Proceedings of the 9th International Symposium on Fluid-Structure Interactions, Flow-Sound
Interactions, Flow-Induced Vibration & Noise
July 8-11, 2018, Toronto, Ontario, Canada

FIV2018-99
ANALYSIS OF FLUID STRUCTURE INTERACTION FOR APPLICATION IN A
MUSICAL INSTRUMENT
Matthew Damon Reynolds

Independent Research
University of Houston Alumni
Claremore, OK, U.S.A.

ABSTRACT
This paper explores fluid structure acoustical interaction in the
application of a stringed musical water instrument. A thin
fluorocarbon string with a diameter of 0.432 millimeters and
length of 43 centimeters is precisely tuned and placed in a crossflow of laminar falling water, accelerating at the rate of 9.8
meters/sec2. The string is moved down, perpendicular to the
falling water, starting at near zero water velocity. Within the
increasing velocity field and at incremental lengths of the string,
the regions of harmonic resonance are identified, and the audio
is recorded. This process is repeated through a chromatic scale
starting at A2-110 hertz and ending at A3-220 hertz. From this
chromatic scale, two of the notes are selected for detailed
analysis of the harmonic modes. The boundaries of these modes
are clearly defined and agree with the synchronization lock-in
regions observed by Williamson & Roshko's 1988 research.
Moreover, in a time-based model, the Strouhal number lines up
the periods of vortex shedding with string wavelength periods at
any position, and illustrates the phase between the fluid and
string interaction. As a result of the analysis, this paper will
present two maps (String tuned to E3 164.81 Hz, and G#3 207.65
Hz) useful for the musician to navigate through a full range of
musical notes.
NOMENCLATURE
Uw = Instantaneous velocity of the water
Ustr = Velocity of the energy traveling through the string
fvs = Lock-in vortex shedding frequency; fvs = fex
fst = Vortex shedding frequency around a body at rest
fex = Natural Harmonic frequencies of the cylinder or string.
D = Diameter of the string
Tv = 1 Period (time) of the water shedding
Te = 1 Period (time) of the oscillating string

