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TIME ANALYSIS OF A CONSTRUCTIVELY NONLINEAR
SYSTEM WITH ONE-WAY CONNECTIONS

Alexander N. Potapov, Nail T. Tazeev
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Annotation: An active method of suppressing wind auto-oscillations of an overground gas pipeline
model is considered, which allows the system to be tuned from the resonant frequency by changing its
design scheme with the help of a vibration damping device operating on the principle of one-way con-
nection (OWC). A new mathematical model of vibrations with a symmetric form of natural vibrations of
the system is proposed. Variants of vibration models with one and two OWC, located in the central span
of the design scheme of the gas pipeline, are considered. The implementation of a non-stationary dynam-
ic process is carried out within the framework of the theory of temporal analysis for a model of an over-
ground gas pipeline in the form of a multi-span continuous beam with point masses located in the design
sections of the model. The equation of motion is presented in the matrix form of the Duhamel integral,
taking into account internal friction, which follows the disproportionate damping model. Computer simu-
lation of the problem for a system with 39 degrees of freedom is carried out. The kinematic and force pa-
rameters of the dynamic response of the dissipative system are obtained, a comparative analysis of the
proposed oscillation model for the design models with one and two OWC is given, and the efficiency of
the model with two OWC is shown.

Keywords: overground gas pipeline, auto-oscillations, vibration damping device, connection,
natural mode of vibration, stiffness matrix, displacement

BPEMEHHOM AHAJIN3 KOHCTPYKTUBHO HEJUHEMHOMN
CUCTEMBI C OJHOCTOPOHHUMMU CBS3SIMU

A.H. Ilomanoe, H.T. Tazees
OI'AOY BO «HOxHO0-Ypanbsckuii rocynapctBeHHbl yanepeute (HUY), r. Uensabunck, POCCUA

AHHoTanmus: PaccMOTpeH akTHBHBIM COCOO TamieHHs BETPOBBIX aBTOKOJICOAaHWH MOAENH HaI3eMHOTO
ra3onpoBoia, MO3BOJISIIONIMN OTCTpauBaTh CUCTEMY OT PE30HAHCHOW YAaCTOTHI MyTEM M3MEHEHHUs €€ pac-
YETHON CXEMBbI C TIOMOIIBI0 YCTPOUWCTBA ralleHUs KoJeOaHUU, pabOTAOIIEro Mo MPUHIUIY OJHOCTOPOH-
He#t ces3u (OC). [peqnoxena HoBas MaTeMaTHuecKasi MoJiellb KoieOaHul ¢ CUMMETpHYHON (HopMoii co0-
CTBCHHBIX KoJIeOaHUl cucTeMbl. PaccCMOTpEeHBI BapuaHTHI Mojeliel konebanuii ¢ ogHol u aByms OC, pas-
MEIIEHHBIMU B LIEHTPAJILHOM IMPOJIETE PACUETHOM CXeMbl ra3zonpoBoja. Peanuszauus HecTallMOHAPHOTO
JTUHAMHYECKOTO MpoIlecca BHIMOJIHEHA B paMKaX TEOPUHU BPEMEHHOTO aHaJu3a JJIsi MOJAEIU HaJ3E€MHOTO
ra3ompoBoOjia B BUJE MHOTOIPOJCTHOH Hepa3pe3HOoil 0alKH C TOYCYHBIMH MaccaMU, PaclOJ0KCHHBIMH B
pacUeTHBIX CEUYCHUAX MOICTH. YpaBHEHHE ABWIKCHHS TPEACTaBICHO B MaTpuYHOU (opme WHTeTpana
Hroamens ¢ y4eTOM BHYTPEHHETO TPEHUS, MOAYHHSIONETOC MOIEIIH HEMPOMOPIHOHATBFHOTO AeMI(QHPO-
BaHUsA. [IpoBeIeHO KOMIBIOTEPHOE MOJACIUPOBAHUE 3aJauH I CUCTEMBI ¢ 39 cremeHsmu cBoboxasl. [1o-
JTy9eHbl KHHEMaTHYeCKHE W CHJIOBBIC MMapaMeTphl JMHAMHUECKOW PEaKIuu AUCCUIIaTUBHON CHCTEMBEI, aH
CPaBHHUTEIBHBIN aHAIN3 MPELIOKCHHON MOIETN KOJIeOaHWUN NI pacdeTHBIX MOIENeld C OTHOW W ABYMS
OC u noka3zana 3¢ dexTruBHOCTH MoJseau ¢ AByMsi OC.

