
 

1. Introduction 

The demand for more flexible operation of conventional power 

plants has significantly increased during the last years. The typ-

ical operation mode of coal fired plants has shifted from a more 

base load oriented regime towards cyclic operation. This is due 

to the increasing share of fluctuating renewable energy produc-

tion [1]. 

Consequences of this trend are an increased number of starts, 

faster start-ups and increased load change rates. Additionally, 

the minimum load for stable plant operation has to be reduced 

to allow low load operation of conventional units. As a result of 

these changes in operation mode, thermal fatigue of power plant 

equipment has become the main damage mechanism, which 

could potentially lead to component failures. This problem 

mainly affects the thick-walled components operating at high 

temperatures, like steam turbine rotors or valve casings. 

In order to ensure safe and reliable operation of ageing power 

generation units, online monitoring of critical components has 

become necessary. In particular, for better understanding of the 

effect of changed operation mode on low cycle fatigue damage, 

accurate monitoring of thermal loads and stresses is essential.  

The problem of thermal stress and load modelling for online 

monitoring of power plant equipment has been studied for many 

years, but has gained particular attention in recent years. Rusin 

et al. [2−4] proposed a new method of  thermal  stress  modelling 
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Abstract 

The increasing share of renewable energy production in energy markets has resulted in the demand for more flexible operation 
of conventional power plants. Coal-fired units are forced to operate in a more cyclic duty with a higher number of starts, faster 
start-ups and increased load change rates. These unfavourable operating conditions result in additional thermal loading of steam 
turbine components and necessitate better monitoring of life-limiting components. The paper presents numerical investigations 
of thermal loading of a steam turbine valve at various operating conditions and identifies the requirements for an online mon-
itoring method. A modified method based on Duhamel’s integral is proposed and validated at different transient conditions, 
taking into account both convection and condensation heat transfer. It was shown that the calculation method provides reason-
ably accurate predictions of casing wall temperature. Relative differences between measured and calculated wall temperatures 
are within (−2.6%)(+1.5%) for the investigated start-ups with condensation and convection heat transfer conditions. Ad-
vantages of this method and its suitability for online monitoring of thermal loads of steam turbine components are discussed in 
detail. 
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Nomenclature 

Bi – Biot number 

cp – specific heat, J/(kg‧K) 

d – hydraulic diameter, m 

ɡ – heat source, J/(m3‧s) 

h – enthalpy, J/kg 

H – Heaviside function, 

L – length, m 

Nu – Nusselt number 

p – pressure, kPa 

Pr – Prandtl number 

r – radial co-ordinate, m 

Re – Reynolds number 

t – time, s 

T – temperature, K 

 

Greek symbols 

𝛼 – heat transfer coefficient, W/(m2‧K) 

λ – thermal conductivity, W/(m‧K) 

 – friction factor 

𝜌 – density, kg/m3 

 

Subscripts and Superscripts 

a – air  

cond– condensation 

conv– convection 

f – fluid 

n – time step number 

sat – saturation 

st – steam 

surf – surface 

w – wall 

 

Abbreviations and Acronyms 

FEM – finite element method 

HS    – hot start 

WS    – warm start 

in turbine rotors employing Green’s functions and Duhamel’s 

integral, and steam temperature measurement at a critical loca-

tion. Such an approach has also been adopted for monitoring of 

power boilers operation by Taler et al. [5], and as shown by Lee 

et al. [6], it can also be used for calculating stress intensity fac-

tors at transient thermal loads. 

The major issue in using Green’s function and Duhamel’s 

integral method to model transient temperatures and thermal 

stresses in steam turbine components is the time-dependence of 

physical properties and heat transfer coefficients, affecting the 

proper evaluation of Green’s functions. There are known ap-

proaches assuming determination of the influence functions at 

constant values of these quantities [7]. The inclusion of temper-

ature dependent physical properties proposed by Koo et al. [8] 

relies on determining the weight functions for steady-state and 

transient operating conditions. A more important, in most cases, 

variation of the heat transfer coefficient can be taken into ac-

count by calculating the surface temperature using a reduced 

heat transfer model and employing Green’s function to calculate 

stress response to a step change of metal surface temperature [9]. 

