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Abstract

Time-resolved two-dimensional particle image velociméTiR-
P1V) is employed to measure the instantaneous velocityfield
in an evolving zero-pressure-gradient (ZPG) turbulentiiauy
layer. The spatially developing boundary layer is formeadiat
plate which is towed past a stationary time-resolved PI\fesys
such that each pass yields streamwise/wall-normal plarista
with Reynolds numbers in the range 58@Re; < 2500. This
provides a unique view of a spatially and temporally evalvin
turbulent boundary layer from the tripwire up to high Rey®l
numbers. In this frame of reference an evolving large-ssiales- 0 : 1
ture, with a convection velocity close to the freestreanpeaps 0 5 10 15 20
nominally stationary within the field of view. This system is time (minutes)
effectively equivalent to moving an entire PIV system witiet  Figure 1. Variation of background turbulence intensityiine between
flow, chasing the large-scale structures as they advect -downmeasurements. The broken line indicates the time requetdden mea-
stream in a wind tunnel or a water channel facility [8]. Coetpl ~ surements
instantaneous velocity vector fields of such a developimgutu
lent boundary layer provide clearer insight into the medan —
associated with large-scale coherent structures in thex cegion ~ Water to settle (/2 /U., < 0.2%) between passes. Preliminary
of turbulent boundary layers. The mean flow parameters of thenon time-resolved PIV experiments show that approximaety
experimental data are assessed to evaluate the qualitg efith ~ image pairs are required to obtain converged turbuleneesity
bulent boundary layers formed on the towed-plate. Thesdtses 2. Therefore, the total measurement time required to obben t
indicate that the developing turbulent boundary layerisstudy converged statistics equates to approximately 150 houenote
can be considerectanonical’ with a nominally zero-pressure- that this is only possible with a fully automated measuremen
gradient. An analysis of instantaneous convection vex#s- system. In order to automate the carriage, an encoder is inte
sociated with low- and high-speed structures revealsrdiffees ~ grated on the carriage, measuring the local velocity andipos
in the trajectory and local convection velocity of thesetfiees of the carriage during the measurements. A micro-epsildo op
as the turbulent boundary layer develops along the flatplate ~ NCDT ILR-1182 laser range finder (error rangedo2 mm over
150 m) is installed at the downstream end of the tank andtexige
Facility and Experimental Setup on the carriage to independently measure the absolutéquosft
Experiments are performed in the tow tank facility locatad i the carriage relative to the tank, providing a separate uoreasf
the Michell hydrodynamics laboratory at the University oM  the carriage velocity. A PID feedback control algorithnigie-
bourne. The tow tank has dimensions of:6@ x 2 m (lengthx mented along with the traversing carriage controller toraain a
width x height) and is filled with water. The tow tank facility has carriage velocity deviation withig:0.5% during the experiment.
a computer controlled traversing carriage that can tow fscate ~ Underwater optical access is provided through viewing wisl
various speeds of up to 2.5 m/s. A 5.0 m long and 1.2 m wide flatlocated 25 m from the upstream end of the tank. The stationary
plate is suspended horizontally beneath the traversimggarby image acquisition system including a laser, cameras ancsapt
four aerofoil shaped supports. The height of the supporitbea  placed in front of the viewing windows to acquire a set of time
individually adjusted so that the pressure gradient albagtate  resolved images as the plate is towed past. Throughout #his p
can be controlled. The bottom side of the plate is positial@éd  per,x, y andz denote the streamwise, spanwise and wall-normal
mm below the water surface. The test surface of the flat platedirections, respectively. Overbars indicate time-avedaguan-
consists of black anodised aluminium sheets. The leadigg ed tities (e.g.T). The superscript+' is used to denote quantities
of the plate consists of an 8:1 ratio semi-elliptical nosprevent normalised by viscous scaling (ez: = zu; /v,U" =U /ur and
a flow separation. A schematic of the tow tank facility and the t+ =tu?/v ). The PIV setup consists of a Photonics DM20-
flat plate setup are shown in figure 2. A 1.0 mm diameter trip 527 dual head Nd:YLF laser that delivers 100 mJ/pulse at 1000
wire is located immediately downstream of the leading edge t Hz, and two PCO Dimax CMOS cameras with 32GB buffer. The
stimulate the boundary layers formed on the bottom surfdice o cameras have a resolution of 2002000 pixels and a bit depth
the plate. The Reynolds number of the trip based on the damet of 12 bits. Two cameras are located side-by-side providimg a
of the wire isRey = dU. /v ~ 870 (wherdJ,, is plate velocityd elongated field of view in the streamwise direction of 1:7@0
is trip wire diameter and is kinematic viscosity) at a given plate  mm (X x 2). Both cameras use a Tamaron /3.5 180 mm macro
velocity of approximately 1.0 m/s. ThRey is comparable with  lens and the object distance between the camera sensoigpidne
recommendations from previous studies [7]. The carriagélis the light sheet is approximately 1000 mm. The laser sheethas
automated such that multiple passes can be performed tmobta thickness of approximately 1.5 mm, illuminating &r- z plane
converged statistics of the developing turbulent boundtkygrs. (streamwise/wall-normal) along the centre line of the flate
Figure 1 shows variation of the background turbulence Bitgn ~ The tank is seeded with hollow glass spheres with a mean di-
as a function of time between each pass of the towed plate. Th@meter of 10um. All images are acquired at a sampling rate of
result reveals that at least810 minutes are required to allow the 1000 Hz which givegit = 1 ms (whereAt is the time between
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layer thickness&) and the friction velocity ;) change withx

