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Research on pneumatic hammer
effect and transient structural
response characteristics of
natural gas pipeline in gas turbine
based on coupled fluid-structure
Interaction simulations

Lei Xu®, Peng Cheng?, Guanpeng Li*, Nini Wang?, Juxing Song?,
Gongming Xin? and Yudong Mao**
'Shandong Electric Power Engineering Consulting Institute Corp., Ltd., Jinan, Shandong, China,

2School of Nuclear Science, Energy and Power Engineering, Shandong University, Jinan, Shandong,
China, *School of Thermal Engineering, Shandong Jianzhu University, Jinan, China

As a core component of the fuel supply system, the natural gas pipeline of a gas
turbine is responsible for the stable delivery of high-pressure gas during start-
up and load regulation. With the increasing penetration of renewable energy
into power grids, gas turbines are required to operate more frequently under
start—stop conditions and rapid load fluctuations. As a result, valve operations
in fuel supply pipelines occur more frequently, inducing transient pressure
surges that may threaten system safety. The evolution of pneumatic hammer
is strongly affected by gas compressibility, valve opening characteristics, and
pipeline structural properties. Therefore, a clear understanding of pneumatic
hammer propagation and the associated transient structural response under
sudden flow variations is essential. In this study, a 300 MW-class F-type
heavy-duty gas turbine fuel supply pipeline system is investigated. A fully
coupled fluid—structure interaction model is established based on computational
fluid dynamics and transient structural dynamics to analyze pressure wave
propagation and pipeline structural responses under different valve opening
strategies. The results show that, unlike liquid hammer, pneumatic hammer in
natural gas pipelines does not exhibit an initial sharp pressure peak but instead
features a long-period decay process. The pressure peak typically occurs as the
valve approaches the fully open position, followed by multi-cycle oscillations
caused by rarefaction waves and reflection interference. Both the valve opening
duration and opening pattern significantly influence the pneumatic hammer
intensity and structural response. Appropriately extending the valve opening time
or optimizing the opening pattern can effectively reduce peak gas pressure
and equivalent structural stress, thereby mitigating pipeline vibration. From a
phase-response perspective, pipeline stress is nearly in phase with the pressure
wave, whereas the pipe supports exhibit a time lag of approximately 0.2's
accompanied by dynamic amplification. High stress is localized at connection
edges, while the overall structural stress remains below the allowable material
limit, indicating good system safety. This study provides theoretical guidance
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and engineering references for valve control optimization, pipeline support
design, and the safe operation of gas turbine natural gas supply systems.

KEYWORDS

computational fluid dynamics, heavy-duty gas turbines, peak-adjustment of electric

power system, pneumatic hammer effect, transient structural response

1 Introduction

As the core link of fuel supply in gas turbines, the natural gas
pipeline system is responsible for stably delivering high-pressure
natural gas to the combustion chamber during start-up, shutdown,
and load adjustment processes. Through the coordinated operation
of valves, pressure regulating devices, and distribution networks,
this system evenly distributes high-pressure natural gas to each
burner, thereby ensuring the efficient combustion and safe operation
of the gas turbine. In recent years, with the rapid implementation
and continuous increase in the power grid connection ratio of
new energy power plants such as nuclear power, wind power, and
photovoltaic power, the demand for peak shaving and frequency
regulation in the power system has been increasing day by day
(Islam et al, 2024; Verastegui et al, 2021; Fan et al, 2021;
Impram et al., 2020). Gas turbines, with their advantages of flexible
start-stop and rapid ramp-up, have gradually become an important
force in supporting the consumption of new energy and the
stable operation of power grids (Li et al., 2025; Yao et al., 2024;
Ricci et al., 2021). However, this operating role also leads to frequent
start-stop cycles and rapid load adjustments, resulting in more
intensive and abrupt valve operations in natural gas pipeline systems.
Such operating conditions are markedly different from those of
conventional gas transmission pipelines and can induce strong
transient gas pressure surges, whose associated pressure fluctuations
and structural vibrations pose serious threats to pipeline integrity,
combustion stability, and safe unit operation (Zha et al., 2024; Ding
and Ji, 2023).

The pneumatic hammer effect is essentially a pressure
wave propagation phenomenon resulting from the combined
action of fluid inertia and compressibility (Di et al, 2025;
Plouraboué, 2024). In natural gas pipelines, rapid valve opening
or closure can cause abrupt changes in flow velocity, thereby
triggering intense pressure fluctuations. This transient impact
may not only lead to seal failure at pipeline joints, local plastic
deformation, and damage to hanger supports (Zha et al., 2024;
Riasi and Tazraei, 2017), but may also disturb gas flow distribution,
inducing unstable combustion, flameout, or oscillation phenomena.
Existing studies have demonstrated that factors such as fluid
compressibility (Plouraboué, 2024; Ren et al., 2020) and valve
operating characteristics (Xin et al, 2024; Yao et al, 2015;
Mo et al, 2021; Davies et al, 2021) play critical roles in
determining the amplitude and attenuation behavior of pneumatic
hammer waves.

In recent years, there has been a growing body of research
on the pneumatic hammer phenomenon, especially for gas-liquid
two-phase issues. However, most of these studies are conducted
in general pipeline systems or specific industrial scenarios, rather
than gas turbine natural gas supply networks. For instance,
Luo et al. (2025) conducted an experimental study and found
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that in gas-liquid pipelines, the propagation of pneumatic hammer
pressure waves is significantly influenced by the compressibility
of the gas phase, showing significant phase delay and amplitude
attenuation. As the gas-liquid ratio increases from 0.04% to
12.6%, the wave velocity of pneumatic hammer pressure waves
decreases from 298 m/s to 146 m/s, which is only 21.60%-10.60%
of the single-phase wave velocity. Zhang et al. (2022) conducted
a simulation study on the pneumatic hammer effect in nuclear
power plant pipelines in the presence of gas cavities. The results
showed that the amplitude and frequency of the pipe internal
pressure vary significantly with the volume ratio of the gas
cavity, and a smaller gas cavity volume ratio corresponds to a
lower maximum pipe internal pressure and a faster attenuation
of the pressure wave. Zhao et al. (2025) further studied the
pneumatic hammer effect induced by two-phase flow with large
temperature differences, and established a mathematical model with
compressible two-phase flow equations that takes into account the
elastic deformation of the pipe cross-section to predict the pressure
load of the condensate pneumatic hammer. The study showed that
an increase in the flow velocity of cold pneumatic will raise the peak
value of the pressure pulse; an increase in the temperature of the
liquid phase will cause the peak value of the pressure to decrease; and
when the pipe diameter is sufficiently small, the pneumatic hammer
phenomenon will no longer occur.

