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The South Florida Water Management District (SFWMD) manages a system of canals 

and structures that control the flow through several large storm water treatment areas 

(STA).  The present project was initiated because of the partial failure of a three-barrel, 

gated box culvert structure that belongs to the system.  The structure has a forebay with 

three sluice gates that control the flow into three 8 ft by 8 ft box culverts. Settling and 

partial failure of the culverts in the structure was presumably caused by piping of 

sediment through joints in pre-cast sections of culvert.  It was hypothesized that both 

unsteady pressure fluctuations and pressure differentials between the outside and inside 

of the culverts led to the piping failure.  To better understand flow characteristics in the 

culvert that may cause these adverse effects, a 1:8-scale model of one of the three gated 

culverts was constructed.  The bed of the model culvert was instrumented with eight 

pressure tap transducers.  In addition, a Particle Image Velocimetry (PIV) system was 

employed to record velocity distributions immediately downstream of the sluice gate, 

where piping and settlement was most prominent in the prototype. 

Eight experiments of varying gate settings and flow conditions were carried out in the 

flume model.   Both pressure and velocity distribution data were gathered.  PIV data 

provided visual depiction of the formation, travel path, and translation to the flume bed of 



 

 

turbulent flow structures originating in the hydraulic jump recirculation zone within the 

model.  The pressure taps captured spikes in pressures associated with these flow 

structures as they were translated to the bed.  Trends between pressure and velocity were 

observed in the data and indicated that low gate settings produced conditions that were 

more likely to cause the aforementioned adverse effects in the prototype.  The flow jet in 

low gate settings produced strong negative pressure zones along the bed, downstream of 

the gate.  It also generated a more pronounced recirculation zone above the jet where 

turbulent structures were observed to form and be translated to the bed causing spikes in 

pressure.
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 Introduction Chapter 1

 Background 1.1

South Florida Water Management District owns and operates numerous Stormwater 

Treatment Areas (STAs).   Figure 1-1 shows an aerial view of an STA.  Agricultural and 

stormwater runoff is conveyed through these STAs in an effort to remove pollutants 

through settling and vegetative uptake before the water flows downstream to cities in 

South Florida and the Everglades.  The STAs are extremely vast in size.  They consist of 

vegetative retention cells, canals, hydraulic control structures, and inlet and outlet works.  

 

Figure 1-1 Aerial view of STA (Gonzalez, 2010) 
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 Objectives 1.2

This project was initiated because of the partial failure of an S-375 gated box culvert 

hydraulic control structure in the South Florida Water Management District Stormwater 

Treatment Area 1 East (STA-1E).  The S-375 control structure consists of three 8 ft by 8 

ft gated box culverts operating in parallel.  Further information will be given on the 

culverts in subsequent sections.  See Figure 1-2 for the schematic of STA-1E with the 

location of the S-375 control structure identified by the bright green box.   

 

Figure 1-2 Schematic of STA-1 including location of S-375 control structure 

(Gonzalez, 2010) 

Partial failure of the control structure was discovered when sinkholes were found on an 

embankment above the box culverts.  Subsequently, the insides of the culverts were 

inspected and some sections of the culverts were found to have settled several inches.  In 
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some cases, settling had left gaps between the precast sections of the concrete box 

culvert.  See Figure 1-3 for a depiction of the settlement observed in the culvert and 

associated sections.

 

Figure 1-3 Exaggerated scale profile view of settlement in prototype culverts 

 

These gaps likely exacerbated the problem leading to further deterioration of the 

foundation of the box culvert control structure.  See Figure 1-4 for a profile view of the 

S375 control structure.  The flow is from right to left in Figure 1-4. 
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Figure 1-4  Profile view of S375 control structure (Gonzalez, 2010) 

It was presumed that the cause of the failure was piping of sediment from the outside 

casing of the structure into the box culverts through the joints between the precast 

sections that make up the barrel of the structure.  The erosion that occurred through the 

joints was assumed to be induced by either pressure fluctuations in the flume barrel or by 

a pressure differential between the inside and the outside of the flume barrel.  These 

pressure fluctuations and or differentials were assumed to be caused by flow 

characteristics associated with the hydraulic jump that formed downstream of the inlet 

sluice gate.   

To better understand the pressure characteristics that presumably led to the partial failure 

within the culvert, a model of the S-375 structure was constructed for experimentation.  

Understanding the operating conditions that potentially produce the adverse pressure 

conditions may prevent future failures of similar structures. 
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 Organization of Thesis 1.3

This thesis consists of an introduction, literature review, a discussion of the layout and 

design of the S-375 gated control structure, model scaling, model construction, an 

introduction to the essential components of the model, description of the testing 

equipment and the operation parameters, measurements, results, and conclusions.  

