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Figure 4.28 Enders et al. (2009). a) Picture of the experimental facility kindly provided
by Dr. Eva Enders, b) CFD model overview, and ¢) Computational mesh.

The CFD model did not account for flume wall’s roughness or geometric
irregularities in the experimental facility, which could explain the discrepancy between
the numerical and experimental results. The paper by Enders et al. (2009) shows plots
with the position where Chinook displayed avoidance behavior. Values of |, can be
determined by superimposing the CFD results on the plots mentioned above. Figure 4.30
displays the recorded positions at the onset of Chinook avoidance behavior together with
flow acceleration isolines from CFD results. Arrows represent fish location and
arrowheads symbolize the position of the fish head. Figure 4.31 shows the probability
density of . The average value of the flow acceleration along the fish length was used
to create this figure. For the 68 fish analyzed, the average and standard deviations of

were 0.70 and 0.73 m/s°.
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Figure 4.29 Enders et al. (2009). Flow velocity vectors comparison. Acoustic doppler
velocimeter data kindly provided by Dr. Eva Enders.
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Figure 4.30 Enders et al. (2009). Flow acceleration isolines from CFD. Arrows represent
fish location where avoidance behavior was recorded. Arrowheads
symbolize fish heads.
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Figure 4.31 Enders et al. (2009). Frequency distribution of averaged flow acceleration
that triggered avoidance behavior.

According to the CFD results presented in Chapter Il for the simulation 2010 NS
and the information displayed in Figure 4.31, juvenile salmon swimming in Dam 1
forebay are likely to start showing avoidance behavior approximately 2 and 1.5 meters
upstream of the surface collector entrance and turbine intakes, respectively. At Dam 2,
avoidance behavior is likely to begin approximately 4 meters upstream of the top-spill

entrance and 9 m upstream of the spillway gates.
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CHAPTER V
FMM PARAMETERS

The first part of this chapter presents the linkage between the results discussed in
Chapter IV and FMM parameters. Analyzed measured trajectories showed Chinook
behavior under a limited range of flow accelerations. No data were available for fish
swimming in the low flow acceleration (a <1.0x10™ m/s® ) zone upstream of Dam 1.
This chapter shows a parametric study of some variables used to describe fish behavior

when swimming in regions with low flow acceleration.

5.1 FMM Parameters

FMM parameters rely, for the most part, on the preceding analyses of juvenile
salmon measured trajectories and fish behavior laboratory studies. Table 5.1 shows the
relation between the model parameters presented in Table 2.2 and the figures of Chapter
V.

van Netten (2006) derived threshold values of hydrodynamic detection of the fish
canal lateral line and line organ. Following van Netten (2006), FMM assumes that the
minimum value of flow acceleration detected by juvenile salmon is a, =10*m/s?.
Under natural flow conditions, fish do not impact walls even in the absence of light. Fish
wall avoidance is most likely achieved by the combination of visual capabilities and flow
field variables detection. Changes in the flow field variables near walls should also help
fish avoid impacting obstacles. Trying to accurately capture the flow field near walls
could lead to computationally expensive simulations when simulating hydrodynamics at
hydroelectric facilities scale. Fish obstacle detection and avoidance should not play a
major role in deciding final migration route when juvenile salmon are swimming in
forebays and tailraces. Juvenile salmon length scale is approximately two orders of

magnitude smaller than the length scale of typical hydraulic structures at hydroelectric
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facilities. FMM simplifies fish interactions with obstacles by defining d, and d,. Values
for these parameters that yield model results comparable to observed Chinook trajectories
are d, =15L and d, =5L.

The information presented in Figure 4.21 was obtained for Chinook swimming in
sustained mode. FMM assumes that when flow acceleration is higher than a, fish swim
in burst mode. Domenici and Blake (1997) reported frequency distributions of fish escape
trajectories (away responses) in response to stimuli. Based on this information, FMM
randomly selects values of o from the intervals [-180°,-130°] and [130°, 180°] when
simulated fish are exposed to flows with accelerations above a, .

The model parameters a, and P, represent characteristics that are different for
each simulated fish. At the beginning of every simulation, these two parameters are
randomly defined for each simulated fish and remain constant throughout the simulation.
On the other hand, ty, ty, Py, ‘ET‘, a, and @ change over time as a function of the

flow acceleration and obstacle detection.

