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ABSTRACT 

Investigation of Thermally Induced Stresses in a 
Transition-Piece in Relation to Gas Turbine Operation 

BY 

Alaaeldin H. Mustafa B. Eng MSc 

The transition-piece of an aero-derivative gas turbine engine transfers high 

temperature combusted gases from the gas generator to a power turbine, and it is 

manufactured from Iron-Base Superalloy A286 in this investigation. Due to the 

thermal stress levels developed in the casing of the transition-piece after long 

operating hours, the life expectancy of the transition-piece becomes shorter. The 

present study aims to investigate the thermal stress field development in the casing 

of the aero-derivative gas turbine engine transition-piece in relation to the flow and 

heat transfer situation inside the transition-piece. The typical operating conditions, 

under which the transition-piece is subjected, are accommodated in the model 

study to determine the amount of heat transfer from the combusted gases to the 

casing using CFD FLUENT code. The two-Dimensional CFD model is adopted in 

the study due to the axisymmetric flow situation in the transition-piece. Since the 

day to-day operation varies depending on the engine output demand, the model 

study is carried out under different operating conditions: (i) typical operating 

condition, (ii) &lo% change in mass flow rate, and (iii) *lo% change in combusted 

gas temperature. Temperature predictions of the numerical study are used as input 

to the thermal stress model to predict the thermally induced stress level in the 

transition-piece outer casing. The thermally induced stresses are computed 

through Finite Element Method (FEM) using the ANSYS code. Experimental 

work is carried out to determine the mechanical properties of the As Received 



(AR) and Heat Treated (HT) A286 alloy through tensile and 3-point bending tests. 

The A286 alloy was heat treated to resemble the actual operating conditions of the 

transition-piece. Using the Scanning Electron Microscopy (SEM) and OpticaI 

Microscopy (MI, the rnicl-ostntcture of the alloy prior and after the heat treatment 

is examined. The investigation concluded that the A286 alloy Young's Modulus of 

Elasticity (E) will reduce significantIy due to operation at elevated temperature and 

that the fixed ends of the transition-pieces are the most likely meas to fail and 

result in reduction of tlze life expectancy of the transi tion-piece. 
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CHAPTER 1 : INTRODUCTION 

INTRODUCTION 

Passages with gradual contractions and enlargements are found in a number of 

engineering equipment. Turbulent flows through such ducting systems can be 

encountered in industrial piping, jet pumps, gas turbines, air conditioning ducts, 

and other types of engineering systems and applications. Accurate determination 

of the flow field and heat transfer rates in engineering systems contributes 

significantly to efficiency increase, optimal design parameters, and ultimately 

reduction in cost-benefit relationship. The appropriate selection of bulk materials 

and equipment components is an important consideration for the economic success 

of these industries. Moreover, the need to minimise cost and enhance the 

reliability of rotating and stationary fluid machinery equipment that are subjected 

to high thermal stresses is of major importance. Consequently, understanding the 

behaviour of the material in use in the above described engineering systems is 

mandatory. 

Advances in thermal efficiency and material system development, along with the 

readily available natural gas, have facilitated rapid growth of the combustion 

turbine market. At the same time, the investment in hot section parts as well as the 

cost of refurbishment has increased significantly; making life cycle management of 

these parts a major consideration in procurement and maintenance [I]. The ability 

to determine the present condition and predict the rate of future degradation of an 

equipment, or its components, depends on degradation monitoring technology and 

its incorporation into physical models that provide the basis for cost-benefit 

analysis, but most importantly it also depends on the engineer's experience and 

Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 1 
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CHAPTER 1 : INTRODUCTION 

knowledge. The hot gas path components of an aero-derivative (Figure 1) gas 

turbine engine include the combustors, combustors transition-pieces, transition 

seals, high pressure turbine, low pressure turbines, exhaust transition-piece (Figure 

2) connecting the gas generator to a free power turbine (Figure 3.a and Figure 3.b, 

in which a schematic view of gas turbine engine and the location of transition- 

piece is shown). The gas generator is connected aerodynamically to the fiee power 

turbine via a transition-piece, while the power turbine is connected mechanically 

through a gearbox to the load, which is either a pump or a compressor. The 

transition-piece which connects the gas generator to the free power turbine is the 

focus of this study. 

Modem gas turbines are designed to run at high turbine inlet temperatures in 

excess of some metals (such as nickel based alloys) melting temperature limits (- 

2100 K). In addition to improved temperature capability materials and thermal 

barrier coatings, highly sophisticated cooling techniques, such as augmented 

internal cooling and external film cooling, are used to maintain acceptable life and 

operational requirements under such extreme heat load conditions. To design a 

system that most efficiently cools the turbine hot-gas flow path components, it is 

necessary to better comprehend the detailed hot-gas flow physics within the turbine 

itself. There is a great need to increase the understanding of heat transfer within 

the highly turbulent and complex flow field. An example is the blade life which 

may be reduced by half, if the blade metal temperature prediction is off by only 

283.15 K (Figure 4). Therefore, it is critical to predict accurately the local-heat 

transfer coefficient as well as the local blade temperature in order to prevent local 

hot spots and increase blade life. Current turbine designs are characterized by an 

inability to predict accurately heat-transfer coefficient distributions under turbo- 

machinery flow conditions. This results in a nonoptimised design causing 

penalties to the cycle in terms of power and specific fuel consumption [ I ] .  

The main function of the transition-piece under investigation here is to deliver the 

exhaust gases from the low pressure turbine exit to the power turbine inlet. In 

Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 
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doing that it should deliver the exhaust gases with the minimum disturbance to the 

face of the power turbine, with predetermined levels of pressure, velocity, and 

most importantly it should maintain its metallurgical integrity and be capable of 

withstanding the arduous operating conditions which manifests itself as high 

temperature, thermal fatigue, and creep which might lead to changes in the 

mechanical properties and eventually failure (Figure 5). 

The flow field in the transition-piece influences the temperature distribution and 

the amount of heat transferred to its metallic casing. Due to the geometric 

configuration of the transition-piece, flow deceleration in the annular passage alters 

temperature distribution in the metal casing. High temperature of the combusted 

gas (= 900 K) generates thermal stresses in the casing of the transition-piece. 

Since the transition-piece casing is fixed at both ends, the magnitude of the 

compressive stress level becomes high due to the thermal expansion of the casing 

material. Moreover, the elastic limit of the substrate material reduces significantly 

at elevated temperatures; consequently, investigation into the flow field, thermal 

stress development and its effect on the transition-piece casing material becomes 

necessary. 

The potential importance of conjugate heat transfer in the downstream fluid in a 

diverging transition-piece relies on the thermal response of the solid casing. In this 

case, the flow velocity influences the average convective heat transfer coefficient 

in the flow region and the degree of heat transfer coefficient enhancement 

increases significantly with the wall inclined angle, with the temperature gradient 

in the solid casing initiates thermal stress field development. Moreover, depending 

on the magnitude of temperature gradient, extremely high thermal stress levels can 

be developed in the solid casing, which limits the operational duration and affect 

reliability of such equipment casings. Despite the progress made in the 

understanding of this phenomenon, practical applications in the operation and 

maintenance fields still present many research challenges. Problems such as 

Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 3 
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CHAPTER 1 :LINTRODUCTION 

modeling of flow field and thermal stresses in these components give an insight 

into the possible failure mechanisms. 

The objective of this research is to investigate and provide an explanation of the 

difficulties of misalignment of the transition-piece, encountered during installation. 

The effect of flow and heat transfer, on thermal stress levels in the transition-piece 

of an aero-derivative gas turbine engine (made of A286 Iron-Base Superalloy), is 

investigated numerically and experimentally. This is conducted under typical 

operating conditions of the transition-piece, taking into consideration typical 

operation variations as well as the effect of operating at elevated temperatures, 

encountered during operation of the aero-derivative gas turbine engine. 

In the present study, the flow in the transition-piece resembling the actual aero- 

derivative gas turbine operating condition is simulated and the temperature field in 

the metallic casing of the transition-piece is predicted using the actual performance 

test bed data, which is then used for predicting the thermal stress developed in the 

casing of the transition-piece. FLUENT CFD code is used to simulate the flow and 

temperature fields, where the control volume approach is introduced when 

discretizing the governing equations of flow. While ANSYS FEM code is 

accommodated for the thermal stress predictions in the transition-piece casing. 

The material used in this investigation is Iron-Base Superalloy A286 and 

manufactured by BOHLER EDELSTHL of Germany [2], which is identical to the 

actual material of the outer casing of the transition-piece under study. The alloy is 

used widely in the gas turbine industry due to its superior mechanical properties; 

however, its mechanical behavior, in gas turbine applications at elevated 

temperature, which result in thermally induced stresses, has not yet been widely 

researched. Moreover, to resemble the actual hot gas environment and its 

influence on the thermo-mechanical response of the transition-piece substrate 

material, A286 alloy is heat treated. The mechanical properties of the heat treated 

alloy are assessed through tensile and three-point bending tests. Consequently, the 

properties obtained from the experimental tests are used in the simulation, to 

Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 4 
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CHAPTER 1 : INTRODUCTION 

compare the thermal stresses developed in the casing, due to different operational 

conditions corresponding to the as received and heat treated alloy. 

The thesis in hand, is divided into several chapters, chapter one is the introduction 

while chapter two gives a summary of relevant literature concerning fluid flow 

simulation, thermally induced stresses simulation and material testing. Various 

research sources were considered, including journal publications, and conference 

proceedings. It was noted that literature about the Iron-Base Super alloys is scarce, 

which drove the thesis author towards widening the search for this type 

information. 

The mathematical modeling part of the report is covered in chapter three. In this 

chapter the mathematical equations and reasoning used in the fluid flow and 

thermal stress simulations are covered. It includes continuity, momentum and 

energy equations, eddy-viscosity models, equations for turbulent kinetic energy 

and the dissipation energy, wall functions, SIMPLE and SIMPLEC algorithms and 

the specific computational grid and boundary conditions for the concerned 

problem. 

The experimental procedure is described in chapter four including, 3-point bending 

and tensile tests, the equipment used, experimental procedure and set-up required 

to conduct them. The experimental set-up is explained separately in each of the 

parts as per the ASTM standards. Thermal analysis finite element modeling is 

presented in the final section of chapter three. This section describes the finite 

element analysis technique and procedures used in the current research. 

The results and discussion of the research are presented in chapter five. The results 

show a characterisation of the Iron-Base Superalloy A286 including Scanning 

Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS) analysis. 

Mechanical properties of the tested material that had been studied were discussed. 

Investigation of Thernlally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 5 
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CHAPTER 1 : INTRODUCTION 

Mechanical tests result as a whole are correlated with the micro-structural analysis 

and discussed to conclude the chapter. 

Finally, chapter six presents the overall conclusions drawn from the results and 

provides recommendations for the future work in this area. Future research might 

include expanding the current study to include other experimental work such as 

creep testing and its relationship with transient operation of gas turbines, especially 

in the areas of high temperature application and the aerospace industries. Several 

articles were drawn up from this work and published, including journal and 

conference papers, a list of which is referenced in "Publications Arising from this 

Work" section of the report. 

I 

Figure 1, Pratt and Whitney (P&W) FT4-9B Gas Turbine Engine 
(Saudi Aramco Gas Turbine Repair Shop) 

Investigation of  Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation. 6 
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CHAPTER 1 : INTRODUCTION 

Figure 2. Pratt and Whitney (P&W) FT4-9B Exhaust Transition- Piece 

Figure 3.a, Pratt and Whitney (P&W) FT4-9B Free Power Turbine 
(Saudi Aramco Gas Turbine Repair Shop) 
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CHAPTER 1 : INTRODUCTION 

Figure 3.b, Schematic view of gas turbine engine and the location of tlze 
transition-piece. 

I LPC Low Pressure Cornpressor 
MPC I-lie11 Pressure Compressor 
C Combustor 
LPT Low P~rssure Turbine 
liPT High PI-essu1.e Turbine 
TP Transit ion-piece 
PT Power Turbine 
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Figure 4, Rolls-Royce RB2 1 1 -24C heavily eroded lSt stage turbine rotor blades 
(Saudi Aramco Gas Turbine Repair Shop) 

Continuous Dutv Cyclic Duty 

-Rupture -Thermal Mechanical Fatigue 
Creep Deflection - High-Cyclic Fatigue 
-High-Cyclic Fatigue -Ru bs/Wea r 
-Corrosion -Foreign Object Damage 
-Oxidation 
-Erosion 
-Ru bs/Wear 
-Foreign Object Damage 

Figure 5, Potential failure modes in hot gas path components [3]. 
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LITERATURE SURVEY 

2.1 INTRODUCTION 

Flow of hot gas through a transition-piece finds wide applications in the power 

industry such as petrochemical plants, power generation stations and process 

plants. In aero-derivative gas turbine engines in mechanical drive applications, 

high temperature gas leaving the gas generator and entering the power turbine is 

delivered through a transition-piece. The flow field in the transition-piece 

influences the temperature distribution in the metallic casing. Due to the geometric 

configurations of the transition-piece, viscous dissipation and heat transfer in the 

flow field alters temperature distribution in the metal casing of the transition-piece. 

The high temperature of the combusted gas (= 900 K) generates thermal stresses in 

the transition-piece casing. Since the transition-piece casing is fixed at both ends, 

the magnitude of the compressive stress level becomes high due to the thermal 

expansion in the substrate material. Moreover, elastic limit of the substrate 

material reduces at elevated temperatures; consequently, investigation into the flow 

field and thermal stress development in the transition-piece casing becomes 

necessary. In addition, an understanding of the developed thermal stresses in metal 

casings is important for understanding the service life limitations of the transition- 

piece. 

The literature survey in this chapter focuses on several points, including a section 

about the fluid flow and heat transfer simulations which will be followed by 

metallurgy section including the stainless steel alloys, in particular A286 Iron-Base 
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Superalloy. Finally, a background literature survey associated with the thermally 

induced stresses will be addressed. 

2.2 FLUID FLOW 

2.2.1 Fluid Flow Numerical Simulation 

Considerable numerical, experimental, and analytical research studies were 

conducted to examine the fluid flow process in industrial equipment. The 

following section outlines the early studies performed in this area: 

The flow conditions in a closed-circuit wind tunnel were investigated numerically 

and experimentally to model the flow conditions with the purpose of incorporating 

Computational Fluid Dynamic (CFD) technique in wind tunnel design and testing 

[4]. The results showed that the proposed simulation technique reproduced the 

experimental measurement to within 10% accuracy. The flow field in three 

different centrifugal fan impellers was investigated numerically [ 5 ] .  The 

investigation used FLUENT code to study the effects of tip clearance on the 

overall performance. It was shown that the impeller with backward-curved blades 

was very sensitive to tip clearance, while the impeller with radial tipped blades 

showed weak dependency to tip clearance and impeller with fully radial blades was 

insensitive to tip clearance. Numerical investigation of flow round rows of 

cylinders was conducted [6]. It was shown that for flow round one row of 

cylinders, 180" out-of-phase vortex shedding was observed when the gap 

separating the cylinders axes was four diameters (4d) and Re was 100. For flow 

around two rows of cylinders of unequal sizes in an in-line arrangement, the flow 

pattern was dependent on the separation between the two rows. Investigation of 

particles tracking with a degree of accuracy and optimization of particle-separation 

devices was conducted with the results compared with the experimental data [7 ] .  It 

was shown that for velocities lower than 12.3 mls, the particle tracking gave results 

with a relative ewor below 24%, and for velocities above 48 m/s the simulation is 
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no longer accurate. The study finally recommended that FLUENT code was to be 

used in simulations to find a way of reducing the particle emissions. 

The effect of upstream air supply system on the air flow distribution in top-spray 

fluidized bed reactor was investigated numerically comparing the results to 

laboratory results [S]. It was shown that using two dimensional simulation would 

deliver more accurate results for a homogenous airflow, but for unequal airflow 

conditions, three-dimensional simulation was more suitable. The effects of flow 

velocity on the local heat transfer in a corrugated duct were investigated 

experimentally and numerically [9]. It was shown that at low Re number <1000, 

the secondary vortices perpendicular to the stream-wise direction were generated 

in the duct, while at Re21000 the effect of the secondary flow disappears as the 

flow transition from laminar to turbulent occurred. The effect of duct width on 

fully developed turbulent flow characteristics in a corrugated duct was investigated 

numerically and experimentally [lo]. It was shown that the width aspect ratio had 

a considerable effect on both the flow pattern and the friction factor. Moreover, 

the experimental results indicated that a complex flow involving flow separation, 

reattachment, and recirculation zones existed with the strength of the recirculation 

and the size of the recirculation region increased with the increase in the 

corrugation angle. Experimental and numerical investigations were conducted on 

internal compressible flow at T-type junction to develop a global methodology 

[ I  I]. It was shown that the Mach numbers simulated were mainly influenced by 

branch lengths of the junction. Moreover, it was also shown that the correlations 

obtained could be used in a one dimensional global simulation model. 

The use of baffles and/or turning vanes in reducing the required pressure and 

identification of the optimum baffle angle for pressure drop reduction was 

investigated [12]. Numerical investigation was performed using CFD code, while 

experimental investigation was conducted using 1:40 scale model. It was shown 

that the experimental results confirmed that the introduction of a baffle reduced the 

pressure loss more than that of the vanes; moreover, using the turning vanes was 
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not helpful in reducing the pressure loss coefficient. Analyzing flow pattern of 

isothermal air emitting from an annular orifice was investigated to develop a 

method for investigating annular melt-blown dies numerically [13]. The results 

showed that annular jets had significantly different flow characteristics than 

circular jets and that the presence of inner annular wall induces a large difference 

in turbulence behavior mainly extending the circulation zone. Large Eddy 

Simulation (LES) for synthetic jet thermal management in a micro-system 

packaging application was numerically investigated [14]. It was shown that using 

LES turbulence model instead of direct numerical simulation allowed the 

simulation to be completed in a reasonable time, with the model exhibiting a 

satisfactory accuracy compared to experimental results obtained form the 

published literature. 

