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Abstract An experimental measurement was performed usditives, the fluctuating velocity, velocity gradient, velocity
ing time-resolved particle image velocimetry (TRPIV) to in- strain rate and vorticity of coherent structures during burst
vestigate the spatial topological character of coherent struevents are suppressed in the polymer additive solution com-
tures in wall-bounded turbulence of polymer additive solupared with that in water. The results show that due to the
tion. The fully developed near-wall turbulent flow fields with polymer additives the occurrence and intensity of coherent
and without polymer additives at the same Reynolds numbestructures are suppressed, leading to drag reduction.

were measured by TRPIV in a water channel. The compar-

isons of turbulent statistics confirm that due to viscoelastitKeywords Time-resolved particle image velocimetryall-
structure of long-chain polymers, the wall-normal velocitybounded turbulence Coherent structures Polymer addi-
fluctuation and Reynolds shear stress in the near-wall regidives- Drag reduction

are suppressed significantly. Furthermore, it is noted that ,

such a behavior of polymers is closely related to the deceade Ntroduction

of the motion of the second and forth quadrants, i.e., th?)issolving a small amount of long-chain, high-molecular-

ejection and sweep events, in the near-wall region. The Spgziont holymers to turbulent wall-bounded flow can lead to
tial topological mode of coherent structures during bursts hac?ramatic drag reduction. This phenomenon was first discov-
been extracted by the new mu-level criteria based on locally, by Toms [1] and has received considerable attention af-
averaged velocity structure function. Although the generglo o rgs hecause of the increasing importance of drag reduc-
shapes of coherent structures are unchanged by polymer %%n in modern fluid engineering applications. For instance

- - - in oil pipelines, only tens p.p.m. (ryikp) of polymer solu-
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nel flow with polymer injection, using two-component laser-affect the detection results. To remedy the shortcomings,
Doppler velocimetry (LDV) were performed by Luchik and Jiang et al. [14] proposed the concept of locally averaged
Tiederman [5] and Walker and Tiederman [6]. They reportedelocity structure function to describe the local deformation
that the addition of polymers caused a decrease in wall noand relative motion of turbulent eddy structures within defi-
mal velocity fluctuations and a concomitant reduction of walhite scale. One-dimensional locally averaged velocity struc-
shear stress, which indicated a damping of energy exchanggre function is given by
between near-wall region and outer region. More recentl;g L V) = TV = 5
the result of Ptasinski et al. [7] and Oppong et al. [8] Ue(X0: i ¥) = U Yrepo o1~ UK Vxeto-t, - )
showed that the Reynolds stress strongly decreased and thierel, donates the spatial scale in the streamwise direction.
stress generated by viscoelasticity became dominant instead su,(xo, l;y) may be interpreted as the relativefei-
of Reynolds stress in the total stress. With respect to cohegnce between locally averaged velocities in the two ranges
ent structure, the first paper addressing tifieat of polymers  of x e [xo, X + Iy] and x € [xo — Iy, Xo], respectively. For
on coherent structure was written by Donohue et al. [9] Whehe coherent structure, the casg(xo, lx;y) > O represents
employed color dye flow visualization to examine the coherthe stretching process within an eddy due to the upstream
ent structure in wall turbulence. They reported a sharp dexveraged convective velocity being smaller than the down-
cline of y-fluid motions close to the wall, and an increase instream one while the casay(xo, Ix; ) < 0 exhibits the com-
the streak spacing and a significant decrease in bursting rajgessing process within an eddy owing to the upstream av-
Achia and Thompson [10] used real-time holography to vieraged convective velocity being larger than the downstream
sually examine the structure of wall turbulence in a pipe flowpne. The mu-level method searches for those regions where
They reported that the polymer additives suppressed the fahe low-speed fluid ejects outward from the wall, in which
mation of streaks and the occurrence of bursts. Warholic gase the local streamwise fluctuating velocity reaches the
al. [11] focused on the influence of drag-reducing polymergegative minimum instantaneously, i.e., the low-pass filtered
on the coherent structure in a turbulent channel flow. Thejjrst derivative reaches the zero point from negative to posi-
indicated that polymer additives caused a decrease of smalive. Thus, the fact that the locally averaged velocity struc-
scale structure, as evidenced by the decline in contributiongre function reaches the zero point from negative to posi-
of high-wave numbers to the power spectra. More recentlyive could be used to detect the point where the streamwise
Motozawa et al. [12] presented channel flow experimentaiuctuating velocity reaches the local negative minimum in-
investigation with polymer solution injection, using particle stantaneously. Correspondingly, for the case of high veloc-
image velocimetry (PIV). The instantaneous velocity vectofty fluid inrushing toward the wall, the low-pass filtered first
field suggested that the intensity and frequency of ejectiongerivative reaches the zero point from positive to negative.
and sweeps in the near-wall region both decreased with polyzonsequently, the detection criteria for coherent structures in
mer additives. wall turbulence based on the locally averaged velocity struc-
Conditional sampling is an important method to iden-ture function is defined as
tify coherent structure in wall-bounded turbulence. Luchik
and Tiederman [5] employed mu-level method (modified u-
level method) on the coherent structures in turbulent chan- Sux(Xo + AX, Ix; ¥o) > 0,
nel flows for the LDV dataset to discuss thigeets of poly-  px, 1,:y) = | —1 (sweep)  if suy(xo — Ax, Iy Yo) > O, (3)
mers on the streak spacing, bursting frequency, and Reynolds
stress. The mu-level method was employed by Luchik and SUx(Xo + AX, Ix; yo) <O,
Tiederman [13], and its detection functi@f{t) for the lead- 0, otherwise
ing edge is defined by

