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A Study on the Structural Characteristics of
Cooled Cooling Air Heat Exchanger for Aero Engine Blade

Kim, Na Hyun

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The yearly growth of the aviation industry had lead to the escalation of
concerns about environmental effects such as pollution emission. Thus, as
the environmental penalties of air traffic are more urgent, more efficient
and environmental-friendly gas turbine must be developed. One of the
methods for reducing gas emission is to increase the combustion
temperature which unfortunately increases the turbine blade temperature
and this results in shortening the life of gas turbine engine. This problem
is solved by installing a heat exchanger on the engine. The heat exchanger
is considered as the main component in a high-efficiency system which can
cool down the turbine blade. The heat exchanger to be installed on the
aero engine must have the following characteristics: such as high technical
skill, high stiffness body, light-weightness, small volume, and high
efficiency. A tubular-type heat exchanger satisfies these required

qualifications. It has a large heat transfer surface area per unit volume and

Xii

Collection @ kmou



a good thermal efficiency and rigidity; however since the aero engine is
operated under the conditions of high temperature and high pressure, the
heat exchanger must be stable and reliable under these harsh conditions.
Choosing an appropriate material and design method for such a heat
exchanger are quiet difficult; thus the heat exchanger has yet to be

installed on an aero engine and is still under development.

This study introduces a newly developed heat exchanger made of an
Inconel 625 alloy. The Finite Element(FE) analysis and tests were conducted
to evaluate the structural integrity of heat exchanger. To evaluate the
structural integrity of overall geometry, the FE analysis was conducted and
the results of the analysis were compared with the performance test results
conducted under the flight operating conditions to verify the thermal
loading conditions applied to the analysis. As the diameter of the tube
becomes smaller to widen the heat transfer surface area, the fatigue
failure due to the vibration was identified as the main cause of the tube
failure. Therefore, the vibration characteristics of the tube were evaluated
through the vibration test. Also the structural characteristics were evaluated
for the brazed part of tube and tube sheet in terms of materials. The
structural analysis results were evaluated by comparison with the fatigue
strength of Inconel 625 at 10* cycles according to the temperature provided

by the nickel-based alloy manufacturer Special Metals Corporation.

KEY WORDS: Heat exchanger @mw%t7]; Aero engine &-&7] 4dz; CCA(Cooled
Cooling Air) WZ+#7~]; Fine tube "M% E; Inconel 625 <174 625; FE analysis
3k Q 43l A; Structural integrity 7+%& AAA
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Fig 3.2 Dimensions of heat exchanger
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Fig 3.3 Configuration of tubes
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(a) Full model (b) Tube sheet

Fig 3.5 Finite element model

All

fixed
Displacement
constraint
XY Y-Z
fixed fixed
y z
A Lo
(a) Applied area (b) Fixed direction

Fig 3.6 Displacement boundary condition of FE model

26

Collection @ kmou



Table 3.1 Material properties of Inconel 625"

44]

Modulus of . , Coefficient of Thermal
Temperature . Poisson's : .
K] elasticity ratio thermal expansion | conductivity
[GPal [(xm/m107° K] [W/mK]
293 207.5 0.278 12.7 9.8
700 185.5 0.295 13.7 15.7
800 179.3 0.304 14.2 17.0
900 172.0 0.318 14.8 19.0
1000 163.5 0.334 15.3 20.8

Table 3.2 Ligament material properties of Inconel 625 in the perforated

baffle"
Modulus of . , Coefficient of Thermal
Temperature . Poisson’s . .
K] elasticity ratio thermal expansion | conductivity
[GPa] [(xm/pm10® KI| [W/mK]
293 180.1 12.7 9.8
700 161.0 13.7 15.7
800 155.6 0.281 14.2 17.0
900 149.0 14.8 19.0
1000 141.9 15.3 20.8
27
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Table 3.3 Thermal analysis boundary condition obtained from CFD"*

Applied Temperature COl’lVG.ICjE ion o
Jocation K] coefficient | Emissivity
[W/m’K]
Cold side inlet 349 900 -
Cold side outlet 798 900 -
Hot side inlet 992 2500 -
Section 1 674
Section 2 666
Section 3 657
Section 4 638
Hot side Sect%on 5 614 9500 )
outlet Section 6 792
Section 7 791
Section 8 785
Section 9 770
Section 10 734
Outside surface 300 5 0.8

Hot air out < - = R e iy

Hot air in

"

