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 ABSTRACT 

Pacific lamprey is an ancient anadramous fish that has declined in parallel with 

Pacific salmon.  The focus on recovery within the Columbia River has led to the 

development of fishways specific for adult Pacific lamprey passage at dams.  These novel 

structures exploit a natural and unusual climbing behavior of Pacific lamprey that allows 

them to ascend very steep slopes.  The structures have been installed parallel to the existing 

fishways at several locations at Bonneville Dam.  Each Lamprey Passage Structure (LPS) is 

unique because of the retrofit application.  Here, I describe characteristics used in past LPS 

designs and criteria used to develop a new LPS at the Bonneville Dam Washington Shore 

fishway.  LPS structures are composed of three major components, climbing ducts, rest 

boxes and traversing ducts.  The traversing duct is a low slope (S=0.0035) rectangular 

channel with subcritical flow; while the climbing duct is a steep slope (S=1.0) structure with 

thin supercritical flow.  

We developed a hydraulic model of both duct types.  The result of the model is a 

series of operating curves for varying widths and slope that predict discharge and velocity 

based on flow depth.  We also determined an appropriate roughness for the LPS systems 

based on reported operating conditions.  The flow conditions within the ductwork are steady 

and uniform.  In contrast, there are unique features implemented within each LPS that may 

present complex and challenging hydraulic conditions.  Using the recent system installed at 

The Bonneville Dam Washington North Shore Fishway as a case study, we catalog the 

different features and their hydraulic conditions. 
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Pacific lamprey research and recovery efforts are occurring at a rapid pace.  The 

complexity of researching and addressing the problems uncovered in real time is tedious. A 

large number of studies and modifications have been undertaken to improve passage of adult 

lamprey at Bonneville Dam.  Integrating such diverse sets of information types in a spatially 

explicit context is a common challenge in many applied research settings.  We developed a 

collaborative, visual model, which integrated the current information on Pacific lamprey 

with the structural elements of the Washington Shore Fishway to improve recovery efforts.  

The tool is a 3D visual model with overlaid and integrated information creating a fish 

passage “wiki”.  Stakeholders will be able to investigate different aspects of Pacific lamprey 

recovery including research results, current and past modifications, and archive photos, all 

within the structural context of the fishway.  The wiki aspect describes a potential for 

transparency and crowd sourced maintenance of the information.  Stakeholders can use the 

fish passage wiki for both dissemination and synthesizing information, and prioritizing 

future management and conservation actions.  The 3D-wiki tool is aimed at developing a 

more comprehensive understanding of the difficulties facing Pacific lamprey passage within 

the Columbia River basin.  
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CHAPTER ONE:  PREFACE 

The format of this thesis is presented in the form of three journal papers, each 

contained in its own chapter in this thesis.  Each paper is formatted discretely and includes: 

abstract, introduction, methods, results, discussion and recommendation sections, 

acknowledgements, & references.  

  We introduce the design and implementation of a Lamprey Passage Structure (LPS) 

in chapter Two, “Catalog of qualitative hydraulic conditions and design guidelines for 

Pacific lamprey passage structures.” We use the Washington North Shore Fishway LPS as a 

case study to determine hydraulic conditions that result from structural features of an LPS 

system.  The features are catalogued by number and then categorized based on the water 

surface as either uniform, gradually varying, or rapidly varying flow.  A short description 

accompanies each categorization.  We also outline the best practices implemented when we 

designed the Washington Shore Fishway LPS. 

 Chapter Three, “Hydraulic modeling of channels in Pacific Lamprey Passage 

Structures” analyzes the hydraulic conditions within the basic components of Pacific 

Lamprey Passage Structures (LPS).  The factors included in this research include flow 

depth, Froude number, channel width, discharge, and velocity.  The roughness is determined 

theoretically based on solutions to the Haaland correlation for the Darcy friction factor.  The 

resulting operating curves are presented for the calculated effective roughness based on 

reported hydraulic conditions for the LPS ductwork. 

Chapter Four, “Fish Passage Wiki:  Using collaborative visual modeling to 

communicate fish passage information,” describes the implementation of a collaborative 
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modeling tool for compiling Pacific lamprey passage information.  The tool uses a visual 

three dimensional model as the base structure on which various information types are 

overlaid.  Multiple file types are integrated within the model.  The intent of the tool is to 

create a visual wiki page where stakeholders can update information as it becomes available 

to maintain an accurate description of research and conservation efforts at Bonneville Dam.  
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CHAPTER TWO: DESIGN GUIDELINES AND CATALOG OF 

QUALITATIVE HYDRAULIC CONDITIONS FOR PACIFIC LAMPREY 

PASSAGE STRUCTURES 

Hattie Zobott1, Christopher Caudill2, Matthew Keefer2, and Ralph Budwig1, Mary Moser3 

1Center for Ecohydraulics Research 

University of Idaho, Boise, ID 

2Department of Fish and Wildlife Sciences 

University of Idaho, Moscow, ID, 83844-1136 

3 Northwest Fisheries Science Center 

National Marine Fisheries Services, Seattle, WA 

1. Abstract 

Development of fishways is a complex problem that necessitates biologists, engineers, and 

dam managers working as a team to develop, implement, and install components and 

structures. Fishways must fit within the context of the dam they support, resulting in large 

elevation changes within short distances.  The slope of fishways is often determined by what 

fits, and not what is most biologically suitable.  Historically, hydraulic conditions within 

fishways of the Columbia basin were optimized to facilitate the passage of salmonids.  

Passage of other species have become a priority since the original fishways were 

constructed.  Innovative structures like Pacific Lamprey Passage Structures (LPS) 

accomplish fish passage improvement for an auxiliary species while minimizing potential 

impacts on salmonid passage.  Currently, the structures are being considered for 

implementation at a wide variety of projects from low-head irrigation dams to large 

mainstem hydroelectric projects.  In an effort to aid these efforts, we report design 

guidelines used in development of LPS systems, catalog the types of hydraulic conditions 
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within a typical LPS system, and correlate the structural elements with resulting hydraulic 

conditions.  We used the recently installed LPS system at Bonneville Dam, Washington 

North Shore Fishway to highlight the types of structures used, types of hydraulic conditions 

within them, and provide recommendations for further improvement to LPS systems.  

2. Introduction 

Lamprey passage structures were developed in response to growing concern of 

Pacific lamprey decline.  The fish have unique climbing and swimming mechanisms that 

allow them to complete one of the historically longest migrations of anadramous, with 

distributions similar to the anadromous Pacific salmonids.   While salmon decline was well 

studied due to the economic impacts resulting from failed migration, Pacific lamprey were 

neglected or actively managed against.  Often described as a “trash fish”, (e.g., Perkins 

&Smith 1973), the Pacific lamprey continued to decline without advocates.  Cultural 

impacts and losses were substantial for the tribal groups that once relied on the Pacific 

lamprey (Close et al. 2002).  Pacific lamprey were petitioned for protection under the 

Endangered Species Act in effort to help their recovery, but the petition was denied citing 

lack of information on population structure and other basic biological attributes (Moser 

&Close 2003, Keefer et al. 2009).  Since then, the Columbia River Fish Accords identified 

Pacific lamprey as a priority species for recovery in 2008 (“Columbia River Fish Accords 

Salmon Restoration, Salmon Protection.”)   

 The resulting research helped outline likely factors contributing to Pacific lamprey 

declines.  Visual monitoring within fishways revealed that the standard overflow weir 

presented passage problems that resulted in milling behavior and failed passage (Beck 1995, 

Hard & Kynard 1997, and Clabough et al. 2012).  Delays can be critical as the aggregation 
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of fish at a barrier can increase predation, and subject the fish to physical damage and stress 

(Schilt 2006).  As a result, research to quantify the Pacific lampreys swimming performance 

identified the limits of swimming performance in velocities around 0.8 m·s-1 (Mesa et al. 

2003).  When velocities exceed the swimming velocity barrier, the fish switch swimming 

modes and become saltatory.  Combining periods of rest by attaching to smooth surfaces 

with short periods of burst swimming (Quintella et al. 2004).  Maximum burst swimming 

velocities are estimated between 2.5 m·s-1 and 3.0 m·s-1 for fish with average length of 

approximately 70cm (Keefer et al. 2011).  The range of migrating Pacific lamprey is from 

(16cm-72cm) (Beamish 1980).  Telemetry results indicate that the smallest fish are less 

successful in migrating upstream to historic spawning locations (Keefer et al. 2009).   

Therefore, the velocity limits for the population may be lower.   As a result, fishways must 

provide pathways with lower mean velocities than is suitable for salmonids.   Greater 

heterogeneity of flow conditions may also help accommodate the full diversity of species 

within river systems (Katapodis 2005, Barret and Mallen-Cooper 2006). 

 Not only do the hydraulic conditions need to be quantified, but the behavioral 

elements of fish are critical to fishway success.  One natural behavior of Pacific lamprey is 

that they can climb when confronted with a passage barrier.  The Pacific lamprey climb 

Willamette Falls (12 m) on the Willamette River to reach upstream spawning habitats 

(Clemens et al. 2012).  Researchers began to develop structures that allowed the fish to 

bypass dams using both normal anguilliform swimming and by exploiting lamprey climbing 

behavior (Moser et al. 2005).  The resulting LPS systems rely on anguilliform swimming in 

low-slope ducts combined with climbing behavior of Pacific lamprey on steep slopes with 

sheeting flow (Moser et al. 2011).  The different climbing slopes investigated were over a 
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wide range but limited to a few angles: 18°, 45°, & 90° with results indicating that up to 

17% of Pacific lamprey will not climb a vertical face (Kemp et al. 2009).  Although 

researchers determined a suitable slope for LPS climbing duct, other hydraulic parameters 

have not been investigated to establish a set of comprehensive fishway criteria.  Discharge 

and slope angle are interrelated parameters of climbing behavior (Reinhardt et al. 2008).  

The behavior of fish as related to the structures are often confusing as some research results 

point to increased climbing efficiency with lowered discharge (Keefer et al. 2011b), and 

other research indicates that discharge has no effect (Moser et al. 2011).  Recent research 

indicates that reducing discharge will reduce the drag force on climbing Pacific lamprey 

(Zobott et al. 2013).  

 The importance of engineers and biologists working together to design fishways is 

intuitive.  Fishway success depends on the hydraulic conditions as well as the behavior of 

fish within them.  The structure of the fishway determines the hydraulic conditions.  Salmon 

fishways were not successful until considerable research into the hydraulics of pool weir 

designs were explored (Williams et al. 2012).  The alternative designs that were 

implemented better matched the specific cues the fish needed to ascend the fishway 

(Williams et al. 2012).  These designs were further modified to accommodate multiple 

species including interactions between salmonids and shad (Monk and Weaver 1989).    

The Washington North Shore LPS was installed in spring of 2013 and operational 

June of 2013.  The structure operated until August of 2013 with few lamprey (29 or ~0.1 % 

of those passing the Washington Shore Ladder, C. Caudill unpub. data) using the structure 

due to structural and installation problems in the lower LFS that remain unclear and minor 
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issues in the upper LPS.  The Bradford Island LPS was installed in 2005 (Moser et al. 2006), 

while the Cascade Island LPS was installed in 2007 (Moser et al. 2011).    

 We qualitatively describe the hydraulic conditions within an operational LPS system 

at Bonneville Dam from the perspective of Pacific lamprey as they ascend the fishway as 

part of a larger effort to establish general design criteria for LPS systems that can be used in 

future passage improvements.  Unlike previous LPS, which are stand-alone structures with 

LPS entrance located inside a traditional fishway, the Washington Shore LPS provides 

passage to a collection trap after lamprey enter one of two prototype lamprey-specific 

entrances located in the tailrace.  The LPS completes the flume structure developed by the 

USACE to collect migrating Pacific lamprey into the LPS bypass.  Multiple novel features 

were implemented in order to address the complexity of fishway retrofit.  In this paper we 1) 

catalog the structural elements of the LPS and 2) Correlate the structural elements to 

hydraulic conditions. 