However, numerical solution of a multi-dimensional heat trans-

fer model is complicated and time-consuming, and due to this, 

it cannot be used in online calculations. A full inclusion of time 

variability of the physical properties and heat transfer coeffi-

cients proposed by Zhang et al. [10] relies on the solution of  

a non-linear heat conduction problem by using the artificial pa-

rameter method and superposition rule, and replacing the time-

dependent heat transfer coefficient with a constant value to-

gether with a modified fluid temperature. The effectiveness of 

the method has been proved by an example of a three-dimen-

sional model of pressure vessel of a nuclear reactor. 

Alternative methods of thermal stress modelling rely on us-

ing artificial neural networks [11−13] or inverse heat conduction 

methods [14−17]. Some researchers [18,19] investigated an ap-

proach combining direct heat conduction problems and Duha-

mel’s integral. 

This work presents numerical investigations of thermal load-

ing of a steam turbine valve and proposes a modified method for 

online monitoring of wall temperature employing Duhamel’s in-

tegral. The main attention is given to appropriate consideration 

of different heat transfer mechanisms (condensation, convec-

tion) and determination of the temperature response function for 

a variable heat transfer coefficient. The proposed method is val-

idated with the help of real measurements of casing wall tem-

perature and finite element calculations. 

2. Finite element modelling of turbine valve  

heating process  

2.1. Problem formulation 

The problem under consideration is transient heat conduction in 

a homogeneous isotropic solid described by the Fourier-Kirch-

hoff differential equation [20,21]: 

 div[𝜆grad𝑇(𝒓, 𝑡)] + 𝑔(𝒓, 𝑡) = 𝜌𝑐𝑝
∂𝑇(𝒓,𝑡)

∂𝑡
, (1) 

where T is the metal temperature, ɡ is the heat source, cp is the 

specific heat,  is the thermal conductivity and r is the spatial 

location. 

Neglecting the heat source ɡ and introducing the temperature 

Laplacian ∇2𝑇, Eq. (1) is rewritten in a rectangular co-ordinate 

system as follows: 

 𝜌𝑐𝑝
∂𝑇

∂𝑡
= 𝜆∇2𝑇 +

∂𝜆

∂𝑇
((

∂𝑇

∂𝑥
)

2

+ (
∂𝑇

∂y
)

2

+ (
∂𝑇

∂z
)

2

). (2) 

In a rectangular co-ordinate system, the temperature Lapla-

cian is defined as follows: 

 ∇2𝑇 =
∂2𝑇

∂𝑥2 +
∂2𝑇

∂𝑦2 +
∂2𝑇

∂𝑧2. (3) 

A uniform temperature distribution T(r) = T0 is assumed as 

an initial condition at t = 0.  

For the turbine valve casings, the following boundary condi-

tion is applied: 

 𝜆
∂𝑇

∂𝑛
|

𝑠
= −(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑠𝑡) for 𝑡 ≥ 0, (4) 
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where n denotes the normal direction to the surface, Tsurf is the 

surface temperature, Tst is the steam temperature and  is the 

heat transfer coefficient.  

The Fourier-Kirchhoff Eq. (2) is solved by means of the fi-

nite element method [22]. 

2.2. Heat transfer coefficients 

The variation of heat transfer coefficient α(t) is considered by 

the Nusselt number Nu changing in time as a function of the 

Reynolds number Re and Prandtl number Pr: 

 Nu = f(Re, Pr). (5) 

The Nusselt number is defined as follows: 

 Nu =
𝛼𝑑

𝜆
 , (6) 

where d denotes the hydraulic diameter. 

