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Abstract

This work aims to provide insight into the three-dimensional
aspects of momentum and heat transport in a turbulent cylinder
wake. All three components of the velocity and vorticity vectors,
along with the fluctuating temperatures, were simultaneously
measured with an 8 hot-wire vorticity probe and four cold-wire
probes. A phase-averaging technique has been developed to
detect reliably the coherent events, thus allowing the coherent
contributions from various quantities associated with the vector
as well as passive scalar fields to be quantified accurately. While
the coherent heat flux is largely associated with spanwise vortex
rolls, the incoherent (or ‘remainder’) heat flux occurs between
two successive opposite-signed vortices, rather than in the
saddle region, as one might have expected. A 3-D conceptual
model is suggested, which is consistent with a previous 2-D
model in the plane of mean shear, to account more accurately
for the role played by the rib structures in transporting heat and
momentum.

Introduction

The flow around a circular cylinder is of intrinsic interest and
has received significant attention by researchers from the point
of view of coherent structures (Hussain 1983).The mechanism
for mass transfer is similar to that of heat transfer, when mass
and heat are treated as passive scalars. It is therefore important
to understand the transport characteristics of passive scalars in
the turbulent wake. The previous investigation has uncovered
the topology of the velocity and temperature field, as well as the
coherent structures in the turbulent near wake (Matsumura &
Antonia 1993; Yiu et al. 2004a; Zhou & Yiu 2006). Matsumura
& Antonia (1993) investigated momentum and passive heat
transport characteristics in a single cylinder wake at a Reynolds
number of 5830, and gave a simplified two-dimensional sketch
of flow topology. Zhou & Yiu (2006) studied the passive scalar
transport in the wake of two tandem cylinders, with a centre-to-
centre spacing ratio L/d varying from 1.3 to 6.0. They found that
coherent and incoherent heat flux vectors show significant
variation for different L/d. The three-dimensional vortex
structure in the turbulent wake has been captured by flow
visualizations (Wu et al. 1996; Huang et al. 2006; Scarano &
Poelma 2009), which may lead to three-dimensional heat
transport behaviour. However, the simultaneous measurement of
all three vorticity components and the fluctuating temperature
has proven to be a challenge. Experimental efforts to obtain all
three components of the vorticity vector are reported by Marasli
et al. (1993), Mi & Antonia (1996), Zhang et al (2000) and Yiu
et al. (2004b). To provide reliable three-dimensional vorticity
data is important for the thorough understanding of heat
transport characteristics of the flow.

In this study, the three components of vorticity vectors were
measured with the temperature fluctuation simultaneously using

a vorticity probe (consists of four X-wires) and four cold-wire
probes. An enhanced phase average method was developed to
detect the coherent structure and the remainder part. The main
aim of the present study is to examine in detail the contributions
from the coherent and incoherent motions to the heat transport.

Experimental details

The experiments were conducted in a close-loop wind tunnel
with a working section of 1.2m<0.8m and 2.0m long. The free
stream turbulence intensity is less than 0.5%. A circular cylinder
with a diameter d=12.7mm was used to generate the wake. The
free-stream velocity U; was 3m/s, corresponding to a Reynolds

number Re (=U,d /v ) of 2540. The measurement locations were

at x/d=10, 20 and 40 (where x is the streamwise distance from
the cylinder). However, due to the page limitation, only the
results at x/d=10 will be reported here.
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Figure 1. Experimental arrangement and coordinate system and sketches
of the vorticity probe: (a) experimental arrangement, coordinate system,
and definition sketch; (b) side view of the probe, (c) front view of the
probe.

A probe consisting of four X-wires (Figure 1) and four cold
wires were used to measure the velocity and temperature
fluctuations simultaneously. Two of the X-wires (X-wires b and
d) were aligned in the x-y plane and separated by
Az=2.7mminthe z direction; the other two (X-wires a and c)
were in the x—zplane and separated by Ay =2.0mm in the
y direction. The four cold wires were placed about 1mm

upstream of the vorticity probe. The separations Ay and

Az between the opposite cold wires are about 2.5mm and
2.2mm. Then u,v,w and @ may be considered to be
obtained at normally the same point. The maximum mean



temperature excess ©g on the centerline of the wake is about

1.6°C, relative to the ambient. This value is small enough to
avoid any buoyancy effect, so heat could be considered as a
passive scalar.