KaroueBble ciioBa: Ha)l3eMHLIﬁ ra3onpoBo/, aBTOKOJ’Ie6aHI/I$[, yCTpOﬁCTBO ramcHUus KOHe6aHHﬁ,
OJHOCTOPOHHAA CBA3b, (1)opMa COOCTBEHHBIX KOHeGaHHﬁ, MaTpula )KECTKOCTU, NCPEMCIICHUC
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INTRODUCTION

In operational practice overground gas pipe-
lines, the phenomenon of wind self-oscillations
caused by the nature of the laminar wind flow
around the pipe is often found. At certain Reyn-
olds numbers, on the leeward side of the pipe,
the so-called Karman's track [1] is formed,
consisting of vortices alternately breaking off
from the upper and lower sides of the cylindri-
cal surface of the pipe. These vortices transmit
to the pipeline significant in magnitude sign-
alternating pulses, which cause oscillations in
the vertical plane, the frequency of which is
equal to the vortex separation frequency. If this
frequency coincides with the frequency of natu-
ral vibrations of the gas line, a resonance will
occur, representing a serious danger to any
structure. A rapid increase in the amplitude of
vibrations leads to various damages: loosening
of the supports, destruction of clamps at the
points of attachment of the pipe with supports,
the appearance of longitudinal and transverse
cracks on the surface of the pipe at the support
points, dropping the gas pipeline from the sup-
ports, etc.

The main conditions for the occurrence of
wind self-oscillations are the laminar nature of
the wind flow, the exclusion of local turbu-
lence and the relatively high flexibility of the
pipeline. It is known that for pipelines of
medium (300-500 mm) and large (over 500
mm) diameters, the occurrence of wind self-
oscillations 1is practically excluded, but for
pipelines of smaller diameter this phenome-
non can be destructive [2].

The existing methods for solving this problem
are divided into two directions: changing the
nature of the flow around a structure or the
nature of the oscillatory process (active meth-
ods) and constructive limitation of the level of
oscillations by changing the frequency of natu-
ral oscillations (passive) [3]. Active aerodynam-
ic methods use various devices to change the
nature of the flow around the structure (turbula-
tors, perforated casings, etc.). Active mechani-
cal dampers change dynamic characteristics
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without changing static ones (dampers, shock
absorbers, etc.). Currently, active research is
being conducted in both directions, but aerody-
namic methods are more widespread.

Various methods of calculating systems with
vibration damping devices are known in the
literature [3, 4]. The article [5] examines the
existing methods of calculating cylindrical
structures for wind vibrations with mechanical
damping devices.

In works [6, 7], the authors have studied the
devices for active aerodynamic damping of
wind self-oscillations of cylindrical structures.
The obtained results of experiments in a wind
tunnel show high efficiency of the devices.
Similar studies are carried out by methods of
numerical simulation [8]. In this case, in the
formulation of problems, usually design dy-
namic models with a small number of degrees
of freedom are considered, in which the inter-
nal friction of the material is taken into account
on the basis of proportional damping models
[9, 10].

This article analyzes the dynamic response of
the gas pipeline design model in a non-
stationary process. To limit the resonance am-
plitudes in the design model, a device is used
that operates on the principle of one-way con-
nection (OWC) and contains a cable with a zero
bending stiffness as the main element [11].
Within the framework of the theory of temporal
analysis, a mathematical model of oscillations
of a system with one and two OWC is built.
This model makes it possible to take into ac-
count the behavior of the system, both in the
state of the base model (BM), when the OWC is
turned off from work, and in the state of models
with additional connection (MAC), when the
OWC is turned on.

