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SUMM.ARY

This report describes tests made at the LangIey Memorial Aeronautical Laboratory of the
hratiomd Advisory Committee for Aeronautics to obtain direct measurements of er@ne power
in flight. Tests were made with a 13endemann hub dynamometer inskdIed on &moditied DH4
airplane, Liberty 12 engine, to determine the suitability of this apparatus.

This dynamometer unit, which was designed specially for use with a Liberty 12 cn=gine, is
a speciaI prope~er hub in which is incorporated a system of pistons and cylinders interposed
between the propeIIer and the engine crankshaft. The torque and thrust forces are bakmeed
by fiuid pressures, which are recorded by instruments in the cockpit.

These tests have shown the suitability of this type of hub dynamometer for measurement
of power in flight and for fihe determination of the torque &nd power coeffkients of the propeller.

INTRODUCTION

A more compIete knowledge of the power developed by airpIane engines under Lhe varying
atmospheric conditions encountered during flight is of practical value in the cleveIopment of
aircraft. Indirect methods have been used in an effort to determine the variation of engine
power with altitude. A common method is to use ground-IeveI engine performance as a
basis and to compute power by applying corrections for changes in temperature and pressure.
Because of differences in ~ohunetric efficiency, air fueI ratio, and mixture, distribution the effect
of aItitude on the performance of aviation engines @ somewhat variable. The correction of
ground-Ievel power of my one en=@neaccording to a .generaI Iaw- is therefore only approximate.
Power ~ fight can aI~obe computed from propeuer characteristics as determined from modeI

pro~’eIIer tests. This method is subject to errors resuhing from indeterminate factors, such as
the effect of fuseIage interference and scale effect. A full-size propeller dlhifed’ in ‘place
wouId furnish the data desired. lt is obvious that more reliable information on any one engine
could be expected from measurement of power under actual flight conditions.

Indicated horsepower has been measured by the RoyaI Aircraft Establishment at altitude
by means of the R. A. E. electrical indicator. (Reference 1.) Con-version of I. HP. to B. HP.
depends on a knowIedge of the variation of the mechanical ei%ciency with densi~y. An apparatus
which measures directIy torque in the crankshaft simplifies the determination of B. HP.

A hydraulic torque meter which was ako arranged to measure thrust was deveIoped by
the D. V. L. (Deutsche Versuchsanstalt fiir Ikftfahrt) laboratories in Germany before the close
of the war. The apparatus was actualIy used in flight. (References 2 and 3.) Such a unit
suitabIe for measuring the power of a Liberty en=tie was purchased by the United States Navy
in 1924 and Iater used ir these tests.

The suitability of this apparatus for flight test work was investigated while determining
the variation in torque coefficient of the propelIer with V/nD. Data were ako obtained as to
the variation in B. HP. of the en.tie wibh aItitude. Since the appara~us measures tension in
the crankshaft rather than effective thrust, the records of fihrust were not considered.
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DESCRIPTION OF- APPARATUS

The Bendemann hub dynamometer consists of a special propeller hub in which is incor-
porated a set of small pistons and cylinders interposed between the engine shaft and tihe propeller
in such a manner that the torque and thrust forces are balanred by fluid pressures in a closed
hydraulic system. The fluid pressures so obtained, which are a measure of torque and thrust,
are transmitted to suitable recording instruments in the cockpit. Since an apparatus of this
type has not been used before in this country, a detailed description is given.

/“- ‘mpc”tr

~lG. 1,—%?ctkmrd~i!?wof dynamometer bub

The dynamometer hub replaces the conventional propeller hub and allows the propeller
to be mounted in its original position relative to the engine, The dynamometer mechanism
is placed just ahead of the propeller, M shown in sectional views, Figure 1. It consists essen-
tially of: (1) A steel sleeve adapter keyed to the engine crankshaft; (2) a cast-steel propeller
sleeve which is a loose fit on the adapter; (3) a, cast-steel cylinder block which is keyed to the
adapter and contains the torque and thrust cylinders and drilled passages for transmitting
working 8uid to the cylinders; (4) a bronze spider and revolving hub containing drilled pas-
sages which register with the passages in the cylinder block to which it is bolted; and (5) a
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FIG. 2.—Diagrammatk sketch of Bcndemann hub d~namonmkr

stationary spindle which contains drilled passages connecting with annular grooves in the
revolving hub at one end and with tubes connecting the dynamometer hub with the recording
instruments at the other end. The weight of the hub unit is 128 pounds,

The propeller sleeve is a running fit on the crankshaft adapter find is free to oscillate a few
degrees and to slide axially a distance of one-eighth inch. Its rotational motion is limited by
metal stops on the cylinder block and its axial travel is restricted by the rear shoulder on the
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adapter and the cylinder bIock. The stops mentioned serve to drive the prope~er in case of Ioss
of liquid in the hydraulic system. Steel piston rods having hemispherical ends which rest in steel
sockets at either end are interposed %etween the pistons in the cyLinder block and the propeller
sIee-re and are of such Iength as to hold the propelIer sleeve free of the stop lugs when the pistons
are in working position.

