1590

Chemie

Research Article Ingenieur
Technik

Transient Thermal Stress Calculation of a Shell
and Tube Condenser with Fixed Tubesheet

Marek Pernica’, Tomas Létal", Pavel Losak', Martin Nad', Marcus Reppich®*,

and Zdenék Jegla'

DOI: 10.1002/cite.202100036

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

The present article deals with transient thermal stress calculation on a safety horizontal shell and tube condenser. This

condenser is used in a power plant for cooling of hot steam diverted from the turbine in the case of its emergency shut-

down. The standard stress calculation was provided according to the EN 13445 standard in steady regime. As consistent

with this calculation, an expansion joint must be used on the shell. The main aim of this article is to describe a detailed

calculation of the transient temperature field on the shell and tubes, using finite element method analysis, and longitudinal

thermal stresses on the shell and tubes during the start-up process. Transient analyses are useable for more accurate EN

13445 calculation and, furthermore, for fatigue calculation.
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1 Introduction

This article is focused on the transient calculation of longi-
tudinal thermal stress, which arises on the shell and tube
bundle during the start-up process of a shell and tube con-
denser with condensation in the shell side. Shell and tube
condensers with shell side condensation are widely used in
various industries, mainly in energy, food, or process indus-
try. The condensing medium is fed to the shell. While it
flows across the tube bundle, it is condensed on the outer
surface of tubes cooled by a cooling medium. The conden-
sate flows to the bottom of the shell and flows out from the
condenser.

Calculation of stresses in the shell and tubes of a con-
denser is a complex problem. Three types of loads are
expected: temperature, pressure, and exterior load. In this
article, the temperature load during the start-up process is
studied. To solve the temperature field, the estimate of the
heat transfer coefficient is crucial. However, the condensa-
tion heat transfer coefficient is complicated to solve, espe-
cially on the condenser shell side. The first study focused on
the condensation heat transfer coefficient on a single,
smooth horizontal tube and was developed by Nusselt [1].
The improved Nusselt model was presented by Kern [2],
who studied the condensing coefficient for different com-
mon tube bundle layouts. Many other authors presented
their studies and models evaluating the condensation heat
transfer coefficient. Honda et al. [3] tested different tube
configurations of tube bundle with pure liquids as well as
with mixtures. He found that the used liquid and its mix
composition has great impact on the condensation heat
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transfer coefficient. Many other studies evaluating the con-
densation heat transfer coefficient were presented in the
past, e.g., by Cavallini et al. [4], Fuji and Oda [5]. Further
models are published in condensation reviews [6,7].

Computational fluid dynamics (CFD) is very up-to-date
and is increasingly used for flow stream analysis of shell
and tube heat exchangers. It provides detailed results of
flow field including the condensation heat transfer coeffi-
cient. Karlsson and Vamling [8] presented the 2D CFD
analysis executed on a shell and tube condenser with shell
side condensation. Karlsson presented a vapor flow field
calculation and condensation rate on a simplified model; he
mentioned that the CFD analysis of condensation is a very
complex process, which usually requires some simplifica-
tions due to the calculation time and convergence obtained
for the solution. Many other simplifications are used in
CFD studies. In [9], Wang et al. presented a shell and tube
heat exchanger optimalization of shell flow. They neglected
the thickness of baffles and the space between the baffles
and the shell/tubes to reduce the computational time.
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The transient temperature field is needed for the thermal
stress calculation during the start-up process. In [10], an
overview is presented of developed dynamic models for
vapor compression systems. Another mathematical model
is presented by Llopis et al. [11]. In this study, the validation
with experimental data was provided with satisfactorily
small errors. Transient numerical modeling of a multi-pass
shell and tube heat exchanger based on the finite-volume
method is presented in [12]. Fritz et al. [12] validated the
results from the model with theoretical as well as experi-
mental data from available literature. They used a simplified
1D fluid flow model according to the cell method [13, 14],
which is a special type of finite element method. They
pointed out that this model is a good tradeoff between accu-
racy and speed of the simulation.

In industry, commercial software for thermal-hydraulic
rating is commonly used, e.g., HTRI [15], CHEMCAD [16],
and ASPEN [17]. They are based on semiempirical models,
allowing relatively easy and fast thermal-hydraulic rating of
heat exchangers. CHEMCAD [16] is able to calculate a wide
range of process industry equipment, but it does not allow
to calculate the thermal-hydraulic heat exchanger rating in
great detail. With the HTRI [15] in module Xist, which is a
designation for heat exchanger thermal-hydraulic rating, it
is not possible to calculate the transient behavior of heat
exchangers.