2.2.2 Numerical Simulations in Analysis Field 

Among the many fields in which numerical techniques are widely used, the field of 

analysis is the largest, as it is a part of all other fields. The accuracy of the results 

which could be obtained from numerical techniques has improved dramatically in 

the last few years in all the fields. The application of numerical techniques in the 

analysis field is overviewed below. 

The possibility of capturing the effect of strongly swirling confined flow using 

finite-volume procedure in conjunction with a Reynolds-Stress Transport was 

investigated numerically [15]. It was shown that the Reynolds-stress model 

captured these features, whereas the isotropic-viscosity K-E did not. A finite 

volume scheme using FLUENT platform was adopted to determine the stiffness 

and damping coefficients of plain annular seals used in high speed cryogenic 

pumps [16]. The results showed good agreement with the stiffness coefficients 

determined from classic analysis, with the results from the classic analysis showing 

slightly higher values than the numerical analysis. Simulating the atmospheric 
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boundary layer using sand-grain roughness wall function was conducted to 

investigate and compare the accuracy with the experimental data [17]. It was 

shown that the accuracy of the simulation can seriously be compromised when 

wall-function roughness modifications, based on experimental data for sand grain 

roughened pipes and channels, were applied at the bottom of the computational 

domain and this problem was found in all available commercial CFD codes. 

Numerical techniques were also used to investigate the efficiency of alternative 

designs for a flow mixing tank in Regenerative Thermal Oxidation (RTO) [18]. It 

was shown that the results obtained provided an important insight into the flow and 

temperature distribution for the cases modeled, which led to improved design. 

2.3 HEAT TRANSFER 

2.3.1 Heat Transfer 

The heat transfer process in a square enclosure, heated by a localized source and 

symmetrically cooled from the sides was investigated numerically and 

experimentally [19]. It was shown that the heat transfer was generally conductive 

for Ra 2 lo4 while the convective phenomenon develops completely for Re ~ 1 0 ~ .  

Moreover, it was reported that an increase of the heat source dimension produced a 

rise in heat transfer particularly for high Re. An investigation of the heat transfer 

rate and Nusselt number in a circular tube entry region was conducted 

experimentally [20]. Although the study was limited to only circular cross 

sectional tubes, a single correlation equation was proposed that could be used to 

evaluate the mean and local Nusselt number for all ranges of dimensionless axial 

distance, for tubes with noncircular cross sections. Numerical assessment of the 

transient temperature and thermally induced stress distributions in a rotating 

hollow disk subjected to a thermal process was conducted [21]. It was shown that 

the coolant velocity had a significant effect on the converging times, and that the 

periodic increase and decrease in the thermal stress could cause thermal fatigue. 

An investigation was conducted to find a solution for a conjugate heat transfer 
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problem with volumetric heat generation [22]. The calculated drag coefficient and 

Nusselt number from the developed semi-analytical procedure were compared with 

the results of the finite volume method; excellent agreement was obtained. An 

investigation of heat transfer performance of non-uniform airflow distribution in 

radiators was conducted [23]. It was shown that the loss of performance caused by 

airflow maldistribution, compared with uniform airflow of the same total flow rate, 

was relatively minor except under extreme circumstances where the non-uniform 

factor is large. 

The effect of friction and different shapes on the heat transfer in channels with 

fully developed flow regime was investigated experimentally [24]. It was shown 

that the square shaped roughened geometry had the highest friction factor and the 

triangle shaped geometry had the highest heat transfer value. The convective heat 

transfer coefficient and velocity profile for fully developed turbulent flow in a 

concentric annulus having rough or smooth walls was investigated experimentally 

[25]. It was shown that for a smooth annulus, the comparison between the 

calculated and experimental heat transfer and the velocity profile was close, while 

for the roughened annulus the difference for the velocity profile was greater than 

that for the smooth annulus and satisfactory for the heat transfer rate. Natural 

convection heat transfer in two dimensional semicircular slice pool was 

investigated experimentally [26]. It was shown that the obtained heat flux profile 

along the lower wall was in good agreement with the data obtained from literature, 

with the lowest value of heat flux occurring at the bottom of the vessel and the 

highest in the upper corner of the vessel. Turbulent opposing mixed convection 

heat transfer in a vertical flat channel with one-side heating was investigated 

experimentally [27]. Results recommended a correlation for different air pressures 

and a general correlation for heat transfer calculation in a vertical flat channel with 

one-side heated. Several turbulence models used in modeling strongly heated, 

low-Mach number gas flowing upward were investigated numerically [28]. It was 

shown that in the case involving constant fluid property assumption, the results 

obtained using v2 - f turbulence model, were in close agreement with Dittus- 
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Boelter correlations. For the variable property, the results showed that 

v2 - f model was able to predict the experimental data for wall temperature with 

acceptable engineering accuracy. 

The effect of heating turbulent gas flow within ducts of square cross-section was 

investigated numerically using large eddy simulation [29]. It was shown that a 

gradual increase in temperature and reduction of the viscosity near the heated wall 

yielded a progressive enhancement of the turbulent structures. Moreover, it was 

shown that heating enhanced both the size and the intensity of the vortices close to 

the wall. Heat transfer in a tube bundle model was conducted numerically and 

validated experimentally [30]. It was shown that the circulation velocity and the 

predicated Nusselt number (Nu) agreed with the experimental data, while the 

experimental losses from the production tubes and the heating tube were 

approximately 10% higher than predicted. Heat transfer performance 

characteristics of automotive radiators were investigated numerically for possible 

design change [31]. It was shown that the plate design for road transportation 

radiator had higher heat transfer levels, lower pressure drop levels, lower overall 

vehicle drag, smaller size and cheaper to manufacture. Heat transfer characteristics 

of a compact heat exchanger were investigated numerically using FLUENT code 

[32]. It was shown that the numerical mesh dependency of coarse mesh leads to a 

better estimation of the difference in heat transfer between the different models and 

the difference between the experimental and the numerical results was 4.2%. 

2.3.2 Conjugate Heat Transfer 

The first step in understanding the impact of the heat transfer phenomenon on the 

transition-piece is to understand the technique and the methodology with which the 

heat transfer process is predicted. 

Conjugate heat transfer in steady flows was studied extensively; cooling of simple 
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conjugate heat transfer geometry, in a steady shear flow over a heated strip on a 

flat plate was investigated numerically [33]. A simple correlation for predicting 

the heat transfer coefficient was presented. Moreover a new combined parameter 

for accommodating the importance of the fluid axial conduction was suggested. 

Conjugate heat transfer in fully developed laminar flow with temperature 

dependent thermal properties and the thermally induced stress were numerically 

investigated under both steady state and transient conditions [34]. It was shown 

that the relative temperature in the pipe for temperature dependent thermal 

conductivity was higher by about 1% than if constant temperature thermal 

conductivity was used. Conjugate heat transfer and two-phase, three-dimensional 

flow field inside the face of a disk-shaped miniature heat pipe under various fluid 

flow situations were investigated numerically [3 51. Experimental results were used 

to improve the numerical modeling. It was shown that an effective model could be 

built and acceptable results obtained compared to the experimental ones. The 

conjugate heat transfer in relation to a power-law in a fully developed velocity 

profile and in contact with a heat tube was investigated numerically [36]. It was 

shown that the heat transfer characteristics were governed by the diffusion as well 

as the power-law index. 

Unsteady conjugate heat transfer phenomenon was investigated by several 

researchers for different flow conditions. In general it was observed that the effect 

of the wall conduction on heat transfer rates was more pronounced for high values 

of wall-to-fluid thermal conductivity ratio, wall-to-fluid thermal diffusivity ratio, 

and wall thickness to inner radius ratio [37]. This was particularly true for low 

values of Peclet Number (Pe). The conjugate heat transfer phenomenon in a 

circular cylinder and surrounding laminar cross-flow at low Reynolds numbers was 

investigated numerically [38]. It was shown that the rate of conjugate transfer 

from a cylinder exhibited the same main characteristics as the rate of the conjugate 

transfer from a sphere. Transient conjugate heat transfer was investigated 

numerically in a liquid oxygen seal chamber, using FLUENT code, with turbulent 

based K- E RNG model, standard wall function, and SIMPLE coupling algorithm, 
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and the results obtained in the steady state solution simulated values compared 

well with those values obtained analytically [39]. 

2.3.3 Numerical Simulations in Gas Turbines Applications 

Use of numerical simulation in the field of aerospace is a long established process, 

saying that, research in some areas of the aerospace field, such as space and 

rockets, is still scarce or not available in the public domain, due to its sensitive 

nature. In the areas of gas turbine engine design, modification, analysis, and 

testing the use of numerical simulation is a common practice among the gas turbine 

manufacturers. The temperature behavior of gas turbine first stage nozzles, with 

internal and film cooling systems in steady-state conditions, was investigated 

numerically [40]. It was shown that the coolant flow rate and the temperature 

values significantly influenced the heat transfer in the nozzle solid body, thus 

influencing the maximum solid body temperature and temperature profile. The 

cavitations characteristics of a gas turbine propeller were investigated [41]. It was 

shown, that for single blades, the results obtained were within reasonable 

agreement with CFD results, and higher by 20% than the experimental results, 

however, when the full model was considered the results from both techniques 

were found to be much closer. Heat transfer in full film cooling of an aero-engine 

annular combustor was investigated numerically [42]. It was shown that with 

proper distribution of film cooling holes, the air film was uniform and could 

protect the combustion tube walls. However, strong injections from the dilution 

holes would penetrate the cooling film and affect the areas near the dilution holes. 

A gas turbine engine highly pressurized cavity thermal model was validated 

numerically [43]. Results from the test rig demonstrated close agreement with the 

CFD results, once the over tip leakage was taken into account. Moreover, 

comparison at stabilized conditions indicated good agreement between numerical 

and experimental results for measured velocity and reasonable agreement with the 

measured heat flux. Numerical simulation of heat transfer in a space transportation 
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reusable solid rocket motor was conducted [44]. It was shown that for obtaining an 

accurate prediction using a two-dimensional model, the selection of numerical 

schemes and turbulence models should be based on the mass flow rate, vacuum 

thrust and chamber pressure drop. The influence of the inlet swirl and Mach 

number on the diffuser pressure recovery and diffuser losses in industrial gas 

turbines exhaust diffilsers was conducted [45]. It was shown that that the pressure 

recovery was independent from the inlet Mach number, but varied with the inlet 

swirl due to the flow separation at the struts caused by different incidence angles 

and no universal correlation could be developed. 

2.3.4 Ducts, Pipes, and Nozzles 

CFD techniques have been in use vastly to simulate flow in ducts, pipes, and 

nozzles. The swirling flow through an annular diffiser was investigated 

numerically to update the mixing length model with the swirl effects [46]. It was 

shown that the obtained predicted results had a close agreement with the available 

experimental data. The effect of swirling turbulent flow in a stationary annulus 

was investigated numerically [47]. It was shown that swirl number increase, led to 

increase in tangential velocity, turbulent kinetic energy and heat transfer 

coefficient, while the gas axial velocity remained almost unchanged in the central 

region and as a result of the increase in the heat transfer, the gas temperature 

decreased with increasing swirl number. 

The influence of free convection and variable viscosity on forced laminar flow 

fluid in horizontal annular duct heated at a constant heat flux density was 

investigated numerically [48]. It was shown that a decrease of dynamic viscosity 

with temperature; induces intensification of the secondary flow and an acceleration 

of the axial flow in the upper part of the duct. Moreover an increase of the overall 

heat transfer in forced and mixed convection was observed. The temperature and 

thermal stress distributions of fully developed laminar flow in a circular pipe under 
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uniform and non-uniform heat flux were investigated for two mean flow velocities 

[49]. It was shown that for uniform and non-uniform heat fluxes, the temperature 

distribution of the pipe inner surface was higher for lower velocity, while the 

temperature difference between the inner surface and the centerline at the same 

axial distance was higher with the higher velocity. Moreover it was observed that 

the stress ratio increased linearly with increasing heat flux. Estimation of unknown 

outer - wall heat flux in turbulent circular pipe flow with conduction in the wall 

pipe was investigated numerically [50]. The results showed that the proposed 

inverse method could be used to solve the steady two dimensional conduction and 

convection cases with accurate results, even when a measurement error of 3% is 

introduced. The importance of conjugate heat transfer in flow through a 

converging-diverging nozzle resembling the flow expansion in passages was 

investigated numerically [51]. It was shown that cooling of the nozzle wall 

temperatures below the bulk fluid temperatures was possible, as a result of 

conjugate heat transfer. 

Numerical investigation of turbulent flow in small angle diffusers and contractions 

using new wall treatment and linear high Reynolds K-E model was conducted [52]. 

It was shown that for contractions with angles of up to 21' the use of parabolic 

solver could capture the basic features of the flow. Moreover, it was observed that, 

accelerated flows in convergent ducts reduce turbulence level while turbulence 

increases in divergent ducts. Numerical investigation of two sets of experimental 

data for varying converging-diverging nozzles angles and length was conducted 

[53]. It was shown that the degree of wall cooling and the magnitude of the 

temperature gradient varied with an effective bubble diffusion coefficient and that 

the wall cooling increased with increasing wall conductivity and decreasing nozzle 

length. The influence of turbulence model in modeling wall-to-fluid heat transfer 

in packed beds was investigated using FLUENT code [54]. It was shown that 

near-wall modeling was fundamental to obtain more accurate results, for pressure 

drop and heat transfer values, and the selection of the right turbulent model 

depended on the geometry proposed and the value for y+ in the wall. The 
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performance and flow characteristics for a wide range of geometrical factors in 

conical walled annular diffusers were investigated experimentally [55]. It was 

shown that the separation of the boundary layer occurred only on the outer wall 

with the velocity profile in the outlet section of the diffuser maintained axial 

symmetry whether the flow separation occurs or not. 

2.4 STEEL ALLOYS, TESTING AND THERMALLY INDUCED 

STRESSES 

2.4.1 Stainless Steel AISI 660 (A286) 

The Iron-Base Superalloy A286 is widely used in industries such as 

petrochemicals, power generation, nuclear power, process plants and gas turbine 

engine parts at intermediate temperature range due to its properties [56]. It is a 

25% Nickel (Ni), 15% Chromium (Cr) austenitic alloy containing Titanium (Ti) 

and Aluminum (Al) additions. It is strengthened mainly by an ageing process at 

730 "C for 16 hours, by coherent precipitation of the ordered Face Center Cube 

(FCC), gamma prime (y') phase, Ni (Al, Ti) into an austenite matrix. The main 

feature of this material is that it displays similar mechanical properties both at 

service conditions and at room temperature, as well as good corrosion resistance 

due to its chromium content. However, this alloy is unstable when aged at 730 "C 

for one hour because the metastable y' shrinks in favor of the stable phase 

(Hexagonal closed- packed) hcp Ni3 Ti, which degrades the mechanical 

performance of the material. Hence, the relatively low strength of this alloy 

restricts its extensive use in parts that require high strength during high 

temperature service. The effect of hot working conditions on the grain size of 

A286 alloy was investigated experimentally to determine the effect of grain size on 

the mechanical properties [57]. It was shown that finer grain sizes were obtained 

at lower heating temperature at various hot working conditions. Moreover, it was 

also reported that the required working ratio at which smaller grain size was 

obtained, decreased with lower heating temperature. The behavior of A286 in a 

Boiling Water Reactor (BWR) service environment was investigated when cracks 
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were found in the core grid screws and core beam of a nuclear power system water 

reactor. A long term test for investigating the susceptibility of construction 

materials to Intergranular Service Corrosion Cracks (IGSCC) was carried out 

earlier [58]. It was shown that the A286 had a clear susceptibility to IGSCC in 

BWR environment. It was also reported that there was a clear correlation between 

susceptibility to IGSCC and applied tensile stress. 

A study was conducted to investigate the relationship between the structure and 

the IGSCC performance of Inconel X-750 to Iron-Base A286 and Inconel X-718 

alloys [59]. It was shown that no crack initiation occurred on any of the X-750,718 

or A286 U-bend specimens during the 6,000 hours exposure to Power Water 

Reactor (PWR) primary water at 650 OC. It was also reported that crack growth 

was observed in all the pre-cracked specimens and the crack growth was 

intergranular in all the specimens, except for one X-750 specimen where the crack 

growth was transgranular. The effects of Ti content and heat treatment conditions 

on the properties of a large A286 alloy rotor forging were examined 

experimentally [60]. It was shown that the Ti Carbides film between the grain 

boundaries were responsible for the notch brittleness and decrease in the notch- 

rupture strength. Moreover it was reported that the creep rupture ductility was 

improved by decrease in Ti content, and the notch creep rupture strength was 

improved by applying multiple ageing treatments and that tensile, creep rupture 

and low-cycle fatigue properties of the A286 forgings were comparable to those 

small forgings with conventional Ti content. 

