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outlet works eliminates or at least greatly reduces the effects of spray flow. This can be 

seen in Figure 4 as only one maximum occurred under free flow conditions. The 

comparison of these two figures shows two very distinct maxima for the USACE (1964) 

study, whereas only one maximum is evident on the laboratory study for small dams. The 

location of the maxima also occurs at different gate openings showing the need of both 

methods.  

 
 

 

Figure 3: Large dam air demand versus gate opening data (USACE, 1964) 
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Figure 4: Small dam air demand versus gate opening (Tullis and Larchar, 2011) 
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CHAPTER II 
 

EXPERIMENTAL METHODS 
 

 
Prototype Experimental Setup and Measurements 
 

 To complete the given objectives, three dams were selected which are of similar 

geometry to the geometries studied by Tullis and Larcher (2011). Similar gate openings 

and ∆H/D ratios were used in order to properly compare the results. The elevation, gate 

opening, air flow rate, and water flow rate was measured. For each test ran it was verified 

that the condition at the outlet was either free flow or submerged flow. The geometry of 

each of the three dams can be seen in Table 1. 

 As the slopes of the prototypes were all much less than the 4.5 percent slope 

tested by Tullis and Larchar (2011) and the β results did not correlate well with their β 

results, a zero-sloping laboratory study was undertaken in order to better compare the 

results. 

 

Table 1: Geometry of each prototype 

  Gate Shape 
Outlet 
Slope 

Outlet 
Diameter  

Elbow 
Angle 

Outlet 
Length 

Air Vent 
Diameter  

Air Vent 
Type 

Lost Lake Rectangular 0.32% 2.5 ft. 70° 141.5 ft. 6 in. Manifold 
Trial Lake Rectangular 0.78% 2.5 ft. 70° 192 ft. 4 in. Tee 

Washington 
Lake Rectangular 0.09% 2.5 ft. 70° 180 ft. 6 in. Manifold 

 

 



12 
 

The setup for the field tests consisted of attaching a PVC pipe to the end of the air 

vent intake and then sealing it with duct tape to assure that all air entering the system 

passed through the PVC pipe (see Figure 5). A 5/8-inch hole was made in the side of the 

PVC pipe, near the center of its length, for air velocity probe insertion. Two identical 

velocity probes were used during data collection to assure instrument accuracy. Once the 

velocity probe was installed, a target gate was established and the resulting flow was 

allowed to stabilize. The air velocity was then measured at the centerline of the vent. The 

flow rate was determined via a 5-foot wide Parshall flume, located downstream of the 

outlet, that was calibrated using the USBR’s Water Measurement Manual. The discharge 

was calculated using Equation 3 (USBR, 2001). The dimensionless air demand (β) was 

then calculated by dividing the air demand by the water flow rate. 

�� � 4 � � � ���.������.���                                            (3) 

 
 

 

Figure 5: Air probe setup for prototype study 
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This process was repeated at four different reservoir elevations and at gate openings 

ranging from 10 to 80 percent. The gate openings were determined using the 

computerized data collection system used by the Central Utah Water Conservancy 

District (CUWCD).  The reservoir elevation was taken from a Staff gauge installed at 

each reservoir. The reservoir elevation was made dimensionless by dividing by the low-

level outlet works conduit diameter (∆H/D). The dimensionless air demand was then 

plotted verses the dimensionless reservoir head to develop a family of curves. This was 

done in order to properly compare the prototype data to the laboratory data for vented 

free discharging flow. 

 
Laboratory Model Setup 
 

A laboratory model was also tested at the Utah Water Research Laboratory. A 

6’x3’x6’ (length x width x height) steel tank was used to simulate a reservoir. An acrylic 

floor was set to approximately a 3:1 (horizontal-to-vertical) slope to represent the 

upstream face of an earthen dam (see Figure 6).  