5.2 Parametric Study

The CFD results presented in chapter 111 for the case 2005_S were used to carry
out the parametric study. FMM results were compared against measured percentages of
fish passing through the powerhouse, spillway, and surface collector. Four different
parameters were analyzed. Number of simulated fish, initial spatial distribution, o for
a< 1.0x10” m/s?, and the pressure threshold P, . Table 5.2 presents the conditions for
the eleven simulations used in this parametric study. For all the simulations, the
simulated fish were released approximately 850 m upstream of the spillway. A top view
of the release cross section AB is presented in Figure 5.1a. 24,000, 12,000, 6,000, and
3,000 simulated fish were released in order to assess the effect of the number of
simulated fish on model results statistics. As part of this parametric study, different fish

horizontal spatial distributions were tested for the initial condition. Figure 5.1b displays
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the distributions. Distribution P1 evenly spreads simulated fish across the river width.
Distributions P2, P3, and P4 follow a normal distribution with standard deviation of 150,
100, and 50 m, respectively. Johnson et al. (2000) and Johnson et al. (2006) reported that
juvenile salmon roughly follow the bulk of the flow when approaching dams. For a<a,,
o was assumed to be uniformly distributed in the [-50°, 50°], [-70°, 70°], and [-90°, 90°]

intervals.

Table 5.1 FMM parameters.

Symbol Meaning Modeled by
a minimum flow acceleration 1.0x10™ m/s
d detected by the fish lateral line
a, flow acceleration threshold for see Figure 4.31
BM
d, obstacle avoidance distance 5L
d, obstacle detection distance 15L
tq active swimming time see Figure 4.25
tg gliding time see Figure 4.25
P o - see Figure 4.24 (for a <5.0x10™ m/s?
’ probability of gliding the curve was extrapolated)
P pressure threshold see parametric study
‘ET‘ magnitude of the fish swimming | see Figure 4.20 (for a <5.0x10™ m/s?
thrust the curve for 5.0x10™ m/s? was taken)

angle between the fish thrust and | see Figure 4.21 (for a <1.0x10™ m/s?
flow velocity in the XY plane see parametric study)

swimming inclination from the | see Figure 4.22 (for a <5.0x10™ m/s?
vertical axis the curve for 5.0x10™ m/s® was taken)




Table 5.2 Parametric study simulations.

Simulations
S1 S2 S3 S4 S5 S6 S7 S8 S9 | S10 | S11
< 24000 ®
G i
5 o 12000 ®
o 2
g
)
2 2 6000 ®
[7p]
3000 ® ® ® ® ® ® ®
_ P1
Zs
§ g P2 ®
£B8| P3 ® | ® | ® | ® ® | ® | ® | ®
£0
P4 ®
v Né [-50°,50°]| ® ® ® ® ® ® ® ®
o <
5 g | [70°,70°] ®
5 &
—i | [-90°,90°] ®
No P, ®
a Dam 1 ®
Dam 2 ® ® ® ® ® ® ® ® ®
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Three different simulations were run to evaluate the effect of the pressure

threshold on FMM predictions. Pressure thresholds given by the swimming depths curves

for Dam 1 and Dam 2 were used (see Figure 4.26). A simulation without any pressure

threshold was also run.

5.2.1 Number of Simulated Fish

Results are shown in Figure 5.2. For the tested number of simulated fish, model

predictions show minor variations. The 24,000 simulation results were used to estimate

the relative errors. The maximum errors for predictions for the surface collector, units 1-

2, units 3-11, and spillway, were -3.5, 2.7, -2.9, and 5.0%, respectively. The average
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relative errors for the simulations with 12,000, 6,000, and 3,000 simulated fish were 1.5,
2.2, and 2.8%, respectively. The CPU time required for the simulations with 24,000,
12,000, 6,000, and 3,000 simulated fish to run the first 2,500 time steps was 504, 253,

175, and 160 minutes, respectively.