The detailed form of Eq. (5) depends on the component ge-

ometry and flow character [23]. Practical methods of determin-

ing heat transfer coefficients are presented in [20]. The heat 

transfer model adopted in this study is based on the well-proven 

formulae for heat transfer coefficients in steam turbine compo-

nents and can be employed in online calculations of tempera-

tures and thermal stresses, which is not possible when more ad-

vanced thermal fluid-structure interaction (FSI) modelling is 

adopted [24−27]. Online calculations require fast and robust 

models which can be implemented and run on industrial com-

puters. For typical start-up conditions and geometry of steam 

turbine components, the time constants of thermal processes re-

quire solving the model with new boundary conditions with  

a time step of around 1 minute. Start-up durations are in the 

range of 30 to 200 minutes, which are the required calculation 

times. Such times are achievable for the finite element method 

with convection or condensation boundary conditions, but for 

FSI calculations involving fluid flow and solid body simula-

tions, these times can be several times longer. Moreover, itera-

tion processes and time steps employed in FSI calculations ad-

versely affect not only the calculation times but also stability and 

reliability of solutions. Such calculations require high perfor-

mance computers while simple algorithms based for example on 

Duhamel’s integral are easily implementable in programmable 

logic controllers (PLCs). 

For the valve casing regions of circular cross-section, the 

Gnielinski correlation [28,29] is used: 

 Nu =
𝜉

8
(Re−1000)Pr

1+12.7√𝜉

8
(Pr2 3⁄ −1)

[1 + (
𝑑

𝐿
)

2 3⁄

] (
Pr𝑚

Pr𝑤
)

0.11

,  (7) 

where L is the pipe length and symbol  denotes the friction fac-

tor, for smooth tubes calculated from Filonienko’s formula [30]: 

 𝜉 =
1

(1.82logRe−1.64)2. (8) 

The symbols Prm and Prw designate the Prandtl number at the 

bulk and wall, respectively. 

For the valve main chamber, a simple power-law formula 

similar to those of Dittus-Boelter [31−33] and Chilton-Colburn 

[34] correlations is applied: 

 Nu = 0.018Re0.8Pr0.33. (9) 

The factor 0.018 was established based on 3-dimensional 

thermal fluid-solid interaction calculations performed for this 

valve with time-dependent boundary conditions representing 

valve heating up from a cold, warm and hot state [35]. Direct 

simulation results using a 3-dimensional FSI method were avail-

able for design start-up conditions, assuming theoretical varia-

tions of steam temperature, pressure and mass flow rates. The 

primary goal of these calculations was to determine a relation-

ship between the similarity numbers (i.e. Nusselt and Reynolds 

numbers) for the analysed valve geometry, which could be used 

in finite element calculations and online calculations for any 

start-up conditions (not only for the predefined design start-ups). 

When the turbine starts from a cold state or during pre-warm-

ing, steam condensation can take place on valve casing inner 

surfaces, and condensation heat transfer should be taken into ac-

count. Steam condensation on casing surfaces can occur when 

steam is superheated or saturated. The film condensation mech-

anism is assumed. A schematic illustration of the condensation 

model adopted in this work is shown in Fig. 1. If the surface 

temperature is lower than the saturated steam temperature at the 

corresponding steam pressure, then steam condenses on the sur-

face. The heat transfer to the surface is intensified as a result of 

water films appearing on the surface at the saturated steam tem-

perature and the heat released due to condensation.  

 

 

 

 

 

 

 

 

 

 

 

Condensation occurs if the following conditions are satisfied 

[36]: 

 the metal temperature is below the saturation temperature 

𝑇𝑠𝑎𝑡 at the local pressure p: 

 𝑇𝑠𝑎𝑡 > 𝑇𝑠𝑢𝑟𝑓, (10) 

 the heat flux from water film to metal is greater than the 

heat flux from steam to water film: 

 𝛼𝑐𝑜𝑛𝑑(𝑇𝑠𝑎𝑡 − 𝑇𝑠𝑢𝑟𝑓) > 𝛼𝑐𝑜𝑛𝑣(𝑇𝑠𝑡 − 𝑇𝑠𝑎𝑡). (11) 

