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A Study on Structural Design Considering Operating
Static Condition of Aero Heat Exchanger

Tae-Jin Kim

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The objective of this study is to predict structural characteristics of a
heat exchanger mounted on aircraft engine using a finite element analysis.
The plastic fracture and life on the heat exchanger are estimated by

thermo-mechanical analysis.

The mechanical properties of Inconel 625 refer to SPECIAL METALS
which is Inconel manufacturer. Also, the mechanical properties of Inconel
tube refer to tensile test result at PNU-RRUTC(Pusan National University-
Rolls Royce University Technology Center). The yield strength shows 308
MPa and tensile strength shows 640 MPa at 1000 K.

To assess the structural characteristics of heat exchanger, the full and
part models for the aircraft engine are employed under static operating

conditions given by thermo-mechanical and inertia load.

The components of aircraft engine should have high stiffness body with
light weight and small volume. Therefore, parametric study is performed to

determine the basic dimensions of major parts.

Heat exchanger is mounted on the gas turbine engine of aircraft with

_iv_



mounting component which has structural safety. The mounting component
design is performed to determine the major dimensions. And it is

employed to heat exchanger for structural analysis.

Also, heat exchanger is required installation study according to the
arrangement of mounting component considering high temperature and

locations.

When the full model of heat exchanger is performed to the structural
analysis under thermo-mechanical and inertia load, the stress result of
whole load show a strong dependence to the thermal load which causes

large thermal deformation.

To perform transient analysis wunder —thermo-mechanical load, heat
exchanger is employed ligament efficiency refer to ASME code. When
checking stress results of the equivalent model, thermal load has large
difference from base model more than 70%. So, it need to consider

additional conditions for thermal load in the future work.

As a result of static load on the major parts, such as, the -case,
tubesheet, flange and mounting component have reasonable safety margin
to allowable stress assumed the fatigue strength of Inconel 625 at 10°

cycle and 1000 K.
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: ™ o] £ wWE(nodal velocity vector)

: Aol W WE(nodal displacement vector)
. 28315 9 E(applied load vector)

: ARE =380 E (natural frequency mode matrix)

g4 Al <(Young's modulus)

o
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: H o M) (maximum displacement)

: -19] A5 (square root of —1)

3} 4(imposed frequency, cycle/time)

13 A <(mean linear expansion, um/umK)
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7 T ¥ E(tensile strain)
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Table 1 Material properties of Inconel 6257

Tensile Yield ) Reduction .
. Elongation | . Brinell
Shape and condition strength | strength in Area
hardness
MPa MPa % %
27-11
As-Rolled 8 73 0 414-758 60-30 60-40 175-240
Rod, Bar, |\ eated | 327193 | 414655 | 60-30 60-40 | 145-220
Plate 4
Solution- | -\ ¢06 | 200-414 | 65-40 90-60 | 116-194
Treated
Sheet and |\ cated | 92718 | 414601 | 55-30 ; 145-240
Strip 4
Tube and Annealed | 827-965 | 414-517 55-30 -
Pipe, Solution-
Cold-Drawn Treated 689-827 | 276-414 60-40 -
Temperature, iC
0 204 427 649 871 1093
140 T 965
: =
R 120k Tensile Strength -1 827 -
g 15
= 100 |- -{ 620 B
e :
2 80 I Yield Strength (0.2% Offset) 552 i
60 |- 414
2 g
g 40 L 276 E
5 g
& 20 | 138 %
0 1 L 1 1 1 | 1 | 1 0
0 400 800 1200 1600 2000

Temperature, °F

Fig. 4 Tensile properties of annealed bar'”
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120
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Yield Strength
(0.2% Offset)

-| 827

690

-] 552

~| 414

-| 276

-1 138

800 1200 1600

Temperature, °F

2000

Stress, MPa

Fig. 5 Tensile properties of cold-rolled annealed sheet!”
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Temperature, ‘G
427 649

10923

1

Tensile Strength

Elongation

Yield Strength
{0.2% Offset)

1 1 1 ] L 1 1 1

' 1103

-~ 965

827

690

552

414

138

1 (0]

400 800 1200

Temperature, °F

2000

4]

Stress, MP

276

Tensile properties of hot-rolled solution-treated rod”’
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Table 2 Geometric variables of tubesheet

Geometric variables
Thickness (mm) | 4.0 | 6.0 | 8.0 | 10.0

2, ¢ Thze mEHo Ja, Aels, WyEES
of & Al Bl wEld FEAES} Aol ZHUAQ 2E |
oA d&Eo] AT AN, {FALATHAG o] &l AT o
FHAE 8 ofygt Aolxe} FAANE EFste] Fdstofor st F
NE BE mde Fig 18 o YeRAT

il

rl

I

7 w9 REAEC hstel oY, 5, 2EY 3o 0@ 27

o AR=H

G ATe D127 AR A7 STEE 9 FEoE &

gsto] Zbzbe] Fo @A A<l W (stepwise method) O = A 8-t H

FdE 72 U8 FE 79 25217 dFEdD ATE FoAsAT 7

BAE =mdEo tiste] HARAI FASHA sl AEHJoH, oY
5 (55 bar)7} FHO WHL FEAE, oy
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Fig. 10 Geometric parameter for Tubesheet

(a) Pressure load

Hot ontlet

(b) Thermal load

Compensated
pressure
=7.6 MPa

~

Applied

LA .l! I! “H pressure
= 5.5 MPa

347.233
115.055'
490.959

562.822
634,685
'.‘-Z‘E-.S-H'I

TT8.41

850.273

522.136

993.999.

