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NOISE REDUCTION STUDIEC WOR THE
CESSNA MODEL 337 (0-2) AIRPLANE

By Andrew B. Connor, David A. Hilton,
and Richard C. Dingeldein

SUMMARY

A study was undertaken by the NASA Langley Research Center to determine the
noise reduction potential of the 0-2 airplane in order to reduce its aural
detection distarnce. Static and flyover noise measurements were made to docu=-
ment the noise signature of the unmodified airplane.

The results show that significant reductions in aural detection distance
can be achieved by the combination of propeller geometry changes and the
addition of engine exhaust mufflers. The best results were estimated for the
aircraft equipped with a six~-blade propeller operating at 5/h engine speed in
combination with a 3.49 £t exhaust muffler installed on each engine. Detec-
tion distance for the modified aircraft is estimated to be reduced from about
4-1/4 miles to about 1-1/2 miles when the aircraft is operating at an altitude
of 1,000 ft over grassy terrain. Reducing the altitude to 300 ft over a leafy
Jungle ground cover should reduce the aural detection distance to 0.9 mile.

Reduced aural detection distances were also indicated for a modification
utilizing a direct-drive six-blade propeller of reduced radius along with
smaller exhaust mufflers. The corresponding aural detection distances are
reduced to about 1-3/4 miles and 1 mile, respectively (1,000 ft altitude over
grass and 300 ft altitude over leafy jungle ground covers

INTRODUCTION

In response to a Department of Defense request, NASA has undertaken an
analytical study of the noise reduction potential of the Cessna Model 337 (0-2)
airplane in terms of the aural detection distance. This effort specifically
involves: (1) measuring the noise characteristics of the basic airplane in
low-speed cruising flight, (2) studying possible modifications and estimating
the assoclated noise reductions, (3) evaluating the effects of these modifica-
tions on the aural detection distance of the aircraft, and (&) estimating the
effects of auch noise reduction modifications on the performance and stability
of the aircraft. These preliminary studies represent an assessment of the
potential overall reductions in nolse level rather than a precise design concept

that is the optimum from a design viewpoint. This paper documents the NASA
efforts in accomplishing the above objectives,
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SYMBOLS

propeller disk area
area of blade cross section

number of propeller blades
drag coefficient, _drag
1/2pV°s

1ift

1/2pV%s

1lift coefficient,

pover coefficient, 220 SHP
p n3 D5

thrust
pn D

thrust coefficient,

propeller diameter, ft

Bessel function of order mB
propeller rctational tip Mach number
revolutions per minute

propeller shaft torque, lb-ft
propeller tip radius, ft

effective propeller radius, ft

wing area

thrust

velqcity, true uirspeed

slant range distance from airplane to observer, feet
decibels, re 0.0002 dynes/cm?

frequency, cps



fr resonant frequency, cps

m order of harmonic of propelle-~

n revolutions per second

P root-mean-square sound pressure of given harmonic, lb/ft2

9, free-stream dynamlc pressure

q dynamic pressure at the tail

5 distance from propeller to observer, ft

X pcercent propeller radius

¥ azimuth angle measured from the thrust axis of propeller
(0° 1s in front)

il propeller efficilency, g% . %%

g propeller blade element solidity

P mass density of air

w propeller angular velccity, rad/sec

cps cycles per second

V/nD propeller advance ratio parameter

M.A.C. mean aerodynamic chord

MRP military rated power

NRP normal rated power

R/C rate of climb

SHP shaft horsepower

SPL sound pressure level

TAS true airspeed

THP thrust horsepover

T.0. takeoff
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Subscripts

e engine

P propeller
t.p. tail pipe
max maximm

APPARATUS AND METHODS

Test Airplane

The test airplane for the studies of this paper is a 4,500 pound gross
weight high-wing monoplane powered by two Continental 210 horsepower direct-
drive engines. The propulsion system is uniquely configured with one engine
nose mounted and driving a tractor propeller, and the other engine rear mounted
and driving a pusher propeller. The propellers on each engine are constant-
speed two-blade T6b-inch diameter and are identical in respect to chord and
pitch distribution. The photographs of figure 1 show the Cessna Model 337 test
airplane which will hereafter be referred to as the 0-2. A three-view line
drawing with a list of the principal physical dimensions of the airplane is
presented in figure 2., Aircraft and pilot were provided for the tests by the
Cessna Alrcraft Company, manufacturer of the 0-2 airplane,

Test Conditions

Noise measurement tests were conducted on January 31, 1967, at the NASA
Wallops Station, where use was made of the main paved runway surface and the
associated flat terrain for locating instrumentation and for obtaining both
static and flyby nolse measurements.

Typical terrain features of the Wallops test area are shown in the photo-
graphs of figure 3(a), which is a view looking narth from the runway center
line, and figure 3(b), which {5 a view to the south. A schematic diagram of
the microphone arrays for these tests is illustrated in figure 4.

Noise Measuring Equipment

The noise measuring instrumentation for these tests 1s illustrated by the
block diagram of figure 5. The microphones were of a conventional piesoelectric
ceramic type having a frequency response flat to within $3 4B over the frequency
range of 20 to 12,000 cps. The outputs of all the microphones at each station
were recorded on miltichannel ¢ape recorders. The entire soun: measurement
system was calibrated in the field before and after the flight measurements hy
means of conventional discrete frequency calibrators supplied by the micro-
phone manufacturers. The data records were played back from the tape (using
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the playback system shown ir fig. 5) to obtaln the sound pressure level time
histories and both broad-band and narrow-band spectra.

Aircraft Operation

Noise measurements were taken of the aircraft under static run-up and
flignt conditions, recording individually the front engine, the rear engine,
amd both engines simultaneously. Operating conditions for the flight measure-
ments were selected by the alrcraft manufacturer's test pilot. After the fly-
over data were obtalned, these same conditions were repeated for the static
measurements. Table ]I lists the condicions for both flight and static tests
for which data were obtained.

Statlic noise survey.- The static measurements were “aken with the micro-
phone array shown schematically by figure 4(a). The microphones were positioned
at 30° intervals on a 50-ft radius from the hub of each propeller when the
engines were operated individually and from a point midway between the two
engines when both were operated together. Engine parameters, that i1s, rpm and
manifold pressure, were recorded manually from the pilot's instrument display.
Engine brake horsepower was determined from the pilot's handbook for the indi-
cated parameters.