3. Study Site and Apparatus 

 The study site is within the Bonneville Dam complex on the Columbia River (Figure 

2.1).  The LPS structure is on the Washington Shore Fishway (Figure 2.2).  The LPS begins 

at the end of the Lamprey Flume Structure (LFS) at elevation 11.3 m (37 ft.) on the South 

wall of the fishway, and climbs up to the 16.8 m (55 ft.) elevation deck.  A series of 

climbing ducts and rest boxes enable the fish to ascend to the deck.  Once on the deck, the 

Pacific lamprey swim through ductwork of varying widths that travels over the fishway 

(Figure 2.4, Figure 2.6).  A long series of narrow ductwork elements travels to the west end 

of the fishway (Figure 2.7).  The final section before the trap boxes includes a short climb, a 

rest box, and an exit assembly that drops Pacific lamprey into a holding tank (Figure 2.5, 
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Figure 2.8).  After initial testing, the USACE plans to extend the LPS to the dam fore bay to 

provide passage without trapping.   

 The design was based on correspondence with Mary Moser (NOAA-Fisheries) and 

her reported research (Moser et al. 2005, Moser et al. 2008, and Moser et al. 2011).  

Aluminum ducting bent into rectangular cross sections are bolted together in series.  Ducting 

is either climbing, where the width is 50cm or traversing, where the widths are either 23cm 

or 50cm.  The slopes of all climbing ducts are ≈1.0; while traversing ducts are ≈0.0035.  We 

used the reported values of depth and discharge to determine the base flow conditions for the 

climbing duct and traversing ducts from Moser et al. (2011).  We will report parameter 

combinations in parenthesis, using: S for slope, b for width, y for depth, and Q for discharge.  

For the traversing duct where (b=19cm, S=0.0035, and Q=7.8 L·s-1) the resulting flow depth 

(y=10cm).  The climbing duct flow depth for (b=50cm, S=1.0, Q=7.8 L·s-1) was (y= 3cm).   

Each critical structural feature is outlined in red and itemized by number as seen in (Figure 

2.6).  The features are defined in (Error! Reference source not found.) by the anticipated 

hydraulic condition and short description.   

 The hydraulic conditions are described by the flow types as described by Chow 

(1959).  Flow was categorized as steady flow if the flow depth does not change within a 

given operational time period. Unsteady flow is defined as flow that varies in depth over 

time.  Surging flow is a type of unsteady flow.  When the flow depth doesn’t change it is 

Uniform Flow (UF); while changing flow is described as Varied Flow VF.  Varied flow can 

either be Rapidly Varied Flow RVF or Gradually Varied Flow GVF depending on the 

distance it takes for the flow to return to UF.  We also included Froude descriptions of flow 
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as characterized by the comparison of mean velocity to the speed of gravitational wave 

speed, or: 

Where Umean is the mean velocity, g is gravity, and y is flow depth.  When flow has a Froude 

number larger than one, flow is supercritical.  Flow is considered critical at a Froude number 

of 1.0, and typically unsteady.  Flows less than one are subcritical flows.  Supercritical flow 

is fast and thin flow; while subcritical flow is slower and deeper.  Both kinds of flow can 

exist in a cross section depending on slope for a given discharge.   

For cases have not been documented, we determined a likely flow condition based 

on the slopes and structure of a feature.  The flow condition of the features will be described 

by the water surface where: Gradually Varying Flow (GVF) is defined as flow that changes 

little over a distance, while Rapidly Varying Flow (RVF) changes quickly within a short 

(Eqn. 1) 

Figure 2.1 Bonneville Dam complex:  Washington Shore LPS located on the Washington Shore fishway 

Washington Shore Fishway LPS 
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distance.  If the structural feature is complex and the flow has not been documented, we will 

describe the condition as “unknown”.   

4. Results 

The flow conditions within the LPS are varied and sometimes complex.  Flow within 

the duct work completes a series of transitions going through steady and unsteady phases 

depending on the structure.  Along the wall climbing portion of the LPS the flow is 

generally very thin and fast starting at the end of the LFS at (Feature 1, Figure 2.3).  The fish 

enter the first rest box through gradually varying flow coming over a crest.  At the 

downstream opening of each rest box, the fish pass through a perforated fyke; which is 

designed to prevent fallback and attachment as the fish swim into the rest box (Feature not 

Figure 2.2 Schematic of LPS structure at Bonneville Dam Washington North Shore Fishway 
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shown, internal).  The opening also serves as a weir that sets the flow depth within the 

channels.  The resulting hydraulic interaction of the fyke with the weir is unknown. 

The Flow conditions within a rest box are turbulent, but acceptable because 

velocities are low.   The sheeting, supercritical flow on the climbing ducts collides with the 

subcritical flow within the rest boxes and develops a strong hydraulic jump.  The fish pass 

through the hydraulic jump and into the climbing duct (Feature 3) where flows are 

supercritical and thin.  The fish continue to climb through GVF at a second crest in Feature 

4.   

The flow will change from supercritical to subcritical as the slope decreases (Feature 

3 to Feature 4).  The fish now enter the second rest box through the downstream opening 

(Feature 5) and encounter markedly different conditions than rest box 1 (Feature 2).  The 

fish pass through a similar fyke weir to rest box 1 when entering rest box 2.  Here the flow is 

smoother, and nearly steady.  The entrance flow is slower, and has only a few inches of 

descent over a small crest into the rest box.  As a result, there is a very weak hydraulic jump 

that results in less turbulence within the rest box.  Upstream of the second rest box begins 

the traversing section of the LPS. 

 From the second rest box, the fish will ascend a gradually sloped, wide traversing 

duct (Figure 2.4).  The next hydraulic feature they encounter is the result of a step.  Feature 

6 was implemented in order to keep the slope in two conditions (S=1.0 or S=0.0035).  In 

order to achieve the correct final elevation, we needed to rapidly gain height (h≈20cm) to 

maintain an overall traversing slope of (S=0.0035).  Flow conditions within the step at 

Feature 6 will vary gradually through the crest and then rapidly at the end.  There will be a 
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small hydraulic jump at the base of the step, the elevation of this height change is shown in 

(Feature 6, Figure 2.6).  There will be unsteady flow at the top and bottom of the step similar 

to a riffle within a river.   

The fish then continue through a region of gradually varying flow in the wide duct at 

the traversing slope (b=50cm, S=0.0035). The next feature the fish encounter is a wide 

radius, left hand turn (Feature 8, Figure 2.4).  Flows within this turn are unsteady, and have 

secondary currents.  The flow remains subcritical, and there is the possibility of an eddy on 

the inside corner as the fish approach the turn.  Once the fish are through the corner, they 

approach a complex section where flow is transitioning from narrow traversing duct 

(b=23cm) to wide traversing duct (b=50cm), and goes through an expansion at Feature 9.  

Flow rapidly varies, has an eddy, and secondary flows. 

The fish continue within the narrow traversing ductwork of the LPS (b=23cm) for 

approximately 30m (Feature 10, Figure 2.7).  Flow conditions within this section are fully 

developed steady, subcritical, uniform flow except near the ends.  At either end the flow is 

transitioning from wide ductwork (b=50cm) to narrow ductwork (b=23) or vice versa.  

Toward the end of this section, flow becomes unsteady as it passes through the transition. 

The next region of the LPS is the most complex and is called the terminating section.  First 

the fish encounter a jog that goes around equipment on the deck.  The flow is unsteady, has 

secondary flows, and eddies (Figure 2.5, Feature 11).  The fish move through a complex 

feature where they encounter a hydraulic jump and a contraction (Figure 2.5, Feature 12).  

The hydraulic conditions are unknown, but likely turbulent with secondary flows.  The fish 

enter the final climbing duct where the supercritical flows are similar to the previous climbs 

(Figure 2.8a, Feature 13).  Finally, the lamprey pass over a crest with gradually varying 
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flow, swim through the final fyke at the downstream entrance, and end in the final rest box, 

where flow is steady and subcritical (Figure 2.8b, Feature 14).   

 

5) 

6) 

8) 

9) 

7) 

Figure 2.4: Plan view of traversing ductwork over the fishway.  5) Second rest box 6) Step 7) Traversing duct, 

width 50 cm 8) 90 degree corner 9) Expansion from narrow duct, width 20cm, to wide traversing duct 

1) 

2) 3) 

4) 

5) 

Figure 2.3: Elevation view of climbing duct LPS 1) Attaches to the Lamprey Flume Structure. 2) First rest box 

and 180 degree turn. 3) Climbing duct section: width is 50cm, depth 15cm, 4) transition to a rest box.  5) Second 

rest box 
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6) 

5) 

7) 

11) 
12) 

13) 

14) 

15) 

16) 

17) 

10) 

Figure 2.7: Plan view of traversing section in long straightaway 

Figure 2.5: Plan view of the LPS finale.  11) Jogging duct, 12) Expansion, same dimensions as 

contraction, 13) Climbing duct 14) Final Rest Box 15) Upwelling box Entrance 16) Upwelling Box 17) 

Upwelling box exit 

Figure 2.6 Elevation view of traversing duct.  
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 This rest box functions as a direction change and slope transition in preparation for 

the straightaway needed for the exit.  The path passes the fish through a small hydraulic 

jump, above which gradually varying flow descends over a radius (Figure 2.8b, Feature 15).  

The fish will swim into the upwelling box (Figure 2.8b, Feature 16) where the flow slows 

down to a minimal velocity, and then flows out the opposite end of the box.  The design goal 

was to have the fish enter with sufficient velocity and inertia to pass through and out of the 

box before they notice the flow direction change.   The fish begin to exit in a jet of rapidly 

varying flow once they pass the midline of Feature 16.  The fish finally descend rapidly 

through the exit in a chute Feature 17 and into the trap boxes.  Flow conditions within the 

upwelling box are unknown, but include jetting water out of the exit that may affect the exit 

hydraulics.  The flow conditions within the exit chute should be uniform, supercritical, 

sheeting flow once it is fully developed.  All features are compiled with the description of 

the hydraulic condition in (Table 2.1). 

The design guidelines were based on conversations with Mary Moser throughout the 

project (Table 2.2).Critical design decisions were based on precedent at previous LPS 

a) 

13) 

b) 

Figure 2.8: a) Elevation of LPS platform section b) End view of LPS platform section 
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systems.  Because of the complexity in retrofitting a fishway, we ultimately implemented 

several features that had never been tested including: the step (Feature 7), the contracting 

hydraulic jump (Feature 13), and the upwelling box (Feature 16). 

Table 2.1: Catalog of hydraulic conditions 

Feature 
# 

Flow Depth Water Surface Description Width Hydraulic Description 

1  ≈0.004m UF Spillway 0.6m 
Supercritical flow, 

sheeting 

2 Varies≈0.6m RVF Pool 1.2m Strong Hydraulic Jump 

3  0.004m UF Spillway 0.5m 
Supercritical flow, 

sheeting 

4 Varies GVF Channel 0.5m Subcritical flow 

5 Varies≈0.4m RVF Pool 0.8m Weak Hydraulic Jump 

6 Varies RVF Spillway 0.5m 
Superctical flow, 
hydraulic jump 

7 0.04m UF Channel 0.5m Subcritical flow 

8 Varies RVF 90 Corner 0.5m Secondary flow 

9 Varies RVF Expansion Varies 
Subcritical flow, 
secondary flow 

10 0.1m UF Channel 23cm Subcritical flow 

11 0.04m RVF Channel 23cm Subcritical flow 

12 Varies RVF Contraction Varies Unknown 

13  ≈0.004m UF Spillway Varies Strong Hydraulic Jump 

14 Varies≈0.4m RVF Pool 0.5m Supercritical flow 

15 Varies GVF Spillway 1.5m Gradually varying flow 

16 Varies≈0.5m  RVF Upwelling 0.5m Unknown 

17  ≈0.004m UF Spillway Varies Supercritical flow 
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Table 2.2: Design guidelines for LPS systems 

Traversing Duct Design Guidelines 

Traversing Slope 0.0035 

Mean Velocity Traversing 0.4m/s 

Duct width 19-50cm 

Turning ductwork 50cm 

Turning radius 50cm 

Contraction Ratio 0.3 

Max length without rest box >60m 

Climbing Duct Design Guidelines 

Climbing Slope 1.0 

Mean Velocity Climbing 3.0 m/s 

Fyke Opening 15 cm 

Turning None 

Contraction None 

Rest Box  Volume Depends on spillway length 

Average Rest Box Volume  0.2 m^3 

Max Δ Height between Rest Boxes <4m 

Exit Duct Design Guidelines 

Chute Slope 1.13 

Chute Surface >40% porosity & 3/16" Dia. Holes 

Discharge Flow 0.3-0.6 L/sec 

Fish storage density 50% by volume 

 

5. Discussion and Recommendations 

 We catalogued the anticipated features of LPS flow.  The traversing duct generally 

has uniform, subcritical flow.  The climbing duct always has uniform supercritical flow.  