Water was supplied to the tank from 1-inch and 4-inch diameter pipes depending on 

the necessary flow rates. A 1-inch gate valve and a 4-inch butterfly valve were used to 

control the flow within the respective water supply pipes.  Flow rates were measured 

using a 1-inch diameter Siemens MAG6000 in the 1-inch pipe and a calibrated orifice 

plate was used in the 4-inch pipe. A pressure transducer was used to measure the pressure 

difference across the orifice plate. Water was supplied to the tank through a 4-inch 

diffuser and then passed through a plastic screen followed by a vertical baffle to eliminate 

source flow effects.  
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The low-level outlet works conduit consisted of a 3-inch diameter mitered elbow that 

connected to the acrylic bottom of the tank. A 5-foot long, 3-inch diameter, acrylic pipe 

was attached to the downstream side of the acrylic elbow using a flexible coupler. The 

pipe slope was tested at both 0 and 4.5 percent during the test program in order to better 

compare the effect of conduit slope on air demand. The outlet works setup can be seen in 

Figure 7. A 1-inch thick flange was installed between the elbow and the acrylic floor 

containing four air supply ports. Two of the air supply ports were located on the inside of 

the elbow directly behind the gate, while the other two air supply ports were located on 

the outside of the elbow. Figure 8 shows the configuration of the air vents with regards to 

the outlet works. A 1-inch supply line split into four separate lines that connected the four 

air supply ports.  

A square machined gate was constructed to resemble the Hydro Gate type slide gate 

and was mounted on the sloped floor such that it covered the three-inch discharge 

opening. A crank that extended to the outside of the tank was used to change the gate 

opening. To increase stability, acrylic gussets were added to the floor of the tank. A 

picture of the gate setup can be seen in Figure 9. 

 
Laboratory Measurements 
 

 Conduit free flow conditions were tested at various gate openings and various 

upstream heads. These conditions were tested for both a zero percent and 4.5 percent 

conduit slopes. Gate openings of 10, 30, 50, 60, 70, 90, and 100 percent were initially 

tested. To better understand the gate opening at which the max air demand occurred, gate 

openings of 45 and 55 percent were also tested. Gate openings are related to the linear 
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Figure 6: General laboratory setup 
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Figure 7: Low-level outlet works setup 

 

 

 

Figure 8: Air supply line terminology 
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Figure 9: Rectangular gate setup 

 

 

travel distance of the gate not the percent of the available area. For each gate opening, 

∆H values ranged from 6 to 66-inches, incremented in 12 inches elevation changes.  

 Reservoir vortices, associated with the low-level outlet works operation, were 

observed in both the Tullis and Larchar (2011) study and during the field testing. 

Consequently, special attention was paid to the vortex activity in this laboratory study. 

Vortices would form at the surface and the vortices would sometimes be drawn in to the 

low-level outlet intake. Other times the vortices would form at the water surface but 

never reach the outlet during the testing period. Both cases were recorded, as the vortex 

would sometimes go back and forth between the two cases. Vortices can influence the 

discharge efficiency as they increase the head loss, as well as reducing the amount of air 

needed from the air vent as vortices add air to the system. 

 
Water flow rate 
 

 A 1-inch Siemens MAG6000 flow meter was inserted in the 1-inch line to 

measure flow rates.  A calibrated orifice plate, installed in the 4-inch line, was used for 

water flow rate measurements. A pressure transducer was used to measure the pressure 
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differential across the orifice plate. Using Equation 4 the differential was used for 

calculating the water flow rate in the 4-inch line. 

�� � �� � !" � #�����$
�%&� '( )*                                                   (4) 

where: 

Qw  Discharge or flow rate, cfs  

Cd  Orifice discharge coefficient 

Ao  Cross-sectional area of the orifice throat, ft2 

g  Acceleration due to gravity, ft/s2 

∆h  Differential across the orifice plate, ft  

d  Diameter of orifice throat, ft  

D  Diameter of pipe, ft  
 
 
Reservoir head 
 

 The reservoir head (∆H) was measured from the centerline of the outlet works 

intake on the floor of the tank to the water surface. This was done by installing a pressure 

tap that connects to a piezometric tube mounted on the side of the tank. The tube was 

referenced to the centerline of the outlet using a survey level. As velocity heads in the 

tank were minimal, the reservoir piezometric and total head values were the same. 

