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ABSTRACT

Experimental Studies of Delta Wing Parameters in Open Channel Raceway Determined via
Validated Computational Fluid Dynamics

by

Cole D. Blakely, Master of Science
Utah State University, 2014

Major Professor: Dr. Byard Wood
Department: Mechanical and Aerospace Engineering

A promising feedstock for biofuels is microalgae.
cultivating microalgae is via open raceway ponds.

The most economical means of

However, a large gap in economic feasibility

exists between algae-based biofuels and traditional petroleum fuels.

Recent research at Utah

State University has focused on increasing biomass growth by implementing Delta Wings (DWs).
DWs are placed facing the incoming flow, with a 40 degree angle of attack to create large
vortices which travel downstream.

The trailing vortices increase vertical mixing, which in turn

increases algal growth.
Past researchers at USU quantified vertical mixing with new metrics, optimized various
raceway operating conditions, and established a positive correlation between the newly defined
metrics and algal growth.
raceway.

Research was performed with the aid of a small-scale clear acrylic

Both stereo particle image velocimetry (SPIV) and acoustic Doppler velocimetry

(ADV) were used to estimate the recently defined mixing metric: the vertical mixing index (VMI).

iv
The focus of this work is to ascertain additional preferred operating conditions, in particular
those unique to large scale raceways, with the aid of a computational fluid dynamics (CFD)
model validated by experimental data.

Three case studies are presented herein, which analyze

the DW vertical position (VP), array spacing ratio (ASR), and the projected height to depth ratio
(PHDR).

The criteria for these studies are the VMI and power consumption.
While it was previously assumed that vertically centering the DW centroid was optimal,

the first case study revealed the ideal VP to be far lower.

The lowest possible VP allows the

trailing vortices to travel further downstream, resulting in increased vertical mixing. The second
case study entails modeling complete arrays of DWs with various spacing.

This model was the

first to account for an increase in the number of allowable DWs with a decrease in array spacing.
The ASR study revealed the ideal array spacing to be approximately half a DW, as opposed to
the initial estimate of a full DW.

The third case study confirmed the largest allowable DW to

be superior.
(104 Pages)
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PUBLIC ABSTRACT

Experimental Studies of Delta Wing Parameters in Open Channel Raceway Determined via
Validated Computational Fluid Dynamics

Microalgae is a promising feedstock for biofuels and valuable bioproducts for
pharmaceuticals and cosmetics.
open water raceway ponds.

The most economical means of cultivating microalgae is via

Raceways (RWs) employ a paddle wheel to propel circulate an

algae-water mixture around a closed loop, with the water surface open to the environment.
RWs increase algal growth by mixing the algae, which prevents stagnation and provides access
to sunlight.

However, current productions methods lack the efficacy to economically compete

with traditional fuels.

One method of increasing the productivity of raceway ponds while

maintaining low operational costs is to increase the mixing in the ponds.
Recent work at Utah State University has focused specifically on delta wing (DW)
implementation.

DWs are planar shapes, having the form of isosceles triangles.

When

placed properly in the raceway, the DWs generate large circular motions downstream known as
trailing vortices.

These trailing vortices create the desired mixing effect.

Researchers at USU

quantified new mixing metrics, optimized DW operating conditions with the new metrics, and
established a positive correlation between mixing and algal growth.
The focus of this work is to obtain additional preferable operating conditions for the DW
using a computational fluid dynamics (CFD) validated by experimental data.

The model

outputs the newly defined mixing metrics as well as power consumption, which serve as the
criterion for the operating conditions.

The model is used to determine the vertical position of

the DW, the spacing between DW array, and the ideal DW size.
Cole D. Blakely
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CHAPTER 1
INTRODUCTION

1.1

BACKGROUND
Due to the increasing demand for alternative energy, there is a renewed focus on

Biodiesel [1].

Perhaps the most innovative and promising feedstock is microalgae, which will

be referred to as algae for the sake of brevity.
Algae research dates back to the 1940's as a proposed solution to the agricultural
demands needed for feeding an exponentially growing population. Interests in algae were
renewed with the energy crisis of the 1980's as a possible feedstock for biodiesel.
with the lowering of petroleum costs, interest in Algae was once again lost.

However,

The current

energy crisis with oil prices near $100 per barrel has caused a renewed increase in Algae
research [2].
Algae has the potential to replace 100% of the United States transportation diesel fuel
while only utilizing 3% of American agricultural area.

Furthermore, Algae can be grown on

non-arable land, and algal Biodiesel does not affect food prices as is the case with ethanol.
requires less water than that of traditional crops.
potential of a negative carbon footprint [3].

It

Absorption of carbon dioxide allows for the

In addition lipid production, algae also produce

bioproducts which are highly valuable in the fields of pharmaceuticals and cosmetics [4].
While these promises are alluring, more research and development is necessary in order to
create competitive biodiesel prices in comparison with traditional fuels.

2
1.2

LITERATURE REVIEW
The literature review presented covers three topics: open raceway ponds, vortex

generators, and research efforts at USU.

1.2.1

OPEN WATER RACEWAY PONDS

Figure 1.1: Photo of large scale open raceway ponds used for cultivating algae [5]

Open raceway (RW) ponds are simple, low cost structures.

The algae-water solution is

circulated around the raceway by a paddle wheel. The free surface is exposed to the natural
environment.

This differs from closed bioreactors, where the algal solution is contained in

sealed clear containers, which are constantly exposed to light and nutrients [1].

The closed

bioreactors create higher biomass yields, require less land, and the growing facilities can be
operated independent of climate [6].

However, the price of fuel from closed bioreactors is

$20.53, while open raceway ponds produce fuel at $9.84 [7].
While RW are more economically feasible, the biomass yields are often times orders of
magnitude lower than the closed bioreactors [6].

Total biomass per liter of solution are known

to exceed 80 g/L in closed bioreactors, but typically are below 1 g/L in raceway ponds.

The

algal growth is primarily impeded by competing organisms and improper exposure to light and
nutrients.

Parasites, bacteria, predators, and undesirable algae strains all adversely affect the

3
growth.

Current techniques simply harvest the algae at peak biomass in order to limit the

impact of the other organisms [8].

1.2.2

VORTEX GENERATORS
In order create optimal growing conditions during the short cultivation periods,

researchers have implemented a variety of vortex generators in order to maximize growth.
Most notably, by using airfoils, Laws et al. was able to increase algae growth by a factor of 2.2
[9]. Cheng and Dugan introduced square and triangular plates into the flow.