Fig. 11 Pressure and thermal load for tubesheet
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Table 3 Result of parametric analysis for tubesheet

Max.von Mises stress (MPa)

Thickness (mm) Mass (kg) Pressure Thermal Pressure
+ Thermal
4 0.57 284 351 336
6 0.85 270 352 329
8 1.14 200 346 314
10 1.42 190 347 304
400

Max. von-Mises stress{MPa)

4.0 mm

6.0 mm

8.0 mm

Tubesheet thickness
I Only Pressure Il Only Thermal [ Thermal + Pressure

10.0 mm

Fig. 12 Results of parameter analysis for tubesheet
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NODAL SOLUTION AN
STEP=1
SUB =1
TIME-1
/EXERNDED .2
SEQV (2v6)
DMK =.121812
S =1.245 23.511
MK =355.759
66.822
100.133
133.444
166.756
200.067
233.378
266.689
300
: X

NODAL SOLUTION
SUB =1

SN =1.423
SMK =318.465

.2

33.511

66.822

100.133

133.444

166.756

200.0867

233.378

266.689

300

(a) Base model

Fig. 13 Geometric

(b) Curved model

parameter for manifold

NODAL SOLUTION

AN

NODAL SOLUTION

SUB =1
TIME=1

(BVG)
DMX =.097098
SMN =1.423
SMX =318.465

.2 66.822 133.
33.511

444 200.067
100.133 166.756 233.378

266.639
30

i
133.444 200.067
166.75

33.511 100.133

=
266.689
78 30

(a) Base model

Fig. 14 Results of geometric

(b) Curved model

parameter analysis for manifold
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o] WS, Fig. 14 o JYEPHATH FAVE F71ehe] wep g¥o] 2t

Zdte o] Atk wiJiHS Aol M e @ Z1AIA skl ik Bk

olBg FEZAEE HrIE A Aok 2%, E, 2559 d4EAAE

=)
5
ol
jih?

I} EZEE FAE 35 mm E A4 AT

Table S Result of parametric analysis for manifold

Thickness (mm) Mass (kg) | Maximum. von Mises stress (MPa)
3.0 1.16 411
3.5 1.33 312
4.0 1.51 183

500
E 400
=
oy
& 300
=
o
§ 200
g
E—- 100 4
=

0

3.0 mm 3.5 mm 4.0 mm

Manifold thickness

Fig. 15 Results of parameter analysis for manifold
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Fig. 17 Geometry and formula of pin design®
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Fig. 18 Geometry and formula of lug design®

_28_



o

3.2.2 028 91 A

S g3l 3EQE TEHO R nleEe FASATE AT £AzAA
Eoae gt davtarl BASER 7 ulew Ax B¢ = Ao
RO WU EE R9jo] el £xUl OE £ ATk =R, T4 9H 1t
7o) Foj57] WEe Ay HA WFoE FFe ¥ 5 9

Fig. 18 & AT #Alo]2=9] ¢Yxlof thdt Aot} 4
of wel 47}A] Alol22 3PS A

fzog THEg AU A HA AolAr: 1A Hol Ao~

o] At} o]E Fa vhew FEFo] AmIr|e IUPL
I 5 ok

Fig 21 & 7% HoAe W e wad 1gzolt. 74 Mo FuA
FRse X A WA Aclxt AL wHo fAEA e, U
WA Aot @ P& oA 2 wEol WART oA B FEH 3,
Hlew REol geg 99l e ofnath B3 X W = 9UE
= 5A g Zelolde HEsE 75 Ay 9d 14 Fe e Fof
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Sliding

Sliding
condition

condition

Sliding
condition

Fig. 19 Mounting locations of the case study

-

o
-

L

dL = 2.138 mm dL = 2.169 mm

(a) Model without mounting (b) Model with mounting

Fig. 20 Comparison of X-direction displacements
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dL = 1.632 mm

(a) Model without mounting

dL = 1.108 mm

-
-

(b) Model with mounting

Fig. 21 Comparison of Z-direction displacements

12000

11000 4
10000 4
9000 -

8000 -

7000 -

6000

5000 -

4000 4

3000 -

2000 -

1000 -

ﬂ i

Reaction force (N)

casel

case?

