed. A typical system of this kind will take a second or two to reach the 90% point in
responding to a step change in input frequency. Comparing its readings with those of a
reciprocal counter (see 8.4) which in many cases can respond 100% in 0.1 s, the frequency-to-
voltage converter will report smaller rotor speed fluctuations, making the engine appear more

stable than it

really is.

Measurements of the fluctuations of rotor speeds and thrust in different test cells are not

comparable
to changes, q
rates.
4. THRUST MEA
4.1 General:

Thrust meas

which most of the material following is extracted.

Although test

hydraulic loadl cells to measure thrust forces, the‘greater accuracy and conveni

strain gauge

The mechani
single load c¢
(This discuss
its scope.)

4.2 Errorsin Thr

With well-des

Ntess the measuring MSraments 1 the two Celts tave equivalent
r both instruments have rates of response much higher than the-g

SUREMENT:

irement is discussed in greater depth in AIR4951, reference docu

cells may be encountered occasionally which use mechanical we
oad cells have made them a generally-used standard for many ys
cal design of the thrust stand may require that the engine thrust b
|l in tension, a single load cell in compression, or a pair of load ce
on neglects the special requirements of multi-axis thrust stands, \

Ist Measurement:

igned thrust stands, the load cells are the principal source of erro

measurement.

drift, creep, t¢
side loading &

Their imperfections include curvature of the transfer characteris
mperature coeff|C|ents and nonreprodu0|b|I|ty Serious errors ma

ates of response
ngine fluctuation

ment 2.1f, from

ghing systems or

ence of electrical

ars.

b measured with a
lIs in compression.
vhich are outside

s in thrust
tic, hysteresis,
y be produced by

Ats in the load cells,

which may be exposed to W|de temperature variations, espemally in Wlnter The instrument which
reads the load cell output also may contribute various electronic errors.

Unwanted axial forces are produced by the flexure plates or other means of support of the
moving element of the thrust stand, the starting air supply line, the fuel supply line, and the
various hoses and electrical wires which must connect to the engine under test, often referred to
as the engine harness. Proper thrust calibration procedures permit calibrating out the
reproducible portion of these errors, but some random and hysteresis components remain.
Careless engine dress, that is, placement of the harness, has often produced significant thrust

measuremen

t errors.

-10 -
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4.2

4.3

(Continued):

In evaluating the thrust measurement system in a test cell, be sure that thrust calibration is done
with the engine installed and connected to the test cell systems, that care is taken to avoid side
loads on the load cells, and that the load cells are thermally insulated or shielded from the heat of
the engine under test. The load cells and their associated electronic instruments should be of
adequate quality to give the desired accuracy.

It is important to recognize that the instantaneous thrust of an engine is not constant; large-scale
Ins

turbulence in
of the engine
thrust measu

Any digital th
the disturban
per second, t
up, with at le

Thrust Calibr|

Most modern
thrust stand t
and the calib
applied at or
of the workin

operators vellify one or two calibration points before every engine test.

On the other
way as the a
order to allow
thrust calibra
Unfortunately
engine cente
two, and ther|

the exhaust stream produces small rapid variations in thrust.

ing system, and causes instability of the thrust reading.

ust measuring system should have an input low-pass anti-aliasing
e of its reading by exhaust turbulence effects. With assampling r
e anti-aliasing filter should have greater than 20 dB of attenuatio
st 40 dB of attenuation at 10 Hz.

ation:

thrust stand designs include provisionsfor application of simulate
hrough a calibration load cell. The thrust simulator, typically a hyg

hear to the elevation of the working load cell or cells. With this sc
j thrust measurement system can be done in a few minutes, so q

hand, such a thrust ealibration system does not stress the thrust s
rtual engine thrustyThe engine must be offset from the thrust frar
unobstructed éntrance of air and exit of exhaust gases. Therefo
ion which applies the simulated thrust at the engine centerline is &
, mounting<a-dummy engine and connecting a push or pull to it at
line is_refatively time-consuming; such a thrust calibration typically
eforelis not performed frequently.

pite of the inertia
htions reaches the

filter to minimize
ate of N readings
N from N/2 Hz on

d thrust to the
raulic cylinder,

ation load cell are mounted within:the thrust frame, and the simulated thrust is

nheme a calibration
lickly that many

tand in the same

ne structure in

e a method of

L better technique.

the level of the
takes an hour or

Most operat

H | mf th + Lihyat: 3 that tha +h 1 1 H
S-SHRpyHSeH-HrametrrtuStCatofattoftaSStmgtat tREthdSt stand deS|gn IS

such that the difference between in-frame calibration and centerline calibration will be negligible.
It is good practice, of course, to make a centerline thrust calibration cross-check on any new

thrust stand, and occasional comparison tests to make sure that the characteristics of the thrust
stand have not changed.

The calibration load cell and its associated thrust indicator serve as a secondary standard. As
such, they should be sent out periodically to a standards laboratory which can calibrate them
together, as a system, against standards that are traceable to a national standard.
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5. TORQUE MEASUREMENT:

51

52

5.3

General:

Typical turboshaft, turboprop, industrial, and marine engines are loaded for test by propellers or
by dynamometers of various types, including water brakes. The useful power output of the

engine under

test is the product of the output shaft speed and its torque.

Although a few engines have built-in torque measurement systems, best practice is to equip the
test facility with accurate torque instrumentation which can readily be sent out for calibration

traceable to 4
Shaft Torque

The most acq
on the shatft §
three genera
test cell wirin
shaft, and a1
the optimum
temperature,

Reaction Tor

If the loading
torque, and t
dynamomete
Then a lever
to those used
at a known rg
the load cell i

An alternate
engine shaft,
the dynamon

nationat 1aDOTatory standard.

