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Dear editor and reviewers,
Thank you for your useful comments and suggestions. We have answered your 

questions, and modified the manuscript accordingly. The detailed corrections are 
listed below point by point:

-Reviewer 1
1.   After Eq2, “and ki are” must be replaced by “and ki(r) are”.

Please add a white space between the math symbols and the text 
in the whole manuscript.
 Thank you for your useful suggestions. In the revised version, I have 

replaced ki by ki(r), and add a white space between the math symbols and the 
text in the whole paper.

2.   Please use a unique notation for the logarithmic symbol in Eqs 4, 
6 and 7.
 Yes, I have made the changes in the revised manuscript.

3.   In page 5, equations of the boundary conditions used to identify 
the Ai and Bi constants should be written in the text?
 According to your suggestions, I have added the equations (equations (4) and 

(5)) of the boundary conditions to identify Ai and Bi. Please see the details in 
the updated paper.

4.   The material parameters used for the elastoplastic models should 
be cited somewhere in the paper. The yield strength values for the 
P91 steel are overestimated (see Table 2). A classical 
anisothermal and unified viscoplastic model (Chaboche-type) can 
also be used to investigate the pipe system!!
 In this study, the material parameters used for the elasto-plastic models are 

taken from the available literature. Some references have been cited in the 
paper. At present, P91 steel can be produced by many manufacturers in the 
world. The yield strength values for the P91 steel vary from the cast to cast, 
although the specification, ASME SA-335-2007 [1], sets minimum 
requirements for material strength. In this study, the yield strength values for 
the P91 steel were obtained from Vallourec & Mannesmann (V&M) Tubes 
Corp., as shown in Fig.1 [2]. It is well known that V&M is the world leader in 
offering a premium range of tubes including seamless tubes and line pipes. 
Therefore, we believe the yield strength values for the P91 steel from V&M 
are reasonable and reliable. 



Fig. 1 Variation of the yield strength of P91 steel with temperature [2]

In this paper, we just tried to build a system analysis model and considered 
the effect of some key factors on the temperature and stress distributions for 
a concept proof study. Definitely, the effect of cycling is very important, and 
a classical anisothermal and unified viscoplastic model can be used to study 
the dual pipe system [3]. Relevant research work is still in progress, and we 
will report it in the future paper.

5.     An interesting result is observed for both interfaces TC/BC and 
BC/P91 (see Fig 6). The discontinuity of stresses needs to be 
explained with regards to the high values reported for the hoop 
stress in Fig 4 (the hoop stress magnitudes are significantly 
higher than the applied stresses 35MPa and 7.5MPa). 
 In this study, the results shown in Fig.6 can be obtained by using the 

following boundary conditions

                       (1)𝜎𝑟𝑖
(𝑅1) =‒ 𝑃𝑖

                       (2)𝜎𝑟𝑛
(𝑅𝑛) =‒ 𝑃𝑜

where  and  are axial stresses on the inner and outer walls, 𝜎𝑟𝑖
(𝑅1) 𝜎𝑟𝑛

(𝑅𝑛)

 and  are the internal and external pressures. 𝑃𝑖 𝑃𝑜

Additionally, the interface displacement continuous conditions are also 
used

,   i=1, 2, , n-1           (3)𝑢𝑖(𝑅𝑖) = 𝑢𝑖 + 1(𝑅𝑖)  ⋯

where  denotes the radial displacement at the i-th layer. These 𝑢𝑖(𝑅𝑖)

boundary conditions and interface displacement continuous conditions 
result in the continuous distribution of radial stress in the dual pipe system, 
whereas hoop stress is discontinuous across the interfaces.



In this dual pipe system, the total stress includes thermal stress and 
mechanical stress. For the mechanical stress, the internal and external 
pressures are 35 MPa and 7.5 MPa, respectively. These mechanical loadings 
can result in the axial stress, hoop stress and radial stress in the system. In the 
current axisymmetric model, the possible hoop stress generated is 
significantly high than the radial stress, as shown in Fig.6 (b). On the other 
hand, the possible thermal stress generated by a thermal gradient also 
includes the axial stress, hoop stress and radial stress in the system. Also, 
hoop stress generated by the thermal loading is significantly high than the 
radial stress. Compared with Fig.6 (a) and Fig.6 (b), it can be seen that 
thermal stress magnitudes generated by thermal gradients are much higher 
than the mechanical stress values. Therefore, the hoop stress magnitudes 
generated by the thermal and mechanical loadings are significantly higher 
than the internal and external pressures (35 MPa and 7.5 MPa).

-Reviewer 2
1.       In the 2ed paragraph of Page 3, what do you mean by 

“therefore stress distribution of the system”?
 It is well known that the use of TBCs, along with internal cooling of the 

underlying steel component, provide major reductions in the surface 
temperature of the substrate. Therefore, there is a significant temperature 
gradient between the coating and the substrate. Due to the great difference in 
the thermo-mechanical properties of ceramics (the coating) and metals (the 
substrate), thermal-expansion mismatch stress between the coating and the 
substrate will be enhanced in the TBCs system. Generally, this mismatch 
stress can affect the total stress distribution of the system.  

2.       In the 2ed paragraph of Page 3, “The combination of these 
effects will therefore govern the temperature and stress 
distributions of the system during service conditions.”, ‘TBC’ 
should be added before ‘system’.
 Yes, I have modified it.

3.       In the 2ed paragraph of Page 3, “Owing to the high oxidation 
resistance of MCrAlY alloys, NiCoCrAlY is chosen as the candidate 
BC in this study.”, the author emphasizes that NiCoCrAlY is chosen 
as the BC in the current study due to its high oxidation resistance, 
however, the BC may not be suffered from oxidation because it 
located between the TC and the substrate P91 steel, please 
explain.
 Generally, the bond coat (BC) is an oxidation metallic layer, 50-150μm in 

thickness. At peak operating conditions, the bond-coat temperature in the 
coated dual pipe system typically exceeds 580℃ , resulting in bond-coat 
oxidation and the inevitable formation of a third layer -- the thermally grown 
oxide. The interconnected porosity that always exists in the top-coat allows 
easy ingress of oxygen from the high-temperature steam environment to the 



bond coat. Moreover, even if the top-coat were fully dense, the extremely 
high ionic diffusivity of oxygen in the ZrO2-based ceramic top-coat renders it 
“oxygen transparent” [4]. Therefore, NiCoCrAlY is chosen as the candidate 
BC in this study, owing to its high oxidation resistance.

4.       In Fig.4, please add the boundaries of TC, BC and P91 in the 
contour plot so that it is easily found where is the interface 
between different materials.
 In this dual pipe system, the total thickness of the TC, BC and P91 is 63 mm, 

while the thickness of the BC is only 0.5 mm. Due to the limitation of 
geometric dimension, we cannot see the interfaces clearly, even if the 
boundaries of TC, BC and P91 in the contour plot is added in Fig.4. Thus, we 
neglect the boundaries of TC, BC and P91 in Fig.4, and its characteristics of 
the interfaces are illustrated in Fig.5 instead.

