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ABSTRACT

Stress of a steam separator, equipment of the high-pressure (HP) evaporator for a HRSG, was analyzed and
evaluated according to ASME Boiler & Pressure Vessel Code Section VIII Division 2. First, from the
analysis results of the piping system model of the HP evaporator, reaction forces of the riser tubes connected
to the steam separator, i.e., nozzle loads, were derived. Next, a finite element model of the steam separator
was constructed and analyzed for the design pressure and the nozzle loads. The results show that the
maximum stress occurred at the bore of the riser nozzle. The primary membrane stresses at the shell and
nozzle were found to be less than the allowable stress. Next, the steam separator was analyzed for the
steady-state operating conditions of operating pressure, operating temperature, and nozzle loads. The maximum
stress occurred at the bore of the riser nozzle. The primary plus secondary membrane plus bending stress at
the shell and nozzle was found to be less than the allowable stress.
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1. Introduction facilities, plays a role as a boiler that produces
steam by recovering heat from the exhaust gas
emitted from the gas turbines. Thus, all components
that make up the HRSG have to be designed safely

so as not to be damaged under pressure and thermal

A combined cycle power plant (CCPP) primarily
produces power by operating gas turbines that use
fuels such as natural gas, followed by producing

power secondarily by operating steam turbines with
steam made by boiling water using the exhaust gas
from the gas turbine. The heat recovery steam
generator (HRSG), which is one of the CCPP’s core
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loads due to high temperature or pressure!’.

The structural integrity of unfired pressure vessels
such as HRSGs are evaluated by applying technical
standards such as an ASME Boiler and Pressure
Vessel Code Section VIII Division 2”((ASME code)
in the USA and EN13445-3PYEN code) in Europe.
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(CC BY-NC 3.0 http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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This study targets a steam separator, which is one
of the pressure vessels that make up a high-pressure
(HP) evaporator (EVA) in a Benson-type HRSG'".
The HP EVA in the Benson-type HRSG consists of
two evaporators: EVAl and EVA2, as shown in the
flowchart of Fig. 1. The saturated water introduced
from the outlet header of EVAI1 is distributed to the
inlet headers of EVA2 through the distributor after
descending via the downcomer. The steam separator
plays the role of separating the steam and moisture
as it is installed at the outlet of EVA2. The
separated steam is directed to the superheater and
the remaining saturated water is transferred to the
suction side in the feedwater pump through the
water collecting vessel, and this is recirculated as
supplied water. This study aims to analyze the
stress in the design condition and the steady-state
operating conditions in the steam separator in the

HP EVA of a Benson-type HRSG to evaluate its
safety.

The following previous studies have been
conducted in relation to the stress analysis and
evaluation of HRSG devices. Chong et alP! studied
the stress behavior of the superheater tube bundle
according to the load-changing operation of the
HRSG. Kim et al analyzed a flow field to

78 was affected by

evaluate how its fatigue life
random vibration of the bumper for vibration
prevention in the HRSG’s internal tube bundle.

Pl examined the technical standards and

Chong et al.
operation type that affects the fatigue damage to
devices of the HRSG, and proposed a method to
calculate the damage. Lee!'” evaluated the stress and
fatigue in a HP drum in the HRSG by applying the
EN Code. Lee''" evaluated the safety of corrosion
fatigue based on the results obtained after transient
thermal stress analysis was conducted with regard to
the HP drum in the HRSG. Lee'™"! applied the
ASME code to evaluate the structural integrity of
the HP EVA’s tube bundle and the HP header and
distributor in the HRSG.

The steam separator in this study is a pressure
vessel, which is long in the vertical direction, as
shown in Fig. 2. Six tubes that introduce saturated
water from the EVA2 outlet header are radially
connected at the upper end of the cylindrical shell.
Thus, large stress is generated locally due to the
stress concentration at the nozzle where the tubes
are connected when the pressure and thermal loads
of the design condition are applied. Thus, it is
necessary to verify the safety according to the
technical standards when the steam separators were
designed. This study evaluates the conformance to
the design through stress analysis of the design
conditions and steady-state condition in accordance
with the ASME code regarding the steam separator.
A finite element model of the steam separator was
made for this and a static structural analysis was
conducted using ANSYS'*. This study evaluated
whether the membrane stress and membrane plus
bending stress at the shell and nozzle cross-section
satisfied the acceptance criteria of the ASME code
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at the nozzle bore where the maximum stress was
occured due to the stress concentration, which was
determined from the analysis results.

