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1. Background. 
 

Folsom Dam is on the American River about 20 miles northeast of Sacramento, California, 
figure 1.  The dam was designed and built by the Corps of Engineers (COE) and transferred to 
Reclamation for operation and maintenance in 1956.  The dam is a concrete gravity structure 340 
ft high and impounds a reservoir of a little more than one million acre-ft. 

 
Figure 1: Location map of Folsom Dam with the American River watershed. 

The dam features two tiers of four outlets each, controlled by 5- by 9-ft slide gates.  The 
outlets consist of rectangular conduits of formed concrete passing through the dam and exiting 
on the face of the service spillway.  As a result of legislation approved in 1999, the Corps of 
Engineers secured funding to begin studies and designs that include an enlargement of the outlets 
at Folsom Dam.  The main design goal for the enlargement project is to provide a discharge 
capacity of 115,000 ft3/s at a reservoir elevation of 418.0 ft (spillway crest elevation).  A 
preliminary study showed that in order to provide this discharge with 8 gates, a uniform gate size 
of 9.33- by 16.25-ft was required.  This enlargement was an increase in gate area of 237-percent. 
The significant increase in water discharge would also lead to an increase in the air demand.  A 
new air intake manifold and delivery system would be required to provide adequate air to ensure 
cavitation-free operation and proper hydraulic performance. The enlarged outlets follow a 
similar profile to the present conduits, exiting on the face of the service spillway.  To insure 
hydraulic performance, physical modeling of the improvements was conducted at the Bureau of 
Reclamation’s Denver laboratory facilities in 2000-2001,  Appendix A.   

With the hydraulic model study nearing completion, additional studies indicated that the 

Folsom Dam 
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9.33- by 16.25-ft size gates may not be entirely appropriate for installation at an existing dam 
with the particular features of Folsom Dam.  In December 2001, a gate sizing study was 
completed recommending ten gates, 6 upper gates 9.33- ft by 14-ft, and 4 lower gates 9.33- ft by 
12-ft.  The two additional gates on the upper level would be constructed one each in Monoliths 
12 and 17 and be placed at a skewed angle of 3.5 degrees so that the outlets exit very near each 
sidewall of the existing service spillway in the half-monoliths and are angled toward the center 
of the stilling basin.  The skew is due to structural space requirements between the inlet and the 
monolith joint. The new gates that replace the existing lower tier gates will retain the same gate 
numbers and the upper gates will be numbered 5-10, from right to left looking downstream. The 
new arrangement was studied at Reclamation’s Denver laboratory in two models.  This report 
describes the testing of the 1:17 model, a section through the spillway encompassing one upper 
and one lower gate plus a section of the service spillway and stilling basin. 

 
The primary objectives of the physical model study are to insure that 115,000 ft3/s can be 

released through the outlet works at a reservoir elevation of 418 ft without producing damaging 
cavitation or undue surging in the outlets, that the air vents are functioning with subsonic flow, 
that combined outlet works and spillway releases can be made without outlet operating 
limitations, and that the stilling basin functions without damage.  

 
2. Physical Hydraulic Model. 

 
2.1  General. 
 
A sectional Froude-based model at a scale of 1:17 provided design data for verification of 

discharge capacity, air demand, optimal conduit dimensions downstream from the gate, and most 
effective air delivery geometry.  The model investigated the hydraulic losses and pressures 
associated with the new bell mouth entrance and the performance of the eyebrow flow deflector 
over each of the outlet openings.  In addition, pressure forces in the stilling basin were 
investigated.  Figure 2 shows a plan view with the extents of the model overlaid on the full 
spillway. 
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The model used the existing head box from the previous modeling of the 9.33- ft by-16.25 ft 

gates, capable of modeling reservoir elevations up to elevation 466.0 ft.  A section of the dam 
including one upper and one lower level outlet along with two half-spillway bays was included.  
The outlets exit onto the spillway chute that terminates in the stilling basin.  An expanded width 
of stilling basin was modeled due to the difficulties with maintaining tailwater elevations in the 
previous model.  Tailwater levels were adjusted with variable width slats at the downstream end 
of the model, just downstream of the stilling basin endsill. Several features of the model were 
constructed of clear acrylic or clear PVC to enable good visualization.  These included:  the 
intake bell mouths, the outlet conduits and gate frames, the air vent piping and manifold, one 
sidewall of the spillway and one side of the stilling basin wall.  Other features of the model were 
constructed from marine-grade plywood, high-density polyurethane foam (spillway crest and  

 
Figure 2:  Plan view showing the sectional model extents overlaid on the spillway and stilling basin.  1:17 
model bounds are shown in hatched blue. 
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piers), and aluminum.  Piezometer taps were located on the bell mouth entrance surfaces and at 
numerous locations on the outlet conduits and gate frames. Water columns and/or pressure 
transducers were used to measure pressures.  Pressures were also measured along the centerline 
of the stilling basin section with tailwater elevations determined near the exit of the box.   
Calibrated venturi meters measured water discharges to the model.  These meters are indicated 
by a mercury manometer and are generally within about 0.25-percent of the actual flow over the 
full range of the meter.  Air discharges were measured with a thermal anemometer that was 
traversed through the vent piping.  One hundred readings were collected over the period of about 
1 min to attain the average point values at 5 locations across the pipe diameter.  These average 
point readings were then averaged and combined with the vent area to compute an average air 
discharge.  Meter readings were adjusted for actual barometric pressure.  A section of the model 
is shown in figure 3. 
 

 
Figure 3: Sectional view of the 1:17 scale model features, model slide gates in red. 

2.2  Similitude. 
 
This structure represents a complex modeling challenge, as there are free surface flows, 

pressurized flows, and airflows to simulate.  Hydraulic models are typically built following 
scaling laws based on the importance of certain dominating forces in the type of flows that are 
present.  In the case for the outlet flows at Folsom Dam, gravitational, viscous, and surface 
tension forces are all important to correctly predict information critical to the design.  Typically 
scaling is accomplished by evaluating dimensionless parameters developed by ratioing the 
inertial forces to the force important in the simulation, mentioned previously.  It is not possible 
to perfectly satisfy Froude, Reynolds, and Weber number scaling concurrently in the 
model/prototype when using water as the modeling fluid, so experience must be used to properly 
select the model scale.  The basic similitude is based on equal Froude numbers in the model and 
the prototype.  This scaling equates the Froude numbers in the model and prototype, equation 1. 
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=                                                              (1) 

where: V is velocity 
  g is the gravitational constant 
  L is a length scale 
  m and p are model and prototype respectively. 
 
 Froude scaling is generally used where gravitational forces are important, as in most free 

surface flows.  Typically Reynolds scaling would be used in pressure conduits, such as the 
sections from intake leading up to the gate.  Although satisfying both Froude and Reynolds 
scaling is not possible for this study, previous modeling experience provides guidelines 
concluding that the viscous forces will not be important as long as the Reynolds number in the 
model is greater than some minimum criteria, eq. 2.   

ν
VLR =                                                                            (2) 

where:  ν  is the kinematic viscosity 
L is the equivalent diameter. 

 
This minimum value generally is considered to be the minimum Reynolds number for fully 
turbulent flow.  In terms of local velocity and depth or thickness, this value is somewhere on the 
order of 105 (Wood 1991).  Some researchers have shown that the scale effects due to Reynolds 
number effects may exist well past this minimum value for certain phenomena, so some care is 
still required in interpretation of data.  Most of the flows of interest in this study will have a 
model Reynolds number greater than 106 and with the short lengths of closed conduit, friction 
losses should be relatively unimportant.   

 
Similitude of air demand is dependent on the ability of the model flows to overcome surface 

tension effects.  The Weber number (eq. 3) is the parameter that has been used to relate model to 
prototype performance of air demands.   

S
LVW

2ρ
=                                                                         (3) 

where:  ρ is the liquid density, 
  S is the surface tension coefficient (air and water) 
  L is the trajectory length. 
 
Pinto (1982) has shown that scale effects are minimized in modeling spillway aeration slots 

when the Weber number based on a computed jet length is ≥ 500.  Speerli (1999) has shown a 
similar value for use in predicting aeration in bottom outlets.  At the 1:17 scale, the Weber 
number is greater than 500 for the entire range of gate openings, including openings as low as 
0.25 ft.   

 
Predicted design discharges in the model were 9.84 ft3/s for the lower level outlet at elevation 

418.0 ft, and 9.54 ft3/s for the upper level outlet at elevation 418.0 ft, yielding a combined 
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discharge of 19.38 ft3/s.  This corresponds to a prototype release of 23,095 ft3/s for the model 
and represents a total prototype release of 115,100 ft3/s for all (10) the outlets.  

 
3.    Testing and Results. 

 
3.1  Bell Mouth Intakes. 
 

Initially the goal of the model testing was to finalize components of the flow passage 
geometry such that additional design work could proceed.  This included evaluation of the 
compound elliptical entrance curves. The combined elliptical curves should have a lower 
cavitation potential than the simple ellipses that were tested in the first model (figure 4 and 
Appendix A). Data collected previously indicated that there was a possibility for cavitation to 
occur in the lower outlets at full open conditions and high reservoir heads.  The design goal for 
the new intake curves is that they should allow for unrestricted use of the outlets under all 
conditions.  In order to further investigate cavitation potential, maximum gate openings were 
evaluated for pool elevations of 418 and 466 ft as well as for some random gate openings and 
pool elevations.  Data were taken for single outlet releases and dual outlet releases.  Pressure 
data was collected using piezometers (0.0625 in diameter) along the top centerline and side 
centerline (see Appendix B for locations) as well as at a couple locations near the top corner, in 
order to confirm the shape of the pressure coefficient curve.  The piezometers were connected to 
the same pressure transducer used to measure the reservoir elevation, so a simple subtraction 
made it possible to measure and calculate the head drop.  This transducer was a Sensotec Model 
GM, differential pressure cell with a 10 lb/in2 range (see Appendix B for calibration information 
and uncertainty estimates).  

 

 

Top and Bottom Curves 

Side Curves 

Simple ellipse Compound ellipse 



 9

Figure 4:  Comparison between the simple ellipse and the combined elliptical curves. 
The parameter of interest in these tests is the pressure drop coefficient C, defined in the 

Corps of Engineer’s (COE) Hydraulic Design Criteria.  This coefficient is given by equation 4. 
 










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HC D

2

2
                                                                    (4) 

 
where: HD is the head drop from the pool 
  V  is the mean velocity in the conduit, d.s. from the intake. 

The data are presented for the upper and lower tiers in the form of this pressure drop coefficient 
versus a dimensionless length ratio L/D where L is the distance along the conduit and D is the 
dimension of the conduit in the direction concerned.  Results are shown in figure 5a and 5b. 
 
This pressure drop coefficient can be used to assist in the evaluation of the cavitation potential of 
the inlet curves.  We can look at the dimensionless form of the Bernoulli equation to derive the 
pressure coefficient (also known as the Euler Number), 
 

2/2
o

o
p V

PPC
ρ

−
= ,                                                                (5) 

 
 where:  P is the pressure along the surface 
   Po is a reference pressure 
   ρ is the water density 
   Vo is a reference velocity. 
 
This parameter is very similar to the pressure drop coefficient defined in equation 4.  The value 
of this parameter is constant at any point along a streamlined boundary as long as the minimum 
pressure on the boundary remains greater than vapor pressure.  If we write Bernoulli’s equation 
from the reservoir to the downstream conduit, eq. 6,  
 

      (6) 
 
 where:  Ke is the inlet loss coefficient (0.02 for the Folsom Inlet). 
 