Measurement:

p: slip-rings, a specialized transformer which has a secondary th
adio-frequency data link. Each technique has advantages and dig
choice depends on such variables as the maximum shaft speed, g
sampling rate, and the desired operatienal life of the instrument.

ue Measurement:

device is a dynamometer, its outer case or housing carries the erj
ansmits it to the test bed-support frame. One common technique
[ on bearings so arranged that it will turn freely in the direction of g
attached to the casevof the dynamometer is arranged to bear on §
in thrust measurement (see Section 4) preventing it from turning,
dius from the shaft centerline, the product of that radius and the f
S the torque<being absorbed by the loading device.

echnique-is to support the dynamometer by a structure which is ¢
andwhich is fitted with strain gauges that measure the torque req
eter case. Often the reaction torque support structure is a hollow

urate commercial shaft torque measuring instruments‘use strain gauges, mounted
ind rotating with it, to measure the torque which the'shaft is transmitting. There are
techniques for making electrical connections from'the rotating strgin gauges to the

t rotates with the
advantages, and
mbient

gine's output

is to mount the

haft rotation.

load cell, similar
If the load cell is

brce measured by

bncentric with the
uired to restrain
cylinder, large

In a reaction torque measurement scheme it is important to minimize any external torques
applied to the dynamometer case, such as torques caused by hoses bringing water to and from a
water brake. Any such connections should be made close to the shaft centerline, to reduce the
torque produced by a given force.

In a few instances, reaction torque has been measured by permitting the engine, rather than the
dynamometer, to rotate. The torque produced by some propeller-loaded engines was
successfully measured in this way. There are many difficulties with this technique, which is not
generally used.
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5.4 Torque Calibration:

Calibration of torque measurement systems requires applying a series of known torques and
observing the instrument readings. This is most simply done by attaching a calibration arm of
known length to the engine shaft or to the dynamometer, leveling the arm accurately, and loading
it with a set of accurately-known weights.

The instruments used in torque measurement are subject to the same kinds of errors as those
used in thrust measurement (see 4.2) but in this case they are less troublesome. That is
because the engine manufacturers typically have tolerated larger errors in torque measurement

than in thrust

6. FUEL FLOW M

6.1 General:

Fuel flow is glways specified in gravimetric, mass flow, terms, <Although some

are available
knowledge of
similar to the
airplane, are

The requiren
escalated, an
warranties to
6.2 Turbine Flow
The output fr
blade passes
counter with

in counts per
and the curreg

Turbine flown

measurelrierit.

EASUREMENT:

fuel flow is usually measured by means of a volumetric, volume f
the density or specific gravity of the fuel. Somne positive displace
fuel-truck-mounted meters that measure the quantity of fuel delivé
n use, but most installations depend on'‘turbine-type flowmeters.

ent for accuracy of fuel flow measufément has increased as the G
d as engine manufacturers have, given increasingly stringent fuel
their customers.

meters:

pm a turbine flowmeter is a frequency signal, one electrical impuls
a pickup, sometimes called a pickoff, which typically is measured
h variable time'base. The time base must be properly related to th
unit volume,-of the flowmeter, for volumetric output, or to both the
nt fuel density, for gravimetric output.

heters have rated accuracies from 0.1 to 0.5% of reading, over a

nass flowmeters
ow, device plus
ment meters,
bred to an

ost of fuel has
pfficiency

e as each turbine
by an electronic

e K-factor, given
meter's K-factor

estricted range of

ceala Al 1002 ~AF £l cnnln h 41

full-scale flow to

flow rates, ty

hi~Allhy frama £011 dowvwmm o } Thao ratin ~
TICaTy o o StarC—UowWwiT toaiuot U 70O ot Staic— rricTatioo

the lowest flow at which the meter will meet its accuracy specification is called its turn-down ratio
or range. With a given design of turbine flowmeter, an inexpensive magnetic pickup will produce
a small drag on the turbine and will reduce the turn-down ratio; the so-called radio-frequency

pickup causes little or no drag and gives the best possible performance. A few flowmeters have
turn-down ratios of 100:1 or more, using special linearization techniques.

To obtain full rated accuracy, long straight runs of pipe, or shorter runs containing flow
straighteners, must be used both upstream and downstream of any turbine-type flowmeter. The
minimum suggested inlet and outlet lengths are ten and five pipe diameters, respectively.
Document 2.1h contains a detailed discussion of flowmeter errors and calibration techniques.
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6.2

6.3

(Continued):

A counter of good quality will contribute only negligible error to the measurement. Frequency
measurement techniques are discussed in some detail in Section 8 of this document.

The manufacturers' ratings of turbine flowmeter accuracy assume measurement periods that
correspond to many turns of the turbine. A few users who wish to measure transient fuel flow

rates, and therefore choose very short measurement periods, have encountere

d errors due to

nonuniformity in the blade-to-blade spacing of the turbine blades. Such errors can be avoided by
measuring the fuel flow for an integral number of turns of the turbine; for example, if the turbine

has eight blagies, ameasurement of the time for 8, 16, etc. btades 10 pass e |

affected by ahy nonuniformity in the turbine blade spacing.

Viscosity Effects:

Changes in fpiel viscosity will affect a turbine-type flowmeter's turn-down rating,
higher the fugl viscosity, the larger the flowmeter's departure ffom linearity in th
Changing fugl temperature from a typical summer temperature of 86 °F (30 °C
temperature
turn-down rating by doubling the low-end flow rate below which the flowmeter's
longer be redarded as constant.