On the other hand, the valve operation characteristics have
been proven to be a crucial factor that determines the intensity
of transient shock: rapid valve maneuvers often lead to high-
amplitude pressure waves, whereas optimizing the opening and
closing pattern (such as staged or gradual opening and closing)
helps to reduce the peak impact and improve system stability.
Lema etal. (2016) investigated the pneumatic hammer phenomenon
within the pipe caused by the rapid opening of the valve and the
accompanying multiphase flow characteristics. They discovered the
pressure fluctuations caused by the compression and expansion
waves of the fluid, as well as cavitation, gas desorption, and liquid
column separation phenomena. This revealed the influence of liquid
surface tension on the multiphase flow state and confirmed that gas
desorption in saturated liquids can significantly reduce the transient
pressure peak. Ding et al. (2024) used the SPS software to study
the liquid pipeline system in the petrochemical industry and found
that the influence of the valve closing duration on the pneumatic
hammer effect is restricted by the pipeline length and flow rate: as
the pipe length increases, the effect of extending the valve closing
duration gradually weakens, while the greater the flow rate, the more
obvious the effect of prolonging the time. Kaliatka et al. (2014)
simulated the scenario where the pump station in the regional
heating system experienced a power outage, causing the check valve
to close. They analyzed the peak pipeline pressure and explored
the impact of different safety valve diameters on the maximum
pressure within the pipeline. Henclik (2018) studied the inhibitory
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effect of elastic valves on pipeline pneumatic hammer phenomena,
simulating the transient pressure and velocity variations of the
fluid within the pipeline caused by the rapid closure of the valve
under different stiffness conditions. It was confirmed that elastic
valves can effectively regulate pneumatic hammer pressure through
dynamic energy transfer and dissipation mechanisms, providing a
feasible solution for scenarios where the valve closing time cannot be
extended in engineering. These studies confirm that valve dynamics
play a dominant role in pneumatic hammer control. However,
the valve operating patterns in gas turbine natural gas systems,
characterized by frequent start-stop and rapid load-following
behavior, differ significantly from those in conventional industrial
pipeline applications and remain insufficiently investigated.
Although previous studies have extensively investigated
influencing factors such as fluid compressibility and valve operation
patterns, research focusing specifically on gas turbine natural gas
supply systems remains limited. Compared with liquid media,
natural gas exhibits low viscosity and high compressibility,
resulting in a pneumatic hammer process that is more gradual yet
148prolonged. Moreover, within the complex piping layouts of gas
turbines, the transient structural response induced by pneumatic
hammer, especially the dynamic behavior of supports, has not
been systematically explored. This paper takes the natural gas
supply pipeline system of the first 300 MW-level F-class heavy-
duty gas turbine in China as the research object. Based on the
combined simulation method of computational fluid dynamics
and transient structural dynamics, a fluid-solid coupling model
with a complete pipeline network structure is established. The
propagation of pressure waves in the pipeline and the transient
response characteristics under different valve opening strategies are
analyzed. This provides a theoretical basis and engineering reference
for optimizing valve control strategies, improving pipeline support
design, and ensuring the safe and stable operation of the gas turbine.

2 Numerical model
2.1 Physical model

The research subject of this article is the natural gas supply
pipeline system of a 300 MW F-class heavy-duty gas turbine. The
pipeline structure consists of straight pipe sections, elbows, valves,
and several hanger supports, as shown in Figure 1. The outer
diameter of the pipe is 273 mm and the wall thickness is 14 mm.
The length of each pipe section is shown in Table 1. To facilitate
subsequent analysis, the pipe sections are numbered as shown in
Figures la,b. The entire pipeline is made of 316L stainless steel pipes.
The position L1 is the inlet point and is connected to the pre-module,
while the position L15 is the outlet point and is interfaced to the
gas module. Figure 1c shows the model of the pipeline and supports.
Supports 1, 3, 5, 9, 10, and 11 are spring supports, support two and
6 are guide supports, support 4 is a double-pull rod rigid hanger,
support 7 and 8 are sliding supports and fixed supports respectively;
12 to 15 are single-pull rod rigid hangers, and support 16 and 17 are
single-pull rod spring hangers.

Due to the presence of bends and local support constraints,
the local impedance differences have a significant impact on the
propagation and reflection characteristics of pressure waves, and are
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prone to causing local stress concentration and structural vibration.
To obtain the complete flow characteristics of the fluid inside the
pipeline, as well as the transient structural response of the pipeline
hanger support, and the local stress-strain characteristics, a three-
dimensional modelling of the complete natural gas pipeline system
is carried out. The fluid domain was discretized using a multi-
zone hexahedral mesh, with local refinement implemented in critical
regions such as pipe bends and valve proximity. On the other hand,
in the solid domain, local refinement is performed at elbows and
the connection points between pipes and supports to enhance the
simulation accuracy of structural responses.

2.2 Governing equations

Natural gas is a low-viscosity and highly compressible medium.
Its pneumatic hammer effect is mainly influenced by the sound
velocity and gas compressibility rather than viscosity dissipation.
Therefore, the compressibility effect of the fluid needs to be
taken into consideration in the governing equations. This paper
assumes that natural gas is composed of a single component of
methane (CH,). The reason for this assumption is that in actual
operating conditions, the volume fraction of methane in natural
gas is usually greater than 90%, while the proportions of other
components (such as ethane, propane, and nitrogen) are relatively
low and have a limited impact on the overall flow properties
and pneumatichammer propagation characteristics. Therefore, to
simplify the calculation and ensure the consistency of physical
property parameters, methane is adopted as the research medium.

The flow field within the pipe is a compressible fluid, and its
continuity equation and momentum equation are (Li et al., 2021;
Liu et al., 2017; Versteeg and Malalasekera, 2010) (Equations 1-3),
which are as follows:

9 dpv:
o, Aem) )
ot ox;
3(pi;) . 3(pvv) __% . 91y )
ot dx;  ox; Ox
ApiE) | ApE+pv) _ i) )
ot ox; ox;

! ]

Among them, p; and v represent fluid density and velocity,
p represents fluid static pressure, and 7;; represents the viscosity
stress tensor.

Due to the significant non-stationary vortex structure and
turbulent dissipation characteristics involved in the valve opening
process, this paper adopts the SST k-w turbulence model. It uses the
k-w model in the near-wall region and transitions to the k-e model in
the free-stream region. This model can accurately capture the near-
wall flow and shear stress, and ensure the stability of large-scale flow
simulation, making it suitable for describing the transient turbulent
characteristics in natural gas pipelines. The transport equations for
turbulent kinetic energy and specific dissipation rate are Equations
4, 5, which are as follows (Fan et al., 2024; Menter, 1994):

ot

. 9 ok
Py B pwk + o [(H + Opth) o

a(p;k) . B(Plvjk)

ij ] @
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Natural gas pipeline with hanger support: (a) Natural gas pipeline; (b) Numerical model of the fluid domain; (c) Numerical model of pipes and
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TABLE 1 Length of the natural gas pipeline.