5.       In Fig. 7, it is better to show the stress variation behavior 
across the whole system instead of only BC.
 Thank you for your suggestion. As described in the manuscript, compared 

with the creep stress relaxation behavior during the long-term creep 
exposure, creep does not have a significant influence on the stress 
distribution of the TC and substrate. So it is important to show the stress 
relaxation behavior of the BC. Moreover, the total thickness of the dual pipe 
system (TC, BC and substrate) is 63 mm, while the thickness of the BC is 0.5 
mm. We tried to exhibit the stress variation behavior across the whole 
system, but it is difficult to show the good picture quality due to the small 
thickness of the BC. Actually, in this paper we think it is enough to show the 
stress relaxation of the BC layer before and after creep exposure. 

6.       In sub-section 4.3, the author mainly describe the stress 
relaxation behavior, why the creep strain which is the key factor 
indicating failure was not discussed?
 This paper describes a preliminary feasibility analysis of the design concept 

of a novel coated dual pipe system under steady-state operation. The key 
topic of this paper is to evaluate the possible thermal gradients and stresses 
generated, but not the strains. Although creep stain is a key factor indicating 
failure, we don’t want to discuss the creep stain in this paper because of the 
space limitation.  

7.       Which method was used to get the results of Figs. 9-12, 
analytical solution or FEM? Please indicate.
 In this investigation, thermal and stress analyses are performed using the 

finite element analysis. Here, we get the results in Figs. 9-12 using FEM.

8.       In the legend of Fig.11 “top coating” should be replaced by 
“TC”.
 Yes, I have replaced “TC” with “top coating”.



9.       In the point 5 of conclusion part, the author are suggested to 
indicate the most sensitive factor among these investigated 
parameters. 
 As reported in the conclusion, several key governing parameters, such as the 

coating thickness, conductivity, thermal expansion, heat transfer coefficient 
of cooling steam, cooling steam temperature and cooling steam pressure, are 
found to have a significant effect on thermal and stress distributions during 
steady-state operation. Compared with other material properties and 
operating parameters, the coating thickness may be the most sensitive factors 
among the parameters. According to the comments from the reviewer, we 
have refined sensitive factors, and listed in the conclusion.
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Highlights:
► An analytical model is developed which is capable to calculate the temperature profiles and 
thermal stress fields of the coated steam dual pipe system.
► Thermal stresses generated due to the thermal gradient through the pipe wall are larger than the 
mechanical stresses.
► Creep has a significant impact on the stress distribution within the coating layer.
► Several key governing parameters are found to have a significant effect on thermal and stress 
distributions.
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Abstract: Improving the energy efficiency of advanced ultra-supercritical power plants, 

by increasing steam operating temperature up to 700℃ , can be achieved, at reduced 

cost, by using novel engineering design concepts, such as coated steam pipe systems 

manufactured from high temperature materials commonly used in current operational 

power plants. This paper describes a preliminary feasibility analysis of the design 

concept of a novel coated dual pipe system under steady-state operation, using 

analytical and finite element models to evaluate the possible thermal gradients and 

stresses generated. The results show that the protective coating layer contributes to the 

effective reduction in the surface temperature of the primary steel pipe. Thermal 

stresses generated due to the significant difference in the thermal and mechanical 

properties of the coating and substrate pipe are larger than the mechanical stresses 

generated by the combined effects of the internal steam pressure in the primary steam 

pipe and external pressure from the counter-flow cooling steam during steady-state 

operation. Compared with the stress relaxation of the coating and substrate pipe, creep 

has a significant impact on the stress distribution within the coating layer. Several key 

factors have been identified, such as the coating thickness, conductivity, thermal 

expansion, heat transfer coefficient of cooling steam, cooling steam temperature and 

cooling steam pressure, which are found to govern thermal and stress distributions 

during steady-state operation. 

Keywords: Advanced ultra-supercritical, Thermal barrier coating, Dual pipe system, 

Thermal and stress analyses, Creep
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1. Introduction

In the 21st century, worldwide energy shortage and growing global 

pollution drive the development of ultra-supercritical technology. Recently, several 

advanced ultra-supercritical power plants with target steam temperature up to 700℃  

are proposed to further improve the thermal efficiency of power plants and reduce fuel 

consumption and CO2 emissions [1-3]. Using conventional steam cycle design, such high 

operation temperature will require the use of nickel-based alloys, such as Inconel 740, 

Haynes 230 and CCA 617, for the components in superheaters, reheaters and steam 

transfer pipes, owing to their better resistance to creep damage and steam oxidation[4-5]. 

However, high cost and scarce supply of these alloys hinder the development of today’s 

state-of-the-art advanced ultra-supercritical technology. An alternative plant design is 

therefore required to achieve higher steam operating temperatures at an acceptable 

cost.

In the past decades, thermal barrier coatings (TBCs), especially partially stabilized 

zirconia-yttria (YSZ), have been widely used in aircraft and industrial gas-turbine 

engines to provide thermal insulation and oxidation protection for the superalloy 

structures [6-8]. Based on this system design philosophy, an innovative steam transfer 

piping system, operating at temperature up to 700℃ , without the use of nickel-based 

alloys could be designed using TBCs made of low-thermal conductivity ceramics to 

reduce the surface temperature of the primary steel pipe. However, due to the different 

physical, thermal and mechanical properties of ceramics and steels, thermal gradient 

and thermal-expansion mismatch stress will be generated during operation condition, 

which greatly influences the structural integrity of the system [9-10]. In order to 

investigate the feasibility of the coated pipe system, temperature and stress analysis 

models need to be established for the evaluation of the thermal and stress distributions 

of the system during steady-state operation. In this design the thermal barrier coating is 

assumed to comprise a top coat (TC), exposed to high temperature steam conditions at 

the boiler outlet and a bond coat (BC), which ensures a suitable interface and transition 

to the primary pipe steel. 

Additionally, when the TBC system is operated under the service conditions, 

stress relaxation of the TC, BC and primary pipe may occur at high temperature [11-14]. 

mailto:xiaofengzidane@gmail.com
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Experimentally, creep properties obtained on monolithic specimens and composite 

coated samples indicate that the creep strain rate of the coating    is strongly 𝜀𝑐

dependent on the stress exponent  n  and the activation energy for creep deformation  Q, 

and the temperature dependent creep relaxation behaviour of the coating material can 

be expressed by the phenomenological equation [15-17]:

                                                           (1)𝜀𝑐 = 𝐴𝜎𝑛𝑒𝑥𝑝( ‒
𝑄

𝑅𝑇)

where  A is a constant, σ  is the applied stress, R is the gas constant, and T  is the 

absolute temperature. In terms of this classical steady-state creep model, a few 

investigations have been undertaken to study the creep relaxation during service 

conditions using the finite element method [18-20].  Miller et al [21] have reported that 

creep resistance of the BC can have a significant effect on the TBC life during thermal 

cycling, as the stress relaxation of the BC may cause an increase of the stress in the TC 

layer.

