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Abstract

In this paper the dynamic analysis of a shaft rotor whose support is mobile
is studied. For the calculation of kinetic energy and stiffness energy, the
beam theory of Euler Bernoulli was used, and the matrices of elements
and systems are developed using two methods derived from the differential
quadrature method (DQM). The first method is the Differential Quadrature
Finite Element Method (DQFEM) systematically, as a combination of the
Differential Quadrature Method (DQM) and the Standard Finite Element
Method (FEM), which has a reduced computational cost for problems in
dynamics. The second method is the Differential Quadrature Hierarchical
Finite Element Method (DQHFEM) which is used by expressing the matrices
of the hierarchical finite element method in a similar form to that of the Dif-
ferential Quadrature Finite Element Method and introducing an interpolation
basis on the element boundary of the hierarchical finite element method. The
discretization element used for both methods is a three-dimensional beam
element. In the differential quadrature finite element method (DQFEM),
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the mass, gyroscopic and stiffness matrices are simply calculated using the
weighting coefficient matrices given by the differential quadrature (DQ)
and Gauss-Lobatto quadrature rules. The sampling points are determined by
the Gauss-Lobatto node method. In the Differential Quadrature Hierarchical
Finite Element Method (DQHFEM) the same approaches were used, and
the cubic Hermite shape functions and the special Legendre polynomial
Rodrigues shape polynomial were added. The assembly of the matrices for
both methods (DQFEM and DQHFEM) is similar to that of the classical finite
element method. The results of the calculation are validated with the h- and
hp finite element methods and also with the literature.

Keywords: Rotor dynamics, differential quadrature finite elements method,
differential quadrature hierarchical finite elements method, hp-version of
FEM, on-board shaft.

1 Introduction

The first to give the term finite element method (FEM) is (Clough, 1960). The
finite element method has undergone several optimisations and changes over
time, it has gradually become a very effective tool for numerical solutions
to a wide range of engineering problems. The h-FEM version was the first
method developed (O. C. Zienkiewicz, 1977), which uses elements of fixed
degree and low order and whose convergence is achieved by increasing the
successive mesh refinement. A new version which is the p version of the
finite element method was evolved during the 1970s (Zienkiewicz et al.,
1970; Szabo, 1979), which uses a single mesh element but its convergence
is obtained by increasing the degree of polynomial of the element, which is
a set of shape functions, the p version is called hierarchical finite element
method. The p version of the finite element method has great advantages
over the h version of the of the finite element method, for example the mesh
of the structure only has to be generated once. Convergence is achieved by
increasing the p-order (Zienkiewicz et al., 1983; Beslin and Nicolas, 1997)
without mesh refinement (Babuska and Suri, 1990). Input data can be reduced
to a minimum, which greatly simplifies pre-post processing (Petyt, 2010). But
also it has some disadvantages, such as contact analysis problems, especially
for the node at the centre of higher order quadrilateral finite elements. The rate
of convergence with the p-version is based on the choice of hierarchical or
non-hierarchical form functions. It only depends on the highest full polyno-
mial you can capture with your shape features. Hierarchical form functions,
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however, offer the advantage of an inhernt p-refinement capability. That is,
when increasing the polynomial degree of shape functions from p to p + 1,
only the contributions corresponding to p + 1 need to be calculated. Consid-
ering non-hierarchical shape functions (based on Lagrange polynomials, for
example), all shape functions must be recomputed if the polynomial degree
is high. On the other hand, the degrees of freedom do not retain any physical
significance for functions of hierarchical form. therefore, mass clustering
techniques are not feasible, which is a distinct drawback when considering
high frequency dynamics as the problems of wave propagation. These two
versions of the FEM were combined to give a new version noted by the h-
p version of the FEM, which was first used by Babuska (Babuska et al.,
1981; Oden, 1991; Babuska and B.Q, 1992) who discovered that the finite
element method converges exponentially faster when the mesh is refined
using an appropriate combination of —h refinements (dividing the elements
into smaller ones) and —p refinements (increasing their polynomial degree).
Many scientific researchers have focused on this axis and have given rise to
several quoted finite element codes (Szabo and Prob, 1985; Heuveline and
Rannacher, 2003) have also worked on the h-p version of the finite element
method, (Suri, 1997) used the h-p version of the finite element method
for hulls, also a study on a Bernoulli beam using the h-p version of the
finite element method can be found in (Bardell, 1996), in the field of rotor
dynamics, work can be found using the hp version of the MEF, the dynamics
of the on-board rotor by (Saimi, 2016), the study of the effect of an open
transverse crack on the vibratory behaviour of rotors using the hp version of
the finite element method (Fellah et al., 2019), and the numerical analysis
of the dynamic behaviour of a functionally graduated shaft in a thermal
environment using the hp finite element method (Hassan et al., 2020).

Over the last three decades, the Differential Quadrature Method (DQM)
has emerged and gradually evolved as an efficient and accurate numerical
method, and has enjoyed notable success over the last two decades (Bellman
and Casti, 1971; Bert, 1988; Bert and Malik, 1996; Shu, 2000). DQM is
based on the approximation of the partial derivatives of a field variable at
a discrete point by a weighted linear sum of the field variable along the
line passing through that point. The significant development of DQM has
led to an interest in combining DQM with a variational formulation. Striz
et al. (1995) took the initiative and developed the hybrid quadrature element
(QEM) method for two-dimensional plane stress and plate bending problems,
and plate-free vibration problems (Striz et al., 1997). Chen and New (1999)
used the DQ technique to discretize the derivatives of the variable functions
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existing in integral statements for variational methods, GALERKIN method,
etc., by deriving the finite element formulation, discretization of linear 3-D
statics and the elasticity problem and the buckling problem of a plate using
the principle of minimum potential energy were illustrated. This method is
called the Differential Quadrature Finite Element Method (DQFEM). (Xing
and Liu, 2009) presented a Differential Quadrature Finite Element Method
(DQFEM) which was motivated by the complexity of imposing boundary
conditions in DQM, the name is the same as that of (Chen and New, 1999), but
the starting points and implementations are different. Compared to (Zhong
and Yu, 2009) and (Chen and New, 1999), DQFEM (Xing and Liu, 2009)
presents the following novelties: The DQ rules are reformulated and, in
conjunction with the Gauss-Lobatto integral rule, are used to discretise the
energy functional to derive the finite element formulation of a Euler Bernoulli
beam (Yufeng et al., 2010). Lagrange interpolation functions are used as test
functions, nodal shape functions as in standard FEM are not required. The
DQFE element matrices are symmetrical, well-conditioned and efficiently
computed by simple algebraic operations of the known weighting coefficient
matrices of the reformulated DQ rules and the Gauss-Lobatto integral rule.
Drawing on the polynomial hierarchical version of the Finite Element Method
(p-FEM) (Cuiyun et al., 2016) combined the DQFEM method by adding
shape functions as in the p version of the finite elements, DQM has had
difficulty solving free vibration (Malik and Bert, 2000; Bert and M, 1996)
due to its difficulty in approximating high-order derivatives, but DQFEM
can solve the problem (Xing and Liu, 2009). It is clear that p-FEM can take
advantage of some techniques in DQFEM, which leads (Cuiyun et al., 2016)
to propose the Differential Quadrature Hierarchical Finite Element Method
(DQHFEM).

