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ABSTRACT

The engine and exhaust system vibration and exhaust gac and metal
temperature levels were determined for flight and ground conditions

on several single-engine aircraft for purposes of establishing exhaust
system and heat exchanger design and test criteria. The temperature
data were presented as a function of engine compression ratic and the
vibration data were plotted against engine horsepower to foster the
general utilization of the information.

Method of dats presentation permits the estimation of exhaust gas
temperatures for horizontally-opposed, reciprocating engines.
Temperature measurements indicated uneven heating of the muffler outer
wall (heat exchanger surface) reflecting uneven flow of the exhaust
geses through and around the baffles and diffusers probably producing
thermal stresses and contributing to failures. Baffles and diffusers
within the mufflers of engines with compression ratios of 8.5:1 or
higher are exposed to exhaust gas temperature levels under which
standard construction materials (AISI 321 and AISI 347 stainless steels)
become marginal with respect to high~temperature oxidation, carburization,
and attack by lead compounds.

Vibration of general aviation aircraft engines was noted to increase with
increased power rating and reached maximum intengities under takeoff
conditions. The acceleration level of mufflers on engines of high power -
compared favorably with the MIL-STD-810A Vibration Test Specification

for equipment mounted directly on aircraft engines. Recommended pro=-
cedure for development of new exhaust system designs involved random
vibration testing under operating thermal conditions.

1114

i




TABLE OF CONTENTS

Page

. ABSTRACT i1

INTRODUCTION 1

i Purpose 1

Background 1

DISCUSSION 2

Description of Equipment and Proceduras 2

‘ General 2

In-Flight Tests 3

Ground Tests 3

. Results and Analysis 6

Exhaust Gas Temperatures )

; Exhaust System Metal Temperatures 8

Engine Vibration Intemsity 8

Muffler Vibration Intensity 14

: Power and Vibratioo 20

Vibration Specification 20

CONCLUSIONS 27

7 RECOMMENDATI ONS 28

REFERENCES 29

: APPENDIX 1 Description of Instrumentation (4 pages) 1-1
: APPENDIX 2 Basic Otto Eangine Cycle Theory as Related to Exhaust

Gas Temperature (6 pages) 2-1

APPENDIX 3 Engine Exhaust Cas and Metal Temperatures (8 pages) 3-1




LIST OF ILLUSTRATIONS

Figure Page

1 Typical Temperature and Vibration Instrumentation,

Engine and Exhaust System 4
2 Ergine Stands, Ground Test 5
3 Eagine Exhaust Gas Temperastures Within the Stack

or Manifold Under Maximum Power Conditions 7
4 Engine Exhaust Gas Temperatures Within the

Tailpipe Under Maxiazum Power Conditions 7
5 Stack Meta' Temperatures Under Maximum Power

Conditions 9
6 Manifold Metal Temperatures Under Maximum Power

Conditions 9
7 Muffler Outer Wall Metal Temperatures Under

Maximum Power Conditions 10
8 Teilpipe Metal Temperatures Under Maximum Power

Conditions - 10
9 History of Pngine Broadband Vibration Iutensity,

Alrcraft Code Model '"B" 11
10 Vibration Wave ldentification, Engine Crankshaft

Speed 1306 RPM 13
11 Spectral Characteristics, Engine Vertical

Vibration Intensity 15
12 Spectral Characteristics, Engine Lateral Vibration

Intensity 16
13 Spectral Characceristics, Engine Longitudinal

Vibration Intensity 17
14 Spectral Characteristics, Muffler Vertical

Vibration Intensity, Sepsrate Type BExhsgust

Systems 18
15 Spectral Charscteristice, Muffler Vertical

Vibration Intensity, Cantilevered Crossover

Type Exhaust Systems 19

vii




Figure

16

17

18

19

20

1.1

1.2

2.1

3.1

3.2

Ja

.

3.5

3.6

3.7

LIST OF ILLUSTRATIONS (continued)

Engine Vertical Acceleration Level Versus
Horsepower

Engine Lateral Acceleration Level Versus
Horsepower

Engine Longitudinal Acceleration Level Versus
Horsepower

Muffler Vertical Acceleration Level Versus
Engine Horaepower

MIL-STD-810A, Vibration Test Specification for
Equipment Mounted Directly on Aircraft Engines

Instrumentation Location, Cross-Over Type
Exhaust System

Instrumentation Location, Separate Type
Exhaust Systen

Pressure-Volume Diagram, Otto Engine Cycle

Exhaust Gas and Metal Temperatures, Aircraft
Code Model "A"

Exhausi Gas and Metal Temparatures, Alrcrefit
Code Model "B

2xhaust Gas and Metal Temperatures, Aircraft
Lode Model "C"

Exhauat Gas and Metal Temperaturas, Aircraft
Code Model "D"

Exhaust Gas and Metal Temperatures, Alrcraft
Code Model "EZ"

Exhaust Gas and Metal Tempe-atures, Aircraft
Code Model "I

Exhaust Gas sad Metal Temperavures, Afrcraft
Code Model "CV

viii

Page

21

22

23

24

25

1-2

1-3

2-2

3-2

3-4

3-5

3-6

3-7




INTRODUCTION

Purgoue

The purpose of this projeact was to weasure and analyze the sngine
anc exhaust system vibration and exhaust temperaturs levels in general
avistion aircraft for use {n cstablishing exhaust and heat exchanger
design and test criteria in aircraft certification.

Background

The Federal Aviation Administration was sagaged in a progiea
concerned vith the safety and reliability of emgice wxhaust systems
{n light aircraft. The objectives of this program were: (a) to
identify deficieccies in design and construction of angine exhaust
aystems which compromise safety through possible rarbon mcnoxide
poisoning, in-flight fire and power loss; (b) to develcp an exhsust
system gualification test and proccedure suitable tor use by
manufacturers as a requivement for certification to enhance the
reliability and i{ntegrity of these exhaust systams and to reduce
the hazards associated with failures; (c) to investigate end cevelop
cabin heaters dssigned to eliminate or minimize the carbon monox,de
hazard; and (d) to evaluate low-cost carbon monoxide indicators to
determine thefr performance and suitability for use in géneral
aviation aircraft,

Publishad results of the program include technicsl raports listed
under References 1, 2, and 3. The resulta reported here wers directaed
tovard identification of the operating envirocoment.

