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FOREWORD

This is the final report on NASA Contract No. NAS8-21128 and covers the
work performed during the period 1 July 1967 through 30 November 1968. The Solar
Research project number is 6-2697-7 and the internal number of the report is
RDR 1554-6.

The contract was initiated by the National Aeronautics and Space Administration,
Marshall Space Flight Center with the Solar Division of International Harvester Company
for the application of integral damping; to suppression of duct assembly vibratory re-
sponse. The technical Contracting Officer's Representative (COR) for the program
was Mr. R. H. Veitch (with Mr. H. J. Bandgren as alternate COR) of NASA,
MSFC Propulsion and Engineering Laboratory, Huntsville, Alabama.

Mr. W. A. Comp+.,n, ^ ss, Gtant Director Research, was the program manager-
during the program and act , . I as the principal investigator for several months following
the resignation of Mr. A. W. Coutris, Staff Research Engineer, the initial principal
investigator. Dr. Glenn E. Bo•vie, Senior Staff Research Engineer, was the principal
investigator for the program and the principal author of the final report. Major con-
tributions were made by Mr. John V. Long, Director of Research, who originally
conceived and demonstrated the idea of applying inelastic damping to suppress vibra-
tory response in duct assemblies; Mr. A. N. Hammer, Research Engineer, was
responsible for the application of braze-bond methods for attaching damping sleeves
to test duct assemblies; Mr. J. A. Davies, Research Engineer, established experi-
mental methods and conducted response and fatigue testing: and Mr. M. I. Seegall,
Research Engineer, contributed to the dynamic response anal^-sis and data reduction.
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SECTION I

INTRODUZ30TION

The objective of this study was to compare the fundamental bending mode
vibratory response of simply supported uniform ducts with the romponse of ducts modi-
fied by the addition of midspan damping sleeves. An experimental approach was fol-
lowed which included the measurement of midspan response of uniform ducts (Test
Series I), development of metallurgical bonding procedures for attaching damping
sleeves to ducts, and determination of response and fatigue lives of damped ducts
(Test Series II). The scope of the program encompassed experiments on uniform
ducts made of four structural alloys and of three geometries, and -I ducts of three
materials and three geometries modified by the addition of uniform midspan damping
sleeves made of one high damping structural alloy.

Major space booster ducting systems now built, use AISI 321 stainless steel
as the material for the duct, gimbal, flanges, gimbal rings, and bellows; however,
higher pressure and high angulation ducting systems require higher strength materials
such i i Inconel 718, to contain the pressures and angulations. Although Inconel 718
has higher strength to contain pressure than AISI 321 stainless steel, efforts to use
Inconel 718 have been unsuccessful in many cases because of severe vibratory inputs
which cause excessive stresses. The reasons why the ATST 321 stainless steel proved
to be so effective were learned during extensive dynamic. ;. sspont Ms, studies at Solar.
This discovery was attributed to the high damping properties of AISI 321 stainless
steel at	 esses in the inelastic range. When AISI 321 stainless steel ducts are
severely vibrated, inelastic strains occur which provide a high damping capacity,
limiting assembly response to a level which the assembly components can withstand.
This is not the case with aluminum, titanium, or Inconel 718 (heat treated) ducts,
which have relatively low damping properties throughout most of their useful strain
range.

In certain cases, the problem of excessive vibratory response has been sur-
mounted with Inconel 718 by introducing intermediate supports to reduce the free
length of the ducting runs. Some of these supports have incorporated special damping
devices and materials to aid in suppressing the vibratory response; however, this
approach does not represent a fundamental solution to the problem since large space
boosters have wide cavities which must be bridged by free lengths of ducting. There-

-	 fore, installing intermediate supports is a di'cult task to accomplish, c,nsi lering
the thin walls of the main booster tanks and the lack of extensive inner framework.

1
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V

It has been discovered as an alternate solution, that the superior inelastic
stress damping properties of the AISI 321 stabiless steel may be applied to an Inconel
718 duct; for example, in the high strain range, thereby causing substantial reduction
of the vibratory response. Thus, the high performance material such as Inconel 718
operates in the elastic range to contain the pressures in the duct, while the superior
damping of the AISI 321 stainless steel may operate in the inelastic region to suppress
the vibratory response.

A variety of methods for bonding AISI 321 stainless steel to aluminum,
Inconel 718, and titanium have been developed at Solar to allow quantitative evaluation
of the inelastic damping concept on full-scale duct sizes ranging up to 20 centimeters
in diameter. Since the program was oriented to study the parameters which govern
the application of inelastic damping sleeves to the reduction of vibratory responses
in ducts, it was reasoned that the most expedient method of bonding the sleeves should
be chosen. The simple method of induction heating localized sections of the duct for
bonding the sleeve, tended to degrade tie Latigue life of the duct material; however,
it did not affect the response chara.cteY is,.lics of the test duct-sleeve combinations.
Thus, a large number of duct materials and sleeve combinations could be response
tested. This testing allowed the evolution of the somewhat generalized theory govern-
ing the application of the integral damping function to suppressing vibratory response
of long unsupported ducts. Joining methods for the materials combinations, which do
not degrade the duct material strength, have been developed and can be applied when
other conditions permit.

The body of the report is divided into five sections and three appendices.
Section II describes test duct materials and geometries and includes a discussion on
the unit material damping properties of AISI 321 stainless steel. Test apparatus and
procedures are described in Section III. All experimental results on uniform ducts
(Test Series I) and damped ducts (Test Series II) are presented in Section IV. A dis-
cussion of the results is given in Section V and conclusions are contained in Section VI.
Appendix A discusses a method of predicting integral damping of uniform AISI 321
stainless steel ducts based on a unit material damping law hypothesized in Section H.
A derivation of a unit impulse response function for a mathematical model of a duct
in which damping is introduced in a complex stiffness term is presented in Appendix B.
A description of a new high friction gimbal design is given in Appendix C. Four pro-
totypes of the new design were fabi tcated during the study period, but were not evaluated.

2



SEC'TION II

MATERIALS TESTED

Specimens tested in this program consisted of straight i earns of hollow, cir-
cular cross-sections and were designated as either duct sections or ducts, to distin-
guish them from duct systenns. Diameters, wall thicknesses, and duct lengths were
representative of those used i ►, space vehicle production practice and were compatible
with available test apparatus. Emphasis was placed on obtaining comparative dynamic
response data for duct sections of lour materials. AISI 321 stainless stc;el was Selected
as a baseline material for the following reasons:

• It is widely used by the NASA on such structures as the Saturn V S-1C
stage booster

• It exhibits strongly inelastic stress -strain properties.

Dynamic response of duct sections in the fundamental bending; mode can be inhibited
by selecting a duct material that has high unit material damping properties. I3. J.
Lazan (Ref. 1) has shown that the unit material damping of many structural allays
can be described adequately by an equation of the form

D = Jon,	 1.

where	 D = unit material damping, m-newtons; m`I-cycle

a : steady state stress amplitude, newtons, .n2

and	 J and n are material parameters

The uniaxial tensile test curve in Figure 1 shows the inelastic stress-strain
behavior of AISI 321 stainless steel. The solid curve represents the empirical
Ramberg-Osgood law

(_ 17
m

E	 v ^.	 '

to

2.
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where	 E -= uniaxial strain (m/m)

cr	 undaxial stress (newtons,'m2)

cry - 0.2 percent offset yield stress (newtons.'m2)

E = tangent Young's modulus of p lasticity (newtonsrm2)

and	 m is a parameter.

For the curve shown in Figur4d 1,

rrY . 30.0 x 107 newtons/m2

	

10	 2
E20. 5'x 10 newtons /m

5. 7.

The manner in which inelastic stress-strain behavior and unit material
damping properties of a structural alloy are related can be described as follows.
After a certain number of reversed loading cycles, at either constant stress or con-
stant strain amplitude, it is often found that the stress-strain behavior can be charac-
terized by a stable hyst€ m—sis loop that is subsequently independent of the number of
loading cycles. An exception occurs when the stress amplitude is allowed to increase
to a limit defined as tht ,. cyclic stress sensitivity limit. Below this limit, the area of
hysteresis loops can often be represented either by a single curve computed according
to Equation 1, or by a series of curve segments with different values of J and n. It is
often found that the hysteresis loop portions for tensile and compressive stresses have
the same shape and area (i. e. , the material does not exhibit a Bauschinger effect).
Segments of the loop for which the magnitude of the stress is decreasing with time
often have nearly constant slope. The cusps of the loops may _fall on a locus of the
forth of the Ramberg-Osgood equation, although the values of E and ay for the locus
may be distinctly different than those for the onset of loading. Materials of this type
are described in Reference 1 as ones with rate independent symmetric hysteresis
loops. When cr is greater than the cyclic stress sensitivity limit, the area of hystere-
sis loops undergo a noticeable increase and the parameters J and n depend on the
history of loading.

antl	 ^^t
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A hypothetical hysteresis curve for AISI 321 stainless steel (Fig. 2) has been
prepared for analysis purposes. It is presumed that

• The hysteresis loop is s- v mmetric and rate independent

. The locus of the cusps is given by the form of the static stress-strain
ctirve

• The slope of segments cd and ab shown in Figure 2 is equal to E.

The particular loop in Figure 2 was computed for a stress amplitude cr = 0.8 crY. The
area  of the loop was found by counting squares and has a unit damping value D = 45. 5
x 104 m-newtons/m3-cycle.

A closed form expression has been derived for the area of a hysteresis loop
of the type shown in Figure 2, as follows:

+1
D _ 0.008m cr 

m

m+1 UYm

_ 0. 008 (n - 1)	
an

	n 	 n- 1'
9 

whe re	 n = m+1 .

For example, when cr/crY = 0. 8, cry = 30.0 x 107 newtons/m 2 and n = 6. 7, it is found

that D G 45. 5 x 104 m-newtons/m 3Y cycle.

J 
f 0.008 (n - 1)	 1

n	 n-1
crY

and write D - J ern. In the following paragraph, the values of «1 and n that area hypoth-
esiz ;d for 321 stainless steel are 3. 25 x 10- 51 and 6. 7, reit+lte=^*tYv^^lt.

The value of the damping exponent for this ► niMerind ho 1wPh Ouswu its bwt in
the order of r 6.7. This value Is in contrast to vad"aft tot; n e, it +*lr*= 4t41 st011y*,
normally in the range 2 • n r 43. Therefore, it loi 4Mitossnl tho the atat ttlsoalIs1 tIoltri I
of AISI 321 stainless steel increaort+ signifienoth , with itutt;04*00 Its r#sawa 0-aPlell,+

T
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Three additional duct materials were selected for Comparison with AISI 321
stainless steel.

• Inconel 718

• 6A1-4V titanium alloy

• 6061-T6 aluminum alloy

Two series of tests were conducted. In Test Series I, dynamic response
data were obtained using ducts of each of the four materials with diameters of 5. 19

7.6, and 10.2 centimeters. In Test Series II, AISI 321 stainless steel sleeves
were metallurgically bonded to central portions of duct sections constructed of Inconel
718 9 6061-T6 aluminum, and 6A1-4V titanium.

2.1 TEST SERIES I AND II DUCT SECTIONS

The mounting fixtures for the duct sections are shown in Figures 3 and 4.
One end of a duct section was shaker mounted and the opposite end wall was mounted
in a pinned/sliding joint. Clearances of 0. 13 millimeter were maintained on the pins.
Alignment was accomplished at the shaker mounted end. In some instances, shims
were placed in the pin joints after strain gage signals measured on the duct indicated
that clearances were excessive. Lateral alignment was checked by manually twisting
the duct to ensure that no binding would occur at the joints. The joint surfaces were
repeatedly lubricated with SAE 30 weight oil during set up and test operation.

During the early stages of the program, the flanged ends of the ducts were
welded to the ends of the ducts prior to precision boring of the pinholes. This prac-
tice was discontinued in favor of removing the flanges from a previously tested duct of
the same diameter and material, aligning the pins with respect to the duct on a tooling
plate, and then welding the flanges. This change in procedure represented a time and
cost saving measure without sacrifice in quality of the experiments.

The geometries of duct sections tested are summarized in Table I. In the
program test plan, Task letters A, E, and B were used to distinguish duct sections
with outer diameters of 5. 1, 7.6, and 10. 2 centimeters, respectively. The Test
Numbers in Column 3 of Table I identify the chronological order of the tests. The
wall thickness of each duct section was equal to 1.24 millimeters. All duct sections
5. 1 centimeters in diameter were 152 centimeters long. The sections 7.6 and 10.2
centimeters in diameter were 198 centimeters long.

8
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TABLE

DESCRIPTION OF DUCT GEOMETRIES

d

r
321 Stainless Steel

Duct Geometry Sleeve Geometry
Sle	 %,	 i..ul

Wall Lengths Description

Test Test Duct Diameter Length Thickness Thicknes3 in Response Tests in Fatigue

Series Task No.	 I Material (cm) (m) (mm) (mm) (cm) I	 Tests

1 A 1 3"I Stain- 5,0H 1.5'2 1.24
less Steel

a2 Inconel 719 5.08 1.52 1.24

3 130131-T6
_

S.6s 1.52 1.24
Aluminum

4 6Al-4V 5.08 1.52 1.24
Titanium_

1 o-1, 39 321 Stain- 1.62 1.94 1.2.1
less Steel

30 Inconel 71S 7,62 1.08 1.24
-{

Y

1.2431 6061-T6 7.62 1.98
Aluminum

32 6A1-4V 7.62 1.98 1.24
Titanium

I	
_

B H 321 Stain- 10.16 1.94 1.24
less Steel

9 Inconel 718 10.16 1.98 1.24
10 6061-T6 10.16 1.98 :.24

Aluminum
11 6Al-4V 10,16 1.98 1.24

Titanium
11 A 5 Inconel 718 5.08 1.52 1.24 0.127 30.5 Plain

6 6061-Tt3 5.08 1.52 1.2.1 0.127 24.4 Plain

Aluminum
7 6Al-4V 5.08 1.52 1.24 0.127 30.5 Plain

Titanium
II A 34 Inconel 718 5.08 1.52 1.24 0.254 35.6 30.5 25.4 Plain

Addendum 39 Inconel 718 5.08 1.52 1	 1.24 0.254 _35.6 Chevrons

40 6061-T6 5.04 1.52 1.24 0.'1,54 35.6 30.5 25.4 Plain

Aluminum
40 6061-T6 5.08 1.52 1.24 0.254 35.0 30.5 25.4 PlainIterun

Aluminum
41 6061-T6 5.08 1	 1.52 1.24 0.254 35.6 Chevrons

Aluminum
II I; 33 Incone1718 7.62 1.98 1.24 0.127 10.6 38.1 35.6 Plain

34 6061-T6 7.62 1.98 1.24 0.127 40.6 35.6 Plain

Aluminum
35 6Al-4V 7.62 1.98 1.24 0.127 40.6 35.6 30.5 Plain

Titanium
if E 42 Inconel 718 7.62 1.98 1.24 0.254 40.6 35.6 30.5 Plain

Addendum 43 Inconel 718 7.62 1.98 1.24 0.254 40,6 Chevrons
35.6 30.544 6061-T6 7.62 1.98 1.24 0.254T 25.4 Plain

Aluminum
45 6061-T6 7.62 1.98 1.24 0.254 40.6 Chevrons

Aluminum
46 6A1-4V 7.62 1.98 1.24 0.254 40.6 35.6 30.5 Plain

Titanium
47 GA14V 7.62 1.98 1.24 0.254 40.6 Chevrons

Titanium
11 B 12 Inconel 718 10.16 1.98 1.24 0.127 38.1 Plain

13 6061-T6 10.16 1.98 1.24 0.127 38.1 Plain
Aluminum

14 6A1-4V 10.16 1.98 1.24 0.127 35.6 Chevrons
Titanium

10
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In Test Series II, AISI 321 stainless steel damping sleeves were metallurgi-
cally bonded in the central portions of duct sections constructed of Inconel 718,
6A1 -4V titanium and 6061-T6 aluminum alloys (Fig. 5). Response tests were performed
on ducts with plain-ended damping sleeves of various lengths (Table I), and with sleeve
thicknesses of 0. 13 and 0. 25 millimeters. Fatigue tests were performed on duct sec-
tions with both plain- and chevron-ended damping sleeves. The chevrons were 2. 54
centimeters deep and shaped as shown in Figure 6.

2.2 PREPARATION OF TEST SERIES II DUCT SECTIONS

Specimens in Test Series II were prepared by bonding AISI 321 stainless steel
damping sleeves to duct sections using the facility shown in Figure 7. The facility
consists of a controlled atmosphere pyrex tube and an induction heater. Each bi-
metallic combination required different bonding materials and processes. The fabri-
cation history of each duct section in Test Series II is summarized in Table II.