They did not

study the effects of algae on growth, but rather established that the vortex generators increased
turbulent mixing with little increase to power consumption [10].
There has been much discussion as to the mechanism by which mixing increases growth.
Researcher have suggested that mixing may aid mass transfer at the cellular level, decrease
settling in the raceway pond, create a flashing light effect which aids growth, or allow more
uniform access to sunlight.

Whatever the cause may be, there is a general consensus that

mixing increases algal growth [11].

Figure 1.2: Photo of 14.5 in. wide DW mounted in experimental raceway used at USU
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1.2.3

RESEARCH EFFORTS AT USU
Past work at USU has focused on one particular vortex generator: the delta wing (DW).

DWs are thin isosceles triangles.

The shape is selected preferable due to its ability to avoid

boundary layer separation at high angles of attach [11].

This feature allows for stronger

vortices to be formed without large increases power consumption from increased pressure drag
that occurs with boundary layer separation.

Furthermore, they are easy to manufacture and

inexpensive. They are placed into the straight section of raceway, with the tip facing upstream.
By introducing a positive angle of attach, trailing vortices form in the wake of the DW.

USU

researchers have quantified the vertical mixing with new metrics, optimized operating
conditions, and establishing a positive correlation between growth and the presence of the DW.

.
Figure 1.3: Photo of experimental RW used in USU research
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Raceway data have been collected using acoustic Doppler velocimetry (ADV), stereo
particle image velocimetry (SPIV), and computational fluid dynamics (CFD). All experimental
data was collected using the raceway setup shown in Fig. 1.3.

This race way will hereafter be

referred to as the SANT raceway due to its location on USU campus.

The sides are clear acrylic

so as to allow for the acquisition of SPIV data as well as other flow visualization methods.
For SPIV, the raceway was seeded with neutrally buoyant glass particles.

By lighting

the raceway with a strobing laser, special cameras capture images of a plane in the raceway.
Statistical software calculates the most likely fluid particle displacements between frames, from
which a velocity vectors are generated.

While standard PIV calculates only in plane velocity

vectors, SPIV calculates all three components.

SPIV is non-intrusive, and hundreds of velocity

vectors are easily generated in a given plane.
ADV uses a probe which utilizes the Doppler effect to measure all velocity components
and fluctuations.

The raceway was seeded with neutrally buoyant glass particles.

is moved throughout a sampling grid.

The probe

While the grid resolution is far lower than SPIV, the

accuracy is higher at a given point.
CFD has been performed with STAR-CCM+.
geometry similar to the SANT raceway.

Simulations have been performed with

Models were used to generate streamlines for flow

visualization as well as energy dissipation throughout the channel cross section.
Aaron Godfrey laid the foundation for CFD work.

By focusing on specific points in the

RW, Aaron was able to conclude that the presence of the DW increased turbulent mixing.
hypothesized that in order for the DW to be effective, multiple DWs would be needed.
prompted studies into streamwise spacing of DWs.

He

This

He also concluded that the angle of attack

of the DW was an important operating condition [12].
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Ram Voleti measured the turbulent mixing length present in the SANT RW.
lengths present were far larger than the algae cells.

The mixing

At the cellular level, all turbulent energy

has been converted into random molecular movement.

This discredits the theory that

turbulent mixing increases mass transfer across the cell surface [13].
Voleti further quantified a new nondimensional metric, the vertical mixing index or the
VMI.

The VMI is the average magnitude of the vertical velocity component divided by the

average stream wise component.

The VMI is given by

V M I

w

i

N

i

(1)

u

Where wi is the vertical velocity component, u is the average streamwise velocity, N
is the number of vectors in a given plane, and the subscript i is an index used to sum all vectors
in a given plane. The VMI is essentially a measure of the magnitude of the vertical motion as
compared to the streamwise velocity.
Blake Lance used SPIV to calculate the VMI.
angle of attach for maximizing VMI to be 40 degrees.

Lance was able to determine the optimal
Blake also recommended an optimal

streamwise spacing of 65 in. Furthermore Lance conducted a paddle wheel power consumption
study, and found that the presence of the DW has a very small effect of power consumption in
comparison to the raceway bends and straight sections [14].
Garret Vaughn conducted growth experiments to better understand the correlation
between vertical mixing and increased biomass productivity.
of 27% for the strain Chlorella Vulgaris [15].

Vaughn found a growth increase

More research is required to obtain algal growth

as function of VMI, however Vaughn established a positive correlation between algal growth
and the VMI.

Vaughn also found that in order to maximize the VMI between two DWs, the

ideal spacing between the tips is one DW.
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1.3 HYPOTHESIS
The VMI is an acceptable indicator of preferred growing conditions.

By creating a

validated computational fluid dynamic model which outputs the VMI and power consumption,
deeper insight can be obtained into RW hydraulics.

While operating conditions cannot be

economically optimized until algal growth as function of VMI is established, conditions can be
found which maximize the VMI and limit impact on power consumption.
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CHAPTER 2
OBJECTIVES

The objectives of this work are


Create a simulation in STAR-CCM+ with operating conditions as close as possible to the
SANT raceway



Generate VMI data from STAR-CCM+ with the aid of personal FORTRAN code in order to
validate the simulation with ADV data.



Estimate Increase in Power Consumption from DWs



Determine the preferred vertical position for DWs.



Determine the preferred DW array spacing ratio.



Determine the preferred DW projected height to depth ratio.
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CHAPTER 3
APPROACH AND PROCEDURE

3.1

EXPERIMENTAL SETUP
Simulations were performed using STAR-CCM+ 8.06.007.

This section describes the

experimental setup, methods of estimating the VMI and power consumption, and the
preliminary studies which validate the model.

3.1.1

GEOMETRY
All raceway geometries contain three features: Volume containing equal parts water

and air, a straight section for the study of vortical decay, and a bend in order to capture the
dead zone and fast moving flow regions.

The presence of the bend is necessary to create

conditions similar to the experimental raceway at USU.
in thickness.

All DWs simulated were a quarter inch

With the exception of the streamwise spacing stream wise position, all DW

dimensions and positions are specified in the results section.

A schematic of experimental

setup 1 is shown in Fig. 3.1.

Figure 3.1: Top view of experimental setup 1
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Experimental setup 1 is designed to mimic the dimensions of the USU raceway as close
as possible.

The depth of height of the RW for experimental setup 1 is 15.748 in.

It is

important to note that the center wall thickness has been increased from 0.25 inches to 1.0
inches and the edges have been filleted.