5.2.2 Initial Spatial Distribution
Figure 5.3 presents the percentages of fish passed predicted by the model. As the
standard deviation of the spatial distribution decreases, FMM tends to predict fewer fish
passing through the spillway and surface collector and more fish passing through the
units 3-11 and 1-2. The relative differences between the simulations with the distributions
P1 and P4 are -4.8, 8.9, 23.9, and -76.7% for percentages of fish passing the surface

collector, units 1-2, units 3-11, and spillway, respectively.
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Figure 5.1 Dam 1. Release cross section AB and initial spatial distributions.
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CHAPTER VI
FMM APPLICATION TO THE FOREBAY OF TWO HYDROPOWER
DAMS

FMM was used to predict juvenile salmon migration route selection in the
forebays of Dam 1 and Dam 2. Results were compared against data from acoustically
tagged fish and passive particles. Model parameters are presented in Table 5.1.
Parameters that yielded best results in the parametric study of the preceding chapter were

used.

6.1 Dam 1 Forebay

The performance of FMM was compared against the reported Chinook migration
route selection and the recorded fish trajectories. Table 3.1 shows the flow conditions.
After simulating approximately 7,000 s, about 3.0% of the simulated fish were trapped in
the recirculation zones shown in Figures 3.3a-3.5a and 3.3b-3.5b. Statistics presented

below excluded the information from the trapped fish.

6.1.1 Migration Route Selection

Table 6.1 shows percent of Chinook passages through the four recorded migration
routes at Dam 1 forebay. Measured data and results from FMM and passive particles are
also presented. In Table 6.1, the column error shows the relative error between the
measured values and FMM predictions. M and P stand for measured and passive
particles, respectively. Figures 6.1, 6.2, and 6.3 show bar diagrams with the information
presented in Table 6.1 for the cases 2004_S, 2005_S, and 2010_NS, respectively.

FMM outperformed passive particle predictions under the three conditions
simulated except in the predictions of spillway passage and units 1-2 passage for the case

2004_S. In a consistent way with the flow distribution shown in Table 3.1, most of the
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passive particles were drawn towards the turbines. Estimation of percent of fish passages
through migration routes based solely on the percent of total river flow does not yield
good results at Dam 1 forebay. The surface collector drew about 4.5% of the total river
flow and attracted approximately 30.0% of the migrants. Behavioral rules are needed to

simulate the portion of the fish avoiding being drawn by the turbine intakes.

Table 6.1 Chinook passages at Dam 1.

2004 S (% 2005 S (%) 2010 NS (%)
M P [FMM|Error{ M P |FMM|Error| M P |FMM| Error
SC 298| 0.0 (28.2| -531328| 0.0 |314| -41(318| 2.1 |30.8]| -3.1
Units 1-2 |28.4|33.4(37.1| 306 |31.1|{34.3(33.0| 6.1 |322|21.8|29.6| -8.2
Units 3-11 ({24.4|505|26.8| 9.6 [31.1]52.2(28.7| -8.0 |136.0(76.2|39.6| 10.1
Spillway |17.4|16.2| 7.9 |-54.4] 49 [135]6.9 | 396 0.0 | 0.0 | 0.0 | 0.0
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Figure 6.1 Chinook passages. Dam 1. Case: 2004_S.
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Model predictions for the case 2010 NS showed the lowest relative errors.
Results for the case 2004_S showed the biggest discrepancies between model predictions
and measured data. FMM predictions for the surface collector were the closest to the
measured data and spillway passages showed the highest relative errors.

The probability distributions used to represent the model parameters were
determined using the flow field of simulation 2010 _NS, which could explain the better
performance of the model for those flow conditions.

FMM results underpredicted the percent of Chinook passing through the surface
collector. However, the overall trend was captured with the highest and lowest
percentages predicted for the cases 2005_S and 2004_S, respectively. For the surface
collector, relative errors between model predictions and measured values were below 6%.

The total percent of fish passing through the turbines was, on average,
overpredicted by about 20% for the case 2004_S. For the cases 2005_S and 2010 NS,
errors were within £ 10%. The results presented above show that the proposed model to
represent fish swimming trajectories performed well when predicting migration route
selection in the powerhouse region of Dam 1 forebay.

FMM underpredicted and overpredicted Chinook passages through the spillway
for the cases 2004_S and 2005 _S, respectively. However, in a consistent manner with the

measured data, higher percent of passage was predicted for 2004 _S than for 2005_S.

