


using the triple decomposition technique, A significant percentage of the incoherent
fAuctuations are observed to be phase-locked to the Kdrman vortices. The enstropy
balances are computed for three decomposed parts. The generation of incoherent
enstrophy due to incoherent vortex stretching is detected to be the most dominant

term and is balanced by the viscous dissipation.
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t time

U Instantaneous streamwise velocity

u total ﬂuctuating streamwise velocity
Uy centerline velocity deficit

u; velocity vector

Us freest vm velocity

Up binormal cooling - ocity

Ulsy effective cooling velocity defined in Eq. (3.1)

Un normal cooling velocity

Ur tial coc g velocity

v total fluctuating transverse velocity
w .al fluctuating spanwise velocity
T streamwise direction
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z spanwise direction

Greek symbols
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¢ dissipation rate

€ enstrophy

n y position normalized by wake half-width
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by spectrum of variable u

0 momentum thickness
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Q, instantaneous streamwise vorticity

Wy total fluctuating streamwise vorticity
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3. Characterization of the velocity and vorticity fields of the turbulent plane wake

with various statistical properties including moments up to the fourth order,

probability distributions, and spectra. These are discussed in Chapters 4 & 5.

. Investigation of the vortical structure dynamics in the turbulent plane wake
with a joint probability distribution analysis of the velocity components, the
vorticity components, and the generation terms in the vorticity transport equa-

tions. This is discussed at the ends of Chapters 4 & 5.

5. Characterization of the vortical structures by conditional analyses of the Reynolds

stresses, the turbulent kinetic energy, the enstrophy and its components, and
the e Y rate relative to the passage of the Karman vortex. This

18 discussed in Chapter 6.

5. Computation of the mean and fluctuating enstrophy balances by decomposing
the ™ 1 1t =ouss alinto its components. The balances gi  quantitative
sscription of the d°™ rent vorticity transport processes. . his is discussed in

Chapter 7.
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from 5% to 10% of the freestream velocity (&~ 3 m/s) and the maximum mean shear
varies only from 10 s7' to 20 s=!. These values of mean shear are of the same order
as the noise level of the 9-sensor vorticity probe. Therefore, it was decided that all
vorticity field measurements should be carried out in the region z/d < 50.

The single-sensor rake experiments also indicated some unsteadiness in the tunnel
speed. It was determined that, prior to any measurements, the tunnel must be left
running for at least 3 hours without any disturbance to stabilize the flow. Low speeds
(below 3 m/s) tended to be more unstable than high speeds. To obtain stable flow
and large velocity gradients, it was decided that measurements should be carried out
at the highest speed possible, approximately 5 m/s for this tunnel.

Prel iinary measurements of the streamwise velocity components were all for
the horizontal cylinder orientation. The tunnel width is larger than its height; there-
fore tb he ntal position | wides a larger cylinder length to diameter ratio, or
aspect ratio (AR), than the vertical position. Larger AR is desirable to achieve
two-dime sionality of the flow. For the horizontal orientation, however, the free-
stream flow region of the wake is less than that for the vertical orientation. This
is a consequence of the fact that the tunnel was origh ly designed for boundary-
layer measurements, and the traversing mechanism is strategically placed where the
boundary-layer is thickest. The AR for a =>rti  orientation of the cylinder was ap-
proxiately 107 for which Roshko [53] indicated that two-dimensionality of the wake
flow can be achieved with Rey; > 500. To obtain more confidence for multi-component
velocity measurements, flow visualization was performed with the vertical cylinder
arrangement. Fig. 2.8 shows the parallel shedding of the Karman vortex behind the
cylind  which it "¢ 25 that the flow was two-dimens’ 1al. Therefore, all definitive

measurements were performed with the ical cylinder o1 tation.
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across the turbulent wake due to the two-dimensionality of the mean flow. These
measured skewness factors showed a variation of 0.7, which is quite high. These
experiments thus indicated that wake measurements at this x/d station need more
accuracy than the 9-sensor probe can provide due to the low signal-to-noise ratio.
Further measurements in nominally irrotational, uniform flow provided by the
calibration jet confirmed that the 12-sensor probe can yield greater accuracy than
the 9-sensor probe. The spurious velocity gradients were lower than those measured
with the 9-sensor probe for the same conditions. Definitive measurements were
performed in the wake with the 12-sensor probe at z/d = 20, and 30 for the same
conditions as the velocity measurements with the plus probe. More details about

the accuracy « the plus probe and the ]~ sens probe ‘ven in Section 3.5.