These design changes were performed in the

interests of avoiding high gradient regions which increase the difficulty of convergence while
adding little accuracy to the model.
for the vertical position study.

Experimental 1 is used for validation of the model as well

A top view of experimental setups 2 and 3 are shown in Fig. 3.2.

Figure 3.2: Top view of experimental setup 2 and 3

Experimental Setups 2 and 3 have a height of 15.748 in. and 20.0 in., respectively.
Both setups are used to find preferred operational conditions unique to large scale raceways.
As per typical large scale raceway design, both setups include a curved wall placed in the center
of the bend in order to minimize the dead zone.

Experimental setup 2 and 3 were used for

finding the preferred array spacing ratio and projected DW height to depth ratio, respectively.
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3.1.2

MESH
All simulations used a trimmed mesh.

Trimmed meshes are characteristically

rectilinear, as opposed to the more commonly used unstructured polyhedral mesh.

While

polyhedral meshes are more commonly used, they fail to effectively capture the free surface
boundary affects. The characteristic mesh size for the raceway was 1 in. with a minimum mesh
size of 0.25 in.
The mesh included anisotropic grid refinement near the free surface. Selecting the
proper refinement was based upon minimizing the residuals.
the free surface, the volume of fraction residuals are too high.

Without a volume control near
However, if the cells are

excessively refined anisotropically, the aspect ratios of the cells become too high resulting in
unreasonable turbulence parameters residuals (see Appendix B).
anisotropic grid refinement of 12.5% to be satisfactory.

Testing revealed an

Figure 3.3 contains a straight section

of raceway which shows the characteristic shape of the trimmed mesh as well as the anisotropic
refinement.

Figure 3.3: Generated mesh for straight section of experimental setup 1
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The grid is also refined near walled raceway boundaries in order to capture the
boundary layers.
1.5.

All simulations used 3 boundary layers, with a prism layer stretching factor of

Lastly, custom values were specified for the walled DW boundary.

contains relatively high gradients in all directions.

The flow near the DW

In order to capture this detail, the

characteristic cell size was decreased to 25% with a minimum cell size of 6.25%.

Furthermore,

the number of prisms was increased to 5 with a prism layer stretching factor of 1.2.
for a 14.5 in. wide DW is shown in Fig. 3.4.

Figure 3.4: Generated mesh for 14.5 wide DW in experimental setup 1

The mesh
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The complete mesh for experimental setup 1 is shown in Fig. 3.5.

Figure 3.5: Entire generated mesh for experimental setup 1

3.1.3

PHYSICS

Models:
Implicit Unsteady:

Selected in the interests of capturing the trailing vortices, in

particular the interactions of the trailing vortices with the free surface.

The solver is set to

second order accuracy.
Incompressible:
air is far below 0.3.
Segregated:
separately.

The water is not subject to cavitation, and the Mach number for the

Hence, specifying the densities as constant is appropriate.
Segregated flow solves the pressure and momentum equations

This is standard for incompressible flows.

Turbulence:

All raceways Reynolds numbers lie between 68,000 and 95,000; hence

Turbulence solvers must be used.

K-epsilon turbulence was selected due its efficacy to
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modeling internal flow.

An all y+ treatment was used for the sake of being robust.

Volume of Fraction:

Essential for modeling the free surface.

and water into separate fractions of the volume.
and half water.

The solver partitions air

All virtual raceways modeled contain half air

The volume of fraction wave used had a uniform current for the water, while

the air was set as stagnant.
Eulerian Multiphase:

Air was set to standard atmospheric conditions. Water was set to

properties corresponding to 20°C. Both phases were set as incompressible, a very safe
assumption given the extremely low Mach number of air and inherent nature of water.

The

presence of the Algae is also negligible. The density of algae in open water raceway ponds does
not exceed 1 kg/m3 or 0.1% of the total density.

Significant changes in viscosity and even a

departure from non-Newtonian mechanics only occur in closed bioreactors where biodensities
exceed 10kg/m3 or 1% [15].
Gravity-Standard sea-level gravity of 9.81 m/s2
Surface Interactions:

The surface tension is neglected.

The contact angle is set to 90

degrees in order to avoid complications with the volume of fraction solvers.
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Boundaries:

Figure 3.6: Boundary conditions for experimental setup 1 with inlet (red), outlet (orange), and
walled (gray)

Velocity Inlet: The red surface in Fig. 3.6 corresponds to the velocity inlet.

The volume

of fraction is maintained as the lower half being entirely water, and the upper half being
comprised of air.

The water moves normal to the inlet with a velocity of 0.25 m/s, while the air

is set to stagnation.
Pressure Outlet: The orange surface in Fig. 3.6 corresponds to the pressure outlet.
volume of fraction is set to water for the lower half and air for the upper half.

The

The pressure is

specified as atmospheric for the air volume of fraction, and as hydrostatic for the water volume
of fraction.
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Wall: All grey areas (both the walls and the DW) in Fig. 3.6 are walled boundary
conditions.

The walls have a no slip condition.

All Reynolds numbers are between 68,000

and 95,000, which fall within the hydraulically smooth region, hence all walls are set as smooth.
While the top wall should ideally be set as a pressure outlet, this resulted in an unstable
solution.

Nevertheless, the presence of the top wall does not create substantial error in the

model as demonstrated by the validation.
Solvers:

Proper manipulations of the relaxation factors results in increased convergence with

decreased stability.

However, the momentum solver was the only solver to increase

convergence by an order of magnitude, but at great cost to stability. Hence the general
methodology consisted of increasing the momentum relaxation to the largest permissible value
(0.9 to 0.999).
Initial Conditions: A volume of fraction wave was used to initialize the velocity, pressure, and
volume of fraction throughout the entire raceway.

The wave was identical to the wave

specified at the boundary conditions, save for that the direction of the current was reversed so
as to align the initial flow field with the long straight section.

Three separate initial conditions

were tested, which all resulted in roughly the same converged solution (see Appendix C).
However, aligning the initial flow with the straight section proved to be the most stable.

3.2

METHODS OF MEASUREMENT
Methods for estimating the VMI and the power consumption are presented herein.

3.2.1

VMI CALCULATIONS
The VMI is a mixing metric recently define by USU.

As such it is not ubiquitous in the

CFD community, hence it is not an output available in STAR-CCM+.