When analyzing the fluctuations of the design
model, the influence of a number of factors on
the parameters of the dynamic response of the
design model was studied. In particular, the
influence of the cable stiffness and the influence
of the OWC location in the span relative to the
supports were taken into account.
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1. MODELS AND ALGORITHMS

The equation of motion of an elastic discrete
dissipative system (DDS) in the framework of
the linear model of viscous resistance (1) and
the initial conditions (2) of the dynamic problem
are represented in the form:

(1
2)

MY ()+CY(t)+KY(t) = P(¢)
Y, =Y(), Yo :Y(ti)s

where M = diag (m1, ..., mn), Ci=C", Ki=K;" €
My(R) — mass matrix, damping matrix and
stiffness matrix; Y(¢), P(t) — displacement vec-
tors and external load vectors. The index j = 0,
1, ... takes into account the state of the design
model over the time interval ¢ € [#, ti+1], at that,
the zero index j of the corresponding matrices is
omitted. Here #; — is the OWC on / off time.

The construction of fundamental solutions of
the homogeneous differential equation follow-
ing from (1) is related to the matrix func-
tion @;(¢) = % in which Sj € M,(C) satisfies the
characteristic matrix quadratic equation (MQE)
— the equation of motion of natural forms:

MS:+C.S,+K,=0. 3)

The matrices S; play an exceptional role in the
analysis of a dynamic system, because the spec-
tra of these matrices contain the internal dynam-
ic characteristics of the DDS (damping coeffi-
cients, frequencies and forms of natural vibra-
tions). The MQE solution (3) has an analytical
representation in the form of a root pair:

N 3)

an =MT(=C,+V,£U )/ 2
where V= -V;', Uy = Uj" — skew-symmetric and
symmetric matrices.

For an elastic DDS with low dissipation, the
elements of the matrices Vj, U; are real and
imaginary, respectively, and therefore the ma-
trix roots Sj(1,2) are complex conjugate (51 = 5,
Si2=8,) [12]:
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S, =M"'(-C,+V,+U,)/2,

T M- 4)
S,=M"(-C,+V,-U,)/2.

The system response (vectors of displacements
and velocities of DDS nodes) is written in the
matrix form of the Duhamel integral [13]:

Y(1)=2Re{Z(1)}, Y()=2Re{S,Z()}, ()

Z)=®,(t—1)U;'M(-5,Y, +Y,) +
t (6)
+U;! j @, (1—17)" P(r)dz.

i

The first term in (6) expresses the reaction of
the design model with free vibrations, the sec-
ond term is the Duhamel integral, the reaction
with forced vibrations.
The aerodynamic effect of the wind load is
determined by the sine law:
P(t) = F,sin(6t). (7)
The amplitude value of the disturbing load acting
in the node is calculated as the force of the frontal
resistance to the static action of the wind of the
calculated speed. The number of vortices escaping
from the pipe surface in 2n seconds is the circular
frequency of the disturbing load and is calculated
using the following formula:

()

Then the dynamic reaction (6) under the condi-
tion of constant velocity head (6 = const along
the entire length of the design model) takes the
form on the interval ¢ € [#;, ti+1] [12]:

Z({t)=®,(t—t)U;'M[-5 Y, + Y, ]+
U1y +6° ] FR, ®)

F(t)=ST[® (¢—1,)"sin(6r,) — Esin(0r,) | +
+ [CDJ (t—t)" cos(0t,)—E cos(Htl.)] 0,
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where E — identity matrix.

The design scheme (Fig. 1) of the gas pipeline
has the form of a continuous beam, all spans of
which (except for the central one) are modeled
by the same number of nodes containing point
masses. In the central span, the number of nodes
has been increased in order to improve the
positioning accuracy of the OWC. The number
of degrees of freedom of the system is equal to
the number of masses.

AT ThE pd

lI=aXg J’mi lr=arXgr J J Im=aXgq y

g
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£

5/

Figure 1. Design model

Activation and deactivation of connections is
realized by changing the external (Cj, Kj) and
internal (S;, U;) dynamic parameters of the
system and changing the initial conditions (Yo,

Y,). In addition, when moving from interval ¢ €

[ti1, ] to interval ¢ € [t;, ti+1], the time is
changed from #i-1 to #.

