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A Study on Vibration Characteristics of Aircraft Heat

Exchanger in the Operating Environment

Ah Ran Tak

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The objective of this paper is to develop the methods of vibration test in
order to predict the vibration characteristics for Inconel 625 fine tubes used
in tube bundle type heat exchanger. The two Flat U-tube segments with
anti-vibration baffle and without anti-vibration baffle were applied to compare
the vibration characteristics according to the baffle of bent tube under the

operating conditions.

The excitation test was carried out under operating condition. The two
segment models were performed the excitation under room temperature. Bent
tubes have the same shape and height, but a segment model with

anti-vibration baffle has an additional baffle.

First, we performed the modal analysis to predict the resonance frequency



of bent tube. In segment model without anti-vibration baffle, the natural
frequencies of 1st , 2nd and 3rd tube were 221 Hz, 264 Hz, 323 Hz,
respectively. In segment model with anti-vibration baffle, the natural
frequencies of 1st, 2nd and 3rd tube were 311 Hz, 384 Hz and 483 Hz,
respectively. We peformed the sweep vibration test to observe the vibration
characteristics of tubes in the frequency range of 50 to 2,000Hz and
acceleration of 30 G. We measured the resonance frequency and maximum
displacement of tubes using a high speed camera and camcorder. In segment
model without anti-vibration baffle, the natural frequencies of 1st, 2nd and
3rd tube were 213 Hz, 250 Hz and 303 Hz, respectively. The maximum
displacement of 1st and 2nd tube was 12 mm and 10 mm, respectively. In
segment model with anti-vibration baffle, the natural frequencies of 1st, 2nd
and 3rd tube was 285 Hz, 333 Hz and 455 Hz, respectively. The maximum

displacement of 1st and 2nd tube was 5 mm and 3 mm, respectively.

The natural frequencies obtained from the test results are compared with
those obtained from the analytical results. We could see that the difference
between analysis data and test data was 3 ~ 15%. The cause of the
difference is that the exactly boundary condition on the contact behavior at

the gap between tube and baffle was not applied in dynamic analysis.

The maximum displacements at resonance frequency of segment model
without anti-vibration baffle are compared with those at resonance frequency
of segment model with anti-vibration baffle. The maximum displacements at
segment model without anti-vibration baffle were approximately 150 - 250 %
larger than those at segment model with anti-vibration baffle. The cause of
the large difference is the anti-vibration baffle which is for preventing the

vibration in the upper part of tubes.

Harmonic analysis was carried out to predict the stress and behavior of

segment model. With the results of modal analysis of segment model,



harmonic analysis was performed in the operating environment under room
temperature. The amplitude at segment model without anti-vibration baffle was
55.8 % larger than those at segment model with anti-vibration baffle. Also,
the stress was reduced upto 63.6 % at segment model with anti-vibration
baffle. The maximum von-Mises stress of the tube part of 2 kinds of

segment model were less than the fatigue strength at 10° cycle at 300 K.

Inconel segment model was required to verify dynamic characteristics
under high temperature. The amplitude at segment model without
anti-vibration baffle was 54.4 % larger than those at segment model with
anti-vibration baffle. Also, the stress was reduced upto 62.3 % at segment
model with anti-vibration baffle. The maximum von-Mises stress of the tube
part of 2 kinds of segment model were less than the fatigue strength at 10°
cycle at 1,000 K.

The aim of this study is to observe the vibration characteristics of full
model. We carried out the modal analysis to predict a resonance frequency
before vibration test for full model. First, a modal analysis was performed to

predict natural frequency of case part of full model.

The resonance frequency in baffle was observed at approximately 749
Hz. This dynamic behavior of baffle was observed using a high speed camera

and camcorder.
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Nomenclature

&) & (mass matrix)

o3
o

&) & (damping matrix)

o
o,

3) H(stiffness matrix)

: AR 75 % ¥ E(nodal acceleration vector)
: AH 9] £% W E|(nodal velocity vector)

: Aol W9 #E|(nodal displacement vector)
: 2835 9 E(applied load vector)

: A XlEs 2 =33 (natural frequency mode matrix)

: B4 Al4(Young's modulus)

[e)

N

: Ho ¥ (maximum displacement)

-19] Al (square root of —1)

N
[
oy

(imposed frequency, cycle/time)

