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A steam turbine trip is followed by a prompt closure of stop valves in front of the
turbine and consequently to a pressure rise in the main steam pipeline. This steam
hammer transient leads to the generation of intensive fluid dynamic forces that act
along the pipeline axis and induce additional dynamic loads on the main steam
pipeline. It is a common practice to assume a simultaneous closure of all stop
valves in the safety analysis of the main steam pipeline. In the present paper com-
puter simulations and analyses of the fluid dynamic forces are performed for sev-
eral scenarios that take into account the possibility of delayed closure of the stop
valve in front of the turbine. The influence of the failure of the steam by-pass line
opening is considered too. The results show that the delay of the stop valve closure
increases the maximum intensity of fluid dynamic force in the pipeline segment in
front of the stop valve and decreases the intensity of fluid dynamic forces in seg-
ments along the pipeline. The failure of the by-pass line to open leads to prolonged
steam pressure and fluid dynamic forces oscillation in pipeline segments. The sim-
ulations were performed with the in-house computer code based on the method of
characteristics for the solving of the hyperbolic system of PDE that represent the
mass, momentum and energy balance equations of the 1-D, compressible and tran-
sient fluid-flow. The obtained results are a support to safety analyses of thermal
power plants under transient conditions.
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Introduction

The main steam pipeline in the thermal power plant conveys steam at high pressure
and temperature from the steam boiler to the high pressure turbine (HPT). It is a vital plant
system and its integrity is extremely important for the safety of thermal power plant. The main
steam pipeline is subjected to maximum dynamic loads during a turbine trip, which is followed
by an instantaneous closure of the stop valves in front of the HPT and opening of the steam by-
pass line. The valves closure leads to the pressure increase in the steam pipeline, which is also
characterized as the steam hammer. This propagation of pressure waves along the pipeline leads
to the generation of the fluid dynamic forces that act along the pipe axis [1]. The prediction of
the fluid dynamic forces is crucial for the stress and strain analyses and design of structure, sup-
ports and hangers of the pipeline [2]. The prediction of the fluid dynamic forces in the pipeline
systems is a necessary part of the thermal power plant safety analyses [3].
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A few examples of the steam hammer transients that occurred in the operating power
plants and are important for the plant safety are reported here. Excess dynamic loads of the
steam pipeline systems were experienced in the nuclear power plants during transients of stop
valves closure and opening of relief valves [4]. The fluid dynamic forces in the main steam
pipeline during the turbine trip and a subsequent pipe break in front of the stop valve was re-
ported in [5]. An analysis of the steam hammer event in the hot reheat line of the thermal power
plant was presented in [6].

A reliable approach to the numerical simulation of the pressure transients in the pipe-
line networks is based on the application of the method of characteristics for the solving of
mass, momentum and energy balance equations of 1-D, transient and compressible fluid-flow
[7]. As stated in [7] the Method of Characteristic is the only method which tracks accurately
the propagation of discontinuities in the first-order derivatives, the characteristic co-ordinates
are Lagrangian co-ordinates for such discontinuities. In addition, the method of characteristics
allows an accurate modelling of all types of boundary conditions that can be encountered in
the complex pipeline networks and lines. This method was applied in a number of numerical
investigations of pipeline transients, such as in simulation and analyses that are mentioned in
the previous paragraph [4-6], as well as in some established computer codes: CHARME-01 [8],
PIPES [9], PIPENET VISION [10], to mention a few.

Previous analyses of the steam hammer transient in the main steam pipeline of thermal
power plants were performed with the simultaneous closure of all stop valves in front of the
HPT [4-6]. There is a possibility for a delayed closure of the stop valve. In the present paper
the influence of the delayed closure of the stop valve on the intensity of fluid dynamic forces
is investigated during the HPT trip transient in 350 MWe coal-fired thermal power plant. The
failure of the steam by-pass line from the main steam pipeline towards the steam reheat line
is also taken into account. The numerical simulations were performed with the in-house code
based on the method of characteristics. The code was developed at the Faculty of Mechanical
Engineering at the University of Belgrade. The results obtained with the failure and regular
opening of the by-pass line, as well as with the simultaneous and delayed closure of stop valve
are compared. The influence of these scenarios on the intensity of fluid dynamic forces is dis-
cussed and recommendations for the safety analyses are underlined.