In the case of a design dynamic model with one
OWC in a span (DDM-1), Fig. 2 shows two
possible states of the system (for j = 0, 1): BM
and MAC. For a model with two OWC in a span
(DDM-2), four possible states are considered (j
=0, 1, 2, 3): BM, MAC-1, MAC-2 and MAC-3
(Fig. 3).
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Figure 2. Schemes of possible states of the
design model with one OWC (DDM-1)
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Figure 3. Schemes of possible states of the
design model with two OWC (DDM-2)

Variants of the MAC-1, MAC-2 models (within
the framework of the DDM-2) are possible with
an arbitrary arrangement of the OWC in the
central span and a velocity flow that is not
constant along the length of the design model.
Initial data for calculation: outer and inner
diameters of the pipe, respectively D = 219 mm,
d = 209 mm, elastic modulus £ = 2,1x108
kN/m?, span length / = 15 m, number of spans
m =9, the number of elementary sections in the
central span g1 = 16, in other spans ¢ = 4. Ac-
cordingly, the number of masses in the central
span is 15, in other spans — 3, the number of
degrees of freedom n = 39. The tensile compli-
ance of the cable takes values in the range
or € [0.001, 0.1] m/kN. Logarithmic decrement
0 = 0,07. The wind speed at which the reso-
nance occurs is v =2.951 m/s.

2. EXPERIMENTAL STUDIES
"BEAM - CABLE" MODEL

OF THE

Note that in Fig. 2, 3 show schemes of possible
states of the system during vibrations only with
a symmetrical arrangement of the deformed axis
of the design model relative to the attachment
point of the working (active) OWC, i.e. dis-
placements of the elastic line when passing
through the attachment point, where the OWC
entered into operation, do not change sign. This
is due to the fact that in the transient modes of
the design model, when the BM is in one (any)
of the states associated with the MAC, the stay
in this state, as experimental studies show, lasts
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a fraction of a second and does not exceed 1/10
of the time the system is in condition BM.

The experiment was carried out on a flexible
beam with one OWC. The aerodynamic effect
was simulated using a vibration load from a
light electric motor located in the center of the
beam (Fig. 4). The parameters of the design
dynamic model: the cross-section of the beam
1s 50 x 4 mm, the length is 2 m, one-way con-
nection in the form of a cable, within the
framework of the experiment, is assumed to be
inextensible. Motor weight 0.36 kg, motor
angular frequency causing resonance 6 = 9
rad/s, amplitude of the active component of the
vertical centrifugal force Po = 5.3 kg. The
purpose of the experiment: to determine the
form of vibration of the deformed axis of the
beam at the moment of activation of the OWC
(cable); to show that the form of natural vibra-
tions of the model in the MAC state is symmet-
ric due to the absence of turns of the central
section at the point of attachment of the OWC
to the beam.

In Fig. 4 shows a photo of the experimental
setup at the moment of OWC tension (a) and
OWC deactivation (b). In both Figures, it can be
seen that the elastic line of the beam at the point
of attachment of the cable retains its symmetry
about the center of the span, and the tangent to
the elastic line at this point does not rotate
relative to the horizontal. It can be stated that
due to the inertia of motion and because of the
short duration of the stay of the design model in
the MAC state, the model does not have time to
change the type of symmetry of the form of
natural vibrations.

Figure 5 shows the frequency characteristics
of the vibrations of the BM (Fig.5a) and the
model with a cable (Fig.5b), recorded using a
special application «Vibration analysis». The
vibration frequency of the BM is 1.62 Hz, the
maximum value of the vibration displacement
amplitude is 62.94 mm — 6.06 mm/s’>. The
vibration frequency of the model with a cable
is 4.94 Hz, the amplitude of vibration dis-
placements is 2.27 mm, amplitude of accelera-
tions is 23.59 mm/s?.
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Figure 4. Design model "beam — cable":
a — in a state of tension on the cable;
b —when the cable is off
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Figure 5. Characteristics of system oscillations:
a) BM; b) model with a cable

It is important to note that when the beam is de-
formed in symmetric mode of vibration (Fig. 2,
state of MAC-1), its displacements will be less than
the corresponding displacements of the beam in the
case of its deformation along the skew-symmetric
mode of vibration. This is due to the fact that the
central section of the beam in the MAC-1 state
corresponds to the design scheme with a rigidly
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fixed support, and when deformed according to a
skew-symmetric vibration mode, it corresponds to
the design scheme with a hinged support.

