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ABSTRACT

Computational Fluid Dynamics (CFD) is a crucial tool in the design and analysis of
hydraulic machinery, especially in the design of a micro hydro turbine. The micro hydro
turbine in question is for a low head (less than 60 meters), low volumetric flow rate (0.005
m’/s to 0.5 m’/s) application with rotation rates varying from 200 RPM to 1500 RPM. The
design of the runner geometry is discussed, specifically a non-uniform Archimedean Spiral
with an outer diameter of 6 inches and length of 19.5 inches. The transient simulation method,
making use of a frame of reference change and a rotating mesh between time-steps, is
explained as well as the corresponding boundary conditions. Both simulation methods are
compared and are determined to produce similar results. The rotating frame of reference
method was determined to be the most suitable method for the mapping of performance
characteristic such as required head, torque, power, and efficiency. Results of simulations for a
non-uniform Archimedean Spiral are then presented. First, a spectral and temporal
convergence study is conducted to make sure that the results are independent of time-step and
mesh selection. Performance characteristics of a non-uniform pitched blade turbine are
determined for a wide range of volumetric flow rates and rotation rates. The maximum
efficiency of the turbine is calculated around 72% for the design of the turbine blade

considered in the present study.



Chapter 1

INTRODUCTION

Harnessing the power of flowing water has been done for many millennia, with
examples dating back 2000 years ago in China and Greece where the water wheel was used to
grind wheat into flour [1] [2]. Today, hydropower is used to supply the world with 20 percent

its electricity needs [3].

Hydropower has a long history within the United States. Niagra Falls was the first
location in the United States where a hydroelectric plant was installed, but it was not until after
World War I that hydroelectric plant design became standardized [2]. In this time, about 40
percent of the United States power generation came from these hydroelectric plants, however,

today hydropower provides about six percent of the United States’ electricity [2].

Clean, renewable energy is a hot topic in the modern power generation field.
Hydropower is a perfect means to fulfill these two requirements. Hydropower is renewable
because it relies on natural precipitation cycles and is clean because it produces no air
pollution. A hydroelectric facility can take many forms: using a reservoir, using channels to
redirect flow from a river, or a pump storage facility using an upper and lower reservoir [4].
The majority of the arguments against hydropower are environmental and aesthetic in nature.
Constructing a reservoir can affect the oxygen levels downstream of the reservoir and can
affect the plant, aquatic and nearby habitats of land-dwelling animals for example [4]. Large
scale hydropower, defined by the U. S. Department of Energy as a facility that can produce

more than thirty megawatts of power, also has high capital costs [4].
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Micro-hydro applications are an excellent way to address these negative issues of large
scale hydropower. Micro-hydro is a small scale application of these larger units and has the
advantage that it can work with the surrounding environment with little impact. More
specifically, a hydrokinetic application would suite these needs well. A hydrokinetic application
would allow the turbine to be submerged in a moving stream and make use of the current to
generate electricity. This application would not require the use of a reservoir or a diversion in

the river, which makes this application more environmentally friendly.

Hydrokinetic micro-hydropower generation would be excellent for farming or remote
places. This application would have a direct benefit in rural areas by producing revenue to
repay irrigation facilities and providing power for other farming or domestic purposes [2]. For
remote locations, hydropower can even be a cheaper alternative than having power lines
brought to the location from the main power grid. It may take a few years to pay off the capital
investment for these micro hydro installations, but once the system is paid off the installation

will begin to net profit.

This thesis will focus mainly on the design, simulation, and characterization of a non-
uniform pitch Archimedes screw. It will discuss the flow regime that is developed by this

turbine. Different simulation methods will be introduced and compared.

HYDRO TURBINE CLASSIFICATION

There are two primary classifications of hydro turbines: reaction and impulse turbines.

Reaction turbines are fully immersed in water and rely on a pressure difference across the
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blade passages to spin the turbine. An impulse turbine is not immersed and converts the high
pressure upstream of the turbine to a fast jet that strikes the turbine buckets, turning the

turbine.

The type of turbine that is appropriate for a specific application is dependent on the
available head and flow rates seen by the turbine. The available head will determine the shape
of the turbine, while the flow rate will determine the size of the turbine [3].With head and flow
rate known, there are three basic hydro turbine designs that are commonly used today: Pelton,

Francis, and Kaplan turbines.

Plan View of Bucket Side View of Bucket

Figure 1: Schematic of Lester Pelton's Patent [3]



The Pelton Wheel was invented by Lester Pelton around 1880 [3]. A schematic of this
design is pictured in Figure 1. This design makes use of a high head (around 300 to 400
meters) to channel fluid into one to three nozzles that spray onto bucks on the rotor [3]. The
buckets then deflect the flow ideally 180 degrees from its inlet direction which allows for the
rotor to turn. A Pelton turbine is therefore classified as an impulse machine and has peak

efficiencies around 90% [3].

