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A Study on Structural Analysis of fine U—Tube

Heat Exchanger according to Shape

Jung—joo Kim

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The objective of structural analysis is to predict the thermo—mechanical
performance of the heat exchanger at engine operating conditions using
validated multi—physics modelling technology. The plastic fracture and life

on the heat exchanger are estimated by thermo—mechanical analysis.

Tensile tests are conducted in high temperature (700 K, 800 K, 900 K,
1000 K) using five specimens to obtain the mechanical properties of

Inconel 625 tubes.

Based on the test result, the yield strength shows 308 MPa and tensile
strength shows 640 MPa at 1000 K.

Baseline model and three kinds of improved models are proposed. The
purpose of the “separated model” is to reduce tubesheet thermal stress.
Unlike the baseline model, the “separated model” is divided in half so that
the hot side outlet and inlets are separated. So it is allows for each part to
move independently even under thermal deformation. “Flange moved model”

is similarly “baseline model” However, flange position has moved to manifold
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side. “Solid flange model’is that tubesheet side shell flange was changed to

a solid flange and modified the shape of the case wall.

Thermo—mechanical analysis was performed to estimate the structural

characteristics and stress level of baseline model and 3 improved models.

Comparing with baseline model, bending deformation of tubesheet in
separated model decreased. So, the maximum stress of the tubesheet reduced
15%. And the temperature difference between the tubesheet and flange
decreased. Thus, the maximum stress of the flange was reduced by 4%.
Temperature difference between the tubesheet and case wall was decreased.

So the maximum stress of the case wall was reduced by 8%.

Comparing with baseline model, bending deformation of tubesheet in flange
moved model decreased. So, the maximum stress of the tubesheet reduced by
30%. So the maximum stress of the tubesheet reduced 5%. Temperature
difference between the tubesheet and case wall was decreased. So the

maximum stress of the tubesheet was reduced by 7%.

Comparing with baseline model, bending deformation of tubesheet in solid
flange model decreased. So, the maximum stress of the tubesheet reduced by
35%. And the temperature difference between the tubesheet and flange was
decreased. Thus, the maximum stress of the flange and tubesheet reduced by
30%. Temperature difference between the tubesheet and case wall was

decreased. So the maximum stress of the tubesheet was reduced by 10%.

Therefore, solid flange model is the most improved model in terms of stress.
Maximum stress were reduced by 30% in flange and tubesheet. Case of the
wall stress was reduced by 10%. This value exceeded the yield strength of
Inconel at 1,000K. (Ref. the yield strength of inconel 625 tube is 308MPa at
1,000K.). But this value was satisfied with the fatigue strength in 1000 cycle.
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Nomenclature

o
2

: 91 W3 & (tensile strain)

o

: 918 & (tensile stress)
: ¥o}4](Poisson's ratio)
: A A 5= (mean linear expansion, m/mmK)

: A W3 E(shearing strain)

A £ (shearing stress)
A= 3 H(mass matrix)

742 3 E (damping matrix)
34 3 A (stiffness matrix)

: AA 9 7F& % W E (nodal acceleration vector)
A o] 4= WE(nodal velocity vector)
A W9 wWE(nodal displacement vector)

: 283} 9 E (applied load vector)
5

Z]

-

]_

.
AR

!

A4 (Young's modulus)

H ¢ (maximum displacement)

: =19 A)FZ(square root of —1)

: AF 4 (imposed circular frequency, radians/time)

X

: F3=(imposed frequency, cycle/time)

O

W9 ¥4z (displacement phase shift, radians)

N
N
2
s

A7} (force phase shift, radians)
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Table 1-& A|ZAF1 SPECIAL METALS®I A A8 Inconel 6259 A& 43
o]t}

Table 1 Chemical Composition of Inconel 625"”

Composition Contents (%)
Nickel 58.0 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.
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Table 2 Material properties of Inconel 625"%
Tensile Yield Reduction
: Hardness
.. Elongation ]
Form and Condition Strength | Strength in Area Brinell
MPa MPa % % , brme
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
Plat Solution—
ate 724—896 | 290—414 65—40 90—-60 116—194
Treated
Sheet and
] Annealed | 827—1034 | 414—-621 55—-30 - 145-240
Strip
Tube and Annealed | 827—965 | 414—517 55—30 -
; Solution—
Pipe, 689=827 | 276—414 | 60—40 -
Cold—Drawn | Ireated

