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Abstract The relevant low-frequency modes of plan-asymmetric tall buildings and those of bridges consist
of coupled translational and torsional motions. We consider the locations of the modal centers of velocity
of either the rigidly assumed floors or of the bridge cross-sections to be crucial for selecting the design and
the “optimal” position of the liquid absorbers. Such a tuned liquid column-gas damper, TLCGD consists of
a sealed rigid piping system that is partially filled with liquid (preferably water), whose dynamics can be
derived using the nonstationary Bernoulli equation properly extended to account for the relative streamline
in a moving reference system. Although both the construction and working principle of TLCGDs differ from
tuned mass dampers (TMD), a geometric analogy exists between these absorber types. Consequently, in a
first step modal tuning is performed by means of a transformation of the TMD optimal parameters, e.g., of
the Den Hartog formulas, possibly followed in a second step by fine-tuning in state-space. Such a U- or V-
shaped sealed liquid column-gas damper, i.e., with the gas-spring effect taken into account, is found suitable
for applications in moderately plan-asymmetric buildings (the floors’ modal center of velocity falls outside
of the floor plan) and for bridges with dominant horizontal vibrations. The novel design of a torsional sealed
liquid column-gas damper, TTLCGD, turns out to have even higher efficiency in effectively damping strongly
asymmetric buildings, where the floors’ modal centers of velocity lie inside of the floor plan: in that case of an
alternative design, the mid-plane of the U-shaped TLCGD is bent to a cylindrical surface that might be “nearly
closed” such that the trace in the floor becomes approximately a loop. For bridges with dominating vertical
flexural vibrations, a novel pipe-in-pipe design of the VTLCGD provides the vertical control force rendering
the additional efficient damping. The evident features of TLCGDs are no moving mechanical parts, cheap
and easy implementation into civil engineering structures, simple modification of the natural frequency and
even of the damping properties, low maintenance costs, little additional weight in those cases where a water
reservoir is required, e.g., for the sake of fire fighting, and with a performance comparable to that of TMDs of
the spring-mass- (or pendulum-)-dashpot type.

1 Introduction

Slender and lightweight civil engineering structures have rather low structural damping and thus are prone to
vibrations under dynamic loads like earthquakes and various kinds of wind excitations, as well as under traffic
loads, especially when acting on bridges. In many cases, an increased effective structural damping suffices
to keep the dynamic response within the allowable elastic limits. Since the direct application of damping
devices (of viscous or frictional nature) suffers from the low values of the displacement gradients, tuned
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mechanical dampers (TMD) are commonly used to remove and dissipate kinetic energy in a concentrated
manner from the vibrating main structure. Such TMDs are either of the spring-mass-dashpot type, Petersen
[1], or rely on a pendulum-dashpot system. Moving mechanical parts can be saved at all with minimum
construction and maintenance costs, by substituting the TMD by an (equivalent) tuned liquid column-gas
damper, TLCGD, recently invented by Hochrainer [2], see also [3] for the analogy to TMD-tuning and [4] for
mitigation of wind- and earthquake excited vibrations of tall buildings with in-plane (horizontal) translational
natural modes. The gas-spring effect inherent in this sealed design of U- or V-shaped liquid absorbers allows
simple tuning of the eigen-frequency in an even extended range of “low frequencies”. The optimal damping
coefficient relies on viscous and turbulent fluid damping causing the required energy dissipation and since it
is less accessible needs to be assigned by prior testing of orifice plates to be built into the rigid piping system.
Since the fluid stroke reaches the meter-range for small fluid-structural mass ratios, the frequency range of
application must be limited to keep the fluid-gas interface intact. Mechanical membranes at this interface are
undesirable since they would immediately cause a lifetime problem. Reiterer in his dissertation [5], see also
[6], extended the application of the TLCGD to mitigate coupled flexural and torsional vibrations of long-span
bridges by keeping the simple modal tuning procedure in the analogy to an equivalent TMD. Since vertical and
torsional forcing render parametric excitation of the fluid flow, Reiterer and Ziegler [7] presented the cut-off
values of the damping to surely avoid any undesirable disturbance of the TLCGD damping effects. Recently,
Fu [8], see also Ziegler and Fu [9] generalized the modal-tuning analogy of the TLCGD for applications
in moderately plan-asymmetric high-rise buildings (space frames). In a first condensation procedure of the
spatial dynamic system, three degrees of freedom (DOF) are assigned to each floor to account for its horizontal
in-plane motion. Considering the modal centers of velocity of that in-plane rigid body floor motion decide about
the optimal placement of the TLCGD if the translational motion dominates, i.e., if the center of velocity falls
outside of the floor plan. On the contrary, the rotational motion of the floor dominates in strongly asymmetric
buildings with several low-frequency modal centers of velocity lying inside of the floor plan. In that case,
with a recognizable modal participation factor understood, the torsional TTLCGD, redesigned by bending the
horizontal pipe section of the U-shaped TLCGD to a nearly closed curve around the modal center of velocity
provides an even more efficient liquid absorber when compared to the U- or V-shaped TLCGD with one and
the same amount of fluid-mass.

A novel “pipe-in-pipe” design of a so-called VTLCGD was invented by Reiterer and Ziegler [10] to
mitigate vertical vibrations of bridges and equally well of wide-span floor plates. Modal tuning by analogy to
an equivalent spring-mass-damper (TMD) has been made possible [11].

To explore the limits of the piston theory currently applied to the motion of the fluid-gas-interface, e.g.,
of the water-air-contact surface, needs a careful analysis by experts in fluid dynamics. Recently, Wilhelm
Schneider and his research group [12-14] considered such a moving contact line with weak viscosity effects
in numerical simulations with experimental verifications. A nondimensional formulation of the Navier—Stokes
equations, the continuity equation and the boundary conditions resulted by scaling the relevant variables by
means of the capillary length, the stagnation pressure, the hydrostatic pressure difference, the equilibrium value
of the surface tension and the surface density (corresponding to zero surface tension). Schneider and his group
demonstrate that the dynamic contact angle increases less rapidly with the interface speed in the presence of
prewetting of the pipe wall. Most importantly, this prewetting effect applies to the (low frequency) vibrational
fluid motion considered in this paper. Hence, interpreting their results for a given stroke, the frequency must
be limited to keep the relative maximum fluid speed below about 10 m/s for the sake of keeping the fluid—gas
interface intact and to avoid the dynamic contact angle to reach 180°.

