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Structure of vortices in a Karman street behind a heated cylinder
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The velocity and temperature fields in a wake behind a heated cylinder are investigated for Reynolds
numbers in the interval 68Re<110. Spatial distributions of the amplitudes and phases of the first harmonics
of velocity and temperature fluctuations in the region of formation of a vortex street are determined. A simple
kinematic model is constructed to explain the evolution of the phase difference of the first harmonics of
velocity and temperature fluctuations with increasing distance from the cylinder.

PACS numbes): 47.27.Vf, 47.27.Te, 47.32.Cc

A vortex street behind a heated cylinder is a classical Experiments were performed in a flow that was a plane
object for investigation of heat transfer in flows. Until re- horizontal air jet having a cross section ofX4550 mnf. A
cently, investigations of a flow around a heated cylinder andgtreamlined cylinder 1 mm in diameter having the lenigth
of heated bodies in general were focused on the dependeneel50 mm was placed horizontally in the middle of the jet
of averaged characteristics of heat transferg., Nusselt (Fig. 1). The cylinder was heated by Joule effect by means of
numbej on Reynolds number and on other flow parametersdirect current. The heat input per unit length was calculated
degree of turbulence, roughness, and cylinder elongatiorifom the supplied voltage and current. The jet was controlled
For the control of heat transfer detailed information aboutty @ microanemometer and the temperature of the cylinder
velocity and temperature fields in wakes behind heated bog¥as measured by means of a thermocouple located within
ies is needed. The most complete investigation of the strudne tube. The cylinder was heated from the inside by means
ture of heat transporting vortices was carried out for largef @ Ni-Cr wire carrying direct current. The wire temperature

Reynolds numbers Rel®® (see, e.g., Reff1]), when the was controlled by a thermocouple. The fluctuations of the

vortex street is turbulent. The use of various averaging methl_ongnudmal vglocny component were measured by means of
DISA hot wire anemometer system, and temperature fluc-

ods for processing results of measurements of velocity an

vortex regions that transport heat most effectively. Such @ ateq with the DISA it acted as a velocity trénsducer, and
research, as far as we know, was not done for the laming;ith the bridge as a temperature transducer. Strictly speak-
street (Re=10%). It is important to clarify what the velocity ing, for a flow containing both temperature and velocity fluc-
and temperature fields are at the Reynolds numbers corrgyations, the signal from hot wire anemometer is a mixture of
sponding to a laminar Karman street. Of particular interesthese components. In this connection we carried out mea-
are processes in the region of formation of a vortex street, afurements that allowed us to determine the temperature
a distance from the cylinder of about several tens of its ditange of a streamlined cylinder and the power density at
ameter. These problems will be considered in the presemhich the contribution of temperature fluctuations may be
paper. neglected in measurements of velocity fluctuatigihe ve-
Fluctuating velocity and temperature fields were analyzedocity fluctuations were measured to an accuracy of 10% and
using spectral analysis of time series. As was mentioned ihighep. For determination of fluctuation spectra and for
Ref. [2], the major portion of energy is concentrated at thephase measurements we employed an FFT 1201 double-
fundamental harmonic. Consequently, in our measurements
we recorded amplitude and phase characteristics of the fun-

Temperature

-

damental frequencyStrouhal frequengy of velocity and ~=7 Bhdge |
temperature fluctuations. Note that such measurements in the ynn -
interval of Reynolds numbers 69Re<110 were not carried | Anemometer Spoctrum Jmalyzer
out before. Either root-mean-square velocity or temperature | | = +----- s
fluctuations, or flow velocity and temperature averaged over . Sensor
time were measured as a rule. The point is that velocity —’( ‘f@@
fluctuations in the presence of temperature fluctuations at ——— NGO,
" —_ \© N9
small flow velocities are usually measured by laser Doppler —
anemometef2], and it is difficult to obtain a continuous Reference [ contrtine y-1.5 o)
signal needed for spectral analysis and for measurement of 0 X Gum)
the phases of harmonics. In our measurements we employec [Anemometer |
hot wire anemometers and temperature bridges that enabled
us to obtain signals continuous in time. FIG. 1. Experimental setup.
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channel spectrum analyzer. The phase difference was calcu- 1201 @y— Pr[deg]
lated in the regime for determining signal cross spectrum. d
. . . = =5
The cross spectrum of two variablgét), T(t) is defined by ¥ Wﬁ:\ o
R R R R o ~ : h =]0mm x=10mm
Syr(F)=V(H)T*(1)=[V(E)|T(F)|ell el () “‘u.,jl
x=25mm 3 il x=25mm