Knowledge of the vibratory behaviour of rotors is of great importance
for the manufacturers and operators of this equipment, many researchers
focus their research on this axis and on the study of dynamic behaviour,
especially the critical speeds of the rotors which differ from its natural non-
rotating frequency. The main reason for this difference is known to be the
gyroscopic effect. Green (1948) first studied the gyroscopic effect on the
normal frequency of flexible rotors. Eshienman and Eubanks (1967) and
Rao (1983) also studied the gyroscopic effect on the normal frequency of
rotating shafts, as well as the effect of external loading which can change
the lateral normal frequency of rotating shafts. The effect of axial force and
externally applied torques on the lateral vibrations of rotating shafts has been
studied by several researchers. Bokaian (1948) presented the variations of
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the lateral normal frequency of Euler Bernoulli beams under axial loading
with various boundary conditions. Choi et al. (1995) derived the equation
of motion of the rotating shaft under constant compressive axial loading
by introducing gyroscopic moments. Nelson and McVaugh (1976) used the
finite element method for the study of rotors on deformable bearings. The
study of the dynamic behaviour of a rotor under the loading effect consists
of studying the overall behaviour of a rotor whose support is subjected to
any movement. This model is well adapted to understand the phenomenon
of movement of rotors embedded in vehicles, aircrafts etc. This phenomenon
has recently attracted the attention of researchers. Duchemin et al. (2006)
made a detailed study based on the simple Rayleigh-Ritz model, on a rotor
whose support is in motion. Various analytical studies have been carried
out on simple movements: simple translation, sinusoidal translation, constant
rotation, accelerated rotation. Dakel (2013) continued the work by adding
hydrodynamic bearings by the classical finite element method. In the work
of (Saimi, 2016) there is a study on the behaviour of on-board rotor by
the h-p version of finite elements. Sajal et al. (2018) studied the dynamic
analysis of micro-beams based on modified strain gradient theory using the
differential quadrature method. Weiyan et al. (2019) to use the generalized
differential quadrature method combined with Hamilton’s principle for free
vibration analysis of a thin-walled rotating composite shaft. Ri et al. (2020)
used DQFEM for the analysis of nonlinear forced vibrations of composite
beams. Belhadj et al. (2020) also used DQM for the study of free vibrations
of single-walled carbon nanotubes with rotary inertia.

In this present work, following the literature mentioned above, we study
the dynamic behaviour of a rotor system with a mobile support, using two
different methods, the DQFEM and the DQHFEM. The global equation
of motion is obtained using Euler Bernoulli’s beam theory and Lagrange’s
equation. The material of the shaft is isotropic. The natural frequencies of
the system are determined using a program developed in MATLAB and the
results obtained are verified with those reported in the literature. The DQFEM
and DQHFEM methods have been shown to be faster than the h-FEM and
hp-FEM methods in calculating convergence.

2 Model of the Rotating Shaft

In this section we will give the essential steps for modelling a rotor shaft
whose support is assumed to be non-deformable and in known determin-
istic motion. For the analysis and prediction of rotor dynamic behaviour,
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differential equations are established using the approaches of the modelling
used (Saimi, 2016).

The assumptions and boundary conditions taken into account in the
framework of this study are:

The shaft is deformable and considered as a homogeneous beam and
will be modelled using the fundamental kinematic hypothesis of Euler
Bernoulli’s isotropic beam theory.

The rotor support is infinitely rigid in the first case and mobile in the
second case.

The rotor rotates at a constant rotational speed (2.

Consideration of support motion can significantly affect the shape of the
equations of motion of a rotor in flexion compared to those obtained for a
fixed support. In order to obtain the simplest possible modelling, the approach
presented by (Duchemin et al., 2006) is used. He proposes the modelling of
a rotor with a mobile support by considering the movement of the rotor with
respect to the support and that of the support with respect to the ground. The
transverse deflections of the mean line of the rotor shaft are studied in relation
to a reference frame linked to the rigid support. The novelty of this work
compared to the work of (Duchemin et al., 2006) is the modelling methods,
(Duchemin et al., 2006) used the classical version of finite elements, and in
this work we used the differential quadrature finite element method and the
differential quadrature hierarchical finite element method, which showed a
very good speed of calculation and fast convergence rate.

In order not to neglect the movement of the support, three main markers
are defined:

* The Galilean fixed reference frame Ry(xg, Yy, 2¢)
* The frame linked to the non-deformable support Rs(zs, ys, 2s),
* Current, rotating, shaft-linked frame R(x,y, z) .

The centres of these frames are respectively O, A et C.

In order to calculate the expressions of the kinetic energy and the strain
energy of the shaft, it is necessary to calculate the speed and rotation vectors
of the frame R in relation to the frame R,.

Since there are three frames taken into consideration, two changes in the
frame system can be carried out by:

* The transformation of the frame linked to the support Ry into a local
frame R.
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e The transformation of the Galilean frame R, to the frame linked to the
support R.
Generally speaking, in rotor dynamics, the rotation of the frame R linked
to a point in the deformable shaft relative to the frame R, linked to the support
is defined by Euler’s angles ¢, 0, and 0., using two intermediate frames.

* A rotation angle 6, around z, (intermediate frame R1(x1,y1, z1))

* A rotation angle 6, around the new axis x1 (intermediate frame
R2(x2,92, 22))

* A rotation angle 6, around the final axis y//y2 (final frame R(x,y, 2)).

Where the rotation vector of R relative to R, expressed in R is (1):

[0 0 0

—Rs r .

