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Abstract  Heat recovery steam generators (HRSGs) are arranged at the tail end of gas turbines in combined cycle 
power plants (CCPPs), and are designed to withstand the hot gas environment approaching 600℃. In addition  to higher 
thermal to power efficiency, CCPPs show superior response characteristics compared to those of other conventional steam 
power plants. For that reason, frequent load changes on the system, which sometimes include daily start and stop (DSS) 
operation, would impose additional burden on the structural elements. The main objective o f this work is to analyze the 
thermal stress conditions as related to the observed failure on the structural elements of HRSG casing, and to find root 
causes of failure of mechanical integrity. To achieve this goal, field measurements were performed to record temperatures 
of wall and stiffener of the casing from a real plant in operation. To consider the effect of hot gas on the casing, 
computational fluid  dynamic (CFD) analysis of gas flow inside the HRSG with appropriate wall conditions using FLUENT 
V12. Thermal stress analysis on the thin wall of the casing and stiffeners of HRSG was conducted with the temperature 
data from the CFD results, using ANSYS Workbench V12. Summarizing the computational results, some limited ideas 
were presented which would be useful to prevent damages. 
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1. Introduction 
Combined cycle power p lants (CCPPs) enhance power 

generating efficiency by utilizing waste heat from the gas 
turbines, which would dispense some 60% of fuel energy as 
exhaust heat[1]. Waste heat is recovered to produce steam 
to generate electricity though a steam turbine. As a result, 
net thermal to power efficiency cou ld exceed 50% in 
modern CCPPs [2](see Tab le 1). Heat recovery steam 
generator (HRSG) is a kind of a heat exchanger (or a boiler), 
which is connected to exit  side of gas turbine(s). In general, 
exhaust gas from the gas turbine is cooled from 600℃  to 
100℃ , while water is superheated to 540℃  (at  12 MPa), in 
one of the typical plants (see Figure 1). Gas to water-steam 
heat exchangers are typically of finned tube type, and 
multip le layers of heat exchanger tube banks are stacked in 
a container, whose integral part is called HRSG. Because 
pressure of the gas is almost atmospheric and temperature 
o f the gas  is  not  h igh  enough  to  requ ire rad iat ive 
furnacesurface,walls of the HRSGs are simply a casing with  
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moder atethermal insulation. Selection of casing material 
andinsulation must accommodate the service requirements 
in the hot gas environment. 

Table 1.  Typical modern day combined cycle performance[2] 

Combined cycle performance % of fuel heat input 
Fuel input LHV 100 

Gas turbine power 36 
Gas turbine losses 1 

Gas turbine exhaust heat 63 
Stack loss 22 

Input to steam 41 
Steam losses 1 
Steam power 19 

Heat to condenser 21 
Gross electric power 55 
Auxiliaries power 2 

Total net power & efficiency 53 

Besides the higher thermal efficiency, gas turbine 
combined cycle power plants are typically characterized by 
their flexib ility, quick part-load starting, being suitable for 
both base-load and cyclic operation. Usually, it takes 3 
hours to reach the full load operat ion after 8 hour’s shut 
down for the fossil fired steam plants of 500MW scale, but 
it takes only 1 hour for CCPPs[3]. Hence, many CCPPs are 
installed to manage peak and  cyclical loads and are running 
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on the daily start and stop (DSS) operation mode. Repeated 
incidents of transient conditions, when all operating 
parameters including temperature, pressure and mass flow 
show rapid change, should be considered in addition to the 
steady-state thermal design environment. 

 
Figure 1.  A schematic of a HRSG in a typical CCPP 

HRSG components are subject to high thermal stress, and 
the drum and headers are vulnerable to  stress[4], which 
include thermal and mechanical stresses. Thermal stress is 
caused by temperature difference of the service 
environment, and mechanical stress is caused by the steam 
pressure. From the previous studies[5, 6], it was shown that 
a bias in the flow of a HRSG would  lead  to the temperature 
and stress imbalance on tubes, and it can be a cause of 
damage on tubes. When the integral plant units including 
gas turbine and HRSG experience dynamic load conditions, 
more serious is its effect on shortening the service life[7]. In 
connection with this problem, considerable studies have 
been carried out to analyze and improve dynamic conditions 
of start-up process[7-11]. Also, the casing of HRSG can be 
easy to damage during the start-up. However, researches 
related with these problems have not been conducted as 
much as the gas turbine or steam turbine casings which 
have the same cases of failure[12-15]. 