Hydraulic jumps occur in all the rest boxes and upwelling box.  Flow will rapidly vary 

because of the change from supercritical to subcritical flow.  Features with the most 

complexity include the contraction (Feature 12), and the upwelling box (Feature 16).  The 

contraction will likely be very turbulent and could be a barrier to fish passage.  Flow within 

the upwelling box is more complex than other features and includes upwelling flows, 

gradually varying flows, and rapidly varying flows that exit as a jet into the exit chute.  
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The hydraulic conditions were not directly observed in most cases.  Flow 

descriptions are qualitative, and meant to outline specific features that may need further 

investigation.  One feature that seems significant is the combination of a hydraulic jump and 

contraction (Feature 12).  The Pacific lamprey will likely encounter high turbulence and 

mean velocities in this feature.  The other feature with the most complexity, the upwelling 

box (Feature 16), has low velocities, but multiple hydraulic conditions that could affect fish 

passage into the traps.    Future research should carefully document the hydraulic conditions 

of the LPS structural feature including flow depth, width, and discharge.  
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1. Abstract 

Lamprey passage has become an important issue in the Pacific Northwest with declining 

numbers of migrating Pacific Lamprey (Entosphenus tridentatus) returning to the Columbia 

River.  Here, I outline the materials, assembly methods, and the resulting hydraulic 

conditions for fully developed, uniform flow of a typical Lamprey Passage Structure (LPS) 

at Bonneville Dam, the first of up to nine dams Pacific lamprey encounter during upstream 

spawning migration.  The LPS systems are installed where Pacific lamprey exhibit milling 

behavior.  The entrance is placed on the wall and bottom of the fishway.  Pacific lamprey 

enter voluntarily.  Pacific Lamprey then climb the steep smooth surfaces of the LPS to 

bypass historic fishways designed for salmonids.  The design of a LPS exploits the unique 

climbing behavior of Pacific lamprey to selectively route the fish through a series of 

climbing and traversing ductwork to route the fish over the fishway.  The LPS hydraulic 

model is based off of reported operating conditions to establish the effective roughness 

range for operation (Moser et al. 2011, Reinhardt et al. 2008).  Here, we determined an 

effective roughness for modeling the hydraulics within the LPS systems.  We also created 

operating curves for a typical LPS system relating flow depth and mean velocity to 
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discharge.  These values can be used for design of similar structures for Pacific lamprey at 

other locations. 

2.  Introduction 

The hydraulic requirements for Salmon (Oncorhynchus spp) are relatively well 

understood with research spanning several decades (Monk et al. 1989, Johnson & Perkins 

1968, Perkins & Smith 1973, and references therein).  Conversely, Pacific lamprey research 

was limited prior to 2008 as the fish were perceived by western cultures as insignificant 

economically within the Columbia River basin, but remained an important resource to native 

cultures (Close et al. 2002, Moser &Close 2003).  One technical report identified Pacific 

lamprey as “trash fish” (Perkins & Smith 1973).    

  Moser et al.’s (2002) telemetry study was a key step in assessing the decline 

through radiotelemetry studies that identified bottlenecks within the fishways and 

established the need for alternative routing (2002b).  Development of fishway bypass 

systems known as Lamprey Passage Structures (LPS) enabled Pacific lamprey to bypass 

difficult sections within the fishway (Moser et al. 2011, Moser et al. 2005, and Moser et al. 

2006).  The LPS systems capitalize on the natural climbing behavior observed at natural 

migration barriers like Willamette falls. 

The analogue to the LPS system is the ascent of waterfalls by Pacific lamprey at a 

natural barrier.  One population, the Pacific lamprey in the Willamette River, is the only 

remaining harvestable population in the Columbia River Basin.  During the Willamette 

River migration, Pacific lamprey climb over 12 meters, sometimes vertically, to pass 

Willamette Falls and reach spawning grounds (Clemens 2012).  Lampreys may migrate as 
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far as 482 rkm before spawning (Clemens 2012).  Conversely, approximately half of Pacific 

lamprey approaching each of four dams in the lower  Columbia River pass and those passing 

upstream are larger on average at a comparable distance of 429rkm (Keefer et al. 2009).  

Telemetry and video studies of lamprey indicate that they have difficulty migrating 

upstream at barriers along the Columbia River (Beck 1995, Moser et al. 2002b, Clabough et 

al. 2012, Hard & Kynard 1997).  The goal of the LPS systems is to provide a nature-like 

pathway to bypass otherwise impassable barriers in the Columbia River basin for Pacific 

lamprey.    

The hydraulics of natural barriers is complex.  Where Pacific lamprey pass and why 

is determined by many parameters including the hydraulics.  In rivers and fishways, Pacific 

lamprey swim up to a critical swim speed and then attach to the substrate with their oral 

sucker.  The fish will then burst and re-attach in a saltatory swim behavior.  The fish cannot 

attach to certain substrate within fishways with uneven or porous surfaces like metal grating 

(Keefer et al. 2011b).  Research results indicate that lamprey also avoid shear flows when 

migrating (Keefer et al. 2011b).  One observed behavior indicating that the fish have 

encountered a hydraulically limiting feature is that the fish tend to congregate and mill prior 

to passage.  The fish will also tend to orient to the bottom and sides of the fishway (Beck 

1995, Hard & Kynard 1997, Keefer et al. 2010, Keefer et al. 2011b).  Different hydraulics 

will enact different pressures on the fish, which will in turn determine the fish’s locomotion 

and behavior.     

Exactly when the fish begin to saltatory swim is a result of the critical swim speed of 

that individual.  The results in laboratory settings estimated the critical swim speed of adult 

Pacific lamprey at approximately 0.8 m·s-1 for an average body length of 65.8 cm or 1.3 
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BL·s-1 (Mesa et al. 2003).  Within an experimental fishway the results are similar, with 

critical swim speeds around 0.8 m·s-1 and maximum burst swimming between (2.5-3.0 m·s-

1) for Pacific Lamprey (Keefer et al. 2011b).  Research on the similar, but larger sea lamprey 

are consistent with this research indicating that Sea lamprey migration can be mitigated with 

velocities exceeding 3.75 m·s-1 (Hunn and Young 1980).  Although, some of the fish can 

attach to surfaces with their oral disc and hold position in current up to 3.9 m·s-1 (Hunn and 

Young 1980).   

Once fish reach the critical swim velocity, they switch to saltatory swimming.  The 

sea lamprey will increase saltatory swimming at difficult migration features by increasing 

the number of burst movements, but not increasing the burst length (Quintella et al. 2004).  

Similar behavior was observed within the fishways where Pacific lamprey sought refuge in 

lower velocity areas within the fishways, such as the Auxiliary Water Supply (AWS) 

channels that are inaccessible to other fish species (Johnson et al. 2009).  The combination 

of milling, saltatory swimming, and refuge seeking behavior is evidence that Pacific 

lamprey experience difficulty ascending fishways along the Columbia River, which were 

designed for Salmonids and American Shad (Monk et al. 1989).  Refuging, milling, and 

failed passage also highlights potential hydraulic limits on Pacific lamprey passage in 

fishways (Moser et al. 2002a, Moser et al. 2002b, Keefer et al. 2010, and Johnson et al. 

2012).  The trends of the research indicate that all Pacific lamprey experience some 

difficulty when migrating through fishways along the Columbia River (Keefer et al. 2013a).  

Ultimately, size may determine upriver migration distance because adults recorded upstream 

were larger than average when tagged near the beginning of upstream migration (Keefer et 

al. 2009).  
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The large size variation of adult migrating lamprey may impact the application of 

fishway modifications for Pacific lamprey.  Adult migration length of Pacific lamprey can 

vary from 16cm to 76 cm (Beamish 1980).  Smaller fish have lower velocity thresholds and 

often suffer passage difficulties at dams designed for salmonids (Haro et al. 2004, Mallen-

Cooper &Brand 2007, and Barret & Mallen-Cooper 2006).  The fish trapped for testing in 

these LPS systems are typically large and have lengths > 60cm (Moser et al. 2006, Moser et 

al. 2008, and Moser et al. 2011).  It is unclear if the population averaged velocity barrier 

may be lower for the average migrating lamprey of a given year.  Evidence the fish 

encountering a hydraulic barrier in the fishways is demonstrated by the effective passage 

rate of 49% for Pacific lamprey at Bonneville dam compared with >90% passage efficiency 

of salmonids (Caudill et al. 2007, Keefer et al. 2013a).  Kemp observed that the climbing 

behavior for a given population is highly variable between individuals (2009). 

Pacific lamprey use these novel structures at Bonneville Dam.  The first LPS systems 

were installed in the Bradford Island Makeup Water Channel, an area near the top of the 

ladder used for hydraulic control which salmon cannot access.  Pacific lamprey were 

observed to congregate in this area without any migration route beyond it.  Moser et al. 

(2003) implemented a test system to determine orientation and location of the climbing 

ducts that access the LPS systems.  Additional systems were implemented in other areas 

with lamprey congregations at Cascade Island and the Washington Shore AWS (Moser et al. 

2011).  A more complex collection system was developed and implemented this spring at 

Bonneville Dam North Shore Fishway entrance and is called the Lamprey Flume System.  

The structure we used as a case study for our research routes the Pacific lamprey from the 

LFS to the trap boxes on the fishway deck.  
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The LPS structures rely on Pacific lamprey climbing specialized rectangular 

ductwork with steep slopes and supercritical-sheeting flows.  Success of the structures was 

highly dependent on location of the entrances and were most effective when placed in areas 

observed to have Pacific lamprey congregated (Moser et al. 2005, Moser et al. 2006, Moser 

et al. 2008, and Moser et al. 2011).  Hydraulic conditions have not been extensively studied, 

although Pacific lamprey climbing observed in laboratory settings suggest that they can 

climb a range of slopes and discharges (Reinhardt et al. 2008, Kemp et al. 2009, and Keefer 

et al. 2011).   

When the fish find and enter the LPS, they are relatively successful compared to the 

fishways at Bonneville Dam.  LPS systems typically have passage rates >90% for Pacific 

lamprey (Moser et al. 2006, Moser et al. 2008, Moser et al. 2011).  The rate of use increases 

over time.  In 2006 Approximately 21% of the Pacific lamprey used the LPS system at 

Bradford Island (Moser et al).  By 2008, approximately 40% of the migrating population at 

Bonneville dam used an LPS system to pass.  The highest passage efficiency was at the 

Washington Shore AWS LPS with 100% passing using the LPS system (Moser et al. 2011).  

The systems have significantly higher passage rates than the fishways where only 40% of 

the Pacific lamprey pass the dam (Moser et al. 2011). 

The systems are unique and use aluminum to form ductwork that route the fish from 

areas in the fishway that the Pacific lamprey congregate.  The key parameters affecting 

hydraulic conditions in the LPS system are duct slope, surface roughness, and channel 

shape.  Surface roughness describes the height of protrusions into the flow.  The ratio of 

roughness to flow depth determines if the flow is hydraulically smooth, in the transitional 

roughness regime, or fully rough flow (Nezu & Nakagawa 1993).  Very small roughness 
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ratios result in hydraulically smooth flow.  Hydraulically smooth flow has a velocity profile 

that develops more gradually, and the maximum velocity near the surface (Nezu & 

Nakagawa 1993).  Hydraulically rough flow has a maximum velocity closer to the bottom 

(Chow 1959).  Slope describes the ratio of rise per length and determines gravitational 

influence.  Flow depth decreases and velocity increases with increasing slope for a given 

discharge. Channel shape affects secondary flows and acts as an additional form of flow 

resistance similar to roughness.  The resulting hydraulic conditions of flow depth and 

velocity vary depending on these parameters.  