A database was developed to set allowable stresses for A286 in the duplex aged 

conditions [6 11. Tensile tests were performed from room temperature to 1300 OF 

to establish the yield and ultimate tensile strength trend curves. The study showed 

that the grain size was the key factor with regard to higher temperature stress- 

rupture strength and that strength decreased with the decrease in grain size. It was 

also reported that the duplex heat treatment did not enhance or reduce long term 

stress-rupture strength. The micro-structural development and creep behavior in 

A286 superalloy was investigated experimentally focusing on the effect of ageing 
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treatment on microstructure, hardness and creep behavior [62]. It was shown that 

the precipitation of the stable q phase degrades the mechanical behavior of the 

alloy, which could be reduced by a factor of 50 for samples aged in the order of 

500 hours at the critical temperature. It was also reported that despite the 

difference in microstructure produced by the various ageing treatments, all the 

creep specimens were characterized by intergranular failure mode. 

The influence of the initial austenite grain size on the sub-grain and dislocation 

structure changes in A286 alloy was investigated experimentally [63]. It was 

shown that all the substructure transformations were not self-contained processes 

and the temperature had an influence on the size of the sub-grains and dislocation 

density. Moreover, it was found that the increase of the alloy deformation 

temperature led to a growth of the sub-grain size with a simultaneous decrease in 

the internal dislocation density. The influence of prolonged ageing in the process 

of precipitation in an austenitic alloy of A286 type was investigated experimentally 

[64]. It was shown that the size distribution of the y' phase shifted at the maximum 

limit level towards the classes of larger diameter with increasing ageing time. 

Moreover it was reported that the application of single stage ageing provoked the 

precipitation of intermetallic phases as well as carbides. Analysis of hydrogen 

embrittlement on crack propagation was carried out experimentally on three 

different alloys, Inconel 718, Inconel 625 and A286 [65]. It was shown that all the 

alloys tested were susceptible to internal hydrogen embrittlement, with the A286 

failing at or near grain and twin boundaries for internally charged hydrogen, and 

that susceptibility to hydrogen embrittlement was more pronounced for the 

precipitation hardened alloys (A286) and less pronounced for single-phase alloy 

(Inconel 625). Finally, it was found that hydrogen enhanced the localization of 

plastic deformation. Crack initiation and near threshold surface fatigue crack 

propagation behavior of the iron-base superalloy A286 was investigated 

experimentally [66]. It was shown that the surface crack growth rates were nearly 

twice as high in the overaged samples as compared to the underaged 

microstructure. 
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Recently by adding Niobium (Nb) element, the modified A286 has been 

developed. It was reported by several researchers, that the addition of Nb element 

to iron-base superalloy increases the amount of y' phase, the main strengthener, 

and improves the stability of y' phase to give higher strength; longer fatigue life 

and creep rupture time than those of commercially A286 alloys [67-721. 

2.4.2 Heat Treatment Effects 

The effect of cooling rate on the microstructure evaluation of rapidly cooled high- 

impurity steels was investigated experimentally and analytically [73]. It was 

shown that the near-net-shape casting process with rapid solidification had led to 

the creation of ultra-fine grained steels from scrap steels with proved benefits of 

refinement of the microstructure. Heat treatment of steel parts was investigated 

experimentally [74]. The research demonstrated the significant effect of the phase 

transformations on both residual stress and distortion in carburized and hardened 

steel alloy parts. It was shown that the carburizing and hardening processes were 

in agreement with the measured values of distortion and residual stress obtained 

from the experimental study. 

The feasibility of obtaining low AlISi multiphase steels with appreciable amounts 

of retained austenite was investigated experimentally [75]. It was concluded that 

the influence of intercritical annealing temperature was important due to the 

formation of a high fraction of residual austenite at elevated temperature and that 

A1 and Si contents were vital elements for the retention of austenite in multiphase 

steels for obtaining of the improved mechanical properties. An investigation to 

establish the appropriate intercritical annealing (IA) and isothermal bainite 

treatment (IBT) for Transformation Induced Plasticity (TRIP) steel was carried 

out experimentally [76]. It was shown that the heat-treatment conditions of 

intercritical annealing and isothermal bainite treatment were vital for the formation 

of retained austenite. It was also indicated that at the intercritical annealing 
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temperature, the retained austenite volume fraction increased with the increase of 

time. Moreover, it was reported that the carbon concentration, examined by X-ray 

diffraction (XRD), was 0.84% in retained austenite revealing the higher stability, 

which was confirmed by Optical Microscopy (OM) and Electron Transmission 

Microscopy (TEM). 

The effect of different types of modified heat treatments on the mechanical 

properties of AISI 4 13 0 steel was investigated experimentally [77]. The results 

showed that successive austempering improved the mechanical properties 

compared with the continuous cooling and conventional austempering. It was 

shown that the best combination of mechanical properties was achieved when an 

up-quenching heat treatment was used. The influence of the tempering treatment 

on the cyclic behavior of martensitic steel was investigated experimentally through 

focusing on the effects of ageing, testing temperature and strain rate on cyclic 

behavior for various tempered conditions [78]. The results showed that for testing 

temperatures lower than the tempering temperature, the maximum stress of the 

tested steel, as well as the stress amplitude, increased with the initial hardness 

decreased with testing temperature, and the ageing remained nearly constant. The 

effect of heat treatment on the wear resistance of high-carbon and high nitrogen 

steels subjected to abrasive wear was investigated experimentally, focusing on the 

effect of heat treatment on the wear resistance and hardenability of the functional 

surface subjected to abrasive wear for austenitic steel [79]. It was shown that the 

dependences of the hardness and wear resistance of the studied steels on the 

tempering temperature after quenching differed substantially. The wear resistance 

of the high-manganese steel in the studied temperature range virtually did not 

change with the tempering time. 

2.4.3 Material Characteristics 

The behavior of iron-silicon alloys deformed in axisymmetric compression at room 

temperature was investigated experimentally [80]. The silicon content of the 
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material was varied, and the samples were heat treated prior to deformation, that 

followed by examining the microstructure using Light Optical Microscopy (LOM) 

and Scan Electron Microscopy (SEM). The results showed that the increase in 

silicon led to increase in yield strength, which increased with deformation. 

Moreover, it was also shown that the cooling rate exerted had a major effect on the 

strength of the material. The microstructural and mechanical characterization of 

C-Mn-A1-Si cold rolled TRIP-aided steel was investigated [81]. The study focused 

on the retained austenite characteristics and tensile properties in high strength cold- 

rolled TRIP steel. The results showed that the formability and the amount of 

retained austenite decreased with the increments of intercritical holding time, and 

the carbon concentration in retained austenite led to a high degree of stability. The 

mechanics of ductile fracture in bulk metal forming processes were investigated 

[82]. A computer program using finite-element method was developed such that 

the behaviour of crack propagation after ductile fracture could be analysed. The 

results showed that the effect of the ductile fracture criteria on the behavior of 

crack propagation obtained numerically agreed with the experimentally obtained 

results. 

2.4.4 Material Testing 

Young's Modulus of Elasticity (E) and fracture toughness were investigated 

experimentally for High Velocity Oxygen-Fuel-Sprayed (HVOF) bioceramic 

coating [83]. It was shown that the surface coating roughness had a significant 

effect on the Modulus of Elasticity (E) value and i~nprovement could be possible 

by fine polishing. (E) values obtained through three points bending test were 

found to coincide well with the results obtained for the four points bending test. A 

novel method for the measurement of E for thick - film resistor material by three 

points bending test was conducted [84]. Test beams were stabilized at the test 

temperature and a comparison was made between the coated and the uncoated 

samples. The results showed an agreement with the published values. The 
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strengthening effect of (Ni, Fe) A1 precipitates on the mechanical properties at high 

temperatures of ferritic Fe-Al-Ni-Cr alloys were investigated experimentally [85]. 

Four points bending tests were carried out. The four points bending tests study 

showed that the heat treatment had a strong influence on the brittle to ductile 

transition temperature. After two-step ageing, the transition temperature was 

reduced due to the increase in the interparticle spacing. 

Coated Ti-6A1-4V alloy was investigated experimentally and numerically to 

determine the mechanical properties by three-point testing [86]. It was shown that 

the Von-Mises stress in excess of the elastic limit at coating-base material interface 

extends in a horizontal direction, which indicated that the crack formation in the 

coating was unavoidable. As the load level increased, elongated cracks were 

formed, particularly in the region of maximum deflection. The effect of Cold 

Work (CW) on tensile properties and the effect of temperature on Low Cycle 

Fatigue (LCF) behavior prior to (CW) of 3 16L stainless steel were investigated 

experimentally [87]. Two conditions of 3 16L were considered, the 17% CW and 

the solution treated. Tensile tests and LCF were performed and it was shown that 

all four strengths measured (yield strength, engineering ultimate tensile strength, 

true ultimate tensile strength, and fracture strength) for both conditions exhibited a 

decrease with increase in temperature and the cyclic softening behavior depended 

strongly on temperature and total strain amplitude. The mechanical properties of 

the coating and coating-base material interface properties were investigated 

experimentally and numerically through three points bending tests [88]. It was 

shown that the compression stress levels developed on the tensile surface of the 

substrate material and in the coating exceeded the yield point, which facilitated 

local crack initiation in the coating as well as at the coating-base material interface. 

Three-point bending test was used to investigate the laser treatment effect on 

HVOF sprayed Inconel-625 coatings [89]. The results indicated that the elastic 

limit of the coating reduced after the laser treatment. Moreover, it was shown that 

the origins of crack sites were initiated at the coatinglsubstrate interface. The 

stress profile in two different types of coating was investigated experimentally 
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using four-point bending test [90]. It was observed that the four-point bending 

stress profile for the coated sample was similar to the tensile test profile. 

The ageing of a Fe-Ni-Co-Nb-Ti-Si superalloy under tensile stress was 

investigated experimentally to determine the effect of a tensile stress on 

precipitation during ageing [9 11. Microstructural observations were conducted 

with TEM and OM. The study results showed that tensile stress promoted 

precipitation of E plates within grains during aging, as well as enhancing the 

growth of grains at high temperatures. 

2.5 THERMAL STRESS MODELING AND RESIDUAL STRESS 

2.5.1 Thermal Stress Modeling 

Considerable research studies have been carried out on the development of models 

capable of predicting what happens at various stages of thermal stress 

development. Thermal stress, due to the developing of temperature field in a 

uniformly heated pipe from an external source was investigated numerically [92]. 

It was shown that the pipe wall thickness and diameter were significant parameters 

affecting the resulting stress distribution. It was also indicated that the stress ratio 

at the inner pipe radius reached a maximum for all axial planes and reduced to a 

minimum with increasing radius, which was contributed to the temperature 

gradient variation in the pipe wall. Moreover, it was also stated that the stress ratio 

increased when the thickness of the wall increased. The fracture toughness 

changes in composites based on tetragonal zirconia of alumina and the connection 

with the differences in stress level in the material was investigated experimentally 

and numerically [93]. It was shown that the effective improvement of fracture 

toughness in the alumina-based composites was larger than in the zirconia-based 

composites, which contributed to the stress state in the material due to the 

influence of crack type. 

28 
Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa. Alaaeldin H 



CI-IAPTER 2: LITERATURE SURVEY 

A study of residual stresses and distortion in cylindrical samples of spring steel, 

quenched in an oil bath at different temperatures was conducted numerically [94]. 

The study was performed to assess residual stress and distortion during heat 

treatment. It was shown that oil quenchants produced no residual stress after heat 

treatment, but water quenching generated high levels of stress. A series of 

rectangular repair welds of letterbox plates made from S690 steels, were 

investigated experimentally, to validate the numerical modeling techniques used in 

the determination of the residual stresses generated during repair process [95]. The 

repair welds were modeled using ABAQUS code software while the experimental 

work was done using the deep hole drilling technique. Comparison of the 

predictions and experimental results made on the parents' plate during welding 

were found to be in good agreement. 

Reduction of thermally induced stress in a solid disk heated with radially periodic 

expanding and contracting ring heat flux by subsequent cooling of the heated 

segments was considered [96]. The study showed that the increase of coolant heat 

transfer coefficient lowers both the temperature and thermal stress distribution 

profiles, peaking at the extremities. It was also reported, that the subsequent 

cooling process significantly lowers the levels of temperature in the disk. A 

numerical study of the thermal stress developed in a fully developed laminar flow 

pipe was performed [97]. It was shown that low Pr number and low thermal 

conductivity ratios resulted in low radial effective stresses, and that the radial stress 

generated in the inlet plane of the pipe was higher compared to the corresponding 

stresses in the axial direction. The development of a finite element model, with 

emphasis on the guidelines for input parameters such as the comers enhanced 

strength, initial geometric imperfections and the significance of the residual 

stresses was conducted [98]. It was shown that from the different grades and 

shapes modeled, that the press-baked and roll-formed stainless steel cross-sections 

produced the closest predications to the experimental tests. Also it was found that 

the observed thermal residual stresses had no significant effect on stub column 

resistance. 
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An investigation of the thermal stress induced by temperature difference in tube- 

sheet of heat transfer equipment using FEM to compute the temperature and the 

stress fields was conducted numerically, focusing on the effect of tube sheet 

thickness on the thermal stress [99]. It was found that the thermal stress level was 

rather significant due to the temperature difference between the upper and lower 

surfaces and the thickness of the tube. Reduction of the thermal stress was 

achieved by reducing the tube thickness through adapting a flexible thin tube sheet. 

A deep-hole method for measuring the residual stress in large metallic components 

was extended, to allow for the measurements of residual stresses in thick section 

composite laminated plates, using experimental and numerical techniques [I 001. It 

is concluded that the deep-hole method relies in its formulation on a calculation of 

the distortion of a hole in a plate subjected to remote loading, and suitable closed- 

form solutions existed for the isotropic material, but for orthotropic material finite 

element approach is employed. 

The thermal stress due to thermal shock was investigated experimentally by three 

methods; temperature distribution measurement, strain gauge, and via FEM 

analysis [101]. It was shown that when the material with large anisotropy was 

subjected to thermal shock, the thermal stress value measured by strain gauge 

method was about 16% higher than the value measured by temperature method, but 

if the material investigated had a small anisotropy degree, the difference between 

the two techniques was as small as 4%, and this result was confirmed by FEM 

method. Investigation of the residual stress redistribution due to long-term creep 

tests at elevated temperature was carried out [102]. Residual stresses were 

measured on the AR pipes before and after post-weld heat treatment conditions and 

the data collected were used to validate the finite element modeling. The results 

obtained from all the different specimens clearly indicated that there was a need to 

account for the residual stresses in the estimation of the effective applied stresses 

during creep. 

The strain gauge thermal effects during residual stress hole drilling measurements 
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were investigated, to evaluate the heat flux from the drilling tool to the sample in 

which the hole is drilled, and to evaluate the residual stress [103]. It was shown 

that the thermal strain produced by the drilling tool can be a substantial source of 

errors in the drilling residual stress measuring method if they are not considered. 

Thermal residual stresses in brush-plated coatings were investigated numerically 

[104]. It was shown that the stress present in the nickel deposits had a lower stress 

level than in copper deposits, mainly due to the coefficient of thermal expansion of 

nickel being closer to that of the steel substrate. It was also noted that the 

significant increase of the residual stress within the substrate was due to the 

increase of the coating thickness. 

2.5.2 Residual Stress 

The residual stress variation in high strength steels due to hydrogen embrittlement 

was investigated earlier using (XRD) technique [105]. It was shown that the XRD 

residual stress determination technique was able to detect hydrogen embrittlement 

in high strength steel. The thermal residual stresses in hard metal alloys such as 

Tungsten Carbides and Cobalt (WC-Co) arise during cooling due to pronounced 

difference in the thermal expansion coefficients was investigated analytically by 

XRD [106]. It was shown that the measured stresses agreed with the calculated 

results in all range under investigation. The results also, showed that the thermal 

residual micro- stresses in the centre of a large hard metal piece were more than the 

stresses on its surface by approximately 1.8 times 

The remaining life for a hypothetical pressure vessel containing a defect subjected 

to thermal shock was examined [107]. Twelve cases of thermal shock loads of 

different severity were analysed by Finite Element Modeling (FEM). The 

estimation of remaining life for each case was carried out based on British 

Standards (PD6493) defect assessment procedure. It was found that more severe 

thermal shocks accelerate crack growth while less severe shocks may lead to slow 
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growth or eventual crack arrest. 

Experimental Studies 

The mean values of internal stresses in various steels which were subjected either 

to extension deformation or to overall reduction were investigated experimentally 

[log]. It was shown that an improved agreement between the average stress and 

the actual stress would be reached for samples with higher residual stresses, 

otherwise for samples with relatively low residual stresses, grain boundaries and 

carbide inclusions were likely to make a substantial contribution to the accuracy of 

the results. Residual stresses in various Depleted Uranium (DU) coatings were 

investigated experimentally [109]. The study was focused on thick DU coatings 

and included the stress evaluation as a function of applied negative bias voltage 

and film thickness. SEM was used to determine the coating thickness and the 

surface roughness. It was shown that, the stress measured was always 

compressive, however, increasing the coating thickness and adding bias voltage 

showed a trend towards more tensile stresses. 

The problem of residual stress formation in spiral welded tubes during 

manufacturing was investigated experimentally [ 1 101. The hole-drilling strain 

gauge method was used for the residual stress measurements. The residual stress 

was found to be higher than the yield point of the material at the weld 

neighborhood locations for tubes. Moreover, the tubes showed significant 

reduction in residual stress after pressure testing, while an annealing process 

performed on the tubes reduced the residual stress level at the weld neighbourhood 

locations. The ability of elastoplastic model, to predict the distribution of strains 

for duplex stainless steel, was investigated to assess the influence of initial residual 

stresses on the mechanical behaviour of stainless steel during tension and 

compression tests [ I l l ] .  It was shown that the ferritic phase was initially harder 

than the austenitic phase, and the yield stresses of the phases within the duplex 

steel were affected not only by the critical resolved stresses of crystallites, but also 
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by the initial residual stresses that existed within the material. Residual stresses in 

surface-treated metals were investigated experimentally using laser-ultrasonic 

spectroscopy [112]. The experimental results obtained showed, that it was feasible 

to observe a substantial and highly characteristic change in the velocity of surface 

acoustic wave, when the specimen was heat treated at different annealing 

temperatures. 