6.1.2 Trajectories
Figure 6.4a shows a top view of the Dam 1. Simulated fish were released from the
line AB. Lines C, D, E, and F are placed at values of the Y coordinate of 1,100, 500, 300,
and 100 m, respectively. The travel times predicted by the model between the lines C and
D have an average value of 2,177 s and a standard deviation of 598 s. CFD simulations

predicted an average fluid velocity of 0.25 m/s for the same segment CD.
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The flow acceleration in the segment CD is, for the most part, below a, and
therefore simulated fish swam roughly in the direction of the flow. That explains why
simulated fish have, on average, faster migration rates (0.28 m/s) than the flow velocity.

For the 2010_NS conditions, Figure 6.4b displays the residence time probability
density for the segment EF for both measured trajectories and simulated fish. For this
segment, the average flow velocity was in the order of 0.6 m/s. The vertical dashed line
in Figure 6.4b shows the average residence time of an inert particle. Statistics were

calculated with 338 and 1,052 measured trajectories and simulated fish, respectively.
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Figure 6.4 Dam 1. Release cross section AB and residence time probability density for
the segment EF.

About 15% of the tagged Chinook and 4% of the simulated fish travelled faster
than the inert particles. In the segment EF, the average and standard deviation of the

residence times were 559 and 204 s for the simulated fish, respectively. The same
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parameters were 563 and 324 s for the tagged Chinook, respectively. Average travel
times predicted by FMM were in agreement with measured data.

Tiffan et al. (2009) studied migratory behavior of subyearling fall Chinook
salmon in different reaches of the Snake River. That study found that fast migrants
travelled 1.5 times faster than the average flow velocity. Slow migrants travelled at a rate
of 0.6 times the flow velocity. In the segment CD, simulated fish travelled, on average, at
a rate 1.1 times the average flow velocity. Average travel times for the segment EF show
that simulated fish move downstream at a rate 0.59 times the flow velocity. Migration
rates predicted by FMM fall within the interval reported in Tiffan et al. (2009).

Figure 6.5a shows a top view of the powerhouse region of Dam 1. Four different
simulated fish trajectories, A, B, C, and D are presented in this figure. Variations in
swimming elevations are displayed in Figure 6.5b. The main direction of the fish
movement is from top to bottom and left to right in the Figures 6.5a and 6.5b,
respectively.

For trajectories A, B, C, and D, Table 6.2 presents the total travel time, the
percent of gliding, and the value of the model parameter P, expressed in meters.
Simulated fish detecting pressures higher than P, try to swim upwards. Trajectory A
shows a fish that left the domain through the surface collector whereas fish in trajectories
B, C, and D passed downstream through the powerhouse units.

As presented in Table 6.2, fish A and C have similar values of the parameter P,
but FMM predicted different passage routes for those fish. Despite both fish having the
tendency to occupy the first 13 m of the water column, fish A passed through the surface
collector and fish C through the turbines. Fish A entered the powerhouse zone swimming
towards the West bank and kept moving downstream until it found the surface collector.

It always swam at distances from the turbine intakes of 18 m or greater.
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Figure 6.5 Dam 1. Simulated fish trajectories.

Table 6.2 Trajectories in Figure 6.5.

Trajectory| Time (s) | Gliding (%) | P, (M)
A 3480.0 27.6 13.07
B 4515.0 47.1 19.7
C 3510.0 28.9 13.7
D 3120.0 26.0 26.4
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On the other hand, as fish C moved downstream it approached the turbine intakes

until it was finally overpowered by the turbine flow. Values of P, of 19.7 and 26.4 m

enabled fish B and D to swim in deeper regions than fish A and C. It is important to

clarify that high values P, do not necessarily mean that simulated fish occupied deep

regions. For example, fish D entered the powerhouse region swimming at a depth of

about 10.0 m. Fish actual swimming depth is ultimately given by the interaction between

P.. [Fr|. 6, and the flow field.
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6.2 Dam 2 Forebay

FMM results were compared against the reported fish migration route selection.
No measured trajectories were available for Dam 2. Timko et al. (2007) assessed the
passage behavior of juvenile salmon at Dam 2 forebay. Acoustic tag receivers were
placed as far as 150 m upstream of the dam. Table 3.2 shows the flow conditions. The
same model parameters used at Dam 1 were used. 3,000 particles were released 2,000 m
upstream of the dam and the standard deviation of the initial spatial distribution P3 (see
Figure 5.1) was scaled by the ratio of Dam 1 to Dam 2 forebay widths. After about
8,500 s of simulation time, approximately 2.5% of simulated fish were unable to leave
the domain. A top view of Dam 2 forebay and the release cross-section AB are presented

in Figure 6.6a. Figure 6.6b displays the horizontal spatial initial distribution.
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Figure 6.6 Dam 2. Release cross section AB and initial spatial distribution.
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6.2.1 Migration Route Selection