Objective of th is study is to find remedy to the observed 
failure of the structural elements of HRSG casing through 
the understanding of thermal stress behaviors of the HRSG 
casing during the system operation. Field  measurements of 
casing wall temperature were performed during the start-up 
phase of the plant in commercial operation, in addit ion to 
the hot steady state condition. To elucidate the effect of hot 
gas flow state on the casing wall, computational flu id 
dynamic (CFD) analysis were carried out and the results 
were directly used as input conditions of finite element 
method (FEM) stress analysis model. Based on the stress 
analysis results, some limited ideas were proposed which 
would prevent the casing damages. 

2. HRSG Plant: Observation and 
Measurements 

2.1. Plant Description 

Figure 1 shows the general arrangement of the HRSG of 
the plant considered in the case, which has 2x150MWe gas 
turbines and one 190MWe steam turbine. Each of the gas 
turbine is connected to its corresponding HRSG, and steam 
lines from two HRSGs  are connected to a single steam 
turbine. Inside of HRSG, gas side temperature and pressure 
would drop as the gas flows across the tube banks. Tube 
banks of the HRSG are covered by a casing and stiffeners to 
support a thin-wall casing as shown in Figure 2. The entire 
HRSG is roughly divided into 3 parts as upper, middle and 
bottom, whose division is also roughly corresponding to the 
gas temperature and the mean temperature of the heat 
exchanger tube banks. Because of this temperature 
difference, different type of casing material and insulation 
are used in each part. Table 2 shows the selected casing 
material and insulation conditions of the designated casing 
wall. Inner insulation is only  used in the bottom section to 
protect the duct plate from the relatively h igh gas 
temperature. Detailed v iew of the arrangement of the casing 
and insulation in the bottom section is shown in Figure 3. 
6mm casing plate (duct plate) is covered by insulation 
blankets (inside 100mm, outside 300mm). The casing is 
also supported by outside stiffeners, type 1 and type 2. 

 
Figure 2.  HRSG casing wall and stiffener arrangement 

 
Figure 3.  HRSG casing wall and stiffener arrangement
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Table 2.  Casing materials and insulation condition 

 Section 
Upper Middle Bottom 

Gas temp. (℃) 95~330 330~560 560~600 
Casing material SS400 SA387Gr12-1 SA387Gr22-1 

Insulation material (blanket) Mineral Ceramic/Mineral Ceramic/Mineral 
Thickness of insulation Outer 200 mm Outer 200 mm Inner 100 mmOuter 200 mm 

 

Power plants are expected to run on the full load 
conditions, which is roughly corresponding to the most 
severe design condition. However, CCCPs typically 
experience frequent load changes including start-up from 
dead state. On  average, a  CCPP will go through 50 cold, 80 
warm and 200 hot starts, each year: in co ld starts, more than 
48 hours has passed since the last synchronization of the gas 
turbine, hot starts less than 8 hours, and warm starts in 
between. In the current case of CCPP, it takes 240 minutes 
for the cold  start-up, 80 minutes for the warm start-up and 
60 minutes for hot start-up. It is expected that the most 
severe design point as related to the strength of material 
should be based on the steady state full load condition with 
a reasonable design margin, while repetition of start-up and 
cool-down should be considered for the fatigue-based 
failure analysis. 

2.2. Observed Failure in Structural Elements 

There have been several reports of damage on casing and 
tubes in the HRSG, which include broken casing, snapped 
stiffeners and elongated fin tubes. Some example 
photographs, which were taken after 7 years of commercial 
operation, are shown in Figure 4, (a) snapped stiffener and 
(b) broken casing. 

 
Figure 4.  Photographs of damaged part on HRSG: (a) Snapped stiffeners, 
(b) Broken casing 

2.3. Field Measurements 

In an attempt to quantitatively determine the thermal 
response of the HRSG casing, temperatures at selected 

positions on the casing and stiffeners were measured. 
K-type thermocouples were welded on the casing wall 
plates and stiffener beams, and data were co llected by 
Yokogawa MV2048 multi-recorder. Total 14 points on the 
bottom casing and stiffeners were selected; 3 points on the 
side wall and 4 points on the rear wall as shown in Figure 5. 
Collected measurement data were compiled along with the 
necessary informat ion from the existing data logging 
system of the plant. 

