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We report results of a series of detailed experiments designed to unveil the dynamics
of a particle of radius a moving in high-frequency, low-Reynolds-number oscillatory
flow. The fundamental parameters in the problem are the Strouhal (Sl) and the
particle Reynolds numbers (Rep), as well as the fluid-to-particle density ratio α. The
experiments were designed to cover a range of SlRep from 0.015 to 5 while keeping
Rep < 0.5 and Sl> 1. The primary objective of the experiments is to investigate
stationary history effects associated with the Basset drag, which are maximized when
the viscous time scale a2/ν is of the same order of the flow time scale 9/Ω , where
9 is a geometrical factor for the sphere, ν is the kinematic viscosity and Ω is the
angular frequency of the background flow. The theoretically determined behaviour of
stationary history effects is confirmed unequivocally by the experiments, which also
validate the fractional derivative behaviour (of order 1/2) of the history drag for the
range of parameters under study.

1. Introduction
The motion of particles in oscillatory flows is a physical phenomenon of importance

to both industrial and natural processes. The mechanics of small particles in viscous
flows is also the basis of much of the modern experimental work in fluid mechanics
due to the widespread use of particle image velocimetry (PIV). From an experimental
point of view, harmonic Stokes flows are ideal for studying history effects on
particle dynamics because the sinusoidal forcing of the background flow continuously
energizes the unsteady viscous layer surrounding the particle, thus generating a
stationary history effect that can be measured continuously in time, as opposed to
sudden accelerations or settling phenomena where the relative acceleration asymptotes
to zero for long times (Hjelmfelt & Mockros 1966; Morrison & Stewart 1976; Chao
1968; Hinze 1975; Coimbra & Rangel 2001).

In order to model the physics of small particle motion in microgravity, Coimbra
& Rangel (1998) produced the analytical solution to Tchen’s equation of motion
(Tchen 1947) for a particle that is allowed to move freely due to the action of
a general time-dependent background flow, including initial transient effects. In a
later publication on harmonic Stokes flow, Coimbra & Rangel (2001) focused on
the role of the Basset history term and its relation to the other forces that depend
on the relative velocity between the particle and the background flow (virtual mass
and Stokes drag). The Basset history drag originates from a combination of the
local acceleration and the viscous terms, and is shown to be maximum when the
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dimensionless frequency S = a2Ω/9ν = SlRep ≈ 1, where a is the particle radius, ν

the kinetic viscosity of the background flow and Ω its angular frequency. Coimbra
& Rangel (2001) performed a scaling analysis to show that when SlRep is much
larger than unity, inviscid virtual mass effects dominate. The virtual mass force is
associated with the local acceleration and pressure balance. When the virtual mass
force dominates, the motion of the particle is virtually independent of the viscosity
of the fluid. On the other hand, if SlRep is much smaller than unity, the dominant
force for a freely moving particle is the quasi-steady Stokes drag, a force that
depends linearly on the viscosity of the fluid. The Strouhal and Reynolds numbers in
our problem are defined as Sl = aΩ/9Wo and Rep = aWo/ν, where the characteristic
relative velocity Wo is taken as the product of the characteristic fluid velocity Ω �xf

by the relative displacement ratio amplitude 1−η, and η is the dimensionless particle-
to-fluid displacement amplitude ratio �xp/�xf so that Wo = �xf Ω (1 − η).

Coimbra & Rangel (2001) and Coimbra & Kobayashi (2002) present a detailed
discussion on the origin and contribution of each term to the viscous motion of a
small particle, including a more detailed literature review of the problem. The primary
objective of the present work is to obtain experimental verification of the predicted
stationary history effects in high-frequency harmonic Stokes flows. Such experimental
data providing insight into the behaviour of the history drag in high-frequency Stokes
flow are not available in the literature, despite of a wealth of publications available
on low-frequency high-Rep flows. The present work also adds to prior studies in that
the solitary particle is free to move with the oscillating background flow for very
well-defined ranges of the relevant parameters Rep and Sl.

