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Abstract. This work applies a method to identify very large scale motions in Newtonian and Non-Newtonian turbulent
flows. A 0.1% weight concentration of Carboxymethyl Cellullose (CMC) were used to simulate the behavior of a Non-
Newtonian Power Law fluid (n = 0.5457). The characteristics of the flow were measured through a Stereoscopic Particle
Image Velocimetry in a rectangular channel section. Information about streamwise velocity and turbulent kinetic energy
profiles are presented subsequently. In particular, the reconstruction of large scale motions, also known as coherent
structures, is performed. These results are of substantial importance to the understanding of the turbulence problem and
the changes in the boundary layer morphology.
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1. INTRODUCTION

The structure of the boundary layer in Non-Newtonian fluids was of particular interest for researchers in the latest
years. The asymptotic structure of the attached boundary layer was originally advanced by Prandtl (1925) and Von
Karman (1930). They propose that the flow structure can be divided into two layers: a wall viscous layer, in which
the turbulent and laminar stresses are of comparable magnitude and a defect layer, in which the velocity profile may be
expressed in terms of a small perturbation to the external flow solution. The work of Loureiro and Silva Freire (2013)
showed that for power law fluids, the thickness of the viscous sublayer depends on the index of power-law models, n.

Some authors made evident the existence of long structures in the streamwise direction of the flow. That is the case
of Dennis and Nickels (2009), that developed and applied a method to identify very large scale motions. This method
uses the Taylor’s frozen turbulence hypothesis (Taylor, 1938) to obtain long meandering structures in the log-region of a
turbulent boundary layer, using spatial information from Stereoscopic Particle Image Velocimetry measurements. These
authors showed that the method was valid for moderate projection distances.

A strong relation between the very large scale motions and the turbulent parameters found in the fluid motivates the
analysis of coherent structures with the propose of explain phenomenons that depends on the boundary layer morphology.
As shown by Balakumar and Adrian (2007), a big portion of the turbulent kinetic energy (40 to 60%) and the Reynolds
stresses (30 to 50%) are contained in these structures.

Several works based on the identification of turbulent structures were developed recently, most of them analyzing the
distribution existing in Newtonian laminar and turbulent flows in pipes. A very close distribution is observed in the case
of channels (Lee et al., 2015), just modifying the structure length being longer for these last.

The main objective of this work is to analyze the distribution and main characteristics of the coherent structures close
to the wall and their effect in the behavior of the boundary layer structure for purely viscous Non-Newtonian fluids.
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2. EXPERIMENTAL PROCEDURE

The experimental setup is composed by a 3.3 m long plexiglass rectangular channel (Fig. 1). The test cross sectional
area is 150x20 mm2 and it is located at x/h = 50 downstream from the inlet to ensure a fully developed flow. The flow
rate used in the experiments was 9.6 m3h−1. For this flow rate a concentration 0.1% of Carboxymethyl Sodium Cellulose
(CMC) in water were used to simulate the behavior of the power law fluid to be compared with the water flow. The index
n of this power-law flow was equal to 0.5457.

Figure 1. Experimental setup.

The water channel is equipped with a honeycomb, a diffuser, three fine grids and a settling chamber in order to
straighten the flow and remove any mean swirl. A 6.5:1 contraction is used upstream of the test section to further reduce
the turbulence intensity by accelerating the mean flow.

The channel operates in a closed loop, in which the fluid is fed from a reservoir located 3 m above. The liquid level
in the reservoir is kept constant by a system of valves and a 2 HP centrifugal pump. The flow rate, measured by an EH
Magnetic Flowmeter, is kept constant and with a maximum variation of 1% of the mean flow. A filter is placed just after
the pump to avoid possible impurities and contamination that could affect the optical measures.

The Stereoscopic Particle Image Velocimetry system (Fig.2) was composed by a high frequency diode pumped
Nd:YLF, dual cavity laser, with output energies of up to 15 mJ, a wavelength of 527 nm and a maximum frequency
of 10 kHz. The flow is seeded with Silver coated hollow glass spheres with a mean particle diameter of 20 µm.

Figure 2. Stereoscopic Particle Image Velocimetry Setup.