The severe conditions under which engine exhaust systems and
exhaust heat exchangers operate have beem responsivle for a lerge
oumber of failures, some of which have resulted in fatal accidints.
Malfunctions an defects {n the exhaust system can create thrae
separate hazards to flizht safety: (a) fracturee in the heat
exchanger surface (muffler outer wall) may result in contamination of
the cabin with exhaust gases containing carbon wonoxide; (b) fafled
muffler baffles may restrict the exhsust gas path and effect engine
povar loss by creating excassive axhaust back pressure; and (c) when
ruptured, the exhaust maaifold or stacks wry {nduce a fire hazard by
faflure to contain the exhaust flames.

The continual vibratiow u:der corrosive and high-thermsal
operating conditions most likely will cause fatigue fractures,
particularly following deteriorati c r® the wetal by carburivatios,
high-temperature oxidation, attack by iea’ compounds, and watallurgical
phase changes. Accurate information conteru’.q exhaust systea vidbratican
intensities and ¢ haust tempersture levels can b utilized as criterias
by the designer t:r selection of ths required matc:ial (alloy) and
silevial thickness for a particuler spplication. Tnls information is also




needed for realistic simulation of the operating conditions when
svaluating exhaust assemblies on thermal-vibration test equipment.
Accurate information concerning engine vibration iantensities and
exhaust temperature levels is also beneficial and valuable to the
engine manufacturers for many purposes.

DISCUSSION

Description of Equipment end Procedures

Geoprel

The project endeavor was concerned with single-engine, two through
six-place, gensral aviation sircraft inmcorporating exhaust gas-to-air
heat exchangers. Aircraft powerplants were four or six-cylinder, hori-
zontally-opposed, reciprocating engines ranging from 100 to 260 hp.
Engine compression ratios varied from 6.75:1 to 8.6:1. The aircraft
and engines were models aanufactured in relstively large quantities
by two light-aircraft companies and two engine companies, respectively.
Aircraft and engine specifications are listed in Table I.

TABLE I

AIRCRAFT AND ENGINE INFCRMATION

Alrcraft Number Number Engine
Code of Engine of Engine Compression

Model Places Rati Cylinders Displacement Ratio

(hp (cu %in)

A 4 250 6 540 8.5:1

B 6 260 6 470 8.6:1

c 4 180 4 360 8.5:1

D 4 145 6 300 7.0:1

4 2 i 4 200 7.0:1

r 2 108 4 235 6.75:1

G 4 160 4 320 8.5:1




The program cousisted of two types of testing: (&) involving
operating aircraft; and (b) testing on the grouad involving sircraft
engines and parts installed on engine stands.

The instrumentation for both types of testing was identical. The
photograph of FPigure 1 depicts typical engine and exhaust system
instrumentation. A description of instrumentation is provided in
Apperdix 1.

Exhaust gas temperatures vere measured within the stack or
manifold and within the tailpipe. Metsl temperatures were monitored
at locations on the stack, manifold, tailpipe, and two places on the
nuffler outer wall (heat exchanger surface).

The engine vibration (required for teasting exhaust aystems) was
measuced (with accelerometers) in each of the three major axes of
the engine at the exhaust flange locations or in proximity thereof.
Vibration of the muffler or heat exchanger was recorded in the motion-
sensitive direction or in most instances the vertical axis with twc
accelerometers.

In-Flight Tests

Five aircraft were tested in flight to measure the vibration
and the temperature levels of the engine and the exhaust system.
Measurements were recorded during the takeoff, beginning at the
start of the roll and ending at the altitude of 300 feet. Meas-
urements were also recorded under stabilized engine speed conditions
at altitudes of 4000 to 7000 feet. Transient measurements were
recorded during changes of engine rpm under similar altitude
conditions.

Ground Tests

Testing on the ground was accomplished on each of six angine
installations mounted ou stands, incorporating sircraft parts and
configuration forward of the firewall, as shown in Figure 2. The
engines were mounted on the a‘rcraft vibration isolators and sup-
ported in cantilevered fashion fru. the firewall with the standard
aircraft engine mount assembly.

Engine power was absorbed by the identical two-blade propellers
as utilized in flight. The cowling and baffles were standard with the
exception that the top cowling was modified for incorporstion of air
scoops to provide additional engine-cooling air from the flow induced
by the propeller. Large oil ccolers were placed in the propeller slip
stresm for cooling the engine oil as required for running the engines
on the grouand.
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Vibration measurements were recorded under both steady-state
and transient conditions of engine speed. Inspection of the data
revealed that the vibration waveform was composed of a large number
of superimposcd frequencies and a spectral analysis was performed
for determination of vibration levels at discrete frequencies.

Infcrmation regarding the frequency and magnitude of acceleration
was observed visually utilizing a vibration wave analyzer. The exhaust
gas and metal temperatures were recorded from wisual observations on a
precision direct-reading potentiometer. A detailed description includ-
ing the accuracy of the instrumentation systems is contained in
Appendix 1.

Results and Analysis

Exhaust Gas Temperatures

Engine exhaust gas temperatures, measured within both the stack
and tailpipe in various aircraft in flight and on the ground, were
corrected to Standard Day conditions, and the corrected measurements
at rated engine power were plotted against the engine compreasion
ratio as depicted in Figures 3 and 4, Exhaust zas temperature is
known to be a function of the fuel-to-air mixture and the engine
compression ratio. The theory and the mathematical relationships
concerning engin: compression ratio as related to exhaust gas
temperature sre discussed in Appendix 2. Suffice to note here that
the increase in exhaust gas temperature with compression ratio
(Figures 5 and 4) reflectsg the heat of compression addzd when the
gas was compressed to the higher pressures. The gas temperature
information was prepared as a function of the engine compression
ratio for presentation of the data in a form for generalized use.
Maximum exhaust gae temperatures may be estimated for fourecycie,
horizontally opposed, air-cooled engines when designed and con-
structed under present day state~of-the-art technology.