2 8 A35} A Ho] 7}2H Inconel 625 379 1

Temperature, \:

a 204 427 649 871 1003
bt T 965
o ; *©
X 120 Tensile Strength - 807 .
= [
& S
2 100} -| 690 &
g o
2 { o
& S
= 80 [ Yield Strength (0.2% Offset) - 552 [0
S - 414
2 &
;40 |- ; 276 =
] Elongation g
2 g
o 20 F 138 =
0 i 1 1 1 1 1 1 1 L 0
0 400 800 1200 1600 2000

Temperature, °F

Fig. 3 Tensile properties of annealed bar*’
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Temperature, o]

0 204 427 649 871 1093
140 T T T T T T T T T 965
=S
g 120 |- -| 827
= 100L Tensile Strength es0
o
5 &
o 80 | - 552 =
Elongation g
E 60 |- -| 414 o
3 n
& Yield Strength i
[7p] 0,
- (0.2% Offset) 4
0 1 1 1 1 1 1 1 1 1 0
0 400 800 1200 1600 2000

Temperature, °F

Fig. 4 Tensile properties of cold—rolled annealed sheet

Temperature, e

(10)

0 204 427 649 871 1093
160 T T T T T T T T T 1103
» 140 L 1 oes
c
2 120 827
o
= o
S 100 | Tensile Strength L
m
80 | 1552 @
@
60 {4143
o Elongation
@ 40 | J 276
g Yield Strength
o 20 (0.2% Offset) 138
= 0 1 1 1 1 L 1 1 1 1 0
0 400 800 1200 1600 2000

Temperature, °F

Fig. 5 Tensile properties of hot—rolled solution—treated ro
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o1z 6259 A|ZAFAE 1000 K9

A ANE ek Ade 488 A8 dese] BE JAgPEE
]

Hluw 2 AEE 93 700 K, 800 K, 900 K, 1000 K¢ %o

Table 3 Test condition of tube in high temperature tensile test

Value
Load capacity Max. 2 kN
Test speed 1 mm/min
Working temperature 700 K, 800 K, 900 K, 1000 K

Linit: mm

Tubelength: 25 mm

Fig. 6 Dimension of specimen
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(a) Position for thermal couple (b) Furnace

Fig. 7 Equipment for high temperature tensile test
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o] A37F Apol U= A
Ql Bao]d A FEo] 2

SERgs) Frel o] B
Jo5k7] wolth, AEAE &
EERED

agE Aot A=
M

(a) 700 K (b) 800 K

(c) 900 K

(d) 1000 K

Fig. 8 Fracture shape of test specimen

Temperuature: 700 K
750

Engineering stress (MPa)

- _— -
0.0 0.1 0.2 03 0.4 05
Engineering strain

(a) Stress—strain curve at 700 K

Temperuature: 800 K

Engineering stress (MPa)

. — .
0.0 01 0.2 0.3 04 0.5
Engineering strain

(b) Stress—strain curve at 800 K
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g

Temperuature: 900 K

~
g

g

Engineering stress (MPa)

Engineering stress (MPa)

T T
0.0 01 0.2 0.3
Engineering strain

(a) Stress—strain curve at 900 K

0.4

0.5

Temperuature: 1,000 K
750+

3004

0.0 0.1 0.2 03 0.4
Engineering strain

Fig. 9 Results of high temperature tensile test

Table 4 Result of high temperature tensile test

0.5

(b) Stress—strain curve at 1000 K

Temperature (K)

700 800 900 1000

1 338 319 337 328

2 318 325 332 334

Yield strength 3 332 328 390 387
(MPa) 4 305 383 361 347

5 295 356 335 325

average 318 342 351 344

Elongation (%) 19.8 29.8 31.1 22.7

1 830 732 765 592

2 814 824 740 589

Tensile strength 3 790 734 743 567
(MPa) 4 784 750 708 565

5 720 722 725 540

average 788 752 736 570

Elongation (%) 4.8 1.7 0.5 15.3

-17 -
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71238 dw3dly] 29 (Fig. 10(a))3 3714 M 2dL A5t 9 4714 =

2978 Begoes B3 Sdo WAL 2o 2¥ AL AL &9
t.(Fig. 10(b)) ZNA 0|58 29| 4% FHAE g U1 TAE Y
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(a) Baseline model (b) Separated model

