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SUMMARY

Vibration analysis using the high frequency resonance technique has been used
successfully to detect incipient failure in rolling element bearings. This memo outlines
a new method of obtaining the demodulated narrow band envelope of a bearing
vibration signal from the high frequency resonant response. Previous techniques have
used an analogue envelope where the raw analogue signal is bandpass filtered and
enveloped before digitising. The method outlined in this document first digitises the
vibration signal, performs a complex demodulation operation, then computes the
envelope followed by its spectrum. Fault repetition frequencies can be identified in the
demodulated spectrum of the high frequency resonant response.
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1. INTRODUCTION

Incipient faults in rotating machines can be detected and
diagnosed by the measurement and analysis of the vibration
from the machine structure. A wide range of techniques,
simple and complex, have been used in the past to detect
changes in the operating condition of the machine from the
vibration signature. For the detection of early failure in
rolling element bearings, these have included spike energy,
shock pulse, kurtosis and crest factor [1-5], and the high
frequency resonance technique {6-11].

Some of these techniques have proved to be unsuccessful in
certain instances. The difficulty is due to the fact that
bearing faults often produce vibrations of low level which
are hidden in the vibrations from other machine components,
such as pumps and gears. The successful diagnostic
techniques have concentrated on detecting the periodic
impulses which occur when the damaged rolling elements come
into contact with the other bearing elements.

In the case of defects on the bearing race elements,
impacts will be generated each time a rolling element
rotates past the defect. The repetition frequency of the
impacts can be determined from the characteristic bearing
frequency equations (4, 9)]. In this regard, the high
frequency resonance technigue has shown significant promise
in being able to discern not only the bearing condition, but
the bearing element which contains the initial damage.

In the early stages of bearing failure, the impacts have a
very high frequency content, >200 kHz being reported [7].
These impacts excite the various resonances of the bearing
elements. By analysing the modulation about these structural
resonances, the bearing impact frequencies caused by the
repetitive rotation of the bearing elements over the damage
can be determined.

In the past [6-11], the high frequency resonance technique
has been implemented by first obtaining the analogue
envelope of the band pass filtered vibration signal. The
pass band is centred around a structural resonance. Some of
the difficulties which have been reported in using this
approach have concerned the design of the envelope detector
[(11]. Often a half or full wave rectifier is used followed
by a smoothing circuit. The selection of these components,
especially the time constant to achieve the correct decay
rate of the envelope signal, is critical to the success of
this technique.

In this memorandum, a digital process is presented for
demcdulating <the vibration signal around a structural
resonance, to obtain the envelope of the bearing vibration.




2. COMPLEX DEMODULATION

The demodulation of the bearing vibration signal can be
performed digitally, giving a number of advantages compared
with the analogue approach [11]. The major advantage is that
the signal is demodulated by operations in the time domain
only; no Fourier transform into the frequency domain is
needed. Another advantage occurs in the filtering operation,
where a simple low pass digital filter is required as
opposed to a bandpass filter for the analogue approach. The
flexibility in specifying <the centre frequency of the
structural resonance to be demodulated is also an advantage.
For the digital process this 1is achieved by simply
specifying the carrier frequency in software. For the
analogue approach, the hardware filter characteristics
require changing, although this could also be achieved in a
software controlled system using the more expensive
programmable filters.

2.1 Digital Bandpass Filtering

Complex demodulation of the structural resocnance can be
achieved digitally using heterodyning in the time domain
[12-16]. The complete operation can be expressed as outlined
below.

A vibration signal U from a rolling element bearing, and
containing a response from at least one structural resonant
frequency, can be assumed to have a frequency spectrum as
shown in Figure 1. The measured vibration signal can be
digitised by an analogue to digital converter at a fixed
sampling frequency fg. The Nyquist criterion requires that
the maximum frequency content of the analogue signal should
be limited to less than fg/2.

Once sampled, the signal is no longer continuous and is a
function of sample number rather than time. With N data
points the sampled function U can be expressed as

{U )= u(inTg), i=1...N (1)

where Tg is the sample interval. Demodulation of the
vibration signal around the structural rescnance shown in
Figure 1 is obtained by heterodyning or frequency shifting
the digitised vibration time signal. This is achieved by
multiplying the signal by the complex exponential function

e-j2nf°iTs'




which produces a time domain signal shifted by frequency f,.
The resulting heterodyned signal is then given by

v (iTg) = u (iTg) e 3278iTs, iy .. (2)
which can be expanded to give,
= u(iTg)Cos(27£5iTg) -Ju(iTg)Sin(27fyiTg) .