Much of this Viscosity effect can be counteracted;’if the viscosity is known, by p
meter calibrafion in the form of a universal viscosity curve, a widely-used tool.
K-factor is plptted against the meter frequency in Hz divided by the fluid's kinen
centistokes. [Knowing the viscosity and:the observed meter frequency, the app
can be picked off from the universal viscosity curve and used to calculate the v

pickup will not be

In general, the
e low-flow region.
to a winter

pf 0 °F (-18 °C) will approximately double the fuel viscosity, halving the flowmeter's

K factor can no

resenting the

n it, the flowmeter
hatic viscosity in
ropriate K-factor
plumetric flow rate.

supplier. A

10 °C and at

from a plot on

al Book of ASTM
hart D341 always

the type of fuel in use and follow the procedure above to estlmate the worklng viscosity at a given

working temperature.

Although the universal viscosity curve is only an approximation to the actual be

havior of a turbine

meter, as explained in reference document 2.1d, its use is strongly recommended in order to

extend the useful range of a turbine flowmeter.
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6.4

6.5

6.6

6.7

Temperature Effects:

Changes in fuel temperature, and therefore of the flowmeter temperature, primarily affect the fuel

density and viscosity (see 6.3).

In addition there is a small thermal effect because of dimensional

changes in the flowmeter itself; this is normally neglected in post-overhaul engine testing, but

should be included in very precise measurements.
Flowmeter Calibration:

Recalibration of a flowmeter is seldom possible in the field, except by comparis
flowmeter cofmected T ophic faitures, arbine
typically degrade gradually as their bearlngs wear. Some users maintain amas
which has begn calibrated at a standards laboratory and is used only infreguent
with their working flowmeters.

- ' " . ar~ls o

Fuel Density Measurement:

Errors in megsurement of fuel density or specific gravity are ‘af first-order impor
calculating gfavimetric fuel flow. Ideally, fuel density shouldbe measured conti
densitometer} and its reading should then be used to cenvert the flowmeter's vc
gravimetric fgrm.

In many casgs a fuel sample is drawn before the‘éngine test begins, and its mq
used thereafter to calculate the gravimetric fuel flow. In that case, the working
should be mgasured continuously, and a.table or curve of fuel density versus te

as Figure 3 of reference document 2.1¢,-should be used to estimate the currenf

no such corrgction were made, and if-the actual working fuel temperature were
different fron| the temperature of the'density sample, the calculated gravimetrig
in error by abjout 0.5%.

Mass Flowmeters:
Mass flowmeters typically are based on the Coriolis effect; the fuel flows throug

In recent yeafs a Aumber of commercial mass flowmeters have been introduce
accuracy rati gs that are acceptable for gas turblne englne testing. Such mete

on with another
lowmeters

ster flowmeter,

ly, for comparison

tance in
nuously by a
blumetric data to

basured density is
fuel temperature
mperature, such
fuel density. If
say, 10 °F

fuel flow would be

h vibrating tubes.
0 which have
rs require no

density correttions-and-arenot-affected-by-fuet-viscosity changes—A

here has not been

much experience with these instruments in engine testing, but it seems probable that their use

will increase rapidly.
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6.8 Positive-Displacement Flowmeters:

7. TEMPERATUR

7.1

7.2

These volumetric meters were originally developed to measure deliveries of fuel, typically from
tank trucks refueling aircraft. Their designs were optimized for accuracy in measuring total fuel

delivered ove

r a relatively small range of flow rates.

Such flowmeters are used in some test cells to record the total fuel consumed in the course of
each engine test, particularly in circumstances where fuel costs are billed to a customer. In some
instances positive-displacement flowmeters have been modified in ways that permit them to be
used for rate-of-flow measurements in engine test cells. They are not well suited for situations in

which the fu

General:

In order to ur
temperatures
that of ambig
which may bg

Resistance T

Engine inlet g
performance

air temperature, the greater stability and:accuracy of platinum resistance temps

(RTDs) make

RTDs are als
platinum, nic

is generally gccepted as.the*most stable and reliable. The rate of change of re

temperature
techniques a
resistance of

I TIOW Tale IMust De Saltipled requeritly.

E MEASUREMENT:

derstand the performance of a gas turbine enging,)it is necessary
at many points within the engine. The temperatures to be measu
ht air, which may be as low as -40 °C under.arctic conditions, to th
e as high as 2000 °C.

emperature Detectors:

hir temperature should be measured accurately, because of the se€
to inlet air density. Althoughiolder test cells still use thermocouplé

s their use preferable.

0 called resistancetemperature bulbs (RTBs). They may be mad
el, copper, or other metals, or thin films of metal on an insulator.

pf a 100 Q. platinum RTD is less than 0.4 Q/°C, so that 4-wire meg
e required in order to eliminate errors due to ambient temperature
the wires leading to the RTD from the control room.

Two differentpfatimommattoysare widety usedfor RTDs; onetype has a therma

to measure gas
red range from
at of burning fuel,

nsitivity of engine
s to measure inlet
brature detectors

e with wires of
The platinum RTD
sistance with
surement

effects on the

coefficient of

resistance of 0.00385 Q/Q/°C, and is primarily used in Europe; the other has a coefficient of
0.00392 Q/Q/°C, and is primarily used in the U.S.A. Other alloys are used occasionally, with
coefficients ranging from 0.00375 to 0.00393.

With a suitable signal conditioner and indicator, a good-quality platinum RTD will have a working
error less than +0.5 °C over the ambient temperature range. Better accuracy can be obtained by
means of careful calibration of an individual RTD together with its associated signal conditioner.
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7.3 Calibration of Resistance Temperature Detectors:

Good-quality platinum RTDs are very stable over long periods of time, and should not need
recalibration unless they experience physical damage. The instrument which reads the

resistance is much less stable, and should be checked periodically by connecting it to accurately-
known resistors.