Recalling that VMI is a

simple function of velocity components in a given plane, VMI can be calculate from internal
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tables with the aid of personal FORTRAN code (see Appendix A).
While planes are commonly used for obtaining desired outputs in a given flow cross
section, they contain higher information density in regions with higher mesh density. This
distribution is not uniform by design in order to capture the detail in areas of the flow with
higher gradients (i.e. boundary layers).

However, when calculating VMI which require near

uniform spacing throughout the channel cross-section, planes are not acceptable.
A derived part in STAR-CCM+ known as a presentation grid was used to obtain all
numerical data.

Presentation grids are grids of probes contained within a plane.

The

information density is user controlled for Presentation grids, and the data can be easily cropped
(i.e. excluding regions in close proximity to the water free surface).

The presentation grid used

to mimic the ADV sampling grid ADV used by Voleti is shown in Fig. 3.7.

Figure 3.7: The grid layout of probes in a plane or presentation grid as it is known in
STAR-CCM+, used for mimicking ADV data

The presentation grid format used for all case studies is shown in Fig. 3.8.

The spacing

between the nodes is 0.125 inches both vertically and horizontally. The grids were cropped
0.786 inches below the free surface.
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Figure 3.8: The grid layout of probes in a plane or presentation grid as it is known in
STAR-CCM+, used for case studies

The internal tables generated from STAR contain all three position coordinates by
default, as well as the streamwise and vertical velocity components.

Personal FORTRAN code

was responsible for partitioning the data into separate planes based upon the streamwise
position.
The data must also be time averaged.

The bend in the raceway creates a large vortex

which distorts the smaller, faster rotating vortices generated by the DW.
creates fluctuations in the VMI as shown in Fig. 3.9.
from eight separate sets of data.
has been reached.

This distortion

All VMI data presented are time averaged

Each data set is 2.5 seconds apart after a quasi-steady state
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Figure 3.9: Fluctuations of instantaneous VMI measurements in the validation case study

3.2.2

POWER CONSUMPTION ESTIMATION
Power loss is estimated as the product of the total drag of all the DWs present in a given

model and the averaged free stream velocity.

While the ideal method is to calculate the

power loss is to compare the total power consumption of a model with DW to a similar model
without DW, this is not feasible in the simulations presented herein.
The vast majority of power loss occurs at the bend, which dwarfs any DW power
consumption.

Furthermore, slight changes in depth result in varying hydrostatic pressure.

Since the residuals vary from model to model, especially between a model with and without
DW, it is far more accurate to estimate the power consumption as the product of the total drag
and average velocity.
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3.3

PRELIMINARY EXPERIMENTS
Four preliminary case studies were performed: a validation case study, a temporal and

spatial grid refinement, and a free surface to slip wall comparison.

3.3.1

ADV VALIDATION
ADV data from Voleti were used to validate the model.

angle of attach of 30 degrees was used.
above the RW bottom surface.

A 14.5 in. wide DW with an

The vertical position (VP) of the trailing edge is 1.25 in.

A cell size of 1.0 inches was selected with a time step of 0.05s.

The presentation grid dimensions were equivalent to the sampling grid used by Voleti (see
Section 3.2.1).

The streamwise velocity was 0.25 m/s, with a depth of 7.874 inches of water.

A comparison of the VMI generated from ADV and CFD data is shown in Fig. 3.10.
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Figure 3.10: CFD validation via ADV comparison
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3.3.2

TEMPORAL GRID REFINEMENT STUDY
A grid refinement study was performed with the validation experimental setup.

A

characteristic size of 1.0 inch was used with time steps of 0.1s, 0.05s, 0.025s, and 0.001s. Results
are shown in Fig. 3.11.
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Figure 3.11: Temporal grid refinement study

Figure 3.11 shows substantial inaccuracies for the 0.1s time step, and minor differences
between 0.05s, 0.025s, and 0.01s time steps.

The inaccuracies in the larger time steps arise

due to large residuals in the volume of fraction, momentum, and continuity solvers.

It should

be noted that the schemes with the lowest residuals (see Table D.1) correspond to the best
experimental fit.
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3.3.3

SPATIAL GRID REFINEMENT STUDY
A spatial grid refinement with a time step of 0.05 s and a characteristic cell sizes of 2.0

in, 1.0 in, and 0.5 inches is shown in Fig. 3.12.
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Figure 3.12: Spatial grid refinement study

Figure 3.12 shows substantial differences between all three grid sizes, which is
undesirable for a grid refinement study. However, it is important to note that the best
experimental fit and the lowest residuals coincide (see Table D.2).

Unfortunately there are too

many factors at play (volume of fraction, continuity, momentum, and turbulence solvers) to
have the desired results of a grid refinement study. A grid size 2.0 in. is simply too large to
accurately capture the trailing vortices.

While a grid size of 0.5 in. causes issues with the

solver, in particular the x-momentum solver.

23
3.3.4

FREE SURFACE VS. SLIP WALL
Initial attempts at modeling raceway hydraulics were performed by modeling the free

surface as a slip surface.

While this model is far less computationally expensive and complex, it

fails to capture the interaction of the trailing vortices with the free surface.

Vaughn noted that

the highest amount of energy dissipation occurs at the surface of water [15].
This energy dissipation may be a primary contributor to vortical decay.

Hence, all

models presented in this work include a channel with its lower half occupied by water, and its
upper half with air.

Figures 3.13 and 3.14 show the DW effect on the free surface in the

simulation and at the USU experimental raceway, respectively.

Figure 3.13: DW effect on the free surface for validation case study
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Figure 3.14: Photo of DW effect on the free surface

The effects of the free surface considerably impact the VMI as shown in Fig. 3.15.
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Figure 3.15: Free surface vs slip wall VMI comparison
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CHAPTER 4
RESULTS

4.1

VERTICAL POSITION CASE STUDY
The vertical position (VP) study utilized experimental setup 1, in the interests of being

similar to the validated case.
used.

A single 7.25 in. DW with an angle of attach of 40 degrees was

Presentation grids were spaced in 12 in. intervals over 108 in.
The water had a depth of 7.874 in. with an average velocity of 0.25 m/s.

The VP was

measured by the distance from the trailing edge of the DW to the bottom surface of the RW.
VPs of 0.25, 0.75, 1.25, and 2.50 in. were examined.
centered vertical position.
vertical position.

The VP of 2.5 in. corresponds to a

All past research at USU used a centered or near-centered DW

The most recent work by Vaughn regarding high energy dissipation near the

free surface prompted the lower VPs to be tested.

All VP configurations are shown in Figs.

4.1-4.5.

Figure 4.1: View from upstream for VP of 0.25 in.
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Figure 4.2: View from upstream for VP of 0.75 in.

