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FOREWORD

The Performance Test Codes Supervisory Committee in December 1974 activated a Committee
to revise PTC 19.7 (1961) on Measurement of Shaft Power. This Instruments and Apparatus
Technical Committee has prepared an Instruments and Apparatus Supplement which incefporates
the latest technology on the Measurement of Shaft Power.

The Scope of the work of PTC 19.7 on Measurement of Shaft Power is limited‘to, descriptive
material which will enable the user to select an appropriate system or procedurefor his applica-
tion. It includes criteria for the operating conditions of the equipment whesé power is being
measured. The Object of this Supplement is to describe the function, characteristics, advan-
tages, disadvantages and accuracy of equipment and techniques currently available for the
measurement of shaft power in rotating machines.

Only the methods of measurement and instruments, including instructions for their use,
specified in the individual test codes are mandatory. Other méthods of measurement and instru-
ments, that may be treated in the Supplements on Instruments and Apparatus, shall not be used
unless agreeable to all the parties to the test.

This Supplement was approved by the Performance Test Codes Supervisory Committee on
July 2, 1979. It was approved and adopted by.the American National Standards Institute as
meeting the criteria for an American National Standard on April 28, 1980.
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AN AMERICAN NATIONAL STANDARD

OBJEC|I AND SCOPE

1.01 The object of this Supplement is to describe the
function| characteristics, advantages, disadvantages, and
accuracy| of equipment and techniques currently available
for the measurement of shaft power of rotating machines.

1.02 ThE scope of the Supplementislimited todescriptive
material [which will enable a user to select an appropriate
system or procedure for hisapplication. ltincludes criteria
for the |operating conditions of the(equipment whose
power is|being measured, and instructions for the calibra-
tion of apparatus.

1.03 Two direct methodsvof/shaft power measurement
are descfibed. The reaction torque method utilizes a dy-
namomefer which may supply or absorb shaft power. The
other mdthod utilizes-a torquemeter which measures torque
transmitfed betwger a prime mover and a driven machine.

1.04 When-direct means of shaft power measurement are
impractieah HA-HreH -
methods measure the power by electrical means or by
thermodynamic analysis.
1.05 For each method presented, this
describes, insofar as appropriate:
Apparatus and required facilities.
Operating principles and characteristics.
Range and limits.

Supplement

ASME Performance Test Codes
Supplement on
Instruments and Apparatus
Part 7

MEASUREMENT OF SHAFT POWER

SECTION 1

Accuracy.
Calibration methods.
Necessary precautions.
Sources of error.
Advantages and disadvantages.
Table 1 provides guidance on the range of application
of the various torque and power measurement systems.

1.06 Some of the procedures and equipment measure shaft
torque, and require concurrent determination of rotatiopal
speed to provide a value for shaft power.

1.07 There are three general methods available for meas-
urement of rotational speed:
{(a) Devices which display, indicate, or record a
number of revolutions within a known time

interval.

(b) Devices which display, indicate, or record time-
averaged rotational speed.

{c) Devices which continuously record instantape-

ous angular velocity.

eference ppendix D} contains a complete descrip-

‘tion of types, methods, and classification of rotational

speed measuring devices.

1.08 The scope does not include operating instructions
for specific measurement apparatus.

1.09 It is expected that the main equipment Performance
Test Codes will contain instructions concerning the fre-
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guency of calibrations, number of observations, limitations 1.10 Specific instructions about the statistical treatment

on time variations, etc., which are appropriate for the pur- of test data should be found in the main equipment Per-
pose of the equipment tests. formance Test Codes.
TABLE1
Application Range of Torque and Power Measuring Systems
POWER POWER
HP B B B B MW
E E E E
50000 J ! i — A 37
B C B C B B '
E E E EF|E
H | J | | |
201000 —p=1T" B Cc] BC| BC|B 15
E E E F E F|E KEY
HI | | | i
101000 B C B C B C BC|BC 73 A ACior-DC motor or generator d
E EF EF EFIEFIE or generator dynamometer
H I Hile | | I | B waterbrake
4
3000 B C B C B C BCIBCB 3.7 gecrid: cz:rintdynamometer
EF| EF| EF| EF|EF|E prony brake
E surface strain gage torquemeter
2000 HIIGHI|G I ! ! ! q F angular twist — electrical torqueme
1 B C B C B C BC|BC|BC > G angular twist — optical tor u(Z:m t g
EF| EF| EF| EF|EF|EF g ptical torquemeten
H calibrated motor or generator
jooo GHILGHIIGHTIG 11 11 14 1.0 | hea balance methods*
ABCIABCIABCIABC|BC|BC |B ’
DEF EF EF EF|EFJ\EF -
0 GHIIGHIIGHIIG I | | | *Limited only by driver capability and heat exchanger size.

0 1000 2000 5000 10000 20000 50 000
ROTATIONAL SPEED r/min
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DEFIN

TORQU

SECTION 2

TIONS AND DESCRIPTIONS OF TERMS

E — SPEED — POWER RELATIONS

2.01 The most common situation for power measurement

is one in

which the power being transmitted and the angu-

lar velodity are both constant with time; that is, there are
no trangients in either torque or angular velocity within

the time

interval required to make the measurement.

2.02 THe measurement of shaft power of rotating ma-

chines i
either d
utilizing

n the absence of transients, is accomplished by
frect or indirect methods. The direct methods,
a dynamometer or a torque meter, involve deter-

minatiof of the variables in the following equation:

average power when angular velocity and torgue)vary

cyclically.

2.04 For these cases of non-steady angularvelocity ahd

torque the instantaneous value of pewer is, in physi
terms,

P=wT

Torgue meter systems_with* appropriate data record

Cal

ng

systems may be used te_determine the value of 7 at apy

instant. A similar recerding of angular velocities, w, th
provides a basis for-determination of the instantaneg
value of P.

If the values’ of T and w vary cyclically the aver3
power may.be determined as follows. Let the period
one cycle-of torque and speed be the time A, and the
tational travel for one cycle be the angle 8, in radia

cn
us

ge
of
Lo-
ns.

Physicallequation .
Also let ¢ be defined as = [ ¥w dt so that 8 = [y
P=wT for one cycle.
The work done for one cycle then is
where P= power
o el vitTee o)
Power e presséd in SI units Time period of one cycle is
= d
Prwl p=grro L2 (2.04{2)
where P[= power, watts (W)
wl= angular velocity, radfs The average power for one cycle is
T|= torque, newton méters’ (N+m)
£ rd
Power expressed in English'units _W_Jo ¥
P=) 1o d7 (2.04-B)
e
2nnT ¥
P= 0
55 The time-averaged speed is
where P|=‘power, horsepower (hp)
n = rotational speed, revoiutions/sec \r/s) —0_ []
T = torque (Ibf-ft) “Yavg T A [0 de (2.04-4)
w
2.03 There are cases in which transients in angular velocity v
and torque occur. Some of the apparatus described herein and the displacement-averaged torque is
may, under certain circumstances, be capable of making 1 o
measurements of instantaneous power, when angular T*avg = 7 f: Tdy (2.04-5)

velocity

and torque vary with time; or measurements of
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SECTION 2

Combining Egs. (2.044) and (2.04-5) with (2.04-3),
we obtain :

T* (2.04-6)

Equation (2.04-6) shows that when torque is fluctuat-
ing, we must use the displacement-averaged value to get an
exact value for average power. Most measuring systems

ANSI/ASME PTC 19.7—1980

) NBS REFERENCE
FUNCTION = “TRUE”

INDIVIDUAL
THERMOCOUPLE

m)

priovide time-averaged signals. As fong as perturbations in
torque or angular velocity are small compared to the means,
the 'assumption that 7 *ang Tavg is a reasonable approxi-
mption.

It should be noted that there is no need for displace-
ment averaging if either the torque or the angular velocity
is ponstant throughout the cycle.

The foregoing analysis is particularly relevant to meas-
urgment of shaft power in rotating machinery containing
crink mechanisms.

STATISTICAL CONSIDERATIONS

2.05 Itisrecognized that no measurementis without error;
ndither the exact value of the quantity being measured,
ngr the exact error associated with the measurement can
bd found. The techniques of statistics may be used to pro-
vigle an estimate of the true value of a quantity, and an
esfimate of the standard deviation. References 1 and. 2,
Appendix D, provide the foundations and specific proce-
ddres for applying the appropriate statistical methods.

2.06 Each measurement of a single physical-guantity X is
accompanied by an error e such that

X'=Xze

where X' is the true value of the single quantity being
mepasured. The error has two components: a random error
anld a systematic error.

2.p7 When repeated\\measurements are taken, random
erfors produce thie’seatter about the average of the results.
The term precision is used to characterize random errors.
Precision 45, gquantified by an estimate of the standard
ddviation.\ Systematic errors are those which produce re-
sults_consistently too high or too low with respect to the
trle Value  Systematic errors are characterized by bigs, or

CTHARAQGTERISTIC

VOLTAGE [E
m)
j—

MEAN VALUE

RANDOM
ERROR
DISTRIBUTION

TEMPERATURE, T

FIG. 1 VSYSTEMATIC AND RANDOM ERRORS ILLUSTRATED
FOR CASE OF.A THERMOCOUPLE CALIBRATION (Ref. 1)

confidence interval statement is given by

power = 386 + 6 kW; (95%)

where 386 kW is the estimated value, based on ajeraging a
number of measurements, 6 kW is the confidencp interval;
and the probability of the true value of power bding in the
range 380 to 392 kW is 95%. For a given set of observa-
tions, as the confidence interval is made larger, |the prob-

ability becomes greater.