Previous research focused on the behavior of the fish exhibited during climbing and 

evaluated a range of slope and discharge conditions that provided adequate conditions to 

induce climbing behavior and passage of LPS structures.  However, the hydraulic conditions 

of the structures were not characterized in previous studies.  Our research was interested in 

developing a 1D model of the hydraulic conditions within the LPS for design and operating 

purposes.  We investigated 1) an appropriate roughness value to use in modeling the 

hydraulic conditions of LPS systems 2) and operational curves for the LPS systems relating 

flow depth to discharge.  The resulting curves will help future designers and operators 

develop, implement and operate these structures for Pacific lamprey passage at Bonneville 

Dam and other locations. 

3. Methods 

3.1 Apparatus 

The Lamprey Passage Structures (LPS) used for this analysis were the Cascade 

Island LPS previously implemented at Bonneville Dam (Moser et al. 2005, Moser et al. 

2006, Moser et al. 2008, and Moser et al. 2011) and the Washington North Shore fishway 
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LPS designed and installed during 2013 (Zobott et al. 2013).  Each LPS has a series of 

climbing ducts with rest boxes for the ascent, and a combination of varying width ducts for 

the traversing sections (Figure 3.1).  All ductwork was 15cm deep.   

The duct widths for the Washington North Shore fishway LPS were: 23cm and 50cm 

for traversing duct.  The climbing duct width is 50cm (Figure 3.1).  The Cascade Island LPS 

traversing duct widths differed slightly, and were either 19cm, or 50cm.  

The material used for the Washington Shore Fishway LPS was 4.8mm (3/16”), 5051 

H32 Aluminum plate that was then formed with no radius interior bends.  The Washington 

North Shore Fishway LPS also had a protective film covering the surfaces during 

manufacturing and was removed just prior to installation.  There was no further surface 

Climbing Ducts: S=1.00, 

b=50cm 

Traversing Duct: S=0.0035, 

b=19cm, b= 23cm 

Duct cutout showing 

Pacific lamprey climbing 

behavior 

d) Rest Box 

Traversing Duct: 

S=0.0035, b=50cm 

a) 
b) c) 

Figure 3.1: Geometry of LPS ductwork.  Dimensions to outside of duct.  Interior dimensions used in calculations a) Climbing 

duct cross section with Slope= 1.  b) Traversing duct cross section with Slope= 0.0035 at Washington Shore Fishway LPS c) 

Traversing duct of Cascade Island, Bradford Island and Washington Shore AWS LPS systems with Slope=0.0035 d) LPS 

schematic 
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treatment prior to use in any system.  The angle of the climbing duct was 45° (slope=1), and 

the angle of the horizontal duct was 0.2° (slope=0.0035).  We also investigated climbing 

duct with a width of 50cm and at an angle of 18° (slope=0.325), as it was also reported in 

literature (Moser et al. 2006, Reinhardt et al. 2008, Moser et al. 2011).   

The ductwork assembly required that the climbing duct pieces were bolted together 

periodically with silicone sealant in the interface to maintain water tight seal.  Any two 

pieces of climbing duct were to be aligned with one another within a tolerance of +/- 1.6 

mm, while the horizontal duct alignment was +/- 3.8 mm.  Excess silicone was wiped out, or 

trimmed flush if dried. 

3.2 Methods 

The hydraulic model is a fully developed, open channel flow model, based on the 

energy equation with the losses accounted for using the Darcy friction factor: 

Where So is the slope, or rise versus run, of the channel, f is the Darcy friction factor that 

quantifies head loss, Umean is the depth averaged velocity, Dh is the hydraulic diameter, and g 

is gravity.  The depth of flow is y, b is the width of the channel, A is the cross sectional area 

of the flow, and P is the wetted perimeter of the flow.  We based the above parameters on 

the Reynolds number and Froude number of the functioning LPS systems.  The Reynolds 

number, Re, is representative of the relationship between viscous and inertial forces:  

(Eqn. 3) 

(Eqn. 

1) 

(Eqn. 2) 
; where 
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Where ρ is the density of water assumed to be 992 kg·m-3 and is the µ is the viscosity of 

water and is 1.307 x 10-3 kg ·sec-1· m-1 at 10°C.  The Froude number compares the speed of 

the flow with the gravitational wave velocity (Eqn. 4): 

 Flows with values larger than 1.0 are considered supercritical; which are thin and fast flows 

like the flow observed within the climbing duct of the LPS systems.  Froude number values 

less than 1.0 describe subcritical flows of the nearly horizontal duct sections of the LPS 

systems.  

We first assumed a hydraulically smooth surface due to the smooth aluminum 

surface of the duct pieces with surface roughness (ε=.002mm).  The hydraulically smooth 

model resulted in unreasonable velocities as compared to the findings of suitable velocities 

for Pacific lamprey passage (Moser et al. 2011, Reinhardt et al. 2008, and Keefer et al. 

2011a).  We then used the reported depth and discharge of the Bradford Island LPS to 

determine a functional friction factor using (Eqn. 1) and the Reynolds number (Table 3.1) 

(Moser 2011).  We used the Moody diagram to determine that the flow was on the edge of 

the transitional roughness regime using the determined friction factor, Reynolds number, 

roughness, and hydraulic diameter.  Therefore, we implemented the Haaland correlation 

(Eqn. 5) (Kakac et al. 1987) to explicitly solve for the Darcy friction factor as a function of 

effective roughness, where ε is the effective roughness:   

(Eqn. 5) 

(Eqn. 4) 
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Now we could develop a function relating flow depth to mean velocity.  We did this 

by combining 1, 2, &5, resulting in the following equation: 

To create the operating curves we needed to relate discharge (Q) to flow depth (y).  We did 

this by using the definition of discharge and rewriting (Eqn. 7) to solve for the mean 

velocity, Umean:  

We then substituted substituded (Eqn. 7) into (Eqn. 6): 

Then, we used a root solver within a loop program to solve (Eqn. 8) for flow depth (y) 

resulting from each discharge value within the range of (1 L·s-1 <Q<100 L·s-1), with (ΔQ=1 

L·s-1).  Using the flow depth, we could calculate the mean velocity of the flow.  The 

resulting operating curves relate flow depth, discharge and mean velocity.   

The climbing duct was more difficult to model.  First we assumed the same 

roughness for the climbing duct as the traversing duct.  The resulting mean velocities did not 

match those reported in Reinhardt et al. (2008).  Reinhardt took the velocity measurements 

with a high speed camera and a dredge (2008).  We assumed that the measurements were 

equal to the mean velocity because we knew flow depth would be very thin.  With the given 

discharge (Q) and the mean velocity (Umean) we could solve for area (A) using (Eqn. 7).  

Then using the given width, we solved for flow depth.  We tried to determine the effective 

roughness for all reported values from Reinhardt’s research.  Unfortunately, only one 

(Eqn. 6) 

(Eqn. 7) ; 

(Eqn. 8) 
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velocity value, discharge, and slope, converged to a reasonable effective roughness value 

(Umean= 3.07 m/s, Q=7.8 L·s-1), and slope (S=1.0).  The complete matrix of parameters 

investigated, and the calculation coding for the roughness value are available in Appendix A 

and B.  The calculation coding for the climbing duct is in Appendix C; while the traversing 

duct calculations are in Appendix D. 

4. Results  

We originally determined two roughness values based on the reported values from 

literature (Moser et al. 2011, Reinhardt et al. 2008) (Table 3.1).  The effective roughness 

value of (ε=11mm) for the traversing duct was unreasonable given the smooth surfaces of 

the aluminum ductwork.  We determined that the climbing effective roughness value of 

(ε=0.18mm) was reasonable given the additional periodic roughness of assembly tolerances 

(1.6 mm < ε <3.8) mm and the surface roughness value of aluminum (ε=0.002 mm). The 

effective roughness should not vary with the width or slope.  We applied the resulting 

effective roughness value from Reinhardt et al. (2008) for both traversing and climbing 

ducts.   

 

The low slope of the traversing ducts is necessary to maintain subcritical flow in the 

ductwork.  Within the operating slope used in the Bonneville Dam LPSs of S=0.0035: the 

effective roughness value we used resulted in a mean velocity difference of 2-20% between 

varying duct widths (Table 3.2).  Due to the difference between widths, we created unique 

b(m) y (m) α=b/y S (m/m) V(m/s) f Re # Fr # ε(mm) Source

0.19 0.10 2 0.0035 0.41 0.079 1.53E+04 0.4 11 Moser et al 2011

0.50 0.0044 114 1 3.07 0.041 1.40E+04 14.8 0.18 Reinhardt et al 2008

Reported values and resulting effective roughness

Table 3.1: Roughness Determination: for hydraulic modeling for discharge of 7.8 L·s-1 using the Haaland 

correlation to determine effective roughness 
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operating curves for each width (Figure 3.3).  Increasing the width by ≈20% results in very 

small differences in mean velocity (Figure 3.3b).  The widest duct width investigated will 

have the smallest flow depths, and highest Froude numbers (Figure 3.3c).  Flows will be 

subcritical in all traversing ducts.  Velocity changes across varying widths are (0.49 m·s-1 

<Umean < 0.61 m·s-1) (Table 3.2). We note that the depth changes are substantial between 

the two widths of traversing duct, and the traversing duct flow may become supercritical if 

the slope is greater than nominal in the widest duct width where, b=50cm.   

Table 3.2: Comparison of ductwork parameters and resulting flow conditions for Q=7.8L·s-1, and ε=0.18mm.  Climbing 

duct % change compared to nominal parameters in bold (S=1.0, b=50cm).  Traversing duct compared to nominal 

parameters in bold (S=0.0035, b=19cm)   

Ductwork 
Parameters 

α=b/y y (m) 
Umean 

(m/s) 
Fr Re 

%Cha
nge y 

%Cha
nge 

Umean 

%Cha
nge Fr 

Climbing  
S=1.0, 

b=50cm 
100 

0.005
0 

3.12 14.09 
1.17E
+04 

0 0 0 

Climbing  
S=0.325, 
b=50cm 

72 
0.007

0 
2.23 8.54 

1.16E
+04 

-40 28 39 

Traversing 
S=0.0035, 
b=19cm 

2.8 0.067 0.61 0.76 
1.84E
+04 

0 0 0 

Traversing 
S=0.0035, 
b=23cm 

4.1 0.057 0.60 0.80 
1.74E
+04 

12 2 -6 

Traversing 
S=0.0035, 
b=50cm 

16 0.032 0.49 0.87 
1.06E
+04 

42 21 -15 
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Figure 3.2: Operating Curves for LPS Ductwork: flow depth are shown with solid, blue lines, mean velocity 

shown with dashed, black lines for ε=0.18mm; a) Cascade Island, Bradford Island and Washington Shore AWS 

LPS systems where width is 19cm b) Washington Shore Fishway LPS system where width is 23 cm c) Bradford 

Island, Cascade Island, & Washington Shore Fishway LPS where width is 50cm d) Climbing duct for all LPS 

systems: Slope=1.0, width is 50cm 

 



35 

 

When the slope increases beyond the critical slope, the flow condition changes from 

subcritical to supercritical for a given discharge.  Critical slopes for the traversing duct 

widths at nominal discharge of 7.8 L·s-1 are summarized in (Table 3.3).  The widest duct 

width will become supercritical at the lowest slope value for the nominal discharge.  The 

narrowest duct will have the deepest depth, and the highest mean velocity at critical flow 

(Table 3.3).  The widest width will have the lowest mean velocity at critical flow and the 

shallowest depth.   