With a couple of substitutions, we can get 

(7) 
 
If the pressure at the location of the minimum Euler number drops to vapor pressure, then the 
pressure at that point cannot decrease any further.  By replacing the surface pressure in equation 
5 with the vapor pressure, this new expression defines the reference conditions that will 
correspond to the onset of cavitation.  The resulting parameter is called the cavitation index,  
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 where: Po is a reference pressure 
  Pv is the vapor pressure of water 
  ρ is the density of water 
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(b) Lower Tier 

Figure 5:  Pressure drop coefficient for intake bell mouth combined elliptical curves.  Legend refers to both a 
and b. 
The above treatment results in σ = -(Cp)min  (eq. 8 = -[eq. 5]).  You can then use pressure 
measurements taken along the surface to predict whether cavitation will be present.  If we use 
the reservoir elevation as the reference pressure and the velocity in the conduit downstream from 
the inlet as the reference velocity, we can calculate the cavitation index based on the average 
pressure drop coefficient measured in the model (figs. 5 a & b).  If the value of these flow-based 
sigmas drops below the value of the pressure coefficient, then cavitation inception will occur at 
that location along the curve.  This technique was used to develop figures 6a and 6b.  The figures 
show that the sigma values never approach the -Cpmin values; hence no cavitation is to be 
expected through any of the operating conditions for the shape alone.  Application of the 
superposition principle should allow designers to adopt finish criteria such that cavitation will 
not occur.  Henry Falvey performed analyses to look at cavitation due to singular irregularities 
within the intake curves, i.e. joint or form offsets, holes, etc.  He used the data from the model as 
well as the velocity predictions from the mathematical model (Flow-3D) to apply the 
superposition principle and assess the cavitation potential in the inlets. 
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a) Upper conduit, cavitation index and -Cpmin. 
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b) Lower conduit, cavitation index and -Cpmin. 

Figure 6: Cavitation index for a range of head conditions at full gate. 
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The two new upper outlets while of a similar size to the others, have a skewed alignment, 
3.5-degrees angled in toward the center line of the stilling basin.  There has been some concern 
that even though the model results did not show problems with the straight intakes, these skewed 
intakes have a tighter radius curve on the inner side curves, and also present a compound angle 
when interfaced with the sloping dam face at the entrance.  Results from the 1:36 model (in 
progress) have not shown any reason for alarm, however there has been discussion regarding the 
relative accuracy of these measurements and whether the error bands for the model results would 
be wide enough to result in possible problems.  Due to these reasons, we initiated a 3-
dimensional computer model of the intake area only.  The idea being that if we could get good 
agreement on the pressure drop coefficient data for a straight entrance between the 1:17 model 
and the computer model, then we would have the confidence to accept the computer model 
results for the skewed intake and forego any further physical model testing.   

 
 3.1.1  3-Dimensional Hydrodynamic Model. 

 
Computational fluid dynamics is becoming more commonplace for standalone solutions and in 
support of physical modeling measurements.  There are a number of commercially available 
codes for use on a variety of hydraulic-related problems.  Reclamation’s Water Resources 
Research Lab is currently using FLOW-3D® by Flow Science, Inc. FLOW-3D® is a finite 
difference, free surface, transient flow modeling system that was developed to solve the Navier-
Stokes equations, in three spatial dimensions. 

The finite difference equations are based on a fixed Eulerian mesh of non-uniform 
rectangular control volumes using the Fractional Area/Volume (FAVOR) method. Free surfaces 
and material interfaces are defined by a fractional volume-of-fluid (VOF) function. FLOW-3D® 
uses an orthogonal coordinate system as opposed to a body-fitted system. 

Geometry was input into FLOW-3D® using a stereo lithography file generated from 
AutoCad, figure 7.  Input to the computer model included the full gate flow for a reservoir 
elevation of 465 ft.  Several iterations of the problems were run, each one at an increased mesh 
density.  In addition to making the grid finer, adjustments were also made to the original stereo 
lithography file, making the flow surfaces less faceted and smoother.  FLOW-3D® supports 
nested grids and that feature was used in these problems.  In the straight conduits, the areas 
farthest away from the intake were meshed with a spacing of about 1.6 ft, resulting in 645,120 
cells.  The inner mesh had a spacing of about 0.8 ft and 517,888 cells.  The final run took just 
under 47 hours of CPU time.  The skewed intake was run at a slightly tighter mesh.  The outer 
mesh spacing was about 0.8 ft for a total of 1,730,560 cells while the inner mesh spacing was 0.4 
ft, resulting in 1,340,416 cells.  The computational time for the final run of the skewed intake 
took almost 245 hours of CPU time. 
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Figure 7: Stereo lithography solid generated  by AutoCad, used to input geometry into Flow-3D. 

Each of the models included free surface, renormalized group model for turbulence, wall shear, 
monotonicity preserving, second order advection, and line implicit successive over relaxation in 
the x, y and z directions.  Figure 8 shows 2D planar velocity contours for the straight intake. 

 
Figure 8:  2D planar velocity slices for an upper straight outlet full open at res. elevation 465 ft. 
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In order to get surface pressures along the intake, probe locations are input into the model that 
corresponded to the piezometer locations in the physical model.  At the end of the run, the 
steady-state pressures are output and then the pressure drop coefficient can be calculated, figure 
9. 
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Figure 9: Comparison between 1:17 model data, Flow-3D results, and the COE Hydraulic Design Criteria 
data for pressure drop coefficients on a combined elliptical intake. 

The agreement between the 1:17 physical model results and the Flow-3D output was very good 
for the straight intakes.  This good agreement instilled confidence to accept the data from the 
computer model for the skewed intake design as well.  The input data file for Flow-3D is 
included in Appendix C. 

 
3.2  Flow surfaces downstream from gate. 
 
Developing flow geometry downstream from the gate was also a critical step. The initial 

design contained shallow angle ramps just downstream from the regulating gate based on results 
from the study of the 9.33- by 16.25-ft gates.  Those initial studies showed a discharge reduction 
due to these ramps.  In order to evaluate the effects of the ramps on water and air discharges as 
well as overall hydraulic performance, conditions with no ramps, floor ramp only, and floor and 
sidewall ramps were tested at gate openings of 20-, 60-, and 100-percent for both the upper and 
lower regulating gate.  Figure 10 shows a sketch of the ramps.  In addition, it is possible to 
retract the gate an additional 2.5 in, even with the crown elevation on the downstream side of the 
bonnet.  This opening will be referred to as 102% throughout this document.  Discharge, airflow 
through the vents, and pressures downstream from the gates were collected for each gate 
opening.  The previous model had a sudden offset of 1.5 ft on the invert and sidewalls 
downstream of the gates.  However, structural concerns related to gate anchorage required the 
use of a structural wedge to form the offset rather than a sudden offset. The structural wedges are 
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offset 2 inches below the gate invert and 3.5 inches on the sidewalls and are installed over a 
length of 7.5 ft. yielding a total offset at the end of the wedges of 1.5 ft from the upstream 
conduit surfaces.  Tests were conducted at pool elevation 418 feet for gate openings of 20-, 60- 
and 100-percent.  Data from the no ramp condition is shown in table 1 and figure 11.  A 3-inch 
high, 3.7 ft long, floor ramp was then added directly downstream from the gate and identical 
measurements were collected, Table 2 and figure 12.  Finally 1.5-inch-high by 3.7-ft-long 
sidewall ramps were added and the measurements repeated, Table 3 and figure 13.  Each of the 
figures features four graphs, (a) the upper tier alone, (b) the lower tier alone, (c) the upper tier 
data with both upper and lower conduits operating, and (d) the lower tier data with both conduits 
operating. 
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Sketch of floor ramp

Sketch of sidewall ramps

3" high ramp

Structural wedge

1.5" sidewall ramps

Structural wedge

Structural wedge

 
Figure 10: Initial ramp design for downstream of regulating gates. 

 
 
 
 
 

Table 1: Water and air discharge for the no ramp condition 
Gate 

(percent) 
Lower Qw 

(ft3/s) 
Lower Qa

(ft3/s) 
Lower β 
Qa/Qw 

Upper Qw 
(ft3/s) 

Upper Qa 
(ft3/s) 

Upper β 
Qa/Qw 
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0 0 0 0 0 0 0 
20 2015 1003 0.50 1997 755 0.38 
60 5968 1643 0.28 5932 1079 0.18 
100 11428 2615 0.23 11794 1806 0.15 
102 12779 2984 0.23 12523 - - 
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Upper Tier - Combined Operation
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Lower Tier - Combined operation
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Figure 11: Pressures downstream from the regulating gate for the no ramp condition. 
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Table 2: Water and air discharge for the floor ramp only condition. 

Gate 
(percent). 

Lower Qw 
(ft3/s) 

Lower Qa 
(ft3/s) 

Lower β 
Qa/Qw 

Upper Qw 
(ft3/s) 

Upper Qa 
(ft3/s) 

Upper β 
Qa/Qw 

0 0 0 0 0 0 0 
20 1934 1093 0.57 1961 975 0.50 
60 5933 1295 0.22 5743 1029 0.18 
100 11692 1907 0.16 11498 1289 0.11 
102 12564 - - 12133 - - 
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Lower Tier Reservoir Elev. 418 - Floor Ramp 
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Upper Tier - Combined flow
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Lower Tier - Combined Flow
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Figure 12: Pressures downstream from the regulating gate, floor ramp only condition. 
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Table 3: Water and air discharges for the floor and sidewall ramp condition. 
Gate 

(percent) 
Lower Qw 

(ft3/s) 
Lower Qa

(ft3/s) 
Lower β 
Qa/Qw 

Upper Qw 
(ft3/s) 

Upper Qa
(ft3/s) 

Upper β 
Qa/Qw 

0 0 0 0 0 0 0 
20 1835 1132 0.62 1941 861 0.44 
60 5739 1567 0.27 5758 1180 0.20 
100 11356 3879 0.34 11396 2773 0.24 
102 12267 4204 0.34 11902 2482 0.21 
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Upper Tier - Combined Flow
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Lower Tier - Combined Flow
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Figure 13: Pressures downstream from the regulating gate for the floor and sidewall ramp condition. 
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3.3  Vortex formation.  
 
During the original study of the 9.33- by 16.25-ft gates, vortices were observed in both 

conduits under certain conditions.  These vortices occurred at reasonably high reservoir heads 
and only formed with full gate openings.  They would initially form and vent with air in the area 
downstream from the gate where the sides of the jet from the gate contacted the sidewalls of the 
conduit.  Occasionally the vortex would travel upstream of the gate and sometimes all the way to 
the headbox.  The vortex appeared very weak when it traveled into the headbox and would not 
travel up toward the water surface but would occasionally attach to the dam face or side wall of 
the headbox.  The formation of these vortices was not fully understood but the small headbox 
size was figured to be a contributing factor, yielding increased asymmetric flow in the intakes 
resulting in increased vorticity.   

 
Observations on the present model have been completed for the no ramp, floor ramp only, 

and floor + sidewall ramp conditions.  Under all conditions, no vortex was observed in the lower 
tier outlet.  However, in the upper tier, a similar vortex to that described in the previous study 
was observed.  The vortex appears to originate downstream from the regulating gate, forming 
and venting with the free surface in the conduit.  The vortex occasionally travels upstream from 
the gate but tends to be very consistent in the downstream conduit.  Vortex formation generally 
occurred beginning at about reservoir elevation 330 ft continuing for the no ramp condition up to 
reservoir elevations above 425 ft.  With installation of the floor ramp and sidewall ramps, no 
vortex activity was noticeable above reservoir elevation 410 ft.  At no time did these vortices 
appear noticeable in the headbox.  A set of radial flow vanes were constructed and placed in the 
headbox, see figure 14. 

 
Figure 14:  Radial straightening vanes installed in the model head box. 

The placement of these vanes was an attempt to verify whether inlet flow conditions due to the 
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small headbox were influencing the vortex development.  Tests were repeated with the flow 
vanes installed and no vortex formation was observed for the upper tier outlet for any head 
condition. Measurements of velocity with an acoustic Doppler velocimeter (ADV) were 
completed in the reservoir along the centerline of the upper intake for the conditions of having 
the radial vanes in place and removed.  Although there were some differences, the resulting 
velocity fields did not clearly point to the conditions that would cause a vortex to form.  At the 
velocity magnitudes present, very slight asymmetries were noted in the velocity distribution at 
the intake without the flow vanes.   Maybe more importantly, increased turbulence and velocity 
fluctuations were present without the straightening vanes in place.  It is also interesting that only 
a slight decrease in gate opening from the full position eliminates the visible vortex under all 
head conditions.  This appears to be due to the change in the flow conditions downstream from 
the regulating gate in the area that the vortex gets its supply of air.  While the circulation may 
still exist, its strength is not enough to maintain an air core. 
  

