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Numerical analysis of interference galloping of
two identical circular cylinders
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Abstract. The paper deals with numerical analysis of interference galloping of two elastically
supported circular cylinders of equal diameters. The basis of the analysis is quasi-steady model of this
phenomenon. The model assumes that both cylinders participate in process of interference galloping and
they have two degrees of freedom. The movement of the cylinders is written as a set of four nonlinear
differential equations. On the basis of numerical solutions of this equations the authors evaluate the
correctness of this quasi-steady model. Then they estimate the dependence of a critical reduced velocity
on the Scruton number, turbulence intensity and arrangements of the cylinders.
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1. Introduction

Interference galloping is one of bistable flows being aerodynamic phenomena. It exists
during the aerodynamic interference of two circular cylinders. There are some critical regions
of the position of the downstream cylinder in which vibrations of both cylinders caused by
interference galloping may occur. One of them satisfies the following conditions for a
staggered arrangement : L,/D & (1.5;3.5) and & (5°;15°), where : L, - distance between the
midpoints of the cylinders ; D - cylinder diameter ; - angle between the average wind direction
and the axis joining the midpoints of the cylinders. This phenomenon was subject to many
experiments in wind tunnels and a few measurements in natural scale. The measurement
results and exact description of interference galloping can be found in such articles as:
Zdravkovich and Pridden (1977), Ruscheweyh (1983), Ruscheweyh and Dielen (1992),
Kazakiewicz, Grafskij, Riedko (1985), Shiraishi, Matsumoto, Shirato (1986), Matsumoto,
Shiraishi, Shirato (1990), Sun and Gu (1995), BYazik-Borowa, Flaga, Kazakiewicz (1996),
Watzinger (1996).

Nowadays several mathematical models of interference galloping are known, too (comp.
Kazakiewicz, Grafskij, Riedko 1985, Matsumoto, Shiraishi, Shirato 1990, Ruscheweyh and Dielen
1992, Dielen and Ruscheweyh 1995). One of them is a quasi-steady model of interference
galloping, which has been elaborated by the authors and it has been described in detail in B} azik-
Borowa and Flaga (1996), BYazik-Borowa and Flaga (1995).
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The phenomenon of interference galloping is also described with the FEM method (comp.
Sockel and Watzinger 1997).

2. The principal assumptions and relations

The following simplifying assumptions have been accepted during the construction of a

quasi-steady model of interference galloping :

+ diameters of crosswise intersections of cylinders are equal ;

* position of a downstream cylinder is found within the region with the following limitations :
2<L,/D<4;5° < B<15°, that is : in the region of bistable flows (comp. Fig. 1);

» cylinders are made of rigid material ;

* flow is viscous and incompressible ;

* cylinders are elastically supported and they have two degrees of freedom : along the
average wind direction and in the direction perpendicular to it;

* boundary disturbance effects are neglected;

» problem is treated as flat;

+ global coordinate system is linked to the midpoint of an upstream cylinder and x axis is
parallel to the average wind direction ;

* quantities such as : the instantaneous wind velocity V,, the components of the instantaneous
wind velocity towards x and y axes u, and v,, the instantaneous angle of wind attack 7, are
the average values from the region of averaging S=AyxH, where: H=x; D; Ay =Kk, D - the
across dimension of the wake formed behind the two cylinders x;, & & (5--10). The spatial
region of averaging is located in front of an upstream cylinder in the distance at least D
(comp. Fig. 1);

» aecrodynamic load is constant on entire length of cylinders;

» determination of the physical model and then the mathematical one of a wind load for
upstream and downstream cylinders is based on a dimensional analysis and quasi-steady
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Fig. 1 Arrangement of points in which flow field is generated
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Fig. 2 The cylinders arrangement, the components of wind and the other important symbols; a) for
the upstream cylinder; b) for the downstream cylinder

theory in aerodynamics of slender structures.
Assuming appropriate trigonometric dependence (comp. Fig. 2), the components of wind
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load towards the axis of a global coordinate system influencing the upstream cylinder Ww,, Wy
and downstream cylinder W,, W, can be given by :
» for the upstream cylinder