2.2.1 Stainless Steel to Inconel 718

This is the simplest of the joining problems and was accomplished in a rela-
tively straightforward manner. Each damping sleeve was prepared in two halves to
minimize differential thermal expansion. The two halves were form-rolled to per-
fectly fit the contour of the tube prior to assembly. A foil of Sta-Flo 761 was wrapped
around the Inconel tube where the 321 stainless steel sleeve was to be applied. The
321 stainless steel damping sleeve was placed over the Sta-Flo foil and held in posi-
tion by an outer band of AISI Type 1010 steel. This outer 1.010 steel foil was tighten.
using stepless banding clamps and tack welding. The entire assembly was then placed
in a pyrex tube muffle and purged with gettered argon prior to induction brazing. An
induction heating coil was traversed along the damping sleeve to raise the area to a
temperature of 900°C for braze bonding. At the end of the cycle, the outer 1010 foil
was removed and the entire assembly placed in an argon muffle for completion of the
heat treat. The heat treatment was a duplex-age type which exposed the entire duct
assembly (already in the solution heat treated condition) to 730 °C and to 600°C for pe-
riods of four hours each. Good quality bonds were achieved. Two ducts each of 5. 1
and 7. 6 centimeters diameter were prepared in this manner for Tasks A and E.

11
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FIGURE 5. TYPICAL DUCT SECTION SHOWING LOCATION ON PLAIN-ENDED
AISI 321 STAINLESS STEEL DAMPING SLEEVE

FIGURE 6. DUCT SECTION II-B-1 .1 AFTER FATIGUE TEST FAILURE

12



FIGURE: 7. BRAZE BONDING FACILITY

13



V

w ~j C
I

a

7 G
^, ^ ^ ^ =

'O t^ w
^ ^ °

«
'"a

Q
C +^

^ ^

y
.G

"

^ O
•v•v as ^ ^

'"	 ^ yG yO d ^ W D ^yy ryyG V ^..	 a0+ yyC^
u W p>

V	 ^.j'qdrj 10 r'
^'	 V .°.
a	 •̂

°O v i e

w 

^ `°
i u

G
U

0̂+ 8
ID	 0 u CA

^ ^
y ^O

Uy 0 u
^

0 7 O C° 7 w C to	 (^p 0 C go ed p
O
'r+O

V O

F'i ^. r

V

.0 ♦+ O

V Vy
^

O	 CS
^

u GQj
GV^

^
Ir

O V
W W L,

M
t0 M N  ~ 

.a .041 Gl	 M 
D

C M C
a E y .r

°lA O V ci ŵ
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2. 2. 2 Stainless Steel to Titanium

The brazing method initially used for the 5. 1- and the 10. 2-centimeter 00
ducts caused degradation of the duct material in each case. Originally, Lithobraze
BT was applied on both sides of a diffusion barrier and brazed on the tube. however,
the copper content in the BT braze allay reduced the base metal strength of the titani-
um tube, which contributed to premature failure during vibration testing. This condi-
tion was not expected because of the minimum quantities of bond alloy used in the
process. In fabricating the second Vii. 1-centimeter titanium duct, a substitute bond al-
loy containing much less copper, Sta-Flo 761, was used. A considerable improve-
ment was obtained; however, the weak point in the duct shifted to the transition areas
at the sleeve ends.

The procedure for the f  rst 7.6-centimeter duct (01)), and subsequent ducts,
was to pre-braze a diffusion barrier foil to the 321 stainless steel sleeve with BT al-
loy. These composites were then shaped and brazed in two halves to the duct with
Sta-Flo 761. Restraint was applied in the same manner as when joining stainless
steel to Inconel 718, except that the outer band consisted of a columbium alloy foil.
Brazing was by induction heating in a vacuum. Temperature control was carefully
maintained to avoid overheating, which could cause erosion or degradation of the base
material.

The two 7.6-centimeter OD titanium ducts (Task E) were processed with the
foregoing procedure and braze quality was seen to be adequate for determination of
response.

2. 2. 3 Stainless Steel to Aluminum

The four stainless steel sleeve/aluminum test duct systejiis presented the
greatest fabrication problems. One of the 5.1-centimeter ducts (OD) and one 7.6-
centimeter duct (OD) with the chevron damping sleeve ends were processed with ac-
ceptable quality. The plain-end 0.25 millimeter thick damping sleeves had noticeable
unbonded areas. The problem arose from the difficulty in optimizing the pressure
loading on the damping sleeve during the bonding cycle. The process used for the
bonding of the damping sleeves for these test series was similar to that described for
the 7.6-centimeter titanium duct (OD), in that pie-brazed composites were prepared
with a diffusion barrier foil, 321 stainless steel sleeve end Lithobraze BT braze alloy.
These composite sleeves were then shaped to a net fit and brazed in two half sections
to the aluminum duct with Alcoa 718 aluminum-silicon alloy. Brazing was conducted
in an argon muffle resting horizontally on the hearth of a large steel tempering oven.

The 7.6-centimeter ducts (OD) were banded externally with AISI 321 stainless
steel foil to provide compressive forces (by differential thermal expansion) on the
sleeves. Considerable distortion resulted in the first of these with plain sleeve ends,

16
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but the problem was relieved in the chevron-cut end specimen by placing a diagonally
split length of stainless steel tubing inside the aluminum tube to stiffen the braze area.

The first of the 5.1-centimeter ducts (UD), with plain sleeve ends, was simi-
larly banded with AISI 321 stainless steel which, perhaps because of the smaller di-
ameter, did not provide sufficient differential thermal expansion strain to compress
the sleeve tightly against the aluminum tube. The resultant braze was of poor quality.
The procedure was revised for the second 5.1-centimeter duct (OD), with chevron
ends, by substituting a banding material with a lower thermal expansion coefficient,
Type 1010 steel. A second 5. 1 centimeter OD aluminum duct with a plain ended damping
sleeve, designated Test No. 40 Rerun in Table II, was also fabricated using a 1010
steel band rather than a 321 stainless steel band. Much better quality brazing result-
ed in each case.

All aluminum ducts with brazed damping sleeves were solution heat treated
and aged to return them to the T6 condition. In brazing the aluminum ducts, the basic
problem is the proximity of the minimum brazing temperature of klcoa 718, 590°C, to
the melting range of 6061 Aluminum, 595 to 650°C. Even without the distortion prob-
lem, resulting from loss of strength at the braze temperature, there is a serious pos-
sibility that irreparable metallurgical damage can occur by incipient grain boundary
melting at the elevated braze temperature.

17
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SECTIONI'ION III

TEST APPARATUS AND PROCEDURES

A schematic of the test apparatus is shown in Figure S. Vertics ! steady state
sinusoidal motion was imparted to one end of a duct section by a 6.7 x 103-newton
capacity electrodynamic shaker. Input acceleration load factors, N, were measured
with a piezoelectric accelerometer and vibration meter.

Duct and sleeve strains were measured with Budd Metalfoil, C-121 tempera-
ture compensated gai •es (gage length = 3. 2 mm). They were bonded with an equal
parts mixture of Shell Epon Resin No. 828 and Versamid No. 125 Polyamide Resin.
Curing time was 1.5 hours at 66°C. If gages failed during a test, they were replaced
with either a	 ]d gage from the original lot or with Baldwin A5-1 gage. In either
case, the replacement for the failed gage was bonded with Eastman 910 contact ce-
ment. Drift problems with the strain gages were minimal since no static strain was

Frequency Counter
Hewlett-Packard

Mod 521A
(Hz)

1 Vibration Shaker Tektronix
Audio Oscillator

—^
Control Amplifier Mode1564

Hewlett-Packard
—#

Console Calidyne Storage
i	 Model 200 A. B.

I
Calid ne

y Model 203 Oscilloscope
+ Series 199

Frequency Counter Acceleration Tektronix
AccelQrometer General Radio Meter 36-66

Tektronix

Endevco Type Model 1191 Endevco Carrier ^"	
2B-67

Time Base
2215 (Cycle Count) Model 2704 Amplifier

.r-
Dyna-Monitor

-^ Carrier
Strain Gage —~ Amplifier

C. E. C.•^	 (TYPtcal)^ ^ ^
System D

e S. G. - Bridge
Completion +

Test Part Network	
1 Oec illograph

Electrodynamic Minneapolis
Shaker _^

S. G. - Bridge Honeywell
Calidyne _.^

Completion Model 1108
Model A-174 Network Viaicorder

FIGURE 8. CONTROL AND MONITORING SYSTEM FOR VIBRATION OF DUCT
ASSEMBLIES
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Strains at Position 3

Test Duct U-E-35	 7.6-cm OD titanium duct
	

Strains at Position t

Sleeve length 30.5cm. Tvplcal data recorded on uselllograph	 N - 12.2	 N a 16.0

involved. Strain gage bonding was satisfactory in all cases. A sample of each discrete
strain value was recorded on a Honeywell, Model 1108 Recording Oscillograph using a
C. E. C. System D amplifier unit with three Model 113-B carrier amplifiers as gage
conditioning units. The gages were resistance calibrated in We conventional manner
for strain gage bridge circuits. Typical calibration oscillograph traces are shown in
Figure 9.

A strain gage located at one quarter of the duct length from one duct end was
continuously monitored on a Tektronix Model 564 Storage Oscilloscope using a Type
3C-66, twenty-five K-Hz carrier plug-in amplifier. This provided a visual means of
fine-tuning the frequency to assure maximum strain at each discrete value of force-
input and assurance that good strain waveform quality would be obtained on oscillo-
graph traces for gages at other duct locations. Shaker oscillator gain was increased
at discrete intervals with the frequency swept manually from slightly below resonance
through the resona ice peak, and then carefully returned to the frequency of peak
strain response for given load input, N.

Test frequencies were monitored on a Hewlitt-Packard, Model 521A elec-
tronic counter. A continuous cycle count was recorded on a General Radio, Model
1191, eight-digit counter to determine numbers of stress cycles at each load level
during response and fatigue tests. The output from the shaker oscillator supplied the
input for both counters.

FIGURE 9. TYPICAL STRAIN GAGE CALIBRATION AND STRAIN RESPONSE DATA
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SECTION IV

TEST RESULTS

To develop a rational design procedure for predicting vibration response and
fatigue life of structural components in a duct system, it is advisable to define a
simple duct section test configuration that is amenable to both analysis and experi-
mental testing. The design procedure must be validated on a simple physical model
before it can be applied with confidence to more complicated duct systems. The duct
section test configuration selected for this program was one in which a straight duct
was mounted with one end free to rotate about a single axis and the opposite end free
to rotate about the same axis and slide in the axial direction. The latter pinned and
sliding joint was mounted in wall fixture and the former pinned end was attached to an
electrodynamic shaker head. The shaker was used to drive the pinned end of the duct
at the fundamental frequency of bending vibration in the duct section.

The duct sections used in Test Series I had uniform geometric and elastic
properties with length, while those used in Test Series II were made to be nonuniform
by the application of AISI 321 stainless steel damping sleeves. The uniform duct sec-
tions were amenable to the simple, single degree of freedom analysis given below.
A .;heoretical model that would provide a consistent basis for direct comparison of
nonuniform with uniform duct section vibration response was not evolved in the per-
formance of the program.

4.1 THEORETICAL MODELS FOR TEST SERIES I DUCT SECTIONS

The theoretical methods that were applied to the analysis of a uniform duet
section v'.brating in the fundamental mode are as follows. In the first, the deflection
at midspan relative to the displacement of the driven end of a duct was treated as the
response parameter of a single degree of freedom model. Damping was introduced in
a complex modulus stiffness term in the model. The approach is considered to be
useful for engineering design purposes, but is not sufficiently refined to reveal the
detailed influence of material damping and geometric parameters on the response.
The second theoretical method was based on the definition of a logarithmic decrement
for vibration decay in the fundamental bending mode as the ratio of two-volume inte-
grals. The numerator represents the total internal damping in the duct section and the
denominator is two times the maximum elastic energy stored in the duct per vibration
cycle.
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Ng sincat
	

Ng sinwt

The first theoretical method requires measurement of strain amplitude at
midspan as a function of input acceleration. The second method requires an hypothesis
concerning the unit damping as a function of stress amplitude at midspan. The
hypothesis was tested by performing vibration decay and swept-sine response experi-
ments on a 7.6-centimeter diameter AISI 321 stainless steel duct section. The latter
two types of experiments yield direct measurements of either logarithmic decrement
or darr►ping ratio for comparison with theoretical predictions. An outline of the
second theoretical method is given in Appendix I.

4.1. 1 Single Degree of Freedom Models

When a duct section is to be vibrated in the fundamental mode (Fig. 10), it is
usual to compare the deflections of the vibrating duct with those that would occur when
the driven end is subjected to a uniform acceleration. The procedure adopted here
follows the technique described in Reference 2. The vibrating duct is first considered
to be undamped to simplify the determination of the vibrating mode shape. Damping
is then considered to affect only the amplitude of vibration and not the mode shape or
resonant frequency.

x

T	 Mid-Span Deflection
Ng sincut

ly

Y(t) = Deflection of Mass with Respect to Base

FIGURE 10. SINGLE DEGREE OF FREEDOM MODELS FOR DUCT SECTION
VIBRATING IN THE FUNDAMENTAL BENDING MODE
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Uniform Acceleration of One End of a Duct Section

When one end of a simply supported duct section is subjected to a uniform
acceleration, Ng, the deflection of the duct in the direction of the acceleration, Y(x),
is given by the solution of the equation

EI d4Y(x) = NgpA,
dx4

where	 P = mass density of the duct material and A = duct cross sectional area.

The natural mode shapes of the undamped duct are known to be of the form

sin nix , n = 1, 2, 3, - - - -.

The deflection Y(x) can be expressed as a superposition of the form

Y(x) = n Bn sin nmt .

To a first approximation,

Y(x)=B1 sin

4 Ng	 arx
_^ 

w1 
2sin 

f

where w1 = circular frequency of fundamental vibration mode.

A condensed nomograph consisting of three parallel straight scales is pre-
sented in Figure 11 for estimating fundamental bending mode resonant frequencies of
simply supported thin-walled ducts. The nomograph is based on the equation

f = w1 _ 1 ar l2 (

pA
EI )1/2

tar	 2 ar ` f / 	 /

where	 f1 = fundamental bending mode frequency (Hz)

Q = duct length (m)

3.
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3	 f1 = 5.6x10 3 r/1 2 (1-1Z)	 0.3
r = (diam. - wall thickness)/2 (m)
-0 = duct length (m)

Nomograph to be used for estimating fundam.--ntal bending 	 -0.2
mode resonant frequencies of simply supported thin-walled
ducts made of the following materials:

• AISI 321 Stainless Steel
• Inconel 718

	

1	 . 6A1-4V Titanium	 Lo. 1
• 6061-T6 Aluminum

FIGURE 11. NOMOGRAPH FOR ESTIMATING FUNDAMENTAL BENDING MODE
FREQUENCIES OF THIN WALLED DUCTS
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E = Young's modulus of elasticity (newtons/m2)

I	 duct cross section second moment of area (m4)

p = mass density of duct material (kgm/m3)

A = duct cross sectional area (m2)

The equation was simplified by using the thin-walled duct relations

I = 7r rat

A = 2r t,

and	 r = (d - t)/2

where	 t = duct wall thickness (m),

and	 d = duct outer diameter (m).

The simplified equation is

f - 7r (E l 1/2 r

21	 \p /	 2, r2	 f

The derivation of an average value of (E/p) 1/2 for four duct materials is
summarized in Table III.

It can readily be shown that fundamental bending mode frequencies for ducts
made of the four materials listed in Table III may be estimated by using the expression

f 1 = 5.6 x 103 2 .
1

For example, the AISI 321 stainless steel duct used in Test I-E-29 had a
length of 198 centimeters, an outer diameter of 7.6 centimeters, and a wall thickness
of 1. 24 millimeters. The mks values of I and r for this duct are 1.98 meters and
0.0373 meters, respectively. When the dashed line in Figure it is used to estimate
the fundamental bending mode frequency of this duct, the value fl = 53 Hz is obtained,
in close agreement with results of a direct calculation based on material properties
of the test duct.