Calculation methodology

Transient flow of compressible homogeneous fluid is described by 1-D model, based
on non-stationary mass, momentum and energy balance equations:
— Mass conservation:
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— Energy conservation:
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where the material derivative is D/Dt = 0/0t + u0/0z, the dependent variables are velocity,
u [ms™'], pressure, p [Pa], and fluid enthalpy, 4 [Jkg™'], and the independent variables are time,
t [s], and spatial co-ordinate, z [m]. The third term on the left-hand side of eqgs. (2) and (3) is
related to the fluid friction on the pipe’s wall, where f'[—] denotes Darcy friction factor, d [m]
— the hydraulic diameter of the pipe, 6 [°] — the angle of pipe inclination, and g [ms~] — the
gravity constant. The fourth term in eq. (3) represents heat flow rate exchanged per unit mass of
fluid. The additional equation is equation of state in the form of density dependence on pressure
and enthalpy p = p( p,h) [kgm™]. The flow channel area 4 [m?] is constant. The pipe wall is
assumed to be rigid, which is appropriate in case of the main steam pipeline thick walls.

The obtained system of hyperbolic PDE is solved by the method of characteris-
tics for appropriate initial and boundary conditions. The method of characteristics has high

accuracy since it reduces hyperbolic partial dif-
ferential equations to ODE and it has ability to
accurately track pressure wave and enthalpy tEAs Az i Az
front propagations [7]. The transformation of egs.
(1)-(3) into ODE is performed along three char-
acteristic paths in the space and time co-ordinate /o c 3
system, as presented in fig. 1. Characteristic paths '
C*and C correspond to the pressure wave propa- !
. . R P B L C
gation and to enthalpy front propagation. The fol-
lowing set of the ODE is derived from the balance =
egs. (1)-(3): Figure 1. Space-time co-ordinate system
and characteristic paths
. dt 1
dp + pcdu = (X + pcY)dt for the characteristic path C+ that reads ™ = 4)
u+c
_ - dt 1
dp — pcdu = (X — pcY)dt for the characteristic path C that reads o = (5)
u—c
dh— L = Zdt for the characteristic path CP that reads dr = 1 (6)
P dx u
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The total differentials in the egs. (4)-(6) are approximated with finite differences along
the corresponding characteristics paths C*, C-, and CP that are presented in fig. 1, and the fol-
lowing set of algebraic equations is obtained:

At 1

(Pp — Pr)+ Prep(up —ug) = (X + prep¥p ) At for —
Ax  up +cp

(10)
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Explicit expressions are derived from eqs. (10)-(12) for the calculation of the depen-
dant parameters u, p,, and 4, in the point D at the new time #+A¢, fig. 1. Velocity, pressure and
enthalpy values in points R, L, and P are calculated by linear interpolations between known pair
of values in nodes A and B, as well as in B and C at the initial time ¢, fig. 1.

The time step of integration, denoted with Az [s], is determined according to the
Courant criterion:

Ar<min| =22 | 212N (13)
¢ +|u,]

where ¢ [ms™'] is the speed of sound, N — the number of nodes in all pipes and the index i de-
notes nodes along pipes. The spatial step of integration, Az [m] in eq. (13), is the distance be-
tween adjacent nodes and it is constant for the whole pipeline.

Boundary conditions are defined in order to calculate the flow parameters at the junc-
tion of two or more pipes within the pipeline network, as well as the steam inlets to the pipeline
from the boiler headers and outlets at the stop valves in front of the turbines and at the valve in
the steam by-pass line. Additional equations (mass, momentum and energy balances) must be
added for the ends of a pipeline. These equations are substitution for the equation of character-
istics which does not belong to a physical domain of the pipe. General form of these additional
boundary conditions is presented as follows:

— Mass balance at the boundary:

A(pud)=0 (14)
— Momentum balance at the boundary:
2
A(p;l ]+Ap=AM(t) (15)
— Energy balance at the boundary:
M2
A[h + ?J =0 (16)

where AM (¢) is the momentum loss at the valves or junctions.
The fluid dynamic force, which intensity is denoted as /' [N], acts along the pipe axis.
It is a direct consequence of the mass-flow rate 7 [kgs™'] change [1]:

F- .[ din g, (17)
3 dt
The fluid dynamic force has an impact character and causes an additional load to pipe

structure, supports and hangers. The positive value of the fluid dynamic force corresponds to
the direction of the flow before disturbance.
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The described model is implemented in the in-house code. The solving algorithm is
presented in fig. 2. The code was validated for several transient conditions, such as: the main
steam pipeline break [5], water hammers in two-phase systems [11], water hammer with gas-
eous cavitation [12] and natural gas pipeline transients [13].