Occasionally it is desired to make temperature measurements with an accuracy greater than the
standard rating of an RTD as supplied from the factory. In that case the RTD to be calibrated
must be immersed in a constant-temperature, well-stirred liquid bath. The bath temperature must

7.4

7.5

be known ac
temperature
temperature
conditioner nj
relatively diffi

Thermistors:
A thermistor

are available
In most case

measuremeni, but thermistors are often used in control systems.

Calibration of

Many comme
furnished wit
individual the|

carately. Caboratory TNercury-in-gtass termometers are avaiianie
anges, and with calibration markings at intervals of 0.1°, so that-
can readily be observed to 0.05°. The RTD and its associated’ins
ust be calibrated together. This type of calibration, while;simple ir
cult in practice.

S a temperature-sensitive resistor made of @ semiconducting mats
with very large, either positive or negativeytemperature coefficien
5 their stability and reproducibility are net adequate for accurate te

Thermistors:
rcial thermistors are factory-calibrated. The standard calibration (

h such a thermistor has a-#relatively large tolerance. If, for some a
Fmistor is to be calibrated, the techniques that are discussed in 7.1

with limited
e bath

 concept, is

s of resistance.
mperature

curve which is
pplication, an
B can be used,

rument or signal

brial. Thermistors

nferior to those of
aratus.

with the diffe
RTDs, and in

ence that the reproducibility and stability of thermistors are much
consequence their calibration can be done with much simpler apy

7.6 Thermocoup

Most engine-related.temperatures will be measured with thermocouples, usually types E, J, K, N,
or T. Thermgeouple manufacturers control the composition of the metal alloys which make up
their thermoc , f i utput voltage will

follow standard tables, such as those from NIST, within stated limits of error.

esS:

Thermocouple manufacturers state that their products will meet the standard NIST tables of
temperature versus output EMF within the following tolerances, at temperatures above 0 °C.
Premium thermocouples have errors about half as large.

Although electrical instruments are readily available which will read the weak electrical signals
from thermocouples with an accuracy of a few tens of microvolts, corresponding to an error of
about 0.5 °C, the variability of individual thermocouples is much greater, as shown in Table 1.
Then the thermocouple error limits the system accuracy.

TABLE 1
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Thermocouple Tolerance (whichever is greater)
1.7 °C or 0.5% of reading
2.2 °C or 0.75% of reading
2.2 °C or 0.75% of reading
2.2 °C or 0.75% of reading

1.0 °C or 0.75% of reading

- Z2Xam

7.7 Thermocouple Extension Wire:

The above efrors apply when the thermocouple leads are connected directly.to

instrument,

extension wi
Extension wi
for the basic
thermocouplg
the calculatio

It is very imp
type, prefera
to constantar
temperature-
may have se
junctions.

Any nontherr
case where t
copper pins,
mating pins.
and another
junctions are
between the
temperature

ith a cold junction held at 0 °C. That is almost never possible in &
s are used. The extension wires must be of the same type as th
es of standard quality will contribute errors of the same'size as th
thermocouples, except that the temperature of thejunction betweg
leads and the extension wires replaces the "reading" or hot junct
n. Extension wires of premium quality have approximately half of

prtant that all thermocouple circuits in a.test cell have extension w
ply of premium quality, and that they be eonnected correctly: iron t
, etc. Improper extension wire types-and connection reversals c§
dependent errors; such systems may calibrate correctly with no er
ious errors when a running engine heats the thermocouple-to-exts

hocouple materials in econnectors, terminal blocks, etc. will add fur
nere are significantithermal gradients. For example, consider a cd
and a chromel wire/ part of a type K thermocouple system, conneq
There will be @ thermal EMF produced between the chromel wire

equal, the)two thermal EMFs will balance out. But any temperatu
wo willkproduce a net spurious EMF which will cause an error in th
measurement.

a measuring

test cell, hence

b thermocouple.
bse listed above
N the

on temperature in
those errors.

res of the proper
D iron, constantan
In produce large
gine running, yet
bnsion-wire

her errors in any
nnector pair with
ted to each of the
and the male pin,

bne between the female pin and its chromel wire. If the temperatures of the two

re difference
e system's

7.8 Reference or

Cold Junctions:

Most thermocouple systems now use cold junctions which are not held at a fixed temperature.
Instead, the cold junction block has heavy thermal insulation, so that its temperature changes
slowly and is nearly uniform from end to end. The cold junction temperature is measured, usually
with an RTD, and supplied as an electrical signal to the temperature indicator, which uses that
information to correct its display to what it would have been with a cold junction temperature held

at0 °C.

Both the indicator and the cold junction system contribute small errors to the temperature

measuremen

t.

7.9 Paralleling Thermocouple Instruments:
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7.10

Most modern thermocouple indicators draw such a small amount of current from the
thermocouple system that the voltage loss through the resistance of the thermocouple wiring,
often called IR drop, can be neglected, and instruments can be paralleled freely.

When two or more thermocouple indicators are connected in parallel to read the same
temperature, open-thermocouple detector circuits may cause trouble. Many open-thermocouple
detectors apply a periodic pulse of current to the thermocouple. If one indicator is measuring the
temperature while the other is applying such a pulse, its temperature reading will be disturbed.

Older instrum Mput resistance to
load the circyit S|gn|f|cantly, reducing the thermal voltage delivered to the indiegtor. Most such
instruments gre calibrated for service with a known thermocouple circuitgesistance, which is
chosen to be[higher than any that is anticipated. Such an instrument is.installeg with enough
added series|resistance to obtain the desired total circuit resistancei No other |nstrument can be
connected in[parallel with such an indicator without calibration problems.