In addition to the vortex described above, typical low submergence vortices are formed in the 
reservoir and occasionally pull air into the conduits when the crown of the conduit has only 5 to 
10 ft of submergence. These vortices occur at these low submergence values for both upper and 
lower tier outlets.   The reservoir conditions for the low submergence vortices in the lower intake 
were from 215 ft to 225 ft.  In the upper intake, these reservoir conditions were from 284 ft to 
295 ft. 

 
3.4  Cavitation potential in outlet conduits. 
 

Along with the concern over cavitation potential in the inlet curves, there are a couple of 
other areas that may have potential problems in the outlet conduits.  The first area is the gate 
slots.  The gate slots for both the guard gates and regulating gates are identical.  They have a 
W/D of 0.66, figure 15.  Both gates have the downstream conduit side walls offset 0.375 in from 
the upstream side walls. This offset is feathered back to the original dimension over the length 
between the guard gate and regulating gate (11 ft) and transitions into the sidewall aeration ramp 
downstream from the regulating gate.  The upstream gate frame on the guard gate will extend 
about 7 ft upstream from the gate slot, there is 11 ft between gates, and the downstream gate 
frame will extend about 11 ft downstream from the regulating gate.  This gate frame will 
incorporate all the ramps and wedges of the design within the steel-lined section.   

 
Figure 15: Cut away of gate slot showing W versus D. 

Prior research on gate slot cavitation potential appears in Ball (1959), and the COE’s 
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Hydraulic Design Criteria, Hydraulic Design Chart 212-1/2.  Ball presents a chart that shows 
pressure characteristics for slots with offset downstream corners and constant rate converging 
downstream walls.  Similar gate slot aspect ratios were tested (0.67); however the convergence 
of the downstream walls was more abrupt, at a 24:1 ratio (much less than the Folsom geometry, 
350:1).  Using the nomenclature of Ball, from data taken at a pressure tap on the centerline, 4.25 
in downstream from the end of the gate slot, (hx – ho)/hv = -0.07.    Due to the slight differences 
in the convergence of the downstream sidewalls, we will choose this pressure coefficient to be    
 -0.10.  Evaluating the expression to find the reservoir elevation where minimum pressure 
downstream from the slot becomes subatmospheric quickly yields that it is not be possible with 
the expected conditions at Folsom.  This was confirmed by the 1:17 scale model data, all data 
remained above atmospheric pressure for every case tested. 

 
The cavitation potential along the invert flow surfaces in the outlets themselves can also be 

evaluated by calculating a flow sigma at the most negative pressures recorded.  The lower 
conduit has a minimum pressure of about 14 ft below atmospheric pressure for a fully opened 
gate at reservoir elevation 466 ft.  The mean velocity at this location is estimated to be about 90 
ft/s, using visual observations of flow depth.  This results in a flow sigma of 0.16.  A value of 
this magnitude would lead a designer to provide protection either by adding aeration, or 
modifying the surface smoothness or profile.  The gates do feature aeration ramps and large 
amounts of air have been measured entering the conduit, just downstream from the regulating 
gate.  Aeration in the amounts added at this ramp, have been shown to prevent damage to 
downstream surfaces at many outlets and spillways all around the world.   Even with aeration 
protection provided downstream from the gate, Reclamation guidelines would still recommend 
no offsets greater than 0.5 in, and slopes less than 1:8, (Falvey 1990). 

 
3.5  Stilling Basin Pressures. 

 
 The significant increase in gate size has yielded a large increase in the outlet works flow 

capacity, resulting in a modified flow condition entering the stilling basin.  Eleven piezometer 
taps were located on the invert of the stilling basin along the centerline of the model.  These taps 
were located on the sloping section of the basin at an equal spacing of 17 ft beginning at Sta. 
12+51.  Upper and lower tiers individually as well as dual operation and spillway only flows for 
the 102-percent gate opening at reservoir elevation 418 ft were run for conditions of no tailwater, 
tailwater of 160 ft, and tailwater of 180 ft.  The operation of a single upper outlet and tailwater 
elevation of 160 ft was of particular interest as it may be the worst case condition that could 
occur during construction.  The tailwater condition of 180 ft is more or less the minimum 
condition that would be possible with multiple outlets in operation.  The operations at tailwater 
levels of 180 ft typically yielded piezometric pressures of about 3 to 5 ft above the tailwater 
elevation.  The critical case described above gave piezometric pressures of 10-17 ft above the 
tailwater depth, figure 16. 
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Figure 16: Example of piezometer pressures along the stilling basin centerline for a single upper outlet 
operation at minimal tailwater (early construction scenario). 

Flush-mounted dynamic pressure transducers were added in a line parallel to the piezometers, 
figure 17.  We used 4 Kistler Model 606A dynamic cells.  These transducers were mounted in an 
aluminum plate that was installed flush with the surface of the plywood stilling basin, about 3 in 
off the centerline of the basin, centered at Sta. 13+70 (piezometer tap #8).   These transducers are 
piezoelectric-based and yield only dynamic pressures with no static indication.   

 
Figure 17: Plate with 4 flush-mounted dynamic pressure transducers, 3 inches between sensors and 3 inches 
off basin centerline. 
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The transducers were connected to charge amplifiers and then to a laptop computer via an 
IOTech Wavebook16 portable data acquisition system, figure 18.  Initial data were collected at 
200 Hz for a period of 6.4 minutes (26.4 minutes prototype).  Two of the charge amplifiers were 
Kistler Model 5004 Dual Mode amplifiers and two were Bruel & Kjaer Type 2635.  Since there 
were differences in the charge amplifiers, some initial tests were completed in order to optimize 
the setting to yield nearly identical amplified signals.  The main adjustment on the Kistler 
amplifiers was the selection of the length of time constant; short, medium, or long.  This was 
essentially a selection between quasistatic measurements and dynamic measurements.  For the 
range used in these measurements, the short time constant was 0.01s and it filtered using a 16 Hz 
cutoff frequency, the medium time constant was 1 s with a lower cutoff frequency of 0.16 Hz, 
and the long time constant was >1000s with essentially a cutoff near DC.  The B&K amplifiers 
had only an adjustable lower cutoff frequency of 0.2 Hz or 2 Hz.  This information lead to 
setting the Kistler amplifiers on the medium time constant and the B&K amplifiers on the 0.2 Hz 
lower cutoff frequency.   In addition, the frequency of the data collection was evaluated.  A data 
sample at 1000 Hz was collected.  The minimum and maximum pressures were noted along with 
the probability distribution of the sample.  Digital filtering was then applied, adjusting the upper 
cutoff frequency at 500 Hz, 400 Hz, 300 Hz, 200 Hz, 100 Hz, and 50 Hz.  The maximum peaks 
were greatly affected by this filtering.  With filtering of 300 Hz or higher, the maximum peaks 
remained unchanged, however at smaller frequency values the maximum peaks were clipped, 
yielding much lower values, especially at the 50 Hz level.  This data lead to resetting the data 
collection rate to 500 Hz in order to assure that the peak magnitudes would be recorded.  Data 
sets were 3.33 min in length (13.7 min prototype) in order to allow easy analysis.  Several 
extended length samples were collected in order to evaluate the affect of length of time series on 
measured maxima.   

 
Figure 18: Charge amplifiers and data acquisition system for recording dynamic pressures in the stilling 
basin. 
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The most critical condition is one that may be encountered during the construction period 
where a single upper outlet may be required to discharge full open at reservoir elevation 418 ft, 
into minimum tailwater (~160 ft).  In order to define the effect of the tailwater on dynamic 
pressures, we ran this test flow with no tailwater, tailwater at 160 ft, and tailwater at 180 ft. 
Descriptive statistics from the data files for each of these cases are shown in Table 4. 
 
Table 4: Descriptive statistics for dynamic pressure fluctuations in the stilling basin. 
 

Dynamic Pressure (ft)  
A B C D 

Min – Max -82 to 282 -97 to 263 -80 to 224 -91 to 183 
Std. Dev. 26.2 24.2 25.7 25.2 

No TW 

Piezometric 75 75 75 75 
Min – Max. -58 to 79 -48 to 87 -54 to 146 -55 to 135 

Std. Dev. 13.2 12.4 15.6 16.6 
TW=160 ft 

Piezometric 62 62 62 62 
Min – Max. -19 to 39 -28 to 42 -44 to 113 -35 to 153 

Std. Dev. 3.4 4.2 6.5 7.8 
TW=180 ft 

Piezometric 51 51 51 51 
 

The data in Table 4 and photos in figure 19, indicate that the location of the maximum 
pressure moves downstream as the tailwater increases.  This is probably due to a combination of 
the deflection of the jet by the water surface in the basin and perhaps some density/buoyancy 
effects of the aerated jet once it enters the basin.  Observations indicate there is substantial 
spread of the jet at the time it enters the basin with the width of the jet at 20-30 ft, and a 
longitudinal spread of 50-80 ft.  Samples of the time series for each of the cases detailed in the 
table above appear in figure 20.  In order to get the total pressure, the dynamic pressure must be 
added to the piezometric pressure for that condition.  In order to be somewhat conservative, we 
have reported the maximum piezometric pressure from the taps (#7, 8, and 9) surrounding the 
transducer plate. 

 
In addition, the transducers were spread out longitudinally to capture pressure fluctuations 

acting over entire slabs of the stilling basin.  The common size of a slab is 50-ft square.  
Transducers were again placed on a single line, but at a spacing of 50 ft prototype, corresponding 
to the joint lines.  Data collection was similar.  Data were acquired at 1000 Hz for a period of 
slightly less than 5 minutes prototype.  Figure 21 shows data for this transducer arrangement for 
upper conduit only, lower conduit only, combined conduits, lower conduit plus spillway 
discharge, and spillway discharge only.  Pressures plotted are the piezometric pressure at each 
location with bars showing the maximum and minimum pressures collected at each site.  The 
frequency content of impact versus spillway (hydraulic jump) pressure fluctuations appears to be 
slightly more broadband with direct impact and very low frequency (< 1 Hz) with the hydraulic 
jump. 
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Figure 19: Effect of tailwater on plunge of outlet jet from the upper tier gate. 
 

 a.) Upper tier, full open, 
reservoir elevation = 418 ft, 
No tailwater 

b) Upper tier, full open, 
reservoir elevation = 418 ft, 
TW= 160 ft. 

c) Upper tier, full open, 
reservoir elevation = 418 ft,  
TW= 180 ft. 
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a) No Tailwater 
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b) Tailwater at 160 ft. 
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c) Tailwater at 180 ft. 

Figure 20: Effect of tailwater on dynamic pressure fluctuations for upper outlet, fully open, reservoir 418 ft.  
Piezometric pressure must be added to give total pressure. 
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Upper Conduit

  
Figure 21: a) Upper conduit only, res. 400 ft, gate full open, tailwater reference is triangular marker, top of wall is 
elevation 183 ft. 

Lower Conduit

 
b) Lower conduit only, Res. 400 ft, full open gate. 
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Upper & Lower  Conduits

 
Figure 21: c) Upper and lower gates full open, Res. 400 ft. 

 

Lower Conduit + Spillway

 
d) Lower gate full open, with Spillway flow, Res. 438.2 ft 
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Spillway Only
75,000 cfs

 
Figure 21: e) Spillway only, discharge 75,000 ft3/s, free flow, Res. 441 ft. 

Spillway Only
120,000 cfs

 
f) Spillway only, discharge 120,000 ft3/s, gate control, Res. 466 ft. 