2.09 Measurements of shaft power involve detefmination
of multiple physical quantities. The complexity [of the ap-
plication of the foregoing statistical concepts, and the pro-
cedures of References 1 and 2, Appendix D, varles greatly
depending on the method and apparatus to| be used.

2.10 The contribution of systematic errors is rhinimized
by careful calibration of individual components| The con-
tribution of random errors is minimized by incrgasing the
number of readings of output for fixed values of the con-
trolled operating parameters.

2.11 The term probable error refers to the confide¢nce inter-
val around the estimated value for which the propability is
50%

accuracy. Calibration procedures provide quantification of
bias. Figures 1 and 2 illustrate the concepts.

2.08 The confidence interval statement indicates a range
centered on the estimated value, within which the true
value is believed to lie. This isaccompanied by a probability
statement which indicates the assurance that the stated
range contains the true value. For example, a complete

2.12 Inthesucceeding parts of this Supplement, numerical
values are assigned to the ‘‘errors’ or “‘overall errors’’ of
the various systems. Each of these is to be considered as
the probable error of a single determination, having a 50%
probability that the given range includes the real value.
These overall errors are usually dominated by random
sources because the procedures require calibrations be
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X' X % X
e BIAS > BIAS — o je——
o —p e— o

POOR PRECISION — POOR ACCURACY

X
— BIAS >

GOOD PRECISION — POOR ACCURACY

perforned where appropriate. The nature of the systems
which pre subject to calibration is such that the confidence
interval (50%) of the calibration_data is usually consider-
ably smaller than the stated~overall error. This fact can be
understood when one realizes that calibrations are usually
condug¢ted repeated!y<and a history of consistency in data
is obtdined; furthermore the calibrated component often
provides only ong of numerous inputs required for a deter-
minatipn of shaft'power.

2.13 (Causes of errors given for the various measurement

FIG. 2. ACCURACY AND PRECISION (Ref. 1)

POOR PRECISION — GOOD’'ACCURACY

2

BIAS—ﬂ

GOOD PRECISION — GOOD ACCURACY

by C/; (50%), the confidence interval for higher probbil-
ities may be assumed to be related as follows:

Cl; (90%) _ 16450 _

CI; (50%) ~— 0.6740 244
CI(95%) .. 1.9600 _, o1
CI;(50%) ~ 06740 *

. 0,
Cl;(99%) _ 2.5760 _ 4 o

Cl;(50%) ~ 0.6740

methodS are categorized as predominantly random or Sys-
tematic, where possible. These listings provide guidance
about a) the potential for improvement in results attain-
able by calibration, and b) by making multiple determina-
tions of the shaft power for each value of the independent
operating parameters.

2.14 [f an individual instrument has from experience and
numerous calibrations a known probable error, signified

I'nese ratios may be usetul In relating historical “prob-
able error”’ descriptions of uncertainty to confidence inter-
vals having high probability. The latter are used in Refer-
ences 1 and 2, Appendix D.

2,15 The application of statistical procedures to deter-
mine the confidence interval statements for shaft power
measurements is a matter for judgment of the parties con-
cerned with the testing of equipment under one of the
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Performance Test Codes. The basis for statistical treatment
of data, calibration reference standards, number of data
points, probability levels desired and computational pro-

cedures should be agreed in advance. Tabie 2 outlines
typical values of probable error for the methods described.

TABLE 2

Summary of Typical Probable Errors for Different Shaft Power Measurement Methods

References, Appendjx D,
Having Criteria Which
Confidence Interval (50%) Affect Uncertainty of
for a Single Measurement Shaft Power Results
Reaction Torque Systems
Cradled Dynamometers +0.5% to £ 1.0% for torque* 12
Uncradied Dynamometers +0.5% to £ 1.0% for torque* 12
Shaft Torque Measurement
Surface Strain Systems +1.0% for torque* 12
Angular Displacement Systems
Mechanical Depends on design and application 12
Electrical +1.0%*
Optical Low intrinsic error, but subject to 12
large error from ‘environmental
sources
Calibrated Motors & Generators * 5% 3,4,5,6,12
Energy Balance Methods
Open Cycle Systems +3% 7,8,9
Closed Cycle Systems + 3% 7,8,9
Combustion Gas Turbines +4% to £ 6% 7.8,9,10,11

*Percentage applies to full-scale rating.,of measuring and/or indicating systems.
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REACTION TORQUE MEASUREMENT SYSTEMS

3.01 Redction torque systems involve the measurement
of the tofque exerted by the stationary part of a machine
upon its pupport system. The term dynamometer refers to
a maching whose stationary support system is designed for
accurate neasurement of reaction torque.

3.02 Thgq Prony Brake, Fig. 3, embodies the important
principleq of the dynamometer. It is described here for its
historical|land educational value. Itis rarely used because of
its limiteq speed application, low power absorbing capacity,
and awkward control means. Referring to Fig. 3, the prime
mover is|connected to a wheel around which is a brake
block, redtrained by a torque arm, which rests on a suitable
force megsuring device. The friction between the stationary
wood clepts attached to the strap and the wheel provides
the load pn the prime mover. This friction can be changed
by adjustfng nuts to provide varying loads. Cooling means
are provided to remove the heat generated by friction.
The power absorbed by the brake is computed from:
P = wT,|where T= FR and F is the net force indicatéd by
the force|measuring device, and R is the torque arm radius.

CRADLHD DYNAMOMETERS

3.03 A ¢radled dynamometer is @ machine whose non-
rotating frame is supported in(bearings, called trunnion
bearings. [The frame is restrained from rotation by a force
measuring system. See Fig,4:

TORQUE ARM \

3.04 Cradled dynamometers may be either of théabsorp
ing or the driving type. Absorbing dynamometers absofb
and measure the power output of a primemaver. Driving
or motoring dynamometers provide and measure the powegr
required to drive a machine.

{a) Absorbing Dynamometers
Eddy-current dynamometer
Waterbrake
DC generator
AC generator

(b) Driving Dynariometers
DC moter
AC motor

Table 1°provides an indication of the ranges of applic

tion of thewarious types.

™
v

3.05 Trunnions are either anti-friction bearings or hydrp-
static bearings. Vibration may cause anti-friction bearings
to brinell the bearing races. In order to maintain accurage
torque measuring capability, the outer races of anti-frictign
trunnion bearings should be rotated periodically to proviIe
new contact areas between balls and races. The following
methods are used to accomplish this rotation:
{(a) Fixed trunnion bearings require removal of t:[‘e
pedestal cap and relieving of the housing weight

before the outer bearing race can be turned to|a

new fixed position.

(b} Manually-rotated trunnion bearings are equippdd

LOAD
ADJUSTING
NUTS

FORCE
MEASURING —
DEVICE

TORQUE ARM

BRAKE BLOCK

ROTATING WHEEL CONNECTED
TO DRIVER

STRAP WITH

RADIUS, R

CLEATS
ATTACHED

FIG.3 PRONY BRAKE
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ROTOR

/////S’\V/ 9,

=

SHAFT —\

B =
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STATOR HOUSING

TRUNNION BEARING

|_—~— SHAFT BEARING

2
BEARING PEDESTAL / 7

iR
]

-y

| —

FIG. 4a — CROSS SECTION

L CALIBRATION ARM TORQUE ARM

/— BASE

STATOR
HQUSING

BEARING
PEDESTAL

B I i

_ TORQUE
- - INDICATOR
ccrmnm
/ LOAD CELL
CALIBRATED
WEIGHTS
FIG. 4b — DEAD WEIGHT CALIBRATION OF DYNAMOMETER
™ CALIBRATION ARM TORQUE ARM |
BEARING STATOR
PEDESTAL HOUSING |
MANUAL i |
HYDBAULIC I
PUMP
I - _ ) | _Toraue
_—{ INDICATOR
o

PROVING

RING LOAD CELL

HYDRAULIC
CYLINDER

FIG. 4c — PROVING RING CALIBRATION OF DYNAMOM-

ETER FOR HIGH TORQUES

FIG.4 CRADLED DYNAMOMETER
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with a special retainer ring which enables occa-
sional rotation of the outer bearing race without
partial disassembly.

{c) Motor-rotated trunnion bearings have outer and
inner anti-friction bearings. The inner race of the
outer bearing and the outer race of the inner bear-
ing are continuously rotated by a small gearmotor
at a low speed, preferably in opposite directions.

SECTION 3

The advantages of this type are its ruggedness, freedom
from temperature effects, and low error. Its disadvantages
are its bulkiness, the need to convert pressure to electrical
signal for auxiliary control, and the hydrostatic correction
needed for difference in elevation between the load cell
and the indicator.

3.09 Pneumatic load cells have essentially the same

tatic trunnion bearings provide the least friction,
ing the best accuracy. The housing is supported on
b without metallic contact. A continuous flow of
ure oil is required to provide the necessary hydro-

e is measured with strain gage load cells, hy-
id cells, pneumatic load cells or mechanical scales.
el measuring device is attached to the torque arm

eter.

°C) above normal ambients. Strain gage load
sed with analog or digital torque indicators.

fatigue life of the gage bondings, and the need for tem-
perature djompensation.

