Abstract

AguaClara designs vertical flow hydraulic flocculators for sustainable drinking water treatment systems in rural Honduras. The flocculator design is based on Computational Fluid Dynamics (CFD) models. Velocity was measured in a physical model of a flocculator using particle image velocimetry (PIV) to experimentally confirm the results of the CFD models. Mean flow, turbulence intensities, Reynolds stress and energy dissipation were calculated. Measurements show that the minor loss coefficient predicted by the CFD models over estimates head loss. Incorporation of these results into the CFD models will eventually make flocculator design more efficient and cost-effective for future Honduran communities.  

Introduction

AguaClara designs gravity powered water treatment plants for rural communities in Honduras. The aim of the project is to provide an inexpensive yet reliable drinking water source. Several AguaClara plants have been built by a Honduran NGO, Agua Para el Pueblo. AguaClara technology uses hydraulic flocculators to minimize construction costs and increase treatment efficiency.  During flocculation a coagulant is added to the raw water and aggregates of contaminants called flocs are formed. Flocs are heavier than the contaminants and they settle faster during sedimentation. To avoid the use of electricity, flocculation in AguaClara plants occurs as water snakes through a vertical set of corrugated plastic baffles. The flocculator and water source at the Cuatro Communidades plant in Amarateca, Honduras is shown in figure 1. The energy dissipation rate, ε, through the baffles is the used metric to design flocculators. Previously, energy dissipation rates in flocculators have been modeled using Computational Fluid Dynamics (CFD). In this study, energy dissipation rates were measured experimentally to validate the CFD analysis.  
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Figure 1a. water source for the plant
[image: image2.png]



Figure 1: b. Cuarto Communidades flocculator
Methods

In this study, Particle Image Velocimetry (PIV) was used to measure the turbulent flow in a model vertical flow hydraulic flocculator (figure 2). The flocculator was made of nine acrylic baffles spaced seven centimeters apart. Images were taken after the sixth baffle. The field of view analyzed is shown in figure 3. Images were taken for the bottom and top part of the baffle section. However, the images from the bottom half of the flocculator were not analyzed due to noise.  After the sixth baffle, the flow should have been closest to fully developed and the upstream conditions should not have been affecting the measurements.  The water level, H, in the flocculator was 30 cm above the bed. This water level gave a 7 cm clearance, S, over the baffle ensuring that there was not a change in the cross sectional area of the flow. The flow rate  was 5.15 L/s. This flow rate was determined by summing the vertical velocity components in a cross section of the flocculator. It assumes the flow is similar in the third dimension. The flow had a Reynolds number (Re) of 8600 based on the average cross sectional velocity, 12.27 cm/s, and W, the width of the flume (60 cm). These flow conditions were chosen to mimic flow in the treatment facilities although energy dissipation rates are higher in the model.
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Figure 2: model scale flocculator in the Defrees Hydraulics Lab
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Figure 3: Schematic of model flocculator and field of view analyzed.

The flow was illuminated from below with a ND: YAG laser and image pairs were taken at a frequency of 10 Hz. Images were taken in the top half of the baffle section (Figure 1) and the bottom half. The images from the bottom half were rejected because of noise. The images in each pair were spaced 4 ms and 6 ms apart. This spacing is referred to as ∆t. Velocities were calculated from the displacement of particles in the flow between image pairs. To obtain the velocity components, the images were broken up into subwindows with an area of 1024 pixels and pixel displacement was calculated for each subwindow. The calibration from pixels to centimeters was 52 pixels/ centimeter calculated using the ruler seen in figure 3. Three subwindow geometries were used to analyze the flow— 32 by 32, 16 by 64, and 64 by 16 where the pixel coordinates are width by height. Given the dominant vertical nature of the flow, the best results were obtained with the 64 by 16 pixel subwindow. This analysis may have led to slight inaccuracies where the velocities were dominantly horizontal. 
Before performing the PIV experiment, an initial experiment was performed with an acoustic Doppler velocimeter (ADV). The average cross sectional velocity in this experiment was 10.3 cm/s giving a Reynolds number of 7623 based on W. The flow rate was adjusted for the PIV experiment to maintian a water level of 30 cm in the sixth section of the baffle Measurements were taken at a frequency of 50 Hz . Velocities were recorded at a height of 15 cm taking into account the fact that the sample volume was 5 cm below the probe head. These measurements were used to determine Reynolds stress and energy dissipation. 
 Headloss measurements, h, were taken to determine the minor loss coefficient, K (Equation 1). The water height at the beginning and end of the flocculator was measured with a wave gauge. The bulk velocity of the flow was measured with the ADV and the average cross-sectional velocity, V, was used to determine the mechanical energy loss coefficient.
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This assumption is based on fact that the flow follows a fairly short path while going through a 180 degree turn. Major losses were calculated to be at least an order of magnitude smaller than minor losses.