(¢) Flange moved model (d) Solid flange model
Fig. 10 3D Cad model for analysis
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(d) Solid flange model

Fig. 14 Thermal boundary condition for heat transfer analysis of heat exchanger

Table 5 Load case for thermo—mechanical analysis

Load Case Value
Thermal load Temperature distribution
Pressure load 5.5 MPa (55bar)
Reference temperature 320 K

Table 6 Boundary condition for thermal analysis
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Fig. 16 Deformation of tubesheet, case and flange
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Fig. 17 Result of stress distribution

Table 7 Results of thermo—mechanical analysis

Tubesheet Case wall Flange
von Mises stress (MPa) 311 440 400
Temperature (K) 991 540 720
700
600 -
& 500 -
=
n
7]
&
@
=
=
£
=
@©
=

Tubesheet Case wall Flange

Fig. 18 Comparison of Maximum stresses at an issue position
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Table 8 Inconel 625 material property

Temperature | Yield strength | Tensile stress | Fatigue strength (MPa)
(K) (MPa) (MPa) 10° 10°
300 453 1050 - 470
700 370 900 498 440
800 325 860 475 418
900 310 750 414 400
1000 308 640 400 318
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(a) ISO view (b) Front view

Fig. 19 Temperature distribution of U tube heat exchanger separated model

D En

(a) Tubesheet (b) Case (¢)Flange

Fig. 20 Deformation of tubesheet, case and flange
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Fig. 21 Result of stress distribution

Table 9 Results of thermo—mechanical analysis

Tubesheet | Case wall Flange
von Mises stress (MPa) 260 405 385

Temperature (K) 994 573 767
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w
w
g
R
=
=
=
- |
=
(L]
=

Tubesheet Case wall Flange

Fig. 22 Comparison of Maximum stresses at an issue position
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(a) ISO view (b) Front view
Fig. 23 Temperature distribution of U tube heat exchanger flange moved

model

m 731K EELS

(a) Tubesheet (b) Case (¢)Flange

Fig. 24 Deformation of tubesheet, case and flange
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Fig. 25 Result of stress distribution

Table 10 Results of thermo—mechanical analysis

Tubesheet | Case wall Flange

von Mises stress (MPa) 213 408 400
Temperature (K) 994 595 900

700

600 -

500 -

400 +

300 -

200 -

Maximum stress (MPa)

100 -

Tubesheet Case wall Flange

Fig. 26 Comparison of Maximum stresses at an issue position
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Fig. 28 Deformation of tubesheet, case and flange
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Fig. 29 Result of stress distribution

Table 11 Results of thermo—mechanical analysis

Tubesheet | Case wall Flange

von Mises stress (MPa) 200 397 281
Temperature (K) 994 626 910
700
600
& 500 4
<
A
o
@
E
3
£
b
(10
=

Tubesheet Case wall Flange

Fig. 30 Comparison of Maximum stresses at an issue position
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Maximum stress (MPa)

| I Basceline model
600 - [ Separated model

. [ Flange moved model
500 - I Solid flange model
400 -
300 4
200 4
100 -

0 2]

Tubesheet Case wall
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Fig. 31 Comparison of maximum stresses at an issue position

Table 12 Comparison of maximum stresses at an issue position

Case Tubesheet Case wall Flange
Baseline model 311 440 400
Separated model 260 405 385

Flange moved model 213 408 400
Solid flange model 200 397 281
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Fig. 32 Comparison of temperature distribution in flange & tubesheet

- 41 -



A 5FAE

ﬂv.o

e dughrjo] v

Z

EEE]

5

o] 3

ol
=

W

il

=
=

A 2d 374

i

]

s,

g2 A

Y
=0

o

e},

=k

g7 el

[¢}

o}

o}
s

s

™ 10* cycled FZFHo|x

o

™

0
g

ol
e

M

0
i)
)
b
iy

of &7} St

K

237 Ao

- 42 -



—~
o

o7} Zol Fe)As}

7

=o|HA Aol

=
=

3
B

0

pull

4 Atk 471A] 2do] W] T

= 3)
= =

Al 7hel= A A]
tel 47HA =2d

J]

te] dmgr] A

J]