 
Air flow rate 

 A Kanomax thermal anemometer (Model A031) was used to measure the air 

velocities. Two identical thermal anemometers were used to assure that the probes were 



19 
 

working as expected. Of the four air supply lines, two air supply ports located on the 

outside of the elbow filled with water and did not supply air to the system. For this reason 

the two outside air supply ports were only opened when comparing how the location of 

the air supply port affects air demand. The air velocities were measured in a 1-inch pipe 

which bifurcated into two ¾-inch supply lines that supplied air to the ports located on the 

inside of the elbow in the wake of the gate. It was verified that an abundance of air was 

being supplied. This was done by testing the system with the air valves in the two ¾-inch 

lines fully open and then closing them partially and retesting. The results were found to 

be comparable showing that enough air was supplied to the system.  

 The elevation in the tank was allowed to stabilize before air velocity 

measurements were taken. Air velocity data were measured and recorded in 1-second 

increments for a minimum of 3 minutes for each test.   
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CHAPTER III 
 

RESULTS 
 

 

 The prototype data was collected in order to compare to the results presented by 

Tullis and Larchar (2011). When the prototype data did not correlate to the laboratory 

data from Tullis and Larchar (2011), it was anticipated that slope played a significant role 

in the air demand. A laboratory study similar to that of Tullis and Larchar (2011) was 

undertaken for a zero-sloping low-level outlet works conduit. The following results 

compare the prototype data to the laboratory data for zero sloping low-level outlet works 

unless otherwise stated. 

 

Max Air Demand Versus Gate Opening 
 

As the maximum air demand is of importance in the design of air vents it is 

important to understand when this will occur. Tests were run for several gate openings 

and it was found that the max air demand occurred at gate openings near 50 percent. 

Figure 10 shows the results found from both the 4.5 percent and 0 percent slopes tested in 

the laboratory. Similar results were found in the prototype study of Washington and Lost 

Lakes (see Figure 11). Trial Lake isn’t shown as the range of gate openings was below 50 

percent for most heads.  It is important to note that the outlet conditions could not be 

controlled in the prototype as a concrete baffle was located just downstream of the outlet. 

The baffle caused water to back up around the outlet causing the conduit to flow full at 

the outlet for larger flows. Tullis and Larchar (2011) concluded that the max air demand 

occurs near 50% gate openings for both free and submerged conditions. This was verified 

for the prototype data. 
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Figure 10: Laboratory air demand (ave.) vs. gate opening 
 

 

 

Figure 11: Prototype air demand (ave.) vs. gate opening for Lost and Washington Lakes 
 

 

 It was also confirmed that major fluctuations in air velocities exist. For the 

purpose of comparing the results to the laboratory study the average and maximum  
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Figure 12: Air velocity fluctuations-laboratory study zero-sloping 
 

 

values were used to compare the results. The fluctuation in air velocity can be seen in 

Figure 12, which shows the laboratory results for a gate opening of 50 percent and a 

∆H/D= 42. Similar fluctuations occurred at different gate openings and heads for both the 

laboratory and prototype studies. 

 

The Occurrence of Vortices 
 

 It was also found that vortices formed at low reservoir heads. From the laboratory 

study it was found that vortices formed at ∆H/D≤10 and gate openings≥30 percent. This 

phenomenon was also found to be true for the three prototypes tested. Figure 13 shows 

flow rates and ∆H/D values where vortices were found in the laboratory. The formation 

of all vortices seen in the prototype study fell within the range found in the laboratory.  
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Cd Curve Comparison 
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Figure 14: Lost Lake vs. zero-slope conduit laboratory Cd data 
 

 

 

Figure 15: Trial Lake vs. zero-slope conduit laboratory Cd data 
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Figure 16: Washington Lake vs. zero-slope conduit laboratory Cd data 
 

 

The Effect of Submergence on Dimensionless Air Demand 
 

As the outlet condition for the prototype data could not be controlled, both 

submerged and free flowing outlet conditions were encountered. Tullis and Larchar 

(2011) found that submerged outlets had a lower air demand. However, the submerged 

conditions for the prototype data will be compared to the laboratory study performed by 

Tullis and Larchar (2011). The submerged conditions from the prototype study, shows 

modest correlation for the β values as compared to the laboratory study for Tullis and 

Larchar (2011). This may not be the best comparison as the laboratory study performed 

by Tullis and Larchar (2011) was for a 4.5 percent slope. It is expected that submerged 

flow would correlate very well. Figures 17-22 show a modest agreement between β 

values for the prototype study compared to the results by Tullis and Larchar (2011). 
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Figure 17: Dimensionless air demand (β average) vs. ∆H/D for Lost Lake field 
data (submerged outlet, 0.32% conduit slope) and Tullis and Larchar (2011) 

laboratory data (submerged outlet 4.5% conduit slope) 
 

