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Improving the energy efficiency of power plants by increasing steam operating temperature up to 700 °C can be
achieved using novel engineering design concepts such as coated steam pipe systems. This paper presents an
optimised design for a novel coated dual pipe system to be used in advanced ultra-supercritical power plant. The
approach developed in this study uses a combination of an optimisation algorithm and FE simulation, based on
the reduction of the hoop stress at top coat/bond coat interface generated by the thermal and mechanical
stresses. This allows determination of the optimum dimensions and material properties of the system. A unified
viscoplastic model which combines a power flow rule with non-linear anisothermal evolution of isotropic and
kinematic hardening has been used for the thermo-mechanical analysis of the coated dual pipe system under the
cyclic loading. The results of the optimisation show that the value of the hoop stress at the top coat/bond coat
interface is reduced significantly, compared with that in the baseline model. Finally, the potential technical

challenges and future works for the proposed steam dual pipe system are discussed.

1. Introduction

Currently, there is an increasing demand to improve the thermal
efficiency of power plant by increasing steam-operating temperatures
[1-3]. Several advanced ultra-supercritical power plants with target
steam temperature up to 700 °C have been proposed to achieve cycle
efficiencies in the order of 55% [4,5]. Using conventional steam cycle
design, such high operation temperatures require the use of nickel-based
alloys such as Inconel 740, Haynes 230 and CCA 617, to replace the
traditional 9-12%Cr ferritic heat resistant steels. These high tempera-
ture materials are of great importance for power plant components
(superheaters, reheaters, steam transfer pipes, etc.) due to their resis-
tance to creep damage and steam oxidation [6,7]. However,
nickel-based alloys are significantly more costly than 9-12%Cr steels
and are in relatively scarce supply. An alternative plant design is
therefore required to achieve higher steam operating temperatures at an
acceptable cost.

Thermal barrier coatings (TBCs), especially partially stabilized
zirconia-yttria (YSZ), have been widely used in aircraft and industrial
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gas-turbine engines to provide thermal insulation and oxidation pro-
tection for superalloy components [8-10]. Inspired by this approach, a
steam transfer piping system operating at steam temperatures of up to
700 °C has been designed to improve the energy efficiency of advanced
ultra-supercritical power plants without the use of nickel-based alloys
[11]. Fig. 1 exhibits a schematic illustration of the coated pipe system
where an 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 [11]. Due to the use of
low-thermal conductivity thermal insulation coating and a
counter-cooled pipe system, the coated primary steam pipe has a sig-
nificant thermal gradient through the wall thickness, and therefore large
thermal stresses will be generated during start-up, shut down and
steady-state operations. The geometry and material properties of the
TBC system, particularly those of the top coat layer, greatly affect the
thermal insulation capacity and also the generation of
thermal-expansion mismatch stresses. These stresses may be large
enough to influence the structural integrity of the system.

In order to analyse the thermal and mechanical response of the dual
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pipe system, preliminary analyses have been carried out by Guo et al.
[12] based on analytical solutions and finite element analyses. The ef-
fects of several factors, for example the top coat thickness, thermal
expansion coefficients and the temperature of the cooling steam on the
temperature and stress distributions of the system, have been identified.
Although these factors were found to have a significant effect, no
attempt was made to optimise the material properties or the dimensions
of the system.

Due to fluctuating energy demand and market competition, more
frequent cyclic operation is witnessed in current power plant operation.
This has led to the prevalence of high temperature damage mechanisms,
such as creep and creep-fatigue. In past decades, the modelling of both
fatigue and creep behaviours of high temperature materials has ach-
ieved significant progress, especially within a cyclic viscoplasticity
framework [13-23]. Generally speaking, this framework can be split
into two broad groups: unified and non-unified viscoplasticity. In uni-
fied viscoplasticity, viscous creep and plastic strains are represented by a
single inelastic measure and considered as rate-dependent [13,19,23].
In non-unified viscoplasticity, both strains are considered as separate
measures, where the creep strain is taken to be rate-dependent and the
plastic strain to be rate-independent [24,25]. Constitutive models with
specific isotropic and kinematic hardening rules have been developed
for different materials [26-29]. Chaboche [30] has presented a review of
many of these models. However, only few models available in literature
are able to predict the anisothermal fatigue behaviour of the investi-
gated material [19,31,32]. In this work, a unified viscoplastic model
with non-linear anisothermal isotropic and kinematic hardening for-
mulations is used to carry out the thermo-mechanical analyses.

