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In natural gas flow metering and pressure regulation stations flowmeters, heat exchangers and control
valves are usually connected in series. Especially in the case of two or more measuring bars sometimes at
minor flow rates untypical pipe vibration together with flow metering faults are observed. Based on field
investigations the dependencies between the pipe vibration level, the gas pulsation inside the pipe and
the operating conditions of the heat exchanger are analysed. It turns out that with increasing heat flow
rates into the natural gas the pulsation and hence the metering faults as well as the pipe vibrations are
amplified.

In order to understand the physical dependencies of this phenomenon besides experiment a
theoretical study is performed. The origin of the vibration turns out to be a thermoacoustic instability.
According to the Rayleigh criterion gas pulsations are amplified if heat is given to the gas at the
moment of greatest condensation. Based on detailed theoretical investigations by means of the method
of characteristics using a Rijke tube model the physical dependencies are analysed. Finally potential

solutions to avoid this vibration problem at natural gas metering stations are introduced.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction and problem description

Occasionally, pipe vibrations are detected in natural gas
pressure regulation and metering stations, which operators can
perceive both visually, as structural vibrations at pipes and
assemblies, and acoustically. Such vibrations occur, in particular,
in stations with at least two adjoining regulating lines with
heat exchangers, with a small volume flow flowing through
one line and with the other line being unused. In addition, the
concurrently arising volume flow pulsation can influence the
measuring behaviour of the upstream flowmeters. This problem
will be shown more precisely on the basis of a surveyed gas
pressure regulation and metering station. Fig. 1 aims to give an
overview of the pipe routing (nominal pipe sizes 250/300 mm)
with different measuring points for simultaneous recording of the
vibration and pressure pulsation situation of the studied natural
gas pressure regulation and metering station. Starting from the
high-pressure side, the natural gas (operating pressure 4, 7 MPa
at 10 °C) flows first through the filter separator (FS) and then
through the gas flowmeter with the vortex flowmeter (VFM) being
connected in series with the turbine flowmeter (TFM). Afterwards,

* Corresponding author. Tel.: +49 231755 5720; fax: +49 231 755 5722.
E-mail address: andreas.bruemmer@tu-dortmund.de (A, Briimmer).

0955-5986/(% - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.Nowmeasinst.2011.09.001

operating and stand-by lines with heat exchangers (HE), safety
valves (SV) and pressure regulators (PR) towards the low-pressure
side follow. In certain operating ranges, structural vibrations and
significant deviations in the measuring behaviour of the vortex gas
meter and turbine flowmeter occurred in the station.

Based on detailed experimental investigations it turns out that
a direct interrelation can be established between the operating
conditions of the heat exchanger, such as for example the water
temperature, and the intensity of the pulsations inside the natural
gas. The results of this investigation and the dependencies of the
quantities are presented below.

1.1. Vibration measurements in the station

Apart from the operating parameters, pressure pulsations (e.g.
P11abs_A and P6abs_R) and structural vibrations (e.g. S9_U) were
simultaneously measured at different measuring points (Fig. 1).
In general the vibration phenomenon occurred exclusively at
small flow rates and operating heat exchangers. No vibrations
were observed in the case of a closed water cycle of the heat
exchangers (Fig. 2 before 520 s). The vibrations were excited,
in particular, when the water cycle of the heat exchangers was
suddenly changed over from the closed (no water through the heat
exchanger before 520 s) to the fully open state (maximum water
flow rate through the heat exchanger after 520 s). After a short
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Abbreviations and formula symbols

c Flow velocity

Flow velocity pulsation (without mean flow veloc-

ity)

Inner diameter of Rijke tube

Filter separator

Heat exchanger

Rayleigh index

Length of Rijke tube

Nusselt number

Time dependent pressure

Pressure pulsation (without mean pressure)

Pressure pulsation amplitude of superposed initial

disturbance

Final pressure pulsation amplitude

Pressure pulsation measurement point

Pressure regulator

Heat input

Heat input fluctuation (without mean heat input)