2. Background
Tchen (1947) derived a Lagrangian equation of motion for a spherical particle

freely moving in a uniform time-dependent background flow as a culmination of
previous work attributed to Boussinesq (1885), Basset (1888) and Oseen (1927).
Tchen’s equation of motion can be written in terms of fractional operators (see
Coimbra & Kobayashi 2002 for details):

D (w) + 3�1/2 D 1/2(w) + w = (α − 1) D (u), (2.1)

where w = v − u is the dimensionless relative velocity, α is the fluid-to-particle density
ratio ρf /ρp and � ≡ α/(2 + α). For a freely moving particle, velocities are made
dimensionless by the relative characteristic velocity Wo. Time is made dimensionless
by defining a particle characteristic time τp given by a2/9ν�, so that a suitable
dimensionless angular frequency ω = Ωτp can be used. The second (fractional) term
on the left-hand side of (2.1) is the dimensionless Basset history term multiplied by
a virtual mass coefficient. The differential operators in (2.1) are defined in a generic
way (Coimbra & Kobayashi 2002) thus yielding physical insight into the response
of the particle to a stationary flow forcing (Coimbra & Rangel 2001). We define the
background flow velocity u as Aeiωt , and the particle response v as Beiωt . With the
identity D 1/2eiωt =

√
ωeiωt+π/4, a frequency analysis yields

η(S, α) =
|B|
|A| =

�xp

�xf

=

∣∣∣∣1 +
(α − 1)(1 − �)iS

iS + � + 3�
√

Seiπ/4

∣∣∣∣ = |η∗(S, α)|, (2.2)

where the term multiplying eiπ/4 in the denominator is directly associated with the
history drag. The amplitude ratio η is used in this work to validate the theoretical
predictions by comparing the measured values of η with (2.2) including or neglecting
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the last (history) term in the denominator. Note that due to details of the experimental
setup described below, the comparison is made between the experimentally determined
values of amplitude displacement and the real part of η∗(S, α).

Particle motion in oscillating flows has generated a significant amount of research
activity. In sinusoidal background flow, it has been shown that the free particle motion
in the stationary regime is represented by a sinusoidal wave as assumed above (Chao
1968; Hinze 1975; Martin, Padmanabhan & Ponce-Campos 1976; Coimbra & Rangel
2001). The harmonic motion of a sphere in a quiescent fluid has also been investigated
(Stokes 1850; Landau & Lifshitz 1959; Odar & Hamilton 1964) and since the motion
of the sphere in this case is prescribed, these studies represent a starting point for
studies of suspended particles that are free to move in oscillatory flow. The most cited
experiment on the dynamics of particles in oscillatory flow is the one by Odar &
Hamilton (1964). However, the analysis of the experimental results conducted by Odar
& Hamilton incurs conceptual errors due to limited theoretical insight available at
the time. During a subsequent and more careful analysis of the same experiments and
other theoretical results, Mei & Adrian (1992) showed that the empirical expressions
for the history and virtual mass coefficients originally proposed by Odar & Hamilton
failed to correctly account for nonlinearities of the flow at finite Rep .

The connection between maximum history drag effects and the dimensionless local
acceleration S = SlRep is significant because it is common practice to neglect the effects
of the unsteady drag in experiments of time-dependent flow and isotropic turbulence
(Houghton 1963; Mei, Adrian & Hanratty 1991a; Mei, Lawrence & Adrian 1991b).
In unsteady Stokes flow, a condition for neglecting convective terms is that SlRep

be larger than unity so that SlRep > Rep (Mei & Adrian 1992; Lovalenti & Brady
1993; Coimbra & Kobayashi 2002). Coimbra & Rangel (2001) also showed that
for a particle to remain in the Stokes regime (Rep < 1) with Sl> 1, the background
fluid displacement must be much smaller than the radius of the particle. Numerical
simulations of oscillatory flow past a fixed sphere, a problem related to the one
investigated here, also provide insight into the role of the history term at finite Rep

(Mei & Adrian 1992; Chang & Maxey 1994). Kim, Elghobashi & Sirignano (1998)
studied numerically the case of a heavy (α < 0.2) free particle in the range of Rep > 1.

3. Experiments
In the experiments, we examine the motion of spherical particles tethered to a

fluid cell that is oscillating sinusoidally. Since the movement of a spherical particle
in response to the surrounding fluid is predicted by the stationary solution of the
particle equation of motion, we test the theory by measuring the response of the
particle to the fluid motion. Specifically, we measure the ratio of the particle-to-fluid
displacement η at different forcing frequencies.