This study describes an optimised design methodology based on a
thermo-mechanical analysis of a novel coated dual pipe system for use in
advanced ultra-supercritical power plant. The optimisation procedure is
presented in section 2, where the theoretical formulations of model are
introduced. In section 3, the finite element approach is presented,
including a description of the viscoplastic model and the associated
model parameters for the coating system. Section 4 discusses the system
parameter optimisation and the significance of the results by comparing
the stress evolutions in the baseline simulation and optimised models.
Finally, a FE analysis of the dual pipe system under cyclic loading is
performed using the viscoplastic model to evaluate the developed
optimisation model.

Lagging

Fig. 1. Schematic diagram of the coated steam dual pipe system for use in advanced ultra-supercritical power plant [11].
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2. Optimisation of the dual pipe system

In order to discuss the thermal and stress distributions of the coated
dual pipe system generated during steady-state operation, a one-
dimensional model of the coating-pipe structure has been built up in
previous work [12]. There are 3 layers, the top coat (TC), bond coat (BC)
and the substrate pipe in the model. The sectional diagram of the system
is shown in Fig. 2.

2.1. Optimisation model

In this work, the thermal-expansion mismatch stresses at the TC and
BC interfaces are taken to be the critical factor leading to failure of the
TBC system [8,12]. The optimisation model is therefore.

F(X) =0p(X) = 0, (X),_, >min, ™

A
Temp.

{ Top | Bond Po1
{ coat

coat steel

Cooling steam

—>
Distance

Fig. 2. Sectional diagram of the coating-pipe structure. Point 1 is the inner
edge of the TC layer, point 2 is the TC-BC interface, point 3 is the BC-pipe
interface, point 4 is the outer edge of the pipe.
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Cooler exhaust steam
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X € R, 2
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where F(X) is the objective function, X is the optimisation variable set (a
vector in the n-dimensional space, R"). In terms of the key governing
parameters which have been identified [12], the optimisation variable
set is

X=[we, wp, ku, Dy ]" @

where w, is the thickness of the TC, w, is the thickness of primary pipe,
ky is the thermal conductivity of the TC, Dy is the hydraulic mean
diameter in the cooling jacket [11]. o.,(X) and o5,(X) are the hoop
stresses on the outer surface of the TC and on the inner surface of the BC.
B! and BY are the lower and upper bounds of X;.

No lower limit is imposed on the value of w, since the TC layer needs
to be as thick as necessary to reduce the temperature of the primary pipe
to the required level. At present, the maximum thickness of the coating
tested in open literature is 4 mm [11,33]. However, if the TC layer is too
thick, it will lead to accelerated failure [8]. Thus, the upper boundary for
w, is chosen to be 3 mm. Some practical engineering dimension con-
straints have been imposed during the optimisation analysis, so the
boundaries for w, can be selected to be between 30 mm and 60 mm, and
Dy between 100 mm and 200 mm. Changes to the value of Dy, will affect
the flow of steam in the cooling jacket and therefore the heat transfer
coefficient between the primary pipe and the steam. These additional
effects have not been considered in this work. Additionally, in order to
cover a wide range of possible coating materials, the boundaries for k,,
can be chosen to be between 1.0 and 1.5 W/m°C [34-36].

The thermal efficiency of the dual pipe system is considered as a
constraint in the optimisation model. The thermal efficiency is calcu-
lated following the work of Wales et al. [11]. The thermal efficiency
constraint inequality is defined as

nX)—n, >0, (5)

where ;(X) is the thermal efficiency constraint function while 7, stands
for the threshold value of thermal efficiency. Here, considering the
operating costs and profitability of power plants, 75, is set as 51.40%
[11].

In the current coated dual pipe system, superheated steam at 700 °C
is transported using the coated P91 pipe so that the temperature expe-
rienced by the primary P91 pipe does not exceed 580 °C. This temper-
ature constraint of the primary pipe is set in the optimisation model. The
temperature constraint equation is expressed as

T(X)—Ty <0, (6)

where T(X) is the temperature constraint function, Ty is the maximum
temperature of the primary temperature (580 °C), as described in Fig. 2.