Figure 2: Original Schematic of a Francis Turbine [5]



The Francis turbine was invented by James B. Francis around the mid 1850’s [5]. He
was looking at reinventing a waterwheel and discovered that by turning it on its side and
making a few other modifications, he could increase the wheel’s efficiency from around 65%
to about 88% [5]. The application for a Francis turbine is in a “moderate” range of head [3].
Figure 2 is an original schematic of a Francis turbine. Key features to a Francis turbine are the
volute or spiral case, stationary guides called stay vanes, rotatable guides called wicket gates,

and the Francis runner itself. This machine is considered as a reaction turbine.

Figure 3: Example of a Typical Kapln Turbine [6]



Finally the Kaplan was designed by Viktor Kaplan around 1929 [6]. This machine is
noted for its high efficiency over a wide range of operation [6]. Components of a Kaplan
turbine can be very similar to that of a Francis turbine, with the exception that a Kaplan
turbine operates axially rather than radially [3]. Some units even avoid the hassle of converting
the radial flow to an axial flow all together and are strictly axial machines such as a bulb turbine

[3]. Figure 3 is an example of a typical Kaplan turbine.

THE COMPUTATIONAL FLUID DYNAMICS METHODOLOGY

Computational Fluid Dynamics (CFD) is a tool widely used in industry today, and has
it’s developing roots back in the 1950’s and 1960’s for trying to solve for the flow over blunt
bodies at supersonic speeds [7]. This problem was of interest because of ICBM’s and later the
space program and perplexed many scholars of the time. Today this problem has been reduced
to a mere homework assignment for students studying fluid mechanics. This goes to show the
progress that has been made in the past half century in this field has made remarkable leaps in
how these numerical methods help scientists and engineers solve practical problems for our
time.

There is a set methodology behind planning and implementing a CFD solution. This
being geometry creation, grid generation, choosing appropriate models, supplying appropriate
boundary conditions, finding an appropriate solution to the governing equations and boundary
conditions, and post-processing the results of the computation. These six basic steps are

common in any CFD problem no matter what is to be studied.



Geometry generation is usually carried out by Computer Aided Design (CAD) or 3D
modeling package. Attention has to be made to simplifying the geometry so that a satisfactory
grid can be generated in the next step. Features such as fillets or very small clearances relative
to the size of the computational domain are usually neglected at this time because their
presence usually has little effect on the calculated flow field or the computational resources
required to model these features outweigh what is available. In regards to turbo-machinery
objects such as fillets of the blades to the hub, a requirement for the structural integrity of the
runner, are usually ignored at this stage. Also, the clearance between the runner blade and the
shroud, usually on a scale of a couple millimeters as compared to a few meters in diameter for
the runner itself, is not modeled due to computational limitations.

In the next phase, a grid or mesh is generated from the input geometry. There are
several considerations that must be taken into account in what will make up the grid.
Foremost, the kind of grid must be chosen such as a structured, block structured,
unstructured, or hybrid grid based on factors such as personal experience, computational
limitations, and how sensitive the solution is to the implementation of the chosen grid [7].
Other considerations are if the solution is viscous, then a mesh resolving the boundary layer
must be considered or if the solution is turbulent, then appropriate first cell layer Yplus values
should be met.

Following grid generation, the appropriate models must be chosen for the problem at
hand. Questions such as must the solution be in 3D or can it be simplified to a 2D problem
without sacrificing too much accuracy to the results need to be determined. It should also be
known if the problem is a steady-state or transient in nature. Will an incompressible

continuum assumption be valid? If not, will heat transfer play an important role in a
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compressible scenario? Is the flow laminar, turbulent, or even both? These are just some of the
major principles that must be thought of carefully at this point in this methodical process.
There are other considerations too, such as if the flow is multiphase, contains a chemical
reaction, or if there is a movement in the geometry involved [7].

Once an appropriate model is chosen for the goals of the simulation, the boundary
conditions are supplied. Control volume principles such as inlets and outlets of the overall
computational domain are specified with parameters such as velocities, static pressures, mass
flow rates, temperatures, and turbulence conditions. Walls of the domain are also specified and
are given conditions such as if they are rotating or translating in space, if they are ideal no-slip
walls or have a specified wall roughness, and if a specified shear stress is applied by the
working fluid on the wall. Periodic boundary conditions can be supplied when a fluid particle
leaves one surface of the computational domain and reenters the domain on a specified
surface. Such a boundary condition is a useful approximation in turbo-machinery allowing only
a single blade or guide vane to be numerically modeled instead of the entire cascade. Finally,
interfaces between computational domains can be specified for solutions requiring multiple
reference frames where the results at a boundary for one domain can be interpolated onto a
coexisting boundary. This can increase the complexity of the solution, but at the same time
allow for a more stable and accurate solution if implemented correctly.

At this point, a solution is ready to be calculated. Writing homemade code is a
possibility, but today there are many commercially available (CFX, Fluent, STAR-CD, etc.) and
open-source codes (OpenFOAM) where a solution can be calculated. Input parameters such
as the number of maximum iterations or in the case of a transient problem, the number of
time-steps, time-step size, and maximum iterations per time-step must be supplied. One
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cannot just simply run the calculation and wait for a final result, close monitoring of the
solution is usually required for the computational fluid dynamics simulations of complex
geometries such as the one considered in this work. Plots such as the RMS or maximum cell
residuals between calculations for each equation solved in each outer iteration of the solution
should be monitored for values approaching zero. If the residuals are zero, this means that the
calculated value between iterations has not changed thus a solution may have converged. A
solution may have converged and not definitely converged because along with residuals, key
performance characteristics based on the goals of the calculation should be monitored for
convergence on a reasonable value.