1 (ejection) if Sux(Xo — AX, lx; Yo) < O,

whereAx is the grid size in the streamwise direction. Over-

N

1, u<-Lu, all, the new mu-level method not only makes a breakthrough
D) = { , (1) with regard to the limitation of preselected threshold, but also

0, ux>-0.25u, ; S g

increases the accuracy in identifying burst events (sweeps).

wherelL is the threshold level in the range of 0.5-1.3. AsFurthermore, as the turbulent motion has an inherent char-
Eqg. (1) shows, an event will be detected if the coherent stru@cteristic of multi-scale [15], the concept of local average
tures pass through the measurement point at which the imithin a local range with a definite scale is supposed to be
stantaneous velocity is much smaller than the mean velocitivolved in burst events detection scheme to eliminate the
It means that the low-speed fluid near the wall ejects outffect of small-scale fluctuations on the accuracy of detec-
ward to reach the measurement point, leading to the gration results. With the multi-scale property, the new mu-level
ual decrease of the local velocity with time. Thus the musmethod is more reasonable and appropriate for the purpose of
level method could feectively identify the ejection events. investigating the coherent structures in turbulent flows with
However, there are two shortcomings in conditional samer without polymer additive solution.
pling method. One is the subjectivity due to the preselected In the present paper, the influence of polymer addi-
threshold and the other is that small-scale fluctuation mightves on the mean flow field of wall-bounded turbulence will
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be investigated by analyzing turbulence statistics, includthe tracer particles, hollow glass microspheres with a median
ing streamwise mean velocity profile, turbulence intensitiesjiameter of 1qum and density of 1.03/qim? were seeded in
Reynolds shear stress and turbulent kinetic energy. Mordhe turbulent flows. A laser sheet with a thickness of about
over, the new mu-level method will be employed to investi-0.8 mm illuminated the flow measurement from the top of
gate the mechanism of drag reduction by polymer additivethe channel. The laser plane lay on the axial center-plane
from the viewpoint of coherent structure modification. Sinceof the channel along the streamwise direction. 2D-TRPIV
the coherent structures are dominant structures in the turbmeasurement field was located at 0.9 m downstream of the
lent boundary layer, it is essential to investigate the turbulereading edge in thex(y)-plane. The high-speed camera ac-
drag-reduction with polymers from the viewpoint of coher-quired the particle images of instantaneous flow field from
ent structures control. Indeed, several studies in this aspabie side view. The present sampling frequency of the flow
have been performed, but none of them have obtained accdmage was 600 Hz. 6 400 snapshots of particle images were
rate spatial topologies of coherent structures. Since the nawcorded for the measured field with and without polymers
mu-level method involves the scale parameter, more accuratespectively, and were analyzed in the following steps: adap-
results on the drag-reducing mechanism of polymers can liwe correlation was carried out with interrogation windows
revealed. The spatial topologies of fluctuating velocity, veof 32x 32 pixels and an overlap rate of 75%, range valida-
locity gradients, vorticity and velocity strain rate during ejec-tion and the last step of average filter. The measured field
tions and sweeps, are extracted using spatial phase-average@bout 90.71 mmx 72.55 mm (streamwise length wall-