Arbitrary values of w., w,, ky, and Dy are used as initial values and
the proposed algorithm is used to find optimised values of w., wp,
ky, and Dy;.

2.2. Optimisation procedure

In order to determine the optimum dimensions and material prop-
erties of the dual pipe, a combined FE simulation and optimisation
approach is used. The optimisation is implemented using Matlab. The
function for solving the minimum of constrained nonlinear multi-
variable functions, fmincon, is provided within the Matlab optimisa-
tion toolbox.

A detailed description of the FE simulation is given in section 3.1.
Since the initial guess values for w., w,, k,, and Dy are provided, these
parameters are passed into the Abaqus input file by using a Matlab
programme, and then a sequentially coupled thermo-mechanical
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analysis is carried out to obtain the initial hoop stress data within the
system for each iteration. Additionally, a series of iterative calculations
are also performed with different optimised parameters which are
determined from the Matlab optimisation programme. During each
iteration, all the system parameters in the Abaqus input file are updated
by the new ones based on the FE analysis pre-processing. In the FE post-
processing, a python script is used to extract the hoop stresses at the TC
and BC interfaces from the Abaqus output file. All the optimisation
procedures run automatically until convergence is reached. The opti-
misation algorithms used in this study are illustrated in Fig. 3, where the
thermal efficiency calculation module is also included [11].

3. Finite element models of the coated dual pipe system under
thermo-mechanical loading

3.1. Thermal and stress analysis models under steady-state operation

Assuming closed end conditions with no system loading (i.e. the
stresses present are owing to internal pressure and external pressure
only) [37], a coated straight pipe of constant section may be greatly
simplified to the 2-D axisymmetric finite element model, as shown in
Fig. 4. The uncoupled thermal simulation is first performed in a heat
transfer procedure, followed by the stress analysis which closely de-
pends on the temperature field of the system.

3.1.1. Geometry and meshing

In section 4, the results corresponding to the optimised parameters
will be compared with the values of those parameters used in previous
work [12]. These parameters are referred to here as the baseline pa-
rameters and are as follows: the thickness of the TC is 2.5 mm, the inner
radius of the primary P91 steam pipe is 120 mm and the wall thickness is
60 mm (Fig. 4). To generate a compatible oxide to enable the ceramic to
adhere to the underlying steel pipe, a thin BC layer of 0.5 mm in
thickness is assumed. 8-node isoparametric quadratic axisymmetric
temperature and continuum elements with reduced 2 x 2 integration
(Abaqus element types DCAX8 and CAX8R) are used for the thermal and
stress analyses. The model consists of 63,500 elements with 191,755
nodes to guarantee adequate computational accuracy.

3.1.2. Material properties

The materials of the TC, BC and internal steam pipe used in this study
are assumed to be isotropic and homogeneous, and all layers in TBCs are
assumed to be elastic and viscous as proposed in literature [38]. Here,
8YSZ, NiCoCrAlY, and P91 steel are chosen as the candidate TC, BC and
the substrate, respectively. Some temperature dependent material
properties of the TC, BC and the substrate required for the FE models,
such as Young’s modulus (E), yield strength, density, coefficient of
thermal expansion (CTE), conductivity and specific heat, are taken from
literature [38-41]. Other properties over a wider range of temperatures
can be estimated based on linear interpolation of the existing data. These
are given in Table 1.

3.1.3. Boundary conditions

In the baseline simulation conditions, the internal primary steam
pipe is set to operate at a temperature up to 700 °C, with the second
outer cooling steam pipe at a temperature of 450 °C. To maintain ac-
curate boundary conditions, a mean axial stress (o,) is applied to
represent the closed end with a constant displacement constraint.
Symmetric boundary conditions are used as indicated in Fig. 4. The
internal steady state pressure of the primary steam pipe is set at 35 MPa,
with the steam pressure of the counter-flow at 7.5 MPa [11,12].

