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SUMHARY

Measurements are presented of vortex shedding frequencies for circular
cylinders in confined flows. Experiments have been performed at Reymolds
numbers up to 20,000, The range of blockage ratios covered was 0.18-0.33.
Systematic changes in the shedding frequency were observed with increasing
blockage, the effect being greatest at Reynolds numbers of a few thousand.
Measurements of the Reynolds number for which vortex shedding just begins
show that the confining walls increase the stability of the flow round the
cylinder,

The shedding frequency was determined using constant temperature hot-wire
anemometry and also using the vibration response of a magnetormecter, a

method which, we feel, offers some advantages over conventional techniques.
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NTTRODUCTION

The shedding frcquéncy of vortices from a circular éylinder,corresponding to
the frequency of the fluctuating component of the 1ift and half that of the
drag, is of obvious interest in engineering. While an extensive study has

been made of this aspect of fluid dynamics for an ideal unconfined flow, little

information exists on the effect of blockage on shedding frequencies.

As windtunnel tests and engineering problems may involve significant

blockage of the flow, this effect is of some importance. This is particularly
true in the case of a high degree of confinement, where large deviations from
prédictions for unconfined flow are observed.

Our interest in this problem arose from measurements on electromagnetic

radiation from turbulent gas flows (see Clark[l]). 1In an attempt to detect

electromagnetic radiation from vortices in the flow, a small magnetometer was

mounted in the wall of a "perspex" (PMMA) windtunnel, above a cylinder which

spanned the test section. The magnetometer was found to respond to vibration
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of tihe windtunncl wall caused by the pressure fluciuations necar the crlinder
£23, The dominant frcquency of the signal corresponded to the vortex shecdiug
frequency (typically about 20 kHz). The observed deviations from the accepted
results for vortex shedding frequencies (Schlichting (31) were considered to

be a consequence of the high degree of confinement, or windtunnel blockage (337
in these tests).

A literature search for corresponding data revealed little information on this
probien. Accordingly, the present programne of research was initiated with
the airs of estabiishing the ;se of the maé&etometer in the measurement of
shedding frequencies, and of obtaining shedding frequency data for a range of

blockage ratios znd Reynolds Numbers.

EXPERIVENTAL ARR/NGEMENT AND INSTRUMENTATTON

This work was performed using a miniature “perspex" (FMMA) windtunnel,

‘producing flow with low turbulence levels. The tunnel runs using air from

an Ingersoll Rand compressor, producing up to 2 m3/min at 700 kPa. , The
preséu:ised gas is fed via pressure regulators (usually two in series to mini~
mise the effcct of inlet pressure changes on flow rate) into a turbulence
suppressor tank. This cylindrical copper tank contains a honeycomb array

of 1400 thin walled glass tubes (ca 0.46m in length and 5mm i/d) and two
screens of 100 mzsh stainless steel, A fairing then guides the air into a
rectangular stagnation section, measuring Slmm x 126mm. A smooth two stage
contraction then reduces the cross-sectional area of the flow to 5mm x 20am,
the sizeof the test section, over a distance of 0.3m. (See fig. 1).

The maximum channel Reynolds number attainable is about 50,000, Cylinders

of differing diamaters can be mounted across the centre of the test section,
at a point 120mm downstream of the contraction, and 90mm upstream of the e:xit
of the tunnel.

The cyliners used in measurements of vortex shedding frequencies wvere a 1,63zm
diamcter hollew brass cylinder (blockage ratio d/h=0.33), a 1.17mm dismetcr

copper wire (d/h=0.24) and a 0.8%mm diamcter copper wire (d/h=0,18).

andh
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The flow velocity in the test scctionvas determined using a precision

dial manometer, or a 25 degree tilt paraffin manometer, comnnceted to a
static tap in the stagnation section, For very low flow velocities a
fixed flow rate was established, and the flow velocity measured directly,
in the absence of a cylinder, using the hot-vire anemometer. The range of
cylinder Reynolds numbers covered was approximately 100 - 20,000,

The constant tenperature hot-wire anemometer used was constructed by the

Fluid Dynamics Group at the Cavendish Laboratory. The hot-wire was 2.5u m

A .

in diamcter and was operated at an overheat ratio of 1.50. AC signals from
the ancmometer were fed to a Marconi Instruments TF2370 Spectrum Analyser

and to a cathode ray oscilloscope. The hot-wire probe was 3mm in dia and

was aligned with the centre line of the tunnél.