In general, the geometry and material properties of the TBC system, especially 

those of the TC layer greatly affect the thermal insulation capacity and thermal-

expansion mismatch stress distribution of the system. Recent investigations have 

shown that the effect of thermal insulation of the TC layer increases with the increase of 

the coating thickness and the decrease of the coating conductivity [22-24]. Simultaneously, 

thermal-expansion mismatch stress between the TBC and primary steel pipe may be 

enhanced in the system due to the significant difference in the thermal and mechanical 

properties of the coating and substrate pipe. Other factors including the operating 

temperature and pressure can also contribute to the variation in the temperature and 

stress fields of the TBC system. The combination of these effects will therefore govern 

the temperature and stress distributions of the TBC system during service conditions. 

Thus, a detailed parametric analysis of the novel system must be carried out to enable 

the feasibility of the concept to be properly addressed, owing to the complexity of the 

key governing variables.

This paper describes a feasibility study associated with the collaborative research 

program ”Novel high temperature steam transfer pipes” [25] with the aim of increasing 

the operating steam temperature up to 700℃  (and possibly beyond) and steam 

pressure to about 35 MPa without the need for nickel-based alloys. In the present 

investigation, a novel design of a coated steam dual pipe system is first introduced. An 



4

analytical model is then developed to analyze the temperature profiles and thermal 

stress distributions within the system during steady state operation. Additionally, 

thermal and stress analyses together with creep relaxation analysis of the dual pipe 

system during steady state operation are performed using the finite element analysis. 

Finally, the effects of several key factors such as the TC thickness, TC conductivity, 

thermal expansion coefficient of the TC, cooling steam temperature and pressure, on the 

thermal and stress distributions are also discussed. For the purposes of this feasibility 

study only steady-state steam conditions are analysed.

2. The Concept of a Novel Coated Steam Dual Pipe System

2.1 The design principle
In the present study, the design concept entails a novel coated steam dual pipe 

system, which uses ceramic barrier coating with low-thermal conductivity to provide 

thermal insulation and oxidation protection to the internal main steam steel pipe, and 

uses external counter-cooling to limit the operating temperature of the pipe materials, 

hence avoiding the requirement for the extensive use of advanced nickel-based alloys 

for the primary steam piping. In terms of this design principle, a novel thermal barrier 

coated dual pipe system is designed, as shown in Fig. 1.

2.2 System configuration

As shown in Fig. 1, a novel steel pipe system with a ceramic TBC on its internal 

surface and counter-cooling on its outer surface provided by exhaust steam from the 

high pressure turbine is proposed [25]. The system comprises a stable TC ceramic layer, a 

metallic BC layer, internal steam pipe and external cooling steam pipe, as shown in Fig.2. 

9-12%Cr creep-strength enhanced ferritic steels are commonly used for high-

temperature thick section components in power plants. In the current work, ASME 

grade P91 steel is selected as the substrate material of the primary steam pipe. 

 In order to provide the necessary thermal insulation and oxidation protection for 

the primary steam pipe, YSZ is assumed to be used as the TC.  Considering significantly 

different physical, thermal and mechanical properties of ceramics and steels, the 

metallic BC layer having intermediate physical properties between the ceramic layer 

and the steel is designed to generate a compatible oxide to enable the ceramic to adhere 

to the underlying steel pipe. At peak operating conditions, the interconnected porosity 
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that always exists in the TC allows easy ingress of oxygen from the high-temperature 

steam environment to the BC [6]. Owing to the high oxidation resistance of MCrAlY alloys, 

NiCoCrAlY is chosen as the candidate BC in this study. Additionally, ASME SA213 T23 

steel is used as the material of the external (secondary) cooling steam pipe. The key 

geometries of the coated dual pipe system and the assumed steady-state steam 

conditions are listed in Table1.

3. Thermal and Stress  Models of the Coated Dual Pipe System

3.1 Analytical models of the dual pipe system

3.1.1 System model
In order to investigate the thermal gradient of the coating-pipe system generated 

during steady-state operation, a one dimensional model of the heat transfer is built up 

in this study, as shown in Fig. 3. In this model, there are 3 layers, the TC, BC and the 

substrate pipe. The thicknesses of 3 layers are determined by the thermodynamic 

modelling of the coated dual pipe system (see. Pavier [25]). Each layer of material has a 

different conductivity coefficient which can be expressed by  k1,  k2,  k3, respectively. ht 

and  hs  are the heat transfer coefficients of hot steam and cooling steam, respectively. 

Here, Th  and  Tc  define the hot steam temperature and cooling steam temperature. T1, 

T2,  T3  and T4  stand for the different boundary temperatures of each layer.

3.1.2 Heat transfer analysis 

Assuming that the cylinder is infinitely long, a one dimensional equation of heat 

transfer can be expressed as:

                                                                                                     (2)d

𝑑𝑟[ ‒ 𝑟𝑘𝑖(𝑟)
𝑑𝑇𝑖(𝑟)

𝑑𝑟 ] = 0

where  Ti(r)  and  ki(r)  are the temperature and conductivity coefficients at the  i-th 

layer.

In the current work, we assume that the material is homogeneous in each layer. 

The temperature distribution of the coating-pipe system can be written as:

                         (3)𝑇𝑖(r) =‒ ∫𝑟
𝑅𝑖

𝐴𝑖

𝑟𝑘𝑖(𝑟)𝑑𝑟 + 𝐵𝑖      (𝑅1 ≤ 𝑟 ≤ 𝑅𝑖 + 1,𝑖 = 1,2,3)

where  Ai  and  Bi  are the integral constants. 

The following boundary conditions are used
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                                           (4)𝑘1
𝑑𝑇1(𝑟)

𝑑𝑟 |
𝑟 = 𝑅1

= ℎ𝑡[𝑇ℎ ‒ 𝑇1(𝑅1)]

                                           (5)𝑘3
𝑑𝑇3(𝑟)

𝑑𝑟 |
𝑟 = 𝑅4

= ℎ𝑠[𝑇3(𝑅4) ‒ 𝑇𝑐]

Based on the interface temperature continuous condition and interface heat flow 

continuous condition, Ai and Bi in equation (3) can be given as:

  ,                               (6)𝐴𝑖 =
𝑇ℎ ‒ 𝑇𝑐

1
ℎ𝑡𝑅1

+
1

𝑘1
ln 

(
𝑅2
𝑅1

)
+

1
𝑘2

ln 
(
𝑅3
𝑅2

)
+

1
𝑘3

ln 
(
𝑅4
𝑅3

)
+

1
ℎ𝑠𝑅4

𝑖 = 1,2,3

                                                                  (7)𝐵1 = 𝑇ℎ ‒
𝐴1

ℎ𝑡𝑅1

                                                                 (8)𝐵2 = 𝐵1 ‒
𝐴1

𝑘1
ln

𝑅2
𝑅1

                                                                 (9)𝐵3 = 𝐵2 ‒
𝐴2

𝑘2
ln

𝑅3
𝑅2

3.1.3 Thermal stress analysis 
Based on the heat transfer model, a thermal stress analytical model of the 

coating-pipe system is developed in this investigation. In this model, axial stress  𝜎𝑟𝑖

  and hoop stress    at the i-th layer satisfy the following equilibrium (𝑟) 𝜎𝜃𝑖(𝑟)

equation neglecting the body forces:

                                                                                                             (10)
𝑑𝜎𝑟𝑖(𝑟)

𝑑𝑟𝑖
+

𝜎𝑟𝑖(𝑟) ‒ 𝜎θ𝑖(𝑟)

r𝑖
= 0

The following strain- displacement relations and compatibility conditions are 

adopted

                                                                   (11)𝜀𝑟𝑖(r) =
𝑑𝑢𝑖(𝑟)

𝑑𝑟𝑖

                                                                   (12)𝜀𝜃𝑖(r) =
𝑢𝑖(𝑟)

𝑟𝑖

where    denotes the radial displacement,    and    are the radial and hoop 𝑢𝑖(𝑟) 𝜀𝑟𝑖 𝜀𝜃𝑖

strains at the i-th layer.

     The radial and hoop stresses can be given as:
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              (13)𝜎𝑟𝑖(𝑟) =
𝐸𝑖(1 ‒ 𝜈𝑖)

(1 + 𝜈𝑖)(1 ‒ 2𝜈𝑖)[𝜀𝑟𝑖(𝑟) +
𝜈𝑖

1 ‒ 𝜈𝑖
𝜀𝜃𝑖(𝑟) ‒

1 + 𝜈𝑖

1 ‒ 𝜈𝑖
𝛼𝑖∆𝑇𝑖(𝑟)]

              (14)𝜎𝜃𝑖(𝑟) =
𝐸𝑖(1 ‒ 𝜈𝑖)

(1 + 𝜈𝑖)(1 ‒ 2𝜈𝑖)[𝜀𝜃𝑖(𝑟) +
𝜈𝑖

1 ‒ 𝜈𝑖
𝜀𝑟𝑖(𝑟) ‒

1 + 𝜈𝑖

1 ‒ 𝜈𝑖
𝛼𝑖∆𝑇𝑖(𝑟)]

where  Ei  is the modulus of elasticity,    is Poisson’s ratio,  αi  is the coefficient of linear 𝜈𝑖

thermal expansion,    is the change in the temperature at the i-th layer.∆𝑇𝑖(𝑟)

Substituting equations (13) and (14) into equation (10),    can be written as 𝑢𝑖(𝑟)

follows:

                                   (15)𝑢𝑖(r) =
1 + 𝜈𝑖

1 ‒ 𝜈𝑖

𝛼𝑖

𝑟 ∫𝑟
𝑅1

∆𝑇𝑖(𝑟)𝑟𝑑𝑟 + 𝐶𝑖𝑟 +
𝐷𝑖

𝑟

where  Ci  and  Di  are the integral constants.

Substituting equation (15) into equations (11) and (12),    and    at the 𝜎𝑟𝑖(r) 𝜎𝜃𝑖(r)

i-th layer can be expressed as:

                          (16)𝜎𝑟𝑖(𝑟) =‒
𝐸𝑖𝛼𝑖

1 ‒ 𝜈𝑖

1

𝑟2∫𝑟
𝑅1

∆𝑇𝑖(𝑟)𝑟𝑑𝑟 +
𝐸𝑖𝐶𝑖

(1 + 𝜈𝑖)(1 ‒ 2𝜈𝑖) ‒
𝐸𝑖𝐷𝑖

(1 + 𝜈𝑖)𝑟2

                (17)𝜎𝜃𝑖(𝑟) =
𝐸𝑖

1 ‒ 𝜈𝑖

𝛼𝑖

𝑟2∫𝑟
𝑅1

∆𝑇𝑖(𝑟)𝑟𝑑𝑟 +
𝐸𝑖𝐶𝑖

(1 + 𝜈𝑖)(1 ‒ 2𝜈𝑖) +
𝐸𝑖𝐷𝑖

(1 + 𝜈𝑖)𝑟2 ‒
𝐸𝑖𝛼𝑖

1 ‒ 𝜈𝑖
𝑇𝑖(𝑟)

In the equations (16) and (17), when the index i =1, it is reduced to the stress 

distribution for linear elastic behaviour of a thick-wall cylinder subjected to a steady-

state temperature distribution [26]. In this condition, the accuracy of the theoretical 

model can be verified against the classical example. When the index i =3, the equations 

(3), (16) and (17) are used to calculate the thermal and stress distributions of the 

coated dual pipe system. Also, the analytical solutions are compared with the finite 

element calculations to assess the accuracy of the analytical solutions.

3.2 Finite element (FE) model of the dual pipe system

In this study, a sequentially coupled thermal-mechanical simulation procedure is 

developed for the coated dual pipe system. In this method, the uncoupled thermal 

analysis is first performed in a heat transfer procedure. Then the stress distribution 

which depends on the temperature distribution is calculated.
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3.2.1 Geometry and meshing

A 2-D axisymmetric finite element (FE) model of the coated steam dual pipe 

system is used in the current study. The inner radius of the TC is 117 mm. The 

thicknesses of the TC and BC are 2.5 and 0.5 mm, respectively. The inner radius of the 

primary steam pipe is 120 mm with a wall thickness of 60 mm. The element type used 

in the temperature and the stress analyses are 8-node isoparametric quadratic 

axisymmetric temperature and continuum elements with reduced 2× 2 integration 

(DCAX8 and CAX8R in ABAQUS, respectively).  The mesh includes 63,500 elements with 

191,755 nodes. The mesh size is fine enough to eliminate its influence, so it guarantees 

the adequate computational accuracy of the simulations.

3.2.2 Material properties

In this study, it is assumed that the materials of the TC, BC and substrate are 

isotropic and homogeneous. The elasto-plastic behaviours of the TBC system are 

considered [27]. Some temperature dependent material properties of the TC, BC and the 

internal steam pipe required for the FE models, i.e. coefficient of thermal expansion 

(CTE), conductivity, density and specific heat, can be taken from the available literature 

[28-31]. Other properties over a wide range of temperatures can be estimated based on 

linear interpolation of the existing data. These are given in Table 2.

Additionally, since the coated dual pipe system will be subjected to high 

temperature in actual service conditions, creep analysis of the TBC system is also 

performed in this investigation. In this work, for simplicity, the effect of creep is 

described by the Norton power-law creep equation [11, 12, 32-34]:

                                                                      (18)𝜀𝑐 = 𝐵𝜎𝑛

where  is the applied stress. In this work, the parameters B and n are both temperature 𝜎

dependent, as listed in Table 3.