- A . 1 aauiagus
Here,V(f),T(f) are the components of the Fourier spectra ‘ { ‘ , ,
of variablesV(t),T(t) and an asterisk denotes a complex . -1 305 1 2 3 4
conjugate quantity. Phase measurements were conducted by
means of a reference transdu¢see Fig. 1L Cross spectra 1207 @y-Prldeg]

were measured in the frequency range of 0 to 1000 Hz using

3’6‘3 x=5mm

averaging over 100 time series without overlap. We first re- \ "=5“‘.“}’/m\'
corded the reference-signal—velocity-fluctuation cross spec- ® x=10:n3§ x=10
trum, as the velocity transducer was moved across the jet, 30

and determined phase distribution. Then, the same transducer FZ:m}-..“.\;:rl S g

was connected to the temperature bridge and, at the same

coordinates, the reference-signal-temperature-fluctuation 2% . 5 3 .
cross spectrum was measured. From these cross spectra we
determined the phase difference of the fundamental fre- 1207 by [deg]

guences of temperature and velocity.
The measurements verified that the amplitudes of the fun-

=5mm ﬂ
damental harmonics of velocity and temperature fluctuations « “ 60 \N

initially increased downstream and then decayed. The behav-

' : 3 ) x=15mm 30 x=15

ior of the amplitude of the fundamental harmonic of velocity .__‘Ht:;?f.
fluctuations was very similar to that of the velocity fluctua- x=20mm x=20mm .
tions measured in Ref2]. The measurements of cross spec- 1 30 ¢ 1 2 3 4
tra allowed us to obtain the phase difference between the first yimm]

Parmonkl]cs fOf \i:elocny.and .timﬁeratur? fluctuations. .It Wﬁs FIG. 2. The phase differences of the first harmonics of velocity
ound that 'or armonics with the amplitudes exceed'”g t &nd temperature fluctuations versus transverse coordinate at differ-
level of noise by more than 15 dB we had a well definedgp gistances from the cylindefa) Re=65, P/L =2.4 W/m for x

phase the value of which is approximately equal for all com-— 5 ;m (5d), x=10 mm (1@), etc.(b) Re=90, P/L =4 W/m: (c)
ponents in the neighborhood of the spectral peak. The use @fe=110, P/L=7 W/m.

cross spectra enabled us to determine the phases of the fun-

damental harmonics of velocity and temperature and the,aiic model. Evidently, the most consistent approach is the
phasg difference at dlfferent R(_aynolds numbers and at differz5|culation of Navier-Stokes equations supplemented by
ent distances from the cylindgFigs. 2a)-2(c)]. Apparently,  equations for heat transfer. We believe that basic regularities
the phases of the fypdamental harmonics are determined {@yealed in experiment may be explained on a simple physi-
an accuracy of additive constafthe phase of the reference 5| model. We suppose that the vortex Karman stieslbc-
signa), whereas the reference signal phase is excluded ify fie|d) has been formed and calculate transport of passive
determining the phase difference. Phase measurements Weigntaminan{temperaturgin such a vortex street. We regard
correct only in the region of sufficiently high amplitudes of e yortex street as two rows of nonpoint vortices arranged in

fundamental harmonics. In the middle of the street, whergpess order. Vorticity distribution inside a circle of radiys
the second harmonic is higher than the first one, and at thgss the form

periphery, where the amplitudes of all harmonics are small,
the phases were determineq in error and are not shoyvn in cog m(r/rg)]+1
Fig. 2. The maxima of velocity and temperature fluctuations Q=0————, 2
in this figure are in the intervals 0.2 many<<0.5mm and 2
2.5mm<y<2.8 mm, the centerline of the Karman street
corresponds ty = 1.5 mm. wherer is the characteristic radius of the vortex &g is

It is clear from Fig. 2 that velocity and temperature fluc- constant vorticity. _
tuations near the cylindeix&5) obey a quadratic law: the Similar models of. Karman street were dgveloped in Ref.
phase difference of the first harmonics of fluctuations of vor{4], where data obtained by means of hot wire anemometers
tex motion is about 90°. This means that, at a distance ond by vortex visualization were compared.
several diameters, vortices in a Karman street almost do not Outside the circle of radius=ry, the vortices are poten-
transport heat in the longitudinal direction. Mean flow makegfial and the velocity field in this region does not differ from
the principal contribution to heat transfer. With increasingthat at superposition of point vortices. Note that the velocity
distance from the cylinder, the phase difference of the harfield V of the vortex street is givefstability of such vortices
monics reduces and heat transport by fluctuation componentis not considered hereand we investigate diffusion and heat
(uT) in the longitudinal direction is intensified. transport in the given field.