This can be rewritten in terms of real and imaginary
components to be,

(V) =v (iTg) = a(iTg) +ib(iTg) (3)

where j = /-1. In the frequency domain, the frequency shift
is shown in Figure 2.

This signal 1is now complex, containing both real and
imaginary parts. To obtain the complex demodulated
vibration, this signal is now low pass filtered. Both real
and imaginary components are filtered, using a digital, zero
phase filter. A frequency domain representation of the
filtered signal is shown in Figure 3.

Digital filtering can be seen as the convolution of the
heterodyned signal with the impulse response of the zero
phase filter. The resulting function (W) is then given by,

{W)=(V)*{H)}, (4)

where * denotes convolution and (H} is the impulse response
of the zero phase filter. This can be rewritten using the
convolution integral,

0
(wy= [ v(n Be-nar, (5)
~00
or in discrete terms
N
{ W} = T v(kTg) H{(i-k)Tg}, (6)
k=1

The resulting function can then be expressed as,

w (iTg) = c(iTg)+jd(iTg), i=1...N (7)

separating out the real and imaginary components.
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The complex signal can now be decimated in time by
resampling at low frequency as the resulting signal (W)
contains only frequency components between -fa< f <fj.
Decimation by a factor of say ten, can be used where the
bandwidth of the filtered signal is less than one tenth of
the bandwidth of the original time signal. The decimation of
the time signal can be achieved by multiplying the complex
time signal by a unit sampling sequence (G}. This can be
defined using a unit sampling function g(n) defined as

0 - < n«< o except n =0
g(n) =
1 n=o0
The unit sample sequence {G) for resampling the analytic
signal (W} with a sampling period Tq, can now be defined as,

[«4]
{ G = £ g(iTg-kTq) (8)
k=-®

or for a finite length sequence, as shown in Figure 4,

M
{6} = I g(iTg-kTq) (9)
k=1

The resulting function (X) after resampling is equal to
the 1low pass filtered function (W), multiplied by the
resampling sequence {G), shown in Figure 4, which can be
expressed as,

M
{X} = (W} {(G) = i w(iTg) g(iTg-kTq), (10)
=1
which results in a sequence,
x(kTq) = c(kTq) + jd(kTg), k=1l...M (11)

The new sampling frequency is fgq, with a period between
samples of Tq. To avoid the need for interpolation, M should
be an integer factor of N. The analytic signal (X} can now
be enveloped to obtain the desired function where,

Ix(kTq) | = / c2(krg)+d? (kTgq), k=1...M (12)

The transform of the demodulated signal (X} can be
reshifted in frequency ¢to obtain the high resolution
frequency response if desired. However, for the analysis of
the high frequency resonant modulation this is not required.
The reshifting of the frequency of the signal in the time
domain does not affect the envelope of the demodulate (X}
but only the phase.

Renbaalomr o
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The frequency spectrum of the envelope function |x(kTq) |
can now be computed to determine the presence cof any
characteristic bearing frequency components as shown in
Figure 5.

The complete process of computing the envelope of the
modulated bearing vibration signal is shown in Figure 6 and
can be compared to the standard analogue method of computing
the envelope of a band pass filtered signal shown in Figure
7.

3. EXPERIMENTAL VERIFICATION

The above method of generating the envelope of the
modulation of the bearing vibration signal has been
successfully implemented and used to analyse the vibration
signature measured from a rolling element bearing with an
implanted fault in the outer race.

3.1 Bearing Vibration Test Rig.

The experimental bearing vibration test arrangement is
shown in Figure 8.

The tested rolling element bearing was located on a chuck,
flexibly coupled to a 40mm diameter shaft supported by a
single row spherical roller bearing and a double row ball
bearing 180mm apart. The shaft was also flexibly coupled to
a 0.5 HP DC motor and controlled by a Servomex controller.
The calibrated thrust load was applied to the test bearing
through a cantilever weight system as shown in the diagram.
The principal dimensions of the taper roller bearing
(NSK/NTN 30204) used in the test, are shown in Figure 9. The
outer race was pressed into a bearing housing which
contained a small Bruel and Kjaer accelerometer type 8309,
mounted in the radial direction. The fault implanted into
the outer race of the rolling element bearing consisted of a
fine scribed line, as shown in Figure 10, scratched across
the full width of the race surface. The width of the damage
was measured to be 0.17mm.

