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A new non-linear model of a straight pipe conveying fluid is presented for vibration
analysis when the pipe is fixed at both ends. Using the Euler-Bernoulli beam theory and the
non-linear Lagrange strain theory, from the extended Hamilton’s principle the coupled
non-linear equations of motion for the longitudinal and transverse displacements are
derived. These equations of motion are discretized by using the Galerkin method. After the
discretized equations are linearized in the neighbourhood of the equilibrium position, the
natural frequencies are computed from the linearized equations. On the other hand, the time
histories for the displacements are also obtained by applying the generalized-a time
integration method to the non-linear discretized equations. The validity of the new
modelling is provided by comparing results from the proposed non-linear equations with
those from the equations proposed by Paidoussis.

© 2002 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Vibration of a pipe conveying fluid is an important problem that needs to be resolved in
refrigerators, air-conditioners, chemical plants, hydropower systems and so on. Therefore,
vibration analysis of a pipe vibration has been a subject of numerous investigations due to
their wide application in many industrial fields. Many researchers [1-7] presented studies
on modelling and derivation of the equations of motion for pipes conveying fluid. They
carried out the vibration and stability analysis of straight or curved pipes subjected to
various supports or loading. In particular, comprehensive reviews on various pipe
modelling and analysis are given in a book written by Paidoussis [1]. In recent years, some
studies carried out non-linear formulations and analyses of pipes conveying fluid [6, 7].
Most of the previous non-linear equations were derived not only by using the order-of-
magnitude approximation but also by considering non-linearity and the infinitesimal strain
simultaneously [1, 2, 6, 7]. However, it is more reasonable that non-linearity should be
considered in the general non-linear Lagrange strain that is often called the von Karman
strain. The reason for this is that the infinitesimal strain theory is suitable for a linear system
while the general Lagrange strain is more suitable for a non-linear system [8§].

In this study, a new non-linear model of straight pipe conveying fluid is presented for
vibration analysis when the pipe is fixed at both ends. The main difference between the
linear and the non-linear models is that the transverse displacement is coupled with the
longitudinal displacement through the non-linear terms. In order to take the effects of
non-linearity into account, the general Lagrange strain theory is adopted instead of the
conventional infinitesimal strain theory. On the other hand, it is assumed that the pipe is
treated as the Euler-Bernoulli beam and it has linear relations between the stresses and the
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displacements. Based on the above background, coupled non-linear equations of motion
are derived for the longitudinal and transverse displacements from the extended Hamilton
principle [9]. After the equations are discretized by the Galerkin method and then
linearized in the neighbourhood of the equilibrium position, the natural frequencies for the
transverse vibrations are computed and verified. Furthermore, the non-linear dynamic
responses, i.e., the time histories of the displacements are computed by using the
generalized-time integration method [10]. Finally, the computation results from the
proposed non-linear equations are compared with those from the equations proposed by
Paidoussis and his co-workers [1, 6].

2. EQUATIONS OF MOTION

Consider an extensible straight pipe with uniform internal flow and harmonic external
excitation, as shown in Figure 1. The straight pipe, clamped at both ends, has dimensions
given by the length L, the cross-sectional outer diameter d, and the thickness h. If it is
assumed that the pipe is sufficiently slender, that is, d,/L < 0-1, it can be modelled as the
Euler-Bernoulli beam. Moreover, the fluid in the pipe is assumed to be incompressible so
that its velocity is uniform inside the pipe. This means that so-called “plug-flow” is assumed,
where the secondary flow effects are negligible [ 1]. Therefore, it is reasonable that the axial
velocity U(t) and the acceleration U(t) are uniform in the pipe.