Exhaust gases within the stack, or downstream of the engirne,
approached tempersture levels of 1600°F when engines with a compression
ratio of 8.5:1 were operated at maximum power and lean fuel-to-air
mixtures. When rich fuel=to-air mixtures were selected under similar
conditions, the exhiust gas temperatures within the stack were reduced
to somewhat less than 1500°F. Exhaust gases in the stacks or manifoid
of engines with a compression ratio of 7:1 and operated with lean
mixtures were meagured at temperature levels of 14800F, and with rich
mixtures, gas temperatures of 1380°F were indicated. The temperature
of the exhaust gases in the tailpipe were 50 to 75°F less than the
temperature of gases in the stack.

On a corrected basis and at maximum engine power, the exhaust
gas temperature levels recorded on the ground were similar to the
gas temperature levels recorded in flight., Exhaust g&s temperature
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as a function of engine crankshaft speed is presented in Appendix 3
for each aircraft in flight and engine installation on the ground.

Exhaust System Metal Temperatures

The metal temperatures of the stacks, manifolds, muffler wall,
and tailpipe were corrected to Standard Day Conditions and were
plotted as a function of the engine compression ratio in Figures 5
through 8. The spread in the data is in part attributed to the
temperature extremes of rich and lean fuel~to=uir mixtures. The
stack metal temperatures were also affected by local variations of
engine=cooling air existing between aircraft at the instrumented
location. The deviatious in metal temperatures of the muffler outer
wall (heat exchanger surface), Figure 7, reflect the uneven flow of
exhaust gases around and through the baffles and diffusers within the
muffler, effecting uneven heating. Inspection of the thermal data in
detail revealed general temperature variations of 300 to 400°F on
specific mufflers. The problem of heat exchanger distortion and
cracking has been aggravated by uneven flow and local overheating
(Reference 1). Metal temperatures of 1200°F (maximum hot spot) were
prevalent for exhaust systems of engines with a compression ratio of
8.5 to 1 when operated under maximum engine power. Exhaust systems
of engines with a compression ratio of 7:1 operated at maximum
temperatures of 1100°F. Metal temperatures were only slightly lower
at downstream locations. Metal temperature measurements plotted as
a function of engine crankshaft speed are included in Appendix 3.

Although metal temperatures of 1200°F maximum were measured on
the outer surfaces of the exhaust system, the temperature of the
baffles and diffusers inside the muffler were probably approaching
the temperature of the gas. Since the baffles and diffusers are in
contact with the exhaust gases and they are without the benefit of
cooling, it was believed that their operating metal temperatures
approximate 1500 to 1600°F on engines with a compression ratio of
3.5 to 1. (Oxidation resistance of standard materials utilized in
exhaust systems (AISI type 321 and type 347 stainless steels) become
marginal for periods of extended operation at temperstures of 1500
to 1600°F. The standard material at these temperatures is subject to
ecaling and weight loss produced by severe oxidation and a combination
of high-temperature carburizetion and attack by the products cf{ combus~
tion, particularly lead compounds. Type 310 (25 percent chromium 20
percent nickel) or Incoloy (21 percent chromium 34 percent uickel),
with Incoloy perferred, was suggested for the parts that are exposed
to high temperatures and the products of combustion (Reference 1i).

Engine Vibration Intensity

Typical histories of broadband acceleration level aand waveform
for each of the three major axes of the engine are presented in
Figure 9. Vibration intensity and waveform at maximum engine power
is compared under conditions of: takeoff, in-flight, and ground test.
A record of vibration under conditions of reduced engine power
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for ground test is included for reference. Examination of these
records showed that the vibration wave was periodic; however, the
wave was complex and composed of a large number of superimposed
frequencies.

In operating aircraft, engine vibration levels were indicated
highest during conditions of takeoff at maximum engine power. Vibra-
tion intensity st maximum power in flight batween altitudes of 5000
to 7000 feet was indicated to be significantly less than the levels
recorded during takeoff although vibration weveform was similar.

This result was attributed to the engines developing less power under
altitude conditions. Although they were not tasted, supercharged
engines develop high power and may effect high-vibration levels under
sltitude conditions. During ground test at high engine power, vibra-
tion levels were indicated to be somewhat higher tlhian the levels
recorded during takeoff; waveform was generally similar.

To identify the component parte of the engine vibration wave,
the speed of the record was increased and the engine crankshaft
speed was decreased. This expanded record is reproduced in Pigure 10
with wave identification noted. The maximum excitation pulse occurred
during combustica of the power stroke. Minor excitation occurred in
phase with the opaning and closing of the valvea. The engine vibra-
tion wave was repeated in cycles of two rpm engine crarkshaft speed
in phase with the events of the four-cycle engine. The vibration wave
of each cylinder was phased in relation to the engine firing order.
Thus the vibration of the cylinders at the exhaust flsage location
consisted of identical periodic, complex vibration waveforms, each
out of phase with the other.

The complex wave with phase variance between cylinders effects
a severe requirement for realistic vibration testing vf engine
exhsust systems. The simulation problem involves the use 2f a single
vibration exciter with a rigid test fixture fastened to the axhaust
flanges to support the exhaust system for vibration test. Randoa
vibration testing may more closely simulate the actual coanditions.

The following introductory paragraph on the definitiom orx
frequency spectrum wes excerpted from Reference 4. '"All signals
can be thought of as existing in thrze dimensions. A sinewave {po
in reality an saplitude-time curve in the 'x-y' plane existing at
some fixed point on the frequency axis 'z.' An examination or pro-
jection of the sinusoidal history on the smplitude-frequency 'x-z'
plane would be & vertical liue at the frequency 'f.' This is the
true spectr'm Of a sinewavs and can be viewed as the two-dimensional
projection of & time function onto the amplitude-frequency plane.
Such a projection of the frequency paraveters of a time-smplitude
wavefors is called s spactrum or frequency analysis."