Flyover noise surveys.- The flyover nolse measurements were taken with the
recording equipment arrayed as shown schematically by figure L(b). The airplane
was flown at 300 and 1,000 ft altitudes on cach engine individually and both
engines simultaneously as listed in table I. Engine paremeters, again, were
recorded manually from the pilot's instrument display. Altitude and course
over the recording equipment were tracked and recorded by a GSN/S radar tracking
unit for accurate position data. Radar position information was transmitted to
the pilot as an assist so that course and altitude were maintained from approxi-
mately 1 mile prior to and 1 mile beyond the microphone position.

Atmospheric Conditions

Weather data were recorded in the vicinity of the test site. Surface winds
were 2 tc b4 knots variable, temperature ranged from -5° C to 1.7° C, and the
relative humidity was approximately 70 percent during the time of these tests.

MEASURED NOISE CHARACTERISTICS OF THE

BASIC AIRPLANE

The analytical study to define the noise.reduction potential for the
0-2 airplane, and which vill be summarized later in the paper, assumes a lov
eruising speed and twin engine operation at a combined brake horsepower of 120.
The basic aircraft noise signatures used as a reference vere obtained for
conditions in vhich each engine was operated individually at approximately
120 horsepower, and with simultanecus engine operation at approximstely
60 horsepover each.
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Static Noise Signature

A sample narrow tand analysis of the noise recorded in the plane of the
front propeller at a distance of 50 ft is presented in figure 6, This record
was taken at 2,400 engine rpm while the rear-mounted engine was shut down. These
data were reduced with the aid of a 3 cps bandwidth filter and are depicted for
the range of frequencies up to about 500 cps. Shown in the figure are the
individual noise components corresponding to the significant engine firing
frequencies and the propeller noise frequencies. The engine frequencies are
indicated as some integral multiple times the cylinder firing frequency f,
which for a four-cycle engine is equal to the revolutions per cecond divided
by 2. The propeller noise components are identified by their mB values,
where m 18 the harmonic number and B 1s the number of blades.

Records such as these disclose the most prominent sources of noise from
the airplane over the frequency range and indicate where effort must be directed
to reduce the external noise level.

Flyover Noise Signatures

Typical flyover noilse data are presented in figure 7 where the sound
pressure levels in the various octave bands are shown for the three measurements
cbtained during low-speed cruise flight at an altitude of 300 ft. These data
compare the signatures for separate front and rear engine operation and for
simultaneous engine operation. Somewhat lower noise levels are seen to be
associated with only the rear engine operating. It is a fact that this mode
also results in some improvement in performance (i.e., lower power required),
probably as a result of cleaning up the airflow over the aft portion of the
fuselage. The lower noise level shown, however, is believed primarily due to a
small muffler installed on the rear engine as standard equipment.

The signature obtained with both engines operating was used in conjunction
with the narrow band data to establish the baseline for the aural detection
distance calculations. For each operating condition of figure 7, the octave
band levels presented are the maximum values measured regardless of the time at
which they occurred.

AIRCRAFT MODIFICATIONS ANALYZED FOR THIS STUDY

Using the measured noise spectrum obtained for the basic 0.2 aircraft with
normal engine operation, studies were made using availeble analytical techniques
to estimate the aircraft noise reduction that might be expected from propeller
changes and the use of engine exhaust mufflers, These studies were conducted
with the view of obtaining significant noise reductions in the critical octave
bands with minimum effect on aircraft performance, Hence, the propeller
efficiency in various flight conditions, including its static-thrust capadbility,
was an important factor, as was the ability of the muffler to quiet the engine
without seriously penalizing the overall aircraft performance, The modifications

-6 -



selected as indicative of practical fixes that are estimated to provide sub-
stantial reductions in the aural detection distance of this aircraft are listed
in table II, in which the modifications are briefly described. Details of the
propeller and the muffler analyses are given in appendixes A and B, respec-
tively. The effect on overall aircraft weight is presented in appendix C, and
the estirmated performance of the 0-2 aircraft equipped with modification I

(A or B) or modification II is presented and compared with the basic 0-2 in
appendix D.

Modification I-A and I.B

The simplest modification (modification I) involves changing the number of
propeller blades from two to six, reducing the propeller diameter from 76 1in.
to 6L in. to reduce the tip Mach nwaber without the need for a gearing change,
and the addition of a single chamber resonator muffler to the exhaust system of
each engine. Two mufflers have been considered; one having a volume of 2.72 cu
t (modification I-A), and another having a volume of 3.33 cu ft (modification
I-B). Modification I was analyzed for twin-engine operation at 2,400 rpm, and
the power required is 60 horsepower per engine,

The forward muffler was assumed to be externally mounted underneath the
aireraft and aft of the nose wheel. From the information made available for
this study, it appeared that the rear muffler could be installed inside the
rear engine compartment (see appendix C).

Modification II

Modification II requires the use of a six-blade propeller, a return to
the original propeller diameter of 76 inches, and the installation of a
3/k:1 propeller reduction gear box on each engine in order to reduce the blade
tip Mach number. A 3.49 cu ft double expansion chamber muffler is also
required for each engine. Both mufflers are 10 ft long and were assumed to be
externally mounted alongside each other on the left side of the aircraft (see
appendix C).

ESTIMATED NOISE CRARACTERISTICS OF THE MODIFIED AIRPLANE

Octave band nolse spectra for the basic airplane and the :saggested modi-
fications were estimated from avallable measured results and prediction tech-
niques as described in the appendixes for the cases just described. These
spectrs are presented in figure 8 and provide the basis for making the aural
detection distance estimates.

The roise in the fifth and higher octave bands consists of a wide range of
random frequencies to which the propeller vortex noise is an important contribu=-
tar. This latter noise energy is shown in reference 1 to vary as the sixth
power of the tip speed and the first power of the total propeller blade area.



The dependence of the sound pressure level, which is the quantity dealt with in
this paper, is as the square root of the energy dependence., The measured sound
pressure levels for the five highest octave bands are accordingly adjusted to
account for the change in the vortex noise associated with the propellers used
in modificatisns I and II.

DETERMINATICN OF AURAL DETECTION DISTANCE FOR

BASIC AND MODIFIED AIRCRAFT

This section is a summary of the techniques and procedures employed in this
paper for determining aural detection distance, and it includes the assumptions
upon which the estimates are based along with reference citations.

Basic Assumptions Relating to Detection

In addition to the noise source characteristics (see refs, 2 and 3), 1t is
well-known that the aural detection of a noise involves such factore as the
transmission characteristics of the path over which the noise travels {see
re®s, 4, 5, €, 7, and 8), and the acoustic conditions at the observer location
(see refs. % and 9), as well as the hearing ability of the observer (see ref.
10). Attempts have been made to account for all of the pertinent factors in the
above categories for the calculations of detection distance which follow.