Position L1 L2 L3 L4 L5
Length/mm 3540 9085 7025 990 27210

Position L6 L7 L8 L9 L10
Length/mm 4650 1200 1161 11040 1100

Position L11 L12 L13 L14 L15
Length/mm 1835 1100 4515 957 507

Apw) | 3(py)

ot axj

w 5, 0 ow
—o¥p —

+2(1- Fpopt oK 9 5)
7 9%

Where k is the turbulent kinetic energy, w is the dissipation rate, 4,
is the turbulent viscosity, Py is the turbulent kinetic energy generation
term, 3 " is the turbulent kinetic energy dissipation coefficient, « is the
generation term coefficient, § is the dissipation term coefficient, o
and o, is the turbulent diffusion coefficient, o, is the cross diffusion
coefficient, F, and is the mixing function for controlling the near-wall
region and the free-stream region in the SST model.

In the field of transient structural dynamics, the motion
based second law

equation, Equation 6, on Newton’s

(Liu, 2015) is adopted:
o*d; od; 3 od, . oundar
%, k)= Auid £ Y 6
Psatz +Cat ij< "klaxl> f’ﬂ +f’b ©
Where p_ is the density of the solid material, d; is the

displacement component, ¢ is the structural damping coefficient,
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Cijxi is the elastic stiffness tensor, _f?“id is the force density exerted by
oundary .

the fluid on the structure, and f]: is the density of the boundary
constraint reaction force.

Due to the high elastic modulus of the natural gas pipeline and
the associated supports/hangers, the structural deformation induced
by valve opening remains very small under the present operating
conditions. Compared with the characteristic dimensions of the
flow domain, such deformation is negligible and therefore has a
minimal influence on the internal flow field and pressure wave
propagation. The pneumatic hammer phenomenon investigated
in this study is primarily governed by fluid compressibility
and valve-induced momentum variation, rather than by strong
fluid-structure coupling effects. Consequently, a one-way fluid-to-
structure coupling approach is adopted, which is sufficient and
appropriate for capturing the transient pressure evolution in the
fluid domain as well as the corresponding structural stress and
deformation responses. In the calculation, data are exchanged
between the fluid and solid domains at the coupling interfaces,
and the following conservation principles (Yin et al., 2024)
are given as Equation 7:

on; = 0N, € = €, (7)

Where 0, 0, and ¢, ¢, represent the stress and strain of the fluid
domain and the solid domain, respectively; n represents the normal
direction of the coupling surface.

2.3 Boundary conditions
Considering the frequent load adjustments in heavy-duty gas

turbines, this study investigates the extreme scenario of natural
gas supply ramping from zero to maximum capacity to simulate
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TABLE 2 Material parameters of Natural gas pipeline system components.

10.3389/fenrg.2026.1751161

Material 316L stainless steel ‘ Q235B structural steel
Density p/kg-m > 7.98 x 10° 7.85 x 10°
Modulus of elasticity E/MPa 1.86 x 10° 2.12 x 10°
Yield strength o,/MPa 2.05 x 10% 2.35 x 10

transient flow characteristics in the pipelines. The approach ensures
structural integrity under all operational conditions. In the fluid
dynamics simulation, the inlet of the main valve is set as a mass
flow rate inlet, and the outlet is set as a pressure outlet boundary.
The pressure value is determined as 3.8 MPa based on the rated
operating condition Pn of the gas turbine. By introducing the Cv
curve of the valve, the valve opening characteristic is converted into
an equivalent flow variation and is applied as a time-dependent
function at the inlet section. The rated operating condition is gn =
18.5 kg-s™!. The opening and closing rules of the valve adopt various
strategies, such as linear, from fast to slow, and from slow to fast,
to study the influence of different control methods on the pipeline
pneumatic hammer effect.

To accurately capture the pressure fluctuations during the valve
opening and closing process, the Pressure-Based Coupled algorithm
is used to solve the coupling of velocity and pressure. The density,
momentum, turbulent kinetic energy, and specific dissipation
rate are discretized using second-order upwind schemes, and the
pressure is discretized using a second-order central. The time-
marching term is discretized using a first-order implicit scheme,
with the time step set to 1 x 107> s to ensure the transient resolution
of the pneumatic hammer wave propagation.

In the transient structural dynamics model, the two ends of
the pipeline and the bases of each support and hanger are set as
fixed supports, and the contact between the support hangers and the
pipeline is frictional contact. The friction coefficients of the sliding
support and the guiding support are set at 0.1, while those of the
other connection parts are set at 0.3. The fluid-structure coupling
is implemented in a one-way manner, that is, the transient pressure
distribution of the fluid is mapped onto the pipe wall as the structural
load input, and then the transient stress and deformation responses
of the structure are solved. The time step for the structural solution
is set at 0.01 s, which is coordinated with the fluid solution.

In this paper, methane is used as the research working fluid to
represent natural gas, as explained previously. The thermophysical
parameters of methane are directly retrieved from the built-
in real-gas NIST database of Fluent, which can automatically
consider its density, specific heat, viscosity, and sound speed that
change with temperature and pressure, thus ensuring the accurate
description of the fluid dynamic characteristics in the numerical
simulation.

The material of the pipeline is 316L stainless steel, and the
hanger supports are Q235B. The material parameters under standard
conditions are shown in Table 2.

2.4 Model independence verification

In numerical simulations, the fineness of grid division has a
significant impact on the calculation accuracy of fluid transient
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characteristics and structural responses. As showed in Figure 2, this
paper conducts a grid independence verification for the natural
gas pipeline system, to ensure that the simulation results are
independent of the grid size.

For the fluid domain, five different meshes were established,
with the number of elements ranging from 1300 x 10° to 3400 x
10°. Since the pneumatic hammer effect is manifested as high-
frequency pressure fluctuations caused by the opening and closing of
the valve, the maximum pressure Pmax under the condition of rapid
valve opening was selected as the criterion for the independence of
the fluid domain mesh. The results show that when the mesh size
increased from 2.34 million to 3.40 million, the maximum pressure
difference measured inside the pipeline was less than 1%, indicating
that a medium-sized mesh can ensure the accurate capture of the
pressure wave propagation law.

For the solid domain, five mesh schemes were also established,
with the number of elements ranging from approximately 1300 x
10 to 3400 x 10°. Local mesh refinement was carried out near the
bends, valves, and connection points of the hanger support. Since the
focus of the project is on the transient structural response under the
pneumatic hammer effect, the maximum equivalent stress o,,max
of the entire pipeline was selected as the criterion. The calculation
results show that when the number of nodes increased from 2.33
million to 3.33 million, the variation of the equivalent stress was
less than 1%. Therefore, medium-sized nodes can already meet the
calculation accuracy requirements.

Furthermore, to ensure the temporal resolution of the transient
process, this paper verified the independence of time steps in the
fluid and structural calculations. The results showed that in the fluid
calculation, when the time step was reduced from 1 x 103sto1 x
107 s, the maximum pressure variation amplitude was less than 1%;
in the structural response, when the time step was reduced from 1 x
102 sto5x 1072 s, the maximum equivalent stress was less than 1%.
This indicates that a time step of 1 x 10~ s is sufficient to capture the
characteristics of transient pneumatic hammer fluctuations, while a
time step of 1 x 102 s meets the requirements for structural response
calculations. In addition to numerical convergence, the predicted
transient pressure wave propagation shows physically consistent
behavior for pneumatic hammer in compressible gas pipelines.
The pressure peak variations under different valve opening strategies
are smooth and monotonic, without spurious numerical oscillations.