Gas-side temperature would be changing depending on 
the gas turbine load conditions among others, and 
temperature of HRSG casing walls would also be affected 
by heat transfer from the gas flow as well as heat loss to the 
environment. The questions related with temperature would 
include the absolute value of (for example, highest) 
temperature and  time response of temperature at the 
selected positions. Two sets of measurement campaign were 
designed to derive information; time-wise recording of the 
temperature measurements at the selected positions during a 
cold start-up and a hot start-up. During the cold start-up, 
wall temperatures will rise from atmospheric, while the 
whole plant is being warmed-up through a relat ively long 
transient process. The hot start-up case will provide 
informat ion of the steady state value after passing through a 
short transient period. 

 
Figure 5.  Temperature measurement points for wall and stiffener: (a) 
Side wall, (b) Rear wall 
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Figure 6.  Temperature measurement data: (a) Cold start  and load following, (b) Hot start  and load following 
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The first measurement campaign was performed to 
observe the heat-up process of the plant during the cold 
start-up, until the gas turbine reached the full load. This was 
a rather slower ramping which took some 8 hours. The 
results are shown in Figure 6-(a). The casing and stiffener 
temperature in the side wall and rear wall were expressed at 
maximum and minimum value among measured 
temperature sets. Gas temperature during the warm-up 
period remained almost constant at 430℃ , and increased to 
over than 530℃  and was fluctuating as the plant power 
output was following the load requirement of the grid 
system. A typical set of wall temperatures on the casing 
wall and on the stiffener are shown in the figure. The wall 
temperatures did not reach their corresponding steady state 
value, and kept rising even after 8 hours after co ld start. 
Casing wall and stiffener temperatures are strongly 
dependent on the location of the measurement. Especially, 
casing and stiffener temperature in the upper part of side 
wall (Figure 5-(a)-(1)) have maximum value and those are 
affected by gas turbine load change more severely as 
compared to other points. From this, we could estimate the 
casing damage and thus gas leakage in this part. Stiffener 
temperatures are typically lower than casing by some 40℃  
at the side wall and 100℃  at the rear wall, which represents 
the conductive thermal resistance.  

The second set of measurements (during a warm start-up 
with 2-hour fixed-load operation) was performed to identify 
the highest temperature on the casing, and the results are 
shown in Figure 6-(b). Gas temperature basically represents 
the load condition of the turbine, where 2-hour 
peak-shaving operation mode is shown. Casing wall and 
stiffener temperatures are still strongly dependent on the 
location of the measurement, but those do not show 
noticeable difference according to time, which means that 
the plant is almost uncooled during the stand-by period. The 
temperatures are believed to represent typical operating 
condition of the hot plant. 

3. Computational Analysis of Gas-side 
Flow, Heat Transfer and Thermal 
Stress in Casing Structure 

3.1. Approach 

Hot gas flow from the gas turbine is introduced into the 
HRSG through a transition duct. It is of our interest to 
understand thermal stress in the structural elements of 
HRSG casing. Analysis of thermal stress would require 
comprehensive informat ion of local temperature of 
structural elements. Field measurements of temperature on 
the selected positions could not provide adequate data for 
stress analysis, so combined simulation of gas-side flow and 
heat transfer and thermal stress in casing structure was 
performed. Geometric information  is based on the unit 
considered in this case, and operating conditions 
informat ion which is based on 100% full load operation are 

summarized in Table 3. Input values to express the pressure 
and temperature drop at the tube zone were decided based 
on data of the pressure and temperature in the Ulsan 
combined cycle power p lant unit 2 as shown in Table 4. 
Both of the fluid dynamics and stress analysis are based on 
the steady state operation. Wall temperature data calculated 
from the CFD simulat ion was used for input condition in 
stress analysis. 

