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Abstract: The paper deals with Finite Element Modeling of catenary type structures starting from
practical problems related to a single cable segment in the case of an electric transmission line. Finite
element models allow the analysis of the resulting deformed position and stress state for a given
configuration obtained by using the geometric and physical data of a cable. Beam type linear/nonlinear
finite element models which can take into account also the temperature variation and extra loading on
the cable were developed. Another application of this type of models is for the case of form finding of
aerial refueling cable subjected to dynamic pressure. The results were obtained by the commercial finite
element software ANSYS.
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1. INTRODUCTION

Generally, a cable is a structural member which withstands in tension only. Other
denominations for this type of catenary structures are rope, wire rope, chain, string etc. A
typical application for catenary based calculation is, for example, in the design of high voltage
overhead line (OHL), [1]. When the lengths of the cables are smalls, one can use also the
parabolic approximation of the catenary curve. Other applications as suspension bridges or
cable cars, can present both geometric and material non-linear behavior. For this reason, in
addition to analytical relations, the finite element modeling can be a powerful tool in such
analysis, [2, 3]. For example in the reference [3] a special computer program based on an
advanced cable element is presented for cable structures. It can take into account gravity,
thermal and fluid drag effects. A more recent special academic software application for
analysis of cable structures is described in [4].

For form finding and structural analysis of catenary structures other works use the
available commercial finite element codes [5, 6]. After some analytical calculations this paper
presents several applications by using the capabilities of the finite element code ANSYS.
Different aspects of the applications concerning the electric transmission line analysis and for
the form finding of an aerial refueling cable subjected to gravity and constant dynamic pressure
are then discussed.
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The catenary equation can be found in works like [1, 7]. A complete procedure to solve the
equation of state can also be taken from [8]. Figure 1a presents the situation of a catenary with
the ends in points A, B and vertex N. An arbitrary orthogonal coordinate system is used. The
tension has a minimum value 7y, and the maximum 7 value corresponds to point B. In this
work, the catenary equation for preliminary calculations is used in the form:

x_xO)
)

y=yo+a~cosh( )

(b)

Fig. 1 — Catenary configurations

where the constants yo, xo and a are determined, imposing the followings conditions: points A
and B are on the catenary curve and the total length of the catenary /ag is prescribed.

One considers also a particular geometry with the following positions of points: A (xa=
0, ya= H) and B (xg= L, yg= H), thus with the supports at the same level (see figure 1b). Using
this geometry one can obtain:

L L
Xg = E' Yo = H—a - cosh (Z) (2)

In the literature many applications consider the origin of the coordinate system set at the
vertex point N of the curve and in this manner the distance toward the left—hand or right—hand
side support of the span is measured from the vertex, in both directions with a positive sign
[9]. This is useful here, due to the symmetry, to obtain the parameter a imposing the condition:

lyg = f;cf ds =2 fOL/Z cosh (g) dx = 2a - sinh (i) 3)
Then, the tensions in the cable are calculated with the following relations:

T=p-=-y); To=p-a, (4)
where p = pAg is the load due to gravity per unit length of the cable (p is the mass density, 4

is the cable cross-section area, g = 9.81 m/s?).
The minimum tension value is then 7, and the maximum one is obtained for y = yma.—= H.

2. ANALYTICAL CALCULATIONS

A numerical example is presented here for the case L = 40 m and H = 15 m. The material of
the cable is steel having p = 7850 kg/m® and circular cross-section area with the diameter d =
50 mm.

One explores here the /ag values between L = 40 m and the value corresponding to the
‘hanging cable’ (point N arrives on the Ox axis, [10]). Using the relations presented before,
the idea is to calculate the a values in order to match the given lengths of the inextensible
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cable. Some results are presented in Table 1. When the length of the cable tends to L =40 m,
the tension in the cable is increasing. It has a minimum value in the case of the hanging cable,
here when /ag= 52.3m.

Table 1. Results of analytical calculations

I [m] |a[m] | ywu= A [m] To[N] | 60=To/A [MPa] | Guum=T/A[MPa]
40.1 | 162.78 13.77 24613.97 12.53 12.63
405 | 73.13 12.25 11058.40 5.63 5.84

42 36.77 9.43 5560.50 2.83 3.26
45 23.51 5.97 3554.75 1.81 2.51
48 18.77 3.30 2839.23 1.44 2.35
50 16.91 1.72 2556.33 1.30 2.32
52 15.53 0.24 2348.69 1.19 2.33
523 | 15.36 0.03 2322.01 1.18 2.34

3. FINITE ELEMENT MODEL FOR SUSPENDED CATENARY

For a case considered before with a cable manufactured on steel (Young’s modulus £ = 2¢l1
Pa; mass density p = 7850 kg/m?) having the cross-section diameter d = 50 mm and the initial
undeformed length /ag = 42 m, one calculates the equilibrium position using a finite element
model in ANSYS Classic.

