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Damping of a pendulum: An experimental test of the Stokesian unsteady
friction force on a cylinder
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In 1851, Stokes calculated the force exerted by a viscous fluid on an infinite cylinder in
oscillating motion. Although the calculation was restricted to vanishingly small Reynolds
numbers Re, most of the experimental tests performed up to now have been made with
Re > 1. Here we present a series of experiments involving a cylindrical pendulum os-
cillating in air at different pressures and with Re < 1. We deduce the unsteady friction
force from the measurement of the damping time of the oscillations. We compare our
experimental results for the unsteady force (a) to Stokes’ predictions for an infinite cylinder
and (b) to predictions for finite-length cylinders, using an expression of the unsteady force
derived from the works of Lawrence and Weinbaum and Loewenberg. The agreement is
quite satisfactory and proves that macroscopic objects like a pendulum can be used as
probes of the Stokesian flow regime.

DOI: 10.1103/PhysRevFluids.6.104101

I. INTRODUCTION

In 1851 Stokes [1] calculated the force exerted by a viscous fluid on a sphere and on an infinite
cylinder, in steady as well as in oscillating motion. Concerning the sphere, his calculations were
successful for both kinds of motion. For the steady motion of the cylinder, however, Stokes faced a
difficulty which is now coined as the “Stokes paradox.” Despite that failure for steady flows, Stokes
succeeded in obtaining the unsteady force acting on an oscillating infinite cylinder. More recently,
a new branch of fluid dynamics has arisen—the study of suspensions of particles at low Reynolds
numbers. One of the challenges has been to model the force on oscillating particles. Lawrence
and Weinbaum (L& W) [2] proposed an expression of the unsteady force acting on spheroids while
Loewenberg [3,4] adapted the L&W expression to finite-length cylinders. A last question remains,
however: Can the unsteady force on an infinite cylinder be obtained from the unsteady force acting
on finite cylinders with higher and higher aspect ratios?

Several types of experiments have been used to measure the unsteady force on an oscillating
cylinder. Here are the papers we are aware of, without any claim for exhaustivity:

(1) Experiments with a torsion pendulum carrying two cylindrical rods immersed in a liquid. The
first experiments of this type were done in 1800 by Coulomb [5] and similar experiments were done
in 1886 by Tomlinson [6] and in 1972 by Williams and Hussey [7,8].
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TABLE 1. This table synthesizes information concerning the experiments of Martin [12], of Stuart and
Woodgate [10], and of Williams and Hussey [7,8]. For each experiment, we give the fluid used, the cylinder
radius R in millimeters, the aspect ratio ¢ = L/(2R) (where L is the cylinder length), the oscillation frequency
/(2m) in hertz, the values of the Stokes number defined by St = 4R? /62, of the Reynolds number defined by
Re = 2RpUy/n = 4xyR /82, and of the ratios xy/R and x,/8 [where § is the viscous penetration depth defined
after Eq. (1)]. In the case of Martin’s experiments, we give only the values corresponding to the largest studied
frequency, the lowest frequency being 250 Hz

Author Martin Stuart Williams and Hussey
Fluid Water Air Various liquids

R 0.15 0.255 0.405 254 1.59-6.35

¢ ~830 ~500 ~310 24 ~8to ~31
w/(2m) 1600 0.690 0.06-0.2

St 424 1259 3113 384 0.24-49.0

Re 152 262 414 68 0.17-39.0
xo/R 0.36 0.21 0.13 0.18 0.4-2.5

Xo/8 3.7 1.7 0.15-2.79

(2) Experiments with a gravity pendulum oscillating in air by Baily [9] in 1832 and by Stuart and
Woodgate [10] in 1955; the experiment described in the present paper belongs to this type.

(3) Experiments with vibrating strings by Laird [11] in 1898 and by Martin [12] in 1925.

(4) Berg et al. [13] have studied the friction force on an oscillating cylinder and its variations
with the oscillation amplitude, using experiments and numerical calculations.