The working fluid is introduced under alI the pistons, and the fluid pressures generated in
the cylinders by the torque and thrust forces are recorded.

Figure 2 gives a diagrammatic sketch of the complete dynamometer appar&ttus and shows
the operation of the hydraulic system. A high-pressure suppI-y of fluid is used to compensate for
any Ieakage in the systems. Since each set of cyJ.inders has connecting passages, admission of
supply fluid is controlled by onIy one automatic -m.l-re on each set of three measuring pistons.
Figures 3 and 3a show a torque-measuring piston and cylinder with the automatic supply valve.
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automatic suppIy valve
regulating valve is the outstanding ~eature of the
dynamometer, and the regulation is adjusted to

such a nicety that the motion of the piston is barely perceptible, and the indicator records do
not show when the new fluid is admitted. Figure 4 shows the hub unit disassembled.

The rotating hub and the stationary tubing of the thrust, torque, and suppIy systems are
connected as shown in Figure 1. The lines are connected to a stationary spindle whose radial
hoIes register with annular grooves in the revolving hub. It is necessary to carry the tubing
from the stationary spindle over the propeller to the controlhng and recording apparatus in the
cockpit. The torque and thrust lines lead to their respective recording ti=truments, each of
which consists of a spring-loaded piston actuating an indicator arm carrying a brass st.yIus
which traces a line on metallic-faced paper. A drum, revoIved at constant speed by a cloek-
m-ork, carries this paper. A third stylus traces a reference line.
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The supply line is served by a tank containing the working fluid. (See fig. 2.) Pressuro
in the supply tank is maintained by gas acting on a piston, the latter serving to separate the
gas from the working fluid and to prevent absorption of the gas. A steel bottle partially filled

with liquid carbon dioxide supplies the gas pressure, which is controlled by a regulating valve.

A

. FIG. 5.—InstdlZti~in modifit?d DH-4 airpkm

FIQ. 6

The suppIy tank containing the working fluid can be replenished from a reserve tank by actuat-
ing a hand pump, fluid being pumped in under the piston. Pressure in the supply system is
maintained at about 425 pounds per square inch, and the pressures in the torque and thrust
systems never exceed 275 pounds per square inch.
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Provisfon is msde whereby the high suppIy pressure can be admitted to the torque-measur-
ing c’ykders, forcing the pistons out and locking the propeller sleeve against the metal stops.
The propeller is locked in this way duriug glides or when the engine operates irregularly.

A typical installation is shown in a modified DH-4 airpIane, Liberty H engine (figs. 5 and
6). lt may be noted that there is considerable overhung weight at the propelIer hub and that
the tubing must be led around the propeller. Figure 7 shows the controbg and recording
apparatus in the cockpit. The apparatus is quite bulky and requires consider~ble space.

In addition to. the hub dynamometer, the following N. A. C. A. insh-unents were used
during flight tests: Recording altimeter, recording air-speed meter, aud mrtomatic observer.
(Reference 4.)

For measuring air speed a swivel-type Pitot static head mounted on the outer strut rk a
point about one-third the gap from the top wing was used. The automatic observer recorded

.

FIG, 7.—T/i~~ Ofrecarfiga~pmtmine@qit
. ..—_,.

the air temperature from the indicator of an electric resistance thermometer. The engine
speed was recorded by the automatic observer from a service-type tachometer. A distance-
ty-pe thermometer was used to measme carburetor-air temperature, as it generally differs from .
the free-air temperature.

METHODS

PRELIMJXARY TESTS

For prehninary test the dynamometer with a propeiIer was mounted on a portable test
stand. Tests were made to determine the general operation and the nature of the further
investigation required. It -was found desirabIe to caIibrate the apparatus iu the laboratory
againsii measured torque.

A fan brake -was substituted for the propeller and the hub set up so ihat it would be &5ven
by an eIectric dynamometer. The apparatus was then calibrated against the torque measure-
ments of the electric dynamometer. In addition, static load vibrations of torque were. made
by hokiing the shaft rigid and applying known dues of torqui to the propeller sleeve.
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A z to 1 mixture of gIycerin and alcohol was selected as the most suitabIe working fluid,
because it was sufficiently viscous to prevent excessive leakage around the pistons and its
viscosity was least influenced by temperatures. A calibration of indicator deflection against
measured torque was made with the 2 to 1 mixture of glye’erin and ethyl alcohol, This curve
is shown in Figure 8 with a computed curve which agrees closely with it. The computed
curve was based on the dimensions of the dynamometer parts and unit pressures.

F}G.’8.–Cfdibrat@~ wi~h”~ per mnk@@win,md 33 per cent aicohol. Indicator deflection
- versus tofque

. . .“

FLIGHT T’ESTS.

The flight tests were made for the dual purpose of obtaining data for the variation of
torque coetlicient of the propeller with V/nD and for the variation of full-throttle engine power
with altitude. A series of fulI-throttle short climbs past a given aItitude were made at various
air speeds to cover a range of V/nD. The series was repeated at four alt%de stations, tihe
highest of which was 12,000 feet.

All records except those of the hub dynamometer were synchronized by timing Iines. The
dynamometer recording drum was always started at the same time as the other instruments,
and since it turns at a known constant, speed, it was easiIy synchronized with the other instm-
ments.