Figure 4.3: View from upstream for VP of 1.25 in.

Figure 4.4: View from upstream for VP of 2.50 in.
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4.1.1

VMI VS DOWNSTREAM LOCATION FOR 4 VP
Figure 4.1 and Table 4.1 show that vertical mixing increases as the VP is lowered.

The

negative trend between the VMI and downstream distance from the DW is not as clearly
established in the VP case study.

This is possible due to three effects.

Due to the relatively

small DW, the trailing vortices are weaker, and are thus more subject to the large vortex created
by the bend.

Secondly, boundary layer effects are more present with a lower VP.

And finally,

due continuity, large velocity gradients exist in the narrow opening between the DW and the
RW bed for low VP, which further distort the trailing vortices (see Section 4.1.3.)
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Figure 4.5: VMI vs downstream location for 4 VP
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VP(in.)
0.25
0.75
1.25
2.50

4.1.2

Table 4.1: VMI Averaged over Streamwise Length vs VP
Average VMI over
Average VMI over
Average VMI over
0-36 in. behind DW
0-72 in. behind DW
0-108 in. behind DW
0.0433
0.0380
0.0373
0.0341
0.0336
0.0333
0.0353
0.0303
0.0305
0.0378
0.0317
0.0305

POWER CONSUMPTION VS VP
Table 4.2 shows that power consumption is increases as VP decreases.

This matches

established theory, that the proximity of a walled boundary increases drag as compared [16] to
free stream boundary conditions.

As shown in Section 4.1.3, as the VP lowers, the highest

pressure region shifts from the leading tip of the DW to the trailing edge.

VP(in.)
0.25
0.75
1.25
2.50

4.1.3

Table 4.2: Power Consumption vs VP
Power Consumption(Watts)
0.192
0.186
0.152
0.137

VP FLOW VISUALIZATION
The pressure distributions shown in Figs. 4.6, 4.7, 4.17, 4.18, 4.28, 4.29, 4.39, and 4.40

reveal that with lower VP, the highest pressure shifts from the leading tip to the trailing edge.
This is due to the proximity of the RW bed to the DW.
Velocity Profiles shown in Figs. 4.8-4.16, 4.19-4.27, 4.30-4.38, and 4.41-4.49 show high
amounts of distortion of the trailing vortices.

This is likely due to the very high gradients

between the trailing edge and the RW bed, boundary layer effects, and the presence of the RW
bend.

The distortion is likely highest in this study due to the smaller DWs which create weaker

vortices which are more influenced by the RW bend as compared to larger DWs.

It should be

kept in mind that all velocity fields instantaneous as opposed to being time averaged.
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Figure 4.6: View from upstream of pressure distribution for VP of 0.25 in.

Figure 4.7: View from downstream of pressure distribution for VP of 0.25 in.
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Figure 4.8: Velocity profile 12 in. downstream from DW for VP of 0.25 in.

Figure 4.9: Velocity profile 24 in. downstream from DW for VP of 0.25 in.
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Figure 4.10: Velocity profile 36 in. downstream from DW for VP of 0.25 in.

Figure 4.11: Velocity profile 48 in. downstream from DW for VP of 0.25 in.
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Figure 4.12: Velocity profile 60 in. downstream from DW for VP of 0.25 in.

Figure 4.13: Velocity profile 72 in. downstream from DW for VP of 0.25 in.
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Figure 4.14: Velocity profile 84 in. downstream from DW for VP of 0.25 in.

Figure 4.15: Velocity profile 96 in. downstream from DW for VP of 0.25 in.
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Figure 4.16: Velocity profile 108 in. downstream from DW for VP of 0.25 in.

Figure 4.17: View from upstream of pressure distribution for VP of 0.75 in.
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Figure 4.18: View from downstream of pressure distribution for VP of 0.75 in.

Figure 4.19: Velocity profile 12 in. downstream from DW for VP of 0.75 in.
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Figure 4.20: Velocity profile 24 in. downstream from DW for VP of 0.75 in.

Figure 4.21: Velocity profile 36 in. downstream from DW for VP of 0.75 in.
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Figure 4.22: Velocity profile 48 in. downstream from DW for VP of 0.75 in.

Figure 4.23: Velocity profile 60 in. downstream from DW for VP of 0.75 in.
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Figure 4.24: Velocity profile 72 in. downstream from DW for VP of 0.75 in.

Figure 4.25: Velocity profile 84 in. downstream from DW for VP of 0.75 in.
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Figure 4.26: Velocity profile 96 in. downstream from DW for VP of 0.75 in.

Figure 4.27: Velocity profile 108 in. downstream from DW for VP of 0.75 in.
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Figure 4.28: View from upstream for pressure distribution for VP of 1.25 in.

Figure 4.29: View from downstream for pressure distribution for VP of 1.25 in.
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Figure 4.30: Velocity profile 12 in. downstream from DW for VP of 1.25 in.

Figure 4.31: Velocity profile 24 in. downstream from DW for VP of 1.25 in.
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Figure 4.32: Velocity profile 36 in. downstream from DW for VP of 1.25 in.

Figure 4.33: Velocity profile 48 in. downstream from DW for VP of 1.25 in.
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Figure 4.34: Velocity profile 60 in. downstream from DW for VP of 1.25 in.

Figure 4.35: Velocity profile 72 in. downstream from DW for VP of 1.25 in.
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Figure 4.36: Velocity profile 84 in. downstream from DW for VP of 1.25 in.

Figure 4.37: Velocity profile 96 in. downstream from DW for VP of 1.25 in.
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Figure 4.38: Velocity profile 108 in. downstream from DW for VP of 1.25 in.

Figure 4.39: View from upstream of pressure distribution for VP of 2.50 in.
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Figure 4.40: View from downstream of pressure distribution for VP of 2.50 in.

Figure 4.41: Velocity profile 12 in. downstream from DW for VP of 2.50 in.
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Figure 4.42: Velocity profile 24 in. downstream from DW for VP of 2.50 in.

Figure 4.43: Velocity profile 36 in. downstream from DW for VP of 2.50 in.
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Figure 4.44: Velocity profile 48 in. downstream from DW for VP of 2.50 in.

Figure 4.45: Velocity profile 60 in. downstream from DW for VP of 2.50 in.
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Figure 4.46: Velocity profile 72 in. downstream from DW for VP of 2.50 in.

Figure 4.47: Velocity profile 84 in. downstream from DW for VP of 2.50 in.
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Figure 4.48: Velocity profile 96 in. downstream from DW for VP of 2.50 in.