Analytical Studies 

A method for estimating the influence of elastic gradients on the residual stress 

state of Functionally Graded Materials (FGM) was considered earlier [113]. 

Analytical thermal stress solutions as well as finite element calculations were used 

with two different approaches for the Finite Element (FE) model study. The study 

showed that for FGM films the results of approximation were similar to the 

predications of the exact solution. Residual stresses developed in the substrate 

material during machining were investigated numerically and experimentally 

[114]. It was shown that a developed new model allowed prediction of residual 

stresses within reasonable time and with acceptable accuracy as defined by the 

authors. 

2.5.3 Summary 

No reports related to the iron-base superalloy A286 thermal response to heat 

transfer, under turbulent flow situations, could be identified in the above open 

literature surveyed. On the metallurgy side, the few reports identified referring to 

the A286, were not in relation to its use at elevated temperature, in gas turbine 

engine applications. Additionally, assessment of the thermally induced stress 

development (due to flow situation and heat transfer) in the A286 alloy has not 

been investigated before either numerically or experimentally. Moreover, in spite 

of wide use of A286 iron-base superalloy in the gas turbine industry, no attempt 

was made to link the flow situation, heat transfer and induced thermal stress 
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assessment in A286 alloy parts used in gas turbine application, to in-service 

situations. 

Work undertaken in this research has not been reported on before. It is an attempt 

to overcome the gaps identified in literature (available in the public domain) 

regarding the usage of the iron-base superalloy A286, at elevated temperature in 

aero-derivative gas turbine applications. 

This is research is important due to the unique and specific typical operating 

conditions of the transition-piece, in the aero-derivative gas turbine engines, in 

mechanical drive applications. Information reported in open literature related to 

flow situations and thermal stresses is considered useful input to improve present 

work and present applications. Although thermal stresses in metallic parts have 

been reported on earlier studies, the flow situation resembling the flow structure 

and thermally induced stresses in transition-pieces made of A286 iron-base 

superalloy were not examined before. Therefore, investigation of the flow 

structure and thermal stress field in the transition-piece, which is pertinent to the 

actual operating conditions, becomes necessary. 
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MATHEMATICAL MODELING 

3.1 HEAT TRANSFER NUMERICAL SIMULATION 

3.1.1 Introduction 

Mathematical modelling of the flow field, resembling the actual flow into a 

transition-piece, with the relevant boundary conditions is presented in this chapter. 

Heat transfer calculations within the outer casing wall of the transition-piece are 

formulated in relation to actual airflow situation. Thermal stress analysis 

associated with the temperature rise in the outer wall casing of the transition-piece 

is introduced and relevant boundary conditions are stated. 

3.1.2 Flow Equations and Turbulence Model 

The governing flow and energy equations for a steady flow in a transition-piece 

can be written in the Cartesian tensor notation as follows; 

The continuity equation is; 

35 
Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa, Alaaeldin H 



CHAPTER 3: MATHEMATICAL MODELING 

The momentum equation is; 

d ap a aui aUj 
(""ij)=-5+q[~[m;-+"i)-PUiuj] ax. 1 

The energy equation is; 

To account for the turbulence in the flow field the standard " u - E "  model was 

used [115]. 

3.1.3 Equations Governing the Turbulence Model 

The "K-E" model focuses on the mechanisms that affect the turbulent kinetic 

energy. This model is based on the presumption that an analogy exists between the 

action of the viscous stresses and Reynolds stresses on the mean flow. It is 

experimentally observed that turbulence decays unless there is a shear in the flow 

field. Furthermore, turbulent stresses are found to increase as the mean rate of 

deformation increases. It was proposed by Boussinesq in 1877 that Reynolds 

stresses could be linked to mean rates of deformation. To compute the Reynolds 

stresses with the "K-E" model an extended Boussinesq relationship is used; 

The extra term on the right hand side which involves "6ij" make the formula 

applicable to the normal Reynolds stresses. The pressure p is replaced by the 

effective pressure "p + - pu ", to include this contribution from the normal (3 
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stresses. Turbulent transport of other scalar properties is modeled similarly. By 

analogy with equation 3.4, turbulent transport of a scalar is taken to be proportional 

to the gradient of the mean value of the transported quantity, 

84 - pu;+' =I- - 
t ax. 

1 

where "TtV is the turbulent diffusivity. Since turbulent transport of momentum 

and heat is due to the same mechanism, eddy mixing, it is expected that the value 

of the turbulent difhsivity " Tt " is close to that of the turbulent viscosity " pt  " it is 

p t usual to write " T = - ". Experiments in many flows have established that " ot " 
t 0 t 

is around 1 [115]. 

The "K-E" model allows for the effect of transport turbulence properties by the 

mean flow and diffusion, and for the production and destruction of turbulence. 

Two transport equations, one for the turbulent kinetic energy K and one for the rate 

of dissipation of turbulent kinetic energy E ,  are solved. The underlying assumption 

of this model is that the turbulent viscosity " pt " is isotropic, in other words that 

the ratio between Reynolds stresses and mean rate of deformation is the same in all 

directions. 
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3.1.4 The Eddy Viscosity Hypothesis 

On dimensional grounds it is assumed that the kinematics turbulent viscosity 

''vt ", can be expressed as a product of a turbulent velocity scale " 9" and length 

scale 1 ,  then 

Using the following functions of "K" and "E" to define velocity scale and length 

scale which are representative of the large scale turbulence. 

The eddy viscosity is specified as follows, 

3.1.5 Governing Equation for Turbulent Kinetic Energy (K) and the 

Dissipation of Turbulent Kinetic Energy (E) 

Multiplication of each of the instantaneous Navier-Stokes equations by the 

appropriate fluctuating velocity components, and addition of all the results, 

followed by a repeat of this process on the Reynolds equations, subtraction of the 

two resulting equations and very substantial re-arrangement yields the equation for 

turbulent kinetic energy "K": 
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The term "PKKm gives a positive contribution in this equation and represents a 

production term. The viscous dissipation term " p~ "gives a negative contribution 

due to the appearance of the sum of squared fluctuating deformation rates. The 

dissipation of turbulent kinetic energy is caused by work done by the smallest 

eddies against viscous stresses. The rate of dissipation per unit mass, whose 

L 
L L  m dimensions are - 

2 
" is of vital importance in the study of turbulence dynamics 

S 

aui aui 
and is denoted as, E = -v-- . It is always the main destruction term in the ax .  ax 

J j 

turbulent kinetic energy equation, of a similar order of magnitude to the production 

term and never negligible. 

The transport equations for K and E are [115]: 

and 
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The model contains six empirical constants which are assigned the following 

values [l 1 61 

Table 1, constants employed in the K-E model 

The production term " PKK" is derived from the exact production term in (3.8) by 

using (3.4) and is given by: 

The right hand sides of equations 3.9 and 3.10 are the modeled form of the 

principal transport processes. The turbulent transport terms are represented using 

the gradient diffusion hypothesis of the form equation 3.5. Prandtl numbers "OK " 

and " o, " connect the diffusivities of " K " and " E " to the eddy viscosity " pt ". 

Upon performing an order of magnitude analysis, it can be shown that the first 

element of the diffusion part ''d,.. in equation 3.8 (i.e. the viscous transport of K) 

becomes negligibly small with respect to other terms when the Reynolds number is 

sufficiently high, and is therefore neglected with respect to the other elements of 

the diffusion term [115]. Also, the pressure term appearing in "d," in equation 3.8 

cannot be measured directly. Its effect is accounted for in the modeled equation 

3.9 within the gradient diffusion term. 

Production and destruction of turbulent kinetic energy are always closely linked. 

The dissipation rate "E" is large where the production of "K" is large. The model 

equation 3.10 for E assumes that its production and destruction terms are 

proportional to the production and destruction terms of the "K" equation 

3.9.Adoption of such forms ensures that "E" increases rapidly if "K" increases 
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rapidly and that it decreases sufficiently fast to avoid (non-physical) negative 

values of turbulent kinetic energy if "K" decreases. The factor "5" in the 
K 

production and destruction terms makes these terms dimensionally correct in the 

"E" equation. 

3.1.6 Wall Function for Standard K-E Model 

As mentioned before an assumption in equations 3.9 and 3.10 implies that 

"pt >> p". This is clearly invalid close to a solid wall where the turbulent 

fluctuations are suppressed by the presence of a viscous sub layer very near the 

wall. Therefore, adjacent to walls special wall functions are introduced that 

typically assume a logarithmic dependence of the tangential velocity component on 

the normal coordinate. If "z" is the co-ordinate direction normal to a solid wall, 

the mean velocity at point "zp" with "30 < z i  < 500 "satisfies the law [115]: 

In addition measurements of turbulent kinetic energy budget indicate that the 

production of turbulent kinetic energy is equal to the dissipation in the log-law 

region. Using these assumptions and the eddy viscosity equation 3.7 provide the 

following wall boundary conditions for "K" and "E"; 

and 

* * 
Where U , and z are the friction velocity and dimensionless distance from point 

P 

p to the solid wall. These are defined as follows: 
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and 

Where " zw" is the shear stress at the wall, "K" is the Von Karaman constant, "f' 

is the roughness parameter and "ZpW is the actual distance from the point "p" to the 

solid wall. 

3.1.7 Generalized Wall Functions for Normal and Shear Turbulent 

Stresses 

For cases very near to the wall, the mean velocity vector undergoes a rapid change 

in direction with distance from the wall; the wall-functions approach is not 

successful in reproducing the details of the flow. Therefore, reference is made to 

the case where the turbulent stresses and fluxes at the near wall grid points are 

calculated directly from their transport equations. 

This approach is based on the assumption that the near-wall region lying between 

the wall and the near-wall computational node at zp may be represented by two 

1 2 0  ", and a hl ly  layers; the fully viscous sublayer, defined by " ReU = z - - 
U v  

turbulent layer above it conforming to the logarithmic-velocity law [116]. On the 

assumption that local equilibrium prevails in the turbulent layer (i.e. production 

equals dissipation for the turbulent kinetic energy), the above implies [117], 

42 
Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa, Alaaeldin H 



CHAPTER 3: MATHEMATICAL MODELING 

which yields, the wall shear stress near the wall as follows: 

- 
This serves as the boundary condition for "uco" transport equation. A similar 

condition can be found for " uw " equation, while " = 0 " serves as the boundary 

condition for the related equation. Regarding normal stresses, the turbulence 

energy must decay quadratically towards a value of zero at the wall, so that a zero- 

gradient condition for normal stresses is physically realistic [118]. This condition 

however is insufficient to ensure an accurate numerical representation of near-wall 

effects. Thus additional measures are required to account for the very steep 

variations of turbulence properties within the near-wall cells. Specifically, a more 

precise approach to that adopted in internal cells is needed in respect of evaluating 

volume-integrated production and dissipation of normal stresses (these are 

normally evaluated at cell centers, using linear interpolation, and then multiplied 

by the cell volume). Taking " u2 " as an example, since the near-wall flow is very 
- 

nearly of the Couette type, the volume-integrated production of"  u2 " between the 

wall and the 0-node may be approximated by: 

where "UoW and "U,," follow from the log-law, equation 3.14. no contribution 

- 
arises from the viscous sublayer since "uo  = 0" in this layer. An analogous 

integration of the dissipation rate with the assumption, 
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Leads to; 

- - 

An analogous treatment is applied to " u2 ", while the production of" w2 " in the 

viscous and turbulent near wall layers region is zero. 

The values resulting from equations 3.15 and 3.16 are added, respectively, to the 

volume-integrated generation and dissipation computed for the upper half of the 

near-wall volume, as if this belonged to an ordinary cell. 

The final point to note in respect of the wall-law approach is that the near-wall 

dissipation "E," is not determined from its differential equation applied to the near- 

wall cell surrounding the node. Instead, and in accordance with the log law, this 

value is obtained via the length scale from; 

This serves as the boundary conditions for inner cells. 
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3.2 The Numerical Technique 

A preliminary idea about the task of a numerical method can be obtained by 

considering a flow situation. A grid is drawn to cover the flow domain and with a 

sufficiently fine grid, the complete distributions of the relevant variables can be 

expressed in terms of their values at the grid points. Thus, the task of a numerical 

method is to evaluate velocity, pressure, temperature or other variables at the 

chosen grid points. From the differential equations governing the relevant 

variables, algebraic equations are derived for the grid-point values of the variables. 

3.2.1 Control Volume Approach 

The particular practice that was chosen for the derivation of the discretisation 

equations is the control volume approach. The calculation domain is divided into 

sub-domains or control volumes such that there is one control volume around a 

grid point. The differential equation is integrated over the control volume to yield 

the discretisation equation. Thus, the discretisation equation represents the same 

conservation principle over a finite region as the differential equation does over an 

infinitesimal region. This direct interpretation of the discretisation equation makes 

the method easy to understand in physical terms; the coefficients in the equation 

can be identified, even when they appear in a computer program, as familiar 

quantities such as flow rates, areas, volumes, and diffusivities. The control - 

volume approach can be regarded as a special case of the method of weighted 

residuals, in which the weighting function is chosen to be unity over a control 

volume and zero everywhere else. The main reasons for choosing the control- 

volume formulation are its simplicity and easy physical interpretation [ I  191. 

3.2.2. Discretisation 

In focusing the attention on the values at the grid points, the continuous 

information contained in the exact solution of the differential equation was 

replaced with discrete values. The algebraic equations involving the unknown 
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values of " 4 " at the chosen grid points (i.e. discretisation equations), are derived 

from the differential equations governing " 4 ". Piecewise profiles are usually used 

to express how " + " varies between the grid points, each segment of the piecewise 

profile describes the variation of " 4 " over only a small region in terms of the " 0 " 
values at the grid points within and around the region. The steady state diffusion 

in a two-dimensional situation is governed by the following equation [120]; 

A two-dimensional grid is used to subdivide the domain (Figure 6). A cell 

containing node "0" has four neighboring nodes identified as west, east, south, and 

north nodes "W, E, S, N ,  the notation, w, e, s, and n, are used to refer to west, 

east, south, and north cell faces respectively. Integration of equation 3.17, over the 

control volume in Figure 6 gives; 

Now discretisation from equation 3.18 can be obtained; 

By re-arranging the above, the discretised equation for interior nodes:- 
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a040 = a w $ w  +ae$e + a s h  +anon +Su (3.20) 

Where; 

Table 2, discretisation constants definition 

Figure 6, Schematic view of control volume for two-dimensional grid 
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3.2.3 Calculations of the Flow Variables-The SIMPLE Algorithm 

If the pressure field which appears as a major part of the source term, for the 

momentum equations is assumed, then the following equation; 

0 P;AV Where A , = x n ~ ,  A , = -  , which is written for each grid node, yields a 
At 

closed set of algebraic equations, but there is no guarantee that the resultant 

velocity would satisfy the continuity relation. The two problems of determining 

the pressure and satisfying continuity are overcome by adjusting the pressure field 

so as to satisfy continuity. A staggered grid arrangement is used in which the 

velocities are stored at a location midway between the grid points (i.e. on the 

control volume faces). All other variables including pressure are calculated at the 

grid points. This arrangement gives a convenient way of handling the pressure 

linkages through the continuity equation and is known as the Semi-Implicit 

Method for Pressure -Linkage Equations (SIMPLE) algorithm. This method is an 

iterative process to convergence. The mathematical development of this procedure 

focuses on providing a pressure link between continuity and momentum. This is 

accomplished by transfoiming the continuity equation into a Poisson equation for 

pressure. The Poisson equation implements a pressure correction for a divergent 

velocity field. The staggered grid arrangement is employed to compensate for non- 

physical oscillations manifested in the pressure distribution. These oscillations are 

due to a physical decoupling of the local pressure distribution from the local 

velocity field, as the pressure gradient in the momentum equations is discretized by 

central differences. The steady-state convergence is achieved by successively 

predicting and correcting the velocity components and pressure variable. An initial 

estimate for the pressure variable at each grid point is required. 
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Equation 3.21 with the pressure gradient separated out from the source term can be 

rewritten for the U velocity at the node "e" for example as, 

If "pt' ' represents an assumed pressure at node "om and "u'" 
e 

and "v?" 
e 

represents the corresponding velocities calculated by equations similar to equation 

3.22, then we can write for the actual pressure; 

Here " p' " represents a pressure correction. Consequently, a velocity+orrection 

formula for velocity at node "em for example can be written as; 

In this expression certain assumptions have been made therefore "U," does not 

represent the exact value. 

An equation very similar to equation 3.21 can now be written for "p " by the 

discretisation for the continuity equation; 

The solution for the finite-difference equations proceeds by the cyclic repetition of 

the following steps: 

a. Provide initial estimates of the values of all the variables including pressure p' 

b. Solve the momentum equations like equation 3.22 to obtain u', and vt. 
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c. Solve the pressure-correction equation 3.25 to obtain " p ". 

d. Calculate the pressure p from equation 3.23 and corrected velocities U, V from 

equations like equation 3.24 

e. Solve the equations of the form 3.25 for all other dependent variables 

f. Regard the new values of the variables as improved estimates and return to step 

(a) 

g. Repeat until convergence [l 151 

3.2.4 The SIMPLEC Algorithm 

The SIMPLEC (SIMPLE-Consistent) algorithm of Van Doormal and Raithby 

(1984) follows the same steps as the SIMPLE algorithm in the above section, with 

the difference that the momentum equations are manipulated so that the SIMPLEC 

velocity correction equations omit terms that are less significant than those omitted 

in SIMPLE. The u-velocity correction equation of SIMPLEC is given by: 

Where; 

Similarly the modified v - velocity correction equation is; 

Where; 
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The discretised pressure correction equation is the same as in SIMPLE, except that 

the d-terms are calculated from equations 3.27 and 3.29. The sequence of 

operations of the SIMPLEC algorithm is identical to that of SIMPLE algorithm 

[115]. 