method, which is expressed by normal height), consisting of 15¢125 two-dimensional ve-
N locity vectors.
1
(FOCe = = D F00(K) + X% Yo(Kk) +Y),
N k=1

lx Ix ly 1y
-5 vel-

D(Xo(K), Ix; Yo(K)) = 1,

M 4)
1
(Fe s = 3 ; f(x0(K) + X, Yo(K) +),
Iy Iy ly ly
e[k yel-nl)
22 22 High speed~"
D(x0(K), Ix; Yo(K)) = -1, Flow  Trip wire  Acryllc camera

direction

wheref(x,y) represents the turbulent characteristic quantity glass plate

such as the fluctuating velocity or vorticity, ang(k), yo(k))
indicates the spatial location wherekdh burst occurs{ )
represents thg ensemble average of certain \{ariables. Based The polymer chosen in the experiment was analytically
on the detection of burst events, the mechanism of polymejyre polyacrylamide (PAM) with a molecular weight of 5
drag reduction will be discussed from the viewpoint of enyyjllion. The polyacrylamide has a good anti-shear perfor-
ergy cascade of turbulence. mance among the commonly used polymers for applications.
As Kenis [16] observed, after a few tens of passes through
turbulent flow, the polyacrylamide solution had the best fric-
The experiment was carried out in an open circulating watefon reduction @ect, compared with several other sorts of
channel with a test section of 1 200 M40 mmx 150 mm  polymer solution, such as polyethylene oxide (PEO). The
(lengthx width x depth). With a 4:1 elliptical leading edge, Polymer solution was prepared by gradually dissolving the
a 1050 mm long, 138 mm wide and 10 mm thick flat acrylicPure polyacrylamide in water and stirring constantly. The
glass plate was horizontally mounted on the bottom surfadeolymer solution was initially mixed to 16 600 p.p.m. based
of the channel at a free-stream Ve|ocity of 0.18mA trip on WEight calculation. This concentrated mixture was al-
wire was employed at the leading edge to ensure fully develowed to hydrate for hours and then diluted to 190 p.p.m. in
oped turbulence at measurement location. a tank with dials described by Cai [17] who analyzed the

A 2D time-resolved particle image velocimetry (2D- drag reduction fect of polyacrylamide solution atitiérent
TRPIV) system was composed of double-cavity Nd: YAGconcentrations. Then, the viscosity of polymer solution was
lasers and a high speed camera (12824 pixels). A checked by the use of a Brookfield LVDV-H Pro viscome-
schematic of the test system is shown in Fig. 1, wherg  ter with a ULA assembly at 50 rpm (revolution per minute).
z are the coordinates in the flow direction, in the directionThe detailed data for the drag-reducing flow and the water
perpendicular to the wall and in the spanwise direction. A§ow are listed in Table 1.

Fig. 1 Schematic diagram of the experimental set-up

2 Experiment description
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Table 1 Detailed data for the drag-reducing flow and the water flow

Re s/mm p/(mPas) u/(mms?t) 1,/(kgmts?) ¢/10° DR/% Plotter symbol

Solution 4047 23.83 1.060 9.559 0.091.216 5.640 16.5&
Water 4062 22.70 1.006 10.466 0.109 336 6.761 — o
3 Results the slope of dimensionless mean velocity profile with poly-
o mers remained unchanged compared with the water case.
3.1 Turbulent statistics However, theB value of the solution becomes larger due to

the polymers. The dlierence indicates that theflier region

From Table 1, it is noted that for drag-reducing solution th . . - P :
: L ecomes thicker, resulting in an additional lift in the logarith-
thickness of turbulent boundary layer gets a bit thicker and . . -
ic overlap region due to the existence of polymer additives.

ihe friction velocity Is decreage d compared with the case his dfect reflects the character of drag reduction at the wall,
water. The Reynolds number is based on the boundary layer

thicknesss and freestream velocityy. 7, andc; repre- and has also been observed by others [20-22].