In order to consider the non-linearity of the pipe, in this paper, the general Lagrange
strain theory is used along with the Euler-Bernoulli beam theory. Since the pipe is modelled
as the Euler-Bernoulli beam, the displacements in the x and y directions, u,(x, y, t) and
uy(x, y, t), for a point of the pipe may be expressed by

ov(x, t)
ox

th(x, Y, [) = M(X, t) -y uy(x’ Vs t) = U(x’ t)a (1)

where u(x, t) and v(x, t) are the longitudinal and transverse displacements of a point on the
centre line of the pipe respectively. The displacements and strains of the pipe may not be
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Figure 1. Schematics of a straight pipe conveying fluid when both ends are fixed: (a) the pipe before deformation;
(b) the pipe after deformation; and (c) the cross-section of the pipe.
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small, so that the longitudinal displacement as well as the transverse displacement is
included in the formulation. The non-linearity of the pipe can be considered by the
Lagrange strain—-displacement relations, which provide the relations between the strains
and displacements:

_aux+1 6ux2+1 duy\* _6uy+1 ﬁux2+16uy2
&= ox T2\ ox 2\ox /)’ Sy_ﬁy 2\ dy 2\ay /)’

1(0u, Ou, Ou,ou, Ou,0u,
= (D s O Oy Oy 2
by 2<6x+6y+6x6y+5x6y’ @

where ¢, and ¢, are the longitudinal and transverse normal strains, and &, is the shear strain.
Substitution of equations (1) into equations (2) leads to

1¢,,/2 2 1.,2.1n2 1.2 1 1
Sx:u/+7(u +U/ )_Y(1+u,)0//+7y UU 5 8y:§U/ 5 8xy:_7u/vl+7yv/vﬁa (3)

where the superposed prime represents differentiation with respect to x. Note again that the
non-linear terms in equations (3) originate from the non-linearity of the pipe due to the large
deformation.

Consider the difference of the non-linear strain-displacement relations between the
proposed modelling and the conventional modelling [1, 2, 6, 7]. Paidoussis and his
co-workers [1, 6, 7] and Thurman and Mote [2] used the approximated non-linear
strain—displacement relations given by

&= (1 + u/)z + U/z _ 1’ K = u//z + U,,z’ (4)

where ¢ and x are the axial strain and the curvature of the pipe respectively. These
non-linear relations are derived by considering the non-linearity and the infinitesimal
strains simultaneously. In other words, to consider the non-linearity, the non-linear strains
are obtained by applying the Pythagorean theorem to the infinitesimal strains. However, it
is reasonable that the non-linearity is considered in the general Lagrangian strain theory
that is often called the von Karman strain theory, because the infinitesimal strain theory is
suitable for a linear system while the von Karman strain theory is suitable for a non-linear
system [8]. Moreover, the order-of-magnitude approximation was used when the other
researchers derived non-linear equations of motion. Consequently, compared to the strains
of equations (4), the non-linear strains of this study given by equations (3) are consistently
derived from the general Lagrange strain theory that permits large displacements and
strains.

Next, consider the stress—strain relation in the pipe. It is assumed that the material of the
pipe is homogeneous, isotropic, elastic and Hoken. Since the pipe is slender and the
thickness h is small compared to other dimensions, the axial stress o, can be represented by

Ox = ngc‘a (5)

where E is Young’s modulus and & is the linearized axial strain. The linearized strains &%,
ey and &%, are obtained by linearization of the strains given by equations (3):

L o " L __ L __
ey =u — ', & =¢;,=0. (6)

Hence, in this modelling, the non-linear strains and the linear stresses are used to obtain the
equations of motion. A more detailed discussion of this kind of modelling can be found in
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Chung et al. [11]; furthermore, this modelling technique is applied to derive the equations
of motion for an axially moving string [12].

Under the assumptions described above, the strain energy of the pipe conveying fluid is
given by

1
Pz—f 0. dV, (7)
2 )y

where V is the volume of the pipe. Substituting equations (3) and (5) into equation (7), the
strain energy can be expressed as

1 r 12 1 I (a2 ’2 1 r 3 ’ ”2
PZEEA u +§u(u +v'%) dx—i—EEI 1+§u v"*dx, (8)

0 0

where A is the cross-sectional area of the pipe and I is the area moment of inertia.