3.08 Hydraulic load cells have a piston and cylinder
assembly [which converts_awforce into a proportional hy-
draulic pressure signal..Maximum deflection under load is
approximptely 0.01.in.~(0.25 mm). Some models are avail-
able with a temperature compensator and a signal damping
device. Hydraulic\load cells are used with precision Bour-
don tube|pressure indicators. The pressure gage may be
calibrated : its for 3 i smete
torque arm length. The hydraulic system must be com-
pletely filled with fluid and any air must be purged. The
overall error of the force measuring system is between
+0.2% to £0.5% of full scale reading, depending on the
load capacity of the system, the mechanical condition of
the pressure indicator, and the cylinder and piston assem-
bly. Generally, large systems with high load capacity have
lower error.

design_Teatures, operating characteristics and errors
hydraulic load cells. Bourdon tube pressure gages onmef-
cury manometers are used for force (or torque) indication.
A continuous supply of clean, dry, regulated.air at aboyt
100 psig (690 kPa gage) is required. The advantages an
disadvantages are similar to those of the“hydraulic lo
cells, except that the elevation considerdtion is negligibl¢.

3.10 Mechanical scales are weighing systems containing
levers with knife edge fulcrums‘er other low friction link-
ages which attach to the dyhamometer housing at a kno
torque arm distance from™~the machine centerline. Thede
systems may require~displacement when loaded, whi
should be small_jm order that the effective torque ar
radius is not affected by the displacement.

3.11 Most.mechanical scales have a reversing linkage s
that the force scale will read in positive direction regard
less 6f the direction of torque. If a dynamometer is §
equipped, the housing should be preloaded slightly in th
direction in which it will tend to move under runnir
conditions. This prevents the reversing linkage from causirn
a scale error as it passes through its neutral position. Prg
loading of horizontal dynamometers should be done B
attaching a counterweight from the proper checking torqu
arm; or by attaching a counterweight to the frame so that
the center of gravity of the frame is shifted horizontall
but not vertically. The scales can be reset to zero to com-
pensate for the preload weight. The reversing linkage cor]:
tains alever having a 1 to 1 ratio and any error in this ratjo
will cause the scale calibration in one direction to diffg
from that in the other direction; hence, the calibratign
should be checked in both directions. The preload should
be reversed whenever the direction of torque is reversel.

ga oo © O T O

o <

-

3.12 Friction in the scale, linkage or knife edges, ¢r
cradle bearings will show up as a difference of scale reag-
ings for the same calibrating point dependent upon the
direction from whnich the poin PT ed For tf
reason it is necessary to calibrate the scale by adding
weights carefully so as not to overshoot the readings, and
then to remove them in the same manner. The difference
between the increasing and decreasing curves is an indica-
tion of possible error due to friction.

approacined 0 is

3.13 If the dynamometer weighing system uses a dash-
pot to damp the torque arm fluctuations, its adjustment
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should be checked periodically to determine that the
dashpot effect is equal on the “in” and “‘out” stroke. This
check should be performed with the weighing system free
of influence from the dynamometer. The natural frequency
of the dashpot should be at least twice, and preferably five
times, the highest rotational speed of the dynamometer.

3.14 The overall error of power measurement by a cradled

ANSI/ASME PTC 19.7—-1980

3.15 The overall torque measuring error for cradled dy-
namometer depends on the care taken with respect to
minimizing the error sources listed. Normally the resulting
overall. error is between +0.5% and +1.0% of full scale
reading. With extremely careful attention to details and
procedures, and with well maintained equipment having
hydrostatic trunnion bearings, errors from the above
sources may be reduced to £10%

diynamometer results from several contributing factors:
Trunnion bearing friction.

(b) Force measurement system error.

(c}) Torque arm and calibrating arm length error.

(d) Static unbalance of dynamometer housing.

{e) Restriction of free movementcaused by water lines,
lubrication lines and electrical leads connected to
the dynamometer housing.

(f) Static reaction from Bourdon tube effect or mis-

. alignment of pressurized connections to dynamom-
eter housing.

(g) Momentum reaction of air, water, or other cooling
flow entering and leaving the dynamometer housing.

(h) Errors in measurement of rotational speed.

Typical error quantities are given in Table 3.

TABLE 3

Cradled Dynamometer Error Values

Mechanical scales will have errors due to rofatjon of the
torque arm under load; but a correction ¢antbe gomputed
if the angufar displacement is known. Without sugh correc-
tion, a 2.5 deg (0.044 rad) deviation from a pergendicular
relation between torque arm andnforce line of agtion pro-
duces an error of 0.1%. The efror varies as the [square of
the angular displacement.

3.16 The use of an unnecessarily large dynamometer for
an application resuits~in larger percentage errofs because
the intrinsic errors.are determined as a percentage of max-
imum dynamometer torque rating. In some casgs, it may
be advantageous to substitute a load cell having a smaller
range forya particular application in order tq improve
overalldtorque measurement accuracy.

Typical Confidence Interval,
(50%) of a Single Measurement
as Percent of Full Scale Reading
Random Systematic
{a) Trunnion Bearing Friction
Fixed trunnions 0.5% 0.05%
Rotatable trunnions 0.3% 0.05%
Hydrostatic trunnions 0.1% 0
(b) Force Measurement System Error
Strain gage 0.2t00.5% 0.1%
Hydraulic or pneumatic load cell 0.2t00.5% 0.1%
Mechanical scales 0.1% 0.05%
(c) Torque arm and calibrating arm length error 0 0.02%
(d) Static Unbalance of Dynamometer Housing 0 0to 0.2%*
“(e) Restrictions of Free Movement 0 to 0.5%*
(f) Static Bourdon and Misalignment Reactions 0 to 0.5%*
(g) Momentum Reaction 0 to 0.5%*
(h) Speed Measurement Error 0.02 to 0.5%**

*Depending on specific arrangement and operating conditions.

**Depending on instrument and indicator types.

The numerical values given represent probable error, minimized by careful calibration and data acquisition
procedures, with apparatus and instruments in good working order.

10


https://asmenormdoc.com/api2/?name=ASME PTC 19.7 1980.pdf

ANSI/ASME PTC 19.7-1980

3.17 The force measuring system should be in its final
configuration when its calibration is checked. The proce-
dure should be performed under static conditions. The
dynamometer shaft must not be connected to another
machine. Calibration or checking arms for attachment of
dead weights should be provided by the dynamometer
manufacturer. The weights are hung from the calibration
arm at a fixed distance from the centerline of the dyna-

SECTION 3

3.23 A variation of the dynamometer described in Par.
3.22 includes a motor, and it may function either as an
absorber or as a driver. (Fig. 7.) This is called an eddy cur-
rent universal dynamometer. The absorbing rotor and field
coil correspond to those of Fig. 5a. An induction motor
and an eddy current coupling are provided for the driver
mode. When operating as an absorber, the absorbing field
coil is _energized and the eddy current coupling is not

momefter. Calibration readings should be taken upscale
{adding weights) and downscale (removing weights) at a
sufficient number of equally spaced points within the
range lof expected operation. The force measuring device
should be checked for zero reading with the dynamometer
in nedtral position before and after the calibration proce-
dure. |The results obtained should be within the rated
accurdcy of the system.

3.18 For high torque dynamometers, a dead weight cali-
bratioh may be impractical because of physical size
limitafions (weights, length of calibration arm, etc.). In
such dases, a double acting hydraulic cylinder with a prov-
ing rirfg or other force indicator should be attached to the
calibration arm. The proving ring or other force indicator
should have been calibrated with precision weights having
docunpentation relatable to weight standards of the U.S.
Nationllwal Bureau of Standards. Refer to Fig. 4c.

3.19

ment
torqug
rotati

The cradied dynamometers described in this Supple-
are presumed to have trunnion bearing systems,a
arm, a force measuring system and, in most cases, a
nal speed measurement system.

3.20
testing
facilit
at an

Dynamometers are generally fixed installations in a
laboratory or a machinery manufacturer’s testing
. They are rarely suitable for pewer measurement
perating installation.

3.21 [The accuracy of all cradled) dynamometer types de-
pends|on the common sourges/of error given in Par. 3.14,
and the capability of ‘the’ force measuring system as
descriped in Pars. 3.06.to 3.13. Before and after each test
run, the zero scale reading should be recorded and the
average reading used to compute the test results. A signifi-
cant change inzefo reading invalidates the results.

Eddy [Current Types

energized. When operating in the driver mode, thre pddy
current coupling is energized and the absorber field|unit
is not. The rotational speed in the driver mode-is limited
to that of the induction motor, but the absorber se¢tion
can operate over a range of rotational speeds.

3.24 Water is required for cooling._the stator of thg ab-
sorber section. See Par. 3.32 for a description of copling
water systems. An electric power source is required.

Waterbrake Types

3.25 A waterbrake is a dynamometer which uses momen-
tum exchange)or turbulence between rotor and statpr to
provide_thé.load torque. The working fluid, usually water,
is circulated through the machine removing the |heat
equivalent of the absorbed power. Several design variaftions
are’commonly used.

Typical speed-torque curves are shown in Fig. 6.