Re = Reynolds Number
St = Strouhal Number
A/D = Amplitude / Diameter
INTRODUCTION
FIV (Flow induced vibration) has a very interesting application
in the field of music. In the present paper, the author explores
using water as the driver for FIV on a stringed musical
instrument. Challenges of using FIV in musical instruments has
been addressed for centuries in the family of wind and brass
instruments. It takes a sound understanding to know how the
various materials interact with the flow of air to design these
instruments with optimal functionality. For wind instruments, in
order to play correct notes, holes need to be precisely placed
along a column. Similarly, to achieve the necessary precision
with a stringed musical water instrument utilizing FIV, it is
imperative to know the locations of notes within a moving water
field. The test apparatus presented here looks at the string and
water interaction at a level complimentary to building a musical
instrument. The test system provides a means to map the
boundaries of Lock-in synchronization. The results are
consistent with the current body of research in the field of FIV.
For a string subject to FIV, Lock-in synchronization
occurs. Lock-in synchronization is when the fluid’s oscillations
synchronize with and strengthen the string’s natural harmonic
oscillations. The fluid reacts with the string by matching its
frequency of vibrations. The frequency of the water manifests
itself in the form of swirling patterns (vortex shedding) that
alternate from one side of the string to the other. When the fluid
increases in velocity to a point where the timing of fluid forces
is in synchronization with the string’s higher harmonics, an
Hysterisis jump occurs; the string jumps to higher harmonic
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modes without a gradual transition. The water organizes the
natural harmonic modes of the string into regions where at least
two of the harmonic modes resonate with exuberance. In
contrast, with the freely resonating string in open air, all the
harmonic modes vibrate at once. This paper presents the
harmonic mode boundaries within a free-falling water field,
shows the method for identifying all the harmonics within the
boundaries, and submits completed maps of the dominant
frequencies. Moreover, an appreciation of the nature of FIV is
presented as groundwork for building precision instruments.
Marin Mersenne’s formula Eq. (1) for calculating
harmonics based on string length and mass is essential to support
mapping the frequency boundaries. Based on research performed
by Vincenzo Galilei, his son Galileo Galilei, and research dating
back to Pythagoras in ancient Greece, Mersenne related
frequency to the velocity (Ust) of energy traveling through the
string divided by the wavelengths of the same string, 2L being
the fundamental wavelength.
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Strouhal number Eq. (5) is used to find the frequency of the
vortex shedding. This dimensionless number is named after
Vincenc Cenek Strouhal 1850-1922. The Strouhal number
relates the velocity of a fluid to the frequency and wavelength of
any system moving through the fluid. Through empirical study,
the Strouhal number is determined to be 0.1 – 0.2 for Reynolds
numbers below 4.0 x 105; see Blevins [1]. The diameter (D) of
the string is the wavelength and the frequency (f) = vortex cycles
per second.
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Where L is the length of the string and the harmonic modes
(divisions of 2L) are as follows:
1st harmonic = 2L/1
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3rd harmonic = 2L/3
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4 harmonic = 2L/4, and so on.
Equation (4) will be used to calculate the instantaneous velocity
of the water stream at any point (parameters affecting the
accuracy of this formula will be addressed throughout the study).
Isaac Newton, Henry Cavendish, and Galileo Galilei were
instrumental in giving us the formula to calculate Newtonian
gravity. Galileo Galilei discovered how objects fall, based on the
time squared law of acceleration. Isaac Newton gave us the
universal law of gravitation, where the force due to gravity is
proportional to the mass (M) of an object and inversely
proportional to the square of the distance (r2) to the center.
Finally, Henry Cavendish completed the formula by finding the
Gravitational Constant (G) which scales Newton’s proportion
down approximately 15 billion times. All their work comes
together in Eq. (2) to find the acceleration due to gravity (g) to
be 9.8 meters/sec2 here on earth. Equation (4) is derived from the
potential energy and kinetic energy equations Eq. (3).
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In this study, a model is created based on the timing of vortex
shedding and the harmonic mode cycles. Equation (7) is the time
it takes the vortex shedding to complete one cycle around a
stationary string (not in lock-in mode). Equation (8) relates to
the timing of one complete cycle for one of the strings
harmonics. CHK Williamson and A Roshko [2] introduce this
timing for modeling vortex shedding patterns in the wake of a
structure undergoing fluid induced vibration. In their model,
when Tv and Te are close, and at lower amplitudes, a transition
between vortex modes occurs and is denoted by a “Critical
curve”. The vortex pattern changes from two single vortices per
cycle to 2 pairs per cycle. In the case of the present study (low
Reynolds Numbers) a pair and a single vortex exist per cycle.
The vortex shedding modes are as follows:
2S = two single vortices per cycle
2P = 2 Pairs of vortices per cycle)
P+S = 1 pair of vortices + 1 single vortex per cycle
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THE INSTRUMENT
The present paper reports on research carried out using the
patented “Stringed instrument using flowing liquid” Reynolds
[6]. The Instrument consists of a circulating element transmitting
a laminar stream of free falling water from a 1.9 cm internal
diameter conduit. The flow through the conduit is controlled by

fretboard at incremental lengths, 2. The pointer is used to mark
the wax paper with puncture holes; the armature and string are
moved down through the accelerating water field and when the
midpoint of an harmonic boundary is determined, a puncture
mark is made on the wax paper. Once the velocity of the water is
too fast and the vortex shedding is out of phase with the natural
resonance of the string, Sarpkaya [3], the recorder is stopped, the
sound file is archived, and the armature is moved back up to the
beginning of the stream of falling water. The pointer is then
moved 2 cm down from the previous position (shortening the
length of the string) and the process is repeated until the end of
the fretboard is reached.