3.3 The Two-Dimensional Axisymmetric Transition- Piece Geometric 

Configuration 

The computations were performed for a semi-rectangular box-shaped two 

dimensional domain (Figure 7). The grid used for the simulation was non-uniform 

to increase the resolution in the regions of large temperature gradients near the 

wall-fluid interface area. 

It can be seen that the flow field has axial symmetry through the transition-piece 

centre. The calculations domain is therefore chosen to extend from the symmetry 

plane to a location representing where the outer transition-piece wall is in contact 

with the atmospheric conditions in the y-axis direction. In the x- axis the 

computation domain extends from the (0, 0) point representing the exit of the gas 

turbine low pressure turbine section and the inlet of the transition-piece, while the 

computation domain end is at the point (0, 0.368) representing the end of the 

transition-piece and the entrance to the power turbine. Table 3, shows the 

computation domain dimensions. 
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wall 

I 

flow exit 

I 

Figure 7, Schematic of computation domain for CFD simulation 

I 1' X- Direction (m) 1 Y-Direction (m) I Z-Direction (m) ] 
1 I I 

Inner Cone (Solid Zone) I 0.368 
I I I 

Table 3, Computation Domain Dimensions 

I I I 

3.3.1. Computational Grid and Boundary Conditions 

0.207 

0 Flow Field (Fluid Zone) I 0.368 

To complete the problem statement, the boundary conditions must be incorporated 

into the control volume method. The boundary conditions considered for the flow 

zone are mass -flow inlet, pressure outlet, solid walls with no slip condition for the 

flow side. Symmetry boundary conditions were used at the transition-piece 

centerline axis and y = 0 is the symmetry plane for the 2D calculations as shown in 

table 4, along with divisions generated in each sub-domain for the grid generated 

in the control volume for the conjugated problem in Figure 7 . 

0 

0.4545 

0 Outer Wall (Solid Zone) I 0.368 
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Variable Divisions Boundary Type 

Flow Inlet Mass-flow-inlet 

pp 

Flow Outlet Pressure-outlet 
I 

Case Rear Wall 

Case Front Wall 

Outer Wall 14 (20%) 

Table 4, Boundary conditions definition 

For the solid side of the transition-piece (i.e. walls) the boundary conditions used 

were wall with temperature profile through user defined function, for the front face 

of the transition-piece wall, to take into account the heat spread from the hot 

section of the engine. For the rear wall, a heat transfer coefficient was calculated 

and applied to prevent the duct wall from being heat sink while a free stream with 

temperature of 300 K, in addition to the calculated heat transfer coefficient was 

applied. The bottom (lower) surface of the duct wall was coupled to the exhaust 

gas inside the duct. 

The numbers of divisions in the different planes of the domain were distributed to 

achieve the maximum effectiveness where the conjugate interaction occurs (i.e. at 

the transition-piece outer wall) as follows; the Inner cone is 30% of the total 

number of the divisions and successive ratio of 1 .O.The flow field domain had 40 

divisions with a successive ratio of 0.98201m resulting in a concentration of cells 

near and at the wall. The casing outer wall grid spacing in the X-direction was 

adjusted to maintain a constant ratio of any two adjacent spacing. In the Y- 

direction it was designed to be a non-uniform grid, with a gradually decreasing 

spacing away from the hot exhaust gases towards the atmospheric conditions, a 

thickness of 14 and a successive ratio of 0.596 thus making the flow field total 

number of nodes 6557. 
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3.3.2 Derivation of the Boundary Conditions for the Outer Wall 

Figure 8, Schematic diagram of the transition-piece outer casing wall 

The derivation of the boundaiy conditions is carried out under the following 

assumptions; 

The inner wall temperature (at Y=O) is equal to the exhaust gas temperature; 

T. = T  iw egf 

The room temperature Tarnb. 

The casing outer wall temperature (at Y=L); 

T = Ts 

The above can be simulated in one dimension as follows [121]; 

Integrating the equation 3.30 twice will result in; 

54 
Investigation of Thern~ally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa, Alaaeldin H 



CHAPTER 3 : MATHEMATTCAT, MODELING 

Two unknowns C1& C2, two boundary conditions are needed 

First boundary condition at y=O, where T=Tiw 

C2 = Tiw (3.32) 

From Figure (8) 

= - h ( ~ s  

Substitute equations 3.32 & 3.33 into equation 3.3 1 

Second boundary condition at y=L where T=Ts 

Substitute equation 3.35 in equation 3.34; 

The temperature profile used, at the front face of the transition-piece wall, is 

calculated assuming the exhaust gas temperature inside the transition-piece "TF)' is 

equal to the temperature at the inner surface of the transition-piece "T,". The 

calculation domain was approximated to a large plates with a turbulent fluid 

flowing over, for that estimating the heat transfer condition in that condition the 

below approximation is used [122]; 

h = 1 . 3 l x ( ~ ~ ) "  (3.37) 

Using the above approximation produced; 
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where the exponent "n" can be classified as 0.33 for turbulent natural convection 

The previous estimation of the heat transfer coefficient produced the linear 

equation 3.40 for the distribution of the temperature along the y-axis in the front 

wall of the transition-piece outer wall; 

T =-268.48~+904.15 (3 -40) 

where "x" is axial distance along the transition-piece length. The equation is fed to 

the simulation through a user defined function. 

3.3.3 Simulation Conditions 

The simulation of the exhaust gas flow inside the transition-piece is based on true 

data collected from gas turbine manufacturer [123-1241 and actually measured data 

in the workshop. The initial conditions are imposed before the exhaust gases 

emerge into the transition-piece (i.e. the control domain). 

3.3.4. Initial Conditions 

The initial conditions used in the simulation are: 

Condition 

Inlet F 1 Temperature 

(Base case) Flow Flow Temperature Temperature 
pp 

1 80 kgls 198 kgls 1 80 kgls 

Table 5, CFD simulation initial conditions 
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With the fluid and the transition-piece casing wall properties shown in tables 6 and 

7 respectively; 

Table 6, Exhaust Gas Thermal properties used in the simulation. 

Table 7, Thermal properties of the transition-piece casing wall material 

Due to the non equality introduced for the grid generated for the assessment, grid 

independent tests are performed in order to secure grid independent results. It may 

be observed that for a flow field domain of 80x78 cells, the outer case temperature 

resulted is almost the same as for 87 x 86 cells (20% increase in cells count) and 
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for 71 x 70 (20% decrease in cells count); where the difference is less than 1% as 

shown in Figure 9. 

7--- - - - - - - - - - .- - 
I Static Tem~erature Distribution in The Casina Outer Wall I 

I 

I 902 . - I 
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i 
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Figure 9, Static Temperature distribution Grid Validation 

In the numerical simulations, the residuals were set as for all the dependent 

variables, which provided the converge solutions. 
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3.4. Thermal Stress Analysis in the Transition-Piece 

3.4.1. Thermal Stress Modeling 

Thermal stresses are generated in the substrate due to the temperature gradient in 

the localized heated region due to the heat transferred from the hot gases. That can 

lead to the elastic-plastic displacement in the substrate material. The stresses are 

related to strains by [125]; 

[Dl Where (01 is the stress tensor, and is the elastic matrix. 

Where {'}is the total strain tensor and 1 is the thermal strain vector 

Equation (3.41) may also be written as: 

{E} = [D]'{o}+ {E") (3.43) 

Since the present case is axially symmetric, and the material is assumed to be 

isotropic, the stress-strain relationship can be written in cylindrical coordinates as; 
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where E9v  and a are modulus of elasticity, Poisson's ratio, and linear coefficient 

of thermal expansion, respectively. AT(~,x)  represents the temperature rise at a 

point (r,z) at time* with respect to that at t = 0 corresponding to a stress free 

condition. A typical component of thermal strain from equation (3.44) is: 

where T" is the reference temperature at t=O 

When a is a temperature function, then equation (3.45) becomes; 

The present study uses mean or weighted-average value of a,, such that; 

where  is the mean value of linear coefficient of thermal expansion and is 

given by; 
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3.4.2. Method of Solution 

To develop a finite element procedure for stress computation, the standard 

displacement-based finite element method is normally used. The basis of this 

approach is the principle of virtual work, which states that the equilibrium of any 

body under loading requires that for any compatible small virtual displacement 

(which are zero at the boundary points and surfaces and corresponding to the 

components of displacement that are prescribed at those points and surfaces) 

imposed on the body, in its state of equilibrium, then the total internal virtual work 

or strain energy (6V), i.e. i5u = SV . 

The evaluation of the influence of elasticity and temperature on the computation of 

thermal stresses requires the use of thermo-mechanical analysis. Imposing the 

temperature field obtained from the numerical solution of the heat conduction 

equation, displacement and resulting stresses were calculated by Finite Element 

(FE) analysis. The FE analysis was conducted by the FE package ANSYS. The 

solid side of the solution domain representing the solid substrate was discretized 

into 900 eight-noded axisymmetric elements. The temperatures at the nodes were 

prescribed as body load. The test piece used in the 3-point bending experimental 

test was modeled using Plane 82, which is 8 nodes element that has compatible 

displacement shape and is well suited to model curved boundaries. The Plane 82 is 

defined by 8 nodes having 2 degrees of freedom at each node: translations in the 

nodal x and y directions. The ANSYS computation domain and the results of base 

case simulation are in Figures 10 and 1 1 ; 
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Figure 10, Schematic of computation domain for ANSYS simulation 

1 
mmmr SSII;uTIau 

21 d o u r  
5-1 1Fi::BO::SB 
SUB =1 

Figure 1 1, ANSYS simulation results for the base case 
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3.4.3 Finite Element Modeling 

The mechanical properties obtained experimentally from tensile and flexural test, 

were used in numerically simulating the residual stresses, after inclusion of the 

elevated temperature operation effect, in the transition-piece outer wall using the 

commercial finite element package ANSYS 10.0. The AISI 660 (A286) iron-base 

superalloy was modeled as elastic-plastic material using the Multilinear Isotropic 

Hardening (MISO) option of ANSYS [125]. MIS0 uses the Von-Mises yield 

criteria coupled with an isotropic work hardening assumption. This option is often 

preferred for large strain analysis. The process of obtaining the properties of A286 

alloy experimentally will be explained later in chapter 4. 

3.4.4. Effect of Operation at Elevated Temperature 

The effect of operation at elevated temperature on the transition-piece material was 

included in the material modulus of elasticity. It is reported that, the elevated 

temperature operation reduces the modulus of elasticity of steel alloys [126]. For 

A286 alloy the below table shows the effect of elevated temperature operation on 

the modulus of elasticity [6 11; 

Table 8, ANSYS simulation elastic modulus of elasticity 

Elastic Modulus (Pa) 
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EXPERIMENTAL EQUIPMENT 
AND PROCEDURES 

4.1 INTRODUCTION 

In this chapter, the different items of equipment used in this research are described. 

These equipment includes Scanning Electron Microscope (SEM), Energy 

Dispersive X-Ray Spectroscopy (EDS), X-ray Diffraction (XRD), microhardness 

tester, 3-point bending and tensile testing facilities. Information is also given on 

the preparation of the test specimens. The above will be followed by the 

description and procedure of each mechanical test conducted. 

4.2 EXPERIMENTAL EQUIPMENT 

Descriptions of the equipment used in the experimental work are given in the 

applicable sub-heading. 

4.2.1 Three-Point Bending Equipment 

The 3-point bending test was carried out using the INSTRON 8801 (Figure 12) 

[127]. The machine is equipped with a deflection measuring device where the 

error in the load measuring system was * 1 % of the maximum applied load. There 

was no pre-loading in the machine, and each specimen was placed carefully into 

the test fixture, to preclude possible damage and to ensure alignment of the 

specimen in the fixture. 
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The specimen was centered directly below the axis of the applied load, with equal 

amounts of overhang beyond the outer bearings. The loading nose had a 

cylindrical surface with radius of 5 mm (0.197 in), to avoid excessive indentation, 

or failure due to stress concentration directly under the loading nose. The tree-point 

bending tests were repeated four times at the same temperature (room temperature) 

and the experimental error based on the repeatability tests was in the order of 4%. 

Figure 12, Photograph of the INSTRON 8801 during three-point testing 

4.2.2 Tensile Test Equipment 

The tensile test was performed using the INSTRON 5569 mechanical tester [128]. 

The machine is capable of doing a wide variety of mechanical testing (Figure 13). 

The tester is equipped with instrument control and the data acquisition and analysis 

are performed through BLUEHILL software with the accuracy of 0.5% of the 

applied load. The setup is equipped with a temperature chamber that allows testing 

over a wide range of highly controlled temperatures (-20 to 350 OC) for conducting 

tensile tests. The tensile tests were repeated four times at the same temperature 

(room temperature) and the experimental error based on the repeatability tests was 

in the order of 3%. 
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Figure 13, Photograph of the INSTRON 5569 tensile tester 

4.2.3. Scanning Electron Microscope (SEM) 

Scanning Electron Microscope (SEM), Model 6460 LV Manufactured by SEM - 
JEOL, Japan and EDS -OXFORD Instruments, UK was used for material analysis 

[129]. The high-precision system incorporated in this SEM is effectively used with 

the large flexible chamber that accommodates a maximum 200 mm diameter 

specimen. Its resolution is 3.0 nrn, accelerating voltage is 0.3 - 30 kV and its 

magnification is x5 to 300,000 (Figure 14). Polished as received and heat treated 

samples were placed in the SEM vacuum chamber, and analysed to reveal the 

material characteristics. 
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Figure 14, Photograph of the SEM 

4.2.4 Energy Dispersive X-Ray Spectroscopy (EDS) 

Energy dispersive X-Ray spectroscopy (EDS) is defined as an analytical method 

used in the determination of elemental chemical composition, and normally 

performed in conjunction with a scanning electron microscope (SEM) [130]. The 

technique utilises X-Rays, which are emitted from the sample during the 

bombardment by the electron beam, to characterise the elemental composition of 

the analysed material. It was reported that features as small as about lpm can be 

analysed [131]. When the test sample is bombarded by the electron beam, 

electrons are ejected from the atoms along the sample's surface. A resulting 

electron vacancy is filled by an electron from a higher shell, and an X-Ray is 

emitted from the sample to balance the energy difference between the two 

electrons. The EDS X-Ray detector measures the number of emitted X-Rays 

versus their energy. The energy of the X-Ray is characteristic of the element from 

which the X-Ray was emitted. 
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A spectrum of the energy versus relative counts of the detected X-Rays can be 

obtained and evaluated, for qualitative and quantitative determinations of the 

elements present in the sampled volume. It is important to note that EDS analysis 

of light elements such as oxygen is at best semi-quantitative, and the relative 

accuracy depends on the amount present in the sample. For example, errors in the 

analysis for concentrations below 5 % can be as high as h 50% [132]. 

In the current research the SEM with an EDS X-ray instrument used and the 

analysis was used to measure the amount of elements contained in the specimen 

material such as; Oxygen, Aluminium, Silicon, Nickel, Chromium, and 

Molybdenum. 

4.2.5 X-Ray Diffraction (XRD) Equipment 

X-Ray Diffraction (XRD) is a non-destructive technique for analysing of a wide 

range of materials. Its areas of application include qualitative and quantitive phase 

analysis, crystallography, texture and residual stress investigations. The equipment 

used in this research is XRD-D8 manufactured by Bruker of Germany as shown in 

Figure 15 [133]. These quantitative procedures have been demonstrated to produce 

error distributions characterized by a standard deviation of less than 3% relative 

when the samples are in the ideal form of a metallographically polished bulk solid 
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Figure 15, Photograph of Bruker XRD Equipment 

4.2.6 Tube Furnace 

For producing heat treated condition of the AISI 660 (A286 Iron-Base Superalloy) 

specimens a tube furnace was used. It is manufactured by Lindberg with a 

temperature range of 200 - 1200 OC as shown in Figure 16, [134]. The furnace is 

suitable for quenching, tempering, annealing, normalizing and general heating 

processes. 
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Figure 16, Photograph of Tube Furnace 

4.2.7 Micro Hardness Tester 

For measuring and comparing the hardness of the two conditions of the samples a 

micro hardness tester was used. It is manufactured by Buehler, USA with load 

range of: 1, 5, 10, 50, 100, 300, 500 and 2000 g. The tester is suitable for thin and 

thick sections (Figure 17), [135]. The error related with the hardness tests was in 

the order of 1 %. 
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Figure 17, Photograph of Micro hardness Tester 

4.2.8 Polishing Wheel 

For polishing the test specimens a polishing wheel manufactured by Polimet 

Polisher, USA was used [136]. The machine is suitable for polishing regular and 

irregular specimens by using different size grit powder from coarse to fine 

polishing. A maximum of 9 samples can be mounted at the same time. The plate 

size of the machine is 12" and its speed is 50 - 490 rpm (Figure 18). 
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Figure 18, Photograph of Polishing Wheel 

4.2.9 Mounting Press 

For the mounting of samples in Lucite for optical and electron scanning 

microscopes, a mounting press manufactured by Buehler, USA was used (Figure 

19), [137]. 
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Figure 19, Photograph of Mounting Press 

4.2.10 Optical Microscope 

Optical Axioplan 2 Imaging Microscope manufactured by Zeiss, Germany (Figure 

20) was used to study the microstructures by reflection and transmission modes 

[138]. The microscopy is also suitable to carry out multiphase analysis and grain 

size measurement. 
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Figure 20, Photograph of Optical Microscopy 

4.3. EXPERIMENTAL PROCEDURES 

The material used in this investigation is AISI type 660 stainless steel (Iron-base 

A286 superalloy) supplied by Bohler Edestahl of Germany [2]. The chemical 

composition of the material was confirmed by the EDS and XRD as in Table 9. 