3 Calibration and Data Reduction Methods

3.1 Calibration Method

[n the probe calibration method developed by Marasli et al. [37], Jorgensen’s law [28]
is used to express the effective cooling velocity of each sensor as a nonlincar function

of 3 velocity components for any inclined sensor in uniform flow, i.e.

where Uy, Ur, and Up are the normal, tangential and binormal components of
the coolin  velocity with spect to the se ( F  31),¢ 1Crand Cg are
the tangential and binormal cooling ¢« ficients, respectively. Ior each sensor, t]

effective cooling velocity is expressed as a 4th order polynomial, P(e), of the voltage

drop across the sensor:

Ue2ff = 7)((3) = Al + Ag@ + A362 + A4es A564- (32)

One can transform Uy, Ur, and Up from a coordinate system attached to the

sensor to a more convenient system, where the z-direction is along the probe axis,

giving

Uy = mU +nV 4+ nsW, (3.3)
Ur = hU + 3V + tsW, (3.4)
Usg U bV 4 bW, (3.5)

where n;, t; and b; (i = 1,2,3) are the coeflicients of the coordinate transformation
which can be determined by measuring t > sensc  make with the probe

axis. However, accurate measurement of these ang  for a miniature, multi-sensor
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The solution at the nth iteration step is updated using
Ut =y avy, (3.14)

Where the superscripts denote the iteration level. The procedure is repeated until
convergence is achieved within a specified tolerance. For the results presented here
the solution was usually obtained within five iterations. Another solution method,
called Broyden-Fletcher-Goldfarb-Shanno [49], was also tried and was found to be
less dependent on the initial guesses than Newton’s method, but it took almost twice
the calculation time. For the plus probe (in Fig. 2.5), an initial guess was obtained
by treating the probe as 2 V-arrays which only need the pitch-only and yaw-only
calibration data for calibration coeflicients.

The calibration data were '+ ted to e wl her the ¢ "ration velocities v e

Tecovered from the bric : voltages. Most velocities were usually recovered to within
less than 0.5% and none were more than 1% of the " w speed. Calculated turbulent
velocity solutions were rejected if the computed angles “ the velocity vectors were

outside the calibration range. For the z/d = 30 measurement station, there v e

Practically no rejection.
3.3 Data Reduction Method for Vorticity M asurement

When 5 multi-sensor probe is used in a shear flow, the velocity vector seen by each
Sensor will he different, i.e., the flow is not uniform across the sensing volume. The
offect of the velocity gradic ‘s on multi-sensor probe performance has been demon-
strateq by Vukoslavéevié & Wallace [62] and Park & Wallace [46]. Vukoslavéevié
el al. [63] u [ a 9-sensor probe to measure the spanwise and cross-stream velocity
8radientg in addition to the three components of the 1 antaneous velocity vector
in turbulent, boundary-layer. They calculated the streamwise gradients from the

te aylor’s hypothesis and thus v e able to obtain all three

oral gradients us'

““Mponents of the inst: aneous vorticity vector as well. The 12-sensor probe 1s
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ThIS nonh .

nlinear system cap also be solved in a least-squa  sense u * 1 Newton’s
Mmethod, w ’

» where the error, defined by Eq. (3.12), is minimized. The inecre ental
Correctj S ; i

on to the solution at the nth tteration step can be computed from the 9x9

hnear system

, (3.18)
Where
G= E
U (3.19)

18 the i e
gradient vector consisting of the derivatives of ' with respect to each of the

Unknowns, and
A2p
(3.20)

VUi,

H

18 the : .
Hessian matrix composed of all possible second derivatives of /' with respect to

each of the unknowns. An initial guess for the velocity components was obtained by
treating cach  vire array  two independent V-arrays. The initial gradients were
Computed by differencing the velocities from the " 2e 4-wire arrays. Convergence,
Within 4 specified tolerance, was usually achieved within five iterations. The pitch

ad yaw angle ori 1
gles encountered by each s-  or were checked @ posteriori in order to

verify the i ' ‘
mtegrity of the solution. The solu ms that were outside the calibration

I'a, 29 3
lge were rejected.

T ‘ ' ' . : :
le Present calibration and data reduction scheme can easily be applied to probes
With difFar . ‘cal i i i
differept geon ries. The only geometrical information needed is the distance
from ¢
the center of each wire to the centroid of the frontal sensing area of the probe.

A
The minim
1][ . . 0 M
unber of sensors need not be fixed at 12, but a minimum of 9 is necessary.

3.4
Sol t nU 'qu -
~Or t . 1 .
he 4-sensor probe, using o1 * 3 sensors can result in non-convergence for certain

Probe oy : I
Olientations v ' >reas using all 4 sensors results in convergence to one solution
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the same calibration points. Again, here the large angle points usually have higher
spurious gradients than the small angle points. Most of the spurious values are much
smaller than the maximum mean shear which is approximately 65 s~1,

From Table 1, the average error is 0.008 m/s for U, 0.005 m/s for V and 0.007
m/s for W. When normalized with u,=0.82 m/s at z/d = 30, these uncertainty
values are 1.0 % for U, 0.6 % for V, and 0.9 % for W. For the global calibration set,
these uncertainty values are 1.7 % for U, 1.5 % for V and 1.8% for W. From Table
2, the largest average spurious velocity gradients are about 5.2 s, or 5.4 % of the
ratio w,/ Lo for x/d  30. Tor the global calibration set, this value is about 14.7 ¢~1.

These average spurious gradients can give an estimate of the uncertainty limits for

the measured vorticity.

3.6 Summary
The discussion in the above sections has ¢ nor rated the followi

1. The present calibration and data reduction method is independent of the prot
geometry and sensor orientation. For vorticity measurements, the only geo-
metrical information needed is the distance frc  the center of each wire to the

centroid of the frontal sensing area of the probe.