as shown in figure 3. The friction velocity, is calculated from
a Clauser fit [3] to the mean velocity profile using log law con-
stantsk = 0.41 andA = 5.0. Summarised experimental parame-
€ ters are shown in Table 1 (whelr€ is the interrogation window
£ size normalised by the viscous length scale Bagd= du; /v is
o the Karman number).
Carriage velocity W) 1.0 m/s
0 : : : : Field of view x x 2) 170x 80 mm
0.05 (b) ' ' ' ' Laser sheet thickness 1.5 mm 60™)
Sampling frequency 1000 Hz
Time between laser pulsAt( 1ms @t™ ~ 1.53)
— 0.045¢ ) .
v Pixel size 46um
S Interrogation window size (pixel) 32 32 (" ~58)
= 0.0al Range of Reynolds numbere; ~ 494 — 2550
Table 1. Experimental parameters for time-resolved PIVsueanent.
Sinceu; changes continuously along the plate, meas: 0.039 m/s from
0.035 ) figure 3(b) is used to approximate the viscous scaled paeaiset
0 1 2 3 4
x(m) Assessment of Mean Flow Parameters

Figure 3. (a) Growth of boundary layer thickness &nd (b) Friction Mean flow parameters obtained from the current study arereval
velocity (Ur) as a function of the streamwise distance from the trip wire ated and compared with previously established criteriad Hs-
sess the quality of the developing turbulent boundary kRyEhis
assessment determines whether the developing turbulantbo
images) for a sampling time of 5.0 s. This equateAtto~ 1.53 ary layer can be classified asanhonical’ state with a zero pres-
for U, = 1 m/s. The schematic of the tow tank experiment with sure gradient, and whether it is approaching the turbuksspi
time-resolved PIV setup is shown in figure 2. A total of 122srun  librium’ state. Figure 4 shows mean velocity profiles of thee d
are performed and each run acquires 5000 images to cover theeloping turbulent boundary layers at various Reynolds lmens
entire streamwise domain of the plate from the trip to thitimg (—). It should be noted that the time-resolved PIV measure-
edge (0S x <5 (m)). The obtained images are processed usingment yields accurate mean velocity measurementz*for 100.
an in-house PIV package. A final interrogation window size of The lack of data near the wall is due to measurement issués suc
32 x 32 pixels and a 50 % overlap are employed for all measure-as the surface reflection and sparsity of seeding which arekn
ments yielding a spatial resolution of 5858 x 60 wall units to cause errors in velocity vector fields. Since the mean flow
for the interrogation volume. Processed velocity vectdid$ie  parameters are obtained from the mean velocity profilespa co
are stitched based on calibration images obtained fromiilgag posite velocity profile (wittk = 0.41 andA = 5.0) proposed by
anin situ calibration target. Further details on the PIV process- Chauharet al.[1] is used to complete the mean velocity profiles
ing algorithm and calibration are available in de Siéral. [6]. for z+ < 100 and it is plotted on figure 4 using)(symbols. Ob-
Since the turbulent boundary layer is continually deveigps taining u; from the Clauser method at low Reynolds numbers
the plate is towed past the measurement station, the baundar(Re; < 900) is somewhat unreliable due to the limited log region
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Figure 4. Development of mean velocity profiles with inceeds
Reynolds number (808 Re; < 2500) for developing turbulent bound-
ary layer. (—)developing boundary layers—( —) showsU ™" =
(1/k)In(z") + A and ) shows a composite velocity profile [1] for
z" < 100 (wherex = 0.41 andA = 5.0)

ci x 10°

in the mean velocity profilesRe; ~ 900 is obtained 1 m down-
stream of the trip. This distance is still relatively ‘close the
initial tripping condition and these low Reynolds numbeaséd
limited scale separation between the near-wall and logoregi
For reference, this limit{= 1m, Re;= 900) is shown on figure 5
by the red dashed lines. The shape fadibr- 6* /6 (whered*
and@ are the displacement thickness and the momentum thick-
ness, respectively), the skin friction coefficieot,and the wake
factor, I, are computed to evaluate the quality of the developing
boundary layers in this study. To compttefor the experimen-

tal data, the mean velocity profiles completed with the casitpo
velocity profile shown in figure 4 are used. The variatiofdbr

the developing boundary layer as Reynolds number incréases
shown in figure 5(a). In an effort to ease comparability wite-p
vious studies [1, 10JRey = 6Uw/V is plotted on the bottom ab-
scissa in figure 5. The solid line indicatescomputed from the
composite profile [1] and the dashed lines show a 1 % tolerance
The discrepancy observed in the low Reynolds number region 0 1 2 3 4