3.26 Viscous shear type waterbrakes (Fig. 8a) coptain
one or more smooth tapered discs rotating between stptors
with smooth inside walls.-Power is absorbed through tur-
bulent friction created in the boundary layers adjacept to
rotor and stator surfaces. Viscous shear brakes are [used
primarily for high speed applications because of smallef sus-
ceptibility to cavitation damage at high tip speeds. Ppwer
absorption for a given rotor diameter is low compargd to
other types of waterbrakes. This leads to relatively [large
overall unit sizes. Consequently applications larger [than
500 hp (370 kW) capacity are restricted to permgnent
installations because of the large sizes involved. Vijcous
shear waterbrakes are capable of operation in dither
rotational direction.

3.27 Agitator type waterbrakes (Fig. 8b, 8c) are equipped

3.22 An eddy current dynamometer has a toothed rotor
and a stator frame which contains a direct current field
coil. Shaft power input is dissipated as eddy current losses
in the stator, and the resultingheatis carried away by forced
circulation of water. (Figs. 5a, 5b.) Precise control of load
torque may be provided with electronic systems. High
rotational speeds may be accommodated. Typical speed-
torque curves are shown in Fig. 6.

11

with vaned or perforated rotors and stators. Power is ab-
sorbed through vortices created between the vanes or in
the rotor and stator holes. Agitator type waterbrakes are
used for medium and high speed applications. Tip speeds
are limited to control cavitation damage. Power absorption
for a given rotor diameter is high, permitting small and
lightweight design. Flange mounted units for temporary
installations are available up to 5000 hp ‘(3730 kW)


https://asmenormdoc.com/api2/?name=ASME PTC 19.7 1980.pdf

SECTION 3

WATER INLETS
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FIG 5a EDDY CURRENT ABSORPTION DYNAMOMETER (DRY GAP TYPE)
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FIG. 5b EDDY CURRENT ABSORPTION DYNAMOMETER (WATER IN GAP TYPE)
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PERCENT NOMINAL TORQUE

PERCENT NOMINAL SPEED

FIG.6 TYPICAL SPEED — TORQUE ENVELOPES FOR DYNAMOMETERS
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ipacity. Larger units require permanent installation.
gitator type waterbrakes are capablg” of operation in
ther rotational direction.

® O

w

28 Momentum—exchange waterbrakes (Fig. 8d) are
huipped with cuplike pockets on rotors and stators. Water
rculates in a toroidal manner, entering and leaving rotor
nd stator pockets, and_transferring momentum to the
fator. Momentum_ éxchange devices are used for low to
medium speed applications. Power absorption for a given
dfjameter is high,)and rotor sizes are small compared to the
other waterbrakes. Tip speeds are restricted to control
c
u

& O o

w

pvitatiofdamage. Momentum exchange waterbrakes are
ually-suitable for one direction of rotation.

FIG. 7 EDDY CURRENT UNIVERSAL DYNAMOMETER

—

waterbrake decreases with increasing rotor tip speed, and
operation above recommended maximum speeds pwill cause
rapid and permanent damage.

3.31 Waterbrakes are capable of absorbing mdgre power
and operating at higher speeds than other types ¢f cradled
dynamometers. Power-to-weight ratios are high, which
accounts for the common use of portable, flanged-mounted
units. Waterbrakes are well adapted for transient load and
speed tests because of the relatively low moment pf inertia.
On the other hand, the ability to make fine adjustments
in load torque is limited; and some types of High speed
waterbrakes have limited useful lives.

332 The guantity of cooling water required Ifor eddy

329—Thetoadabsorbed-by-waterbrakes s tstratty controt=
led by adjusting the water level in the rotor chambers.
This is accomplished with the water inlet and outlet con-
trol valves.

3.30 The power absorbing elements of high speed water-
brakes, except for the viscous shear type, are subject to
cavitation. Cavitation damage occurs by pitting surfaces
on rotor and stator. Typically, the useful service life of a

current dynamometers and waterbrakes is related to the
power absorbed. For open systems, the water is discharged
from the dynamometer to waste, and the water outlet
temperature is usually limited to 180°F (82°C). Lower
water outlet temperatures are preferable to prevent deposi-
tion of scale in the machine and in the water outlet control
valve. For recirculating systems, the heat is removed from
the water by a cooling tower or a heat exchanger. Water

14
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flow requirements range from 4 gal/hphr (20 L/kW+h) for '

an open system to 8 gal/hphr (40 L/kW-h) for a recirculat- /\ — c
ing system. Depending on the type of dynamometer, mini- A :l:t 8
mum supply pressures vary between 10 and 100 psig (69 -—
and 690 kPa gage). The water supply pressure should be \/ —— E
stable within 1 psi (£6.9kPa) to prevent excessive fluctu-
ations of torque and speed. Water quality, in terms of pH

U d L

OR)

JTO— U OTveT OTTx O

dynamometers in good condition.
Driven machine under test

Dynamometer (motor)
Field control

Field supply line (DC)
Armature control
Armature supply line {DC)

otors and Generators

¥.33 Cradled electric machines, both direct current and
ternating current types, are useful driving and absorbing
dynamometers. Their various typical speed-torque relations
are indicated in Fig. 6. DC machines have wider range of  and armature circuitsyusually both field and|armature
speed and torque controls than AC machinesunlessvariable  circuits can be energized from the same sourfe. If the
frequency AC power systems are available. armature voltage rafing is higher than that of thq field and

A it is desired to use this feature to obtain highpr output
434 A force measuring system attached to the cradled  oyer the fleld must be energized from a lowpr voltage
ffame ata known radiusis required to measure the reaction ¢ ,rce or 4 suitable resistance must be used to keep the
tprque. Suitable rotational speed measuring devices must o4 yoltage within its rating. In order to operpte above
e provided. " the-motor base rotational speed, a field rheostat|is needed
to'weaken the field strength.

MmMmYUOw>

.35 When acradled motor is run uncoupled at a constant
speed, an electromagnetic torque is required to supply the\(""3.38 |ower rotational speeds are obtained by|using re-
running light” losses of bearing friction, brush friction * duced armature voltage; and this requires a varigble arma-
and windage. This torque reacts to rotate the cradled frame  yyre voltage supply (a motor-generator set is usuglly used).
a direction opposite to that of the rotating armature. A rheostat may be used in the armature circuit|but diffi-
Hut the rotation of the shaft in its bearings, tlie drag of  ¢yity may be experienced in maintaining good rpgulation.
e brushes on the commutator and reactiencof the field
ructure to windage move the cradled frame in the direc-  3.39 A steady voltage supply both for field andlarmature
on of the armature rotation. These torgqdes and reactions  is necessary for good control of speed and load.
p not cancel out entirely. In actual practice, there is al-
ays a difference which will cause*the scale to indicate a 3.40 Zero scale readings should be measured ang recorded
fq'ue when the dynamometer runs as a motor uncoupled. before and after each test. It is important that the field
The net unbalanced réaction torque is principally the current be zero when these scale readings are taken because
rgsult of the momentum’ change of the ventilation air the field magnetic forces can exert varying torque on the
sfream leaving the motor housing. This torque may be rotor depending upon its angular position.
efther positive of negative, and will be dependent on the
rotational spe€d and ambient air conditions. The magnitude
of this torque reading corresponding to the test speed is
te be algebraically subtracted from the readings when the
n
f

=+ = Ot et

3.41 Loss of field excitation can cause a danggrous run-
away condition; hence, the wiring and circuitry should be
carefully checked for the possibility of any such malfunc-
tion. Usually, a field current relay is used which|will open
a circuit breaker in the armature circuit if the fie|d current
dTOPS t0 ZETO O DECOINES t00 [OW-

otot-is coupled to its load. It is incorrect to compensate
r'\the no-load torque indication with fixed counter-
weights because of the dependence of the torque on

rotational speed and ambient air conditions. 3.42 Cradled AC Motor. The rotational speed of an AC
motor depends on the alternating current supply frequency
rather than on the supply voltage. The adjustment of field
current, if the motor has a field, will not affect the rota-
tional speed. Such limitations restrict the use of alternating
3.37 Cradled DC Shunt Motor. A source of DC power for current motors operating on utility power to those cases
shunt motors is required as shown in Fig. 9 for both field where the motor characteristics match the required test

3.36 Electrical wiring connected to the cradled frame
must be supported so that no couple is exerted on the
frame, whether the conductors are energized or not.

16
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conditions. Repetitive observations at essentially the same
rotational speed are practical with this type of dynamom-
eter.

3.43 If the cradled machine is a synchronous motor, its
rotational speed is in precise ratio to the supply frequency.
The motor will carry loads up to about 150% of its rated
torque. See Fig. 6.

SECTION 3

adjustment over the rotational speed range expected of the
dynamometer, and have the capability to furnish the re-
quired power. In addition, a source of direct current is
needed to supply the fields of the alternator and the cradled
synchronous motor. Instability may result from excessive
turndown.

3.47 Other systems using solid state AC frequency con-

3.44 Ap induction motor is somewhat different. While
the rotational speed of the induction motor at no load is
in direcf ratio to that of the supply frequency, it must
slip from this no load synchronous frequency to deliver
torque. [Therefore, there is a change in rotational speed of
the motpr from the supply frequency as the motor delivers
increasimg torque. The slip is proportional to torque in the
working range, and at rated load is of the order of 2 to 3%
of synchronous frequency. See Fig. 6.

3.45 When a range of rotational speeds is required, then a
source ¢f variable frequency AC power may be provided
to drive|either a cradled synchronous or induction motor.
Figure 10 illustrates a variable frequency system using AC
and DC fotating machinery.