Table 6.3 presents percentages of fish passages through the spillway, top-spill,
and powerhouse. This table shows results for monitored Chinook, passive particles, and
simulated fish. The column Error shows the relative error between measured and FMM
predicted passages. M and P stand for measured and passive particles, respectively.

In contrast to Dam 1, at Dam 2 the reported Chinook passages followed the same
trend as the distribution of the total river flow. The reported percentages of fish passed
were 4.0%, 82.0%, and 14.0% through the top-spill, spillway and powerhouse,
respectively. Percent of river flow through these migration routes were 0.6%, 62.8%, and

36.6%.

Table 6.3 Chinook passages at Dam 2.

2002MOA (%)
M P FMM | Error
Top-spill (Bay22) | 4.0 0.8 16 |[-58.9
Spillway 82.0| 67.7 85.3 4.0
Powerhouse 140| 315 131 | -6.5

Passive particles showed results consistent with the flow distribution. Percent of
passages for the monitored fish, passive particles, and simulated fish are displayed in
Figure 6.7. FMM shows better results than passive particles. FMM underpredicted the
powerhouse passages with a relative error of -6.5% and overpredicted passages through
the spillway with a relative error of 4.0%. FMM predictions for the top-spill have the

biggest discrepancies with measured data.

6.2.2 Trajectories
On average, it took longer for simulated fish to pass downstream through the

powerhouse than through either the spillway or the top-spill. Average travel times for
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simulated fish passing through the top-spill, spillway, and powerhouse were 5,200, 5,328,
and 5,507 s, respectively. The fastest simulated fish passed downstream in 3,108 s
through the spillway. The slowest selected the powerhouse as its migration route and
spent 8,295 s in Dam 2 forebay. Table 6.4 shows the travel time statistical parameters for

simulated fish passing downstream through the top-spill, spillway, and powerhouse.
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Figure 6.7 Chinook passages. Dam 2. Case: 2002MOA.

Table 6.4 Travel time statistics.

Travel Times (s)
Mean | STDEV | Min | Max
Top-spill (Bay 22)| 5200.1 | 638.0 |3830.0/7262.0
Spillway 5328.1 | 553.9 [3108.0{8154.0
Powerhouse 5506.9 | 639.0 [4265.0/8295.0
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According to the model assumptions, simulated fish swimming in flows with
accelerations below a, try to roughly follow the flow and « is selected from the
[-50°, 50°] interval. Figure 4.21 shows that for values of flow accelerations above a, fish
try to swim tail first which could slow fish migration rate. Figure 6.8 presents average
cross-sectional flow velocity and simulated fish velocity at different distances from Dam
2. For distances of 200 m or more, simulated fish migrated faster that the flow velocity.
At 300 m upstream of the dam, the ratio between fish velocity and flow velocity was 1.4.
For greater distances, the ratio was about 1.6. As mentioned above, Tiffan et al. (2009)
reported ratios of 1.5 and 0.6 for fast and slow migrants.

According to Tiffan et al. (2009), FMM tends to overpredict fish velocities for the
region upstream (> 300 m) of the dam. It is worth noting that the ratio between fish and

flow velocity at Dam 1 was 1.1 for the region with low flow acceleration.

0.45
0.40
£0.35
*g -e-Flow
§ 0.30 -8-FMM
0.25
0.20
0 200 400 600 800 1000
Distance from the Dam (m)

Figure 6.8 Average flow and simulated fish velocities.
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In Figure 3.11b, the region with flow accelerations above a, extends up to
approximately 200 m upstream of the dam. In that region the swimming direction of
simulated fish is given by the probability distributions in Figures 4.21 and 4.22. As
presented in Figure 6.8, within 200 m from the dam, average simulated fish velocity is
smaller than the average flow velocity.