Table 9, Chemical composition of A286 iron-base superalloy 

Element 

wt% 
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A1 

0.17 

B 

0.0047 

C 

0.034 

Cr 

15.2 

A 

Mo 

1.16 

Fe 

Bal 

Mg 

1.21 

Ni 

24.96 

P 

0.016 

S 

<0.003 

Si 

0.3 

Ti 

1.96 

V 

0.25 
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4.3.1 Specimens Preparation 

The test specimens of A286 Iron-Base Superalloy were obtained from hot rolled 

bar 28.525 mm in diameter and a length of 3 meters. The bar was machined 

producing 20 test specimens of two configurations; 

1. The rectangular configuration as in Figure 2 1 a 

Figure 2 1 a, Rectangualr specimens configuraion dimensions (in mm) [14 11 
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2. The dog bone configuration with dimensions of as shown in Figure 21 b. 

Figure 2 1 b, Dog bone test specimens configuraion dimensions (in mm) [I 421 

The following definitions are used in this thesis; 

As Received Condition: - Solution Annealed 980 "C for 1.5 hours and then water 

quenched. Precipitation Hardened: 710 "C for 16 hours and air cooled. Ten test 

specimens were produced in this condition resembling the original material used in 

the P&W gas turbine engine FT4-9B transition-piece. 

Heat Treated Condition: - the as received specimens were solution treated for one 

hour at 930 "C; air cooled and aged for 16 hours at 730 "C to retain the original 

material properties and to relieve the residual stresses developed from the 

machining process during the preparation of the test specimens. Ten test samples 

were produced in this condition. 
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4.3.2 Metallographic Preparation 

Metallography is the technique of taking images for topographical or 

microstructural features on prepared surfaces of materials [139]. The properties 

and performance of the material may be controlled by studying the microstructures 

using metallography. Metallographic specimen preparation is an important tool for 

the characterisation of the material. The metallographic process can be divided 

into five different stages; sectioning, mounting, grinding, polishing and etching. 

(1) Sectioning 

Sectioning is a necessary step before mounting to reduce the size of the test 

sample to explore its hidden cross-section. The test specimens were sectioned 

using an ISOMET low speed diamond cutting saw manufactured by 

BEUHLER ISOMET, a water-based lubricant cutting fluid which is used as the 

cooling medium. The low speed cutting saw was used to minimise stresses and 

distortion of the sectioned surface, which can often be introduced by cutting 

processes. 

(2) Mounting 

There are two basic techniques of mounting; cold and hot. Cold mounting 

requires very simple equipment consisting of a cylindrical ring which serves as 

a mould and a flat piece of glass for the base of the mould. The sample is 

placed on the glass within the cylinder and the melted resin poured in and 

allowed to set, which takes about 40 minutes to complete. Hot mounting uses 

both heat and pressure to thermoset resin, and in some cases, this method is not 

preferred particularly if the sample is sensitive to temperature and has a loose 

layer on its surface which is not for the research in hand. In hot-mounting the 

sample is surrounded by an organic polymeric powder (bakelite powder) which 

melts under the influence of heat (up to 120 OC ). Pressure is also applied by a 

piston, ensuring a high quality mould, free of porosity and with intimate 
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contact between the sample and the polymer. In the current research, the hot 

mounting machine SIMPLIMET 2000 made by BUEHLER was used. 

(3) Grinding 

The prepared mount (sample contained in a thermoset mould) was then 

subjected to a series of grinding steps, with the aim of producing a surface 

which would reveal its microstructure characteristics, produce a flat surface 

and regular face. In the current work, only the P240, P320, P400 and P600 grit 

papers were used to fine grind the different samples, as this was found to be 

adequate for revealing the characteristics of the concerned material. Each 

paper was used for duration of 4 minutes. Grinding was performed at a contact 

pressure of approximately 100 to 150 kPa and using water as a lubricant. 

(4) Polishing 

The objective of the polishing stage was to remove the abrasion-damage layer 

that may appear as scratches, or as slip/twin/shear damage beneath the surface 

caused by the grinding stage. Optical microscopy requires that a specimen must 

be both flat and highly reflective [140]. There were two steps involved in the 

polishing procedure; diamond polishing and fine oxide particle polishing. 

Diamond abrasives are very effective during the polishing stage and considered 

as an adequate tool to prepare a sample for general microscopic examination. 

The most common diamond particle sizes are 6, 3 and 1 microns. Normally 

each abrasive size can be used for 5 minutes in turn, starting from 6 microns 

finishing with 1 micron. In the current research, Aluminium oxide polish 

(A1203) compound with 0.05 micron particle size was used for duration of 10 

minutes to prepare the specimens. Polishing was performed at a contact 

pressure of 100 to 150 KPa using water as a lubricant. 

(5) Etching 

The previous procedure was finally followed by chemical etching in a solution of 

distilled water 25 ml, Nitric acid (1.4) 20 ml, hydrochloric acid (1.19) 20 ml, 
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hydrogen peroxide (30%) 10 ml. A trial and error technique was used to determine 

the period needed between the etching and examining the specimen, using the 

SEM, to prevent under etching or over etching. 

4.4 MECHANICAL TESTING PROCEDURES 

The mechanical tests carried out and described in this chapter include; tensile and 

bending tests. These tests were performed according to international standards; 

ASTM D 790 [I411 and ASTM E8M-OOB [I421 for bending and tensile tests 

respectively. The following sections will explain in details the preparation of each 

test. 

4.4.1 3-Point Bending Test 

The 3-point bending test has been carried out in this research specifically to 

determine the modulus of elasticity and how it varied for the two conditions; AR 

and HT. The 3-point bending test was carried out using the 3-point bending test 

configuration according to the international standards [141] (Figure 22 and 23). 

Test specimens of rectangular cross-section were placed on two supports and 

loaded by means of a loading nose midway between the supports. The tests were 

carried out at room temperature 25 * 2°C and 50 +I- 5% relative humidity. The 

strain rate used was 2.5 mdmin ,  and to ensure accuracy and repeatability of the 

results a total of four samples for each material condition were tested. The 

measurement error based on the repeatability is within 5%. During the tests, the 

load and displacement characteristics were recorded. The tests were terminated 

when the sample failed or it reached the 5% of its flexural strain. The experimental 

error based on the repeatability tests was in the order of 4%. 
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- - 

Figure 22, Photograph of flexural test in progress. 

Figure 23, Flexure test configuration. 
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4.4.2 Tensile Testing 

The tensile test was carried out using the international standards [142]. Tensile 

tests are carried out for any metallic materials, in any form at room temperature, 

for determination of yield strength, yield point elongation, tensile strength, 

elongation and reduction of area, thus providing information on the strength and 

ductility of materials under uniaxial tensile stresses. The aim of conducting the 

tensile test specifically in this research, is to evaluate the modulus of elasticity 

change in the iron-base A286 superalloy associated with the different heat 

treatment conditions. The test specimens employed for determining the stress- 

strain behavior of the materials were dog-bone shape to reduce the cross-section at 

area and force the failure to occur in the specimen mid-section (Figures 24). The 

test specimen was placed in between the upper and lower self aligning mechanical 

grips, with the grips placed 25 mm from each end. A minimum of four specimens 

were tested for each condition at room temperature of 25 h 2OC and 50 * 5% 

relative humidity. The test pieces were set-up in the testing machine with zero 

loads. The tensile tests were conducted at a cross head speed of 3 mmlmin. The 

elongation was measured at the parallel distance of the dog-boned test piece. The 

original gauge length is 25 &5% mm. The tests were repeated four times to ensure 

repeatability. The repeatability of tests was limited by four times due to the limited 

number of test specimens available. It was found that the relative error based on 

the repeatability is within 3%. 
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Figure 24, tensile test specin~eil after failure. 

Figure 25, Photograph Heat Treated Test specimens 
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4.5 DETERMINATION OF MODULUS OF ELASTICITY 

4.5.1 Flexural Strength (Bending) Testing 

It was assumed that the beams were subjected to pure bending with no shear. The 

beams were simply supported, and loaded with a concentrated load, applied in the 

middle of the span. The equation used for calculating Young's Modulus of 

Elasticity (E) of the test specimens for the two conditions is [84]; 

Where:- 

F: - Applied force (N) 

L: - Span between the two the roller bearings (m) 

d: - Sample deflection (m) 

I: - Second moment of area (m4) 

Table 10, below gives the calculation results; 

Table 10, Elastic modulus results of 3-point bending test. 

E,, = EAR x 66.3% 

where 

EHT Modulus of elasticity of the heat treated material 

EAR Modulus of elasticity of the as received material 

Sample 

As Received (AR) Analytical 

Heat Treated (HT) Analytical 
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d (m) 

0.0067 

0.00255 

L (m) 

0.068 

0.068 

- - 

F(N) 

4455 

1126.556 

1 (m4> 

2.0833E-10 

2.0833E-10 

- 

E (Pa) 

2.08Ell 

1.38E+11 
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4.5.2 Tensile Testing 

The elastic modulus was determined for the as received condition, and for the heat 

treated condition, from the tensile test by measuring the load and position data 

throughout the test, then determining E within the elasticity range. The following 

relationship was used; 

Where:- 

E: - Modulus of Elasticity (Pa) 

CT = Stress (Pa) 

E = Strain 

Table I 1, below gives the calculation results; 

Table 1 1, Elastic modulus results of tensile test. 

E (Pa) 

Em = E, x 66.2% 

where 

EHT Modulus of elasticity of the heat treated material 

EAR Modulus of elasticity of the as received material 

Difference in E calculated values obtained for the as received test specimens 

between the 3 points bending test and the tensile test is 0.005 %, while difference 

2 .07~+11 

1.37E+ll 

AsReceived(AR) 

Heat Treated (HT) 
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in E calculated values obtained for the heat treated test specimens is 0.007 %. The 

results obtained from the 3-point bending are in line with the published values for 

this material in as received condition [2], while the E values calculated for the as 

received test specimen from the tensile test is not in line with the other two values 

(i.e. published values and values from the 3 points bending test). 

The difference can be attributed to several factors including homogeneity of the 

material, repeatability of specimen preparation, test conditions and measurements 

of test parameters. Instrumental factors such as stiffness, damping capacity, 

natural frequency can also affect the test results. Based on the above, the E values 

obtained from the 3-point bending tests were used in the thermal stress 

mathematical simulation. 

4.5.3 Micro-Hardness Testing 

Microhardness test was carried out to determine the ductility difference between 

the two material conditions. The test was repeated four times at different locations 

in each specimen using 500 g load, and the results were as follows: 

The average reading of four tests at different locations for the AR 

specimen was; 383 HV 

The average reading of four tests at different locations for the HT 

specimen was; 272.25 HV. 
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RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

The present research aims to investigate numerically and experimentally, the effects of 

flow and heat transfer, on the thermal stress levels in the transition-piece of an aero- 

derivative gas turbine engine made of A286 iron-base superalloy. The typical operating 

conditions of the transition-piece are taken into consideration in the simulation, in which 

case, the typical variation of the affecting parameters, namely mass flow rate and entry 

temperature during operation of the aero-derivative gas turbine engine were considered. 

The experimental part of this study is carried out, to determine the elastic modulus of the 

AR and HT transition-piece material, taking into account the effect of elevated 

temperature operation on the elastic modulus to resemble the actual operating conditions. 

Tensile and 3-point bending tests were carried out in this regard and the elastic moduli 

obtained from the experimental work were employed in the numerical simulation to 

predict the thermally induced stresses in the transition-piece. 

In this section, the effect of operating with nominal conditions, and the resulting 

developed thermal stress level in the AR material of the transition-piece casing was 

discussed. That is followed by discussion of the effect of varying the operating entry 

mass flow rate and the operating entry temperature independently, on the developed 

thermal stress level on the induced thermal stress level in the transition-piece casing. 

Finally, the influence of the material properties and the effect of the heat treatment of the 

substrate material on the thermally induced stress were discussed. 
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5.2 THERMAL STRESSES DEVELOPED IN THE TRANSITION-PIECE 

CASING DURING STEADY STATE OPERATION 

(BASE CASE OPERATION) 

The flow field inside a typical transition-piece of an aero-derivative gas turbine engine 

was simulated. Velocity and temperature fields' distributions inside the transition-piece 

were predicted numerically using the FLUENT CFD code. The control volume approach 

was introduced when discretizing flow governing equations. Thermal stress developed in 

the outer casing of the transition-piece was computed, using ANSYS FEM code and 

modulus of elasticity of as received A286 alloy. 

Figure 26, shows the physical domain while Figure 27, shows velocity magnitude 

contours values in m/s inside the transition-piece for the base case with the nominal 

values of operation parameters (Table 5). Since the flow field is axisymmetric, half the 

flow solution domain is shown. It was noted that the velocity magnitude reduced along 

the axial direction from a maximum value of 371 m/s at the inlet towards the transition- 

piece exit, where the velocity reached value between 3341111s at the middle of the exit 

plane in the y direction to zero value at the wall. This is more pronounced in the flow 

downstream close to the exit. This is due to the flow expansion enlargement of the 

transition-piece towards the exit. Moreover, the flow deceleration in the radial direction 

is more pronounced in the region close to the outer casing of the transition-piece. This 

due to the transition-piece geometry, which is annular, consequently, fluid close to the 

outer casing attains lower velocity than that corresponding to the region close to the inner 

casing. Moreover, radial deceleration of the fluid did not result in flow separation or 

circulation zone in the region close to the outer casing. This is mainly because the axial 

momentum change of the fluid is considerably higher than that occurring in the radial 

direction. Consequently, secondary flow due to separation of the fluid in the downstream 

did not occur. 
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Figure 26, Physical domain of the transition-piece 
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Figure 27, Velocity magnitude inside the transition-piece for the base case. Velocity unit 

I 

Figure 28 shows pressure contours inside the transition-piece. The gradual increase in 

the pressure from a minimum value of 200 MPa at the lower corner of the inlet plane to a 

maximum value of value 267 MPa across the exit plane is evident. Moreover, rapid 

Velocity contours inside the transition-piece 
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expansion of the fluid in the entry region, due to conical expansion of the transition- 

piece, resulted in a pressure drop in that region. This is particularly true, in the region 

close to the lower casing of the transition-piece. In this case, sudden expansion in the 

entry region resulted in acceleration of the fluid in the radial as well as in the axial 

directions. The radial acceleration resulted in the development of low-pressure region in 

the entry region of the lower casing. However, as the flow progresses downstream of the 

transition-piece, the axial diffusion suppresses the radial diffusion. That in turn increases 

pressure gradually in the exit of the transition-piece. The flow in this region loses its 

kinetic energy; as a result, constant pressure lines are straightened in the radial direction 

downstream of the transition-piece. 

Figures 29a and 29b show temperature variation in the outer casing of the transition- 

piece. Temperature at the inner surface of the casing is high and it reduces with 

increasing radial location towards the outer surface. It should be noted that; at the outer 

surface the transition-piece natural convection boundary is considered. Moreover, 

temperature variation in the axial direction is significant in the entry and exit region of 

the outer casing of the transition-piece. The attainment of high temperature in the entry 

region is associated with the boundary condition at the inlet, in which case, convective 

cooling of the outer surface of the transition-piece is lowered by the low heat transfer 

coefficient. The sharp drop of the temperature in the casing exit region of the transition- 

piece resulted from expansion of heated gas in this region. Consequently, the radial 

acceleration of the heated gas towards the inner casing lowers the heat transfer rates in 

this region. Moreover, as the flow progresses inside the transition-piece, temperature in 

the casing increases slightly in the inner surface along the axial direction from a value of 

891.2 K at the inlet to 892 K in the middle of the transition-piece to 889.8 K at the exit of 

the inner surface due to diffusion deceleration of the flow. However, the downstream 

temperature in the casing reduces further. The attainment of low casing temperature in 

this region can be associated with the conduction heat transfer as well as low heat transfer 

rates from fluid to casing in this region i.e. low fluid velocity at the exit lowers the rate of 

convective heating of the casing in this region. This situation can also be seen in Figure 

30, in which the heat transfer coefficient along the inner surface of the outer casing is 
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shown. 
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Figure 28, Static pressure contours inside the transition-piece for the base case. Pressure 
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Figure 29a, Static temperature in the transition-piece casing for the base case. 