W. (&, 7:)=[W.,(¥)cos G, ~W,,(7,) sin G ] M
W, (&, 7:)=[W.,(¥.)sin & + W, (7,) cos & ] @)
» for the downstream cylinder
W. (a-, v.)=[W.,(v-)cos o =W, (,) sin o ] @)
W, (o, v,)=[W. (v.)sina: + W, ,(7,) cos o | 4)

where : W,,, W, -components of interferential load on the length unit of the upstream cylinder
along axes x; and y,, respectively; W,,, W,, - components of interferential load on the length unit
of the downstream cylinder along axes x, and y,, respectively. The axes x, and y, are directed
along and across the direction of the relative velocity V, of the upstream cylinder, and the axes x,
and y, are directed along and across the direction of the relative velocity V, of the downstream
one (Fig. 2).

On the basis of dimensional analysis, the above components of aerodynamic load can be
written as follows :

- 1 5 pO .
Wi('yr)ZEerDCi(’}/r)’l=x35y3 (5)

1 )
Wi(‘y,)=3pV,DC,~ (¥r),i=x4,y4 (6)

where : p-air mass density; C,,(%)=C," (%)=C.(B=1%), C,.,(%)=C,. (%)=C,(B=7%),
Co(7)=C.M (5)=C(B=12), C\,(¥)=C,"(%)=C,(B=7)-static_acrodynamic drag
coefficient and lift coefficient for the upstream and the downstream cylinders respectively.
These aerodynamic coefficients of both cylinders are obtained for a particular case that is
when the cylinders do not vibrate so they do not change their location and at the same the
wind velocity and direction are constant. It means that the angle of wind attack 8= % or B=
respectively.

The relative angles of wind attack are angles between the direction of a respective relative
velocity and a line joining centers of displaced cylinders (cylinders in new location) and they
are described by the equations (Fig. 2) :

» for the upstream cylinders

Y=7v(z,t)=(B+B) - (a+a)=B -, @

L, tan Bu, —L, tan ﬁ&1+nus —n&l—vs'Lx —vs'§+ﬁ1Lx +ﬁ1§

¥, = arctan . , : :
Lyus =L, & +&u;—EE +L, tan Bvy—L, tan B, +nvy —nn,

©

+ for the downstream cylinders

v=v(z,t)=(B+B)—(x+m)=F -0 (10)
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Lx tan ﬁus —Lx tal’l ﬁéz"’ nus —néz_vS,Lx _vS,€+h2Lx +h2§

% = arctan - . : . (11)
Leu,—L, &E,+Eu, —EE,+L, tan Bv,—L, tan Bn,+1mv,—Nn,

where : &, 1, &, 1,-components of displacement of the upstream and downstream cylinders
towards the x and y axes, respectively; £=& — &; n=n, — 7.

Presuming that each cylinder is a system with two degrees of freedom, the equations
describing the movement of these cylinders towards the axis x and y can be written in the
following form :

» for the upstream cylinder

m&, (1)+Cy & (1) +K & (1) =Wi (1) (12)

mily (1) +Co My (1) + Ky i (2) =W, (2) (13)
« for the downstream cylinder

m&>(1)+Co&a (1) 4Ky &(1)=Wa (1) (14)

mny (8)+Coy Mo (2 )+ Ky 1 (8) = W, (£) (15)

where : m - mass per length unit of the cylinder; K, , K, , K, K;,,, C¢,, C,, Cs,, C,, - damping
and stiffness coefficients of the upstream and downstream cyhnder towards the ax1s x and y,
respectively ; {,’1 s T 52 , T}, - components of the velocity of the upstream and downstream cylinders
towards the x and y axes, respectively ; fl, T, &, 1,-components of the acceleration of the
upstream and downstream cylinders towards the x and y axes, respectively.

On the basis of this model the authors obtained the following equation at first :

U = . 2S¢ (16)
Cy (%
% ~C. (B)
¥ %=8
where : U/ -reduced critical velocity ; Sc - Scruton number; C; (), gc; - static drag
S |w=8

coefficient and derivative of static lift coefficient of downstream cylinder.