Historically, open TLCDs date back to the early 20th century, when the German shipbuilder Frahm invented
anti-rolling tanks to minimize the ship’s roll induced by wave motion, see, e.g., Den Hartog [15]. Due to their
salient features and with applications to civil engineering structures, TLCDs have caused an increased research
interest in the last decade, resulting in both analytical and experimental analyses, for earlier papers see, e.g.,
[16-19]. For analytical and numerical investigations, the TLCD is usually modeled as a single degree of
freedom oscillator that is rigidly attached to the vibrating host structure. Teramura and Yoshida [20] have
implemented a bidirectional vibration control system based on TLCDs on a 26-story, 106 m high hotel in
Japan. TLCD and TTLCD are proposed to mitigate the vibrations of large offshore platforms [21]. Recently,
attempts are being made to replace the tuned liquid damper (TLD, relying on fluid sloshing in a rigid tank)
by V-shaped TLCD, even in those applications where the TLD was found ideally suited, e.g., for giant, 100 m
high offshore wind turbines [22].
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Fig. 1 TLCGD attached to a horizontally, collinear moving frame with an instant “relative” streamline, 1-2, shown, see also [3]

2 General description of a TLCGD when attached to a floor in general horizontal rigid body motion

Several different TLCD geometries have been proposed in the literature, commonly based on the plane
symmetrically U-shaped tank. The original design consists of one horizontal and two vertical pipe elements
with piecewise constant cross sectional areas. A simple modification renders the more flexible symmetrically
V-shaped TLCD where the upright pipe sections are inclined (with opening angle 7 /4 < < w/2), as shown
in Fig. 1. More complicated geometries, e.g., gradually varying cross sections, curved pipe elements or an
asymmetric geometry work similarly, however, often at the price of a nonlinear dynamic system behavior, see,
e.g., Gaoetal. [16] or, in a general setting, Ziegler [23, p. 495]. To increase the energy dissipation by turbulent
damping, an orifice plate can be inserted into the liquid path. To extend the frequency range of applications
we make use of the gas spring effect resulting from the sealing of the upright piping sections.

As the TLCGD housing performs a relative motion with respect to an inertial frame, we project Euler’s
equation of ideal fluid flow on the instant relative streamline and integrate, keeping the time constant,
[23, p. 498] and Fig. 1; the viscous and turbulent damping loss will be added subsequently,

2
/ (a-e€)ds'=—2gusinf— (p2—p)/p. M
1

a, €/;, denote the absolute acceleration of the fluid particles along the relative streamline and the tangential
direction, respectively. g, u(t), p, p, s’ are the constant of gravity, the fluid stroke, the absolute pressure, the
constant liquid density and the arc-length along the relative streamline, respectively. The indices 1 and 2 refer
to the instant positions of the fluid-gas interfaces, Fig. 1. Considering the floor motion generalized with respect
to that shown in Fig. 1 by the horizontal in-plane acceleration a4 of the reference point A and a rotation about
the vertical axis with the angular velocity 6 e,, the guiding acceleration of a fluid particle becomes—position
of a fluid particle with respect to point A is delineated r' =1’/ + xe,

/

Y V2. 2 /
a, = ay —I—Gry/z/ — 01y, Ty =€ XTIy, 2)

The Coriolis acceleration a, = 26 i (s'. 1) (ex x €;) is orthogonal to the relative streamline, and the tangential
component of the relative acceleration in Eulerian decomposition is in general determined by

(a’ e,)_a/qu 2 (% 3)
V7% Tas \ 2 )

Hence, the absolute acceleration a of a liquid particle when projected on the relative streamline becomes

. a3 [u?
(a . e/t) = (aA .e/t) — 62 (r’y,z/ . e/t) + E + W (7) @)
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Performing partly the integration in Eq. (1) yields (see again Fig. 1 for the integration path)

2 2

0’1 1 .
/8—;{ ds' = —2gusin g — ’ (p2 — p1) — / [(aa-€;) — 62 (r'yy-€y)] ds, 3)

1 1

where symmetry in 12 %(dz /2)ds’ = %(u% — 12%) = 0 has been considered. Apparently, Eq. (5) is extended

on the right-hand side by — f 12 (ag - €;)ds’, accounting for the moving reference frame. The first part of the
integration is easily performed when using the unit vector €' 4 in the rotated trace of the TLCGD mid-plane
in the floor, coinciding with the tangential vector €', within the horizontal pipe section of length B; in the
reference configuration its direction is given by (e4 - e,) = cos y:

2
/ (ax-€/;) ds' = (B +2Hcos ) (as-€4). (6)
1

The rotational term apparent in the second term of the integral on the right-hand side of Eq. (5) eventually
causes parametric excitation of the relative fluid flow,

2
- 92/ (F'y-€)) ds' = —62u (B + 2H cos B) cos B. (7)
f

The difference of the internal gas pressures acting at the free liquid surfaces, p» — pi, in Eq. (5) vanishes
approximately for a free gas stream from point 2 to 1 as allowed in the classical TLCD design with a pipe
connection carrying the alternating gas flow. When sealing the gas volume to V, = Ay H, on each side
of the TLCGD, Fig. 1, a quasi-static approach can be applied to approximate the pressure difference, since
the operating range is limited to low frequencies. In the weakly nonlinear polytropic material law for gases,
(p/po) = (p/po)", the ratio of the gas densities for a given fluid stroke u is given by V,,/(V, & Ayu), where
po, I < n < 1.4, denote the equilibrium gas pressure and the polytropic index, respectively. A Taylor series
expansion of the pressure at its equilibrium value renders for the relevant difference,

p2—p1=2npou/Hy+ O (u/Hy)* . (8)

The linear term in Eq. (8) suffices, when limiting the compression ratio to max |u|/H, < 0.3, checked in
[2]. Under this condition and with the nonstationary integral in Eq. (5) evaluated in the standard form as
ii Legr, the equation of the relative incompressible fluid flow can be expressed in terms of the fluid stroke, with
the experimentally observed averaged turbulent damping added: Apy/pLesr = 8 | 1| iz, with the head loss
coefficient 67, = A/2Lesr,

i + 8 it + @} (1 —kcos BO*/wd)u=—« (ax-€4),

k= (B+4+2HcosB)/Letf, Letf =2H + BAy/Ap.