Finally, once the solution is determined to be converged, the fruits of the labor can be
reaped from post-processing the calculated solution. Here streamlines, contours, velocity
vectors, and other fascinating features can be impressively calculated and displayed with ease.
Here though it takes a person familiar both with the problem at hand and the numerical
methods used to derive the solution to determine if this result makes physical sense. If in any
of the previous steps an improper assumption or implementation of a model or boundary
condition is applied, the post-processed results are nothing more than impressive figures of

conditions that do not make any physical sense.
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Chapter 2

DESIGN AND MESHING

Previously mentioned were the various types of standard hydro turbine designs and
their general application. This investigation was focused on a low head, low volumetric flow
rate application of a hydro turbine. Another important requirement was the portability of this
device. This hydro turbine must be easy to transport and set-up by a small team in as little time
possible. Finally, the turbine should have a hydrokinetic application as well. This paper will
focus on the run-of-river setup, where a head of water would be developed by diverging water

from a river through a penstock.

The design chosen to accomplish this task is not a standardized design. A twist on the
Archimedean screw was adapted where the pitch of the screw changed as a function of shaft
length. At the leading edge, the pitch is steep and then transitions to almost perpendicular
pitch to the flow direction at the trailing edge. The idea behind this design is to be able to have
more control of the pressure difference between the pressure side and suction side of the
blades, allowing for more torque to be extracted from the fluid as opposed to a more

traditional uniformly pitched Archimedean screw.
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Figure 4: a) Uniformly Pitched Blades, b) Non-uniformly pitched blades based on a Power
Relationship, ¢) Non-uniformly Pitched Blades Based on an Arctangent Relationship




Pictured in Figure 4 are some examples of geometries that were investigated for this
application. Figure 4a represents a standard Archimedean screw that has uniform pitch from
leading to trailing edges. Figure 4b and c represent the non-uniformly pitched Archimedean
screws that were investigated. The pitches of these screws are governed by equations 1 and 2.
Figure 4b represents the power relationship shown in equation 1. Figure 4c uses similar

equations with the exception of the z-coordinate which is shown in equation 2.

X Y t\™ Nm
=Rcos(t) = Rsin(t) zZ=1 <1 B (W) ) b= lShaftT @
t
atan (W)
Z=L|1- ~tan(1) )

In these equations, X, Y and Z are the coordinate locations of the point in question, R
is the radius of the blade, L is the shaft length, 1, is the current location along the shaft’s
length, N is the number of wrapping turns the blade makes around the shaft, m is a specified

constant, and t is a parametric variable.

These equations were used in a MATLAB script to export points to a text file. This
text file was then imported into the CAD package SolidWorks to create splines that would
govern the geometry of the blades of the screw. A shaft was also added to the geometry at this

stage and once complete, the geometry was exported for numerical investigation.
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Figure 5: Example Domain and Mesh Used in the Investigation a) The Entire domain b) Cross-sectional View
from the Outlet c) Surface Mesh on the Turbine Blade
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First, before a mesh can be generated the size of the computational domain must be
determined. In the run-of-river design method, water would be diverted from a body of water
through a hose, pass through the turbine, and be reintroduced into another body of water. The
domain for a CFD calculation of this method makes sense to include the screw housed in a
pipe approximately the diameter of the turbine. Figure 5 depicts the schematic of the flow
problem. The turbine, which has a hydraulic diameter of six inches and shaft length of 19.5
inches, has been placed inside a housing. This housing is a simple pipe with a hydraulic
diameter of six inches and length of 63.5 inches. For these simulations, therefore, the gap
between the blade and the housing is not modeled. Figure 5a depicts the entire computational
domain. Figure 5b is a cross section of the mesh on the outlet face and Figure 5¢ shows the

surface mesh on the turbine blade itself.

The accuracy of results produced through a CFD calculation is only as good as the
mesh that is provided for analysis [8]. There are a few basic meshing techniques such as a
structured or unstructured mesh and the mesh can be comprised of different element types.
The most common element types are hexahedra, tetrahedral, square pyramids and extruded
triangles. Unstructured 3D grids tend to use hexahedra and tetrahedral elements, while

structured grids rely more on quadrilateral and hexahedral elements [9].

The mesh used makes use of a few different elements. The base element that
comprised the mesh is a hexahedral element. Tetrahedral elements were also used to help
bridge the gap between hexahedral elements when the boundaries could not be resolved well.

In order to resolve the boundary layer, prism elements were used by inflating the size of the
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element by 1.2 times the original prism size to help transition the boundary mesh to the main

hexahedral mesh.