Results

Headloss Measurements

[image: image7.png]



Figure 4: the relationship between K and Re.
Headloss was measured at varying Reynolds numbers (Re) and the minor loss coefficient, K, were calculated from these measurements (figure 4). A total headloss for 9 baffles was measured and averaged over the number of baffles. Figure 3 shows that K still decreases when Re is comparable to the plant’s Re. The ADV measurements described below show that the flow has reached a steady state after two baffles at a Re of 7623. However, the development region has not been measured at varying Reynolds number and probably affects the calculated K. The headloss in the Agalteca plant was measured over 86 baffles and the development region probably did not affect this measurement as much. If headlosses between the first two baffles are affecting the average headloss coefficient than the relationship of K and the Reynolds number in the model may not be representative of the physics in the plants. Both the experimental model and the plant had lower head losses than predicted by the CFD model.
ADV Measurements

The velocities measured with the ADV are shown in Table 1 below where U is the stream wise velocity, V is the vertical velocity and W is the lateral velocity. The turbulence intensity is measured as the root mean square of the velocity fluctuations. 
Table 1: Results of ADV experiment

	Baffle
	U velocity (cm/s)
	V velocity (cm/s)
	W

velocity 

(cm/s)
	Turb. Intensity

U (cm/s)
	Turb. Intensity

V (cm/s)
	Turb. Intensity

W(cm/s)
	Stress

w’v’

(cm2/s2)
	Stress

u'v’

(cm2/s2)
	Stress

u'w’

(cm2/s2)

	1
	3.1
	 -13.4
	-2.6
	5.2
	3.2
	4.8
	-0.64
	2.1
	4.3

	2
	1.2
	10.0
	0.8
	11.6
	6.8
	10.4
	0.82
	-23
	0.52

	3
	-4.3
	-9.8
	-0.5
	6.2
	5.1
	6.2
	0.39
	6.9
	3.9

	4
	0.2
	10.3
	0.8
	6.7
	5.3
	6.5
	-1.5
	-12
	3.2

	5
	-3.5
	-10.2
	0.4
	5.5
	5.0
	6.0
	0.16
	6.6
	3.0

	7
	-3.9
	-11.3
	0.0
	6.3
	5.2
	6.5
	-0.15
	8.2
	3.9

	8
	0.5
	8.9
	0.7
	6.4
	5.5
	6.2
	0.47
	-14
	3.3


The results in Table 1 indicate that the flow had reached a steady state after the second baffle. Spectra showing the frequency content of the signal were calculated using a Fourier analysis (Figure 5).Using the ADV spectra, ε was calculated based on Taylor's frozen turbulence hypothesis (Variano & Cowen, 2008).  The rate of energy dissipation to heat, ε, was assumed to be equal to the rate of energy transfer in the inertial subrange. In the inertial subrange, energy dissipation was related to the spectra using the Equation 2.
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Figure 5: Spectra after each baffle

Table 2: Energy dissipation rates from ADV spectra

	Baffle
	Energy dissipation (cm2/s3)