Figure 21: Pressures through the stilling basin centerline at the lateral joint lines.  Mean piezometric pressure 
is connected by lines, vertical bars represent maximum to minimum extremes in dynamic pressure for that 
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location over about a 5 minute prototype run. Tailwater is noted by triangular water surface marker near end 
of basin, top of wall is El. 183 ft. 

3.6  Air Vents. 
 
Once a design was chosen for the ramp configuration, the capacity and flow conditions in the 

air vents was tested. Both the lower and upper tier air vent pipes, as well as half of the intake 
manifold and junctions with the other vent pipes, were modeled.  The objectives of the air 
demand tests were to determine the hydraulic performance of the air vents and manifold system. 
Velocity and pressure information will be obtained in the air vents and conduit downstream of 
the gate.  

 
Velocity profiles in the air vents were collected for a variety of test conditions and then the 

average velocity was applied over the vent area to yield a discharge.  The velocity measurements 
were taken with a hot-film type velocity probe manufactured by Omega, appendix B.  This type 
of probe is commonly used to determine air flows in duct works.  The probe is essentially 
unidirectional; however you can not differentiate between positive and negative velocities.  The 
probe outputs a voltage that is proportional to velocity.  A programmable multimeter was used to 
collect 100 data samples at each profile location, the meter could then provide the average value 
to be used in the discharge determination.  The air vent discharge curves for the upper and lower 
tier outlets are shown on figure 22 a and b.  The air demand can also be put in terms of the 
dimensionless parameter β.  Beta is defined as the air discharge divided by the water discharge, 
figure 23 a & b. 
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b) Lower tier outlet gate, air vent discharge. 

Figure 22:  Air vent discharges, upper and lower tiers, outlet only flow. 
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Figure 23:  Dimensionless air demand data for the upper and lower outlets. 

 
     The eyebrow deflector is an important appurtenant feature that directly affects the air 
discharge entering the outlet conduits.  The initial design features eyebrows over each outlet 
opening with a ramp height of about 3 ft.  Data were collected to compare outlet only air demand 
to that with combined spillway and outlet flows.  Initially, we set a 5 ft radial gate opening with 
a reservoir elevation of 440 ft.  We collected air vent discharge and conduit invert pressures and 
compared these to outlet only flows for a similar reservoir condition, figure 24 a and b.  An 
effective way to view this effect is shown in the ratio of air demand for a combined spillway and 
outlet flow to one of outlets only, figure 25. 
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Figure 24: Air vent demand for the condition of combined spillway and outlet flows versus outlet only flows.  
Radial gates on spillway at 5 ft open, reservoir elevation 440 ft. 
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Figure 25: Air demand ratio for the combined spillway and outlet versus outlet only flows. 
It is evident from observations during these tests that the flow jumps from the upper eyebrow, 
completely over the lower outlet eyebrow, impacting directly on the upper jet surface from the 
lower outlet.  In order for the lower eyebrow to be more effective, the height of the upper 
eyebrow needs to be reduced.  Conduit pressures do not change for either case, indicating that 
sufficient air is reaching the conduit, either through the vent, or a combination of the vent and 
from the downstream end of the conduit.  The lower tier shows almost no increase in air flow 
during combined operation, in comparison to the upper gate which shows a substantial increase 
at the lower gate openings.  This data supports the premise that the lower eyebrow is not 
functioning correctly or at least in the same manner as the upper eyebrow. 
 
Due to the apparent lack of function of the lower eyebrow, a smaller eyebrow was also tested in 
the model.  The height of the eyebrow was reduced to 18 inches.  Observations indicated that the 
jet trajectory from the upper eyebrow did reattach to the spillway surface prior to passing over 
the lower eyebrow, unlike the 3-ft-high original design.  In addition, pressures within the conduit 
and on the face of the spillway near the outlet openings were not adversely affected by this 
decrease in eyebrow height, remaining positive, figure 26.  A comparison of air demands for 
both the upper and lower gates with the 18-inch-high eyebrows and the 3-ft-high eyebrows is 
shown on figure 27.  The upper outlet showed almost no effect due to the change in size while 
the lower outlet had a reduction in air discharge in the vent at gate openings above about 8 ft. 
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Figure 26:  Mean prototype pressure on the spillway face, directly adjacent to the upper conduit exit.  
Pressures shown are means, fluctuations were minimal. 
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Influence of Eyebrow Size on Air Demand
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Figure 27: Comparison between the two eyebrow sizes tested:  small is 18 inches  and large is 36 inches high.  
This data is for outlet + spillway discharge, outlet only values of air demand are not affected by the eyebrow 
size. 

Additional testing of the air vents included moving the manifold to simulate air vents going to 
different conduits, figure 28.  No measurable differences in air demand were noted at any of the 
combinations.  Loss factors were essentially identical to the accuracy that was possible to 
measure in the model. 
 
We also varied the loss factor for the vent by inserting different diameter orifice plates in the 5.5- 
ft-diameter pipe leading down to the outlet conduits.  This affected both the amount of air that 
comes into the conduit and as a result, the pressures in the conduit.  Two inserts were used, a 4 ft 
orifice and a 3 ft orifice.  These resulted in a loss coefficient K of 3.58 and 19.74 respectively.  
The loss coefficient was calculated based on Idelchik (1994), 
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Option 1 Option 2 Option 3

 
Figure 28:  Three air vent arrangements tested, Option 1 simulates vents going to Gates 2 & 7, Option 2 simulates 
vents going to Gates 1 & 6, and Option 3 simulates a vent going to Gate 5. 

 
The insertion of an orifice plate into the air vent just before the elbow leading to the plenum was 
an effective way to modify the headloss for the vent system and observe the effect on air flow 
rates as well as pressures in the conduit downstream from the gate.  The effect was not quite as 
severe as was noted in a previous study of the 5- by 9-ft gates presently installed at Folsom, 
Frizell (1998).  This difference is largely associated with the downstream conduit geometry.  In 
the present Folsom outlets, the downstream conduit is not oversized and actually has a 
constriction at the end of the conduit near the exit onto the spillway face.  These factors along 
with limiting the air capacity of the vent resulted in lowering of the pressures within the conduit 
down to a scaled vapor pressure.  With the currently proposed design, the downstream conduit is 
slightly more than 1.6 times larger in area than the gate.  This area expansion results in conduit 
pressures that do not decrease substantially even though there is a reduction in air flow rates 
through the vent, figure 29 a-d. Data were collected for outlet only flows at a reservoir elevation 
of 440 ft.   
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a) Upper gate, Reservoir elevation 440 ft, air vent discharges for different loss factors. 
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b)   Lower gate, Reservoir elevation 440 ft, air vent discharges for different loss factors. 
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c)  Pressures along downstream conduit centerline, Upper conduit, reservoir elevation 440 ft. 
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d)   Pressures along downstream conduit centerline, lower conduit, and reservoir elevation 440 ft. 
Figure 29:  Air flow rates and pressures along each conduit as a result of changing the air vent loss coefficient. 

 
 
3.7  Gate Ratings. 

 
The gate ratings for the upper and lower tier gates were completed according to the scope of 

work.  In addition to recording water discharge for each condition, air demand and pressures in 
the invert of the conduits were recorded.  Water flow data for the lower and upper tier gates are 
shown on figure 30 a & b.  Putting the data in terms of coefficient of discharge, results in figure 
31 a & b. 
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a)  Lower tier water discharge.     
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Figure 30:  Upper and Lower tier water discharges for reservoir elevations from 300 ft to 460 ft. 
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The coefficients of discharge are defined as: 

                                 
HgA

QCd
∆

=
2

  and   
HgA

QCd
∆

=
2'

'                                   (10) 

where A=area of conduit upstream from the gate and A’ is the open area of the gate, ∆H includes 
all losses from the intake, conduit, guard gate, and regulating gate.  
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a)  Cd and Cd’ for the lower tier outlet gate. 
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b)  Cd and Cd’ for the upper tier outlet gate. 

Figure 31: Cd and Cd' for the lower and upper tier outlet gates. 
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Pressure profiles along the centerline of the conduits downstream from the regulating gates for 
the recommended configuration are shown in figures 32 a-i and 33 a-i. 
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Figure 32a:  Lower Tier conduit pressures at a Reservoir Elevation of 300 ft. 
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Figure 32b: Lower tier conduit pressures at a Reservoir elevation of 320 ft. 
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Reservoir 340 ft
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Figure 32c: Lower tier conduit pressures at a Reservoir Elevation of 340 ft.     

Reservoir 360 ft

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

0 20 40 60 80 100 120 140 160 180

Distance along conduit (ft)

Pr
es

su
re

 (f
t o

f w
at

er
)

0.5 ft 1.0 ft 2.0 ft 4.0 ft 6.0 ft 8.0 ft 10.0 ft 12.0 ft 12.21 ft
 

Figure 32d: Lower tier conduit pressures at a Reservoir elevation of 360 ft. 
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Reservoir 380 ft
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Figure 32e: Lower conduit pressures at a Reservoir elevation of  380 ft. 
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Figure 32f: Lower conduit pressures at a Reservoir elevation of 400 ft. 
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Reservoir 418 ft

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

0 20 40 60 80 100 120 140 160 180

Distance along conduit (ft)

Pr
es

su
re

 (f
t o

f w
at

er
)

0.5 ft 1.0 ft 2.0 ft 4.0 ft 6.0 ft 8.0 ft 10.0 ft 12.0 ft 12.21 ft
 

Figure 32g: Lower conduit pressures at a Reservoir elevation of 418 ft (crest of spillway).  
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Figure 32h: Lower conduit pressures at a Reservoir elevation of 440 ft.   
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Reservoir 460 ft
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Figure 32i: Lower conduit pressures at reservoir elevation 460 ft. 

Figure 32(a-i): Lower conduit pressures at various reservoir elevations. 
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Figure 33a:  Upper conduit pressures, reservoir 300 ft. 
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Reservoir 320 ft
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Figure 33b:  Upper conduit pressures, reservoir 320 ft 
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Figure 33c:  Upper conduit pressures, reservoir 340 ft. 
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Reservoir 360 ft
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Figure 33d:  Upper conduit pressures, reservoir 360 ft. 
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Figure 33e:  Upper conduit pressures, reservoir 380 ft. 
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Reservoir 400 ft
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Figure 33f:  Upper conduit pressures, reservoir 400 ft. 
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Figure 33g:  Upper conduit pressures, reservoir 418 ft. 



 56

Reservoir 440 ft
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Figure 33h:  Upper conduit pressures, reservoir 440 ft. 
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Figure 33i:  Upper conduit pressures, reservoir 460 ft. 

Figure 33(a-i): Upper conduit pressures for a range of reservoir elevations. 
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4.   Discussion 
 
The 1:17 scale hydraulic model has given a good representation of many features of the proposed 
outlet works expansion at Folsom Dam.  Its design is that of a sectional model so there are 
definite limitations in its application to some of the three-dimensional flows that result, 
particularly in the stilling basin.  Scale factors were chosen based on initial meetings with the 
COE and their consultants in order to provide the least amount of scale effects possible in the 
areas of interest.  The combination of existing modeling data and experience with 
model/prototype conformance as well as physical limitations of the laboratory space and 
pumping capacity resulted in selecting a scale of 1 to 17.   
 