3.2. Anisothermal FE model under cyclic loading

Compared with a constant and relatively uniform wall thickness
temperature in a conventional steam circuit operating under steady-
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Fig. 3. Flow chart of the combined FE simulation and optimisation algorithm.

state conditions with well lagged piping, the coated dual pipe system has
a significant thermal gradient through the wall thickness. Also, the effect
of temperature on the material properties should be considered. Oper-
ating conditions for future ultra-supercritical power plants, such as ex-
pected cyclic mechanical loadings to accommodate increasing levels of
renewable energy on the grid, will give rise to creep-fatigue damage of
the system. Therefore, analysis of the TBC system is carried out using an
anisothermal unified viscoplastic model. To demonstrate the effective-
ness of the optimisation method, anisothermal FE analyses of the system
before and after optimisation are also performed.

3.2.1. The constitutive model

In this study, an improved unified Chaboche-Lemaitre constitutive
model presented in Ref. [32] is employed to describe the anisothermal
creep-fatigue response of the material under investigation. The main
constitutive equations can be described as below

g

&= 3,‘, +er 7

If TEC length No
equal to L.
Yes
nxy—mg =0,
TX)—Ty<0
Optimized X
&= D30, €))
3 Mg, _X.
P —pN, =2 L 20T 9
TP TR S, - Xy ©)
.f(U7XIj7R; T) =/ (o-ij7XU) —R(T,p(T)) — k(T), (10)

where ¢, €} and e}f.’ are the total strain, elastic strain and viscoplastic

strain tensors. The viscoplastic strain rate égp is expressed by a power

flow law where p is the viscoplastic multiplier rate, defined as p =

\/3¢7 : & and Ny the viscoplastic flow direction. Z(T) and n(T) are the
temperature dependent material parameters which represent the vis-
coplastic resistance and hardening exponent functions. S; is the devia-
toric stress tensor of the Cauchy stress tensor, oj, defined as Sy = 6 —
01Sy5. X;j denotes the back stress tensor while the von Mises yield
function f is dependent on the drag stress, R(T, p(T)), with the
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Fig. 4. The geometry and boundary conditions for the axisymmetric FE model (Dp = 120 mm, d, = 60 mm, d. = 2.5 mm, d, = 0.5 mm, L = 500 mm, P; = 35 MPa, P,

= 7.5 MPa).

Table 1

Temperature dependent material properties of the top coat (TC), bond coat (BC) and the substrate for a range of temperatures [38-41].

Material T (°C) E (GPa) v Yield strength (MPa) Density (kg/m>) CTE (107%/°C) Conductivity (W/m °C) Specific heat (J/(kg °C))
Po1 20 218 0.3 488 7770 26 440
(The substrate) 100 213 461 10.9 27 480
200 207 441 11.3 28 510
300 199 427 11.7 28 550
400 190 396 121 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
(TC) 800 179 0.11 9.88 1.16
NiCoCrAlY 20 200 0.30 868 7711 12.5 5.8 628
(BC) 800 145 0.32 191 14.3 14.5

viscoplastic multiplier, p, the yield stress, k(T), and the second invariant
Jo. The J, -term is expressed by

3
Q(Sv‘*ﬁ%)(sv")g)v

J2(0,X;) = 11)

In this constitutive model, the anisothermal evolution of the kine-
matic hardening parameter X;; using the Chaboche decomposition [30]
is given as

k
X=X,

k=12

(12)

HOm) @)+ o) Y )] (13)
where y®)(T) and p*)(T) are the temperature dependent material pa-
rameters. The terms yf? (T) and ﬁf? (T) represent the partial derivative of

y®(T) and g% (T) with respect to the temperature. The anisothermal
evolution of the drag stress R can be expressed by
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Po1

—1.88 x 10°T + 2.47 x 10°
—4.48 x 107'T + 4.43 x 102
—2.24 x 1071T 4 6.07 x 10?

—4.30 x 107'T + 3.05 x 10?

~7.5T + 4.964 x 10°

-1.82 x 1071T 4 1.22 x 10?

—~1.40 x 1071T 4 2.30 x 10’

7.08 x 1073T - 2.23

—5.50 x 1073T + 4.00 x 107!