4.
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TABLE III

DERIVATION OF AN AVERAGE VALUE FOR (E/p)1 2

Material
E

(newtons/m2)
p	

—F_

(kgm/m3 ) E/p (E/p)1/2

AISI 321 Stainless Steel 19.3 x 10 10 7. 83 x 103 24. 6 x 10 6 4. 96 x 103

Inconel 718 20.7 x 10 10 8. 25 x 103 25. 2 x 10 6 5. 02 x 103

6A1-4V Titanium 11.7 x 1010 4.44 x 103 26.4 x 106 5. 14 x 103

6061-T6 Aluminum 6.9 x 10 10 2. 27 x 103 25.4 x 10 6 5. 04 x 103

Average (E/p) 1/2 = 5.04 x 103

Response of the Single Degree of Freedom Model at Arbitrary Frequencieb

Figure 10 shows two alternate single degree of freedom models for the
deflection at midspan with respect to the deflection of a driven end of the duct. In the
model on the left, the deflection of a mass with respect to a base is given by the
solution of the equation

d2 Y (t) + , w 12 (1 + 2ti) Y(t) = Ng sin wt

dt

where the term (1 + 20) is a complex stiffness factor. The amplitude of motion at
resonance is found by substituting

Y(t) = BI sin wt

in the above equation. The result can readily be seen to be

Ng
B 1

 = Lw 
2^1

1
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A uniform acceleration of the base of the model, Ng, would produce a deflection of
the mass given by

_ Ng
B 1	 2

wI

The resonance amplification factor of the model is defined as the ratio

I B11	 1
Q - B1 

= 2F .

In the single degree of freedom model on the right in Figure 10, damping is contrib-
uted by a dashpot with viscous damping factor, C. The relative deflection of the mass
with respect to the base is the solution of the equation

d2Y(t) + C dY(t) +

dt2	
M dt

w12 Y(t) = Ng sin wt.

P

In this case, the resonance amplification factor for a lightly damped model is given by

Q = 2 , where t = C isC ue damping ratio for
r

and	 Cr = 2M w1 is the critical damping factor.

Although the equations governing the two models yield the same expression
for the resonance amplification factor, the first model has been selected here on the
grounds of physical arguments.

A function, H(W), called the transfer function of the model can be derived
which characterizes the response of a single degree of freedom model at arbitrary
frequencies. If the particular solution

Y(t) = H(iw) e
l wt

is substituted in the equation

a2YM + w 2 (1 + 2t i) = e  wt
dt2
	 1
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it is found that

1

	

22	 2 . .
w l - w + 2 Yco i

If II(icw) is expressed in the polar form

H(iw) = I H(iw) I e-10

it can be siioN%n that the amplitude characteristic is

1
H(iw) _	 -
	

1/22
Iw 1 2 - CO 2, + 4 Y2 w14

1

2 1/2
(2 

7r)2
((f

 12 - f2
)
 + 4 Y2f14

and the phase angle is

2
-1 2 ^ w1

0 =tan	 2	 2 .

	

w1	 CO

It is shown in Appendix II that the transfer function, H(iw), can be used to
derive an impulse response function, h (t), given by

e - '1 L t (sin co 1 
t)

h(t)
wl

The impulse response is seen to be a damped sine wave with period T = 27r/w1.
Positive peaks occur at time intervals

t = ( 2 + 2n a^	 n= 0,1,2,3 - - - - - - .
W1
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The ratio of successive peaks h  and hn+ 1 is given by

h	 2 \2+ 2n 7r

n	 e 	 2^

	

e	 = es

hn+ 1	 -	 ( 7r + 2(n+ 1) 7l

e

	

2 \2	 1

where b = 2^ 7r is called the logarithmic decrement.

Thus, the damping ratio, ^ , for an equivalent single degree of freedom model
with light viscous damping can be obtained from measurements of the logarithmic
decrement by using the relation

S = 21r t

Sinusoidal Acceleration of One End of a Duct Section at Resonance

When one end of a simply supported duct section is subjected to a sinusoidal
acceleration, Ng sin w t, at the frequency of the fundamental vibration mode, the duct
deflecti , ,fii i- --n be represented in the form

Y(x, t) = B 	 ^ sin wlt .

The bending strains are given by

2

E x (x, Y, t) _ -Y a 2 (x,t)
ax

and have a maximum value, at the section x = 1/2, and at a distance y = t r2 from the
duct axis, of magnitude

	

f	
,  2

r^1E = I E x ^2' tr2 ,, = r21.1/ B'1.

b
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If N and E are measured in an experiment and the duct damping coefficient is defined
as

B1
2Y -=

1

it can be seen that for a thin-walled duct

4 y N
12

3 E E r
ir

where r = d2 - t/2 = rl + r 2/ 2 is an effective duct ratio, y = pg is the weight density
of the duct material, d2 and r2 are the outer diameter and radius of the duct cross-
section, r l is the internal radius, t is the duct wall thickness, and the second me -nent
of area has been assigned the approximate value

I ---  7r r3t .

The present equation for t is greater by a factor of 4/7r than the result
reported earlier on NASA Contract NAS8-21128. The differ^°nce arises because the
duct section subjected to a uniform acceleration in the above analysis was considered
to be elastic. If it had been considered to be rigid, the previous result would have
been obtained.

The prediction equation has be- expressed therefore in the alternate forms

1 y N f2

V2 E E r

and

4 y N f2

7r
3 E E r

The latter equation is to be used when deflections of the vibrating duct are compared
with those of an elastic duct that is subjected to a uniform acceleration on one end.
The former equation is one in which deflections of the vibrating duct are compared
with those of a rigid duct subjected to a uniform acceleration on one end.

5.

G.
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Tabular and graphical data, presented below for Test Series I duct sections,
have been computed on the basis of Equation 5, using the average value of y/E given
in Table IV.

TABLE IV

DERIVATION OF AN AVERAGE VALUE FOR y/E

Material
E

(newtons/m2)
y

(newtons/m3) y/E

AISI 321 Stainless Steel 19.3 x 10 10 76. 9 x 103 39.8 x 10-8

Inconel 718 20.7 x 10 10 80.8 x 103 39.0 x 10-8

6A1-4V Titanium 11.7 x 1010 43.5 x 103 37. 2 x 10-8

6061-T6 Aluminum 6.9 x 10 10 26.6 x 103 40.3 x 10-8

Average y/E =	 39. 1 x 10-8

When the average value, y/E = 39. 1 x 10 8 , is substituted in Equation 5, the
damping ratio prediction equation can be written in the simplified form

2
= 4.0x10_ 8
	 1	

7.
E 

Equations 4 and 7 may be used to obtain the alternate expression

2.2x104f 
E	 8..i.

Equations 7 and 8 have been used to construct a condensed nomograph con-
sisting of three parallel straight scales (Fig. 12). Conversion of damping ratio values
to other damping quantities, according to the following relations, is shown in
Figure 13.

2w	 r 71	
If 

9
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.

b

where	 S = logarithmic decrement

t	 damping ratio

r, = loss coefficient

and	 Q = transmissibility

4.2 TEST SERIES I RESULTS

Test Series I results are presented in Tables V through VIII. Test numbers
and duct materials and geometries are identified. If the electrodynamic shaker input
force at a fundamental bending mode resonant frequency is defined as

F 1 = IF,Isin w I t ,

the amplitude of the driving force IF 11may be expressed as

J F I I = NMg (newtons),

where	 N = acceleration load factor, dimensionless

and	 g = local acceleration due to gravity (m/sec2)

M = effective mass (kgm)

Additional symbols used in the tables are as follows:

f = duct length (m)

d = duct diameter (m)

t = wall thickness (m)

E = midspan maximum strain amplitude (m/m)

= danipirg ratio, dimensionless

Q = amplitude amplification factor, or transmissibility,
,i	

dimensionless

a = midspan maximum stress amplitude (newtons/m 2 or lb/in. 2j .

a
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TABLE V

AISI 321 STAINLESS STEEL DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-A-1 1.53 0.0508 0.00124

0
E newtons/m2 lb/in. 2

N (x 106 ) We Q (x 10-7 ) (x 10-3)

1.1 184 5980 0.0224 22.4 3.55 5.15

1.3 4227 5730 0.0215 23.3 4.39 6.36

1.9 298 6380 0.0208 24.0 5.75 8.34

2.2 360 6110 0.0230 21.8 6.97 10.1

3.2 550 5820 0.0218 22.9 10.6 15.4

3.8 650 5850 0.0220 22.8 12.6 18.2

5.0 810 6170 0.0231 21.6 15.7 22.7

6.0 1090 5500 0.0206 24.2 21.0 30.5

6.5 1220 5330 0.0200 25.0 23.6 34.2

7.6 1190 6390 0.0208 24.0 23.0 33.3

8.8 1550 5680 0.0213 23.5 29.9 43.4

9.0 1850 4860 0.0182 27.4 35.7 51.8

10.6 1950 5440 0.0204 24.5 37.7 54.6

11.2 2060 5440 0.0204 24.5 39.8 57.7

12.0 2125 5640 0.0212 23.6 41.1 59.5

13.5 2100 6430 0.0241 20.7 40.6 58.8

14.0 2220 6300 0.0236 21.2 42.9 62.2

15.2 2200 6910 0.0259 19.3 42.5 61.6

16.5 2410 6850 0.0257 19.5 46.6 67.5
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TABLE V (Cont)

AISI 321 STAINLESS STEEL DUCT TEST DATA

Iwngtli, 1 Diameter, d Wall Thickness, t
Test (rn) (m) (m)

I-E-29 1. 98 0.076 0.00124

0
4E newtons/m2 lb/in.2

N (x 106 ) We Q (x 10'7 ) (x 10-3)

1.0 145 6, 900 0,0282 17.7 2.83 4.1

2.4 250 9,600 0.0393 12.7 4.83 7. 0

4.4 360 12,220 0.0500 10. 0 6.97 10.1

61 0 550 10,910 0.0447 11.2 10.6 15.4

6. 8 565 12,040 0.0493 10. 1 10.9 15. 8

8. 7 750 11,600 0.0475 10.5 14.5 21.0

9.4 835 11,260 0.0461 10.9 16.1 23.4

12. 0 990 12,120 0.0496 10. 1 19.1 27. 7

15.0 1190 12,610 0.0516 9.7 23.0 33.3

16.0 1040 15f400 0.0630 7.9 20.1 29.1

17. 0 1100 15,500 0.0632 7.9 23. 1 30.8

22. 0 1320 16,700 0.0682 7.3 25. 5 37.0

24. 0 1280 18, 800 0.0768 6. 5 24.7 35. 8

29. 5 1310 22,500 0.0922 5.4 25.3 36.7

36.0 1420 25,400 0. 1038 4. 8 27.5 39. 8

39.0 1400 ;^,7, 900 0.1140 4. 8 27.0 39.2

40.0 1500 26,700 0.1092 4.6 29.0 42. o

42.0 1700 24,700 0.1012 4.9 32. 8 47.6

M
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TABLE V (Cont)

AISI 321 STAINLESS STEEL DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-13-8 1.98 0.102 0.00124

a
E newtons/m2 lb/in.2

N (x 106 ) We Q ( x 10-7 ) ( x 10-3)

3.0 130 23,100 0.0718 7.0 2.51 3.64

4.0 210 19,000 0.0590 8.5 4.06 5. 88

5.0 250 20,000 0.0620 8.1 4.83 7.0

7.6 360 21,100 0,0655 7.6 7.45 10.8

8.6 425 20,200 0.•0626 8.0 8.21 11.9

9.2 440 20,900 0.0648 7.7 8.49 12.3

11.8 525 22,500 0.0699 7.2 10.1 14.7

13.2 720 18,300 0.0568 8.8 13.9 20.2

13.5 680 19,900 0.0617 8.1 13.1 19.0

16.4 830 19.800 0.0614 8.1 16.0 23.2

18.2 860 21,200 0.0658 7.6 16.6 24.1

19.3 950 20,300 0.0630 7.9 18.4 26.6

23.7 960 24,700 0.0766 6.5 18.6 26.9

25.0 1080 23,100 0.0718 7.0 20.8 30.2

27.0 1130 23,900 0.0743 6.7 21.8 31.6

30.0 1190 25,200 0.0782 6.4 23.0 33.3

34.0 1260 27,000 0.0838 5.9 24.4 35.3

40.2 1350 29.800 0.0925 5.4 26.1 37.8
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TABLE VI

INCONI.L 718 DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-A-2 1.53 0.0508 0. 00124

0
E newtons /m 2 lb/in. 2

N (x 106 ) NA Q ( x 10 -7) ( x 10 -3 )

1.0 175 5,710 0.0214 23.6 3.62 5.25

2. 0 275 7,270 0.0273 18. 3 5. 69 8.25

3. 0 460 6,520 0.0245 20.4 9.51 13. 8

4.0 600 6,670 0.0250 20.0 12.4 18.0

6.0 775 7,740 0.0290 17.2 16.0 23.2

7.0 875 8,000 0.0300 17.2 18.1 26.2

8.0 1000 8,000 0.0300 16.7 20.7 30.0

10.0 1120 8,930 0.0335 14.9 23.2 33.6

12. 0 1200 10,000 0.0375 13.3 24. 8 36.0

14.0 1380 10,140 0.0380 13.2 28.5 41.3

16.0 1420 11,270 0.0423 11. 8 29.3 42.5

18.0 1480 12,160 0.0456 11.0 30.6 44.4

20.0 1600 12,500 0.0469 10.7 33.1 48.0

22. 0 1570 14,010 0.0525 9. 5 32.5 47. 1

I-A-2a 1.53 0.0508 0.00124

0.7 130 5,380 0.0206 24.2 2.69 3.9

1. 1 250 4,400 0.0169 29. 6 5. 18 7.5

2.0 380 5,280 0.0206 24.2 7. 87 11.4

4.0 630 6,350 0.0244 20.4 13.05 18.9

5.5 750 7,320 0.0281 17. 8 15.51 22.5
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TABLE VI (Cont)

INCONE L 718 DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

IL-A-2a 1.53 0.0508 0.00124

E

1 0
newtons/m2 lb/in. 2

N (x 10-6 ) N/E Q ( x 10 -7 ) (x 10-3 )

8.0 930 8,600 0.0330 15.1 19.25 27.9

7.4 1190 6,200 0.0248 ' 0. 1 24.6 35.7

12.0 1380 8,700 0.0334 15.0 28.5 41.4

13.8 1650 8,360 0.0321 15.5 34.2 49.5

14.8 1840 8,050 0.0301) 16.2 38.1 55.2

17.1 2000 8,550 0.0328 15.3 41.4 60.0

20.0 2300 8,700 0.0334 15.0 47.5 69.0

23.0 2400 9,600 0.0368 13.6 49.6 72.0

25.0 2550 9.800 0.0386 13.0 52.7 76.5

I-E-30 1.98 0.076 0.00124

1.0 120 8,330 0.0341 14.7 2.48 3.60

3.8 250 15,200 0.0341 8.0 I	 5.18 7.50

4.6 365 12,600 0.0516 9.7 7.56 11.0

6.6 610 10,800 0.0443 11-33 12.6 18.3

8.4 840 10,000 0.0409 12.2 17.4 25.2

8.7 925 9,400 0.0358 13.0 19.2 27.7

10.5 980 10,700 0.0438 11.4 20.3 29.4

12.0 1140 10,500 0. 0431 11.6 23.6 34.2

14.9 1230 12,100 0. 049E 10.1 25.5 36. 9

18.5 1GO!" 11,600 0.0473 10.6 33.1 48.0
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TABLE VI (Cont)

INCONEL 718 DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-E-30 1.98 0.076 0.00124

0

E newtons /m2 lb/in. 2

N (x I	 ) . NA Q (x 10-7 ) (x 10-3)

22.0 1800 12,200 0.0500 10.0 37.26 54.0

25. 0 2020 12,400 0.0507 9.9 41.81 60.6

30.0 2580 11,600 0,0476 10.5 53.41 77,4

32.0 2750 11,600 0. 0477 10.5 56.93 82. 5

I-E-30a 1.98 0.076 0.00124

0.7 100 7,000 0.0287 17.5 2.07 3.0

2.4 250 92000 0.0393 12.7 5.18 7.5

5.5 500 11,000 0.0450 11. 1 10.4 15.0

10.2 900 119300 0.0464 10.7 18.6 27.0

14.5 1355 10,700 0. 0438 11.4 28.1 40.7

22.0 1980 11,100 0.0455 11. 0 41.0 59.4

26.3 2510 109500 0.0429 11.6 52.0 75.3

27.0 2700 10,000 0.0409 12.2 55. 9 81.0

30. 0 3300 99 100 0.0372 13.4 68.3 99.0

31.0 3300 99400 0.0384 13.0 68.3 99. 0

35.0 3600 9,700 0.0398 12.6 74.5 108.
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TABLE VI (Cont)

INCONEL 718 DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-E-30a 1.98 0.076 0.00124

0

E newtons /m2 lb/in. 2
N (x 106 ) N/E Q ( x 10-7 ) (x 10-3)