The review above shows that a lot of research has been
done on thermal-hydraulic rating of condensers. It is possi-
ble to use a broad range of mathematical condensation
models as well as modern CFD methods or commercial
software for thermal-hydraulic rating of condensers.

The transient model for monitoring the thermal stresses
in pressure components of a steam power boiler is pre-
sented in [18]. Taler et al. showed two methods of transient
thermal stress calculation. The first method was based on
the measurement of unsteady temperature on the outer sur-
face of the pressure component and the second one used
FEM analysis. In [19], the start-up process of the heat
recovery steam generator (HRSG) unit is investigated. Kim
et al. developed a program for characteristic prediction of
the HRSG. They used it for simulation of the HRSG start-
up and investigated maximal thermal stresses. They con-
fronted the thermal stresses during the start-up process
with the maximal allowable limit of material. In [20], Taler
et al. presented a seminumerical time-dependent method to
determine thermal stresses in pressurized thick-walled ele-
ments of steam boilers. The review of literature on transient
thermal stresses shows that the start-up and shut-down
issue is mainly observed on the parts of steam boilers. How-
ever, in the case of this article, a transient thermal stress cal-
culation can be also used for condensers. The thermal stress
between the shell and tubes cannot be neglected. It should
cause cracks on the shell, tubes, or joints of tubes with the
tube sheet.

A horizontal condenser with condensation on the shell
side is investigated in this article. This condenser is a coun-
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tercurrent flow type, and it is used as a safety condenser for
turbine steam condensation. The condenser shell length is
2024 mm, the outer shell diameter is 355.6 mm, and it has
137 tubes with an outer diameter of 16 mm and a wall thick-
ness of 1 mm. Three segmental baffles are used in the shell.
In the limit working state, the steam inlet temperature is
360 °C and cooling water with a temperature of 20 °C flows
to the tubes. In this state, the expansion joint on the shell is
needed according to the EN 13445 [21] standard calcula-
tion. Therefore, the main aim of this article is to investigate
the start-up process and calculate the longitudinal stresses
which can be indicated during the start-up. Moreover, this
type of analyses could be used for more detailed thermal
stress and fatigue calculation of heat exchangers. The shell
expansion joint is a very expensive component susceptible
to fatigue. The stresses in the presented case were estimated
using a combination of methods. The commercial software
HTRI was used for calculation of the heat transfer coeffi-
cient, FEM analyses were used for transient calculation of
the wall temperature field, and in-house calculation was
applied to solve the thermal stresses on the shell and tube
bundle. Obviously, some simplifications were necessary as
described below.

2 Methods

2.1 Temperature Field of Steam and Cooling Water

The commercial software HTRI was used primarily for esti-
mation of heat transfer coefficient on the shell/tube side.
This calculation was carried out for steady-state mode
because, as mentioned earlier, HTRI is not able to calculate
the thermal-hydraulic rating in the transient regime. The
results of the heat transfer coefficient were used in the next
part where the transient temperature field is described. The
cooling water and hot steam were used as process media
from HTRI media library. The inlet temperature of hot
steam was set at 360 °C, pressure at 96 kPa, and its mass
flow rate was set at 0.025kgs™". The cooling medium in the
tubes was water with an inlet temperature of 20°C and a
mass flow rate of 29.3 kgs ™.

HTRI allows only for calculations of TEMA type [22]
heat exchangers, but the investigated condenser is not the
standard TEMA type. It has a reservoir for condensate in
the middle of the shell length (Fig. 1). Therefore, a modified
condenser model was used. The condensate reservoir was
replaced by a standard outlet nozzle and moved towards the
end of the shell (Fig. 2).

The results have shown that the vapor is completely con-
densed at a length coordinate of 500 mm from the steam
inlet nozzle, which is approximately the position of the con-
densate reservoir. This should significantly affect the result-
ing heat transfer coefficient. The heat transfer coefficients
inside the area of shell and tubes within the effective tube
length are shown in Fig. 3. The heat transfer coefficient of
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Figure 1. Investigated condenser scheme.
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Figure 2. Change of position of condensate reservoir for HTRI
calculation, a) real configuration, b) configuration for HTRI.
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Figure 3. Heat transfer coefficient relative to length of shell/
tube.

the tube side (line with square marker) is almost constant
across the entire effective length of the tubes. However, the
heat transfer coefficient on the shell side (line with circle
marker) highly increases in the stream inlet area relative to
the length, where almost all the vapor condenses. Then, the
heat transfer coefficient on the shell side rapidly decreases.
In the steam outlet area, the heat transfer coefficient on the
shell side is only around 984 W m K.