Turning to the design model of a gas pipeline in the
form of a multi-span beam, we can conclude that
the use of a symmetric vibration mode reduces
deflections not only in the central span where the
OWC is installed, but also in adjacent spans of the
design model. Here, the gas pipeline design be-
haves like a living organism, showing the "instinct
of self-preservation" and choosing the most optimal
way out of a critical situation. Indeed, in order to
resist the wind resonance, the gas pipeline construct
makes the most of its external and internal reserves.
The OWC acts as an external reserve, the activation
of which leads to a change in the calculation
scheme, and the internal reserve is the symmetric
form of the system's oscillations in a new state.
This transformation of the system provides more
effective resistance to wind resonance than in a
system with a skew-symmetric vibration mode.

3. RESULTS OF THE STUDY

In the case of a design model with two OWC in
a span (DDM-2), their symmetrical arrange-

P()

Py Py P

P P P@)
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ment relative to the center of the span at the
attachment points is considered: 19-21, 18-22
and 17-23 (Fig. 6). The results of computer
simulation of the problem are graphs (oscillo-
grams) of the parameters of the dynamic reac-
tion of a constructively nonlinear dissipative
system at a given time interval. These parame-
ters include: displacement, velocity, accelera-
tion, restoring (elastic), dissipative and inertial
forces calculated in the design sections of the
model, as well as the forces in the cables. The
most indicative is the graph in which the kine-
matic and power parameters are combined.
Figure 7 shows a fragment of an oscillogram of
displacements, restoring forces and forces in
the cable, built for the 19th node, where the left
OWC is mounted in the DDM-2 (19-21) sys-
tem. As can be seen from the graph, on time
intervals corresponding to the OWC tension,
displacements yi19(¢) of this node (due to the
compliance of the connection) become higher
than the position of static equilibrium. At this
moment, the activation of elastic forces occurs
due to a sharp transformation of kinetic energy
into potential.

23
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Figure 7. Fragment of the oscillogram of displacements, restoring force and efforts in the cable at
the attachment point of the left OWC
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Figure 8. Graph of the maximum positive vibration displacements of the nodes of the central span

To compare the effectiveness of the ways of posi-
tioning the OWC in the span, a comparative calcu-
lation of DDM-1 and DDM-2 was carried out with
the minimum cable complience (0.001 m / kN).
The maximum developed displacements of the
masses of the central span were estimated for the
entire period of oscillations, for which the graphs of
the maximum positive (upward) displacements
were constructed, which, in fact, represent the
enveloping diagrams of displacements (Fig. 8). The
resulting graph shows that the level of fluctuations
of the central span is most effectively suppressed in
the DDM-2 with the OWC 19-21 location, that is,
the closest to the center.

Fig. 9 shows oscillograms of the maximum
displacements of the base model, DDM-1 and
DDM-2 (19-21) with a cable compliance of 0.01
m/kN at a 10-second interval. As can be seen
from the graph, in DDM-2 the maximum dis-
placement values are less than in DDM-1, and
the maximum is also reached earlier. Moreover,
at the beginning of the process, the displace-
ment in both models is higher than in the BM.
The maximum displacements develop at the
central points of the extreme spans. Oscillo-
grams of vibration displacements of DDM-1
and DDM-2 (19-21) for these points are shown
in Fig. 10.

gus - ‘ | ‘ l l ' ﬂ ‘ ‘ i A
%0.4— | '|I-."' ‘ |
HHf V ( i |H I |
-'-I._!|||'|| '

Figure 9. Oscillograms of maximum modulustldsl,'z;lacements BM, DDM-1, DDM-2 (19-21)
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Figure 10. Oscillograms of movements of the central node of extreme span
in DDM-1 and DDM-2 (19-21)

Fig. 11 shows a graph of the maximum vibra-
tion displacements max| yi(¢) | for models DDM-
1, DDM-2 at different values of cable compli-
ance (from 0.001 to 0.1 m/kN).

According to the graph, the DDM-2 model (19-
21) shows the maximum efficiency in almost
the entire range of cable compliance values. The
variant with the DDM-1 model shows the worst

results in all cases. Moreover, a twofold in-
crease in the rigidity (decrease in compliance)
of the cable in DDM-1 does not give an ad-
vantage over DDM-2 in the effective range of
rigidity (compliance range from 107 to 5-107
m/kN). In other words, a single double-stiffness
cable is not more efficient than two single-
stiffness cable.