12
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Characrteristics of the engine vibration spectrum are illustrated {n
Figures 11, 12 and 13. These data were recorded from visual observations
using a vibration wave analyzer i{ncorporating tunesble one-third and one-
tenth octave filters. The one-third octave band divides each 10-to-1
tuning range into 10 bands. 1In each band, the ratio of the upper cutoff
frequency to the lower cutoff frequency is 1.26 to 1. The narrow band
(one-tenth octave) in effect divides the range into about three times as
many bands. The bandwidths of the filters increase in cycles directly
vith the mean frequency of the band. Thus, as frequency increases, the
bandwidth increases and acceleration amplitudes are indicated higher.

Waveform characteristics of engine vibration in the vertical axis
were gengrally similar on each of five aircraft. Maximum acceleration
amplitudes of the wangines in the vertical axis were measured between
400 and 500 cps on sach of four aircraft. The exact frequency is
identified by the symbols denoting the center frequency of one-tenth
octave filters, and {s believed to te the matural frequency of the
engine and mounting combination. Attention is called to the levels
of acceleration measured with filters as opposed to the broadband
levels. The indicated broadband vibration amplitudes were reduced
significantly wvhen the vibration signals were filtered.

Hax{mum acceleration of the engines in the lateral axis occurred
between frequencies of 1300 to 1600 cps on five aircraft. The vibration
vas sensed in & direction parallel to both the piston and valve motion
and the amplitude of acceleration was indicated higher. Further the
natural frecuency of the engine vas increased significantly. Maximum
acceleration levels of the engines in the longitudinal axis occurred
betwveen 1400 and 2000 cps. The high frequencies reflect the relative
stiffness of the engine and mount assemblies in the longitudinal axis,

Muffler Vibration Intensity

Spectral characteristics of the muffler vertical vibration are
depicted in Figure 14 for three separate or dual-type exhaust systeme
and in Pigure 15 for two cantilevered crossover-type exhaust cystems.
Muffler vertical vibration of separate type exhaust systems reached a
maximun acceleration level between 200 and 440 cps on each of three
aircraft, the exact value depending on the particular configuration.
Maximum acceleration amplitude was measured at aspproximately 10 g's
res on mufflers cf engines developing 62.6 to 77 hp. Fourteen g's
ras were {ndicated cn a muffler of an engine developing 228 hp. A
muffler of the cantilevered crossover-type exhaust system reached
resonant conditions at & relative low frequency of 100 cps with a
maximun rms acceleration of 15 g's. The engine vas developing 214 hp
vhen the data were recorded. Muffler vertical vibration levels, as
measured vith narrowband pass filters, vere higher than the

14




D

FEGEND

A AVERAGE ACCELERATION - 1, . OCTLAVE Fil TER ]
O MANIM' M \CCELERATION o3 G avk B TERKR [
@ AVERAGE ANCCELERATICON - 110 OCTAVE I TER Y‘.'H
B MAXIMIN ACCRIERATIGN - U/ GOTAVE FLOTRR |8

'
]
N

Ty ooy N " = Y T YT

? L b CHANKSI L ATHOKR Y lrx OivE NMOIE b _+__ BRONGWAND | EN b -

1 sk WEED St M (3.4 00" NVERAGE

s POWER DiESvel GHED Phom ot NDANIND NS

= S .

: [IP I 17] N
0l i §
25 1.

-t B

w s

(3]

Q

-4

M
'

» 20 - _ - S .

[ Eiing CRANESH R 3 VROHAR DGR MOD s O BROGORAND T RNVED

e SYRERDN 2N REM PAom 0 AVERAGE -

5 ISE i owEr ever cien I TURTUNE SRS STCIN VI

e Y e

- ! ]

< |0 +

[+ 4 i I

w 14+

- | .

w 3 .

g | |

b — b
a 0 { |

—rr—r Ty
A H Vb voorps N aE el AT [ RAVED
r -4
. ' L G NVER v LR
e — . -
{ ’ 3 1 SNt NDANIAD A
.
i

RMS ,
ACCELERATIONG's

wm
—pd

's
~n
o
]

(%] AT ‘;m‘.)-t.‘!‘«.i"' I St e 2N : T AN TR
e v, ‘AV\A .‘(’\" - +~ —— - — { - —_ A S . 4
slSw«.\;-n N CEED — — O 1
h RO 00 GO S «lL $t— -t - ; +
i 1
;; [Xs} —+ : + + +
W e $r-t bbbt t— e e b e f E R SRS -
- 5 ' t i I . ) |
w b +

[ 3
~
ko]
{

FIG.

K v-—r—y g ——r—r—v—y-
o . ~ o - i M . : .
PO | ST 0] C ]

1 S¢ 4 t \ - ¢ L Iy vy

§ b > E -T——————~o~—r+ -,—-—4,——-47 -4 ~o-<—»-—*———0—~—‘0- .

!0 -~ e -t L
: Pt i i

zs S_— o -4 -t~‘ :v ——f—lu'- 4 i—-t»—v; »—»—»-—-——*-,«-{p; - b\

o 8 et T ; 4

Lad . b b4 j 2 QU N ¢ — 4

o ¢ '

« I ’I Ll N 1

400

600

1000

2000

4000

THIRD OCTAVE BAND CENTER FREQUENCY ~v CYCLES PER SECOND

11 SPECTRAL CHARACTERISTICS,

VIBRATION INTENSITY

15

ENGINE VERTICAL

10,000




LEGEND

A AVERAGE ACCELERATIGN /3 OCTAVE FIL1RR
O MAXIMUM ACCEIERAION - 1,3 001 AVE FiIL I ER
© AVERAGE ACCELERATION - 1710 QUITAVE Fit JE#R
[0 MAXIMUM ACCEIERATION - /71U OLTAVE FIY LER