2.2 Transient FEM Analyses

The second step is the calculation of the transient tempera-
ture field of the investigated condenser during the start-up
process. The transient thermal FEM analyses were used for
temperature field evaluation on the shell and tube condens-
er over time. For this simulation, ANSYS Mechanical R2
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2019 [23] was used. For the initial condition, a uniform
temperature of 20 °C and a heat transfer coefficient of air of
20 Wm™ K" were used. These values represent a state be-
fore the start-up process. As the time and boundary condi-
tion of the first time step, the bulk temperature field and
heat transfer coefficient from the steady state of HTRI cal-
culation and the time of the stream passage through the
entire length of the shell and tube were used (Tab. 1). These
times were calculated for both sides separately. Within this
load step, the boundary conditions were changed linearly
from initial to steady from HTRI using a ramped option.

_IpA
=7 1)

t

Table 1. Velocity lag in shell/tube duct.

Duct Velocity lag in the duct [s]
Shell 1.68
Tube 1.45

Eq. (1) is well applicable for the water duct. In the case of
steam duct, it is more difficult to make a prediction because
the density and velocity change when steam passes through
the shell. For the time the steam passes through the shell,
density and mass flow rate for the pure steam (T = 360 °C,
Q =0.025kgs™") were applied.

During the second time step, heat transfer coefficient and
bulk temperature field from HTRI steady-state calculation
were used. The set-up of time steps and boundary condition
is shown in Tabs. 2 and 3 for shell and tubes, respectively.
Used surfaces for application of heat transfer coefficient of
shell/tubes are also shown in Fig.4. The end of the second
time step was set to 50 s, when the material temperature of
shell/tube is practically steady.

Tube inner surface
h-tube

Shell inner surface
h-shell

Figure 4. Heat transfer coefficient on the shell/tube surfaces.

In this calculation, a simplification as well as the calcula-
tion of temperature field and heat transfer coefficient were
used. An axisymmetric model was used for shell/tubes.
Moreover, the tube bundle was replaced by only one tube.
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Table 2. Set-up of load steps and boundary condition for shell.

Load step  Time at the end

Bulk temperature depending on the shell length

Heat transfer coefficient depending on the shell length

of load step [s] [°C] [Wm?K™
Inner surface Outer surface Inner face Outer surface
0 1 20 20 20 20
1 2.68 (98.47, 98.47, 82.04, 26.86) 20 (8101.9, 24261.0, 1814.5, 20
984.29)
2 50 (98.47, 98.47, 82.04, 26.86) 20 (8101.9, 24261.0, 1814.5, 20

984.29)

Table 3. Set-up of load steps and boundary condition for tubes.

Load step  Time at the end

of load step [s] [°C]

Inner surface

Bulk temperature depending on the tube length

Outer surface

Heat transfer coefficient depending on the tube length
[Wm?K]

Inner surface Outer surface

0 1 20 20
1 2.45 (20.51, 20.24, 20.05, 20.0)

26.86)
2 50 (20.51, 20.24, 20.05, 20.0)

26.86)

(98.47, 98.47, 82.04,

(98.47, 98.47, 82.04,

20 20

(6804.3, 6781.4, 6262.6,
6080.8)

(8101.9, 24261.0, 1814.5,
984.29)

(6804.3, 6781.4, 6262.6,
6080.8)

(8101.9, 24261.0, 1814.5,
984.29)

However, in view of 1D results of heat transfer coefficient
and bulk temperature field from HTRI used for calculation
in this article, it is dispensable to perform full 3D analyses
of the tube bundle. The shell/tube model is meshed by
axisymmetric PLANE77 elements. The rectangular domain
had 500 elements across the length and four elements
through the thickness of the shell/tube (2000 on domain).
The thermal conductivity of the material for FEM analyses
was set at 50Wm 'K, the specific heat was set at
450 kg 'K

Fig. 5 shows the material temperature field relative to the
length from the midline of the shell (Fig.5a) and tube
(Fig.5b), respectively, at calculated substeps. The shell
material temperature in the steam inlet area rises quickly
from 20 to 98°C in the area of the hot steam inlet. The

material temperature of the tubes at the tube inlet area is
almost constant in every substep. It rose from 20 to 24.5°C
over time. As expected, the temperature of the tube material
rose significantly in the area of intense condensation.