As concluded in [23], available correlations for the Nusselt 

number for simple geometries, like a flat wall or pipe, can be 

used for estimating the condensation heat transfer coefficient 

usually with a large error. However, it is known that heat trans-

fer coefficients during steam condensation assume large values 

reaching 120 000 W/(m2·K) in extreme cases during nucleate 

condensation of steam [37,38] and, consequently, the errors of 

their estimation will only slightly affect the variations of tem-

perature and thermal stress fields in turbine components. It was 

shown that for Biot numbers Bi > 20, the variation of heat trans-

 

Fig. 1. Schematic illustration of film condensation model. 
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fer coefficient has little influence on the variation of temperature 

distribution [23]. Due to the lack of proper correlations for real 

turbine geometries and taking into account the above conclu-

sions, the analyses of condensation heat transfer were performed 

with a constant heat transfer coefficient  = 11 000 W/(m2·K). 

This value is within the range of heat transfer coefficients pre-

dicted by Shah [39] for film condensation of water inside pipes. 

2.3. Numerical results and model validation 

For numerical calculations of valve heating-up, a three di-

mensional model has been prepared. The model includes half of 

the valve due to the symmetry of valve geometry and flow con-

ditions (Fig. 2). Steam enters the valve through the inlet pipe and 

flows into the main chamber where the flow changes direction 

from horizontal to vertical. Further steam flows through a con-

verging-diverging channel and leaves the valve through the out-

let pipe. Wall temperature measurement is installed in the main 

chamber region in the wall section perpendicular to the inlet pipe 

axis and containing the outlet pipe axis. The measurement point 

is located at a 10 mm distance from the wall inner surface where 

the hot junction of the measuring thermocouple is located.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Numerical calculations have been performed using the 

Abaqus code [40]. Computational mesh size was approximately 

94 000 second order diffusion elements with 89 546 tetrahedral 

and 4459 hexahedral elements. Casing material is heat resistant 

cast steel GS-17 CrMoV 5 11, and its physical properties as 

a function of temperature are given in Table 1 [35,41]. The cast 

steel density is constant and equal to 7850 kg/m3. 

 

 

 

 

 

 

 

 

 

Fig. 3 presents inlet steam parameters for the warm start-up 

with pre-warming, together with the rotor rotational speed and 

turbine load. Pre-warming is conducted by supplying steam to 

the valve chamber when the valve is in the closed position and 

evacuating condensate through a drain. Valve pre-warming 

takes place for 85 minutes until stop and control valves start to 

open. For the first 25 minutes, steam is at saturation and after-

wards becomes superheated. During run-up and loading, the 

steam temperature and superheating increase, and reach maxi-

mum values at full load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A constant temperature of the valve casing equal to 240C 

was assumed as an initial condition. Start-up simulations were 

carried out with time-dependent Fourier boundary conditions. 

Variation of fluid temperature and heat transfer coefficients for 

the inlet pipe and valve main chamber is presented in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The calculated wall temperature at the measurement point is 

compared with the measured temperature in Fig. 5, which also 

presents steam and saturation temperatures. It is seen that the 

calculated wall temperature closely follows the measured value 

both during valve pre-warming and during start-up. The maxi-

mum deviation calculated as:  

 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =  
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑇𝑤𝑎𝑙𝑙−𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑇𝑤𝑎𝑙𝑙

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑇𝑤𝑎𝑙𝑙
, (12) 

does not exceed 1.5% during pre-warming and 2.6% during 

steam heating. 

 

Fig. 2. Geometry model of the valve casing with shown  

wall temperature measurement location. 

Table 1. Physical properties of GS-17 CrMoV 5 11 cast steel at different 

temperatures. 

Temperature, T [C] 20 100 200 300 400 500 550 

Thermal conductivity, 

 [W/(m‧K)] 
50 47 46 44 41 39 37 

Specific heat,  
cp [kJ/(kg‧K)] 

0.46 0.49 0.53 0.57 0.61 0.68 0.73 

 

 

Fig. 3. Variation of inlet steam parameters, rotational speed and load 
during warm start-up with pre-warming. 