Attenuation factors.- The attenuation factors associated with the trans-
mission of noise from the source to the observer are ascumed to i{nvolve the
well-known inverse distance law, and atmospheric absorption due to viscosity and
heat conduction, and small-scale turbulence, along with terrain absorption.

This latter effect 1s dependent upon the evaluation angle between the source and
the observer (see ref, 4). For the purposes of this paper these factors are
taken into account aes determined by tnhe following equation:

P.L. (f,x) = 20 log & + [‘& tK, ¢ “‘3 - K) KlJi%ﬁb’

vhere propagation loss (P.L.) is computed for each frequency and distance
combination and vhere the first term on the right-hand side of the equation
accounts for the spherical spreading of the waves, In this connection x is
the distance for which the calculation is being made and A is the reference
distance for which measured data are avallable. The remaining terms vhich
represent propagation losses and which are given in coefficient form are
defined as follows

represents the atmospheric absorption due to viscosity and heat con-

duction and ie expressed in dB8 per 1,000 ft. The values of K; vary as a
function of frequency and for the purposes of this paper are those of the
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following table, For frequerncies up to 500 cps the data are taken from refer-
ence L, and for the higher frequencies from reference 7.

Octave Band No. Center Freq. dB Loss per 1,000 ft

1 31.9 0.1
2 63 0.2
3 125 0.3
L 250 0.5
P 500 0.7
£ 1000 1.4
7 2000 3

8 L00o 7.7
9 8000 b4

is the attenuation in the atmosphere due to small-scale turbulence,
A value of 1.3 ¢B per 1,000 ft is assumed independent of frequency far the
frequency range from 250 to 4000 cycles (see ref. 8).

Kz also is expressed in dB per 1,000 £t and includes both atmospherirc
absorpzion and terrain absorption. The values used are those of reference 5
which are listed for widely varying conditions of vegetation and ground cover.
The data of reference 9 have been reproduced in a more convenient form in refer.
ence b, Calculations inciuded herein make use of the data of reference 6,
particularly curve (b) of figure 1 which represents the condition of heavy
grass cover (18 inches high) and the upper bound of curve 3 of “igure 2, vhich
represents conditions of a leafy jungle with approximately 100 2t "see-through”
visibility. Ku is a weighting factor to account for the angle, measured from
the ground plane, between the noise source and the observer, The values of
K, assumed for the present calculations were taken from figure 3 of refer-
tnce b and are seen to vary from zero for angles greater than 7° to 1.0 for an
angle of 0°.

Ambient noise level conditions and human hearing.- The detectability of a
noise is also a function of the ambient masking noise conditions at the listern~
ing station and the hearing abilities of the listener. Since they are somevhat
related, they will be discussed together,

The ambient noise level conditions assumed for these studies vere based on
data from references 5 and 9 vhich were cbtained in jungle enviromments. It
wvas indicated in reference 4 that a noise made up of discrete tone componentg
18 detectable 1f it is within 9 dB of the background noise (random in nature)
in any particular octave band. Thus, the corresponding measured spectra of
references 5 and 9 have been reduced by 9 4B to account for the above differ-
ence in the masked and the masking spectra. The only exception to this pro-
cedure wag employed in the evaluation of modification II. For this case the
critical noise component for detection wac the broad-band vortex noise. At
frequency bands vhere vortex noise was critical the background noise levels
referred to above were not reduced by 9 dB.

[
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The resulting octave band spectra have been further adjusted to account
for the critical band width of the human ear (ref. 10), accord.ng to the
following equation, to give masking level values for each band.

ar
Masking level, dB = octave band level, dB - 10 loglo Atoctave
critical

where the Afoctave and Afcritical values corresponding to standard octave
band center frequencies are given in the following table:
Octave band 31.9 63 125 250 500 1000 2000 4000 8000
center freq., cps

octave, P° 22 bh 88 17T 354 70T 1blk 2828 9656
Af riticalr CPS - -- 50 50 50 6 20 220 500

af t
10 log, -—2Ctave  __ -- 2.5 5.5 8.5 10.7 11.5 1l.1 10.5
10 ar
critical

The values of the last row in the above table have been sudbtracted from the
octave band values to adjust them to the masking level spectra which define the
boundaries of the jungle noise criteris detection region of figure 9.

L kawise, e threshold of hearing curve for the unaided ear (taken from
ref. 4) is made use of since it represents the levels of pure tone noise that
i1s Jjust detectable on the average by healthy young adults. The implication
here is that noises having levels lower than those of the threshold of hearing
curve at corresponding frequencies will not be detectable. Thus, the threshold
of hearing curve is the determining factor of detection at the lower frequencies,

No attempt is made to account for possible binaural effects in the Studies
of the present paper,

Estimation Methods

Reference detection distances for each aircraft configuration for flight’
altitudes of 1,000 and 300 ft and for ground cover conditions representative
of both 18-inch grass and 100-foot "see-through' leafy jungle, have been deter-
minsd with the aid of figure 9 and the noise signature data of figure 8. In
rigare 9 the octave band noise levels at various distances have been estimated
by taking into account the appropriate atmospheric and terrain losses. Also
shown in the figure is a threshold of hearing curve and & band labeled "jungle
noise detection criteria.” The lower boundary of this ares represents masking
levels in a relatively quiet Jungle location in the Canal Zone (ret. 5). The
upper boundary on the other hand represents a relatively more noisy masking
ievel condition based on measurements in Thailand (ref. 9). These data bhave

.« lo-
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been compared with and found to be generally compatible with results of recent,
but unpublished, Jungle nolse surveys taken at Fort Clayton in the Canal Zone.
In the determinatlon of the maximum distance at which the aircraft can be
detected aurnlly, it was assumed that such deteciion was possible at the dis-
tance at which the level of airc:aft noige in any octave band equaled or
exceeded either the masking level curve or the threshold of hearing curve,

Detection Distance Estimates

The aural detection distances estimated for “he basic 0-2 aireraft and the
selected modifications using the previously discu..ed criterie ure presented in
table ITI.

Depending upon whether the ground cover consists of leafy jungle or 18-in.
grass, respectively, the basic airzraft will be detected aurally at distances
nf about 2.9 and 4.2 miles vhen operating at an altitude of 1,000 ft. The
distances are reduced to approximately 1.6 and 3.8 miles vhen the aircraft is
flown at 300 ft. These detection distances are largely attridbuted to the pro-
pelier and engine exhaust noise in the second and third octave bands (center
frequencies 63 and 125 cps, respectively).