The material temperature field of shell and tubes in every
substep is used as an input parameter for the calculation of
thermal stress during the start-up process.

2.3 Calculation of Thermal Stresses on Shell and
Tube Bundle

The axial stress on shell and tubes is investigated. In this
calculation, the condenser was simplified to two beams with
a fixed support on one side and a coupled axial displace-
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Figure 5. Material temperature relative to length of shell/tube in chosen substeps: a) shell, b) tubes.
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ment on the other side, which represent the shell and the
tube bundle (Fig. 6).

7
Shell F

Tubes F

Figure 6. Simplified model of shell and tube.

The key step is to collect data on material properties, such
as Young’s modulus and coefficient of thermal expansion,
which are needed to calculate the force which acts on the
shell and tubes. For this calculation, polynomial equations
(Egs. (2) and (3)) from the EN 13445 standard, annex O
were used.

a = Cqo + CalT + C(ZZTZ (2)

E=cpo+cp T+ cpp T (3)

The coefficients ¢y, ¢;, and ¢, are given for material
groups according to EN 13445. In the case of the investi-
gated condenser, the shell material is 1.5415 and the tube
material is 1.4541. According to the EN 13445 standard, the
material group of shell is 1.2 and the material group of
tubes is 8.1. The coefficients for polynomial equations are
defined in Tab. 4.

It is possible to calculate an axial force equilibrium in
accordance with Fig. 5 as shown in Eq. (4). The assumption
is that the displacements at the end of the bars are equal:

L
= (ZTLTATT + F T (4)

= ur > agLgATs — F—5—
Ug ur SLsS S ASES ATET

From Egq. (4), it is possible to evaluate the force equation:
. aSLSATS — (ZTLTATT

F L i (5)
AsEs  ArEr

Table 4. Coefficients for polynomial equations for thermal expansion and Young’s modulus cal-

Eq. (5) requires a constant value of temperature. There-
fore, the course of temperature of the material of shell/tubes
was divided into small linear parts which can be described
using the linear temperature function equation (Eq.(6)).
The temperature differences ATs and AT are related to the
temperature before the start-up process, i.e., 20 °C.

T=ax-+b (6)

Because of the calculation of axial displacement on the
small linear parts, it is necessary to use the integral calcula-
tion of temperature and stiffness in Eq.(5); the displace-
ment is on the linear part, not on the end points.

Using the temperature equation Eq. (6), and Egs. (2) and
(3) for Young’s modulus and coefficient of thermal expan-
sion, respectively, it is possible to write Egs. (7) and (8):

asiATs; =
Ls, Caso + Cas1(asixs; + bs;)
/ (( 2 (as,ixs,i + bs,i) dxg
0 +Cas2 (ﬂs,ixsg + bS,i)
(7)
Es; =

L,
2
/ (CEso + CEs1 (as,ixs.i + bs,i) + CEs2 (aS‘iij + b&i) )dxs,i
0
(8)

The analog applies to tubes.

Then, it is possible to calculate the axial force (Eq.(9))
necessary to obtain the stresses in the axial direction on the
shell and tube bundle, Egs. (10) and (11):

_ Yoty LrjaATr; — >0k Lg;aATs;

F 9
s I gor I ©
1:1Es,i+ i=1E
As A

F
Oc = — 10
5= a4 (10)

F
o = — 11
TS A (11)

Fig.7 shows the stress courses
during the start-up process (solid

culation. : .
line for shell and dashed line for
Coefficient o o & tubes) and the steady-state stress
Shell acting on the shell (dash-dot line)
¢ and tubes (dotted line). It is
Coefficient of thermal expansion [K™'] ~ 10.98-107° 1.623-107° -1.287-107" shown that, after the beginning
Young’s modulus [MPa 213.16 - 10° -69.1 ~1.824-102 _Ofthe start-up process, stress rap-
idly changes from 0 to around
Tubes -20 MPa in the case of the tube
Coefficient of thermal expansion [K']]  14.97-10° 1.599-10°8 29.990 1072 and from 0 to around 60 MPa in
, N the case of the shell. Therefore,
Young’s modulus [MPa] 201.66 - 10 -84.8 0

simulation of the start-up process
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Figure 7. Transient thermal stress on shell and tube during the
start-up process.

is absolutely crucial to estimate the thermal stresses in this
case because considering only the steady state may lead to
underestimation of the stresses and, potentially, an unsafe
design.