Steam outlet
nozzle

Riser nozzle

Fig. 3 Finite element model of steam separator

UY constraint

UX constraint

[

Fig. 4 Constraint of horizontal displacement

Table 1 Material properties of shell and steam
outlet nozzle

Young’s . , Linear .
T(%Iél? | modulus Porlzsltsi%n S expansign coeff. 8{?151119)/
(GPa) 10 /K)

21 200 0.3 6.41 7850
93 197 0.3 6.53 7842
150 193 0.3 6.73 7828
205 190 0.3 6.95 7796
260 186 0.3 7.12 7779
315 181 0.3 7.30 7739
371 174 0.3 7.49 7723
425 165 0.3 7.66 7719
482 153 0.3 7.84 7689
538 139 0.3 8.03 7664

2. Finite element modeling of the

steam separator

The finite element model, which was created to
analyze the stress of the steam separator, is shown
in Fig. 3. A long cylinder in the vertical direction
was modeled after separating the upper part where
the nozzle was located in consideration of the stress
concentration that occurred at the nozzle. The
cylindrical shell, which is the main body of the
steam separator, has a 610 mm outer diameter and
is 52 mm thickness. The nozzle in the vertical
direction that connects to the shell's upper end is a
steam outlet whose dimensions are 310 mm outer
diameter, 40 mm thickness, and 530 mm length.
The six nozzles that connect radially to the shell's
side are riser nozzles of dimension 195 mm outer
diameter, 27.5 mm thickness, and 349 mm length.
The finite element mesh was created using the
automatic element generation function in ANSYS,
and SOLID187, which is a quadratic tetrahedral
element, was used to avoid inaccuracy in the stress
of the linear tetrahedral element. The total number
of elements in the finite element model was 82,337,
and the total number of nodes was 135,272.

The displacement in the z-axis direction in the
cylindrical shell’s bottom surface was restrained as
the boundary condition in the vertical direction. The
boundary conditions in the horizontal direction was
a cross-section that was vertical to the x-axis and
restrained the displacement in the y-axis direction
and a cross-section that was vertical in the y-axis
and restrained the displacement in the x-axis
direction with regard to the hemispherical head
portion and steam outlet nozzle in the shell's upper
end, as shown in Fig. 4.

The material of the cylindrical shell and steam
outlet nozzle was SA335-P22, and that of the riser
SA182-F11 CL2.  The
temperature, design pressure, operating temperature,

nozzle  was design

and operating pressure of the steam separator were
423.9°C, 155 MPa, 4044°C, and 13.6 MPa,
respectively. The varying values of the physical
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properties and allowable stress for each material
according to the temperature are presented in the
ASME Boiler and Pressure Vessel Code Section II
Part D'"’]. The physical properties of the shell and
steam outlet nozzle (SA335-P22) are summarized in
Table 1, and those of the riser nozzle (SA182-F11
CL2) are presented in Table 2. Table 3 presents the
allowable stress at the design temperature (423.9°C)
and operating temperature (404.4°C) that is required
to evaluate the stress.

Since only the nozzles connected to the
cylindrical shell in the analysis model of the steam
separator in Fig. 3 were modeled and tubes were
excluded, loads applied due to cut pipes should be
applied to the nozzle cross-section in which six riser
tubes were connected radially to the shell side. This
load is called the nozzle load in the ASME code.
The nozzle load applied to the analysis model of
the steam separator is described below.

In a previous study!'”, the entire piping system
analysis model in the HP EVA was configured as
shown in Fig. 5, and static structural analysis was
conducted with regard to the entire load (design
pressure, design temperature, and dead weight) using
ANSYS. The steam separator in the piping system
analysis model was modeled with SHELL63, which
was a four-node shell element, to consider the
cylindrical shape as shown in Fig. 6, and the riser
tubes were modeled with PIPE16, which was a
two-node pipe element, to enable the extraction of
the nozzle load at the riser tube cross-section.

Table 2 Material properties of riser nozzle

Young’s . , Linear .
T(%Iég) | modulus PO::tSiC:)n S expansign coeff. g{i;lsllp)/
(GPa) (10 /K)

21 217 0.3 6.41 7850
93 213 0.3 6.53 7842
150 210 0.3 6.73 7828
205 199 0.3 6.95 7796
260 196 0.3 7.12 7779
315 193 0.3 7.30 7739
371 188 0.3 7.49 7723
425 185 0.3 7.66 7719
482 180 0.3 7.84 7689
538 176 0.3 8.03 7664

Table 3 Allowable stresses (unit: MPa)

Allowable stress S
Parts Design Operating
temperature temperature
Shell & steam 114.0 116.0
outlet nozzle
Riser nozzle 133.1 135.6
Outlet

Outlet header 1

Heat exchanger 1

nlet header 1

Inlet manifold

Fig. 5 Finite element model of piping system
of HP evaporator“z]

The force and moment applied to the riser nozzle
cross-section of NI-N6 obtained from the results in
the piping system analysis model was the nozzle
load that was applicable to the analysis model of
the steam separator in Fig. 3.