»2 Y T TrTr T ———T ™ T T T T .
I ENGINE CRANKSHAFT ll AIRURAFT COLR MODET CE BROADBAND §{ EVED o
(sl svEED 241 koM 1] 13 3 G'e AVERAGE
g POWER DEVZ1LOPED T 13,8 G's MANIMUM
= 62.3 HP
’—
< | }
S 1
] -+ ‘
o8 )
8 4| ]
b
(s,
—‘ 20 B ¥ L} v v T M4 3 " A - bl Iy N N " . ¥ T L] LIS hs L S R 2 B
g | ENGINE CRANKSHAFT AIRCRAFT CODE MODEL "D T—“_ BROADBAND LEVEL |
SPEED 2250 RPM 16,1 G' AVERAGE
5 I18F powER DEVELOFED | T olu G MANIMUM
s L 7.0 HE B ! t
nd | 4
3 0
W — b
-l ™
§ L]
T, . l ol

‘s
~N
> |

v Ty - — — A T 77T | Suh B B §
|__FWNGINE CRANKSHAFT AIRCRAFT CODE MODE! 'C BROADBAND LEVEL
SPEED 2350 RPM l4.v G'~ AVERAGE
g 13— L OWER DEVELOPED : 15,2 G'~ MANIMUM
= 121.5 H
- — 5 HP |
nd |
b4
W
pur|
w 5
O
o -
<
0

»20 T . . . SU S S S T T 110U 1T T 117
© 1 ENGINE GRANKSHAFT ATRCRAFT CODs MODEL "B BRUADBAND LEVEL S
4 SPEED 2525 RPM N 25,5 G's AVENAGE
z 5 [~ POWER D2VELOPED ! By MAXIMUM
= 228 HP
E o 78T
:5 1
«
w 5
3 be ; i 1
4 2
o | | ] L
20 T T 717771 EFI s — T If-T‘T—T—T‘TT]
S AJRCRAFT GODE MODEL A ! AL UL IR
O b £ GINE CRANKSHAFT : BROADBAND LEVE]
4 § gf >UEED 2ivu REM 12,0 Gl AVERAGE
5 | POWER DEVELOPED lo. o G's MAXIMUM
Q lus Hp
m: 10F —
]
zd 5 L i
8 e | : ] g
-4 |
10 20 30 40 50 100 200 400 600 1000 2000 4000 10,000

THIRD OCTAVE BAND CENTER FREQUENCY v CYCLES PER SECOND

FIG, 12 SPECTRAL CHARACTERISTICS, ENGINE LATERAL
VIBRATION INTENSITY

16




L

RMS
ACCELERATION V G's

¥

KMS
ACCELERATION ™ G's

RMS
ACCELERATIONNG

RMS
ACCELERATION VG

1]

]

LLEGEND

A AVERAGE ACCELERATION - 1:3 OCIAVE FILTER
O MAXIMUM ACCELERAION

'3 QCIAVE

FILIER

®© AVERACE ACCELERATION - 1716 OCIAVE VI TER
T MaXIMUM ACCE: ERATION - 1.1 OCTAVE FILIER
20 e
| ENGINE CRAXNKSHAFT VRCRAR T CODE MCDEL " EY BROADBAND LEVE].
SEEED 2410 REM TI H 22.2 G'2 AVERAGE |
I 5F vOWER DEVELOPED ! 2305 G MANIMUM T
SRS
10 /
| ARY
St—
1
|
20 v ——r—t———
. S CRANESHAFT ARCRAFT CODE MODEL D7 3
2255 RPAL i ]
| CER DEVELOPED
- TT. bR
e = | BROADBAND LEVEL
i 13,7 G'- AVERAGE
1o.2 G'~ MANIMUM
> 1
0
2C e , ———s ——
| ENGINE CRANKSHAF T | AIRCRAFT CODE MODLEL. "€ BROADBAND LEVEL
SEFEED 2350 RPM 13,3 G'- AVERAGE
IS¢ POWER DEVELOPED 14,0 G - MANIMUM
L 1215 HP
10 } e
i ; I -
Bl ! f
y *r&@!& :
0 | ﬁ }

20 T Ll T ) § L T I R _—— v Al Al L M g T L
ENGINE CRANKSHAFT J AIRCRAFT CODE MODET. AT BROADBAXND LEVEL
SPEED 2480 RPAM H T T l 28.7 G'- AVERAGE

I'SE ., ower DEVELOFED } A 30 G MANIVMUN

SR
1o} VAR >\
— Ve }Q'L )
5 N ¢
L ! l
i0 20 30 40 50 100 200 400 600 1000 2000 4000 i0,000

~ THIRD OCTAVE BAND CENTER FREQUENCY " CYCLES PER SECOND

FIG, 13 SPECTRAL CHARACTERISTICS, ENGINE LONGITUDINAL
VIBRATION INTENSITY

17




LEGEND

A AVERAGE ACCE! SRATION - Y3 OCTAVE FILTHER
1/3 OUTAVE Fil 1ER

O MAXIMUM ACCELERATION

QAVERAGE ACCELERA IION -

WMANIMUM ACCEL ERATIUN

L0 OCTAVE FILTER
/1 QCTAVE KL TER

.’2 - ———t—r— ——r—r YT
. ENGINE CRANKSHAF | ARCRAF T CODE MODEL "B BROADBAND LEVEL 1
SPEED 241U RPM MUFFILER FRONT XD PGt AVERAGE
3 IS POWER DEVEIOPED Fi b k -N PRLT G AMANIMLM ]
= #r 0 1P
o |
[+ 4
B
w
u -]
(%]
L4
e,
»20 ey —— v — S —
[T ENGINE CRANKSHAF1 AIRCRAFT CODE MNODED E HROADBAND LEVZL ]
4 SPEED 2410 REM CUFL K Ke ThR G'e AVERAoe
g ISF POMWER DEVEILOPED At R ey Thea G'e MANIMUA
&2 1§ 4 L
e b he » HP —+ t
na |
3 o
0:3 —H
g ° ‘
& L [ 1
= 20¢ . T T
g ENCINE CRANKSHAFT _ AIRCRAFT CODE MODEL "D BROADBAND LEVEL ]
SPEED 2250 RPM e v e 13.3 G's AVERAGE
5 18} o OWER DEVE! OFED MUFFLER FRONT END Gt Nty T
z T HP —
nd |
3
@
o s J AR
O
g | a
o -
2 20— - Yy - ——r
© ENGINE CRANKSHAFT AJRCRAFT GODE MODEL "D *“ BROADBAND LLEVEL
4 SPEED 2230 /RPM B . N ‘R EX 14,5 G'- AVERAGE
2 IS} POWER DEVELOPED MUFFLER REAR EXND o, G'e MAXIMUM 1
S | 77,0 np
nd
L 10
i
-
§ 5
;
b
o‘
W —— - r————
S ENGINE CRANKSHAF T AIRCRAFI CODE MODEL ‘B BROADBAND LEVE!
P SPEED 2528 KPM MUFFLER FRONT &ND L4, ' AVERAGE
I SFHCAER DEVET.OFED n 2roe Gl MANIMUM
5 8 HP
-
al0
i
Y 5
& A
bt ©x ?
<
10 20 30 40 50 100 200 400 600 1000 2000 4000 0,000
THIRD OCTAVE BAND CENTER FREQUENCY v CYCLES PER SECOND
FIG. 14 SPECTPAL CHARACTERISTICS, MUF+rLER VERTICAL