1.9 100 19,000 0.0590 8.5 2.07 3.00

3.2 175 18,300 0.0568 8.8 3. 62 5.25

5.5 300 18.300 0.0568 8.8 6.21 9.00

15.5 650 23,800 0.0739 6. 8 13.5 19. 5

20.0 870 23,000 0.0714 7.0 18.0 26.1

22.0 1020 21,666 0.0670 7.5 21.1 30.6

24.0 1170, 20, 500 0.0636 7.9 24.2 35.1

29.5 1390 21,200 0.0658 7.6 28.8 41.7

35.0 1660 21,100 0. 0665 7.6 34.4 49.8

36.0 1880 19,100 0.0593 8.5 38.9 56.4

41.0 2050 20,000 0.0620 8.0 42.4 61.5

50.0 2340 21,400 0.0664 7.5 48.4 70.2

54.0 2710 19,900 0.0615 8.1 56.1 81.3

i

R

I
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TABLE VII

6A1-4V TITANIUM DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-A-4 1.53 0.0508 0.00124

Q

E newtons/m2 lb/in.2
N (x 106 ) NA Q (x 10-7) (x 10-3)

2.0 500 4000 0.0150 33.2 5.87 8.5

2.5 732 3400 0.0129 39.2 8.59 12.4

3.5 1250 2800 0.0104 48.2 14.7 21.3

4.0 976 4100 0.0154 32.0, 11.0 16.6

4.5 1250 3600 0.0135 33.2 14.7 21.3

6.0 14 3 4100 0.0154 32.5 17.0 24.7

7.0 1860 3800 0.0141 35.4 21.8 31.6

8.0 2200 3600 0.0135 37.0 25.8 37.3

9.0 2070 4300 0.0160 31.2 24.3 35.3

9.3 (	 2230 4200 0.0157 31.9 26.1 37.8

10.0 2520 4000 0.0150 33.2 29.6 42.8

10, 35 !	 2440 4300 0.0160 31.2 28.6 41.5

11.0 2500 4400 0.0166 30.0 29.3 42.5

12.0 2750 4400 0.0166 30.0 32.2 46.7

14.5 3170 4600 0.0173 28.9 37.2 53.9

15.0 3290 4600 0.0173 28.9 38.6 56.0

15.8 3480 4500 0.0170 29.5 40.8 59.0

19.0 3780 5000 0.0188 26.5 44.4 64.3

22.5 4270 5300 0.0198 25.3 50.1 72.6
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TABLE VII (Cont)

6A1-4V TITANIUM DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-A-4 1.98 0.076 0.00124

v

E newtons/m2 lb/in. 2
N (x 106 ) NA Q (x 10 -7 ) (x 10-3)

1.0 180 5.550 0.0227 22.0 2.11 3.06

3.8 550 6,910 0.0283 17.7 6.45 9.35

5.8 860 6,740 0.0276 18.1 10.1 14.6

9.4 1330 7,000 0.0287 17.5 15.6 22.6

10.5 1550 6,770 0.0277 18.0 18.2 26.4

12.0 2020 5,940 0.0243 20.6 23.7 . 34.3

16.2 2650 6,110 0.0250 20.0 31.1 45.0

20.0 3250 6,150 0.0252 19.9 38.1 55.3

21.6 3400 6,350 0.0260 19.2 39.9 57.8

26.2 4700 5,570 0.0228 21.9 55.1 79.9

I-B-11 1.98 0.102 0.00124

1.2 110 10,900 0.0339 14.7 1.29 1.87

3.0 225 13,300 0.0413 12.1 2.64 3.83

3.6 300 12,000 0.0372 13.4 3.52 5.10

6.7 460 14,600 0.0454 11.0 5.40 7.82

7.6 500 15,200 0.0473 10.6 5.87 8.50

7.8 580 13,300 0.0413 12.1 6.86 9.95

8.4 710 11,700 0. 0361 13.8 8.39 12.2

12.8 870 14,700 0.0457 10.9 10.2 14.6
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TABLE VII (Cont)

6A1-4V TITANIUM DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-B-11 1.98 0.102 0.00124

E

0

newtons /m2	lb/in.2
N (x 106 )	 We Q (x 10-7)	 (x 10-3)

143. 2 930 14,300 0.0444 11.3 10.9 15.7

14.0 990 14,100 0.0438 11.4 11.6 16.8

16.5 1300 12,700 0.0394 12.7 15.2 22.1

21.0 1630 12,900 0.0400 12.5 19.1 27.6

24.0 1740 13,800 0.0429 11.6 20.4 29.5

27.0 1850 14,600 0.0454 11.0 21.7 31.5

33.0 2700 12,000 0.0378 13.2 31.7 45.9

36.0 2820 12,800 0.0397 12.6 42.2 61.2

45.0 3440 13,100 0.0407 12.3 52.8 76.5
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TABLE VIII

6061-T6 ALUMINUM DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-A-3 1.5 3 0.0508 0.00124

0
newtons/m2 lb/in.2E

N (x 106 ) We Q (x 10-7) (x 10-3 )

0.1 200 500 0.0019 265.3 1.38 2.00

0.3 320 940 0.0035 142.1 2.21 3.20

0.4 370 1080 0.0040 123.4 2.55 3.70

0.7 410 1710 0.0064 78.0 2. 83 4.10

0.9 560 1610 0.0060 82.9 3.86 5.60

1.1 600 1830 0.0069 72.7 4.14 6.00

1.3 740 1760 0.0066 75.8 5.12 7.40

1.5 870 1720 0.0064 77.7 6.00 8.70

1.7 940 1810 0.0068 73.7 6.49 9.40

2.1 1020 2060 0.0077 64.7 7.05 10.2

3.1 1150 2700 0.0101 49.4 7.95 11.5

3. S 1340 2460 0.0092 54.1 9.25 13.4

3.5 1490 2350 0.0088 56.9 10.3 14.9

3.7 1830 2020 0.0076 66.0 12.6 18.3

4.2 1960 2140 0.0080 62.2 13.5 19.6

5.0 2240 2230 0.0084 59.8 15.5 22.4

6.3 3060 2060 0.0093 53.8 21.1 30.6

6.6 3730 1770 0.0066 75.4 25.8 37.3

9.7 5070 1910 0.0072 69.8 35.0 50.8

6

45



TABLE VIII (Cont)

6061-T6 ALUMINUM DUCT TEST DATA

Y

Fr

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-E-31 1.98 0.076 0.00124

a
E newtons/m2 lb/in.2

N (x 106 ) NA Q (x 10 -7) (x 10-3)

0.3 190 1580 0.0065 77.3 1.31 1.90

0.8 310 2580 0.0106 47.4 2.14 3. ] n

1.7 440 3860 0.0158 31.6 3.04 4.40

3.8 ] 000 3800 0.0156 32.2 6.90 10.0

5.4 1100 4910 0.0201 24.9 7.59 11.0

6.4 1440 4440 0.0182 27.5 9.94 14.4

7.4 2000 3850 j	 0.0154 32.6 13.8 20.0

9.5 2530 3850 0.0154 32. G 17.5 25.3

11.2 2730 4100 0.0168 29.8 18.8 27.3

13.5 3200 4220 0.0173 " ' n 22.0 32.0

I-B-10 1.98 0.102 0.00124

0.3 90 3300 0.0103 48.4 0.62 0.90

0.7 120 5830 0.0181 27.6 0.83 1.20

1.2 150 8000 0.0248 20.1 1.04 1.50

1.4 180 7780 0.0241 20.7 1.24 1.80

1. 8 240 7500 0.0233 21.5 1. E6 2.4G

2.6 340 7650 0.0238 21.1 2.35 3.40

3.7 450 8220 0.0310 16.1 3.11 4.50

5.6 675 8300 0.0258 19.4 4.66 6.75
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TABLE VIII (Cont)

60ol-T6 ALUMINUM DUCT TEST DATA

Length, 1 Diameter, d Wall Thickness, t
Test (m) (m) (m)

I-B-10 1.98 0.102 0.00124

0

E newtons/m2 lb/in.2
N (x 106 ) Nle Q (x 10-7) (x 10-3)

6.2 760 8160 0.0^53 19.7 5.24 7.60

8.6 1040 8270 0.0310 16.1 7.18 10.4

9.8 1260 7780 0.0241 20.7 8.69 1.2.6

12.4 1750 7090 0.0220 22.7 12.0 17.5

15.0 2000 7500 0.0233 21.5 13.8 20.0

17.0 2240 7590 0.0236 21.2 15.5 22.4

20.0 2570 7780 0.0241 20.7 17.7 25.7

22.0 2920 7530

I

0.0234 21.4 20.1 29.2

t

k

t
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Plots of E versus N and v versus N are given in Figures 14 through 17.
Tangent Young's modulus values were used to convert measured strains to estimates
of bending stresses. The values, E versus N, for heat treated Inconel 718, 6061-•T6,
and 6A1-4V alloy ducts obey essentially linear relationships, which can be interpreted to
mean that inelastic damping mechanisms are not dominant with these materials; how-
ever, the E versus N relationships for AISI 321 stainless steel ducts are clearly non-
linear. Therefore, bending stresses for the stainless steel ducts should more
properly have been computed on the basis of secant Young's modulus values. This
approach was not followed because only static tensile stress-strain data are available
for AISI 321 stainless steel. The 321 stainless steel stress data could be
re-interpreted if dynamic stress-strain data became available in future tests.

To provide a common basis of comparison for the results obtained with the
four test materials in terms useful to designers, an arbitrary design life of 3 x 105
load cycles was chosen. Fatigue stresses at 3 x 105 load cycles for an environment
at a temperature of 21°C were determined from available fatigue curves. Equation 5
was used to predict damping ratios, ^ , at values of NA for the 3 x 10 5 load cycle design
life. Results are summarized in Table IX. Nomographs in Figures 18 through 21 were
used to obtain the tabulated damping ratio values.

If the single degree of freedom model used in deriving the Test Series I
damping ratio prediction equation (Equation 5) is valid, the damping ratios in Table IX
should follow a general linear relationship (on a log-log plot of t versus N/ E at a
slope of unity with logarithmic modules of equal length). Figure 22 represents such
a plot, in which experimental values of t versus N/E for a 3 x 10 5 cycle design life
are compared with a dashed line at a slope of unity.

4.3 TEST SERIES II RESULTS

A total of 20 duct sections was fabricated for evaluation of one inelastic damp-
ing sleeve configuration. In the configuration, damping sleeves of uniform thicknesses
and with a 360 degree angle of wrap were bonded to the midspan portions of the ducts.
Details of the duct and damping sleeve geometries are listed in Table I. Two sleeve
thicknesses, 0. 13 and 0. 25 millimeters, and sleeve lengths in the range 25 to 41 centi-
meters were investigated. AISI 321 stainless steel was selected as the damping sleeve
material in each case. Three duct materials, Inconel 718, 6A1-4V titanium, and
6061-T6 aluminum, were used.
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Both dynamic response and fatigue life experiments were performed on the
'Pest Series II ducts, To provide a basis for comparison of Test Series I and II results,
the following criterion was defined; A Test Series II duct, differing from a T^?st
Series I duct only ijy the addition of a damping sleeve, should have a fatigue life equal

to or greater than 3 x 105 cycles at an acceleration load level that ^-ould be expected
to yield a 3 x 105 cycle life for the Test Series I duct,

The appropriate acceleration load factors for a 3 x 10 5 cycle design life of
the test ducts are given in Table IX. Acceleration load factors and fatigue lives of
the Test Series II ducts are given in Table X. Two Inconel 718 ducts (Tests II-E-42
and II-B-12) and one 0' 061-T6 aluminum duct (Test 11-A -6) had fatigue lives greater
than 3 x 105 cycles.

Seventeen ducts had fatigue lives less than 3 x 10 5 cycles. Two 6061-T6
aluminum ducts (Tests II-E-34 and II-E-44) failed before significant numbers of loading
cycles were accumulated. The average fatigue life of the remaining 15 ducts m as
0. 715 x 105 cycles, with the lowest and highest values being 0. 17 x 10 5 and 2. 14 x 10`'
cycles, respectively.

Data in 'fable II reveal that most of the fatigue failures on the Test Series 11
ducts occurred near the rsiids of damping sleeves, Addition of a damping sleeve to
a duct caused a nonuniform redistribution of duct bending strain in the length direction.
To illustrate the nature of the strain redistribution, consider the results obtained in
Test II-E-46a. In this test, a 7. 6-centimeter OD 6A1-4V titanium duct with a length
of 1. 98 meters and a wall thickness of 1. 24 millimeters had a 41-centimeter long,
0. 254-millimeter thick AISI 321 stainless steel damping sleeve. Maximum strain
amplitudes were measured at three locations:

• Duct center

• 25.4 centimeters from duct center

• 49. 5 centimeters from duct center.

In Figure 23, the three measured strain., for an acceleration load factor
N = 16. 5 are plotted as a function of duct position. The solid curve in the figure
represents a theoretical strain distribution of the form sin (nx/f ),which is typical
of the distributions which were obtained in the bare Test Serit . I ducts.

F
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FIGURE 23. COMPARISON OF THEORETICAL AND MEAQ"RED STRAINS AS A
FUNCTION OF DUCT POSITION FOR 7.6-CENTIMETER OD 6A14V
TITANIUM DUCT WITH AISI STAINLESS STEEL DAMPING SLEEVE

The single degree of freedom model used in deriving the damping ratio pre-
diction equation

1 y N12
7r2 

E f.. r

for interpretation of the Test Series I results cannot be applied to the Test Series II
results for the following reasons:

• The shape of a damped Tp;:,t Series II duct fundamental bending mode is
not of the form sin(Trx/1 ).

• The maximum bending strain in a damped duct at a given acceleration
load level is not necessarily at midspan.

All of the Test Series II response data are given in Tables XI through XIII. Symbols
cc and ac identify midspan maximum bending strain and stress amplitude in the parent
ducts. The symbol E d identifies maximum bending strain amplitudes in parent ducts
a► a distance of 25.4 centimeters from the midspan location.
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TABLE RI

TEST SEMIES II - INCONEL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, Is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-A-5 1.52 5.08 1.24 30. 5

oc

0, 127

N cc Ed N/Ec

newtons/m2 lb/in. 2
(x 10 (x 10 (') (x 10 -7 ) (x 10-3)

2 100 0,0200 2.07 3.00

3 150 0,0200 3.10 4.50

4 225 0,0178 4.65 6.75

5 300 0.0167 6.21 9.00

6 340 0.0176 6.95 10.2

7 430 0, 0163 8.90 12.9

8 500 0.0160 10.8 15.0

9 575 0. 0157 11.9 17.3

10 650 0.0154 13.5 19. 5

12 725 0.0166 15. 1 21. 8

14 800 0.0175 16.6 24.0

16 850 0.0188 17.6 25.5

18 950 0.0189 19.7 28.5

20 1000 0.0200 20.7 30.0

22 1060 0.0207 21.6 31.2

24 1110 0.0216 23. 1 33.4

26 1150 0.0226 23. 8 34.5

F'
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TABLE XI (Cont)

TEST SERIES II - INCONEL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-A-38 1.52 5.08 1.24 30.5 0.254

N E Ed N/Ec occ

newtons/m2 lb/in. 2
(x 106 ) (x 106 ) (x 10 -7 ) (x 10-3)

2.4 160 0.0150 3.32 4.80

4.2 340 0.0124 7.05 10.2

6.2 720 0.0086 14.9 21.6

7.5 980 0.0076 20.2 29.4

10.0 1300 0.0077 20.7 30.0

13.0 1530 0.0085 31.6 45.9

16.0 1840 0.0087 38.1 55.2

18.0 2100 0.0085 42.8 62.0

21.0 2200 0.0095 45.5 66.0

II-A-38a 1.52 5.08 1.24 35.4 0.254

2. 1 125 0. 0168 2.59 3.75

4.7 450 0.0105 9.30 13.5

7.0 1050 0.0066 21.7 31.5

10.0 960 0.0104 19.2 27.8

12.4 1020 0.0121 21. 1 30. 6

16.2 1350 0.0120 28.0 40.5

18. 1 1700 0.0106 35.2 51.0

20.5 2000 0.0102 41.4 60.0
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TABLE. XI (Cont)

TEST SERIES II - INCONEL 718 DUCTS

Wall Sleeve Sleeve
'Pest Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-A-38b 1,11 5. 08 1,14 25.4 0,121

N Ec Ed N /Ec c
newtons/m 2 lb,/in. 2

(x 106 (x 10(') I	 (x 10 -7 ) (x 10 -113)