©)

The linear frequency in Eq. (9) is expressed in a suitable form for comparison’s sake with a mathematical
pendulum of length Lo having the same period,

o (/) Ginf +ho/Ho) / oookesmr. 1, = V&™)

= A_ = ) =n ) = m ) = .
A b T Len /2 0 Po/PE,  Pwater g A x/4T0
Thus, in the design stage of the TLCGD, the gas equilibrium pressure required to match the optimal frequency
can be expressed in terms of the ratio “effective fluid column length to the length of the equivalent mathematical
pendulum”,

10)

ho/Hg = Lett/2Lo — sin B. (11)

Careful investigations in [12—14] limit the maximum allowable (relative) speed of the fluid to |it| = w4 |u| <
10m/s to keep the fluid-gas interface intact. Hence, for a given fluid stroke, the practicable range of the
frequency in Eq. (10) is bounded.
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In the course of the tuning process the parametric excitation in Eq. (9) is neglected and the nonlinear
damping is equivalently linearized. Assuming a time harmonic motion, the work dissipated in one cycle
renders the corresponding amplitude dependent linear damping coefficient [2]

¢a = (4/3m) 5p max |ul (12)
to be substituted in the equation of motion of the relative fluid flow:
Ui—+2awau+ a)i U=—K (aA . e’A) , (aA . e’A) =apycos(y +0) +aa;sin(y +0), (13)

where w4 and « are the linear natural circular frequency, Eq. (10), and the geometry-dependent excitation
influence factor, Eq. (9), respectively. Delineation in the un-primed coordinates in the undisturbed reference
system renders the forcing nonlinear; see Eq. (13). With respect to the center of floor mass Cyy, the acceleration
of point A becomes

as = daay ey +aa e, =ac, +0fac, —0°racy, Tacy = (va—ycy)ey + (za —zcy) €. (14)

To make use of the substructure synthesis of the TLCGD to the floor we need to determine the resultants
of the fluid motion by means of the conservation laws of momentum and moment of momentum. The dead
weight of the piping system is added to the floor mass. The position of the fluid’s center of mass Cr is

rp=ra+ s’fe/A + xre,, where the static fluid mass moments render s/f =kuand xy = iy (H2 + uz)/ZH,
and hence, ‘
k=«Let/L1, k1 = QH/Leg)sinB, ky=«1Lett/L1, mg=pAgLy, L1=2H+ BAp/An. (15)

The acceleration of Cy,

2. -
ap = dd;f —a, +E(ﬁ—ué2)eg+k(ué’+2aé)é;\+%('2+ui4‘)ex, (16)

determines the resulting force and, as well the control force acting along the trace; note that, a roof denotes
the positively rotated orthogonal in-plane vector,

Fa=may, F.=kmy (u—u@z) e;‘ (17)
The in-plane force components in the un-primed reference coordinates are listed below; see also Eq. (14),

Fay =my |ay + & (i —u6?)cos(y +6) —k (uf + 2i0) sin (y +0)].

) . ) 18
Faz =my[a, + & (ii —u6?)sin(y +0) +i (ud +2i0) cos (y +0)]. (1%

The axial moment about the vertical axis, with respect to the reference point A, is explicitly evaluated by
conservation of the angular momentum; the other two axial moments about the axes in the orthogonal directions
e’ 4 and é’A are undesirable and are not further discussed here,

May = my [ki3H* 6 + i (u? 0 + 2u1i 0) cos B+ icu (&, -aa)],

_ ) (19)
=2 (L) + £ (F) + (1+ 3 cos p)cos B

Linearization of Eq. (19) together with the assumption |#| < 1 saves the first term of the moment in Eq. (19).
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3 A moderately asymmetric single storey space frame with a TLCGD attached

Three degrees of freedom are assigned to the rigid floor with displacements v and w of the floor’s center of
mass Cys and (small) rotation 6 about the vertical axis determining the deformation. A single point horizontal
base excitation, seismogram a, (), with arbitrary angle of attack o against the y-axis, U, = ag(t) cosa, W, =
ag(t) sina, refers to a simple model of seismic action; soil-structure interaction is neglected. The supporting
columns may have anisotropic flexural stiffness and the center of stiffness may be disjoint from the center of
mass. Commonly the geometric correction of the flexural stiffness is applicable to account for the compressive
normal force produced by the floor’s dead weight, see, e.g., [23, p. 604], however note in this case the Hermite
shape function H3 on p. 611 for the more standard approximation of the (static) deflection of a clamped—
clamped beam. In some cases, modal portions of the column mass must be added to the floor with one
and the same shape function taken into account. With mass- and stiffness matrices known, a modal analysis
is performed rendering the natural (circular) frequencies @; and mode shapes <75 i, j = 1,2,3. Next, the
modal centers of velocity are determined to decide about the strength of the asymmetry: Ziegler [23, p. 14]
provides the formulas for this point in the floor with instantly vanishing velocity. For small deformations,
time can be eliminated and the displacements are determined by a small rotation about the center: to preserve
the dimension length, the angle of rotation is commonly multiplied by the radius of inertia of the floor,
ur =rs, wur); =q;O¢jr. k=1,2,3,

_ | Yoy —Yem | _ —j2/Pj3 0
T < 26y ~ 2w ] o [ oi1/0j3 | (20)
Thus, the modal displacements of a point P in the floor are approximately given by, |6]| < 1,
vp — . o A _ - (ZP — ch.)
[wPl = (¢j3/rs) rec,, Tpc,; = [}’P—ycu_,- ! ] 1)

Figure 2 illustrates the case of moderate asymmetry where all modal centers of velocity are lying outside of
the floor plan, indicating dominating displacements for small rotation, and it shows the proper arrangement
of three modally tuned TLCGDs on the floor with their normal distance to the corresponding modal center of
velocity “maximum”.