3.2.3 Boundary conditions
In the coated steam dual pipe system, baseline simulation conditions are set as 

follows. In order to improve power plant efficiency, the primary steam pipe is 

assumed to operate with a steam temperature up to 700℃ . Meanwhile, cooling 
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steam at a temperature of 450℃  in the secondary counter-cooled pipe is used to 

reduce the temperature of the primary steam pipe. Under these operating conditions, 

the inner surface of the TC is heated from 20℃  to 700℃  by the steam exiting from 

the combustion boiler, and the external surface of primary steam pipe is heated from 

20℃  to 450℃ . To reach steady-state conditions, sufficient heating time is set up in 

the simulation.

Symmetric boundary conditions are applied to the bottom surface of the dual 

pipe system in the Y-direction, as shown in Fig. 4. The distributed work internal 

pressure (35 MPa) is imposed on the inner surface of the TC to simulate steady-state 

steam pressure conditions, and the distributed work external pressure (7.5 MPa) is 

applied to the outer surface of primary steam pipe. 

4. Thermal and Stress Analyses of the Dual Pipe System

4.1 Thermal analysis during steady-state operation

As shown in Fig. 1, in the proposed steam circuit operating under steady-state 

conditions with well lagged piping, the cooling pipe will be operated at a constant and 

relatively uniform through-thickness temperature equal to the cooling steam 

temperature. Little heat transfer will occur from the cooling steam to the cooling pipe. 

However, for the coated primary steam pipe, the situation will be completely different. 

Heat will be transferred from the high-temperature steam (at 700℃  and 35 MPa) 

flowing through the bore of the internal pipe through the coating and then to the 

primary pipe. On the external surface of the primary steam pipe, heat will be 

transferred to the cooling steam (at 450℃  and 7.5 MPa). Based on such heat transfer 

characteristics, thermal analysis of the coated steam pipe system is investigated. 

Fig. 4(a) shows the temperature distribution contour plot of the coated primary 

steam pipe during steady-state operation. It can be seen from Fig. 4(a) that the 

temperature in the system decreases monotonically through the wall thickness. 

Compared with the conventional steam cycle system operated at a relative uniform 

temperature field, the temperature distribution through the wall thickness is uneven in 

the coated dual pipe system.  In the current steam cycle design, owing to the external 

counter-cooling steam, the temperature gradually decreases through the wall thickness 

of the primary steam pipe.
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Fig. 5 presents the temperature distribution of the coated primary steam pipe 

through the wall thickness obtained by FE analysis and an analytical solution. It can be 

seen from this figure that the results obtained from FE are almost identical to the 

analytical solutions. Due to the lower thermal conductivity of the TBC system, as 

expected, there is a large temperature gradient between the inner and outer walls of the 

TBC, which greatly reduces the inner surface temperature of the substrate pipe. In the 

present model, when the inner surface of the TC is subjected to around 700℃  and the 

external surface of the primary steam pipe is operated at 450℃ , the inner surface 

temperature of the substrate pipe is about 560℃  under steady-state operation. It 

clearly indicates that this TBC system can successfully provide sufficient thermal 

insulation for the primary steam pipe.

4.2 Stress analysis during steady-state operation

Stress distribution contour plots of the coat-primary steam pipe during steady-

state operation are shown in Figs. 4(b) and (c). As shown in Fig. 4(b), the radial stress of 

the system is always compressive, and the negative peak stress value is -41MPa located 

in the primary steam pipe. It can be clearly seen from Fig. 4(c) that the positive peak 

value of the hoop stress located on the external surface of the primary steam pipe is 209 

MPa. Since the value of the hoop stress is much larger than that of the radial stress, hoop 

stress plays a significant role in determining the structural integrity of the system. 

Additionally, the hoop stress gradient at the TC/BC interface is also observed in this 

study. 

In order to understand the stress gradient generated during steady-state 

operation, the stress distributions, including thermal and mechanical stresses, of the 

coating-primary steam pipe system along the wall thickness are exhibited in Fig. 6(b), 

where only the thermal stress distribution of the system is shown in Fig. 6(a) as a 

comparison. For the coating-primary steam pipe system, it can be seen that compared 

with the mechanical stress generated by the internal pressure and external pressure, 

thermal stress produced by the thermal gradient along the wall thickness direction is 

much larger during steady-state operation. Thus, thermal stress plays a significant role 

in determining the structural integrity of the coated dual pipe system. Additionally, 

based on the boundary conditions and interface displacement continuous conditions 

using in the FE models, radial stress is continuous along the wall thickness direction, 
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whereas hoop stress is discontinuous across the interfaces. In this investigation, 

because the total hoop stress in the system is generated by the mechanical and thermal 

loadings, its magnitudes are significantly higher than the values generated by the 

internal and external pressures. During the steady-state operation, the radial stress of 

the system is quite small, and the variation of radial stress along the wall thickness is 

relatively insignificant. 

The variation of hoop stress along the wall thickness is also shown in Fig. 6(b). As 

mentioned above, in addition to the maximum hoop stress distributed on the external 

surface of the primary steam pipe, a significant stress gradient is present in the current 

system due to the thermal-expansion mismatch at the TC/BC interface. The positive 

hoop stress at the interface is 185 MPa. Because the temperature at the TC/BC interface 

is about 110℃  higher than the temperature on the outer surface of the primary steam 

pipe, this interface between the TC and BC may be prone to failure during the high-

temperature service conditions.

Meanwhile, the variation of von Mises stress along the wall thickness is shown in 

Fig. 6(b). The von Mises stress curve has a peak value at the TC/BC interface during the 

steady-state operation, but the stress is greatly reduced on both sides of the peak. 

Moreover, it is well-known that some interface geometry factors, such as the 

roughening at the TC/BC interface during the thermal cycling, the undulated interface 

as well as the interfacial imperfection, can create out-of-plane stresses normal to the 

interface [6].  This stress together with the service load may contribute to the formation 

of cracks and thereby the premature failure of the system. The current results imply 

that this interface is likely to be the most dangerous region of the failure.  

4.3 Stress relaxation

The effect of creep on stress relaxation is taken into account in this work, due to 

the expected long-term service of the system at elevated temperature. In the current 

investigation, the key topic of this work is to evaluate the possible stresses generated in 

the system, not the strains. Thus, only stress analysis results of the TBC system before 

and after creep are investigated because of the space limitation. The results show that 

although creep does not have a significant influence on the stress distribution of the TC 

and substrate, it plays a great role in the stress relaxation of the BC layer. In this dual 

pipe system, the total thickness of the TC, BC and P91 is 63mm, while the thickness of 
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the BC is only 0.5 mm. Due to the limitation of geometric dimension, the variation of 

stress across the BC instead of the whole system before and after 105 h creep exposure 

are exhibited in Fig.7. Note from Fig. 7 that the creep strain of the BC layer greatly 

reduces the stress level within BC layer induced by the thermal-expansion mismatch. 