FIELD BUS
Al
A —
B8 :| HH: c POWER
D; BUS
F :m: G
CONTROLLED
D~C VOLTAGE —

o:@:e;ja]

FIG.[10 FACILITIES FORROWER SUPPLY TO AC DYNA-
MOMETER'AS A MOTOR

>

D({ exciter, for motor'and
gegerator fields
Dylnamometéras AC motor
Machine under test

A( gen€tator, variable
freguency and voltage

oOw

verters may be used to provide variable 1requency power
to the AC motor.

3.48 Cradled DC Shunt Generator. The characteristic$ of
a typical DC shunt field generator are very similar to thjose
of ashuntmotor. DC shunt machines can_be used as either
motors or generators dependent upoh the external cirquit
and controls. The power rating of{a\specific dynamomg¢ter
is higher as a generator than,as‘a motor because the|ab-
sorbed power is equal to theelectrical power plus losges.
Usually, the generator rating is 25% to 35% higher than
the motor rating. See Fig-11.

I\

< —
C
A B D
—_— E
\
FIG. 11 DYNAMOMETER CONTROL (DC GENERATOR)

A Driving machine under test
B Dynamometer

(generator) DC

Field control

Field supply line DC
Armature control and
resistance bank

mgooO

3.49 Maximum torque can be absorbed at rotatipnal

“speeds below the base value by applying full excitafion

to the field, and/or decreasing the load resistance. Afma-
ture voltage and absorbed power are both directly propor-
tional to rotational speed up to the base value; above [this
point the field must be reduced to stay within a power
rating which is constant at all rotational speeds above|the
base value.

3.50 A special procedure is required with generatorp as

D mator, variable chprI
DC generator

AC motor, constant
frequency and voltage

aomm

3.46 The variable frequency supply system of Fig. 10
should have an output rating adequate for the maximum
output expected of the dynamometer. The driving means
for the variable frequency generator must be capable of

dynamometers to determine the relation between 1) the
minimum power required for generator windage and other
unbalanced reaction torques, and 2) the associated dyna-
mometer torque indication.

3.51 This procedure, which is described in Appendix A,
determines a value called the ‘“Dynamometer correction,’
D¢ measured in power units. The correction is required to


https://asmenormdoc.com/api2/?name=ASME PTC 19.7 1980.pdf

SECTION 3

properly include the “running light” power requirementas
a part of the useful output of the driver under test. The
determination of D¢ is made with a driving motor and
suitable electrical instrumentation, as given in Appendix A.
The dynamometer correction in power units with the
proper algebraic sign is determined from the following:

Dc =PyF-{PrL *Pp)

ANSI/ASME PTC 19.7-1980

CH

$ B c A

whgre
D¢ = dynamometer correction

PN = power input to driving motor with dynamom-
eter coupled but its field unexcited

Pr; = power input to driving motor with dynamom-
eter uncoupled

Pp = dynamometer power indication when Py g is
determined.

3.52 Asource of DC power isrequired, as shown in Fig. 11.
The external field controls should provide for field voltage
variption from zero to maximum. {This zero voltage feature
is neither necessary nor desirable for operation as a motor
becpuse complete loss of field excitation would cause a
rungway condition.)

3.53 The generated power must be dissipated. This is nor-
mally done by a bank of resistors designed for the maximum
load. This is the simplest circuit, and although the poweris
wasfted, the control of load is convenient and fairly-inde-
penflent of external conditions. It is possible toxfeed the
armfature power into a power line and utilize the\energy but
the|stability and control problems are more complicated.

3.54 A stéady voltage supply for theshunt field is neces-
sary for good control of speed andload. Zero scale readings
sholld be measured and recorded-before and after each

up

malfunction.

3.56 Cradled AC Generator. The cradled synchronous al-
ternating current generator is suitable for the measurement
of torque. It converts mechanical energy into electrical
energy, which may be dissipated as heat in a resistance load
or delivered into a utility network so that the energy can
be used.

FIG. 12 FACILITIES FOR PWMO-Aﬁ DYNA-
MOMETER AS A SINGLE-PHASE GENERATORWITH A
RESISTANCE LOAD

A DC exciter to dynamometer
field

B Dynamometer single-phase
generator

C  Machine under test

D  Resistance load

3.57 When the energy converted by the generatof is to be
dissipated as heat (Fig." 12}, the steps in the operittion are
almost identical with those steps followed in opgrating a
direct current(generator. The means of loading| may be
more involvéd if the alternating current generatof is poly-
phase (Big/ 13). If the loading provides adjustments to
maintain’ balanced polyphase loads, the compli¢ation is
minef. The increase or decrease in load is accomplished
by achange in the dynamometer load resistance or change
in dynamometer field excitation, or both.

A C K]

53 & HHEE ©
Ve
D

FIG. 13 FACILITIES FOR POWER SUPPLY TO AQ DYNA-
MOMETER AS A THREE-PHASE GENERATOR W|TH A
THREE-PHASE RESISTOR LOAD

A DC exciter to dynamometer
field

B Dynamometer three-phase

erator

C  Machine under test

D Three-phase load resistor

3.58 If it is intended to return the energy to a network
(Figs. 14a, 14b), a synchronous alternating current gener-
ator or an induction motor used as an asynchronous induc-
tion generator is cradled as the dynamometer. In either
case, the rotational speed of the dynamometer is estab-
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FIELD BUS
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AC POWER NETWORK

FI1G. 142 SYNCHRONOUS GENERATOR RETURNING
ENERGY TO UTILITY NETWORK

A DC ekciter for alternator
field
Synchronous generator
Machline under test
Synchroscope or
synchronizing relay

oOOw

JAN
\Y%

AC POWER NETWORK

FIG. 14b| INDUCTION GENERATOR RETURNiNG ENERGY
TO UTILITY\NETWORK

B Indudtion generator
C  Mach|ne under test
D Phase|rotation indicator

lished by|the frequency of the network generator, and the
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e HYF
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FIG.14c VARIABLE SPEED SYNCHRONOUS GENERATOR
RETURNING ENERGY TO UTILITY NETWORK

>

DC exciter, for motorand
generator fields
Dynamometerias generator
Machine ynder test
Synchroscope or .
synghrenizing relay

AC motor, variable
frequency and voltage

DC generator

DC motor

AC generator, constant
frequency and voltage

m o0Ow

o

3.59 If an induction motor is cradled and operated as 4n
asynchronous generator, {Fig. 14b), the system is mofe
stable, but more limited in range than a DC generator. To
generate, an asynchronous generator must run above the
synchronous frequency. The greater the difference betwe¢n
rotational and synchronous frequency, the greater the logd
the dynamometer is delivering to the line.

3.60 When the cradled AC generator is a synchronofis
generator as shown in Fig. 12 and the power is to be dis-
sipated as heat, a bank of non-inductive resistors can be
used, designed for maximum load. If polyphase power |is

operation of the dynamometer must match the character-
istics of the network generator. Variable speed control of
torque load may be provided as shown in Fig. 14c whereby
energy is returned to a constant frequency DC generator-
motor set.

Adjusting the field strength of the DC generator (Fig.
14¢) provides control of the rotational speed and torque of
the dynamometer.

generated, as shown in Fig. 13, provisions should be mage
for pnl\,/ph i I { r-

rent is necessary for field excitation.

361 It is evident that careful consideration must precede
the decision touse an alternating current machine. The use
of this facility is definitely restricted compared to the
broad limits of use of the direct current machine. Before
making a permanent installation the engineering assistance
of dynamometer manufacturers should be obtained.
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SECTION3
UNCRADLED DYNAMOMETERS

3.62 An uncradled dynamometer contains no trunnion
bearings to support a stationary frame. A support system
is provided whose useful characteristic is its elasticity. The
dynamometer may be either an absorber or a driver. The
characteristics of the loading system (viz., eddy current
brake waterbrake motor, etc) were described previously

ANSI/ASME PTC 19.7-1980

mines the value of the reaction torque. The null system has
the advantage of not requiring any rotational displacement
thereby avoiding the incursion of extraneous reactions
from connections or mass center displacement.

3.66 Figures 16a and 16b show other forms of this dyna-
mometer type. An absorber is flange-mounted to a driver,
or to a support, through a torque tube which carries suit-

in| this section.

