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Abstract  

This study assesses the accelerated startup of a steam turbine from 

the perspective of a slow closing valve. Valves are one of the first 

components affected by high temperature gradients and are key 

components on which the power, efficiency and safety of the steam 

system depends. The authors calibrated the valve model based on 

experimental data and then performed extended Thermal-FSI 

analyses relative to the experiment. Key results of the work include 

the possibility to reduce the startup time of a steam turbine while 

complying with stress limits and not excessively straining structural 

components of the valve. The single most important finding is that 

there is no need to change valves when accelerating the startup of 

steam turbines. 

Introduction 

Every startup of a steam-based machine is a complex 

technical and operational issue. When starting from a 

cold (environment) state, the temperature of metal 

elements increases by several hundred degrees in just 

a few minutes. This is accompanied by thermal 

expansion of the metal and thermally induced 

displacements. Thus, one observes deformations of 

metal elements and an increase in stress in the metal, 

especially when backlashes between elements are too 

small. These phenomena occur at a different rate for 

hull elements and for the rotor [1, 2]. Other 

elongations of rotor and hull elements lead to a 

reduction in technological backlash and increase the 

risk of blurring the turbine components [3]. Frequent 

load changes and high heating speeds of metal parts 

lead to rapid thermal fatigue and material cracking. 

Thermal deformations can lead to permanent 

deformation of different metals as well as composite 

elements [4,5,6]. 

Our analysis is dedicated to the relatively novel 

applicability of valves [6,7]. Recently, steam valves 

have been used in large-scale technologies termed 

“power to fuel”, which are based on the rapidly 

expanding wind and solar energy sectors. In particular, 

high temperature (800-1000oC), high pressure (up to 

20MPa) solid oxide electrolysis cells (SOEC) have been 

widely applied as an effective, environmentally 

friendly, economically attractive and very innovative 

robust technologies for conversion of electrical energy 

into hydrogen [8,9].   

From our study of environmental data [10] it is evident 

that wind and solar energy sources are very 

unpredictable in their power and frequency of 

usability. This fact turns our focus to making the 

growing share of renewable energy in the Polish power 

system a better partner for conventional units, which 

at present are having to change the nature of their 

work so as to fit in with renewable sources. 

Concepts of effective cooperation of renewable 

sources with conventional sources are currently being 

developed in Poland. In short, the following solutions 

can be used to increase the flexibility of steam-based 

power units: 

• energy stores: 

o compressed or liquid air storage [11] 

o heat stores in the steam circuit [10] 

o storage of hydrogen and hydrogen-based 

synthetic fuels [12, 13] 

o thermal energy storage [14] 

o electrical energy storage [15] 

• advanced temperature control of stressed 

machine components [16, 17] 

• improved efficiency of steam cycles [18,19],  

• advanced modeling to determine non-design 

constraints using elastic-plastic material 

adaptation [20,21]. 
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Previous work by the authors [21,22] demonstrated 

the possibility of using steam cooling to reduce by one 

hour the startup time of the turbine from the warm 

state. This procedure reduces stress in the turbine 

structure during the accelerated startup. Going further 

in this direction, the aim of this work is to determine 

the possibility of carrying out accelerated startup of a 

steam machine from the angle of slow closing valves. 

Earlier works state it is safe to conduct this accelerated 

startup solution with cooling steam injection. In 

addition, Siemens proposed the use of steam injection 

with lower parameters for cooling turbine 

components exposed to high temperature values 

[23,24]. 

In this paper, the authors calibrated the valve model 

based on the experiment of Professor Orloś. Then, 

having the numerically mapped model, the authors 

extended the analysis of the valve made in the 

experiment with the phenomena occurring during the 

accelerated startup. 