In an effort to explain the dependences of phase differ- Under the suppositions made above, the temperature field
ences of the fundamental frequencies we take a simple kinebeys the following dimensionless equation:
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FIG. 4. The phase differences of the first harmonics of velocity
and temperature fluctuations versus transverse coordinate at differ-
ent distances from the cylinder. Results of numerical experiment for
Re=90.

initial temperature distribution and time evolution of the
temperature are plotted in Fig. 4. It is clearly seen in this
figure that the heated gas is concentrated in the vortex cores.
Apparently, the maximal temperature in the vortex cores
drops in the course of time due to diffusion, but it is still

FIG. 3. Evolution of the temperature field: image brightness ismUCh higher than the temperature at the periphery of the
proportional to temperature, circles correspond to the positions ofCrt€x street.

t=10

vortex cores. We will compare evolution of the temperature field in
time with its evolution in space along ttxecoordinate, bear-
JT 1 1 ing in mind that one space period corresponds to one time
— 4+ ——vVVT=—5—-AT. eriod. The space period of Karman street in the range of
at - av* v T Ba’PRev* AT ® P b P g

Reynolds numbers under investigation is equal approxi-
Here,t is the dimensionless time normalized to the repetition™at€ly t0 &, so in our figures we present results of numeri-

rate of vorticed, ; c_al calculgtions and experimental research for distances mul-
tiple to this value.
J 92 92 Using numerical simulation we determined the distribu-
V= X Xo+ @ )70) , A= B + W' tion of the phases of the fundamental harmonics of tempera-

ture and velocity fluctuations in the transverse direction that
wherex andy are the dimensionless coordinates normalized@s a good qualitative agreement with results of experiments.
to the vortex street width: v=V/U,, U, being the velocity In particular, for fundamental harmonics the model includes
of the incident flow;a=h/l, | is the spatial period of vortex phase jumps equal 1o across the centerl|ng=1.5.
street;v* is the velocity of the vortex streéin the coordi- The pha}se d|fferen.ce of the f'rSt harmonics of temperature
nate system in which a cylinder is at resbrmalized tdJ; and vel_o<:|ty fluctuat_|on§ within the prop(_)sed moqlel for
Re=Uyd/v is the Reynolds numbegw being kinematic vis- Re=90 is p.re.s.ented in Fig. 4. The phase difference is apout
cosity of the air, and diameter of the cylinder 8= 1/d 90° at the |n|t!al stagexX~5d). Further, the heated gas is
= B(Re) is the empiric coefficient relating the vortex Streetconcentrated n t?e v?rtex cores and the phas_e d|fferen_ce
period to diameter; an®= v/« is the Prandtl number. drops down to 5°~10°. However, the phase difference is

The evolution of the temperature field was calculated for1ONZ€ro atthe periphery of the street where the amplitudes of

the redion with periodic boundary conditions for taeoor- temperature and velocity fluctuations are small. Similar de-
dinate%see Fig % y pendences were observed for-R& and Re=100.

Comparison of experimental and theoretical results allows
Ty, H)=T(x+1,y,t) (4) us to formulate_ conclusions._ It was s_hown in Rd] that
heating of a cylinder streamlined by air decreases the vortex
and zero temperature gradient at a large distance from thghedding frequency. This means that temperature cannot be
centerline of vortex street for thecoordinate regarded as a passive contaminant. The temperature influ-
ences the medium viscosity and, as a consequence, the mean
IaT(x,0t)  aT(x,3h,t) flow profile and the vortex shedding frequeri&}. However,
ay - ay =0. (5) calculations and comparison with experiment show that, for
fluctuation components, temperature may be regarded as a
Here,y=0 andy=3 are the vertical boundaries of the passive contaminant. Under the assumption that the tempera-
region for which numerical calculation is performed. Theture field is transported by the Karman stréeortices in-
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volve in motion liquid particles from a warm wake the tem- verse amplitude profiles observed in experiment but also
perature of which is higher than that of the incident flame =~ more delicate characteristics, such as the dependence of the
obtains rather good agreement with experiment. It should behase difference of the first harmonics of temperature and
emphasized that we used in numerical calculations a statiof@ngitudinal velocity fluctuations along the transverse coor-
ary field of velocity and were not concerned with the influ- dinate.

ence of temperature field on stability of the Karman street. one of the author¢E. A. B.) highly appreciates the of-

We took into account only the temperature field transport byfered opportunity to work as a visiting professor at the UMP
a vortex flow and diffusion of the temperature field. A purely 6614 CNRS laboratory of Rouen University where the ex-
kinematic model enables one to explain not only the transperimental data presented above were obtained.
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