We give more details on these experiments in the Supplemental Material [14]. Almost all of the
quoted experiments were operated with rather large values of the Reynolds number Re (cf. Table I)
and moderate to large values of the cylinder aspect ratio. Despite this, most of the authors claimed
a rather good agreement with Stokes predictions which were obtained for a vanishing Reynolds
number and an infinite cylinder. If one can admit that a very long cylinder behaves approximately
like an infinite one, the true role of the Reynolds number is more puzzling and this is the reason
why we strived to build an experiment operating with the smallest possible Re.

Our paper is organized as follows. At first we recall the results obtained by Stokes for an infinite
cylinder and, extending results by Lawrence and Weinbaum [2], we propose an expression of the
unsteady force acting on cylinders of high aspect ratios. Then we present our experiment and the
way we relate the damping time of a pendulum to the unsteady force exerted on it. We then present
the experimental results and compare them to the predictions for infinite and finite-length cylinders.
Finally, with consideration of the magnitude of the Stokes number, we will (tentatively) explain why
experimental results obtained with finite Reynolds numbers can agree with theoretical predictions
for vanishing Re.

II. THE UNSTEADY FORCE ON CYLINDERS AT Re = 0

In this section, we recall the result obtained by Stokes [1] for an infinite cylinder and the result
obtained by Lawrence and Weinbaum [2] and Loewenberg [3,4] for spheroids and finite cylinders.
Finally we propose for the unsteady force an expression that interpolates between finite and infinite
cylinders.

A. Transverse periodic motion of an infinite cylinder

An infinite cylinder of radius R oscillates in a fluid with a displacement x(¢t) = xp sin(wt)
perpendicular to the cylinder axis. The force per unit length exerted by the fluid on the cylinder
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is given by [1]

dFSlokes
dl

where 7 is the fluid viscosity and Uy = wxy. The two components of the force are of different
natures. The term in K, proportional to the acceleration, describes an increase of the cylinder inertia
due to the interaction with the fluid and it is called the added mass effect. In the case of a pendulum,
its consequence is a modification of its period but this term does not induce any damping effect. The
term in K’ is proportional to the velocity and it describes the friction force which produces damping
of the pendulum oscillation. For an infinite cylinder both coefficients K and K’ are functions of one
single variable which is the ratio R/6 where § = 4/2n/pw is the viscous penetration depth and p
is the mass per unit volume of the fluid. Stokes obtained K and K’ in the form of a development
in series for the two limiting cases of low frequencies (R/5 < 1) and high frequencies (R/5 > 1).
The first terms of these series are

) ) 2

= =271 [K' Uycos(wt) — KUy sin(wt)], (D

=— _4+..., K =-
[In(R/8)]) + In(R/8) +
ifR/S < 1, (2)
K—(R)2+2R+ K=2%414
\s s ' s '
ifR/& > 1. (3)

The complete (and compact) expressions for K and K’ were obtained more than a century later
[15,16], in a complex-valued form

R)2 Yy Ki(ir)

K —iK = (— R (4)

8
where A = (1 —i)R/§ and K, is the modified Bessel function of order .

The (unexpected) logarithmic collapse (2) of the coefficients K and K’ for very low frequencies
is presumably related to the so-called Stokes paradox observed for the steady motion of the infinite
cylinder. While these low-frequency results are questionable, the high-frequency limit (3) stands on
much firmer ground and is the starting point for expressions of K and K’ which hold in a much
broader range of R/§. For example, one can write for R/§ > 0.2

K%(E)2+2]—e+ R/

5 5 ' 8[(R/8)+ 0.340%"

K’ae2§+1— R/o (5)
8 8[(R/8) + 0.107]>

with deviations less than 1% from the general result (4).