Theory 

Analyzed geometry 

For the purposes of the analysis, the authors drew on 

an experiment conducted at the Military University of 

Technology in Warsaw (WAT) by Orłoś et al. [25]. The 

temperature distribution was analyzed and used to 

determine the distribution of stresses in the quick-

closing valve. The geometry of the valve is shown in 

Figure 1, where its characteristic dimensions are 

shown.  

 

Figure 1: Main dimensions of analyzed geometry 
(experiment) in millimeters 

The actual model is made of E-2 epoxy resin hot cast in 

sheet metal dies. The castings were machined, armed 

with sensors and then glued together with E-5 epoxy 

resin. Based on the available documentation, three-

dimensional geometry of the valve was made (Figure 

2). For the sake of simplicity, the screw connection was 

not reproduced in the model. 

 

Figure 2: Solid (up) and fluid (down) domain 

CFD Model 

For the fluid flow simulation, three basic formulas of 

conservation must be fulfilled. These three main 

formulations, which describe CFD, are presented 

below [26]: 

Conservation of mass equation: 

𝜕𝑡(𝜌) + div(𝜌𝐯) = 0                                                    (1) 

Conservation of momentum equation: 

 𝜕𝑡(𝜌𝐯) + div(𝜌𝐯 ⊗ 𝐯 + 𝑝𝐈) = div(𝛕𝑐) + 𝜌𝐛         (2) 

Conservation of energy equation: 

𝜕𝑡(𝜌𝑒) + div [(𝑒 +
𝑃

𝜌
) 𝜌𝐯] = div(𝐪 + 𝐪𝑡 + 𝛕𝑐𝐯 +

𝐪𝐷) + 𝜌𝐛 ∙ 𝐯                                                                   (3) 

These are balance equations in the conservative form, 

where: 𝜌  - gas density, [kg/m3]; 𝛕𝑐 = 𝛕 + 𝐑 + 𝐃   - 

total tensor of irreversible stress, [Pa] that consist 

molecular, turbulent and diffusive parts;  𝐯 = 𝑣𝑖𝐞𝑖  – 

mean velocity, [m/s];  𝐪 – molecular heat flux, [W/m2];  
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𝐪𝑡 - turbulent heat flux, [W/m2];  𝐪𝐷 - diffusive heat 

flux, [W/m2];  𝑝  - pressure, [Pa];  𝑒 = 𝑢 + 1

2
𝐯 ∙ 𝐯 -  

specific total energy, [J/kg]; 𝐛 = −9,81𝐞𝑧  [m/s2].  

Additionally, the above set of three governing 

equations, i.e. (1-3), were complemented by two 

evolution equations for parameters, which were used 

to define turbulent tensor 𝐑  components [26]. The 

first is the evolution equation concerning turbulent 

energy 𝑘 (4): 

𝜕𝑡(𝜌𝑘) + div(𝜌𝑘𝐯) = div(𝐉𝑘) + 𝑆𝑘                           (4) 

The second one is the evolution equation concerning 

energy dissipation ε (5): 

𝜕𝑡(𝜌𝜀) + div(𝜌𝜀𝐯) = div(𝐉𝜀) + 𝑆𝜀                            (5) 

CSD Model 

In order to solve the solid state problem, basic 

equations used in CSD simulations and equation 

governing species transport are used [21,22,26]. 

Please note that a common form of CFD and CSD is 

required since during numerical simulations there is a 

need for simultaneous calculations and numerous 

exchanging of fluid and solid resulting data. Therefore, 

with respect to CSD one must start from the following 

“conservation form” of CSD [27]: 

∂

∂t
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 (6) 

Thermal-FSI tools 

Thermal-FSI analysis consists in CFD analysis, the 

results of which are exported to a solid state solver 

(CSD). Next, the CSD solver on the basis of imported 

data (temperature, pressure) determines the stress 

and displacements in the analyzed geometry. The 

principle of the analysis is shown schematically in 

Figure 3. 