FIGURE 1: 1.Tuning scew;2. Backboard with wax paper; 3.
Free falling laminar water field; 4.Upper basin; 5. Conduit flow
valve; 6. Recording system; 7. Lower Basin and Pump; 8.
Armature; 9. String; 10. Sharp Pointer for points on was paper.
DS.
a valve adjusted to allow a minimal amount of water to pass
through. The minimal flow past the valve leads to a near zero
flow velocity as the water exits the conduit for a free fall descent.
The back pressure from the valve and the 90° elbow conducting
the stream downward also helps to slow the flow and settle
turbulence to support the downstream laminar flow. The Stream
falls 19 cm at a flow rate of 1.7 Liters/min and is captured in a
lower basin. A 7.87 liter/min pump powered by a 4-watt solar
panel transmits the water from the lower basin back to the upper
basin. Within the upper basin, the water level is regulated by an
overflow tube. By regulating the water level, the water pressure
within the conduit remains at a constant.
A 0.432-millimeter diameter fluorocarbon string is used
to intersect the free falling laminar flow. The string is 43
centimeters in length and anchored onto a stethoscope membrane
on one end and a tuning screw at the other end. 30 centimeters
of string, starting at the tuning screw, is situated above a
fretboard before entering the area where the water field is
intersected. This armature component can be anchored in place
to a fiber reinforced plastic rod running the full extent and
parallel to the falling water field.
The flow induced vibration is directed to a stethoscope
through a membrane and to an Audio-Technica pro-70 lavalier
microphone via connecting tubes. The microphone is connected
to a computer via an M-Audio pre-amp interfacing Pro Tools
MP9 recording software. The recordings are captured in .wav
files and archived per string tuning and incremental string
lengths.
In conjunction with recording .wav files, the location of
Harmonic mode regions are physically recorded onto a flat board
with a 35 cm x 19.8 cm piece of wax paper resting parallel to the
string and armature/fretboard. A sharp pointer attached to the
fretboard serves a dual purpose: 1. anchors the string to the

FIGURE 2: 1. Frequency Spectrum for the string at length 20.64
cm and tuned to E3 (164.81 Hz) ; 2. Spectrum analysis plotted
against the chart points; 3. Analysis within the complete
harmonic mode map for the E3 tuning at the 20.64 cm string
length position.
Sigview Analysis software by Signal Lab is used to
visualize the frequency spectrums for each of the harmonic mode
regions per string length and within the 0 – 165.65 cm/sec
velocity range of the water field. The frequency spectrum for a
single tuning is captured for each incremental string length from
43 cm to 13 cm. These frequency spectrums from Sigview are
then correlated to the wax paper chart using the puncture marks
as a guide to map the string’s harmonic modes through the falling
water field. The strength or amplitude of the harmonics are
denoted using colors with blue being the highest amplitude and
yellow being the faint low amplitudes. For some vertical regions,
a slight horizontal shift is applied to align with the equal
tempered scale accepted as today’s standard in music; e.g. E3 =
164.81, G#3=207.65 and A3 = 220 Hertz. The first set of
harmonics in Item 3, Fig. (2) is from the pluck test of the open
string before and after the string is moved down through the
accelerating water flow. We also see the spectrum of harmonic
modes within each of the lock-in regions. Once the correlation
between the wax paper markings and the spectrum analysis for
each string length is complete, a pattern emerges of where the
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lock-in synchronization regions are located relative to the string
length and the velocity of the water field.
The harmonic mode mapping is simplified by plotting
the root frequencies in each synchronization region.

frequency Eq. (6). Equation (7) is then used to find the value of
1 period of vortex shedding. Equation (8) is used to find the
period of the harmonic mode frequencies. When these
boundaries are transposed on top of each other per time and
distance a pattern emerges. When the harmonic boundaries
intersect the Tv boundary in blue (parabolic curve showing and
increasing shedding period around a stationary string as the
water accelerates), the Te / Tv ratio ≈ 1. When the harmonic
boundary extends outside of the Tv boundary, the water’s vortex
shedding is locked into the frequency of the string and is slower
relative to the increasing Tv. The vortex shedding remains
Locked-in until the Tv, Eq. (6) matches a

FIGURE 3. Root Harmonic mapping for E3 (164.81 Hz)
Tuning.

