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Abstract - A mgjor stress determining the remaining life of the tube in feedwater heeter of fossl fud
power plant is hoop stress by the internd pressure. However, thermd stress due to temperature difference
across the wall thickness dso contributed to reduce the remaining life of the tube Therefore, thermd oading
must be consdered even though the contribution of internd pressure loading to the stresses of the tube
was known to be much higher than that of the thermad loading. In this study, thermd gtress of the tubes
in the de-superheating zone was estimated, which was generated due to the temperature difference across
the tube thickness.
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Andytic equaions were shown for determining the hoop gress and the radid dress of the tube with uniform
thinning and for the temperature across the tube thickness. Accuracy and effectiveness of the andytic
equations for the stresses were verified by comparing the results obtained by the andytic equations with
those obtained from finite dement andyss. Using finite dement andyss, the stresses for eccentric thinning
were dso determined. The effect of heat transfer coefficient on thermal stress was investigated using series
of finite dement andyses with various vaues of heat transfer coefficient for both inner and outer surface
of the tube. It was shown that the effect of heat transfer coefficient a outer surface wes larger than that
of heat transfer coefficient a inner surface on the thermal stress of the tube. Also, the hoop stress was
larger than the radid stress for both cases of uniformly and eccentrically thinned tubes when the therma
loading was only considered without interna pressure loading.

Key words : thermal stress; feedwater heater tube; finite element analysis, SA213 material, thinning,

plugging

1. Introduction

To enhance the energy efficiency in a power plant,
incoming feedwater to the boiler is pre-heated by
outgoing hot steam from high pressure turbine. A
shell-tube type feedwater heater is a typical class of
heat exchanger design. The shell-tube type is one of
the most common type heat exchanger in fossil pow-
er plants, nuclear power plants, oil refineries, and
other large chemical processes. The heater tubes are
designed to withstand high pressure operation and
hence should be designed not to rupture even though
the tube has some service damages. Severa forms of
damage mechanisms such as corrosion, erosion, pit-
ting and fretting wear lead to tube failure. Failures
can occur when a tube thinned by corrosion is en-
during the thermo-mechanical stresses due to internal
or externa pressure loading and thermal loading for
the tube.

Various types of stresses were studied [1, 2]. The
overall structural reaction stresses of the tube-sheet,
its attachments and the tube-bundle were anayzed.
The stress in a typical cell of single tube-end assem-
bly within a short collar piece cutout from the
tube-sheet was aso determined. The therma and
pressure stresses across the tube wall were basically
studied by the most of the researchers. When the
tubes are subjected to different temperatures on ei-
ther side of the tube, i.e, inside wall and outside
wall, thermal stresses must be developed due to the
uneven expansion of the tube across the thickness.
An analytic solution for determining the thermal
stresses in a thick-walled cylinder subject to internal
pressure and temperature difference across the thick-
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ness was presented in several studies [3-5]. There
are more articles to be referred for determining the
thermal stresses for the uniformly thinned shape of
the tube in heat exchanger. However, there are little
articles particularly for the thermal stresses of the
eccentrically thinned tube. The plugging criteria for
high pressure feedwater heater tubes with outer thin-
ning (either uniform or eccentric thinning) in accord-
ance with pressure and thermal loading have aso been
reported [6]. Thermal stress due to temperature dif-
ference across the wall thickness must contribute to
increase the maximum effective stress in the tube
which may cause rupture failure of the tube. There-
fore, thermal loading must be considered even though
the contribution of pressure loading (high pressure at
inside tube) to the stresses of the tube was known to
be higher than that of the therma loading.

The objective of this study is to determine ther-
mal stresses (hoop stress and radial stress) for thin-
ned tubes with uniform and eccentric thinning shapes
for high pressure feedwater heater when the temper-
ature difference across the wall thickness is applied.
Analytic solutions for determining stresses and tem-
perature distribution for uniform thinning of a tube
under the thermal loading were presented. Using fi-
nite element analysis, thermal stresses for the eccen-
trically thinned tube were estimated. Accuracy and
effectiveness of the analytic solutions of the stresses
for the uniform thinning were verified by finite ele-
ment analysis. Also, the effect of heat transfer co-
efficient on the estimated stress was studied by con-
ducting a series of finite element analyses with vari-
ous values of heat transfer coefficients for both in-
ner and outer surface of the tube.