Reynolds number

Time averaged Reynolds number

Pipe vibration measurement point

Safety valves/shut-off valve

Time

Time period, temperature

TFM Turbine flow meter

VFM Vortex flow meter

Ag.q  Phaseshift between flow velocity pulsation and heat
input pulsation (heat input lags flow velocity in the
case of Ag 4 > 0)
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delay pressure pulsations with correlating pipe vibrations set in.
The highest vibration velocity of the pipe was determined at a
flow rate of about 10000 N m?/h! (effective vibration velocity
of 9 mm/s (rms)). The frequency of the pressure pulsations was
about 18 Hz and in phase opposition at the measuring points
PGabs_R and P11abs_A. With a distance between both pressure
regulators of 11 m and a speed of sound of 400 m/s in the natural
gas, this frequency and the measured phase position correspond to
the first acoustic natural frequency for pipes acoustically closed at
both ends. The experiments showed furthermore that, with rising
water temperature and related higher heat input into the gas, the
vibrations were amplified.

1.2. Flow-metering faults

Through the gas column, the described pulsations in the area of
heat exchangers and pressure regulators interacted also with the
turbine flowmeter (TFM) and vortex flowmeter (VFM). Due to the
corresponding velocity pulsations metering errors occurred and
hence an increased synchronism deviation in the flow-metering
devices was initiated. Analogously to the measurements described
above, the pressure pulsations in the area of the flow-metering
devices were also measured (Fig. 3).

In addition, the vortex shedding frequency of the vortex
flowmeter and the HF-impulses of the turbine wheel flowmeter
were recorded. The measured values confirm an influence of the
volume flow pulsations on the turbine flowmeter and the vortex
flowmeter. When pulsations set in, first a failure of the vortex
flowmeter occurs. The vortex shedding frequency is no longer
proportional to the flow rate. It corresponds to half (9 Hz) of the

LY m?/h—standard m?/h at 0 °C {273 K). 1013 mbar (0.1013 MPa).

pulsation frequency or to the single pulsation frequency (18 Hz) of
the pulsations observed. The resulting metering error temporally
is above 100% of the true value. In the case of the turbine wheel
flowmeter, the spread of the measured flow rates increases directly
with the increase in pulsation after the start of the heat exchanger.
In parallel a metering error above 10% of the true value may be
expected. The spectral analysis of the HF-pulse signal provides a
more detailed examination of the influence on the turbine wheel
flowmeter. In steady flow without pulsations, the impeller of the
turbine wheel flowmeter rotates at constant peripheral speed,
which is seen to be in the range between 400 and 520 s in Fig. 4. [n
the pulsating flow with low to medium pulsation frequency, the
peripheral speed of the impeller is pulsating, too. In the colour
spectrum of the HF-pulse signal, this frequency modulation is
visible through side bands next to the carrier frequency (from
520 s). The distance of the side bands in the frequency axis of the
blade pass frequency corresponds to the pulsation frequency of
18 Hz.

2. Analysis of vibration excitation using the example of a Rijke
tube

The origin of the phenomenon observed in the station is a
thermoacoustic instability between the heat input into the natural
gas and the gas-column vibrations inside the pipe. Due to the
corresponding pressure and velocity pulsations, the structural
vibrations and flow metering errors occur. The following describes
the physical mechanism of action of the vibration problem and
illustrates its numerical simulation by means of the method
of characteristics. Based on the numerical results, the principal
dependencies arising in the development of thermoacoustic
vibrations are discussed. The Rijke tube is used for this purpose as
a simplified model of the station.

2.1. Rijke tube

The Rijke tube is a model experiment which allows the exami-
nation of thermoacoustic vibrations. It consists of a horizontally ar-
ranged tube with two acoustically open ends where flow is applied
from the left to the right side by means of a small blower (Fig. 5). A
heat wire which can be positioned at different cross sections in the
tube is used as heat source to generate a tonal sound. The frequency
of the generated tonal sound corresponds to the first acoustic natu-
ral frequency of the tube. Depending on the heat-source position in
the tube, the intensity of the tonal sound is amplified or the sound
disappears [1].