In the literature, there are two types of Thermal-FSI 

[22,28] analysis: one way FSI  and two way FSI.  There 

is a difference to the momentum-FSI where, in one 

way FSI, after CFD calculations, the solution of the 

pressure field is exported to the CSD solver and used 

to determine the stress and displacements. In one way 

thermal-FSI, the cooling or heating of fluid by a solid 

body is realized with the Neumann type boundary 

conditions. 

 

Figure 3: Principle of operation of the Thermal-FSI [28] 

 

Figure 4: Temperature distribution - 20 min after startup. Left, experiment; right, Thermal-FSI
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In the case of two-way Thermal-FSI analysis, the CFD 

and CSD models are coupled together during the entire 

simulation through the energy equation balance. To be 

precise, this coupling takes place on  

a common surface between the solid and fluid domain, 

where the crucial boundary condition is (7) [29]:   

(𝐪 + 𝐪𝑡 + 𝐪𝑟𝑎𝑑 + 𝐪𝐷) ∙ 𝐧|𝑠𝑜𝑙𝑖𝑑 + (𝐪 + 𝐪
𝑡 + 𝐪𝑝ℎ) ∙

𝐧|𝑓𝑙𝑢𝑖𝑑 = 0 .                                                                  (7) 

The work involved two-way Thermal-FSI analyses. 

Temperature fields were automatically imported: from 

solid to fluid and, vice versa, from fluid to solid.  Finally, 

from the field of temperature, a new pressure in the 

fluid state and new thermal stress fields in the solid 

state were determined in the analyzed numerical 

domain. 

FVM discretization of the simulation domain 

The valve’s 3D geometry was discretized using the 

finite volume method (FVM). Both the liquid and solid 

were discredited using triangular volumes. A wall layer 

was used. The calculation domain consists of 4 million 

elements for the fluid and 4.5 million for the solid. The 

grid of both liquid and solid is shown in Figure 4.  

Experiment description 

In the experiment, the valve was heated by air at 

atmospheric pressure from the laboratory 

temperature 𝑇0 = 24°C up to the temperature of hot 

air equal to 𝑇𝑎𝑖𝑟 = 𝑐𝑜𝑛𝑠𝑡 = 81
oC. A real gas model 

was used𝑐 = 60  This means that the inlet data was 

set at a constant speed and temperature:  ￼m/s and 

81oC for 1 h. The inlet set parameters were constant in 

time and, on the external wall of the valve, a condition 

of natural convection was set at a constant ambient 

temperature of 24°C.  

The experiment consisted of the following stages: 

making a model valve made of epoxy resin; application 

of the thermovision apparatus for testing stationary 

and transient temperature fields on the valve surface 

(Figures 7-9); post-determination of mass-rates, steam 

velocities, and heat transfer coefficients; 

determination of the thermal stresses by means of the 

reconstructed field of temperature. The domain 

contains 98 sensors (Figure 5). More information can 

be found in [47]. 

 

 

Figure 5: Liquid (up) and solid (down) FVM discretization 
mesh 

Analysis of a full-scale valve model 

Drawing on the previous WAT-epoxy experiment, the 

valve was re-modelled in such  

a manner that its geometry was scaled up four times 

to match the size of the actual valve. The purpose of 

the analysis was to check the valve’s behavior under 

accelerated steam machine startup conditions. This is 

important since the literature contains data on various 

operating damage to valves (Jalali and Amiri [3]).  

Steam tables are used for CFD modeling. The boundary 

conditions for flow are the pressure and temperature 

as at the turbine inlet during startup 3 h and 2 h. The 

curves of the above-mentioned parameters are shown 

in Fig. 6. At the outlet of the domain, pressure and 

temperature parameters were set based on stationary 

calculations. On the external wall of the valve, the 

condition was set of natural convection at the ambient 

temperature of 24°C. 
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Figure 6: Axial plane of the valve with visible sensor 
armature [25] 

The CFD and CSD models are the same as 

aforementioned. 