2. The error minimization method, 1en wi ' more sensors than the number
of unknowns, can produce unique solutions of the measured velocity for angles

of attack within $20°.

3. For calibration angles within +20°, neglecting the sensor with the lowest cool-
ing velocity from the plus probe results in divergence during data reduction.
Conver: y, ni  >cting the sensor with tI  highest cooling velocity results in

converg ce to practically the same solution as when all sensors are used.

4. The zonal calibration scheme can improve measurement accuracy.
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fiatness factor and occurs nearer the wake edges. A similar pattern is noted for the
skewness factor. This pattern was also observed in the measurements at z/d = 400
of Fabris [17]). Presently, a satisfactory explanation has not been found. In general,
the skewness and flatness data at z/d = 30 agree well with the measurements of
Fabris which were much further downstream.

Fig. 4.2 shows the comparison of the nondimensional rms values (denoted by
superscript *) at /d = 20 and 30. For z/d = 20, L, = 6.5 mm and u, = 0.93
m/s, and the u* and w* values are only slightly higher than those at /d = 30. The
v* values, however, are significantly higher, reaching as much as 25% higher in the
centerline region. This is likely due to the Karmén vortices. The differences between
the nondimensional rms valt  at the odow 1 n 1 indicate that the
wake is not yet in the self-preserving region, which Wygr ski et al. [69] have found
to occur mo than 300d downstream of the cylinder. The Karmén vortex decays in
the region 0 — 50d according to ~oshko [53], as is most evident in the large decrease
in the v* values. Higher moments at z/d = 20 have similar characteristics as those
at z/d = 30 thus are not shown.

To illustrate the effect of accounting for velocity gradients and for the third
velocity component in the probe sensing area, the 12-sensor rms data at x/d
30 are compared with the V-probe values o ¢ y  the 12 r probe
(hereafter referred to as the “V-probe data”) in Fig. 4.3. For the V-probe data,
the u component represents the average of the two orthogonal V-probes. All three
rms components are slightly higher than those from the [2-sensor probe. The 12-
sensor probe has a larger sensing area, but it accounts for the velocity gradients.
The 12-sensor data should be more accurate. The I dif ence between the two
probes indicates that neglecting the third component and the velocity gradients have
a small effect in the rms data of plane wake flow. Howes , Park & Wallace [4(,,

and Vukoslavéevié et al. [63] found that neglecting the velocity gradients, as must
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ke, and opposite signs in the upper wake. The difference between the 4-sensor and
:‘Zse;sor prol  measurements is also illustrated. For the —Uv component, the twe
ata are about the same. The —7p stress, which should be zere everywhere, is
sets of data — terline for the 4-sensor data. For the 12-
about 25% of the peak —7v stress at the centerline
d:)nosor data, it is considerably smaller everywhere across the wake. The —UW stress
'5 bout zero for both sets. The non-zero ww from the 4-sensor probe is spurioys, It
'IS ?nconsistent with the nearly zero values of W and w skewness, which reflects the
is | probability of negative and positive w fluctuations. Also, flow visualization iy,
e‘c'lua 2P8 showed that the vortex shedding was quite parallel to the cylinder, which
.P lj'.ca)t.es two-dimensionality of the mean flow, and implies no preference for either
o Live or positl fluctuat The cause of this « or mn therefore be the
negartri:ion for the 4-sensor probe that the velocity is uniform within the sensing
asst . ion 1s least applicable in the centerline region where
area of the probe. This assumption is least app
> 1s highest.
e tlllvblil(e;:l:p:rilsjn 1 Fig. 4.5, the —uw values of Yamada et al. are almost twice
Inf ; C—sor ta near t : centerline, consistent with the higher v and v rmg values,
e .1‘2_8(1311 differences might also be attributed to their " *sher Reynolds number. Th.e
e T dat bout the i e as those from the 12-sensor probe, which is
V-probe —uv data are ab R i N b, th Vepohe 0
consistent with the rms comparison. For the con e Vprabe st s
sor data are about the same, but the - .. stress for the ilable for
e uv stress. X-probe data from Yamada et al.  were not available for
of the peak —uv stress. X-pro e 10 other published X-probe
arison, and to the author’s knowledge, there are Rermolds oo
compf these stresses. In sw nary, the comparisons for all the Reynolds S8
data for the

1 dlCate F
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4.2 Velocity Spectra

The spectra for all components of the velocity vector are presented and discussed
in this section. Six cross-stream locations covering both the lower and upper layers
were chosen for this purpose. The spectra are normalized by the local variance of

the individual component so that the area under each is unity. The discussion is

representative of all the 21 wake locations where data were taken.

The u and v spectra in . .gs. 4.6 and 4.7 show strong peaks at the vortex shedding

frequency, f; = 168 Hz. This frequency corresponds to a Strouhal number of 0.21, in
excellent agreement with the value reported by Roshko [53] at this Reynolds number.
The w spectra in Fig. 4.8 do not have any distinct peak above the background; this

indicatc that tl shed vortex is pa lel to the cylinder. The Karman vortex, if it is

shed parallel to the cylinder, is in the z—direction so it can only influence flow in the
x — y plane. The proper detection of the shedding frequency is another indication of

the accuracy of the measurements made by the 12-sensor probe.