Table 3.3: Critical Flow Parameters for Ductwork: were critical flow occurs at Froude number=1.0 and ε=0.18mm at a 

discharge of Q=7.8L·s-1 

Critical Flow Parameters 

b(m) yc (m) 
Umean,c 

(m/sec) 
Sc (m/m) 

0.19 0.055 0.74 0.0047 

0.23 0.049 0.69 0.0042 

0.5 0.029 0.54 0.0037 
 

Conversely, the climbing slope (S=1.0) results in supercritical flows regardless of the 

width or roughness for all functional discharges.  We modeled the flow using the only 

convergent solution we developed from Reinhardt reported values, resulting in ε=0.18mm at 

nominal discharges (2008).  The results are significantly different from the traversing duct 

(Figure 3.2d).  Flow depths are a factor of ten smaller, and velocities five times larger.  The 

flow depth change from a 78% reduction in slope (S=1.0 to S=0.325), results in a 40% 

increase in depth (Table 3.2), but only a 28% decrease in velocity.     
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Table 3.4: Comparison of ductwork parameters and resulting flow conditions for Q=7.8L·s-1, and ε=0.18mm.  Climbing 

duct % change compared to nominal parameters in bold (S=1.0, b=50cm).  Traversing duct compared to nominal 

parameters in bold (S=0.0035, b=19cm)   

Ductwork 
Parameters 

α=b/y y (m) 
Umean 

(m/s) 
Fr Re 

%Cha
nge y 

%Cha
nge 

Umean 

%Cha
nge Fr 

Climbing  
S=1.0, 

b=50cm 
100 

0.005
0 

3.12 14.09 
1.17E
+04 

0 0 0 

Climbing  
S=0.325, 
b=50cm 

72 
0.007

0 
2.23 8.54 

1.16E
+04 

-40 28 39 

Traversing 
S=0.0035, 
b=19cm 

2.8 0.067 0.61 0.76 
1.84E
+04 

0 0 0 

Traversing 
S=0.0035, 
b=23cm 

4.1 0.057 0.60 0.80 
1.74E
+04 

12 2 -6 

Traversing 
S=0.0035, 
b=50cm 

16 0.032 0.49 0.87 
1.06E
+04 

42 21 -15 

 

5. Discussion and Recommendations 

We developed an open channel hydraulic model for traversing ducts as well as 

climbing ducts of LPS systems installed at Bonneville Dam.  During supercritical flow, the 

velocities are near or exceed the critical swim velocity of (U=0.8 m·s-1).  Pacific lamprey 

would likely switch to saltatory swimming modes (burst swimming and oral attachment).  If 

the flow depth is thin enough and slope steep enough they would begin climbing (Quintella 

et al. 2004, Reinhardt et al. 2008, and Keefer et al. 2013b).  The difficulty of ascending 

supercritical flow increases as the flow depth increases because of the relationship to the 

drag force on the fish where: 

As is the submerged cross section and a function of flow depth, V is the mean velocity, and 

CD is the coefficient of drag.   

(Eqn. 9) 
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The function above relates drag force to mean velocity and submerged area.  The 

submerged area will vary with the size of the Pacific lamprey and water depth in the duct, 

but should be proportional based on the girth, or circumference of the fish for a given depth.  

We created a simple model of the drag force on a fully submerged lamprey by assuming that 

the shape of a lamprey is cylindrical.   Assuming this simple shape is overly conservative as 

the true shape of lamprey is more hydrodynamic, but it allows us to relate lamprey size to 

drag force.  We first solved for the cross sectional area as a function of girth by assuming the 

girth is equal to the circumference of a circle:  

Where D is the diameter, C is the circumference, and G is the girth of the fish.  

The cross sectional, submerged area is therefore determined using the formula for the area of 

a circle and substituting (Eqn. 10) for the diameter:  

Finally, by substituting the resulting submerged area as a function of girth into (Eqn. 9), we 

create a model to relate lamprey size to drag force:  

; : (Eqn. 10) 

: 
(Eqn. 11) 

(Eqn. 12) 



38 

 

Our simple model correlates drag force with the girth of the fish by assuming a similar shape 

between all sizes of adult Pacific lamprey.  We then determined the resulting drag force 

acting on three girths: G=8 cm, G=10 cm, and G=12 cm (Figure 3.3). We can see that at a 

given velocity the drag force increases with increasing girth.  The critical swim threshold is 

represented by the dashed lines and is assumed constant for all girths (Ucrit=0.8 m·sec-1).  

The velocity barrier is represented by dotted lines, and is also assumed constant for all girths 

(Uvb=2.5 m·sec-1). 

The smallest fish has less drag at a given velocity, but still can only swim up to the 

critical velocity.  Our model assumes that the reported critical velocity for lamprey within 

this range of girths is constant, and approximately equal to (Ucrit=0.8 m·sec-1) (Mesa et al. 

2003).  Therefore, the advantage of a smaller cross section is lost presumably due to 

decreased body size and potential swimming thrust.  The largest fish girth has higher drag 
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Figure 3.3: Drag force as a function of velocity.  The fish is fully submerged in the flow.  Blue lines represent a fish with 

girth, G=0.08m; Orange lines represent a fish with G=0.10m, and pink lines represent a fish with G=0.12m.  Fdcrit is 

the drag force at the critical swim velocity of 0.8 m·sec-1 and the respective girth.  Fdvb is the drag force at the upper 

swimming limit of 2.5 m·sec-1 and the respective girth. 
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force, but also a larger body that can swim up to the same critical swim velocity.  Above the 

critical swim velocities and the resulting drag represented by the dashed lines, the fish will 

begin saltatory swimming.  Once the velocity increases to the velocity barrier value of 

(Uvb=2.5 m·s-1) the fish cannot progress, and that threshold is represented by the dotted 

lines.  With the constant velocity barrier model we eliminate the advantage of lower drag 

due to smaller girth because the critical velocity and velocity barrier are assumed constant 

for the range of girths.  Using the correlation for length to girth from Keefer et al. (2012 

unpub. Data) we found the predicted girth size of Mesa et al. (2003) was between 10-11 cm, 

and within the range we set. Assuming that the critical velocity is constant may only be valid 

for a certain range of girths, and will need further research to determine if it is valid. 

We also investigated the fish drag force within the duct work to try to understand 

potential limits on swimming.  We created our model based off of (Eqn. 12) as we did 

before, but this time we modeled flow depth with varying slopes and maintained a constant 

discharge of Q=7.8 L·s-1 for a channel width of 19cm.  The relationship between slope, flow 

depth, and velocity is given (Figure 3.4).    

The critical slope condition occurs when the Froude number is equal to 1.0, 

(Sc=0.0047 for b=19cm and Q=7.8 L·s-1) (Table 3.3).  The traversing duct is very sensitive 

to slope changes at low slopes, and small changes in slope will have large effects on flow 

depth and velocity (Figure 3.4a).  Within the supercritical flow, the depth changes are more 

gradual (Figure 3.4b).  With increasing slope, velocity increases, and the depth decreases.   
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We combined (Eqn. 12) with (Eqn. 7) to relate the drag force to the changing flow depth and 

developed the following relationship:  

The flow is subcritical for all cases when the fish is fully submerged.  We only 

evaluated (Eqn. 13) when the flow depth was greater than, or equal to the girth of the fish.  

The flow depth increases with decreasing slope in (Figure 3.5).  There are no results until 

the fish is fully submerged.  The smallest fish becomes submerged first, but we can see from 

(Figure 3.5), that the drag forces are above the critical swim threshold and the fish will 

exhibit saltatory swim behavior.  Girth determines the protrusion of the fish into the flow.  

Smaller fish will protrude less, but are more submerged for any given slope.  With 

increasing flow depth (decreasing slope), the drag force decreases until the fish passes the 

critical drag force threshold (Fdcrit, @G=0.8m) and begins to swim.  The larger fish will not be 

submerged until lower slope values for a given discharge.  
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Figure 3.4: Flow Depth with Increasing Slope.   The duct shown is the traversing width (b=19cm) and 

(Q=7.8L·s-1).   Flow depth is represented by the solid, blue line, and velocity is represented by the dashed, black 

line.  a) Represents subcritical slopes < Sc=0.0047 b) represents supercritical slopes where Slope>Sc=0.0047  
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 The critical slopes vary with width and discharge for the ductwork, and are 

relatively low values compared with the climbing slopes (Table 3.3).  Reducing the slope 

may not result in increased climbing efficiency for Pacific lamprey because the fish will be 

in deeper flow as the slope decreases.  The depth changes will be most significant at slopes 

near the critical slope.  Fully submerged supercritical flows will result in drag forces higher 

than Fdcrit for all girths (Table 3.5) causing fish to switch to saltatory swimming according to 

our constant velocity model where (Ucrit=0.8 m·s-1).  The fish will be partially submerged 

within the LPS systems at functional discharges for all supercritical flows.  Partially 

submerged fish will have less drag, but how it relates to the girth of the fish is still unknown. 

Further research is necessary to better understand the effects of fully submerged and 

partially submerged drag force over the full range of sizes of migrating Pacific lamprey.    
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Figure 3.5: Drag force with decreasing slope (S<Sc) and constant discharge (Q=7.8L·s-1) for a given duct width, 

(b=19cm).  Blue represents G=0.08m, Orange represents G=0.1m, and Pink represents G=0.12m.  Dashed lines 

represent the Fdcrit calculated from the girth and (Ucrit=0.8 m·s-1) 
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The climbing duct velocities increase with discharge.  Implications of this are that 

although the flow depth will remain thin, the drag force will quadratically increase.  The 

drag force opposing climbing lamprey may overcome the fish and result in fallback, greater 

exertion, exhaustion leading to fatigue, and possibly death.  Therefore, any scaling of these 

systems should be done carefully to ensure the mean velocities are as low as possible while 

still providing an attractant flow.  Within the climbing duct we were not able to model the 

flows below (Q=7.8 L·s-1) due to the ambiguity of the flow condition.  Careful calibration of 

the effective roughness and perhaps a more comprehensive hydraulic model over all flow 

regimes may be necessary to effectively scale the LPS systems.   

Our simple constant critical velocity model relies on the fish being fully submerged 

due to the complexities of calculating the submerged cross-sectional area, the coefficient of 

drag, and the additional component of wave drag that results when bodies are partially 

submerged.  However, the drag force thresholds calculated above will apply to partially 

submerged Pacific lamprey.  Higher flow depth resulting from increased discharge could 

explain why some Pacific lamprey lost ground at the highest discharge during experiments 

(Reinhardt et al. 2008).  Smaller fish may also have an advantage climbing as their drag is 

lower due to smaller body diameter (Moser et al. 2006).  Although this may only be true for 

low discharges and steep slopes.  Future research is needed to explore how the area, drag 

Fr 
Velocity 

(m·s
-1

)
So Fd (N) Frcrit

Fdcrit (N) 

@Ucrit=0.8 

m·s
-1

Frvb

Fdvb (N)  

@Uvb=2.5 

m·s
-1

G1=y1=0.08m 1.01 0.9 0.0061 0.2 0.9 0.16 2.82 1.56

G2=y2=0.10m 1.01 1 0.0064 0.39 0.81 0.25 2.53 2.44

G3=y3=0.12m 1.01 1.1 0.0068 0.68 0.74 0.36 2.30 3.52

Table 3.5: Flow parameters of supercritical flow where Pacific lamprey are fully submerged.  Girth=Flow depth, 

flow is supercritical for all cases shown with a constant Froude number.  Results of the critical drag force (Fdcrit) 

and the velocity barrier drag force (Fdvb), and corresponding Froude numbers for the two conditions are in bold 
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coefficient, and wave drag varies with submergence in order to fully understand Pacific 

lamprey climbing behavior and how it relates to discharge and flow depth.  

Lamprey may have greater difficulty ascending the low slope supercritical flow due 

to the increased flow depth and increased drag.  This is supported in experimental results 

where greater efficiency for the climbing behavior was observed when (S=1.0) compared to 

(S=0.325) at low discharge (Q=3.9 L·s-1) (Reinhardt et al. 2008).  We recommend that 

traversing ducts be set at a slope (S≈0.003) and the climbing ducts have slopes of (S=1.0), 

with a possible advantage for decreasing the discharge in climbing ducts to the low flow 

condition (Q=3.9 L·s-1).   