3.1. Experimental apparatus

An electromagnetic shaker, as sketched in figure 1, drives the liquid-filled cell at
frequencies ranging from 10 to 80 Hz. The cubic cell is a 4 cm cube inside, with two
windows on opposing faces for optical access. The cell is large enough to prevent
interactions between a 2 mm radius particle placed in the centre of the cell and the cell
walls at the given frequencies. In several experiments, an additional wall was placed
in the centre of the cell near the particle to examine the effects of particle and wall
interactions. The cell is sealed to ensure solid body motion of the fluid in the far field
and to eliminate air bubbles, since movement of gas–liquid surfaces generates currents
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Figure 1. Diagram of the electromagnetic shaker.

within the liquid. Several preliminary tests of the apparatus show that oscillations of
the cell do not produce currents, thus ensuring that motion of the fluid is equivalent
to that of the cell.

The cell is mounted on a single-axis traverse to constrain the vibration along a
single direction. Two counteracting springs are used to centre the transverse. An
electromagnetic voice coil actuator oscillates the cell in a sinusoidal motion with
single mode frequencies from 10 to 80 Hz at amplitudes ranging between 75 and
200 µm. The recoil from the motion of the test cell is significant and was found to
cause severe vibration of the experimental platform and optics when the voice coil
magnets were mounted directly to the experimental platform. To absorb the recoil,
the magnets are held within a brass counter-mass block which is mounted on a
second traverse; the total mass of the counter-mass plus magnets is approximately 13
times that of the test cell plus voice coil. A phonograph needle in contact with the cell
registers the cell velocity. Motion of the needle flexes a piezoelectric crystal, producing
a voltage that is proportional to velocity. A spectrum analysis of the velocity signals
at the frequencies used in the experiment showed that almost all of the cell oscillation
is at the fundamental frequency with very little distortion. Distortion comprises
mainly second and third harmonics of the fundamental mode, which are at least
three hundred times less intense than the fundamental mode in our experiments.

3.2. Measurement techniques

In order to calculate the particle-to-fluid displacement amplitude ratio η, two
quantities were measured in each experimental trial: the amplitude of the cell
displacement (AT), and the amplitude of the particle displacement (AP) during a
single oscillation of the cell. The displacements are measured using digital images of
the particle and a cell reference marker that are recorded at the two extremes of the
cell oscillation. The stationary solution of the particle equation of motion predicts
a small phase delay or advance between the cell motion and the particle motion,
thus the particle does not reach the limit of displacement at the same time that the
cell does. The predicted phase difference is smaller than the shutter opening time
and it is therefore impractical to use the present experimental setup to measure the
particle and cell positions when the cell velocity is high. When the particle reaches
the maximum displacement, the velocity approaches zero and the change in distance
resulting from the phase lag is less than 2 µm. In order to properly account for
the small phase difference between the fluid cell and the particle we compare the
experimental results with the real part of η∗(S, α) since the measurements record only
the amplitude ratio at the maximum of the fluid oscillation (see (2.2)). The difference



Particle motion in oscillatory flow 357

Figure 2. Optical layout of the experiment.

Figure 3. A digital image of the diffraction patterns within the cell. The large circular object
in (a) is the shadow of a 1mm radius spherical particle floating within the fluid with two
smaller circular objects that are the reference markers with a radius of 0.5 mm. A magnified
view of one of the shadows in (b) shows several rings surrounding the Poisson spot. The
diagonal stripe pattern is the interference from the cell windows.

between the absolute value of η∗(S, α) and its real component is negligible (< 1%)
for the lighter set of particles used in the experiments (α ≈ 2) and small (2–8%) for
the heavier particles (α ≈ 0.1) over the range of frequencies under study.

A schematic diagram of the optical system is provided in figure 2. The illumination
source is a 10 mW HeNe laser modulated by a shutter (S). A beam-splitter (BS) diverts
a small amount of the light into a photodiode (PD) to monitor the opening of the
shutter. The illumination intensity is adjusted by a neutral density filter (ND), then
spatially filtered (SF) and collimated by a lens (L). Two mirrors (M1 and M2) aim the
de-focused beam at normal incidence through the cell, which oscillates horizontally.
A 0.5 mm radius sphere (R) is glued to the back window of the cell to serve as a cell
reference marker. The particle (P) is enclosed within the fluid-filled cell. The shutter
opens for 0.8 ms at each of the two extremes of cell motion, when the cell velocity is
zero, and two digital images of the cell are recorded by an 8-bit, 1024 by 1024 pixel
CCD camera (Kodak MegaPlus ES 1.0). Each pixel has an edge length of 9 µm. No
lens is used on the camera; the field of view is limited to the central 1 cm2 of the cell.
The camera is located between 15 and 18 cm behind the second cell window so that
the particle shadow creates a distinct Fresnel diffraction pattern, as shown in figure 3.
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Quantity α ∼ 2 α ∼ 1 α ∼ 0.1