FIGURE 4. Root Harmonic mapping for G#3 (207. 65 Hz)
Tuning

FIGURE 5. Time based model. E3 Tuning String length 20.64
cm.

The root frequency could be the lowest frequency available
within the synchronization region or the frequency with the
highest amplitude, nevertheless, the root frequency corresponds
with the adjacent shorter and longer string length harmonic
modes. Figure (3) and Fig. (4) show the resulting mapping for E
tuned to the 3rd octave and G# tuned to the 3rd octave.

higher harmonic and the vortex shedding aligns with the higher
harmonic mode. This agrees with the “Critical curve” in the
“map of vortex synchronization patterns” from Williamson and
Roshko [2]. Williamson and Roshko observed that a pair of
vortices is shed on one side of the string while one vortex in shed
on the other per cycle (P + S) for fluid systems with RE<300; for
RE>300 (beyond the scope of the present test system) they
observed the 2P mode of vortex shedding. Williamson and
Roshko [2] also observed that when Uw Eq. (4) times Te is over
5 times greater than the diameter of a cylinder (“string” in the
present test apparatus) the P+S shedding mode is observed. In
Fig. (5) the P+S pattern is denoted by Harmonic boundaries to
the right of the Tv line.
Cheng and Moretti 1991 [4] made an interesting
observation that relates to the Williamson and Roshko [2] study
and validates observations shown in Fig. (5). Their study shows
when vortex shedding locks-in with harmonics slower than Tv,

OBSERVATIONS
Using Eq. (1), and Eq. (6), Lock-in synchronization is
proportional to string velocity / string lengths and (water velocity
* 0.2) / string diameter. Figure (5) shows the relationship
between the vortex shedding frequency and the harmonic mode
frequencies of the string. The parameters are as follows: Using
the Strouhal number (0.2) in Eq. (5) and Eq. (6) the water
velocity around the string is 20% slower than the flow velocity
outside of the bluff body region. This reduced velocity is divided
by the diameter of the string to find the vortex shedding
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higher string harmonics are excited. These higher harmonics are
1.5, 2, and 3 times the natural shedding frequency. In Fig. (5)
the higher harmonics can be seen beginning at the dashed red
line (Tv/2 shedding period).
The study of Chen and Moretti 1991 [4] with “forced
transverse vibration in a uniform cross-flow” is best observed in
the present instrument when the string is held in one location in
the falling water field. With the water flowing over the string at
a constant velocity, the frequency of the string is increased
incrementally by moving the finger down the fretboard. The
lock-in vortex shedding synchronizes with the frequency of the
string until a threshold is reached. According to Cheng and
Moretti’s study, the locked-in vortex shedding will synchronize
with the string vibrating up to ≈ 1.5 faster than the fst (shedding
frequency around the string at rest) and ½ times slower than fst.
In the present study the frequency will increase as the finger is
moved down the string, shortening its length, and then drop
down to a lower frequency or harmonic mode at definite
repeatable locations. In Fig. (3) and Fig. (4) this can be seen by
finding the instantaneous velocity of 62.61 to the left of the chart
and moving horizontally through the notes. The notes increase,
drop down at the boundary, then continue to increase again.
The Harmonic mode mapping in Fig. 4 and
Fig. 5 reveal noteworthy patterns. The velocity of the water plays
a critical role is establishing and maintaining the synchronization
boundaries for the harmonic modes of the different string
lengths. As Fig. (4) and Fig. (5) illustrates the boundaries
between the different string tunings shift within the constant
velocities of the falling water field. In comparing the string tuned
to E3 with the string tuned to G#3, the E3 tuning (164.81 Hz)
boundaries are higher up (toward the water source) in the falling
water field than the G#3 tuning (207.65 Hz). This shows the G#3
tuning requires higher velocities to establish the synchronization
boundaries.
For the present instrument, the Lock-in boundaries are
dependent on water velocity which is driven by the rate of
acceleration due to gravity Eq. (2). Therefore, the velocity
calculations in the present study play a vital role in the numerical
results and could be affected by parameters such as surface
tension, air pressure, and the valve’s precise open/close position
(Item 5, Fig (1)). These parameters will introduce deviation in
the velocity calculation based solely on Eq. (4). Numerical
analysis using the calculated velocity has 10% to 15% agreement
with Lock-in regions identified from the test system mapping.
These results agree with Sarpkaya’s statement: “perfect
synchronization is not ‘perfect’ and 10% variation in peak
amplitudes of force (in both forced and self-excited oscillations)
is quite common” Sarpkaya [3]. Nevertheless, by using the
velocity calculation Eq. (4) as a sole means of mapping the lockin boundaries we would expect to be as far as one whole tone off.
Aside from numerical analysis, the current mapping does show
lock-in synchronization boundaries and frequency locations
through direct observation. To repeat these results, water
velocity, and the string’s tuning would be the parameters to pay
close attention to.
From the present study it is important to note, the