Eq. (16) can be used only for the small displacements of cylinders.

Secondly the movement of the cylinders towards the axes x (the average wind direction)
and y (the direction perpendicular to the average wind direction) is expressed by a set of four
nonlinear differential equations :

» for the upstream cylinder in the direction x

m 720' E (t)+Cy, p%gl(t)+K51 p% E(1)+

~(tts Cx (7:)=v5 Cy (7:)=Cx (7:) E1(2)+ Cy (7:)M1(1))
V (s =&, ()P40 =11 (1) =0 a”)

» for the upstream cylinder in the direction y
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2 . 2 . 2
mﬁ)—nl(t)+cnlp_Dnl(t)+K"1p_Dn1(t)+

—(v Cx (7)+us Cy (1) = Cy (7)) E1(8)= Cx (¥,)1:(2))
V (=&, (£) P +(w =i (£)F =0 1)

» for the downstream cylinder in the direction x

m piD E()+C, —l;%ézmmgz piDéz<t)+

—(us Ce (B)=vs Cy (B)=Cx (1) E2(1)+Cy (1) M2(2))
V (= Ea (1) P+(v — 2P =0 19)

» for the downstream cylinder in the direction y

2 . 2 . 2
m 7)5 T]z(t)+C,72 p—Dnz(t)'l'an p—D nz(t)+

— (v Ce (F)+u G (8 )=Cy () E2(1) =G (%) N2(2))
V (s = E2(1) P+ —112(1 )P =0 (20)

where : u, and v, - spatially averaged components of wind velocity in the direction x and y.

3. Calculation methods

In the present paper interference galloping is analysed on the basis of the solution of the set of
differential Eq. (17)~(20). It has been solved numerically with Runge-Kutty's method. The system
of four differential equations of the second order has been replaced by the system of eight
equations of the first order. The static aerodynamic coefficients as nonlinear functions of relative
angle of wind attack were adopted, on the basis of experimental results available in publication
Zdravkovich and Pridden (1977). This nonlinear functions have been replaced by broken lines.

A flow field is generated in eight points and it is represented by eight correlated random
processes. Arrangement of points is shown in Fig. 1. The components of the wind velocity u,
and v, are average velocities from eight random processes.

The calculations have been performed for cylinders modelling segments of ropes in a cable -
stayed brldge in Prague. The measurement results of vibrations of stay - cables are presented by
Studnickova (1994). The numerical analysis has been carried out for the following parameters :

*D=0.168 m;
*m=87.7 kg/m;
* @, = 6.41 rad/s, where @, natural circular frequency of a cylinder ;
*K;=K, =K;=K, =3500 N/m;
» p=1.25 kg/m’.
Other parameters, such as:the logarithmic damping decrement, the distance between the
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Fig. 3 The reduced critical velocity U, as function of Scruton number Sc for L,/D=21and L,/D=04; 1-
experimental results obtained by Zdravkovich and Medeiros (1991) (turbulence intensity - I, = 1%);
2 - calculated value on the basis of Eq. (16); 3 - numerical results at steady flow ; 4 - numerical

results at unsteady flow (I, =1%); where [, = 2 100%

Us

cylinders and the angle of wind attack, have been changed.

The experimental results and the first part of calculation results are shown in Fig. 3. The
comparison is made to check quasi-steady model and method of calculation. All presented graphs of
the reduced critical velocity are rising function of Scruton number. For Scruton number greater than
about 50 it is the best conformity of all results. In Fig. 3 it is seen that if turbulence intensity is taken
into consideration, then differences between the experimental and calculations results decrease.

4. Interference galloping at steady flow

This part of numerical analysis has been made at the steady flow. The component of wind
velocity along the axis x is constant (u,=const), and perpendicular component is equal zero
(v; =0). These assumptions simplify calculation and estimate the critical reduced velocity.
Hence the authors have carried out a series of calculations for different cylinder arrangements
and different Scruton numbers. The obtained results can be presented in the form of a graph

L,/D

0.9
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0.6
0.54 e
0.4 /
0.34 !