€

K

Els

oM E8= EFHA 2do] 7 A

=

3

BN

o0

.
o

sk,

=k

7 A7

AET SEo] Yol Ao oA HER F

Eil

B

- 43 -



3

il

Pl

McDonald, C. F., Wilson, D. G., "The utilization of recuperated and
regenerated engine cycles for high—efficiency gas turbines in the
21st century", Applied Thermal Engineering, Vol. 16, pp. 635—653,
2007

Wilfert, G., Kriegl, B., Scheugenpflug, H., Bernard, L., Ruiz, X., Eury,
S., "CLEAN—Validation of a high efficient low NOx core, a GTF high
speed turbine and an integration of a recuperator in an environmental
friendly engine concept", 41st AIAA/ASME/ASEE Joint Propulsion
Conference, Tucson, Arizona, AIAA—2005—4195, July, 2005.

Jeong, J. H., Kim, L. S., Ha, M. Y., Kim, K. S., Cho, J. R., "Various
heat exchangers utilized in = gas—turbines for performance
enhancement", International Journal of Air—Conditioning and

Refrigeration, Vol. 16, pp. 30—36, 2008.

Jeong, H. S., Cho, J. R., Kim, L. S., Ha, M. Y., Jeong, J H., Kim, K.
S., Lindquist, T., Walsh, P., "CFD and thermo—mechanical analysis
for heat exchanger wused in aero engine", ASME Turbo Expo,

GT—2008-50447, Vol. 5, pp. 177—184, June, 2008.
3 RS A U SEF A (1984)

Zienkiewicz, O.C., P.N.Godbole : "A penalty function approach to
problems of plastic flow of metals with large surface deformation" J.

of Strain Analysis, Vol. 10, No. 3 (1975)

ANSYS Finite Element Computer Code & Manual.,, ANSYS 12.1
Release, 2009.

Jeong, J. H., Kim, L. S., Lee, J. K., Ha, M. Y., Kim, K. S., Ahn, Y.
C., "Review of heat exchanger studies for high—efficiency gas

turbines", ASME Turbo Expo, GT—-2007—-28071, Vol. 4, pp.

- 44 -



833—840, May, 2007.

[9] A&aT <, 7IA9e, a4=34H 1999

[10]

www.specialmetals.com, Material properties of Inconel alloy 625,

Special Metals Corporation, Publication number SMC-063, Jan,
2006.

Ralph I. Stephens, Ali Fatemi, Robert R. Stephens. Henry O. Fuchs,
Metal Fatigue in Engineering, Willey Interscience Publication,
pp.1—3, 2000.

Jung, J. H , "Structral Analysis for fine Tubular Types Heat
Exchanger used in Aero Engine", Korea maritime university, Theses
for master's degree, Feb, 2010.

Schonenborn, H., Ebert, E. Simon, B., Storm, P.,

“Thermo—mechanical design of a heat exchanger for a recuperative
aero engine”, ASME Turbo Expo, GT—-2004—-53696, Vol. 6, pp.
187—193, June, 2004.

237 CAD/CAM NX4, 2382 2006.

ol

EEj Aol =ello] FEAAFARE, ANSYS f3teisia <
2010.

EEEEE]

n

Park, J. S., “A study on Structural Analysis of U tube Heat
Exchanger Used in Aero Engine”, Korea maritime university, Theses

for master’s degree, Aug, 2012.

- 45 -



	Abstract ⅳ
	Nomenclature ⅵ
	List of Tables ⅶ
	List of Figures ⅷ
	1. 서론
	1.1 연구 배경
	1.2 연구 동향
	1.3 연구 내용 및 목적
	2. 탄소성 유한요소 해석의 이론적 배경
	2.1 유한요소법
	2.2 탄소성 유한요소해석
	3. 고온 상태 인코넬 625의 기계적 특성
	4. U 튜브 열교환기의 구조해석
	4.1 열교환기 모델
	4.2 해석 방법 및 경계 조건
	4.2.1 해석 방법
	4.2.2 경계조건
	4.3 해석 결과
	4.3.1 기본형 열교환기 모델의 해석 결과 및 분석
	4.3.2 분리형 열교환기 모델의 해석 결과 및 분석
	4.3.3 플랜지 이동형 열교환기 모델의 해석 결과 및 분석
	4.3.4 플랜지 이동형 열교환기 모델의 해석 결과 및 분석
	4.4 4가지 열교환기 모델의 건전성 평가
	4.4.1 4가지 열교환기 모델의 비교
	5. 결론
	참고문헌