VIBRATION INTENSITY, SEPARATE TYPE EXHAUST

SYSTEMS

18




e by

RMS
ACCELERATION V G's

S

RMS
ACCELERATION VG

S

RMS
ACCELERATION VG

RMS
ACCELERATION VG's

LRGN

-]

A AVERAGE ACCELERATION - 1/3 GUEAVE FILTRR
O MANIMUM ACCEIERATION - 1,8 OCEAVE FHLTER
Q AWERAGE ACCHIERATION - 1710 OCTAVE FILIER
CJ MANIMUAM AGCCELERATION - 171e OCIAVE FILIER
20< MATAAN T T T T 17T 17T T 1717 - T T T T T T
G CRANEDHAR | ARCKAFT CODE MODEL "G " BROADBAND LEVEL _]
SRR 2 REA o ‘ B.2 G's AVERAGE
ISE o peven oren MUBFLER RIGIT FN 0 K5 G'e MANIMUM T
b LU JV—
10 4~
3 ;
- . | 1.
{ Terdeiels
20 N . L M Rj T T LA T LI -y L rrrr
) EONGINVE CRANKSHAYR ! AIRCRAF T CODE VODED G BROADBAND [ EVEL ]
SEEED 2in0 RIPA o N 1 Gl AVERAGE
I9F + Cwik vEvELCHED MUBFL b s Pooe G MANIATOND T
— b Hib 1 -
: T
1 Of—
5
- S —— -
o |
20 A B v v T T T T L) LA L T AR e v v LA
PG CRANE SN VROANE D CODE N0 SR BROADBAND LEVEI
LD 2is o REA v o Lol G AVERAGE ]
ISF o opver o b oM bR DR X - ZGUe MANIMUM
RN _ ‘ ] ' | 4
10 [
s—— ] fas pn
S | | IS
0 | |
20 T T T Y T T T T T 1T T T M L A LENENE SEme S S |
RN A N N N ISR S ) RO L ') Y N 1 SO RANTY L RN B _J
B KT . Do AVERAGE
R1 DV G e L Ll ! CGe o ATANIAIT A S
. |
L | |
0 2N
h 44(’ \
S :
- B W S A st
10 20 30 40 50 100 200 400 600 1000 2000 4000 10,000
THIRD OCTAVE BAND CENTER FREQUENCY v CYCLES PER SECOND
FIG. 1|5 SPECTRAL CHARACTERISTICS, MUFFILER VERTICAL

VIBRATION INTENSITY, CANTILEVERED CROSSOVER
I'YPE EXHAUST SYSTEMS

19




corresponding engine vertical vibration levels. This increase was
attributed to amplification effected by exhaust system resonance and
probably excitation by the exhaust gas pressure pulsations.

Power and Vibration

Engine vibration intensity appeared to be a general function of
the horsepower being developed at the time of observation as shown
in Figures 16, 17 and 18. The illustrations show the broadband
acceleration level, the maximum one-third octave band level, and the
maximum one~tenth octave band level, all plotted against the horse-
power developed by the various engines at the instant of data
acquisition.

Narrowband vibration of engines in the vertical axis varied
between 2 and 5 g's rms acceleration at 100 hp, while at 230 hp
acceleration ranged from 5 to 9 g's rms. These data were maximum
levels recorded with the center frequencies of one=tenth octave
band filters tuned between 400 and 520 cps. The lateral acceleration
level of engines developing 100 hp varied between 2 and 6 g's rms as
measured with narrowband filters. Lateral vibration of engines
developing 230 hp was indicated to be within limits of 5 to 12 g's rms.
The data were recorded at maximum conditions observed with the filter
center frequency tuned between 1300 and 1400 cps,

Considerable scatter of the data occurred when engine longitudinal
acceleration was plotted as a function of horsepower. Factors such
as resonance of the accelerometer mounting may have affected the results.
The accelerometer was mounted on the flat of a special intake stud cap
nut to senge longitudinal vibration.

Vibration Specification

Maximum acceleration amplitudes measured on the mufflers of seven
aircraft were plotted regardless of design configuration in Figure 19
for purposes of forming a test specification. The top boundary of the
envelope (one-tenth octave band pass filter) represents an indicated
conventional vibration test specification wherein only one frequency
exists at a given time, but wherein the frequency is varied progres-
sively from the minimum to the maximum specified frequency.

When the rms levels were converted to peak acceleration, the
indicated test specification compared favorably with the military
standard for equipment mounted directly on aircraft engines (Figure
20). Test results indicated that the acceleration amplitudes and
frequencies of MIL-STD~810A, Vibration Test Specification (Reference
5), were adequate for sinusoidal vibration testing of aircraft engine
exhaust systems. Random vibration testing, however, is preferred,
and broadband acceleration levels during vibration test should be
comparable to those veported herein. It is suggested that the power
spectral density relationships be shaped with peaks at the frequencies

20
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corresponding to the maximum measure. accelerations. For effective
sinusoidal or random vibratioa testing, it is necessary that the
exhaust system be heated to maximum operating temperatures as
defined in this report.