 

 

Figure 18: Dimensionless air demand (β max) vs. ∆H/D for Lost Lake field data 
(submerged outlet, 0.32% conduit slope) and Tullis and Larchar (2011) laboratory 

data (submerged outlet 4.5% conduit slope) 
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Figure 19: Dimensionless air demand (β average) vs. ∆H/D for Trial Lake field 
data (submerged outlet, 0.78% conduit slope) and Tullis and Larchar (2011) 

laboratory data (submerged outlet 4.5% conduit slope) 
 

 

 

Figure 20: Dimensionless air demand (β max) vs. ∆H/D for Trial Lake field data 
(submerged outlet, 0.78% conduit slope) and Tullis and Larchar (2011) laboratory 

data (submerged outlet 4.5% conduit slope) 
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Figure 21: Dimensionless air demand (β average) vs. ∆H/D for Washington Lake 
field data (submerged outlet, 0.089% conduit slope) and Tullis and Larchar 

(2011) laboratory data (submerged outlet 4.5% conduit slope) 
 

 

 

Figure 22: Dimensionless air demand (β max) vs. ∆H/D for Washington Lake 
field data (submerged outlet, 0.089% conduit slope) and Tullis and Larchar 

(2011) laboratory data (submerged outlet 4.5% conduit slope) 
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Differences in Laboratory and Field Results 
 

 In contrast to the submerged outlet conditions, β vs. ∆H/D data for free flowing 

outlet conditions did not correlate well in comparing the prototype data to the zero slope 

conduit laboratory data. The discrepancies for both the average and max β values can be 

seen in Figures 23-28, where the prototype data is compared to the zero sloping lab data.  

The β vs. ∆H/D comparison in Figures 23-28 show a poor correlation between field 

and prototype free-flow air demand requirements. This suggests that size-scale effects 

related to air entrainment may exist, despite the good agreement in Cd data. At the field 

sites evaluated in this study, free-flow outlet conditions were limited to a small range of 

gate openings and upstream heads due to the presence of a baffle block in the stilling 

basin immediately downstream of the outlet. It is, therefore, recommended that a larger 

range of reservoir heads and gate openings be tested. 

 

Figure 23: Dimensionless air demand (β average) vs. ∆H/D for Lost Lake field data (free 
flow outlet, 0.32% conduit slope) and laboratory data (free flow outlet 0% conduit slope) 
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Figure 24: Dimensionless air demand (β max) vs. ∆H/D for Lost Lake field data (free 
flow outlet, 0.32% conduit slope) and laboratory data (free flow outlet 0% conduit slope) 
 

 

 

Figure 25: Dimensionless air aemand (β average) vs. ∆H/D for Trial Lake field data (free 
flow outlet, 0.78% conduit slope) and laboratory data (free flow outlet 0% conduit slope) 
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Figure 26: Dimensionless air demand (β max) vs. ∆H/D for Trial Lake field data (free 
flow outlet, 0.78% conduit slope) and laboratory data (free flow outlet 0% conduit slope) 
 

 

 

Figure 27: Dimensionless air demand (β average) vs. ∆H/D for Washington Lake field 
data (free flow outlet, 0.089% conduit slope) and laboratory data (free flow outlet 0% 

conduit slope) 
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Figure 28: Dimensionless air Demand (β max) vs. ∆H/D for Washington Lake field data 
(free flow outlet, 0.089% conduit slope) and laboratory data (free flow outlet 0% conduit 

slope) 
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loud rushing of air could be heard as air velocities were exceptionally high, especially for 

gate openings near 50 percent. Under certain conditions the velocity probe reached its 

limit. This may be acceptable for the given prototypes as they do not operate at large gate 

openings, but for larger discharges, the air vent system may not meet the full air demand 

requirement of the system. Additionally, the total area of all the holes in the manifold was 

approximately ½ of the total area of the vent pipe.  