After long-term creep exposure, the maximum tensile stress changes from the TC/BC 

interface before creep to the BC/substrate interface, and its value reaches 195 MPa. In 

order to further analyse the stress relaxation behaviour at the TC/BC interface and 

BC/substrate interface during long-term creep exposure, the stress relaxation profile 

with creep time is evaluated, as shown in Fig. 8. The results reveal that extensive stress 

relaxation occurs continuously during the creep exposure. At the TC/BC interface, it can 

be seen that the stress of 326 MPa is continuously decreased to 179 MPa after 105 h 

creep exposure. Meanwhile, the BC/substrate interface relaxes to a stress of 195 MPa. 

This result indicates that redistribution of stress in the BC layer takes place during 

creep exposure.

5. Sensitivity of the Key System Parameters

Based on the results above, it can be seen that thermal gradient and stress will be 

generated in the TC, BC and substrate layer during steady-state operation, due to the 

thermal mismatch and different thermal expansion coefficients between the two layers. 

In the model, thermal and stress distributions are strongly dependent on material 

parameters and geometrical dimensions of the coated steam dual pipe system. The aim 

of this section is to analyse effects of these key parameters, which include the TC 

thickness, TC conductivity, thermal expansion coefficient of the TC, cooling steam 

temperature and pressure, on the temperature and stress distributions in the dual pipe 

system using finite element method. Parametric analysis is discussed in detail as follows.

5.1 Coating parameters

5.1.1 Effect of the TC thickness

In the model, the TC layer is used to provide thermal insulation for the primary 

steam pipe. Here, the difference in temperature across the wall thickness of the TC layer, 

ΔT, is defined to indicate the thermal insulation of the TC layer. In terms of the heat 

transfer equation (2), it can be expected thatΔT should increase with the increase of 
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the coating thickness, d1, when other parameters in the system remain constant. 

However, the thickness of the TC layer can only be changed in a given range. If the TC 

layer is too thick, it will significantly contribute to its accelerated failure [6]. Thus, the 

variation of ΔT with the thickness of the TC is investigated for a range of ht values. As 

exhibited in Fig. 9, it can be seen that the thermal insulation effect of the TC is non- 

linear with the TC thickness. The d1 -Δ T curve initially exhibits a highly linear 

correlation (0.1-0.5 mm), followed by a continuous decrease in slope with increasing 

the TC thickness. From the current investigation, the thickness of the coating should be 

reduced as much as possible under the premise of using the TC to provide an effective 

reduction in the surface temperature of the primary steel pipe. 

5.1.2 Effect of the TC thermal conductivity

In addition to the TC thickness, it can be analysed from equation (2) that the 

thermal conductivity coefficient of the TC is one of the most important factors affecting 

the thermal insulation of the dual pipe system. Thus, the effect of the TC thermal 

conductivity, k1, on the thermal insulation is analysed with d1 values in the range of 100-

3000 μm. Fig. 10 presents the variation of ΔT with the thermal conductivity coefficient 

of the TC. Obviously, the thermal insulation effect of the TC continuously increases with 

decreasing the TC thermal conductivity coefficient. In the low thermal conductivity 

coefficient region, the reduction of the thermal conductivity coefficient can lead to 

greater thermal insulation. In addition, as the TC thickness increases, the conductivity 

coefficient of the TC has a greater impact on the thermal insulation. As is well-known, 

the thermal conductivity coefficient of the TC is strongly dependent on the 

microstructure of the material and service temperature. Based on this analysis, if the 

conductivity coefficient of the TC is to be effectively reduced, it is necessary to change 

the structure of the TC. The effect of microstructural changes on the conductivity 

coefficient of the TC has been extensively studied in the previous investigations [35-37].

5.1.3 Effect of thermal expansion coefficient of the TC

It is well known that thermal-expansion mismatch stress between the ceramic 

and metal is one of the most important failure mechanisms in the TBCs system, which 

hinders the development and use of the TBCs technology [6,33]. Consequently, the effect 

of thermal expansion coefficient of TC layer on stress distribution is discussed in this 
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study, as shown in Fig. 11. It can be seen that compared with the hoop stress in the steel 

pipe, hoop stress in the TC layer changes significantly with increasing the value of 

thermal expansion coefficient during the steady-state operation. In this condition, the 

peak hoop stress of TC layer is 592, 379, 166, -46 and -259 MPa when the thermal 

expansion coefficient takes the values of 6×10-6, 8×10-6, 10×10-6, 12×10-6 and 14×

10-6/℃ , respectively. The comparisons shown in Fig. 11 clearly reveal that the 

difference in the thermal expansion coefficient between the TC and substrate directly 

results in a large thermal-expansion mismatch stress at the TC/BC interface, which may 

ultimately contribute to the spallation failure of the TC layer. Moreover, it is clear that 

the stress within the TC layer changes from tensile stress to compressive stress with the 

increase of the thermal expansion coefficient. When the value of thermal expansion 

coefficient of TC is larger than that of the substrate, the TC is subjected to compressive 

stress during the steady-state operation. In addition, the variation of the von Mises 

stress in the TC layer is relatively complicated during the steady-state operation, but it 

can be seen from Fig. 11(b) that when the thermal expansion coefficient of the TC is 

greater or less than that of the substrate, the von Mises stress within the TC will 

increase significantly. From the present investigation, it can be concluded that it may be 

unrealistic to match the coefficient of thermal expansion between the TC and substrate, 

so a 3 or 4 layer coating system may be needed in order to further reduce the thermal-

expansion mismatch stress of the system.

5.2 Hot and cooling steam parameters

5.2.1 Effect of cooling steam heat transfer coefficient 

From equation (4), it can be seen that the effects of heat transfer coefficient of 

cooling steam and high-temperature steam on the thermal insulation of the dual pipe 

system are almost the same. In the current investigation, system analysis is carried out 

by only considering the influence of the cooling steam heat transfer coefficient (hs) on 

the thermal insulation as an example. The results for different k1 values are shown in 

Fig. 12. As the heat transfer coefficient of the cooling steam increases, the thermal 

insulation effect of the TC becomes more pronounced, but the thermal insulation effect 

does not change linearly with the heat transfer coefficient of the cooling steam. It can be 

seen from Fig. 12 that the change of heat transfer coefficient can greatly affect the 
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thermal insulation of the TC, when the heat transfer coefficient is very small. Generally, 

the heat transfer coefficient of the cooling steam is closely related to fluid pressure, 

geometric shape of heat exchange surface and physical properties of the fluid. In the 

present model, when hs=5000 W/(m2℃ ), it is obvious from Fig. 12 that the thermal 

insulation effect of the TC decreases with increasing the TC conductivity. Also, it can be 

observed from Fig. 12 that the TC does not have the function of thermal insulation 

during the steady-state operation, if the external counter cooling steam is not provided 

in the current system. This suggests that the TC can only delay the time of high-

temperature attack on the surface of the primary steam pipe. Thus, the coating must 

work together with the cooling system to achieve the reduction in the surface 

temperature of the substrate during the steady-state operation.