The criterion developed by Lord Rayleigh in 1878 can be used as
a precondition for the development of vibrations: "If heat be given
to the air at the moment of greatest condensation, or be taken from it
at the moment of greatest rarefaction, the vibration is encouraged. On
the other hand, if heat be given at the moment of greatest rarefaction,
or abstracted at the moment of greatest condensation, the vibration is
discouraged [2]".

This interrelation can be mathematically described by the
Rayleigh integral

1 +T
I=;] p'(t) - g'(t)dt. (1)
t

Here p'(t) and g'(t) represent the time fluctuations of pressure
and heat input, with their product being integrated by a time
period T. Depending on the Rayleigh index I,
| > 0 results in an amplification

| < 0 resultsinan attenuation

of an existing disturbance [3].
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Fig. 1. Overview of the surveyed natural gas pressure regulation and metering station with different measuring points (nominal pipe size 2507300 mm).
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Fig. 2. Pipe vibrations and pressure pulsations before and after suddenly activating the heat exchanger at 520 s (operating pressure inside natural gas 4.7 MPa at 10 °C).

2.2. Numerical modelling of the Rijke tube

For a better understanding of the causes and mechanisms of ac-
tion in the development of thermoacoustic vibrations, simulations
for the Rijke tube according to Fig. 5 were carried out. For this pur-
pose, the Rijke tube is modelled and simulated by means of the
one-dimensional method of characteristics [4,5]. Accordingly for
calculation of the time-dependent fluid-mechanical values, a sys-
tem of equations comprising the mass-conservation, the conser-
vation of momentum and the conservation of energy is applied. [n
order to obtain a solution, the system of hyperbolic partial differ-
ential equations is transformed into a system of common differen-
tial equations. The solution of the equations is then possible along
characteristic curves (eigenvectors of the matrix). With a tempo-
ral and spatial discretization as well as the ensuing local lineariza-
tion of the characteristics, the system of equations is numerically
solved [4].

The equivalent numerical model for the Rijke tube has a length
of ]| = 1m and a diameter of d = 0.06 m. Dry air is assumed
as the fluid. In this simulation, the heat source is located at {/4
(Fig. 5). Because of using a one-dimensional method a model is
required to reproduce the dependency between the actual local
flow velocity and the corresponding heat flow rate into the air. Due
to the lack of an easy heat transfer model for pulsating turbulent
pipe flows within this investigation the heat transfer model of
Michejew and van Leyen described in [6] for steady-state flow is
used. According to this model the heat flow rate (Nusselt number)
increases with increasing flow velocity (Reynolds number). The
mean flow velocity inside the Rijke tube is chosen to be 0.6 m/s
flowing from the left to the right side. To account for an always
present weak disturbance a sinusoidal pulsation with a fixed
frequency and intensity is superposed to the mean velocity. Due
to this fluctuating flow velocity the time and space dependent
Reynolds number is pulsating too. Therefore the Nusselt number
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Fig, 3. Pressure pulsations, indicated volume flow at the TFM and vortex shedding frequency of the VFM before and after suddenly activating the heat exchanger at 520 s.
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Fig.4, Spectral analysis of the measured turbine wheel HF-signal before and after suddenly activating the heat exchanger at 520 s.
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Fig. 6. Simulated time-dependent pressure pulsations at the position I/4 of the
Rijke tube after starting the heat sourceatt = 2s.

and hence the heat flow rate and the integrated heat input into
the air are weakly fluctuating. The phase relation between a
fluctuation of velocity and the heat input is predetermined for
the one-dimensional simulation. As investigated by Putman and
Dennis [3], the heat input lags the velocity fluctuation by a phase
shift of r /4.

2.3. Results of the simulation calculations

A systematic variation of potential influencing factors is carried
out in the simulation calculations. Due to the experience gained
from measurements in gas pressure regulation and metering
stations, the mean flow velocity in the pipe, the heat source
temperature and the position of the heat source are varied.
In order to receive further knowledge on the development of
thermoacoustic vibrations, the impulse response of the system to a
heat input impulse and the influence of the phase between velocity
pulsations and heat input pulsations are also investigated. First, an
example will illustrate the vibration behaviour of the investigated
model of the Rijke tube before and after starting the heat source.

