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Abstract Construction elements of supercritical power plants are sub-
jected to high working pressures and high temperatures while operating.
Under these conditions high stresses in the construction are created. In or-
der to operate safely, it is important to monitor stresses, especially during
start-up and shut-down processes. The maximum stresses in the construc-
tion elements should not exceed the allowable stress limit. The goal is to find
optimum operating parameters that can assure safe heating and cooling pro-
cesses [1–5]. The optimum parameters should guarantee that the allowable
stresses are not exceeded and the entire process is conducted in the shortest
time. In this work new numerical method for determining optimum working
parameters is presented. Based on these parameters heating operations were
conducted. Stresses were monitored during the entire processes. The results
obtained were compared with the German boiler regulations – Technische
Regeln für Dampfkessel 301.
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Nomenclature

H,J,δ – matrices
x – vector of searched parameters
k – thermal conductivity, W/(m K)
pw – working pressure of medium, MPa
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Re – yield strength, MPa
S – sum of squares
t – time, s
Tf0 – initial temperature of medium, ◦C
Tw – working temperature of steam, ◦C
vT – rate of medium temperature change, K/min

Greek symbols

ε – convergence criterion
σa – allowable stresses, MPa
σx, σy, σz – total stresses in respective direction, MPa

1 Introduction

During start-up and shut-down operations high stresses in the power unit
construction elements are created. Theses stresses are caused by internal
pressure and temperature gradient in the wall of components that changes
during heating and cooling operations. Therefore, it is important to con-
duct these operations in such way that the total stresses remain within the
permitable stress limit, specified by boiler regulations.

German boiler regulations – Technische Regeln für Dampfkessel 301
(TRD 301) [6] – control the operation of steam boilers. According to
these regulations medium temperature change rates vT1 , vT2 and allow-
able stresses σa are calculated. TRD 301 regulations assume quasi-steady
one dimensional temperature distribution in the entire component. How-
ever, the quasi-steady state does not occur, especially, that the heating and
cooling operations are transient processes. Thus, the operations conducted
with parameters estimated according to TRD 301 may cause stresses that
exceed stress limit σa.

Paper [3] presents the two-stage numerical method for determining op-
timum medium temperature transients, which ensures that the thermal
stresses in the whole construction element does not exceed the allowable
value. Firstly, change rate of medium temperature, based on the golden
search method, is calculated. Next, the initial temperature step, utilizing
the Levenberg-Marquardt formula is found. Paper [4] presents numerical
optimization procedure, based on the Levenberg-Marquardt algorithm that
allows to find the change rate of medium temperature and initial tempera-
ture step, simultaneously. This procedure is based on the assumption that
the thermal stresses in the entire construction elements do not exceed the
allowable stresses. This work presents a new numerical method for deter-
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mining optimum medium temperature transients, based on the assumption
that the total stresses in the power block devices are kept within the stress
limit. Implementation of the proposed method is presented for heating op-
erations of outlet header and separator. These construction elements are
mounted in supercritical power plants.

Outlet header is mounted in the power unit of 460 MW and is designed
for pressure pw = 29 MPa and steam temperature Tw = 559 ◦C. The sim-
plified model is presented in Fig. 1. Next element analyzed is separator,
which works with steam pressure pw = 29.8 MPa and steam temperature
Tw = 465 ◦C. The geometry with basic dimensions is illustrated in Fig. 2.

Figure 1. Geometry of outlet header in
mm.

Figure 2. Geometry of separator in mm.

The elements presented are thick-walled elements made of ferritic al-
loy steel X10CrMoVNb9-1 (P91). The steel P91 is commonly used in the
construction of supercritical power plants. It retains desirable material
properties while operating with high temperatures and pressures. Selected
thermal and mechanical properties [7] are presented in Figs. 3 and 4.
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Figure 3. Mechanical properties of X10CrMoVNb9-1 (P91) steel.

Figure 4. Thermal properties of X10CrMoVNb9-1 (P91) steel.