1.4

09 r

08 [

Maximum displacements, cm

0.7

0.6

DDM-1
DDM-2 (17-23) |
DDM-2 (18-22)
DDM-2 (19-21) |

0.5
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Cable compliance, m / kN
Figure 11. Graph of the dependence of the maximum vibration displacements
on the cable compliance in various models
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The phase diagrams yi(f) — ,(¢) shown in Fig.
12, built for the case of the lowest cable compli-
ance (0,001 m/xH) in the first two seconds of the
system operation, demonstrate the differences in
the nature of the nonlinear operation of the
system. Here the i numbers correspond to the
central nodes of the corresponding spans.

In BM, the phase trajectory of the central node
of the 4th span is characterized by a uniform
proportional increase in the form of a spiral.
(Fig. 12 a). The same dependences constructed
for DDM-1 and DDM-2 (Fig. 12 b, ¢), not only
differ from BM, but also significantly differ
from each other. For DDM-2, in comparison
with DDM-1, sharper and more frequent chang-
es in the direction of speed are characteristic,
which is a reflection of the higher energy impact
on the constructive nonlinear model from the
side of the two OWCs when they are switched
on / off. Phase diagrams of off-center (extreme)
nodes of the 4th span have a similar look. In the

a) Basic model - span Ne4

Speed,cm /s
o

03 02 -0.1 0 0.1 0.2 0.3
Displacements, cm

c) DDM-2 - span Ne4

Speed,cm /s

-0.05 0 0.05 0.1
Displacements, cm

-0.15 0.1 0.15

first span operation character DDM-2 is aligned,
it becomes more similar to the operation of BM
(Fig. 12 g).

For the computational model with two OWC, an
estimate of the accuracy of solving the differential
equation of motion using the residual vector Ag(?)
= f{t) — P(t), where fit) = MY (¢)+ CY(¢)+ KY(?)
is the sum of inertial, dissipative and restoring
forces on the left side of the equation; P(¢) = [pi(?)]
— vector of external forces. Value A@(f), express-
ing the difference between the left and right sides
of the equation, is built for DDM-2 over the entire
response interval, including the states of BM and
MAC-2. The nature of the convergence of the
solution (functions f /(¢)) to the given functions
pi(t) of the right-hand side of the equation is
shown on the oscillogram A@j(f) for the cable
attachment point (j = 7) in Fig. 13. The accuracy
of solving the differential equation of motion does
not go beyond the error limits € < 8,5x107% xH.

b) DDM-1 - span Ne4

Speed, cm /s
=

-0.2 -0.1 0 0.1 0.2
Displacements, cm

d) DDM-2 - span Ne1

Speed, cm /s

0.3 -0.2 -0.1 0 0.1 0.2 0.3
Displacements, cm

Figure 12. Phase trajectories in coordinates yi(t) — y.(t) for BM, DDM-1 and DDM-2 in the first
two seconds of operation with cable compliance 0.001 m / kN
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Solution residuals, kN
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Figure 13. Oscillogram of residuals A@s(t) of the solution of the equation of motion (1)

CONCLUSION

Based on the results of the study, the following
conclusions can be drawn.

1. On the basis of experimental data, a more
perfect model with a symmetric natural vibra-
tion mode was adopted. Computer simulation of
the problem with one and two OWC also
showed a high efficiency of the damping device
for the proposed oscillation model. This result is
of great practical importance. The use of this
model (within the framework of DDM-1 and
DDM-2) will increase (optimize) the spacing of
vibration damping devices along the elevated
gas pipeline route and, thereby, reduce the
number of these devices per one kilometer of
the route compared to the model of vibrations
with a skew-symmetric shape.

2. For DDM-2 with a symmetrical arrangement
of the OWC, the optimal arrangement of con-
nections (19-21 — in the local numbering of the
central span) was obtained practically over the
entire range of values of the cable compliance.
With this arrangement of connections, the
DDM-2 shows a more active limitation of the
amplitudes of the parameters of the dynamic
response in comparison with the same model
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with other arrangements of the OWC, and also
in comparison with the DDM-1 model.

3. It is shown that all the considered variants of
the DDM-2 models lead to much lower ampli-
tudes of the response parameters in comparison
with the DDM-1 model. Even a doubling of
stiffness of the cable in the DDM-1 model did
not reveal any advantages over the DDM-2
model in terms of maximum vibration dis-
placements.
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