Jae of an ungeared six-blade propeller of reduced radius (32 inches com-
pared “o the standard radius of 37 inches) along with a single chamber resonator
muffler installed on each engine is estimated to provide a significant reduction
in the aural detect.ion distance. Use of individual engine mufflers having
volumes of 2.22 and 3.33 cubic feet 1s estimated to reduce the aural detcction
distances of modifications I-A and I-B foar flight at an altitude of 300 ft over
leafy jungle cover to approximately 1-1/i4 mile and 1 mile, respectively.

Modificatior JI provides about the most nolse reduction that appears
reasonable to accomplish with modifications to the propeller, propeller/engine
gearing, and the use of exhsust rufflers. For this case requiring a six-blade,
;.33-t diameter, 0.75:1 geared propeller and a 3.49 cu ft double expansion
chamber exhaust muffler attached to each engine, the aural detection distance
~380clateq with the aircraft flying at an altitude of 1,000 ft over grassy
terrain is reduced from about u-1/4 miles to 1-1/2 miles. At an altitude of
300 tt over leafy Jjungle cover the minimum aursl detection distance is esti.
mted to be nbout 0.9 mile,

Effect of Ground Cover and Observer Position

Table III indicates clearly how the ground cover and observer position play

an important part in the estimated aural Jdetection distance. For flight over
18-1in. grass, reducing the altitude of the aircraft tested (basic 0-2) from
1,000 ft to 300 ft reduces the detection distance Ly cnly about 10 percent.
Locating the observer in a moderately dense Jjungle, .ith ar average "see.
through” distance of 100 £t (leafy Jungle case) is sec— to recuce the detection
distance from that for 18-in. grase cover Y+ some 30 and €0 percent, respectively,
for aircraft altitudes of 1,000 and 300 ft. For the leafy jungle ground cover,
lowering the altitude of the aircraft from 1,000 ft to 300 {% 1s seen to reduce
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the estimrted aural detection distance by 43 percen*. As noted previously in
the discussion of attenuation factors, the terrain has an increasingly larger
influence as the elevation angle of the nolse source as viewed by an observer
on the ground becomes less than 7°. This approximately corresponds to ratios
of the aircraft siant range to the aircraft altitude greater than 8.

EFFECTS OF AIRPLANE CONFIGURATION MODIFICATIONS

Selection of the configuration modifications considered the effects on the
alrcraft performance and stability in addition to the potential noise attenu-
ation. For the modifications presented in this paper, estimated weight
increases are epproximately 16 pounds for modificetion I-A, 43 pounds ior I-B
and 117 pounds for modification II. These changes in empty weight were
assumed to have no effect on useful load and their effect on other performance
parameters in all cases turned out to be less than 1 percent. For a more
detalled discussion, the reader is referred to appendix D.

The maximum change in the aircraft center-of-gravity location at maximum
gross weight was 0.2 percent MAC for modification II.

CONCLUDING REMARKS

A study has been conducted to assess the external noise reduction potential
and the aural detectiou distance of the 0.2 airvlane in cruise flight. The
analysis is based in part upon ground and flight measurements of the noise of
the unmodified aircraft and upon available methods of predicting the reductions
associated with propeller changes and the use of exhasust mufflers,

The analysis indicates that the aural detection distance of the basic
0-2 aircraft is due to the propeller arnd the engine-exhaust noise ir. the aecond
and third octave bands (center frequencies 63 and 125 cps, respectively).

The results show that significant reductions in the aural detection
distance can be achieved by changing the propeller geometry to lower the blade
tip Mach number (reduction gearing or shortened radius) and decrease the blade
loading and raise the blade passage frequency (additional blades). Exhaust
muffling is also required in order to reduce the engine noise.

1. The largest practical reduction was predicted for a six-blade
propeller, operating at a reduced tip speed through & 3/4:1 propeller-to-engine
gear box used in conjunction with a 3.49 cu £t double expansion chamber muffler
on each engine. Detection distance in this case, for the airplane operating
1,000 ft over grassy terrain, is reduced from roughly 4-1/4 miles to sbout
1-1/2 miles. At an altitude of 300 ft over leafy jungle cover the minimum
aural detection distance is estimated to be about 0.9 mile.

- 12 -
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2. Significant though smaller reductions were predicted for modifications
consisting of an ungeared six-blade propeller of reduced diameter used in con~-
junction with single-chamber resonator mifflers. Two muffler sizes, 2.22 and
3,33 cu ft per engine, were also incorporated., The minimum aural detection
distance estimated for the modified aircraft flying at 300 ft over leafty
jungle cover is approximately 1-1/4 and 1 mile, respectively.
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—\5 Gross wt.: U200 lbs.; empty wt.: 2L12 1bs.
4 ‘ Powerplant:
E' { Front: Continental I0-360<C

i Rear: Continental L[0-350-D

o 3}
&__\o-,“,‘u___;_g Takeof ¢ power: 210 hp &t 2800 rpm; per englne
A Propeller:
,—- 76 wmel Front: McCauley DRAF3MCS9/76C, 76" dia.
McCauley DR2AF3WCAL1/LTEC, 76" dia.

| Rear:

I Wing area: 201 sq. ft.
;: \ P
(o)

- Three view sketch of the test aarplane along with 8 1isting of its principal

Pigure 2.
physical features.
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APPENDIX A

PROPELLER NOISE AND PERFORMANCE CONSIDERATIONS

By John L. Crigler
Langley Research Center

For prcpeller-driven airplanes, the most important parameters to be con-
sidered in reducing the propeller noise are the propeller rotational tip speed
and the number of blades. Experimental data (ref. A-1) show that for a given
design conuition of engine power and airplane speed, the propelier noise can be
reduced by a reduction in propeller tip speed, or by an increas2 in blade
number or both. Lesser reductions in noise may also be realized by decreasing
the power-disc loading (larger, slower turning propellers, operating at the
same tip speed).

This appendix contains a description of the procedure used to estimate
the performance of several propellers that could be fitted to the design con-
ditions of *he 0-ZA airplane, along with estimates of the sound pressure levels
generated by the propellers operating in a low-power level cruise-flight
condition.