Fig 3.7 Divided sections of the manifold outlet
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Fig 3.8 Equivalent stress distribution resulted from the static analysis under
pressure loading condition
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Fig 3.9 Temperature distribution resulted from the thermal transfer analysis
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Fig 3.10 Equivalent stress distribution resulted from the static analysis under
thermal loading condition
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Fig 3.11 Equivalent stress distribution resulted from the static analysis under
thermal-pressure loading condition
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Table 3.4 Fatigue strength of Inconel 6254

Temperature Fatigue strength @10* cycles
(K] [MPal]
293 -
700 498
800 475
900 414
1000 400
500
Y OO - Fatigue strength
§ 400 407 MPa @ 953 K
E
g
- | | Pressure
[ Thermal
Thermal-pressure

Fig 3.12 Static analysis results of the tube sheet at “P1” in Fig 3.11
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Fig 3.13 Static analysis results of the manifold at “P2” in Fig 3.11
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Fig 3.14 Static analysis results of the case at “P3” in Fig 3.11
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Fig 3.15 Facility and equipments for thermal-performance test
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Cooling air in

",

Hot air out $ g Hot air in
~N

Fig 3.16 Location of attached thermocouples in front surface

Cooling air in

—e—

g

Hot air in ” Hot air out

'

Fig 3.17 Location of attached thermocouples in rear surface
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Hot air in Hot air out

y

Fig 3.18 Location of attached thermocouples in bottom surface

|—> Thermocouple number

Attached part

Attached surface C: Case
. T : Tube sheet
[ Front M : Manifold
R : Rear
B : Bottom

Fig 3.19 Nomenclature of thermocouple
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AN&olE MTO ZAdA e &%}

21 235t o Table 3.59] e
ATk S A AFE sy st A

ol ¥ HPA| 283} LPA] 2
o] 257 MTO 2319 250 =28 wf 744 3 hrol AH 43 F7}
Az dugrlel RaE dAddield F4"9 2E7F HAdstd AREH 5

minol AA 249 dolHe Frge ikl APel A%z AgsATh

rlo op

Table 3.5 Input value for steady state thermal-performance test

HP LP
Temperature
992 348.9
(K]
Pressure
5588 153.8
[kPal
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A

Po} LPA2®e] Qe o)A Z4E A
£ Fig 3.203% F1g 3.219] 2+ YERY

d

-3

i)

&

H =
i)

[kl

2

>

A

O]:}‘
t}. Table 3.60l= &-A
[e)

SAEe 1 A HPe} LP FgAl=Hlol H83 &%
o} ¢ree] 19 e yehhlen, Fig 3.203 Fig 321011 A W E EAF
HiBol exol qteo] HHFghs Falo] YAFI =AY zol= A e
Aot S5 AYRI AT Aoyt 229l 0.1% skl AW, bEe Y
s 2Azke] Aol AAE 8%7FA] wrAdITh o)A e HPSF LP I A ~H 3}
w7 Abole]l A zbol ols WAstE dHASE s YEldE A=
SaEnzi=s

ool SERES nHIAE gﬂé&ﬂoﬂ D5 gl SHE L=ghol
AR B FREE 5 min B A el BEgolth. Table 3.7.¢ Aa )

AL Table 3.10 #7]9] Huazoﬂ T dAdAM AT 2=E Y
B AT

Table 3.6 Required and measured temperature and pressure values

Inlet Outlet

Temperature Pressure Temperature Pressure
K] [kPal K] [kPal

HP LP HP LP HP LP HP LP

Required value | 992 349 | 5580 | 150 - - - -
Measured
value

991 349 | 5173 | 138 690 802 | 5059 | 133

Difference

(%] 0.1 0 7.3 8 - - - -
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Fig 3.20 Measured temperature at HP and LP system in steady state
thermal-performance test
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Fig 3.21 Measured pressure at HP and LP system in steady state
thermal-performance test
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Table 3.7 Measured temperature of thermocouples in front surface

Name of TC | FC1 | FC2 | FC3 | FC4 | FT1 FT2 FT3 | FT4

Measured

Temperature | 385 616 387 600 611 614 681 967
(K]

Table 3.8 Measured temperature of thermocouples in rear surface

Name of TC | RC1 RC2 RC3 RC4 RT1 RT2 RT3

Measured

Temperature 386 556 383 538 624 687 737
(K]

Table 3.9 Measured temperature of thermocouples in bottom tube sheet

surface
Name of TC | BT1 BT2 BT3 BT4 BT5 BT6 BT7 BT8
Measured
Temperature | 604 720 650 789 648 803 631 767
K]