Attention had to be made with the element sizes used in the mesh. Using smaller
elements can improve the accuracy of the solution, but will require more computational
resources and time to generate the solution. Using larger elements eases the computational
requirements of the calculation, but the results may not be as accurate. Therefore, a balance
between using larger and smaller elements needs to be implemented. Smaller elements should
be used in regions of interest and near wall and larger elements should be placed in regions of
less importance to the solution. A spectral investigation on the effect of mesh element size on

the solution will be presented later in this paper.
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Chapter 3

MODELING AND NUMERICAL METHOD

Computational Fluid Dynamics plays a vital role in the design of turbo-machinery.
This tool allows for multiple design iterations in a considerably shorter amount of time than
having to construct a model and running an experiment. With computational power increasing
over the years, this tool becomes an even more robust analysis method. Even though this tool
provides the possibility of a more productive analysis method, the results obtained from a
simulation are only as good as the information in which is provided to the program. The tool
has the capability of producing some impressive colorful images, but if the data or method
provided to the simulation does not have a physical representation, pretty colorful images are
all the results obtained are good for. Experience and physical data will lead to more

meaningful, physical results from this analysis.

Turbo-machinery provides and interesting application for CFD. In the real world, an
impeller is rotating about a central axis at a certain angular speed due to the interaction
between the working fluid and the impeller. This makes meshing in the area near the impeller
an interesting task. Careful thought should be taken into consideration on how to deal with
this. Since the impeller is rotating, this makes the fluid flow in this region transient in nature.
There are two schools of thought to modeling this transient nature. The first is to rotate the
mesh in the region of the impeller at an angular speed equal to the rotation rate of the impeller,
thus computational mimicking the motion of the physical phenomenon of the impeller. The

second is to not rotate the mesh itself, but to rotate the frame of reference in the region near
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the impeller at an angular speed equal to that of the impeller rotation rate. This allows for a
relative calculation of the flow parameters to this rotating reference frame. The goals of both
these methods are the same, but each has their advantages and disadvantages in modeling the

phenomenon in the region near the impeller.

The method that was ultimately settled on to accomplish modeling the transient nature
of the flow near the impeller was using the frame of reference change. The velocity field was
formulated relative to the rotating frame of reference, and thus two additional terms are added
to the conservation of momentum equation representing the Coriolis and centripetal
accelerations [10]. Equations for conservation of mass and conservation of momentum take
the following form:

dp R
E+V-pvr=0 3)

J . R L
a(pvr) + V- (or,1,.) + pQRw ><j7r +w0XwXT) @)
= —Vp+V-% +F

Here V, is the relative velocity vector of the fluid, g is the fluid density, w is the angular

velocity vector, P is the pressure, T, is the shear stress tensor, F is the external applied force, t

is the time, and V is the differential vector operator.

Another computational feat that must be accomplished is in modeling turbulent
structures in the flow field. These turbulent structures occur on many different length and time
scales, making modeling all possible length and time scales a computational task that is beyond
practical. There are a few different turbulence models available to accomplish capturing the
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important turbulent length and time scales. The model that was used in this study is a variant

on the standard k-epsilon model called the renormalized group k-epsilon model.

The renormalized group analysis of turbulence was first investigated by Yakhot and
Orszag [11] in 1986, and a turbulence model was developed later in 1992 that offers
improvement in modeling turbulence at high Reynolds numbers by removing the smallest
scales of turbulence, allowing computation of these turbulence scales a more feasible task [12].

The transport equations are for this method area as follows:

2 2 d e\ ok
T (pk) + o (pku;) = o [(H + 0_k> a_x]l + Py — pe ®)

d 9
e (pe) + =— (pew;)

axi
- ax] M O_g ax] 1£k k ng k
Cun*(1 —n/n0)
* K 7
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In the above equations, g is the fluid density, p is the local dynamic viscosity, y, is the
turbulent viscosity, P is the pressure, k is the turbulent kinetic energy, ¢ is the turbulent energy
dissipation, t is the time, x is a position vector, u is a velocity vector, C,, C,, C,,, o, and o, are
prescribed constants, Cye and 7 are parametric constants, S is the modulus of the mean rate-of-

strain tensor, S; is the rate of strain tensor and the small script i, j and k are vector integers. In
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these equations, the buoyancy terms have been neglected. The constants used in these

calculations for C, C_, and C,, are 0.0845, 1.42 and 1.68, respectively.

Boundary conditions play an important role in the accuracy of solutions as well. At the
inlet to the computational domain, a fully-developed turbulent velocity profile was assumed.
The turbine is encased in a pipe-like housing, thus a standard empirical relationship that

governs the velocity profile is given by:

u r

- = - 9

; (1 R) ©)
n = —17 + 1.8InRey (10)

Here U is the average local velocity, U is the maximum velocity, r is the local radius, R
is the total outer radius, n is a parametric constant, and Re is Reynolds number using the
maximum velocity at the characteristic velocity and the pipe diameter as the characteristic
length. In this relationship, the ratio of the local velocity to the maximum velocity is defined
by the percent distance from the outer radius of the pipe raised to the inverse an empirical

CXpOﬂCﬁt.