	1
	150

	2
	680

	3
	140

	4
	150

	5
	150

	7
	190

	8
	150


The estimation of energy dissipation assumes that energy transfer is constant in the inertial range and that this transfer rate is the same rate that energy dissipates to heat in the smallest scale eddies.  Additionally this estimation assumes the turbulence is in steady state during the sampling period. Aside from the result after the second baffle, the calculated energy dissipation rates were higher than the expected values from the AguaClara model described by equations 3 and 4. 
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V was the average cross sectional velocity from the ADV experiment, 10.3 cm/s. Kp is the minor loss coefficient, 3.87, based on the CFD  model. According to headloss measurements this minor loss coefficient should over predict the energy dissipation. αεdat is the ratio of the maximum and average energy dissipation based on the CFD models. In this case, αεdat was 3.25. The maximum predicted energy dissipation was 130 cm2/s3 while the predicted average was 40 cm2/s3. Aside from the measurement after the second value, Table 2 shows energy dissipation values of 150-190 cm2/s3. However, the ADV velocity measurement was taken midstream in the contraction around the baffle where energy dissipation values are expected to be high and it is not uncommon for estimates of energy dissipation to be off by a factor of 2 or more. 
PIV Measurements
Velocity Measurements
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Figure 6: Velocity Field around baffle
The mean velocity profile of the top 17 cm of the flocculator was successfully captured using PIV. Velocities were calculated from the displacement of particles in the flow between image pairs. The images taken with ∆t of 4 ms gave higher quality results most likely because particles were displacing out of the interrogation region when ∆t was equal to 6 ms.  The mean velocity profile and the histograms of the data from the images with a ∆t of 6 ms contained more noise than the images with ∆t of 4 ms. A disadvantage of PIV is that it does not resolve three dimensional flows. This flow was 3-D because the average cross sectional velocity varied with height as can be seen in figure 6. If the flow were truly two dimensional the velocity would be constant with height due to conservation of mass. 
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Figure 7: percent valid vectors

From the 5000 image pairs on average 80% of the velocity vectors were valid on the right half of the baffle while only 60% were valid on the left half (figure 7). Directly above the baffle reflections off the acrylic interfered with the measurements. Linear interpolation of the regions around the reflections was used to estimate velocities in this region. Additionally, histograms of the data showed evidence of peak locking, that is velocity vectors converging to integer pixel displacements.
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Figure 8: Cross Sectional Velocity v. Height
The median velocity was used to estimate the mean velocities because it was more robust to outliers (Figures 9 a and b).  The measured velocities are split up into horizontal, u, and vertical, v, components. As the flow travels around the baffle it contains regions where the horizontal velocities and shear are dominant and regions where the vertical velocities and sheer are dominant. The horizontal velocity components, u, are strongest passing over the baffles and close to zero elsewhere. The flow separates from the baffle as it turns 180 degrees. The vertical velocity components, v, are high in the contraction that forms around the separation region and are close to zero in the separation region. Black arrows show the direction of the mean flow superimposed on the vertical velocity components.  The method used to determine particle displacement more accurately resolved vertical components. Velocity components were normalized by the mean cross sectional velocity for the entire flow.
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Figure 9: a. Vertical velocity components with superimposed mean flow and b. horizontal components.
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Turbulent Kinetic Energy

Turbulent kinetic energy, k is a metric of the turbulent intensity and energy in large scale eddies in the flow. The turbulent kinetic energy was estimated assuming the flow was 2-D using the equation:
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where u' and v' are deviations from the mean. k was normalized by the square of the average cross sectional velocity  k appears higher on the left side of the graph likely due to enhanced turbulence production in the shear layer that forms as the flow separates around the baffle combined with the fact that the valid vector counts are lower on this side. This latter fact leads to higher uncertainty in the measurements and therefore more deviation from the mean.  Despite this overestimation, a general pattern of high k associated with high shear in the velocity components exists. [image: image20.png]Location (em)
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Figure 10: Turbulent Kinetic Energy, K
Reynolds Stress