However, reduced discharge in experimental trials has not provided clear 

improvements in passage.   Full scale fishway experiments indicate there is little advantage 

with lower flows (Moser et al. 2006, Moser et al. 2008, and Moser et al. 2011).  While 

laboratory experiments indicate lower flows improve climbing performance, with slope 

compounding the results (Reinhardt et al. 2008, Keefer et al. 2012). Research on Pacific 

lamprey climbing behavior indicates that some lamprey can ascend vertical ducting with 

velocities around 3.7 m·s-1 (Kemp et al. 2009).  Therefore, Pacific lamprey may be able to 

ascend climbing duct with velocities exceeding their maximum burst swim speed at very 

steep slopes.  The full range of slopes has not been studied and more research will be 

necessary to implement slopes (S>1.0 or S<1.0).  The effect of discharge may be 

confounded due to research that indicates it affects lamprey attraction to the systems (Moser 

et al. 2008, Johnson et al. 2012, and Keefer et al. 2012 Reducing the discharge may improve 

climbing, but it would likely adversely affect the attraction and guidance of Pacific lamprey 

to the entrances of LPS structures.  A potential hybrid approach would be to supplement 
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flow at or near the LPS entrance to provide guidance and attraction flow while holding 

discharge within the LPS to low values, particularly in structures with long vertical runs.   

The material roughness of aluminum is comparable to that of steel or copper and has 

a roughness value estimated to be (ε = 0.002mm) (White 2003).  Chow acknowledges that 

shape has an effect on the roughness value, and rectangular ductwork is the most extreme 

case (1959).  This is attributed to friction effects of the side walls, which diminish as the 

aspect ratio increases (Nezu & Nakagawa 1993).  The aspect ratio is the relationship of 

channel width to flow depth: 𝛼 = 𝑏/𝑦.  In wide channels, where𝛼 > 10, the effects of the 

walls are considered negligible (Chow 1959).  Increasing the aspect ratio also tends to 

increase the penetration of the roughness into the flow.  The effective roughness of the 

ductwork will therefore vary some with aspect ratio in addition to material, and discharge.  

From observations of open channel flow we understand that lower aspect ratios will have 

higher effective roughness because of these and other effects. 

The predicted roughness for the climbing duct is appropriate based on the smooth 

aluminum surfaces.  The large aspect ratios indicate that the effect of the sidewalls is 

negligible (Table 3.2).  Our effective roughness value used in our hydraulic modeling was 

based on discharge and velocity measurements within the climbing duct.  The value of 

ε=0.18mm is valid for the climbing duct above discharges of Q=7.8 L·s-1.  There may be 

some additional roughness effects within the traversing ducts due to the low aspect ratios: 

α<10 (Table 3.2).  Smaller widths will have a greater effect, but the values should still be 

comparable to the climbing effective roughness.  Therefore, we applied the climbing duct 

effective roughness for all traversing ducts.  The traversing duct flow is turbulent for all 

discharges within the range we investigated.  The climbing duct flow regime is more 
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sensitive to varying discharges because of the thin flow.  One of the conclusions of studying 

the hydraulic conditions within the climbing duct flow is the need to assess different flow 

regimes.  Our model is valid only within the turbulent flow regime.  There is currently no 

research relating Pacific lamprey climbing behavior to flow regime.   

Our estimates of effective roughness are based on reported values from literature.  

We matched reported values for depth and discharge for the traversing duct.  The roughness 

value for the traversing duct is unreasonably high given the smooth surface of aluminum.  

We attribute the high value to nominal measurements of the depth and discharge.  Careful 

measurements of depth, discharge and slope are necessary to predict the roughness 

accurately.  Another potential problem with using the reported measurements for the 

traversing duct is that the measurement location may have been in areas of gradually varying 

or unsteady flows.  The equations used in the analysis are valid only for fully developed 

uniform flows.  We recommend independent validation of roughness prior to implementing 

the operating curves.  
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1. Abstract 

Improving fish passage at dams can be data-intensive and typically requires close 

collaboration between researchers, dam managers, and other stakeholders during 

prioritization and implementation of improvements.  Planning for and implementing 

structural or operational changes at fishways often occurs in an adaptive management 

context, where data are gathered incrementally and decision makers must integrate 

information on fish biology and behavior with engineering and cost constraints.  We 

developed a ‘fish passage wiki’ to communicate information to a diverse group of 

stakeholders tasked with improving upstream migration success in Pacific lamprey 

(Entosphenus tridentatus) as part of a large the recovery and management effort. The study 

site was Bonneville Dam on the Columbia River, which is a large complex multi-fishway 

hydroelectric facility where substantial efforts have been made to improve passage for 

lamprey.  The stakeholders included regional dam managers, Federal and state government 

agencies, researchers and Tribal authorities.  We developed a collaborative model where 

qualitative and quantitative information could be visually presented within the spatial 

context of the Bonneville Dam infrastructure.  We did this by using a three dimensional 
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visual “wiki” model (3D wiki) as the basis upon which spatially explicit information is 

mapped on layers or by using interactive links.  The 3D wiki developed for lamprey passage 

at Bonneville Dam could be implemented for other species, other facilities, or in any 

situation where visualization of multiple data types in a spatially complex environment is 

needed.  

2. Introduction 

Wiki technology is a collaborative communication tool where a group maintains 

webpages based on their knowledge (Hester 2011).   The most familiar reference to wiki use 

is Wikipedia/  With over 12 million users, the platform is a proven communication tool (Shu 

and Chuang 2011).  Learning through use of wiki tools has also been documented in various 

contexts (Moskaliuk, et al. 2009, Kimmerle et al. 2011) and have found that groups with 

intermediate understanding of the subject have the greatest opportunity to learn (Kimmerle 

et al. 2011).  Ultimately, many organizations and groups are using wikis as their knowledge 

management system (KMS) with the tool evolving through use (Hester 2011).   

Collaborative modeling is a growing field of research (Budhathoki & 

Haythornthwaite 2013, Langsdale et al. 2013, Michaud 2013, Palmer et al. 2013, Sandoval-

Solis et al. 2013, Török et al. 2013) wherein diverse groups of stakeholders can increase 

their knowledge and improve their decision making (Michaud 2013).  Collaborative 

modeling is relatively untested in fish management, but potentially very useful because it is 

flexible and accommodates diverse groups of stakeholders.  Collaborative modeling 

interfaces are designed to be easily accessible to non-technical, decision makers, managers 

and researchers alike.  Lagsdale et al. (2013) outline eight principles for the successful 

development of a collaborative model: 
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1.  Collaborative modeling is appropriate for complex, conflict laden, and 

decision making processes where stakeholders are willing to work 

together. 

2. All stakeholder representatives participate early and often to ensure 

that all relevant interests are included. 

3. Both the model and the process remain accessible and transparent to all 

participants 

4. Collaborative modeling builds trust and respect among parties 

5. The model supports the decision process by easily accommodating 

new information and quickly simulating alternatives. 

6. The model addresses questions that are important to decision makers 

and stakeholders. 

7. Parties share interests and clarify the facts before negotiating 

alternatives 

8. Collaborative modeling requires both modeling and facilitation skills 

We used the framework to develop our current model.  The iterative nature of collaborative 

modeling ensures that the process refines and fulfills the original goal, helps stakeholders 

align their interests, and implicitly recognizes that the model is a “work-in-progress on a 

living document”.   

Our group of stakeholders was assembled in response to the Columbia Basin Fish 

Accords in 2008 (“Columbia River Fish Accords Salmon Restoration, Salmon Protection” 

2013).  In which Pacific Lamprey (Entosphenus tridentatus) was established as a priority 

species.  The ten-year plan set out in the Accords included mandated effort to improve 
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Pacific Lamprey passage efficiency at hydroelectric dams in the Columbia River basin.  The 

existing management structure included communicating progress through regular reporting, 

but it became difficult for the stakeholder group to effectively integrate the diverse 

information into a coherent understanding.  The difficulty increased through time as research 

effort and results increased and more structural and operational features were implemented.  

In addition, Pacific lamprey passage issues were identified and the first five years of the 

Columbia Basin Fish Accords yielded numerous technical reports, peer-reviewed papers, 

planning documents, and on-the-ground changes at the dams.  Consequently, after the first 

five years, the stakeholder desired a way to succinctly tracking of fishway retrofits and other 

improvements in parallel with prioritizing future projects and research.     

Our goal was to develop a novel approach to the integration of various information 

types onto a three dimensional model in support of stakeholder needs that could release, 

maintained and used as a Wiki.  Here, we illustrate the potential of such models in adaptive 

management situations by documenting our Bonneville Dam experience as a case study.  In 

order to develop this integrative tool we needed to: 1) Choose the software platform 2) Build 

the visual 3D model 3) populate the visual 3D model with different information types 4) 

Distribute and allow for feedback.  A refined model will then be provided to the stakeholder 

group and converted to a Wiki.  An additional major advantage of the model is that users 

can rapidly view the model from multiple perspectives and spatial scales by “flying” through 

the fishway and turning data layers on and off. 

3. Methods 

The study site was Bonneville Dam, located on the Columbia River (Figure 4.1).  We 

selected the location because all lamprey migrating to the interior Columbia Basin must pass 
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the dam, it is spatially complex, and because a large amount of data on passage and lamprey 

improvements were available for the site.  Bonneville Dam is made up of several fishways, 

two powerhouses, a spillway, locks for ship navigation, and fish passage research facilities.   

We implemented the 3D wiki as a collaborative communication tool.  The research we 

integrated focused on lamprey passage difficulties including monitoring (e.g., Clabough et 

al. 2012), pacific lamprey movements in the fishway (e.g., Johnson et al. 2012), passage 

bottlenecks (e.g., Keefer et al. 2013a), and behavior (e.g., Keefer et al. 2013b). We 

developed a comprehensive model of the site, but focus on the Washington Shore Fishway 

for this case study. 

Different 3D modeling platforms were researched during development including: 

SolidWorks, AutoCAD, HyperCosm, ArcGIS, and SketchUp.  Some of the more traditional 

engineering modeling platforms were accessible to individuals of the group, but they would 

Figure 4.1: Site Overview of Bonneville Dam Complex, The Washington North Shore Fishway is 

circled
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have been cost prohibitive to supply to all stakeholders.  We needed a low cost and user 

friendly platform of our visual 3D model.  Our selection criteria were equally weighted and 

were cost, adaptability, and sharing.  Cost was based on basic modeling functionality.  We 

determined a model was adaptable if it could incorporate diverse information types and 

handle the cataloging of research within the model.  Part of that adaptability included the 

function of hyperlinks within the model to external data.  The sharing criterion was 

measured by how easily users could access the model and develop their skills from novice to 

competent user level (defined as a user who could both navigate and contribute data 

sources).  We compared the tools using qualitative assessments derived from trial use and 

data sheets.   We compared several open source visual modeling tools.  We also researched 

visual modeling tools that are commonly used in industry 3D visual modeling including 

SolidWorks, AutoCAD, and ProEngineer.  Each platform had benefits, but most were 

geared towards an industry application, not an adaptive 3D wiki model of a fishway.  

Platforms with specific application spaces were less likely to pass our adaptability 

requirement.  We compared the different options using a simple qualitative assessment 

criteria (high vs. low; Table 4.1). 

Table 4.1: Software platform selection table.  Google Sketchup was the best suited based on our criteria 

Software 

Platform 
Cost Adaptability Sharing 

AutoCAD High Low High 

Solidworks High Low High 

ProE High Low High 

ArcGIS Low Low Low 

Hypercosm Low Low Low 

SketchUp Low High High 
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 An important consideration in the development of a Wiki is the trade-off between 

spatial accuracy and cost.  For our application, we chose to build a structurally 

representative model, but did not strive for architectural or engineering precision.  We 

developed the 3D visual model by incorporating import and drafting methods.  The accuracy 

of the rendering depended on the information source and importing technique.  The most 

basic level was done by drawing over the top of imported images from Google Earth, 

photos, technical drawings, and selected research results.  Detail and accuracy increased 

when we worked off of technical drawings to develop realistic rendering of more complex 

fishway features.  We also directly imported 2D files that were then extended to 3D, which 

added flexibility to our development process. The 3D model has a series of layers that 

enable the user to easily compare different perspectives and data types.  We used this feature 

to create visual representations of some research results that could be shown on specific 

layers depending on relevance. 