The probe could be adjusted to give optimum signals, generally with the

wire 2 to 5 cylinder diameters downstrcam from the cylinder, and slightly
above or below the centreline. Typical signals are shown in fig. 2 (cf ref.
[41). Tor low flow speeds the most accurate determination of the shedding
freﬁﬁency could be made using the CRO. For higher speeds the spectrum
analyser was used, giving a -resolution of a few percent.

The magnetometer used in this work consisted of a 1000 turn solenoid coil
wound on a ferrite core, connected via a preamplifier and impedance matching
circuit to the spectrum analyser.

The intrinsic frgquency response of the magnetometer circuit (i.e. response

to a magnctic signal) is plotted in figure 3, and a typical spectrum in fig.
4., The coil measured 16mm x 3.5mm in dismeter, and was reccssed in the wind-
tunncl wall above the cylinder. It‘was rigidly cemented in place using
plaster of paris or beeswax. Vibration amplitudcs of the order of a few micions

could be deteccted, Hot-wire ancmometer measurcments were made up to 30 m/s,

the maxinum speed possible with this arrangement, Maghnetometor measurcnents

were made from 50 to 200 m/s. The fact that, in this casec, the upper useful

limit on the hot-wire data corresponds to the lower useful limit on the
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magnetometer dara illustrates the complencatary use of these two methods,

and permits a comparisom for intermedicte Reynolds nuumbers.

Using the hot-wirc, measurcments of critical Reynolds numbers, i.c. those
at which shedding just begins, were also made.

These meosurements were extended to lowcr blockages using finer wvires

(dovn to 0.19rmm dia.). The thinner wires were tensioned across the test
section and clamped to ensure that they were straight., They were not used

for frequency weasurements at higher flow speeds due to doubts about their

rigidity.

RESULTS AND DISCUSSION

Plots of the dimensionless shedding frequency (Strouhal number) as a

function of cylinder Reynolds number are given in fig. 5. The Strouhal

number is given by St = fd/Uo where, in uncoufined flow, d is taken to be

the cylinder diameter and q) the uandisturbed flow velocity far from the
cylinder. The latter concept is obviously not applicable in a confined

flﬁw, and we use instead the mean chamnel flow velocity, U.

The ﬁse of a reduced or universal Strouhal number is advocated by several
authors (Roshko [ 5], Richter and Naudascher [6], and others). This involves
a description of thc-shedding in terms of the wake parameters. The reduced
Strouhal number is given by St* = fd'/Us and the Reynolds number by

Re* = Usd'/v where d' is the width of the wake and US the separation
velocity. In the heavily confined flow used in this work we tcke d' = d and
Us to be the mean velocity between the cylinder and the wall. Taking account
of the lower wake driftvelocity Us can then be calculated from static pressure
measurcments,  While these approximaticns.would be unaéceptable for low
blockages, they are correct in the limit of high blockages.

The mean flow velccity, U, is then calculated using the continuity equation

U= Us (1 - a/h)

(sce fig. 6).




ripuve 4 oanowd a plot of the eritieal feyuolds nuwher as a function of the
blockage ratio. It can be scen that this rises rapidly with increasing flow
confincment. This can be explained by 2 reduction in the wake width due to
the confining walls, Extrvapolation toe zero bleockape yields a value for the
critical Revnolds nusber for uncoufined flow consictent with acecepted resul:ss
(Tritton, iL71).