On the inlet and outlet of the domain, parameters of turbulence are defined for
turbulence kinetic energy and turbulent dissipation rate. These parameters were back calculated
through the input parameters of a specified turbulent intensity and hydraulic diameter. These
parameters, I and D;; were 10% and 0.1524 m, respectively. Ten percent for turbulent

intensity represents a pretty turbulent condition based on a professional opinion. The hydraulic
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diameter is just the diameter of the encasing. This value is used to determine the length scale
used in the k and epsilon parameters by 1 = 0.07 Dy,. The turbulent kinetic energy and

dissipation rate can then be calculated by:

3

k=5 (tangl)’ ay
k3/2
_ 3/4
E_CM T (12)

Here k is the turbulent kinetic energy, ¢ is the turbulent energy dissipation, u,,, is the average
velocity, I is the turbulent intensity, 1 is a characteristic length scale, and C, is a prescribed
constant. These relationships for the turbulence model were used both on the inlet and outlet
faces of the domain. The specified values for the turbulent intensity (I) and hydraulic diameter

D,y were 10% and 0.1524 m, respectively.

The turbine is encased in a housing that has a no-slip condition applied to it, and is
assumed to have hydraulically smooth walls. A modified equation for the law-of-the-wall is

used to calculate the shear stress acting on the wall [13].

u,u” 1 u*
P =—ln<E'D yp)—AB (13)
Tw/p K 2
x _ p1/47,1/2 1
ut =,k AB = —In(f,) 14)

In these equations, u, is the mean velocity of the fluid at the near-wall node p, u’ is the friction
velocity, 1, is the wall shear stress, o is the fluid density, x is the Von Karman constant, E is an

empirical constant, y, is the distance to the wall from the adjacent cell centroid, p is the
21



dynamic viscosity, AB is a parametric constant, C, is a prescribed constant, k is the turbulent
kinetic energy, and f, is a roughness function. Since the assumption of hydraulically smooth
walls is in effect, however, these equations are not evaluated in the simulations as a boundary

condition.
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Chapter 4

RESULTS AND DISCUSSION

A study was conducted to optimize the mesh, computational domain, and time-step
selection for a transient CFD analysis. Such studies are common in the numerical world to
prove spectral and temporal convergence of the solution [14] [15]. The domain inlet boundary
condition was placed five inches away from the leading edge of the impeller, and outlet
boundary condition was placed approximately fifteen inches away from the trailing edge. The
additional length at the outlet was to ensure that the outlet boundary condition had little
computational effect on the solution in the region of the runner. Three different meshes were
used, ranging from coarse to fine, in order to determine the effect the mesh had on the
calculated solution. The general size of the mesh elements and refinement near solid to fluid
interfaces was varied to determine how the mesh influences the calculation of performance
characteristics for the turbine. Three different meshes were used: a coarse mesh containing
approximately eight hundred thousand elements, a medium mesh with approximately two
million elements, and a fine mesh made up of approximately four million elements. These
meshes were built around the same turbine geometry, with the same boundary conditions

applied to each mesh.

The head calculated from the simulations, as a function of time, can be seen in Figure
6. The corresponding power generated from the interaction between the flow and the turbine
blade is displayed in Figure 7. Based on the flow rate, the head, and the torque generated,

efficiency was determined and is shown in Figure 8. In Figure 6 through Figure 8, an initial
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spike in the value is observed with the values settling around a given value as the turbine
reaches steady state. Table 1 shows the maximum, minimum, and average Yplus value along
the blade for each simulation done. Table 2 displays the maximum, minimum, and average

Yplus values, much like Table 1, only for the housing/wall of the fluid.
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Figure 6: Normalized Head over Time
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Table 1: First Layer Yplus Values on the Blade

Coarse Mesh Medium Fine
Mesh

Min Yplus 1.112
(Blade)

Max Yplus 223.464 120.86 65.728
(Blade)

Avg Yplus 60.614 27.977 18.989
(Blade)

Table 2: First Layer Yplus Values on the Housing

Coarse Mesh Medium
Mesh

Min Yplus 3.411 15.463
(Housing)

Max Yplus 145.207 72.982 40.64
(Housing)

Avg Yplus 93.997 52,014 25.794

The result of head versus time, as seen in Figure 6, shows that the meshes produce a
pseudo-steady-state solution around a time of 0.25 seconds. The trade-off between meshes
from the perspective of calculated head is that a coarse mesh will tend to converge on a
pseudo-steady result quicker, but over predict the value of head. A finer mesh will suggest a
more accurate range of head, but will take more computational time and resources to settle on
a value if even at all. The medium mesh appears to be a good compromise between the two

trade-offs.

From the plot of calculated power versus time, seen in Figure 7, a similar trend can be
observed as in the results of head versus time. The coarse and fine meshes appear to agree on

the same pseudo-steady-state value for power, while the medium mesh predicts a value slightly
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higher than the two. Calculated efficiency versus time is dependent upon the solutions of both

head and power. The interaction between these two calculated values can be seen in Figure 8.