I X -sliding point
I Fixed point
[ Z-sliding point

case3

cased

Fig. 22 Comparison of reaction force in each point

Table 6 Reaction force according to mounting arrangement case

Reaction Force (N)

Case 1 Case 2 Case 3 Case 4

N . 4112 3668 1931 2347
X-sliding point 350 K 695 K

Fixed point 5106 | 7299 4261 | 8909
350 K 695 K

Zsliding point 6917 | 2396 7704 | 4680
705 K 993 K
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Fig. 23 3D modeling of full model with mounting components

Fig. 24 Simplified geometry applied tube weight as equivalent densities
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Sliding
condition

I~ vy

. i ® A PN
Fixed Stiding Fixed Sliding Shiding Fix.ed
condition condition condition condition condition condition
(a) Bottom view (b) Front view (c) Side view

Fig. 25 Mounting arrangement of 3 point constraint method

.. ¢m | Bafile 1
: Tube mass
+ Baffle mass

Baffle 2
: Tube mass
+ Baffle mass

Tubesheet
: Tube mass
+ Tubesheet mass

Fig. 26 Applied position for equivalent densities

Compensated
pressure
=7.6 MPa

7

Applied
pressure

[__Tubesheet ] = 5.5 MPa

Fig. 27 Applied compensated pressure
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Cold inlet

(350 K) 358.291

428.925
499.559

570.194

c40.8250
711.462]

82.097

Hot outlet
(696 K)

‘ Cold outlet l
994
‘ Hot inlet (645 K)

(994 K)

852.731

923.360

Fig. 28 Thermal boundary condition for heat transfer analysis of HX
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Contact
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(a) Full model (b) Contact element

Fig. 29 Boundary condition for structure analysis
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358.291
428.925
499.559
570.194
640.828
711.462
782.097|

852.731}

923.366|

994
(a) Iso view

356.17

427.04
457,309
568.779
639.649)
L0519
781.389

852.259

923.12%9

993.999

(b) Front view

Fig. 30 Temperature distribution of full heat exchanger
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Table 9 Stress result according to pressure and temperature load

von-Mises stress (MPa)
Component
Flange | Tubesheet | Case wall Lug Pin Bracket
Pressure 50 73 52 102 171 97
Temperature 373 320 385 287 184 304
Pressure &
388 341 408 355 389 321
Temperature

-.579607

f ﬂ -.326926|

|
|
|
|

Fig. 31 Result of thermo-mechanical analysis
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(a) Heat exchanger (b) Mounting component
Fig. 32 Result of thermo-mechanical analysis
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Fig. 33 Directions of inertia loading
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A
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)
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i
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(a) Displacement distribution (a) Von-Mises stress distribution

Fig. 34 Result of stress distribution in radial direction

|
2.373 |

2.768
3.164
3.559'

(a) Displacement distribution (a) Von-Mises stress distribution

Fig. 35 Result of stress distribution in axial direction
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(a) Displacement distribution (a) Von-Mises stress distribution

Fig. 36 Result of stress distribution in tangential direction

44.532

BE_96T

133.4

177.833
2'}..’5_3I:'|’I

L 266.7

4 i

' ! 311.133

\h-..-" 355.567
<(:nl

(a) Displacement distribution (a) Von-Mises stress distribution

Fig. 37 Result of stress distribution in combined direction

Table 10 Results of inertia analysis

Max. von-Mises stress Fatigue
Component (MPa) T?Irél)p. @Stifﬁf t}(l:le

Radial Axial Tangential | Combined (MPaB)/
Tubesheet 31 78 58 85
Case 41 287 115 321
Flange 47 362 78 365

1000 400

Lug 68 182 133 204
Pin 74 243 102 249
Bracket 48 156 242 261
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(a) Base model (b) Equivalent model

Fig. 38 FEM model for ligament efficiency study

N odke 2N A

(a) Horizontal constraint (b) Vertical constraint

Fig. 39 Boundary conditions for structural analysis
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Uniform pressure
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Fig. 40 Pressure load for structural analysis
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(a) Base model (b) Equivalent model

Fig. 41 Temperature load for structural analysis
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(a) Base model (b) Equivalent model

Fig. 42 Stress result of analysis under pressure load
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(a) Base model (b) Equivalent model

Fig. 43 Stress result of analysis under temperature load
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Table. 11 Inconel 625 fatigue data

Fati trength
Temperature (K) Y.S.(MPa) T.S.(MPa) - atigue s reng8
10" cycles 10° cycles
300 453 1050 470
700 370 900 498 440
800 325 860 475 213
900 310 750 414 400
1000 308 640 400 318
= I N 1 T T 552
800°F (427°C) o’
—— 857 29°0) _ 1000
H4MPE ——— — J§§B°C)
60" - 414
P ; 1200°E |
400 MPa (649°C) <
2 yopr | 4
g 40 318 MPa (760°C) {276 =
5 %6 | 2
@ Specimen e (29°C) Z
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Fig. 44 Inconel 625 fatigue data depending on temperature
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Table. 12 Results of Thermo-mechanical and inertia loading analysis

von Mises stress (MPa) Fatigue
Component Therm.o ] Inertia Combined femp. strealgth @

mechanical loading loading (K) 10%cycle

loading (MPa)
Tubesheet 341 82 353 991 400
Case 408 321 415 683 498
Flange 388 365 421 720 498
Lug 355 204 357 685 498
Pin 389 249 418 685 498
Bracket 321 261 330 685 498
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