Modal expansion of the main structural equations of motion with the coupling forces to the TLCGD
substituted, however in their linearized form, Eqgs. (18) and (19), with a single point oblique base excitation
considered, namely

Fay=my Vg + U — (24 —2cy) 0 | +kmyiicosy, Fa;=my [y + 0+ (ya — yc,,) 0]+km piisiny

(22)
render, upon projection on the mode numbered j,
I+ I?(UA]‘ COSy + w4yj siny)mfj/mj qj i 2¢sjwsi 0 q;
K (vajcosy + wyjsiny) 1 ii 0 204 j0p5 || 1t
2 ) 7T .
s O |:41i|=_|:l‘j/¥1]j|ig_ (23)
0 wAj u KT
Az (:}]3
1 TLCGD2
Cvi  TLCGD2 or 3} TLCGDl y
° 3 O
*  TLCGD3
Cvz
[ ]

Fig. 2 Modal centers of velocity e of a moderately asymmetric space frame (length scale applies), [9]. Positioning of three
TLCGDs (modally tuned) with an alternative shown
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The generalized participation factors become, with the total floor mass Mg,
L] =[Ljy Ljz O], Ljy=Ms¢ji+mpvaj, Ljz=Mspj +mpjwa;. (24)

The properly generalized modal fluid mass ratio with m ; = (ZITMSJ) i, the modal mass of the main system and

m g; the fluid mass in the TLCGD numbered j, depends on the location of the reference point A ( YA ZA 0),
and should be maximum,

my; — 2
W= %vf > maxly, VE=V2 4k (ppH/rs) . V2=, +wd) (25)
7

The TLCGD Egq. (13) when further linearized with respect to the forcing, and with the modal values substituted,
is given by
i +20ajwaj0 + wiju = —k [(vAj cosy +wa;siny) §; + (rg ~§g)] , ri=[cosy siny 0],
Ko = [Ug g O], waj=0j1—3(zaj —zcy)/rss waj =dj2+ 83 (vaj—vyeu)/rs  (26)

and has been inserted into Eq. (23) to approximately make modal decoupling possible, well separated natural
frequencies of the main structure are thus understood.

Following the tuning procedure by analogy, originally developed by Hochrainer [2], we put an equivalent
TMD of the spring-mass-dashpot type at reference point A, with relative displacement u* in the direction y, on
the floor. Since the parameters of the main system, namely mass, natural frequency, and light modal damping
are subjected to change in this case, they are marked by asterisks; a modal expansion renders

1+ ,u}f (vAj COS Y + w4, sin y) mt‘j/m*]f qj N 2g§jw§j 0 gj
(vajcosy 4+ wy;siny) 1 ii* 0 265005 | L @*

w2 0 gi LT ym*
J Jl = _ J J %
! [0 wﬁ-] [u] [ O @n

Ljy_MS(p./]—*_mAij/’ L‘iz—Ms¢j2+mAijj,

where M7 is the floor mass of the equivalent main system, and the TMD equation of motion has been inserted,
i 4205 0 i1+ wzzju* = — (vajcosy + wajsiny)G; — (r? xg) (28)

Requiring the forcing in Egs. (26) and (28) to be equal, yields at once the proportionality
u=ru* (29)

and, upon substitution in the second of Egs. (23) and (27), leaves the natural frequency and the linear damping
of both absorbers unchanged. Substituting these results in the first of the Egs. (23) and (27) defines the transfor-
mations of the main system parameters and the modal absorber mass ratio. By some algebraic manipulations
the mass ratio of the equivalent TMD results,

2

Kic (VJ’.“/VJ-)
K=K 3
(s [1 — i (Vi/v)) }

together with the transformation of the optimal frequency ratio, linear damping remaining unchanged,

< u; (30)

. 5*
_ fA]opt _ jopt % %
(Sjopt = = < Sjopp {Ajopt = gAjopt' (31)

Isi \/1+Mj [1 — Kk (vj*/v,-)z]

Thus, having determined the TLCGD geometry, the analogue TMD modal system can be used to obtain the
optimal tuning frequency and the best damping ratio from literature, e.g., [15], [24] and [25] and to apply these
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parameters to optimize the TLCGD design, Eqs. (10) and (11). To render the absolute acceleration of point
A in direction e4 minimum, the Den Hartog formula gives very good results even if small modal structural
damping is considered, uj‘ of Eq. (30) substituted,

Srop = Lijo [ 135 = 1/ (14 125)s hjope = /30/8 (14 155). (32)

If several TLCGDs are applied, subsequent fine-tuning, e.g., by minimizing a performance index in the fre-
quency state space, is recommended, see [4,6]. The Den Hartog optimal parameters serve as the initial values,
e.g., in the standard program fminsearch of MATLAB [26].

A numerical simulation of the space frame with three TLCGDs attached and with modes according to
Fig. 2 was performed, [9], varying the angle of attack 0 < o < 7 of the ground acceleration “1940 EI Centro
seismogram” scaled to 0.35 g maximum acceleration. At the critical angle o ~ 7/6, all three TLCGDs were
active to effectively reduce the severe response of the main system. However, the maximum fluid strokes and
thus, the maximum relative fluid speeds occurred at « >~ /2 with 3.0m/s in TLCGDI1, at ¢ >~ 0 in TLCGDs 2
and 3 with 3.2 and 2.9 m/s, respectively, all are well within the limit given in [12]. Thus the fluid-gas interface
remains intact.

4 A strongly asymmetric space frame with TTLCGD attached

Again, such a single storey space frame is considered exemplarily, to illustrate the action of a TTLCGD in
the ith floor of an N-storey tall building with a straightforward generalization understood. The modal analysis
is performed likewise to the previous section; however, if several modal centers of velocity fall into the floor
plan, Fig. 3, strong asymmetry is “defined”.