Temperature unit is in K. 
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Static Temperature in the Casing Wall 
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Figure 29b, Static temperature in the transition-piece casing for the base case. 
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Figure 30, Heat transfer coefficient along the inner surface of the outer casing 
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Figure 31 shows axial stress components at three locations in the metallic casing of the 

transition-piece, the radial locations of inner, central, and outer represent the transition- 

piece inner surface, mid-plar~e, and outer surface, respectively. The axial stress 

component is compressive and attains a steady value along the axial distance, except at 

the inlet and the exit sections of the casing. The compressive stress component is due to 

the fixed end of the casing, i.e. thermal expansion in the axial direction results in almost 

uniform compressive thermal stress in the casing along the axial direction. The 

magnitude of the stress component remains about 350 MPa for all locations in the casing 

provided that axial stress component in the middle plane of radial location, and at the 

inlet and the exit of the casing attains higher values corresponding to the same locations 

in the other planes. Moreover, radial stress component remains low for all radial planes 

along the axial distance (Figure 32). This is due to free expansion of the casing in the 

radial direction. It should be noted that the temperature gradient in the radial direction is 

low; however, radial stress gradient attains slightly higher values at the inlet and exit 

regions of the casing, due to radially and axially fixed ends of the casing. 
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Figure 3 1, Axial thermal stress along the x-axis in the casing for the base case. 
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Figure 32, Radial thermal stress along the x-axis in the casing for the base case. 
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Figure 33 shows von-Mises stress along the axial direction for three radial locations for 

the as received materials. von-Mises stress shows similar behavior to that occurring for 

axial stress component. The magnitude of von-Mises stress is less than the yielding limit 

of the substrate material; consequently, the material response to heating load is elastic. 

Figure 33, von-Mises thermal stress at the inner casing wall for the base case. 
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5.3 EFFECT OF MASS FLOW VARIATION ON THE THERMAL 

STRESSES DEVELOPED IN THE TRANSITION-PIECE CASING 

To account for the variation in operating conditions of the concerned aero-derivative gas 

turbine engine, due to the variation in output demand, and to evaluate the effect of that 

variation, on the thermally induced stress in the transition-piece casing, the entry mass 

flow rate was varied in the FLUENT simulation by 4~10% from the nominal value in 

Table 5. 

Figures 34 and 35 show the velocity contours in the solution domain for +lo% and -10% 

in the mass flow rate respectively and there is no significant change in the flow structure 

inside the transition-piece between the two cases. Moreover, there is no significant 

change in the flow structure between the two cases o f f  10% flow variation, compared to 

the flow structure for the base case (i.e. Figure 27). The only notable difference, is the 

maximum velocity magnitude change which is approximately 10% higher for the +lo% 

mass flow rate at 408 m/s compared to the base case and 10% lower at 334 m/s for the - 
10% mass flow rate case. The change in velocity magnitude noted, is by the same 

magnitude as the mass flow rate compared to the base case (i.e. nominal value). This 

noted observation between the mass flow change and the corresponding velocity change 

can be explained by the mass conservation principle (i.e. as the area and the fluid 

properties are constants, any change in mass flow will show as a variation in velocity 

with the same magnitude). 
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Velocity Contours inside the Transition-Piece 
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Figure 34, Velocity contours for +lo% of nominal mass flow rate. Velocity unit is in d s .  
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Figure 35, Velocity contours for -10% of nominal mass flow rate. Velocity unit is in d s .  
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Figures 36 and 37 show pressure contours in the solution domain for &lo% of the 

nominal mass flow rate. Comparing the results of the two cases, it can be noted that there 

is no significant difference either in the magnitude or the pressure distribution inside the 

transition-piece. Again, comparing Figures 36 and 37 with Figure 28 for the base case, it 

can be noted there is no difference in magnitude or the pressure distribution. Moreover, 

the increasing distance from the entrance region of the transition-piece in the axial 

direction, gives rise to pressure increase towards the exit region of the transition-piece, 

identical to the base case with no indications of secondary flow development. As a result, 

it can be stated that the mass flow rate variation does not change the static pressure 

distribution inside the transition-piece, provided that all other parameters remain the 

same, and that the difference in pressure due to *lo% mass flow rate change is not 

significant enough to result in pressure distribution modification inside the transition- 

piece. 

Static Pressure Contours inside the Transition-Piece 
1+10% Mass Flow) 

0.5 

Figure 36, Pressure contours for +lo% of nominal mass flow rate. Pressure unit is in Pa. 
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I 
Static Pressure Contours inside the Transition-Piece 

I 
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Figure 37, Pressure contours for -10% of nominal mass flow rate. Pressure unit is in Pa. 

Figures 38 and 39 show the static temperature contours in the outer casing of the 

transition-piece for 4~10% of the nominal flow rate variation. It was noted that, there is 

no notable difference in the temperature distribution and magnitude between the two 

cases, as well as between the mass flow rate variation cases and the base case. The main 

feature of the static temperature distribution in the transition-piece casing that, the 

temperature attains high values at the entry region of the casing, and as the distance in the 

axial direction increases towards the exit, the temperature reduces to within 20°C. It 

should be noted, at the inlet, natural convection is considered, since the transition- piece 

is being exposed to the atmosphere. 
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Static Temperature Distribution in the Casing Wall 
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Figure 38, Temperature contours the outer casing for +lo% of nominal mass flow rate. 

Temperature unit is in K. 
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Figure 39, Temperature contours the outer casing for -10% of nominal mass flow rate. 

Temperature unit is in K. 
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The variation of the static temperature in the transition-piece along the axial direction is 

also evident from Figures 40 and 41. The temperature gradient is high at the entry and 

exit regions of the transition-piece. This indicates a high rate of energy diffusion from 

the transition-piece outer surface. In the case of -10% of mass flow rate, the temperature 

reduces slightly in the transition-piece. This is due to heat transfer from the high 

temperature fluid to outer casing. In this case, low mass flow rate at high temperatures 

reduces the convection heat transfer from the fluid to the transition-piece outer casing. 

Statlc Temoerature Distribution in The Caslnq Wall 
10% Flow Uo 

890 0000 

0 0.05 0 1 0.15 0.2 0.25 0.3 0 35 

X Axis (m) 

Figure 40, Temperature distribution the outer casing for +lo% of nominal mass flow rate 

at different radial locations. 
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Static T e m ~ e r a t ~ r e  Distribution in the Casinq Wall 
10 % Flow Down 
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Figure 4 1, Temperature distribution in the outer casing for - 10% of nominal mass flow 

rate at different radial locations. 

Figures (42,43 and 44) show thermal stresses developed for *lo% mass flow rates in the 

outer casing at different planes. The axial stress component at the entry and exit of the 

outer casing of the transition piece attain high values and this is mainly due to high 

temperature gradients in this region. This situation is also true for radial stress. The 

magnitude of radial and axial stress differs in this region is due to the difference in the 

temperature gradient in the two cases (i.e. &lo% mass flow variation). The axial stress is 

compressive, while radial stress is compressive within the vicinity of the entry region, 

and becomes tensile in the region next to the entry. The compressive nature of the axial 

stress is associated with the axial expansion of the transition-piece as stated in section 5.2 

for the base case. In the case of the radial stress component, radial expansion of the 

transition piece, next to the entry and exit regions, enables it to develop small tensile 

stress components in this region. Aside from the entry and exit regions, axial and radial 

stress components remain almost constant along the axial direction. This is due to the 

temperature gradient, which remains almost the same in this region. The magnitude of 

radial stress component becomes zero, due to expansion of the outer casing, while the 

axial stress component remains compressive in this region. The magnitude of the stress 

component does not exceed the yielding limit of the substrate material, indicating that 

plastic deformation, particularly at the entry and exit regions of the transition piece is 
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unlikely. The trend of von-Mises stress is the same for the two cases (i.e. *lo% mass 

flow variation). The magnitude of the stress components in both cases is the same, which 

indicates the insignificant effect of the flow variation in that range on the thermal stresses 

developed in the transition piece. 
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Figure 42, Axial stress component for the +lo  mass flow rate cases. 
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Figure 43, Radial stress component for the +lo mass flow rate cases. 
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Figure 44, von-Mises stress at the inner wall for the +lo% mass flow rate cases. 
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5.4 EFFECT OF ENTRY TEMPERATURE VARIATION ON THE 
THERMAL STRESSES DEVELOPED IN THE TRANSITION-PIECE 
CASING 

The second operational parameter to be considered for evaluation of its effect on the 

thermally induced stresses in the transition-piece is the exhaust gas entry temperature. 

The variation of the entry temperature is due to varying output demand of the engine 

which is initiated by the change in fuel flow introduction to the combustion chamber. In 

this section, the entry temperature to the transition-piece is varied by &lo% from the 

nominal value (i.e. Table 5). 

Figures 45 and 46 show the velocity contours in the solution domain for the +lo% and - 
10% of the nominal entry temperature respectively. Comparing the two Figures it can be 

noted that there is a significant difference in the flow structure and the velocity 

magnitude between the two conditions. For the +lo% entry temperature case, the flow 

velocity magnitude is the highest in all the cases investigated (i.e. over 20% higher than 

the base case). This can be related to the increase in kinetic energy of the flow due to the 

increase in temperature at the entry of the transition-piece. In spite of the velocity 

magnitude increase relative to other investigated cases, the flow velocity magnitude 

decreased gradually in the axial direction towards the transition-piece exit plane, due to 

the conical shape of the transition-piece, This is true all over the transition-piece for both 

cases, with exception of the lower comer of the transition-piece casing, where the 

velocity magnitude reached the maximum value of 460 m/s in the +lo% entry 

temperature case, and this can be related to enforcement of the exit boundary conditions 

(i.e. pressure outlet) in this case. 

In both cases, the effect of convection acceleration is evident, as the velocity magnitude 

at the entry region is higher relative to other locations within the transition-piece. In the 

case of -10% entry temperature case, although there is a considerable difference in the 

flow structure inside the transition-piece between the two cases of %lo% entry 

temperature, the flow structure is comparable to the previously investigated cases in 

sections 5.1 and 5.2. 
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Velocity Contour inside the Transition-Piece 
j+10% Entry Temperature1 

I X-Axis (m) 

Figure 45, Velocity contours for +lo% of entry temperature nominal value. Velocity unit 

Velocity Contours inside the Transition-Piece 
p10% Entrv Temperature) 

Figure 46, Velocity contours for -10% of entry temperature nominal value. Velocity unit 
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Figures 47 and 48 show pressure contours in the solution domain for 3~10% of the entry 

temperature nominal value. For both cases, there is a pressure reduction in the entry 

region of the transition-piece close to the inner wall. This occurs because of the flow 

expansion in this region as discussed in sections 5.2 and 5.3. In the case of +lo% of the 

entry temperature over the nominal value, the magnitude of the pressure increase is 

notably higher than the one encountered in the case of the -10% entry temperature 

nominal value, with a notable difference in the pressure distribution. This can be related 

to the pressure temperature relationship stated by the gas law. 

Static Pressure Contours inside the Transition-Piece 
I !+lo% Entry Temperature] 

1 0.5 , . . 
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Figure 47, Pressure contours for +lo% of entry temperature nominal value. Pressure unit 

is in Pa. 
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Figure 48, Pressure contours for -10% of entry temperature nominal value. Pressure unit 
is in Pa. 

Figures 49 and 50 show the static temperature contours in the casing of the transition- 

piece for *lo% of the nominal entry temperature variation. The temperature attains high 

values at the entry region and as the distance in the axial direction increases towards the 

exit of the transition-piece, temperature reduces to within 27°C. It should be noted, that 

at the inlet natural convection is considered, due to the transition-piece being exposed to 

the atmosphere, in the same way as the previously investigated cases. 
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Static Temperature Distribution in The Casing Wall 
(+lo% Entw Temperature1 
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I 

Figure 49, Temperature contours for +lo% of entry temperature nominal value. 
Temperature unit is in K. 

Static Temperature Distribution in the Casing Wall 
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Figure 50, Temperature contours for - 10% of entry temperature nominal value. 
Temperature unit is in K. 
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Variation of temperature in the transition-piece casing along the axial direction is also 

evident from Figures 51 and 52, in which the temperature variation is shown. In the case 

of - 10% of entry temperature, temperature reduces in the transition-piece along the axial 

direction more than the reduction attained in the +lo% case. This is due to the high heat 

transfer rate from the outer casing, which lowers the temperature within the transition- 

piece. 

Figure 5 1, Temperature distribution the outer casing for +lo% of entry temperature 
nominal value along the axial direction. Temperature unit is in K. 
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Figure 52, Temperature distribution the outer casing for -1 0% of entry temperature 
nominal value along the axial direction. Temperature unit is in K. 
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Figures 53 to 58 describe the development of the thermally induced stresses in the 

transition-piece casing, at different radial planes, due to the variation of the transition- 

piece entry temperature within %lo% of the nominal entry temperature value. The axial 

stress component of the thermally developed stress, in Figure 53 and 54 are showing 

uniform stress levels all along the axial direction in the three radial locations. The only 

exception is at the inlet and exit where the stress level is showing a notable change due to 

the change in the temperature gradient at those locations. It is also noted that the shape 

and nature of the stresses are similar to the resulting stresses in sections 5.2 and 5.3 with a 

differing magnitude, indicating the change in the material thermal expansion, due to the 

change in the temperature influencing the transition-piece casing. This situation is also 

true for radial stress variation in Figures 55 and 56 as the stress level maintains the zero 

value all along the axial direction, due to freedom of the material to expand radially. The 

exception to the zero level stress is noted at the entry and the exit regions where the stress 

level attains a slight change, due to the fixing at the both ends and suppression of the 

material expansion in both radial and axial directions. The magnitude of stress 
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components still do not exceed the yielding limit of the substrate material, similar to the 

situation in sections 5.2 and 5.3, indicating that plastic deformation of the transition- 

piece is unlikely. There is no change in the trend of von-Mises stress (Figures 57 and 

58); however, the only notable difference is in their magnitudes. 
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Figure 53, Axial stress component along the axial direction at three radial locations for 
+lo% of entry temperature nominal value. 
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Figure 54, Axial stress component along the axial direction at three radial locations for - 
10% of entry temperature nominal value. 
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Figure 55, Radial stress component along the axial direction at three radial locations 
+lo% of entry temperature nominal value. 
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Figure 57, von-Mises stress along the axial direction at three radial locations for + 
entry temperature nominal value. 
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Figure 58, von-Mises stress along the axial direction at three radial locations for -1 0% of 
entry temperature nominal value. 
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5.5 INFLUENCE OF MATERIAL PROPERTIES ON THE INDUCED 
THERMAL STRESS LEVELS 

To resemble the high temperature environment in which the transition-piece is operating, 

the substrate material (A286 Iron-Base Superalloy) was heat treated to 950 OC for 1.5 

hours. The tensile and three-point bending tests were carried out to determine the 

modulus of elasticity for the material in the as received and heat treated conditions. The 

modules of elasticity for both conditions were accommodated in the simulation after the 

incorporation of the elevated temperature operation effect to predict numerically the 

thermally developed stress field in the transition-piece casing. Microstructural changes in 

the alloy before and after the heat treatment were examined by SEM, EDS, and XRD. 

Figures 59 and 60 show SEM micrograph of the as received and heat treated A286 alloy. 

The untreated alloy shows almost equiaxed grain structure with the average grain 

diameter of about 30 pm. However, the grain size increases significantly after the heat 

treatment and uni-equiaxed grains with different sizes are formed. The finer grains are 

smaller than the original columnar grains. The increase in the grain size is responsible 

for low hardness after the heat treatment process. It is also possible that y' depletion 

near the grain boundary lowers the brittleness of the material after the heat treatment. 

Close examination of the grain boundaries suggests that locally scattered and 

discontinuous formation of carbides occurred. Although grain boundary carbides 

formation increases the brittleness while lowering the ductility, locally discontinuous 

formation minimizes this effect. 
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Figure 59, SEM micrograph of as received material. 

Figure 60, SEM micrograph of heat treated material. 
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Table 10 (Section 4.5.1) gives three-point bending test parameters and the results of the 

elastic modulus while table 11 (Section 4.5.2) gives the tensile test results. It can be 

observed that the modules of elasticity determined fiom the three-point bending and the 

tensile tests are in good agreement. The elastic limit of the alloy decreases significantly 

after the heat treatment process, and the increase in ductility is attributed to grain 

coarsening after the heat treatment. 

In addition, short duration heat treatment causes dissolution of y' and formation of q- 

phase (hexagonal closed- packed- hcp-Ni3Ti phase) as seen from the XRD result in Figure 

6 1, lowering the mechanical performance of the material. The formation of q-phase at 

the grain boundary can also act as the nucleation site of the crack where the material fails. 

This situation is observed during the three-point bending test, in particular at the tensile 

surface of the specimen. 

Figure 61, XRD results for the heat treated work piece. 
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Using the Modulus of Elasticity results from the three-point bending tests and tensile tests 

in tables 10 and 11 as input for the numerical simulation, showed the difference in the 

level of the thermally developed stresses between the as received and heat treated 

material. Figures 62-77 show the Von-Mises stress along the axial direction in the casing 

of the transition-piece, at different radial planes, using the Elastic Modulus for the as 

received material (i.e. 2.07 GPa) and the heat treated material (i.e. 1.38 GPa), 

determined from the tensile and the 3-point bending tests after the heat treatment process. 

Figures 62-66 describe the von-Mises stress along the axial direction in the outer wall of 

the transition-piece. From Figures 62-64 it can be noted that the levels of the thermally 

developed stresses are the same for the first three cases (i.e. base, +lo% mass flow rate 

and -1 0% mass flow rate), for the as received and for the heat treated material conditions. 

The von-Mises stress level for the as received material condition for the three cases was 

350 MPa in the middle section, and approximately 500 MPa maximum and 250 MPa 

minimum at the edges of the transition-piece. For the heat treated material condition the 

level of Von-Mises stress was 270 MPa in the middle section and reached approximately 

a maximum of 420 MPa and a minimum of 210 MPa at the transition-piece edges. 