The first layer Yplus values, as shown in Tables 1 and 2, for the three meshes also offer
insight as to why the calculated operating parameters produced the given results. On the
coarse mesh, the Yplus values were fair around the blade; however, around the housing the
Yplus values are inappropriate for proper boundary layer resolution. This can explain why the
coarse mesh tended to settle on operating parameters and over predict them compared to the
finer meshes. The results show that the element size of the medium mesh is appropriate as a
compromise between computational time and resources and the accuracy of the results.
Special attention should be paid to resolving the boundary layer near the solid-fluid interface to

be sure that a more physical result is obtained.

THE ROTATING MESH METHOD

As mentioned earlier, there were two methods investigated to attempt to capture the
transient nature of the rotating impeller within the computational domain. The first method
that was investigated was using a rotating mesh, where the mesh rotated at the same angular
speed of the turbine. The following results are for a volumetric flow of 0.1 m’/s with a
rotation rate of 750 RPM. The results for the rotating mesh method will be displayed first,
followed by the results from the frame of reference method and a comparison between the
two results. Figure 9 depicts the total static and dynamic pressure acting on the runner blades.
The total pressure is highest near the leading edge of the blade. Figure 10 shows velocity

vectors passing through the computational domain in a stationary frame. Around the trailing
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edge, the vectors depict a highly turbulent structure that has formed as expected. Figure 11 is
a contour plot of velocity along the meridional and confirms the presence of a turbulent
structure after the trailing edge of the blades. Finally, Figure 12 displays the wall shear stress
acting on the runner due to the fluid flow. As the fluid approaches the trailing edge of the

runner, the wall shear stress increases dramatically.
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Figure 9: Total Pressure Contours at the Surface of the Blade
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Figure 10: Velocity Vectors in the Stationary Frame
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THE ROTATING FRAME OF REFERENCE METHOD

The following figures are results for CFD simulations at 0.1 m’/s and 750 RPM using
the change of reference frame method. Figure 13 depicts the total static and dynamic pressure
acting on the runner blades. The total pressure is highest near the leading edge of the blade.
Figure 14 shows velocity vectors passing through the computational domain in a stationary
frame. Around the trailing edge, the vectors depict a highly turbulent structure that has formed
as expected. Figure 15 is a contour plot of velocity along the meridional and confirms the
presence of a turbulent structure after the trailing edge of the blades. The vorticy rope that is
present at the trailing edge of the runner as expected from the velocity vectors is illustrated in
Figure 16. Figure 16 is an excellent illustration of the switling flow structure created by the
motion of the blades. The intensity of the vortex decreases away from the trailing edge of the
blades. Finally, Figure 17 displays the wall shear stress acting on the runner due to the fluid
flow. As the fluid approaches the trailing edge of the runner, the wall shear stress increases

dramatically.
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Figure 14: Velocity Vectors in the Stationary Frame
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METHOD COMPARISON

Both the rotating mesh and the rotating frame of reference methods are two different
means of producing similar results. Figure 9 and 13 are both total pressure contour plots on
the blades for the same operating conditions, and are displayed with the same color scale. The
results between the two figures are almost exactly the same, with some minute exceptions. The
rotating mesh method shows that there is a slightly larger high pressure region at the outer
edges of the blade on the leading edge than what was calculated with the frame of reference
method. It also depicts a similar result from the low pressure region. These variances, however,
could be due to the fact that a different mesh was used between the two calculations since the

results were computed at different times during this study.

Figure 12 and 15 offer another comparison between the results of the two different
methods. The notable differences between the two figures come in the solution starting near
the trailing edge of the blade and heading downstream of the turbine. One noticeable
difference is in the low velocity region downstream of the turbine. In the rotating mesh
method, we see that the low velocity region is short, and forms the shape of a cone off of the
shaft. In the frame of reference method, we see this low velocity region elongated further
downstream of the turbine. Again, this could be due to the use of different meshes for the
calculations. However, the reference frame method is known to smooth the transient effects

of the solution which could also provide an explanation for the variation in results [16].

Differences between the calculated wall shear stress are also apparent between the two

calculations as seen in Figure 12 and 17. The high area of wall shear stress appears to be more
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predominate in the reference frame method than the rotating mesh method. Also, on the
frame of reference method using the same color scale between the two results, there are little
splotches of lower shear stress regions located on the outer radius of the blades in the middle

area of the blades which are not apparent on the same plot for the rotating mesh method.

Moving to a macroscopic view of the results, the performance results are similar
between calculations as well. The definition of these performance parameters will be explained
later in this paper. The power calculated by the rotating mesh method has been determined to
be 2248 Wiatts, as to be compared with the reference frame method which was determined to
be 2359 Watts. The percent difference between these two results is about 5%. The calculated
head required for each of these simulations is 3.232 meters for the rotating mesh and 3.224
meters for the reference frame method, differing by about 0.2%. Finally, the calculated
efficiency for the rotating mesh is 72% as compared to the reference frame’s efficiency of 74%
for a difference of about 3%. These performance results indicate that the solutions between
these two methods are similar. The reference frame method appears to have a higher
prediction in performance characteristics. It can be due to the mentioned smoothing of the
transient nature of the solution, which is known to over predict turbulence parameters in k-
epsilon models such as the model used between these two simulations. Without any physical
test data such as Laser Doppler Velocimetry (LDV) measurements, this claim can be hard to

make [17] [18] [19].
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THE EFFECT OF FLOW RATE ON THE FLOW REGIME

The effect of volumetric flow rate has a strong influence on the performance of the
turbine and in the flow regime. The following figures represent the solution using the rotating
mesh method, with a constant rotation rate of 750 RPM. The flow rates chosen for these

comparisons are 0.05 m’/s, 0.1 m’/s and 0.2 m’/s.