Table 2
Temperature dependent material properties in the extended Chaboche-Lemaitre viscoplasticity constitutive model [38-44].
TC BC
E (MPa) —3.22 x 10'T + 2.05 x 10° —7.05 x 10'T + 2.01 x 10°
k (MPa) —4.34 x 1071T + 4.43 x 102 —4.34 x 107'T + 4.43 x 102
n —2.24 x 107!T + 6.07 x 107 —~2.24 x 107'T + 6.07 x 10?
p, (MPa) —4.30 x 10T + 3.05 x 107 —4.30 x 107'T + 3.05 x 10?
72 —7.5T + 4.964 x 10° —7.5T + 4.964 x 10°
S (MPa) -1.82 x 1071T 4 1.22 x 102 -1.82 x 107'T + 1.22 x 10?
u (MPa) ~1.40 x 107'T + 2.30 x 10" —-1.40 x 107'T + 2.30 x 10!
v 7.08 x 107°T - 2.23 7.08 x 107°T - 2.23
H(MPa) —5.50 x 107°T + 4.00 x 107! —5.50 x 107T + 4.00 x 107}
Z (MPa.s'/) 5.26 x 10% exp[-1.8 x 10*/(8.314(T+273.15))] 5.26 x 10* exp[-1.8 x 10%/(8.314(T+273.15))]
n 1.9 1.9

5.26 x 10* exp[-1.8 x 10*/(8.314(T+273.15))]
1.9

R(T,p(T)) = [u(T) = R(T, p(T)) + v~ (T)H(T) o(T)5(T)
+{p(T)H(T) + R(T,p(T)) ~ H(T)p(T) [o™ (T)0,1 (1) + 5~ (T (T)] }7,

where y(T) and o(T) are temperature dependent material properties and
H(T) represents the linear drag stress evolution. The terms H 7(T), v 7(T)
and y (T) are the partial derivatives of H(T), »(T) and u(T) with respect
to temperature. The detailed theoretical derivation of X;; and R(T,p(T))
can be found in Ref. [32].

3.2.2. Material model parameters

A bespoke user material subroutine (UMAT) for the unified visco-
plastic model described here has been generated in previous work [32,
42]. The associated temperature dependent material properties of the
P91 steel are given in Table 2. The UMAT used in this study was cali-
brated and validated using a series of isotropic hold-time cycle tests
conducted at different temperatures as reported in several papers [17,
43,44]. For the TC and BC layers, the temperature-dependent Young’s
modulus and yield stress are taken from literature [38-41]. Other
temperature-dependent material properties are taken to be equal to
those of the P91 steel.

3.2.3. Cyclic thermo-mechanical loading
In this work, a simplified cyclic thermal and mechanical loading for
the dual pipe system has been used, as shown in Fig. 5. The loading starts

14

from a stress-free state at 20 °C, and consists of a number of repeating
cycles with thermal and mechanical loadings. For the thermal loading,
each cycle of the inner surface of the TC is composed of a 6 h heat-up
period from 20 °C to 700 °C, a 72 h dwell period at 700 °C, a 5 h
cool-down period from 700 °C to 20 °C and a 7 h dwell period at 20 °C.
The external surface of the primary pipe is exposed to a 6 h heat-up
period from 20 °C to 450 °C, a 72 h dwell period at 450 °C, a 5 h
cool-down period from 450 °C to 20 °C and a 7 h dwell period at 20 °C.
In addition to the thermal loading, the internal and external pressures
varying with time are imposed on the inner and outer surfaces of the
coated primary pipe system. The mechanical loading cycle also consists
of a 6 h period of start-up and a 5 h shutdown with a 72 h dwell period at
full power in between, followed by a 7 h dwell period at rest. It repre-
sents the typical high energy demand in the market, when the main
steam pipeline is turned on; when the demand falls and they are turned
off. The peak magnitude of the internal and external pressures described
in section 3.1.3 are achieved during the 72 h period.

Load (%)

Dwell time

Temperature
------——-- Mechanical load

Cool-down

Time (h)

Fig. 5. Schematic diagram for intermittent operation showing the variation of the temperature and mechanical loadings on the internal and external surfaces of the

coated dual pipe system.
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Fig. 6. Optimised parameter values versus iterations using the combined FE
simulation and optimisation approach.
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Fig. 7. Optimised values of stress mismatch at TC/BC interface values versus
iterations using the combined FE simulation and optimisation approach.

Table 3
Optimised results with initial guess values.