Results 

Temperature field distribution for air and 

epoxy 

This sub-section presents the distribution of 

temperature fields on the valve surface and in 

characteristic planes of the analyzed geometry. The 

results obtained were compared with the experiment. 

A comparison of temperature distributions is shown in 

Figures 7 to 9. 

 

Figure 7: Steam pressure and temperature as a function of 
time during two startups (2 h and 3 h) 

It follows that the Thermal-FSI calculations are well 

aligned with the thermal imaging performed in the 

experiment. The highest temperature values are 

observed on the outer surface of the intake channel. 

After 1 hour, the temperature is redistributed, and the 

established heat exchange is reached.  

 

Figure 8: Temperature distribution - 60 min after startup. Left, experiment; right, Thermal-FSI
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Thermal stress distribution for the epoxy and 

steel valve model 

The results were compared to the main stresses:  

𝜎𝑏 – bending stress,  

𝜎𝑠 – shear stress,  

𝜎𝑡 – tensile stress. 

Note that stress values were obtained after 1 h 

measurements (nearly stationary case). The data for 

the WAT-epoxy experiment (epoxy and metal) were 

compared with stress values determined by our CSD 

method. 

Figure 10 shows the shear, bending, and tensile stress 

values in the P1 cross-plane of the epoxy model in the 

hot state (after 1 h). Shear stress dominates for small 

x-coordinate values. They reach values of up to -

0.9MPa in the case of the experiment and up to -

1.0MPa according to Thermal-FSI. As we move away 

from the hot wall, these stresses change their return, 

and their value exceeds 1.4 MPa for the experiment 

and 1.1MPa for Thermal-FSI. WAT-epoxy bending 

stresses reach a maximum of 0.36MPa and are highest 

for 𝑥 = 5 mm. As the 𝑥 value increases, the stress falls 

to about 0 MPa. A similar situation occurs for Thermal-

FSI bending stress, but the difference is in stress 

values; for Thermal-FSI the bending stress takes a 

smaller value. Tensile stresses reach a maximum of -

1.2MPa for the experiment and -1.15MPa for Thermal-

FSI calculations. Figure 11 shows the stress distribution 

for the steel model. The highest stress occurs at the 

measuring points furthest away from the hot wall (𝑥 =

94 mm), and these are shear stresses. They reach 35 

MPa for the WAT model and 30MPa for Thermal-FSI. 

The maximum tensile stress reaches the level of -

11.0MPa for WAT-Steel and -12MPa for Thermal-FSI. 

The bending stresses reach a maximum of 10 MPa for 

WAT-Steel and 6.5MPa for Thermal-FSI for the 

measuring point closest to the hot 𝑥 = 0 mm wall. The 

differences between WAT-steel and CSD are shown in 

terms of stress values. 

Temperature change during startup for the 

full-scale steel valve model 

In the first stage of modeling, the temperature 

distributions in the solid were determined. Figures 12–

14 shows the temperature fields for the design startup 

(3 h) and accelerated startup (2 h). For the design 

startup, the temperature field schedules are shown for 

three time steps (100, 4500, and 10800s). For the 

accelerated startup, field schedules are shown for 

three time steps: 100, 4500, and 7200s. Individual 

temperature scales are used in the drawings, which 

emphasize the maximum temperatures. Let us note 

that the temperature field distributions are similar to 

those obtained by Li et al. in [8]. In each time step, for 

both start times, the highest temperature occurs in the 

nozzle. This is the element that heats up the fastest 

from the flowing air. Then, the jammer connecting the 

outlet pipe to the valve chamber heats up; the walls of 

the valve chamber are colder due to cooling on the 

outside of the valve. For the 100s time step, there is no 

difference between the maximum temperatures for 2h 

and 3h startups. The temperature difference is 17K for 

step 4500s and 31K at the end of both startup 

processes. 