Ge=|0] +|o| +]b (1)
0. R, 0 Ry 0]p

N -éxcosﬁy — (9:ZCOS(9X sinfy

Qp = ' 0y + stinﬁx 2)
| Oxsinfly + 0,cosbcosby R

The movement_o>f the support is defined by the coordinates x 4,44, and
24, of the vector O A expressed in the frame R, and by the angles «, 3, and
7y to switch from the frame R, to the frame R by:

* A rotation angle «v around z, (intermediate frame R'(z', v/, 2'))

* A rotation angle [ around the new axis z’ (intermediate frame
R//(ﬂf”, y//’ Z”))

* A rotation angle v around the final axis y” = vy (final frame
Rs(xSa Ys, Zs))

Knowing that the rotations «, 3, and y depends on the time t.

The rotation vector of R, relative to 12, expressed in 5 is written:

I (A

=101 +10 + Y 3)
_a R/ 0 RN 0 RS

R, BCOS’?/ — échsﬁsinv s

Qp, =]  F+asinf = | Bs “4)
| Bsiny + Gcosfeosy | Ys R,



310 S. Ahmed et al.

To set up the translational movements of the support, the X Y, Z
coordinates of the vector O A expressed in the frame R are used.

(xacosa + yasina)cosy
. —(zaco0sf + (x gsina — y4cosa) sinf3)siny X
OA = | zgsinf — (x g8ina — yacosa) cosf =Y
(xacosa + yasina)siny Z
+(zacosf + (zasina — yacosa)sinf)cosy R,

&)

Starting from the equations of motion of the support expressed in the
Galilean coordinate system I,;, The coordinates of the rotation vectors and
the position of the frame R relative to R, can be easily obtained. For the
following developments, the equations are expressed as a function of ¢, B,
s and XY, Z and their derivatives in relation to time.

The rotation vector of R with respect to the frame R, is:

(g 0 0 0
R R —Rs . T .
ﬁRg:ﬁj+QR: Bs| + |0 +]o| + |4 (6)
Vsl R, 0:] g, 0] g, 0]x

[(cvscosh, + Bgsinb, + éx)cosﬁy — ((gsing, — Bcosh, )siné,. |
+(4s + 0,)cosb,; )sinb,
G’ = | —(csinb, — Bscoshy)costy, + (s + éy)sinﬁz + éy
(&scosl, + Bysinb, + éx)siHHy
+((cgsind, — Bscosez)sinﬁz + (%s + H'y)cosﬁx)cosey

- R
(7
_w
R xT
G = |w, (8)
W

The rotational speed of the rotor is along the y-axis; 6, and 6, represent
the angular deformations of the shaft in the x and z directions; ¢, represents
its angular position in relation to the support. The shaft only undergoes
small deformations (elastic range), 6, and 6, are therefore considered to be
infinitely small angles.

It is assumed that the rotor rotates at constant speed. éy:

6,=Q and 6, =Qt 9)
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Assume (u,y,w) are the displacements of a point C of the shaft in the
reference frame R, w and w are variable whereas y is considered constant
since only the bending movements of the shaft are studied, therefore:

u(y,t)
AC=| (10)

w(y,t)|

And the velocity vector of point C with respect to the Galilean frame:

V() = %O? = %O?Jr G5 AOC with

X +u(y,?)
OC=0A+AC=| Y+y (11)
Z +w(y,t)
, (X + i X +u
Vo= v vl Alvay (12)
_Z+w R "78 Rs Z+w Rs
9 -X.—i—u—F,B.S(Z—{—w)—’yS(Y—G—y) Ue
VIO = | VHuX+u)—au(Z+w) | =|o| (3
7 i+ as(Y +y) — Be(X +u)] e

The expressions of the kinetic energies of the shaft can be calculated from

: . =R . .
the expressions of the rotation vector {2 Rq and the speed of the point C with
respect to the frame 1.

2.1 Kinetic Energy of the Shaft

The shaft is modelled by Euler Bernoulli’s beam theory, and rotates at a
constant speed around its longitudinal axis. The shaft has a uniform circular
cross-section.

The kinetic energy of the rotating symmetrical shaft, including the effects
rotary inertia see (Saimi, 2016), can be written as

S
dE, = (pa2 L (ue? + v + we?)

1
+ i(pala:rwx2 + Pa (Iax + Iaz) wyZ + paIaZWZQ))dy (14)
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With Sy, pa, L4 and I, denote respectively the section (supposed to be
constant), density and Section inertia.

Lo+
I:;O _ taz + Laz (15)
2
Ea = Ea,l + Ea,2 + Ea,3 (16)
paSa la .9 .9 . .
Fay = 2/ (@ + 0 + 2((d0 + 200" — (g0 + y)w?)) (@ + w?)
0

+2((20 + (yo + y)w* — wow”)) (W — uw?)
—2((90 — zow™ + zow?))(wWwW® — uw?)

+ 2(tw — bu)w? + w2w® 4 (u? + w?)w??

+ ulw?? — 2uww”w?®)dy a7

B PaI;ZO la @ 2 8711] 2 8711} .
Ey.o = 5 /0 ((8y> + 2y +28yw
oudw 0w du ot ou\?
ettt y o " z el o x2
2<3y dy Oy 8y>w “oy* <<3y> 1>w
ou\ 2 ow\ 2 ow\ 2
Al e y2 hthed _ z2
+<<8y) +<0y>>w <<3y> 1>w
ou ow ou

ow
8y6yww <8yw +ayw>w>dy (18)

E _ Imo/la (Q+ y)2+ @ 2 x2+ aﬂ ? z2
a,3 = Palgq . w ay w ay w
ot Ow ou\ 2 ow\?
Yy _9o_~ - _ - - Yy
+(Q+w)< *oy oy <<3y> +<3y> )w

+2 <(‘9uwx + awuf) ) + 2(‘?u3wwxwz) dy (19)
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2.2 The Strain Energy

The strain energy is not affected by the movement of the support because it
only depends on the constraints and therefore the deformation of the shaft
with respect to the support. In this calculation, only the deformations due to
bending is taken into account (the effects of shear are neglected).