2.3.1. Pulsations before and after starting the heat source

With the simulation of the Rijke tube in the way described
above, it is possible to simulate a thermoacoustically induced
vibration. A precondition for the development of such a vibration is
an already existing weak oscillation (e.g. due to surrounding noise)
that can be amplified. For the simulation subsequently discussed,
a weak oscillation was superposed to the average velocity—
independent of the function of the heat source—whose intensity
corresponds to human conversation with a pressure amplitude of
Po = 52 dB. The frequency of this initial disturbance is chosen to be
the first natural frequency of the tube of 171.6 Hz at 20 °C (293 K).
Therefore, even without the thermoacoustic amplification a weak
standing wave is formed inside the Rijke tube (Fig. 6 beforet = 25,
too weak to be visible). The heat source is set at position I/4, put
into operation at a certain turn-on instant and after this remains
permanently activated.

As already described, a phase shift of 7 /4 is preset between
the velocity fluctuation and the heat input fluctuation so that
the pulsating heat input lags the velocity fluctuation. Due to the
position of the heat source (//4) and the predefined weak standing
wave inside the tube this means that the pressure pulsation lags
the heat input fluctuation by m /4 too. Accordingly—compared to
the mean heat input value—more heat input will be given to the
air in the moment of increased pressure (and vice versa) and
therefore an initial exponential vibration growth is to be seen
with a time lag to the turn-on instant. Afterwards, the vibration
amplitude converges towards a fixed value where the pulsation
excitation and the dissipation are at equilibrium. Exactly the

same principal behaviour (time lag, exponential growth, fixed final
amplitude) was observed during the field investigations in gas
pressure regulating and metering stations.

2.3.2. System response to a heat input pulse

Based on the Rayleigh criterion, two extreme cases for heat
input limited in time were simulated. In one case, the singular heat
input pulse is added at the moment of highest pressure, in the other
case at the moment of lowest pressure. According to the Rayleigh
criterion, maximal amplification or attenuation is expected.

Prior to the heat input pulse due to the weak superposed
pulsation in both diagrams a standing wave in the tube can be seen.
Accordingly at position /4 (Fig. 7) the pressure pulsation lags the
velocity pulsation by & /2. The triggered heat input pulse initiates a
disturbance which, from the point of heat input, spreads into both
directions with the speed of sound. After a time interval At, the
reflected pulse of the close-by acoustically open tube end is clearly
visible. The pulse after At; is triggered by the pulse reflected by
the other acoustically open end of the tube. It is obvious that heat
input at the moment of the highest pressure (right picture) results
in an amplification of the pressure and velocity amplitudes and
thus in an amplification of the initial pulsation. A similar system
response with the same initial absolute values can be noticed in
the case where the heat input pulse is activated at the moment
of the lowest pressure (left picture). In this case the two reflected
pulses result in a dampening of the initial pulsation. Thus the
thermoacoustic effect is strongly dependent on the phase shift
between the heat input fluctuation and the pressure fluctuation.
Moreover, the mentioned phase shift between the velocity and
pressure fluctuations of /2 due to the weak standing wave inside
the tube supports the build-up of the oscillation, because the heat
input fluctuation usually lags the velocity pulsation by a phase shift
of about 7 /4,

