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2 PONDSOPTIMISATION

2.1.1 Modelling

One approach to test new designs is building a range of prototypes while second technique is
more theoretical computational fluid dynamics (CFD). CFD can modesaind the equations

of fluid flows and enables engineers to develop several flow designs to resolve the most
favourable RAP characteristics without having to build and test all the concepts. Accuracy of
CFD models depends heavily on the computation tinmntpmesh density and various
simplifications used.
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Figure 1: Some of the possibilities of raceway ponds to reduce the dead zones volume. Flow speeds at the
surface of clockwise flow in all geometries, in which red is high vl@nd blue is low velocity (Hadiyanto
et. al., 2013)

CFD is nevertheless not the absolute approach for facing fluid flow problems due to computer
hardware limitations, where even a trivial input error in model can lead to weeks of computations
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(Hadiyanb et. al., 2013). CFD is a practical approach that works well when engineers use it
together with physical and mathematical analytical approaches while at the end still building
prototype models (Jupsin et al., 2003).

From a fluid dynamics point of viewniRAP, most of the energy loss and stagnation area
development is due to the fluid moving around a turn. This happens because the curve applies a
force on the flowing water to change its directiéig(rel). It is less obvious how to decrease

an energy loss or drop in a pressure around the curve. To resolve a most favourable design for a
small energy use and smooth flow, the results from ClgQest that pressure increases in turning
points. The CFD goal is to identify and remove regions where parts of the flow become separated
from the main flow, it is usually desirable to avoid a great pressure drops as this indicates a
significant energyoss

Modularity in one of the key factors for lowering the construction cost. Lightweight aggregate
concrete can be produced using a variety of lightweight aggregates. At production plant styrofoam
was used as lightweight aggregate. This way blocks weight esagne:d so that block could be
easily moved either by one or two persons. To perform such an approach terrain preparation is
important step, especially if pond depth varies. After all ground levelling is done, two workers
can do the work in a matter of hguwithout machiary. Each time blocks placedin exact
position joints are made only with gun spray filled with polyurethane f@/gure 10). After

blocks were placed, a prefabricated foil was placed on site to perfectly suit the pond geometry
(Figure).
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Figure 11: Placing prefabricated foil made on concrete bleokbere no welding on site is needed (source Algen)

saltgae.eu Copyright © 2016 SaltGae Consortium. All Rights ReservednG/489785 ‘ Page2/ 19 |




algae to treat saline
wastewater

/l
\@ SaltGae KNOWLEDGE IN ALGAL CULTIVATION TECHNOLOGY

Pond design was developed using parameterized technology; a number of grargmedrn the
pond geometry and all production documentation is produced automatically: this is true for the
basic mould production, tailoring and cutting of the foil, paddlewhell production and similar.

For the basic pond geometry we have selected graeb that bring in experience in CFD
modelling (although the pond @ has not been CFD modellédset). Raceway pond does not
have a single middle wall, but rather a guided turns with a diameter, where in addition ground
level is lower for 10 cm thamiother places of pond to keep the crssstion constantgure

12). In addition flow deflectors are placed in both ends of a pond.

Figure 12: Computational fluid dynamics was taken in into consideration by lowering the gi@teidn both
ends, making radial turns and placing flow deflectors (image source Algen)

Geometry of a paddlewheel was carefully designed so that power consumption per paddlewheel
is below 180W for 500/Apond (actual power depends on the fielocity and pond depth)

Figure 13: Computational fluid dynamics was taken in into consideration by lowering the ground level on both
ends, making radial turns and placing flow deflectors (image source Algen)

In the process gfond design we have built a small pond that consists only of round sections of
the normal raceway pond. This pond was used for validation purposes and will be used as an
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inoculation pond. An alternative mixing was installed with three decentralised Vertieas. It
was shown that performance is good only if the water level was greater thanF2§oreld).

Figure 14: Testing decentralised mixing performance

Existing pond design stitequires too much labour cdst placement of préabricated modules
(500ntpond requires more than two person days). Even greater issue is positioning the foil (either
prefabricated owelded on site). Adjustments to foil position is difficult job for a number of
people at the same time. It has turned out that the thermal expansion of the foil is a serious problem
(aggravated by the greenhouse temperatures), so we are switching thatéoibl for the next

ponds.

For the next pond aest will be made using Expandedlystyrene blocks cut to size and an
alternative pond lining usingolyurea spraying will be us€&igurel5).