It is well known tiat vortex shedding can be sigaificantly influenced by
other factors, such as wall boundary laycrs, free stream turbulcence levels, 1
cylinder vibration and cylinder aspect ratio. The effect of the boundary
layers in the tunnel, fairly thick in this case, cannot be predicted with great
certainty. With increasing confinement or Reynolds nunber the effect of
upstream beundary layer development is expected to become less important.
However, a full description of the problem would undoubtedly involve the
w;ndtunncl parameters as well as thqse of the cylinder. With the tunnel ’
design used, free stream turbulence levels will be extremely small, and the ;
- blockage will be the dominant factor.

Cylinder vibration should be minimal, the cylinders being small and rigidly 4

"o

fized Lo the windtunnel walls. There was no evidence that this might have

Vi h

been a problen.

X}

Changes in cylinder dismeter nccessarily involved changes in the aspect

ratio, 1/d, of the cylinder. However, the smallest aspect ratio used was 3

FN

12.3 at a blockage ratio of 0.33. This should be sufficiently large for
blockage to again be the dominant factor (compare with 8.6 in'EGD. The
calculations of Richter and Naudascher [6] on shedding frequencies at high
Reynolds Numbers and blockages should yield similar results to our own and a
comparison is made with their mcasurcmwents and those for zero blockage [3] in
figure 8. It can be secn that the agreement is good.  Data from Drescher
[8] are also presented., These show small deviations from zero blockage data

and we think that this may be a comsequence of the windcunnel blockage (up to

0.18) and low aspcect ratio (dovm to 4.2) in his ewperiments.

f.w-—n- +




"Laboratory. We acknowledg: helpful discussions with Drs. J. E. Ficld and

Good agrecment has been obtained, as caun be seen from Lig. 5, betwuoy

frequency data using the hot-wire and using the magnetomecter. The magnzte-
meter data arce somewhat scattered, but it is felt that this method is capable
of some refincemint, TFor crample, the impositicn of a strong inhomogenous
magnetic field lnercases the signal strengih considerably, and this apprecoch
could lecad to better accuracy.  The chief advantsges of this method of
frequency weasurenent are a geood high frecuency respense, the robustnzss of
the probe and the fact that the prcbe is not introduced into the flow, Uith
larger cylinders or other test bodics the magnetometer could, of course, be
mounted inside the cylinder. As no alteration of the surface of the test
object is necessary, it also has advantages over sensors such as piezozlectric

elements or hot films.

CONCLUSIONS

Measurcments of vortex shedding frequeucies for a circular cylinder in a

heavily confined flow have been obtained for blockage ratios up to 0.33 and

Reynolds numbers up to approx. 20,000. As the blockage ratio is increased,
systematic deviations from the accepted results for unconfined flow are

observed, thesc being greatest at Reynolds numbers of about 2,000.

The Reynolds number at which vortex shedding begins increases with blockage
coefficient, showing that the confining walls increase the stability of the
flow.

Measurements made with the maénetometer show that it is possible to determine
shedding frequencies using a probe which 'is not introduced into or in contact 3

with the fluid.
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rig. 1. Sciiematic Diagram of Windtunnel System.
Fig. 22, Typical CLO Signal frow hot-wire (low velceity).

b, Typlcal Spectrum from hot-wive (high velocity).
Fig. 3. Intrinsic Frequency Respouse of Magnetometer.

Signzl Intensity against frequency.

Tig. 4. Typical Spectrum from sgnetometev.
‘i Fig. 5. Ilot of Strouhal number against Reynolds number

for different Blockage Ratios.

Fig. 6. ° Schematic Diagram of Test Section.
Fig. 7. Plot of Critical leynolds number against Blochkage Ratio.
Fig. 8. Curves of Stiouhal number against Reynolds number

O0a) from Schlicting [3]
Ob) after Drescher [§]
Other data - present vork Re <2 x 104

- after Richter & Naudazcher [6] Re >2 x 104
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