In Figure 65, it can be noted that the level of the thermally developed stress for the as 

received material changes from approximately of 450 MPa in the middle section to a 

maximum of 550 MPa and a minimum of 340 MPa when the entry temperature to the 

transition-piece is increased by 10% from the nominal value. However, for the heat 

treated condition, the thermally developed stress level of 350 MPa in the middle section 

changes to a maximum of 450 MPa at the fixed ends, and reduces to approximately 275 

MPa in the vicinity of the fixed ends. 

For Figure 66, the von-Mises stress in the middle section for the as received material 

attains a value of 240 MPa which reduces to a value of 160 MPa in the section before the 

fixed ends and reaches a maximum of 350 MPa at the fixed ends. Meanwhile, the value 

of the von-Mises stress value at the middle section showed a value of approximately 180 
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MPa reduces to 140 MPa in the vicinity of the fixed ends and climbs up to a maximum 

value of 275 MPa at the fixed ends. 

This noted change in the thermally developed stresses is due to the change in the 

transition-piece entry temperature as introduced in the simulation (i.e. f 10 of the 

nominal entry temperature). The high values attained by the von-Mises stress at the 

edges of the transition-piece are due to the attainment of the high temperature gradient in 

these regions and the mechanical constraints at both ends of the transition-piece. In the 

simulation, both ends of the transition-piece were fixed to resemble the actual situation; 

in which case, one end of the transition-piece was joined to the gas generator exit and the 

other was joined to the power turbine inlet. It was noted that the change in the level of 

the von-Mises stress developed is related to the change noted earlier in the Modulus of 

Elasticity between the as received and the heat treated material. 

von-Mises stress comparison for base case 
Outer surface 

T K G P a  H T  1 . 0 7 ~ ~ a 1  --- 

Figure 62, von-Mises stress along the axial direction in the in the outer wall of the 

casing for the base case. 
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von-Mises stress com~arison for flow UD case 
Outer surface 

Figure 63, von-Mises stress along the axial direction in the outer wall for the +lo% 

mass flow rate case. AR represents as received while HT corresponds to heat treatment. 

von-Mlses stress comparison for flow down case 
Outer surface 

1 AR161GPaF-HT1.07GPa.  

Figure 64, von-Mises stress along the axial direction in the outer wall for the -10% 

mass flow rate case. AR represents as received while HT corresponds to heat treatment 
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von-Mises stress comparison for tem~erature up case 
Outer surface 

Figure 65, von-Mises stress along the axial direction in the outer wall for the +lo% 

entry temperature case. AR represents as received while HT corresponds to heat 

treatment. 

von-Mises stress comparison for temperaure-down case 
Outer surface 
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Figure 66, von-Mises stress along the axial direction in the outer wall for the -10% entry 

temperature case. AR represents as received while HT corresponds to heat treatment. 

121 
Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa, Alaaeldin H 



CHAPTER 5: RESULTS AND DISCUSSION 

In the case of mid-plane (Figures 67-71), von-Mises stress attains high values at the fixed 

ends of the transition-piece. Therefore, similar observations can be made for Figures (67- 

69) as those made for Figures (62-64) concerning the first three cases (i.e. base, +lo% 

mass flow rate and -10% mass flow rate). This is because of temperature distribution at 

the mid-plane which is similar to the temperature distribution of the outer wall. The von- 

Mises stress level in the middle section of the transition-piece of the three first cases is 

approximately the same at 350 MPa and 270 MPa for the as received and heat treated 

cases, respectively. While at the edges next to the fixed ends, the von-Mises stress level 

is a maximum of 390 MPa and a minimum of 200 MPa, for the as received case, and a 

maximum of 170 MPa and 250 MPa for the heat treated version. 

In the case of entry temperature increase by 10% (Figures 70), the von-Mises stress 

distribution along the axial distance in the middle section of the transition-piece attains a 

value of 450 MPa and 350 MPa for the as received and heat treated material conditions, 

respectively. For the region at the fixed ends, the values differ significantly from that of 

the outer-plane in the same region, with a maximum of 520 MPa and a minimum of 41 0 

MPa, for the as received material condition. For the heat treated condition the von-Mises 

stress level at the fixed ends reached a maximum value of 41 0 MPa and a minimum value 

of 340 MPa. 

In Figure 71, it can be seen that the von-Mises stress level for the case of 10% reduction 

in entry temperature for the as received material was approximately 240 MPa in the 

middle section of the central plane and it peaks up to a maximum of 250 MPA and 

reduced to 220 MPa at the fixed ends region. While for the heat treated condition, the 

Von-Mises stress value was approximately 280 MPa at the middle section and a 

maximum of 220 MPa and a minimum of 175 MPa at the fixed ends. 
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von-Mlses stress comparison for base case 
Central surface 

AR161 GPe H T 1  07& 1 

Figure 67, von-Mises stress along the axial direction in the mid-plane of the casing 

for the base case. AR represents as received while HT corresponds to heat treatment. 
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VOR-Mises stress com~arlson for flow UP case 
Central surface 

~:=AR 1.61 OPa H T  1.07 OPa 1 

Figure 68, von-Mises stress along the axial direction in the mid-plane of the casing 

for +lo% mass flow rate case. AR represents as received while HT corresponds to heat 

treatment. 
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von-Mlses stress comparison for flow down case 
Central surface 

AR 1 BI  GPa H T I . ~ ~  

Figure 69, von-Mises stress along the axial direction in the mid-plane of the casing for - 
10% mass flow rate case. AR represents as received while HT corresponds to heat 

treatment. 
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von-Mlses stress comparison for temperature UD case 
Central surfnce 

L A ~ 1 . 6 1  GPa -KT1.07OPa' P. 

Figure 70, von-Mises stress along the axial direction in the mid-plane of the casing for 

+lo% entry temperature case. AR represents as received while HT corresponds to heat 

treatment. 
- 

von-MIBm qtreas tomparlwn far tsmmrauwdown case 
Central surface 

Figure 71, von-Mises stress along the axial in the mid-plane of the casing for -10% entry 

temperature case. AR represents as received while HT corresponds to heat treatment. 

126 
Investigation of Thermally Induced Stress in Transition-Piece in Relation to Gas Turbine Operation 
Mustafa, Alaaeldin H 



CHAPTER 5: RESULTS AND DISCUSSION 

In the case of inner-plane (Figures 72-76), von-Mises stress attains high values at the 

ends of the transition-piece. Therefore, similar observations can be made for Figures 72- 

74 as those made for Figures 62-64 and 67-69. This is due to the similarities in 

temperature distributions. The von-Mises stress level in the axial direction of the middle 

section attains the same values as noted before at 350 MPa and 275 MPa for the as 

received and heat treated cases, respectively. However, at the fixed ends the maximum 

value was 530 MPa and a minimum of 370 MPa for the as received, and a maximum of 

420 MPa and minimum of 220 MPa for the heat treated version. 

In the cases of temperature variation at the transition-piece entry temperature (Figures 75- 

76) the value of the thermal stress for the case of entry temperature increase by 10% in 

the axial distance in the middle section, was 450 MPa and 380 MPa for the as received 

and the heat treated material conditions, respectively. While for the decrease of the entry 

temperature by lo%, the von-Mises stress value was 240 MPa and 190 MPa for the as 

received and heat treated material, respectively. The stress level values for the 10% 

increase in entry temperature case at the fixed ends were a maximum of 580 MPa and a 

minimum of 360 MPa for the as received and a maximum of 450 MPa and a minimum of 

280 MPa for the heat treated condition. For the case of 10% decrease in the entry 

temperature, the maximum von-Mises stress value at the fixed was 390 MPa and the 

minimum was 280MPa for the as received material condition while the maximum was 

280 MPa and the minimum was 150 MPa for the heat treated material condition. In this 

case, the magnitude of von-Mises stress is affected by the proximity to the hot gas, and 

hence the high temperature gradient developed inside the transition-piece. 
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von-Mises stress comparison for base case 
lnner surface 

1 -  AR 1.61 GPa H T  1.07 G P ~  ] 

Figure 72, von-Mises stress along the axial direction in the inner wall for the base 

case. AR represents as received while HT corresponds to heat treatment. 

von-Mlses stress comparison for flow UD case 
lnner surface 

AR 1.61 GPa -HT 1.07 &P* 

Figure 73, von-Mises stress along the axial direction in the inner wall for the +lo% 

mass flow rate case. AR represents as received while HT corresponds to heat treatment. 
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von-Mlses stress comparlson for flow down case 
lnner surface 

Figure 74, von-Mises stress along the axial direction in the inner wall for the -1 0% mass 

flow rate case. AR represents as received while HT corresponds to heat treatment. 

von-Mlses stress comparlson for temperature up case 
lnner surface 

AR 1 51 GPa ~r1.s~ &I 

Figure 75, von-Mises stress along the axial direction in the inner wall for the +lo% entry 

temperature case. AR represents as received while HT corresponds to heat treatment. 
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won-Mlseu aireas camparlaan tor hemprauredown case 
Inner Surface 

Figure 76, von-Mises stress along the axial direction in the inner wall for the -10% entry 

temperature case. AR represents as received while HT corresponds to heat treatment. 
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CONCLUSIONS AND 
RECOMMENDATIONS 

6.1 CONCLUSIONS 

In the present research, flow through a transition-piece of an aero-derivative gas 

turbine engine used in a mechanical drive application was considered, and 

temperature distribution in the transition-piece casing was predicted numerically. 

To resemble the high temperature operating environment, the transition-piece 

substrate material (Iron-Base A286 Superalloy) was heat treated. Tensile and 

three-point bending tests were carried out to determine the Modulus of Elasticity of 

the AR and HT material conditions. The effect of elevated temperature operation 

on the transition-piece was incorporated in the Modulus of Elasticity. The resultant 

Modulus of Elasticity for both conditions was then accommodated in the numerical 

simulation to predict the thermally induced stresses in the casing of the transition- 

piece. The microstructure of the A286 alloy before and after the heat treatment 

was examined by SEM, EDS, and XRD. 

The conclusions resulting from the investigation are summarised as follows: 

It was found that the geometrical gradual expansion of the transition-piece 

resulted in flow deceleration towards the inner casing, in the entry region of 

the transition-piece, where the pressure decreases significantly. As the 

flow progresses inside the transition-piece, the convective deceleration of 

the flow increased the pressure towards the exit, and since the pressure 

increase in the downstream of the transition-piece is gradual, the flow 
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straightens in the axial direction without separation. Although the flow 

experienced acceleration in the radial and deceleration in the axial 

directions in the transition-piece entry region, no separation or swirling 

flow was observed. 

Temperature in the casing drops gradually in the radial direction towards 

the outer surface. However, sharp variation in the temperature was 

observed in the entry region. A similar situation also occurred in the exit 

region; in this case, flow deceleration and axial conduction heat transfer in 

the casing were responsible for a sharp decay in the temperature in this 

region. 

Variation of the entry mass flow rate by %lo% from the nominal 

operational value does not alter the flow structure inside the transition- 

piece, and only slight velocity magnitude change was noted between the * 
10% entry mass flow rate change cases. Moreover, the increase or decrease 

in the velocity magnitude was found to be approximately equal to the 

increase or decrease in the entry mass flow rate. The static pressure 

distribution and magnitude were found to be the same for both cases of 

*lo% mass flow rate variation. It was also noted that there was no change 

in the static pressure distribution and magnitude, when the two cases of 

%lo% mass flow rate variation were compared to the static pressure 

distribution and magnitude results obtained from simulation of the base 

case. There was no change in the maximum and minimum static 

temperature values across the transition-piece, but there was slight change 

in the temperature gradient between the two cases of mass flow rate 

variation. 

It was found that increase or decrease of the mass flow rate, by f 10% from 

the nominal operational value, does not change the thermally developed 

stress, relative to the ones developed during operation with the nominal 

values used in the simulation of steady state condition, (base case) 

explained previously. This emphasises the result that variation of the mass 
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flow rate within the specified operating range of the engine had no effect on 

the thermally developed stress in the transition-piece. 

It was found that variation of the transition-piece entry temperature by + 
10% from the nominal operational value significantly alters the flow 

structure and velocity distribution inside the transition-piece, with the 

maximum velocity 20% above the nominal value. The static pressure 

increased along the axial direction and towards the transition-piece exit, due 

to the diverging configuration of the transition-piece with no development 

of a secondary flow or recirculation in the exit region. The static 

temperature values and distribution changed significantly, which was 

reflected in the thermal stresses developed in the transition-piece for this 

case. For the variation of transition-piece entry temperature by -10% from 

the nominal value there is no change in the velocity, pressure distribution or 

the static temperature distribution in the transition-piece compared to 

operating the engine at the base case. 

It was found that in the case entry temperature increase by 10% from the 

nominal operational value, the axial stress component increased at the fixed 

ends the same as everywhere else in the transition-piece. The increase at the 

fixed ends was below the yield limit. The same also can be stated for the 

radial stress component. For the case of entry temperature decrease by 10% 

from the nominal operational value, it was found that the axial stress 

component was significantly below the ones noted in the base case, and the 

same can be stated in the case of radial stress. 

In general, the axial thermal stress component developed in the metallic 

casing of the transition-piece was compressive, and attained almost a 

uniform value along the axial direction, with sharp changes at the inlet and 

the exit regions, due to expansion constraints in the axial direction at the 

fixed ends of the transition-piece casing. The radial stress component of 

the thermal stress was compressive at the fixed ends, and it changed to 

tensile next to the entry and exit of the transition-piece. The magnitude of 

the radial stress component was not significant, due to free expansion of the 
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casing in the radial direction. 

For the von-Mises stress values in the as received material condition; 

The von-Mises stress in the outer surfaces remained below 

the yield limit in the middle section for all the cases 

investigated. At the fixed ends the von-Mises stress level did 

not exceed the yield limit in all cases investigated with the 

highest value noted was due to the increase in entry 

temperature. 

In the central surfaces, the von-Mises stress stayed below the 

material yield limit in the middle section and the fixed ends 

regions for all the cases investigated. 

In the inner surfaces, the von-Mises stress stayed below the 

yield limit for all the cases investigated at all locations.. 

The von-Mises stress attained high values at the edges of the transition- 

piece, in the as received material condition case, which is attributed to the 

fixed ends of the transition-piece and attainment of the high temperature 

gradient in this region. 

The von-Mises stress in the vicinity of the fixed ends of the transition-piece 

attained low values, due to the radial expansion of the transition-piece. This 

was highly notable in the outer surface of the transition-piece which in turn 

caused the difficulties in aligning of the transition-piece with the free power 

turbine in the field. 

For the von-Mises stress values in the heat treated material condition; 

The von-Mises stress in the outer surfaces remained below 

the yield limit in the middle section and the fixed ends 

region for all the cases investigated 

In the central plane, the von-Mises stress also remained 

below the material yield limit in the middle section as well 

as the fixed ends regions for the all cases. 

134 
Investigation of Thermally [nduced Stress in Transition-Piece in Relation to Gas Turbine Operation 

Mustafa, Alaaeldin H 



CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

In the inner plane, the von-Mises stress remained below the 

yielding limit for all the cases in the middle section and the 

fixed ends regions. 

The Modulus of Elasticity of the heat treated specimen was significantly 

lower than that of the as received material. This is due to the grain 

coarsening, which in turn improves the ductility of the heat treated material. 

The von-Mises stress level for the heat treated work piece was significantly 

lower than that of the as received material. This is due to the low elastic 

modulus of the heat treated work piece and the effect of the operating at 

elevated temperature. 

The XRD analysis showed the depletion of y' through dissolution at the 

grain boundaries and formation of q-phase (hexagonal closed- packed- hcp- 

Ni3Ti phase). This is considered to be the main factor contributing to the 

low mechanical performance of the material after the heat treatment 

process. 

The plastic deformation of the transition-piece material is unlikely during 

the continuous operation of the engine at elevated temperature, after the 

initial operation of the transition-piece from new (i.e.AR condition), due to 

the effect of operating at elevated temperature, which will act as heat 

treatment process. However, repeated start up and shutdown of the engine 

(cyclic operation) from high temperature, might lead to formation of q- 

phase at the grain boundaries, which will act as a nucleation site for the 

crack formation. This situation results in the transition-piece (installed on 

engine) with short operation duration (i.e. short cyclic operation andlor 

higher rate of shop visits). These are the ones which should be paid more 

attention during the inspections. Moreover, the transition-piece fixed ends 

are the areas which are most likely to deform and for the cracks to occur at, 

that means more rigorous inspections are needed on those areas. 
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6.2 RECOMMENDATIONS FOR FUTURE WORK 

The results documented in the present study are significant; however the future 

work in relation to the present study can be listed as follows: 

The transient heating situation covering the flow and the temperature fields in 

the transition-piece can be examined. The stress field due to transient heating 

of the casing can be formulated and predicted. 

Although the A286 Iron-Base Superalloy is widely used in gas turbine engines 

parts and specifically for transition-pieces for the engines produced before the 

end of the 1980's, the possibility of the usage of other alloys resulting in 

improved heat transfer and smaller temperature gradients should be 

investigated. This can provide the basis for further insight into the life 

assessment of such alloys in the high temperature flow environment. In 

addition, cost effective operation, maintenance and overhaul of the parts made 

from these different alloys can be identified. 

Conduct a CFD detailed study considering the different turbulence models in 

steady state conditions and transient condition to determine the flow and 

pressure fields inside the transition-piece and the temperature distribution in 

the casing outer wall. 

The mechanical properties of the A286 alloy and fatigue conditions can be 

examined in relation to the transient simulations. Once the flow and 

temperature fields become transient, thermally induced dynamic effects 

become more important. This requires the extension of the present work to 

include the transient response of the transition-piece, such as the fatigue 

response. 
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