frequency during lock-in remains stable within water velocities
close to the water source (Item 3, Fig 1), however in the higher
velocity regions, from the beginning to the end of the lock-in
region, a gradual increase of frequency can be observed. The
increase in frequency points to an increase in tension on the
string. The increasing frequencies are associated with a higher
amplitude over diameter ratio as observed in the Sigview
analysis software Item 1, Fig. (2) and denoted in blue in items 2
and 3 Fig. (2). Drag could be a contributor to the increased
tension on the string, however, as Sarpkaya [4] explained, added
mass is dependent on A/D, it would be reasonable to conclude
added mass is a contributing factor to the increasing tension on
the string.
Another interesting phenomenon is the overlapping of
harmonic mode regions. Although the harmonic modes display
the hysteric jump as explained by Sarpkaya [3] and Williamson
[2] at the boundaries shown in fig. (3) and Fig (4), there is
overlapping of the Harmonic modes when the jump occurs; the
next harmonic mode makes an appearance before its predecessor
has finished. This overlapping of modes makes the transition
boundary a great tool for the musician. When the string is placed
within a transition boundary, the string sounds as though a chord
is being played which is traditionally accomplished using
multiple fingers on multiple strings on current acoustic stringed
instruments. Moreover, in moving the string directly up or down
through the water field, the FIV gives the effect of the arpeggio*
as the synchronization regions are crossed. In using the
traditional stringed instrument, the musician generally uses
multiple strings and multiple fingers to play the arpeggio. The
present flow-induced vibration instrument, using water and
strings, does not require the musician to move a finger; only the
string is moved up or down through the falling water.
SUMMARY AND CONCLUSIONS
This paper has presented the boundaries for lock-in
synchronization in a map format applicable to the field of music.
As the string is moved down through the free-falling stream, the
frequencies are recorded for incremental string lengths and
specific tunings. Using frequency analysis software, the
harmonic modes are identified and mapped to see where the
harmonics change in the falling water field. The results are
generalized to facilitate playing music and to see an overall
pattern of transition boundaries. The mapping reveals a distinct
pattern of how the lock-in synchronization boundaries are
established relative to string tension, length and water velocity.
The acceleration due to gravity provides a natural and
dependable system for organizing lock-in synchronization
boundaries. A time-based model of vortex shedding, and
harmonic modes proves to effectively illustrate where transition
boundaries occur. The time-based model also illustrates higher
harmonic modes sustained by the vortex shedding.

*Arpeggio – Production of the tones of a chord in succession and
not simultaneously. [5]
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Accurate mapping of the synchronization boundaries and
frequency locations, with an appreciation of the nature of FIV,
supports the work of building and performing precision stringed
FIV musical water instruments.
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