Table 3.10 Measured temperature of thermocouples in bottom manifold

surface
Name of TC | BM1 BM2 BM3 BM4 BM5 BM6 BM7
Measured
Temperature | 697 743 715 675 715 963 945
(K]
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333 N3@Z2Aet X dFe| Bl

UM GRS FYg R dAYE TS X 2EE Z:
Fsta d-AeAN P A2 4 2577 vlwste] Table 3.11~Table 3.149]
Uelgdth vz kx 2 Table 3112 € dr]e] ¢w, Table 3.12& € dr]
o] ZW, Table 3.13& dw3dr]e] HEHAE ;1?437_ Table 3.14& dndr]e]
UZE=e) 22E dAdAA S 225 HERATH

Table 3.11] ehd whsl o] dmdty] wwolAe] AgAse} S|4 a%E
MmEe o ojRRe ZAAMA 10% wwe] 2A7l wAHAW FC29}
FCA4oI A Zbz} 20%sk 23%9] Atol7/} WAStIth. Ame] Swo|A e A@A%
o} S| AAE vHuFdS dol= Table 3.12¢9} Zo] BE SHAHANA 10% v
who] @7} MAYEH T ROANA ARAT R slAdRT o B dehde
AL & & Atk o mE duF|e] LP EF Fo| Rid Ahvioln,

o

O

olAL F-AE5APolA dudr)e LP YTFE FYE W4T/t Fig 3.229
o] FEHHMEN Aol Atolo] &2 £o7 F7|7t $-3]3te] du ko] FE3I|
dojupA] ol 2571 9HA UBhdes A0 R Addn. =3 FHAESL Wiy
EC oA yYehde AEAAS s E A Aol AAZ dughr]e] HP
ESToA 4 FEHE 2EA0|17} A4 JER ol & A EstAl sl A A &3t
© Zlo] o] wio] LAst= ZoE AT

Flow of cooling air

Flow of bypass air

Case

Fig 3.22 Details of bypass flow between tube and baffle
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Table 3.11 Temperature of test and analysis results in front surface

Name of TC FC1 | FC2 | FC3 | FC4 | FT1 | FT2 | FT3 | FT4

Test result [K] 385 | 616 | 387 | 600 | 611 | 614 | 681 | 967
Analysis result [K] | 382 | 739 | 382 | 739 | 607 | 694 | 721 | 949
Difference [%] -1 20 -1 23 -1 13 6 -2

Table 3.12 Temperature of test and analysis results in rear surface

Name of TC RC1 RC2 RC3 RC4 RT1 RT2 RT3
Test result [K] 386 996 383 538 624 687 737
Analysis result [K] | 382 585 382 585 581 654 698
Difference [%] -1 5 -0.3 9 -7 -5 -5

Table 3.13 Temperature of test and analysis results in bottom tube sheet surface

Name of TC BT1 | BT2 | BI3 | BT4 | BT5 | BT6 | BT7 | BT8
Test result [K] 604 | 720 | 650 | 789 | 648 | 803 | 631 | 767
Analysis result [K] | 612 | 728 | 613 | 743 | 597 | 733 | 572 | 698
Difference [%] 1 1 -6 -6 -8 -9 -9 -9

Table 3.14 Temperature of test and analysis results in bottom manifold

surface

Name of TC BM1 | BM2 | BM3 | BM4 | BM5 | BM6 | BM7

Test result [K] 697 743 715 675 715 963 945
Analysis result [K] 675 762 717 618 713 959 959
Difference [%] -3 3 0.3 -8 -0.3 -0.4 1
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Table 3.15 Adjusted temperature for heat transfer analysis

Applied fetore After.
1 ] modification modification
ocation K] K]
_ Upper section : 680
Cold side outlet 798 ]
Lower section : 798
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71E8 RIS A8 AP AHe T 4 2=ddet AdA
2 MayPe u Aol YWe| FC29} FCAolA 22k 20%h 23%¢] o7} 24y
Sath WAR LE2AS AP WlE BT I Fols} 10% ol Aa

g A& Table 3.169014 &Qld & Anh. Aol S RC4AAE ZFol7t 9%
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He 71EY 2RSS LSS B A Aoyt HASA Fev w
ghA dugr)e] Tz Y BUFE flete] AT xS A8t 42
gAY qEHE detvom ALt TS WAsAH.