In the case of an Euler-Bernoulli beam, shear effects are neglected and
relationships between rotations 6, and 6, supposedly small and v and w
displacements are expressed by (Saimi, 2016):

Lo [ (0% 2 2w\’
Vo= gB50 | ((ay) (o) J

3 The Reformulated Differential Quadrature Rule

Known DQ rules approximate the derivative of a function at a point by a
weighted linear sum of field variables along a line passing through the point.
In addition to Lagrange functions, any other complete base can be used
as a basis for formulating DQ rules. (Cuiyun et al., 2016) (Xing and Liu,
2009)

Thus, for a field variable f(z) its derivative of order n in a discrete point
x; can be expressed as:

" f(z,t)

T ZAW flzj,t) (i=1,2,3,...,N) (1)

T

Where AE?) is the weighting coefficient related to the derivative of order
n, and the weighting coefficient is obtained as follows

ifn=1,so
Agl-): > i#£j,4,5=12,...,N
T (i — ) M ()
AD = § A i=12,.. N (22)

J=1,j#
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Where

N
M) = ] (wj — @) (23)

If n > 1, secondary and higher order derivatives, the weighting coeffi-
cients are determined using the following simple recurrence relationship:

(n=1)
A =n (AP Al ) i%gij=1,2,...,N,n>1
(zi — zj)
N
AP =— 3 AP i=12...N (24)

j=1j#i

4 Gauss-Lobatto Quadrature Rule

The theory of Gauss-Lobatto quadrature rules can be found in the mathemat-
ical literature; The Gauss-Lobatto quadrature rule with a degree of accuracy
(2n — 3) for the function f(z) defined in [—1, 1] is:

1 N
/ f@de =) _Cif (@) (25)
_ <

With the weighting coefficient C; of the Gauss-Lobatto integration is
given by:
2 2

G=Cv=mmwory = N(N = 1)[Py_1(z;)]”

(J#LN)
(26)
xj is the (j — 1) zero of the first order derivative of Py_;(x). To solve the

roots of the Legendre polynomials, we will use the recursivity formula as
Equations (27) and (28), it is easy to obtain thousands of roots.

IN + 1 @) N
N1 N TN

Pyii(z) = Py_1(z) 27)
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With Py(z) = 1, Pi(xz) = x. The nth-order derivation of the Legendre
polynomials can be determined by the following formula:
P (z) = 2P (x) + (N +n) P (x) (28)

In order to obtain a denser population near the boundaries, sampling
points are selected according to the grid distribution of Gauss—Lobatto nodes.

j—1
xj = —Cos <N_17T) (29)
Gauss—Lobatto nodes are solved with the Newton-Raphson iteration

method.
-1

T = T (T F(2'T), T =0,1,... (30)
Including
x = [v2,23,...,2n-1]" 31)
F(x) = [f(22), f(w3),..., flan—1)]" (32)
/ 8f(l‘j):|
Fl(z)= | =X (33)
(@) [ Ori | (N_2)x(N-2)
al 1
fla)= Y — j=23,...,N—1 (34)
k-1, ktj I T Tk
N
1
- —, (=)
0f ;) _ k;wéj (2 = w1)” (35)
8$l’ 1
— (i #7)
(zj — i)

Where k is the value of x at ¢7%" iteration step. This method is less
sensitive to the initial value. The values given by Equation (29) are used as
initial values.

5 The Differential Quadrature Finite Element Method

The differential quadrature finite element method was developed by (Xing
and Liu, 2009), whose differential quadrature rules and Gauss-Lobatto
quadrature are used to discretize the system energies.
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Assuming that the deflection function is in the form:

N
u(x) = Z Li(x)u;
i=1

N
w(z) = Z Li(z)w; (36)
i=1

With L; is the Lagrange polynomial, and u; = u(z;), w; = w(z;) are
the displacements of the Gauss Lobatto quadrature points or the DQ nodal
displacements of the beam finite element.

Using DQ rules and Gauss - Lobatto quadrature the expressions of kinetic
energy and strain energy (14-20) can be written as follows:

PaSa

Eo1 = m(C, AW) (37)
Palsa’ (1)

E,2=—"2%n(C, AY) (38)

Eoz = pal™ons(C, AW) (39)

m (C, A(l)), n2(C, A(l)), and n3(C, A(l)) are detailed in the appendix.
U, = %Ealgjf(ﬂTA(z)TC’A@)ﬁ +@TA®TCADT)  @0)

With AM and A indicates the matrices of the weighting coefficients of
the DQ rules for the first and second order derivatives respectively calculated
with Equations (22-24), with respect to the Gauss-Lobatto nodes, and

C = diag[C1 Cs ... Cy] 41

Where C; are the weighting coefficients of the Gauss-Lobatto integration.
ul = [ug ug ... upn]

W = [wy wy ... wy] (42)

In order to construct an element that satisfies the requirements of
continuity between elements, the element displacement vectors must be:

ul = [uy v’y ug ... uy_o un u'N]

w! = [wy W'y ws ... wy_g wy W] (43)
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The relation between w and w is defined using the DQ rule:

u=Qu, w=Quw (44)
Where
[ 1 0 0 0 0 ]
1 1 1 1 1
Al Al Al AN, AN
0 0 1 .- 0 0
Q= : : : .. : : (45)
0 0 0o - 0 1
1 1 1 1 1
A AV, AV, Al AR

By replacing Equations (44-45) in Equations (37-40), and using the
formula of the Lagrange equations, the elementary mass matrix [M €], the
gyroscopic matrix [G¢], [G€.v] and the stiffness matrices [K¢], [K°quy],
[K€ e2], [K€ y2], [K(¢,-2], [K€ury=] are obtained.

The elementary mass matrix obtained with (DQFEM)

e _ QrcQ! [0]
[M ] - paSa [0] Q_TéQ_l
[ ()T (1)
+p mo Q TA( ) CA( )Q 1 [0] (46)
o 0 QA" oA
The gyroscopic matrices obtained with (DQFEM)
I T
[Ge] _ 2[0 mo 1[10] —Q_TA( ) CA(l)Q—l O
QA" calq 0]
(47)
e _ [0] QrcQ]
G wYy = 2paSa _Q_TéQ_l [0] w (48)
The stiffness matrices obtained with (DQFEM)
T
oo ome |QTAY TAP Q! 0
(K] = EoIg, — @7 ——(2)
[0] QTAY CATQ™
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[K€qun] = 2pa I

@ ra" cao 0 o
[0] Qsz(l)T@(l)Qfl
(50)
[Kewzz] = paSa Hg} —Q_;%Q—l] wmQ
T
+ paliy’ [—62‘TA(1)[0]CA(1)Q‘1 {8}] W (51)
N -Tr-1
[Kew?ﬂ] = paSa { @ [O?Q —Qj[p(]le] wY? + pa I’
QA" calo 0 o
[0] Qsz(l)Tm(l)Qq
(52)
J= s [OTEC 0
[K w? ] paSa |: [0] [0]
mo | O] [0] .
Fpede [[0] _Q AV caVg|” 2 2
0 —Té —1
[Kewzwz] = paSa |:QT[C]1Q1 Q [O]Q :| wxwz _‘_pa]-;?;o
)T (1) _
[9“] _Q TA CA Q 1 wmwz
—Q_TZ(I) m(l)Q_l 0]
(54)