Propeller Selections

The unmodified 0-2A is powered by two Continental engines rated at 210 hp
at 2,800 rpm. Each engire directly drives a two-blade, 6.333-ft diameter
variable-pitch propeller. The propeller is designed to absorb the rated power
in cruise at 174 knots at sea level,

One alternate direct-drive propeller design entailed a reduction in
diameter to 5.33% feet in order to reduce the rotational tip speed. Because
of the reduced diameter, more blade area was required to absorb the power.
The increased blade area was obtained by an increase in the number of propeller
blades to six in order to give an additional reduction in the noise level. For
the second modification an engine to propeller gear ratio of 0.75:' was
selected for a 6.3335-ft diameter propeller. For noise considerations, six
blades are recommended,

The performance of each of the propellers has been estimated and compared
in table A-I. Also tabulated in table A-I are the numbter of blades, and the
solidity per blade required (geometrically similar blades assumed), The per-
formances listed in the table were estimated with the aid of references A-2,
A-3, and A-4.

The propeller noise levels for all configurations were estimated for
distance of 50 feet from the source by the method given in reference A-1 and by
the method given in A-5, and are presented in table A-II. For convenience,



equation (18) of reference A-5 (neglecting the thrust terms and in a slightly
different form) is given as,

2 old

322 1.0 2
=—l“—[ Bmw ¢ 5 _(mBM x\A(x)R _me_ g (0.8 mm|\
PR s doz “‘B( M AG) ' 2nRes " ) (a-1)

. A-1

The first term in equation (A-1) gives the "thickness noise" or noise due to
*he blade cross section and is not considered in reference A-1. It may be seen
that the second term in equation (A-1) is the same as equation (1) in reference
A-1 when the thrust term is neglected. Examination of the equations for both
methods shows that the calculated "thrust noise" becomes zero for the 90°

a imuth. The measured noise levels taken on the 90° azimuth are also included
in the table for comparison.,

The noise levels for all propellers in table A-II are for the same engine
power and speed (total brake horsepower for two engines operating at 2,400 rpm
= 120). The cruise level flight velocity of the 0-2A airplane at sea level is
approximately 87 knots for 120 hp.

The calculations indicate that about 10 dB reduction in noise can be
realized by reducing the blade diameter to 5.333 feet and increasing the
blade number to six, with no change in engine gearing. Larger reductions in
noise can be realized by lowering the ratio of propeller speed to engine speed
with no reduction in propeller diameter. For 6.333-ft diameter propellers
geared to 3/4 the engine speed the calculations indicate a reduction of about
17 dB at the blade vassage frequency when the power absorbed is 60 horsepower
per propeller. The performance calculations in table A-I indicate the above
reductions in noise may be realized without any loss in propeller performance.

- A2 -




A-2.

A-3.

A-5.
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APPENDIX B

0-2 ENGINE NOISE REDUCTION

By Tony L. Parrott
Langley Research Center

Throughout the study of noise reduction for the 0-2 alrcraf, the engine
noise spectrum that was measured with only the front engine operating has been
taken as the nolse signature of the unmodified engine. This is necessary
because the basie configuration of this aircraft, as supplied by the manufac-
tuer, included a small muffler fitted to the aft engine., Hence, the measured
spectrum for the forward engine is assumed to be similar to what would be
measured for the aft engine if the present muffler vere removed, thereby ‘
ensbling the results of the study to be applicable to the aft as well as the
forward engline,

Muffler Design

Three muffler configurations were analyzed for the Q-2 aircraft. The
relative performance of these configurations is indicated in figure B-1 where
the estimated nverall sound pressure level resulting from the application of
each muffler configuration is plotted against the muffler volume. It will be
noted that two of the configurations (single chamber resonators) differ only
in their tailpipe resonance frequency. It can be seen from the performance
estimate that all three configurations provide approximately the same attinu-
ation to within five declbels over the range of volumes considered,

Engine noise.- The unmuffled exhaust sound pressure level corresponding to
an engine speed of 2,400 rpm is shown by the dashed curve in figure B-.2. This
spectrum was obtained from a 3 cps bandwiA<h analysis of tape recordings made
during static alrcraft runs at a distance of 50 feet, The spectrum shows that
the overall noise level from the engine is approximately 111l decibels with the
major contribution coming from a 120 cps component which corresponds to the
engine fundamental frequency at 2,400 rpm. The dashed line, in figure B-2,
connecting the discrete component leveis of the spectrum shown by the symbols
will be called the spectrum envelope in order to emphasize the fact that a
discrete frequency spectrum is being discussed. It was found to be more cone
venlent to deal with the envelope for the purpose of estimating the effect of
various muffl:r designs on the noise spectrum.

Single chamber resonators.- The lower curve of figure B-2 shows the
estimated spectrum resulting from a 2.22 cubic foot single-chamber rescnator
with a tailpipe resonance of 1,000 cps (tailpipe length = 1 ft). Similarly,
figure B-3 shows the spectrum modification due to a 3.33 cubic foot single
chamber resonator with a tailpipe resonating at 377 cps (tailpipe length equals
2.65 feet). Kote that the overall performance of these muffler configurations
dirfer by only 3 dB; however, the details of the spectrum modification are




quite different, Their difference is due entirely to the different tallpipe
frequencies., It should be clear from this comparison that same degree of trial
and error is necessary to optimize a given set of filter elements for desired
overall nolise reduction and spectrum detail.

Double expansion chamber.- In figure B.L is shown the spectrum modification
due to a double expansion chamber-type muffler with a tailpipe length of 1 foot
and hence, a resonance frequency of 1,000 cps. This configuration is seen to be
very effective from about 75 to 360 cps. For this type muffler, as well as the
resonator type, a considerable amount of iteration is required to locate the
lower cutoff frequency of the attenuation band such as to appreciably reduce the
sound pressure levels at the lower frequencies. In fact, it is not infrequent
that amplification occurs at frequencies of 50 cps or less as indicated in
figure B-2 at 4O cps, where an amplification of 6 dB is present even though the
overall noiese reduction is 14 4B. The reader should therefore be aware that
the results stated in this report are of a preliminary nature which attempt to
explore the amount of noise reduction that is feasible. If actual hardware is
desired, then the proposed configuration should be optimized by means of mor~
detalled analysis,

Methods and Procedures

Nature of exhaust noise.- Reciprorcating engine exhaust noise is charscter-
ized by a alscrete frequency spectrum. The frequency spectrum depends upon
engine speed, number of cylinders, firiig order and exhaust manifold geometry
as well as the exhaust-mass-flow-time-history details of the individual cylinders,
For an engine whoze exhaust manifold geometry is such that the acoustic dis-
turbances from the various cylinders travel the same distance to a commor point
of expulsion into the atmosphere, then the dominant contribution to the exhaust
noise will occur at the so-called engine fundamenta® frequency which is given
by

¢ SN

a4 120

S = engine speed, rpm
N = number of cylinders

In actuality, however, the exhaust manifold geometry may be such that an
engine harmonic or subharmonic may contribute the major portion of the totsl
exhaust noise. It 15 for this reason that measurement and analysis of the
exhaust noise for operational conditions must be conducted in order to accur-
ately locate the frequencies at which the major noise camponents are dbeing
radieted, From this knowledge a muffler design and/cr modification of the
exhaust syastem can be undertaken to provide some exhaust noise reduction.