The median of the residence times reported for Chinook, for all migration routes,
was 1,080 s (Timko et al. 2007). Fish residence times were calculated as the difference
between the last and the first fish detections. Information on the location of fish first
detection was not given in Timko et al. (2007). A reasonable assumption for tag
receiver’s detection range is 50-150 m. Under this assumption, the reported Chinook
residence times were calculated for fish swimming within 300 m of Dam 2. Figure 6.9
shows the probability densities of residence time for simulated fish swimming within 200
and 300 m of Dam 2. Residence times for the region within 200 m of Dam 2 have an

average and standard deviation of 682.9 and 406.2 s, respectively.
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Figure 6.9 Residence time probability densities.
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Values of the same statistical parameters are 923.0 and 419.6 s for fish swimming
within 300 m of Dam 2. Under the assumptions stated above, FMM predicts Chinook
residence times comparable to values reported in Timko et al. (2007).

A top view of four different simulated fish (A, B, C, D) approaching Dam 2 is
presented in Figure 6.10a. Variation in swimming elevation for the four trajectories is
displayed in Figure 6.10b. The movement of fish in Figures 6.10a and 6.10b is from top
to bottom and from left to right, respectively. Table 6.5 shows total travel time, percent of
gliding, and the value of P, for trajectories A, B, C, and D.

After simulating 8,350 s, the fish A could not find an outlet to pass downstream.
After approximately 5,000 s of simulation, this fish swam within 10 m of the dam. The
value of the coefficient P, for fish A prevented it from swimming in deeper regions

where the spillway flow could have entrained it.
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Figure 6.10 Dam 2. Simulated fish trajectories.
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Table 6.5 Trajectories in Figure 6.10.

Trajectory| Time (s) | Gliding (%) [P, (m)
A 8350.0 18.7 2.0
B 5330.0 38.0 15.2
C 5185.0 27.6 13.9
D 6605.0 31.8 30.0

After milling about for approximately one hour, fish A swam close to the spillway
#15. Note that FMM does not explicitly contemplate fish milling behavior. The
swimming patterns of fish A, in the region within 8 m from the dam, were the result of
both wall avoidance and the fish orienting itself with respect to the flow velocity.

As mentioned above, about 2.5% of the simulated fish were in the domain after
approximately 8,500 s of simulation. FMM predictions on percent of fish passing through
the top-spill could improve, assuming that some of these fish can find the top-spill.

Despite simulated fish B and C’s tendency to swim in the first 15 m of the water
column, the former left the domain through the top-spill and the latter through spillway
bay #19. For these fish, the trajectories in Figure 6.10b show steep changes in swimming
elevation at a distance of about 20 m from the dam, which is consistent with the
streamlines presented in Figures 3.10c and 3.10d.

At 40 m upstream of the dam, fish D was directed towards the powerhouse unit #3
but after making a turn, ended up passing downstream through unit #4. This fish started a
downwards trajectory with a -3/16 slope approximately 80 m upstream of the dam. Table
6.5 shows that Fish D had a value of P, equal to 30 m and thus could occupy virtually

any depth in Dam 2 forebay.
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CHAPTER VII
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This work developed a mechanistic model to simulate swim paths of downstream
migrating juvenile salmon based on the fish swimming thrust. The fish movement model
(FMM) integrates information on juvenile salmon behavior at both field and laboratory
scale and literature on juvenile salmon swimming capabilities. FMM was implemented in
the particle tracking algorithm of ANSYS FLUENT 12.0 and tested at the forebay of two
hydropower dams. Good agreement was found between model results and measured data.

This thesis developed a comprehensive analysis of juvenile Chinook salmon swim
paths measured in the forebay of a hydropower dam. The flow variables at the fish
location were obtained from CFD simulations. Fish swimming thrust was found from
solving Newton’s Second Law. Results showed that fish thrust is correlated with flow
acceleration. The methodology presented to analyze fish measured swim paths is an
important contribution of this thesis.

Since Chinook responses to hydrodynamics greatly vary among different
individuals, probability distributions of fish swimming variables were generated for
different values of flow acceleration. The results of this thesis show that as flow
acceleration increases the magnitude of the fish average thrust increases and the
probability of fish coasting with the flow decreases. The analyzed data also show that as
flow acceleration increases, juvenile Chinook salmon tend to migrate tail first. For a flow
acceleration of 5x10™ m/s?, approximately 85% of the analyzed fish travelled tail first,
whereas for an acceleration of 1x102 m/s? approximately 95% showed this behavior. For

most (~99%) of the analyzed fish, the magnitude of the thrust did not exceed fish
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sustained mode swimming capacities and thus Chinook salmon migrating tail first should
not necessarily be assumed as an indication of fish desire to move upstream.