Figure 4.49: Velocity profile 108 in. downstream from DW for VP of 2.50 in.

51
4.2

ARRAY SPACING STUDY
Vaughn concluded that the optimal array spacing between DWs was a DW spacing

between tips.

However, a subtle assumption was made that with decreasing DW spacing, the

number of DW in a given channel remains constant.

The array spacing case study uses a 45 in.

wide channel as shown in geometry layout of experimental setup 2 (Fig. 3.2). Recall that a
curved wall placed midway in the bend is present to avoid dead zones.
All simulations were performed with 7.874 in water with an average velocity of 0.25
m/s.

Only 7.25 in. DWs were used with an angle of attach of 40 degrees. A vertical position of

0.25 in. was employed.
The array spacing ratio (ASR) is defined as the ratio of the DW spacing to the DW width.
Three ASR were tested: 1.069, 0.552, and 0.241.
has significant effect of the flow.

It should be noted that the raceway geometry

Therefore, it is imperative that ASR comparisons only be

made if the RW are identical, hence only three ASR are tested.

The array configurations used

are shown in Figs. 4.50-4.52.

Figure 4.50: View from upstream for ASR of 1.069
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Figure 4.51: View from upstream for ASR of 0.552

Figure 4.52: View from upstream for ASR of 0.241
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4.2.1

VMI VS DOWNSTREAM LOCATION FOR 3 ASR
Figure 4.49 and Table 4.3 demonstrate the ideal DW spacing to be narrower than a DW

width. There is also a saturation level of DW in the channel, after which the VMI plateaus to
near constant level.

Given the results available, a DW spacing of roughly half a DW is

recommended.
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Figure 4.53: VMI vs downstream location for 3 ASR

Table 4.3: VMI Averaged over RW length vs ASR
ASR
Average VMI
1.069
0.0572
0.552
0.0687
0.241
0.0690
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4.2.2

POWER CONSUMPTION VS ARRAY SPACING
Not surprisingly, power consumption only increases as the number of DW increases as

shown in Table 4.4.

The power consumption per DW remains near constant (Table 4.5).

slight differences are likely due to DW placement in relation to the bend.
located on the inside of the curved wall centered in the bend.

The

The fastest flow is

Arrays containing an odd

number of DWs have a centered DW which is exposed to this high velocity flow, resulting in
higher drag (See Section 4.2.3).

ASR
1.069
0.552
0.241

Table 4.4: Power Consumption vs ASR
Power Consumption (Watts)
0.598
0.763
0.105

Table 4.5: Power Consumption per DW vs ASR
ASR
Power Consumption (Watts)
1.069
0.199
0.552
0.191
0.241
0.209

4.2.3

ARRAY SPACING FLOW VISUALIZATION
Figures 4.54-4.83 show the trends in pressure distribution and vortex strength as related

to DW position with respect to the bend.
wall and divider.

Recall the intermediate wall between the outside

This wall greatly minimized the dead zone, but also creates the fastest flow in

the RW in a narrow region on the inside of said wall.

Both the pressure distributions and

velocity profiles show, that with the exception of the fast moving region near the intermediate
wall, the drag and vortex strengths increase near the outside of the bend.
represent instantaneous flow fields.

Figures 4.54-4.83
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Figure 4.54: View from upstream of pressure distribution for ASR of 1.069

Figure 4.55: View from downstream of pressure distribution for ASR of 1.069
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Figure 4.56: Velocity profile 8 in. downstream from DWs for ASR of 1.069

Figure 4.57: Velocity profile 16 in. downstream from DWs for ASR of 1.069
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Figure 4.58: Velocity profile 24 in. downstream from DWs for ASR of 1.069

Figure 4.59: Velocity profile 32 in. downstream from DWs for ASR of 1.069
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Figure 4.60: Velocity profile 40 in. downstream from DWs for ASR of 1.069

Figure 4.61: Velocity profile 48 in. downstream from DWs for ASR of 1.069
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Figure 4.62: Velocity profile 56 in. downstream from DWs for ASR of 1.069

Figure 4.63: Velocity profile 64 in. downstream from DWs for ASR of 1.069
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Figure 4.64: View from upstream of pressure distribution for ASR of 0.552

Figure 4.65: View from downstream of pressure distribution for ASR of 0.552
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Figure 4.66: Velocity profile 8 in. downstream from DWs for ASR of 0.552

Figure 4.67: Velocity profile 16 in. downstream from DWs for ASR of 0.552
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Figure 4.68: Velocity profile 24 in. downstream from DWs for ASR of 0.552

Figure 4.69: Velocity profile 32 in. downstream from DWs for ASR of 0.552
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Figure 4.70: Velocity profile 40 in. downstream from DWs for ASR of 0.552

Figure 4.71: Velocity profile 48 in. downstream from DWs for ASR of 0.552
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Figure 4.72: Velocity profile 56 in. downstream from DWs for ASR of 0.552

Figure 4.73: Velocity profile 64 in. downstream from DWs for ASR of 0.552
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Figure 4.74: View from upstream of pressure distribution for ASR of 0.241

Figure 4.75: View from downstream of pressure distribution for ASR of 0.241
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Figure 4.76: Velocity profile 8 in. downstream from DWs for ASR of 0.241

Figure 4.77: Velocity profile 16 in. downstream from DWs for ASR of 0.241
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Figure 4.78: Velocity profile 24 in. downstream from DWs for ASR of 0.241

Figure 4.79: Velocity profile of 32 in. downstream from DWs for ASR of 0.241
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Figure 4.80: Velocity profile 40 in. downstream from DWs for ASR of 0.241

Figure 4.81: Velocity profile 48 in. downstream from DWs for ASR of 0.241
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Figure 4.82: Velocity profile 56 in. downstream from DWs for ASR of 0.241

Figure 4.83: Velocity profile 64 in. downstream from DWs for ASR of 0.241
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4.3

PROJECTED HEIGHT TO DEPTH RATIO
In order to further increase the VMI, the size of the DW may be increased.

The

augmentation n size is measured by the ratio of the projected height of the DW to the depth of
the RW, or the PHDR.

A vertical position of 0.25 in. was used with a depth of 9.0 inches in

order to allow for larger DW.

As always the, the DWs were given an angle of attach of 40

degrees, and the current was set to 0.25 m/s.
As previously stated, DW parameters should only be compared with the most similar
operating conditions possible.
remained a constant 0.552.
and 0.897.