It is easy to show that the transformation matrix Q in Equation (45) is
generally well conditioned. The mass, stiffness and gyroscopic matrices of
the FEM and DQFEM elements are almost the same, but Lagrange polyno-
mials are used in Equation (36) while Hermite interpolation functions are
used in FEM.
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All forms of node distribution for differentiation and quadrature are
[—1, 1]. Therefore, in order to apply them in practice, the following modi-
fications must be made to the differential and quadrature matrices,

240 7@ _

j ﬁmm (55)

— 1 _
c==<c AY=
2
Where [, is the length of the beam element.
The matrices for the entire system are obtained according to the MEF
rules for assembling elementary matrices,

a(t) u(t) u(t)
R LA B ()

6 The Differential Quadrature Hierarchical Finite Element
Method

In this section we aim to illustrate the use of DQHFEM through the on-
board shaft, although work has already been done (Cuiyun et al., 2016) for
a uniform Euler-Bernoulli beam, we will follow the same steps to determine
the differential equation of motion of the on-board shaft.

The displacement field used for the DQHFEM is the same used for hp-
FEM:

ule(€)] = (€ + S Ho (&) 52 + Hy(€)us
Le

dUQ
i

M
Ha(§) =+ ¥n(§)Un (57)
n=1

L dw1

wlz(§)] = Hi(§wr + §H2(§)% + H3(§)w2

L. dwsg
Z°H et
+ 5 Ha€)

M

+) (O Wh (58)
n=1

The first four functions H; (), Ha(&), H3(€) and Hy(§) are those of the

finite element method necessary to describe the displacements and rotations
at the nodes of the element, we use for this purpose the cubic Hermit shape
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functions (Bardell, 1996).
1 1

Hy() = 7(1-)°(2+¢) Ha€) = (1-¢*(E+1)

Hy(©) = {1 +022—8) Hi©)=;(0+0%E~1)  (59)

Where the local coordinates are linked to the non-dimensional coordi-
nates by the relation:
L
x:§(§+1)avec—1ggg1 (60)

And 1), (&) are the hierarchical functions contribute to the field of internal
displacement,

w (é—) — (52 — 1)2 d2PTL+1
" n(n+1)(n+2)(n+3) d&?
The low order Legendre polynomial can be calculated from the Rodrigues

form of special Legendre polynomials (Peano, 1976); the generating function
is quoted below.

(61)

(n—1)
2 k
P, (&) = n th, n >4
() P Rl(n—2k— 1) ° with, =
k=0
nl=nn—-2)(n—4)...(20r1), 0ONl= (- =1,
and (n — 1)/2 Refers to its own whole part (62)

This Legendre polynomial expression has been used in several papers
(Saimi, 2016), (Hassan et al., 2020) in the h, p and hp versions of the finite
element method.

One can also use the recursivity formula Equations (27-28), the order n
can reach several thousands.

The displacement vectors of the element are noted as follows:

ul = [ug 'y ug u's Uy ... Unyf]

w’ = [wy w'y wy w's Wi ... Wiy (63)
So the equations of u[z(£)] and w[z ()] become:
ulz(€)] = [Nu]"u
wlz()] = [No]"w (64)
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Where

N = [H1(6) = S HAO) Hal) — 5 (€ 0a(6) va(®) .. v(6)

N = | H1(6) % H(€) Ha(€) S H(E) 0n(©) € -.. w0

(65)

The calculation of Gauss-Lobatto nodes §;, j = 1,2,..., N, with N =
M + 4. Defines the following motion vectors:
al = [u(x1) u(za) ... u(zy)
wl = [w(z) w(za) ... wzy)] (66)

According to Equation (64) the relationship between (63) and (66) is
defined by the following equation:

u==G,u
w = Guw (67)
Where
Gu=[NJE) NJ&) - [NJEW)]T
Gw = [No](€1) [NuJ(&) .. NulEn)]” (68)

By replacing Equations (22, 24, 41, 66 and 68) in Equations (37-40), and
using the formula of Lagrange’s equations, the elementary mass, stiffness and
gyroscopic matrices are obtained as:

The elementary mass matrix obtained with (DQHFEM)

e_ G."CG, [0]
M™ = paSa| " g G TGy
(T
N paImO GuTA(l) CA(l)Gu [ZQ]
[0] ¢,7a" cala,

(69)
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The gyroscopic matrices obtained with (DQHFEM)

AN A
Ge_2 [mo [O] _GuTA(l) CA(l)Gw Q
— “Patsa 7 50
G, A" CAG, [0]
(70)
e [0] G.'CGy|
G = 2045, [_ C.TCG. 0] w (71)
The stiffness matrices obtained with (DQHFEM)
_(nT
K® = E,I%° G.rAY cata, P
’ [0] ¢.,7a% ca%a,
(72)
_e, A"V caVa 0
Kewa = 2PaI;ZO b “ (1)T7(1) Quw?
0] G, A" CAV'Gy
(73)
_ (0] [0] 2
K2 = paSa [[0] G CGy
_ (T
tpare | ~GuAY CAYG, (0] (74)
[0] [0]
—_— -G, CaG, [0] y2
K%z = paS [ [0] —GWICGY | Y
_ T
Lo |G CAY G, 0 o
[0] ¢.,7a" caaq,
(75)
_ _GuTéGu [0] z2
Ko "’“S“[ o [

m [ ] 22
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0] G.'CG,

Ko =pbe| @ 7Ca, ()

Wrw? + paI;ZO
T
—GuTA(l) CA(l)Gw . s

[0 ww
caVa, [0]

—GwTZ(l)

—

~

(77

7 Equation of Elementary Motion

By applying Lagrange’s equations to the system discretised by the DQFEM or
DQHFEM methods we obtain the following system of differential equations:

(MG} + [[GIQ + [GCuv]w?I{G} + [[K] + [K auv]Qw?
+ K o2] 4 [K 2] 4 [K 2] + [KCe0z]{g} = {0} (78)

Where:

* [MF], [[GIQ + [Gw]w?] , and [[K€] + [KCquu|w? + [K€ 2] +
[K€ 2] + [K€,-2] + [K€uz=]] are respectively the elementary matri-
ces of mass, gyroscopic and stiffness with periodic and time-varying
parametric terms due to the rotations of its rigid support.

* {¢}, {q}, and {q} are respectively the global acceleration, velocity and
displacement vectors suitable for DQFEM or DQHFEM connectivity.