The light reflected by the particles was recorded by two CCD cameras. These cameras have a 1920 x 1200 pixels,
12 bit resolution and a minimum inter-frame time of 1.4 µs. The acquisition frequency was set to 600 Hz. In this
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configuration two lenses Nikon AF Micro Nikkor 105 mm f/2.8D were used. Two triangular boxes, filled with the same
working fluid, were located in the lateral walls of the channel to reduce optical distortions. The cameras were located
at a ± 45 degree angle in relation to the channel center line. This setup allows the reconstruction of a 3D portion of
the flow at a cross section of the channel. A multilevel target was used to do the calibration of the images to get an
accurate reconstruction of the velocity vectors. This calibration process is fundamental to reduce measurement errors.
Misalignments greater than 2% of the total characteristic length will lead to large errors as shown in Nezu and Sanjou
(2011). Image post-processing was performed by the Dynamic Studio software.

3. RESULTS

The results for the Stereoscopic Particle Image Velocimetry are shown in Fig. 3 and 4. The fields for the streamwise
mean velocity U and the turbulent kinetic energy k for both fluids are presented. Fig. 5 shows U and k profiles in the
center of the channel. The difference in the peak velocity between water and the non-Newtonian fluid is the result of the
pressure drop due this fluid. For water, the maximum velocity is closed to 1.0, in the other hand, for CMC, the velocity is
1.1. The velocity values were dimensionless dividing by the bulk velocity Ub, and for k, the square of this velocity was
used.

Figure 3. Streamwise mean velocity fields for water (top) and Power law fluid n = 0.5457 (bottom). Flow rate condition:
9.6 m3 h−1.

To a better understanding of the near-wall motion, some turbulent statistics must be studied meticulously. The coherent
structures embed information about the Reynolds stresses, so that the analysis of their properties may explain the changes
of the boundary layer observed for Non-Newtonian fluids.

The streamwise velocity fluctuations at a plane parallel to the wall are presented in Fig.6. A slice for y/h = 0.2,
where y denotes the distance from the wall, shows clear differences between the Newtonian flow (top) and the 0.1%
CMC concentration (bottom). The red structures represent positive fluctuations and the blue ones are related to negative
fluctuations.

In the case of the water flow, a constant pattern is not observed on the distribution of the structures. There are short
packages (not more than 20h length) of positive fluctuations very close to each other, which are interrupted by the presence
of the negative motions. For the Non-Newtonian case, the changes in the fluid rheology induce changes in the viscous
sublayer. These changes are highly influential on the organization of the flow in the fully turbulent region. The structures
along the channel are very well organized, continuous and with a length longer than 100h.

Figure 7 shows two-point spatial correlation plots for Newtonian fluid (top) and Non-Newtonian fluid (bottom). The
red contours denote a positive level of correlation and the blue ones represent a negative correlation. This result shows that
the power law fluid rheology produces structures so much better correlated compared with water. The turbulent effects
close to the wall are attenuated and new organized packages appear in this region.
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Figure 4. Turbulent kinetic energy fields for water (top) and Power law fluid n = 0.5457 (bottom). Flow rate condition:
9.6 m3 h−1.

Figure 5. (a) Streamwise mean velocity profiles in the center of the channel. (b) Turbulent kinetic energy profiles in the
center of the channel.

Figure 6. Wall parallel slice of the 3D coherent structure reconstruction in y/h = 0.2 for water (top) and a 0.1% CMC
concentration (bottom). Flow rate condition: 9.6 m3 h−1.

4. CONCLUSIONS

Taylor’s frozen turbulence hypotheses can be used to reconstruct pseudo-instantaneous fields of streamwise velocity
fluctuations from StereoPIV measurements. For power law fluids, changes in the viscous region are highly influential on
the organization of the flow in the fully turbulent region, with the establishment of very stable and long turbulent structures.
The turbulent structures are a strong tool to improve the understanding of phenomenons that depend on modifications in
the viscous sub-layer affecting the logarithmic region directly.
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Figure 7. Spacial correlation in cross-stream plane in y/h = 0.2 for water (top) and a 0.1% CMC concentration (bottom).
Flow rate condition: 9.6 m3 h−1.
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