Figure 15: Model pond made from modular EPS coated with polyurea (image source Algen)
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3 RAP NUMERICAL/MATHEMATICAL MODELLING

Numerical modelling has been used to battadterstand and optimize the design of the RAP to

be used in the demo plants. The use of modelling allows the evaluation of different designs (or
operating conditions) without the need to construct costly physical protofipesias been used

to investig&e the fluid dynamics and mixing in the pond and the effect of the paddle wheel (which
has been explicitly modelled using the Immersed Boundary Method). Parameters used for the
design optimization have included the evaluation of dead zones and the feffeeaiostress and
vertical mixing of algae.

3.1 Numerical simulation of the particulate flow in a RAP

Raceway Algae Ponds (RAP) are the most common ways to grow-ahjire at large scale. In

the present study, different sizes and shapes of RAP are edalatperforming numerical
simulations of fluid flow in different ponds with different shape ratios L/W, where L is the pond
length and W its widthThe purpose of those tests is to provide a numerical characterisation of
the flow behaviour in terms of niixg. Since a new RAP is to be constructed in the facilities of
one of the SaltGae project partners, Arava Building, the original design, preselfitguréand

two alternative configurations are simulated to assess the effects of agaling

The simulations are performed using OpenFORMThe LES approach (with a Smagorinsky
model) is chosenotaccount for the unsteady turbulent flow. With an appropriate grid size, it
allows for better resolution of turbulent mixing and improved hydrodynamic modelling.
However, the high number of cells required to achieve accurate mixing predictions, increases
significantly the computational cost of simulations. For instance, the longest numerical simulation
presented in SectioB.4 took four months to copute 100 seconds of simulations with particle
tracking on 48 processors witlpg8 p 1tmesh cells. This period of flow time was necessary to
reach steady state with a transient solver and then capture one full circulation of injected particles.
Note that he fastest particles take more than 100 seconds to travel around the pond. There are
other faster methods, like RANS and URANS methods, to account for turbulence, but they are
unable to fully capture the unsteady nature of the flow. One of the main §dails deliverable

is to evaluate the mixing system. To do so, the immersed boundary method is used to account for
the paddlewvheel and fluid flow interaction. The approach ensures that the movement of the fluid
induced by the rotation of the paddideelis correctly accounted for. To predict the movement

of the micrealgae in the pond, particteacers are injected at the neighbourhood of the paddle
wheel. The tracking of such patrticles is performed by the Multiphase P#nti€lell method
(MPPIC) develped by( Andr ews, M. J. and OO6Rour ke, P. J.

In Section3.3, different sizes of RAP (0.91%11.19 n, and 4.55 f) and shapeé— uhyp, ard

22) are considered. The results of this first study contributed to the design of a larger RAP (4.59
m3, — p § which is currently being constructed in the Arava Building site. The mixing is
evaluated in sectioB.4 by computing the particle vertical path.

3.2 Numerical methods

This section presents the numerical methods used to perform the simulation fafidhe
particulate flow in the RAP with the design presented in F&y.The Large Eddy Simulation

method has been chosen to account for the turbulent flow. The particle movement and interaction
with the fluid flow has been taken into consideration usirg Multiphase Partickn-Cell

( MPPI C) method developed by (O6Rourke, P. J.,
paddlewheel and the fluigbarticulate flow has been solved by an immersed boundary method
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3.2.1 Large Eddy Simulation

Preliminary nurerical simulations of the flow generated by the movement of the padiel

show that it is inherently thredimensional and unsteady. Therefore, the Large Eddy Simulation
(LES) approach has been used to model the turbulent flow in the RAP. This methledg¢he

large scales of turbulence whereas the smaller scales are modelled using a subgrid model. The
threshold between the two scales is defined through a frequency low pass filter. When solving the
governing equations with a fink@lume type discréation, the integration of the solution over
control volumes is equivalent to a convolution with a-tep filter (Zhiyin, Y., 2015). This

filtering method is named implicit filter and will be used in the present simulations. The smaller
scales are therefe those smaller than the grid size.

The incompressible form of the Nawigiokes equations are solved using an iterative segregated
type pressure velocity coupling assuming Newtonian fluids (PIMPLE solver of OpenPFQAM

The algorithm solves the pressiequation with successive velocity correction at step each time
step (OpenFOAM, 2016). Four such corrections have been used in the current computations. A
GAMG (Geometric Agglomerated algebraic MuBrid) solver with a GausSeidel smoothing

is used tasolve the velocity and the pressure systems.