For the analyzed fish, probability distributions of the vertical swimming direction
have a close to Gaussian shape. Chinook salmon did not show a clear preference between
swimming upwards or downwards for flow accelerations below 1x10° m/s?. For flow
accelerations above 5x10° m/s®, Chinook showed a tendency to swim upwards. The
presented analysis of measured juvenile salmon swimming patterns had not been
developed before.

The laboratory experiment presented in Enders et al. (2009) reported the flow
velocity and velocity gradient at the onset of Chinook avoidance behavior. This thesis
built a CFD model to reproduce the flow conditions described in Enders et al. (2009) to
determine the flow acceleration that triggered avoidance behavior in Chinook salmon
smolts. Values of acceleration were determined for 68 Chinook salmon. The average and
standard deviation were 0.70 and 0.73 m/s?, respectively.

The flow field information at Dam 1 for the year 2010 and measured fish swim
paths were used to determine the probability distributions of fish swimming variables.
FMM performance was tested with two additional flow conditions at Dam 1 and one flow

condition at Dam 2.

7.1.1 Dam 1
A parametric study tested the effect of modifying the pressure threshold P, « in
the region of low flow acceleration (< 1.0x10™ m/s?), and the fish initial spatial
distribution. Best results were obtained for the following conditions. 1) P, follows the
distribution in Figure 4.26 for Dam 2. 2) In the region of low flow acceleration, « is
uniformly distributed in the [-50°, 50°] interval. 3) At the beginning of the simulation fish

are normally distributed across the width of the forebay.
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The capacity of FMM to predict fish migration route selection was compared
against measured data. Three different dam operating conditions were simulated. Flows
through units 1-2, units 3-11, and the surface collector were approximately 21%, 65%,
and 5% of the total river flow. Measured percent of fish passing through each of these
three outlets was about 30%. Since the percent of fish passing through the three possible
outlets does not follow the river flow distribution, behavioral rules are needed to predict
percent of fish passages.

Overall, simulated fish outperformed passive particles. The average relative error
was higher for the cases with the spillway operating. On average, cases with spillway
gave a relative error of 20%, whereas the average error for the case without spillway was
7%. The biggest discrepancy was found in the prediction of fish passing through the
spillway in 2004 (relative error: -54.4%). FMM predictions for the surface collector were
in good agreement with measured data and had relative errors in the order of 4%. Model
results for the surface collector for the case without spillway have the smallest relative
error (-3.1 %).

FMM predicted well the residence times in the powerhouse region of Dam 1. In
an area that spans 200 m, simulated fish and tagged Chinook had an average residence
time of 559 and 563 s, respectively. The migration rates predicted by FMM for simulated
fish fall within the interval reported in Tiffan et al. (2009). The ratio between the fish
velocity and the flow velocity was approximately 1.1 and 0.6 for the region upstream of

the spillway and the powerhouse zone, respectively.

7.1.2 Dam 2
For the simulated condition at Dam 2 forebay, the reported fish passages showed
a similar trend to the total river flow distribution. The percent of river flow through the
top-spill, spillway, and powerhouse were 0.6%, 62.8%, and 36.6%, respectively. The fish

passages were 4%, 82%, and 14%, respectively. FMM performed better than the passive
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particles at predicting fish passages. FMM predictions for the top-spill, spillway, and
powerhouse gave relative errors of -58.9, 4.0, and -6.5%, respectively.

CFD results showed that the powerhouse region of Dam 1 and the zone within
250 m of Dam 2 have values of flow acceleration above 1x10™ m/s%. Therefore, in both
zones, simulated fish swimming patterns followed the probability distributions developed
in Chapter IV. For the region within 300 from Dam 2, residence times predicted by FMM
were comparable with measured values. This could be an indication that Chinook
approaching Dam 2 behave similarly to Chinook in the powerhouse region of Dam 1 and
therefore the use of parameters obtained with Dam 1 data is valid.