Finally, appendices containing referenced figures and details of the equipment and 

instrumentation used are provided for reference purposes.   
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 Literature Review Chapter 2

 Hydraulic Jumps and Associated Pressure Fluctuations 2.1

The Froude number is defined by Fr =
V

(gy)0.5, where V is flow velocity, g is gravitational 

acceleration, and y is depth.  A supercritical flow (Fr>1) can transform into a subcritical 

flow (Fr < 1) by passing through a hydraulic jump.  The rapid transition from 

supercritical to subcritical flow occurs when the tailwater depth is equal to the subcritical 

sequent depth of the incoming supercritical flow, resulting in a great deal of energy 

dissipation.  The sequent depths are related by the Belanger equation 

(
y2

y1
=

1

2
(√1 + 8F1

2 − 1)) where y1 and y2 equal supercritical and subcritical sequent 

depths of the jump, respectively, and F1 is the Froude number at the supercritical section 

of the jump.  (Habibzadeh et al. 2011). 

The energy dissipation is due to the production of large-scale, multiphase (air-water) 

turbulence and the resulting conversion of the turbulence into heat.  This process 

generates low frequency hydrodynamic pressure fluctuations on the channel bottom and 

side walls surrounding the jump.  Significant damage has been reported on stilling basins 

and spillways due to such pressure fluctuations.   

Various articles have been published examining these fluctuating pressures which have 

been linked to many chute and basin failures.  Even with numerous articles and studies 

performed, there is still a lack of quantitative data on the magnitude of the pressure 

fluctuations and an acceptable design procedure to deal with these issues in spillways and 

other applications.  This is a major problem because these structures may fail at flow 
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rates much lower than design maximum flow rates if pressure fluctuations are severe 

enough.  

 In 1964, Bowers, Tsai, and Kuha completed a report on the failure of the Karnafuli Dam 

spillway. In 1961, the spillway chute on the Karnafuli Hydroelectric Facility was 

damaged by flows at 20% of the design discharge.   In the report it is suggested that 

fluctuating pressures associated with the hydraulic jump could have caused sufficient 

uplift to remove the spillway slabs.  In 1987, Toso and Bowers conducted model studies 

of spillway damage in the Karnafuli project.  They believed that the flow conditions were 

such that fluctuating pressures in the hydraulic jump were the primary cause of failure of 

the chute slab in 1961.  They went on to say that instantaneous pressure differentials 

probably occurred between the chute block drain opening and the upper surface of the 

chute slab and that the net difference between these pressures and those on the surface of 

the slab were believed to have created forces that were far in excess of the weight of the 

chute slab, leading to uplift and spillway damage.   

Toso and Bowers established that the failure process was due to the severe pulsating 

pressures in the hydraulic jump region, in particular they determined that; a) the pulsating 

pressures may have damaged the joint seal of the slabs and, through the unsealed joints, 

extreme pressure values may have propagated from the upper to the lower surface of the 

slabs; b) the instantaneous difference between the total pressure acting on the upper and 

lower surfaces of the slab reached high values, occasionally causing the total uplift force 

to exceed the weight of the slab; c) the instantaneous spatial structure of pressure 

fluctuations may also have played a relevant role in the magnitude of the overall lifting 

force. 
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In 1967 Vasiliev and Bukreyev performed a significant study on pressure fluctuations in 

hydraulic jumps and aimed at ways to define the dynamic load acting on the containment 

structure of the hydraulic jump.  Vasiliev and Bukreyev stated that the most common 

method for determining the dynamic load was in terms of the standard deviation of the 

fluctuating force.  In 2000, Pirooz and Kavianpour studied the effect of inflow conditions 

on pressure fluctuations at the bottom of a hydraulic jump with Froude numbers of 6, 8 

and 10. 

In 1971, Schiebe described the stochastic characteristics of pressure fluctuations on the 

bed under a hydraulic jump.  Schiebe also showed exceptional agreement on the root-

mean-square (RMS) of pressure fluctuations in two laboratory channels, one five times as 

large as the other.  His study supported Froude scaling relationships. 

Khader and Elango performed laboratory experiments on the pressure fluctuations 

beneath spatial hydraulic jumps downstream of an expansion.  They tested flow rates 

with Froude numbers ranging from 3.52 to 6.86.  The hydraulic jumps formed 

downstream of an expansion.  Pressure transducers were used to gather pressure data at a 

rate of 100 Hz.  They found that the peak frequencies and intensity coefficients of spatial 

hydraulic jumps were higher than those of classic hydraulic jumps. 

In 1991, Farhoudi and Narayanan studied the force on the slab beneath a hydraulic jump.  

They conducted experimental measurements on the mean and fluctuating forces exerted 

on the slab beneath a free hydraulic jump.  They concluded that the scale of the pressure 

producing patterns is larger in the transverse direction than in the stream-wise direction.  
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Also, the intensity of force fluctuations on a slab depends on the relative magnitude of the 

ratio of its width to its length. 