sent wall shear stress and friction @ogient, respectively, Figure 3 compares the root mean square (r.m.s.) of the
defined as follows streamwise velocity componewitnon-dimensionalized with
2 o2 the mean velocity for the solution and water at the same
%2 Tw u .
Tw = pU™~, Gt = 02" 02 (5) Reynolds number. It is shown that the shapes of the pro-
PYo 0

files of u'* are similar for both flows, but the peak value is
The amount of drag reduction is defined as shifted away from the wall to a highgr value for the poly-
mer solution. Note that the peak levelaufU, for the flows
with equal Reynolds number are roughly the same. Trends
o _in our experimental data are in agreement with those for the
The symbols appearing in the last column are consiss|y gata of Whiter et al. [23] and Motozawa et al. [12].
tently used in the following plots. _ However, the peak values af /U, for the drag-reducing
The mean streamwise velocity profiles for the dragyio,s in their papers were slightly higher than that for wa-
reducing and the water flows at the same Reynolds numbgt, 65, This diference in the peak value is attributed to
are presented in Fig. 2. The mean velocity profile in the 10g¢,e giference between the mean velocity and the friction
arithmic sublayer is given by" = Alny” + B, inwhich the o456ty used in the nondimensionalization. This reason is
superscript +” indicates that variable is nondimensionalized .o sistent with Warholic et al. [11], who reported that due
using the friction velocity and kinematic viscosi# Band ¢, the decrease in the friction velocities with polymer addi-
friction velocity are calculated by the Newton iterative andyes. the dimensional fluctuating streamwise velocities for

steepest descent method [18], whose details can be foundifl, sojutions were found to be approximately equal to those
Fan and Jiang [19]. The measured mean velocity profiles, NQ, \vater over a large region close to the wall.
matter with or without polymers, shown in Fig. 2 are both in

agreement with the log-law. The mean velocity profile in the

DR = Twater — Tsolution. (6)

Twater

solution has the same slope as that in the water flow, which -
is consistent with the result of Warholic et al. [20]. They in- o PAM
dicated that when the drag reduction rate was less than 35%, 160 ] © Water
. 1201
20 = 1
] 80 1 “og %o
16 ] %oiqjm
- 40 T o OD [m]
4 ODE\:‘O
12 4 o =) ]
+§ - 0 T T T T T
8 ] o PAM 0.04 006 008 0.10 012 014 016
1 o O — 244Iny"+6 u'lUy
4] O  Water
1 ° — 244Iny’+4.9 Fig. 3 Comparison of root mean square of streamwise velocity
0 , , fluctuations
6 10 100 450
Y The r.m.s. of the wall-normal fluctuating velocity
Fig. 2 Longitudinal mean velocity profiles of the turbulent bound- non-dimensionalized with the mean velocity is plotted in
ary layer Fig. 4. Comparison with the water case shows that the peak
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inVv' /Uq broadens as well as shifts further away from the wallmajor axis becomes more parallel to thieaxis. The abso-
when drag reduction occurs. A considerable decreast of lute value ofu’ — v/ product dramatically decreases in the
can be noted for the drag-reducing flow. Close to the wall, adecond and fourth quadrants, indicating that ejections and
a given value of/*, the values o’ /U for the drag-reducing sweeps decrease for polymer additives near the wall. Addi-
solution are nearly no more than a half of those in the watetionally, the magnitudes of streamwise velocity fluctuations
Clearly, the &ect of polymers on the wall-normal motions is change little while wall-normal velocity fluctuations sharply
quite dramatic in the near wall region. decline, which is consistent with the plots of Figs. 3 and 4.
However, obviously the scatter plots are similar in Fig. 6¢ for

the polymer solution and Fig. 6d for water in the logarithmic
200 1 o PAM region, which suggests that polymer additives have little ef-
160: o Water fect on turbulent structure in this area. As is noted, velocity
1 fluctuations diminish in Figs. 6¢ and 6d compared with Figs.
120 1 6a and 6b, because the near-wall region, especially tfierbu
N ] layer, is the most active field of coherent structures burst in
80 %gj turbulent boundary layer.
J %8
40 1 o
1, o 2007 @ o PAM
0 T T T T . 1 © o Water
0.0 0.2 003 004 005 006 160 %}
4 oln
VU, OO%
. . . 1201 o 6
Fig. 4 Comparison of root mean square of wall-normal velocity i ] b 20 o
fluctuations 801 E% O%
] [u]
Figure 5 shows the profiles of Reynolds shear stress 404 uodﬂj ©
. . . . ]
normalized bng with and without polymers. In water flow, " oo
Reynolds shear stress has a distinct peak near the wall. For 5 10 5 20
polymer additive solution, the peak of the Reynolds shear LuVIUR x107

stress significantly decreases and shifts a little away from ) ]
the wall. The reduction of Reynolds shear stress means thEg- 5 Comparison of Reynolds shear stress profiles