B. Transverse periodic motion of a finite cylinder

For prolate spheroids in transverse periodic motion Lawrence and Weinbaum [2] proposed a
general expression of the force, supposed to hold for all frequencies:

F R R
RO = —[ROl + Bofg + (B(j_ — Bj’_O)H(gﬂ cos(wt)
R R R\] .
+[2M'j8—2 +BY S+ (B - B‘f)G(E)} sin(wr). (6)
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The coefficients R(j_, BY°, and M depict the steady drag, Basset and added-mass forces while B(j_ =
(RY)?/6m depicts the unsteady drag force at low frequency. These four coefficients are functions of
the aspect ratio of the spheroid, and the two interpolating functions H and G are defined as

2x% 4+ x X

Hx) = — "% Gu)y=— "
S S W= ot

@)
The same general expression of the unsteady force was also adopted by Loewenberg [3,4] for
cylinders of finite length. It appeared that the L&W force gives satisfactory predictions for prolate
spheroids and cylinders of moderate aspect ratio (1 < ¢ < 10) but not for larger ones. The reason
is clearly the very large values of the unsteady drag coefficient BY (¢) for large aspect ratios which,
when using the L&W expression, leads to an overestimate of the force acting on elongated particles
at high frequencies. We would like to modify the L&W expression so as to obtain a force which
would hold for all aspect ratios and we focus on the case of cylinders of aspect ratio ¢ = L/(2R).
When this aspect ratio is very large, we notice that dF5° /d] = F/L = F/(2R¢) so that one is
led to rewrite the Stokesian force (1) in a form similar to the L&W force (6)

F
nRUy

= —4xp[K' cos(wt) — K sin(wt)] (8)

with K and K’ now depending not only on (R/§) but also on the aspect ratio ¢. And to agree with
Stokes’ main result, we require that K and K’ must tend to the nondiverging limit values (5) when
the aspect ratio increases to infinity. Is there a possible interpolation between the Stokesian unsteady
force for infinite aspect ratio and high frequencies and the L&W force which is known to hold for
small aspect ratios and all frequencies? We could obtain a satisfactory interpolation when writing

R? R BY —B*R
ArpK = 2M* — 4+ B — +4n¢pG| —=——L=— |,
e L52+l5+”¢[4n¢ 5
)
4n¢K’=R3+Bj°§ +4n¢H Bi — BT R : (10)
8 drgp 8

where G(x) and H (x) are the L&W interpolating functions defined in (7). The main difference is

that (B(i — BY)(R/3) replaces (R/§) as the argument of these interpolating functions. The main

consequence is that the force acting on elongated cylinders at high frequency has now the correct

order of magnitude and the Stokesian force will be obtained for an infinite aspect ratio. Since the

factor 47 ¢ is present everywhere, in what follows we rewrite the above expressions for K and K’ as
2

K=2m’1§—2 +bj°§+G[(b(i—bj°)§], (1)

R R
K/=rﬁ+b°f§ +H[(b‘l—b‘i°)g], (12)

where (10, b‘J)_, b, mﬁ) = (RY, Bol, BY, Mﬁ)/ (4 @). Useful information concerning the depen-
dence of these coefficients on aspect ratio was obtained by Loewenberg [3,4]. For aspect ratios
¢ > 10 (as in our experiments) the coefficients b53° and m‘ do not vary much as compared to their
value for an infinite cylinder [67°(0c0) = 2 and mj‘_(oo) = 0.5] since for ¢ > 10

2 <bT(p) <2.013, 0.468 <m’(¢) <0.5 (13)
while the steady and unsteady drag coefficients for ¢ > 10 are [3,4]

240.614/1n (2¢) 0.238

0 _
=TT hee)  meer

(14)
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FIG. 1. Schematic drawing of our setup, with the R &~ 19 mm cylinder. The spring thickness, the oscillation
amplitude, and the size of the laser beam of the shadow detector have been grossly exaggerated in order to be
visible. The double arrow gives the length scale.