2 Formulation of the method

During the start-up process high stresses in the construction elements are
created. Thus, it is recommended to find parameters that can maintain
maximum stresses within the stress limit, whereas the heating time is short-
est. These parameters were found based on the Levenberg-Marquardt (L-M)
algorithm [8,9]. For optimization purpose of outlet header four optimum pa-
rameters Tf1 , vT1 and Tf2 , vT2 were found. Parameters vT1 , vT2 denote opti-
mum rates of temperature change and Tf1 , Tf2 optimum fluid temperature
steps. These parameters are found when the following equation is satisfied:
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σa − σmax(Tf1 , vT1 ,Tf2, vT2 , ti) ∼= 0 , i = 1, . . . ,m , (1)

where σmax denotes the highest value of total stresses in the whole con-
struction element, m denotes the number of time points during the heating
process. Again, minimizing the sum

S(x) =
m∑

i=1

[σa − σmax(Tf1 , vT1 , Tf2 , vT2 , ti)]
2 ∼= 0 , i = 1, . . . ,m , (2)

allows to establish the optimum parameters.
In the optimization procedure of heating process of separator only two

parameters were found. Therefore, Eq. (2) reduces to the following form

S(x) =
m∑

i=1

[σa − σmax(Tf1 , vT1 , ti)]
2 ∼= 0 , i = 1, . . . ,m . (3)

The parameters are updated at every k-th iteration step based on the fol-
lowing rule

x(k+1) = x(k) + δ(k) . (4)

The searched parameters of x are denoted as x1 = Tf1 , x2 = vT1 , x3 = Tf2 ,
x4 = vT2 for outlet header and x1 = Tf1 , x2 = vT1 for separator, whereas

δ(k) =
(
H(k) + λdiagH(k)

)−1 (
J(k)

)T [
σa − σmax

(
x(k)

)]
, k = 0, 1, . . . .

(5)
The H and J denote Hessian and Jacobian matrices, respectively. They are
expressed as follows:

J(k) =
∂σmax (x)

∂xT
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(6)

and

H(k) =
∂2σmax (x)

(∂xT )2
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The optimum parameters are found if the assumed convergence criterion

x
(k+1)
i − x

(k)
i ≤ ε , i = 1, . . . , n (8)

is fulfilled.

3 Outlet header

In this section the start-up operation of outlet header was carried out. This
operation was conducted according to German boiler regulations – Tech-
nische Regeln für Dampfkessel 301 (TRD 301) and the proposed numerical
method. For both cases the medium temperature was determined. In order
to monitor stresses in the construction during heating process, numerical
method based on finite element method (FEM) was used. The outlet header
geometry was divided into eight-node finite elements. Since the element is
symmetrical 1/2 was modeled and analyzed as shown in Fig. 5.

Figure 5. The outlet header divided into finite elements.

3.1 Technical rules for steam boilers — TRD 301

The German boiler regulations – Technische Regeln für Dampfkessel 301
(TRD 301) – control heating and cooling processes of power blocks. TRD
procedure allows estimating the allowable rates of medium temperature
change and allowable stresses during start-up and shut-down operations.
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The allowable heating parameters calculated for the outlet header are:
vT1 = 7.1 K/min and vT2 = 18.85 K/min. Parameters vT1 and vT2 denote
the change rates of medium temperature at the beginning and at the end
of process, respectively. The allowable compressive stresses during heating
operation are σa = −126.7 MPa, tensile stresses σa = 337 MPa. Figure 6
shows temperature and pressure transients during the start-up process. For
calculated temperature and pressure history thermal-strengths analysis was
performed. The heating operation was conducted until working parameters
pw = 29 MPa and Tw = 559 ◦C were reached. During this phase high
compressive stresses on the heated surface were observed. These stresses
are caused by temperature gradient along the thickness of the wall and high
internal pressure. The variation of stresses during that process is presented
in Fig. 7.

Figure 6. Temperature and pressure his-
tory during heating operation
based on TRD 301 regulations.