According to the example illustrated in Fig. 3, torsion dominates the coupled vibrations of the first two
modes. Consequently, (torsional) TTLCGDs are applied and modally tuned. To derive their equations of
motion, in Eq. (5) the integration path has to be changed since the horizontal pipe section of length B is now
a nearly closed loop and, in this case, the upright pipe sections are assumed to be vertical, 8 = 7/2, and
set at a reference point A ( VA ZA 0) to be properly selected in the course of maximizing the modal mass
ratio. Commonly, the TTLCGDs have a doubly symmetric horizontal pipe section with respect to Cps. Hence,
we choose the geometric center O that coincides with the center of mass Cjs of the floor for the uniformly
distributed floor-mass to delineate the guiding acceleration in Eq. (2) with respect to Cpy = O:

a, = ac, + éf';,z, — 6%ty (33)
The integral on the right-hand side of Eq. (5) when considering the curved doubly symmetric horizontal path
of integration and putting 8 = 7 /2, reduces to
2
/ ag- €, ds' =6 7{ - ¢ids' =24,0, (34)
1 B

As |# TTLCDI

Fig. 3 Modal centers of velocity e of a strongly asymmetric space frame (length scale applies), [9]: those of the first two modes
fall inside the floor plan. Proper positioning of two TTLCGDs and one TLCGD (modally tuned)
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where A, is the area enclosed by the looping axis of the horizontal pipe section. The angle of rotation about the
vertical axis 6 is changed to the newly defined variable of dimension length by multiplication with the radius
of inertia of the fluid mass with respect to point O = Cys: urr = r r6. Finally, the linear damping equivalent
to the averaged turbulent damping is considered in the linearized TTLCGD equation of relative fluid motion,

. . 2 . 2Ap
i+ 20awaU + WyU = —KTOUTT, KTQ = ,
7 ¢ Legt
2 Ap [ 2 ., 2 2
Ifx|0:CM=mfrf=,0AH E I‘yfz/ds +2H(yA+ZA) . (35)
B

with linear frequency still defined by Eq. (10), see Hochrainer [2] for the first considerations without any
discussion of the tuning procedure.

The resultants of the fluid motion in the TTLCGD, referred to O = Cyy, are given by substituting the
acceleration of the fluid’s center of mass into the first Eq. (17),

2H . . . . 1 ,. .
ar =ac, + T |:— (za6 + yA02) ey + (yab — zA02) e + T (u2 + uii) ex]. (36)
1
The linearized components of the interaction force in the unprimed reference coordinates become

Fy|0:CM =my (i)'g 4+ v —2HiitTza/L1 rf), FZ|O=CM =my (l:l')g 4+ w4+ 2H iitrya/Ly rf). 37
Equation (19) changes to

Melo=cy = myr} [+ (2H/L1r}) (vag: = 2ady),, +Rroii/rs ] %ro=kroLen/Li.  (38)

With modal values numbered j substituted in Eq. (35) and with linearized interaction forces considered in the
modal equation of the main structure, the alternative to Egs. (23) and (25) reads,

14w Krogjzmyjryi/mjrs || 4; N 2sjwsj 0 q;
KTO® )37 fj/Ts 1 ii 0 20ajwaj || 1

W 0 ; LY /m;
A o B T P (39)
0 wh; | |u o”

iy 2 2 L AHG oo — i) /L
Krj= o TP Tj =V T ¢j3(ij¢jZ ZA/¢/1)/ 1rs —> maX|Aj(ij z4j 0)°

J

2
U%j = d’jz‘l + ¢]2‘2 + (pjarsi/rs)”

The participation factors are formally still given by Eq. (24); however, before their substitution, the modal
displacements of Eq. (26) have to be altered by the substitutions

VAj — (}5]‘] — 2H¢j3ZAj/L], rs, WAj — ¢j2 +2H(f)j3ij/L1 rs. (41)

To perform tuning by analogy to an equivalent (torsional) TTMD, the latter is designed as a torsional spring-
mass-dashpot system that moves in translational modal motion with the floor but allows for a relative modal
rotation with angular coordinate u*/r. The absorber mass is assumed doubly symmetric distributed with
respect to the point Cy = O, Fig. 4, with the moment of inertia I¢c,,, = m:irﬁ..

The approximating modal system of equations simply becomes, an asterisk denoting all relevant parameters,

L+l gjamiyry;/mirs | | §; N 25,05 0 gj
Dj3ry;ilTs 1 i* 0 20504, ||

*2 . T
I A | T N RO 42)
0 wf. u* or &
J

* mzj x2 *2 2 2 * 2 * * * * * *
ni = > VT UTj=¢j1+¢j2+(¢j3rAj/rS) ,LijZ(ms—i-mAj)(f’jlsLTjZ:(ms+mAj)¢j2
J

(40)

(43)



258 F. Ziegler

A Wg+W

Vg +V

Fig. 4 Floor of the single—storey strongly asymmetric structure with equivalent TTMD: mass with rotational spring support and
dashpot, relative angle of rotation u* /r’
with the selected modal motion of the TTMD considered
. . 2 .
i+ 205 0 0"+ wyiut = —Gj¢3ra;/Ts. (44)
The analogy requires one and the same excitation in Egs. (35) and (44), thus
urr =170 =ity =140 = rj =1y (45)
rendering at once the proportionality, cf. Eq. (29),
u=«xkrou* (46)

and, upon substitution in the second (homogeneous) Egs. (39) and (42), leaves the natural frequency and the
linear damping coefficient of both absorbers unchanged (analogous to the TLCGD). Inspection of the first of
Egs. (39) and (42) defines the transformation of the main system parameters and, most importantly, the modal
absorber mass ratio, cf. Eq. (30) of the TLCGD,

. KTOKTO (vTj/VTj)2

Hj=Hj -
1+ [1 — «krokro (vrj/Vrj)

2] < Wj, Vp;=vr) 47)

The transformation of the optimal frequency ratio becomes, cf. Eq. (31), valid for TLCGD, optimal linear
damping remains unchanged for TTMD and TTLCGD, the Den Hartog optimal parameters of Eq. (32) can be
selected and substituted,

5%

fAjopt jopt %
(SjOpt = = < 8

) (48)
- Jjopt
Isj \/1 + 1 [l — KTOKTO (UTj/VTj)z]

Remark Outwardly inclined upright sections of the TTLCGD, 7 /4 < B <m /2, somewhat increase the active
fluid mass and in addition provide a control force at the reference point A with the effect of increasing the
control moment of the dominating rotational vibration with respect to Cyy = O. However, the analogy to
an equivalent TTMD becomes more complex: a point mass must be added to the TTMD resulting in quite
complex relations, see Fu [8] for details.