Muffling of exhaust noise.- Mufflers for engine-exhaust systems are
perhaps more accurately descridbed as low-pass acoustic filters designed to have
a minimum impedance for steady volume flows and to have a high impedance for
oscillating volume flows characteristic of acoustic wvaves. The high impedance
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for the sound waves is provided by reactive-~type acoustic devices and/or by an
absorbing medium. The reactive devices consist of expansion chambers or side
bra ch resonators which impede the exhaust noise by reflecting it back into

the cource. Absorbing medis simply convert acoustic energy into heat, hence
bringing about attenuation of noise by means of a dissipation process. Reactive
devices work well for frequencies up to about 500 to 600 cps, whereas diesipation
devices work better for the higher frequencies ~bove 600 cps. Since aircraft
engine noise spectra indicate that the greater part of the noise lies in the

20 - 500 cps frequency range, only reactive mufflers will be considered in this
report.

Successful aircraft muffler design requires that three criteria be
satisfied:

1. Acoustical criterion: Specifies the overall attenuation or noise
reduction to be achieved and the detailed modifications of the spectrum by the
addition of the muffler.

2. Back pressure criterion: Specifies the minimum pressure drop through
the muffler at given operating conditions of temperature and mass flow.

3., Aerodynamic criterion: Specifies the maximum allowable volume and
weight as well as restrictions on shape.

Although there is necessarily a trade-off between these three criteria for
a given practical aprlication, only the acoustical performance of mufflers will
be discussed at present in order to give the reader an appreciation for the
upper limits of noise reduction that are possible. The criteria of minimum
back pressure nd minimum aerodynamic penalty will then be seen to place
definite limits on the attainable noise reduction for a given aircraft and
operating conditions. Also, it is clearly impractical to reduce engine noise
levels more than 9 dB below the levels of other noise sources on the aircraft
since .the higher level effectively masks the other for differences of this
order or greater.

The sound attenuating characteristics of a muffler system are determined
by examining the sound pressure spectrum of the exhaust noise that is to be
reduced. Then, by essentially a trial and error procedure, various combina-
tions of expansion chamber - resonatnr combinations are analyzed by means of a
general computer program which produces s graph of the attenuation through the
mffler as a function of frequency. Usually it is most efficient to begin with
the simplest system and progress to more complicated systems until one is found
adequate for the job. A flow chart describing this procedure is shown in
figure B-5.

It was not necessary to go through the above entire procedure for each
configuration investigated in this report. For example, it was obviocus as
more experience was gained that a particular type of muffler would be most
efficient for a given situation, in which case the design computations were
carried out without further ado. Also, it should be pointed out that, vwhereas
many assumptions underlie the computational procedure, the resulting attenuation

- B3 -
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curves were biased in accordance with experimental results in reference B-l.
Hence, it is believed that the resulting estimates of engine noise attenuation
are, to some extent, conservative.
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MADE IN U S A

SPAULDING MOSS COMPANY
BOSTON 10 MASS.

NO 2108 SEMCD GRAMM PaAPER
10 X 10 PER INCH
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Figure B-3,- Estimated spectrum change due to 3.33 ft.3 single chamber resonator
with 2.65 ft,
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Examination of Noise Spectrum
and Determination of Amount
of Noise Reduction Necessary

Specification of
Muffler
Performance

Chamber

Performance Computations
for Single Expansion

Performance Computations
for Single Side Branch

Resonator l

Performance Comparison of

Both Basic Muffler Types |

I

Further Refinement of Selected

Muffler by Means of More
Detailed Computations

!

r

Cascading of Selected Muffler
Ll‘?ements and Further Computation

of Resulting Characteristics

Modification of Exhaust
Spectrum by Redesign of
Fxhaust Manifold and

Repeat Procedure

Collaction System to Permit
More Efficient Muffling

Figure B-5.~ Flow diagram illustrating muffler computation procedure
employed for this study.
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APPENDIX ©

WEIGHT ESTIMATES

M. L. Sisson

Propeller and Reduction Gear Weight Estimation

Propeller blade weights are based on scaling factors applied to the
existing aluminum alloy vlade. This method assumes that the thickness-to-
chord ratio at each percentage of propeller tip radius station is maintained.
The weight of each aluminmum alloy blade becomes:

chorgd, diameter,
weight1 = X ——— X weighto ’
- chordn dlameterq

where subscript "0" refers to the original blade and subscript "1" refers to
the new blade.

Propeller hub weights were scaled from the existing controllable pitch
hub. The scaling factor used was the total blade centrifugal force (cen-
trifugal force per blade times the number of blades) raised to the eight-
tenths power,

Weights of production reduction gears - ¢ three reciprocating engines
were obtained by subtracting the weights of direct drive engines from the
weights of the same engines with reduction gearing. These three weights were
then plotted versus normal rating output torque on log-log graph paper
(figure C-1). It was found that a straight line very accurately fitted these
cases. Weights for reduction gears were read from this curve.

Exhaust System Weight Estimation

Two different sized single cavity resonator mufflers and one double
expansion chamber were investigated., For the front engine the single cavity
resonator mufflers were assumed to be basically cylindrical and mounted under
the cabin behind the nose wheel and forward of the main landing gear. The two
sizes of mufflers would be approximately 12 and 13 inches in diameter by 2.8
and 3.8 feet long. The present exhaust pipes would be extended along-side the
nose wheel, being brought together behind the nose wheel at the muffler

entrance. The single cavity resonator mufflers for the rear engine would be

C-1



mounted below the engine within the cowling., The double expansion chamber
mufflers were assumed to be combined into vne common shell of modified
eliptical cross section approximately 6.6 by 19.8 inches in cross section and
10 fee*t long mounted along the left side of the fuselage.

The weights of the mufflers are based on the use of ,037 inch (20 ga.)
stainless steel for pipes and the 2.22 cublc foot cylindrical and the
double expansion chamber mufflers, and ,050 inch (18 ga.) stainless steel
for the other muffler shells,

Weights of the various proposed modifications are summarized in table
C-1.