The 3D model was populated with different pieces of information to create the wiki 

functionality.  Some information, like graphs, charts, reports, and photo albums, were saved 

as (.pdf) file types and then linked to from the model.  Other information was synthesized 

into layers and overlaid on the visual 3D model.  We then created different “scenes” that the 

basic user could use to navigate to key perspectives with little or no technical training.  Each 

scene highlighted a broader perspective of the involved research. 

We needed the model to hyperlink to external data to create the “wiki” functionality.  

After extensive research on various Sketchup blogs and forums, we found a solution call 

“Links Manager” plugin (“[Plugin] Update Links Manager, SketchUcation Community 

Forums” 2013).  A key advantage of Wiki models is they can be fully web based, but 
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internet access and security issues required that we develop our model to be independent of 

the internet. We distributed the resulting model as a DVD rather than using the Internet due 

to security issues.  Each copy had everything the user needed to access the model including 

software, plugins, data, and manual.  Because of the hyperlinks function, we implemented 

self-executing files to install data onto the user’s computer.  

Development of the model was an iterative process.  We would create a visual model 

and then distribute for feedback.  Users would ask for more detail, or an expanded view of 

the model.  We started with one piece of the fishway and expanded it to the entire complex. 

The level of detail decreased as the scale increased to save time.  Our modeling was 

implemented by one technical user that managed the 3D visual modeling and data 

integration.  The core group of users that provided most of the feedback would also provide 

information sources and sort through data to determine relevance.    

Periodically during development, we hosted workshops to garner feedback from 

stakeholders.  These sessions helped the stakeholders explore the functionality of the tool 

and break down insecurities in using the tool.  More technical users were able to explore the 

model independently; while novice users relied on the manual we developed to gain 

necessary skills to install and access the model.  We continually iterated the 3D wiki based 

on feedback from the users and stakeholder throughout the development process. 

4. Results

The 3D visual model encompasses the entire complex (Figure 4.2).  Most of it was 

drawn from the Google Earth images, and the resolution is low.  The goal was to provide a 

broad spatial context for the dam complex at course detail and much finer detail at the 

Washington Shore Fishway (WSF) where most modifications have occurred (Figure 4.3).  



58 

We were interested in fine scale features of the WSF that negatively impact Pacific lamprey 

passage including orifices of overflow weirs, grating, fishway opening, and picket leads.  

We also needed higher accuracy to model the tailrace elevation changes and their 

interactions with the overflow weirs.  We can see that higher tailrace elelvation results in 

flooding of more overflow weirs (Figure 4.3).  

We created unique model shapes representative of research results to better 

communicate passage problems within the fishway (Figure 4.4).  The layers were organized 

into an index so that users could filter the information based on their interests or questions 

(Figure 4.5).  We added additional functionality by creating scenes that were snapshots of 

important data.  For instance, we separated modifications and data-monitoring into two 

different scenes (Figure 4.4).  Hyperlinks were an important tool that we implemented to 

simplify the model and minimize visual interference.  We also cataloged the hyperlinks 

based on content and add them to specific layers as shown in (Figure 4.4).  The structure of 

the model was a result of feedback and multiple iterations.  Each milestone and review 

session lead to development, which kept the model relevant and interesting to the users. A 

copy of the model is available from the authors, including video clips illustrating major 

features that do not require installation of any software.  

Figure 4.2:  Plan view of Bonneville Dam Complex 3D wiki model 



59 

b) a) 

Junction 

Pool 

Junction 

Pool 

Tailrace Elevation 
9 m (30ft) 

Tailrace Elevation 

2 m (7ft) 

Figure 4.3: Plan view of Powerhouse 2.  Insets show tailrace elevation change and resulting overflow weir 

flooding

Figure 4.4: Snapshots of the 3D wiki functionality.  The brightly colored objects are references to external data 

pertaining to their location (e.g. reports, charts, or pictures).  a) Arrows show the hyperlinked external data of a 

graph and a picture of the North Downstream Entrance of the fishway (Inset pictures).  b) Scene where the recent 

Lamprey Passage Flume modifications of the Washington North Shore Fishway are shown.
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5. Discussion

The resulting 3D wiki model is a collaborative tool with a broad array of potential 

applications.  With one user taking the initiative to be the technical master of the 3D model, 

other users can benefit by sharing a common perspective.  The model can be detailed or 

abstract, depending on time and resources.  Layers of information make the model 

interactive like a “wiki” page.  Each user has the ability to edit the information based on 

their perspective, or for content.  Users develop confidence in the model through iterative 

workshops where they can learn basic modeling skills or applications of the 3D wiki model.  

The content of our model was Pacific lamprey passage at Bonneville North Shore Fishway, 

but the base model could include other species and perhaps overlays of their migration 

difficulties.  This type of information synthesis leads to clearer understanding of migration 

problems and potential solutions within the spatial context of the obstruction.  

Our specific application at Bonneville Dam enabled the group of stakeholders to 

develop a more comprehensive view of Pacific lamprey passage.  Previously difficult to 

access structural information became the basis of the model.  Now all stakeholders could use 

Figure 4.5: Data passage overlay on the visual 3D base model.  The inset “Layers” box shows which layers are 

active in this view.
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the information at will.  The large and scattered information within a literature synthesis was 

transformed into a visual synthesis that is easy to understand (Figure 4.4).  Users could 

compare the research (Figure 4.4) with resulting modifications (Figure 4.5b).  The additional 

functionality of hyperlinks allowed us to catalog photos, and other information about the 

fishway in one place (Figure 4.5a).  Now the stakeholders had the information that they 

needed to understand the difficulties Pacific lamprey face during passage at Bonneville 

Dam.    

Development of the tool roughly followed the guidelines outlined by Lagsdale 

(2013).  Except we had difficulty making the model accessible to users at all times due to 

the research involved in creating it.  We had to find a way for multiple users to access the 

same file, and manage versions because Sketchup as a platform does not have data 

management services.  We recognized that if the model had glitches or inaccuracies the 

stakeholders would likely lose interest and discontinue using the model.  Therefore, periodic 

rebuilds of the visual model occurred as the technical master of the visual model became 

more adept.  This resulted in a prolonged timeline between workshops, which could be 

problematic as it reduced transparency in the process along with feedback opportunities.  

The usefulness of wiki pages as a collaboration tool has also been investigated, and 

coordinating timelines for edits has been shown to be a limiting factor (Bonk et al. 2009).  

Future applications of this model will have a shorter turnaround.  Storing the model on the 

web would reduce or eliminate the time between edits because the users could access it 

independently at will.  

The risks of prolonged time periods between iterations is that the results diverge 

from expectations.  One part of the group may also have greater opportunity to work on the 
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model resulting in bias towards that group.  There are many limiting factors to the success of 

a collaborative model such as the 3D wiki, and many practitioners find the results don’t 

meet up to their expectations (Bonk et al. 2009).   Therefore it is important that the model be 

constantly adaptable in order for it to succeed. 

We found that working with a smaller group on technical issues helped the 3D wiki 

model develop to a higher quality.  By limiting the input of users during the beginning 

stages we were able to simplify the initial scope.  Then, as the technical master of the visual 

model gained experience, the model grew in complexity.  It is important to note that the 

technical master had no prior experience with the Sketchup platform.  This is encouraging 

for the application of this platform for 3D wiki models because any group could implement 

it with relative ease.  Ultimately, we found the Sketchup platform to be adaptable to our 

needs for a visual 3D wiki model.  Our results were collaborative, and involved numerous 

iterations to align the product with group’s needs.  We started with a simple concept and 

expanded it in detail and complexity as the technical skills of the group increased.  The 

result was a fish passage wiki that a group of diverse stakeholders implemented to develop 

solutions for Pacific lamprey passage difficulties.  Although, this tool would be suitable for 

many complex problems facing fish recovery efforts. 
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 APPENDIX A-REPORTED PARAMETERS INVESTIGATED DURING 

ROUGHNESS CALCULATIONS* 

b (m) y (m) α S 
Umean 

(m/s) 
f Re # Fr # Source 

0.50 0.0039 130 1 4.05 0.018 1.17E+04 20.8 
Reinhardt et al. 

2008 

0.50 0.0044 114 1 3.56 0.027 1.16E+04 17.2 
Reinhardt et al. 

2008 

0.50 0.00222 226 1 3.52 0.014 5.87E+03 23.9 
Reinhardt et al. 

2008 

0.50 0.0021 238 1 3.67 0.012 5.90E+03 25.6 
Reinhardt et al. 

2008 

0.50 0.0020 245 1 3.82 0.011 5.87E+03 27.0 
Reinhardt et al. 

2008 

0.50 0.0031 163 0.325 2.55 0.012 5.85E+03 14.7 
Reinhardt et al. 

2008 

0.50 0.0029 172 0.325 2.69 0.02 5.90E+03 15.9 
Reinhardt et al. 

2008 

0.50 0.0028 181 0.325 2.83 0.0087 5.86E+03 17.2 
Reinhardt et al. 

2008 

0.50 0.0043 117 0.325 1.82 0.032 5.82E+03 8.9 
Reinhardt et al. 

2008 

0.50 0.004 125 0.325 1.97 0.026 1.20E+04 9.9 
Reinhardt et al. 

2008 

0.50 0.00368 136 0.325 2.12 0.021 5.83E+03 11.2 
Reinhardt et al. 

2008 

*All parameter combinations above did not converge to a roughness value for ε in the

Haaland correlation, the values that converged are shown in the results. 



66 

 APPENDIX B-ROUGHNESS CALCULATION METHOD 
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Hattie Zobott Darcy friction factor analysis,
LPS systems, using reported values in literature for to determine friction factors and roughness

ρ 992
kg

m
3

 50 deg F
μ 2.730 10

5


lbf s

ft
2

 ν
μ

ρ
1.318 10

6


m
2

s


Sensitivity analysis at bottom of worksheet, summary:

Traversing duct: for 0.003<S<0.004,
 0.68<f<0.91, 6mm<ε<16mm

Climbing duct:1.0<S<1.1
,for 0.4<f<0.46, 0mm<ε<3mm

traversing more sensitive to slope error.  also,
ranges do not overlap

Summary of Reinhardt et al 2008 for S=1, V=3.56 m/s +- 0.49m/s, Q=7.8L/s

f .018 imaginary result
at v=4m/s y 3.9 10

3


at v=3.56 f 0.027 imaginary result
y 4.382 10

3


at v=3.07m/s f .041 ε 1.828 10
4

 m
y 3.852

Summary of Reinhardt et al 2008 for S=1, V=3.67 m/s +- 0.15m/s, Q=3.9L/s

immaginary 

Summary of Reinhardt et al 2008 for S=0.314, V=2.69 m/s +- 0.14m/s, Q=7.8L/s

immaginary 

Summary of Reinhardt et al 2008 for S=0.314, V=1.97 m/s +- 0.15m/s, Q=3.9L/s

immaginary 

Preliminary Calculations based on Reported hyrdaulic conditions and Duct Geometry

Q 7.8
L

sec


b 7.5in y 10cm

Determine the darcy friction factor from the energy equation using the reported discharge and depth
of flow:

A b y Horizontal section, slope 1/4" per 6'
So

.25in

6ft
3.472 10

3


V
Q

A
0.409

m

s


Re

V
y b

2 y b








ν
1.516 10

4


f

So 4
y b

2 y b






 2 g

V( )
2

0.079
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s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b
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

V



















2

 f Haaland Correlation

w x( ) 0

y1 0mm

ε root s y1( ) y1( ) 11.581 mm

0.01 0 0.01
0.06

0.04

0.02

0

0.02

s x( )

w x( )

x

Now determine the friction factor for the climbing S=1 duct reported velocities at 7.8L/sec
Reignhardt et al 2009

So 1 V 3.07
m

sec
3.07

m

s
 b 50cm Velocity was measured to +-.49m/s

A
Q

V
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2
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Use the Haaland Correlation to determine f 
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Now determine the friction factor for the climbing S=1 duct reported velocities at 7.8L/sec
Reignhardt et al 2009