Taking into account both computational accuracy and efficiency,
this paper finally selects a medium-sized grid scheme with
approximately 2.34 million elements for the fluid domain and
approximately 2.33 million nodes for the solid domain. The time
step for fluid calculations is fixed at 1 x 107°s, and the time
step for solid domain calculations is fixed at 1 x 107%s, which
will be used for the subsequent transient fluid-solid coupling
calculations.
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TABLE 3 Valve flow characteristics.

Fisher valve Stroke/deg

SRV position/% 0 17.78 24.06

36.82 49.52 61.81 73.33 83.81 92.98 100

q/kgs™ 0 3.29 445

6.81 9.16 1143 13.57 15.41 17.20 18.5

3 Result analysis and discussions
3.1 Fluid flow characteristics
3.1.1 Flow characteristics within the pipe

Based on the characteristics of the Woodward 8-inch SS-260 Ga
Stop/Ratio Valve, its flow characteristics are shown in Table 3.

Let the time when the valve starts to be opened be ¢, and
the time when it is fully opened be .. Then the opening time At
is the difference between the two. According to the operational
requirements of the system, At is within the range of 0.2 s-1s. The
flow field is initialized with the rated working condition of 3.8 MPa
as the initial pressure inside the pipe. At ¢, = 0.5s, the valve is
controlled to be opened and the opening degree increases at a linear
rate. It is fully opened at ¢, = 1.1 s. During this process, the inlet
mass flow rate q gradually increases from 0 to the rated flow rate
q, = 18.5 kg/s and remains stable afterwards.

The
are shown in Figure 3. As the valve is opened, the pressure in

pressure variations at each monitoring point
the pipeline undergoes a complete evolution process from intense
fluctuations to gradual stability. Specifically, at the moment the valve
is just opened (f,), no instantaneous sharp peak of overpressure
is generated. Instead, the pressure initially rises at a moderate
rate and reaches the maximum positive peak near the complete
opening moment (f_); then immediately followed by a brief negative
undershoot. This is succeeded by multi-cycle, progressively decaying
oscillations that eventually stabilize.

This temporal characteristic indicates that the compressibility
of natural gas causes the local fluid to be compressed during the
valve opening process and form a positive pressure wave, which
then propagates along the pipeline at the speed of sound. Under
linear valve opening conditions, the valve disc opening degree
increases linearly and continuously rather than suddenly. Therefore,
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FIGURE 3
Time history of transient fluid pressure in the pipe.

the compression effect of the gas in the pipe accumulates gradually,
resulting in a gradual increase in pressure. No sudden and intense
high pressure was observed near t,,.

As the valve is gradually opened, the mass flow rate at the inlet
continues to increase. Under the combined effect of mass inertia
in the pipe and local resistance, the compression wave intensifies
continuously and reaches its peak at the maximum flow rate.
The subsequent obvious negative peak indicates that a rarefaction
process occurs after the compression wave. On one hand, when the
flow approaches the rated flow rate, the local flow changes from a
restricted state to a more unobstructed state, and the sudden change
in flow velocity forms a refraction wave front, resulting in a short-
term negative peak. On the other hand, the interference between the
reflected wave at the far end (especially at the bend or constraint
point) and the original compression wave may also cause a local
negative amplitude waveform. In Figure 3, the negative peak follows
the positive peak, indicating that the compression and refraction
waves are closely coupled in time.
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Time history of P,,,, in the pipe under different At.

The subsequently observed alternating positive and negative
oscillations and the gradually decreasing peak variations
reflect the multiple reflections of the pressure waves in the
pipeline, accompanied by energy dissipation along the way. The
compressibility of the gas makes a smoother waveform and slower
attenuation, so obvious fluctuations remain for several cycles until
the energy is completely dissipated before a steady state is reached.

Furthermore, from Figure 3, it can also be observed that there
is a significant time-phase lag and amplitude attenuation in the
pressure peaks at different measurement points. This phase delay of
several tens of milliseconds between different measurement points
is consistent with the propagation of a pressure wave at the speed of
sound (the speed of sound of methane under the conditions of 3.8
MPa and 200 °C is approximately 510 m/s).

From the above, it can be seen that under the linear valve-
opening condition, the pneumatic hammer phenomenon exhibits
the characteristics of ‘no initial peak, dominated by a positive peak
close to the end of the opening, followed by a negative peak and
accompanied by long-period attenuation oscillations’ in the gas
transient response.

3.1.2 The influence of valve opening duration

The influence of the valve opening duration on the pneumatic
hammer effect is tested by setting the valve opening time At to
0.2s,04s,0.6s, 0.8s, and 1s. The maximum pressure changes in
the pipeline under each condition are shown in Figure 4, and the
maximum pressure data are presented in Table 4.

From Figure 4 and Table 4, it can be observed that as the opening
time of the valve increases, the maximum pressure in the pipe shows
a significant decreasing trend. When At = 0.2's, the pressure peak
reaches 4.016 MPa, resulting in an overpressure of approximately
0.216 MPa (about 5.7%) compared to the rated pressure of 3.8 MPa.
As At is extended to 1.0 s, the maximum pressure drops to 3.930
MPa, with an overpressure amplitude being only 0.130 MPa (about
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TABLE 4 Maximum transient fluid pressure in the pipe under different At.

At/s 0.2 \ 0.4 \ 0.6 0.8 il \
PmaX/MPa 4.016 3.992 3.945 3.931 3.930
Error bar/MPa 0.001 0.001 0.001 0.001 0.001

3.4% over 3.8 MPa). This result indicates that the shorter the opening
time of the valve, the greater the transient overpressure, and the more
intense the pressure fluctuation. The fundamental reason lies in the
fact that the valve’s action rate directly affects the rate of change of
fluid momentum.

A further analysis of Figure 4 reveals that the time history of
the maximum pressure under different valve opening times not only
differs in peak magnitude but also has significantly different peak
shapes. When At = 0.2 s, the pressure rises rapidly in the opening
stage in a quasi-linear trend. After reaching the peak, the pressure
amplitude does not drop immediately. Instead, it exhibits a brief
‘flat-topped’ feature, meaning the peak area presents a smooth and
rounded shape. This indicates that during the rapid valve opening
process, the rate of change in gas momentum is extremely high, and
the local pressure remains at a high level after reaching the peak.
At this time, the flow area of the valve rapidly expands, and the gas
undergoes short-term compression and expansion simultaneously
near the valve opening. The local static pressure and dynamic
pressure alternate and balance each other out, causing the pressure
curve to experience a short-term stagnation during the peak stage.