1.8 250 0.0072 5.17 7.50

2. 9 :350 0.0083 7. 25 10.5

4.2 460 0.0091 9.50 13.8

5.9 910 0.0059 18.8 27.3

8.9 1190 0.0075 24.6 35.7

13. 0 1630 0.0079 33.7 48.9

16.0 2050 0.0078 42.5 61.5

18.0 2100 0.0085 43.5 63.0

20.0 2400 0.0083 49.5 72.0

II-E-33a 1.98 7.62 1.24 40.6 0.127

1.0 70 0.0143 1.45 2.10

2.9 200 0.0145 4.14 6.00

5.0 390 0.0128 8.08 11.7

9.5 690 0.0138 1.4.3 20.7

13.4 1100 0.0122 22. 8 33.0

18. 0 1300 0.0139 26.9 39.0

21.5 1600 0.0134 33.2 48.0

23.5 1970 0.0119 40. 8 59.2

28.0 2150 0.0130 44.5 64.5

29.7 2520 0.0117 52.3 75.7
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TABLE XI (Cont)

TEST SERIES II - INCONEL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II--E-33 1.98 7.62 1.24 38.1 0. 127

N fc fd N /fc oc

newtons/m2 Win.2
(x 106 ) (x 106) (x 10 -7 ) (x 10-3)

1.0 85 0.0118 1.76 2.55

2.4 190 0.0127 3.94 5.7

4.1 350 0.0117 7.25 10.5

6.2 530 0.0116 11.2 16.1

9.0 730 0.0124 15.0 21.8

11.5 940 0.0093 19.4 28.2

15. 0 1240 0.0121 25.7 37.2

20. 5 I	 1760 0.0117 36.4 52.8

22.8 I	 1940 0.0118 40.1 58.2

24.5 2400 0.0102 49.6 72.0

27.5 2500 0.0110 51.8 75.0

33.0 2570 0.0128 68.3 99.0

II-E--33b 1.98 7.62 1.24 35.6 0.127

3.8 300 0.0127 6.20 9.0

7.6 450 0.0169 9.31 13.5

8.6 650 0.0132 13.4 19.5

12.0 980 0.0123 20.2 29.3

16.5 1330 0.0125 27.4 39. 8

23.0 1780 0.0130 36. 8 53.3

23. 8 1950 0.0122 40.3 58.5

25.4 2150 0.0118 44.5 64.5
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TABLE XI (Cont)

TEST SERIES II - INCONEL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, i s Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-E-331) 1.98 7.62 1.24 35.6 0. 127

N /EC acN fc Ed

newtons M2 lb/in. 2
(x 106 > (x 106 >

0.0120

(x 10	 ) (x 10-3>

28.5 2380 49.2 71.3

29.0 2400 0.0121 49.6 72.0

34.0 2 880 0.0118 59.5 86.3

II-E-42a 1.98 7.62 1.24 40.6 0.254

2.4 170 210 0.0141 3.52 5.10

5.1 290 380 0.0176 6.00 8.70

6.5 400 520 0.0163 8.28 12.0

8.2 530 680 0.015(' 10.9 15.8

10.3 610 800 0.0169 12.6 18.3

13.2 760 1030 0.0174 15.7 22.8

15.1 880 1210 0.0173 18.2 26.3

16.6 940 1350 0.0176 19.4 28.2

18.6 1000 1500 0.0186 20.7 30. 0

21. 8 1110 1660 0.0195 23. 0 33.3

26.8 1400 2180 0.0191 29.0 42.0

28.8 1480 2330 0.0195 30.4 44.0

32.0 1620 2520 0.0198 33.6 48.6
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TABLE XI (Cont)

TEST SERIES 17 - IrCONEL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, to

Number (m) (em) (mm) (cm) (mm)

II-E42 1.9 8 7.62 1.24 35. 6 0. 254

N (C Ed
N/E c ac

newtons/m2 lb/in. 2
(x 106 ) (x 106) (x 10-7 ) (x 10-3)

2.0 140 190 0.0143 2.90 4.20

4.0 230 300 0.0174 4.75 6.90

6.4 370 500 0.0173 7.65 11.1

8.6 500 670 0.0172 10.3 15.0

10.0 570 770 0.0175 11.8 17.1

14.0 610 870 0.0229 12.6 18.3

17.0 690 960 0.0246 14.3 20.7

19.5 1140 1610 0.0171 23.6 34.2

23.0 1180 1690 0.0195 24.4 35.4

27.0 1220 1780 0.0223 25.2 36.6

30.0 1540 2230 0.0195 31.9 46.2

31.0 1600 2250 0.0194 33.1 48.0

II-E-42b 1.98 7.62 1.24 30.5 0.254

2.4 130 150 0.0185 2.69 3.90

4.2 290 370 0.0145 6.00 8.70

6.0 400 510 0.0150 8.30 12.0

9.2 550 700 0.0167 11.4 16.5

14.0 850 1100 0.0165 17.6 25.5

18.0 1130 1540 0.0159 23.4 33.9

24.0 1380 1870 0.0174 26.5 38.4. 
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TA13LI XI (Cont)

TI':ST SERIES 11 - INCONLL 718 DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, 1® Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-E-42b 1.98 7.62 1.24 30.5 0.254

N Ec Fd N /Fc ac
newtons/m 2 lb/in. 2

(x 10(') (x 106 (x 10 -7 ) (x 10-3)

48.629.0 1620 2070 0.0179 33.6

34.0 1760 2220 0,0193 36.4 52. 8

II-B-12 1.98 10. 2 1.24 38.1 0. 127

1.35 75 80 0.0180 1.76 2.25

25 100 120 0.0225 2.07 3.00

4.1 180 190 0.0228 3.72 5.40

6.6 280 300 0.0236 5.80 8.40

8.2 310 350 0.0265 6.40 9.30

9.0 380 425 0.0212 7.85 11.4

11.5 420 470 0.0247 8.70 12.6

13.8 480 540 0.0291 9.85 14.3

15.8 610 670 0.0260 12.6 18.3

19.5 800 830 0.0244 16.6 24.0

22.0 880 960 0.0250 18.2 26.4

24.0 970 1020 0.0247 20.1 29.1

26.5 1050 1140 0.0252 21. 8 31.5

29.0 1220 1320 0.0238 25.2 36.6

36.0 1330 1420 0. 0277 26.9 39.0

41.0 1530 1680 0.0268 31.6 45.9

46.0 1640 1790 0. 02 80 33.9 49.2

50.0 1870 2040 0,0267 38.8 56.1

57.0 2110 2300 0.0270 43.6 63.3

58.0 2290 2500 0.0253 47.4 68.7
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TABLE XII

TEST SERIES II - 6A1-4V TITANIUM DUCTS
I

Wall Sleeve Sleeve
Test Length, 1	 Diameter, d Thickness, t Length, i s Thickness, is

Number (m)	 (cm) (mm) (cm) (mm)

II-A-7 1.52 5.08 1.24 30.5 0.127

N E c Ed N /Ec oc

newtons/m2 lb/in. 2
(x 106 ) (x 106 ) (x 10 -7 ) (x 10-3)

0.1 130 160 0.0008 1.64 2.38

0.5 160 190 0.0031 1. 88 2.72

1.4 310 350 0.0045 3.64 5.27

1.8 510 560 0.0035 5.97 8.67

2.6 640 700 0.0041 7.45 10.8

3.0 740 810 0.0041 8.70 12.6

5.0 1000 1120 0.0050 11.7 17.0

5.6 1160 1290 0.0048 13.6 19.7

6.6 1410 1570 0.0047 16.5 24.0

7.3 1500 1670 0.0044 17.6 25.5

7. 8 1700 1900 0.0046 19.9 28.9

8.4 1820 2000 0.0045 21.3 30.9

9.5 1930 2150 0.0049 22.6 32.8

10.4 2000 2240 0.0052 23.5 34.0

11.8 2230 2460 0.0053 26.2 37.9

12.2 2330 2600 0.0052 27.3 39.6

13.0 2460 2730 0.0053 28.8 41.8
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TA13LE XII (Cont)

TEST SF,'RIES II - 6AI-4V TITANIUM DUCTS

Wall Sleeve Sleeve

Test
Number

Length, I

(m)

Diameter, d
(cm)

Thickness, t
(mm)

Length, 1s
(cm)

Thickness, is
(mm)

40.6 0. 127[I-E-35a 1.98 7. 62 1.24

N cc fd Nlec ac
newtons/m2 lb/in. 2

(x 10(), ) (x 106 (x 10-7) (x 10-3)

1.45 2.210.8 130 0,0062

2. 1 250 0.0084 2.93 4.25

4.0 440 0.0091 5.16 7.48

5.8 700 0.0083 8.21 11.9

8. 0 1020 0. 007 8 11.9 17.3

12. 0 1270 0,0095 14.9 21.6

14. 0 1500 0.0093 17.6 25.5

16.5 1750 0.0094 20. 6 29.8

18.0 1900 0.0095 22.3 32.3

21.0 2430 0.0086 28.5 41.3

25.0 2700

7.62

0.0093 31.7 45.9

II-E-35 1.98 1.24 35.5 0.127

1.4 200 0.0070 2.35 3.40

3.7 410 010090 4.81 6.97

7. 1 740 0.0096 8.35 12. 1

8.6 940 0.0091 11.1 16.0

10.0 1060 0.0094 12.4 18.0

13.5 1630 0.0083 19.2 27. 8

19.2 2030 0.0095 23.9 34.6
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TABLE XII (Cont)

TEST SERIES II - 6A14V TITANIUM DUCTS

Wall Sleeve Sleeve
Test	 Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number	 (m) (cm) (mm) (cm) (mm)

II-E-35	 1.98 7.62 1.24 35.5 0.127

N	 ec Ed N/Ec
ac

newtons/m2 lb/in. 2
(x 106 ) (x 106 ) (x 10-7 ) (x 10-3)

17.2	 1900 010091 22.3 32.3

23.0	 2500 0.0092 29.4 42.5

21.0	 2220 0.0095 26.1 37.8

22.8	 2480 0.0092 29.2 42.2

27.5	 2950 0.0093 34.6 50.2

II-E-35b	 1.98 7.62 1.24 30.5 0.127

1. 1	 150 0.0073 1.76 2.55

1.2	 200 0.0050 2.34 3.40

4.2	 450 0.0093 5.28 7.65

6.7	 760 0.0088 7.05 10.4

8.8	 980 0.0090 11.5 16.7

12.2	 1200 0.0101 14.1 20.4

16.0	 1680 0.0095 19.7 28.6 

18.0	 2000 0.0090 23.4 34.0

21.0	 2520 0.0084 29.6 42.8

26.0	 2350 0.0101 27.6 40.0

V
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TABLE XII (Cont)

TEST SERIES II - 6Al-4V TITANIUM DUCTS

Wall	 Sleeve	 Sleeve
Test	 Length, 1 Diameter, d Thickness, t	 Length, is 	Thickness, is

Number	 (m)	 (cm)	 (mm)	 (cm)	 (mm)

II-E -46a	 1.98	 7.62	 1.24	 40.6	 0.254

Nt c 	Ed	 NA	 Rc

newtons/ m2 	lb/in. 2
(x 106 )	 I	 (x 106	(x 10-7 )	 (x 10-3)

f	 1.8	 ( 200 260 0.0090 2.35 3.40

2.7 400 530 0.0068 4. V 0 6.80

3.8 500 680 0.0076 5.86 8.50

5.5 760 1000 0.0072 8.90 12.9

i	 7.8 950 1220 0.0082 11.2 16.2

10. 2 1170 1510 0.0087 13.7 19.9

14.5 1670	 ; 2080 0.0087 19.6 28.4

16.5 1900	 I 2310 0,0087 22.3 32.3

19.6 2610 2750

^

0.0075 i	 :0.6 44.4

` -`	 0 2800 2850 0.0082 32.9 47.6

26.0 3170 i	 3000 0.0082 37.2 53.9

II-E-46 1.98 7.62 1.24 35.6 0.254

1.3 230 300 0.0057 2.70 3.91

2.5 340 450 0.0074 3.98 5.78

3.6 I)405
4

540 0.0089 4.75 6.89

5.8 550 730 0.0105 6.45 9.35

'8.0 890 1100 0.0090 10.4 15.1

10.2 1260 1550 0.0081 14.8 21.4

12.1 1280 1600 0.0095 15.0 21.7

s
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TABLE XII (Cont)

TEST SERIES II - 6A1 -4V TITANIUM DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-E-46 1.98 7.62 1.24 35.6 0.254

NN E^ 'Ed N /4E Qc

newtons/m2 lb/in. 2
(x 106) (x 106 ) (x 10 -7 ) (x 10-3)

17.0 1900 2100 0.0089 22.3 32.3

20.5 2310 2430 0.0089 27.1 39.3

25.2 2930 2860 0.0086 34.4 49.8

II-E-46b 1.98 7.62 1.24 30 . 5 0.254

1.6 190 250 0.0084 2.23 3.23

2.8 310 460 0.0090 3.64 5.27

3.8 370 520 0.0104 4.28 6.21

6.8 690 930 0.0099 8.08 11.7

8.8 990 1350 0.0089 11.6 16.8

10. 6 1310 1750 0.0081 15.4 22.3

14.9 1700 2120 0.0088 19.9 28.9

18.0 2200 2540 0.0082 25.8 37.4

21.5 3920 3600 0.0055 46.0 66.6

26.0 3800 3550 0.0068 44.6 64.6
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TABLE XHI

TEST SERIES II - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm)

5.08

(mm)

1.24

(cm)

28.4

(mm)

0. 127II-A-6 1.52

N
--- --- Ec -- -__Ea --	 - - - -

N/E C ^	 ac

newtons/m 2 lb/in. 2
(x 106 ) (x 10 3 )

0.0015

(x 10 -7 )

1.38

(x 10 -3)

0.3 200 2.00

0.5 240 0.0021 1.66 2.40

0.8 390 0.0021 2.69 3.90

1.0 420 0.0024 2.90 4.20

1.3 440 0.0030 3.04 4.40

1.5 620 0.0024 4.28 6.20

2.8 950 0.0030 6.55 9.50

2.9 1000 0.0029 6.99 10.0

3.5 1180 0.0030 8.15 11.8

4. 8 1220 0.0039 8.42 12.2

5.0 1350 0.0037 9.32 13.5

5. 6 1500 0.0037 10.4 15.0

6.2 1580 0.0039 10.9 15. 8

6. 8 1860 0.0036 12. 8 18.6

II-A-40a 1.52 5.08 1.24
G

35.6 0.254

0.6 200 0.0030 1.38 2.

1.6 360 0.0169 2.48 3.6

1.8 510 0.0035 3.52 5.1

1.7 600 0.0028 4.15 6.0
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TABLE XIII (Cont)

TEST SERIES H - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve

Test Length, 1 Diameter, d Thickness, t Length, i s Thickness, is

Number (m) (cm) (mm) (cm) (mm)

H-A-40a 1 52 5.08 1.24 35.6 0.254

N cc Ed NA  ac

newtons/m 2 lb/in. 2

(x 106 ) (x 106 ) (x 10 -7 ) (x 10-3)

4.4 970 0.0045 6.69 9.7

2.7 650 0.0041 4.48 6.5

3.8 800 0.0047 5.52 8.0

4.2 1070 0,0039 7.40 10.7

4.6 1260 0.0036 8.70 12.6

6.4 1270 0,0050 8.77 12.7

5.8 1400 0.0041 9.66 14.0

II-A-40 1.52 5.08 1.24 30.5 0.254

0.6 170 0.0035 1.17 1.7

1.2 350 0.0035 2.42 3.5

2.2 540 0.0040 3.72 5.4

2.8 730 0.0038 5.04 7.3

3.8 940 0.0039 6.48 9.4

7.0 1400 0.0050 9.75 14.0

7. 8 1480 0.0052 10.2 14.8

II-A-40b 1.52 5.08 1.24 25.4 0.254

0.4 190 0.0021 1.31 1.9

1.4 450 0.0031 3.10 4.5

2.5 580 0.0043 4.00 5. 8
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TABLE XIII (Cont)

TEST SEItII:S I1 - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve

Test Length, 1 Diameter, d Thickness, t Length, i s Thickness, is

Number (m) (cm)

5.08

(mm) (cm)

25.4

(mm)

II-A-40b 1.52 1.24 0.254

N cc Ed Nlec oc

newtons, m2 lb./in. 2
(x 10 6 (x 10 6 ) (x 10 -7 ) (x 10-3)

3.2 810 0.0039 5.60 8.1

3.9 930 0.0041 6.41 9.3

4.4 1130 0. 003 8 7. 80 11.3

5.3 1330 0.0042 9.20 13.3

7.2 1520 0.0047 10.5 15.2

8.2 1610 0,0050 11. 1 16.1

II-E-34 7.62 1.98 1.24 40.6 0.127

0,3 150 0.0020 1.03 1.5

1.2 200 0.0060 1.38 2.0

1.7 290 0.0059 2.00 2.9

2. 1 350 0.0060 2.52 3.5

2.7 520 0.0052 3.58 5.2

4.8 740 0.0065 5.10 7.4

7.0 1010 0.0069 6.97 10.1

8.4 1250 0.0067 8.62 12.5

9.4 1370 0.0069 9.45 13.7

10.8 1700 0.0064 11.7 17.0
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TABLE XM (Cont)