Although the vibration excitastion of the engine with respect co
the exhaust system at the msunting flange locations was defined as a
stationary process; i.e., {ts statistical properties do not change
vith time, random type vibration teating of engine exhaust systems
vas preferred only for the fsature of testing under & continum oi
frequencies. The engine excitation of the exhaust system consisted
of periodic complex vibration waveforms; the waveforms, however, were
out of phase st the exhaust mounting flanges as they were phased by
the firing order of the engine, Since s rig!d test fixture vas
required for mounting the exhaust systems on the vibration exciter,
testing under broadband frequencies was believed to be more realistic
than testing only under a single discrete frequency and varying that
frequency from minimum to maximus,




CONCLUSTONS

Baged upon the results of in-flight tests and ground tests reported
herein on four-cycle, horizontally-opposed, air cooled engines, it {is
concluded that:

l. Engine exhaust gas temperatures may be estimated by utilfizing
tlie temperature data and the theoretical effects of compression ratio
as presented in this report.

2, Baffles and diffusers within the mufflers of engines with high
compression ratios on the order of 8.5:1 are probably operating under
maximum temperatures (15000F to 16000F) that are marginal with respect
to producing high tempersture oxidation of currently used materials.

3. Maximum temperature of the exhaust system components exposed
to cooling air on their outer surfaces was messured at levels of
12000F and below. Rapid high temperature oxidation of the materials
(AISI 321 and 347 stainless steels) from which these components were
fabricated is not erpected at this temperature level.

4. The observed wide variation in metal temperatures of the
muffier outer walls reflect uneven heating. This can effect high
thermal stresses that contribute to the initiation of crack type
failures.

5. Increased horsepower tends to increase engine vibration
intensity.

6. The engine vibration vaveform {s periodic but consists of a
complex, continucus frequency spectrum with significant amplitudes in
certain narrowband frequency limits.

7. The MIL-STD-B10A, Vibration Test Specification, for equipment
mounted directly on aircraft engines is appropriate for sinusoidal
vibration testing of ergine exhaust systems in the verti{:al axis or
critical motion sensitive direction,

8. The complex eangine vibration wvave with phase variations
between cylinders imposes a severe requirement for realistic vibration
testing of exhaust systems. These conditions would be more closaly
simulated by random-type vibration testing as opposed to sinusoidal
testing.
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RECOMMENDATIONS

Based upon the resulta of the in-flight tests and ground tests
reported herein, it is recummended that:

1. A material more resistant than AISI 3Z1 and 347 stainless
steels to high temperatures and the products of combustion be used for
the muffler batffles and diffusers,

2, The thermal and ibration data be utilized for
calculating the requiremerits of material and materisl thickness for
engine exhaust system applicstions.
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APPENDIX 1
DESCRIPTION OF INSTRUMENTATION

Exhaust System Temperatures

Two types of chromel-alumel thermocouples were ntilized for exhaust
system temperature measurement, Metal-gheathed, ceramic-insulated
thermocouples were immersed into t*~ exhaust gas stream at the stack or
manifold location and at the tailpipe location for measurement of the
gas temperatures, Open tip thermocouples were installed either under
metal clamps or welded to the surface for measurement of the exhaust
system metal temperatures. Metal temperatures were monitored at
locations on the stack, manifold, tailpipe, and two places on the
muffler outer wall. Typical thermocouple locations are shown in
Figures 1, 1.1 and 1.2 of this report.

The thermocouple signals or temperatures ware recorded on an
oscillograph when in flight; while on the ground, the temperatures were
recorded manually from visual observations on a precision direct-reading
putentiometer.

Accuracy of the temperature data reduced from the oscillograph
records was +109F as calculated from reading accuracy. Temperature
data were recorded to +59F reading accuracy utilizing the direct-reading
potentiometer,

Engine and Exhaugt System Vibration

Piezoelectric quartz accelerometers were utilized for engine exhaust
system vibration measurement. The crystal transducers generate an
electricai charge output signal proportional to the acceleration input.
Basic sensitivity of these devices is "unit charge per unit acceleration"
and is expressed as "picocoulombs per g (pCb/g)." A charge amplifer was
required to convert the high-impedance charge output of the transducer
to & low-impedance voltage current signal necessary for recording and
display purposes.

The quartz accelerometers were selected for vibration measurement
on the engines and exhaust systems because they feature high linearity
up to temperatures of 500°F, and their high natural frequency permitted
frequency response withir 5 percent up to 8000 cps. Since accelerometer
sensitivity was cnly one pCb/g, however, the accelerometers, amplifiers,
cabies and recording instruments were calibra%ed as systems on an
electro-dynamic vibration test system.

Figures 1, 1.1 and 1.2 of this report shows the installation of
typical vibration instrumentation on an engine and muffler. An accelero-
meter was installed on the head of a cap nut fabricated to fit the engine
exhaust flange stud to measure the engine input vibration to the exhaust

1-1
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system in the vertical axis. Measurement of engine input vibration along
the lateral axis was accomplighed with an accelerometer installed on the
head of a valve cover cap screw. Engine loongitudinal vibration was
monitored with an accelerometer installed on the flat of a special intake
flange nut and stud, The accelerometer was positioned with the sensitive
axis located 909 from the axis of the stud. Vibration was measured on
both ends of the mufflers or heat exchangers with an accelerometer in-
stalled in the vertical axis,

The vibratior signals were originally recorded on an oscillograph
for analysis in the form of histories both in flight and on the ground.
Because of high harmonic content, however, the ground data were also
recorded from visual observations on a sound and vibration wave
analyzer, The wave analyzer incorporated a tuneable one-third octave
filter; for detail analysis, a tuneable one-teath octave filter; and
all-pass range for measurement of the total broadband signal., In
addition, the vibration signals were recorded on magnetic tape for
conventional spectral analysis.




APPENDIX 2
BASIC OTTO ENGINE CYCLE THEORY

AS RELATED TO EXHAUST GAS TEMPERATUPE

In the study of the factors influencing engine exhaust gas
. temperatures, 3 series of simplifying essumptions are made, the
answers are calculated, and then compared with the observations.
In this manner the important requirement for theory has been
considered even though the calculations often produce quantitatively
inaccurate results.