In the region upstream of Dam 2 (> 300 m) FMM overpredicted fish velocities.
The ratio between simulated fish velocity and flow velocity was approximately 1.6. This

value is slightly above the upper limit defined by Tiffan et al. (2009) for fast migrants.

7.2 Future Work

To study juvenile salmon responses to hydrodynamics, this thesis analyzed
Chinook trajectories measured in the powerhouse region of Dam 1 in the year 2010. No
Chinook measured trajectory was available in the low flow acceleration region upstream
of the dam. Behavior of fish represented by these trajectories could be affected by
specific conditions at Dam 1. Several dams have carried out fish survival and fish
migration studies using hydroacoustic telemetry. These data can be used to replicate the
analysis presented in this thesis. Information on juvenile salmon behavior in zones of low
flow acceleration is of particular interest. Having probability distributions obtained with a
larger set of data can extend the validity of the model. A larger set of data could also
assist in the development of species-specific probability distributions.

FMM simulates fish behavior assuming that fish react mainly to flow acceleration

and pressure. Provided that information is available, other important variables that
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influence fish migratory behavior can be included in the formulation of the model, such
as temperature gradients, time of the day, food availability, and predator abundance.

The model presented in this thesis assigns two of the model parameters to every
simulated individual, a, and P,. The other model parameters are randomly selected
throughout the simulations from probability distributions obtained with the entire
population of analyzed Chinook. With this approach, a simulated fish does not have a
distinct set of swimming characteristics. A simulated fish could behave as a fast migrant
for some period of time and then behave as a slow migrant. A different way to simulate
fish movements could be to assign a set of swimming patterns, which remain constant
throughout the simulation, to every simulated individual. The swimming patterns can be
obtained from analyzing measured trajectories of fish that behave similarly.

Juvenile salmon have been observed meandering near the free surface in the
vicinity of some hydraulic structures. In its current state, FMM assumes that a fish selects
mostly a swimming direction with reference to the flow velocity and this meandering
behavior is not explicitly included in the model. This behavior affects residence times and
migration route selection. Juvenile salmon measured trajectories can be used to study the
conditions that trigger this behavior and develop a mathematical representation of it that
can be included in FMM.

Khan et al. (2011) and Johnson et al. (2009) observed juvenile salmon schooling
behavior when fish were swimming close to hydropower dams. These studies report that
individual fish exhibit different swimming patterns than fish swimming in schools.
Schools of fish were more likely to swim against the flow and schooling behavior was
more prevalent during day than night. In its current state, FMM does not account for
juvenile salmon schooling behavior. The methodology presented in this thesis can also be
applied to study behavior of fish swimming in schools by analyzing the school of fish as

an individual.
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The flow conditions used in this thesis come from averaging powerhouse and
spillway operating conditions over several consecutive days. Juvenile salmon responses
to hydrodynamics could be triggered by instantaneous changes in spillway and
powerhouse discharges. Provided that the rigid-lid assumption is still valid, CFD
simulations can be easily run to simulate the dam operating conditions approximately
every hour. This could lead to a more accurate representation of juvenile salmon
responses to hydrodynamics.

Studies have shown that intensity of fear to stimuli in animals is not constant
(Kamin et al. 1963; Starr and Mineka 1977). Post and von der Emde (1999) studied
fish electromotor behavior triggered by novel sensory stimuli in the electrogenic teleost.
Habituation of fish to acoustic, visual and electrical stimuli was represented by curves of
fish response vs. number of stimuli. Millot et al. (2009) investigated changes over time in
risk-taking behavior in sea bass by offering them the choice between a safe zone and a
risky zone. During the first test 23% of the fish entered in the risky zone. For the second
experiment the percent of fish that visited the risky zone increased to approximately 90%.

The literature mentioned above can be used to develop a model of juvenile
salmon habituation to high flow accelerations which will allow fish simulated with FMM
to modify their value of a, over time.

Forces considered in this thesis to analyze fish measured swim paths were thrust
and drag. Additional forces could be included when solving Newton’s Second Law. An
accelerating or decelerating fish must move some volume of surrounding fluid. This
increases the inertia of the system and thus has an effect in the fish swimming thrust. The
phenomenon described above is known as virtual or added mass. Rough estimations
indicate that considering the virtual mass force could change results for fish thrust by a

factor of up to 1.2.
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