4.1 Effective modal damping of the dominating rotational first mode by the TTLCGD

The strongly asymmetric (rather small) single storey space frame with floor mass ms = 16 x 10°kg has a basic
mode assigned with dominating rotation: with fs; = 1,40Hz and ¢! = 102 (0.1868 —0.5981 0.4821 ), the
radius of inertia of the floor is rg = 2.58 m, Fig. 5. The eccentricity of the center of stiffness C's may be related
to a quite stiff staircase and/or elevator tube, separated from the structural columns.
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A\Z

&

Fig. 5 Fundamental mode with center of velocity C,; shown, rotation exaggerated. Eccentric location of the center of stiffness
Cs [8]

Table 1 Layout of the modally tuned TTLCD1, gas volume and gas equilibrium pressure properly assigned [8]

TTLCDI1
Horizontal length of the liquid column B (m) 24
Vertical length of the liquid column H (m) 1.40
Constant cross-sectional area of the pipe (m?) 0.0187
Effective length Legg = Ly = 2H + B (m) 26.80
Angle of the inclined pipe section 8 (rad) /2
Geometry factor k79 = k19 0.67
Equilibrium pressure ho (m), Eqs. (10) and (11) 220
Gas volume V, = Ay H,(m%), Eq. (11) 0.0410
Mass ratios w, u* 4.74,1.81%
Natural frequency fa1opt (Hz), Egs. (10) and (48) 1.36
Optimal linear damping ¢ A10pt %, Eq. (32) 8.17

The fluid mass of the TTLCGD 1 is assumed m¢; = 500kg. Itis subjected to tuning to increase the damping
of the first mode. The design parameters and the results of Den Hartog tuning by analogy to the equivalent
TTMD are listed in Table 1. The rectangular horizontal loop follows closely the border of the floor. Note the
rather high equilibrium gas pressure necessary to render the required optimal frequency. The long horizontal
loop length B is common in the design of such TTLCGD. The effective modal structural damping coefficient
increases from 1% to ¢err1 = 6.2 %, Fig. 6.

5 Tuned liquid column-gas dampers applied to bridges

In case of dominating horizontal or rotational vibrations, the U- or V-shaped TLCGD is well suited to increase
effectively the damping of the selected mode. The rigid, symmetrically designed piping system of the absorber
is fastened to a properly selected cross-section of the bridge to form a rigid frame with three degrees-of-freedom
of the in-plane motion. Note the axis x of rotation of the cross-section is now horizontal; with angle of rotation
|9] < 1, and y, z are the principal axes of the cross-section when referring to oblique bending. The equation
of relative fluid-motion is derived in the form of a generalized Bernoulli equation by integrating along the
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Fig. 6 Dynamic magnification of the first mode in the critical frequency window, without - {51 = 1% and with linearized TTLCD1
attached, efrj = 6.2%. Den Hartog’s optimal parameters applied, Eqs. (32), (47), Table 1, [9]

Yy O, fixed

‘v(x,t)
Xx

VZz

Fig. 7 Single cross section at x = & of the bridge (three DOF in-plane motion). Absorber forces applied. Eccentric center of
mass Cps. Symmetry in stiffness, center Cs. Note the vertical distance d4 of reference point A with respect to Cg

relative streamline, [23, p. 498], and equivalent linear damping is added, see [6] for details of derivation,

d 92 B\ ..
+(K1—A—K2) —2} u=r({—gv)— (KdA +K15) . (49)

H w4

i +2¢awatt + 05 | 1 —k
fawa A|: lHa)i

Two newly defined geometry coefficients enter Eq. (49); see Eq. (9) for the common coefficient «,
k1 = QH/Legr) sin B, k2 = (Bcosf + 2H)/Less. (50)

The distance d4 is indicated in Fig. 7. The linear natural frequency is still defined by Eq. (10).

Considering both conservation of momentum and moment of momentum of the fluid body, easily renders
the control force components in the rotated coordinates and the moment with respect to point A,
)

Fy = my {ayr —K (u — uf?z) + TH

(52 + %) +4umf}]},

Fy=my !az/ — i (ud + 2ad) + ;—12{ [(H? +u®) D% —2 (i + MM)]}, (D
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. k1 B % . .
Moy = my [;zgfﬂﬂ + KlTu — kuay + 2K_111 (H? + u?) ay + iz (u®D + 2um9)},

2H A
&1 = ki1Ler/L1,ka=k2Legt /L1, Eé:m (1+3(B/2H)2+ﬁ(B/2H)3+3(B/2H)cos,3), (52)

cf. Eq. (19). If the damping coefficient exceeds the cut-off value of parametric resonance by vertical and
rotational motions of the cross-section, parametric excitation in Eq. (49) can be safely neglected.

Extending the more or less coupled partial differential equations of forced, principal flexural and torsional
vibrations of a continuous slender beam (rigid in shear, Nowacki [27]) to oblique bending, yield a modal
equation within the Galerkin approximation, a single-term Ritz approximation is substituted, Eq. (53), see
[23, p. 595]; (m = pA is the mass per unit length of the bridge and light modal structural damping has been
added, see Fig. 7),

VD =YX, w0 =YOPR), ur(x,n=edx,1) =YY, (53)
I
d 0 fori j
/m [x,-x,» ity + Ui+ < (Vs + didy) — = (W + x,»wj)} dr = [,e/ez o jﬂ (54)
0

Pyocar+ety=|-2 WA T Y
+2¢ + —[—ﬁ(x-i-mﬁz—?lﬂ)—ﬁ(ﬁb—xlﬁ;)—W
]

F ) = / [X(X) py(x, 1) + ¢ (x) po(x, 1) + ¥ (x)
0

Max F ()
M Lg T Y

W} dv, M =1,/é. (56)

Preparation of the (linear) tuning procedure requires the linearized form of the equations of motion of the
projected main system with the absorber synthesized. Neglecting parametric forcing in Eq. (49) and substituting
the linear dynamic parts of Eq. (51) yields the linearized matrix equation of the coupled modal SDOF-main
system with the action of a single TLCGD at a proper position x = £ considered,

Y 20 Q 0 Y Q2 % Y Ft)/M
Mg | Ll ¢ "+ ke lﬁzg/e _ )/ ’ 57)
u 0 2Cawa u Kkyrg/e w4 it u 0
Mo | 1FHAS?H1C+da/e)? [1455 (H /)| =2x0da e} pl=iex+(1 B +2ieda) v/ 2e]
s kX +(k1 B +2xdg) Y/ 2e 1 .
W=y ez/le. (58)

Equations (57) and (58) turn out to be similar to the properly generalized modal Eq. (23), however, with force
excitation understood.