 Put [M], [G] and [K] respectively the total matrices after assembly

of mass, damping and stiffness, therefore the differential equation of
motion becomes:

[M]{g} + [GI{g} + [K]{g} = {0} (79)

The assembly of the global matrices is similar to that of the classic
version of the finite elements method to ensure displacement and rotational
compatibility at the nodes of adjacent elements.

In the current application of DQFEM and DQHFEM, boundary condi-
tions are applied in the same way as the hp version of the finite element
method. For example, if the shaft is supported by a rigid bearing it means that
the displacement at the bearing is zero.

In this work, some numerical methods for solving the equations of motion
and analysis of the dynamic vibration behaviour of the rotating shaft are used.
The programming language used is MATLAB, in order to program these
solving methods using the DQFEM and DQHFEM methods.
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The dynamic behaviour of the embedded rotary shaft is analysed using
Campbell diagrams.

To study the free motion of the rotating shaft the homogeneous differen-
tial system of Equation (78) of the equation of motion of the on-board rotating
shaft rotating at constant speed is solved {2.

In order to transform the second order differential system to a first order
system, the following expression is added to Equation (78):

— [M]{q} + [M]{q} = {0} (80)

The result is:

e ol {1}l Wl e

Equation (69) is a first-order linear differential system in the form:

[B1{Qr} + [B2]{@:} = {0} (82)
Where:
— M 0
0= (@) i) )
0 M
=iy ol (89
{Q,} = {%} (85)
Either: )
{Qr} = —[B1] ' [Bo){Qr} = [A{Q0} (86)
With:

e [ MY 0] [0 (M
=t == [y ] [d B @
So:

T 1]
[A”‘[[MM[K]) [M]l([GD] (88)

The absolute values of the eigenvalues of the matrix [A,] represent
the pulsations w, of the system, they depend on the rotation speed {2, the
evolution of the pulsations as a function of the rotation speed is called Camp-
bell’s diagram, the latter also represents the evolution of natural frequencies
fr =wy/2m.
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ron 1 «Create the geometry and discretize it into beam elements..
step

« Assigns material constants to the elements.
step 2

ton 3 «Sampling nodes using Newton-Raphson iteration (equations (16-22))
step

ton 4 «Calculate the weighting matrices , . (equations (9-15))
step

ton 5 «Calculate transfer matrices for DQHFEM (equation (56)), or for DQFEM (equations (32)).
step

ron 6 «Calculate elementary mass, stiffness, and gyroscopic matrices.
step

«Assembly of the elements.
step 7

« Applied boundary conditions.
step 8

«Solving (equations (76))

— T T J

step 9

Figure 1 Flowchart of the simulation process using the hierarchical differential quadrature
finite element method or the differential quadrature finite element method.

8 Results and Discussion

Zg

Figure 2 Model of on-board symmetric shaft (simply supported - simply supported).
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8.1 Validation

This section presents the results calculated with the DQFEM and DQHFEM
methods of vibration of an on-board shaft, and compares them with the results
obtained with the h and hp versions of the finite element method.

A first validation is performed on a single shaft supported in both ends
with a diameter of 0.05 (m), and a length of 0.9 (m), Young’s modulus and
density are respectively 2.10'" (N/m?), 7800 (kg/m?3), 7800 (kg/m?), 7800
(kg/m?3) and 7800 (kg/m?).

For a first validation the shaft is modelled by a single element, the
parameters taken for the DQFEM are (h = 3 elements and N = 20 sampling
nodes), and for the DQHFEM the same parameters were also taken to see the
deference of the result between the two methods.

For the h version of the finite element method a mesh size of h = 3
elements was taken, and for the hp version of the finite element method a
mesh size of h = 3 elements and polynomial degree p = 10 were taken.

Table 1 Natural frequencies of the first three modes of vibration as a function of 2
Rotating Speed

Q [rad/s] 0

Bending (Boukhalfa

Mode and (René,

w [Hz] Hadjoui, 2014) 1988) DQFEM DQHFEM hFEM hpFEM

1 128.1837 122.7475 122.6308 121.0328 122.7300  122.6307

2 507.0806 490.9899  489.1309  489.1310 4949093  489.1309

3 1120.8937 1104.7273  1095.3825 1095.3826 1215.6495 1095.3825

Rotating Speed 10%

Q [rad/s] Backward mode (B)

Bending (Boukhalfa

Mode and (René,

w [Hz] Hadjoui, 2014) 1988) DQFEM DQHFEM hFEM hpFEM

1 122.3467 119.7548 122.3145 122.3145 122.4137 122.3144

2 484.6529 479.0191  487.8730  487.8729  493.6491  487.8729

3 1073.5822 1077.7931 1092.5786 1092.5785 1212.8087 1092.5785

Rotating Speed 10%

Q [rad/s] Forward mode (F)

Bending (Boukhalfa

Mode and (René,

w [Hz] Hadjoui, 2014) 1988) DQFEM DQHFEM hFEM hpFEM

1 134.2918 125.8150 1229480  122.9479  123.0472  122.9479
530.4377 503.2598  490.3923  490.3922  496.1727  490.3922

3 1169.8098 1132.3346  1098.1939 1098.1939 1218.4970 1098.1938
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The results obtained in Table 1 for the boundary condition of a shaft simply
supported at both ends are compared with the results obtained analytically by
(René, 1988) and (Boukhalfa and Hadjoui, 2014).

After comparing the results with other methods in the literature, it can be
seen that the difference between the methods is very small.

8.2 Convergence Study of the Results

According to Figures 3—4, we notice that the hierarchical differential quadra-
ture finite element method is the differential quadrature finite element
method, have the same speed of convergence when only the number of
samples is varied.

In Figures 5-6 a combination of sampling number N with the number
of elements h (Ni = Ni+1 and hi = hi+3) was used. At each iteration one
sampling degree and three additional elements were added. It can be seen
that the two methods DQFEM and DQHFEM converge rapidly, with N = 6
and h = 7 being the starting point for convergence, making them effective.
Table 2 shows the details of Figures 5—6 in comparison with the hp version of
the finite element method. There is a slight discrepancy between the methods.
The choice of the combination of sampling number N with the number of
elements h is free, which means that any combination can be chosen, the
higher the value, the more convergent the results.

e bandng Qg

Matural frequencies (Hz)
|
|
|
|
|
|
|
|
|
|
|
|

sampling points N

Figure 3 Convergence of the first five bending frequencies as a function of the sampling
number of DQFEM nodes N (the shaft is discretised into a single element). 2 = 0.
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Figure 4 Convergence of the first five bending frequencies as a function of the sampling
number of DQHFEM nodes N (the shaft is discretised into a single element). 2 = 0.
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Figure 5 Convergence of the first frequency with a combination of the mesh degree-h and
the sampling points N with (Ni = Ni+1 and hi = hi+3). With DQHFEM.