 

Fig. 4. Variation of temperature and heat transfer coefficients  

during warm start-up with pre-warming. 
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It is noted that condensation heat transfer prevails during the 

whole pre-warming phase until the beginning of run-up, and the 

wall temperature follows the saturation temperature. In early 

phases steam condensation on the valve inner surfaces takes 

place with saturated steam conditions and continues with super-

heated steam even for superheating reaching 80C. When the 

valves start to open, the superheated steam flow through the 

valve brings about intensified heating of the valve and the wall 

temperature starts to increase above the saturation temperature. 

Since then, the casing temperatures continuously increase, 

slowly approaching the live steam temperature and departing the 

saturation temperature.  

Temperature distributions in the valve casing at various 

phases of pre-warming and steam heating are shown in Figs. 6 

and 7, respectively. Uniform temperature distribution was as-

sumed as an initial condition for pre-warming (Fig. 6a). The first 

20 minutes of pre-warming proceeds with saturated steam which 

condenses on the inner surfaces of the inlet pipe and main cham-

ber. The wall surface temperature in these regions reaches 

255C (Fig. 6b), and the remaining regions are still at tempera-

tures close to the initial. Further pre-warming takes place with 

superheated steam, and after 40 minutes, the wall surface tem-

perature attains ~281C (saturation temperature, Fig. 6c). After 

this time, considerable differences between surface temperature 

where condensation takes place and temperatures of remaining 

regions are still present. At the end of the pre-warming phase 

(Fig. 6d), temperature distribution becomes more uniform be-

cause the valve sections not being in contact with condensing 

steam are already heated-up via convection. 

After 85 minutes of pre-warming, turbine run-up begins and 

steam starts to flow through the valve, bringing about intensive 

heating of the valve casing. The wall temperature reaches ap-

proximately 400C after 60 minutes (Fig. 7a) and almost 500C 

after 120 minutes (Fig. 7b) since the beginning of run-up. It 

should be noted that during the initial phases of steam heating, 

the temperatures of valve inlet and outlet regions tend to equal-

ise as both regions are heated with comparable intensity by 

steam flow through the open valve. After 180 minutes, the nom-

inal steam temperature is attained and the major part of the cas-

ing is at a temperature above 500C (Fig. 7c). Since then, the 

temperature field is becoming more uniform while the inner sur-

faces being in contact with steam remain at almost constant tem-

perature (Fig. 7d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Variation of steam and wall temperatures  
during warm start-up with pre-warming. 

a)                    b)  

c)                   d)  

Fig. 6. Temperature distribution in the valve casing at various phases of pre-warming: a) t = 0 min, b) t = 20 min, c) t = 40 min, d) t = 85 min. 
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3. Duhamel’s integral method 

3.1. Theoretical background 

Duhamel’s integral can be used for determining the temperature 

distribution in the body. For steam turbine components, a relia-

ble and accurate measurement of surface temperature at the crit-

ical region is usually not possible, thus for on-line monitoring 

purposes, steam temperature measurement is used as a leading 

signal. Consequently, in the heat transfer model, Fourier’s boun-

dary condition (4) is applied. 

Assuming that the steam temperature is described by Heavi-

side’s function H(t) [10], [42] 

 𝐻(𝑡) = {
0,      𝑡 < 0
1,      𝑡 > 0

, (13) 

the boundary condition (4) can be written in the form [10]: 

 𝜆
𝜕𝑋

𝜕𝑛
= −𝛼(𝐻(𝑡) − 𝑋(𝒓, 𝑡)), (14) 

where X(r, t) is a solution of the direct heat conduction problem 

with a unit step change of steam temperature. 