H

Fig 3.23 Temperature distribution resulted from the thermal transfer analysis

applied adjusted temperature
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Table 3.16 Temperature of test and adjusted analysis results in front surface

Name of TC FC1 | FC2 | FC3 | FC4 | FT1 | FT2 | FT3 | FT4
Test result [K] 385 | 616 | 387 | 600 | 611 | 614 | 681 | 967
Analysis result [K] | 373 | 640 | 373 | 640 | 607 | 694 | 721 | 949
Difference [%] -3 4 -4 7 -1 13 6 -2
Table 3.17 Temperature of test and adjusted analysis results in rear surface

Name of TC RC1 RC2 RC3 RC4 RT1 RT2 RT3
Test result [K] 386 556 383 538 624 687 737
Analysis result [K] | 373 524 373 524 581 654 697
Difference [%] -3 -6 -3 -3 -7 -5 -5

Table 3.18 Temperature of test and adjusted analysis results in bottom

tube sheet surface

Name of TC BT1 | BT2 | BT3 | BT4 | BT5 | BT6 | BT7 | BT8
Test result [K] 604 | 720 | 650 | 789 | 648 | 803 | 631 | 767
Analysis result [K] | 612 | 728 | 613 | 743 | 597 | 733 | 572 | 698
Difference [%] 1 -1 -6 -6 -8 -9 -9 -9

Table 3.19 Temperature of test and adjusted analysis results in bottom

manifold surface

Name of TC BMl | BM2 | BM3 | BM4 | BM5 | BM6 | BM7

Test result [K] 697 743 715 675 715 963 945

Analysis result [K] | 675 762 717 618 713 959 959

Difference [%] -3 3 0.3 -8 -0.3 -0.4 1
50
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Fig 3.24 Equivalent stress distribution resulted from the static analysis under
thermal loading condition applied adjusted thermal load
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Table 3.20 Input temperature and pressure for transient thermal-performance

test
HP LP
Temperature Idle 373 349
(K] MTO 992 349
Pressure Idle - 108
[MPal MTO 5580 150

Cooling air in
C —

",

Hot air out Hot air in

|

Fig 3.25 Location of attached thermocouples in front surface in transient
thermal-performance test
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Hot air out

'

Fig 3.26 Location of attached thermocouples in rear surface in transient
thermal-performance test

Hot air in

Cooling air in
e

Hot air in Hot air out

|

Fig 3.27 Location of attached thermocouples in rear bottom in transient
thermal-performance test
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Fig 3.28 Measured temperature profile at HP and LP system in transient
thermal-performance test
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Fig 3.29 Measured pressure at HP and LP system in transient
thermal-performance test
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Fig 3.30 Measured temperature profile of thermocouples on front surface in
transient thermal-performance test
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Fig 3.31 Measured temperature profile of thermocouples on rear surface in
transient thermal-performance test
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Fig 3.32 Measured temperature profile of thermocouples on bottom surface in
transient thermal-performance test
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Fig 3.33 Applied temperature profile to thermal analysis of HP and LP system
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Table 3.21 Temperature boundary condition for transient heat transfer

analysis
Applied Temperature Convective
1oggtion p[K] coefficient | Emissivity
[W/m?K]
Cold side inlet Test result 900 -
Cold Upper section | 85% of test result
side 900 -
outlet Lower section Test result
Hot side inlet 992 2500 -
Section 1 97.5%
Section 2 96.4%
Section 3 95.1%
Section 4 92.3%
Hot side Section 5 88.9%
= 2500 -
outlet Section 6 114.6%
Section 7 114.5%
Section 8 113.6%
Section 9 111.4%
Section 10 106.2%
Outside surface 300 5 0.8
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(a) With anti-vibration baffle
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(b) Without anti-vibration baffle
Fig 4.1 Configuration of tubes of segment model for vibration test under
ambient condition according to anti-vibration baffle
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(a) FE model

X'y
: fixed

All
fixed

YLX

(b) Boundary condition
Fig 4.2 FE model and boundary condition for modal analysis
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422 523
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Table 4.1 First resonance frequency of tubes under ambient temperature

With Without
Tube anti-vibration anti-vibration Difference
baffle model baffle model (%]
(Hz] [Hz]
1 311 221 41
2nd 384 264 45
3 483 323 50
4" 627 404 55
5 518 518 -
6 685 685 -
70 926 926 -
gt 1187 1187 -
g 1314 1314 -
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230 mm

(a) With anti-vibration baffle (b) Without anti-vibration baffle
Fig 4.3 Specimen for vibration test under ambient temperature