8.3 Influence of Boundary Conditions

In rotor dynamics, the influence of boundary conditions is a point not to
be neglected; in Figures 7-8 we show the difference between several cases
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Hatural frnquancy (Hz)
‘_,_,_.—'—'—"'_'_

Sampling points N

Figure 6 Convergence of the first frequency based on the sampling number N with a fixed
number of elements. With DQFEM.

Table 2 Comparison of convergence results of the first natural frequency between DQH-
FEM, DQFEM, and hp-FEM

First Frequency (Hz),
Number of Number of First Frequency (Hz), First Frequency (Hz), Calculated with

Sampling Mesh Calculated with Calculated with hp-FEM (p = p+1,

Points N Elements h DQHFEM DQFEM h = h+3) h-p
4 1 136.108412638979 136.108412638979  135.674253916772 14
5 4 122.630935036219 122.632020652930  122.239767207697  4-5
6 7 122.630797035810  122.631723912041 122.239626983926  7-6
7 10 122.630796028383 122.630935036182  122.239626978018  10-7
8 13 122.630795010945 122.630807356777 122.239626986316  13-8
9 16 122.630794801053 122.630800401490  122.239626967131  16-9
10 19 122.630794790357 122.630794789885 122.239626995141  19-10
11 22 122.630794780622  122.630794787307 122.239626913630 22-11
12 25 122.630794779322  122.630794785638 122.239627031743  25-12
13 28 122.630794742756  122.630794767887 122.239626958780  28-13
14 31 122.630794737688 122.630794762705 122.239626309820 31-14
15 34 122.630794717245 122.630794701809  122.239626718141 34-15
16 37 122.630794690141 122.630788737133 122.239626758437 37-16
17 40 122.630794140855 122.630756419200  122.239625309707 40-17
18 43 122.630793689304  122.630721166728 122.239626470715  43-18
19 46 122.630793062697 122.630230141610  122.239622160122 46-19
20 49 122.630792789800  122.626336236740  122.239619867368 49-20
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Figure 7 Influence of four cases of boundary conditions on the dynamic behaviour of the
rotating shaft (DQFEM).
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Figure 8 Influence of four cases of boundary conditions on the dynamic behaviour of the
rotating shaft (DQHFEM).

of boundary conditions (Simply Supported — Simply Supported; Clamped —
Clamped; Clamped — Clamped; Clamped — Free). Knowing that

* Simply supported: displacement at the node is zero.
* Clamped: displacement at node zero plus rotation at node zero.
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Figure 9 On-board symmetrical rotor.

Table 3 Characteristics of the symmetrical rotor
Density of disc material pa = 7800 kg/m>

Outer radius of the disc rq =0.15m
Disc thickness eq = 0.03m
Disc position ya = 0.4/3m
Density of shaft material pa = 7800 kg/m>
Shaft radius re = 0.0l m
Shaft length le =0.4m

Shaft YOUNG module E, = 210" N/m?

8.4 Interpretations of Campbell Diagrams

A calculation programme for determining the Eigen-modes of the on-board
rotor has been developed and to validate this programme we have the rotor
shown in Figure 9.

The Table 3 shows the characteristics of the symmetrical rotor used in the
literature.

In this part we have a rotor with a symmetrical shaft and a disc, in the h
and hp versions of the finite element method, the disc is modelled as a point
mass see (Saimi, 2016).

In the DQHFEM and DQFEM methods the disc is modelled as if it is part
of the shaft, i.e. a shaft section.

The symmetrical rotor is modelled by three identical Euler Bernoulli
beam finite elements. The bearings are assumed to be rigid, generating a
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Table 4 Elements of discretization
First Element (Shaft) Second Element (Disc) Third Element (Shaft)

N
Outside Radius (m) 0.01 0.15 0.01
Inside radius (m) 0 0 0
0.4 0.03 0.4 0.03
Length —_— - 0.03 2— — ——
ength (m) 3~ o 3 9

Lamphall dugram

bt freguences

Fotation speed (pm)

Figure 10 Campbell’s diagram calculated with DQFEM.

rotor simply supported at both ends. Thus the corresponding displacements
are cancelled out.

Taking into account the rotor parameters and geometry, the following
Table 5 shows the rotor elements in Figure 9:

The results presented in Figures 10-11 and detailed in Table 5 show that
the gaps between the methods are small and do not exceed 10%.

8.5 Influence of the Angular Velocities of the Moving Support on
Critical Speeds

In this section, the angular velocities of the mobile support are varied along
the axis O, Oy, and O, by deducting their influence on the system’s own
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Figure 11 Campbell’s diagram calculated with DQHFEM.

Table 5 Natural frequencies as a function of rotor and stationary support speed (B and F
represent backward and forward precision modes respectively)

Support fixe
Qrpm f,Hz DQFEM DQHFEM hp-FEM (Saimi, 2016) h-FEM (Saimi, 2016)
0 A8 4996 49.99 45.57 45.61
i 4996 49.99 45.57 45.61
f2P 14578 145.78 125.95 125.96
f2F 14578 145.78 125.95 125.96
1500  f1F 4692 46.93 42.90 42.93
Af 5258 52.58 47.68 47.72
f22 126.80 126.80 106.79 106.79
2 169.76 169.76 150.82 150.83
3000  fiP 43.46 43.47 39.70 39.72
AT 5470 54.70 4931 49.35
foB 11253 112.52 92.98 92.99
f2F 19850 198.50 180.97 181
4500 AP 39.80 39.81 36.16 36.18
Af 5641 56.42 50.57 50.62
282 10220 102.19 83.56 83.57
2 23137 231.37 215.53 215.57
6000 AP 3617 36.18 32.60 3261
AT 5781 57.81 51.55 51.61
22 9487 94.87 7731 77.32
fF 26758 267.58 253.46 253.53
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Table 6 Critical speed of the intersection of the first backward mode with the line f = /60
Backward Critical Speed
Constant Rotation of the Support ~ Present  hp-FEM (Saimi, 2016)

w® =25 Hz 2653 rpm 2457 rpm
wy =25Hz 2802 rpm 2810 rpm

akong the 0, axis (')

|-"-"~'romcnmrspwd I

i—u—mw ~+—Backward Critical spoed ||
Y —T

Critical Spaod (Rpm)

1 = \_r

W (Ha)

Figure 12 Evolution of the critical speed of the intersection of the first backward and
Forward modes with the line f = €2/60 depending on the constant rotation of the support
along the axis O, (w”) DQHFEM.

critical speeds. Critical velocities are determined from the intersection of the
Campbell diagram modes with the line fréquances (Hz) = Q(Rpm)/60.