: A3 A (mean linear expansion, um/pmK)
: At M & E(shearing strain)

: 1% ¥ ¥ E(tensile strain)

“

o
ofy

R

Poisson's ratio)

ro
)
oo
1

(tensile stress)

: Z+ -8-H(shearing stress)

&
e
e)
O>’

} 7} (displacement phase shift, radians)

N

L

B
o

21’32} (force phase shift, radians)

%15 (imposed circular frequency, radians/time)
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3.1 Inconel 625 T EA

Table 1 & A ZA}o A A &3 Inconel 6252 AEFEo|t}. Inconel 625+
YA-IF 024 31 A5 2D Y 45 do] Hoju A% HUZE
LT = 982 o]t}

Table 1 Chemical compositions of Inconel 625[18]

Composition Content (weight %)
Nickel 58 min
Chromium 20.0-23.0
Iron 5.0 max
Molybdenum 8.0-10.0
Niobium (plus Tantalum) 3.15-4.15
Carbon 0.10 max
Manganese 0.50 max
Silicon 0.50 max
Phosphorus 0.015 max
Sulfur 0.015 max
Aluminum 0.40 max
Titanium 0.40 max
Cobalt 551.0 max




AutAel BaPET £ AP, B L WEY FEE A
3 ;e WEAES} WAL AP SAHF Beole] 2] o)
o g %

Table 2 Material properties of Inconel 625[18]

Tensile Yield El . Reduction
o ongation - H
From and Condition Strength Strength g in Area ]grrciirrlleelsis,
MPa MPa % %
AS-Rolled | 827-1103 | 414-758 60-30 60-40 175-240
Rod, Bar, | Annealed | 827-1034 | 414-655 60-30 60-40 145-220
Plate Soluti
DUNOTT 1 724-896 | - 290-414 65-40 90-60 116-194
Treated
e | Anncaled | 827-1034 | 414621 | 5530 : 145-240
Annealed 827-965 414-517 55-30 -
Tub@ and ]
Pipe | Solution- 1 ceq ¢59 | 276-414 60-40 ;
Treated
Fig. 1, 2, 39l = 2 2 2438 A6l 71EH Inconel 625 5
T2 JAFEALS HAFa Yt



Temperature, 5
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Fig. 1 Tensile properties of annealed barl0[18]
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Fig. 2 Tensile properties of cold-rolled annealed sheetl10[18]
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Part Dimensions
Tube D,:1.50 mm
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Baffle 1.4 mm
Tube sheet 6 mm
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speed camera

B e Te—

(a) Maximum displacement (Upper)

(b) Maximum displacement (Lower)

Fig. 8 1st tube of segment model with anti-vibration baffle to high speed

camera
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(b) Segment model with anti-vibration baffle

Fig. 10 Comparison of the first resonance of frequency for analysis data

and test data
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Fig. 11 Modal analysis of two kinds of segment model
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Fig. 12 3D modeling of segment model for harmonic analysis
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Fig. 13 Boundary condition for harmonic analysis
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Table 4 Comparison displacement and stress results of harmonic analysis of

segment model according to anti-vibration baffle

. ; Fati
Amplitude Von-Mises stress Y Safety
Model strength
[mm] [MPa] 2 factor
(10° cycle)

Location A B A B - A B
Without |5 1 144 | 331 396 14| 12
AT-baffle

With 470 MPa

i

AT-baffle 2.3 0.68 266 144 1.8 | 3.3

Fig. 14 & F& =Edo] xslaf4lo] Welet &8 AAE A it 4
£ Bt 9& 438 + AU Hg. 15
ANE &3 MiE F57o O A\ 3¢9 23 vus vehd Zolth
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380.883

423.493”

(a) Harmonic analysis results without anti-vibration baftle

A 266 MPa

.413E-05

: 29.955
LR T 7 B 59,91
o 89.866
2.3 mm

149.776 10

179.731

\ 144 MPa / -

/ 239.642

269.597l|

(b) Harmonic analysis results with anti-vibration baffle

Fig. 14 Harmonic analysis of two kinds of segment model (Ist tube)
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Amplitude [mm]

A B
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I \Vith Anti-vibration baffle

(a) Amplitude of harmonic analysis

500
F.S: 470 MPa @403 (293 K)

—, 400 4 _—-
(0]
=
— 300 iR Reducing
$ 1 stress Reducing
g 19.6 % stress
73] 63.6 %
g 200 4
RO
=
5 100 1
=