2
B (¢) = Td)(rbz- (15)

Note that the steady drag coefficient rﬁ)_ slowly decreases to zero (like 1/ In ¢) when the aspect ratio
increases to infinity while the unsteady drag coefficient 59 increases to infinity like ¢/(In ¢)*.
The results of our experiments will concern the high-frequency limit [now defined as (R/§) >

1/ (boL — b?°)] and, for future use, we write below the high-frequency asymptotic forms for K and
K’

. R R
! 0 o0 R
K'=r)@)+bT@)5 + 1. (17)

Consequently for an infinite cylinder and high frequencies, K = (R/8)* + 2R/8 and K’ = 2R/8 + 1
in conformity with (3). Note, however, that a difference exists with the more complete Stokesian
result (5). The last term of (5) is certainly a small correction in the high-frequency domain. However,
we could not find a plausible ¢ dependence for it and we will limit to (16) and (17) the comparison
between theory and experiment.

III. OUR EXPERIMENTS

A. Experimental setup

Our setup is very similar to the one devised by Stuart and Woodgate [10]: a pendulum made of
a long cylinder oscillates in a pressurized vessel and we measure the damping of its oscillations for
various air pressures. The decrease of the oscillation amplitude is measured by a shadow detector
with a submicrometer sensitivity. Figure 1 presents a schematic drawing of our setup. We have
used two pendulums, both being made of an aluminum alloy (2017A), with a length ~500 mm. The
larger cylinder is hollow, with an external radius R &~ 19 mm and an internal radius R™ ~ 16 mm.
The smaller mass of a hollow rod reduces the damping time and the duration of an experiment. The
thinner cylinder is a rod of radius R &~ 5 mm. These pendulums are suspended by a spring made of
a rectangular thin sheet of brass clamped, at its upper end, on the top flange of the pressurized tank
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and, at its lower end, on the pendulum. The dimensions, masses, and other parameters of the two
pendulums are collected in the Supplemental Material [14].

The pressurized vessel is a cylinder with a 125 mm internal radius and an 800 mm height. It is
fixed on a heavy optical table and connected by a flexible pipe to an Edwards T85 pumping station,
made of a dry primary pump and a turbo pump. The residual pressure P achieved after 24 h of
pumping is P < 107 mbar, measured by a Bayard-Alpert gauge. For the experiments, the pressure,
always larger than 9 mbar, is measured by a diaphragm gauge (Leybold Ceravac), with a £0.2 mbar
uncertainty mainly due to a slow drift of the gauge zero.

The shadow detector has been previously described [17,18]: its deviation from linearity is smaller
than a few percent for a pendulum displacement xo < 0.5 mm. The scale factor is ~10® V/m and
the noise level ~3 x 10~* V/+/Hz at the pendulum frequency, corresponding to a sensitivity limit

~3 x 107" m/+/Hz.

B. Data recording

In a first step we measure the pendulum resonant frequency, near 0.8 Hz, with a 1 mHz accuracy
using the Fourier transform function of a digital oscilloscope with a 200-s-long record. Then, at the
beginning of each measurement, the pendulum oscillation is excited by the force due to a magnetic
field gradient acting on a NdFeB magnet of dimensions 2 x 3 x 10 mm? fixed at the bottom of the
pendulum. The field is produced by a coil located outside the nonmagnetic stainless-steel vessel
and the voltage applied to the coil oscillates at the measured resonant frequency. The amplitude
of the excitation voltage and the duration of the excitation are chosen to produce an oscillation
amplitude ~0.5 mm. When this amplitude is reached, the voltage applied to the coil is suppressed
and the pendulum oscillates freely. For the experiments with the R & 19 mm pendulum at a pressure
P > 600 mbar, the achieved oscillation amplitude was only 0.3—0.4 mm limited by the larger friction
force but, for all experiments, we use xy = 0.5 mm to calculate the Reynolds number Re, and the
ratios xo/R and x¢ /8.

