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Figure A.23. Hydroacoustic (HA), or run-at-large, and virtual fish passage estimates
(Plot A) and flow rates through each powerhouse turbine unit, the RSW, and each
spillbay (Plot B) for case F2 in 2002. HA passage estimates and actual flow rates
(mean and standard deviation, Plot B) provided by Anglea et al. (2003). CFD
modeled flow rates reflect the target flow operating condition and were simulated
before HA data on actual flow rates was available. Error bars in Plot A represent the
95% confidence interval (CI) of the HA, or run-at-large, fish passage estimates and
in Plot B represent one standard deviation of the time-varying (actual) flow rate.
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Figure A.24. Hydroacoustic (HA), or run-at-large, and virtual fish passage estimates
(Plot A) and flow rates through each powerhouse turbine unit, the RSW, and each
spillbay (Plot B) for case G2 in 2002. HA passage estimates and actual flow rates
(mean and standard deviation, Plot B) provided by Anglea et al. (2003). CFD
modeled flow rates reflect the target flow operating condition and were simulated
before HA data on actual flow rates was available. Error bars in Plot A represent the
95% confidence interval (CI) of the HA, or run-at-large, fish passage estimates and
in Plot B represent one standard deviation of the time-varying (actual) flow rate.
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Figure A.25. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the two SBC orifices, and each spillbay for different release locations of virtual
fish for case DH8 in 2000. Multi-beam hydroacoustic (HA), or run-at-large, passage
data provided by Anglea et al. (2001).
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Figure A.26. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the two SBC orifices, and each spillbay for different release locations of virtual
fish for case DL5 in 2000. Multi-beam hydroacoustic (HA), or run-at-large, passage
data provided by Anglea et al. (2001).
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Figure A.27. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the single SBC orifice, and each spillbay for different release locations of
virtual fish for case SH4 in 2000. Multi-beam hydroacoustic (HA), or run-at-large,
passage data provided by Anglea et al. (2001).
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Figure A.28. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the single SBC orifice, and each spillbay for different release locations of

virtual fish for case SL2 in 2000. Multi-beam hydroacoustic (HA), or run-at-large,
passage data provided by Anglea et al. (2001).
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Figure A.29. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case A2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.30. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case B2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.31. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case C2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.32. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case D2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.33. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case E2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.34. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case F2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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Figure A.35. Sensitivity analyses of fish passage through each powerhouse turbine
unit, the RSW, and each spillbay for different release locations of virtual fish for
case G2 in 2002. Multi-beam hydroacoustic (HA), or run-at-large, passage data
provided by Anglea et al. (2003).
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APPENDIX B

Hydrodynamics and CEFD Modeling — The Basics

The field of computational hydrodynamics as well as other fields such as
pollutant transport, groundwater, hydrologic, and non-point source pollution process
modeling are built on two fundamental equations: the Law of Continuity (or
Conservation of Mass) and the Law of Conservation of Linear Momentum. The
equation for continuity is derived by equating the net rate of mass accumulation in an
elemental fluid volume to the net flux of mass through the volume, i.e., mass out
minus mass in, as described using a Taylor series expansion. The continuity
equation for laminar flow in Cartesian coordinates and its simplified form if the flow
may be assumed incompressible is shown in Figure B.1. The law of continuity
indicates that no mass can be generated or lost, and that the difference in mass flux

must be equal to the accumulation within the volume.

Equations of Fluid Motion

laminar flow
Continuity Equation (Conservation of Mass) (assuming flow is incompressible)
P ) du dv ow
a_P+a(pu)+ (pV)+ (pw):() |I —_— 4t —4+—=0
ot ox dy oz ox dy oz

Navier-Stokes Equations (Conservation of Linear Momentum)
x-direction, assuming flow is incompressible and viscosity, L, is constant

8u+ au+ au+ ou ap+ N 82u+82u+82u
—tUu— v —Fw— |=—— —_—
Ao & By PEy T A

acceleration terms = force terms

Figure B.1. Equations of fluid motion for laminar flow. p is the density of water, ¢
is time, u, v, and w are the coordinate Cartesian velocities, p is pressure, and g, is the
body force of gravity in the x-direction.
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The equation for linear momentum conservation is derived by equating total
acceleration (time and convective, or spatial, acceleration terms) to the two primary
forces on an elemental volume of water, that is, surface forces due to normal and
shear stresses and body forces, in open waters usually considered just the weight of
the fluid element. Substituting in the equalities relating normal stresses to pressure,
viscosity (a measure of the fluid’s resistance to shear, or deform, when the fluid is in
motion), and the rates of strain (or rates of elongation/compression deformation) and
those equalities relating shear stresses to viscosity and the rates of shearing strain (or
rates of angular deformation) yield the Navier-Stokes equations of fluid motion. The
Navier-Stokes equation for incompressible laminar flow with constant viscosity, £,
(x-coordinate direction only) is shown in Figure B.1. Each Navier-Stokes equation
is simply the acceleration terms (left hand side) set equal to the force terms (right
hand side) for that coordinate direction. The Navier-Stokes equations of motion,
when combined with the conservation of mass equation, provide a complete
mathematical description of the flow of incompressible Newtonian fluids (Munson et
al., 1998).