Figure C-2 shows the muffler installations which form the basis of the
welgnt cstimates presented herein. It Is noted that the ground clearance of
the Modification I circular cross sectlon mufflers is one or two inches lesc
than that of the front propeller. The muffler ground clearance can readily
be Increascd by approximately three inches oy using eliptical or oval cross
section murflers at a welght penalty of *wo or three pounds.
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TABLE C-1

Q-2 Weight Summary

Modification I-A

Front ergine propeller weight increasec ~17.4  1bs.
Front engine muffler installation 29.65
Rear engine propeller weight increase «18.05
Rear engine miffler weight increase 22.1
Total weight increase 16.30 1lbs.

Nodification I-B

Front engine propeller weight increase -17.L  1bs.
Front engine muffler instailation 48.1
Fear engine propeller weight increase -18.05
Rear engine rmuffler weight increase E0.0
Total weigh*t increase 2.065 1bs.

Modification IT

Front engine propeller and gear weight increase 13.3  lbs.

Rear engine propeller and gear weight increase 13.0
Exr.ust system weight increase %.2
Total weight increase 16.5 8.
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TABLE C-1

DPropeller Weight Summary

Basic Propeller - 2 blade, D:5,33 ft,

Weight of 2 blades
Front propeller hub weight
Weight of front propeller

Weight of 2 blades

Rear propeller hub weight
Welight of rear propeller

Modification I - 6 blade, De¢5.33 ft., b*.533 x basic

Weight of 6 blades
Weight of front propeller hub
Total weight of front propeller
lLess basic propeller weight
Weight increase, front propelley

Weight of 6 blades
Weight of rear propeller huvdb
Total weight of rear propeller
less basic propeller weight
Weight increase, rear propeller

Modification II- 6 blade, Ds6,33 £t., br,53 x basic

Weight of O blades
Weight of front propeller hub
Tectal weight, front propeller
Less weight, of basic propeller
Weight increase, front propeller
Reduction gear weight increase
Weight increase for front engine

Weight of 6 blades
Welght of rear propeller hud
Total weight, rear propeller
Less weight of basic propeller
Weight increase, rear propeller
Reduction gear weight increase
Weight increase for rear engine

C-b

T amieetes .

21.2 1lbs,
4,8
.0 1lbs,
21.2 1lvs,
6.8
.0 s,
15.25 1lbs.
za.gg
30. B,
56,00
- Y s.
15.25 lbs,

24,70

;

. 8
8.m
. 8

;

1709 lbs.
ag.h
i) 8.
.o
bl I Y 8,
21.00 lbs.
. |
17.9 1bs.
.1
» ..
.0
L ] .O
21.0
.0 ..




TABLE C-1

0-2 Muffler Weight Summary

Modification 1-A

Front engine muffler installation
Rear engine muffler installation
Total muffler system weight
Less existing muffler insiallation
Weight increase due to mufflers

Modification I-B

Fron* engine muffler installation
Rear engine muffler installation
Total muffler system
Less existing muffler installation
Weight increase due to mufflers

Modification II
(3:1 elipse with center divider)

Shell weight with divider

Internal piping, tailpipes, end fittings

Total muffler system weight
Less evisting muffler installation
Weight increase due to mufflers

29.65 1bs.

11,6

51.75 1bs.

61.8 1lbs.
40.0
101.8 ibs.
11.6
90.2 1bs.
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Figure C-2.- Schematic drawing of the different muffler instellations.
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APPENDIX D

PERFORMANCE, STABILITY AND CONTROL

By James L. Hassell, Jr., and Ernie L, Anglin
Langley Research Center

The 0-2A airplane is the military version of the Cessna Model 337 light
plane which is powered by two Continental I0-360 engines rated at 210 horsepower
each and equipped with McCauley 2-blade, T6-inch diameter, constant-speed,

full-feathering propellers. This airplane is characterized by the unusual design

feature of tandem power plants; the front engine and propeller operating as a
tractor and the rear engine and propeller operating as a pusher.

The tasic performance of the unmodified 0-2A airplane was obtained from
full-scale flight~test results reported in reference D-1. There are no wind-
tunnel data available for this configuratiou.

Basis for estimating the performance of the modified configurations.-
Factors which affect performance may be broken down into three categories:
(1) weight, (2) thrust, and (3) drag. The manner in which each of these factors
is affected by the modifications proposed for noise reduction is as follows:

Incremental weight reductions would result from each of the modified
propellers, and weight penalties would be incurred due to installation of
mufflers and reduction gearing, as reported in appendix C. The overall effect
of changes in weight for each modification is presented in table D-I which
shows that the maximum weight penalty (mod. II) hased on take-off gross weight
was only 2.76 percent.

Thrust can be affected by installation power losses and propeller effi-
ciency. The power losses for the modified ~caTigurations were assumed to be
tn. same 2s for the basic 0-2A. With the simple resonating chamber-type
mufflers proposed in this study, back-pressure losses would be inconsequential -
that is, no more than would occur with comparable increased tallpipe length.
Propeller efficiencies for the modified configurations were assessed to be
equal to “he basic propeller efficiencies (except for modification I at speeds
corresponding to that for maximum rate of climb, which was only 1 percent less
than for the basic case, as shown in appendix A). Static thrust was assessed
t0 be equal to or better than that of the basic O-2A airplane for all modifica-
tions (see, also, appendix A). From this assessment, only modifications I-A
and I-B would suffer performance losses as a result of decreased thrust, and
then only in the speed range corresponding to that for maximum rate of climb.

Profile drag would increase as a result of the external muffler installae.
tions. The proposed mufflers for modifications I-A and I-B would fit completely
within the rear engine cowl, and therefore, no drag penalty would be incurred;
how ver, the frunt engine mufflers for these two modifications would be mounted
under the belly of the airplane between the nose gear and main gear wells, In

vt 5 e o i it e vt 1+ o




the case of modification II, however, both the front engine and rear engine
mufflers would be located in a package along the left side of the fuselage as
described in appendix C. The incremental drag coefficient due to each muffler
installation was estimated on the basis of a moderately streamlined body and
included an interference drag factor. Results were obtained as follows:

Mod. I-A Mod. I-B Mod. II

Muffler, volume, ft’ 2.22 3.33 3.49 (each)
Muffler diameter, in. 12.1 12.7 6.6 x 19.8 ellipse
Muffier frortal ares, S, ft2 0.79 0.88 0.70
Length/diameter ratio 2.8 3.6 9.0

ch (ref. D-2) 0.0337 0.0395 0.0870
Interference drag factor, ky 2.0 2.0 1.75
Imperfect streamline factor, k2 1.9 ‘1.5 1.50
ACDO 0.00040 0.00052 0.00080

where
s

m = C * L] L ] k
Do "D, T K
and

S = wing area = 201 ft2

These incremental drag values amount to only 1.7 to 3.4 percent of the
basic 0-2A zero~lift drag ccefficlent and would be inconsequential at the higher
11f% coefficients. Therefore, muffler drag would have a small effect on the
top speed of the modified configurations but would have essentially no effect
on the take-off and rate-of-climb performance.