Model construction also offered many challenges, specifically in the construction of the intake 
structures.  Several attempts to form the intakes from clear acrylic proved unsuccessful with 
stress cracks occurring as the acrylic cured.  The solution was to use clear PVC, a slightly softer 
and less brittle material, however it doesn’t offer the same visibility and definitely required 
significant exterior bracing and stiffening supports.  The workmanship was generally good with 
some additional work required at the flanged joints to ensure no offsets.  Numerous piezometer 
taps were installed along the crown centerline and one side centerline, and a few additional taps 
near the upper corners.  The pressure coefficient data collected was very consistent and 
essentially constant for a wide variety of different reservoir heads and gate openings.  A couple 
points warrant a mention concerning the pressure coefficient data:  1) aspect ratio of the intake 
appears to have a significant impact on the coefficient values, and 2) the sloping dam face is an 
important factor.  The original design was based on the HDC Hydraulic Design Chart 211-1/1.  
This combined elliptical entrance was based originally on ES802 test data with an aspect ratio 
h/w=1.765.  The new conduit aspect ratios at Folsom are 1.501 for the upper conduit, and 1.286 
for the lower conduit.  In addition, the face of the dam is sloped on a 1:10 ratio or 5.71-degrees.  
The lower conduit is approaching square and the pressure drop coefficient along the crown 
centerline exceed a value of 1 for a good portion of the length of the intake.  The side curves 
matched the HDC data quite well for both upper and lower conduits.  Results from the 
mathematical model (FLOW-3D) verified the model results for a upper straight conduit 
configuration.  With good agreement on the straight conduit, the skewed geometry was also 
tested in the computer model.  The results for the skewed conduit were essentially identical to 
the straight results.  Due to the good agreement between the 1:17 model results and the FLOW-
3D results, we believe the skewed predictions to be accurate.  The 1:36 model results for the 
skewed conduits (in progress) have shown no reason to question the computer model results. 
 
Flow conditions in the conduits vary from pressurized flow upstream from the regulating gate to 
free flow conditions in the downstream section.  This design features very high velocities, 
forcing careful design and maybe more importantly construction of the conduits.  Cavitation 
potential exists for flow conditions such as seen in the Folsom outlet works.  The intake curves 
have been shown to have no cavitation potential based on their shape alone.  However, 
additional studies are being performed to evaluate the size of singular offsets or irregularities 
that may cause localized cavitation damage.   Analysis and model measurements on flows 
through the gate chambers, including the gate slot areas, have shown no probability for 
cavitation damage.  The free-flow conduits downstream from the gate do have some areas on the 
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invert where measured model pressures are subatmospheric.  Additional piezometer taps were 
placed around the lowest pressure location to verify the piezometer tap installation.  Figures 34 
and 35 show that the low pressures were verified, and not resultant of a poor tap installation.   
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Figure 34: Upper tier, additional 2 piezometer taps along invert at location of lowest pressures. 
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Figure 35: Lower tier, additional 2 piezometer taps along invert at location of lowest pressures. 
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The aeration that takes place at the beginning of this expanded conduit is adequate to preclude 
cavitation damage; however Reclamation would still recommend a severe finishing criteria for 
the concrete surfaces in this area, (0.5 in offset, 1:8 slope).  There appears to be no indication of 
problems with the spillway surfaces near the conduit exits with the reduced-size eyebrow.  
Reduced air flow into the vents does not result in a proportional reduction in pressures in the 
conduit, this reflects the oversized conduit’s ability to satisfy air demand from the downstream 
end of the conduit.  
 
Vortex formation was very strong in the preceding study of the 9.33-ft by 16.25-ft gates for full 
open gate flow.  The observations of these vortices in the model lead us to evaluate possible 
shortcomings in the model design, mostly regarding the size of the headbox and the baffling of 
flow entering the box. Prior studies have shown that slight asymmetries in the approach flow can 
be responsible for vortex formation.  The vortices observed vented with air downstream from the 
gate but the vortex core then traveled upstream and on occasion entered the headbox.  These 
vortices did not head toward the free surface, but rather would tend to attach on a sidewall or on 
the dam face fairly near the intake structure.  With the new gate configuration, it was expected 
that there may still be similar vortex formation as no modifications were done to the headbox, 
only the size of the intakes.    
 
Vortices were observed in the upper conduit when the gates were full open, but were not 
observed in the lower conduit under similar conditions.  One possible explanation for this is 
again the aspect ratio of the lower gate is approaching 1.0 or a square shape.  Installation of a 
series of straightening vanes in the headbox surrounding the upper intake eliminated the vortex 
formation in that intake as well.  The approach length of the box (85- to 95-ft) however is still 
not long enough to simulate the distance out in the reservoir that a normal submergence type 
vortex would form.  The 1 to 36 model is expected to provide additional data concerning vortex 
formation. 
 
Dynamic pressure fluctuations within the stilling basin were expected to vary considerably from 
the current design, possibly requiring additional reinforcement or modifications.  The stilling 
basin is a typical hydraulic jump basin for an overflow spillway.  There is a considerable depth 
of tailwater within the basin and the current 5-ft by 9-ft gates have discharged into the basin pool 
without noticeable damage since the dam’s construction.  The new outlet design results in larger 
jets entering the basin that in turn require longer distances to disperse to similar levels of energy 
as the current arrangement.  Large amounts of data were collected to document the dynamic 
pressures on the stilling basin floor in the vicinity of the jet impact.   
 
There are several ways to analyze and present the data to assist designers in the interpretation of 
the results. Basic statistics were presented in Table 4 for the most critical design condition 
identified by the COE.  It can be seen that the maximum pressures are many standard deviations 
(up to 10) away from the mean, yielding a skewed (non-Gaussian) probability distribution. An 
example of the variation of the probability distributions between actual data and a Gaussian 
distribution with the same mean and standard deviation are shown in figure 36.   These skewed 
distributions are also typical of pressure fluctuations found in hydraulic jumps (Toso and 
Bowers, 1987).  Further laboratory investigations also yielded that the maximum pressure pulses 
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were at higher frequencies (>300 Hz), so it seems unlikely that there will be high spatial 
correlations of these maximum pressures. 
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Figure 36: Data distribution compared to a Gaussian distribution with identical mean and standard deviation, 
upper conduit, 100% gate, TW = 160 ft, piezometric head +62 ft. 

Frequency analysis of the pressure fluctuations show that there are no significant periodic 
frequencies, see figure 37.   
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Figure 37: Power spectra for dynamic pressure signals for upper conduit at full open, reservoir 418 ft, TW = 
160 ft. 

The analysis can be taken a step further to look at correlation or coherence between pairs of 
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transducer outputs to check for spatial correlation.  The coherence is closely related to the cross 
spectrum and is given by equation 11: 
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where )(ˆ fS xy is the cross spectral density, and )(ˆ fS x and )(ˆ fS y  are the power spectra of the 
two transducer outputs of choice.  The coherence is a real-valued quantity and is bounded 
between 0 and 1.  The coherence is the frequency domain counterpart of the square of the 
correlation coefficient in basic time series statistics.  An ideal, no noise, linear system will 
give 12 =xyγ .  This results in a theoretical coherence of unity at all frequencies for a linear system 
(Input=Output*Constant + Constant).   When the coherence is less than unity, the system 
contains nonlinear elements, or a major source of noise.  The main goal of these analyses is to 
look at possible coherence between transducer outputs for all flow cases and all combinations of 
transducers.  One would expect high values of coherence as a function of frequency if two 
signals are similar in composition.  This means if a flow field has a peaked response at 25 Hz, 
and this response was correlated over the distance of separation between two transducers, that 
the coherence between the two signals at that frequency would approach 1.  In a physical sense, 
the pressure pulse at that specific frequency is affecting an area covered by the two transducers.  
If you have transducers at several different spacings, you can effectively look at the areal extent 
of the pressure fluctuations of interest.  The value of the coherence is also degraded by noise in 
the system.  Flow-induced phenomena are typically not mono-frequency unless a structural 
resonant frequency has been excited, or some type of periodic excitation such as a von Karman 
vortex street is formed.  Observations of the power spectra of individual transducer outputs 
(figure 36) did not yield strong periodic components, but tended toward more broadband general 
noise.  The coherence results presented show that the highest values of coherence are for the 
smallest transducer spacing, 4.25 ft in the prototype.  These values tended to approach a 
maximum of about 0.75 and for most cases were limited to fairly small bands of frequency.  
Coherence at frequencies above 100 Hz was almost always below a value of 0.5.  Values of 
coherence near 1 are not present at any frequency for any flow condition or transducer spacing.  
This would yield the result that the maximum pressure pulses are not well correlated, even over 
the shortest distances (4.25 ft) in the model.  Previous investigations have shown that the peak 
values of dynamic pressures are generated by high frequency events (usually greater than 300 
Hz).  Figures 38-49 show coherence over a frequency range of 250 Hz, for a variety of test 
conditions and transducer spacing.  No coherence >0.8 was present for any test condition.   
 
Correlation gives a similar result in the time domain, however a single value of correlation for an 
entire time series has the effect of time averaging and so low values of correlation are to be 
expected in any type of a non-linear system.  Figures 50-52 and Tables 5-7, show correlation 
results for the critical condition. 
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a) Lower outlet 100%, res. 418 ft, no tailwater 
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b) Lower outlet 100%, res. 418 ft, no tailwater 
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c) Lower outlet 100%, res. 418 ft, no tailwater 

Figure 38: Lower outlet 100%, res. 418 ft, no tailwater. 
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a) Lower outlet 100%, res. 418 ft, tailwater 160 ft. 
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b) Lower outlet 100%, res. 418 ft, tailwater 160 ft. 
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c) Lower outlet 100%, res. 418 ft, tailwater 160 ft. 

Figure 39: Lower outlet 100%, res. 418 ft, tailwater 160 ft. 
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a) Lower outlet 100%, res. 418 ft, tailwater 180 ft. 
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b) Lower outlet 100%, res. 418 ft, tailwater 180 ft. 
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c) Lower outlet 100%, res. 418 ft, tailwater 180 ft. 

Figure 40: Lower outlet 100%, res. 418 ft, tailwater 180 ft. 
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a) Upper outlet 100%, res. 418 ft, no tailwater. 
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b) Upper outlet 100%, res. 418 ft, no tailwater. 
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c) Upper outlet 100%, res. 418 ft, no tailwater, coherence location C to D. 

Figure 41: Upper outlet 100%, res. 418 ft, no tailwater. 
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a) Upper conduit 100%, res. 418 ft, tailwater 160 ft. 
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b) Upper conduit 100%, res. 418 ft, tailwater 160 ft. 
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c) Upper conduit 100%, res. 418 ft, tailwater 160 ft.  

Figure 42:  Upper conduit 100%, res. 418 ft, tailwater 160 ft, coherence between transducers. 
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 a) Upper conduit 100%, res. 418 ft, tailwater 180 ft. 
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b) Upper conduit 100%, res. 418 ft, tailwater 180 ft. 
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c) Upper conduit 100%, res. 418 ft, tailwater 180 ft. 

Figure 43: Upper conduit 100%, res. 418 ft, tailwater 180 ft, coherence between transducers. 
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a) Upper and lower conduits 100%, res. 418 ft, no tailwater. 

Hz
0.000 62.500 125.000 187.500 250.000

Coherence - B to C, B to D

B to C B to D

1.00
0.75
0.50
0.25
0.00

 
b) Upper and lower conduits 100%, res. 418 ft, no tailwater. 
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c) Coherence between sensors, location C and D. 

Figure 44: Upper and Lower conduits operating, 100 % gate, res. 418 ft, no tailwater. 
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a)  Upper and lower conduits 100%, res. 418 ft, tailwater 160 ft 
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b) Upper and lower conduits 100%, res. 418 ft, tailwater 160 ft. 
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c) Upper and lower conduits, 100%, res. 418 ft, tailwater 160 ft. 

Figure 45: Upper and Lower conduits operating, 100% gate, res. 418 ft, tailwater 160 ft. 
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a)  Upper and lower conduits 100%, res. 418 ft, tailwater 180 ft. 
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b)  Upper and lower conduits 100%, res. 418 ft, tailwater 180 ft. 
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c)  Upper and lower conduits 100%, res. 418 ft, tailwater 180 ft. 

Figure 46: Upper and Lower conduits operating, gate 100%, res. 418 ft, tailwater 180 ft, coherence.  
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a)  Spillway flow only, no tailwater. 
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b)  Spillway flow only, no tailwater. 
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c)  Spillway flows only, no tailwater. 

Figure 47: Spillway flow only, no tailwater, coherence. 
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a)  Spillway flow only, tailwater 160 ft. 

Hz
0.000 62.500 125.000 187.500 250.000

Coherence - B to C, B to D

B to C B to D

1.00
0.75
0.50
0.25
0.00

 
b)  Spillway flow only, tailwater 160 ft. 
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c)  Spillway flow only, tailwater 160 ft. 