 
Figure7.Measured temperature profile of exhaust gas, superheater tube 
wall and steam 

Table  3.  Inlet condition[16] 

 Value 
Flow rate 345 

Temp. of exhaust gas (℃) 605 

Exhaust gas composition 
(% weight, ambient temp.15℃) 

O2 14.5 
CO2 5.7 
H2O 5.0 
N2 73.5 
Ar 1.3 

Table 4.  Pressure and temperature change at each level in tube zone[16] 

Level of tube bank Δ Pressure (Pa) Δ Temperature (K) 
1 290 81.5 
2 550 183 
3 410 59 
4 200 28 
5 320 52 
6 430 52 
7 400 49 

3.2. CFD Model 

The computation domain starts from the tail end of gas 
turbine and extends to the exit of the HRSG connected to 
the stack (see Figure 7), to investigate the effect of 
geometry of the duct. One can notice that the main and 
by-pass stacks of HRSG were excluded from the domain. 
The grid  pattern was selected in  such a manner that the grid 
spacing was sufficiently fine for the region near the 
entrance of the tube zone. The total volume was divided 
into approximately 3 million elements. Fluent V12 was 
used for the numerical simulation with the RNG k-ε 
turbulence model[17]. Simulation of the tube zone was 
made possible by adopting a porous media 
assumption.Pressure drop across the tube banks was 
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calculated as a source term added in  momentum 
equation[18]. Number of Transfer Unit (NTU) model was 
used to calculate the heat transfer in the tube zone. Fan 
swirl velocity modelling was employed to express the swirl 
flow from the gas turbine[19]. Heat transfer from the hot 
gas to the wall is described by convective heat transfer. The 
convective heat transfer coefficient was calculated from the 
equation of turbulent duct heat transfer (Eg. (1))[20], which 
is different from the common correlat ion for turbulent flow,    
underthe assumption that the thermal-flow in the boiler is 
like a duct flow. 
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Figure 8.  Measured temperature profile of exhaust gas, superheater tube 
wall and steam 
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Figure 9.  Computed mean free stream temperature, wall temperature, 
and static pressure along the gas flow path(GT exit to stack) 

In middle and upper sections, the wall temperature was 
assumed to be same as the gas temperature by setting wall 
adiabatic condition. Figure 8 presents the measured 
temperatures of super-heater tube wall, exhaust gas and 
steam in tube. About 1 hour later, all temperatures had same 
behavior, so wall which has no inner insulation would show 
the same behavior with the gas temperature too. 

Casing walls are insulated internally and/or externally. 
To verify the proposed heat transfer relations, computed 

temperature at selected positions were compared with 
measurements data. Also, the temperature and pressure drop 
across the HRSG tube banks were compared between the 
measurements and computation. These were considered as 
additional validation of the approach. 

3.3. CFD Result 

Figure 9 shows exhaust gas temperature, wall 
temperature and pressure profile along the gas flow path 
ranging from the gas turbine exit to the stack by CFD 
analysis. Gas turbine exhaust gas temperature, which is 
approximately 580℃, is almost constant to the middle 
casing section. However, wall temperature decreases to  
440℃ at 9.8m from the gas turbine exit and decreases 
gradually to 370℃ before the middle casing section. This 
wall temperature decrease is because of the boundary 
condition setting as no inner insulation. At the midd le 
casing part, which has inner insulation, the casing 
temperature increased sharply. This sharp temperature 
increase is because that conduction heat transfer between 
adjacent casings is not considered in this CFD analysis. As 
expected, with passing each tube zone, both wall 
temperature and pressure decreased from 567℃ , 2.6MPa to 
100℃ , 26Pa as a result of gas temperature decrease by heat 
exchange. Each seven horizontal short line in wall 
temperature and pressure from the middle casing to the 
stack means the heat exchange between hot gas and water in 
the tube zone. In the tube zone section, wall temperature is 
the same as gas temperature as a result of our analysis 
setting as exp lained in the previous section. These CFD 
results match well with the wall temperature and pressure of 
tube zone in  the operation data of Ulsan combined cycle 
power plant unit 2 as shown in Figure 10. 

 
Figure 10.  Operation data[16] 

3.4. Thermal Stress Analysis 

Fin ite element stress analysis was conducted using 
ANSYS workbench V.12[21]. General boilers are supported 
by a hot beam at the top of the casing to consider heat 
expansion during operation, and this situation is the same at 
HRSGs. So fixed support condition at the top of the HRSG 
model was used. To conduct thermal stress analysis, wall 
temperature data from the CFD simulation was imported 
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into the FEM model. The stiffener temperature was set 
reasonably as 144°C at the maximum load of gas turbine 
(cold start-up case) and 300°C at the steady state (hot 
start-up case) from the measured data on the rear wall. Wall 
pressure information from the CFD simulation was also 
used as input data for thermal stress analysis and it is shown 
in Figure 9. The wall pressure was about 2.6MPa at the 
middle casing and kept deceasing about 26Pa until the inlet 
to the stack. 