The DW sizes were selected such that the array spacing ratio

Three case studies were performed with PHDR of 0.448, 0.598,

Schematics of the three PHDR are shown in Figs. 4.84-4.86.

Figure 4.84: View from upstream of PHDR of 0.448
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Figure 4.85: View from upstream of PHDR of 0.598

Figure 4.86: View from upstream of PHDR of 0.897
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4.3.1

VMI VS DOWNSTREAM LOCATION FOR 3 PHDR
Figure 4.87 and Table 4.6 demonstrate that the largest permissible DW is preferable.

The larger DWs create stronger vortices, which create more mixing.

Furthermore, the vortices

occupy more of the channel depth (see Section 4.3.3).
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Figure 4.87: VMI vs downstream location for 3 PHDR

Table 4.6: VMI Averaged over RW length vs PHDR
PHDR
Average VMI
0.448
0.0641
0.598
0.0964
0.897
0.1058
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4.3.2

POWER CONSUMPTION VS PHDR
Table 4.7 and 4.8 indicate that enlarging the DW results in large increases in power

consumption.

This augmentation is primarily due to the increase in surface area.

with a PHDR of 0.897 have 4 times the projected area as those with a PHDR of 0.448.

The DWs
The drag

is also likely increased by the relative size of the DW in comparison to the RW dimensions.

In

particular, the velocity gradients at the trailing edge become relatively high.

PHDR
0.448
0.598
0.897

Table 4.7: Power Consumption vs PHDR
Power Consumption (Watts)
0.764
1.599
1.951

Table 4.8: Power Consumption per DW vs PHDR
PHDR
Power Consumption (Watts)
0.448
0.191
0.598
0.533
0.897
0.975

4.3.3

PHDR FLOW VISUALIZATION
The effects of the bend and the center wall can be seen in both the pressure

distributions and the velocity profiles shown in Figs. 4.88-4.117.

A dead zone exists near the

center of the bend, the velocity magnitude steadily increase as the distance from the bend
increases.

There is one notable exception to this trend, which is narrow region close to the

center curve wall which contains the fastest flow.
Velocity profiles reveal that augmenting the DW results in stronger trailing vortices.
particular the 14.5 in. DW (Figs. 4.104-4.113) show vortices which retain superior strength
throughout the length of the RW as compared to smaller DW.
instant in time.

Velocity profiles represent an

In
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Figure 4.88: View from upstream of pressure distribution for PHDR of 0.448

Figure 4.89: View from downstream of pressure distribution for PHDR of 0.448
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Figure 4.90: Velocity profile 8 in. downstream from DWs for PHDR of 0.448

Figure 4.91: Velocity profile 16 in. downstream from DWs for PHDR of 0.448
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Figure 4.92: Velocity profile 24 in. downstream from DWs for PHDR of 0.448

Figure 4.93: Velocity profile 32 in. downstream from DWs for PHDR of 0.448
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Figure 4.94: Velocity profile 40 in. downstream from DWs for PHDR of 0.448

Figure 4.95: Velocity profile 48 in. downstream from DWs for PHDR of 0.448
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Figure 4.96: Velocity profile 56 in. downstream from DWs for PHDR of 0.448

Figure 4.97: Velocity profile 64 in. downstream from DWs for PHDR of 0.448
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Figure 4.98: View from upstream of pressure distribution for PHDR of 0.598

Figure 4.99: View from downstream of pressure distribution for PHDR of 0.598
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Figure 4.100: Velocity profile 8 in. downstream from DWs for PHDR of 0.598

Figure 4.101: Velocity profile 16 in. downstream from DWs for PHDR of 0.598
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Figure 4.102: Velocity profile 24 in. downstream from DWs for PHDR of 0.598

Figure 4.103: Velocity profile 32 in. downstream from DWs for PHDR of 0.598
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Figure 4.104: Velocity profile 40 in. downstream from DWs for PHDR of 0.598

Figure 4.105: Velocity profile 48 in. downstream from DWs for PHDR of 0.598
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Figure 4.106: Velocity profile 56 in. downstream from DWs for PHDR of 0.598

Figure 4.107: Velocity profile 64 in. downstream from DWs for PHDR of 0.598
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Figure 4.108: View from upstream of pressure distribution for PHDR of 0.897

Figure 4.109: View from downstream of pressure distribution for PHDR of 0.897
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Figure 4.110: Velocity profile 8 in. downstream from DWs for PHDR of 0.897

Figure 4.111: Velocity profile 16 in. downstream from DWs for PHDR of 0.897
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Figure 4.112: Velocity profile 24 in. downstream from DWs for PHDR of 0.897

Figure 4.113: Velocity profile 32 in. downstream from DWs for PHDR of 0.897
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Figure 4.114: Velocity profile 40 in. downstream from DWs for PHDR of 0.897

Figure 4.115: Velocity profile 48 in. downstream from DWs for PHDR of 0.897
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Figure 4.116: Velocity profile 56 in. downstream from DWs for PHDR of 0.897

Figure 4.117: Velocity profile 64 in. downstream from DWs for PHDR of 0.897

89
CHAPTER 5
CONCLUSIONS AND FUTURE WORK

5.1

CONCLUSIONS
Introducing vertical mixing in open raceway ponds increases algal growth.

method of increasing vertical mixing is via delta wing (DW) implementation.
quantifying the mixing is the vertical mixing index (VMI).

An effective

A useful metric in

New operational parameters were

obtained by a validated computational fluid dynamics (CFD) models.

Operating conditions

were deemed preferable if the VMI substantially increased without a large increase in power
consumption.
The preferred vertical position (VP) was revealed to be far lower than initially assumed.
As the VP was lowered, the distance from the centers of the vortices to the free surface
increased, resulting in lower energy dissipation.

The lowest VP tested (trailing edge mounted

0.25 in. above RW bed) had higher vertical mixing than any other VP tested.
The array spacing ratio (ASR) was narrower than previous estimates.
study was the first to model a complete array of DW in a full scale RW.

The ASR case

The model accounted

for the increase in the number of allowable DWs in an array as the ASR decreased.

Results

confirmed that as the ASR decreases, the VMI initially increases, but eventually plateaus.
superior array spacing of those tested to be roughly half a DW.

The

Lastly, the largest tested

projected height to depth ratio (PHDR) of 0.807 was the most effective.

Augmenting the DW

resulted in stronger the vortices, which increased vertical mixing.

5.2

FUTURE WORK
The new preferred operating conditions should be tested in the largest RW available.