Figure 48: Spillway flow only, tailwater 160 ft, coherence. 
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a)  Spillway flow only, tailwater 180 ft. 
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b) Spillway flow only, tailwater 180 ft. 
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c)  Spillway flow only, tailwater 180 ft.         

Figure 49: Basin dynamic pressure coherence, spillway flow only, tailwater 180 ft. 
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Figure 50: Spatial correlation plot for developing correlation lengths in Table 5.  All discharges were 
approximately equal except for the combined outlets at 100%.  Reservoir was at 418 for all outlet works flows. 

Table 5:  Correlation lengths for no tailwater condition resulting from integration of curves in Figure 44 
 

Location Correlation Length 
(ft) 

Spillway only 2.34 
Lower outlet (100%) 2.75 
Upper outlet (100%) run 1 2.67 
Upper outlet (100%) run 2 2.73 
Combined outlets (60%) 2.33 
Combined outlets (100%) 3.70 
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Figure 51: Spatial correlation plot for developing correlation lengths in Table 6.  All discharges were 
approximately equal except for the combined outlets at 100%.  Reservoir 418 ft for all outlet flows.  Tailwater 
elevation 160 ft. 

 
Table 6:  Correlation lengths for tailwater elevation 160 ft resulting from integration of curves in Figure 45. 
 

Location Correlation Length 
(ft) 

Spillway only 2.99 
Lower outlet (100%) 3.42 
Upper outlet (100%) run 1 3.52 
Upper outlet (100%) run 2 2.99 
Combined outlets (60%) 3.03 
Combined outlets (100%) 2.82 
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Figure 52: Spatial correlation plot for developing correlation lengths in Table 7.  All discharges were 
approximately equal except for the combined outlets at 100 %.  Reservoir elevation 418 ft for all outlet flow 
cases.  Tailwater 180 ft. 

 
 
Table 7:  Correlation lengths for tailwater elev. 180 ft  resulting from integration of curves in Figure 46. 
 

Location Correlation Length 
(ft) 

Spillway only 3.34 
Lower outlet (100%) 3.73 
Upper outlet (100%) run 1 6.01 
Upper outlet (100%) run 2 5.64 
Combined outlets (60%) 5.23 
Combined outlets (100%) 4.04 

 
The general trend is for the correlation lengths to increase with an increase in tailwater depth, 
however the correlation lengths are still small and in most cases less than the smallest spacing 
between transducers (4.25 ft).  This would lead the designers to apply the pressure load as a 
point load with hydrostatic pressure everywhere else when doing their slab design.  The small 
correlation lengths make the frequency of the pressure pulses unimportant as the areal extent of 
the force is small.  In addition the extreme pressure values appear to be higher frequency 
occurrences, meaning they occur infrequently and only for very short time periods. Correlation 
lengths were calculated by integrating an absolute valued correlation plot, as the negative 
correlations have essentially the same meaning, just phase difference. 
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The slab dimensions within the stilling basin floor are mostly 50 ft by 50 ft, with a couple of 
rows of 21 ft by 50 ft.  The data presented above make it seem unlikely that a correlated pressure 
event will act on an entire slab or even half of the slab at a single point in time.  Additional 
studies looked at a single line of transducers placed on transverse joint lines at 50 ft spacings 
down the stilling basin beginning at Sta. 12+51.  A correlation analysis yields correlation lengths 
of about 25 ft, figure 52 and Table 8.  However looking at figure 53, and noting that the smallest 
spacing between two transducers is 50 ft, the correlation lengths calculated by this method are 
almost certainly skewed too high when determined by this method. 
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Figure 53: Spatial correlation plot for developing correlation lengths in Table 8.  Note, minimum transducer 
spacing is 50 ft, so integrated correlation lengths are skewed high.  Tailwater elevation 175 ft. 

 
Table 8:  Correlation lengths for tailwater elev. 180 ft resulting from integration of curves in Figure 47. 
 

Location Correlation 
Length (ft) 

Spillway 75000 ft3/s, res. 441 25.0 
Lower outlet (100%) res. 400 24.8 
Upper outlet (100%) res. 400 27.0 
Combined outlets (100%) res. 400 25.8 
Lower outlet + spillway, res. 438  25.0 
Spillway 120000 ft3/s, res. 466 25.8 

 
If we look at the coherence functions in the frequency domain, we see quite a different picture.  
The upper gate at full open with a reservoir elevation of 400 ft and a tailwater elevation of 165 ft 
yields some reasonably high correlations between the transducer at Sta. 12+51, and Sta. 13+01, a 
distance of 50 ft, figure 54 a-c.   
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a) Upper outlet, full open, res. 400 ft, TW. 165 ft, note high correlation at about 35 Hz. 
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b) Lower outlet full open, res. 400 ft, TW. 165 ft, 
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c) Upper and lower outlets full open, res. 400 ft, TW. 165 ft. 

Figure 54: Coherence for various outlet flow combinations, 100% gate, res. 400 ft, tailwater 165 ft. 
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We did further investigations, looking at the upper outlet operating at full open with various 
reservoir head conditions and reasonably constant tailwater (175 ft).  Reservoir heads were 
varied in ~25 ft increments from 350 ft to 418 ft (crest elevation), figure 55 a-d. 
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a) Upper conduit operating, full open, res. 350 ft, TW. 165 ft. 
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b)   Upper conduit operating, full open, res. 375 ft, TW. 165 ft. 
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c) Upper conduit operating, full open, res. 400 ft, TW. 165 ft. 
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d)  Upper conduit operating, full open, res. 418 ft (crest), TW. 165 ft. 

Figure 55:  Coherence plots for upper conduit operating 100%, at various reservoir elevations and tailwater 
165 ft. 

 
These plots show the correlation at 35 Hz increases as the jet impact moves downstream in the 
basin with increasing reservoir water surface.  A coherence value greater that 0.8 is considered 
reasonably high, meaning that the pressure signals across the first slab instrumented are well 
correlated at this frequency, but appear to be in phase with each other.  Figure 56 shows the 
mean piezometric pressure along with maximum/minimum envelopes as a function of reservoir 
elevation for upper outlets only at full open with a tailwater setting of 165 ft. 
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Figure 56: Upper conduit only at various reservoir elevations for a tailwater setting of 165 ft.  Solid line with 
symbol is the mean piezometric pressure, dotted lines represent maximum to minimum envelope for a 5 min 
prototype run. 

 
Depending on the current structural design of the stilling basin concrete, it may be advisable to 
further investigate the consequences of failure of the waterstops between the construction joints. 
 Failure of these waterstops could allow amplified pressure pulses (Bollaert and Schleiss 2002) 
to reach the underside of the slab and act to uplift the structural slabs.  While normal operations 
will almost always provide a minimum tailwater elevation of greater than 180 ft, operation at 
lower heads may expose the basin floor to more coherent water jets at lower submergences 
(sloped portion of the basin floor).  Computer modeling may be the most efficient method to 
investigate these possibilities and evaluate the risk potential. 
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1:17 Hydraulic Model Study of the 9.33- by 16.25-ft high pressure slide gates: Data Summary 
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Introduction 

 
Beginning in June of 2000, the Bureau of Reclamation’s Water Resources Research Laboratory 
began testing a 1:17 scale sectional model of the outlet works modification at Folsom Dam.  The 
design was prepared by the Sacramento District of the Corps of Engineers and featured replacing 
the current  eight 5-ft by 9-ft slide gates with eight 9.33-ft by 16.25-ft slide gates.  These new 
gates were designed to pass a flow of 115,000 ft3/s at a reservoir elevation of 418 ft.  There were 
several features of this design that were studied in a large sectional model.  The gates themselves 
are some of the largest high-pressure slide gates currently known to exist in the physical or 
planning stage.  The flow amounts are considerably increased, requiring a significant increase in 
the air venting system.  The high heads will result in flow velocities above 100 ft/s in the 
conduits leading to the gates, there are several areas that cavitation potential may exist, including 
the intake curves, the gate area, and the conduits downstream from the gates.  The stilling basin 
action needed to be verified for this slightly different inflow arrangement.  The design goal was 
also to allow full operation of the outlets when the spillway is operating.  These combined flows 
have proved damaging in the past, requiring a physical modification (eyebrows) and a restriction 
on operations. 
 
As the testing progressed, data were presented to the Corps of Engineers and their consultants 
and also to Reclamation’s Consultants Review Board.  At the May 2001 meeting of the CRB 
with the 1:17 model study nearing about 75-percent complete, the Consultants Review Board 
(CRB), consisting of Messrs. Norm Bishop and Ron Kubit, raised significant issues about the 
hydraulic and mechanical designs associated with the Folsom Outlet Works Modifications.  In 
the months following this meeting, additional meetings were held to address the CRB’s concerns 
and eventually this resulted in the Corp’s of Engineers issuing a Gate Sizing Memorandum in 
which they recommended changing the design to include 2 new conduits on the upper level, 
resulting in 6 outlets of 9.33-ft by 14-ft, and 4 lower level outlets that were 9.33-ft by 12-ft in 
size.  This modification resulted in similar design discharges but with smaller gates and 
hopefully improved hydraulic conditions.   
 
This summary will present major results from the testing of the original sectional model  in order 
to provide documentation on the performance of the large 9.33-ft by 16.25-ft gates.   
 

The Model 
 

A 1:17 scale Froude-based sectional model of the Folsom Outlet Works Modification was 
constructed in Reclamation’s Denver Laboratory.  The model featured an upper and lower 
conduit, a portion of the overflow spillway and corresponding section of the stilling basin, 
figures A1 and A2.    Traditional materials were used to construct the model including; marine-
grade plywood, clear acrylic, high-density polyurethane foam, aluminum, and sheetmetal.  The 
headbox featured a perforated plate baffle to calm the incoming flow and direct it towards the 
gate intakes.   Water was introduced to the model through two 12-inch gate valves, connected to 
the lab system’s supply pipe network.  Flowrates were measured using the laboratory system of 
calibrated venturi meters.  Multiple pumps are required to attain the maximum flows needed for  
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Figure A1: Section through the dam that was modeled. 
 

 
Figure A2:  Photograph of the completed model 
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the modeling.  Pressures were measured using standard piezometer taps and either electronic 
pressure transducers or water column manometers.  Air flow rates were measured using a 
calibrated air velocity meter using constant temperature anemometry.  Gate position was 
measured using string-type displacement transducers, read with a portable voltmeter.   
 

Testing and Results 
 

Testing began with measurements of the pressure drop coefficient on the elliptical intakes to the 
conduits.  The intakes were a simple 1:3 ellipse, leading to the conduit which had a aspect ratio 
of  H/W = 1.74.  The data were collected using  a scanivalve and transducer.  This allowed for 
the reading of multiple piezometer taps with a single transducer.  There were several problems 
with the piezometer taps, especially in their stability over time.  Small diameter copper tubing 
was used for the taps, and just inserted flush with the high density polyurethane foam that made 
up the intake.  Eventually, the taps were stabilized using Bondo body filler.  This filler was 
added to the inner surface of the intakes and sanded smooth to yield a good piezometer 
installation.    

Pressure Drop Coefficient - Top Outlet Curve of Upper Gate 50% Open
Q = 6887 cfs ; Velocity Head = 32.0 ft ; Reservoir Elevation = 450 ft
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Figure A3: Upper conduit,  top centerline piezometers, pressure drop coefficient. 
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Pressure Drop Coefficient - Side Outlet Curve of Upper Gate 50% Open
Q = 6887 cfs ; Velocity Head = 32.0 ft ; Reservoir Elevation = 450 ft
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Figure A4: Upper Conduit, side wall piezometers, pressure drop coefficient. 
 