Calibration jof Thermocouple Systems:

Calibration jof individual thermocouples is usually limited to comparing a quesfionable
thermocouple to a known good one. If a thermocouple is giving bad readingg, it is discarded
and replaced with a new one.

There are many possible causes for misbehavior of a thermocouple. An ideal thermocouple
may give incorrect readings because of heat conducted through its leads or ifs mounting,
radiation effects, and other environmental problems. Reference 2.1b discusges such matters at
length. In @ddition, thermocouples‘exposed to high temperatures, such as thpse used for
measuring EGT of a gas turbine.engine, tend to drift, that is, to change characteristics with
time, due tg development of inflomogeneities in the wire in regions of high temperature
gradient. Qorrosion of thefmocouple wires and connectors can be a serious problem,
especially in the case of.the iron lead of the common type J thermocouple.

It is desiralfle to cheek the wiring and the measuring instrument of a thermocuple system
regularly. A soutce of simulated thermocouple voltage is connected in place pf the working
thermocouple,.\The voltage source usually is callbrated in equwalent temper ture for a
particular therme mpared with that of
the voltage source. Dlsagreements between the two readings may be caused by wiring errors,
stray thermoelectric voltages, and instrument errors.
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8. ROTOR SPEED MEASUREMENT:

8.1 General:

Almost all rotor speed signals are variable-frequency in nature. Older engines typically are
equipped with tachometer generators which are coupled to the rotors by means of gears that are

chosen to produce a tachometer output of approximately 70 Hz at takeoff power.

Newer engines

have magnetic pickups which give one pulse for the passage of each tooth on a gear, each blade
In any case the measured frequency must be multiplied by a suitable constant in
order to obtain a direct measure of the rotor speed, either in rpm or in percent of nominal.

of a fan, etc.

8.2 Frequency-td
Frequency m
d-c voltage, U
voltmeter. A
voltmeter to |

Until recently
rate of respo
studies. Alsg
in temperatuf
applications.

The newest f

-Voltage Converters:

easurements can be made by converting the unknown frequency
sing a frequency-to-voltage converter, and then meastring that d
suitable attenuator network between the converter and'the voltme
e calibrated for reading directly in rpm or in percent of nominal spj

all frequency-to-voltage converters contained,a phase-locked loo
nse to changes in the input frequency, and-therefore were not suit
they typically had fairly large thermal eoeéfficients, such that they
e-stabilized housings in order to achieve adequate accuracy for te

fequency-to-voltage converters-are greatly improved, both in rate

thermal chargcteristics, by using the reciprocal counting technique of 8.4, toget

to-analog (D

8.3 Variable Tim
Accurate fred
quality countg
use electroni
produces a v
crystals, so t

frequencies by

A) converter to produce‘an analog output voltage.
p-Base Counters:

uency measurements are most easily made with electronic counts
br will contribute a negligible error to the measurement. Most mod
C counting-techniques, which depend for accuracy on an internal g
ery stable reference frequency. Most such oscillators are controllg
at ordlnary mechanlcal shocks or electrlcal faults will not change

o an equivalent
c voltage with a
ter permits the
eed.

b with a limited
hble for dynamic
had to be mounted
st cell

pf response and in
her with a digital-

ers. A good-
ern instruments
scillator that

ed by quartz
their operating

produce a complete fallure

usually will

A variable time-base counter may be used to display rotor speed directly. The length of the time
base is chosen to provide the conversion from frequency to rotor speed. For example, if a rotor
with a full-speed rating of 3600 rpm delivers 30 output pulses per revolution, its output signal will
have a frequency of 1800 Hz at full speed.

Measuring that signal with a counter which has a time base set at exactly 2.0 s, the counter will

read 3600 at

each sample, which is the actual speed of the rotor in rpm.

If its time base is set at

1/1.8 of a second, 555.56 ms, and if its decimal point is moved one digit to the left, it will give a

reading of 10

0.0 at each sample, which is the percent of nominal rotor speed.
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8.3

8.4

8.5

9. GAS PRESSURE MEASUREMENT;

9.1 General:

(Continued):

Older engines with tachometer generators that deliver about 70 Hz output at rated speed would
require excessively long counting periods to reach readings of thousands of rpm. In those cases
frequency multipliers have been used successfully. Note, however, that a frequency multiplier,
like the older frequency-to-voltage converters, contains a phase-locked loop with a limited rate of
response to changes in the input frequency, and therefore may not be suitable for dynamic
studies.

Reciprocal Counters:

A more recent technique uses two separate electronic counters; it is calledreeiprocal counting. A
measurement period starts on, say, the positive-going zero crossing of the.rotoy speed signal,
and stops after some integral number of pulses or cycles of the rotor speed sighal. That number
is recorded bl the first counter. The second counter starts and stops at the safe times as the
first counter, put counts timing pulses from an accurate clock (oscillator). At the end of the
measurementt period, the counters give the ratio of the frequency to be measured, the rotor
speed signal] to the clock frequency.

With proper ¢hoices of the number of pulses of the rotor speed signal to be measured and of
clock frequerjcy, it is simple to attain a rotor speed measurement accuracy of 0,02% or better.

Calibrating Rptor Speed Instruments:

A suitable vafiable-frequency and variable-amplitude source can be used for verifying the
operation of fjotor-speed measuring insttuments.