To obtain the kinetic energy of the pipe conveying fluid, consider not only the velocity of
fluid along the pipe but also the velocity of the pipe. First, the displacement vector of a point
on the centre line of the deformed pipe can be written as

r=ui+vj, )

where i and j are the unit vectors in the x and y directions respectively. Then, the pipe
velocity v, and the fluid velocity along the pipe v, are given by

v, =i+ 0§, v,=[i+ Ul +u)li+ @+ Uv)j, (10)

where the superposed dot stands for differentiation with respect to time. The fluid velocity
v, is obtained from the material derivative of r with respect to time. Neglecting the rotary
inertia effect and the secondary flow effect, the kinetic energy for the pipe conveying fluid is
given by

1

K=—
24 ),

(myvy,-v, +mpv-vp)dV, (11)

where m, and m, are the mass densities of the pipe and the fluid per unit pipe length
respectively. Substituting equations (10) into equation (11), the kinetic energy is expressed as

K = % m, fL(LiZ + %) dx + %mf JL{[d + Ul +u)]* + (6 + Uv)*} dx. (12)
0 0

The equations of motions of the pipe with fluid transport and the corresponding
boundary conditions are obtained from the extended Hamilton principle [9]. The extended
Hamilton principle may be described as

JZ((SK _ 6P + 6W,, — 5M)dt = 0, (13)

where 9 is the variation operator, W, is the virtual work done by the non-conservative
forces and oM is the virtual momentum change. These two quantities for the pipe conveying
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fluid, shown in Figure 1, are given by

W, = rp(x, Dovdx, SM = [m(v,-Sr)(Ui-m)]5, (14)

0

where p(x, ) is the transverse load per unit length of the pipe and n is the outward normal
vector at the boundaries. Introducing equations (8), (12) and (14) into equation (13), the
coupled non-linear equations of motion for the pipe conveying fluid are derived as follows:

(m, + mp)ii + m UL+ u) + 2m Ui’ + mUu" — EA(" + 3u'u” + 50'v")
—3EI"v® =0, (15)
(m, + my)v + mev’ + 2m UG + mUs" — FEAW'Y + u'v")
+ EI0™ + 3uv™ + 3uv® + 3uv") = p. (16)
The associated boundary conditions are given by
u=v=0v=0 atx=0,L. (17)

It needs to be emphasized that the above equations are derived by adopting the non-linear
Lagrange strains and linearized stresses in order to consider the non-linearity of the pipe.

It is interesting to check as to what is the difference between the newly proposed
equations and the previously presented equations. Since the equations derived by Thurman
and Mote [2] are simplified forms of the equations presented by Paidoussis and his
co-workers [ 1, 6, 7], the equations proposed in this paper are compared with the equations
of Paidoussis and his co-workers. Using the same notations of this paper, the equations of
Paidoussis and his co-workers can be rewritten as

m, +my)ii + m U +u)+ 2m,Ud +m " — u”" + ") — Vo' +0"v"P) =0,
» )il LU )+ 2m,U fU2 EA EI('v™¥ ) =0
(18)

(m, + mp)v + m;Uv' + 2m U8 + m U — EAW'V + u'v" + 30'*0")
+ EI0™W — 2u'v™® — 4u"v® — 3u® 0" — u®y — 2020W — 8u'v"vd — 2073 =p.  (19)

The main difference of equations (16) and (17) from equations (18) and (19) is shown in
non-linear terms. On the other hand, as expected, the linear terms are the same in both
equations of motion.

3. DISCRETIZED EQUATIONS OF MOTION

Approximate solutions for the discretized equations can be found in a finite-dimensional
function space. The longitudinal and transverse displacements may be represented by the
trial functions that are expressed as a series of the basis functions:

N

ulx,t) = Y U,()T(0), vlx,1)= i Va(X) Ty (0), (20)

n=0
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where N is the total number of the basis functions, U,(x) and V,(x) are the comparison
functions, and T,/(t) and T,(t) are unknown functions of time to be determined. The
weighting functions corresponding to the trial functions are given by

N

i(x, 1) = Z U,(x)Ta(0), o(x,0) =Y. Vux)Tul0), (21)

n=0

where Ty (t) and T (t) are arbitrary functions of time. If the comparison functions for the
longitudinal and transverse displacements are chosen as

U,(x) = a,x"" Y (L — x), V,(x)=bx""2(L — x)?, (22)

in which a, and b, are arbitrary constants, they automatically satisfy all the boundary
conditions given by equation (17). Meanwhile, the coefficients a, and b, can be determined
by the normalization conditions

L L
JU,,dsz V,dx = 1. (23)