The test bearing with the implanted fault was run in the
bearing test rig at 2000 rpm with a thrust load of 295 N.
The measured vibration signature was signal conditioned
using a Bruel and Kjaer selectable gain and anti-aliasing
low pass charge amplifier type 2635. With the 1low pass
filter cut-off set to 30 kHz, the vibration signature was
digitised at 116.2 kHz using a Metrabyte data acquisition
card in an IBM compatible personal computer.

3.2 Experimental Results

A short section (10 msec) of the measured vibration signal
with the bearing fault is shown in Figure 11. The two large
bursts of vibration are the result of the rollers rotating
past the defective outer race, the time spacing
corresponding to the rolling element pass frequency in the
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outer race, REPFO. The frequency response of this signal is
shown in Figure 12, where the first four structural resonant
modes of the bearing are evident.

The fourth resonant mode occurring at 32.5 kHz, was chosen
for the verification of the new complex demodulation
technique. Twenty thousand data points were digitised at the
116.2 kHz sampling rate (0.172 sec, 5.7 shaft revolutions)
using the IBM pc. The data were then frequency shifted in
the time domain so the resonant frequency was centred on the
origin. A low pass digital filter with a cut-off at 1.1 kHz
was then used to remove the unwanted frequency components
which creates the analytic signal. These data were then
decimated in time by resampling at 10 kHz. The envelope of
the bearing vibration around the 32.5 kHz resonant mode was
then computed and is shown in Figure 13. The repetitive
impacts can be clearly seen in the demodulated envelope from
the fourth structural mode, the repetition rate being equal
to the REPFO.

The frequency spectrum of the envelope was then computed
using a fast Fourier transform and the result is shown in
Figure 14 with the first seven harmonics of the rolling
element pass frequency of the outer race clearly visible,
confirming the defect position as being on the outer race.
The other resonant modes of the bearing were also found to
give similar results to those given above.

3.3 Discussion

This memorandum has developed a theoretical basis for
computing the high frequency resonant response, in the
digital domain, using complex demodulation of a structural
resonance. This technique is notable in that the envelope of
the narrow frequency band around the structural resonance,
is obtained without transforming the time record to the
frequency domain.

The experimental results verify the effectiveness of the
digital demodulation technique. The characteristic defect
frequency was visible both in the envelope and the resulting
spectrum. The results confirm that the repetitive impacts
which occur when defects appear on bearing elements will
cause modulation around a number of structural resonances
and over a wide frequency range.

4. CONCLUSIONS

This paper has detailed a new method of obtaining the
narrow band envelope modulation of bearing resonances.
Formerly, the envelope modulation has been obtained by using
an analogue band pass filter, centred on a structural
resonance, and enveloping before digitising and computing
the frequency spectrum. The method presented and verified in
this paper involves demodulating the bearing resonant
response by first digitising, then frequency shifting and
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low pass filtering, all in the time domain, to obtain an
analytic signal from whose envelope the frequency spectrum
is obtained.

The notable points regarding this technique are as
follows;

1. The method operates on the digital signal, analogue
enveloping is not used.

2. The demodulation is performed wholly in the time
domain, no Fourier transform is required to perform the
demodulation.

3. A simple low pass filter operation is used instead of
the previous bandpass filter.

4. Any structural resonance can be selected by a software
change of the frequency shift operation.
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FIGURE 1. TWO SIDED SPECTRUM FROM A ROLLING ELEMENT BEARING.

A(f)
A
Frequency shift fa
L )
! |
| I
i |
' !
' [
: |
— — +— —+ >
-(fs + 2fo)/2  -2fo fo O (fs-2fo)/2 f
Frequency

FIGURE 2. TWO SIDED SPECTRUM, FREQUENCY SHIFTED BY -fo, TO CENTRE THE
STRUCTURAL RESONANCE AROUND THE ORIGIN.

Alf)
\

| Digital Low pass filter cut-off

N

Frequency

FIGURE 3. RESULTING SPECTRUM AFTER LOW PASS DIGITAL FILTERING
THE TIME SIGNAL AT FREQUENCY + fa.