In order to understand-thie-performance of a gas turbine engine, it is necessary|to measure
pressures at many points within the engine. The critical pressures range from 13 psia (0.9 bar, or
90 kPa) to aljout 500 psia (34 bars, or 3.4 MPa). In typical test cells, liquid-colymn manometers
and Bourdonttube gauges are rapidly being replaced by electrical pressure trarjsducers and
digital indicate#s:

Common practice is to use gauge pressure transducers, rather than absolute pressure
transducers, and where necessary to convert the gauge pressure readings to absolute values by
adding barometric pressure. The advantage of gauge pressure transducers is that their
calibration by zero and span adjustment is much faster than calibration of absolute pressure
transducers, which must be pumped down to a good vacuum when their zero values are to be
set.

Some of the parameters to be measured are total, rather than static, pressures. In those cases it
is important that the gas flow should strike the orifice of the total pressure probe as nearly straight
on as possible.
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9.1

9.2

9.3

(Continued):

Many of the pressures in a running engine have fast fluctuations which are several times as large
as the allowable error in the pressure reading. Usual practice is to damp the signal, that is, to
reduce its fluctuations, by means of a restriction in the pressure signal line.

Pressure Scanners:

Because of the large number of pneumatic pressures which must be measured in jet engine
testing, some test cell designers have chosen to use pressure scanning systems, rather than

discrete trang

gucers, foruse with COITputer-nased MStrumentation SYSIEITS.

The earliest CTressure scanners used mechanical selector valves to connect mu

channels se
time delay an
scanners.

More recent
channel and
systems. Th
system achieg

applying it in

Such a syste
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multiple calib
transducers,
data to the t¢
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Leaks occurr
readings. Ty
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relatively long

uentially to a single pressure transducer. The necessary.channel
d the limited life of the mechanical selector valves reddced the us

pbressure scanning systems dedicate an inexpensive pressure tran
5can their readings electronically, avoiding the problems of the me
b individual transducers have excellent reproducibility but relatively

ltiple pressure
to-channel settling
efulness of these

sducer to each
chanical scanning
poor linearity; the

ves good linearity by storing a multipoint.calibration for each working transducer and

real time to each reading.

M combines large numbers of inexpensive pressure transducers v

ith a few master

sducers of secondary-standard-quality, selector valves, an interngl source of

Fation gas pressures, and.a-microprocessor. It scans all of the wg
inearizes their outputs and converts them to engineering units, arn
St cell host computer.over a standard communication channel.

ng anywhere in a pressure-measurement system will lead to inco
pically_ the-pressure transducers will be located in the control room
controlled environment, and the pressure signal lines from there td
.cAcleak near the transducer end will have a much larger influenc

rking pressure
d transmits the

rect pressure
or some other
the engine will be
e on the reading

than a leak n

havr tha Anaina AnA
cCaUr—trC—CTgmc s

It is good practice to check for leaks by blanking off each pressure signal line at the engine end,
pressurizing it, shutting it off from the pressure source, and then observing the leak-down rate.
The valves and fittings that are needed for this exercise are commonly installed near to the
pressure transducers. Noticeable leaks should be located and repaired.

This technique cannot test the actual connection to the engine, so special care must be taken to
ensure that those fittings are made up properly.
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9.4 Dynamic Pressure Measurements:

9.5

9.6

A typical small-volume pressure transducer connected to a pressure probe by 30 m (100 ft) of

6 mm (1/4 in) pressure signal line will have a response time constant in the order of 1 s; that is, in
responding to a step change of pressure, it will reach about 63% of its final readingin 1 s. The
system can be approximated as being equivalent to a single-pole low-pass filter between the
probe and the transducer, cutting off, 3 dB down, at 0.16 Hz. Fortunately, ordinary post-overhaul
engine testing does not require fast sampling of pressures.

For special purposes, such as studies of pressure transients at the time of a compressor stall, it

may be nece

In those cass
pressure sigr
transducers 1
may be shoc
analog-to-dig

Obstructions

Some test cg
problems witl
erratic behav
pressure.

With very sm
film to form &
produce serid
be purged wi

Signal lines 6
preferred whe

Calibrating G

bSdly L0 TTeasure Tasl ransients.

s pressure transducers will be mounted on the engine under.test,
al lines running from the pressure taps on the engine to the trans
hust be able to withstand the high engine vibrations and hot tempd

mounted and cooled in some way. Continuous apalog recorders
ital converters, must be used to collect the transiént data.

in Pressure Signal Lines:

lIs with pressure signal pipes or hoses:3unm (1/8 in) or less in dia
h dust, dirt, and condensation moisture producing intermittent bloc
or. The usual correction is to blow.eut any obstructions in the ling

all signal lines contaminated by liquid water, surface tension may
gain across the signal ling, even after an air pressure purge. Suc
us errors in low-pressure measurements. Lines suspected of cor

with very short
jucers. The
bratures, or they

, or fast sampling

meter have had
kages, causing
s by means of air

cause the water
h a film can
taining water can

h alcohol or otherhygroscopic liquids.
mm (1/4 in):ormore in diameter seldom have such problems, an@l should be
brever it isJpossible.
as Pressure Measurements:
nnnnn tare A 1 1 | Lihyat th h 1d hd

Although liqutd

given a full-scale

check occasionally to assure that the liquid has not been contaminated, changing its density.
Other pressure measurement instruments, such as Bourdon-tube gauges, pressure transducers,
etc., should have multipoint calibrations at regular intervals.

Such a calibration requires connecting the instrument being calibrated to a source of variable gas
pressure, usually dry air or nitrogen, in parallel with another pressure-measuring instrument of
known accuracy. Hysteresis in the instrument being calibrated can be detected by taking a set of
measurements with increasing pressure and comparing them with another set taken with
decreasing pressure.
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10.

10.1

10.2

11.