Four-cycle gasoline engine operation effects a cycle of pressure
and temperature change on the gas which may be classified roughly as
the Otto Cycle or coastant volume cycle. A pressure-volume diagram
for the Otto Engine Cycle is presented in Figure 2.1.

Assumptions.
1. Constant pressure intake.
2. Adiabatic compression.
3. Constant volume combustion.
4. Adiabatic expansion.

5. Constant volume pressure drop and
rejection of gases and heat.

i 6. Constant pressure rejection of gases.
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s

Definition

of Equations and Symbols

ka -
P -
v -
K -
C =
v2/v3
v2

v3

r
vs/vg
v4

vs

e

PV =
M -
R -
T -
D ]
H -
h =

C - equation for an adiabatic reaction

absolute pressure

specific volume

cp/cv = ratio of specific heats
constant

= r = compression ratio

= volume before compression

= volume after compression

= compression ratio

= ¢ = expansion ratio

= volume before expansion

= volume after expansion

= expansion ratio

MRT = perfect gas law

mass of gas

gas constant

abgolute temperature
displacement

quantity of heat

heating value per 1b. of charge




Then:

v
0 Rl compression ratic

and

v
vy = ¢ = expansion ratio.

For the O¢to Cycle, ¢ » ¢

A. For an sdiabatic compression and expansion:

Compression Expansion
k k
Py = PV, P4v4S= Pgvsk
P P
—3- - rk _ﬁ - ek
P2 Ps
Perfect Gas Law Pyvy = MR T,
Pjv; = MR Ty Psvg =« M R Ty
P v2 = MR T2 T P
2 ?ﬁ - ?ﬁ N ek-1
T P 5 5 e
and 3.3 1, rk'-l
Tz Pz r

Displacement = D = vg - v}
and since vy = rVl

it follows that vi=0D
T-!

B. Combustion temperature increase:

If H BTU's heat ave added to "W lbs. of gas:
He WC, AT
The amount of heat added is 2 function of the charge weight and:

3 = h = Heating value (per lb. of charge)
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Then:

Ar-—&,-

The combustion temperature rise is cal-ulated by dividing "h"
heating valve of the charge by "C," specific heat at constant volume.
The combustion temperature rise is independent of the voiume of the
combustion chambers, of the amount of gas contained therein, and of
the gas tempersture and pressure of that gas.

b

B
q
il

At the start of the intake stroke, the clearance volume '"v}"
will be filled with exhaust gas which has no heating value. The
mass of zas contained in 'v2" cu. in, must be heated by (v2-vl1) b
where "h" is the heating value, If the temperature and pressure
of the residual exhaust gas is also T) and P3:

(v2-v1) h = vy (vAT

V. V h v v

2 1 2 2 -1 ho r-1
AT-—-\—,—Z-—-—EV-Z- = —VZ———CVO.T—C
AT = Ehc

The combustion temperature rise equals i1-1 time a medium constant
vC" where ¢ ™ Heating value B3

specific Heat

and:

It was concluded that:

a. The only engine factor having an influence on
the combustion temperature and the exhaust gas
temperature is the compression ratio,

b. As far as the gas is concerned, onl: the heating
value of the fuel and the specific heat influence
the temp>rature rise; however, since they are
rencrall  constant vnder given condition, the fuel-
to-sir mixture {nfl. nces the tempersture rise
during combustion &nd ultimately the exhaust gas
temperature.
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c. Calculation of cumpression temperat're rise from
a compression ratic of 7.0:1 to 8.5:1.

TB/TZ = rk"].

= n-k-l
Ty = x 1,

kel k-1
ATy = (Tg 5 = Ty o = (r=g.5 = 15.0) Ty

K = 1.392 at 8C0°R average temperature

T, = 520YR standerd day

1.392-1 1.392-1
ATy = (8.5 -7.0 ) 520°R

AT3 = 92°F

Teat results agree with che theoretical change in comprescion
temperwtuie from a ratio of 7.0:1 to 8.5:1. The theoretical change
in compression temperature was utilized for establishment of the
curve slopes in Figures 3 and 4 of this report.
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APPENDIX 3
ENGINE EXBAUST GAS AND METAL TEMPERATURES

Detail measurements of exhaust g&s and metal temperatures were
corrected to Standard Day conditions and plotted as a function of
corrected engine crankshaft cgpeed for fiv: aircraft in .light and
for seven engine installations on the ground. Five illustrations
(Figures 3.1, 3.2, 3.3, 3.5, and 3.7 ) compare exhaust gas and metal
temperatures measured in flight with the identical temperatures as
measured on the ground. The ground data include both rich and lean
carburetor fuel-tou-air mixtures. The exhaust gas and metal temperatures
measured on the ground on two engine instsllations are presented in
Figures 3.4 and 3.6 for both rich and lean carburetor fuel-to-air
mixtures.

Operation of an engine~flight propeller combination on the
ground, with the exception of constant speed-variable propeller pitch
instaliations, is limited to an engine rotational speed less than
maximun rated. In flignht, the engine is unlnaded somewhat by the
ram airflow passing through the propeller and maximum rated speed is
available. In addition, data recorded under conditions of ambient
temperatures greater than 609F courrects to engine speed levels less
than those observed.

Because of these factors, it was necessary to extrapoclate to
maximum rated speed some of the curves plotted from data recorded on
the ground. Since the plotted curves of the inflight data, in all
cases, extended througlh rated speed conditions and since the ground
data from constant speed engines (Figure 3,2) also pletted through
rated conditions, the shape of the curves has been indicatec, The
extrapolations were accomplished by duplicating (familying) the
shape of the curves in those cases where corrected data exists
through conditions of maximum rated speed. In 2ll occurrences,
tl.e continuous curve used to connect date points was broken and
the extrapolation continued with dashed lines or curves.
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FIG. 3.7 EXHAUST ' " METAL TEMPERATURES, AIRCRAFT
CODE M7
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