Using the solution X(r, t), we can calculate metal tempera-

ture for an arbitrary variation of steam temperature employing 

Duhamel’s theorem [43]: 

 𝑇(𝒓, 𝑡) = 𝑇0 + ∫ 𝑋(𝒓, 𝑡 − 𝜏)
𝑡

0

𝜕𝑇𝑠𝑡(𝜏)

𝜕𝜏
𝑑𝜏. (15) 

For simple geometries like a plate, cylinder or sphere, a solu- 

tion of the one-dimensional transient heat conduction problem 

can be obtained analytically. In the case of more complex sha-

pes, it is necessary to use numerical methods, e.g. the finite ele-

ment method in order to obtain accurate solutions. 

3.2. Numerical solution of Duhamel’s integral 

In order to solve Duhamel’s integral given by Eq. (15), it is 

transformed from a continuous into discrete form: 

 𝑇(𝒓, 𝑡) = 𝑇0 + ∑ 𝑋𝑡(𝒓, 𝑡 − 𝜏)Δ𝑇𝑠𝑡(𝜏) + 𝑋𝑠(𝒓, 𝑡)𝑡
𝑡−𝑡𝑑

, (16) 

where td is a cut-off time, Xs(r,t) is a value of the influence func-

tion in steady state, while Xt(r,t) is a transient part of the influ-

ence function. 

In principle, Duhamel’s integral, resulting from the superpo-

sition rule, can be applied to linear unsteady heat conduction 

problems. However, it has been shown in previous studies on 

thermal stress modelling using Duhamel’s integral that it can be 

successfully applied to nonlinear thermoelasticity problems 

when the appropriately obtained solution of direct heat conduc-

tion problem X(r, t) is used [42]. This solution is obtained nu-

merically with the assumption of time-dependent heat transfer 

coefficients (t) and temperature-dependent specific heat cp(T) 

and thermal conductivity λ(T). 

It has been shown in Section 2 that for adequate modelling 

of thermal behaviour of turbine valves, both condensation and 

convection heat transfer have to be taken into account. Insofar 

as the condensation heat transfer coefficient can be assumed 

a)                    b)  

c)                   d)  

Fig. 7. Temperature distribution in the valve casing at various phases of steam heating: a) t = 60 min, b) t = 120 min, c) t = 180 min, d) t = 240 min. 
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constant and high, the convection heat transfer coefficient can 

vary by orders of magnitude during start-up. Equation (16) is 

then rewritten into the form: 

 𝑇(𝒓, 𝑡) = 𝑇0 + ∑ 𝑋𝑡,𝑐𝑜𝑛𝑑(𝒓, 𝑡 − 𝜏)Δ𝑇𝑠𝑎𝑡(𝜏)𝑡
𝑡−𝑡𝑑

+  

 𝑘 ∑ 𝑋𝑡,𝑐𝑜𝑛𝑣(𝒓, 𝑡 − 𝜏)Δ𝑇𝑠𝑡(𝜏) + 𝑋𝑠(𝒓, 𝑡)𝑡
𝑡−𝑡𝑑

, (17) 

where Xt,cond is a temperature response function for condensation 

determined with a constant heat transfer coefficient, Xt,conv is  

a temperature response function for convection determined with 

a variable heat transfer coefficient and k is a factor responsible 

for compensating for nonlinearity of the problem. When neces-

sary conditions for condensation are met, then ΔTst = 0, and 

when condensation vanishes, then ΔTsat = 0. 

In steady state conditions, the two terms with summation 

over time tend to zero, and the steady state term Xs(r,t) is given 

by the following formula: 

 𝑋(𝒓, 𝑡) = 0.9(𝑇𝑠𝑡(𝑡 − 𝑡𝑑) − 𝑇(𝑡 − 𝑡𝑑))  

 (1 + 0.1𝑒𝑥𝑝 (
1

𝑡𝑑−𝑡
)). (18) 

This term is assumed to be zero at transient states and is ac-

tivated and contributes to the calculation of temperature when 

nearly steady state conditions are reached. 

4. Validation of Duhamel’s integral method 

Validation of the proposed method based on Duhamel’s integral 

and described by Eq. (17) was done by performing numerical 

calculations of wall temperature for three different start-ups us-

ing the proposed method. The results were then compared with 

real measurements of the valve casing temperature and predic-

tions of the FEM model presented in Section 2. 