111

VIBRATION

General:

LIQUID PRESSURE MEASUREMENT:

The techniques used for liquid pressure measurements are very similar to those discussed in
Section 9 for gas pressure measurements.

The pressure signal lines are normally filled with some of the working liquid: fuel, lubricating oll,
etc. In most cases it is necessary to purge any entrapped air out of the pressure line in order to

obtain an a

cceptable rate of response to pressure changes.

Elevation

fects:

If the presspre measuring instrument or transducer is not mounted at-the sanme elevation as the

pressure t

offset in the pressure reading. In many practical cases the effect-of the statig

can be neg
place, appl
calibration
liquid.

General:

In principle
which meas
which are s
engine mar
engine mar

vibration signal containing*many frequency components, an acceleration sign

converted i
equivalent

sensitivity d
low-frequer

on the engine, the weight of the liquid in the pressuré:line will pr

bduce a zero
pressure head

ected, but when full accuracy is desired one should calibrate the instrument in

ing the calibration pressure at the engine's end<f the pressure lir
hnd during engine runs one must ensure that'the pressure line is f

MEASUREMENT:

the vibration of an engine.under test can be measured by means
bure displacement, velogity, or acceleration. In practice, only veloq
ometimes called vibration pickups, and accelerometers are used.

ufacturers specify them in units of velocity or acceleration. Even

nto an eqguivalent velocity signal by means of a single integration,
lisplacement signal by means of two integrations. These integrat
f thetgystem to high-frequency vibrations; conversely, they increa
cy.vibrations.

e. Both during
ull of the working

of transducers
ity transducers,
Most U.S.A.

ufacturers specify vibration limits in units of displacement, while niost European

with a complex

al can be

Dr into an

ons reduce the

be its sensitivity to

It is not possible to make such conversions by simple calculator multiplications, except for pure
sine-wave signals of known frequency. Measurements made with narrowband filters (see
11.6.2) are an exception, as the output of a narrowband filter approximates a sine wave.
Complex vibration signals require actual integrations.

Although in theory it would be possible to convert a velocity signal to an equivalent acceleration
signal by means of a differentiation, this is not done in practice because differentiation
enhances high-frequency noise.
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11.2

11.3

Accelerometers:

An accelerometer contains a seismic mass mounted on a piezoelectric element, typically quartz
or a special type of ceramic material, which produces an electrical charge in proportion to the
force exerted on the element. Acceleration of the accelerometer body produces a force on the
seismic mass, and therefore on the piezoelectric element, generating an electrical charge,

typically of the order of tens of picocoulombs per gravity of acceleration.

This charge is a relatively weak, high-impedance signal, which therefore is subject to electrical

noise mterference SpeC|aI Iow—n0|se cable should be used between an acce
first ampllfl | ' {

. In many

of the instrument.

restrained gxially by springs. When the body of the transducer is vibrated alg
guide rod, the seismic4nass tends to remain in a constant position, producing
movement petween.the mass and the transducer body. That movement geng
an electricgl coikwhich surrounds the magnetized seismic mass; the voltage i
the velocity|of.movement, typically of the order of several volts per meter/sec

lerometer and the
M generating
etween mating

gy inject excessive
, @ble to reject large

roduces a low-

, and therefore to

hges of
effects which
cases, however,

igr will not tolerate as wide a temperature range as the accelerometer will, limiting the

4 guide rod, and

ng the axis of the
relative

brates a voltage in

5 proportional to

bnd.

This relatively strong and low-impedance signal is less vulnerable to electrical noise and

triboelectric effects than the weak high-impedance signal from an accelerometer.

Itis still

desirable to avoid ground loops and to use an amplifier with a differential input stage to reject

common-mode noise.
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11.4

11.5

11.6

116.1

Mounting Locations and Brackets:

A few aircraft engines have accelerometers permanently mounted within the engine, usually on
a major bearing. For most measurements, however, the vibration transducers will be mounted
on the engine case. Aircraft engine designers go to great lengths to keep the engine as light as
possible. In consequence, the engine case is relatively flexible, and its vibration patterns will
vary substantially from place to place.

In order to make reproducible vibration measurements it is essential to mount the vibration
transducers in precisely the locations specified by the engine manufacturer, and to use

mounting b
modifying t
the engine

If the vibrat
rating of th¢
protect the
transducer.

Thrust Star

The thrust
fluctuations
frequency 1
for use with
suppress th

Some of th
which the e

RB211, maly be more affected by details of thrust stand and adapter design t

have suppd
Vibration F

Most vibrat

ackets thatare correctty designed to transmit the engine vibratio
nem. It is best to use the types of vibration transducers whichcare
manufacturer, and to purchase mounting brackets from the.enging
on transducer is to be mounted in a location where thétemperatu
 transducer, thermal insulation may be incorporated in‘the mount
transducer from the engine heat, and some form<of cooling must |
d Effects:

bf an engine has small rapid fluctuations which are discussed in 4
shake the engine and the thrust stand. The resulting vibrations Ig

andom noise, and are often speken of as "thrust stand noise". Vil
turbojet engines usually have high-pass filters cutting off at aroun

ngine is mounted:~Engines which are tested with nonresilient sup
rts with controlled spring constants, like the JT9D and the CF6.
lters:

on.Is related to unbalance in one of the engine rotors, although og

s without
recommended by
b manufacturer.

e exceeds the
ng bracket to
pe provided for the

2. The

ok like low-
bration instruments
d 10 or 20 Hz to

at noise, which is acceptable since the noise is not related to engine performance.

b vibration characteristics of the engine under test are influenced lpy the way in

pborts, like the
nan engines which

casional trouble is

hoaASrinao Ar AnainA A~n~~conring f

caused by

H i 1 Coarmn mannc o nandad +A i AlANt
Ty S U Sy C T CC T SSUTTC S o UM Tme oS TS e T UT UtoOTac

y the part of the

engine that is producing excessive vibration. This is normally done by means of filtering

techniques.