Figure 7. Maximum compressive stress
history during start-up process
according to TRD 301 regula-
tions.

The maximum compressive stresses occurred at time t = 3100 s and
reached value above −222 MPa. It can be seen that the allowable stress
σa = −126.7 MPa was exceeded. Figures 8 and 9 show maximum compres-
sive and tensile stress areas during start-up process.
The maximum compressive stresses were found on the inner surface near
the opening edges. The highest tensile stresses were recorded on the outer
surface and reached value of 182.6 MPa.
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Figure 8. Maximum compressive stress σz distribution in MPa for t = 3100 s.

Figure 9. Maximum tensile stress σz distribution in MPa for t = 3100 s.



A new method for determining allowable medium temperature. . . 63

3.2 Optimization method

Numerical finite element analysis proved that heating operation of outlet
header based on the German boiler regulations TRD 301 causes stresses
in the construction that exceed the allowable stress σa = −126.7 MPa
(Fig. 7). Thus, it is important to find the start-up parameters that can keep
maximum stresses in the outlet header within stress limits and the entire
operation is conducted in the shortest time. This paper presents a new
developed numerical method that is used to optimize heating operation
based on total stress limitation. Using the proposed method the four start-
up parameters Tf1, vT1 , Tf2 , vT2 were found, where Tf1 , Tf2 are step changes
of temperature and vT1 , vT2 denote the temperature change rates.

Consider the heating process where only two start-up parameters Tf1 , vT1

are known. The outlet header has a uniform temperature T0 = 20 ◦C. Next,
hot fluid enters the inner space of the component with initial temperature
Tf1 = 66 ◦C. Subsequently, temperature of fluid changes with constant rate
of temperature change vT1 = 8.2 K/min. Working medium pressure pf is
assumed to be a function of temperature until time t1, where the working
pressure pw = 29 MPa is reached (Fig. 10).

Figure 10. Temperature and pressure history for two optimum parameters.

Stress analysis conducted for presented in Fig. 10 temperature and pres-
sure history proved that during heating operation high compressive stresses
are created. These stresses decrease with increasing pressure as shown
in Fig. 11.
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Figure 11. Maximum compressive stress history during heating operation based on two
optimum parameters.

Since the maximum compressive stresses are below the allowable stress
σa = −126.7 MPa, heating process can be conducted with higher rates
of temperature change. Thus, two additional parameters Tf2 = 444 ◦C, and
vT2 = 11.4 K/min were introduced, where Tf2 is the second step change
of temperature and vT2 denotes the second rate of temperature change. The
introduction of these parameters is possible after time t1, where the working
medium pressure does not depend on the temperature. The temperature
and pressure history for four optimum parameters is presented in Fig. 12.

Figure 12. Temperature and pressure history for four optimum parameters.
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Figure 13 presents maximum compressive stress variations that were
recorded during start-up process conducted with four optimum parameters.
The highest compressive stresses were observed at time t = 2800 s at the
opening edges on the inner surface as plotted in Fig. 14. Figure 15 shows
maximum tensile stress areas located on the outer surface with the highest
value of 149.5 MPa.

Figure 13. Maximum compressive stress history during start-up process according to
optimization method.

Figure 14. Maximum compressive stress σz distribution on the inner surface in MPa for
t = 2800 s.
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Figure 15. Maximum tensile stress σz distribution on the outer surface in MPa for
t = 2800 s.

Stress variation during heating process based on TRD regulations and op-
timization method is illustrated in Fig. 16.

Figure 16. Maximum compressive stress history during heating process based on opti-
mization method in comparison with TRD 301 regulations.
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4 Separator

This section presents the start-up operation of separator. The operation
was conducted according to German boiler regulations – Technische Regeln
für Dampfkessel 301 (TRD 301) and the proposed numerical method. For
subsequent analysis the allowable medium temperature was determined.
Stresses in the construction during heating process were monitored with
the use of numerical analysis based on finite element method (FEM). The
separator geometry was divided into eight-node finite elements. Since the
element is symmetrical 1/4 was modeled and analyzed as shown in Fig. 17.