the exchange of momentum weakens, and the turbulent fluc- Kineti inth bulent i b
tuation is also suppressed. In the outer region of the flow, Meankinetic energy in the turbulent flow at schieb-

the value of normalized Reynolds shear stress for the Wé@ined through locally averaged velocity structure function is

ter is almost the same as that for the solution at the sanf@/culated using
Reynolds number. The flierence in the behavior of poly- g(j..y) = <I5Ux (Xo,lx;y)|2>
mers for diferent regions suggests that the solution sup- %o

presses the turbulent motion by weakening the burst of co- Xotlx X 2
h Meanwhile, this al firms that coher- = (|-
erent structures. Meanwhile, this also confirms that coher- = {|——— u(x, y)dx — u(x, y)dx , (7)
ent structures’ bursting is the main mechanism for the main- VIx o J
x Xo

tenance, evolution and development of the turbulence.

The scatter plots of streamwise and wall-normal velocwWherely denotes the given scale. Liu et al. [24] indicated
ity fluctuations normalized by the friction velocity in the wa- that coherent structures occupy most kinetic energy in the
ter flow and the polymer solution are presented in Fig. eturbulent boundary layer through a comparison of the turbu-
Among these figuresy F|gs 6a and 6b are respective|y oﬂﬁnt kinetic energy before and after the excluding of coherent
tained aty* = 22 and 20 in the hiier region, while an- Structures. The distributions of mean kinetic energy gied
other two are respectively obtainedydt = 100 and 99 in ent scales for the drag reducing flow and the water flow are
the logarithmic region. In water as shown in Fig. 6b, theplotted in Figs. 7aand 7b, respectively. Thth scale means
scatter plot depicts the shape of a symmetrical ellipse whodBat the scale parametgralong the streamwise is equal to
major axis is inclined to the coordinate axes with a certai?'AX, whereAx = 0.567 mm. As seen from the two fig-
angle. The scatter points in the secomd & 0, v > 0) ures, the largest values of turbulent kinetic energy occur at
and forth (/ > 0,V < 0) quadrants are much more thannearlyy” = 20, confirming that bfiier layer is the most ac-
that in the first and third ones, which means that in turbulerfive field of coherent structures burst. The other important
flow the Reynolds shear stress is mainly produced by ejedeature of Fig. 7 is that the kinetic energy values for the so-
tions ( < 0,V > 0) and sweepsu( > 0,V < 0). On lution sharply decrease compared with that for water. This
the contrary, in the solution as shown in Fig. 6a, the elliptrend implies that with polymer additives the burst intensity
tical shape is elongated with its two ends sharpened and tfi@pidly declines.
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10
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Fig. 6 Scatter plot of streamwise and wall-normal velocity fluctuati@ng. = 22 for PAM; b y* = 20 for water;c y* = 100 for PAM;

dy* = 99 for water
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Fig. 7 Distributions of kinetic energy in the turbulent flonssPAM; b Water

3.2 Spatial topologic character of coherent structures
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The contours of streamwise fluctuating velocity for the

polymer solution and water during ejection are respectively

The original fluctuating velocity components of turbulentshown in Fig. 8, where the flow direction is from left to
boundary layer with and without polymers additives haveight. A striking feature of this figure is that lying in the
both been decomposed into four scales by spatial local amiddle, low-speed fluids are surrounded by high-speed flu-
eraged velocity structure function. According to the maxiids. Besides, the low-speed fluids move away from the wall,
mum energy criterion, only the fourth scale, correspondingn despite of the vectors appearing parallel to the wall, as
to 9.078 mm £16 grids), is analyzed. The spatial topologiesthe wall normal fluctuating velocities are nearly one order

of coherent structures, in a detection area okB& grids,

of magnitude smaller than the longitudinal ones. The phe-

have been obtained by the new detection criteria introducetbmenon that the low-speed fluids eject outward from the
in the first part, with the detecting centendt= 122.
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pared with the case of water, the distribution of longitudinakegular, indicating that the polymers make the flow field in
fluctuating velocity in the drag-reducing flow appears mordhe near-wall region less chaotic.