Fluid Krytox Krytox +C5H2F10 mineral oil
Fluid density 1.89 g cm−3 1.85–1.86 g cm−3 0.86 g cm−3

Viscosity 40 cS 27 cS 185 cS
Particle material polypropylene magnesium alloy brass
Particle radius 0.5, 1.0, 2.0mm 1.0 mm 1, 1.6, 2mm
Particle density 0.90–1.03 g cm−3 1.86 g cm−3 8.6 g cm−3

Tether material copper wire
Tether density 8.9 g cm−3

Tether diameter 19 µm
Tether length 2.0 cm
Cell amplitude 75–100 µm
Frequency range 10–80 Hz

Table 1. Experimental parameters.

We use the Fresnel diffraction pattern to locate the centre of the particle position to
within a fraction of a pixel. The bright spot at the centre of the diffraction pattern
(known as Poisson’s spot) and the surrounding rings provide an excellent-noise free
predictable light pattern that is used as a correlation template. For the region of
the shadow within half a radius of the centre, the intensity I(x, y) of a pixel with
coordinates (x, y) is described as (Trolinger et al. 2003):

I (x, y) = IoJ
2
o

(
π
√

(x − xo)2 + (y − yo)2

σ

)
, (3.1)

where Io is a normalization constant, Jo is the zeroth-order Bessel function, σ is the
ring spacing, and (xo, yo) are the coordinates of the pattern centre. The location of
the pattern centre in a digital image is determined by first analysing the images to
determine σ and Io, then generating a template pattern similar to that in (3.1), cross-
correlating the template with the image, and finally locating the maximum of the
cross-correlation. The algorithm that locates the centre is briefly described in an earlier
paper (Trolinger et al. 2003). We tested the algorithm by analysing composed digital
images of ideal Fresnel diffraction patterns superimposed onto noisy backgrounds.
The program can locate the centre of the particle or reference marker to within 0.1
pixel (1 µm). The combined uncertainty in the particle position due to the phase lag
and uncertainty locating the center is 2.2 µm.

3.3. Experimental parameters

The magnitudes of the experimental parameters correspond to a low-Rep flow regime
where the effect of the history term peaks. The experimental parameters, such as the
tether and particle dimensions, density ratio, and fluid viscosity, are given in table 1
for the various experiments. Krytox (perfluoroalkylether) and mineral oil are used as
fluids in the experiment because they are optically transparent, have low flammability,
low toxicity, and high viscosity. In order to test the influence of the particle-to-fluid
density ratio on particle motion, three different cases are examined: polypropylene
(α = 2.1) or polystyrene (α = 1.8) in Krytox, magnesium alloy in a mixture of Krytox
and decafluoropentane (α = 1.0), and brass in mineral oil (α = 0.1). The experiments
are conducted using particle radii ranging from 0.5 to 2.0 mm. Tethers with lengths of
2.0 cm are used to anchor these particles to either the bottom or top of the cell. We
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tested several different tether materials including human hair, spider web filaments,
and thin nylon thread before identifying 19 µm diameter copper wire as the best
choice for a tether in our experiments.

4. Results and discussion
4.1. Tether effects

Due to the relatively small size of the experimental apparatus and the spheres used in
the experiment, the influence of the tether drag on particle motion is of some concern.
During the experiments, the oscillations of the sphere are small enough such that the
angle swept by the tether is very small, thus allowing a simplified analysis. The drag
on a thin tether is approximated using the equation for a cylinder of length Lc and
diameter d in low-Reynolds-number flow under steady conditions. For flow normal
to the axis, the steady drag is roughly 10Re−0.8

c , where Rec =Wcd/ν (Clift, Grace &
Weber 1978). For the sphere, the Stokes drag equation is used. The maximum (or
characteristic) relative velocity of the sphere, Wo = Ω�x(1 − η) is calculated using
experimental data on the relative displacement and the angular frequency Ω of the
fluid oscillations. To account for one end of the tether being held fixed at the cell
floor or ceiling, the relative velocity of the tether is assumed to be half of the relative
velocity of the particle. Using these approximations, the drag ratio between the tether
and the sphere is estimated to be

rd = 0.13Re0.2
c Lc/a, (4.1)

which is strictly valid for Rec � 1. Equation (4.1) shows that the drag ratio is directly
proportional to the ratio of the tether length to the radius of the sphere, and weakly
proportional to the tether diameter through the Re0.2

c dependence. The order of
magnitude analysis for thin tethers that results in (4.1) indicate that tether effects in
our experiments fall within the overall experimental uncertainty, and therefore play a
negligible role in the measurements for the displacement amplitude. This assertion is
corroborated by the agreement between theory and experiments for a wide range of
frequencies and particle sizes when the thinnest tether was used.