3.5. Results and Interpretation 

Figure 11 and Figure 12 show the results of stress 
analysis at full load of gas turbine (cold start-up case) and at 
steady state (hot start-up case). In figures, the stress over the 
minimum yield stress suggested by ASME Boiler & 
Pressure Vessel Code was presented as a square box and the 
stresses over the yield stress suggested by Ahn et al. was 
presented as a circle box. Those values are 310MPa and 
550MPa[22,23]. 

At the full load of gas turbine in cold start-up case, 
maximum stress appeared in the middle casing part of side 
wall and in  the front stiffener of bottom section as shown in 
Figure 11. At the steady state analysis in hot start-up case, 
maximum stress appeared in the same position with the full 
load case, but the value decreased as shown in Figure 12. 
The values of the maximum stress in two cases are 
summarized in  Table 5. At the time of full load of gas 
turbine, on stiffener, the stress range on concentrated area 
was calculated as 360~380MPa and these stress values are 
over the min imum yield stress suggested by the Code, 
310MPa. So the damage as shown in  Figure 4-(a) arose at 
this area actually. On the side wall, the maximum stress 
range was calcu lated as 340~420MPa and the casing failu re 
could be expected on this area, where is the boundary area 
between the inner insulation and none the inner insulation 
zone. According to the previous temperature measurement, 
much higher casing temperature compared to the others 
appeared near this concentrated stress area. So it might be 
that the leaked hot exhaust gas from this broken casing 
increased the casing temperature.  

Table 5.  Equivalent stress at stress concentration area of each case 

Case Casing wall stress 
(MPa) 

Stiffener stress 
(MPa) 

Full load of GT 340~420 360~380 
Steady state 180~360 310~350 

 
Figure 11.  Result of thermal stress analysis at full load of gas turbine 
(cold start-up case) (a square box: the stress over the minimum yield stress 
suggested by ASME Boiler & Pressure Vessel Code, a circle box: the 

stresses over the yield stress suggested by Ahn et al.) 

 
Figure 12.  Result of thermal stress analysis at steady state (hot start-up 
case) (a square box: the stress over the minimum yield stress suggested by 
ASME Boiler & Pressure Vessel Code, a circle box: the stresses over the 
yield stress suggested by Ahn et al.) 

When the wall temperature reached to peak and steady 
state, the stress occurring on the side wall was mitigated as 
compared to the case of full load of gas turbine and the 
values were less than 310MPa except only little  area. This 
thermal stress decrease is because a big difference of 
adjacent casing temperature between inner insulation and 
none inner insulation zone during cold start-up was 
mitigated with changing to the steady state of hot start-up 
case. However, the stresses on stiffeners were still high as 
310~350MPa, which are over the min imum yield stress 
value. 

From this result, the insulation configuration and its 
location on casing should be carefully selected to prevent 
large thermal stress by temperature difference o f adjacent 
casing during start-up. Furthermore, the fixed constraint 
between wall and stiffener considered in  the present 
analysis is not enough to endure thermal expansion and 
other method, such as sliding constraint should be 
considered. 

4. Conclusions 
In this study, field measurements and combined fluid  

flow and thermal stress analysis were carried out to 
understand repeated thermal loading and its behavior on the 
HRSG casing during the start up. Analysis were conducted 
at two moments, when gas turbine reached to full load and 
wall temperature increased to its corresponding peak and 
steady state. From the present study, following conclusions 
can be drawn: 

1. During the start-up, stress concentration occurred at 
boundary between the wall with inner insulation and the 
other one without inner insulation. The values were over the 
minimum yield stress suggested. Also, high stress 
concentration appeared on the stiffener, where physical 
destruction was observed.  

2. When the wall temperature reached to the peak and 
steady state, high temperature gradient on the side wall 
decreased and stress was mitigated as well. However, 
stresses on the stiffeners were still h igh. Repeated thermal 
loading on that area might be a main reason of casing 
failure. 

3. To prevent damage on HRSG casing and stiffener, the 
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insulation configuration and its location on casing should be 
carefully selected to prevent arising large temperature 
difference and thus large thermal stress. Moreover, the 
constraint between wall and stiffener, such as sliding must 
be considered to solve the thermal expansion problem 
presented in this fixed constraint. 
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