MACHINE ’

UNDER |
TE

WITHISTRAIN

MOUNTING TABLE

CORNER
ARM

FIG. 15 REACTION TABLE TYPE OF
UNCRADLED DYNAMOMETER

363 Figure 15 shows one form of an uncradled dyna-

ometer consisting of a movable platform supported on a

es of the flexures. The machine whosé shaft torque is to

CALIBRATION

ST
\ l /
) A / ——
- - RN -
; '\\\\k \\\\\\\\\\\\%.} FIXED
%, /IIIIIIII”’IIIII’M BASE

able mounted strain gages connected in a bridge Fircuit, so
that an electrical signal is produced sensing torguE reaction
between the machine frames, or between one frame and a
support. The gage arrangement and bridge circyit is such -
that the signal senses torque alorig) to the exqlusion of
strains produced by other sources ‘of forces andlmoments
carried by the torque tube.,dJhese systems are dapable of
sensing torque in either difection.
WATER TORQUE
IN TUBE
‘ PRIME MOVER
N g g B » BEING TESTED
3 ——/ 1 SHAFT FROM
* PRIME MOVER
STRAIN GAGES TO ABSORBER
WATER (TYPICAL)
ouT
ABSORBER

FIG. 16a TORQUE TUBE TYPE OF UNCRADLED
DYNAMOMETER

bd measured is mounted on the platform. The shaft eleva- DRIVER OR
tipn should coincide with the flexure‘rotational axis. Total ABSORBER Toraue Tuge P~ f!XED
arjgular deflection is typically limited to ¥ deg by the stift-  ouTPUT OR / JoRne
ngss of the flexures. INPUT SHAFT - _/
364 Strain gages may be suitably mounted on the flex- /
urles, and connected.in a bridge circuit so that an electrical @ /
signal is produced/which senses torque alone. The arrange- = 4 ___/
ment of gages.and the circuitry ensures that the electrical / /
signal exclldes strains in the flexures other than those j STRAIN GAGES /
poduced by the torque on the machine frame. The reversi- COOLANT OR (TYPICAL)

| NONE L . POWER LEADS 7
bijity“of" the gages and circuitry accommodates either
difection of torque, providing freedom for either direction FIG. 16b TORQUE TUBE TYPE OF UNCRAD| ED

of shaft rotation and either load absorbing or driving.
A torque arm is provided for static calibration of the gage
system.

3.65 Alternatively, the arrangement of Fig. 15 may be
used as a null system, whereby forces are applied to a
torque arm until .the strain gage network signal is neutral-
ized to its zero-torque value. The applied force then deter-

20

DYNAMOMETER

3.67 Several choices of output indicators or recorders are
available for displaying the output signal. An output indi-
cator or recorder which indicates a time-average value of
torque fluctuations may be desired for constant-speed,
steady-state test conditions. On the other hand, oscillo-
scopes, oscillographs and x-y plotters having suitable re-


https://asmenormdoc.com/api2/?name=ASME PTC 19.7 1980.pdf

ANSI/ASME PTC 19.7—1980

sponse may be used to display or record cyclic and tran-
sient torque variations.

3.68 Torque error may be + 0.5% to = 1.0% of fuil scale
torque; depending upon the type of output indicator used.
Digital indicators are capable of providing smaller error
than analog indicators.

SECTION 3

the torque transducer should be observed. Fluctuations of

torque can cause errors if they are not averaged accurately
by theelectrical output indicator. Relevant parts of Table 3
provide typical values for confidence intervals for un-
cradled dynamometers.

3.71 The uncradled dynamometer eliminates the friction
and hysteresis associated with some types of cradle bear-

3.69 Tk tUI hlUC )CII);t;VC tlall)duvm) vall IlJC va“‘ulau:d
under static or running conditions with dead weights on a
torque afm. A calibration of the bridge and output meter
may be rhade by connecting a known resistance across one
arm of |the strain gage bridge under static or running
conditiohs.

3.70 Any cable or hose connections to the driver or ab-
sorber sphould be positioned and supported to exert a
minimum torque on the transducer. Windage reactions of
open verjtilation systems are to be measured at operating
rotation3l speed and properly reckoned in interpretation
of outpyt data. In the case of a foot-mounted machine,
the shafticenter should coincide with the center of rotation
of the platform. Limits of weightand overhung moment on

ings. The torque transducers are free from deterioratipn
from dusty environmental conditions which might foul a
cradle-bearing system. The flange-mounted torque tupe
adapters are portable and easily moved fromone machihe
to another in a production-testing situation, involvihg
similar machines. Strain gages must be handled carefully
and protected from accidental damage.Temperature com-
pensation effects must be accurately known, for the str:]?n
gages and for the elastic chdracteristics of the stressed
material supporting the gages. There may be coincidenge
between rotational andwatural frequencies which prevent
use of uncradled dynamometers. They are not practidal
for large machines where substantial or complex suppdrt
structures are réquired.

21
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SECTION 4

SHAFT TORQUE MEASUREMENT SYSTEMS 4.02 The section of the drive train chosen for ¢

4.01 Machine elements such as shafts and coupling spacers
whlich transmit torque experience torsional strain. The
mdterials commonly used for these components have linear

and measurement is commonly a specially ma

spacer element. Alternatively,(the test section
part of the shaft of the machinhe being evaluated.

hlibration
e spacer

designed to be interchangeable with’a standard|coupling

fnay be a
Torsional

stiffness and stability criteria for load transmisdion must

elatic prc?pertles W|th|.n thew_desngn torque range. Conse- be observed.

quently, instrumentation which can be calibrated and

whiich responds to torsional strain comprises a means for 4.03 Errors mayyarise from changes in shear modulus of
measuring transmitted torque. the test section caused by temperature changgs. Errors

ANTI-FRICTION
BEARING

WEIGHT

TORQUE METER

ANTI-ERICTION
Y

<— KNOWN
WEIGHT

«— KNOWN WEIGHT

FIG.17 FIXTURES FOR STATIC CALIBRATION OF SHAFT
TORQUE METERS
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may arise from dimensional deviations in diameters and
gage length. There may be nonlinearity of the deflection
and in the instrument systems. Spurious signals may be
caused by faulty installation, or by stray electrical cur-
rents. When clamping rings are used, their mounting design
must be such that the stiffness is very high in the clamped
region compared to the gage length stiffness.

SECTION 4
SURFACE STRAIN SYSTEMS

4.08 This torque meter type consists of two basic units:
the torque sensing elements and instrumentation for indi-
cating the result. The surface strain in the sensing element is
measured by means of a resistance wire or foil strain gages
bonded to a section of the shaft between the driver and
the driven units, as shown in Fig. 18. To assure that the

4.04 E[l ravdarl bC III;II;III;LUK:II IUY CII)UI;HE t:ld.i t:lC IdllsC
of the syqtem to be used is appropriate for the application.
It is poqr practice to use a torque-meter system whose
capacity [greatly exceeds the requirements of the tests to
be condugted.

4.05 Staftic calibration of the torque meter and instru-
mentatioh should be performed to provide minimum data
errors. Static calibration fixtures, as shown in Fig. 17, are
preferred Occasionally, in situ calibrations are feasible,
provided|that the friction forces of the machine’s bearings
may be made negligible. When such calibrations are lack-
ing, errofls of 3% to 5% in torque results will be typical of
most installations.

4,06 Th
the stress
of most

effect of temperature on elastic properties of
bd element must be considered. The shear modulus
ow-alloy carbon steels decreases about 1.5% per
100°F (3.7% per 100°C) increase in temperature. These
thermal {ensitivity rates are not precisely established and
calibratign at operating temperature is preferred when
possible. [Most types of torque shaft systems include com-
pensatior for temperature effects in their circuitry. Other-
wise the pffect of temperature on modulus may be rhade
as part df data reduction, provided the test temiperature
and moduilus sensitivity are known.

—

4.07 There are two broad types of shaft.forque measure-
ment sysfems:

(a) Stirface strain systems — (Par, 4708ff)

(b) Ahgular displacement systems — (Par. 4.16ff)

Table |1 provides an indicdtion of the ranges of applica-
tion of the two types.

measured strain is not influenced by shaft stress gradients,
the gage location should be at least one shaft diameter
away from an abrupt shaft discontinuity.

o]

409. Two precisely diametrically opposed_pairs of stra
gages are bonded to the shaft. Each gage of a given pair
mounted accurately at 45 deg to the axis of the shaft an
at 90 deg to the other gage of that{pair and interconnectd
so as to respond only to the principal torsion strains. (Fip.
18.) Strains caused by temiperature, bending and thru
loading will be self-cancelling.

is

a o

4.10 Several methods of transmitting the strain signals
from the shaft aredvailable. Slip rings have been a commqn
method of taKing'the strain signals from the rotating shafjt;
however, they present problems with regard to signal noisk,
speed limitations, stability and accessibility.

4.1 Modern methods use radio telemetry systems {usual
frequency modulation) or rotary transformers to transm
the signal from the shaft to the indicating equipment.

- <

4.12 The radio telemetry approach is more commonly
used. It usually requires less exposed shaft length than
other methods. The telemetry transmitter is installed dn
a rotating shaft area between the driver and driven units.
Care should be used to avoid Doppler effects when testirg
with large shafts.

4.13 The rotary transformer technigue requires a custom
built spool-piece or coupling that can be inserted betwegn
the driver and driven shaft. The power for the strain gaggs
and the rotating transformer can come from either a shafft

FI1G. 18 LOCATION AND ORIENTATION OF STRAIN GAGES ON TORQUE SHAFT
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STATIONARY LOOP ANTENNA

ROTATING SHAFT AND TRANSFQRMER

(

N A

ROTATING TRANSFORMER —»

INDICATOR

OUTPUT

v

INDUCED POWER UNIT
AND ANTENNA

ounted battery, or be induced from an AC power supply.
he latter is preferred for extended time periods. (Fig. 19.)
otary transformer systems are less sensitive to electrical
terference than are systems using telemetry.