We performed several control experiments to characterize the effects of tether
thickness and length, concentrating mostly on the oscillation of (free and tethered)
neutrally buoyant particles, and observed a significant effect when tethers were
thick. Neutral buoyancy was achieved by suspending magnesium alloy particles
(density = 1.86 g cm−3) in a mixture of Krytox and decafluoropentane having a density
equal to that of the particles. For the free particles, the particle response ratio was
1.000 ± 0.006 at all cell oscillation frequencies, as predicted by theory. In contrast,
the particle response ratio was 0.96 ± 0.01 for particles tethered by a human hair
having an approximate diameter of 100 µm. The results from the control experiments
drove us to seek ever thinner and more flexible tethers. Tests with neutrally buoyant
particles tethered by 50 µm diameter nylon tethers gave an average particle response
ratio of 0.99 ± 0.02. Experiments with 1 mm radius polypropylene particles in Krytox
(α =2.1) tethered by 2 cm long tethers also show evidence of tether effects, which
tend to reduce the particle response ratio as the tether becomes thicker and the
drag ratio increases. At 70 Hz, the measured particle response was 1.090 ± 0.011 for
a particle tethered by 100 mm diameter hair, 1.156 ± 0.015 for a particle tethered
by 50 µm diameter nylon thread, and 1.179 ± 0.021 for a particle tethered by 19 µm
diameter copper wire. The η-value obtained with the copper wire tether is closest to
the predicted value of η = 1.18 for a 1 mm radius α = 2.1 particle.
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We examined the effect of small changes in the tether length by measuring the
displacement ratios obtained from 1 mm radius α = 2.1 particles tethered by three
different lengths of 50 µm diameter fibre: 1.5, 2.0, and 2.5 cm. No significant differences
were observed. With the control experiments and the estimate of the drag ratio given
by (4.1), we are confident that tether effects do not affect our conclusions.

4.2. Particle–wall and particle–particle interactions

To characterize the interactions between particles and walls, we examined the response
of a 2 mm radius particle with α = 2.1 at three different locations within the cell. In
the first case, the particle was located near the centre of the cell. In the second case,
the centre of the particle was located about 4 mm from a sidewall such that the cell
motion was perpendicular to the wall. In the third case, the centre of the particle was
located about 4mm from a window, such that the cell motion was parallel to the
window. The measured frequency dependence of η was approximately the same for
all three cases, and is also approximately equal to the theoretically predicted curve
for a lone particle in an infinite body of fluid. The results suggest that wall effects
have little influence on high-frequency particle displacement unless the particle is less
than 2 radii away from the wall.

To characterize interactions between particles, we measured the displacement ratio,
at frequencies ranging from 10 to 80 Hz, of two tethered particles with radii of 1 mm
and α = 2.1 that were separated from each other by 4 mm (centre to centre) along the
direction of motion. The measured response values for the two particles were equal
to each other (within the experimental uncertainty) and to the theoretically predicted
values for a single unperturbed particle with the same radius and relative density.
This result shows that particles separated by more than 2 radii of distance have little
influence on the overall motion of the adjacent particle for the range of SlRep under
study, particularly when SlRep > 1.

The weak influence of adjacent particles and walls for distances larger than 2 radii
agrees well with the expectation for high-frequency motion characterized by SlRep ≈ 1,
since a dimensionless penetration depth δ can be estimated to be of order (ν/Ω)1/2 (see
e.g. Landau & Lifshitz 1959). A dimensionless penetration depth for our geometry is
δ/a ≈ (9ν/Ωa2)1/2 ≈ (SlRep)−1/2. Therefore, the expected range of influence δ is of the
order of the particle radius for SlRep ≈ 1. Note also that when α → 1, the characteristic
relative velocity Wo asymptotes to zero, and the concept of a penetration depth based
on the time scale is immaterial because Sl → ∞, despite the fact that the product
SlRep remains finite.