When the valve opening time is extended to 0.4 s or longer, the
peak shape transforms into a sharp one. Once the peak is reached,
the pressure rapidly drops. This indicates that the pressure energy
release is smoother at this time, and the system response is more
gentle. At the same time, it can be observed that under the condition
of At = 0.6 s, the pressure growth rate during valve opening shows a
significant slowdown; while at At = 0.8 s, this phenomenon is more
obvious; and at At = 1s, there even appears a nearly horizontal
pressure interval. The reason for this is as follows: although the
valve opening degree increases linearly over time, the valve flow
coeflicient has a non-linear relationship with the opening degree,
resulting in a ‘slow start followed by a rapid increase’ in flow rate.
Therefore, during the initial stage of valve opening, the gas flow
increases slowly and the pressure change is limited; in the latter half
of the opening process, the flow increases rapidly, the momentum
surges, the pressure increase rate accelerates again, and reaches its
peak when the valve is fully opened.

In summary, the opening time of the valve determines the
variation pattern of the flow acceleration and the rate of energy
release in the system: when At is small, that is, when the valve is
opened quickly, the sudden change in fluid momentum is significant,
and the local compression energy accumulates rapidly within a short
period of time to form a high peak, which then decays rapidly;
when At is large, that is, when the valve is opened slowly, the energy
is gradually transferred and buffered by the compressible effect,
forming a peak-shaped pressure curve but with a lower peak value.

Therefore, although the compressibility of the gas medium
results in significantly lower pneumatic hammer peak values
compared to liquid systems, appropriately extending the valve
opening time remains an important measure for suppressing
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transient overpressure and reducing reflection superposition in
natural gas pipelines.

3.1.3 The impact of valve opening characteristics

To study the influence of valve opening patterns on the
pneumatichammer effect in natural gas pipelines, the valve opening
strategy influencing factor m is introduced. The maximum valve
opening is 0,. Then, within the time interval from t, to t, the
relationship between valve opening 6 and time ¢ is Equation 8, which

ey,

When m = 1, it indicates that the valve opening increases at a

is as follows:
t—t,
tr - tO

(8)

linear rate; when m < 1, it is a ‘from fast to slow” type of valve opening;
when m > 1, it is a ‘from slow to fast’ type of valve opening. Setting
t, = 0.5s, At = 0.6 s, and letting m be 0.1, 0.2, 0.25, 0.5, 1, and 2,
respectively, the flow and pressure responses under different valve
opening strategies are simulated.

Figure 5 shows the variation curves of the valve inlet flow under
each strategy. As shown in Figure 5, the valve opening strategy factor
m significantly alters the growth pattern of the inlet mass flow rate.
When m = 1, the flow curve most directly reflects the relationship
between the valve characteristics and the opening degree, presenting
a typical ‘from slow to fast’ feature, which is caused by the non-linear
correspondence between the valve flow coefficient and the opening
degree. When m < 0.5, the flow curve exhibits a distinct ‘from slow to
fast’ characteristic: the flow area suddenly increases at the moment
the valve is opened, and the inlet flow rate rises sharply in a short
period of time. However, the rate of increase gradually slows down
subsequently, and the curve gradually turns into a nearly linear
trend, reaching the rated flow at f.. As m increases, the curve shape
changes. For example, when m = 0.5, it presents two linear segments
with different slopes, being slow at the beginning and then fast at
the end. When m > 1, the from slow to fast’ valve opening strategy,
combined with the valve’s own ‘from slow to fast’ flow characteristic,
results in an extremely gradual initial increase in flow rate, followed
by a sharp rise in the later stage. The slope of the curve increases
sharply, presenting the characteristic of ‘slow start, fast rise’ It can
be seen that this nonlinear flow change controlled by m directly
determines the growth rate of the gas momentum within the pipe,
and is a key factor affecting the shape of the pressure wave.

Figure 6 shows the corresponding maximum pressure changes
in the pipe, and Table 5 gives the maximum pressure results under
each condition. The pressure changes shown in Figure 6 can further
reveal the transient response characteristics under different valve
opening strategies. When m < 1, the maximum pressure curve
exhibits a distinct double-peak structure within the time interval
from t, to t.: near t,, the pressure experiences a nearly vertical
sudden rise, then increases and reaches the first peak, followed by
a brief decrease. As the valve is further opened and the flow rate
increases, the pressure reaches the peak at .. Among them, the
initial jump with m = 0.1 is the most intense, and the first peak is
also the highest, being higher than the peak when ¢, is reached; the
jump with m = 0.2 is weaker, and the first peak drops but remains
higher than the S peak; while when m = 0.25, the two peaks are
close. This is because at the beginning of opening the valve, the valve
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FIGURE 5
Time history of inlet mass flow rate under different m.
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FIGURE 6
Time history of maximum transient fluid pressure in the pipe under
different m.

TABLE 5 Maximum transient fluid pressure in the pipe under different m.

m 0.1 02 | 025 05 1 P
P,/MPa 3938 | 3903 | 3.891 | 3903 | 3945 | 3.995
Errorbar/MPa | 0.001 | 0001 | 0001 | 0001 | 0001 | 0.001

disc opens rapidly for a short period of time, causing a significant
compression wave; subsequently, the opening degree enters a slow
increase stage, the flow acceleration decreases, and the pressure
briefly drops; later, as the flow increases again, a compression wave
forms and superimposes, resulting in a double-peak pattern.
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When m = 0.5, the initial rising stage of the pressure gradually
becomes smoother, without any obvious jumps. Instead, it rises
approximately linearly, and its first peak is lower than the peak at ¢.
When m > 1, the pressure curve presents a single-peak structure: the
system shows a monotonic increase throughout the valve opening
stage. When m = 1, the pressure pauses slightly in the middle period
before accelerating again and reaching the peak at t_; when m = 2,
the pressure initially rises more smoothly, then climbs rapidly in the
later stage, and finally forms a higher main peak.

From Table 5, it can be seen that the maximum pressure
varies between 3.891 MPa and 3.995 MPa, with a peak difference
of approximately 0.1 MPa. The overall trend is that the maximum
pressure first decreases and then increases as m increases: when m
is too small (such as m = 0.1, 0.2), the short-term rapid opening
of the valve disc leads to a significant initial compression wave,
resulting in a double peak and the first peak being larger; while
when m is larger (such as m = 1, 2), it presents a single peak shape,
but the superposition of the valve flow coefficient and the rapid
increase in opening degree makes the pressure at ¢, higher. From
the perspective of flow characteristics, the ‘first fast then slow’ type
valve opening (m < 1) enables the system to quickly establish a flow
channel in the initial stage. However, when m is too small, a pressure
jump may occur. But in the later stage, the growth of the flow rate
slows down, and the rate of momentum change decreases, which in
turn allows the compression wave to be gradually released during
propagation. On the contrary, the ‘first slow then fast’ type (m > 1) is
due to the restricted flow in the early stage and the accumulation
of momentum. In the later stage, the sudden release of a large
flow rate causes the gas compression wave to be concentratedly
superimposed, resulting in a higher main peak pressure.