The Smagorinskynodel accounts for the smaitale turbulence and is set with the following
default coefficients:

0 p8tT Y

0 mrwT

3.2.2 Multiphase Particleln-Cell Method

The Multiphase Partictn-Cell Method (MPPIC) accounts for the movement of the particles in

the flud and their interaction. The method was originally developed by (Andrews, M. J. and
O6Rour ke, P . J ., 1996) to simulate a | arge var
method predicts the movement of a large amount of particles by dediiwings of particles called

APar c el s-partides. Eath parce contains a-gedined amount of particles defined in

terms of their initial position, size and velocity. These parcel properties are updated at each time

step solving Lagrangian trackirggjuations accounting for collision and exchange of particles

bet ween parcels (O6Rour ke, Pp. J., 2009).

3.2.3 Immersed Boundary Method

The interaction between the solid and the fluid is modeled by the Immersed boundary method
(IBM) developed in (Specklin, M.,@6). It accounts for the movement of the paaudieel and
the induced movement of the fluid.

3.3 Evaluation of the performance of different sizes of RAP: Scalap.

Simulation results for three different sizes of RAP are presented in this section. Theepsiieo
provide useful information on the fluid flow with a view to determining the most effective
hydrodynamic conditions in a commercial scale RAP. The mixing efficiency, the shear stress and
the dead zones were evaluated for the following three caafigus:

1 Small RAP (0.91 ) — =5): 3.5m long, 1.4m wide and 0.2m de€jglre],
1 Medium RAP (1.19 ) — =6): 4.5m long, 1.4m wide and 0.2m deep,
1 Long RAP (4.55 rfy — =22): 16.5m long, 1.5m wide and 0.2m deep.

The geometry of the small RAP was designed by thexgaftrava Building A paddle wheel
(represented ifrigure 16) at 7.5 rpm generates the fluid circulation and mixing in the whole
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system. The simulation parameters (Number of mesh cells, time step, spacing, computaion time,
etc.) are summarised the table below

Figure 16: Raceway Algae Pond Designed by Aravald@ing

Long RAP 6273226 1.86 mm- Scotch 48 2.5e3to5e3 29h56min
1.2 cm
Medium RAP 2339615 1.62 mmi  Scotch 24 2.5e3to5e3 39h50min
1.2cm
Small RAP 1847075 1.62mm7i  Scotch 24 2.5e3to05e3 20h37min
1.2cm
RAP  Section 6352624 1.62mm7i  Scotch 48 le3to 5e3 42h
3.4 1.4 cm

Table 1: Characteristics of the numerical simulations

3.3.1 Evaluation of Dead Zones

Micro-algae need a suitable amount of light to fully develop and grow. They cannot survive
without light but a too long exposure can also cause damage. Therefore, it is essential to avoid
ADead zoneso i n t hagaecanbd trapped) athne lighttoredarkizomer o
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The dead zones is defined here as region of flow where the magnitude of the fluid velocity is
smaller than 0.1 m/d¢4adiyanto, H., 2013)

Figurel7andFigurel8present the dead zones and their evolution through a one cycle (revolutio
around the RAP) (blue zones) which are shown to be primarily located at the first bend of the
long pond (with the paddieheel) and at the second bend. The contour plots provides show that
the shapes of the dead zones evolve with time and déptire highlights that the dead zones

are mostly located at the upper left corner of the bend and at the right hand side of the paddle
wheel. The former deazbnes are generated by the presence of eddies created by the movement
of the paddelvheel. It is unlikely that a particle will remain trapped there because the highly
transient nature of these localised flow features. This is partially confirmdeigbye that
presents the timevolution of the velocity streamlines in the neighbourhood of the paddle and at
the centre of the channel. The figure shovat there is a good vertical mixing near the paddle
wheel, with evidence that the streamlines move vertically up and down. The streamlines outside
the neighbourhood of the paddideel are initially parallel to the bottom wall. But over time, the
vertical mxing is enhanced and spreads altimg horizontal directionThe last image dfigure
present the velocity streamlines in the middle of the ponel, #fe paddlevheel. It shows that

the streamlines are parallel to the bottom and that the vertical mixing is scarce.