—————

{w}
£
(0] S,
9 ol KX L
g __»_ _<_ '..' —
x Ts -,
Analytic signal
Multip!
{G} y

1T}d++++£w

Unit sampling sequence

X} A
) [ ]
° ™

&

E—#‘ + ——> t
3 Td

o

°

{w}

< I

8 " Ts

g‘ | |-

C -, > t

S |

© st

£ . T,
Analytic signal -

Multiply

{G}

1£+J+++>t

Unit sampling sequence

{X} \ 4

5 °

[o N

E‘ ] o - t
S| Td . o
O

Decimated analytic signal

FIGURE 4. DECIMATION OF ANALYTIC SIGNAL WITH UNIT SAMPLING SEQUENCE




—— - -

|x(kTd)|
A
Envelope
amplitude
Time
F(Ix(kTd)])
A
Envelope
spectrum
\)J i, »J{/L*MM bt >
Frequency

FIGURE 5. THE ENVELOPE OF THE BANDPASS FILTERED ANALYTIC TIME
SIGNAL AND THE RESULTING FREQUENCY SPECTRUM.




TYNIIS NOILVHBIA INIHV3E 3HL 40 3d0713AN3 3HL 3LNdW0J 0L NOILYINGOW3O X37dW0J "9 9I4

_ | Bewr
_ I (30312) utst-
_ *
| |
| _
_ “Teubts
(4) X (L) _ .
_ n} UnT3}RJQIA
= 6 Hmwwmwm | Ja1rt *RMma | *wv a/y (3 x but.esq
144 uty L U MO j04421- 2 [1€3161Q anboreue
[ | pauot3ipuo)
wnJioads apnitubew _ _
adoraaug adoraaul _ _
“ " (30342) S0D
- _ _
[eay
suwt3 ut
UOTIRWI23Q uatie[npowag ButuApodsiay

e e




LINJYIJ 3d0713AN3 3N907YNV NV 9NISN 3NOINHIIL 3IINVNOSIYH AON3ND3d4 HIIH 3HL "¢ 914

3TN2JTD
pawJojsuedy Butyioous
Jatdnoj pue PToY Yead e

pastitbip [eubis e Teubts Ajr30ay e

3JueUOSad
Butdeaq 3noge
J3311) ssed pueg e

144
Teubts
wndJdjoads adoraaua
adoraaul anfoteue

(N

Teubts anboreue
J33114 ssed pueg

butdeaqg

—— woJj Teubts

anforeuy
Teubts
uotiedqra
pauotitpuoy

N n e - e




Flexible Coupling  Shaft Support

Bearings
Test Bearing /
(1 1)

Flexible Coupling

Magnetic Pickup (velocity measurement)

_I' «+———SEM Motor
1 " Motor Mounts
[ .% "E
h
Cantilever Weight
System
Rubber Pads
FIGURE 8. SCHEMATIC DIAGRAM OF THE BEARING RIG SHOWING THE B3
TEST BEARING ARRANGEMENT



’_‘-ﬁ -

i

15.25

12
le—»] | Rollerelement

4 y/
Inner race

Roller cage

e Pitch diameler 34 mm
14 Roller diameter 6 mm
47 — . |20
- Contact angle 12.96°

PR Number of rollers 15

-—TRoller element
Yy __ % All dimensions in mm

\ Outerrace

B L o

FISURE 9. SCHEMATIC DIAGRAM OF THE TESTED ROLLING ELEMENT BEARING.

. eenea.




0.17mm

H

Outer race profile

x2000

x100
Magnification

FIGURE 10. SURFACE PROFILE OF THE TEST BEARING ACROSS THE LINE DEFECT

are .

Avws




"30VH H31NO0 3HL NI 103433
3NIT V HLIM TVNDIS NOLLVHEIA DNIHY38 3ND0TYNY

98'Ci = JOoB} SISOLINY
/£'8 = Joyoepsaln)
96'GL = SWH

Gmwv%,.__.r ﬁ_ ?_, ___. MTTi v_F_;_.