Initial guess values Final optimised values

W, (m) 0.002 0.003

w, (m) 0.060 0.038

K, (W/m°C) 1.5 1.0

Dy (m) 0.1 0.2
4. Results

4.1. System optimisation analysis

4.1.1. Optimisation of the system parameters

The procedures described in Sections 2 and 3 will now be used to
determine the optimised system parameters of the dual pipe system. To
avoid affecting optimisation results caused by the differences in the
magnitude of optimisation variables, the values of the variables have
been normalised to the same order of magnitude during optimisation.
The procedure starts from initial guessed values for w,, w,, ky, and Dy
(the baseline values defined in section 3.1.1) and continues by
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performing iterations to find the minimum value of the hoop stress
mismatch at the TC/BC interface. The convergence history of the opti-
mised results is shown in Fig. 6. The results show that the values
converge after 23 iterations. Additionally, it can be seen that the opti-
misation variables of w., w,, ky, and Dy converge rapidly after 5 itera-
tions and the hoop stress mismatch at the TC/BC interface caused by the
thermal and mechanical stresses reaches a minimum (see. Fig. 7).
However, at this point the thermal efficiency of the system is less than
the constrained value of 51.40% which is set as a constraint in the
optimisation model. In order to increase the thermal efficiency, the
thickness of the primary pipe (w,) must be increased to recover the
thermal efficiency to the constrained value, since this increase of w, can
reduce the significant influence of the cooling system on the thermal
efficiency. Thus, it can be observed from Fig. 6 that w,, starts to increase
after 13 iterations, whereas the values of w,, k,, and Dy, are almost un-
changed during iteration. Table 3 compares the set of optimised values
with the initial guessed values.

4.1.2. Comparisons of temperature and stress distributions in the baseline
and optimised models

Fig. 8 presents the temperature and stress distributions through the
wall thickness of the coated primary pipe for the baseline geometry. The
use of the thermal insulation coating reduces the inner surface tem-
perature of the substrate pipe to about 560 °C. The resulting temperature
gradient through the wall thickness seen in Fig. 8(a) inevitably gives rise
to large thermal stresses within the system.

The stress distribution of the coated primary steam pipe system
through the wall thickness is shown in Fig. 8(b). The radial stress is
continuous through the wall thickness, whereas the hoop stress is
discontinuous across the interfaces at the TC/BC and BC/substrate. The
magnitude of the radial stress is quite small compared to that of the hoop
stress which therefore plays a dominant role in determining the struc-
tural integrity of the system. This hoop stress is composed of a part
generated by the thermal loading and a part generated by the mechan-
ical pressure loading. The thermal part is much larger than the me-
chanical part, so the regulation of thermal stresses presents the key
technical challenge. As observed in Fig. 8(b), in addition to the
maximum hoop stress distributed on the external surface of the primary
pipe, the positive hoop stress at the TC/BC interface is about 185 MPa
due to the thermal expansion mismatch at the interface. Also, the vari-
ation of von Mises stress through the wall thickness can be seen in Fig. 8
(b). Note from Fig. 8(b) that a peak value of von Mises stress can be
observed at the TC/BC interface, but the stress decreases significantly on
both sides of the peak.

Fig. 9 shows the temperature and stress distributions in the optimised
primary steam pipe system. It can be seen in Fig. 9(a) that the inner
surface temperature of the primary pipe reaches 518 °C under the
steady-state operation, as the TC thickness increases to 3 mm. The
temperature difference between the inner and outer walls of the primary
pipe changes from 110 °C in the baseline model to 68 °C in the optimised
model. This can be attributed to the increase in TC thickness (w.) and the
decrease of the primary pipe thickness (w,). The value of the hoop stress
mismatch at the TC/BC interface reduces from 522 MPa in the baseline
model to 472 MPa in the optimised model. The maximum von Mises
stress is located at the TC/BC interface during steady-state operation,
and its value decreases from 326 MPa in the baseline model to 253 MPa
in the optimised model. As the mechanical loadings are the same in the
baseline model and the optimised model, the decrease in the stresses is
mainly due to the decrease of thermal stresses in the coated dual pipe
system. In the optimised system, the decrease of the primary pipe
thickness as well as the temperature difference between the inner and
outer walls of the primary pipe contributes to the reduction of thermal
stresses.
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4.2. Anisothermal FE analyses under cyclic loading

It is likely that the coated dual pipe system will experience cyclic
mechanical loadings in service and this may lead to creep-fatigue. As
described in section 4.1.2, there is a significant stress mismatch at the
TBC interfaces, especially around the interface between the TC and BC,
under steady-state operating conditions. Moreover, during start-up and
shut-down operations, several cycle-dependent phenomena often take
place within the TBC system, which may ultimately give rise to the
premature failure by interfacial delamination. Therefore, preliminary
thermo-mechanical analyses have been carried out using the aniso-
thermal viscoplastic model, as described in section 3.2.1.