 
Conduit Slope and Air Demand 
 

 Identical laboratory tests were ran with the exception that the conduit slope of the 

low-level outlet works; slopes of 0 percent and 4.5 percent were evaluated. Figure 29 

shows resulting conduits slope-dependent β vs. ∆H/D data for both laboratory slopes 

compared to the data from Washington Lake. The 4.5 percent conduit slope geometry 

produced higher β values relative to the zero slope conduit geometry for most gate 

openings. Although there is still a discrepancy between the laboratory and prototype data, 

the 0 sloping condition shows better results. As the Cd values between the prototype and 

laboratory studies were similar it can be assumed that there is decrease in the air demand 

as the slope decreases. This may be due partially to the variation in mean conduit flow 

velocity and the shear stress that is imparted and corresponding velocity imparted to the 

air column above the open channel flow. 
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Figure 29: β vs. ∆H/D Laboratory comparison of 0 vs. 4.5 percent slope low-level outlet 
works conduits 
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Figure 30: Hydraulic jump forming in the outlet works 
 

 
 The maximum air demand for free flowing conditions (no hydraulic jump) 

occurred at a gate opening of 45 percent. This gate opening was used to compare the air 

demand between free flowing conditions and the condition where a hydraulic jump 

occurs. Due to the difficulty in creating a stable hydraulic jump in the short conduit, only 

two heads were tested with a hydraulic jump. Figure 31 shows a great reduction in air 

demand as a hydraulic jump forms in the conduit. Comparing the velocity of the airflow 

in the vent pipe at heads of 6 and 18 inches, the free-flow air demand is significantly 

higher than the hydraulic jump air demand. 
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Figure 31: Effect of hydraulic jumps on air velocity 
 

 

Different Air Supply Methods 
 

There are multiple ways to supply air to low-level outlet works. Through this study 

we encountered five different methods to supply air to the system. Figure 32 shows each 

of the different methods. Although a thorough investigation of each of these methods was 

not carried out, it is anticipated that the method of supplying air to the conduit may 

impact the efficiency of the air vent system. The air supply lines began filling with water 

at different gate openings depending on their location. It was found that ports located in 

areas of minimal flow separation (located on outside of elbow) tended to fill with water at 

lower heads and smaller gate openings than air ports located where flow separation was 

apparent (located on inside of elbow). As the head increased the air supply lines would 

continue to fill with water until no air was supplied to the conduit. 
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Figure 32: Various air supply methods 
 

Trial Lake was originally designed to have an air supply similar to the Single Line 

Supply. They found that at higher heads they were experiencing loud noises similar to a 

gun shot, as previously mentioned. To prevent these loud noises a tee was put on the end 

of the line. This fixed the noise problem, but it still has not been investigated if this 

would affect the amount of air that could be supplied to the system. 

 In the lab, a similar thing happened to that of Trial Lake. For a gate opening of 

70% and a ∆H/D=10, water filled one of the two vents while the other vent acted as a 

drain for the other. As the pressures behind the gate continued to change both vents were 

filled with water and minimal air was being supplied to the system. Suddenly the water in 

both vents was sucked out of the vents and a large increase in air demand occurred. 

Figure 33 shows this instantaneous increase in air demand as both vents supplied air to 

the system. 

To further investigate the effect of the location of the vents along the 

circumference of the outlet works the last two drawings in Figure 32 were tested at the 

same gate openings and heads. For each gate opening and head, the test was run twice to 

verify repeatability. The total air demand was calculated for both situations and the 

results can be seen in Table 2. 
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Figure 33: Air demand peak for partially submerged versus free flowing 
 

 For the tests ran with all four vents open it was found that some level of 

submergence occurred in the lower two vents. As only the total air demand was 

calculated, it is uncertain to the amount of air, if any, that entered the lower two vents. 

From the data in Table 2 it does however appear that there is minimal difference between 

the total air demands, especially at larger gate openings. It was also noted that at larger 

gate openings all four of the vents recorded some level of submergence. 

 
Table 2: Air demand comparison for 2 vs. 4 open valves 
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CHAPTER IV 
 

APPLICATION OF RESULTS 
 

 

 The purpose of this research was to help in the design of air vents. The design 

method presented represents the research done and should yield conservative results as 

can be seen from the data presented herein. This method uses the β max value instead of 

β average at the gate opening which yields the greatest air demand. For design purposes 

the parameters needed are the reservoir head (∆H) and the diameter (D) of the low-level 

outlet works. ∆H/D is an independent variable for air vent design. The exact effect of 

slope, size scale effects, and the air supply methods are still unknown and therefore a 

factor of safety has been included in the method to assure the max air demand is met.  