5.1 Den Hartog tuning in case of dominating horizontal lateral bridge vibrations

In that case, the center of velocity falls (far) outside of the cross-sectional area at station x = £. Consequently
both the vertical ¢ and torsional ¥y mode shapes are set equal to zero in Egs. (57) and (58). The mass ratio of
the equivalent TMD results, cf. Eq. (30), and the optimal frequency ratio of the TLCGD changes accordingly
to, cf. Egs. (30) and (31),

m Kk x> mpe?
* A f
Mmoo = — = ) ) = 59
me M T+ux? (1 —xi) | " I, (59)
and
8*
WA opt *
) t — - B i é‘A, t {A . (60)
op Q V1i+ux? A —«k), x=£ ’ o
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Parametric excitation of the TLCGD by the vertical flexural vibrations of the bridge remains ineffective if
the optimal linear damping coefficient is larger than the cut-off value of the most severe (double frequency)
time-harmonic parametric resonance, [7]

Ca,opt = (4/3m) 6 max [u] > £1") = kmax |w (x = &)|/H. (61)

5.2 Den Hartog tuning in case of dominating torsional bridge vibrations

The center of velocity lies inside of the cross-sectional area at station x = £. Consequently, the oblique flexural
vibrations are neglected by putting both the vertical ¢ and lateral y mode shapes equal to zero in Egs. (57) and
(58). The mass ratio of the equivalent TMD turns out in a more elaborate fashion, Eq. (62), with the optimal
frequency ratio properly transformed,

= (i1 + 2ikda/B) (k1 + 2kda/B) ¥ (B/2e)? 62)
L+ 1 [(da/B)? + 7 (H/B)? — (&1 +2&da/B) (c1 +2cda/B)/4] (W B/e)*| _,
8ot

(63)

80pt =

\/1 + 1 [(da/B)* + &5 (H/B)* — (&1 + 2kda/B) (k1 +2xda/B)/4] (¥ B/e)? e
The optimal damping coefficient, e.g., given in Eq. (32), remains unaffected. Parametric resonance in the
torsional mode (0 = 0 in Eq. (49)) remains ineffective if the sufficient condition applies—note the cut-off

value of parametric resonance turns out differently to that given in Eq. (61), see again Fig. 7 and consider
Eq. (50), [71,

Caopt = (4/37) Sy max [u| > ) = k1da/H — k2| 98 /8. (64)

5.3 Application of the TLCGD during the cantilever method of bridge construction

Wind gusts are critically forcing horizontal vibrations of the cantilevered bridge in construction, and con-
sequently, the length of the cantilever must be limited. Stepwise tuning during the advancing construction
length of the tip-positioned TLCGD increases the effective structural damping and thus allows much longer
overhangs. A scaled model tested in the laboratory of the Author in the Institute of Building Construction and
Technology, Fig. 8, convincingly approves the simulation results in both cases, under time harmonic contact-
less excitation, Fig. 9, where measured and numerically simulated dynamic magnification factors are shown to
be in good agreement in the critical frequency window and further, by the forced decay rate of free vibrations,
Fig. 10. The TLCGD is optimally tuned with respect to the basic mode of the cantilevered bridge [28].

6 The vertically acting tuned liquid column-gas damper

Earlier we have exemplarily shown that the U- or V-shaped tuned liquid column-gas damper (TLCGD) increases
the effective structural damping of horizontal vibrations nearly as effective as an equivalent TMD with the
additional advantage of easy frequency tuning by adjusting the gas equilibrium pressure. The novel pipe-in-pipe
VTLCGD, sketched in Fig. 11, mitigates vertical vibrations, likewise to the spring-mass-dashpot TMD, [10].
Since one air chamber must be sealed for the sake of the required static over-pressure, the gas-spring effect
is inherent in this design. The geometric analogy between the redesigned VITLCGD and the TMD still exists,
making the first step in the tuning procedure ‘classical’. Subsequently performed fine-tuning in state space
of the VTLCGD, e.g., in the case when it is converted into smaller units in parallel action, renders an even
more robust passive action, [11]. The experimentally observed averaged turbulent damping of the relative fluid
flow and the weakly nonlinear gas-spring render the VTLCGD insensitive to overloads and, as well, to the
parametric forcing caused by the vertical motion.

When considering a single-degree-of-freedom (SDOF-) main system, mass Mg, excited by vertical base
acceleration and forced by F(#), with such an alternative VTLCGD attached, see again Fig. 11, renders, upon
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Fig. 8 Lab-model: cantilever method of bridge construction, dimensions in mm. a In side-view-b In front view, V-shaped TLCGD
and electro-magnetic excitation shown, [28]
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Fig. 9 Measured and simulated dynamic magnification factor of the horizontal tip-deflection in the critical frequency window,
[28]
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Fig. 10 Decay of free vibrations of the cantilevered bridge model, TLCGD optimized, [28]
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Fig. 11 Novel symmetric design of VTLCGD for vertical vibration damping, with flat or curved bottom, [10]. B/H < 1. The
earlier design, [29], is improved. Static over-pressure head Hy indicated in the “equilibrium 2" position. A circular cylindrical
(axi-symmetric) design of the tank needs additional vertical, flat guiding blades to circumvent rotational flow

equivalent linearization of the turbulent damping §pu |it, resulting in the relation §; = {437 /4 max |u|, and
after substitution of the first, linear part of the control force F, = F| + F», the approximated coupled system
of equations of motion

l+upn —pko W 205 Qg 0 W Q: 0 w T+u] £o
|+ .t == We + ’
—Ko 1 ii 0 2wl | 0 of| |u —KoQ 0

n = mF/MS, (65)
won V(&/72) [+ (ho + nHo)/ o o
ko =2Hy/L, fAZﬁZ m s Flsz(wg—i-w—/cou,),
F>=—my [uii +i*]/(L/2). (66)

Note that, similarities exist to the more general Eq. (57) and compare the expression for the natural absorber
frequency with that given in Eq. (10) for the TLCGD. Since the area of the cross-section of the VTLCGD is
constant, Lesf = L1 = L = 2H + B. Confer Eq. (22) as well. The parametric forcing term in the second of
Eq. (65): — [ (W, + %) u/(L/2)], has been omitted with sufficient damping understood. The cut-off value in
this case is given by, [10,11],

ta > ¢y = max lwg +w|/(L/2) < 1. (67)