TEST SERIES H - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve

Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-E-34a 7.62 1.98 1.24 35.6 0.127

N cc Ed N/Ec ac

newtons/m2 lb/in. 2

(x 106 ) (x 106) (x 10 -7 ) (x 10-3)

0.3 110 0,0027 0.76 1. 1

1.2 200 0.0060 1.38 2.0

1.6 310 0,0052 2.14 3.1

2.2 500 0.0044 3.45 5.0

5. 1 720 0,0071 4.96 7.2

(Duct Failed Here)

II-E-44 1.98 7.62 1.24 35.6 0.254

1.0 160 250 0.0063 1.10 1.60

1.8 250 380 0.0072 1.72 2.50

3.2 430 700 0.0075 2.96 4.30

4.5 610 1000 0.0074 4.20 6.10

4.7 740 1150 0.0064 5.10 7.40

6.6 900 1400 0.0073 6.20 9.00

7.2 910 1420 0.0079 6.27 9.10

8.4 960 1500 0.0088 6.61 9.60

9.6 1000 1560 0.0096 6.69 10.00

12.0 1410 2210 0.0085 9.72 14.1

14.1 1350 2100 0.0108 9.30 13.5
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TABLE XIII (Cont)

TEST SERIES II - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-E-44a 1.98 7.62

Ed

1.24

N /Ec

30.5 0.254

N E c ac

(x 106 )

150

(x 106)

250 0.0080

newtons/m 2
(x 10 -7 )

1.03

lb/in. 2
(x 10-3)

1.2 1.50

1.9 300 510 0.0063 2.07 3.00

3.2 450 750 0.0071 3.10 4.50

5.0 600 990 0.0083 4.13 6.00

6.4 830 1350 0.0077 5.71 8.30

7.0 900 1500 0.0078 6.20 9100

8.2 1100 1770 0.0074 7.60 11.0

10.2 1170 1900 0. 0087 8.05 11.7

11.5 12 50 2210 0. 0085 9.30 13.5

II-E-44b 1.98 7.62 1.24 25.4 0.254

0.7 100 140 0.0070 0.69 1.00

1.2 200 310 0.0060 1.38 2.00

2.7 430 690 0.0063 2.96 4.30

3.0 435 700 0.0069 3.00 4.35

3.8 600 930 0.0063 4.13 6.00

II-B-13 1.98 10.16 1.24 38.1 0. 127

0.2 70 90 0.0029 0.48 0.70

1.2 105 170 0.0114 0.76 1.10

•1. 9 180 200 0.0109 1.21 1.75
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TABLE XIII (Cont)

TEST SERIES II - 6061-T6 ALUMINUM DUCTS

Wall Sleeve Sleeve
Test Length, 1 Diameter, d Thickness, t Length, is Thickness, is

Number (m) (cm) (mm) (cm) (mm)

II-B-13 1.98 10.16 1.24 38.1 0. 127

N Ec Ed N/Ec a 

newtons/m2 lb/in. 2
(x 106 ) (x 106) (x 10 -7 ) (x 10-3)

2.8 240 290 0.0117 1.65 2.40

3.2 290 330 0.0112 1.97 2.85

4.1 330 400 0.0124 2.28 3.30

5.2 490 530 0.0106 3.38 4.90

5.8 500 590 0.0116 3.44 5.00

7.1 630 740 0.0113 4.34 6.30

0. '^ 900 1050 0.0111 6.20 9.00

11.0 1070 1280 0.0103 7.37 10.7

13.2 1100 1570 0,0120 7.58 11.0

14.0 1240 1460 0.0113 8.55 12.4

14.6 1280 1520 0.0114 8. 83 12. 8

16.0 1550 1830 0.0103 10.7 15.5

21.8 1630 2180 0.0134 11.2 16.3
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The Test Series II results demonstrate that even though a uniform damping
sleeve may produce an undesirable length distribution of bending strain in a duct, the
midspan maximum strain amplitude can be reduced significantly with respect to that
of a Test Series I duct at the same acceleration load level. Table XIV lists values of
NA at selected values of N for both Test Series I and II ducts. In most instances, the
value of N in the table for a given duct material and geometry was selected as one
which would be expected to yield a 3 x 10 5 cycle design life in a Test Series I duct.
In some cases, Test Series II response measurements were not made at sufficiently
large values of N to make this choice possible without extrapolation. Accordingly,
the values of N in these cases, identified by a superscript star * in Table XIV, were
chosen to be the largest values for which N/E values could be selected from the tabu-
lated data for a given duct material and geometry.

To demonstrate graphically the effeo+,c of the addition of damping sleeves on
midspan response of Test Series II ducts in comparison with Test Series I ducts, values
of N/t for the former ducts were plotted in Figure 24 versus N/E values for the latter.
Symbols used in the graph are identified in Table XIV. A parameter ^* was defined
as follows:

^ * _ (N/E) for a Test Series H duct/(N/E ) for a Test Series I duct of
the same material and geometry.

The following comparisons can be made:

If ^ * = 1, no improvement in midspan response was obtained

If ^*<1, midspan response was not reduced by addition of a damping sleeve

If ^*>I, addition of a damping sleeve reduced midspan response.

The parameter r,* may be used to rank order the Test Series II response test
results. For example, addition of a 0. 127-millimeter thick damping sleeve to 5. 1-
centimeter OD Inconel 718 ducts reduced midspan response, while addition of a
0. 254 -millimeter sleeve to a similar duct increased the response (Fig. 24). The
most significant reductions in midspan response were obtained with addition of
0. 254-millimeter thick sleeves to 5. 1- and 7. 6-centimeter OD 6061-T6 aluminum
ducts. It can be conjectured from the increases in ^*, obtained by increasing the sleeve
thickness from 0. 127 to 0. 254 millimeter with 5. 1- and 7. 6-centimeter OD 6061-T6
aluminum ducts, that a similar increase would be obtained by increasing the sleeve
thickness for a 10.2-centimeter OD aluminum duct from 0. 127 to U. 254 millimeter.
It can also be seen that for the ranges over which sleeve lengths were varied, changes
in ^* were not significant.
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TABLE XIV

We VALUES FOR TEST SERIES I AND II DUCTS
T _ ,	 ^ .

T

^._,.^_... _
Sleeve

-	 i
Sleeve

Duct	 I Length Diameter Length Thickness
Test Symbol Material (m) (m) (m) (mm) N

(3
fx 10 N; i

1-A-2a Inconel 719 1.52 010508 20, 0* 1800 11. 1 x 103
II -A -5 6 Inconel 718

I
1, 52 0.0508 0. 305 0. 127 20. 0* 1000 20, 0 x 10'3 {

II-A-38a I s. Inconel 718 1.52 0. 0508	 1 0. 356 0 . 254 20, 0* 1950 10. 2 x 10'3

II-A-38	 ! Inconel 718 1,52 0. 0;'i09 0.:i05 0.254 20. 0* 2160 j	 9. 27 x 10*3
II-A-39b I -0 Inconel 718 1.52 0.0509 0.251 0,254 20. 0* 2400 1	 H. 34 x 103

I-E-30a	 ! Inconel 718 1 1. 9H 0.0762 :30.0 3000 10. 0 x 103

II-E-:33a a Inconel 718 I 1.98 0, 0762 0 . 406 0. 127 30.0	 I 2550 11. 8 x 103

Inconel 719 1 . 98 0.0702 e 381 0. 127 30, 0	 1 2550 11. H x 103

A-k:-331 -fl Inconel 718 1 1 . 98 0.0762 0.356 0. 127 30, 0 2550 11. H x 10`3

II-J:-42 Inconel 719 1.98 0. 0762 0.400 0,254 30, 0 1550 I	 19.4 x 10'3

II-I:-42a Inconel 718 1.98 0. 0?62 0.356 0.254
I

30. 0 1550 19.4 x 103

I1-E-42b 11
p Inconel 718 ! 1.98 0.0762 0.305 0.254 30. 0 1660 19.2 x 10`3

I-R-9 Inconel 718 1 . 98 0. 102 52. 3 2530
I

20.7 x 10'3

II-I3-12 Inconel 718 1.98 0. 102 0.381
JJ

0. 127
i

52.3 1970 26. 5 x 10'3
I-A-4 (;Al-3V Ti 1.52 0.0508

I
11. 5* 2620 4.4 x 10'3

Il-A-7 O 6A1-3V Ti 1.52 0.0508 0,305 0. 127	 i 11. 5* 1880 1	 6.1 x 10'3
I-E-32 6A1-4V 'ri 1.98 0. 0762	 j 21.0 3300 6. 4 x 10`3
II-E-35a O- 6A1-4V Ti 1.98 0, 0762 0.40G 0. 127	 j 21.0	 I 2430 8. (; x 103
II-E-35 -O 6A14V T, 1.98 0.0762 0.356 0. 127	 i 21.0 2220 9.5 x 16'3
114-351I b 6A14V T1 1.98 0. 0762 0.305 0, 127^ 21. 0 2200 9. 5 x 10'3
I1-E-46a 6A14V Ti 1.98 0.0762 0.406

i
(	 0. 254

II
21. 0 2250 9. 3 x 103

II-E-46 6A1 -1V Ti 1.99 0. 0762 0.356 I	 0,254	 ! 21. 0 2250 9. 3 x 103
II-E-16b A (3A1-4V Ti 1.98 0. 0762 0.305 0.254 21.0 2250 9.:3 x 10'3

I-Ii-11 6Al-IV Ti 1.98 0.102	 (
t

41. 0*
,

3160 13. 0 x 103

II-B-14 A	 + (;A1-4V T i 1.98 0. 102 0.356 0. 127	 I 41. 0*	 I
i

2040	 ! 20. 0 x 10`3
I-A-3 6061-T6 Al 1.52 0,0508	 ' j 5.7 2700	 I 2. 1 x 10`3i
II-A-6 Q-	 i 6061-T6 Al 1.52 0. 0508	 C 0,284 0. 127 5.7 1510 3. 8 x 103

I	 Rerun
II-A-40a -0 6061-T6 Al 1.52 0.0508 0.356 0.254 5.7	 I 1250	 i 4. 6 x 10`3
II-A-40 6061-T6 Al i 1.52 0.0508 0.305 0,254 5.7	 i 1250 4. 6 x 10`3
II-A-40b I Q 6061-T6 A) 1.52 0.0508 0.254 0.254 5.7

I

1250 4.6 x 10`3
I-E-31 ` 6061-T6 Al 1.98 0.0762	 I , 11.0 2700 4. 1 x 103
II-E-34 i 6061 -T6 Al 1. 98 0.0762	 ( 0.406 0.127 11.0 1700 6. 5 x 103
II -F.-343 -- 6061 -T6 Ali 1,98

I
0.0762 0.356 0.127 11.0 1700 6. 5 x 103

II-E-44 -Q 6061 -Tf Al 1. 98 0.0762 0.356 0.254 11.0	 ( 1200 9.2 x 103
II-E-44a b 6061-T6 Al 1.98 0.0762 0.305 0.254 11.0 1200 39. 2 x 103
It-E-44b 4 6061 -T6 Al 1 . 98 0.0762 0 . 254 0 . 254 11 . 0 1200 9. 2 x 103
I-B-10 6061-T6 Al 1.98 0.102 20.5 2700 7. 6 x 103
II-B-13 6061-T6 Al 1 . 98 0. 102	 I 0.356 0.127 20.5	 i 1610 f 12.7 x 103
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Area
(Nominal)

(cm)

Ultimate
Strength

(newtons /m2 )

0. 2 Percent
Yield

(newtons /m2 )

Elongation
Percent in
2. 54 cm

0. 124 x 1.27 152 x 107 130 x 107 18.0

Y

4. 3. 1 Evaluation of Fatigue Failures

Results of the fatigue tests are summarized in Tables II and X. The failures
can be identified with a combination of causes which differ in relative importance for
each test:

• Bending stress concentrations at or near sleeve ends

• Degradation of parent duct material properties during the brazing cycle

• 'Local imperfections in braze alloy distribution

• Fatiguo,: dainage of the 321 stainless steel sleeve material

• Fatigue damage of parent duct material

Comparisons of results obtained with similar damped ducts having either plain or
one-inch chevron sleeve ends indicate that more extensive changes in sleeve geometry
are required to achieve significant improvements in fatigue lives.

Metallographic and tensile test specimens were removed from five of the
fatigued ducts. The following discussion is categorized by duct material in the order
Inconel 718, 6A14V titanium, and 6061-T6 aluminum.

Inconel 718

Test Duct No. 38 was selected for examination of a representative Inconel 718
duct failure. This 

7 
duct cracked near the center of the damping sleeve after 1. 23 x 105

cycles at 52. 3 x 10 newtons/m
2
 midspan stress level in the duct. The pattern of

fracture is similar to that of Test Ducts 5 and 33. Ducts 12 and 42 did not fracture
in the requisite 3 x 10 5 cycles, although the damping sleeves developed numerous
cracks; and the failure of Ducts 39 and 43 initiated at resistance welded tacks.

Tensile Properties. A longitudinal sample was sectioned from Duct 38, in the central
portion of the damper sleeve. The 321 stainless steel sleeve material was peeled
away and the Inconel 718 machined to a standard 1.27 centimeter wide tensile speci-
men. By coincidence, the reduced section of the tensile specimen was located in an
area of the duct which had not been wet by the silver braze alloy; therefore, it was
possible to determine the mechanical properties of the Inconel 718 as affected solely
by the thermal history rather than the braze alloy. Results. were as follows:
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Etch: Electrolytic Oxalic Acid

Magnification: 250X

V

These results are typical of handbook values for the parent material and show accept-
able strength and ductility in the age-hardened cond`t i on, indicating that no significant
degradation occurred during the braze cycle of the duct material.

Hardness. Rockwell superficial hardness tests on cross sections of the Inconel 718
duct from the center brazed area, the adjacent heat-affected area, and the end unaf-
fected areas all showed identical hardness, approximately 15N 83. 5, corresponding
to the above reported tensile properties and again indicative of no damage by brazing
heat.

Metallographic Examination. Metallographic sections through the brazed sleeve area
revealed a normal microstructure of heat-treated and aged Inconel 718. The 321 stain-
less steel sleeve was seen to have cracked in several places, with fatigue damage
proceeding from the outside diameter inward (Fig. 25).

Figure 26 is a photomicrograph of a section through the actual tube fracture.
The coincidence of this fracture with two cracks in the damping sleeve was noted.
Progression is transgranular from the outside diameter inward.

There appears to be a second mode of failure not related to propagation of
cracks from the outer sleeve. Several areas (Fig. 27) show incipient fatigue cracks
initiated in the Inconel 718 do^t at its interface with the braze alloy and apparently not
associated with ar.y deficiency in the damping sleeve.

The point of initiation appears to be an area of braze alloy erosion into the
Inconel 718, which evidence can be correlated with the location of failures in Ducts 5
and 33. The latter ducts failed at the end of the damping sleeve where the buildup of
braze alloy is heaviest due to the squeezing action which accompanies differel. lal
thermal expansion of restraining bands.

FIGURE 25. CROSS SECTION OF FATIGUE CRACK IN DAMPING SLEEVE
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Etch: Electrolytic Oxalic Acid

Magnification: 50X
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Etch: Electrolytic Oxalic Acid

Magnification: 50OX
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T

FIGURE 26. FAILURE IN WALL OF DUCT 38, COINCIDENT WITH FATIGUE
CRACKS IN STAINLESS STEEL DAMPING SLEEVE

FIGURE 27. INCIPIENT FATIGUE CRACK INITIATED IN INTERFACE OF
INCONEL 718 DUCT AND SILVER BRAZE ALLOY
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Etch: Electrolytic Oxalic Acid

Magnification: 400X

321 Stainless Steel, DPH 192
Sta-Flow, DPH 69
Interface. DPH 104. 5
Inconel 718, DPH 357

FIGURE 28. MICROHARDNESS TESTS IN BRAZE ZONE OF INCONEL 718 DUCT

Figure 28 shows a section through the braze zone which includes a number of
microhardness impressions. It can be seen that there are no anomalies in hardness
to indicate zones of brittle intermetallics. (The very light impression load, five grams,
precludes conversion of these results to more conventional hardness standards; how-
ever, a valid qualitative relationship exists. )

6A1-4V Titanium

Failures of the five titanium ducts were similar in that all cracked at damping
sleeve ends in less than the requisite number of cycles. The two having the lowest
and highest fatigue lives, Ducts 35 and 46, were selected for examination.