 A few limitations are also apparent in the design method. First, no losses in the air 

vent pipe have been accounted for in this method. This will become more evident as the 

length of the air vent increases. The direct impact of slope is unknown as only two slopes 

have accurately been tested. It is expected that larger slopes will require a larger air 

demand. It has also been found that the method used to supply air to the system (e.g. tees, 

manifolds, single line, etc.) may reduce the amount of air the vent pipe can supply to the 

system. If manifold systems are used, the total area of all of the holes in the manifold 

should not be less than the area of the air vent.  

 A flow chart has been developed to show how this method may be applied in the 

field. An example is also presented using the data for Washington Lake. Both flow charts 

can be seen in Figure 34. 
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Figure 34: General flow chart and Washington Lake design example 
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 All three of the dams tested in this study were found to require similar sized air 

vents. The actual diameter of the air vents of the dams tested were as follows; Lost – 6 

inches, Trial – 4 inches, and Washington – 6 inches. Using this method found that the air 

vents should all have a diameter around 10 inches shows that all three of the dams may 

be considered to be undersized. This may be a reason why the air demand data for the 

prototype tended to be less than the laboratory data. 
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CHAPTER V 
 

CONCLUSIONS 
 

 

The research presents further insight into estimating the air demand for low-level 

outlet works. The traditional methods for estimating air demand using large-dam design 

methods do not apply to small-to-medium size embankment dam geometries. The 

following conclusions have been made based on the results of a comparison of the 

laboratory and prototype study for small-to-medium sized dams. 

1. A good correlation was found between the laboratory and prototype Cd 

data as a function of gate opening and upstream head (∆H/D). This is 

significant in estimating the water flow rates which in turn are of great 

importance in calculating the airflow rate. 

2. The maximum system air demand occurs at a gate opening of 

approximately 50 percent at the laboratory and prototype scales. 

3. Vortices were found to form at ∆H/D ≤ 10 and gate openings≥30 percent. 

They were found to affect flow aeration process. The air supplied by the 

air vent reduced slightly because of the supplemental air provided by the 

vortex. Vortices in the field were found to occur within the same head and 

gate-opening ranges found in the laboratory. 

4. The submerged β versus ∆H/D data corresponded modestly for the field 

data and the results reported by Tullis and Larchar (2011). 

5. The free-flow β versus ∆H/D data did not correlate well for the field and 

laboratory data collected in this study. The prototype β values were much 
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less than the lab values, suggesting that size scale effects are present in the 

air demand of the system for free flowing conditions. Free flowing β 

conditions were recommended for air vent design by Tullis and Larchar 

(2011) as they produce more conservative results. The results of this study 

confirm that finding. 

6. The slope of the outlet works influences the air demand of the system, 

relative to the conduit slopes tested (0 and 4.5 degrees). The air demand 

decreased with decreasing conduit slope. 

7. The presence of a hydraulic jump in the low-level outlet works conduit 

was found to decrease air demand relative to the free-flow, no hydraulic 

jump case. 

8. Air vent location has been found to be significant in the amount of air that 

is supplied to the system. At gate opening above 50 percent some level of 

submergence occurred in all four vents in the laboratory. It was also found 

that complete submergence occurred in the field around 60 percent gate 

opening. Submergence reduces the air demand, but if air forces its way 

back into the system it may lead to large pulses of air demand. These 

pulses may lead to loud noises in the field. 

Ideas for future research that will be beneficial to this topic include the following: 

1. As slope was found to affect the air demand it would be beneficial to get a 

more complete range of slopes and how air demand changes with slope. 
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2. Evaluate the effects of air port configurations (e.g, manifolds, tees, single 

port, etc.) on air vent operation. 

3. Gate design may also impact the air demand. Only a single square gate 

was tested. How do different dimensions like thickness impact the air 

demand? 

4. A more complete set of prototype data may help with understanding size 

scale effects and how to better deal with this phenomena. 

5. Investigate further ∆H/D values and the impact that will play on 

submergence of the air vent. 
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