4.1. Temperature response function for convection 

and condensation 

The accuracy of the proposed method depends on the form of 

the temperature response function, which in turn is primarily de-

termined by the variation of the heat transfer coefficient. As it 

has been previously shown, the condensation heat transfer coef-

ficient can be assumed constant and good accuracy of tempera-

ture predictions is obtained with αcond = 11 000 W/(m2‧K). Figure 

8 presents the temperature response functions for the wall sur-

face and temperature measurement point located 10 mm below 

the surface. These functions were obtained using the finite ele-

ment model of the valve presented in Section 2 and applying a 

step change of steam temperature from 125C to 280C. The 

temperature response was then related to the change of steam 

temperature (equal in this case to 155C) to obtain a response 

function to a change of steam temperature by 1C. In numerical 

simulations, material physical properties were temperature-de-

pendent, and the heat transfer coefficient was kept constant. 

Figure 8 also presents the temperature response functions for 

convection, which were obtained for variable heat transfer coef-

ficients shown in Fig. 4. In this case, a step change of steam 

temperature from 280C to 540C was simulated, assuming tem-

perature-dependent material properties. The shape of tempera-

ture response function reflects the variation in time of the heat 

transfer coefficient. It is seen from the figure that in condensa-

tion conditions, the temperature response is more rapid and reg-

ular than for convection. This behaviour results from the as-

sumption of a constant and higher than for convection heat trans-

fer coefficient during condensation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Simulation of start-ups from various initial ther-

mal states 

The results of numerical calculations performed using Duha-

mel’s integral were compared with wall temperature measure-

ments and predictions of the finite element method for three dif-

ferent start-up conditions covering the whole range of turbine 

operation: 

i. pre-warming from a cold state (Fig. 9), 

ii. warm start with pre-warming (Fig. 10), 

iii. hot start (Fig. 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In case i), steam condensation took place during the whole 

analysed period, while in case iii), only convection heat transfer 

was present. Case ii) included both condensation and convec-

tion. Steam condensation was modelled with the assumption of 

 

Fig. 8. Temperature response function for wall surface and measurement 

point location for condensation and convection. 

 

Fig. 9. Measured and calculated metal temperatures  
during pre-warming from a cold state. 
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a constant heat transfer coefficient αcond = 11 000 W/(m2‧K), 

while for forced convection, variable heat transfer coefficients 

were used. Thermal boundary conditions for warm start with 

pre-warming were presented in Fig. 4, while those calculated for 

the hot start are shown in Fig. 12. A constant temperature of the 

valve casing equal to 479C was assumed as an initial condition 

for the hot start. The factor k = 1.12 accounting for nonlinearity 

of thermal boundary conditions was obtained by tuning for the 

warm start conditions and further used in hot start calculations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In all cases, very good agreement between calculations and 

measurements was found. At condensation conditions (Fig. 9 

and Fig. 10), both methods (i.e. FEM and Duhamel’s integral) 

predict nearly the same wall temperatures, which are very close 

to the measured temperature following steam saturation temper-

ature. When the condensate film began to evaporate and convec-

tion heat transfer prevailed, larger deviations between calculated 

and measured temperatures were found. This is attributed 

mainly to inaccuracies in heat transfer coefficients determined 

with the help of simple correlations for pipe flows. However, the 

overall accuracy of the method based on Duhamel’s integral can 

be assessed as high, taking into account the achieved deviations:  

i. (1.0%)(+1.5%), 

ii. (2.6%)(+1.5%), 

iii. (1.0%)(+0.8%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature differences are also observed between the two 