With the Navier-Stokes equations and the equation for continuity (or
conservation of mass), there are four equations and four unknowns (the three
coordinate Cartesian velocities and pressure). The problem is “well-posed” in
mathematical terms because the number of equations and unknowns are equal.
However, the nonlinear, second-order partial differential Navier-Stokes equations are
not amenable to analytical solutions except in a few well-defined cases. A principal
difficulty in solving the Navier-Stokes equations is their nonlinearity arising from the
convective acceleration terms. There are no general analytical schemes for solving
nonlinear partial differential equations and each problem must be considered

individually. Exact analytical solutions have been made where the geometry of the
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flow system is such that the convective acceleration terms vanish. The problem
becomes intractable, however, with the addition of more terms (more unknowns)
when the flow is turbulent. This is the “closure” problem referred to in turbulence

modeling,

Turbulence

Turbulent flow is a flow state characterized by random fluctuations in
velocity and is a result of laminar flow instability at high Reynolds numbers.
Conceptually, it can be visualized as instantaneous random velocity fluctuations
about some mean (time-averaged) velocity (Figure B.2). Average of the
instantaneous random velocity fluctuations should be zero; otherwise, the average
velocity must be modified. Turbulent flow also consists of random pressure
fluctuations similar in concept to those described for velocities. Substituting new
relationships for pressure and coordinate velocities in turbulent flow (that is, a time-
averaged value and a value representing the instantaneous deviation from the mean
value) into the Navier-Stokes equations for laminar flow results in the addition of
more terms (Figure B.3), which account for the additional momentum transfer due to
turbulence. These new terms are often referred to as Reynolds or turbulent stresses,
although they actually represent inertia or momentum fluxes/exchange, and are often
grouped with the viscosity term used for laminar flow. The viscosity term is then
renamed turbulent, or eddy, viscosity. Correct modeling of turbulent flow is strongly
dependent on an accurate knowledge of the turbulent stresses, which in turn requires

an accurate knowledge of the randomly fluctuating instantaneous velocities.
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Figure B.2. Turbulent flow can be conceptually visualized as instantaneous random
velocity fluctuations about some mean velocity. Vel is the velocity relative to the
fish at an instant in time and may be mathematically decomposed into a time-
averaged component, Vele, and a randomly varying instantaneous component,
Vel’ .. Decomposition of each coordinate velocity (Urel, Vrel, and wrel) and pressure
(p) is a theoretically valid treatment of these quantities for turbulent flow.

Inability to accurately determine the Reynolds stresses is equivalent to not
knowing the eddy viscosity, which if known could provide a route to the solution of
the equation for turbulent flow. Determining the eddy viscosity proves quite
challenging, however, since the eddy viscosity is a property of the flow, not a
property of the fluid itself. Therefore, the eddy viscosity is often different for each
flow condition and is not spatially constant even for a given flow. With little hope of
finding a direct solution Tor the Reynolds stresses, or the eddy viscosity, attention
shifted to development of empirical theories and relaﬁonships that could relate the
eddy viscosity to mean velocity. One empirical approach that’s proved useful over

the years is K-g turbulence modeling (Figure B.4). This modeling scheme relates
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Reynolds stresses to the mean rate of strain through the eddy viscosity, which is, in
turn, related to the density of water and two turbulence terms: turbulent kinetic
energy and turbulence dissipation. Turbulent kinetic energy and turbulence

dissipation are variables themselves and numerically resolvable.

Equations of Fluid Motion
turbulent flow

substitute
u=u+uw v=v+vV w=w+w p=ptp’
<«—— Coordinate Velocities ——— > Pressure
Continuity Equation (Conservation of Mass) (assuming flow is incompressible)
p, 0w, AN Apw)  Apw) Ay Apw) _ |‘ u  aw
ot ox dy oz 0x dy oz dx dy Oz

Navier-Stokes Equations (Conservation of Linear Momentum)
x-direction, assuming flow is incompressible and viscosity, [, is constant

du —du -du —du)_  9p 227 9% % | (alew) alev) alw)
Pl —+u—+v—tw— |=———+pg +U e ) + +
ot ox dy 0z ox x Z)xz Y 2 % 2 ox dy oz

Factor added due to turbulence

« rearranging the RHS of the Navier-Stokes Eqn, and putting it in more general (tensor) form:

i+u dui =—£+/_}g L9 ﬂal_ji_p'l| ” ...in this form, the added terms are often
Pl T axj ox. i axj axj i called turbulent or Reynolds stresses

1

Figure B.3. Equations of fluid motion for turbulent flow.
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Navier-Stokes Equation Shear Stress Tensor

duj dui . 3"1 ap o+ Auj — Turbulent du; +3u j

= =R ouw f—— N s ™ &

Pl at ' 8xj ox. PE; ox J ”a;j P J stresses i H ij dx,
1

= laminar terms

turbulent terms

another variable
to be solved for ...little hope in finding a
solution for the turbulent

stresses, so must find some

K-g Turbulence Modeling«
Turbulent stresses related to the mean rate of strain
through an eddy viscosity

8. =0 when i#] way to relate the stresses to
- i
. du; duj| 2 s = L other (more resolvable)
—pu It P o —ngé‘ " where: 9;=1  when i=] flow parameters.
r X y K2
'uf = 0,09,07
K-¢ Transport Equations:
1) 2) _ where: -

Dp;jK P Ho) ok dpuje 3 /lt k3 &2 — Ju;
= b == - = Mig19mpE-  G=-puu —
ar w14 o [T977 "o, o ||XTs e, X p i ox,

J b/ J J J J J

Figure B.4. Mathematical treatment for resolving the turbulence “closure” problem
using K-¢ turbulence modeling. G is the generation of K, turbulent kinetic energy.
Once the “closure” problem is fixed, i.e., there are an equal number of equations and
unknowns, the governing equations can be solved. Steady-state computational fluid
dynamics (CFD) models then solve the relevant equations numerically, primarily
using one of three methods: finite difference, finite element, or finite volume.



199

REFERENCES

Munson, B. R., Young, D. F., and Okiishi, T. H. (1998). Fundamentals of Fluid
Mechanics. John Wiley & Sons, Inc., New York, NY, 877 pp.