108)8p Bueaq 0 enp spoedW|

L1 3HNOI4

- et -t e e o -

001-

(;98s w) uonessEOY

00}

R e




89

"S3ONYNOS3H DNIHY3E HNO4 ONIMOHS ODNIHY3]
1S31 3HL WOH4 a34NSV3N ISNOJS3Y TYHNLONYLS AONIND3H4 HOIH 24 34NDId

(zHx) Aousnbaeid

i‘(.ﬁ-\(/\(ﬁ\.\( 1{1\4 M 0

A 1

ZHNeee ZHM9' P2

4

ZHMegl

(e1eos Jesuy) wnoads uoneIaEIdyY

x

ZHYE'6 +

T LV R




"BONVYNOS3H ZHY §'2€ IHL WOY4d
TYNDIS NOLLVHEIA DNIHY3E A31VINAOW3A 3HL 40 3dOT3ANI €L IHNDI4

(08s) sty
1’0

r ;,ﬁ,.ﬁegi_iaj_,.,.__ A _,,..:ﬁJ.jzé_:jEj AJ_

(ageos seauy))
spnydwe adojaau3z

00e




"30VH H31N0 FHL NO AONIND3IHA SSvd LNIWIT3 ONITOY
JH1 ONIMOHS 3A0W IONYNOSIH ZHX 6'2€ IHL WOHLS WNYLOAdS 3dOT3ANI “v1 3HNOI

{(zH¥) Aousnbaig

0
Ny ea T at Y ava ey " Fras g N WY VW R~ WO T iasval v 1111«:44...11 % AII 7 ¥ v lo
B
(4]
x
% 1
3 x
o w
(@) _.nm ) +
o I
nm m =m
oz 32
T 4+ ©s
(@) o O
NEe]
[ R]
L 89
4 B,
Ko
@
N Q
* 4 2
D
2 3
“m
o] T
T

A_. ooe

O4d34

g




DISTRIBUTION
AUSTRALIA
Department of Defence
Defen ntr.

Chief Defence Scientist

FAS, Science Corporate Management (shared copy)

FAS Science Policy (shared copy)

Director, Departmental Publications

Counsellor, Defence Science, London (Doc Data Sheet Only)
Counsellor, Defence Science, Washington (Doc Data Sheet Only)
SA to the Thailand Military R and D Centre (Doc Data sheet only)
SA to the D R C (Kuala Lumpur) Doc Data sheet only)

OIC TRS, Defence Central Library

Document Exchange Centre, DISB (18 copies)

Joint Intelligence Organisation

Library H Block, Victoria Barracks, Melbourne

Director General - Army Development (NSO) (4 copies)
Defence Industry and Materiel Policy, FAS

Aeropautical R rch Labora
Director
Library
Chief - Flight Mechanics and Propulsion Division
Head - Propulsion Branch
Branch File - Propulsion
Author: LM. Howard

Materials Research Laboratory

Director/Library

Defen ien Tech rganisation - Sali
Library

WSRL
Maritime Systems Division (Sydney)

Navy Office

Navy Scientific Adviser (3 copies Doc Data sheet)
Aircraft Maintenance and Flight Trials Unit
RAN Tactical School, Library

Director of Naval Aircraft Engineering

Director of Naval Air Warfare

Superintendent, Aircraft Maintenance and Repair
Director of Naval Ship Design

B T




Army Office
Scientific Adviser - Army (Doc Data sheet only)
Engineering Development Establishment Library
US Army Research, Development and Standardisation Group

Air Force Office
Air Force Scientific Adviser (Doc Data sheet only)

Aircraft Research and Development Unit

Scientific Flight Group

Library
Engineering Division Library
Director General Aircraft Engineering - Air Force
Director General Operational Requirements - Air Force
HQ Air Command (SMAINTSO)
HQ Support Command (SLENGO)

Department of Administrative Services
Bureau of Meteorology, Library

Department of Transport & Communication
Library

tat n Authorities and Indust
Aecro-Space Technologies Australia, Manager/Librarian (2 copies)
Ansett Airlines of Australia, Library
Australian Airlines, Library
Qantas Airways Limited
Civil Aviation Authority
Hawker de Havilland Aust Pty Ltd, Victoria, Library
Hawker de Havilland Aust Pty Ltd, Bankstown, Library
Rolls Royce of Australia Pty Ltd, Manager
Australian Nuclear Science and Technology Organisation
Gas & Fuel Corporation of Vic., Manager Scientific Services
SEC of Vic., Herman Research Laboratory, Library
Ampol Petroleum (Vic) Pty Ltd, Lubricant Sales & Service Mgr
Australian Coal Industry Research Labs Ltd, Director
BHP, Melbourne Research Laboratories