To fully confirm the assumption that the dead zones near the patidi do not trap the
particles, numerical simulations of the fldldw with particletracers, initially at the right hand

side of the paddlavheel, were performedrigure shows that dead zones are also located at the
right bend and behind the central wall in the upper channel. The paterns of the dead zones in
Figure also evolve with time. By injecting and tracking partitigcers, one can predict if a
particle can be trapped in those zones.

y=-0.1 y=-0.15 y=-0.2

Figure 17: Dead zones at the tdfend of the Long RAP for three slides normal to the vertical direction; at the
middle of the pond (y6.1m), at y=0.15m and near the bottom @p=2m); and at different times (from top to
bottom) = 20s, 30s, 40s and 46s
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y=-0.1 y=-0.15 y=-0.2

Figure 18: Dead zones at the right bend of the long RAP at the middle of the pofdifys, at y=0.15m and
near the bottom (y6.2m); and at different times (from top to bottom) = 30s and 40s

Figure 19: Streamlines atie neighbourhood of the paddideel (the first three images from top to bottom at
t=1s, 47s, and 71s) and at the centre of the channel (last image, at t=71s)
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Figure 20: Percentage of Dead zonestime for three different geometries: the small, medium and long RAP
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The percentage of dead zones in the psmtfined as follows:
P OQWSE ¢ Ql(b—aann p

Wherew g is the volumeof liquid were the magnitude of the velocity is smaller than 0.1m/s,
andw is the entire volume of the liquid in the pond (Hadiyanto, H., 20E&)ure presents

the timeevolution of the dead zones percentage for the three different geometries. The figure
shows that after just 10 seconds of simulation, the percentage of dead zones oscillates around an
average value presentedtiable2. The values for the small pond are the most dispersed, with a
maximum difference of 32% between the extreme values and the average value. For the medium
pond and the long pond, the difference is of 25% and 22% respectively. The figure and the table
show hat in the long pond, the percentage of dead zones is smaller than for smaller ponds and
vary less over time.

Long RAP 22 3.42%
Medium RAP 6 7.89%
Small RAP 5 6.80%
Results from [02 T Hadiyanto, H. 5 14%
(2013)]

Table 2: Average percentage of dead zones for different shape ratios

3.3.2 Evaluation of Shear Stress

A suitable degree of mixing is necessary for the midgae (M.A.) growth and development. A
paddlewheel, presented iRigure, is used in the present study to provide such mixing. It has
been noted that the mixing must ensure an optimum amount of light to the M.&velgwhear
stresses generated by high flow velocities can also damage the cells preventing them to fully
develop or even causing their death. Therefore, the mixing degree has to account for the optimum
light-mixing threshold (Myr) but also the shearrsts sensitivity of the micralgae.

The sensitivity to shear stress strongly depends tne cel | s® mor phol ogy (si z
of cell wall, etc.) and their physiological conditiof%r instance, the micralgaeDunaliella

salinais highly sengive to shear stress. Stresses higher than 18 Pa can Rilinaliella salina

possesses two pairs of flagella that can be shredded by high shear stresses suppressing the
microorganism motility and possibly killing iArthrospira platensis (or Spirulinplatensis) is

sensitive to shear stress because it is shred into pieces for stresses higher than 2 Pa. But it can
easely recover (up to a several orders of magnitude higher shear stress threshold).

Figure andFigure show the timeevolution of the maximum and average shear stresses for the
threeshape ratioskigure shows that the maximum shear stresses are all below 3 Pa which is
suitable for botiDunaliella salinaand Arthrospira platensisstrains. The small pond presents
higher shear stresses than the two others. Also, it has been observed that for the long RAP, a
higher value of the maximum shear stress arises every 8 seconds which is the rotational speed of
the paddlevheel (1 revolutiorevery 8 seconds). Further analysis is necessary to confirm the
relationship between the two phenomdfigure shows that for all three cases, the average shear
stress converges to values two orders of magnitude smaller than the maximum shear stress.
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Figure 21: Maximum shear stress versus time for three different geometries: the small, medium and long RAP

Figure 22: Average shear stress versus time for three different geometries: the small, medium and long RAP

The preliminary results presented in this section confirm that even for sensitiveatgaeo
strains such a@dunaliella saling the shear stressrist high enough to affect the mieooganisms.

They also suggest that scaling up by lengthening the pond without changing thewtaekland

the pond width (Long pond) would maintain a low percentage of dead zones and in fact decrease
it. The vertical nxing outside the neighbourhood of the paddteeel however has been shown

to reduce as the length to width ratio is increased. This suggest that the design is suitable only if
the mixing near the paddigheel proves sufficient to break any form of veit&taatification and

ensure that all microalgae will be given the opportunity to spend meaningful period of time with
optimal exposure to light and nutrients. The purpose of the next section is to quantify the effect
of changing t he pixing.dl@esparschlieaeptransporarhoded based on rthe
MPPIC parcel transport method is used for this purpose.

‘ saltgae.eu ‘ Copyright © 2016 SaltGae Consortium. All Rights Reserved n6/489785 ‘ Pagell/ 19 ‘