5.2.2 Effect of cooling steam temperature

In order to investigate the influence of cooling steam temperature, Tc, on the 

stress distribution in the dual system, a series of FE analyses with Tc =100℃, 200℃, 300℃

and 500℃ are carried out. The results show that radial stress is relatively insignificant 

in the system. Fig. 13 presents the hoop stress and von Mises stress distributions of the 

dual pipe system at different outer wall temperatures, where the stress distribution at 

temperature of 450℃  is also shown as a comparison. By comparing the hoop stress, it 

can be seen from Fig. 13(a) that the variation of the hoop stress along the wall thickness 

direction is strongly dependent upon the cooling steam temperature. As the cooling 

steam temperature decreases continuously, the hoop stress of the system continues to 

increase. This could be attributed to the temperature difference between the inner and 

outer walls resulting in the increase of the thermal stress in the dual pipe system. Fig. 

13 (b) shows the variation of von Mises stress with cooling steam temperature. The 

decrease in the cooling temperature greatly increases the von Mises stresses, especially 

the stress on the TC side. Definitely, it can affect the structural integrity of the system.

5.2.3 Effect of external pressure

The effect of external pressure, Pc, on the stress distribution of the dual pipe 

system is investigated while other parameters are constant. Four FE analyses with Pc=0 

MPa, 10 MPa, 20 MPa, 35 MPa are carried out. The results including hoop stress and von 

Mises stress along wall thickness direction are shown in Fig. 14, where the stress 
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distribution curves under an external pressure at 7.5 MPa are also presented as a 

comparison. Fig. 14 shows that the external pressure can effectively affect the hoop 

stress distribution although the shape of the hoop stress distribution curve does not 

change.  In the current model, the total hoop stress of the system consists of one part of 

the hoop stress generated by the temperature load and one part of the hoop stress 

produced by the pressure load. Due to the same temperature field in the model, hoop 

stress generated by the temperature load is a constant. However, the complex hoop 

stress produced by the varying external pressure together with internal pressure will 

change during the steady-state operation, which contributes to the variation of hoop 

stress distribution in the system under the different external pressures. Fig. 14(b) 

reveals the von Mises stress distributions of the system during the steady-state 

operation. It can be seen that the external pressure can effectively improve the von 

Mises stress distribution of the TC and primary steam pipe, but can significantly 

increase the peak von Mises stress of the BC.

6. Discussion

In this study, an innovative steam transfer piping system manufactured from high 

temperature materials commonly used in current operational power plants is proposed 

to enable the primary steam pipe in advanced ultra-supercritical power plant to operate 

at temperature up to 700℃ without the need for nickel-based alloys. 

Considering the external (secondary) steam pipe has a relatively uniform 

through-thickness temperature equal to the exhaust steam temperature, thermal stress 

in the external pipe is negligible [25]. The structural integrity of the external pipe only 

under exhaust steam pressure needs to be considered.  For the coated primary steam 

pipe, compared with the mechanical stress generated by the internal pressure and 

external pressure, thermal stress produced by the thermal gradient along the wall 

thickness direction is larger during steady-state operation, which plays a significant role 

in determining the structural integrity of the coated dual pipe system. In the present 

investigation, an analytical model is built to analyse the thermal stresses of the system. 

The comparisons shown in Fig. 6(a) clearly reveal that the thermal stress calculated by 

the analytical model is in agreement with that obtained by the FE model. It proves the 

validity of the thermal stress analysis model. As mentioned above, a number of 

contributing factors can affect the temperature and stress fields in the system, and there 
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is a balance between the thermal insulation capability and thermal stress of the system. 

Based on this analytical model, an optimization design procedure could be developed to 

further refine potential design boundaries. Further theoretical studies will be carried 

out in the future.

As is well-known, for the thermal barrier coatings (typically 8 wt% yttria 

stabilised zirconia), the BC layer is usually exposed to the high-temperature during 

steady-state operating conditions which causes BC oxidation and therefore the 

inevitable formation of the thermally grown oxide (TGO) [6, 17, 19]. The TGO, providing a 

barrier to oxygen diffusion, grows with the increase of the operation time. In general, 

the large thermal-expansion mismatch among the TC, TGO and BC can create a 

significant stress field in the TBCs system [19,38]. With the growth of the TGO during 

service condition, the stress at the BC and TGO interface can result in interface cracking 

and observed spallation failure which greatly affect the life of the TBCs system and 

thereby the primary steam pipe[6]. Thus, TGO is one of the most important factors in 

examining the reliability of the TBCs system. However, in the present feasibility 

investigation, more focus has been made on the fundamental thermal and stress 

analyses of the coated dual pipe system, instead of the formation of the TGO. 

The results obtained by the FE illustrate that the TC layer withstands the most 

extreme steam temperature, and contributes to the effective reduction in the surface 

temperature of the steel pipe, as shown in Fig. 5. However, due to the counter-cooling 

design, high thermal stress is generated by temperature gradient between the wall 

thicknesses. The greater temperature differences, the higher thermal stresses in the 

system are produced. Since hoop stress is much larger than the radial stress during the 

steady-state operation, it implies that hoop stress plays a major role in determining the 

structural integrity of the system [27]. Additionally, the sum of mechanical stress induced 

by the internal and external loads and thermal-expansion mismatch stresses in the 

system generated by the significant difference in thermo-mechanical properties of the 

different layers are less than the yield strength of the ceramic and metal material. 

Consequently, from the current temperature and stress fields as well as creep analyses 

results of the system, it may be feasible to design such a novel engineering steam 

pipeline, although a number of further technical challenges, i.e. the optimal thermal 

design, the most appropriate methods of manufacturing, assessing the structural 

integrity of counter-flow cooled component, the lifetime of the system, are necessary to 
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be addressed, and a combined theoretical, experimental and numerical investigation is 

inevitably required. Creep relaxation behaviour of the proposed TBC system, especially 

the stress evolution in the BC layer, is also observed in this work, as shown in Fig. 7.  

During the long-term creep exposure, creep deformation of the BC layer greatly 

influences the stress redistribution in the TBC system, and results in the continuous 

reduction of the stress in the BC layer with the creep time. This results are consistent 

with Busso and Fan’s investigations [16,19]. Compared with the extensive stress 

relaxation of the BC layer, creep does not play a significant role in the stress distribution 

of the TC and substrate, and only greatly reduces the stress level at the TC/BC interface 

and BC/substrate interface. This phenomenon may be attributed to the limited creep 

strain in the TC and substrate layer. It can be seen from theoretical equation (16) that 

the creep stain rate of the TC during long-term creep exposure is much lower than that 

of the BC layer at the service temperature and stress levels, and thereby the stress 

distributions in the TC layer are not affected. For the substrate layer, since the TC layer 

and external counter-cooling steam effectively reduce the temperature of the inner and 

outer surfaces of the steel pipe seen from the temperature profile in Fig. 5, in addition to 

the BC/substrate interface subjected to the temperature of 560℃ , most of the steel 

pipes are exposed to the temperature below 560℃. Owing to the good creep resistance 

of P91 steel, a large amount of creep strains cannot be observed in the substrate. 