Fig 4.4 Test facility and equipments for vibration test under ambient
temperature
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(a) With anti-vibration baffle (b) Without anti-vibration baffle
Fig 4.5 Vibration test results of 1% tube

(a) With anti-vibration baffle (b) Without anti-vibration baffle
Fig 4.6 Vibration test results of 2™ tube

(a) With anti-vibration baffle (b) Without anti-vibration baffle
Fig 4.7 Vibration test results of 3™ tube
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Table 4.2 Comparison of amplitude between with and without anti-vibration

baffle
With anti-vibration Without anti-vibration Difference

Tube baffle baffle
[%]

[mm] [mm]
1% 5 12 58
2nd 3 10 70
3 2 7 71

Table 4.3 Comparison of first resonance frequency between with and without
anti-vibration baffle

With anti-vibration

Without anti-vibration

Tube baffle baffle pifTence
[Hz] [Hz] ?
" 285 213 34
2nd 333 251 33
3 455 303 50
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Table 4.4 First resonance frequency of tubes under 1000 K

1t 273 305
2nd 336 380
3rd 424 486
4m 550 403
5t 455 525
6™ 602 704
7t 813 939
gt 1042 1114
gt 1154 -
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Fig 4.9 Dimension of high temperature furnace

[ Inconel 625
B Nimonic 80A

yLX z‘y/L‘x

Fig 4.10 Geometry of fixture for vibration test under 1000 K
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Table 4.5 Material properties of Inconel 625 and Nimonic 80A for
modal analysis under 1000 K"+

. Modulus of
Density .
kg/m’] elasticity
[MPa]
Inconel 625 8440 163.5
Nimonic 80A 8160 172.7

Table 4.6 Resonance frequency of fixture

Resonance
Tube frequency
[Hz]
1% 630
2nd 631
3rd 1838
4m 2260
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(@) 1% mode (b) 2™ mode

(©) 3" mode (d 4™ mode
Fig 4.11 Modal analysis results of fixture
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Fig 4.12 Specimen for vibration test under 1000 K

Trent WXB Core rcommende ACS - Radial

= = = = (Core Radial Issue 5 Core Radial Issue 6 recommended envelope

10

10 ] 100

0.1

Fig 4.13 Spectrum curve on radial direction of Trent XWB
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High
temperature
furnace

(b) Mounted segment model in high temperature furnace
Fig 4.14 Facility and equipments for vibration test under 1000 K
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Fig 5.1 FE model for brazing part
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Farade By o)A HgRe EAS EAG Z& Inconel 6259 E4S
AL35k 7499 ByolA HEHe AA E4< BNi-2& HE&3 S sty
3y 3

Bz} AEZ2IA MatProE ol et A

Table 5.1 Thermal analysis boundary condition obtained from

CFD24
Applied Temperature Convgc.t ion o
Jocation K] coefficient | Emissivity

[W/m*K]

Cold side inlet 349 900 -
Cold side outlet 798 900 -
Hot side inlet 992 2500 -

Section 1 674

Section 2 666

Section 3 657

Section 4 638

Hot side Section 5 614
outlet Section 6 792 2500 )

Section 7 791

Section 8 785

Section 9 770

Section 10 734
Inside tube hole 828 6858 -
Outside tube hole 488 431 -
Outside surface 300 5 0.8
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Table 5.2 Material properties of BNi-2

Modulus of . , Coefficient of Thermal
Temperature . Poisson’s . .
K] elasticity ratio thermal expansion | conductivity
[MPa] [(£m/m)10° K] [W/mK]
293 203.8 0.296 13.2 20.0
700 183.3 0.307 15.0 24.8
800 177.5 0.310 15.4 25.9
900 171.5 0.313 16.0 26.8
1000 165.3 0.315 17.2 27.7
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(a) Inconel 625 (b) BNi-2
Fig 5.2 Temperature distribution resulted from thermal analysis
at “A” in Fig 5.1
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(a) Inconel 625 (b) BNi-2
Fig 5.3 Equivalent stress distribution resulted from structural analysis
at “A” in Fig 5.1
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(a) Inconel 625 (b) BNi-2
Fig 5.4 Temperature distribution resulted from thermal analysis
at “B” in Fig 5.1
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(a) Inconel 625 (b) BNi-2
Fig 5.5 Equivalent stress distribution resulted from structural analysis
at “B” in Fig 5.1
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Fig 5.6 Transient thermal loading conditions
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Fig 5.7 Transient analysis results at “A” in Fig 5.1
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Fig 5.8 Transient analysis results at “B” in Fig 5.1
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