V 3.56
m

sec
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5

 8.968i 10
6

  m

Now determine the friction factor for the climbing S=1 duct reported velocities at 7.8L/sec
Reignhardt et al 2009

So 1 V 4.05
m

sec
4.05

m

s
 b 50cm Velocity was measured to +-.49m/s

A
Q

V
1.926 10

3
 m

2


y
A

b
3.852 10

3
 m Rh

y b

2 y b
3.793 10

3
 m

Re

V
y b

2 y b








ν
1.166 10

4


f

So 4
y b

2 y b






 2 g

V
2

0.018
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s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f Haaland Correlation

y1 .00002m

10 5 0 5 10
0

0.1

0.2

0.3

0.4

s x( )

w x( )

x

ε root s y1( ) y1( ) 5.846 10
5

 1.881i 10
5

  m

Decrease discharge: 3.9L/sec Reinhart et al 2008, +-.15m/sec

Q 3.9
L

sec


So 1 V 3.67
m

sec
3.67

m

s
 b 50cm

A
Q

V
1.063 10

3
 m

2


y
A

b
2.125 10

3
 m

f

So 4
y b

2 y b






 2 g

V
2

0.012

Rh
y b

2 y b
2.107 10

3
 m

Re

V
y b

2 y b








ν
5.87 10

3


s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f

y1 .2m

ε root s y1( ) y1( ) 1.026 10
3

 m
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x 1
Q 3.9

L

sec


So 1 V 3.67 x .15( )
m

sec
3.82

m

s
 b 50cm

Reinhart et al 2008, +-.15m/sec
A

Q

V
1.021 10

3
 m

2


y
A

b
2.042 10

3
 m

f

So 4
y b

2 y b






 2 g

V
2

0.011

Rh
y b

2 y b
2.025 10

3
 m

Re

V
y b

2 y b








ν
5.872 10

3


s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f

y1 .1m

ε root s y1( ) y1( ) 1.875 10
3

 m

x 1
For 18 deg slope and Q 7.8L/s

Reinhardt et al 2008 +- 0.15m/s
So .325 V 2.69 x .14( )

m

sec
2.55

m

s
 b 50cm change x to change +, -, or 0

A
Q

V
1.529 10

3
 m

2


y
A

b
3.059 10

3
 m

f

So 4
y b

2 y b






 2 g

V
2

0.012

Rh
y b

2 y b
3.022 10

3
 m

Re

V
y b

2 y b








ν
5.848 10

3

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s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f

y1 .2m

ε root s y1( ) y1( ) 1.771 10
3

 m
x 1

Reinhardt et al 2008 +- 0.14m/s

change x to change +, -, or 0
For 18 deg slope and Q 3.9L/s

Q 3.9
L

sec


So .325 V 1.97 x 0.15( )
m

sec
1.82

m

s
 b 50cm

A
Q

V
2.143 10

3
 m

2


y
A

b
4.286 10

3
 m

f

So 4
y b

2 y b






 2 g

V
2

0.032

Rh
y b

2 y b
4.213 10

3
 m

Re

V
y b

2 y b








ν
5.82 10

3


s ε( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f

y1 .0001m

ε root s y1( ) y1( ) 4.723 10
5

 1.52i 10
5

  m
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Slope sensitivity analysis, traversing duct .25in

6ft
3.472 10

3
 Q 7.8

L

sec


y 10cm b 7.5in

V
Q

y b
0.409

m

s
 i 0 10

S
i

0.003
i

10000


f So( )

So 4
y b

2 y b






 2 g

V
2



s ε f( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f

y1 x f( ) root s x f( ) x( ) y1 is a function where x is the guess and f is the
friction factor

y2

f2 .06
3k

1000


y2
k

y1 .05mm f2( )

k 0 10for

y2


i 0 10

f2
i

.06
3i

1000


ε2 y2

0.06 0.07 0.08 0.09
6 10

3

8 10
3

0.01

0.012

0.014

0.016

ε2i

f2i

range from 6mm to 16mm,
possible that the slope is off...

b 50cm
Q 7.8

L

sec
 V 3.07

m

sec
Slope sensitivity analysis,climbing duct

y
Q

V b
5.081 10

3
 m

i 0 10

So
i

1
i

100


f So( )

So 4
y b

2 y b






 2 g

V
2



s ε f( ) 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b















1.11

63.635
ν

y b

2 y b






V



















2

 f



74

y1 x f( ) root s x f( ) x( ) y1 is a function where x is the guess and f is the
friction factor

y2

f2 .04
k

100


y2
k

y1 .05mm f2( )

k 0 10for

y2


i 0 10

f2
i

.04
i

100


0.04 0.06 0.08 0.1 0.12 0.14 0.16
6 10

3

8 10
3

0.01

0.012

0.014

0.016

ε2i

f2i

ε2 y2

range from 0 ish to
3mm, much different
from traversing climbing
duct
.
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 APPENDIX C-CLIMBING DUCT HYDRAULIC MODEL CALCULATIONS 
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Climbing Duct for LPS system, b=50cm

ρ 992
kg

m
3


μ 2.730 10

5


lbf s

ft
2



Properties of water 50 deg F
g 32.174

ft

sec
2


μ 1.307 10

3


kg

sec m


ν
μ

ρ
1.318 10

6


m
2

s


Horizontal section, slope 1/4" per 6'
So

.25in

6ft
3.472 10

3


b 7.5in 0.191 m Nominal width of traversing ductwork

Area of flow
A y( ) b y

Hydraulic Radius
Rh y( )

y b

2 y b


Hydraulic Diameter
Dh 4 Rh y( ) y

Re
V Rh y( )

ν


y
Reynolds Number

Fr
V

g y


y
Froude Number

Comparison of roughness values

b 50cm So 1 ε 11mm use the traversing duct roughness
Q 7.8

L

sec


s y( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

4
y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y 1mm

y1 root s y( ) y( )

Resulting depth for the roughness
y y1 8.928 10

3
 m
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use the climbing duct
roughnessQ 7.8

L

sec
 b 50cm So 0.325 ε .18mm

s y( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

4
y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y 1mm

y1 root s y( ) y( )

y y1 6.983 10
3

 m Resulting depth for the roughness
A y( ) b y

V
Q

A y( )
2.234

m

s


Fr
V

g y
8.537

From Reinhardt et al 2008 Q:7.8L/s,
V:3.05m/sec

For the Climbing Duct, 20", S=1

Q 7.8
L

sec
 b 50cm ε 1.8 10

4
 m So 1

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

y2

Q2 .001
m

3

sec

k
m

3

sec


1000


y2k y1 .2mm Q2( )

k 0 1000for

y2



i 0 1000

Q2i .001
m

3

sec

i

1000







m
3

sec


QL Q2 1000

yce1 y2

A y( ) b y

Ace1 A y2( )




Vce1
Q2

Ace1

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7 8 9 10 11 12 13 14 15 16 17
0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

0.011

0.012

0.013

0.014

0.015

0.016

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

climbing b=50

Discharge - Q (L/sec)

D
ep

th
 -

 y
 (

m
)

V
el

oc
it

y 
- 

U
m

ea
n 

(m
/s

ec
)

yce1i

yLPS

Vce1i

QLi

Assume roughness from the S=1.0 solution is valid for all climbing slope
So tan

18 π

180







0.325
b 50cm ε 1.8 10

4
 m Change slope to 18 degrees, 

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

4
y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and Q is the discharge

y2

Q2 .001
m

3

sec

k
m

3

sec


1000


y2k y1 .9mm Q2( )

k 0 1000for

y2


i 0 1000

Q2i .001
m

3

sec

i

1000







m
3

sec


QL
Q2 1000

m
3

sec


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Change width in climbing duct, increase by 20%

b 60cm ε 1.8 10
4

 m
So 1

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

4
y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

y2

Q2 .001
m

3

sec

k
m

3

sec


1000


y2k y1 .9mm Q2( )

k 0 1000for

y2


i 0 1000

Q2i .001
m

3

sec

i

1000







m
3

sec


QL
Q2 1000

m
3

sec



yce5b60 y2

Ace5b60 A y2( )



ymax 1.3cm

Vce5b60
Q2

Ace5b60


Frce5b60

VcS18e5

g ycS18e5
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 APPENDIX D-TRAVERSING DUCT HYDRAULIC MODEL CALCULATIONS 
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Traversing Duct Hydraulic Model
Modification of duct calculations, change roughness to 0.18 for all traversing
Variables that are changed are highlighted and outlined on right hand side of worksheet

constants at 50
deg Fμ 2.730 10

5


lbf s

ft
2

 ρ 992
kg

m
3

 ν
μ

ρ
1.318 10

6


m
2

s


So
.25in

6ft
3.472 10

3
 Horizontal section, slope 1/4" per 6'

ε .18mmEquation and solution for flow depth at a given slope, width, and discharge

b 7.5in y 4.445cm
So 3.472 10

3


s Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 .1
m

3

sec


Q root s y1( ) y1( )

Q 4.322
L

sec
 V

Q

b y
0.51

m

s


b

y
4.286

Fr
V

g y
0.773

Re

ρ V
b y

2 y b








μ
1.174 10

4


ε .18mmEquation and solution for flow depth at a given slope, width, and
discharge b 50cm

Q 7.8
L

sec


So 3.472 10
3



s y( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 1mm

y root s y1( ) y1( ) y 3.204 cm
V

Q

b y
0.487

m

s


Re

ρ V
b y

2 y b








μ
1.049 10

4
 Fr

V

g y
0.869
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b 50cmTraversing, wide ductwork b=50cm

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

Write a loop to solve flow depth for varying discharges 

y2

Q2 .001
m

3

sec

k
m

3

sec


1000


y2k y1 .09mm Q2( )

k 0 1000for

y2



i 0 1000

Q2i .001
m

3

sec

i

1000







m
3

sec


yce3 y2
A y( ) b y Solve for the area, velocity, and reynolds number

for the entire matrix y2
Ace3 A yce3 




Vce3
Q2

Ace3


Traversing, ductwork b=23cm b 23cm

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

y3

Q2 .001
m

3

sec

k
m

3

sec


1000


y3k y1 9mm Q2( )

k 0 1000for

y3



yce5 y3

A y( ) b y

Solve for the area, velocity, and reynolds number
for the entire matrix y2Ace5 A yce5 




Vce5
Q2

Ace5

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b 19cmTraversing, narrow width b=19cm

s y Q( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x Q( ) root s x Q( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

y4

Q2 .001
m

3

sec

k
m

3

sec


1000


y4k y1 9mm Q2( )

k 0 1000for

y4



QL Q2 1000 change Q to L/sec

depth of channel
yLPS .15m

yce7 y4
A y( ) b y

Ace7 A yce7 




Vce7
Q2

Ace7

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Discharge - Q (L/sec)

D
ep

th
 -

 y
 (

m
)

V
el
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it

y 
- 

U
m

ea
n 

(m
/s

ec
)

Q 7.8
L

sec
 b 19cmCritical Slope Calculations

s y So( ) 8 So
y b

2 y b






 g 4 3.4735 1.5635 ln 2
ε

4
y b

2 y b
















1.11

63.635
ν

4
y b

2 y b






Q

b y
























2


Q

2

b y( )
2



y1 x So( ) root s x So( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness

y2

So2 .00001
k

10000


y2k y1 .9mm So2( )

k 0 10000for

y2



i 0 10000

So2i .00001
i

10000


yc y2

A y( ) b y

Ac A yc 




Vc
Q

Ac


Frc

Vc

g yc

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Slope - S (m/m)

D
ep

th
 -

 y
 (

m
)

F
ro
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e 

N
um
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r 

=
 U

m
ea

n 
/(

g 
y)

^0
.5

yc47
0.055 m

Vc47
0.743

m

s


Frc

0
0
1
2
3
4
5
6

0.016
0.098
0.153
0.198
0.237
0.272

...



So2
47

4.71 10
3



b 23cmCritical Slope Calculations
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y1 x So( ) root s x So( ) x( ) y1 is a function where x is the guess and epsilon is the channel roughness
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Critical Slope Calculations b 50cm
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