Figure 17. Separator divided into finite elements.

The allowable heating parameters vT1 = 5.6 K/min and vT2 = 23.8 K/min
for separator were calculated based on the German boiler regulations (TRD
301). Parameters vT1 and vT2 denote the change rates of medium tempera-
ture at the beginning and at the end of process, respectively. The allowable
stresses during the heating operation are σa = −126.2 MPa. Figure 18
shows temperature and pressure transients during the start-up process.

For presented temperature and pressure history the thermal-strengths
analysis was performed. The heating operation was carried out until oper-
ation parameters pw = 29.8 MPa and Tw = 465 ◦C were reached. During
this phase high compressive stresses caused by temperature gradient along
the thickness of the wall and high internal pressure were observed. The
variation of stresses during that process is presented in Fig. 19.
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Figure 18. Temperature and pressure history during heating operation based on TRD 301
regulations.

Figure 19. Maximum compressive stress history during start-up process according to
TRD 301 regulations.

The maximum compressive stresses occurred at time t = 3100 s and reached
value above −246 MPa. It can be noticed that allowable stress σa =
−126.2 MPa was exceeded. The maximum compressive stress areas are
presented in Fig. 20.

They were found on the inner surface near the opening edges. The
highest tensile stresses were recorded on the outer surface and reached value
of 312.3 MPa.

Previous finite element analysis proved that heating operation of separa-
tor based on the German boiler regulations TRD 301 causes stresses in the
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Figure 20. Maximum compressive stress σx distribution in MPa for t = 3100 s.

Figure 21. Temperature and pressure history for two optimum parameters.

construction that exceed the stress limit σa = −126.2 MPa (Fig. 19). There-
fore, optimum start-up parameters are searched, that can reduce maximum
stresses in the separator to the allowable stresses and decrease operation
time to minimum. For separator two optimum start-up parameters Tf1 , vT1

were found. Here Tf1 is step change of temperature and vT1 denotes tem-
perature change rate.

The separator has a uniform temperature T0 = 20 ◦C. Next, hot working
medium enters the inner space of the construction element with initial tem-
perature Tf1 = 73.3 ◦C. Subsequently, temperature of fluid changes with
constant rate of temperature change vT1 = 4.5 K/min. Working medium
pressure pf is assumed to be a function of temperature (Fig. 21). The op-
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eration is performed until nominal working parameters are reached. Com-
pressive stress variation for presented in Fig. 21 temperature and pressure
history is shown in Fig. 22.

Figure 22. Maximum compressive stress history during start-up process according to
optimization method.

Figure 23. Maximum compressive stress σx distribution on the inner surface in MPa for
t = 4400 s.

The highest compressive stresses were observed at time t = 4400 s at the
opening edges on the inner surface as plotted in Fig. 23. Maximum ten-
sile stress areas occurred on the inner surface with the highest value of
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351.4 MPa. Stress variation during heating process based on TRD regula-
tions and optimization method is illustrated in Fig. 24.

Figure 24. Maximum compressive stress history during heating process based on opti-
mization method in comparison with TRD 301 regulations.

5 Conclusions

The start-up operations of outlet header and separator were presented. Dur-
ing these operations stresses in the construction elements were monitored.
It was proved that during heating operation, conducted according to ger-
man boiler regulations TRD 301, high compressive stresses were formed.
These stresses exceeded the allowable stress σa. Next, the new numerical
method based on the Levenberg-Marquardt algorithm was presented. Using
this method optimum start-up parameters were found. Heating operations
conducted with optimum parameters showed that the maximum stresses in
the components were limited to allowable stresses.

Operating steam boilers with optimum working parameters does not di-
minish the lifespan of components and reduces the start-up and shut-down
losses. The new proposed method can be also implemented in the optimiza-
tion of heating and cooling processes of conventional power unit devices.
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