INPUT
- INITTAL CONDITIONS
- PIPELINE NETWORK
- OPERATIONAL CHARACTERISTICS
- TRANSIENT SPECIFICATION
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Figure 2. Flowchart of the calculation procedure
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Main steam pipeline in the thermal power plant

The isometric view of the main steam pipeline in 350 MWe thermal power plant is shown
in fig. 3. The steam pipeline is supplied with fresh steam from the outlet headers of the steam boiler
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Figure 3. Isometric view of the main steam pipeline
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superheater at the temperature of 540 °C and pressure of 186 bar. Steam flows through two branches
RA 10 and RA 20, which are connected with the wye junction into the main collector of the fresh
steam RA 00. The RA 10 branch is about 5% longer than the RA 20 branch, which leads to about
2.3% greater mass-flow rate in RA 20 branch. This relation is derived under the assumption that the
pressure values at the inlet of RA 10 and RA 20 branches are the same, i.e. the pressure drops from
the RA 10 and RA 20 inlets to the mutual wye junction are the same. Further, according to the
Darcy equation for pressure drop calculation, the following relation holds
(Fitgaso Migato)” = laato/Iraso - This small difference in the mass-flow rates through RA 10 and
RAZ20 branches is taken into account. The high pressure by-pass lines RC 13 and RC 23 are con-
nected, respectively, to the horizontal sections of branches RA 10 and RA 20 in front of the wye
junction. Valves in the by-pass lines open in case of the turbine trip and convey steam to the cold
reheat steam line RC, from which the steam is further transported to the turbine condenser. Steam
flows to the HPT from the collector RA 00 through four admission lines RA 01, RA 02, RA 03, and
RA 04. The admission lines are connected to the collector by T junctions. All four lines RA 01, RA
02, RA 03, and RA 04 are equipped with the stop control valves in front of the HPT. The initial
pressure and temperature of fresh steam in front of the stop valves are 179 bar and 537 °C.

Numerical simulation of the main steam pipeline
transient during turbine trip

In order to determine the maximum dynamic forces generated in the main steam pipe-
line, the numerical simulations were made for the following three scenarios:

— Simultaneous closure of all four stop valves in 0.15 seconds in front of the HPT with closed
valves on the steam by-pass lines around the HPT,

— Simultaneous closure of all four stop valves in 0.15 seconds in front of the HPT with opening
of the valves on the steam by-pass lines around the HPT in 0.2 seconds,

— Four scenarios with simultaneous closure of three stop valves in front of the HPT in
0.15 seconds and with delayed closure of the fourth valve by 0.5 seconds (the valves on the
by-pass lines around the HPT remain closed).

Likelihood of the above listed scenarios with closed by-pass lines during the turbine
trip and with delayed closing of one valve cannot be excluded. Therefore, they are taken into
account in order to determine the maximum values of fluid dynamic forces that could be gener-
ated within the main steam pipeline RA.

The main steam pipeline system presented in section Main steam pipeline in the
thermal power plant is discretized for the numerical simulations with nodes determined with
the constant length between two adjacent nodes of Az = 0.3 m. Further reduction of the spatial
step Az has no influence on the obtained results. The main steam pipeline is thermally insu-
lated. Regarding this fact and due to the short time periods of few seconds of the simulated
transients, it is assumed that the main steam pipeline is adiabatically insulated. Hence, the heat
source term ¢ in the energy balance eq. (3) is equal to zero.

Figures 4-9 show dynamic forces and pressure in sections of the RA steam pipeline
that are calculated according to first and second scenarios. All four stop valves simultaneously
close and by-pass lines remain closed, first scenario or valves on the by-pass lines open, second
scenario. Labels of the pipeline sections that are referred in the figure captions are shown in fig.
3. The dynamic forces in figs. 4-6 are determined for the following straight sections of the steam
pipeline: the section G-H directly in front of the stop valve 4.6 m long, fig. 4, the section C-D
containing the T-junction by which it is connected to the by-pass line, 12.7 m long, fig. 5, and a
vertical section A-B at the boiler outlet, 20.64 m long, fig. 6. The results show that the maximum



Stevanovi¢, V. D, et al.: Fluid Dynamic Forces in the Main Steam Pipeline of ...