Equation (65) is well suited for comparison with that of an equivalent TMD attached to the properly altered
main SDOF-system, where an asterisk denotes all the relevant parameters. Den Hartog tuning, Eq. (32), of the
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Fig. 12 Dynamic magnification factor of the vertical deflection at mid-span of a standard 50 m-span, SS-steel bridge in the critical
frequency window around the first mode. Force excitation, wys; = Fo/ k1 = 0.95mm. Single VTLCGD, and alternatively eight
smaller units at mid-span, [10,30]

VTLCGD by analogy is made possible by the equivalent mass ratio, identified by inspection of the two systems
of equations of motion, cf. Eq. (30) with kk — /c(% substituted, as expected for a constant pipe cross-section,

=y 5 = o 14 (1= )] (69)

The formula remains applicable for modal tuning if the normal mode is normalized to one at the position of the
VTLCGD, cf. to the more complex Eq. (30). The optimal frequency ratio is simply given by the transformation,
cf. Eq. (31) for the more general case,

5opt = onpt/fS = 8&)[/\/ I+ u (1 - K(%)’ CAopt = é‘zopt' (69)

The optimal linear damping coefficient, Eq. (32), is not affected by the transformation.

Equation (65) takes on a hyper matrix form for a multiple-degree-of-freedom main system with modal
coordinates Y;,i = 1,2, ... N, with several VTLCGDs attached at properly selected positions x = &, k =
1,2,...r < N, and possibly converted into n; smaller units in parallel action at one and the same location.
In such a case, fine-tuning in state space is again recommended. The Den Hartog optimal parameters serve as
initial values, e.g., in the standard program fminsearch of MATLAB [26].

The result of a numerical simulation within the critical frequency window of the basic mode, Fig. 12, of a
single span, simply supported steel bridge of span 50 meters, modal mass m; = m /2 = 35.72 x 10° kg, time-
harmonically forced at mid-span, convincingly approve the damping effect even of a single, modally tuned
VTLCGD withm y = 2,000 kg, and further illustrates the increase of robustness of the damper when converted
into eight smaller units in parallel action, all positioned at mid-span, [10,30]. The pressure in equilibrium1 state
is prescribed, pg = 1.2 x 107 Pa, and the surplus pressure head Hy = 0.70 m is chosen in the equilibrium2
state. The optimal Den Hartog parameters of the single VTLCGD are derived following the two steps: (i)
ko = 2Hp/L = 0.40 is substituted in Eq. (68) to render the mass-ratio of the equivalent TMD, u* = 0.9%.
(ii) When considering the result of Eq. (32) in Eq. (69), the optimal parameters turn out fa1opt = 2.64 Hz and
Cal opt = 5.6%.

By means of the linear frequency of the equivalent mathematical pendulum and Eq. (66), Eq. (11) changes
accordingly to render the altered design formula

(ho +nHo)/H, = L/2Lo — 1. (70)

Putting n = 1.4 yields for the assigned natural frequency the height of the gas volume H, = 0.380m, Eq. (70).
The cross-sectional area A = 0.571 m? thus completes the design of the single VTLCGD. The maximum fluid
stroke is linearly estimated to be max |u#| = 0.05 m and thus is compatible within the design dimensions.
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The most severe parametric resonance at double frequency must be considered, [7]. The deflection
max |w(f; = 2f4)] = 107m results and, when substituted in the inequality (67) with we = 0, renders

Catopt = 5.6% > ;f;{g = 0.08%, i.e., parametric forcing is fully negligible.

When considering four pairs of smaller VTLCGD units in parallel action, fine-tuning in state space
requires the equilibrium1 gas pressure properly adjusted and, since the optimal damping of the fluid mo-
tion is much lowered, the maximum stroke is nearly doubled: fa1,8.0pt = 2.80, {a1.8,0pt = 1.85, fa2,7,0pt =
2.51, Ca2,7,0pt = 1.73 and fa3.8.0pt = 2.61 Hz, {438 ,0pt = 1.73%. The control becomes more robust as the
inspection of Fig. 12 reveals. Since the maximum relative fluid speed still remains rather small, namely 1.7 m/s,
no problems with respect to the application of the piston theory (intact fluid-gas-interface) are encountered,
[12]. The inequality (67) still holds true.

7 Conclusions

The U- or V-shaped tuned liquid column damper substitutes equivalently the tuned mechanical damper if the
vibration is dominantly horizontal, which occurs, e.g., either if the main system is a moderately asymmetric
space frame, or if the main system is a bridge with critical lateral flexural-torsional natural modes, as made
evident in this paper. For strongly asymmetric space frames (the definition is given in the paper), where rotation
about the vertical axis dominates a (low frequency) natural mode, the special design of a torsional tuned liquid
column damper turns out to be in fact more efficient in dissipating energy.

In both cases of (classical) TLCD and TTLCD, the size effect limits the application to extremely low fre-
quencies in fractions of one Hertz. It is shown that the gas-spring effect in sealed dampers, like
TLCGD/TTLCGD, not only extends the frequency range of application but also renders an easily accessi-
ble tuning parameter, namely the static equilibrium gas pressure in the symmetrically arranged gas containers
above the upright pipe sections. In order to keep the fluid-gas interface intact, the allowable relative speed
of the fluid must be limited as derived recently by Wilhelm Schneider and his research group. Consequently,
it is pointed out that for a maximum given fluid stroke the frequency range of application becomes equally
limited. A novel design of a VTLCGD is analyzed, which mitigates dominating vertical vibrations, e.g., of
bridges and large floor-plates. In that case, at least a one-sided upright pipe section must be sealed to allow
for a surplus of static pressure. For all these generalized tuned liquid column dampers an analogy is worked
out to the equivalent mechanical dampers allowing modal tuning in an easy manner. Simple, case adapted
transformations of the well documented optimization parameters of the TMD result and are presented in detail
in the paper, yielding the desired frequency ratio but leaving the linear damping coefficient untouched. Hence,
the widely used Den Hartog parameters apply as well. However, the sealed tuned liquid column dampers are
insensitive to overloads and to the parametric forcing caused by any vertical or rotational motion due to the
presence of both, the weakly nonlinear gas spring and the experimentally verified averaged turbulent damping.
The latter is equivalently linearized in the course of the tuning process by analogy.
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