The peaks for the v s;  tra disappear in the centerline r “on, and reach max-

num values around n = =1 from the centerline. On the other hand, the peaks
for the v spectra are most prominent in the centerline region, and diminish toward

the wake e s. This pattern of the power peaks for these two components can |

predicted by linear stability theory (see for example Matti 'y & Criminale [ )
The w spectra show little change across the wake. All w spectra have relatively

flat distributions up to about the shedding frequency, then drop ofl at higher fre-

quencies. This pattern is also observed for the v spectra at the wake edges. Ior

the v spectra near the centerline r« ‘on, the neighboring frequencies of f; have high
energy content. This is b use the background v ipectrum has a local maximum

at a frequency slightly smaller than f, ich ¢ responds to the le lly neut  fr
quency from linear stability theory (Marash et al. [36]). All frequencies above f,

are damped, which is consistent with the fact that the Karmdn vortex street decays
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are high there. In the centerline region (n = 0.12), the PDF is quite symmetri
’ 3 metric so

that the skewness value is approximately zero.

In Fig. 4.11, the PDFs for w are symmetric for all the positions across the wake
indicating a two-dimensional mean flow. For the wake edges where the turbyl
ence

o 3 . 3 ¥ Al - . .
is more intermittent, the PDFs have asymmetric tails which explain the non-zero

skewness values 1 =,

4.4 Joint Probability Analysis of the Velocity Components

The joint probability density functions (JPDFs) of two variables indicate the proba-
bility of the two variables having specified values at the same time. The orientation
of the JPL. contc sre” : thepr rted multancous stal of the two variable
fields. Thus, some turbulence structure information can be deduced, even from
sii "« oint measurements. JPDI' analysis was utilized by Wallace & Brodkey [65)
to examine the structure of the correlation %o in a turbulent channel flow. Ong [45]
used JPDF analysis in the buffer region of a turbulent boundary-layer to detect, the
presence of inclined vortices. The covariance of two variables, v; and vy, can be

related to the JPDF by

+ o0 +oo
Vivy = / / vy P(vy,v dvidvg. (4.2)
— 00 —00. |

The JPDFs for all ¢« »inations of the velocity components have been determi: |
for six locations across the wake. Numerical values of the contributions from all ur
quadrants, Q1, Q2, Q3 and Q4, of the two velocity component hodograph plane are
also presented. The quadrants are defined in Fig. 4.12. For all JPDFs, the velocity
components are normalized by the centerline velocity deficit u,.

10 4.13 shows the JPDF, P(u,v), and the covariance inte and contours,
uvP(u,v). For the lower wake, the . DF contours show a preferred orientation
of 45° from the horizontal axis u. The covariance integrai  contours show this even

more clearly with the contribution coming mainly from Q1 and Q3 in the outer part

44









For P(v,w), Fig. 4.17 shows that the JPDF and covariance integrand contours
are symmetric with respect to w, for the same reason as for P(u,w), and the tota]
covariance still is almost zero across the wake due to this symmetry. The skewness
of v changes sign across the wake, which is reflected in the maximum probability
contours. The covariance integrand contours show high probability of low-fluctuation
activity in Q1 and Q4 in the lower wake, and in Q2 and Q3 in the upper wake. This
pattern implies that the large fluctuations should produce high correlation values in
the opposite quadrants. This is confirmed in the quadrant plots of Fig. 4.18 with
la 1 magnitudes in Q2 and Q3 for the lower wake, and Q1 and Q4 in the upper

wake.

4.5 Sumn aary
The discussion in the above sections has demonstrated the following:

1. At z/d 20 and 30, the maximum rms of the transverse velocity component is
higher than the streamwise, followed by the  anw :component. This trend

is consistent with X-probe measurements of Yamada et al. [70] at z/d = 30.
2. The small prong spacing of the 4-sensor and 12-sensor probes results in more
accurate measurements.

3. The skewness and flatness values of the velocity components show the proper
characteristics of a turbulent plane wake.

4. The 12-sensor probe accounts for velocity gradients in the measuring volume
and can measure the Reynolds shear stresses more accurately than the 4-sensor
probe.

5. The v ocity _, ctra show | ks at the vortex shedding frequ ey f, for the

. : , r banwise velocit sctra dor
streamwise and transverse components. The spanwise velocity spectra don

have any peak at f,, indicating parallel shedding.
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6. The JPDFs of the streamnwise and transverse velocity components show pre-
ferred orientations at 445° from the centerline fo; the lower wake and at —45°
for the upper wake. The other correlations are about zero across the wake due

to flow symmetry.

7. The convergii legs of the saddle region are the . minant 7o generators. These

flow regions are along the direction normal to the mean shear.
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time delay to evaluate the effect of feature (1) as described below. Feature (2) of the
B-D scheme is an advantage because it doubles the usable frequency range of the
data, but it must be sacrificed here in order to maintain the phase alignment.

Fig. 5.4 shows the production term vw,d(),/dy versus time delay for 5 = 0.12.
The calculation was done for a range of 2 time steps (£1 ms) for both the C-D
and B-D schemes. The plot clearly shows that after the B-D curve is shifted by
one-half time step in the direction of negative time, it falls almost on top of the
C-D curve. This time-delay calculation was repeated for a few other wake locations,
and the results were similar. This indicates that the positive (erroneous) enstrophy
product” is due to the se diore e of the ) s ne.