Results of performance analysis.= A comparison of the estimated performance
of the modified versions of the 0-2A airplane with that of the basic airplane
are presented in table D-II. The performance listed under "Basic" are full.
scale flight test results, whereas that listed under each modification is
estimated on the basis of the factors given in the preceding section anmd the
data presented in figures D-1 through D-4. The basic lift-drag polars of
figure D-1 were modified by adding the incremental zero-1ift drag coefficients
of the appropriste mufflers to determine the drag of the modified configurations.
Take-off performance is presented in figure D.2 for the basic 0=2A and modifisd
versions, and was affected only by changes in weilht and average thrust during




the take-off. Rate-of-climb performance for the modified configurations was

also only affected by weight and thrust (in the case of mod. I-A and I-B) and

the results are compared with that for the basic 0-2A in figure D-3. The manner

in which the incremental drag due to the mufflers affects the power required for

level flight and the consequent effect on top speed is illustrated in figure D-k4,
Note that the ordinate, horsepower per engine, must be doubled in order to obtain
the total horsepower required.

The tabulated resulis of table D-II indicate relatively minor performance
losses for the modified configurations throughout the flight envelope. The
poorest take-off performance results with modification I-B and showed only
about 5.6 percent longer distance to take-off and clear a 50-foot obstacle,
Modification I-B also had the poorest rate-of-climb performance, but again, this
was only about 3.4 percent less than for the basic 0-2A airplane. Stall speed
and speed for maximum rate of climb were essentially unaffected by the various
modifications. Maximum speed suffered by 1 or 2 knots depending mainly on the
drag penalty of muffler installation.

Results of stability and control analysis.- The manner in which the various
modifications affect the airplane center-of-gravity location 1s presented in
table D-I. Inasmuch as each modification consisted of adding or subtracting
about the same weight in the vicinity of each engine (approximately equidistant
from the basic center of gravity of the airplane), there were no appreciable
effects of the various modifications on center-of-gravity location. None of the
modifications were considered of sufficient magnitude to affect the aerodynamic
neutral points. Consequently, the stability characteristics of the modified
configurations should be essentially the same as the basic 0-2A eirplane.

Longitudinal control sensitivity at low flight speeds and with high power
settings (such as during take-off) would probably increase as a result of the
smaller diameter propellers of modifications I-A and I-B. This is because the
slipstream dynamic pressure at the tail is a function of propeller disc loading,
vwhich is somewhat larger for the decreased diameter propellers.
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TABLE D-I.- WEIGHT AND BALANCE SUMMARY

Case Basic Weight Useful Gross Weight, Gross-Weignt
Empty, 1b Load, 1b 1b Center of Gravity,
¢ MAC
Basic 3015 1185 4200 25.1
Mod. I-B 3048 1185 Loz 25.0
Mod. II 3132 1185 L3 7 24.3

Note l.~ Useful Loed:

Pilot 200 1b at fuselage station 103
Passenger 200 1b at fuselage station 109
Tuel and 0il 785 1b at fuselage station 150

Note 2.- Basis for Change in Basic Weight Empty:

Case Item Incremental Fuselage
Weight Change, 1b Station, in
Front propeller -17.4 23
Mod. T-A Rear propeller -18.0 231
Front muffler 29.7 %
Rear muffler 2z.1 205
Total /5.4
Front propeller -17.4 23
Mod. T-B Rear propeller -18.0 231
Front muffler 6.1 %
Rear muffler 30.0 192
Total ¥2.7
Front propeller - T.7 23
Rear propeller - 8.0 231
Mod. II Front muffler %0.9 128
Rear muffler 37.3 128
Front gear 21.0 28
Rear gear 21.0 226
Total 6.5
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TABIE D-II.~ SUMMARY OF PERFORMANCE
Configuration and Item Basic Mod. I-A Mod. I-B Mod. II
Propeller diemeter, ft 6.33 5.33 5.33 6.33
Number of blades 2 6 6 6
Incremental weight due to propellers - =35 =35 -16
Reduction gearing - - ——- 0.75:1
Incremental weight due to gearing -—- -—- --- L2
Mufflers, o0 --- 2.22 3.33 3.49
Incremental weight due to mufflers -—- 5/ 78 2
Incremental Cp due to mufflers --- .00CY0 .00052 . 000820
Take~off gross weight, lbs 4,200 $a/6 A243 ¥ 37
Ground distance, ft 805 s¥0 8so &40
Air distance to clear 50-ft, ft 630 65 Cés é Yo
Total to clear 50-£t, ft 1,L35 /508 1,58 /, 500
Stall speed power off, kn 59.3 594 59%¢ ©0./
SL 1,305 /270 /,260 /,270
5,000 £t 1,010 ?7s 270 ' & 7
Maximm rate 10,000 £t 715 680 76 695
of elmb, fmm | 15 000 £t 420 3%0 308 wo
20,000 ft 130 100 100 /28"
Service Ceiling, ft 20,500 10,000 20,000 20,300
SL 93 ?3 ?y 14 4
5,000 £ 9% 99 2% ¥ £ 4
Velocity for
maxcd rate 10,000 ft 103 /703 /03 /09
of climb, kn | 15,000 £+ 108 108 to? /09
TAS 20,000 £t 11 ¥ 10& 176
8L 174 72 2 172
5,00C £t 172 /70 /170 170
Vpay: knots 10,000 £t 168 166 166 166
TAS 15,000 £t 156 I8 /58 7
20,000 £t 136 138 138~ 138"
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| Basic 0‘-2A

Rate of climb, ft per min
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200 400 600 800

Figure D-2. - Variation of maximum two-enqine rate of climb with aitilude for basic 0-2A
and Modifications I-8 and 0.
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Brake horsepower per engine

220 :

ﬂni
Z Basic .
| —~——— — Mod 1-Aand 1-B_
180 Mod, 11
160 |
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V, knots

Figurs D-4,-Power raquired for level flight for basic 0-2A
airplane and modified configurations,
(Based on flight test results of ref, D-1)
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