According to EN 13445, the expansion joint should be
used. Therefore, the condenser start-up process with expan-
sion joint was calculated. The expansion joint was designed
in advance, so the known geometry was used (Fig. 8). Fig. 9a
shows the stress course during the start-up process with and
without expansion joint. The thermal longitudinal stress with
expansion joint is almost 0 MPa. Exact values of longitudinal
stress with expansion joint over time are shown in Fig. 9b,
(shell, dashed line; tubes, dotted line). This calculation is also
simplified. The geometry of the condenser was replaced by a
beam with stiffness of the expansion joint calculated accord-
ing to EN 13445. Then, the calculation was the same as in the
case of a condenser without expansion joint.

The pressure in shell and tubes is not involved in this cal-
culation. Pressure that acts on the tube sheet can have a sig-
nificant impact on the expansion joint displacement. More-
over, if the start-up and shut-down processes are frequent,
expansion joint fatigue could occur. This is one of the reas-

Figure 8. Expansion joint geometry.

ons why this calculation was made; it is possible to investi-
gate how stiff the expansion joint should be and when it is
needed.

3 Conclusion

The analysis of the start-up process of a shell and tube con-
denser is presented in this article. First, the thermal-hy-
draulic rating is dealt with. The main result from thermal-
hydraulic rating is a heat transfer coefficient used for the
calculation of shell and tube longitudinal stress. For ther-
mal-hydraulic rating as well as for stress calculation, simpli-
fications were used. The results show how large the stress
on the shell and tube bundle during the start-up process
should be. Fig.7 shows that the maximum stress difference
is not in the steady state but shortly after the start-up of the
condenser. As mentioned, this condenser is a safety type, so
frequent start-up and shut-down processes could be ex-
pected during the design of this condenser. Frequent start-
up and shut-down processes could also lead to fatigue,
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Figure 9. Transient thermal stress on shell and tube during the start-up process: a) comparing stress with and without expansion joint,

b) longitudinal stress with expansion joint.
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mainly in the region where the shell and tubes are connected
to the tube sheet. This phenomenon could cause a condenser
damage leading to a decreased safety of operation.

The calculation of the investigated condenser with expan-
sion joint was also the subject of this article. It was calcu-
lated that the thermal stress during the start-up process
with expansion joint is around 0 MPa, but the pressure in
the shell/tube side is not considered. The shell/tube side
pressure can have a high impact on the expansion joint. It
could cause failure or even safety problems. Therefore, the
future research should be to calculate the thermal stress on
the condenser with acting of inside pressure in the shell/
tube side. The future research should eliminate some sim-
plifications, mainly as to calculations of the temperature
field in transient regime.
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I Symbols used

A [mm?] area of duct

a, b [-] linear function coefficient
Ag [mm?] shell duct area

Ar [mm?] tube duct area

CEos CE1» CE2 [MPa] coefficients for polynomial

calculation of Young’s modulus
coefficients for polynomial
calculation of thermal
expansion coefficient

-1
Ca0> Ca1> Ca2 [K ]

Eg [MPa] Young’s modulus for shell

Er [MPa] Young’s modulus for tubes

F [N] axial force of shell and tubes
h-shell [Wm™K™'] heat transfer coefficient of shell
h-tube [Wm™2K™'] heat transfer coefficient of tube
L [mm] length of duct

Lg [mm)] length of shell

Ly [mm] length of tube

Q (kgs™'] mass flow rate

t [s] time

T [°C] temperature

AT [°C] temperature difference on shell
ATy [°C] temperature difference on tube
Ug [mm] axial displacement of shell

Uy [mm)] axial displacement of tube
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I Greek letters

as (K] coefficient of thermal expansion
of shell

ar K™ coefficient of thermal expansion
of tube

P [kgm™] density of process media

as [MPa] thermal stress on shell

or [MPa] thermal stress on tubes

I Sub- and superscripts

E0, E1,E2  Young’s modulus

i time step
S shell
T tube

a0,al, a2 thermal expansion coefficient

I Abbreviations

CFD computational fluid dynamics
Coef. coefficient

FEM finite element method

HRSG heat recovery steam generator
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