We now describe our protocol for a series of experiments. We first pump down the pressurized
vessel to a pressure P < 1075 mbar. Then, we let some air enter and we make a series of measure-
ments of the damping time at some controlled pressure. We then let some more air enter and we start
a new series of measurements at a different pressure, and so on. As the oscillation amplitude is very
small, it is perturbed if somebody touches the optical table. In order to avoid such perturbations,
all the experiments are done with nobody in the room. Immediately after the end of the excitation
period, the data recording starts. The shadow detector measures the pendulum position x(¢). Its
signal and the Ceravac gauge signal are digitized at 40 Hz by a PXI 16-bit digitizer. The process
then starts again until we get five to ten records for the same pressure.

IV. RELATION BETWEEN THE FRICTION FORCE AND THE DAMPING TIME CONSTANT

The pendulum motion

A pendulum suspended by a spring [19] has two modes of oscillation, which can be described as
harmonic oscillators in the limit of small amplitudes: a long-period mode, corresponding approx-
imately to the usual pendular motion and a short-period mode, corresponding approximately to a
rotation of the pendulum body around its center of mass. The present experiments are all made with
the long-period mode which can be described by a mass-spring system with a displacement x()
obeying the differential equation

d*x

dr?
M is the mass of the cylinder. For a hollow cylinder of internal radius Ry, of external radius R, and
length L, M = p,m(R*> — R?,)L, where p,, is the mass per unit volume, and ; is the effective spring
constant, which is the sum of the contributions due to gravity and to the suspending spring itself. "

M=— +kx = f"@) + ™). (18)
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is the hydrodynamic force exerted by the ambient air on the cylinder of length L:

dx Kd*x
, (19)

h %
= 27n;L[K 7 + > an
while ™ collects all damping forces of nonhydrodynamic origin. Among the physical phenomena
that can contribute to f"" are (i) the anelastic effect in the suspension spring (this is a thermal effect
explained theoretically by Zener [20,21]); (ii) the recoil losses due to a deformation of the pendulum
support not in phase with the force exerted by the pendulum [22]; and (iii) the eddy currents induced
by the magnet carried by the pendulum in the conducting materials of the pressurized tank. We
assume that all these different phenomena can be described by a damping force proportional to the
velocity

dx
nh nh
= =, 20
f & (20)
The resulting equation of motion is

o ey e ® =0 @1

.5 > sX =V,

dr? e dr
82

M = ,o(JTRzL)<Kﬁ>, " =2mnLK'. (22)

Note that the relative importance of the added mass can be estimated by the ratio
M" PR?

)
v W[Z”ﬂ(@ +bi°(¢>)1—e}, (23)
14 int

where expression (16) for K was taken into account. For each of the two cylinders the right-hand
side is a function of the gas pressure (which acts on both p and §) and for the domain of pressure that
we investigated, we checked that M" /M < 1.2 x 1073 for the R = 19 mm pendulum and M"/M <
0.5 x 1073 for the R = 5 mm one. The contribution of the added mass is thus negligible and M"
will be neglected in what follows.

Our experiments give direct access to the amplitude a(f) of the oscillating motion x(¢) =
a(t) sin(wt ). According to the above mass-spring equation, the amplitude decreases exponentially

a(r) = a(0) exp(—t/1) (24)
with the damping time t defined as

1@+ 11

. 2M ! + T’ 25)
Experiments at very low pressures P < 10~ mbar have been made to measure the nonhydrody-
namic damping time. This is possible because these nonhydrodynamic effects are independent of
the gas density. For such low pressures, the mean free path is larger than the size of the pressurized
tank and, according to formulas found in Cagnoli et al. [22], the collision-induced damping time
is inversely proportional to the pressure. This damping time is of the order of 7 ~ 3 x 107 s for
P = 107> mbar. This rarefied gas damping time is considerably larger than the experimental value
TPt & 2 x 10° s measured for P < 10~ mbar. More details can be found in the Supplemental
Material [14]. As a consequence, we will assume that the nonhydrodynamic damping time is
7" =2 x 10% s and we can calculate t" by the following equation:

1 1 1
— = - —. (26)

Th Texpt nh
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o

V:

FIG. 2. Schematic drawing of the pendulum (not to scale). The spring and the cylindrical body are
represented in two positions. The rest position, 8 = 0, is used to calculate the moment of inertia for rotation
around C and the position with 6 # 0 exhibits the shape of the spring and the center of rotation C of the
pendulum body. O is the upper end of the spring where it is clamped in the support and D its lower end, where
it is clamped in the pendulum body, while G is the center of mass of the pendulum body. The length L; is
equal to CD. The x axis, the z axis, and the oscillation angle 6 are represented. The angle 6 has been grossly
exaggerated as, in our experiments, it never exceeds 1 mrad.