4.3. Amplitude response of the particles

The response of polypropylene (α = 2.1) particles in Krytox in shown on figure 4(a).
Two different radii of polypropylene particles are used: 1.00 and 1.98 mm. In addition,
we also examined the response of 0.5 mm radius polystyrene particles (α = 1.8), since
0.5 mm radius polypropylene particles were not available. Figure 4(a) shows a plot
of the displacement ratio η as a function of dimensionless frequency S = SlRep for
1.835 <α < 2.1. The upper thin curves correspond to the solution without the history
term for α = 2.1 (the top curve) and for α = 1.835 (the second curve from the top).
The thick curves correspond to the full solution for the same limiting cases.

The response of brass particles in mineral oil (α = 0.1) is studied as an example
where the particles are denser than the fluid. A plot of the displacement ratio versus
the normalized frequency is shown on figure 4(b). Three different particle radii are used
in the experiment: 1.00, 1.59, and 1.98 mm. The lower thin curve corresponds to the
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Figure 4. Comparison of experimental and theoretical results for the relative displacement
amplitude Re{η∗} as a function of the dimensionless frequency S. (a) Results for
1.835 < α < 2.100. Symbols: � (left bottom corner) are for (a, α) equal to (0.500mm, 1.835);
� (1.00mm, 2.077); �, (1.98mm, 2.100). (b) As (a) but for α = 0.1 ± 0.001: � (a, α) equal to
(1.00mm, 0.100); � (1.59mm, 0.099); � (1.98mm, 0.099). The solid lines indicate analytical
solutions including history effects (thick) and excluding history effects (thin). The top curves
of each type on (a) refer to α = 2.100 and the lower curves of each type refer to α = 1.835.

analytical solution without the history drag for α = 0.1. The thick curve corresponds
to the full solution – where the history force is included – for the same case. For
S > 0.1, the difference between the two curves is pronounced due to the importance of
the history force at dimensionless frequencies between 0.1 and 10 (Coimbra & Rangel
2001). The measured particle response closely matches the theoretical predictions for
the full solution, and is clearly different from the solution where the history force is
neglected.

The experiments show that the theory predicts the amplitude displacement of the
light particles (α ≈ 2) within 2% of error (see figure 5a) when history effects are
included. Without history effects the error is of the order of 20%. For the heavy
particles, the experiments match the theory within 15–20% when history effects are
included. Without history effects, the average error is 40–60% for values of S > 0.2.
The larger error for α ≈ 0.1 is attributed to three factors. First, the displacement of
heavy particles is smaller and thus the systematic errors in the experiment are more
evident for such small displacements. We consider this factor the primary cause for
error. Second, tether effects may be more pronounced when α deviates from unity
because the tension in the tether is higher. However, our estimates show that this
contribution is of secondary importance. Finally, and to a lesser degree, the Strouhal
number Sl for the heavy particles is smaller, and thus the theory is expected to be
less accurate in this case (figure 5b). Nonetheless, the experiments clearly show a
very strong agreement with the theory when history drag effects are included, and
a very poor agreement when history effects are removed. Also, the relative errors
show no clear tendency to be smaller for small SlRep when history contributions are
considered, which indicates that the scattering of the data for heavy particles is mostly
due to systematic experimental errors. The experiments strongly support the validity
of Tchen’s equation for Rep < 0.5 and Sl> 1 for both heavy and light particles.
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Figure 5. (a) Relative error between theory and experiments(|ηtheory − ηexp|/ηexp) as a function
of the dimensionless frequency S = SlRep . (b) Measured values of SlRep versus Rep . The slope
of the curve is Sl for the two different density ratios (Sl(0.1) ≈ 1.8 and Sl(2) ≈ 9.8).

5. Conclusions
A series of experiments on solitary particle motion in high-frequency oscillatory

flow was conducted in order to evaluate stationary history effects. The experiments
show unequivocal agreement with the theory (errors less than 2%) for light particles
(1.8 <α < 2.1) and moderately good agreement with the theory (errors typically
less than 15%) for heavy particles (α = 0.1) for the range of Rep < 0.5 and Sl> 1.
The larger errors in the case of heavy particles are attributed mainly to systematic
measurement errors and not to failure of the theory or tethering effects. When history
drag effects are ignored, the deviation between theory and experiments increases
by one order of magnitude for light particles and by a factor of 3–5 for heavy
particles, well beyond the experimental uncertainty associated with the experiments.
For the range of parameters investigated in this work, particle–wall and particle–
particle effects were found to be negligible for distances larger than 2 radii, a result
that deviates substantially from the large region of influence associated with steady
creeping flows. The smaller region of influence at high frequencies is expected due to
the increased importance of near-field effects generated by the local acceleration term
(SlRep).
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98091. The NASA management team includes M. Bodiford, Project Manager,
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