As RW size increases, areas prone to stagnation are more common, and the vertical mixing
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caused by secondary flow from the bend is less substantial.

Results would hopefully show an

increase closer to the 120% seen by Laws et al. [9], which has yet to be duplicated. Promising
results would prompt increased interest in the DW
The comprehensive work at USU with DW lacks an estimation of algal growth as a
function of VMI. Past research has only established a positive correlation between algal growth
and VMI.

All recommended DW operating conditions are defined as preferable based on the

premise that future experimental setups should have the highest VMI attainable without
relatively large increases in power consumption in comparison to the total RW consumption.
However, without a defined function, operating conditions cannot be truly be optimized.
By conducting growth experiments with different angles of attack, future researchers
could estimate algal growth as a function of VMI.

The nature of this experiment would be

arduous.

Factors such as temperature, acidity, salinity, and sunlight all play a factor in algal

growth.

As a result, all results contain substantial, seemingly random fluctuations in biomass

yields.

All growth studies with DW were binary; ponds either contained or did not contain a

large DW with an angle of attack of 40 degrees.

Testing DW with a variety of angle of attack

will require more growth cycle to obtain conclusive results.
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Appendix B
Free Surface Anisotropic Grid Refinement Study

Table B1: Anisotropic Grid Refinement Residuals
Residual\Local Mesh
100%
50%
25%
Refinement
Continuity
6.464e-4
5.416e-4
8.534e-4
X-momentum
1.450e-4
2.287e-4
1.438e-4
Y-momentum
3.880e-5
5.801e-5
7.286e-5
Z-momentum
2.542e-5
5.196e-5
6.221e-5
Volume of Fraction
1.039e-3
5.911e-4
7.798e-4
Turbulent Kinetic Energy
4.063e-6
5.988e-6
6.121e-6
Turbulent Dissipation Rate
4.037e-8
1.298e-6
1.960e-6

12.5%

6.25%

7.171e-4
6.370e-5
2.252e-5
4.291e-5
4.001e-4
3.527e-6
8.947e-7

1.976e-3
1.042e-3
3.042e-4
2.712e-4
3.221e-3
9.946e-6
2.182e-4

Note that while a 12.5% anisotropic grid refinement does not have all of the lowest
residuals.

It has the lowest the in x-momentum and the volume of fraction solver, as well as

the second lowest in continuity.
difficult to converge.

These three residuals in particular were generally the most

Trial and error showed that when continuity, x-momentum, and volume

of fraction were minimized, results substantially improved.
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Appendix C
Initial Conditions Study
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Figure C.1: VMI vs distance downstream from DW for initial condition study

Initial conditions were set using the volume of fraction wave.

Three separate initial

conditions were used in order to show the intendance of the converged solution from the initial
condition.

The first entails the current of the water traveling in the same direction as in outlet

throughout the entire raceway.

While this is accurate after the bend, it is opposing the natural

flow of water near the inlet.
The second initial condition is similar to the first save that the direction of the current is
reversed.

This initial condition is only accurate near the inlet.

set velocities to zero.

The final initial condition is to

Figure D.1 shows all converged solutions over plotted, revealing that the

solution is independent of initial conditions.
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Appendix D
Residuals

Table D1: Temporal Grid Refinement
Residual\Time Step
0.10s
0.05s
Continuity
9.637e-4
7.171e-4
X-momentum
3.666e-4
6.370e-5
Y-momentum
3.241e-5
2.252e-5
Z-momentum
1.380e-4
4.291e-5
Volumes of Fraction
2.209e-3
4.001e-4
Turbulent Kinetic Energy
3.218e-6
3.527e-6
Turbulent Dissipation Rate
4.936e-8
8.947e-7

Table D2: Spatial Grid Refinement
Residual\Cell Size
2.0 in
Continuity
2.986e-3
X-momentum
1.093e-4
Y-momentum
1.085e-4
Z-momentum
2.181e-4
Volumes of Fraction
1.586e-3
Turbulent Kinetic Energy
2.244e-5
Turbulent Dissipation Rate
1.797e-4

Residual\VP (in.)
Continuity
X-momentum
Y-momentum
Z-momentum
Volume of Fraction
Turbulent Kinetic Energy
Turbulent Dissipation Rate

Table D3: VP Residuals
0.25
0.75
7.880e-4
7.483e-4
1.831e-4
1.307e-4
4.163e-5
2.94e-5
4.297e-5
3.921e-5
4.562e-4
4.588e-4
6.654e-6
4.013e-6
1.319e-6
6.534e-7

0.025s
1.105e-3
3.785e-4
1.747e-4
2.002e-4
1.685e-3
7.679e-6
1.046e-4

1.0 in
7.171e-4
6.370e-5
2.252e-5
4.291e-5
4.001e-4
3.527e-6
8.947e-7

1.25
7.049e-4
5.967e-5
1.286e-5
2.246e-5
4.209e-4
2.655e-6
4.587e-7

0.01s
2.763e-3
2.251e-3
5.723e-4
8.384e-4
1.190e-3
8.807e-5
2.409e-3

0.5 in
9.845e-4
1.249e-3
4.041e-4
2.889e-4
4.213e-3
4.399e-6
1.309e-6

2.50
1.112e-3
4.228e-4
9.968e-5
7.419e-5
6.554e-4
8.747e-6
8.653e-6
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Table D4: ASR Residuals
Residual\ASR
1.069
Continuity
7.880e-4
X-momentum
1.831e-4
Y-momentum
4.163e-5
Z-momentum
4.297e-5
Volume of Fraction
4.562e-4
Turbulent Kinetic Energy
6.654e-6
Turbulent Dissipation Rate
1.319e-6

0.552
7.483e-4
1.307e-4
2.94e-5
3.921e-5
4.588e-4
4.013e-6
6.534e-7

0.241
7.049e-4
5.967e-5
1.286e-5
2.246e-5
4.209e-4
2.655e-6
4.587e-7

Table D5: PHDR Residuals
Residual\PHDR
0.404
Continuity
7.880e-4
X-momentum
1.831e-4
Y-momentum
4.163e-5
Z-momentum
4.297e-5
Volume of Fraction
4.562e-4
Turbulent Kinetic Energy
6.654e-6
Turbulent Dissipation Rate
1.319e-6

0.538
7.483e-4
1.307e-4
2.94e-5
3.921e-5
4.588e-4
4.013e-6
6.534e-7

0.807
7.049e-4
5.967e-5
1.286e-5
2.246e-5
4.209e-4
2.655e-6
4.587e-7