One end of the cable is pinned and the other is free on horizontal direction (simply
supported on vertical).

Both ends are on the same vertical height /= 15 m and the horizontal tension force at the
free end is considered Fy = To= 5560.5 N. The created APDL command code can consider the
effect of temperature variation and supplementary loads (hail, wind).

For this example, these additional effects are neglected. The model is kept 2D and uses
BEAMI188/189 eclements. To eliminate the bending effects, the section of the cable is
considered an equivalent very thin rectangle having the same cross section area (4=bh=nd?/4).
The model is nonlinear.

The initial position of the cable is horizontal, then, under the tension and gravity loads,
the cable moves toward the equilibrium position. Figure 2 shows the final position and vertical
displacements of the cable. The maximum vertical displacement value is 5.573 m and
corresponds to 4 = ymin= 15-5.573 = 9.427 m (9.43 m in the analytical calculation).

i
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Fig. 2 — Final position and vertical displacements UY of cable, [m]

The maximum horizontal displacement is 1.999 m, (see Fig. 3) and corresponds to the distance
between the two pillars L = /ap — 1.999 m = 40 m, used in the analytical calculations.
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Fig. 3 — Final position and horizontal displacements UX of cable, [m]

Figure 4 shows the axial tension values. The maximum value corresponds to an average
maximum axial stress omax= 7/4 = 6403.23/1963.5 = 3.26 MPa just as in Table 1.
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Fig. 4 — Axial tension in the cable [N]

In figure 5 one can see the reactions in the two supports. The vertical reactions are in
equilibrium with the total weight of the cable (2x3175.33 N = pAg/ag), the horizontal reaction
value in a support is 7o = Fo = 5560.52 N and the total reactions are the maximum tensions
loads located at supports:

T = /5560.522 + 3175,332 = 6403.28N

DISPLACEMENT
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Fig. 5 — Reactions in the supports [N]

In this case, the calculated values by FEM are in agreement with the analytical results.
However, although the cable should only be subjected to stretching, small values of shear
forces (maximum 19.46 N) and bending moments (maximum 5.56 Nm) are obtained as
residues. This is a measure of the accuracy of the model.
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4. FINITE ELEMENT MODEL OF AN AERIAL REFUELING CABLE

Generally, in the case of an aerial cable towed system, the distributed forces to be considered
are the gravity, the aerodynamic forces, and some other forces due to the added mass of air
surrounding the cable. There is also a special component at the free end (figure 6).

Receiver
Drogue prghe

Fig. 6 — Aerial refueling scheme

The problem of the study of an aerial refueling cable is addressed in works like [11-14].
For example in [12] the kinematics equation is solved using the fourth-order Runge—Kutta
method and [13] uses a model with links and lumped masses in order to find the steady state
position of the hose-drogue. In [14] a generalized model for this problem is analyzed by the
FEM. The hose is modeled by curved beam elements and the towed body is considered as a
lumped mass. In this paper some numerical examples are presented using a 2D FE model and
data adapted from [12]. The cable is actually a hose having annular cross-section (external
diameter D = 67.3 mm; internal diameter d = 50.8 mm) and a fixed length L = 14.33 m. The
initial position is considered straight at rest, horizontal, vertical or inclined. It is considered
pinned at the upper end (hose attachment point on the tanker) and has a suspended rigid mass
at the drogue attachment point (M. = 29.5 kg at the bottom end). It was neglected the fluid
inside (empty hose). The material of the hose is considered homogeneous and isotropic with
E =6 GPa,v=0.3 and p = 2633.2 kg/m’ (the hose has the mass per unit length 4.09 kg/m).
The material is considered to have a linear behavior but the finite element model is nonlinear
as large deflections are taken into account.

There are three different situations in which an attempt is made to achieve the equilibrium
position of the suspended cable (hose) with one end attached to an aircraft (tanker):

a) the aircraft has a given horizontal acceleration and the aerodynamic forces are neglected
(ax = ay =g = 9.81 m/s* (for a partial model validation);

b) the aircraft has a constant velocity and one considers arbitrary constant acrodynamic
distributed forces on the cable (ar = 0 and normal/tangential components of of the distributed
forces are p, = 50 N/m and p, =25 N/m respectively). A horizontal constant acrodynamic force
Fo=1500 N is considered in the suspended mass;

c¢) the aircraft has a lower constant velocity and one considers arbitrary constant
aerodynamic distributed forces on the cable (a. = 0 and normal/tangential components of the
distributed forces are p, = 10 N/m and p, = 0 N/m, respectively). A constant horizontal
aerodynamic force Fp =500 N is also considered in the suspended mass.