BP Australia Ltd, Library
niversities an 1l
Adelaide

Barr Smith Library
Professor Mechanical Engineering

Flinders
Library

LaTrobe
Library

Bt .
LY TR




Melbourne
Engineering Library

Monash
Hargrave Library
Head Mechanical Engineering

Newcastle
Library

New England
Library

Sydney
Engineering Library

NSW
Physical Sciences Library
Professor R.A.A. Bryant, Mechanical Engineering
Library, Australian Defence Force Academy

Queensland
Library

Tasmania
Engineering Library

Western Australia
Library
Professor B.J. Stone, Mechanical Engineering

RMIT
Library

University College of the Northern Territory
Library
SPARES (10 COPIES)

TOTAL (110) COPIES



AL 149 DEPARTMENT OF DEFENCE PAGE CLASSIFICATION

DOCUMENT CONTROL DATA UNCLASSIFIED

PRIVACY MARKING

1s ARNUMBER Ib. ESTABLISHMENT NUMBER 2 DOCUMENT DATE 3 TASK NUMBER
AR-006-058 ARL-PROP-TM-468 OCTOBER 1989 89/089

« TME 5. SECURITY CLASSIFICATION & NO.PAGES
COMPLEX DEMODULATION FOR (PLACE APPROPRIATE CLASSIFICATION

BEARING FAULT DETECTION IN BOX(S) 1. SECRET (S), CONF. (C) 2

RESTRICTED (R), UNCLASSIFIED (U) ).

Lo] (o] (v

] 7. NO. REFS.

cT 16
& AUTHOR(S) 9. DOWNGRADING /DELIMITING INSTRUCTIONS
.M. HOWARD NOT APPLICABLE
16. CORPORATE AUTHOR AND ADDRESS 11. OFFICE/POSITION RESPONSIBLE FOR:
AERONAUTICAL RESEARCH LABORATORY SPONSOR ;_DSTO
P.0. BOX 4331, MELBOURNE VIC 300t SECURITY

DOWNGRADING

APPROVAL

12. SECONDARY DISTRIBUTION (0F Tiits pocumenT) Approved for public relcasc

OVERSEAS ENQUIRIES OQUTSIDE STATED LIMITATIONS SHOULD BE REFERRED THROUGH ASID - hEL - 1 vt GRMATION SERVICES BRANCH,
DEPARTMENT OF DUFENCE, CAMPRELL PARK, ACT 2604

t3a. THJS DOCUMENT MAY HE ANNOUNCED IN CATALOGUES AND AWARENENS SERVICES AVAILADBLE TO .. .

Unlimited

136. CITATION FOR OTHER PURPOSES (IE. CASUAL
ANNOUNCEMENT) MAY BE UNRISTRICTED OR AS FOR a.

la. .DBCRI.?’IORS 15. DRDA SURIECT
Vibration tests CATBGORIES
Demodulation 0046E
Bearing stress p S
Resonant frequency PRV S .

{
16. ABSTRACT

Vibration analysis using the high frequency resonance technique has been used
successfully to detect incipient failure in rolling element bearings. This memo
outlines a_new method of obtaining the demodulated narrow band envelope of a
bearing vibration signal from the high frequency resonant response. Previous
techniques_have used an analogue envelope where the raw analogue signal is
bandpass filtered and envelopgrfu before_digitising. The method outlined in this
document first digitises the vibration signal, performs a complex demodulation
operation, then computes the envelope followed by its spectrum. Fault repetition
frequencies can be identified in the demodilated spectrum of the high
frequency resonant response. - V.

Flga,

R Re



o ———

THIS PAGE IS TO BE USED TO RECORD INFORMATION WHICH 1S REQUIRED BY THE ESTABLISHMENT FOR ITS OWN USE BUT WHICH WILL NOT BE

ADDED TO THE DIiSTIS DATA UNLESS SPECIFICALLY REQUESTED.

16 ABSTRACT (CONT).

PAGE CLASSIFICATION

UNCLASSIFIED

PRIVACY MARKING

17. IMPRINT

AERONAUTICAL RESEARCH LABORATORY, MELBOURNE

18 DOCUMENT SERIES AND NUMBER 19. COST CODE

PROPULSION

41 4140
TECHNICAL MEMORANDUM 468

20. TYPE OR REPORT AND PERIOD COVERED

21. COMPYUTER PROGRAMS USED

2. ESTABLISHMENT FILE REP (S)

. ADDITIONAL INFORMATION (AS REQUIRED)

A . e