0.2 =
1.0

1.5
¢ middle of downstream cylinder undergoing vibration

Fig. 4 Region of interference galloping with the line joining points of the same value of coefficient ¥
(there is description in the text)
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of the critical reduced velocity as function Sc. These graphs are nearly linear and they can be
interpolated by straight line containing points Sc=0 and U,” =0 with the slope of a straight

kr

line y| y= g’ . Finally all results of the calculation are shown in Fig. 4. There are lines
c

joining points of the same value of coefficient y. The drop line is the boundary of the region
of existing interference galloping for the steady flow.
Information from Fig. 4 could be used in engineering practice, if the wind had been the

steady flow. Because it isn't, the influence of turbulence intensity on interference galloping
should be checked.

5. Influence of turbulence intensity

In Fig. 3 it is seen that turbulence intensity induces rising of the critical reduced velocity.
A difference between the value of the critical velocity for the steady flow and unsteady flow
depends on the Scruton number. _

Fig. 5 shows trajectories of cylinders at the steady and turbulence flows. In part a) of
Figure the downstream cylinder moves along the regular ellipse. In parts b) and c) the flow
turbulence causes that the movement of downstream cylinders has less regular form. In
addition, the flow turbulence decreases extreme displacements. It should also be noticed that
in all the cases the displacements of the upstream cylinder are considerably smaller than those
of the downstream cylinder.

On the basis of Figs. 6 and 7 it can be said more about the significance of turbulence
intensity. For example it is seen that the critical reduced velocity is a nonlinear rising function
of turbulence intensity.

Fig. 6 presents directly the critical reduced velocity as a function of turbulence intensity. There
are two plots for the location of the downstream cylinder outside the bistable flow region (comp.
Ruscheweyh and Dielen 1992) and two plots for the location of the downstream cylinder inside it.
For the former case vibrations of cylinders are forced by initial conditions for the steady and
unsteady flows with small turbulence. The perturbations of flow induce cylinder movement for
turbulence intensity bigger than about 10%. Value of the critical velocity is considerably greater
in this case than in the second.

Fig. 7 shows the critical reduced velocity as a function of the Scruton number for different
turbulence intensity. The graphs of the critical velocity go up and slopes of these straight
lines decrease for greater turbulence intensity. It means that the bigger Scruton number is, the
smaller influence of free stream turbulence on the critical reduced velocity is.

6. Conclusions

Basing upon presented results of numerical calculations the following conclusions can be
formulated :

* Presented comparisons of experimental results and calculations confirm the correctness of
the quasi-steady model of interference galloping (Fig. 3, Fig. 5) for wind tunnel models
and elements, in which bending can be neglected such as ropes in a cable - stayed bridge.

* On the basis of calculation results obtained at steady flow, the reduced critical velocity
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Fig. 5 Trajectory forms of cylinders; a) numerical results for steady flow ; b) numerical for turbulence flow
(I,=12%); ) outline of measurement results in natural scale (on existing construction - cables of a cable-
stayed bridge in Prague) presented by Studnickova (1994)
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Fig. 6 Dependence of the reduced critical velocity U,” on the turbulence intensity /, and the distances
between cylinders L,/D and L,/D
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Fig. 7 Dependence of the reduced critical velocity U,” on the turbulence intensity I, and the Scruton
number Sc for Lx/D=2.5 and Ly /D=0.44.

of wind can be evaluated and it can be used in engineering practice for Scruton number
bigger than a border value. This border value of Scruton number depends on presumed
evaluation accuracy of critical velocity.

» Fig. 7 shows comparison of numerical results and results, which are obtained on the
basis of EUROCODE 1. It is seen that the latter values are values obtained for small
turbulence intensity.

» Estimation of the critical velocity can be done with the help of Fig. 4 or Eq. (16).

* In future, the influence of heterogeneity of the analysed problem in the case of slender
structures with circular cross section on the basic features of interference galloping ought
to be checked.
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