0 0

The equations of motion derived in the previous section are discretized by the Galerkin
method. Substituting u and v from equations (20) into equations (15) and (16), multiplying
these equations by @ and v from equations (21), respectively, summing all the equations,
integrating them over the length L, and then collecting all the terms with respect to T ()
and Tu(t), the coefficients of T%(t) and T.(t) provide the discretized equations given by

M=

N
[m':,.nT: + 2Ugh, Tr + (Ko + UPha + Ugh) T + Y (0 TiTh + ocj-‘mnTj-‘Tz)}

n=0 j=0

=fu m=0,1,..., N, (24)
N .. . . N
Y [mfnnT,”; + 22U g Ty + (ki + Ul + Ugp) T + Y Ot',‘r'imT?T”} = fom
j:
m=0,1,..., N, (25)
where

L

L
Moy = (M, + mf)f U, U,dx, my, =(m, + mf)J
0 0

L dv, L 42y, d?v,
g“mnszf V——dx, h’,‘,,,,szf Un——dx, hf,m:mff “dx,
0 dx 0

L du,
VaVaedx, gmw = U, —dx,
WVadx, g me o &

dx ™ dx?
L 42y, L 44y, 3 du; d?u,
Kkt =—FEA U | k', = EI v, —=d .= ——FEA U— d

1 L dv;d?*V, 3 Lo dv;dV,
O‘;m":_EEAJ\ U d_ d dX—EEIJO Umd_xj dx3"dx,
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1 L d /dU;dV,
w o gl v, (g
Phjmn 2 L mdx<dx dx> ~

3 JLVm<ded4V,, d2U; d3v, d3Ujd2Vn> o

_ EI _J
*3 dx de* Tode A T da?

0

L L
fu= meJ U,dx, fb =J V,.p dx. (26)

0 0

Equations (24) and (25) can be rewritten in vector-matrix form as
MT(t) + 2UGT(t) + (K + U?H + UG)T(t) + N(T(t)) = F(t), (27)

where M is the mass matrix, G is the matrix related to the gyroscopic force, K is the
structural stiffness matrix, H is the matrix related to the centrifugal force for the fluid,
N(T(t)) is the non-linear internal force vector, F(t) is the external force vector and T is given
by

T: {T‘67 '{""7 1;\]7 167 '{7'") UN}T‘ (28)

4. NATURAL FREQUENCIES

The discretized equations of motion can be verified by computing the natural frequencies
of the pipe. To do this, it is necessary to obtain the linearized equations of motion in the
neighbourhood of the equilibrium position. When the pipe is in the steady state and the
external force is neglected, the linearized equation of equation (27) is given by

MT (1) + 2UGT (1) + (K + UH)T(t) = 0. (29)

In order to find the natural frequencies from equation (29), it is convenient to transform
equation (29) into

AY(5) + BY(t) = 0, (30)

Jo 1], [-1 0 _ [T
A= [M 0} B= [2UG K + UZH} Y@ = {T(t)} (31)

Assuming the solution of equation (30) as Y(t) = Yqe*, the complex eigenvalue /4, can be
computed from

where

det(B + 1,A) = 0. (32)

Consider the convergence characteristics of the natural frequencies for the pipe. If there is
no specification, the material properties used in the computation of this study are given by
m, = 005636 kg/m, ms/(m, + m;) =01, E=10x10°Pa, L =20m, d, =20mm and
h = 0-1 mm. Table 1 shows the convergence characteristics of the natural frequencies with
the number of basis functions N when the pipe is stationary, i.e., U = U = 0. It is obvious
that, as N increases, the computed natural frequencies approach the exact values presented
by Blevins [13]. Another verification for the convergence of the natural frequencies is
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TABLE 1

Convergence characteristics of the natural frequencies (rad/s) when U = U = 0

Transverse vibration Longitudinal vibration
N First Second Third First Second Third
1 131-84 369-57 N/A 5252-81 10765-0 N/A
2 131-40 369-57 749-56 521849 107650 167868
3 131-40 362-31 749-56 521849 10440-0 167868
4 131-40 36231 711-38 521845 104400 156859
5 131-40 362-19 71138 521845 104369 15685-9
6 131-40 36219 710-06 521845 104369 156556
Exact [13] 131-39 362:19 710-04 5218-40 10436-4 156535
TABLE 2