The hot and cold wires were etched from Wollaston (Pt-10%Rh)
wires. The active lengths are about 200d,, and 800d,, for the

hot and cold wires, respectively (where d,,is the diameter of

the wires and equals to 2.5 um for the hot wires and 1.27 pum for
the cold wires). The hot wires were operated with in-house
constant temperature circuits at an overheat ratio of 1.5. The
cold wires were operated with constant current (0.1 mA) circuits.
The probe was calibrated at the centerline of the tunnel using a
Pitot static tube connected to a MKS Baratron pressure
transducer. The yaw calibration was performed over £20 deg.
The output signals from the anemometers were passed through
buck and gain circuits and low-pass filtered at a cutoff

frequency f. of 1250 Hz. The filtered signals were

subsequently sampled at a frequency f, =2f, using a 16 bit
analog-to-digital converter. The duration of data was about 45 s.

Results and discussion

Since the vorticity components are calculated using the velocity
signals from the four X-wires, it is important to ensure that the
velocity signals were measured properly. Figure 2 shows the
power spectra of the measured velocity signals from the 4 X-
wires and temperature signals from the 4 cold wires at x/d=10
and y/d=0.39 (near the vortex centre). The spectra display a
pronounced peak at St =0.2, especially in E, (figure 2b). The

second harmonic is also discernible in E, and E, . The spectra

of u (or vandw) from different cross-wires show a good
overlap, suggesting little interference between the wires.
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Figure 2. Power spectra of u, v, w, and @ at x/d=10. Dashed lines stand
for the positions where the Strouhal number St=0.2.

The coherent vorticity field can be extracted using a phase-
averaging method, which is similar to that used by Zhou et al.
(2002). A cross correlation between the reference signal v and

filtered signal v was done to avoid any phase shift caused by

the filtering process, thus allowing a better detection of the
organized structures. The phase average of an instantaneous

N
quantity B is given by (B), :%z B, , Where k represents
i=1

phase. N is the total number of detections, which is about 1980.
B can be considered as the sum of the time mean component

B and the fluctuating component . The latter can be further
decomposed into a coherent fluctuation Ez(ﬁ) and a

remainder g, . Also, (Br)=pBy+(By) . where A and
¥ represents for either u,v,w or 4.
Figure 3 presents the iso-contours of three coherent vorticity

components @, , @y and @, . The phase ¢ , ranging
from -2z to+27, can be interpreted in terms of a longitudinal
distance. The positions of centres and saddle points, estimated
from sectional streamlines (not shown), are denoted by + and x,
respectively. An asterisk indicates hereinafter normalization
byU;, dand the maximum mean temperature excess ®p in

the wake. The @y , a, contours are identifiable and the

maximum is about twice of that reported by Zhou et al (2003),
which may be attributed to the improved detection technique.

And there is a resemblance between @, and @, at x/d=10,
suggesting the combined effect of the three-dimensionality of
spanwise structures and rib-like structures.
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Figure 3. Phase-averaged vorticity contours @ . Contour interval (a-c):
0.042, 0.031, 0.102; The thicker dashed line denotes the outermost

vorticity contours of @ , and the diverging separatrix.
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Figure 4. Phase-averaged velocity and temperature fluctuations. Contour
interval: (a-d): 0.020, 0.041, 0.0066, 0.089.

The phase-averaged velocity and temperature fluctuations n , v ,
w and @ at x/d=10 are given in Figure 4.The appearance and

magnitude of the U andV contours are similar to that
reported previously (Zhou et al. 2002) and will not be discussed

further. Notice that the maximum magnitude of w is one order



of magnitude smaller than that of V. And the negative
W contour is stretched along the diverging separatrix. The

positive and negative contours of W are separated by the
divergent separatrix, suggesting the induction effect of the rib-
like structures which should be aligned with the diverging

separatrix. The & contours centred on the vortex at g=0are

flanked by negative contours which result from the strong
engulfment of upstream ambient fluid.
Figure 5 presents the phase-averaged coherent Reynolds shear

stressU v , heat fluxesd & ,v & and W & at x/d=10. The
patterns and magnitude of U v , U & and v @ are similar to
those reported by Zhou et al.(2002). The positive U & contours

(figure 5b) are dominant and the vV 0 contours (figure 5c) are
anti-symmetrical about the vortex centre, due to the association

of both positive and negative v with the warm fluid within the
spanwise vortices. It can be also seen that the maximum positive

w & (figure 5d) is close to the vortex centre and is stretched
through the saddle point along the diverging separatrix. This
suggests that the spanwise heat flux component is influenced
both by the spanwise rolls and the rib-like streamwise vortices.
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Figure 5. Phase averaged coherent momentum flux and heat flux.
Contour interval: (a-d):0.0026, 0.0076, 0.015, 0.0015.
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Figure 6. Phase-averaged incoherent momentum flux and heat fluxes.
Contour interval: (a-d): 0.001, 0.0048, 0.0037, 0.0014.