To further illustrate that a valve opening strategy with m =
0.25 results in the smallest air hammer strength, it is necessary to
analyze in terms of fluid momentum change and gas compressibility.
The pneumatic hammer phenomenon in compressible gas pipelines
is primarily governed by the temporal rate of change of fluid
momentum rather than by the absolute flow rate. The valve opening
parameter m directly controls the growth pattern of the mass flow
rate, thereby regulating the distribution of momentum input during
the opening process. When m is small, the valve introduces a
relatively large effective flow area at the early stage of opening,
resulting in a rapid increase in mass flow rate and a highly
concentrated gas compression process. This causes a strong local
pressure rise and a higher pneumatic hammer peak. In contrast,
when m is large, the flow rate increases slowly at the beginning
but accelerates sharply near the fully open position, leading to
compression wave superposition and amplified pressure peaks in
the later stage. For m = 0.25, the mass flow rate increases in a more
evenly distributed manner throughout the valve opening duration.
This strategy effectively avoids abrupt flow acceleration in the early
stage and suppresses excessive pressure accumulation in the later
stage. As a result, the compressibility of natural gas can provide
sufficient buffering to dissipate pressure disturbances over time,
leading to the lowest peak pneumatic hammer pressure among all
investigated cases. Therefore, the optimal performance of m = 0.25
can be attributed to its ability to balance the temporal distribution of
fluid momentum.

In conclusion, the variation pattern of valve opening has a
significant impact on the pneumatic hammer effect in natural gas
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pipelines. The ‘from slow to fast’ type of valve opening (m < 1) results
in a sudden increase in flow rate in the early stage but a gradual
release in the later stage, forming a double-peak structure, with
overall overpressure being relatively low; the linear valve opening
(m = 1) has a stable response and moderate pressure changes; the
‘from slow to fast’ type of valve opening (m > 1) generates a single
peak of high pressure, and the system’s transient response is the
strongest. Among them, when m = 0.25, the two peaks are close
and the energy distribution is balanced, indicating that the system
has reached a more optimal dynamic response state. It can both
start quickly and alleviate the concentrated superposition of gas
compression waves at t,.. Therefore, for the gas turbine supply system
with valve characteristics of ‘from slow to fast) it is recommended to
adopt the valve control strategy of ‘fast start and slow opening’ to
disperse momentum changes, reduce pressure peaks, and improve
the transient safety of the pipeline.

3.2 Structural response analysis

3.2.1 Dynamic response characteristics of
structure

The pressure fluctuations within the pipeline caused by the
opening of the valve exert dynamic loads on the structure of the
natural gas pipeline, thereby inducing the dynamic response of
the structure. To accurately simulate this transient process, this
paper establishes a fluid-solid coupling dynamic model of the entire
natural gas supply system, comprising the pipeline and its support
structures. In the coupled analysis, the static pressure load before
valve opening is first applied to simulate the initial steady state
of the system; subsequently, under each valve opening condition,
the transient pressure distribution calculated from the flow field is
applied to the inner wall of the pipeline to analyze the excitation
effect of the pressure waves caused by the valve opening on the
pipeline and the hanger support.

The structural response results under the condition of m =1
and At = 0.6 s are shown in Figures 7-11. Figure 7 presents the time
history curve of the total deformation of the system and the pipeline.
It can be seen that the total deformation d during the valve opening
process shows obvious oscillations, and the total deformation curves
of the system and the pipeline overlap, indicating that the maximum
deformation occurs on the pipeline. When the valve is not opened,
the static deformation of the system under the action of its own
weight is 18.81 mm, which is determined jointly by the elasticity of
the pipeline and the support stiffness.

At the beginning of valve opening (t,), the propagation of the
pressure wave led to a slight decrease in the total deformation of
the pipeline, resulting in the formation of the first negative peak
(18.40 mm). Subsequently, as the flow rate gradually increased, the
pipeline’s compression deformation intensified, and the deformation
increased and reached the first positive peak (19.10 mm) within
a short period of time. This moment corresponded to the first
peak of fluid pressure, with an increment of 0.29 mm relative to
the initial static deformation. Subsequently, as the pressure wave
propagated further downstream and the local density reduction
effect occurred, the deformation decreased to the S negative peak
(17.67 mm), and then rose to the positive peak (22.36 mm) at t =
1.4 s. This peak corresponded to the moment when the maximum
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Time history of maximum equivalent elastic strain.

negative pressure was present in Figure 3. After that, affected by
multiple reflections and interference, the deformation of the pipeline
continued to fluctuate. It first dropped to the third and deepest
negative peak (13.32 mm), and then rose to the maximum positive
peak (25.97 mm). During the subsequent fluctuations, the system
deformation gradually decayed and eventually tended towards a new
steady-state equilibrium.

This evolution of pipeline deformation is closely related to the
propagation, reflection, and interference of pressure waves of gas.
In the initial stage of opening the valve, the pressure wave spreads
smoothly, causing a relatively weak structural response; as the flow
rate gradually increases, the accumulation of compression waves
leads to an increase in the deformation amplitude. Subsequently,
the alternating positive and negative peaks reflect the compression
and rarefaction process of the pressure waves, and the eventual
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dissipation of wave energy results in the system returning to a
stable state.

Figures 8, 9 show the time history diagram of the maximum
equivalent elastic strain and the contour plot of the total deformation
amount, respectively. As can be seen from the figures, the system
shows a relatively obvious deformation between hanger supports 9
to 13. Among them, the section from support and hanger 9-11 has a
displacement direction mainly in the direction of gravity with some
fluid flow direction, while the section from support and hanger 11 to
hanger 13 has a displacement direction mainly along the fluid flow
direction. The maximum total deformation (25.97 mm) occurs on
the pipeline, but it is the comprehensive superposition of the small
deformations throughout the system. From Figure 8, it can be seen
that the maximum equivalent elastic strain g,y Of the pipeline is
only 3.97 x 107" mm:mm™', which belongs to a very small elastic
deformation category. This indicates that the feedback effect of the
structure on the fluid can be ignored, and also verifies the rationality
of the unidirectional coupling assumption.

Figure 10 shows the maximum equivalent stress variation of the
pipeline and the system during the valve opening process. Initially,
as the valve is opened, the maximum equivalent stress increases with
the increase in pressure and reaches the first peak at ¢ .. Subsequently,
the stress variation trends of the system and the pipeline begin to
diverge. The maximum equivalent stress on the pipeline shows high-
frequency and intense fluctuation features, which are caused by the
direct application of transient pressure waves of the fluid and their
reflections and interference.

Figure 11 shows the stress contour map of the systemat t = 1.74 s.
It can be seen that the maximum equivalent stress occurs at the
single-hole pad plate of the support 13, reaching 409.41 MPa, mainly
due to stress concentration. The high-stress region is located at the
edge of the circular hole of the pad plate, which represents a typical
geometric discontinuity-induced local stress concentration. The
affected area is extremely limited and does not involve the pipeline
body or the main load-bearing components of the support system.
The reflection and interference of the pressure waves gradually filter
out after passing through components such as pipes, hangers, and
booms. Therefore, they are more regularly displayed in Figure 10.
The stress concentration also occurs at the edge of the hanger,
with a value of 265.77 MPa. Although this value slightly exceeds
the yield strength of Q235B structural steel (235 MPa), the high-
stress zone is confined to a very small region near the lifting ring
boundary and does not propagate into the surrounding structural
members. From an engineering design perspective, such localized
stress concentrations can be effectively mitigated through local
reinforcement measures, for example, by increasing the thickness
or stiffness of the lifting ring. Both stress values exceed the yield
strength of Q235B structural steel0, but due to the relatively small
concentrated range, together with the fact that these regions are not
located in the primary load-bearing paths of the pipeline system,
combined with the maximum equivalent elastic strain of the system
being 2.15 x 107> mm-mm™, it can be considered that it does not
pose a threat to the overall structural strength.