5 o -3

S

14 Electrical calibration of the strain gage system can
e achieved by shunting a known resistance in parallel with
he leg of the strain gage bridge to simulate a given strain
vel. (Fig. 20.) A torque arm with known weights is
ually used for static calibration. (Fig. 17.) Fhe strain
itput can be converted to stress, power or torque.

o C T o o

1

FI1G. 19 ROTATING TRANSFORMER SIGNAL TRANSMISSION

i s, s .
51, 32, 33, 34 2 CAL
9TRAIN GAGES

RcaL

dALIBRATION S, S3

HESISTANCE

OUTPUT

NS

mechanjeally secured to sustain the centrifugal|forces of
shaft<otation. The least system error is realizdd when a
digital "output indicator is used. Analog recofders and
readout devices are limited toalower degree of rpsolution.
If the overall shaft torque system is not calibratgd against
a known load, the system accuracy is limited by ¢incertain-
ties of the gage installation, gage factor, gage fesistance
linearity, shear modulus of shaft material and ptress dis-
tribution in the shaft near the gages. An electrically cali-
brated system can limit the error to +2%. If the overall
shaft torque system is calibrated directly with|a known
torque, the error can be within £1%.

ANGULAR DISPLACEMENT SYSTEMS

4.16 These torque measuring systems indicate the cumu-
lative angular twist for a finite length (gage length) of
shafting; usually contained in a special coupling spacer
piece.

The principal types of measuring systems arelmechani-
cal displacement, Par. 4.17; electrical displacement, Par.
4.18; and optical systems, Par. 4.19.

4.17 Systems using mechanical displacement|resemble

— FIG 20 STRAIN GAGE BRIDGE CIRCUIT WITH
" CALIBRATING RESISTANCE

4.15 To assure good strain data from the shaft, the gages
should be. insulated from the shaft by a resistance of 100
megohms, or more. The gages should be made moisture-
proof for long term operation. The gages, wiring and rotat-
ing elements of the transmitter or slip rings should be

24

Fig. 21. Two transducers, which sense displacement, are
mounted on opposite sides of the shaft. The transducers
are attached to arms extending from clamping rings so
that they sense the cumulated displacement over the gage
length.

Displacement transducers include proximity sensors,
variable capacitance types, differential transformers, strain
gages, and taut-wire frequency sensitive types. There are
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CLAMPING RINGS

\ _/—l
OUTPUT TRANSMISSION DEVICE APERTURE

w
(SLIP RINGS OR TELEMETRY HEELS

OR TRANSFORMER SYSTEM) —\ Pa
K—- CLAMPING RINGS —\ ‘

1

Ko

- e’
(] _‘?_
PROXIMITY
PICKUPS
OISPLAJEMENT TRANSDUCER Q Q
2 @ 180 DEG)
FIG.21 MECHANICAL TYPE: ANGULAR DISPLACEMENT FR;‘;&E';CY PHASE ANGLE
TORQUEMETER METER
FIG. 22 ELECTRICAL TYPE: ANGULAR DISPLACEMENT
TORQUEMETER
MOTOR FOR DRIVING
/ TOOTHED SLEEVE
OUTPUT
INDICATOR
STATIONARY |
PICK UP COILS SLEEVE WITH
' ﬁ— - INTERNAL TEETH
TOOTHED p .
SLEEVE CTHH 7
BEARING ———_ X
A TORSION SHAFT
I‘gi il =i WITH TOOTHED
] a. DISCS
= II 3
— | - '
= - -
— " —d
] ': =
= v Ll T T
CASING ey - - TORSION SHAFT BEARINGS
N \‘ K
L |

FIG.23 ELECTRICAL TYPE, WiTH STATIC CALIBRATION ANGULAR DISPLACEMENT
TORQUEMETER
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FIELD OF VIEW OF TELESCOPE

STRESSED TORSION SHAFT
UNSTRESSED TRANSFER SHAFT
REFLECTING SURFACES

\COLLIMATING 300

LENS 1000 —

VIEW THROUGH TELESCOPE
SCALE READING =287

FIG.24a SCHEMATIC ARRANGEMENT OF OPTICAL TORQUEMETER

RESILIENT SECTION OF TRANSFER SHAFT

RADIAL CLEARANCE BETWEEN DAMPER DRUM
AND POT FILLED WITHVISCOUS FLUID

TORSION SHAFT TO SUITCAPPLICATION

UNSTRESSEDTRANSFER SHAFT

STANDARD REFLECTOR UNIT, INCORPORATES
MIRRORS AND DAMPER SYSTEM, (NOT SHOWN)

/)
N

WYy

<\

COLLIMATOR

-LIGHT PATHZ W ?

FI1G. 24b SCHEMATIC ARRANGEMENT WITH TORSIONAL VIBRATION
DAMPER AND DIAGRAMMATIC LAYOUT SHOWING MIRRORS ARRANGED
AS A SEPARATE REFLECTOR UNIT
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obvious limits imposed on the design of mechanically
coupled devices, especially those imposed on gage length
of the shaft. Centrifugal forces on the rotating assembly
or resonant vibration of the support arms will usually
cause errors and define the operating limits.

The electrical signal generated by the transducers is
passed to receiving equipment through slip rings or a
telemetry transmitter

SECTION 4

discs, at their zero torque condition, or with statically
applied torque. The design permits static calibration. It is
illustrated in Fig. 23.

Principal sources of error are lateral vibration and mis-
alignment between rotating and stationary elements. Typi-
cal systems which provide digital readout of power have

systematic overall error of about £1.0% and random over-
all error of abaut 0.2% of full scale reading, for 2 single

The mechanical forms of angular displacement measure-
ment sysfem are rarely used. They are usually designed for a
special pyirpose and are thus unique. Quantification of the
error soufces requires knowledge of the characteristics of
the desigh and selection of electro-mechanical and mechan-
ical components. They should be statically calibrated.

4.18 Sygtems using electrical displacement resemble Fig.
22. They| contain two identical electrical pulse generators,
one in edch plane, separated by the gage length. One ele-
ment of pach generator rotates, and is usually a disc con-
taining many equally spaced apertures or teeth. The
stationary detector for each plane may be a photoelectric
cell, a mpgnetic pickup, a fluidic presence detector or a
capacitarjce pickup; any of which, with appropriate signal
conditioning, generate electrical pulses timed by the
passing df apertures. The change in phase angle between
pulses from the two planes is a measure of the angular dis-
placemer|t between the planes. The rotating element may
have as many apertures or teeth as desired. The larger the
number, [the greater the sensitivity to torque as well as.to
errors in gperture spacing and shape. Generally, the greater
the number of pulses per revolution (compatible with a
good signal-to-noise ratio), the more sensitive will be the
measurerhent of torque. The frequency of\the generated
signals is| a measure of shaft speed. Gage)length between
pulse gemerators is limited only by\the available space.
Systems |using electrical displacement usually cannot be
calibrated statically in a directmanner.

The shaft stiffness over thegdge length may be measured
by mechgnical means in astatic torque load fixture (Fig.17).

One ¢f the stationary pickups should be adjustably
positiongdd by micremeter means so that the relation be-
tween angular displacement and signal output can be deter-
mined whenCthe rotating system is operating. By these
procedurgs ‘afi indirect calibration is provided.

‘equivalent-to and could in fact be replaced by a dista

~ eachqrotation of the shaft and readings are easily taken

measurement.

4.19 Optical measuring systems depend on the dngu
deflection accumulated over a gage length and using t
deflection to affect the reflection of a light'beam. Su
systems are illustrated in Figs. 24a and-24b.

The angle between a pair of firrors connected fo
opposite ends of a hollow torsion’ shaft increases as the
shaft twists under load. This\Causes a reflected line pf
sight to be bent further~-downwards towards a highpr
numbered coarse graticule”scale division, the image pf
which is superimposedion that of a fine part of the scale,
viewed directly; bath scales being seen through a telescope.
The principle is that of a sextant, and the collimator|i
a device for pfoducing a scale image at infinity; which |i

ar
ne
Ch

real scale:The reflected image is seen about 15 deg during
ht
speeds as low as 20 rpm.

In practice the torque to be measured may fluctuate co
siderably, so to obtain steady average readings the transfgr
shaft is made torsionally resilient and a viscous damper |is
fitted close to the mirrors to prevent rapid changes of the
angle between them.

The telescope has high magnification and a narrow fie
of view, and is suitable for use up to 40 feet (12 m) fro|
the torque shaft. The torque shaft assembly is usual
mounted in its own anti-friction bearings, requiring spa
and a supporting pedestal between driver and drive
machines.

Optical torque meters may be calibrated statically, ar
this should be done at operating temperatures, as show
in Fig. 17.

Remote indication may be provided by television camef
and monitor equipment. .

These torque meters may be difficult to use in most
environments, where there is background vibration whigh

h-

d
m
Y
e
n

=

One form of electrical displacement system contains a
toothed sleeve which is normally stationary, and provides
the pulses in each plane by its magnetic interaction with
the rotating toothed discs. When the load shaft is at rest,
the toothed sleeve may be rotated by a small motor for
the purpose of creatingelectrical signals with the stationary

27

affects the supports of the torque shaft bearing frame, the
collimator and the telescope.