Pressure Drop Coefficient - Top Outlet Curve of Lower Gate 50% Open
Q = 8031 cfs ; Velocity Head = 43.6 ft ; Reservoir Elevation = 450 ft
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Figure A5: Lower Conduit, top curve piezometers, pressure drop coefficient. 
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Pressure Drop Coefficient - Side Outlet Curve of Lower Gate 50% Open
Q = 8031 cfs ; Velocity Head = 43.6 ft ; Reservoir Elevation = 450 ft
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Figure A6: Lower conduit, side curve piezometers, pressure drop coefficient. 
 
This data show pretty good correlation with the COE’s Hydraulic Design criteria for the side 
wall data, however the top centerline data shows a larger pressure drop coefficient, on the order 
of 1.17 for the top conduit and 1.22 for the lower conduit.  These higher pressure drop 
coefficients definitely are in the range that cavitation could be an issue 
 
Much of the data concerning discharge, both air and water, pressure in the conduit, etc. was not 
fully completed prior to the review of the gate sizing issue.  For this reason, only a few examples 
of data will be included in this report.  Full discharge curves were never completed.  
Modifications to the area just downstream from the regulating gates were studied.  The additions 
of ramps were tested in the model to improve the appearance of aeration of the jet as well as to 
see if there was a impact on the pressures in the downstream conduit.  Initially it was discovered 
that the discharge that was measured at the gates was in excess of that predicted by the COE 
analytically by about 8-10 percent, figure A7.  This was prior to the addition of any ramps 
downstream from the gate.  Once the ramps were installed, the discharge reduction that took 
place was right in line with the analytical predictions, figure A8.  The initial difference was 
probably due to the COE using a inlet loss coefficient of 0.17.  While the headloss through the 
intake hasn’t changed, the losses downstream from the gate definitely affect the discharge 
ratings.   
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Folsom Dam 1:17 Scale Model Study
Discharge Data versus Reservoir Elevation
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Figure A7:  Data showing excess discharge from the model gates at full open position for a variety of reservoirs. 
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Figure A8:  Model data with ramps installed plot right with analytical prediction, between  a C=0.96 and 1.0. 
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A sample of air vent data taken at 400 ft reservoir appears in figures A9-10.  These data are 
presented both in the form of a nondimensionalized flow rate versus gate position, and as air 
vent discharge versus gate position.  The air flow data was not completed prior to redirection of 
the model study. 
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Figure A9:  Beta ratio for  both gates at a reservoir elevation of 400 ft. 
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Figure A10: Air flowrates to each gate at a reservoir elevation of 400  ft. 
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Figures A11 and A12 show pressures along the centerline of the invert, downstream from the 
gates. 
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Figure A11:  Pressures along the upper conduit invert centerline for various gate openings at 418 ft. 
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Figure A12:  Pressures along the lower conduit invert centerline for various gate openings at 418 ft. 
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Discussion and Conclusions 
 

A configuration for the outlet works rehabilitation at Folsom Dam was modeled at the Bureau of 
Reclamation’s hydraulic laboratory in Denver, Colorado.  A sectional model at a scale of 1:17 
was used to observe the operation of 9.33- by 16.25-ft high pressure slide gates in both the upper 
and lower tiers.  A sample of some of the pertinent data has been presented.  Many of the same 
issues were observed in this first model as have been presented in the current design report.  
While there were some design challenges for gates this large, especially in fabrication and 
installation, we did not observe any hydraulic features that would preclude using a gate of this 
size with the head conditions present at Folsom Dam. 
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APPENDIX B 
 

Quality Control, Instrumentation, Calibrations, and Uncertainty Estimates 
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QA/QC Plan for 1:17 Hydraulic Model Study of the Folsom Outlet Works Modification 
 
 

Model Design 
 

Computations involved with the selection of the model scale and critical model elements are 
performed by the Principal Investigator (PI) and are reviewed by a peer within the Water 
Resources Research Laboratory. All engineers capable of performing the peer review have at 
least 10 years experience working with hydraulic scale models.  The PI or a technician prepares 
detailed drawings for use during model construction.   If the PI prepares the drawing, the 
technical details such as dimensions should be checked and initialed by a technician or other 
aide.  If a technician prepares the drawing, the PI indicates checking and approval by initialing 
the drawings. 

 
 

Model Construction 
 
Critical Dimensions:  Critical model dimensions including all waterways and topography are 
identified by the PI and monitored by the PI and technicians or other aides during construction.  
The Principal Craftsman (PC) works with the PI during layout and construction to verify model 
accuracy using appropriate tools, which may include but are not limited to: levels, theodolite, 
and total station survey equipment.  In the event that any features of the model are built by 
outside contractors, the PI is responsible for providing clear and detailed drawings and 
specifications for the feature.  The Laboratory Shops foreman will arrange for the contract and 
the PC will monitor the contract and verify that the feature meets specifications prior to 
acceptance.   Verification of model conformance will be 
 
Non-critical dimensions:  Certain dimensions within the model may be deemed non-critical.  The 
tolerances on these dimensions may be large as their accuracy has been identified to be 
inconsequential.  In any event, should a non-critical dimension be discovered to be out of the 
suggested tolerance appearing on the model design drawings, the PI will approve the variation or 
require a modification to bring the dimension back within the appropriate tolerance. 
 

Model Testing 
 
The model test plan is developed in the SOW and forms the basis for the agreement to perform 
the model study.  The PI will hold preliminary meetings with the COE and/or their consultants in 
order to finalize the test plans. The PI will develop a measurement and instrumentation plan that 
will be approved by the COE and/or their consultants.  This plan will provide locations in the 
model for measurements, identify the sensor, and supply calibration requirements.  In addition, 
calibration records and uncertainty estimates on permanent laboratory equipment which will be 
used to measure model parameters, i.e. venturi meters, will be provided.    
 
 
Calibration of sensors will occur prior to installation and will follow manufacturer’s instructions 
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or accepted standard practices.  Uncertainty estimates based on calibration records for each 
sensor will be calculated.  Calibration checks or recalibration will follow the manufacturers 
recommended schedule or upon discovery of an inconsistency or apparent problem with the data. 
 
All data will be documented and kept in a project book.  In addition, photos and video will 
supplement written documentation.  At the conclusion of the testing, results will be reviewed in a 
meeting with the COE and their consultants and final documentation will be generated.  This 
document will be transferred on compact disk to the COE.   

 
 

Statement of Quality Control 
 
 

Model design and drawings were prepared by K. Warren Frizell, Bureau of Reclamation, D-8560.  
Periodic checking was performed by Robert Einhellig.  The design was carried out based on 
extensive discussions and meetings with the COE, Sacramento District and their consultants.  
Mutual agreements on items such as model scale were achieved prior to design.  Model construction 
was carried out under the supervision of K. Warren Frizell.  The Principal Craftsmen were Neil 
Armstrong and Jason Black.  In addition, much of the acrylic work was contracted to AIA Plastics.  
Important dimensions and elevations were verified throughout the construction process.  Contracted 
plastic work was measured and reworked where necessary in order to provide proper tolerances.  
During the data collection phase, K. Warren Frizell and Connie DeMoyer collected the model data.  
In addition to cross-checking the raw data, on almost a weekly basis, data was distributed to the 
COE and their consultants for review.  The documentation has received extensive peer review by the 
COE and their consultants prior to its finalization. 

 
 
 
 

    
 
 

        K. Warren Frizell 
        Research Hydraulic Engineer 
        Principal Investigator 
        Bureau of Reclamation 
        Technical Service Center D-8560 
        Denver, Colorado 

 
 

Instrumentation Plan and Calibrations 
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Pressures within the model were measured using piezometer taps (0.0625 in diameter), 
connected to water column manometers or to pressure transducers.  The pressure transducer used 
to measure reservoir elevation and also indicate head drops in the intake curves was a Sensotec 
Model GM,  ReadOut S/N 419180,  transducer Model A5/882-15 S/N 387547, range 0-10 psi.  
This transducer was calibrated using a Druck DPI 610 portable pressure calibrator.  This device 
allows calibration over a wide series of pressure ranges with an accuracy of 0.025% F.S.  The 
Sensotec was calibrated initially, pretest, and then a single point check was completed on 1 
month intervals throughout the testing period.  The calibration remained very consistent for the 
entire test period; figure B1 shows the initial calibration. 

Folsom 1:17 Sensotec Transducer
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Figure B1:  Initial calibration of the Sensotec pressure transducer used to measure and control reservoir elevation. 
 
The scaled output of this transducer was also used as an input to the venturi valve control system 
in the laboratory to allow automatic adjustment of the flowrate into the model in order to 
maintain a set reservoir elevation.  In the determination of the pressure drop coefficient for the 
elliptical intakes, this transducer was used to read the differential pressure from the reservoir to 
the particular piezometer location in question.   Figure B2 shows the location of piezometers 
throughout the acrylic portion of the model.  There were 16 piezometer taps located along the 
top centerline and 16 taps located along the side centerline on both the upper and lower conduit 
intakes.   A more complete analysis of the uncertainty estimate in these measurements appears 
later in this appendix. 
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Figure B2:  section through the model showing piezometer tap locations on the acrylic sections. 

 
The remaining piezometer taps were connected to water manometers with clear tygon tubing and 
pressure elevations in feet of water were measured on a scale with division of 0.01 ft.   
 
Gate position was monitored using Celesco string-type position transducers, Model # PT1MA-
15-UP-420E-C25.  These sensors have a range of 15 inches and provide a 4-20 mA output over 
this range.  A precision resistor was placed across the current loop output that converted the 
current output to a 1-5 V output.  This was done to allow for easier indication at the model.   The 
closed and fully open positions were checked each day of testing and slight adjustments made in 
order to account for changes in these values if needed.  The accuracy of this instrument was 
±0.38 in prototype, i.e. a particular gate setting, say a 1 ft opening could be set in the model to an 
accuracy of  1 ± 0.03 ft.   
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Uncertainty in the Pressure Drop Coefficient - Cp 
 

The pressure drop coefficient is used to evaluate the hydraulics of intakes, in particular loss 
characteristics.  This coefficient is defined in the Corps of Engineers Hydraulic Design Criteria 
by: 
 












∆

=

g
V

HC p

2

2
                                        (1) 

 
where H∆ is the difference between the reservoir elevation and the pressure head at the point in 
question, and V is the mean velocity in the conduit downstream from the inlet.  The H∆ term is 
determined by differencing two pressure measurements made with a pressure transducer.  The 
velocity is calculated based on the measured discharge to the model and the measured area of the 
conduit.  We will begin by estimating the uncertainty in each measured quantity. 
 
Mean Velocity V : 
 
Qm is the discharge measured by the laboratory system of calibrated venturi meters.  The 
differential pressure across the venturi is measured with a mercury manometer and scale 
(accuracy 0.001 ft).  Calibration of the venturi meters is carried out periodically using a weight 
tank apparatus.  This system measures the mass of water over a measured time period and fits the 
coefficients in a regression equation based on measured mercury differentials.  The details of the 
calibration as well as supporting data are kept in Reclamation’s hydraulic laboratory files, F-198. 
 Based on the most recent calibrations, the uncertainty in the discharge value for the venturi 
meters in question is always within 0.25-percent.   
 
The area was determined by measurement of the height and width of the conduit using inside 
calipers and a scale with graduations of 0.01 ft yielding an accuracy of ±0.005 ft.  The section 
was measured upon delivery.  The width was W=6.685 in and the height, h=9.880 in. 
 