The hoop stress and von Mises stress distributions through the wall
thickness in the optimised model generated during the first cycle at the
end of steady-state and shut down operations are shown in Fig. 11,
which can be compared with distributions for the baseline model in
Fig. 10. During the first cycle at the end of steady-state operation, Fig. 10
shows that the maximum von Mises stress is located on the external
surface of the P91 pipe. In the optimised model, the position of the
maximum von Mises stress changes from the external surface of the P91

pipe to the TC/BC interface (Fig. 11). During the first cycle at the end of
shut-down, the maximum von Mises stress for both the baseline and
optimised conditions is located on the internal surface of the TC, as
shown in Figs. 10 and 11. Moreover, comparing Figs. 10 and 11, it is
clear that the value of the maximum von Mises stress for the baseline
model is much larger than for the optimised model. Since the maximum
von Mises stress located on the internal surface of the TC in the coated
dual pipe system during shut-down is much larger than during steady-
state operation in the model, TBC failure may be caused by spallation
of the TC. This result is consistent with the experiment observation re-
ported by Padture et al. [8].

5. Discussion
5.1. An analytical optimisation method

In this work, a procedure has been developed to optimise the design
of the dual pipe system. However, since the procedure involves an
interaction between Abaqus and Matlab, it is complicated and time
consuming.
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Alternatively, an analytical optimisation method can be developed
using the same objective function, based on the analytical solution of the
thermal stresses presented in previous work [12]. Using this method, the
temperature profile within the dual pipe system during steady-state
operation can be expressed as

n=- [

where Tj(r) and k;(r) are the temperature and conductivity coefficients at
the i-th layer, A; and B; are the integral constants.

The axial stress, oy, (r), and hoop stress, oy, (r), at the i-th layer caused
by the thermal stress are given by

A
———dr+B; (Ri<r<Ri,i=1,2,3),

k;(r) as

E a [ E.C; E.D;
()= — & AT () - , 16
on () 1—vr? Jg, (r)r r+(1+y,~)(1—2yi) (I4v)r? a6
E o [" EC; E;D; Ea;
= = | AT(r)rd — ——-Ty(r),
(=1, /R e+ =2 T e 1o )

where E; is the modulus of elasticity, v; is Poisson’s ratio, ¢; is the co-
efficient of linear thermal expansion, AT;(r) is the change in the tem-
perature at the i-th layer. C; and D; are the constants of integration.

In the previous work, it has been proven that the analytical model
above is capable to calculate the temperature profiles and thermal stress
fields of the coated steam dual pipe system during steady state operation
[12]. Here, the initial hoop stresses at the TC and BC interfaces can be
obtained by Eq. (17) followed by calculations of the optimised hoop
stresses using updated system parameters determined from the Matlab
optimisation processes. The entire optimisation process is executed
continuously until convergence is reached. The optimisation algorithm
is shown in Fig. 12, where the thermal efficiency calculation is also
included. Using this method, FE analysis can be avoided, although it
would be difficult to extend the calculations to include non-steady state
conditions.

10

International Journal of Pressure Vessels and Piping 186 (2020) 104157

5.2. Alternative objective functions

As described, the optimisation procedure attempts to reduce the
hoop stress mismatch at the TC/BC interface. For such a complex system,
other objective functions to represent typical failure mechanisms can
also be used to optimise the system, such as the maximum temperature
experienced by the primary P91 pipe and the thermal efficiency of the
complete system. Another potential parameter that could be considered
is the strain range in the TBC, since larger strain excursions associated
with larger temperature excursions are more damaging.

Significant progress has been made in understanding the physical
damage and failure mechanisms of the TBC system [8]. During start-up,
shut-down and steady state operations, several interrelated time and
cycle-dependent phenomena, such as the formation of thermally grown
oxides (TGO), may take place in the coated dual pipe system. In general,
the large thermal-expansion mismatch among the TC, TGO and BC can
create a significant stress field in the TBCs system [45,46]. With the
growth of the TGO during service condition, the stress at the BC and TGO
interface can ultimately result in interface cracking and system failure
by spallation of the top-coat. The thickness of the TGO could be used as
the objective function to optimise the dual pipe system since it is one of
the most important factors controlling the integrity of the TBC system. In
addition, thermal mechanical fatigue may also be a typical failure
mechanism of the system. Because the fatigue failure depends more on
the stress amplitudes, which may be considered as an alternative
objective function to optimise the system.