In addition, larger equivalent stresses are also present at the
bends and supports where significant deformation occurs, especially
at the positions of the cables of hangers 12 and 13. This indicates
that these areas play a crucial role in the system’s support. To
enhance the safety margin of the system, it is recommended to focus
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on strengthening the stiffness and implementing reinforcement
measures in these areas during subsequent design and maintenance.

To further verify the structural safety, this paper conducted
strength checks on the maximum equivalent stress of the pipelines
and supports/hangers during both the steady-state and transient
phases. The local stress concentration areas of the single-hole pad
plates and the lifting rings were excluded from the assessment, and
the focus was on the maximum stress values in other parts of the
system. The strength check results are shown in Table 6. The results
indicate that the stress in the main load-bearing areas of the system is
all below the allowable value of the material, meeting the structural
strength requirements.

3.2.2 The impact of opening valve time

In the aforementioned analysis, it can be observed that if the
maximum equivalent stress is directly used to draw the time history
diagram, the results are often strongly influenced by local stress
concentration. Especially at the connection points of single-hole
pad plates and hangers, local peaks will mask the overall response
pattern. To overcome this problem, in the subsequent steps, the
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system will be divided into the pipeline part and the support-
hanging part, and the average equivalent stress will be used to
draw the time history diagram separately. This will weaken the
interference of local concentrated effects and more clearly reveal the
overall dynamic response pattern of the system under different valve
opening strategies.

After coupling the fluid pressure results with different valve
opening times to the structural field, the obtained response results
are shown in Figures 12, 13. As can be seen from the figures, the
average equivalent stress of the pipeline is basically in phase with the
fluid pressure; that is, the pressure wave is transmitted to the pipe
wall and immediately triggers the corresponding stress response,
which fluctuates synchronously with the pressure oscillation. Due
to the use of the average value, the curves are smoother compared
to the local maximum stress, and can clearly reflect the periodic
oscillation and energy attenuation laws caused by the pressure wave.
In contrast, the average equivalent stress of the support and hanger
has a lag of approximately 0.2's. After the first peak, the stress
response of the support-hanger gradually became influenced by
the transmitted loads from the pipeline. During different stages,
there were phenomena of stress reduction or amplification, and
the oscillation frequency was significantly higher than that of the
pipeline. As can be seen from Figure 13, the maximum stress
peak of the support and hanger occurs after the first peak, and
the oscillation is more intense than that of the pipeline. And
from the comparison of stress amplitudes, it can be known that
when At = 0.2's, the average stress of the pipeline rises from
approximately 30.79 MPa-31.94 MPa, with an increment of 1.15
MPa; while the average stress of the support and hanger increases
from 12.09 MPa to 16.05 MPa, with an increment of 3.96 MPa.
Thus, as a key component for load transmission and constraint,
the support and hanger experiences more concentrated force and is
prone to dynamic amplification effects.

The phase relationship between internal pressure fluctuations
and structural response provides further insight into the dynamic
behavior of the pipeline-support system. This phenomenon can
be explained by the difference in dynamic characteristics between
the pipe body and the support system. The pipe itself has
relatively high axial and circumferential stiffness, allowing it to
respond rapidly to pressure-induced loading. In contrast, the
hanger supports can be regarded as elastic structures with finite
stiffness and damping, whose transient response follows the
behavior of a second-order dynamic system. Under excitation
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TABLE 6 Strength verification results of main load-bearing regions in the system.

- Maximum equivalent stress g max/MPa ‘ .
Position . . Material allowable stress [0]/MPa Check result
Before valve opening After valve opening ‘
Pipe 66.91 71.35 205 Compliant
Hanger support 100.17 102.44 235 Compliant
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Time history of average equivalent stress of the pipe.

induced by valve opening, the structural response of the supports
inevitably lags behind the pressure excitation. Moreover, the
observed phase lag is accompanied by a certain degree of dynamic
amplification, indicating that the supports actively participate in
the transient energy storage and release process. This highlights
that hanger supports should not be treated as purely static
components when analyzing pneumatic hammer effects. From
an engineering perspective, this finding implies that the natural
frequencies of support systems should be carefully designed to
avoid resonance with pressure wave frequencies induced by valve
operations. Additionally, increasing support stiffness, introducing
additional damping, or optimizing support configurations can
effectively reduce phase lag and transient stress amplification,
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Time history of average equivalent stress of the hanger support.

thereby enhancing the safety and reliability of gas turbine natural
gas pipeline systems.

Further analysis of the results under different valve opening
times reveals that the valve opening rate has a significant impact on
the structural response. For the pipeline section, its stress can quickly
respond to changes in fluid pressure, and the average equivalent
stress time history is almost consistent with the pressure curve inside
the pipe. Under short valve opening times, due to the nonlinear
relationship between the valve flow coefficient and the opening
degree of ‘from slow to fast, the flow increases sharply in the latter
half, resulting in the most significant stress peak near ¢ .. As the valve
opening time increases, the rising rate of pressure wave gradually
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TABLE 7 Strength verification results of main load-bearing regions under different At.

Maximum equivalent stress o, ., MPa

At/s Positon ——————————————— Material allowable stress [c]J/MPa  Check result
Before valve opening Before valve opening
Pipe 66.91 80.26 205 Compliant
0.2
Hanger support 95.17 111.92 235 Compliant
Pipe 66.91 74.53 205 Compliant
0.4
Hanger support 95.16 104.24 235 Compliant
Pipe 66.91 71.35 205 Compliant
0.6
Hanger support 95.17 102.44 235 Compliant
Pipe 66.90 69.89 205 Compliant
0.8
Hanger support 95.17 101.85 235 Compliant
Pipe 66.90 69.87 205 Compliant
1
Hanger support 95.17 100.25 235 Compliant
32.00F —— m=0.1 17F ——m=0.1
31'15'-_-/\/\/1/'\M" - 14_-—JL\RNU\MM
3030 1nE -
32.00F IP—— 17F e 02
3115 ‘\ N\ AN 14+
30.30 II_HVHWW.v---- oo
~ 32.00F —A—m=0.25 17F —A—m=0.25
o =
& 31151 S 1t
& AN A At bbb bbb bbb S A—-JW““'\AMMH—A—A—A—*—A—*—A—A—A—A—A—
~, 3030} < 1t
£3200f ——m=05 g 171 —— 05
o T
NEIRES AN & 1t \
30.30 11E
32.00F — 17F p—
3L.15F A A ~on 14} n
30.30 11E
32.00F —t—m=2 17 —t—m=2
3115} J\ N s 14t M“‘m ”
30.30F ) ) ) g, . ) )
0 12 0 4 8 12
1 (s) £(s)
FIGURE 14 ) o FIGURE 15
Time history of average equivalent stress of the pipeline under Time history of average equivalent stress of the hanger support under
different m. different m.