2220 THERMAL SCIENCE: Year 2020, Vol. 24, No. 3B, pp. 2213-2224
40 40

— —BY-PASS open = 1 —BY-PASS open

é L BY-PASS closed Az_c 30 2 BY-PASS closed

§ 20 5 2

) g

0 1 2 3 4 5
Time [s]
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amplitudes of the dynamic forces occur within a period of up to one second after the stop valve
closure and that they attenuate over the next few seconds. The amplitudes of the forces increase
with the length of the straight section of the pipeline, which is the result of the integration of
the mass-flow rate change with time along the section length, as presented with eq. (17). In the
section 4.6 m long just in front of the stop valve, the maximum force amplitude is approximately
11 kN, fig. 4, in the section 12.7 m long maximum force amplitude is approximately 26 kN,
fig. 5, while in the longest section of 20.64 m it reaches a value of approximately 37 kN, fig. 6.
A positive value of the force means that the force acts in the original direction of steam flow,
from the boiler to the turbine, while a negative value indicates the opposite direction of the
force action. The dynamic force values are practically the same in the section directly in front
of the stop valves for both scenarios, with open and closed by-pass lines. In other sections, the
dynamic forces in cases of open and closed by-pass lines are practically the same for the first
second, while after that the attenuation of the dynamic forces is greater in case with the opened
by-pass valves. Figures 7-9 show periodic pressure changes in the RA line, which occur due to
the periodic propagation of pressure waves between the closed stop valves and the outlet headers
of the steam boiler. A maximum pressure amplitude of approximately 25 bar is reached in front
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Figure 6. Dynamic force F,, in the RA 20 section,
in cases with simultaneous closing of all stop
valves and with and without opening of the
by-pass lines

Figure 7. Steam pressure in the RA 04 section in
front of the stop valve, in cases with simultaneous
closing of all stop valves and with and without
opening of the by-pass lines
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Figure 8. Steam pressure at the junction of Figure 9. Steam pressure at the half length of
the RA 20 and RC 23 sections, in cases with the A-B part of the RA 20 section, in cases with
simultaneous closing of all stop valves and with simultaneous closing of all stop valves and with
and without opening of the by-pass lines and without opening of the by-pass lines

of the stop valve immediately after its closure in case with the by-pass line opening, while this
amplitude is about 2 bar higher in case with the closed by-pass line, fig. 7. The amplitude of the
first pressure peak is reduced from the stop valve towards the boiler. Figure 8 shows that the first
pressure amplitude is about 22 bar at the junction of the RA 20 line with the by-pass line RC 23,
in case with the by-pass line opening, while the amplitude is about 1 bar higher in case with the
closed by-pass line. Figure 9 shows that the first pressure amplitude is about 17 bar in case with
the opening of the by-pass line, while this amplitude is negligibly higher in case with the closed
by-pass line. As shown in figs. 7-9, the pressure amplitudes are attenuated in the course of time.
In case with a closed by-pass line, the pressure oscillates with attenuating amplitudes around the
mean value in the first few seconds, while in case of an open by-pass line the amplitudes atten-
uated faster and the pressure drops slightly. It is concluded that the closed-by-pass line scenario
gives a slightly higher maximum dynamic forces and pressure amplitudes and slower attenuation
of disturbance. The results for third scenario with the simultaneous closure of three stop valves in
the RA 01, RA 02, and RA 03 sections and delayed closure of the valve in the RA 04 section are
shown in figs. 10-17. Stop valves close in the RA 01, RA 02, and RA 03 sections in 0.15 seconds.
The velocity change in front of the stop valve in these lines is practically the same and it is shown
in fig. 10. The change of velocity in front of the stop valve in the RA 04 section, whose closure
is delayed by 0.5 seconds, is shown in fig. 11. The velocity ahead of the delayed valve increases
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Figure 10. Steam velocity in the sections RA 01, Figure 11. Steam velocity in the section RA 04 in