Broad-Band Vibration Measurement: In testing older engines, band-pass filters are
commonly used in the vibration instruments to separate the vibrations caused by the different
rotors, since they turn at quite different speeds.

In comparing vibration measurements made in different test cells with different vibration
instruments, a frequent source of difficulty is the filter specification. For example, a bandpass
filter for a particular engine might be specified to pass vibrations from 40 to 115 Hz, with a 3-
pole - asymptotic to 18 dB/octave - attenuation curve above and below the passband.
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116.1

11.6.2

(Continued):

Unfortunately, some manufacturers specify the pass frequencies at the 95% gain point (5%
attenuation, or 0.45 dB down), while others specify them at the 71% gain point (29%
attenuation, or 3 dB down). Also, when dealing with multipole filters, the designer may
choose to use Butterworth, Tschebyscheff, elliptical, or other filter designs, with a bewildering
variety of parameters. The effect of such variations depends on the amount of vibration
energy in the affected frequency regions. It may range from negligible to 50% of the reading
or more.

Another difff : es, older
vibration |nstruments, and some current ones, use averaging detectors with the output meter
calibrated to read 3.14 times the average voltage. This gives the correct pgak-to-peak
voltage oply if the signal is a sine wave. Some newer instruments usé rms detectors, with the
output meter calibrated to read 2.83 times the rms voltage. This<is'more satisfactory than an
averaging detector, but still is not precise. It is also possible/to measure the true peak-to-
peak value directly with a relatively elaborate detector. With)a typical compjex vibration
waveforn], the three types of detectors will give readings that vary substantially.

If the filtef specifications and detector specifications,of the vibration instrumients in the post-
overhaul fest cell are equivalent to the specifications of the instruments in the manufacturer's
baseline fest cell, the broad-band vibration measurements should agree regsonably well. If
the specifications are quite different, the two.instruments, both working correctly, may differ
by as mugh as 2:1 in measuring a given yibration signal. Without detailed Knowledge of the
vibration frequency spectrum and the.instrument specifications, it is not pogsible to predict
how the tyo readings will compare.

Narrowbgnd Vibration Measurement: The manufacturers of many of the ngwer engines
r. Such

han are

S data can be

pquency of one of
hlled a tracking

; nbalances, but
they cannot be used in studying any significant vibration peaks that do not correspond to a
rotor speed. For such studies the operator must tune the filter manually over the frequency
range of interest.
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11.6.2

11.7

(Continued):

The operator must use care in working with narrowband filters, which typically have
bandwidths of the order of 5 to 10 Hz. Some such filter designs have constant bandwidth,
others have constant Q, which means that the ratio of center frequency to bandwidth is

constant. With any such filters it is important not to tune across a vibration
the output of a filter with a 5 Hz bandwidth takes about 1 s of constant input

peak too rapidly;
to reach full

response. Tuning across the peak too rapidly, or changing the engine speed too quickly,
when sweeping from idle to takeoff, will reduce the apparent size of the peak. Also, some of
the engine's mechanical resonances may be fairly high-Q, in electrical engineers' parlance,

and ther

Trim Balanging the Engine:

Although thie engine shop will have balanced the individual rotors &f the engir
can, it is commonly observed that the completely-assembled engine will have
vibration ar|d should be further balanced in the test cell. This is'called trim bg
bypass engines, the fan has by far the largest potential for'causing vibration,
practice to frim balance the fan in the test cell. Turbojet engines and many a
engines do|not have fans. Some operators will perform'trim balancing of suc
test cell, but it is difficult and slow because of limited access to the affected rq
Obviously, palancing the fan cannot compensaté for unbalances of the high-s
even for un
fan does ndg
corrected €

t bring the total engine vibration within acceptance limits, other ur
ther in the test cell or in thé-shop.

It is possible to balance a rotor by the so-called three-shot method, in which d
weights at arbitrary locations;and observes their effects on the vibration ampl
procedure is relatively slow and requires many starts and stops of the engine
engines, where normally-only the fan is to be trim balanced, a substantial am
time and fuel consumption can be saved by adding instrumentation which me
of the engine vibration relative to a reference angle on the fan. With such ins
often possible to.achieve acceptable fan balance on the first attempt at addin
weight.

palances of parts of the low-speed rotor that are well aft of the fan.

peeds change.

e as well as they
excessive
lancing. In high-
and it is common
terburning

h engines in the
tors.

peed rotor, or
If balancing the
balances must be

ne adds test
tude. This

With turbofan
bunt of test cell
asures the phase
trumentation, it is
g a balancing

The fan reference angle may be established by marking a blade in some way, often with a strip

of reflecting tape, and observing its passage optically. The resulting signal is
1/rev (one pulse per revolution) signal. Many of the newer engines provide a

referred to as a
reference angle

by modifying a single pulse in the group of pulses from the fan rotor speed pickup. That pulse

may be made either higher or lower than the other pulses, so that a pulse hei

ght discriminator

in the trim balance system can select the marker pulse and use it as a reference.

There are many sources of phase-shifts in any trim balancing system; the amplifiers, the filters,
the mechanical properties of the engine case, even the engine supporting system can alter the

apparent phase of the unbalance peak relative to the fan reference angle. In

each test cell a

phase angle offset constant must be found experimentally for each engine model and for each

rotor speed which is to be used for balancing.
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