Based on the analysis above, many factors can be used as the
objective function to optimise the structure of the dual pipe system. For
the current complex optimisation problem, different objectives under
consideration may conflict with each other, and optimising a particular
solution with respective to a single objective can result in unacceptable
results with regard to the other objective. To solve this problem, a
reasonable solution is to use multi-objective optimisation method which
weights the importance of all the key factors (for example the maximum
temperature experienced by the primary P91 pipe, the thermal effi-
ciency of the system and the thickness of the TGO) in the same opti-
misation function [47].

a7

5.3. Thermal efficiency

In the proposed dual pipe system, the use of a counter-cooled pipe
system will inevitably result in a loss of heat from the supercritical steam
and therefore contribute to the loss of thermal efficiency of the system.
This will partly offset the higher efficiency achieved from the initially
much higher superheated steam temperature. The calculation of thermal
efficiency [11] for an ideal system with no zero heat and pressure losses
gives a figure of 51.8%. This compares with 52.4% for a conventional
design using materials that can withstand the temperature of the su-
percritical steam.

The parameters used in the optimisation procedure, w., wp, ky,
and Dy, have a significant impact on the thermal efficiency of the sys-
tem. To improve the efficiency, values for w,, w;,, and Dy should be as
high as possible, while k,, should be low. Of the 4 parameters, w,, the
thickness of primary pipe was found to be the most important param-
eter: a lower value for w, gives a reduced stress mismatch at the TC/BC
interface. Fig. 13 shows effect of w, on cycle thermal efficiency. The
value for w, needs to be a compromise between improving efficiency
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and reducing the stresses in the TBC.
6. Conclusions and future work

In this work, an optimised design methodology has been developed
based on a thermo-mechanical analysis of a novel coated dual pipe
system for use in advanced ultra-supercritical power plant. In addition, a
FE analysis of the system under cyclic loading has been performed using
the viscoplastic model to evaluate the developed optimisation model.
The main conclusions are as follows:

1 A combined FE simulation and optimisation algorithm is developed
which is capable of determining the optimised dimensions and ma-
terial properties by calculating the hoop stress mismatch at the TC/
BC interface generated by the thermal and mechanical loadings. FE
analyses are carried out to calculate the temperature profiles and
stress distributions of the system in the baseline and optimised
models. The results show that the value of hoop stress mismatch at
TC/BC interface decreases from 522 MPa in the baseline model to
472 MPa in the optimised model, and the value of the maximum von
Mises stress reduces from 326 MPa to 253 MPa.

2 The current study has demonstrated the methods of performing
thermo-mechanical analysis under cyclic loading for the coated dual
pipe system using a unified viscoplastic model with non-linear ani-
sothermal isotropic and kinematic hardening rules. The comparison
results before and after optimisation show that the value of the
maximum von Mises stress of 1360 MPa in the baseline model during
shut down is much larger than that in the optimised model of 453.7
MPa.

3 An analytical optimisation method, which includes both heat trans-
fer and thermal stress calculations, is also developed to determine
the dimensions and material properties of the coated dual pipe sys-
tem, although it would be difficult to extend the calculations to
include non-steady conditions.

This study demonstrates the feasibility of using high temperature
materials in current widespread use, for significantly higher tempera-
ture application in ultra-supercritical plant designs. This higher tem-
perature application necessarily requires novel design options to be
considered. This study has demonstrated how modelling and optimisa-
tion techniques can be used to explore the design feasibility of the
proposed coated dual pipe system. The integrity of the interface between
the TBC and primary steam transfer pipe presents a key technical chal-
lenge. Further development of coating systems and testing is required to
demonstrate the successful operation of the proposed dual pipe system.
Several time- and cycle-dependent phenomena, such as the formation of
a thermally-grown oxide layer, the interdiffusion of high concentration
elements between different interfaces as well as premature spallation
failure require further investigation.
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