Figures 9 (Page 28), 18 and 19 are comparisons of the total pressure contours at the
surface of the blade for each of the prescribed flow rates using the same color scale. Figure 18
is the result for the lower flow rate (0.05 m’/s) and shows a pretty even distribution in the total
pressure acting on the blade. As flow rate increase to Figure 9 (0.1 m’/s), it is seen that the
uniform total pressure distribution has increased, and a much higher pressure gradient is seen
in the trailing edge region. This trend is exaggerated even more as the flow rate increases to 0.2

m’/sin Figure 19 where the gradient is even more apparent.

Figures 10 (Page 29), 20 and 21 show insight into the velocity vectors at various planes
in the computational domain. As expected, the trend shows that velocity increases as flow rate
increases. However, as the flow rate increases the gradient in the velocity field at the trailing
edge and downstream is much greater. The turbulent nature of the flow becomes more

apparent as the flow rate increases.

Figures 11 (Page 30), 22 and 23 depict a velocity contour along the meridional of the
computational domain. As flow rate increases the velocity near the trailing edge greatly
increases, and the effect of this increase travels up the blade. Downstream of the turbine, it is

seen that an area of low pressure forms in the center of the domain and depicts the switling
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nature of the flow after the trailing edge. This can be confirmed with Figure 16 which shows a

model of this swirling structure.

Finally Figures 12 (Page 31), 24 and 25 compare the calculated wall shear stress by the
fluid. As expected as the flow rate increases, the wall shear stress increases. It greatly increases
in the trailing edge region especially around the blade-to-shaft interface. Both the wall shear
stress and total pressure contours at the higher flow rates suggest that the onset of cavitation
may be apparent on these surfaces. A thesis by a fellow student in this research group by Jacob

Riglin discusses this issue of cavitation in more detail [20].
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Figure 18: Total Pressure Contour at the Surface of the Blade - Flow Rate 0.05 CMS
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Figure 21: Velocity Vectors in the Stationary Frame - Flow Rate 0.2 CMS
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THE EFFECT OF ROTATION RATE ON THE FLOW REGIME

The effect of rotation rate has an influence on the performance of the turbine and in
the flow regime, but not as strong as flow rate. The following figures represent the solution

using the rotating mesh method, with a constant flow rate of 0.1 m’/s. The rotation rates

chosen for these comparisons are 250 RPM, 500 RPM, and 750 RPM.

Figures 9 (Page 28), 26 and 27 are comparisons of the total pressure contours at the
surface of the blade for each of the prescribed rotation rates using the same color scale. All
three figures show a very similar solution in the total pressure distribution. The only slightly
noticible difference is the low total pressure region at the trailing edge of the blade varries

slightly. Rotation rate appears to have only a slight effect on this distributuion.

Figures 10 (Page 29), 28 and 29 show insight into the velocity vectors at various planes
in the computational domain. No noticible difference between these vectors for each rotation
rate can be seen. This again shows that the rotation rate of the blade has little effect on the

solution.

Figures 11 (Page 30), 30 and 31 depict a velocity contour along the meridional of the
computational domain. The solutions are again very similar, however the contours show some
noticible differences in the solution. The high velocity region at the trailing edge of the blade is
larger at the slower rotation rates and decreases in size as rotation rate increases.The low
velocity region downstream of the turbine is also larger for the slower rotation rates and

decreases as rotation rate increases.
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Finally Figures 12 (Page 31), 32 and 33 compare the calculated wall shear stress by the
fluid. Difference between solutions can been seen in these figures.At the slower rotation rate,
the wall shear stress is greater closer to the leading edge and middle section of the blade than
the other two greater rotation rates. The trend appears to be that as rotation rate increases,
shear stress becomes more concentrated in the trailing endge section. The max shear stress

area also seems to be larger in the fastest rotation rate than in the slower rotation rates.
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Figure 26: Total Pressure Contour at the Surface of the Blade - Rotation Rate 250 RPM
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Figure 27: Total Pressure Contour at the Surface of the Blade - Rotation Rate 500 RPM
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Figure 29: Velocity Vectors 1n the Stationary Frame - Rotation Rate 500 RPM
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Figure 32: Contours of the Wall Shear Stress on the Surface of the Blade - Rotation Rate 250 RPM
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UNIFORM VERSUS NON-UNIFORM PITCH

This thesis has stressed the importance of non-uniform pitch in these Archimedean
screw designs. The following results are a comparison with a uniformly pitched screw and
show why this non-uniform pitch is an important aspect to the design. The results shown are

for a flow rate of 0.1 m’/s and rotation rate of 750 RPM.