Figure 6 contains the incoherent Reynolds shear stress and heat
fluxes. It is expected that the <u:v:> contours (figure 6a) are

stretched in the direction of the diverging separatrix whilst the

negative extremum of <u:v:> is near the saddle point. On the

other hand, the positive extremum of <u:v:> occurs near the
vortex centre and gradually moves towards the centerline. The
<u:v:> contours are quite comparable to their coherent
counterparts (figure 5a). However, the maximum magnitude of
the positive <u:.9: >(figure 6b) or <v:9: > (figure 6c) contours
is smaller than that of their coherent counterparts. In addition,
the positive <v:6’: > wrap around two consecutive vortices. It

seems that the positive <w:0: > contours (figure 6d) appear in

the alley between neighbouring vortices whilst the

negative <w:9: > contours occur near the saddle points.
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Figure 7. Coherent and incoherent contributions to time-averaged
Reynolds stresses and temperature variance.
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Figure 8. Coherent and incoherent contributions to time-averaged
Reynolds shear stress and heat fluxes.

We next quantify the contributions to conventional Reynolds
stresses and heat fluxes from the coherent structures and the
“remaining” motion. Figures 7 and 8 include coherent and
incoherent contributions to time-averaged Reynolds stresses,
temperature variance and heat fluxes. The coherent motion

makes a more important contribution to v2 than to u? or 62 ,
with negligible contribution to w? . The coherent contribution to

uvand vé (figure 8) is considerably larger than that to ué, as
observed by Matsumura &Antonia (1993). The coherent

contribution accounts almost entirely for w and vé
for y* <0.5. For y* >1.0, this contribution is due mainly to the

incoherent motion. The coherent contributions to v@ and



w0 are quite similar, even though the magnitude of the latter is
much smaller.
The characteristics of heat transport can be examined by means

of the coherent heat flux vector q (= (ud,vd,wd) , figure 9b)

and incoherent heat flux vector ar (= (<u:0r*><v:9r*><w:6’r*>) ,

figure 9c¢) along with the coherent velocity vector v (figure 9a).

It shows that a small amount of the coherent heat flux vector
a* is aligned with the velocity vectors near the vortex centres,

and most of q point upwards. It clearly shows that the
coherent motion within the core region near the vortex centre
contributes little to the transport of heat out of vortex rolls,
while the coherent motion near the vortex border contributes in
a major way to the heat transport. The incoherent heat flux

vectors ar generally cross the vortex border and point towards

the diverging separatrix. They are quite different from q ,

suggesting that the incoherent motions not only contribute to
heat transport out of the vortices, but are also responsible for the
heat transport between consecutive spanwise vortices of the
same sign.

~t ~

V I q

4

Figure 9. Phase-averaged coherent velocity vectors v (@ in a

reference frame moving atU_; (b) Coherent heat flux vector EI

vectors are used for (U @ ,v @ ) and iso-contours are used forw & : (c)

Incoherent heat flux vector g : vectors are used for (<u,9,><v,9,>) and

- * *
iso-contours are used for <Wr0r > .

The heat transport characteristics at x/d=10 are summarized and
a three-dimensional conceptual model is proposed and sketched
in Figure 10. The thick and thin red arrows denote the coherent
and remainder heat fluxes respectively.

Conclusions

A 3-D conceptual model is proposed, which is consistent with a
previous 2-D model in the plane of mean shear, to account more
accurately for the role played by the rib structures in
transporting heat and momentum. The transfer of heat out of the
vortices appears to be due to the combined effect of coherent
and incoherent motions, which occur at different spatial
locations. While the coherent heat flux is largely associated with
spanwise vortex rolls, the incoherent heat flux occurs between
successive opposite-signed vortices, rather than in the saddle
region.

Flow

Figure 10.Concepual model of momentum and heat flux 3D conceptual
model of momentum and heat transport at x/d=10, as compared with the
2D model (inset) of Matsumura & Antonia (1993). The thick and thin
red arrows denote the coherent and remainder heat fluxes respectively.
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