2.3.3. Influence of the phase shift between the velocity and heat input
fluctuations

Following the examination of the pulse excitation, the influence
of the predefined phase shift between the velocity pulsation
and the heat input pulsation is systematically varied from 0
to m, with the heat input fluctuation generally lagging the
velocity fluctuation. A sinusoidal dependence between the phase
difference and the resulting pulsation amplification p—related to
the amplitude of the excitation py—is to be noticed, which shows
a maximum at a phase difference close to 7 /2 (see Fig. 8). In this
case, the heat input is in phase with the pressure pulsation. In the
ranges of 0ton /12 and 11/12 7 to , the influence of the damping
parameter prevails and the initial excitation is damped with an
amplitude ratio of less than one. The standardised illustration
of the integrated Rayleigh integral for sinusoidal functions of
pressure pulsation p’ and heat input fluctuation ¢" in the case of
a fixed phase shift of 7 /2 between the velocity pulsation ¢' and
p' (p’ lagging ") shows a comparable amplification characteristic.
Therefore it can be assumed that, with a higher value of the
Rayleigh integral, the energy input into the acoustic wave is
encouraged.

Thus, the simulation of the Rijke tube confirms the theoretical
dependency of the phase difference between velocity pulsation
and heat input pulsation on the amplification of an initial
disturbance. Moreover, the Rayleigh integral may be used as a
criterion to analyse the expected amount of energy input into the
initial disturbance.

2.3.4. Influence of the mean flow velocity
Fig. 9 shows the dependence of the pulsation amplification
on the time-averaged Reynolds number. This Reynolds number is
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Fig.9. Influence of the mean flow velocity on the amplification of pulsation inside the Rijke tube (left) and Nusselt number above the averaged Reynolds number (right).

directly proportional to the applied mean flow velocity inside the
Rijke tube.

Up to a Reynolds number of about 2000 no amplification is ob-
served. Above this Reynolds number a sudden strong amplification
occurs, The amplification increases with increasing mean flow ve-
locity up to a Reynolds number of about 14 000. At higher Reynolds
numbers the amplification suddenly disappears again.

The heat transfer from the heat source to the air depends on the
Nusselt number. This, in turn, depends on the Reynolds number
calculated at the heat source in dependence on time. In the case of
a pulsating flow velocity due to any initial disturbance, the Nusselt
number and thus the heat flow and heat input are pulsating too.

For a predefined initial amplitude of the flow velocity pulsation
the resulting amplitude of heat flow pulsation and consequently
the amplitude of heat input is dependent on the derivative of the
Nusselt number with respect to the Reynolds number. In the case of
a small derivative the amplitude of heat input pulsation and hence
the initial thermoacoustic excitation is weak.

The chosen equation for Nusselt numbers in the range of
laminar flows does have a small gradient. Therefore the wall
friction and throttling at the open ends of the Rijke tube prevail
over the weak excitation of the initial superposed disturbance.
Accordingly for Reynolds numbers below 2000 no amplification
occurs.
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Once the initial thermoacoustic excitation outbalances the
dissipation the initial weak pulsation will be amplified. The
resulting final amplification depends on two limiting factors. On
the one hand with increasing pressure pulsations the velocity
pulsations are increasing too. Therefore the time-dependent
friction and throttling losses are enlarged. On the other hand in
almost all amplified cases the numerically calculated final flow
velocity pulsation amplitude is higher than the averaged flow
velocity. Hence the flow velocity is temporarily negative, Because
the time-dependent heat flow is a function of the absolute value
of the time-dependent flow velocity a negative flow velocity
corresponds to an increasing heat flow. From this it follows that
there is a heat input into the air at the moment of reduced
pressure. A partly negative flow velocity therefore reduces the
thermoacoustic excitation. Both mechanisms cause the resulting
amplification factor.

With increasing averaged Reynolds number the mean flow
velocity is enlarged. Due to this temporarily negative flow
velocities will occur only in the case of increased amplification
factors. Therefore with increasing averaged Reynolds number
the resulting amplification factor is enlarged. At the same time
the dissipative induced attenuation increases with increasing
averaged Reynolds number and with increasing amplification
factors. In consequence the slope of the amplification is decreasing
with increasing averaged Reynolds number.