Figures 9 (Page 28) and 34 depict the total pressure acting on the blade. The uniformly
pitched blade does not have has much of a total pressure change between the leading and
trailing edges of the blade as seen in the non-uniformly pitched blade. Also the total pressure

extremes are much higher for the non-uniform pitch than the uniform pitch.

Figures 10 (Page 29) and 35 compare the velocity vectors at various planes in the
computational domain. For the non-uniform case, the velocity vectors indicate a high amount
of switl downstream of the turbine, and a fast flow near the trailing edge of the blade. In the
uniform case, the swirl is significantly not as strong as the non-uniform case. The velocities
themselves are not varying much either as is seen in the non-uniform case. These two
observations are also evident in comparing the velocity contours of Figure 11 (Page 30) and

Figure 36.

Finally, the difference between the wall shear stress between Figures 12 (Page 31) and
37 is clearly evident. The wall shear stress in the uniform case is pretty low throughout the
entire blade, while in the non-uniform case, the wall shear stress greatly increases toward the

trailing edge of the blade.
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Figure 34: Total Pressure Contours at the Sutface of the Blade - Uniform Pitch
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Figure 35: Velocity Vectors 1n the Stationary Frame - Uniform Pitch
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Figure 36: Velocity Contour along the Meridional of the Computational Domain - Uniform Pitch
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MAPPING OF PERFORMANCE CHARACTERISTICS

In this investigation, the trend in required head, total power, and efficiency are
calculated over a range of volumetric flow rates and rotation rates. The investigation was
concerned with volumetric flow rates ranging from 0.05 m’/s to 0.5 m’/s and with rotation
rates ranging from 200 RPM to 1500 RPM. The results were calculated from the transient
simulation solutions. The total dynamic and static pressure was measured at a region just
before and after the leading and trailing edges of the blades, respectively. The following

equations were used to determine these performance characteristics.

APSL‘at.+Dynam.

Calculated Head = AHyy,p. = 15)
Pwg
Calcualted Power = Piyrp. = ThiadeLbiade (16)
Calculated Ef ficiency = Nyrp. = A X 100% 17)
pngHturb.Q
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Calculated head, power and efficiency are plotted as a function of flow rate in Figure
38 through 41. Figure 38 shows the trend of the calculated required head versus the inlet
volumetric flow rate over a range of rotation rates. The trend shows that no matter the
rotation rate, the required calculated head for that flow rate is approximately the same. It only
starts to vary more around the higher volumetric flow rates (approximately 0.4 m’/s). Figure
39 and 40 display the trend in calculated power versus volumetric flow rate over a range of
rotation rates. Here, it is seen that power increases exponentially as the calculated head does.
However, rotation rate has a drastic effect on the calculated power. At a constant flow rate, as
the rotation rate increases, so does the calculated power. This results in a steeper trend as
rotation rate increases. Figure 41 depicts the trend of the calculated efficiency versus flow rate
over various rotation rates. The trend peaks around 72% efficiency for each rotation rate
investigated, meaning that the rotation rate does not affect the peak efficiency. However,
rotation rate does affect the volumetric rotation rate at which the peak efficiency occurs. A

higher rotation rates moves the peak efficiency to a higher flow rate and vice versa.
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Chapter 5

CONCLUSIONS

This investigation has shown that a person-portable micro-hydro power generation
system is a numerically possible solution for remote power generation. This system will have
military applications such as disaster relief scenarios as well as commercial applications such as

power generation for remote locations.

Computational fluid dynamics packages such as the ANSYS line of products are an
excellent numerical tool for this problem. A quality mesh with adequate solid-fluid interface
resolution is vital for a good, physical numerical result. A transient analysis, using the
renormalized-group analysis transport equations for turbulent flow and formulating the
velocity scheme relative to a stationary runner, is ideal for the design analysis of the

performance characteristics of this runner geometry.

Spectral and temporal convergence is a vital check to the validity of the numerical
solution. It was shown that the medium sized mesh that was investigated is a good
compromise between numerical accuracy and computational resources. The study also showed
that the mesh and time-step selection of 100 time-steps per cycle is adequate enough to
capture the important turbulent length scales for the determination of performance

characteristics of the runner geometry.

Methods to attempt to capture the transient nature of the rotating impeller such as

using a rotating mesh or rotating frame of reference correlate well between solutions. Their
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differences in realizing the flow field are small. The rotating frame of reference appears to
predict higher performance values than that of the rotating mesh, which is thought to be due

to smoothing the transient nature of the flow with the rotating frame of reference.

The calculated head required to operate the turbine increases exponentially and is not
really affected by rotation speed. The power generated is influenced more by the rotation
speed than the required head, but still shows an exponential increase as flow rate increases.
The calculated efficiency peaks around 72% efficiency no matter the chosen rotation rate,

however, the rotation rate does determine which flow rate this peak efficiency occurs.
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