slows down, the fluid momentum change is smoothed and dispersed
in time, and the structural loading amplitude decreases accordingly,
with the peak stress significantly reduced. For the support and
hanger part, due to the lagging characteristic, the valve opening
time and the peak value of the average equivalent stress are not in
a strong linear relationship. In general, under a short valve opening
time, the fluid energy is concentratedly released, and the energy
interference caused by the phase lag accumulates, resulting in higher
stress peaks and more intense oscillations in the support and hanger;
while when the valve opening time is prolonged, the release process
of the system pressure wave energy becomes more gradual, the high-
frequency response of the support and hanger is suppressed, and
the average stress peak and oscillation amplitude are significantly
reduced, making the overall dynamic response more stable.
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In conclusion, extending the valve opening time not only
reduces the peak direct pressure on the pipeline but also effectively
mitigates the dynamic amplification effect of the hanger support,
thereby improving the structural safety of the natural gas pipeline
system. The strength verification results of the main structural
components of the system are listed in Table 7. The results show
that the equivalent stress of all the main load-bearing components
is lower than the allowable stress of the material, and the structural
safety meets the requirements.

3.2.3 The impact of valve opening characteristics
The simulated gas pressure with different valve opening

characteristics was coupled to the structure, and the pipeline’s
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TABLE 8 Strength verification results of main load-bearing regions under different m.

Maximum equivalent stress 0., ,,/MPa

Position Material allowable stress [0]/MPa  Check result
Before valve opening Before valve opening

Pipe 66.90 71.26 205 Compliant
ol Hanger support 95.17 104.19 235 Compliant
Pipe 66.91 70.35 205 Compliant
° Hanger support 95.18 100.95 235 Compliant
Pipe 66.90 68.40 205 Compliant

0.25
Hanger support 95.17 100.78 235 Compliant
Pipe 66.90 68.90 205 Compliant
- Hanger support 95.18 102.04 235 Compliant
Pipe 66.91 71.35 205 Compliant
' Hanger support 95.17 102.44 235 Compliant
Pipe 66.90 77.99 205 Compliant
? Hanger support 95.17 103.84 235 Compliant

equivalent stress is shown in Figures 14, 15. As shown in Figure 14,
when m is 0.1 and 0.2, the flow rate of the valve increases rapidly
at the beginning of opening, resulting in a large sudden change in
fluid momentum. This momentum is transferred to the pipeline,
and an average equivalent stress rises rapidly, and a double-peak
pattern corresponding to the fluid pressure wave is formed during
the valve opening stage. When m is 1 and 2, although the stress
rises slowly at the beginning of valve opening, at the end of valve
opening, due to the concentrated release of fluid kinetic energy
within a short period of time, the stress peak significantly increases.
In contrast, when m is 0.2, 0.25, and 0.5, the change in valve opening
degree is more coordinated with the flow rate growth rate, allowing
the fluid momentum to be distributed more uniformly in time,
thereby significantly reducing the amplitude of the pressure wave
and reducing the peak stress of the pipeline. The system exhibits
a more stable response characteristic. Correspondingly, the same
pattern is also observed in the different valve opening characteristics
on the support and hanger.

From the combined results of Figures 14, 15, it can be seen
that due to the combined influence of the compressibility of natural
gas and the non-linearity of the valve, appropriately increasing the
initial flow increment at the valve opening can slow down the growth
rate of the flow at the end, thereby balancing the change of fluid
momentum over time and making the pressure and stress responses
more stable. Among them, the system performs the best when
m = 0.25. The strength verification results for the main part of the
system are shown in Table 8. The results indicate that all the main
load-bearing components meet the safety requirements.

4 Conclusion

This paper takes the natural gas supply system of a 300 MW F-
class heavy-duty gas turbine as the research object, analyzing the
pneumatic hammer effect during the valve opening and closing
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process of the system and the transient response characteristics of
the structure. Based on the combined simulation of computational
fluid dynamics and transient structural dynamics, a complete
fluid-structure coupling dynamic model of the natural gas pipeline
was established. The propagation laws of internal pressure and
the transient structural response under different valve opening
times and opening characteristics were systematically investigated
under rated operating conditions, which represent the most critical
transient scenario for gas turbine operation. The main conclusions
are as follows:

1. The pneumatic hammer phenomenon in the natural gas
pipeline system exhibits the characteristic of ‘no initial peak
and long-term decay’ The compressibility of the gas causes
the pressure wave to gradually accumulate during the valve
opening process rather than erupting instantaneously. The
peak occurs mostly when the valve is approaching full opening,
accompanied by sparse waves and interference resulting in
multi-period decay oscillations. Compared with the liquid
system, the waveform of the gas pneumatic hammer is
smoother and decays more slowly.

2. The valve opening time and the opening characteristics jointly
determine the intensity of the pneumatic hammer effect and
the level of structural response. When the opening time is short
(At = 0.2 s), the sudden increase in flow leads to a significant
transient peak overpressure (the overpressure is approximately
5.7%); when At > 0.6 s, the peak drops to below 3.945 MPa.
Extending the opening time can smooth the change in fluid
momentum and significantly reduce the pressure and stress
peaks. At the same time, the opening characteristic factor m
plays a decisive role in the response pattern: combined with
the flow characteristic of the valve ‘first slow then fast, the
‘first fast then slow’ type opening (m < 1) forms a double-
peak low-pressure response, while the ‘first slow then fast’
type (m > 1) generates a single-peak high-pressure at the
end. Appropriately increasing the initial opening rate growth
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and slowing down the final growth (m = 0.25) can balance
the momentum distribution over time, making the system
pressure and stress fluctuations the most stable.

3. The structural dynamic response of the pipeline exhibits phase
differences and amplification effects. The overall safety is good,
but some parts need to be strengthened. The pipeline stress
and pressure wave respond synchronously, while the hanger
support has a lag of approximately 0.2 s and interferes with
the pipeline load, showing a higher oscillation frequency and
greater amplitude of dynamic amplification characteristics.
The coupling analysis indicates that the maximum stress is
concentrated at the single-hole pad plate of support 13 and
the edge of the hanger. Except for these localized stress
concentration regions, the stresses in the main load-bearing
components of the pipeline and supports remain below the
allowable limits, indicating overall structural safety under the
investigated operating conditions. Strengthening measures at
elbows and hanger connection regions are recommended to
further enhance the shock resistance margin.

In conclusion, for the gas turbine start-stop and load regulation
process where the valve flow characteristic is ‘first slow then rapid,
the engineering suggestion is as follows: The “fast start and slow
opening” valve strategy (m =~ 0.25) should be given priority, and the
opening time (At > 0.6 s) should be reasonably extended to smooth
the change in fluid momentum, weaken the peak pressure wave,
and reduce the structural dynamic response, thereby enhancing the
safety and reliability of heavy-duty gas turbines operation.
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