Convergence characteristics of the natural frequencies (rad/s) when U = 150 m/s and U = 0

Transverse vibration Longitudinal vibration
N First Second Third First Second Third
1 48-206 295-92 N/A 5251-5 10762-8 N/A
2 38-288 291-86 680-41 52172 10762-5 167836
3 38172 276-50 67522 52172 104374 167832
4 38-:070 27578 625-28 52172 104374 156823
5 38:069 27546 623-20 52172 104343 15682-1
6 38-:069 275-46 621-11 52172 10434-3 15651-7
7 38069 275-44 62101 52172 104343 156517

provided when the fluid has a constant velocity. As seen in Table 2, when U = 15-0 m/s and
U = 0, the computed natural frequencies converge with the number of basis functions N.

The discretized equations are also verified by investigating the variation of the complex
eigenvalue with the fluid velocity. For comparison of the computation results, it is
convenient to introduce the dimensionless eigenvalue 4, and the dimensionless fluid velocity

U given by
» [t + g =uL [ (33)

When U = 0, the variation of the dimensionless eigenvalues versus the dimensionless fluid
velocity is illustrated in Figure 2, where the imaginary part of the eigenvalue represents the
natural frequency of the pipe. This plot is nearly the same as that presented by Paidoussis
[17. It is well known that the pipe becomes unstable if at least one of the eigenvalues has
a positive real part. As shown in Figure 2, the critical fluid velocity computed from equation
(32)is U, = 6-28, which is the same as the critical velocity U, = 2r given by Paidoussis [1].
In the region of 6:28 < U < 899, the first mode has real eigenvalues, which incur the
divergence instability. However, when U > 899, the first and second modes are combined
and they produce the same eigenvalues that have the imaginary parts as well as the real
parts. Therefore, the velocity region of U > 8-99 is related to the flutter instability.
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Figure 2. Variation of the complex eigenvalues for the dimensionless fluid velocity: (a) the imaginary part; and
(b) the real part.

5. DYNAMIC RESPONSES

From the discretized non-linear equation of motion given by equation (27), the time
histories of the displacements are obtained by the generalized-o time integration method
[10]. To apply the generalized-o: method, it is convenient to express the discretized equation

(27) as
Ma,, _, +2U,,;1_,,GV 1, + (K+ Un2+1—1fH + Un+l—1fG)dn+1—ocf
Ny 1-0) =Fopis, (34)
where

dn+1—ocf = (1 - ocf)dn+1 + chdm vn+lfc¢f = (1 - O‘f)anrl + ApVpy Ay 1 g, = (1 - OCm)arHrl
+aman7

Fn+17af = F(tn+171,)s Un+170., = U(tn+lfa.f)z Un+lfaz/ = U(thrlfaf)a
tn+1—uf:(1_af)tn+1+aftm (35)
and

dyy o =d, + 4, + (12 — p)At*a, + pAta, 1, Vury =V, + (1 —y)dta, + ydta, .y,
(36)
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in which «,, «;, f, and y are the algorithm parameters determined by the numerical
dissipation parameter; At = t,+, — t, is the time step; d,, v, and a, are approximations to
T(¢,), T(t,) and T(t,) respectively. Since equation (34) is a non-linear vector equation and the
longitudinal and the transverse displacements are coupled with each other, a non-linear
equation solver, e.g., the Newton—-Raphson method, should be applied in order to update
the displacement, velocity and acceleration vectors.

The dynamic responses of the transverse displacement of a point on the centreline of the
pipe are computed from equations (34)-(36), when the external transverse load p(x, t) given
by a harmonic excitation with a frequency Q and constant amplitude P, namely,
p(x,t) = Pysin Qt. In this paper, all the dynamic responses are computed when
Py = 1:0 N/m and Q = 24xn rad/s. The associated fluid velocity profile is shown in Figure 3,
in which the dimensionless fluid velocity U increases linearly from zero to a constant value
during 0-5 s, and then the velocity remains constant after it reaches the constant value. For
numerical calculation, the numbers of the basis functions and the time step size are selected
as N = 5 and 4t = 0-001 s respectively.