The most difficult problem is how to apply the distributed pressure on the cable due to the
incoming airflow at a given speed that depends on the current (unknown) position of the finite
element (hose segment). For this reason, here (at this stage) only constant normal and
tangential components of the distributed aecrodynamic forces are applied on the cable (constant
values on all cable elements). The following results are obtained with the total length of the
cable discretised in 50 finite elements of BEAM type [15]. The distributed pressure loads are
applied using SURF 157 elements. Figure 7 shows the final position of the cable in case a)
when the initial position of the cable is horizontal.
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Fig. 7 — Total displacements [m] and initial (horizontal)/final positions of cable (case a)

Figure 8 shows the final position of the cable in case a) when the initial position of the
cable is vertical.

—

Fig. 8 — Total displacements [m] and initial (vertical)/final positions of cable (case a)

Figure 9 shows the final position of the cable in case a) when the initial position of the
cable is inclined at 45°.

In this case the initial position is the same with the final one, so the obtained displacements
are very small.

Fig. 9 — Total displacements [m] and initial (inclined)/final positions of cable (case a)
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Figure 10 shows the axial force and the reactions for the final position for all these three
applications.

Fig. 10 — Axial force and reactions at the pin in the final position of cable [N] (case a)

So, regardless of the starting position of the cable, the final equilibrium position is the
same. The convergence is faster, when the initial position of the cable is very close to the final
one (inclined cable). The calculations performed in case a) represent a partial validation of
such a model.

Figure 11 shows the final position of the cable in case b) when the initial position of the
cable is horizontal.

Fig. 11 — Total displacements [m] and initial (horizontal)/final positions of cable (case b)

Figure 12 shows the final position of the cable in case b) when the initial position of the cable
is vertical.

Fig. 12 — Total displacements [m] and initial (vertical)/final positions of cable (case b)
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Figure 13 shows the final position of the cable in case b) when the initial position of the
cable is inclined.

BIs3s CTCTTT 1.80605 T ZL1TEIS Y od.aa7as T 5 1R

Fig. 13 — Total displacements [m] and initial (inclined)/final positions of cable (case b)

Figure 14 shows the axial force and the reactions for the final position (case b).

Fig. 14 — Axial force and reactions at the pin in the final position of cable [N] (case b)

The final equilibrium position is the same in all three variants of case b). Figure 15 shows
the final position of the cable in case ¢) when the initial position of the cable is horizontal. As
it was established before, in this case the constant dynamic pressure is lower than in case b).

Fig. 15 — Total displacements [m] and initial (horizontal)/final positions of cable (case c)

Figure 16 shows the final position of the cable in case c) when the initial position of the
cable is vertical.
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Fig. 16 — Total displacements [m] and initial (vertical)/final positions of cable (case c)

Figure 17 shows the final position of the cable in case c) when the initial position of the
cable is inclined.
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Fig. 17 — Total displacements [m] and initial (inclined)/final positions of cable (case c)

Figure 18 shows the axial force and the reactions for the final position (case c).

-
L — I N
[T Tt 373 416,46

> 788,87 : 944 s

Fig. 18 — Axial force and reactions at the pin in the final position of cable [N] (case c)

The final equilibrium position is the same in all three variants of case c).

INCAS BULLETIN, Volume 14, Issue 4/ 2022



Viorel ANGHEL, Stefan SOROHAN, Daniel HODOR 28

5. CONCLUSIONS

This paper presents some FE models for the analysis of catenary type structures. Two types of
usual configurations are considered namely suspended (pinned cables at both ends) and cables
pinned at one end and free at the other one. The first case is typical for the design of high
voltage overhead lines (OHL), while the other can represent the case of an aerial refueling
cable in aerospace applications. The nonlinear models use BEAM type elements in ANSYS
Classic APDL. The material of the cable works in elastic range while large deflections are
considered. The results of the model for the first configuration were compared to the analytical
solution available from literature. In the case of the aerial refueling cable, the equilibrium
position is obtained for a prescribed dynamic pressure (uniform distributed forces) and gravity
acting in the same plane. The convergence of the nonlinear process is better when the starting
position is close to the final one. Further improvement of the model consists in the appropriate
description of the non-uniform aerodynamic drag forces which depend on the local inclination
angle. The models presented further demonstrate the possibility of using the formidable
capabilities of ANSY'S software in such nonlinear analyses.
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