The Reynolds Stress was approximated as the median of u'v', (Figure 11). The Reynolds stress was highest in the regions of high shear. The rate of change of turbulent kinetic energy is a balance of energy dissipation to heat, the Reynolds stress acting against the mean velocity gradient, and energy fluxes in physical space (Phillips, 1969). Therefore, according to Phillips, the Reynolds Stress is source of energy balancing the constant energy loss by dissipation.   
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Figure 11: Reynolds Stress
Energy Dissipation Rate
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Figure 13: Energy Dissipation
In a turbulent flow the energy dissipation rate, ε, is the rate at which turbulent energy at the smallest scales of the flow dissipates to heat. Energy dissipation is a measure of the likelihood that flocs will collide in the flow and also to determine if shear in the flocculator will cause floc break up. In the current AguaClara flocculator model, the average ε is based on the energy loss based on minor losses and the residence time in a baffle section. In this flocculator average ε should have been close to 210 cm /s based on this model. Using the PIV data, ε was calculated for each subwindow using the same method described for the ADV data and is shown in figure 12. The -5/3 slope of the spectra in Figure 13 highlights well defined energy transfer in the inertial range. The blue curve was located in a region of high vertical shear while the red curve is in a region with high velocities but not high velocity gradients. The occurrence of high energy dissipation in regions with high shear indicates that shear is the dominant process causing energy dissipation. The energy dissipation measured in the flocculator is comparable to the average energy dissipation, 210 cm2/s3, predicted by equations 3 and 4.
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Figure 12: Examples of spectra from locations on the right side of the baffle. 
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Figure 14: Spectra at y = 18.5 cm
Because of the left hand side of the baffle had fewer convergent vectors than the right hand side, spectra were calculated for each subwindow at an elevation of 18.5 cm to compare the two sides. In figure 14, the spectra on the left side of the baffle are shown in red and the spectra from the right side of the baffle are shown in red. The spectra from the left side show more natural variability but not more noise that the right hand side. 
Free Shear Approximation of Flow
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Figure 15: Vertical Velocity Profile
The results of the PIV experiment confirm that free shear is the dominant mechanism for energy dissipation in this flow. Figure 14 shows the mean vertical velocity profile of the flow at three depths.  The mean velocity profile resembles the profile of a plane mixing layer as described by Pope. Using Pope’s scaling argument for the plane mixing layer a characteristic convection velocity, Uc, was defined as
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(6)
Where UL was defined as the minimum vertical velocity and UH was the maximum vertical velocity. In Pope’s definition of a plane mixing layer UL and UH are independent of the stream wise coordinate (y in this flow). In this case, UL and UH were varied with y to achieve self similarity. A characteristic velocity difference was defined as
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(7)
The velocity ratio, R is defined as Us/(2UC) and is equal to 1 for a jet entering quiescent water, (Ho, 1984). R for both sides of this flow was equal to 1.6 when US was greatest. The cross stream coordinates are defined based on xα such that 
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A characteristic flow width and reference lateral position were respectively defined as 
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Pope uses α equal to 0.9 and 0.1. However better scaling was obtained for this flow with α of 0.2 and 0.8. From the above equations a scaled cross stream coordinate system and scaled velocity profile was defined as
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Figures 16 and 17 show the scaled mean velocity profiles on the right and left hand sides of the baffle. In the analysis of a plane mixing layer used by Pope it was assumed that the pressure gradient was constant throughout the flow. Although the pressure gradient varies with depth, y, it does not appear to affect the self similarity of the velocity profile at the model scale. [image: image41.png]&)



 is only valid in the vertical sections of the flow. Such an argument might be useful when designing plants with H>>S. Figure 13 shows that some of the highest energy dissipation values in the flow occur in the horizontal section of the flocculator. The highest energy dissipation rates are important in flocculator design to avoid floc break up. The mean velocity profile of the horizontal section the flocculator does not show self similarity. A coordinate system aligned with the flow might be useful to examine the mean velocity profile around the 180 degree turn. 
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Figure 16:[image: image44.png]f(&



on the left side of the baffle
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Figure 17:[image: image47.png]f(&



on the right side of the baffle
In order to be applicable to plant design, a relationship between[image: image49.png]&)



, Re and ε needs to be determined as well as a method for predicting UH and UL. UL and UH might be predicted by a relationship between R0, the initial velocity ratio, and elevation (Figure 18). It should be kept in mind that the full development of the flow on either side of the baffle is not seen in this data. A few centimeters below the top of the baffle R appears to vary linearly with elevation. 
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Figure 18: R as a function of elevation
Conclusions
The mean flow measurements show separation in the flow as it passes over the baffle creating regions of high shear around the baffle. Turbulent kinetic energy was most likely overestimated due to low valid vector counts. However, both K, the Reynolds stress and energy dissipation show trends of being high in regions of the flow with strong shear. Headloss measurements in the model flocculator show that CFD models are over-estimating headloss in the flocculator. The flow scales similarly to a plane mixing layer in the vertical sections of the baffle. This scaling could be useful to model the energy dissipation in the flow if it can be related to the geometry of the plant. Additionally both this experiment and the CFD models assume that the flow in the flocculator is not affected by the presence of contaminants. Influent to the plants is often 500 NTU or more and the composition of the flow changes as flocs grow throughout flocculation. Future research should look into how flocs or particles of different sizes affect the flow.
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