The equation for the velocity is then given by: 
 

Wh
QV m=                                                            (2) 

 
The uncertainty in the mean velocity is then given by the partial differential equation: 
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We can convert the partial differential equation into an approximation by replacing the δ ’s with 
the uncertainties in each measured value, w.  The best estimate of uncertainty can now be 
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generated by using the uncertainty in each of the measured values.   
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First for a sample point, compute V : 
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So substituting into equation 4: 
 

1217.0=Vw  
The uncertainty in the model measurement can then be written as Vm=10.836± 0.122 ft/s or 
converting into prototype units:  Vp= 44.7 ± 0.50 ft/s.  We can now estimate the uncertainty in 
the velocity head generated by this velocity for use in calculation of the pressure drop 
coefficient, Hv=V2/2g. 
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= δδ .                              (5) 

 
The best estimate for the uncertainty in Hv is given in Equation 6. 
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So first compute the value of Hv=1.823 ft.  Then making the appropriate substitutions, 
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Substituting into Equation 6 gives: 
ftw

vH 041.0=  
The uncertainty in the velocity head in the model can then be written as Hvm= 1.823 ± 0.041 ft, 
or converting into prototype units: Hvp= 31.0 ± 0.7 ft.  We can now look at the pressure drop 
coefficient Cp, 
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Using the same methodology, the uncertainty in the pressure drop coefficient can be written as: 
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The best estimate of the uncertainty in Cp then becomes: 
 





















∂
∂

+










∂
∂

+







∂
∂

=
222

v

p
H

tap

p
H

res

p
HC H

C
w

H
C

w
H
C

ww
vtapresp

       (9). 

Computing a value for Cp=1.042, and using the standard error from the transducer calibration of 
0.007, we can make the appropriate substitutions: 
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.024.0=

pCw  
Since this coefficient is a dimensionless parameter, both model and prototype values are the 
same, and can be written in the form, Cp= 1.04 ± 0.02.   
 
The uncertainty values for Cp are not constant for a given Cp, but vary with the actual values of 
velocity and heads used to generate the coefficient.  The lower discharge and head quantities 
yield slightly higher uncertainties in the final quantity than if you use the maximum flow and 
head conditions that are available.  A low discharge was used in the above example so this 
uncertainty result is the maximum value for the data we collected. 
The same quantity was measured in the 1:36 model, using fewer piezometer taps at the critical 
locations (maximum Cp).  The measurement techniques were different, although standard water 
manometers were used.  The pressure drop coefficient (Eq. 7) was determined by first indirectly 
measuring the velocity head.  Due to the inability to separately measure each individual conduit 
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flow in this model, a different approach to determine the velocity head was used.  A piezometer 
ring was installed on each conduit downstream from the intake in the constant area conduit 
section and upstream from the gate structure.  The mean pressure at this location consists of the 
velocity head with any head losses up to this point, realizing that some pressure recovery will 
also take place.  Due to the relatively low headloss design that is in place, we assumed that the 
pressure at the ring was all velocity head.  Using this method to calculate velocity and computing 
a discharge from this value compared well with the total laboratory discharge measured by the 
venturi system.  The individual velocities varied up to about ±3.5 percent but when summed, the 
total discharge was within 1 percent of the laboratory discharge for all the conditions tested. 
 
Determining the uncertainty in the velocity head measurement is then: 
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approximating equation 10 with the measurement uncertainties of each quantity, 
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Substituting in some actual values, Hv= 417.3-223.8=193.5 ft.  The manometer boards have 
gradations of 0.01 ft, so the readings are accurate to 0.005 ft (model), or 0.085 ft prototype.  
Substituting into equation 11, wHv = 0.1202 ft. This would give Hv = 193.5 ± 0.12 ft.   The larger 
uncertainty however is whether the method of determining the actual velocity head by this 
manner is correct, we estimated the error to be ±3.5 percent to this value, resulting in Hv = 193.5 
± 6.8 ft.  Now we can see how this error propagates into the pressure drop coefficient. 
 
Following the same logic as equations 7-9, and substituting in the appropriate values, Cp=1.02: 
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Since this coefficient is a dimensionless parameter, both model and prototype values are the 
same, and can be written in the form, Cp= 1.02 ± 0.03.  The level of uncertainty is a couple of 
percent greater in the 1:36 model, largely due to the uncertainty level in the determination of the 
velocity and resulting velocity head.   For the location computed in the above example, the 
pressure coefficient in the 1:17 model varies from 1.02 to 1.06 (1.04 ± 0.02), and in the 1:36 
model it varies from 0.99 to 1.05 (1.02 ± 0.03). 
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APPENDIX C 
 

Input File for Flow-3D 
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Folsom - normal upper 9x14 intake                 
 13080, for a velocity of 100.1 ft/s                           
 $xput                                                        
      trest=9.,twfin=2.,deltr=0.00000001, 
      epsadj=1.,                                             
      omega=1.3,                                             
      con=0.45,                                               
      lpr=1,itb=1,ifvis=4,                             
      gz=-32.14,ipdis=1,                            
      nmat=1,ifpk=1,                                  
      iorder=3,ifenrg=0,ifrho=0,iqsr=1,                       
      pltdt=0.50,sprtdt=0.05,HPLTDT=0.1,                      
    iadix=1, iadiy=1, iadiz=1,iqsr=1, 
    itrst=1, isolid=0, 
 $end                                                         
 $limits                                                      
      irpr=1,jbkpr=1,ktpr=1,                                  
      itmax=1000,                                              
 $end                                                         
 $props                                                       
      rhof=1.937,mu1=2.25E-05,  
    units='lbm', 
 $end                                                         
 $scalar                                                      
 $end                                                         
 $bcdata                                                      
    wr=2,   
    wl=5, wf=5, wbk=5, wb=2, wt=2, 
    ipbctp(1)=0,ipbctp(3)=0,ipbctp(4)=0, 
    flhtl=465., flhtf=465., flhtbk=465., 
 $end                                                         
 $mesh 
    nxcelt=80, 
      px(1)=24., 
      px(2)=52.125, 
      px(3)=136.5, 
      px(4)=149., 
    nycelt=48, 
      py(1)=462.5, 
      py(2)=537.5, 
    nzcelt=168, 
      pz(1)=210., 
      pz(2)=244.875, 
      pz(3)=298.875, 
      pz(4)=479., 
 $end 
 $bcdata 
    wl=9,    wr=9,     wf=9,    wbk=9,    wb=9,    wt=9, 
    flhtl=465.,    flhtf=465.,    flhtbk=465., 
 $end 
   $mesh    
       nxcelt=136, 
         px(1)=36.5, 
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         px(2)=142.75, 
       nycelt=56, 
         py(1)=478.125, 
         py(2)=521.875,   
       nzcelt=68,                                             
         pz(1)=244.875, 
         pz(2)=298.875, 
 $end 
 
 
                                                        
 $obs                                                                                                                                 
         avrck=2.,                                                                                                                  
         nobs=3,                                                                                                                   
            iob(1)=1,igen(1)=3, 
            iob(2)=2,xl(2)=120.,zl(2)=290., 
            iob(3)=3,xl(3)=135.,zh(3)=280.,zl(3)=260.,QSROBS(1,3)=-25335.96, 
 $end                                                                                                                                 
 $fl                                                                                                                                  
      presi=0.0,nfls=1,flht=465.,fzh(1)=465., 
 $end                                                                                                                                 
 $bf   
   nbafs=3, 
   bzl(1)=400.,bx(1)=40., 
   bzl(2)=400.,by(2)=525., 
   bzl(3)=400.,by(3)=475., 
 $end                                                                                                                                 
 $temp                                                                                                                                
 $end                                                                                                                                 
 $grafic   
      wintl(1)='Top probe 1',xloc(1)=109.5507, yloc(1)=500., zloc(1)=281.4288167, 
      wintl(2)='Top probe 2',xloc(2)=110.9507, yloc(2)=500., zloc(2)=280.6936, 
      wintl(3)='Top probe 3',xloc(3)=113.7507, yloc(3)=500., zloc(3)=279.8057417, 
      wintl(4)='Top probe 4',xloc(4)=116.5507, yloc(4)=500., zloc(4)=279.3424417, 
      wintl(5)='Top probe 5',xloc(5)=119.3507, yloc(5)=500., zloc(5)=279.0733417, 
      wintl(6)='Top probe 6',xloc(6)=122.1507, yloc(6)=500., zloc(6)=278.925625, 
      wintl(7)='Top probe 7',xloc(7)=124.9507, yloc(7)=500., zloc(7)=278.8751417, 
      wintl(8)='Top probe 8',xloc(8)=130.5507, yloc(8)=500., zloc(8)=278.875, 
      wintl(9)='Side probe 9',xloc(9)=113.666,     yloc(9)= 494.1204, zloc(9)=271.875, 
      wintl(10)='Side probe 10',xloc(10)=116.2417, yloc(10)=495.32, zloc(10)=271.875,remark='minused 0.02 from 
each top yloc', 
      wintl(11)='Side probe 11',xloc(11)=118.6533, yloc(11)=495.3397, zloc(11)=271.875, 
      wintl(12)='Side probe 12',xloc(12)=121.08,   yloc(12)=495.3614, zloc(12)=271.875, 
      wintl(13)='Side probe 13',xloc(13)=123.512,  yloc(13)=495.3427, zloc(13)=271.875, 
      wintl(14)='Side probe 14',xloc(14)=125.912,  yloc(14)=495.3429, zloc(14)=271.875, 
      wintl(15)='Side probe 15',xloc(15)=129.5117, yloc(15)=495.3429, zloc(15)=271.875, 
      wintl(16)='Side probe 16',xloc(16)=134.3114, yloc(16)=495.3429, zloc(16)=271.875, 
      wintl(17)='Reservoir Ref at 82,487,246',xloc(17)=82., yloc(17)=487., zloc(17)=246., 
 $end                                                                                                                                 
 $parts                                                                                                                               
 $end                                                                                                                                 
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APPENDIX D 
 
 

Supplemental Testing of End-of-conduit Dentates 
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Background 
 
As a result of computer modeling performed by Erik Bollaert, there was some interest in seeing 
if there could be additional jet breakup and spreading by adding ramps or dentates to the ends of 
the conduit sections.  Two configurations were tested.  The first featured 46-inch-high ramp 
sections.  The upper conduit had two ramps, basically 1/3 the width of the outlet located along 
the outside walls and the lower conduit had a single ramp 1/3 the width of the conduit, centered 
(figure D-1a&b) 
 

 
 

 
Figure D-1a. Upper conduit end ramp/dentates ( 46-inch high) 

 



 115

 
 

Figure D-1b.  Lower conduit ramp/dentate, 46-inch high. 
 

 
These ramps were tested at reservoir elevation 418 ft, and 100-percent gate openings.  
Photographs and dynamic pressures were recorded for each conduit.  These large ramp heights 
were very effective in spreading the jet laterally, especially for the upper outlet, figure D-2.  The 
single ramp in the lower conduit was somewhat effective when considering the lower fall height 
to the tailwater, D-3. 
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Figure D-2.  Spread of the upper conduit jet.  Width at the tailwater interface is approximately 80 to 85 ft.  Note 
appearance that conduit may be full or choked at the downstream end. 
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Figure D-3.  Spread of jet from lower conduit.  Width of jet at tailwater interface is about 35 to 40 ft. 
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The dynamic pressure extremes were reduced considerably over the recommended design with 
no outlet end dentates, however the size of the dentates is considerable and does greatly impact 
the flow in the conduits – especially the upper conduit.  Air is essentially cut off from entering 
the downstream end of the conduit due to the large sectional profile of the end ramps.  We 
therefore modified the height of the ramps, reducing them to 24-inch high in the upper conduit 
and removing them totally from the lower conduit.  This improved flow conditions in the 
conduits themselves; however there was much less spreading of the jet (figures D-4 and D-5) and 
in return did not significantly reduce the pressure magnitudes (figures D-6). 

 

 
 

                       a) close up of small ramps                                                b) Jet spread is now less than 50 ft. 
 
Figure D4.  Upper conduit, small end ramps (2 ft high). 
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Figure D5.  Lower conduit,  no exit ramps.  Note very small lateral spread of the jet. 
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a) Upper outlet with small exit ramps, 100% open with reservoir at 418 ft, pressures shown are in ft of water 
elevation 
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b) Lower outlet, no ramps, 100% open with reservoir at 418 ft, pressures shown are in ft of water elevation. 

 
Figure D6. Chart 0, Chart 1, Chart 2, and Chart 3 are at stations 13+01, 13+51, 14+01, and 14+51 respectively.  
These are scaled prototype runs of just over 18 minutes. Tailwater set at 180 ft at the endsill. 
 
 
 
 