Table 4 summarizes the extracted results of the
nozzle load (force components FX, FY, and FZ and
moment components MX, MY, and MZ in the X, vy,
and z directions, respectively) applied to the riser
nozzle of the steam separator from the analysis
results of the piping system analysis model. The
nozzle load was used as the load applied to the
nozzle's cross-section during stress analysis using the
analysis model of the steam separator without tubes

in the next section.
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Fig. 6 Riser tubes connected to steam separator
in piping system model

Fig. 8 Definition of paths A and B for stress
linearization under design condition

Fig. 9 Distribution of stress intensity of steam

separator under operating condition

Fig. 7 Distribution of stress intensity of steam

separator under design condition

Table 4 Results of nozzle loads of steam separator

from piping system model (unit: N, Nm)

FX FY FZ MX MY MZ

N1 |-20,299|-15,017| 5,725| 10,010| -8,882| 14,466

N2 |-37,806| 17,619| 15,281 | -4,751 379| -7.972

N3 | -4,011| 49,414| 17,524|-22,301| 13,906|-29,093

N4 | 19,491| 14,111 5,983 |-11,145| 10,771| -3,713

N5 | 9,251| -4,378| 5,303| -1,106| 1,608 5,247

N6 670| -9,286| 5,045| 917 1,168 7,787

Fig. 10 Definition of paths A and B for stress
linearization under operating condition
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Table 5 Summary of evaluation of steam separator
under design condition (unit: MPa)

Path Py 1.55
A (shell) 104.5 171.0
B (nozzle) 95.6 199.7

Table 6 Summary of evaluation of steam separator
under operating condition (unit: MPa)

Path P, +P+Q 35
A (shell) 145.9 348.0
B (nozzle) 104.8 406.6

3. Stress analysis and evaluation of

the steam separator

The design condition was analyzed using the
finite element model of the steam separator as
explained in the previous section. The load in the
design condition (with 15.5 MPa design pressure)
was applied to the inside surface uniformly and the
nozzle load was applied. For the physical properties
during the analysis of the design condition, values
at the design temperature (423.9°C) were applied in
Tables 1 and 2.

Fig. 7 shows the analysis results at the design
condition that depict the distribution of stress
intensity (referred to as SINT in ANSYS). The
maximum stress, which was 349.7 MPa, was
generated at the corner of the riser bore inside the
shell.

The stress evaluation criteria of the design
condition in the ASME code specify the allowable
limits of stress intensity(P,, P;, and F,) by
mechanical loads (primary load) such as pressure, as
presented in Eq. (1). P

. refers to the general
primary membrane stress excluding the effect of

stress concentration and discontinuity, P; refers to

the local primary membrane stress excluding the

effect of stress concentration, although a

discontinuity is taken into consideration, and P,

refers to the bending stress excluding the effect of
discontinuity and stress concentration.
P, <S8
P, <158 6))
P, +P, <158

Here, S refers the allowable stress of the material.
For the allowable stress S during the evaluation of

the design condition, values at the design
temperature (as presented in Table 3) should be
applied.

The first and third criteria of Eq. (1) are basically
satisfied because the thicknesses of the shell and
tube are
acceptance criteria of the general primary membrane

stress (P,) and bending stress (F,) at the initial

generally determined to satisfy the

design phase of pressure vessel. Thus, it would be
sufficient to evaluate whether the second criterion
P, <155 in Eq. (1) is satisfied by calculating the
membrane stress where stress concentration occurs
such as at the nozzle portion conservatively when

element results

[10]

evaluating the finite analysis
regarding the design condition
The membrane stress(P, or FP;) and bending
stress(P,) that are required during the safety
evaluation in accordance with the ASME code such
as Eq. (1) can be calculated using the stress
linearization function of the
ANSYS.

of the shell in the pressure vessel is defined and

post-processor  in
The path that passes across the thickness
the stress is linearized. Then, the stress is
numerically integrated along the path, thereby
calculating the linear bending stress that is
equivalent to the numerically integrated results of
the stress moment and membrane stress (mean stress
at the shell thickness).

Fig. 8 indicates Paths A and B, which are set for

stress linearization in the nozzle bore where the
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maximum stress occurs to evaluate the stress at the
design condition. Path A refers to the thickness of
the cylindrical shell, and the allowable stress S at
the design temperature is 114.0 MPa. Path B refers
to the thickness of the riser nozzle, and the
allowable stress S at the design temperature is
133.1 MPa.