Hardness. Both ducts had equivalent variations of hardness in the three areas tested
in cross section.

DPH (500-gram)

Duct 35	 Duct 46

Unarazed parent metal	 334	 "i.4

Braze heat-affected zone	 317	 317

Braze section under sleeve 	 287	 303

z,
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Metallographic Examination. Metallographic examination of the titanium ducts con-
firmed the variation in hardness of the several sections as duct annealing conditions
during the brazing heat. Figure 29 shows parent metal, heat-affected zone, and brazed
zone corresponding to maximum processing temperatures of about 220, 700, and 900°C.
Progression from the standard basket-weave alpha-beta type structure through spher-
oidization and equiaxed alpha structure is noted.

Figure 30 is a section of Duct 35 under the brazed sleeve and is typical also
of Duct 46. Diamond pyram i d hardness impressions show the wide variation in hard-
ness through the brazed section. Most significant are the formation of a hard inter-
metallic zone between the silver alloy and the titanium; and the segregation of the braze
alloy into two distinct phases, one very hard and the other very soft.

Unlike the Inconel 718 test ducts, the only cracks noted in the damping sleeves
of the titanium alloy ducts were those which initiated at the inside surface and were
associated with unbrazed sections of the sleeve (Fig. 31).

A. Parent Metal	 B. Heat-Affected Zone	 C. Braze Area

Etch: Kroll's

Magnification: 5 0OY

FIGURE 29. MICROSTRUCTURE OF 6A14V TITANIUM ALLOY AS
AFFECTED BY BRAZE CYCLE
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Etch: Kroll's

Magnification: 100X
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Etch: Kroll's -

1. ^ :'^ , ♦ ^ ^S^ * ti^ •., ,, y ^. - i	 7 ^►.. 4.0. ^ . ^`, -, f-	 '
	 Oblique Elimination

Magnification: 40CX

10gm DPN Hardness

Ti-6A1-4V, DPH 259
Braze Affected Ti-6A1-4V, DPH 273
Intermediate, DPH 439
Braze Alloy, Hard Phase DPH 563

Soft Phase DPH 68
Diffusion Barrier Foil, DPH 152
Interface, DPH 203
Braze Alloy, DPH 88

FIGURE 30. TITANIUM DUCT HARDNESS TESTS

FIGURE 31. FRACTURE OF STAINLESS STEEL DAMPING SLEEVE FROM INSIDE
DIAMETER OUTWARD, COINCIDENT WITH UNBRAZED SECTION
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6061-T6 Aluminum

All brazed aluminum alloy ducts failed at the end of the sleeve sections. The
duct to which the sleeve was epoxy bonded did not fail, although the sleeve cracked
after failure of the epoxy joint. The two ducts selected for examination were No. 6,
which sustained more cycles in resonant fatigue than any other, 320 a«d 400; and No. 41,
which failed at about the average of the other tubes, 75 and 800 cycles. The sleeve-to-
duct braze of Duct 6 was the most marginal of any tested because of the manner in
which the differential thermal expansion restraining bands were attached.

Tensile Properties. Longitudinal specimens were sectioned from the central portion
of the ducts and the 321 stainless steel sleeve sections were peeled away from the
aluminun. The specimens were machined to a standard 1. 27-centimeter configuration
and tested in tension. Results were:

0.2
Ultimate Percent Elongation

Area Strength Yield Percent
(Nominal) newtons/m2 newtons/m2 In

Tube	 (cm) (x 10-7 ) (x 10 -7 ) 2. 54 cm

6	 0. 124 x 1. 27 29.6 28.2 4.5

41	 0. 124 x 1. 27 28.5 26.3 3.0

Tensile and yield strengths are of approximately the proper magnitude but
there is a marked loss of ductility. Typical elongation for 6061-T6 extruded tubing
is about eight percent.

Aletallographic Examination. Figures 32 and 33 show cross sections of the braze
joints in aluminum ducts, No. 6 and 41 respectively, the latter at the point of fracture.
The condition most obvious in both is the degree to which the aluminum-silicon braze
alloy has alloyed with the 6061 aluminum. The braze to the damping sleeve is of very
marginal quality and includes many voids. This irregularity of the surface provides
severe notches for amplification of the cyclic stress. At the ends of the sleeves there
is an excess of braze alloy which has been squeezed out of the joint by differential
thermal expansion against the restraining bands. Due to the inefficiency of banding
on Duct 6, the braze alloy had less buildup and the damage which it caused was less,
probably contributing to the longer life of this particular duct n the fatigue test.
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FIGURE 32. TYPICAL SECTION OF SLEEVE TO ALUMINUM ALLOY DUCT
BRAZE JOINT

FIGURE 33. FRACTURE THROUGH WALL OF ALUMINUM ALLOY DUCT 41,
NEAR END OF DAMPING SLEEVE
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SECTION V

DISCUSSION

Procedures for including material damping calculations in the preliminary
design phase of engineering structures are not available in the literature commonly
used by structural designers. This report represents a transition between the level
of communication in Vie extensive general review by B. J. Lazan (Ref. 1) and the
strength of materials language in day-to-day use by designers. The damping ratio
prediction equation used here in the presentation of Test Series I response data has
been translated into graphical formats (Fig. 12 and 22), and these formats are of
immediate value when comparing the dynamic response of ducts made of four mate-
rials and with three different geometries. However, it must be acknowledged that
a considerable amount of work remains to provide designers with procedures for
predicting damping ratios for beams or ducts of arbitrary lengths, cross sections,
and of differing materials without recourse to experimental results obtained on full-
scale structures. The present authors believe that extension of the design procedure
outlined in Appendix A, which is based on integration of unit material damping through
the volume of a beam, is the best available technique and should be followed in future
studies.

The Test Series II response and fatigue results demonstrate that application
of a uniform damping sleeve can yield a substantial reduction in midspan maximum
strain G mplitude of a duct vibrating in the fundamental bending mode. This configur-
ation is not recommended for use on full-scale structures because it can result in
an undesirable length distribution of maximum strain amplitudes. Modifications
could be made in the sleeve geometry that would retain the desirable reduction in
midspan response without introducing strain concentrations. Design and evaluation
of additional sleeve configurations could be accomplished as a logical extension of
the experience gained in conducting the Test Series II experimental program.

The art of metallurgical bonding dissimilar structural alloys to achieve
improved structural damping in engineering structures must be considered to be in
an early stage of development. The practices adopted in this study were not in all
instances optimum from a metallurgical viewpoint, but were considered to be suf-
ficiently refined for evaluation of the Test Series H uniform damping sleeve configuration.
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CONCLUSIONS

The following conclusions were reached during the course of this study
program.

• An improvement in the communication level for the presentation of
uniform duct damping test results has been accomplished.

• Techniques for predicting midspan response of uniform ducts of arbi-
trary length, cross section, and of differing structuj al alloy materials
are available but require translation into language readily usable by
designers.

• Application of a uniform AISI 321 stainless steel sleeve to Inconel 718,
6A1 --4V titanium, and 6061-T6 aluminum ducts by metallurgical bonding
techniques can yield significant reductions in midspan maximum strain
amplitudes.

• Modifications of the present uniform damping sleeve geometry are re-
quired to avoid undesirable lengthwise redistribution of maximum strain
amplitudes.

93



,G ?PGA' 	 ^^^CEp1t

REFENCES

1. Lazan, B. J. , Damping of Materials and Members in Structural Mechanics.
Pergamon Press, London (1968).

2. Crandall, S. Ii. , On Scaling Laws for Material Damping. NASA TN D-1467
(December 1962).

95



u

APPENDIX A
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APPENDIX A

PREDICTION OF DAMPING IN UNIFORM DUCTS

In the present series of experiments, ducts were placed in a horizontal position
with one end free to rotate in a pinned joint and the other free to rotate and slide in a
pinned/slotted joint. A driving force was imposed on the pinned end in a direction
perpendicular to the beam axis and at a frequency which caused the beam to vibrate
in the first fundamental mode. The total system damping, in units of m-newtons/cycle,
consists of separate external and internal parts which contribute additively to the total
damping,

ii. e. ,	 Do s = Do e  + Do , m -newtons /cycle,

where	 D s
0 

= total system damping

e
Do = external damping

i
D =

0	
internal damping

The external damping, Doe , can be further divided into components due to air friction
and friction in the grips at the ends of the beam,

i. e. ,	 Do e = Do a + Dog, m -newtons /cycle,

where	 D a =
0	

damping due to air friction

D b = damping due to grips.
0

When D e < < D 1 , the total system damping can be approximated by computing or
measuring the total internal damping, D 1 . No attempt was made in this study to
predict the contributions due to air friction and friction in the grips.
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The total internal damping in the first fundamental beam vibration mode of
a uniform beam is a function of beam geometry, the stress distribution in the beam,
and the specific & s niping I) in units of m-newtons,"m 3 -cycle of the beam material.
When uniaxial test specimens of typical structural mate­ials are subjected to alter-
nating stress, it is found that the specific damping, D, is dependent on stress ampli-
tude in a manner that can be described in terms of three stress amplitude regimes.
At low stress amplitud , : levels, D is found to be frequency and temperature dependent
and to be proportional to the square of stress amplitude. At stress amplitude levels
in the order of 7 x 105_7 x 106 newtons/m2 there is a transition to a medium stress
level regime in which specific damping for a given material is a single valued function
of stress amplitude, a, in the form

D Jan

where J and n depend on the material. In this regime, it is commonly found that 2
2 n v <_ 3. At stress amplitude levels in the order of 7 x 107 - 7 x 10 8 newtons/m
there is a transition at a cyclic stress sensitivity level, to a regime in which D is
dependent on the number of vibration cycles that a specimen has undergone.

It is assumed here that the maximum stress amplitude is in the medium
stress regime. J. S. Whittier( 1) indicated that the specific damping energy in a
uniaxial test is composed of a component due to change of shape or distortion, and
one due to change in volume or dilatation. In an isotropic material, the distortional
strain energy may be expressed as a function of an effective stress o and the dilata-
tional strain energy as a function of an effective stress a'-- .  If it is assumed that the
specific damping is a function c F these effective stresses, we may write

D = D(Q,a`).

If there is no physical coupling between dilatational and distortional damping mecha-
nisms, we may assume that

D(O,a) = D(v) + D(a).

If it is further assumed that for a material obeying a uniaxial damping law ot the form

D = Jan

the two types of damping behavior are equally effective, then the specific damping at
a point of a stressed object made of that material may be expressed in the form

D (. a) = J1 &n + J2 a n

where J1 , J2 , and n are material constants.

1. Whittier, J S. , Phenomenological Theories of Hysteretic Material Damping with
Application to the Vibrations of Circular Plates. ASD Technical Report 61-264
(November 1961).
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In a uniaxial test specimen, or in n, vibrating beam, u = o - a, say. In this
case,

D= Jo 11 - D (a, a)	 D (a, a) = J 1 a n + J2an,

where the terms with coefficients J1 , J correspond to distortional and dilatational
contributions, respectively. If the equa^-damping-effectiveness assumption is con-
sidered to be too restrictive in a beam vibration experiment, a damping law of the
form

D (a, a) _ J1 

a nd 
+ J 

2 
a n 91

can be assumed. In this case, the constants J 1 , J , nl , and n2 can be found by a
semi-inverse method in which ranges of values of &e constants are assumed and
theoretical predictions of total internal damping, D i , based on assumed values of
D ( a, a) are compared with experimental results. o

Computation of Total Damping

The logarithmic decrement due to material damping for vibration decay is
defined as

D i
8 _ o

2W

where Doi is the total internal energy loss per cycle and W is the maximum elastic
energy per cycle. D oi 's the volume integral through a duct section of the unit damping,
D

i. e. ,	 Doi Af  DdV fff  J a 
a n dV

When cylindrical coordinate system (r, H, x) is used to describe positions of the
duct and the stress distribution is given by

nx	 r	 ax
a 

_ or
	 r2 sin	 = amax r2 sin 8 sin

 T,

where amax is the stress amplitude at y = r2 and x = 1/2, the following results are
obtained.
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and, therefore
D 1
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a 2W

4EJ o	
n - 2

max
n+2

r1 n + 2

2
D 1 =2J o n Q r 2 1- r2 	^	 n

 fo	 max n 2 	sin 19d 0n -^ 2
0

2	 4	 2
°max Q	 2	 r l	 n 2

and	 2W = 2E
	 n r2 	1 - r	 r sin ed9

	

2	 0

Y

	r1 	 n + 2	 2

	

1- —	

fo
r2 	 sin n 

6d 9

n
1 4 fo sin 2 6d6

--
r2

4EJ o	 n - 2
max

n+2

2

n^ f 1 (r l/r2 , n) f2 2 (n)

1 - ( .r.. n
+2

where	 f 1 (r 1/r2 , n) _	 r2

rl

- 

and n
f2 (n) =

J sin n 6d 8 .
0

Figure 34 shows values of f2 (n) as a function of the damping exponent n. As a numer-
ical check on this result the function f (0, n) = sinn o was plotted versus 9 in Figure 35
for a particular value n = 6. 7. The area under the curve was found by planimetry
to be

f2 (n = 6. 7) = 0. 93

The function f1 (r l/r2 , n) is shown versus r 1/r2 in Figure 36 for n = 2, 4, 6, 8, 10
in the range O <_ r l /r2 s 0. 99. For the baseline 7. 6 cm OD stainless steel duct section
(Test II -E-29) n = 6. 7, J = 3. 25 x 10-51 , and r l/r2 = 0. 968. In this case
f1 = 2. 02.
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To illustrate the results, the 321 stainless steel damping ratio C was computed
for O :s o max <_ 25 x 10 7 newtons/'m 2 using the relation

C = a /2 7r.

Figure 37 shows a solid curve computed for Test H-E-29 321 stainless steel duct and
a comparison with results obtained by substitution of measured valueR of N and E in

1 y N 12
the damping ratio prediction equation C = 

7r	 E E r

The theory of this section is considered to be remarkably successful at higher
stress levels in preducting the change in slope of the C - o relation found bT experiments
There is considerable disagreement at stress amplitudes less than 20 x 10 newtons/m
indicating that future experimental and theoretical work on uniform ducts is warranted.

Comparison of Predicted and Measured Values of C

An attempt was made to compare predictions of C with direct measurements
of damping in experiments on a 6061-T6 aluminum duct section. The duct diameter,
length, and wall thickness were 5. 1 centimeters, 1.52 meters, and 0. 124 millimeter,
respectively. Two different standard techniques were used. In the first, the duct was
mounted with one pinned end on a shaker head and the other in a pinned/slotted wall bracket.
Motion of the shaker head was prevented by means of clamps and blocks. A 45.4-kilo-
gram weight was suspended at midspan of the duct with a support that included a sec-
tion of safety wire. A strain gage was attached to the outer duct wall at midspan.
It was fou:id that consistent vibration decay curves could be obtained on an oscillograph
by cutting the support wire in repeated tests. The vibration decay test setup is shown
In Figure 38. The vibration decay data were reduced as follows. Logarthmic decre-
ment values were computed over four vibration cycles at average peak strain values
of 230, 400, 610, and 700 x 10 -6 meter/meter. The measurements were repeated
eight times. Damping ratios were computed according to the relation

C _ 6 /2 ir, where

E

d = logarthmic decrement = 4	
n

In
E n+4
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FIGURE :38. METHOD OF RELEASING DEAD WEIGHT LOAD FOR RECORDING
OF VIIIItATION DECAY

Sample standard deviations for Cat each of the four strain values were com-
puted using the formula

1 
r8
	

(	 _ l 
2 1/2

^^	 7 u \^i ^/

where i represents an individual measurement and C an average over eight measure-
ments. Figure 39 shows the average damping ratio results, together with curves at
levels of + one standard deviation. The results show a maximum in Cat a strain in
the range 400 < E < 500 x 10

- ^,
 meter/meter with lower values at lower and higher strains.

The second series of damping measurements was made by using what is known
as the frequency/half-power bandwidth ML.'hod. The shaker mounted end of the duct
was subjected to swept-sire frequency excitation at resonant peak strain levels in the
range 680 < < < 1 100 x 10 -6 meter/meter. A typical peak strain versus frequency
response curve is shown in Figure 40. The frequency bandwidth, A f, at a strain
amplitude ( iial to 0. 707 times the amplit ude at resonance was measured and damping
ratios were computed using the formula

df
S - 2 f1 ,where f 1	frequency at resonance.

to
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A total of 14 response curves was obtained. Measured values of "are
plotted as circled (lots in Figure 39. The dashed line represents a least squares
straight line fit on the S values.

The two sets of measured S values tend to converge at a peak strain in the
order of 600 x 10 -0 meter/meter, but diverge at higher strains. The C values ob-
tained by the vibration decay method are consistently lower than those obtained in
the swept-sine tests at higher strain levels.