Thermal stress during startup for the full-

scale steel valve model 

On the basis of the obtained temperature field 

distributions, the stresses occurring in the valve were 

determined. The results are shown in the diagram in 

Figure 15. 

 

Figure 9: Comparison of HMH-equivalent stress curves during 
2 h and 3 h startup. 

The stress waveform for the 3h startup is standard for 

this type of case. After reaching the temperature value 

and adequate annealing of the geometry, the stresses 

decrease in value. The maximum stress value is 

420MPa. 

In the case of a 2h startup, higher temperature 

gradients are present in the geometry, which have an 

influence on the thermal stress. In this case the 

geometry is heated to a lesser extent than for the 3h 

startup, which results in the fact that the stress value 

at 2h does not decrease compared to the earlier time, 



 

Journal of Power Technologies 102 (2) (2022) 74 -- 11                           

74 | 78 

as it does for the 3h startup. The highest stress value is 

468MPa. 

At the final stage of startup, the stress takes the value 

of 391MPa for 3h startup and 468MPa for 2h startup. 

Summary/Conclusions 

The paper presents the results of numerical modeling 

in terms of stress distribution in the components of the 

slow closing valve for the design startup (3h) and 

accelerated (2h) steam turbine. The model was 

validated on the example of the WAT-experiment 

using a valve made of epoxy resin in 1:4 scale. After 

validation of the model, a full-size valve made of ST12t 

steel was subjected to numerical analysis. In the case 

of project startup, the maximum stress (HMH) occurs 

after 4500s and is 420MPa.  

We have the following conclusions: 

- in the case of accelerated startup, these stresses 

reach local peaks of 469MPa, 467MPa and 475MPa for 

4300s, 5800s and 6800s respectively;  

- the maximum stresses have been shown to increase 

from 400MPa for design startup (for t=4500s) to 

558MPa for accelerated startup (for t=7200s); 

- for the analyzed accelerated startup the maximum 

stresses did not reach the yield point of steel ST12t 

(Yield point Re >700MPa [30]), which is an important 

conclusion of the analysis;  

- the temperature gradient increases in value twice for 

2h startup in comparison with 3h startup; 

- in spite of the higher value of the stress at the 

accelerated startup, it does not influence the safety of 

the valve operation; 

- additional fatigue analyses should be carried out in 

order to estimate the influence of frequent changes of 

thermal load on valve construction. 

There is great interest in valves connected with re-SOC 

technology [6] which needs fresh steam with high 

thermodynamic parameters. This technology needs 

large-scale steam storage, which is envisioned as a key 

requirement in modernizing and increasing flexibility 

in the Polish national electric grid. Since electrical 

energy storage is expected to play a crucial role in the 

near future (by 2030), accelerated startups and 

shutdowns will become increasingly important, as they 

are fundamental elements in technologies based on 

intermittent renewable sources such as wind and solar 

[9]. 

 

 

Figure 10: Temperature distribution - 3 min after startup. Left, experiment; right, Thermal-FSI 
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Figure 11: Stress curves, after 1 h, at P1 cross-plane. Comparison of WAT-epoxy date with CSD calculations. Indexes:  𝜎𝑏 – 
bending stress, 𝜎𝑠 –   shear stress,  𝜎𝑡 – tensile stress. 

 

Figure 12: Stress curves after 1 hour at P1 cross-plane. Comparison of WAT-steel data with CSD simulations. Indexes:  𝜎𝑏 – 
bending stress, 𝜎𝑠 – shear stress,  𝜎𝑡 – tensile stress. 
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Figure 13: Temperature field distribution for time 100s. Design startup (3h) (left) and accelerated startup (2h) (right) 

 

Figure 14: Temperature field distribution for time 4500s. Design startup (3h) (left) and accelerated startup (2h) (right) 

 

Figure 15: Temperature field distribution for time 10800s during 3h startup (left). Temperature field distribution for time 
7200s during accelerated startup (right).References 
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