calculation methods, in particular for forced convection. The 

two simulated start-ups show that Duhamel’s integral tends to 

predict higher temperatures than FEM at lower heat transfer co-

efficients (lower steam velocities) and lower temperatures at 

higher heat transfer coefficients. Nevertheless, it should be 

noted that the degree of agreement between the detailed FEM 

calculations and predictions of the simple Duhamel’s integral 

method is satisfactory. Finite element modelling of such com-

plex components with nonlinear thermal boundary conditions is 

time consuming and results in a large amount of output data. Its 

use for online monitoring of power plant equipment is still im-

practical. However, the simple method described by Eq. (17) is 

fast, robust, accurate and easy to implement in industrial con-

trollers. It considers in a simplified way the complex geometry 

of turbine and boiler components as well as the nonlinearity of 

thermal boundary conditions resulting from variation of steam 

temperature and heat transfer coefficient. The satisfactory accu-

racy of Duhamel’s integral makes it very useful for online mon-

itoring of thermal loading of turbine and boiler components. 

For online checking of condensation conditions given by 

Eqs. (10) and (11), the wall surface temperature Tsurf is calcu-

lated with the help of Eq. (17) and the temperature response 

function for the wall surface. Figure 13 presents the comparison 

of this temperature obtained with the help of Duhamel’s integral 

and FEM for the warm and hot start-up. Thermal boundary con-

ditions for the warm start are presented in Fig. 14, while for the 

hot start, the conditions shown in Fig. 12 were used. A constant 

temperature of the valve casing equal to 279C was assumed as 

an initial condition for the warm start. Also for the surface tem-

perature, reasonably good agreement between the two methods 

is found, in particular in the early phases of start-ups. These 

phases are very important because steam condensation on the 

valve surface can occur at the beginning of start-ups, and accu-

rate prediction of the surface temperature is crucial in detecting 

steam condensation. 

 

Fig. 10. Measured and calculated metal temperatures  
during warm start with pre-warming. 

 

Fig. 11. Measured and calculated metal temperatures during hot start. 

 

Fig. 12. Variation of temperature and heat transfer coefficients  
during hot start-up. 
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5. Summary  

The paper presented numerical investigations of thermal loading 

of the turbine valve at various operating conditions. These in-

cluded pre-warming from a cold state, warm start with pre-

warming and hot start-up. Both condensation and convection 

heat transfer mechanisms were modelled. In the finite element 

modelling, it was done by applying condensation and forced 

convection heat transfer coefficients to the valve surfaces in con-

tact with steam.  

The proposed method for online calculation of metal temper-

ature is based on Duhamel’s integral. Different mechanisms of 

heat transfer are modelled in this algorithm by independent 

terms of Duhamel’s integral. One term is responsible for con-

densation and the second one for convection, and each of them 

uses specific temperature response functions calculated with 

condensation and convection heat transfer coefficient, respec-

tively. 

It was shown that the calculation method provides reasona-

bly accurate predictions of casing wall temperature. Comparison 

of the method predictions with the results of FEM simulations 

and measurements done at real operating conditions reveals the 

same level of accuracy as the finite element method. Relative 

differences between measured and calculated wall temperatures 

are within (−2.6%)(+1.5%) for the investigated start-ups with 

condensation and convection heat transfer conditions. This high 

level of accuracy was achieved by proper determination of tem-

perature response functions which have to be calculated with  

a variable convection heat transfer coefficient. The quality of 

results is also improved by applying the constant factor k ac-

counting for nonlinearity of thermal boundary conditions due to 

the variable heat transfer coefficient at convection. 

The advantage of this method are fast and robust temperature 

calculations as well as its simple mathematical formulation, 

making it relatively easy for implementation in programmable 

logic controllers. It should also be emphasised that temperature 

calculations are performed using only steam temperature as an 

input without a need of installing metal temperature measure-

ment in the area of interest. Turbine and valve casings are ele-

ments of complex geometry, and wall temperature measure-

ments at critical locations are usually difficult in practical reali-

sation. Moreover, in the case of rotating components, like rotors 

or blades, direct continuous measurements of metal temperature 

are still impractical and only short-term measurements with the 

help of optical probes are feasible [44]. Additional difficulty is 

also related to steam condensation, which reduces the accuracy 

of optical measurements. 
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