(Reg < 2500) could be due to the proximity to the trip. However, | | | | |

it is worth noting that the trend dfl is in good agreement with x (m)

previously published data in the higher Reynolds numbeoreg —

The variation of skin friction coefficients as Reynolds num-

ber increases is plotted and compared with the Coles-Frnho plate

relationship in figure 5(b). There is some error associatidl W  Figure 5. (a) Shape factoH, for developing boundary layer as func-
calculatingcs from the Clauser method. Nevertheless, the scattertion of Reynolds number. 4 ) is the integration of composite pro-
of data in figure 5(b) lie withint5 % tolerance and the general file [1] and {~ —) shows a 1% tolerance. (b) Skin-friction coefficient,
trend is in good agreement with the Coles-Fernholz relatign cr, as function of Reynolds number.—) represents Coles-Fernholz
The wake factofl is an indication of whether a turbulent bound- relation,cs = 2((1/x)In(Res) +A) 2, and ¢~ =) is a 5% tolerance (with
ary layer is correctly stimulated for a given tripping cdiwi. K = 0.41 andA = 5.0). (c) Wake factorf1, with Reynolds number.{-)
M'is obtained using the relationshifiy /u; = 2M/k (see [4]), 'S datafrom Collinstal. 5]

whereAU /u; is the maximum deviation between a mean veloc-

ity profile and the log law, and = 0.41. The evolution of1 with position in terms of5 (z = 0.155), the z location of the data
Reynolds number for the developing turbulent boundaryrl&/e  shown in figure 6 increases from left to right. Blue shading re
shown in 5(c). Collinset al.[5] data is included for a compari-  resents low-speed structures and red represents high-spree
son. The disparity in the low Reynolds number region shown in ¢jineq striped features shown in figure 6 indicate trajeetoof
figure 5(c) could be caused by the different trip conditidiew-  {he structures irx and with time,t, as the turbulent boundary
ever, it is noted thafll seems to approach an asymptotic value as jayer develops. These features reveal convection vedsciif
Reynolds number increases which is previously reportetién t |o- and high-speed structures by detecting an inclinasion
literature [4, 7]. gle of the stripes. Only the regions with the velocity fludtom

. . . magnitude greater thar are included in the analysi&u > Ty).
Con\./e(.:non Ve'°°”¥ Analysis ) ) ) Once the features are identified, an ellipse is fitteﬁj(to eagh f
Preliminary analysis on the convection velocity of low- dnigh- ture and the major axis of the ellipse indicates the cormesipg
speed structures is presented in this section. Figure 6showinclination angle of the feature as shown in figure 6. The dot-
the normalised streamwise fluctuating velocity fieldtt) at  gashed lines represent the major axes of the fitted ellipgearé
z2=0.1% in the x—t plane, offering a unique view of the g andg), are the inclination angles of low- and high-speed fea-
convected instantaneous velocity fluctuation signatuse@ated ¢ reg, respectively). The convection velocity of the Iqvesd
with low- and high-speed structures. To maintain the fixet-wa z,4 the high-speed regioriss andU , respectively) can then
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Figure 6. Normalised streamwise fluctuating velocity fieldig) atz=0.155 in x—t plane. Dot-dashed lines show detected inclination angsripied

features.

be computed from the inclination angle of each region using

tan(8c) = tﬁ —Ue.
C

)

U, andU. , are normalised by the local mean streamwise veloc-
ity (Ujocal) atz= 0.155. Note thatU|qc5 atz= 0.155 changes
ast increases due to the growth & Figure 7 shows the PDF
of Ugy (V), andUcp, (A) atz= 0.155. This figure reveals that
the convection velocities of low-speed structures are sdrae
slower than the high-speed structures. The results aréstents
with other convection velocity studies in the literatured® The
discrepancy between the two PDF shown in figure 7 suggesdts tha
the local convection velocity is related to the streamwidedity
fluctuations. In short, the convection velocity of struetuat a
fixed wall position appears to be associated with the sighef t
velocity fluctuations. Further investigation of the coni@t ve-
locity analysis on the large-scale events is required téicorthe
results.

Conclusions

A time-resolved PIV experiment on a towed flat plate is de-
scribed. The quality of the developing turbulent boundaet
formed on the plate is evaluated using the evolution of mexam fl
parameters. The results are in good agreement with the icahon
flat plate ZPG turbulent boundary layer. A preliminary asay
of the convection velocity of low- and high-speed strucsuaea
given fixed wall-position is computed and the tentative 8339
tion at this stage is that the local convection velocity @ $truc-
tures is correlated with the sign of their streamwise fluibtus.
Regions of negative fluctuation are found to convect slowant
regions of positive fluctuation.
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