Since B-I) evaluates the time derivative over only one time step, it does not
attenuate the * “ulent signal as much as the C-D scheme. Time series data of w,
are 1own for oth schemes in Fig. 9. The two match quite well except that the
B-D curve sometimes has higher peaks and resolves higher frequencies. .ae latter

difference shows up mo clearly in the spectra in Fig. 5.6. For w;, the two spectra

are virtually identical up to >proximately twice the shedding frequency. Beyond
this, the B-D curve is clearly higher than the C-D curve. Therefore, it is clear that

the B-D scheme resolves more of the high frequency fluctuat b the half time

step phase difference between the estimated value of dv [0z {rom Taylor’s hypothesis

and the directly measured value of Ou/0y makes the B- scheme inaccurate. The

high frequency values of the B-D scheme compared to the C-D scheme are erroneous

as shown bhelow.
The signal att ation and phase shift of the two differencing schemes can be
calculated analytically. A time dependent variable can be expressed in a Fo ier

SerieS as

(5.4)
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The phase angle € for the vector kgp/k can be shown to be

{ = arctan(cot Al — csc Al). (5.12)

The ratios kcp/k and |kpp/k| are shown in Fig. 5.7 (a) and ¢ is shown in Fig.
5.7 {b) as functions of the frequency f for the range used in this experiment. In Fig.
5.7 (a), both the C-D and B-D schemes have low attenuation for low frequencies and
significant attenuation for high frequencies.

At half the sampling frequency, the C-D scheme attenuates all the differentiated
signal intensity, but the B-D scheme retains about 63% of the signal. This high value

I8 roneo ¢ |con from the complex component, which also indicates a phase

shift. This phase lag (negative values) is shown in Fig. 5. (b) to vary linearly with
[Tt is practically zero for low frequency and is 90° at half the sampling frequency.
At the vortex shedding frequency (about 168 Hz), the C-D scheme, which does not
introduce any | ase shift, attenuates only about 5% of the signal. At this frequency,
the B-D scheme attenuates only 1% of the signal but infroduces a 16° phase lag. If
a higher sa ling frequency had been possible, the phase lag would be smaller. In

the present results. the C-I) scheme has been used to calculate all time derivatives.

5.3  Vort" ity Sp t

The spectra for three components ol the vorticity vector are presented and discussed.
The spectra are for § wake locations covering both the lower and upper layers,
and they are normalized by the local variance of the individual component. The

discussion representative of all the 21 wake locations where data we taken.

Fig. 5.8 shows that the spectra for ws are similar in the region || < L.L.. The
distributions are a  broad band, and tl e are no distinct peaks at the shedding
fl‘equency, Since the Karman vortices are alignc <« 71in the z-direction (if they are
not obliquely shed), there should not be any evidence of the vortex shedding in the

TR . - . w. spectra provide another indication that th
T-direction vorticity. Therefore, the wx 51 ! i € €



























equal contributions from Q1 and Q3 meéns that the generation of +w, by +0w/dy
shearing of +wy is the same as that by —dw/0y shearing of —w,. Similar deduction
can be made about the equal contributions from Q2 and Q4 across the wake. The Q2
and Q4 contributions are dominant in the lower wake so that the total correlation
W/a?/ is negative there. The opposite is true in the upper wake. This means
the correlation reduces the strength of ), which is positive in the lower wake and
egative y¢, in the upper wake. These reductions are approximately balanced by
the enhan. nents of §), due to the correlation W discussed in the previous

baragraph and seen in Fig. 5.36. Therefore, one can deduce for plane wake flows

that
T —_— -
(-01.2’(3 w ”“i. 0 (515)

PhySically, this approximation means that for plane wake flows, whatever inten-
sity w, gains from w, is mainly taken by w,, and whatever intensity w, gains from w,

is, in turn, taken by w,. In this regard, the w, just serves as the vehicle for vorticity

exchange between w, and wy,.

Now we come to the last retching/compression term, w,0w/0dz. This corre-
P . e L gty | N
lation is alse the last among the three that can :e spanwise vorticity. Lo

Pl,, dw/8z), the JPDF contours in Fig. 5.39 are almost symmetric about the hor-

izontal axis (0w/dz = 0). But, the covariance integrand contours indicate a weak
Preference for Q1 in the lower wake and for Q2 in the upper wake. This pattern

is confirmed in the quadrant plots in Fig. 5.40. These plots clearly show that the

Magnitudes of Q1 and ~~ curves are larger than those for Q3 and Q4 in the lower

and up o wake wake regions, respectively. This means vortex stretching (Q1 & (C
: it e sig . Tl

of et sign w, dominates vortex compress 1 (Q3 & Q4) of e’ r sign w- 1e

total correlation is thus approximately zero across the wake indicating no net un

Ofw

2.
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5.7  Summary

The discussion in the above sections has demonstrated the following:

1.

2.

The miniature 12-sensor probe can measure simultaneously velocity and vortic-
P

ity with good accuracy in the near-wake of a circular cylinder for z/d =20 30.