At a certain value of averaged Reynolds number the amplifica-
tion suddenly disappears. In this case the increased losses prevail
over the initial thermoacoustic excitation of the superposed weak
disturbance. The dissipation loss is increased due to the higher
mean flow velocity. At the same time the initial thermoacoustic
excitation is reduced due to the decreasing gradient of the Nusselt
number equation used. Related to the model used for simulation
the amplification disappears at averaged Reynolds numbers above
14000 (flow velocity above 3.5 m/s). In general this value is not
a physical constant. Among other influencing factors (e.g. the heat
transfer model used, the phase shift between heat input fluctua-
tions and velocity pulsations, the position of the heat source), this
value strongly depends on the existing fluid mechanical power loss
within the investigated system.

Compared to the analysed vibration problems at various gas
pressure regulation and metering stations in principle a similar
behaviour was observed. Above a certain volume flow rate the
vibrations suddenly vanish. Concerning the introduced natural gas
metering station (see Fig. 1) the vibrations disappeared at flow
rates above 14000 N m?/h. The corresponding Reynolds number
in relation to the relevant diameter of 0.02 m (inner diameter of
one tube of the tube bundle heat exchanger) is about 50000 at a
flow velocity of 1 m/s.

2.3.5. Influence of the heat source temperature

According to Fig. 10, an increase of the heat source temperature
results in an increase of the pulsation amplification factor. Below a
heat source temperature of 275 °C no amplification is observed.

The intensity of the initial velocity pulsation and hence the
initial fluctuation of the Nusselt number is fixed. Independent
hereof the amplitude of heat input fluctuation is increased in
the case where the heat source temperature is raised. At low
temperatures (below 275 °C) the dissipation prevails over the weak
thermoacoustic excitation of the initial superposed pulsation.
Calculations show that, assuming reduced loss coefficients, an
amplification of the superposed initial disturbance occurs even at
lower heat source temperatures. Once the initial thermoacoustic
excitation dominates the fiction losses, the initial pulsation is
amplified until a new balance between dissipation and excitation
is achieved. With increasing temperature of the heat source this
balance is obtained at higher amplification factors.
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2.3.6. Position of the heat source

The position of the heat source has a decisive influence on the
amplification or attenuation of a superposed disturbance. Fig. 11
demonstrates that the initial superposed pulsation is amplified if
the heat source is located in the left part of the Rijke tube (averaged
flow from left to right). In the right part of the tube, attenuation
takes place, because at this side the velocity pulsation lags the
pressure pulsation by m /2. In combination with the predefined
phase shift of w /4 between the velocity pulsation and the heat
input fluctuation the Rayleigh index at the right side of the Rijke
tube is therefore negative.

Compared to the Rayleigh integral along the whole Rijke tube,
the analytically expected maximum of the amplification at I/4 is
slightly shifted to the centre of the tube. The reason for this seems
to be a shift of the acoustic natural frequency of the tube due to the
heat input and the related local increase in the speed of sound.

3. Problem-solving approaches to prevent thermoacoustically
induced vibrations in gas pressure regulation and metering
stations

The analysed physical dependencies of the Rijke tube simula-
tions may be used in order to design measures to avoid thermoa-
coustically induced vibration problems in gas pressure regulation
and metering stations. The initial thermoacoustic excitation en-
ergy, the position of the heat exchanger and the dissipation loss
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Fig. 12. Rayleigh index along the pipe calculated for the studied natural gas pressure regulation and metering station (right side closed).

turned out to be decisive parameters for the avoidance of ther-
moacoustically induced vibrations. Moreover, it is appropriate to
transfer the calculation method and collateral conditions (e.g. pre-
defined phase shift, heat transfer model) to the simulation of entire
gas pressure regulation and metering stations. In particular, when
new stations with changing operating conditions are designed, vi-
brations and vibration-induced disturbances of flow meters in the
station therefore can be precalculated and avoided in the further
planning process.

3.1. Thermoacoustic excitation energy

In particular, in stations where the heat exchanger temperature
is not lowered or adjusted at low volume flows, the development of
thermoacoustic vibrations may be encouraged. It is recommended
to reduce the temperature difference between the heat exchanger
and the gas in the case of reduced volume flows. In stations where
control is not provided, a possible switch-off of the heat exchanger
should be considered at low flow rates.