2. Analytic Solutions of Thermal Stress and
Temperature

2—1 Background
High pressure feedwater heater tubes in a domes-
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face of the tube is the largest at de-superheating
zone. The temperature of steam inlet touching the
external surface of the tube (T,) was 416.5°C and

Table 1. Material properties of SA-213, TP304N at 235C.

tic fossil power plant was considered in this study. Material properties ?ﬁsgzllil
The heater tubes were designed to withstand for
high pressure operation (about 35 MPa) and temper- Young's modulus (GPa) 175
ature difference between inner and outer surface of Poissor .
iSson's ratio 031
the tubes. The heater tubes were made of SA-213, :
TP304N material. The outer diameter of a tube was Density (kg/m’) 8100
15.9 mm and the wall thickness of in the tubes was Thermal conductivity (W/m- C) 19.6
2.2 mm. The radial coordinate of the tube vyall !s Thermal expansion coefficient (™) 17.8x10°
from r = 57 mm to r = 7.9 mm. The heater in this —
study is a heat exchanger of horizontal shell-tube Heet trandfer coefficient & outer surface) ) o
type. Many tube failures were reported in the de-su- (Wim*-c)
perheating zone where the steam enters in this zone. Heat transfer coefficient at inner surface 23400
Most of heat transfer from the steam to the feed- (W/m?- ) ’
water occurs in this zone. The straight tube section Yield strength (MPa) 149
of the de-superheating zone is shown in Fig. 1. : _
Temperature difference between inner and outer sur- Ultimate tensile strength (MPa) 497
U-tube Section Inside Fluid Temperature T, — e e e e
| \’1 1 — Feedwater
:é: :é: $ Outlet
\ De-superheating
Internal higher pressure at Zone Fixed
inner surface of the tube Tube Sheet Tube Sheet
= External lower pressure at Support
outer surface of the tube
Outside Steam Temperature T,
1 i X e Feedwater
— e - niet

Straight Tube Section of De-superheating Zone

Temperature difference across
the thickness : T, >T;

Fig. 1. Modeling of straight tube section of de-superheating zone connected to the U-tube section in feedwater heater.
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the temperature of feedwater touching the internal
surface of the tube (T)) was 204.5°C. Mechanical
and thermal properties of the tube material are listed
in Table 1. Outer thinning usually occurs on the
wall of tubes due to erosion or corrosion. The outer
thinnings of the wall thickness including uniform
and eccentric thinning model as shown in Fig. 2
were investigated.

2—2 Analytic solutions for uniformly thinned tube

2-2-1 Temperature distribution across the wall
thickness

When the outer wall surface of the tube was ex-

posed to a uniform temperature T, , the inner wall

surface was held at the temperature of T, (T, > Ti).

Then, the temperature across the wall thickness is

given by [7]

In(r, /1)
In(r, /) @)

where r; denotes radius of the tube inner surface
and r, is outer surface radius of the tube.

When the temperature of the steam is T, and the
temperature of the feedwater is T;

Rew @

Outer thinning

7%

T =T+ (T,-T)
Rotal (3)
R-—1

Where, hA , IS thermal resistance at outer sur-

-1
face of the tube, thA, is thermal resistance at inner

R :RjJrRN +R:L+M+i
surface of the tube, ™ ! hA 27kl KA,

_In(r, /)
is total thermal resistance of the tube, Rua = 27kl

is thermal resistance of the tube wall.

2-2-2 Stresses distribution across the wall thick-
ness

Heat transferred from the outside steam of the
tube under high temperature to the inside water
through the tube thickness. Thermal stresses due to
temperature difference between the inner and outer
surfaces were determined in the hoop stress and ra-
dial stress directions. Because the thermal expansion
along axial direction of the heater tube was not con-
strained, the thermal stress in axial direction was re-
garded as zero (0, = 0). The hoop stress and radial
stress due to thermal loading were determined as
Eg. (4) and Eq. (5) [6].

Quter wall

- - & ; »\‘ /
v N,

%
%

Eccentric thinning

before thinning

-
e

Uniform thinning

Fig. 2. Outer thinning for feedwater heater tubes.
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Maximum hoop stress takes place at the inner ra-
dius of the tube (r = r;). The stress values of hoop
and radia stress when r = r; are as shown below.

r

(Ug)r:n :(O_H)max _ Ea(To* _Ti*)[rzzroz 2 |n[:]_1]

2In(r, /) | r2—r,
(6)
(o). =E“(TJ-TC)[ : [1_n2]m[fo]_m[ﬂﬂ:o
To2in(r /) [ r2-r2 2 r r
(7

3. Finite Element Analysis

Finite element analysis (FEA) was conducted us-
ing Abaqus version 6.14 to determine thermal stress
of the tube. Two-dimensiona (2-D) planar models for
eccentric thinning and uniform thinning were gene-
rated. Element type was 4-node plane stress thermal-
ly coupled quadrilatera element. Total 50,000 ele-
ments were used for both the uniform and eccentric
thinning models. The mechanical and thermal prop-
erties of the tube materia can be found in the
ASME Code, Section Il, Part D. The boundary con-
ditions of temperature same as the operating con-
ditions were applied. The inner surface of the tube
was exposed to feedwater of temperature, Ti, while
the outer surface of the tube was exposed to steam
temperature, To. For convective heat transfer calcu-
lation from the steam through the tube wall to the
feedwater, the heat transfer coefficient as shown in
Table 1 was used for both of inner and outer sur-
face of the tube.