Accuracy of the intrinsic concept is high, with errors
limited to 0.25%. However, the environmental conditions
usually create uncertainties of larger magnitude, which
cannot be predicted.
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SECTION 5

POWER MEASUREMENT USING ELEC- calibrated machine should be no more than 30% higher
TRICALLY CALIBRATED MOTORS AND than that of the machine under test. Fhe rotatidnal speed
GIENERATORS of the calibrated machine should matsh.that of th¢ machine
under test. Table 4 gives rotationalspeeds of synichronous
5.01 This indirect method of measuring shaft power may and induction machines operating on 50 and 60 Hz power
bd used when a direct method is impractical. The machine systems. Instrumentation{should be in accorddnce with
bding tested either drives acalibrated generator or is driven Reference 6, AppendixD.

a calibrated motor. The generator or motor can be ) ) .
5.05 Careful set-dpyand alignment of the mdchines is

needed to minimize friction losses. The requirements for
power supply@nd instrumentation are given in the referred
IEEE Standards. For alternating-current mackines, the
power~supply wave form shall closely approach the sine
wave. and shall provide balanced phase voltages. THe voltage
and)frequency shall be the same as used in tdsting the
calibrated machine. The voltage must be measured at the
5.2 The electrical and mechanical losses of motors ors. machine terminals. For direct-currentmachines, the power
erators may be determined for various operating coh® supply should be essentially ripple-free as d¢fined in
ditions of load, rotational speed, temperature, voMage,  Reference 5, Appendix D. If the ambient temperature
frequency and other independent quantities. This is the during test differs from the stated calibrated cqnditions,
libration procedure. These data may then be used to  corresponding adjustments should be made in|the cali-
refonstruct the synthesis of losses for test ednditions when brated machine losses. IEEE Standards (Referephces 3, 4
the motor or generator is connected td another machine  and 5) give methods for making these adjustment.
which is being tested. The shaft power’is determined from ‘
grpss electrical power measuremeftidnd the synthesis of
lopses according to the calibration.data.

5.06 A maximum error of +5% may be expected| depend-
ing upon observance of precautions and the care pxercised
in the tasks of measuring and adjusting observed |values to
stated calibrated conditions. Under ideal cdnditions,

X librati L .
5.03 The test procedure for‘the calibration of motors or significantly lower error may be obtained.

generators is described.in [EEE Standards listed as Refer-
enges 3, 4 and 5 inSthe Bibliography in Appendix D. Test 5.07 There are several advantages in using dalibrated

dafa for motors-and generators calibrated by these stand- motors and generators. They are readily available jn a wide
ards will include™dll of the operating parameters which per- range of power and speed ratings. Calibration dath may be
taih to power measurements, such as losses, ambient tem-  obtained at a reasonable cost. This method pefmits the
pefature;winding resistance, temperature rises under load, tests to be conducted at the installation site. The power of

sp¢ed.vs’ [oad, power input vs output, torques, currents, the machine under test may be evaluated whilelit is per-
terminal—veottases—and—for—atternatingcurrent—machines; orringHsTorma-funetion—Hhe-eatibrated-machine may
frequency. Performance curves can be plotted from these  be part of the permanent installation. The principal dis-
test data. advantages in using this method of shaft power measure-

ments are the relatively high error, and the inability to
5.04 Proper instrumentation and a suitable source of test machinery at rotational speeds different from those in
regulated power are required. The power rating of the Table 4 unless gearing is used.
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TABLE 4

Direct Drive Rotational Speed for Synchronous and Induction Machines,

50 Hz and 60 Hz
Induction Motor Induction Generator
Rotational Speed Rotational Speed
Power Synchronous Machine at Full Load at Full Load
—Frequency, —Rotational-Speed {Approx; {Approx);
Hz r/min. r/min. r/min.
60 3600 3525 3660
50 3000 2935 3055
60 1800 1760 1835
50 1500 1465 1530
60 1200 1170 1225
50 1000 975 1020
60 900 875 920
50 750 730 765
60 720 700 735
60 or 50 600 580 610
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SECTION 6

| ENERGY BALANCE METHODS

N

.01 Occasionally it is not possible or practical to measure
haft power by those direct means delineated in other Sec-
ons of this Supplement. It may be feasible, in these cases,
b determine shaft power indirectly using thermodynamic
lations. '

The accuracy of results obtained is inferior to that from
rect methods. The reasons, briefly stated, relate to the
bquirement for steady operating conditions over an ex-
nded time period, the large amount of data required, the
hcertainty of fluid thermodynamic properties, and the
certainty of measurements of fluid condition.

=N = = U

C C o = O

.02 Compressors, blowers, fans, expanders, steam tur-
bfnes, combustion gas turbines, water-cooled brakes and
pmps are examples of machine types whose shaft power
ay be determined, under some conditions, using energy
lance methods.

6103 In some cases, the relevant Performance Test Code
provides the specific details on procedures, measurements,
itations, errors, and other information for determining
shaft power. When such instructions\exist and are relevant,
they may override this Supplement.

6104 Two approaches aresed. The “open cycle’’ system
involves determining thé énthalpy changes and mass flows
of all fluid streams entering and leaving the machine. Addi-
tjonal energy quantities for parasitic effects (radiation,
bparing and seahfriction losses, etc.) are added to provide
the relation<for power absorbing machines.

P= Kp (E(Wh)out'z(Wh)in) + K,-Qr- PAUX
(Fig. 25a), (6.04-1a)

or P=K, (Z(wh)in - Z{wh)our) - (K Q=+ Ky Qm)
(Fig. 25b)} (6.04-2b)

where

P = shaft power absorbed or delivered
Paux = power toglectrically driven auxiliaries

w = mass flow'rate of fluids, including flpows to and
from>auxiliaries, jackets, coolers, chndensers,
seals, glands which cross control boyndary

h </ enthalpy of fluid per unit mass

Q¢) = rate of heat radiation and convection to sur-
roundings

Qm = power losses (mostly mechanical friction)

which are revealed in lube oil tempgrature rise

and K, K, and K, are unit conversion mulftipliers to
provide consistent units. Refer to Table 6 in Appendix C
for conversion factors.

The *“closed cycle” system derives from a hdat balance
with the heat rejected to the cooler(s) in a qlosed test
loop. Considering one water-cooled heat exchhnger in a
compressor test loop (Fig. 26).

P = Kpewyltout - fin) + (KrQr # KmQm) + {(£(wh)oud - Z(wh)in)
' (6.04-3)
where
Wy = mass rate of flow of cooling water
{tout - tin) = cooling water temperature rise

Closed cycle procedures relevant to Eq. (6.04-3) do not
require calculation involving properties of the fluid being
compressed or expanded.

The error of energy balance methods is abolit +3% at
best. Real gas effects in mixtures prevent accurafte compu-

or P=K, (Z(wh)out - Z(wh)in) + (K, Qr + Km Q)
(Fig. 25b), (6.04-1b)
and, for prime movers (excluding combustion gas turbines),
P=Kp (Z(wh)in - Z(Wh)out) - K, Qr + Paux
(Fig. 25a), (6.04-2a)

tation of enthalpy from temperature data in many cases,
and in such instances the results will have greater errors.
In other cases, as with pumps or hydraulic turbines, the

. fluid temperature change is so small that greater errors are

also to be expected.

6.05 Parasitic losses, Q, and Q,,; must be determined for
any energy balance calculation method. These quantities
represent heat which is not entrained in the main or leak-
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SECTION 6
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r
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FIG. 25

CONTROL VOLUME FOR A LOAD ABSORBING
MACHINE (Power in) AND A PRIME MOVER (Power out)
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F1G.26 CLOSED CYCLE CONTROL VOKUME FOR LOAD ABSORBING MACHINE

age fluid streams, and therefore not registered by enthalpy
change in any of the (wh) terms of Eqgs. (6.04-1b)(6.04-
2b), or (6.04-3).

The heatequivalent to the mechanical lossesaf bearings
and seals, @y, shall be determined from the temperature
rise of the lubricating oil. The quantity ef 0il flowing shall
be determined by calibrated flow meters.

The external heatloss by radiation and convection from
casing and connected piping,(Q}, may be computed with
acceptable error from measurements of the exposed surface
area, the average temperature of the surface, and the am-
bient temperature, by.the formula.

Q, =S¢ (t. - t,) by (6.05-1)

Where-a-hot surface temperature varies from one place
to anothery as in large multistage compressors, itis advisable
to divide the casing into arbitrary sections, determine the
afeaand temperature of each separately, and thus obtain

% dPPTOX dlC Cerdicd dverag [) ATUTE O
total surface. In most circumstances, it is recommended
that heat loss be minimized by the application of a suit-
able insulating material.

OPEN CYCLE SYSTEMS

6.06 For many fluids, liquid and vapor, the enthalpy
values may be obtained from published data. Enthalpy for
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mixtures of gases are obtained from the entHalpies of the
constituents and the mol composition. If enthalpy tables
are not available, the power input to a gas ptream for a
perfect gas may be computed as the product|of the mass
flow and c,At, where ¢, is the average. For real gases

cplit
h=—— (6.06-1)
1+mpX
where
_tfovy _ )
X V<6t)p 1, {6.06-2)

and mp is an assumed value for polytropi¢ efficiency.
Bearing and seal friction losses and external h¢at Joss from
the casing may be measured in accordance wifth Par. 6.05.
The foliowing requirements and limitationd shall apply:
(a) The temperature rise of the fluid strgam between

F Targe St g measured with

instruments suitably selected and applied, to pro-

vide an error limit within 1%. The sensitivity and
readability of the temperature measuring instru-

ments shall be within 2% of the temperature rise.

(b) No fewer than four temperature measuring instru-
ments shall be used at each station, and their tips

shall be placed within the pipe section to indicate

the approximate average of the stream temperature.
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