Central-differencing, which results in proper phase alignment of the stream-

wise velocity gradients with the directly measured variables, should be used in
applying Taylor’s hypothesis.

The measured mean spanwise vorticity component agrees well with the deriva-
tive of the mean str wise velocity. The other mean vorticity components

are about zero. This is a good test of the accuracy of the measurements.

At z/d = 30, the rms of the streamwise vorticity is highest, followed by the
transverse and the spanwise components. The rms values for the transverse
and spanwise components are somewhat attenuated due to the low sampling

rate.

The skewness and flatness values for the vorticity components have the proper
characteristics for a plane wake. alu ‘e high at t wake edges and

have r .rly Gaussian values in the centerline r Hn.

Only the spectra of the spanwise vorticity component show intensity peaks at

the shedding frequency, indicating parallel shedding.

The extremely narrow PDFs of all vorticity ¢ in the fre  tream com-
pared with the cente mne region indicate a high signal-to-noise ratio of up to 2
orders of  ignitude.

sae JPDFEF contours of show a preferred orientation that is along the

direction of the mean shear. Therefore, w, and , are nc tively correlated

65



in the lower wake and positively correlated in the upper wake. The pattern is
consistent with the computational results of Meiburg & Lasheras [39]. Other

vorticity correlations are about zero across the wake.

9. The correlations of vorticity and velocity gradients are about zero across the

wake except for those that involve gradients of the spanwise velocity.

10. Quadrant analysis of the correlation w,0u/dz and —(.Uz(}'u}/ vz show more stretch-

ing than compression activity across the wake.

11. The w, component serves as the vehicle for vorticity exchange between the w,

¢ lwy oo por  ts.
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6 Conditional Analysis

6.1 Motivation

I'he goal of this chapter is to characterize the “coherence” of the turbulent fluctuating
velocity and vorticity fields with the shedding vortices. “Coherence” here means the
phase locking of the fluctuating velocity (or vorticity) field with a certain phase of
the periodic shedding vortices. In the near-wake of a bluff body, the vortex shedding

is regular and the shedding {requency is governed by the Strouhal-Reynolds number

relation + . This has bec il 1 in the spectra of the variables u,v, and w, in

Chapters 4 & 5.

Using a phase of the  tex shedding as a conditioning detection criterion is just
one of many d" 7 «r * possibilities of conditional averaging. Browne et al. [9] condi-
tionally sampled on temperature to detect large-scale coherent structures in the far
wake region (z/d = 420) of a circular cylinder. They decomposed the fluctuating

velocity components into the incoherent, and coherent parts. For these structures

detected by Browne et al. , the contribution to the Reynolds shear stress from the
incoherent motion  much lar_ than that i 1the ¢ ent motion. As described
in Section 1.3, Cantwell & Coles [10] measured in the r ‘on within 8 diameters
downstream of a circular cylinder using two X-wire probes mounted on a pair of
whirling arms. They deduced a pattern of moving vortex centers and saddles (these
flow regions are illustrated in Fig. 1.4) by analyzing the decomposed signals and
found that a substantial part of the turbulence production is concentrated near the
saddles. Their data «* wed that the Reynolds normal stresses due to the incoherent
motion have maxima near each vortex center, and the magnitude of the incol

ent

shear stress has a maximum near the saddle between the vortices. In the ne  wake

of a circular cylinder, Hussain & Hayakawa [26] measured the large-scale spanwise
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leg (the diverging leg is associated with stretching of w,, which increases <w?>; by
contrast, the converging leg is associated with compression).

This phenomenon can also be seen in the upper wake, at n = 1.29, where the
detected event is the saddle region. The downstream region is the diverging leg of
the saddle (/T < 0) and has higher <w?> than the upstream converging leg. The
schematic vortex model in Fig. 6.3 illustrates these flow regions as arrows in the
plane of the mean shear. This diverging leg, commonly called “braid”, could extend
to the wake edges and join with the converging leg of the downstream saddle at a
different spanwise location. This is a possible mechanism for the generation of three-

dimensional flow structures. Hussain & Hayakawa [26] speculated that these braids
with pr D minantly str vise vorticity in1  wct with the s vise vortices to pro-
duce “ all-scale, thr  dimensional vorticity fluctutations”. Meiburg & Lasheras
[39] showed from inviscid vortex calculation that the braids containing streamwise

. . . L . . ¢ three-dimensional closed vor-
vortices interact with the Karman vortices to produce three-dimer

tex loops illustrated in I'ig. 5.17.
> values also show very low coherence with the vortex shedding across