The results of membrane stress P, are calculated
by performing stress linearization at Paths A and B
ANSYS and are
summarized in Table 5 and then compared to the
allowable limit 1.5S. As presented in Table 5, P

using a post-processor in

does not exceed 1.5S in either the shell or nozzle
which
satisfaction of the evaluation criteria for the ASME

in the design condition, verifies  the
code.

Next, the steady-state operating condition was
analyzed with regard to the steam separator. For the
loads, the thermal load, pressure load, and nozzle
load at the operating condition were applied. For
the thermal load, the operating temperature
(404.4°C) was applied uniformly in all the nodes in
the steam separator, and the operating pressure (14.6
MPa) was applied uniformly to the inside for the
pressure load. The values at the
temperature (404.4°C) in Tables 1 and 2 were

applied to determine the physical properties during

operating

the analysis at the operating condition.

In the ASME code, the allowable limit of the
range of primary plus secondary stress P, +DP,+ @
due to the mechanical load (primary load) and
thermal load (secondary load) between two arbitrary
normal operating conditions, i.e., A(PLJerJrQ) is
specified as presented in Eq. (2). @ refers to the
secondary membrane plus bending stress considering
discontinuity amd excluding the local stress

concentration.
A(PLJerJrQ) <3S 2)

where the value at the operating temperature (as

presented in Table 3) should be applied for the
allowable stress S.

The range between the stress at the steady-state
operating condition and stress (= 0) at the stationary
state of operation in this study was the same as the
stress at the steady-state operating condition. Thus,
A(P,+P,+@Q) can be
P, +P,+ Q@ in the left term of Eq. (2).

substituted instead of

Fig. 9 shows the analysis results during the
steady-state operating condition, which depicts the
distribution of stress intensity. The maximum stress,
which was 294.8 MPa, was generated at the corner
of the riser bore inside the shell.

P, +P,+@Q can be calculated using the stress
linearization function in the post-processor of
ANSYS. Fig. 10 indicates Paths A and B, which
are set for the stress linearization in the nozzle bore
where the maximum stress occurs to evaluate the
stress at the steady-state operating condition. Path A
refers to the thickness of the cylindrical shell and
the allowable stress S is 116.0 MPa at the
operating temperature. Path B refers to the thickness
of the riser nozzle and allowable stress S when the
operating temperature is 135.6 MPa. The results of
the primary plus secondary membrane plus bending

stress P;+P,+ @ calculated by performing stress

linearization at Paths A and B using a
post-processor of ANSYS are summarized in Table
6 and compared with the allowable limit 3S. As

presented in Table 6, P, +P,+( does not exceed

35 in ecither the shell or nozzle in the steady-state
operating condition, which verifies the satisfaction of
the evaluation criteria of the ASME code.

4. Conclusion

This study performed a structural analysis of the
design and steady-state operating conditions with

— 29 —



Boo-Youn Lee : $F=7|AI7}383] X], A17H, A4%

regard to the steam separator of the HP EVA in the

HRSG and evaluated the design conformance in

accordance with the ASME code, which was a

technical standard. This study’s conclusions are

summarized as follows:

1. The nozzle load of the riser that was connected
radially to the side of the steam separator was
derived from the analysis results of the piping
system in the HRSG. This nozzle load was used
as a load applied to the nozzle -cross-section
during the stress analysis of the steam separator.

2. The analysis model of the steam separator was
created and static structural analysis was
conducted with regard to the design condition.
The maximum stress occurred at the comer of
the rise nozzle bore. The local primary membrane
stress at the maximum stress location was 104.5
MPa at the shell and 95.6 MPa in the nozzle,
which were smaller than the respective acceptance
criteria of 171.0 MPa and 199.7 MPa. Thus, both
satisfied the acceptance criteria of the ASME
code.

3. The static structural analysis was conducted with
regard to the analysis model of the steam
separator. The maximum stress occurred at the
comer of the rise nozzle bore. The primary plus
secondary membrane plus bending stress at the
maximum stress location was 145.9 MPa in the
shell and 104.8 MPa in the nozzle, which were
smaller than the respective acceptance criteria of
348.0 MPa and 406.6 MPa; thus, both satisfied
the acceptance criteria of the ASME code.

4. The stress analysis, safety evaluation method, and
actual applied case study of the steam separator
in the HP EVA according to the ASME code
presented in this study are expected to be utilized
in the design verification process for similar
devices. The fatigue evaluation of the steam
separator under the transient operating conditions,
which was not discussed in this study, will be
presented in a future study.
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