Besides, it is advisable to use control valves with reduced noise
emission levels, e.g. due to specially designed control valve cages.
Accordingly the initial flow velocity fluctuation and hence the
initial thermoacoustic excitation is reduced.

3.2. Position of the heat exchanger

For a given station, the quantitative course of the Rayleigh index
along the pipe can be calculated in dependence on the geometrical
dimensions and the first natural pressure pulsation mode shape.
Fig. 12 shows the control lines of the station presented in Fig. 1in
a simplified horizontal arrangement as well as the Rayleigh index
calculated for the station. It turns out that the heat exchanger in
the operating line is in the range of the maximum of the Rayleigh
index and thus encourages the development of thermoacoustically
induced vibration.

This correlation can be taken into account when a new station
is planned. Vibration excitation can be avoided, e.g. by positioning
the heat exchanger more closely to the T-piece or into the feed line.
Moreover, regarding existing stations there is the possibility to
equip a potential valve at the inlet of the stand-by line with a motor
drive and to close it if the line is out of operation. The consequence
is that the acoustic length of the pipe is reduced, which resultsin a
shift of the maximum of the Rayleigh index towards the pressure
regulating valve. Thus, the thermoacoustic excitation at least is
reduced and the amplification of a given disturbance (e.g. due to
the flow though the pressure regulation valve) may be completely
avoided.

3.3, Dissipation

The simulation results have shown that from a certain amount
of damping in the system, amplification of an existing disturbance
no longer occurs. Consequently, thermoacoustically induced vibra-
tion can be avoided or reduced by increased damping. For exam-
ple, it is advisable, recommended to install apertures or specially
designed pulsation damping plates [7] in the area of high velocity
fluctuations near the T-piece or at the inlet of the heat exchang-
ers. Alternatively, vertically arranged tube bundle heat exchang-
ers with U-bends can also be provided, which generally cause a
higher pressure loss compared to horizontally arranged heat ex-
changers and thus contribute to the desired minimum damping.
Another possibility to avoid thermoacoustically induced vibration
is to avoid operation of the station below certain volume flows. The
minimal permissible volume flow (Reynolds number), however,
depends on the given damping inside the respective pipe section
and cannot be universally given. From experience, flow velocities
below 1-2 m/s inside the tubes of tube bundle heat exchangers
should be avoided.

In order to eliminate the vibration problem at the mentioned
station a pulsation damping plate [7] with a pressure drop of about
5kPaat 10000 N m*/h (line pressure of about 4.7 MPa at 10 °C) was
designed and installed at the inlet flanges of the heat exchangers.
After realization of this measure the thermoacoustic instability was
gone and hence the vibration problem was solved.

4. Summary

A pipe vibration problem and the accompanying impacts on the
measuring behaviour of the involved flow meters are presented
using a surveyed gas pressure regulation and metering station
as an example. The origin of the problem turns out to be a
thermoacoustic instability in the area of two adjacent regulating
lines with heat exchangers.

The Rijke tube experiment in principle enables the examination
of thermoacoustically induced pulsations. In order to understand
the physical dependencies a numerical simulation of the Rijke
tube by means of the one-dimensional method of characteristics is
carried out, The decisive influencing factors as well as the physical
mechanism of action for the development of thermoacoustic
pulsations are presented. The Rayleigh index as a criterion for the
excitation of thermoacoustic oscillations is confirmed.

Based on the analysed physical dependencies approaches to
the avoidance and/or reduction of thermoacoustically induced
vibrations in gas pressure regulation and metering stations are
given. The decisive influencing factors are the position of the heat
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exchanger, the thermoacoustic excitation energy and the damping
inside the gas pressure regulation and metering station.

An aim of future research is to avoid the development of
thermoacoustic vibrations, e.g. by influencing the phase shift
between the velocity and heat input fluctuations. Moreover, the
thermoacoustic effect may be systematically used to attenuate
existing pulsations, e.g. in the field of positive displacement
machines by applying electrically regulated heat input. For this
purpose, apart from theoretical considerations also experimental
investigations are planned.
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