The <w,
the wake as seen in Fig. 6.14. For the correlation w}, Bq. (6.6) shows that
- 6.16
<w?> oy (6.16)
aly

but the incoherent part is practically the same as the total due to the extr
small <@?>. Therefore, <w?>, shown in Fig. 6.15, is completely due to the phase
locking of the incoherent <W;/,2>- The coherence is quite strong, although less than
<wf>. Near the vortex centers, n = —0.47 for the lower wake and n = 0.7] for
the upper wake, the coherence is stronger than at other wake locations. The high
coherence lateral positions for <w?> are relatively closer to the wake edges. Note

that even though the rms values of the fluctuating w, and w, are approximately the

e & > streamwise vorticity variance has
same across the wake, as seen in Fig. 5.1(b), the stream Y
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LE> = <> 4 <>, (6.18)

where g, € and €' are defined similarly to their kinetic energy analogs (Eqs. (6.11)

g, &

to (6.13)). Fig. 6.18 indicates that the incoherent contributions are almost the
same as the total across the wake. Only near the detected events, vortex center

or saddle, is the difference significant. Fig. 6.18 shows that the peak coherence
occurs at n —0.47 at the detection event (¢/T = 0) which is near the vortex

center. At n = 0.71, the coherence is minimum at t/T" = 0.25 or 3 sample intervals
upstream of the saddle. This means that even though the turbulent vorticity field is

predominantly incoherent, the magnitude of the vorticity fluctuations are intensified
s ficantly when a vortex ¢ er passes by. The opposite is true when the saddle

region passes by. Near t]  wake edges, the p. —1.65 location still :hibits some

coherence, which indicates that the field of influence of the spanwise vortex probably

extends greater than 1.61,.

The phase averages of the dissipation rate, ¢, are shown n Fig. 6.19. Eq. (6.6)
shows that

<6e> = <E> + <>, (6.19)

but the incoherent co ribution is practically the same as the total which is the

only quantity shown in ..g. 6.19. .ae phi aver of the dissipation rate follow

closely the pattern of the enstrophy (they should be identical if the fluctuating field
was isotrophic).

6.5 Phase-Locking with the Vortex Shedding

In this section, the degree of coherence or phase locking of incoherent, turbulent
fluctt & quantiti  with the vortex :* dding will be quantified. Only locking of
second order correlations will be pro nted.

The phase locking parameter, £, for the incoherent components of two variables
f1 and f; is defined as
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6. The coherence of the enstrophy is maximnum near the vortex center and mini-
mumn slightly upstream of the saddle region. The dissipation rate follows the
same pattern.

The incoherent shear stress u'v' is almost entirely phase-locked to the Karman
vortex shedding. The variance w2 has the highest phase-locking compared

with other incoherent normal stresses. The variance w’? has the highest phase-

locking compared with other vorticity components.
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* Term (5b
) represents the amplification/ attenuation of mean enstrophy

throu
gh stretchi :
ching/compression of the coherent vorticity by the coherent strain

rate,

¢ Term (6
(6) represents the viscous diffusion of mean enstrophy.

¢ Term (7
descri :
(7) describes the viscous dissipation of mean enstrophy.

In th
e
coherent enstrophy equation:

* Term
1) cor
(1) corresponds to the advection of coherent enstrophy.
® Ter
L "] . .
. ) ribes t] in of c¢” rent enstrophy from the mean field by gra-
lent I)I‘Od . .

uction. This term apy s with opposite s~ in t. strophy
€quation, |
ld by

. r
n (2b) indic:
(2b) indicates the loss of coherent enstrophy to the incoherent fie

gradient production.

Te[‘m s
Ja., "eT’ , 5
(3a) represents transport of coherent strophy by coherent velocity-

Vot
orticity interaction.
* Term (:

3b N
(3b) corresponds to the transport of coher \stre~hy by incol ent

veloc; ..
oaty-vorticity interaction.
{ enstrophy through

Jattenuation of coheren

Term .
(4a) models the amplification
y by the coherent strain rate

Stretch'
ing/compression of the coherent vorticit
o terms (4b), (5a)

ont vorticity (also i

Wl]en . . .
t  j. The reorientation of col
herent enstrophy.

and (5 .
( b)) when i # ) results in no net change in €O
A Tel‘ln .

() is for the ampliﬁca‘cion/ attenuatic  of coherent enstrophy through

herent vorticity by the incoberent strain rate.

stretchj
ching/compression of the inco
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(&4

The mean field loses enstrophy to the incoherent field in the centerline region

and the transport terms balance it by taking enstrophy from the outer wake.

. The terms in the coherent enstrophy balance are within the noise level. All

coherent terms in the mean and incoherent equations are small compared with

the other terms in these equations.
The incoherent enstrophy increases with the downstream direction.

Incoherent, enstrophy generation by incoherent vortex stretching/compression
is larger than any other terms by at least an order of magnitude. This term is

approximately balanced by viscous ssipation.
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8

Conclusions and Recommendations

The following conclusions are for the calibration and data reduction techniques.

4.

. The present calibration and data reduction method is independent of the probe

geometry and sensor orientation. For vorticity measurements, the only geo-
metrical inforration eded is the distance from the center of each wire to the

centroid of the frontal sensing area of the probe.

r - . . . .
. The error 1imization method, when used with more sensors than the number

of unl  wns, i produce unique  utior of the ed velocity for a1 “es

of attack within 420°.

For calibration angles within +20°, neglecting the sensor with the lowest cool-
2 velocity from the plus probe results in divergence during data reduction.
Conversely, neglecting the sensor with the highest cooling velocity results in

convergence to practically the same solution as when all sensors are used.

The z¢ 1l calib  on scheme can = prove me 1rement accuracy.

The following conclusions are for the characteristics of the velocity field.