-0.004
008

u:-0.012
-0.

w:-0.012 -0.004
-0.008 0

Sess iy
SRR

8§ 12 16 20 24 28 32
X X

Fig. 8 Contours of streamwise fluctuating velocity during eject@PAM; b Water

\\\\\\\\\\\

O' 1 1 1 1 TS S WA S
4 8 12 16 20 24 28 32

The contours of the fluctuating velocity derivatives forands; is the velocity strain rate. Term | and Il on the right-
the polymer solution and water during ejection are illustratedhand side of Eq. (8) represents the energy transport from the
in Fig. 9, the left column figures of which are the characterensemble average movement and that to the coherent fluctu-
istic quantities for the solution, and the right ones are all foation, and Term Ill denotes the energy dissipation of molecu-
water. Figures 9a and 9b show the streamwise velocity grdar viscosity. For the turbulent flow with polymers, the fluc-
dients along the normal direction, given byigl = du’/dy.  tuating velocity declines compared with the case of water,
It is obvious that in both figures there are antisymmetriavhich is obviously seen from Fig. 8. The modification by
structures, whose appearance is a universal feature of turbppelymer additives of the velocity fluctuations, which con-
lent flow regeneration and sustaining. Compared with th&ibute to the Reynolds shear stress, mégat the energy of
streamwise velocity gradient along the wall-normal direc-coherent motion obtained from the ensemble average move-
tion in water, the dj» in the solution is reduced, indicating ment. Similarly, the velocity strain rate diminishes as shown
that the polymer additives slow the change of the coheremt Figs. 9e and 9f, which leads to the decline of the energy
structures’ streamwise velocity in the wall-normal direction.cascade to the coherent fluctuation. Actually, the fact that the
The normal velocity gradients along the streamwise direccoherent fluctuation occupies less energy is partly responsi-
tion, given by diy; = 9v'/9x, with and without polymers are ble for the drag reduction. In this way, the polymer solution
presented in Figs. 9c and 9d. In these two figures the levetlisrupts the energy transport of the coherent structure in wall
of contour legends are set to the same as those in Figs. @abulence, leading to the friction drag reduction. The span-
and 9b. It is found that there are hardly any spatial topolowise vorticity components, = (9Vv'/dx — ou’ /dy)/2, which
gies in Figs. 9c and 9d, because the normal velocity gradare the combination ofid, and di,1, are presented in Figs.
ents along the streamwise directiom,dare much smaller 9g and 9h. The two figures resemble each other in shape,
than the streamwise velocity gradients along the normal diwhile they have a great flerence in the magnitude. As
rection di;». And for the same reason, the spatial topologycan be seen from these figures, a strong vortex with positive
of velocity strain rates shown in Figs. 9e and 9f, defined asorticity caused by low velocity fluid ejection is below the
s12 = (0U'/dy + V' /9X)/2, are similar to that of the stream- center of ejection. A vortex with negative vorticity appears
wise velocity gradientsid, = du’/dy. Itis evident from the above the positive vorticity by inductiorffect. Another pair
figure that the velocity strain rates becomes smaller undef counter-rotating vortexes is also generated by induction
the action of the polymer additives. The decrease of the flu@downstream, and their values are a little lower than the main
tuating velocities and velocity strain rate demonstrates thatortex. The magnitude values of vorticity for polymer ad-
the polymers disrupt the energy transport of turbulent coheditive solution are much smaller than that of water, which
ent structure. The energy conservation equation of cohereistin accordance with the results of Kim et al. [25]. They
motion is given in Ref. [15] as found that the polymer additives suppressed the autogener-
ation of new vortices and vortex packet formation in drag-

oo reducing flows, by using dynamical simulations to track the
d (@) ‘g ® lution of hairpin vortices in turbulent channel flows. Th
&f 5 dV=—f(uiuj><si,->dV+frijsjdv_%_ evolution of hairpin vortices in turbulent channel flows. The
long-chain polymers weaken the rotating motions via their
where i is the fluctuating velocity of the coherent structure,viscoelastic property.
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Fig. 9 Contours of velocity derivatives, velocity strain rate and vorticity during ejecticemdb velocity gradient d;, = du’/dy; ¢ and

d Velocity gradient dip; = dv'/dx; e andf velocity strain rates;, = du’/dy + dv'/dx; g andh spanwise vorticity component. Left: PAM,

right: water
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4 Conclusions 8 Oppong, F.K., Rubatat, L., Frisken, B.J., et al.: Microrheology
and structure of a yield-stress polymer gel. Phys. ReV3E

TRPIV measurements were performed in a water channel to 041405 (2006)

investigate the structure of turbulent boundary layers with 9 Donohue, G.L., Tiederman, W.G., Reischman, M.M.: Flow vi-
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