The product nK' is then given as

nK/=£

—, 27
nL th @7

where M = p,m(R* — R, )L.

It is clear that the true pendular motion is an angular oscillation around some center of rotation C
(see Fig. 2 ) and not a uniform oscillatory motion as described in (21). In the Supplemental Material
[14], we obtain the equation for the angular oscillation. The only new parameter is the distance L;
between the rotation center C and the top of the cylinder D and we find that K’ is related to the
hydrodynamic damping time given by Eq. (26) by

, 31c

1
K= AL +L)} —L13] 7" 28

where I¢ is the moment of inertia of the pendulum, relative to the center of rotation C. The main
issue is the calculation of I-. When p, is homogeneously distributed over the whole length of the
pendulum (this is the case of a solid or hollow cylinder), we find

3Ic M 3 (R*+R.)L
4L+L)YP-Li ]

L+L)P—-L} L

which means that (27) and (28) differ only by a term less than 3R?/(2L?), hence less than 2 x 1073
for the R ~ 19 mm pendulum and less than 1.5 x 10~* for the R &~ 5 mm pendulum.
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TABLE II. For both pendulums, this table collects the values of the main parameters (mass M, cylinder
length L, distance L; = CD, and moment of inertia Ic) and of the quantity relating nK’ to 1/t", following
either Eq. (27) or Eq. (28).

Pendulum 1 2

M (g) 516.25 114.85

L (mm) 514.0 522.0

L, (mm) 60.4 589

101 (kg m?) 66.95 14.37

ML (kg/m) 03197 0.0700
30c

A last difficulty subsists, however: the R &~ 19 mm pendulum is not a simple hollow cylinder
because two small plugs, of external radius equal to the cylinder internal radius R™ &~ 16 mm, are
corking the two extremities. Those cylindrical plugs are necessary for attaching the spring at the
top and the small magnet at the bottom. While it is easy to include their mass in M, it is harder to
calculate their influence on Ic. This we do in the Supplemental Material [14], and Table II gives
the values of the quantity relating nK’ to 1/7": the value of this quantity deduced from Eq. (28) is
5.6% larger than the value given by Eq. (27). We have made a similar calculation for the R & 5 mm
pendulum which deviates slightly from a perfect cylinder and the effect is very small: the ratio of
nK' to 1/7" increases by less than 0.2% when the deviations from a perfect cylinder are taken into
account (see Table II).

V. THE EXPERIMENTAL RESULTS AND THEIR ANALYSIS
A. Data treatment

The shadow detector signal V (¢) o x(¢) is filtered by a sliding fast Fourier transform over 2048
data points corresponding to 251 s and we get the amplitude a(¢) as a function of the time ¢ (Fig. 3).
It is easy to prove [18] that, in the case of an exponential decay, this filter does not modify the
damping time constant. However, the set-up residual vibrations excite the pendulum [23] so that, at
the end of the decay, a(?) does not tend toward 0, as predicted by Eq. (24), but fluctuates with values
~1 pum. The decay is exponential with a good accuracy from the initial amplitude a(0) ~ 0.5 mm
down to aa(r) ~ 5 um. We fit the logarithm of a(z), using Eq. (24): this choice enhances the weight
of the data at large ¢ but we must limit the # range so that the vibration-induced fluctuations of a(t)
do not increase the damping time. For each record, the statistical uncertainty on the fitted t value
is of the order of 1 s but the dispersion over a set of similar records is larger: we use the average
of these individual measurements as the experimental value noted t®*** and, from the dispersion of
these individual measurements, we estimate that its uncertainty is equal to 2%. These values and
their uncertainties are collected in the Supplemental Material [14]: they cover the 800-3500 s range
for the R &~ 5 mm pendulum and the 1100-5100 s range for the R ~ 19 mm pendulum.