RA 02, and RA 03 in front of the stop valves that front of the stop valve that is closed with the delay
are closed in 0.15 seconds, third scenario of 0.5 seconds, third scenario
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from approximately 28 m/s to 58 m/s in the period from 0 s to 0.65 seconds due to the previous
closure of other stop valves and the increased steam pressure. The dynamic forces exerted by
the stop valves simultaneously close from 0 to 0.15 seconds, have practically the same character
of periodic change and the same amplitude. These forces are presented in fig. 12 by the results
obtained for the RA 03 section in front of the stop valve. The maximum amplitude of dynamic
force is reached when the stop valve is closed at 0.15 seconds. Afterwards the dynamic force is
attenuated within the short period and its amplitude is increased again after 0.65 seconds due to
the stop valve closure in the RA 04 section. The dynamic force in the RA 04 section in front of
the stop valve, whose closing is delayed by 0.5 seconds, is shown in fig. 13. As shown, the am-
plitude of approximately —10 kN occurs after 0.15 seconds due to the closure of the other three
stop valves at 0.15 seconds. The negative sign of the force indicates that it acts in the opposite
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Figure 12. Dynamic force F in the RA 03 Figure 13. Dynamic force F;, in the RA 04
section in front of the stop valve, in case with section in front of the stop valve, in case with
simultaneous closure of the valves in the RA 01, simultaneous closure of the valves in the RA 01,
RA 02 and RA 03 sections and delayed closure of RA 02 and RA 03 sections and delayed closure
the valve in the RA04 section of the valve in the RA04 section

direction to the steam flow direction before the valve closure. The second higher force impulse
occurs after the valve is closed in the RA04 line at 0.65 seconds. The amplitude of the dynamic
force in the RA 04 section at the closure of the stop valve is approximately the same as the
amplitudes of the forces in the segments in front of other three stop valves that are closed 0.5
seconds earlier, as shown in figs. 12 and 13. The pressure changes in front of the stop valves in
the segments RA 03 and RA 04 are shown in figs. 14 and 15. The results show practically the
same periods and amplitudes of pressure change in front of both stop valves. Similar results of
pressure change are obtained in front of the stop valves in the other two segments RA 01 and
RA 02. The first pressure rise slightly above 190 bar occurs after the simultaneous closure of
three valves, while the second pressure rise to approximately 195 bar occurs after the delayed
closure of the fourth valve. Characteristic changes of the fluid dynamic force and pressure in
sections along the pipeline are shown by the example of these parameters in the segment A-B at
the RA 20 section in figs. 16 and 17. The comparison of the results in figs. 6 and 16 shows that
the amplitude of the first maximum amplitude is substantially reduced from 37 kN in case with
the simultaneous closure of all stop valves to 20 kN in case with the delayed closure of one stop
valve. Pressure changes in case with delayed closure of one valve also show lower amplitudes
compared to the case with the simultaneous closure of all valves, as shown by the comparison
of figs. 9 and 17.
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RA 02, and RA 03 sections and delayed closure RA 02, and RA 03 sections and delayed closure
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Figure 16. Dynamic force F,; in the RA 20 Figure 17. Steam pressure at the half length of
section, in case with simultaneous closure of the A-B part of the RA 20 section, in case with
the valves in the RA 01, RA 02, and RA 03 simultaneous closure of the valves in the RA 01,
sections and delayed closure of the valve in RA 02, and RA 03 sections and delayed closure of
the RA 04 section the valve in the RA 04 section
Conclusions

The numerical simulations and analysis of transient conditions in the main steam
pipeline in 350 MWe coal-fired thermal power plant were conducted with the in-house code
based on the method of characteristics. Transient conditions are caused by the closure of the
stop valves in front of the HPT with and without opening of the steam by-pass line around the
turbine. The presented results of simulations show fluid dynamic forces and pressure waves
propagations. The major findings are as follows.

e Dynamic forces acting on the structure of the main steam pipeline after the stop valves clo-
sure in front of the HPT are maximal during the first pressure and fluid dynamic force peak
that occur within one second after the stop valve closure.

® The maximum dynamic forces in the main steam pipeline during the first second after the
turbine trip are practically the same in cases with and without the steam by-pass line opening.

® After approximately one second from the stop valves closure, dynamic forces along the
main steam pipeline are damped more intensively in case with the open steam by-pass line
than in case with the closed by-pass line.
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The delayed closure of one of the four stop valves leads to the increase of amplitudes of
the fluid dynamic forces and pressure in the turbine steam admission line segments in front
of the stop valves in comparison to the case with the simultaneous closure of all four stop
valves.

Contrary to the previous finding, the delayed closure of one of the four stop valves leads
to the decrease of amplitudes of the fluid dynamic forces and pressure in segments along
the pipeline, from the boiler exit headers to the main collector in front of the turbine steam
admission lines.
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