Heat transfer is mainly determined by the heat
transfer coefficient which must be affected by sev-
eral factors such as fluid contacting the surface, sur-
face condition, pressure and temperature conditions.
Therefore, the effect of heat transfer coefficient on
the thermal stress needed to be studied with various
values of heat transfer coefficient for both the inner
surface (h = 15,000~50,000 W/m?- ) and the outer
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surface (h, = 500~2,000 W/m’ - ) of the tube. These
ranges of h; and h, were selected based on the oper-
ating condition in the high pressure feedwater heater.
In order to compare the estimated thermal stress re-
sults obtained by the analytic equations, Egs. (4) ~(5),
with those by FEA, FEA models with various wall
thickness (or various thinning ratios) for the tube
were generated and thermal stress analyses were
conducted.

4. Results and Discussion

4—1 Comparison between FEA and analytic
stress equation results

The temperature and stress distributions for the
cross-section of the tube are shown in Fig. 3 for
uniform thinning and eccentric thinning cases de-
termined by FEA under therma loading. The hoop
stress was maximum at the inner surface of the tube
for both of cases. Also, hoop stress decreased from
the inner surface to the outer surface across the tube
thickness. The inner surface experienced tensile stress
while the outer surface experienced compressive
stress. The radial stress was maximum at the middle
of the wall thickness in both of the uniform and the
eccentric thinning cases. However, the magnitude of
the radia stress was much smaller than that of the
hoop stress.

The results of temperature and stresses of uniform
thinning model as a function of radia coordinate po-
sition under thermal loading are shown in Fig. 4. No
thinning case was employed for the uniform thinning
in Fig. 4. Comparisons of the results obtained by the
analytic solutions with the FEA results were made
in the figure. The differences of temperature, hoop
stress, and radia stress between the two methods
were insignificant. For uniform thinning model,
Table 2 indicates that the hoop stress difference be-
tween Eq. (6) and FEA was less than 5%. It can be
claimed that the analytic solutions of Eq. (1)Eq. (7)
are accurate and can be appropriate for determining
the stresses of uniform thinning model of the tube.

No analytic equations had been reported, provid-
ing analytic solutions for determining thermal stress-
es for the eccentric thinning tube under thermal
loading. Since geometric shape of eccentric thinning
model was non-uniform and was not axisymmetric,
FEA should be used for determination of thermal
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Fig. 3. Temperature and stress distributions of uniform and eccentric thinning of the tube determined by FEA under

thermal loading.

stresses of the eccentric thinning case. The obtained
stresses for the eccentric thinning tube under thermal
loading are shown in Table 2 and Fig. 5. Variation
of the hoop stress at the inner surface of the thinnest
location of the eccentrically thinned tube was shown
when the thinning ratio was varied in 0~60%. As
the thickness of the tube decreased as a result of
thinning, hoop stress caused by thermal loading was
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decreased for both cases of uniform and eccentric
thinning as shown in Fig. 5.

Hoop stress results at the inner surface of the
thinnest location for uniform and eccentric thinning
cases were compared. From 0~40% thinning of the
wall thickness, the hoop stress values were quite si-
milar between the uniform and the eccentric thinning
cases. The difference was increased for 40~60%
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Table 2. Hoop gtress results at the inner surface of the tube
for various thinning conditions for the cases of
uniform thinning and eccentric thinning (at the
thinnest section).

Uniform Thinning Eccentric Thinning
Thinning | (HOOP Stress MPa) - |(Hoop Stress, MPY)
(%) ,
S
0 56.1 55.5 55.5
10 503 49.9 49.8
20 446 442 136
30 389 385 36.8
40 331 328 29.0
50 275 27.2 20.2
60 21.8 21.6 95

thinning cases. Hoop stress of the eccentric thinning
(at the thinnest location) was smaller than that of the
uniform thinning. When the difference of thickness
between the minimum thickness (tmin) and the max-
imum thickness (t,) of eccentric thinning case was
increased the difference of the hoop stress was also
increased.

4-2 Effect of heat transfer coefficient on the
hoop stress

Heat transfer coefficient is a function of the water
and steam property contacting the tube surface and
aso a function of tube surface condition. The water
and steam conditions were determined by the power
plant operating conditions of temperature and pres-
sure. Therefore, the heat transfer coefficient values
at the inner and the outer surface of the tube should
be determined experimentally or empirically for each
feed water heater of interest. In this section the ef-
fect of heat transfer coefficient to the hoop stress
calculation is investigated for both of the inner and
the outer surfaces of the tube.