04

A B

I Without Anti-vibration baffle
I \Vith Anti-vibration baffle

(b) Von-Mises stress of harmonic analysis

Fig. 15 Graph of amplitude and stress results of harmonic analysis of two

kinds of segment model (1st tube @ 293 K)
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Table 5 Comparison of the first resonance frequency at test and modal

analysis
The first resonance frequency [Hz]
Tube Segment model Segment model
names without anti-vibration baffle with anti-vibration baftle
Room Temp. High Temp. | Room Temp. | High Temp.
Ist 221 194 311 273
2nd 264 233 384 336
3rd 323 284 483 424

Fig. 16 & 3t5Y 34 =,
Mol me el e AFAFFE A&t AF A3} v Eo] ¢l
T 2de 194 Hz, 5 &3 #jEo] dv L 273 Hz®E 294 3t
7Y Ae T Gl
29 Ao 7= 2

A2 Fig. 17 & 3t=

(@)
Lo mw

Fig. 16 3D modeling of segment model for harmonic analysis
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Fig. 17 Boundary condition for harmonic analysis
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Table 6 Inconel 625 fatigue data

Fatigue strength (MPa)
Temp.(K) Y.S.(MPa) | T.S.(MPa) 10" cycles 10° cycles
300 453 1050 470
700 370 900 498 440
800 325 860 475 418
900 310 750 414 400
1000 308 640 400 318
80 T T T T | =32
BOO°F (427°C) 5oF 9950 _
samprY 50 j000f
60 . 414
= 400 &
5 4o 276 =
T Notched . g
0] Epecimen i) @
20 K=3.3) —138
0 1 | 1 1 0
10 10 10° 10° 107 10°

Cycles to Failure

Fig. 18 Inconel 625 fatigue data depending on temperature
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Table 8 Comparison displacement and stress results of harmonic analysis of

segment model according to anti-vibration baffle

. . Fatigue
Model Amplitude Von-Mises strength Safety
[mm)] stress [MPa] s factor
(10° cycle)
Location A B A B - A B
ithout
Without (o | 167 | 336 | 414 0.95 | 0.77
AT- baffle
With 318 MPa
AT-baffle 3.1 1.21 277 156 1.1 2.0
Fig. 19 & & 299 x3slafA o] Welet &9 Z34E A stk 2
s Hgo® fAANE Tl SHES 5T + AJTh Fig. 20
T ¢35t HlE AR o2 #Helek -8Y

1o
i)
_’:\L
o

|@E Uehd Aol
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336 MPa

.857E-05

48.201
96.402

144.603

192.805 M
241.006

289.207

414 MPa

337.408

385.609

433.81

(a) Harmonic analysis results without anti-vibration baftle

277 MPa

.424E-05

B 30.7‘65|

123.06
153.825 0

184.59

156 MPa

215.355
246.12 ‘

276.885

(b) Harmonic analysis results without anti-vibration baffle

Fig. 19 Harmonic analysis of two kinds of segment model (Ist tube)
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Amplitude [mm)]

A B

I WVithout Anti-vibration baffle
I \Vith Anti-vibration baffle

(a) Amplitude of harmonic analysis

# F.S = Fatigue strength

500
F.S:400 MPa @ 10*(1000 K)

'—400_ ______________________ — - -
©
o
> ——— W 1= i
o 300
E} Reducing Reducing|
3 stress stress
® 200 17.6 % 62.3 %
w
=
S 1004
-

0 -

A B

I Without Anti-vibration baffle
I \Vith Anti-vibration baffle

(b) Von-Mises stress of harmonic analysis

Fig. 20 Graph of amplitude and stress results of harmonic analysis of two

kinds of segment model (1st tube @ 1,000 K)
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Fig. 21 3D full modeling of heat exchanger and jig
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All D.O.F constraint
(a) All degree of freedom constraint at bottom of jig

+ = =~ Coupling constraint
— Case and Jig part

A
(b) Coupling constraint between case and jig part

Fig. 22 Boundary condition for modal analysis of full model
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High speed
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(b) Accelerometer location

Fig. 24 Installation of equipment for excitation test of full model
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Fig. 25 Behavior of baffle through the test of full model
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