B. Uncertainty of the measurements of K’

According to (28), to obtain the measured value K'**P' from t**P' we must know the air viscosity
n and to present K"**P* in the form K’**** = a + b(R/8) [as suggested by (3), (5), and (17)] we must
know the air mass per unit volume p because of its role in the viscous penetration depth. Both p and
n are functions of the pressure, temperature, and the water molar fraction xy,0. While we control
the pressure inside the pressurized tank, we have almost no control on the room temperature near
295 K and no control on the humidity of the ambient air. We just can say that a =2 K temperature
variation (the maximum we observed during a series of experiments) leads to a F0.68% variation of
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a (mm)
0.1
0.01
0.001
0.0001

t (x103 s)

T T T T T T

0 2 4 6 8 10 12

FIG. 3. Semilogarithmic plot of the amplitude a(¢) in millimeters as a function of ¢ in seconds: measure-
ments (solid red line) and their best fit (solid blue line). As shown by the good agreement of the fit with the
measured data, the amplitude is well an exponential function of time up to ¢t ~ 6.5 x 10° s, i.e., for about
57! where the measured value of the damping time constant is 7%*P* ~ 1334 s. Cylinder radius R ~ 19 mm;
pressure P & 665 mbar.

p and a £0.53% variation of n [24]. And when xy,o increases from 0 to 0.033 (the saturation limit
at 298 K and P = 1000 mbar), n decreases by 0.4% [25] while p decreases by 1.3%. Given those
values, we estimate to about 1% the additional uncertainty on K’ and we add this uncertainty to the
2% statistical uncertainty on t**'. The relative uncertainty on § is estimated to about 1% which is
smaller than the symbols used in Fig. 4.

VI. COMPARISON OF OUR EXPERIMENTAL RESULTS WITH THEORY

Figure 4 presents a plot of the measured K’ as a function of R/$ for each of the two pendulums.
A large fraction of the domain of R/§ we have explored belongs to the high-frequency limit for
which prediction (17) holds. We used Loewenberg’s numerical data [3,4] for our two pendulums
and complete them with the Stokes result to give the expected values

R
K = 2.0085 +1.609, ¢ =13.3, 29)
, R
K = 2.0013 + 1433, ¢ =52.0, (30)

K = 2? +1, ¢ =o00 (Stokes).
Considering Fig. 4, it is clear that the ¢ = 13.3 (R &~ 19 mm) pendulum gives results in agreement
with (29) but the ¢ = 52.0 (R & 5 mm) pendulum gives results which are much closer to Stokes’
prediction than to (30).
It is possible that the steady drag coefficient ri (¢) decreases with the aspect ratio a little bit
faster than the logarithmic decrease suggested by Loewenberg in (14). And we remark that the more
precise Stokes prediction, as given in (5), predicts for ¢ = oo a coefficient K’ a little bit smaller than
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R/6
8

’

FIG. 4. Plot of K’ as a function of the ratio R/3. The measured values K'**"* are represented by red squares.
The dashed blue curve is Stokes’ value given by Eq. (5) while the solid black curve represents the finite-cylinder
value given by Eq. (12) (these three values are listed in Tables VII and VIII of the Supplemental Material
[14]). Upper panel: data of the R ~ 5 mm, ¢ = 52 pendulum; lower panel: data of the R &~ 19 mm, ¢ = 13.3
pendulum.

1 4+ 2R/$ in the high-frequency limit. But we must say we could not find a crystal-clear explanation
for why the results for the ¢ = 52 pendulum are so close to what is expected for ¢ = oo.