Influence of the heat transfer coefficient on the
hoop stress at inner surface of the tube was shown
in Fig. 6. The sdlected range of h, and h; values

120 300
ASME SA213 material ¥ Temperature FEA
100 - yniform thinning — Temperature_Analytic
H 250
80 |- -
= O
a 60 @ Hoop stress_FEA 1200
g [0 Radial stress_FEA o
» 40 - Hoop stress_Analytic =
o] Radial stress_Analytic 1150 ®©
@ 20 F @
o — e e g
s oF poOOOEouo o oSO O DIDO0oH 100
2 s
_20 -
f 150
40 - Thermal loading
60 1 1 1 1 )
5.5 6.0 6.5 7.0 75 8.0
Radius (mm)
Fig. 4. Comparison of temperature and stress results
obtained by anaytic solutions and those by
FEA for uniform thinning model under
thermal loading.
100
@ Hoop stress_eccentric (FEM)
80 €@ Hoop stress_uniform (FEM)
Hoop stress_uniform (Analytic)
T
Q 604 Stresses at inner surface
\E./ at thinnest location
[9)
§ 40
®
o 20
8 )
f ok FEM & analytic results
ASME SA213 material
20 | Ti=2045°C, T,=4165°C
1 1 1
0 20 40 60
Thinning (%)
Fig. 5. Stresses at inner surfaces of the tubes as a
function of thinning rate.
100
At inner surface of the tube
80 F Uniform thinning model
- ASME SA213 material
& t=2.2mm
S 0ol D=159mm
9 T,=204.5°C
g T,=416.5°C
% 40|
< Symbol  h, (W/m?.°C)
:lo: —— 15000
20 —0— 23400
—A— 35000
—m— 50000
0 A A . .
(1] 500 1000 1500 2000 2500

h (W/m>.°C)

Fig. 6. Influence of heat transfer coefficient on the
hoop stress at inner surface of the tube.

were matching to the calculated values in the design
of shell-tube heat exchanger [10]. Results in Fig. 6
showed that the hoop stress was dlightly increased
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when h; increased from 15,000 to 50,000 W/m’- C.
Even though h; was changed in a wide range of val-
ues, the hoop stress was not changed significantly.
On the other hand, hoop stress was increased sig-
nificantly when h, was increased from 500 to 2,000
W/m®- ¢, which showed that the hoop stress was
sengitive with the value of h,. Hence, it can be claim-
ed that the effect of heat transfer coefficient at outer
surface (h,) was larger than that of heat transfer co-
efficient at inner surface (h) on the stress of the
tube for high pressure feedwater heater.

5. Conclusions

Analytic equations for determining the hoop stress,
radial stress, and temperature distribution in the high
pressure feedwater heater tube were studied when
the temperature across the thickness was different.
Outer eccentric thinning and uniform thinning of the
tube were considered for tube geometry modeling.
Accuracy and effectiveness of the analytic solution
of the stresses for the eccentric and uniform thinning
were verified by finite element analysis. Also, the
effect of heat transfer coefficient on the therma
stresses was investigated using finite element method
with various values of heat transfer coefficients of
both inner and outer surface of the tube. The follow-
ing conclusions were obtained :

(1) The hoop stress was larger than the radial
stress for both of uniform and eccentric thin-
ning when considering the therma loading.
The hoop stress was maximum at the inner
surface of the tube for both cases.

(2) Using FEA, stresses for the eccentric thinning
tube were determined. The hoop stress reduc-
tion of eccentric thinning was bigger than that
of uniform thinning when the wall thickness
reduced by 40~60% thinning. Thermal stress
was decreased as the tube wall thickness dec-
reased for both uniform and eccentric thinning
cases.

(3) The effect of heat transfer coefficient at outer
surface was larger than that of heat transfer
coefficient at inner surface on the stress of
the tube.

(4) The analytic solution can be applied to various
temperature conditions and different materials
for determining thermal stress of the tubes in
high pressure feedwater heaters.
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Nomenclature

To : Temperature of the steam

Ti : Temperature of the feedwater

To : Temperature at outer surface of the tube

Ti : Temperature a inner surface of the tube

r : The radial coordinate across the tube thick-
ness

ro : Outer radius of the tube

ri : Inner radius of the tube

t : The wall thickness

to : Initial wall thickness

tmin: Minimum wall thickness

h, : Heat transfer coefficient at outer surface of
the tube

hi : Heat transfer coefficient at inner surface of
the tube

A, : Area of the outer surface of the wall

A : Area of the inner surface of the wall

E : Young's modulus of the wall material

a : Therma expansion coefficient of the wall
material

k : Thermal conductivity of the wall materia

L : Length of the tube

Op : Hoop stress due to thermal loading

o Radia stress due to thermal loading

o, . Axid stress due to thermal loading
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