Torque coefficients
against V/nD in Figure

DISCUSSION OF RESULTS

FLIGHT TESTS

computed from data taken at the four altitude stations are plotted
9. The torque coefficient determined was that given by the equation

o.=-Q-
pv2D”

.-

where (?Qis torque coefficient, Q is torque in pounds- fee~j p is mass density of the air in pounds-
feel+seconds, V is velocity of advance of the airpIane in feet per second, D is diameter of the
propeller in feet.

The points shown in the curve, Figure 9, represent data taken at different air densities.
The fact that all points lie near an average curve demonstrates the practicability of calibrating
a propeller at a convenient altitude with the hub dynamometer for the compIete working range



of V/TZD. A propeIIer m.iibrated by such a method mouId be particularly usefuI for measuring
eng~e power ~~ any ~f,itude 011 superchmged engines, or on other tests -where it is not prac-

ticable to use the hub dynamometer.
As the determination of the torque coefficient of the propeIler is independent of engine

operation, the variation of test points from the average curve of torque coefbient @nst
T/nD was considered a reasonable basis for determining the precision of this method of measur-
ing po-wer. The maximum variation of the tesk points from the cume, Figure 9, is 4X per cent.
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FIG. 9.—Toque inefficient versas Yj’?zD. U. S. 12pmpdler

This value incIudes errors in the measurement of R,. P. M., air speed and density, as well as in
the measurement t of torque.

Figwe 10 shol%-s ~ ~Uve of me~ued brake power against carbur~tor air density. .NI

points represent full-t.hrot tIe measured power at various engine speeds corrected by proportion
to the mean speed of 1,650 R. P. M.. l_t was considered best to pIot power against carburetor
air density, since the carburetor air temperature was always found to be I@hcw than that of
the surrounding air. Engine operation was not up to standard during the tests, due, ib was
found later, to thk fact that there had been a leak in the ignition system.
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FIG. 10.—Breke horsepower versus carburetor elr dens%y

Although not concksiye, the results obtained on this one engine are indicati~e of the
variation in power with density and represent data taken under actual operating conditions.
The measured curve of power against density shown in Figure 10 agrees reasonably well with a
curve computed from the relation

B. HP. =33. HP.e(l.088 ; – .088),
0
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where B. HP. and AOare respectively ground-level brake horsepower and density. This formula
may be takeri as representative of methods of computing power at altitude arrived at from
theoretical considerations (Reference 5).

SU1~ABILITYOF BENDEMA&”NHUB DYNAMOMETER

Tests in the laboratory, using fluids of varying viscosity, show that the viscesity has Iittle
effect on the calibration of the hub dynamometer. Figure 11 shows calibrations made with a
variety of working fluids, varying in viscosity from that of kerosene to that of castor oil, The
totaI variation in calibration at 1,400 pounds-feet torque is 2.7 per cent. Any ch ange in viscosity
of the working fluid resulting from temperature changes encountered at moderate altitmdes is
well within the range of viscosities covered in these tests. The use of Iow-viscosity liquids,
while not materially affecting the calibration, result in excessive leakage. The use of the appara-
tus is limited to moderate altitudes (15,ooO to 20,000 feet), because any fluid of Proper viscosity

at ground level tends to solidify at the Iower temperatures.
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FIG, Il.—Calibrations with various working fluids. Indicator deflections versus torque

The general operation of the apparatus in flight was fairly satisfactory, with the exception
that tow~rd the e~d of the tests th~ dynamomet& hub unit developed c~risiderable vibration,
which was attributed in part to the fact that the white-metal lining of the propeller sleeve on
the adapter pounded loose and to the fact that the unit was found to be somewhat out of balance
after the tests.

A very desirable improvement in the npparatus would be the elimination of the necessity
for carrying the tubing around the propeIIer. This would eliminate any interference of the
bracing around the propeller and its possible influence on propeller characteristics. A new design
should also make the apparatus fulIy automatic.

The results of this investigation indicate that the Bendemann type hub dynamometer,
with some Iimita.tions, is suitable for the measurement of engine power in flight for &moderate
range of altitude.

~ON~LUSION

The Bendemann type of hub dynamometer can be used successfully to determine the
variation of the torque coefficient of the propelIer with V/nD. As the torque coefficient for
any one value of V/nD is constant regardlessof altitu~ & propeller calibrated by the hub
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dynamomefier is then made available for measuring power on tests where it is not practical to
carry the dynamometer unit. The feature is especially applicable to the measurement of
power ORsupercharged engines.

Engine operation at ful~ throttle was not completely satisfactory during this investigation,
bui the incidental information concerning the variation of engine power with density conforms
closely to that obtained from tihe equation

?3. HP. =B. HP. O(l.OW $ –.08S). (Reference 5.)
0

It is recommended that further fligh~ research be undertaken to obtain additional and reliabIe
information regarding the variation in brake power -with density.

Experience with the present desigg has shown that it could be improved by reducing the
w-eight of the hub unit, by making the apparatus fully automatic in operation, and by etiating
the necessity for carrying the tubing around the propeller.
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