The effect of several key factors on the temperature and stress distributions is 

also analysed in the present investigation.  It can be seen from Figs. (9), (10) and (12) 

that the TC thickness, conductivity coefficient of TC layer and heat transfer coefficient of 

cooling steam have a significant impact on temperature field, and thereby influence the 

stress field of the coated dual pipe system. In addition, the thermal expansion coefficient 

of the TC, cooling steam temperature and the external pressure greatly affect the stress 

distribution of the system. It is clear from Fig. (14) that the external cooling steam 

pressure can effectively improve the stress distribution of the primary steam pipe. In 

the current system, these factors work together to influence the temperature and stress 

distributions of the system.

7. Conclusions

(1) An analytical model is developed which is capable to calculate the temperature 

profiles and thermal stress fields of the coated steam dual pipe system during steady 
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state operation.

(2) Due to the significant difference in the thermal and mechanical properties of the 

coating and substrate pipe, thermal stresses generated due to the thermal gradient 

through the pipe wall are larger than the mechanical stresses generated by the 

combined effects of the internal steam pressure in the primary steam pipe and external 

pressure from the counter-flow cooling steam.

(3) Hoop stress is much larger than the radial stress during the steady-state operation, 

which plays a major role in determining the structural integrity of the system.

(4) Compared with the stress relaxation of the coating and substrate pipe, creep has a 

significant impact on the stress distribution within the coating layer. 

(5) Several key governing parameters have been identified, such as the coating 

thickness, conductivity, thermal expansion, heat transfer coefficient of cooling steam, 

cooling steam temperature and cooling steam pressure, are found to have a significant 

effect on thermal and stress distributions during steady-state operation. Among these 

investigated parameters, the coating thickness may be the most sensitive factors since 

the increase of coating thickness directly contributes to the increase of temperature 

gradient along the wall thickness direction, and therefore results in the increase of 

thermal stress in the dual pipe system.

A number of research challenges discussed in the current study are required to 

be addressed to enable the feasibility of the dual pipe concept in the future work. More 

realistic material combinations and properties and the dimensions of the coating-pipe 

system used in this study need to be carefully considered in order to optimize the 

system’s performance. For a more detailed system analysis to be carried out in the 

future, a classical anisothermal viscoplastic model can be employed to study the dual 

pipe system [40]. More detailed numerical analyses should be carried out to evaluate the 

effect of the thermal gradients and the stresses generated during start-ups / shut downs 

or possible shakedown operations. Several time- and cycle-dependent phenomena, such 

as the formation of TGO, the interdiffusion of the high concentration elements between 

the different interfaces as well as premature spallation failure during the steady-state 

operation, should be further investigated. One of the main challenges is how to access 

the structural integrity of the proposed components under thermo-mechanical loadings. 

Therefore, nonlinear damage mechanics models will be developed to model creep and 
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combined creep-fatigue behaviour. These potential problems should be considered in 

the future work. 
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Fig. 1 Schematic diagram of the coated steam dual pipe system for use in advanced ultra-
supercritical power plant. The internal (primary) steam pipe conveys steam from the boiler 

outlet to the high pressure steam turbine, with an external (secondary) steam pipe conveying 
the counter-cooling steam

Fig. 2 Sectional schematic diagram of the coating-pipe structure, with a schematic of the 
steady-state temperature distribution through the TBC and primary steam pipe
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Fig. 3 Axisymmetric model of heat transfer during steady-state operation

                 

                           (a)                                                      (b)                                                      (c)

Fig. 4 Temperature and stress distribution contour plots of the coated primary steam 
pipe during the steady-state operation: (a) temperature; (b) radial stress; (c) hoop 

stress 
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Fig. 5 Comparisons of temperature field in the coated primary steam pipe calculated by 
the analytical solution and finite element (FE) 

   

(a)                                                                        (b)

Fig. 6 Stress distribution in the coat-primary steam pipe system: (a) thermal stress 
calculated by the analytical solution and finite element (FE); (b) the stress including 

thermal and mechanical stress calculated by FE 
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Fig. 7 The variation of stress along BC wall thickness before and after creep 

Fig. 8 Stress relaxation at the TC/BC interface and BC/substrate interface during long-
term creep exposure
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Fig. 9 Effect of the TC thickness on the thermal insulation of the TC during steady-state 
operation

Fig. 10 Effect of conductivity coefficient on the thermal insulation of the TC during 
steady-state operation

     

Fig. 11 Effect of thermal expansion coefficient of the TC on stress distribution during 
steady-state operation: (a) hoop stress; (b) von Mises stress
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Fig. 12 Effect of heat transfer coefficient of cooling steam on the thermal insulation of 
the TC during steady-state operation

     

(a)                                                                    (b)

Fig. 13 Stress distribution of the coated primary steam pipe at different outer wall 
temperatures: (a) hoop stress; (b) von Mises stress

        

(a)                                                                 (b)

Fig. 14 Stress distribution of the coated primary steam pipe system under the different 
external pressures: (a) hoop stress; (b) von Mises stress
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Table 1 The key geometries of the coated dual pipe system and the assumed steady state 
steam conditions

Material Temperature (℃) Pressure 
(MPa)

Inner diameter 
(mm)

Thickness 
(mm)

TC YSZ 700 35 234 2.5

BC NiCoCrAlY 239 0.5

Primary pipe P91 240 60

Secondary pipe T23 450 7.5 450 20

Table 2 Temperature dependent material properties of the top coat (TC), bond coat (BC) 
and the internal steam pipe for a range of temperatures [27-31]

Material
T 

(℃)

E

 (GPa)
ν

Yield strength 

(MPa)

Density 

(kg/m3)

CTE 

(10−6/℃)

Conductivity 

(W/m℃)

Specific heat 

(J/(kg℃))

P91 20 218 0.3 488 7770 26 440

100 213 461 10.9 27 480

200 207 441 11.3 28 510

300 199 427 11.7 28 550

400 190 396 12.1 29 630

450 186 12.1 29 630

500 181 360 12.3 30 660

550 175 331 12.4 30 710

600 168 285 12.6 30 770

650 162 206 12.7 30 860

8YSZ 20 204 0.10 6037 9.68 1.2 500

800 179 0.11 9.88

NiCoCrAlY 20 200 0.30 868 7711 12.5 5.8 628

800 145 0.32 191 14.3 14.5
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Table 3 Creep properties of the TC, BC and P91 [11, 12, 32-34]

Material B(MPa-nh-1) n T (℃)

TC 7.71×10-27 4 550

1.42×10-24 4 600

1.53×10-22 4 650

1.01×10-20 4 700

BC 6.62×10-17 3 550

4.35×10-15 3 600

P91 1.56×10-55 20.35 500

6.97×10-45 16.76 550

8.42×10-27 9.94 600