In a third series of measurements, peak strain, c , and acceleration load
factor, N, values were obtained at resonance of the duct in the fundamental mode
for strain amplitudes in the range 220< E < 800 x 10 -6) 	 /meter. These measure-
ments represent a repeat of experiment I-A-3 with a different duct of the same ma-
terial. Damping ratios were computed using the alternate formulae of the preceding;
section for both the newly obtained and previous results. The open triangles in
Figure 39 represent data computed according to the formula

1 y N l2
S	

7r 2 E t r
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FIGURE 40. FREQUENCY SWEEP THROUGH FIRST RESONANT MODE

and the solid triangles are greater by a factor of 4/7r. The previous data are plotted
as open and closed squares. The two sets of computed C values for the different
ducts agree reasonably well for strains greater than 400 x 10 -6 meter/meter. The
disagreement at lower strains is attributed to lack of precision in measurement of
low values of N.

This exercise points out thn need for taking extreme care in obtaining direct
measurements of damping by the two alternate techniques. No firm conclusion can
be made regarding the advisability of changing the prediction equation for damping
ratio C by a factor of 4/ir on the basis of the data presented here. Either form of
the prediction equation yields damping ratios that are in fair agreement with the vi-
bration decay results at strain levels lower than 500 x 10 -6 meter/meter and with the
values obtained by the frequency/half-power bandwidth method at strains in the range
500< E < 1000 x 10-6 meter/meter.
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Technique for Scaling Values of the Damping Ratio,

The baseline duet material identified in this program is ATST ,121 stainless
steel. Values of the damping ratio, 6 have been obtained for the following ducts.

Diameter	 Length	 Wall Thickness
Test	 (cm)	 (m)	 (mm)

I-A-1	 5.08	 1.52	 0.124

I-I-29	 7.6	 1.98	 0. 124

I-B- B 	 10.2	 1.98	 0. 124

In the experiments, one end of a pinned/pinned duct was subjected to a transverse
excitation at the fundamental bending mode resonant frequency. Values for the damp-
ing ratio,	 were predicted using the formula

1 Y N 12

E c r

When damping ratios for two different ducts are considered, one approach is to com-
pare them at the same strain level at midspan to assure that the portions of the ducts
subjected to the highest stress levels are behaving according to the same unit damping
law of the form

D = Jan.

If subscripts 1 and 2 are used to denote two different ducts and the condition E 1 = E2
is imposed, we can write

2

,.	 1 Y1 N1 
	

1

c'1	 ^ 2 E	 E	 r

	

1	 1	 1

2

1 Y2 N2 2and ^2	
7f 2 E	 E	 r

	

2	 1	 2
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It the ducts are of the same material, y1 = y2 and E 1 = E2 . The relationship
between damping ratios C1 and 42 at the same strain level is then

2

r	 r N	 ^l	 2	 2
S 2 _ r2 N 1	 1 1	 C1

The following procedure has been adopted to check the internal consistency of experi-
mental results obtained with different 321 stainless steel ducts. Subscript 1 was used
to denote results obtained with the 5. 1-centimeter OD duct and subscript 2 to denote
results obtained with the 7. 6-centimeter OD duct and then with the 10. 2-centimeter OD
duct, in comparison with those of the 5. 1-centimeter OD duct. Ratios N2 IN  at the
strain levels observed in the 5. 1-centimeter OD duct tests were computed and experi-
mental test points with values C and E in the 5. 1-centimeter OD duct tests were
then scaled to predict C versus E values for the larger ducts. The scaled values
for the latter ducts are shown in Figure 41 as open triangles ano' .::rcles, respectively.
The dashed lines represent least-squares-straight-line fits on C as functions of E .
These results, therefore, represent predictions of damping ratios for the Yarger
diameter ducts based on N versus E curves and the results of the 5. 1 centimeter OD
duct tests.

The solid triangles and circles in Figure 41 represent C versus E values at
strain levels observed in Tests I-E-29 and I-8-8, respectively. The solid lines are
least-squares fits to the data points. It can be concluded, from ceiaparison of the
two sets of straight line fits to the data, that within the limits of data scatter ohServed
in the experiments, a good correlation exists between C values for 7. 6-centimeter OD
and 10. 2-centimeter OD ducts when results are scaled on the basis of 5. 1 centimeter
OD duct tests, and then computed directly using the damping ratio prediction equation.

Suppose that a designer needs estimates of C, N, and E values for a larger
diameter duct, in the order of 20 centimeters. Let subscripts 1 and 2 denote 5. 1-
and  20-centimeter OD ducts, respectively. If no shaker tests had been perforined on
pinned/pinned 20-centimeter OD ducts, a relationship between N 2 and E2 would not
be available. One approach that could be used would be to conduct vibration decay
tests on the larger duct. Compare C and N values for the two ducts at the same strain
levels, i. e. , let

E 1 = If
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where	 represents measured values of logarithmic decrement for the 20-centimeter
OD duct.2 For the 5. 1-centimeter OD duct,

1 y1 N 1
2
 1

r, 1 2
7r r 1 E 1 r1

The latter two expressions may then be used to obtain values of N 2 for the larger duct
at strain levels E 10

z
1 r2 ^

1	 b2 
(E1)

N2 (E 1 ) =	
2	

N1 (E 1 )-
2 7r r 1 ^G1 (E1)

In using this approach, ^ 2 versus f 2 values for the larger diameter duct would there-
fore be obtained from vibration decay tests, and the corresponding acceleration load
factors, N2, would be obtained by scaling results obtained with the smaller diameter
duct. If the method is proven to be successful, shaker tests -n the larger diameter
duct would only be required to check the predicted results.

S
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APPENDIX B

DERIVATION OF AN IMPULSE RESPONSE FUNCTION BY
TRANSFORMATION OF A TRANSFER FUNCTION
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APPENDIX B

DERIVATION OF AN IMPULSE RESPONSE FUNCTION BY
TRANSFORMATION OF A TRANSFER FUNCTION

A single degree (,f freedom model for the deflections at midspan of a pinned
ended duct can be expressed by the solution of the equation

d Yet) + X12 (1 + 2^i) Y(t) = f(t)
dt

The transfer function for the model may be derived by finding the response to an input
f(t) eat , where s = a + iw is a complex frequency parameter that is defined for ease
of computation in terms of Laplace transform techniques. It is assumed that the system
is at rest for time t < 0,

Substitution of the particular solution Y(t) 	 Asst in the equation

d 22(t) + X12 (1 + 2 
C 

i) Y(t) ^ est

dt

,yields the result

A :.	 1
s2 + tj 

2 
(1 + 2 0)

The function

1

s2 
+X12 

(1 + 20)

is described as the transfer function for the single degree of freedom model, The
'mpulse response function h(t) is the inverse Laplace transform of H(s)e st. Let
zo = 	 (1 + 2 41), The polar form of zo is given by

k

R
t
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z	
i g o	 (w 4 +(1 4 44 2 )  1/2ei Go

o	 ^^0	 1	 1

where	 tan 00 2 4.

For the problems of interest here, Ho can be restricted to the range 0 < No < 2n .
The transfer function, H(s), may be factored as follows:

H (s)	
2 1

	 1	 }	 1

	

s ► 
z 	 2s(s - i 

Vzo	
2s (a + i zu)

The function
at

f 1( s) -	 e

2s(s - i 4V )0

is analytic in the region of the s-plane, except at the pole a -w i Vzo if a branch out is
made on the positive imaginary axis and the origin a = 0 is excluded. Then the
inverse Laplace transform of f l(s) is given by the residue of fl(s) at the dole a i ^—Zo.

-1	 e  ^ot
^,	 f1(a) w

2i 3x0

By a similar argument, the inverse transform of

at

f2(8)	
e

	

2a( a 	 V`zo)

is the residue of f2 (a) at the pole a -i zo.

Thus,

-1	 at	
e  V/-Z ot - e -i r zot

I.	 H ( a)e	 -	 /--
21 V zo



I

and tan 90 = 2 4 = 00.

V;
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For {problems of physical interest, h(t) is a real function of t.

.91 nc o

dzo = (wl
`4 

+ 
w1 4 4 4 ) 1/4ei o/2

e	 9(w14 + w14 4 
S 

2 ) 
1/4 (cos 2 • + i sin	 )

i ` t	 (w 
4	

w 
4 4C 2 ) 1/4 (

i cos 90 -sin 00 )t
then	 a	 o R e 1,	 +	 1	 2	 2

ICos
{(w 4 + w 4 442)1/4 (cos 90 )t> + i sin (( w14 + w14 4 2)1/4 (cos 9^ )t)

1	 1	 2	 `

x e ( w 14 + w14 44 2 ) 1/4

and	 C 1 I limeot I

4 +	 4	 2 1/4	 got e _ ( w14 
+ w14 4C 2 ) 1/4  (sin 2 )t

	

rs in ( ( W j 	 wl 4 C)	 (one 2
(w 4 + w 44 C 

2 ) 1/4 
loos go + i sin 

90 )

1	 1	 2	 2

The real part of C 1 f H (s )eet l

90	 4	 4	 2 1/4	 8o	 _ ( w 4 + w 4 44 2 ) 1/4  (sin go 
)t

(Cos 2) sin ^(wl + wl 4C )	 (cos 2 )t> e	 1	 1	 2

( w 14 + w 144 C 2 ) 1/4

if the model is lightly damped, 2 C < < 1



r

In this came, sin 
go 

= 
eo and cow 

eo 
= 1

	

2	 2	 2

and the impulse response function, h(t) is given by

e -	 1 t sin cj1t

`^ 1

The impulse response is seen to be a damped sine wave with period 7' . 2-7r Positive
peaks occur at time intervals

( 7r + 2n 70

t -	 2	 n - 0, 1, 2, 3, - - - -

t1

The ratio is successive peaka h  and h  + 1 is given by

h	
-	 (2 + 2n7r)

n	 e	 e27rC	
e a

	

hn + 1	

^	

- ^ (
2 + 2(n + 1)7r)

e

where b =. 2 7r4 is called the logarithmic decrement.

The damping ratio, 4 , for an equivalent single degree of freedom model with light
viscous damping can be obtained, therefore, from measurements of the logarithmic
decrement by using the relation

d % 2 7r C
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NEW HIGH V'RICTION GIMBAL
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APPENDIX C

NEW HIGH FRICTION GIMBAL

A part of this program was devoted to the consideration of %arious ways to
increase the total damping capacity in ducting systems. Ducting systems normally
include a number of gimbals which can contribute to the total system damping. Special
characteristics of a high friction gimbal capabl#- of a large dissipation of vibratory
energy would include;

• Very large diameter gimbal pins to produce a large frictional resisting
moment

• A large gimbal pre-stress force to produce a frictional resisting moment
in addition to that from dynamic shear on the pine

• Close tolerance between the pin and lug holes to enhance uniform fric-
tional effects

• Careful selection of pin and lug materials to acquire the maximum kinetic
coefficient of friction.

A comprehensive study resulted during the process of this program. Con-
sideration of factors such as the reduction of manufacturing coats, improved reliability,
and the incorporation of more simplified machining processes led to the design concept
shown in Figure 42. Here an isometric out-away view of the high friction, lightweight
gimbal is shown incorporating the features outlined above, A view of the detailed
components machined for the high friction gimbals are shown in Figure 43, with the
assembly of the components shown in Figure 44.

As indicated by the isometric view, the gimbal ring is placed entirely outside
the flanges. Insertion of the flanges on the inside of the ring provides several signifi-
cant advantages,

• No slots are required in the gimbal ring as with the more conventional
'	 design which means that the thickness of thb ring can be minimized.

• The elimination of slots helps reduce manufacturing costs since the
gimbal ring is made entirely of circular machine parts.

o The size of the overall gimbal is reduced and produces weight savings
}	 through more efficient utilization of materials.

. During preflight certification testing, the flange lugs which were inserted
in the gimbal slots constituted an area of high stress.

lIi 9
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(AMS 4928A)

MS20995-C47 LOCKWIRE
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OUTER PLY (INCONEL 718)
INNER PLY (INCONEL 718)

RING 6AL-4V TI
(AMS 4928A)

PIN A-286 (AMS 5736)

WELDBAND INCONEL (MIL-N-6840)

FIGURE 42. NEW HIGH FRICTION GIMBAL

&	 4141
FIGURE 43, DETAIL COMPONENTS OF HIGH FRICTION GIMBAL FOR

TITANIUM DUCT ASSEMBLY
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FIGURE 44. ASSEMBLY OF TITANIUM HIGH FRICTION GIMBAL;

Lug failures caused a number of assembly designs to be rejected. The curved
flange lug extension inherently has more strength to resist the dynamic flexure. As
a result, the reliability of the entire gimbal and of the duct assembly has been sub-
stantially improved.

By fitting the flanges entirely in the circular ring, turning operations domi-
note the manufacturing effect. ' These operations are much less expensive than the
milling machine operations. The bottoming out mechanism for the gimbal is preserved
more effectively as a result of this new concept. The flanges and the bellows are
fully protected. A circular ring with no slots is obviously the m.jre economical ele-
ment to manufacture.

Repeated pin failures of the conventional gimbals created another critical
area. Large lock wire bolts are used with the new high frir`lon gimbal. They elimi-
nate the danger of pin failures and greatly improve reliability; furthermore, these
bolts permit substantial ease of assembly and disassembly. The new gimbal design
provides for relaxed tolerances and the easing of tolerances provides an additf'±Ial
basis for reducing manufacturing costs.

v
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In the case of the conventional gimbals, disassembly proved to be a difficult
task. Many gimbal parts had to be scrapped which contributed to higher costs. In
addition, tighter tolerances continually caused problems in assembly of the components
which make up the entire gimbal. The new high friction, lightweight gimbal design
avoids the extensive problems of tight tolerances.

Another very serious source of rejection involved the welding of the bellows
to the flange. The bellows plies are generally roll welded at the ends and sealed.
Then the bellows are subjected to a forming operation which produces the convolutions.
The next operation consists of trimming the weld nugget. Depending upon the design
there may be more than one weld. In some cases the weld nuggets overlap. The
succeeding operation consists of trimming through the center of the nugget. The bel-
lows is slipped into the flange and fusion welded. The purpose of the heavy nugget
on the bellows is to provide the necessary weld material during the fusion welding
process; however, despite the automatic setup of the process, the fusion welding torch
did not slip back and off the heavy nugget and move onto the plies. The plies of the
bellows are apparently damaged when this happens, producing a leak or other imper-
fection which is revealed by a subsequent X-ray examination. The rejection rate
has been excessively high for this type of oonventional fabrication.

The new design provides or 'he brazing of the bellows plies to the flange
and is expected to eliminate totally the high rate of rejection and accompanying exces-
sive costs. Furthermore, brazing solves the dissimilar metal problem and allows
full optimization of gimbal design. Crack prone welds are eliminated with their
accompanying problem of porosity and notch-sensitive heat-affected zones.

It has been common practice to plate the pins or lugs with silver or some
other alloy to eliminate the possibility of galling; however, this expensive process
of pin or lug plating is not justified because combinations of pin and lug material
can be effectively selected which do not gall. Furthermore, the vibratory phases of
the pre-flight certification tests do not have a duration which would make galling a
problem. Therefore, plating, in general, should be eliminated and is not included
in the new high friction gimbal design.

In addition to the unnecessary expense, plating has another very harmful
result. It reduces frictional effects which result from rotation of the pin in the lug
hole. These frictional effects can help to suppress the dynamic response of critical
duct assemblies during the vibration tests of pre-flight certification programs. A
new gimbal design is characterized by a very large diameter bolt. The proportioning
of the bolt greatly exceeds strength requirements. Diameter is selected to accom-

':	 modate the fact that frictional resisting moment is a function of the diameter of the
bolt. Within limits, the larger the diameter of the bolt, the greater the frictional
dissipation of the energy.
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The A280' alloy has been selected for the bolt material. This bolt material
acting in a flange of (;A1 -iV-71 eliminates the danger of galling and p^ •oduces a high
kinetic coefficient of friction. Close tolerances between the bolt and flange holes
produce improved frictional effects; however, to hold manufacturing costs at a mini-
mum, it has been decided to maintain relaxed tolerances and to count upolt the larger
diameter of the bolt for increased frictional dissipation of energy. The extended
length of the skirt, on the back side of the flange of the gimbal for welding to the duct
itself, avoids excessive reheating of the brazed area between the bellows and flange.

Full evaluation of this gimbal concept has not been possible since it has not
been incorporated into the testing program. The influence of a gimbal pre-stress
force for incre-R ing the damping contributions of the gimbal must await test evaluation.

A design specification drawing (Mg. 45) is included as a part of this appendix.

a
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