VII. CAN EXPERIMENTS AT FINITE Re AGREE WITH THEORY AT Re = 0?

Many experimental tests have concluded that the force exerted by the fluid on cylinders in
oscillating motion [7,8,10,12,13] is in agreement with Stokes’ prediction [with a relative uncertainty
of order £(10 — 20)%, however] and this agreement extends up to Re & 400. Since Stokes’ force
on an infinite oscillating cylinder was obtained for Re = 0, the experimental agreement is rather
puzzling and needs some comments. A first remark concerns the aspect ratio: it is clear that when
¢ > 10, as was the case of all previous experiments, the predictions for finite-length cylinders
are close to those for an infinite cylinder [cf. Eq. (17) and the numerical values (29) and (30)]
above all when R/§ > 2. The second remark concerns the Reynolds number: the nondimensional
(incompressible) Navier-Stokes equation writes

9
Sta—ltl +Re(u-V)u=—Vp+ vV
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FIG. 5. Position of our experiments as well as previous ones in the Re-St plane (the upper scale gives R/§):
(1) the violet solid line represents the results of Berg et al. [13] as discussed in the Supplemental Material [14];
(ii) the red bullets represent the results of Williams and Hussey [8]; and (iii) the green + signs represent the
results of Martin [12] and the blue X represents the result of Stuart and Woodgate [10]. The green bullets,
connected by green lines, represent the initial and final values of the Reynolds number during our experiments.
Finally, the dashed gray line Re = St suggests that most of the previous experiments agreeing with the Stokes
predictions are far from satisfying condition (31).

One can expect the nonlinear force to have a negligible role as compared to the unsteady force when
Re « St. (31)

In other words, when an experiment satisfies the above condition, it can possibly check theoretical
predictions obtained for Re = 0. For an oscillating cylinder the most widely accepted nondimen-
sional numbers are

pwu R? pu?’/R  R*xy
—— X —, Rex X ——
uu/R2 82 uu/R* 82 R
so that condition (31) on the Reynolds number is transformed into a condition on the oscillation
amplitude

St

xo < R. (32)

Some investigators [13] used the above definition of the Stokes number, yet with a different
definition of the Reynolds number. They assumed that the characteristic length of the inertial force
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was § and not R. As a consequence Re ~ St(x(/§) and condition (31) implies
Xp K 4. (33)

Whatever is the correct condition on the oscillation amplitude, it remains that (31) must be fulfilled.
For that reason we localize ours as well as previous experiments in a (Re, St) frame represented in
Fig. 5 while the related xo/R or xy/é values can be found in Table I. As a mere guide for the eye, we
also plotted in Fig. 5 the line Re = St. That all previous experiments could claim an agreement with
the Stokesian prediction suggests that Re < St can be used instead of the more stringent condition
(31). But it is also clear from Fig. 5 that our experiments are definitely those which were operated
with the smallest Re/St ratio, namely, Re/St < 0.1.

VIII. CONCLUSION

While many of the experiments on the unsteady forces in the Stokes regime were performed with
micrometer particles in a liquid [26,27], the present experiments suggest it is also possible to check
those forces with a macroscopic object, like a pendulum moving in a gas. Our experiments cover
wide ranges of the Reynolds and Stokes numbers, with 0.2 < St < 230.0 and Re/St < 0.1. The
main difficulty concerns the amplitude of the oscillations which must be very small as compared to
the pendulum radius. Thanks to the submicrometer sensitivity of the shadow detector used to record
the pendulum oscillation, our measurements prove that the damping is exponential and from the
damping relaxation time we have deduced the unsteady drag coefficient K’. Our measurements with
the R ~ 19 mm pendulum (aspect ratio ¢ = 13.3) are in agreement with the finite-length cylinder
theory for K’ while our measurements with the R ~ 5 mm pendulum (aspect ratio ¢ = 52.0) are
much closer to Stokes’ theory (¢ = oo) than to the finite-length cylinder theory. We could not find
any explanation for that unexpected behavior.
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