According to Figures 12—14, it can be seen that the constant rotation of the
rigid support on the axes O, Oy, and O, influences the dynamic behaviour
of the rotor. The angular velocities of the support along the axes O, (w®),
and O, (w?), do not have an influence on the gyroscopic effect, which is the
opposite in case of the angular velocity of the support along the axis O, (w¥)
which explains the decrease in critical forward mode speeds and the increase
in critical reverse mode speeds (Figure 11).

The angular velocities of the mobile support cause excitations that can
make the rotor movement sensitive, resulting in the decrease of critical
speeds.

The results in Figures 12-14 are obtained with the DQHFEM method
since they are close to those of the DQFEM method.



DQFEM and the DOHFEM for the Dynamics Analysis of on Board Shaft 335

Evchationof the callcal apaac of e nksrsaction of 1= 0460 depanding ctalbori ol 0, ais

Critical Spasd (Rpm)
g B B

B

. ! ! I I
0 8 w " m = m

! (H)

Figure 13 Evolution of the critical speed of the intersection of the first backward and
Forward modes with the line f = €2/60 depending on the constant rotation of the support
along the axis O, (w”) DQHFEM.

Critical Spoed (Rpm)

"
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Figure 14 Evolution of the critical speed of the intersection of the first backward and
Forward modes with the line f = €2/60 depending on the constant rotation of the support
along the axis O, (w*) DQHFEM.

9 Conclusion

The analysis of the vibrational behaviour of embedded rotor shafts is treated
in this paper, using methods which are the differential quadrature finite
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element method (DQFEM) and the differential quadrature hierarchical finite
element method (DQHFEM). The use of these methods is new in the context
of rotor dynamics.

The calculation of the kinetic energy and stiffness energy of the on-board
rotor shaft, the application of the Lagrange method, and the introduction
of the characteristics of the differential quadrature finite element method
(DQFEM) and the differential quadrature hierarchical finite element method
(DQHFEM), gave us the equations of motion of the system. A programme
for calculating natural frequencies and critical speeds was developed using
the MATLAB programming language.

The results of an example tree in the literature were well validated with
the DQFEM and DQHFEM methods, and the difference between the meth-
ods is small, which explains the efficiency of the methods. Convergence is
obtained for a low sampling and item number compared to h-FEM, hp-FEM

Several examples were treated and this allowed us to determine the
influence of different geometrical parameters of the on-board rotor as well
as the influence of the movement of the support on the rotor’s behaviour.

This work allowed us to draw the following conclusions:

* The matrices of the DQFEM and DQHFEM methods are somewhat
similar to those of the hp version of the finite element method.

* The calculation times using the DQFEM and DQHFEM methods are
significantly faster compared to the hp version of the finite element
method.

* The convergence of the results can be controlled by increasing the
number of samples and the number of elements.

e The difference in results between the two methods (DQFEM and
DQHFEM) is very small.

» The Legendre polynomial is used in this work, because of its very close
approximation to deformed trees.

* The DQFEM and DQHFEM methods have the advantages of a simple
mathematical principle, a fast convergence speed, high computational
accuracy, low computation quantity and lower memory requirements,
etc. According to the results obtained in this work.

* The movement of the rotor of the embedded support amplifies the
gyroscopic effect caused by the coupling of the movement perpendicular
to the axis of rotation, and creates an asymmetry in the movement of the
rotor.

* In the case of disturbances in the vicinity of the first critical speed, the
influence of the rotation of the support around the axes O, (w*), O,
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(w?), and O, (wY) is very important and should not be neglected. As the
angular speeds of the support increase, the critical speeds decrease.

* Following the results obtained in this work, it was concluded that the
rotation of the support along an axis parallel to the axis of rotation of the
rotor has a great influence on the rigidity of the system and in particular
on the gyroscopic effect.

* The geometrical parameters also have an influence on the vibration
behaviour of the on-board rotor. It can be seen that it causes frequency
variations and therefore critical speed variations depending on the drive
positions.

Appendix
a. m1(C, AN, my(C, AW), and nz(C, AM)
m(C, AW) = (@' Ca+' C+ 2((d0 + 200" — (o + Y)w?))
(@ C + W Cw?) + 2((Z0 + (yo + y)w® — 2ow?))
@ C —aLCw?) — 2((Jo — 2zow® + Tow?))
@ Cw® — 7T Cw?) + 207" Cw — W Cu)w?
+w! Cww™ + (u! Cu + w' Cw)w??
+u! Cuw®? — 2u! Cww®w?) (89)
12(C, AVY = @ A0 AW 1 5T AT 0 AW
+ 2040w 4 2@ AV AV
— i AVT 0 AWR) WY — 204D
~ @ AOT cAWg — )02
+ (@ AV AW 1 7T AT A2
~ @AV T 0AVE — 1)w*? — 27T AV C AV T
—2(CAVG® + CADGW)wY) (90)
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n3(C, A(l)) = ((Q +wy)2 +al A0 )T C AV 7"
@ AVT AT 1 (Q + w)
(—2it AV T AW
— @AV T AW @ AOT 0 ADg)
+2(C AW + CAWTW?))
+2u” AW 0 AW e 1)

b. Transformation matrix Q (DQFEM)

uq Uy Uz Un-—2 Un-—1 Upn
r—r—————————0——8

Figure 15 Sampling points of a beam element.

Figure 15 Represents sampling points of order N of a beam element. In
order to construct an element which satisfies the requirements for continuity
between elements, the sampling points must be in the following form:

Uz Ug ...  UN-3 UN-2 Upy
r r

Figure 16 Sampling points of a beam element.

The transformation between Figures 15 and 16 is made using the DQ rule,
uy

u'y :A(ful-i-A(l) ’UJ2+A§§U

+-- A§,])V,1UN-1 + Agj)\, uN
u3

u = : 92)

UN—-2
un

u'y = A(l)l ui + A§\1[7)2 U9 + AE\},)S us

-+ A( ) _JUN-1+ AS\I,LV UuN
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We can write this vector as a product of a matrix by a vector

M1 0 0 0 0 T
U
1 1 1 1 1
Al Al Al Al Al | v
0 0 1 0 0 u3
u=| . o . . : 93)
: : : . : : Uns
0 0 0 0 1 UN
1 1 1 1 1 u' N
ASV)I Agv,)z AEV)?, T AEV)N—I ASV,)N_
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