In order to check the stability results given in Figure 2, it is required to investigate the
dynamic responses for the linearized version of equation (34). The computed time histories
of the transverse displacement of the linear model at x = L/2 are plotted in Figure 4. Figure
4(a) shows the dynamic response of the transverse displacement when the fluid velocity is
zero. On the other hand, Figures 4(b)—(4d) demonstrate the time responses of the transverse
displacements for the velocity profiles corresponding to U =35, U =8 and U = 10 in
Figure 3 respectively. As shown in Figures 4(a) and 4(b), when U = 0 or 5, the dynamic
responses are stable. The stable responses are coincident with the stability implied by Figure
2, where the real parts of the eigenvalues are zero. However, when U = 8, the dynamic
response exhibits the divergence instability. As shown in Figure 4(c), the response diverges
without fluctuation. On the other hand, the response for U = 10 blows out with fluctuation.
In other words, the flutter instability is observed when U = 10. These results can be
confirmed by Figure 2, which illustrates that the first mode has pure real eigenvalues when
U = 8 while the first and second modes have eigenvalues with the real and imaginary parts
when U = 10.

Now, compare the dynamic responses for the non-linear model proposed in this paper
with those for other non-linear models. This paper deals with comparisons only between the

12
10 B U=100
g U =80
> 6 U=50
4
2
0 U=00
1 1
00 1:0 15 20
t(s)

Figure 3. Fluid velocity profiles in the pipe.
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Figure 4. Dynamic responses of the transverse displacements for the linear model at x = L/2 when the fluid
velocity is given by the profile corresponding to (a) U = 00, (b) U = 5:0, (c) U = 8:0 and (d) U = 10-0 in Figure 3.
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new model and Paidoussis’ model [1, 6]. The equations presented by Paidoussis are also
discretized by using the same basis functions given in equation (20), and the dynamic
responses are computed by using the generalized-o method with the same parameters and
material properties. First, consider the dynamic responses of the transverse displacement
when the fluid has no velocity, that is, U = 0. In this case, although the new model and
Paidoussis’ model have different non-linear terms, as seen in equations (15), (16), (18) and
(19), Figure 5 shows that, when U = 0, there is no difference in the dynamic responses
obtained from these two models. However, when the fluid velocity is non-zero, these
dynamic responses become quite different from each other, as illustrated in Figure 6. This
shows that the response for Paidoussis’ model has a longer period and smaller amplitude
compared to that for the new model. Recall that the proposed equations are derived
consistently by only assuming linearized stress; however, Paidoussis’ equations are derived
by using the order-of-magnitude approximation and the infinitesimal strain theory.
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Figure 5. Dynamic responses of the transverse displacements for the non-linear model at x = L/2 when the fluid
velocity is zero: (a) the new model; and (b) Paidoussis’ model.
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Figure 6. Dynamic responses of the transverse displacements for the non-linear model at x = L/2 when the fluid
velocity is given by the profile corresponding to U = 5-0 in Figure 3: (a) the new model; and (b) Paidoussis’ model.

Therefore, the proposed model is more reasonable than Paidoussis’ model. This means that
the presented theory can describe the coupled non-linear motion for the longitudinal and
transverse displacements more accurately in comparison with Paidoussis’ theory.
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6. CONCLUSIONS

A new non-linear model is presented to analyze the vibration of a straight pipe conveying
fluid when both ends are fixed. Using the Euler-Bernoulli beam theory and the general
Lagrange strain, from the extended Hamilton principle the non-linear equations of motion
for the longitudinal and transverse displacements are derived, where the longitudinal and
transverse displacements are coupled with each other. With the discretized equations
obtained by the Galerkin method, the natural frequencies and the dynamic responses are
computed. Furthermore, the computation results from the proposed modelling are
compared with those from Paidoussis’ modelling.

The proposed model is more reasonable than Paidoussis’ model, because the proposed
equations are derived consistently by only assuming linearized stress while Paidoussis’
equations are derived by using the order-of-magnitude approximation and the infinitesimal
strain theory. On the other hand, it is observed that the dynamic responses, computed from
the proposed non-linear theory, have the divergence instability for 6:28 < U < 8:99 and the
flutter instability for U > 8-99.
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