1.

2.

At z/d = 20 and 30, the maximum rms of the transverse velocity component is
higher than the streamwise, followed by the spanwise component. This trend

is consistent wi  X-probe measurements of Yamada et al. [70] at @/d = 30.

The small prong spacing of the 4-sensor and 12-sensor probes results in more

acc c-ate measurements.

The skewness and flatness values of the velocity components show the proper

characteristics of a turbulent plane wake.

98









2. The transverse velocity is more coherent with the shed vortex than the stream-
wise velocity, especially in the wake centerline region, which results in higher v?

there. The spanwise velocity is incoherent since the vortex shedding is parallel.

3. The incoherent Reynolds normal stresses and turbulent kinetic energy are max-
imum near the vortex center and minimum near the saddle region. The incoher-
ent Reynolds shear stress u/v’ is maximum near the saddle region and minimum
near the vortex center. These observations are consistent with the findings of

Cantwell & Coles [10] and Hussain & Hayakawa [26].

4. Although @, and &, are negligible, <w’> and <w!*> are not. The variance of
the streamwise vorticity has the strongest coherence in the divergit  bra’* of
the saddles, which sug sts a three-dimensional vortex line orientation of these

flow regions.

5. <w!?> has maximum coherence near the vortex center and minimum coherence

near the saddle region.

6. The coherence of the enstrophy is maximum near the vortex center and min-
mum slightly upstream of the saddle  son. The dissipation rate follows the
same pattern.

7. The incoherent shear stress u'v’ is almost entirely phase-locked to the Karman
vortex shedding. The variance w2 has the highest phase-locking compared
with other incoherent normal stresses. The variance w/? has the highest phase-
locking compared with other vorticity components.

The following conclusions are for the enstrophy balances at «/d 30 for the 3 parts
of the measured flow field: mean, coherent, incoherent.

1. The t flow field gains energy from decaying Karman vortices, but loses a

great deal more cnergy to the incol ent ..cld.
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. The incoherent ficld has much more enstrophy than the mean or the coherent

fields.
The mean enstrophy decreases with downstream direction.

The mean field loses enstrophy to the incoherent field in the centerline region

and the transport terms balance it by taking enstrophy from the outer wake.

The terms in the coherent enstrophy balance are within the noise level. All
coherent terms in {1 mean and incoherent equations are small compared with

the other terms in these equations.
Lae incc crent enst “increases with the dov  tream direction.

Incoherent 1strophy generation by incoherent vortex stretching/compression
is larger than any other terms by at least an order of magnitude. This term is

approximately balanced by viscous dissipation.

The following recommendations can be drawn from the discussion of the results

in the previous chapters. These su; stions can be useful in either further analysis

of the current database or further experimen in turbulent wakes.

L.

Develop techniques to make miniature  bes more robust, and able to function

properly in other fluids such as water.

Repeat the measurements in this project with higher sampling frequency. Also,

perform parametric studies by varying the Reynolds number.

Build a vortex gencrator to calibrate the vorticity probe with known vortex

strength.

Use the probes, and the data reduction techn 1e to measure in the far-wake
region (z/d > 200) where accuracy is critical, and in the very-near wake (z/d <

20) where the angles of attack are extremely h™ 1.
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9.

10.

Perform two-point measurements using vorticity probes to investigate the three-

dimensionality of the vortical structures.

Analyze the velocity gradients as thoroughly as the velocity and the vorticity

components.

Improve the data reduction method to make use of the fact that the error

equation is parabolic in all the velocity gradients.
Perform conditional analysis with trigger condition such that the incoherent
vorticity has high magnitude with the same sign as the coherent vorticity.

Analyze the kit ic encrgy balances of the mean, coherent and incoherent flow

fields.

Analyze the eustrophy balances for a/d = 20 to confirm findings at 2/d

30.
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Fig. 1.4. Sketch of t| model of the wake vortical structure from
Hussain & Haygkawa [261. ...e | trar ‘er fluid away
from the sc iles, which @ marked by symbol X.

107









011

AN

41.9¢

2286

2.2. Scu

All dimensions (¢m)

,I.

SCR
/ \ 6
"/
" |
! ~
I 1 /
40.65 75 25
« > i
wi  of cal iion jet.



yaw pitch
angle “ale

Fig. 2
. .3. «
Definit 1 of the pitch ond yow 1gles.

111



y g
HI— T 1 ar
_ ax; LT 2 2
\ x/// Pl
4 B

0.51 mm, o = 42

Fig. 2.4, Sche 3t sketch of the Kovasznd, ype 4—sensor probe.

112






2 Dimensions in mm

End view

Fig. 2.6. Schematic sketch of the 9—ser »r vorticity probe.
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Fig. 6.1. Spectra of w, signals at 1 2.12: (a) total fluctuating (w,),
(b) phc : erence (&), and (c) incoherent (wy). The phase
reference signal used for ¢ 1ditional analysis “of all
measured variables.
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Fig. 6.3. Schematic sketch of the vortex shedding and the saddle regions.
The dimensions are estimated from current database and from
Hussnin & Hayakawa (261 at x/d=30. The reference station at
X/ indicates the detected events across the wake.
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