 Submerged Hydraulic Jumps 2.2

When the tailwater depth is greater than the subcritical sequent depth, the hydraulic jump 

will become submerged.  It has been observed that when the submergence of the jump 

increases, jet mixing decreases. This results in less energy dissipation compared to free 

jumps, and the decay of the high velocity jet coming into the jump is retarded 

(Rajaratnam 1967, 1965; Govinda Rao and Rajaratnam 1963). 

Submerged hydraulic jumps have been studied by many researchers, including Dey and 

Sarkar 2008; Leutheusser and Fan 2001; Long et al. 1990; Narasimhan and Bhargava 

1976; Rajaratnam 1965; Rao and Rajaratnam 1963. 

An important feature of the hydraulic jump is the recirculation zone or roller.  This 

recirculation zone plays a major part in the dissipation of energy.  It has been found that 

the strength of the backward roller can be connected with scour caused by the jump 

(Zare, Baddour 2007).  Zare and Baddour also concluded that the strength of the roller is 

significantly higher near the walls then at the center of the jump.   They claim this may be 

attributed to the high forward jet velocities near the inlet which delay the formation of the 

roller in the central region of the channel.  They also noted that the roller was attached to 

the walls close to the bottom of the channel, and near the surface the roller extended over 

the entire width of the channel.  
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 Sluice Gates 2.3

Sluice gates are hydraulic structures that allow control of discharge and the upstream 

water surface elevation and can be used to measure flow rates.  Roth and Hager (1999) 

provided the sketch of a typical sluice gate shown in Figure 2-1 and definitions of its 

components.  The relevant variables are defined as the flow rate Q, the approach flow 

depth ho, the height of the gate opening a, and the downstream depth hu.   

 
Figure 2-1 Schematic of a sluice gate (Roth and Hager, 1999) 

The equation given by Roth and Hager (1999) as well as by Rajaratnam and Subramanya 

(1967) is: 

2/12 os hgabCQ   (2.1) 

Where Cs is the coefficient of discharge, b is the channel width, and g is the acceleration 

of gravity. 

The sluice gate examined in this project is of similar nature to the sluice gate defined for 

this equation.  The gate is rectangular in shape, sharp crested, and located in a smooth 

rectangular channel.  According to Roth and Hager the surface roughness effect on both 

the gate and channel below the gate are insignificant. 
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 Flow under Sluice Gates 2.4

Kim (2007) and Akoz et al. (2009) studied the validity of Reynolds Average Navier–

Stokes (RANS) simulations for sluice gates in free flow, focusing on pressure field and 

mesh influence. In comparison, less has been done for submerged flow. 

Cassan and Belaud (2012) performed a study on the flow under sluice gates and 

emphasized the work on submerged flow under sluice gates.  The study consisted of a 

numerical Reynolds Average Navier-Stokes model and an experimental model.   

In the case of submerged flow with large gate opening, they concluded that the 

contraction coefficient should not be assumed to be similar to 0.61 which is typical of 

free flow because the coefficient was observed to significantly increase with gate 

opening, which is consistent with the energy-momentum balance.  

 Physical Model Scaling 2.5

Typically, hydraulic models are scaled based on Froude and Reynolds number similarity.  

In open atmosphere models where gravity controls flow behavior, the Froude number 

plays an important role.  When hydraulic model flows are pressurized or submerged, 

Reynolds number scaling is important.  For either of these two types of flows, simple 

ratio formulas can be used to scale variables between the model and the prototype; such 

ratios are found in most fluid mechanics texts and articles, such as in Roberson et al. 

(1988).  See Table 2-1 below for parameter ratios for Froude and Reynolds models.  

Where Lr is the length scale ratio, Vr is the velocity scale ratio, and r is the density scale 

ratio. 
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Table 2-1 Parameter ratios for Froude and Reynolds models 

  General Relation 

Property Fr Re 

Geometry Lr Lr 

Velocity Lr
1/2

 Vr/ Lr

Discharge Lr
5/2

 LrVr 

Force Lr
3
 Vrr

 

Often, one dimensionless parameter can be considered to be dominant.  However, 

according to Rouse (1961), in most cases exact similarity will not be achieved.  This is 

due to the complexity of effectively scaling roughness elements and certain geometric 

characteristics from the prototype to the model.  Consequently, the goal of any model 

study should be to investigate the qualitative properties that influence prototype 

performance. 

For the current study, which dimensionless parameter influences flow behavior the most 

depends on flow conditions.  During open channel flow in the flume, Froude number 

similitude will be important.  During submerged flow in the flume, Reynolds number 

similitude will be important.  For either of these conditions, Reynolds and Froude 

numbers may be of importance near the sluice gate depending on the gate opening height 

and the flow conditions in the channel downstream of the gate. 

 Instrumentation 2.6

The following section contains literature review of data collection instrumentation used 

for experimentation as part of this thesis. 
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2.6.1 Pressure Taps 

Pressure taps are small orifices machined in a flow boundary.  The orifices are 

perpendicular to the boundary and connect the flow region with a small cavity on the 

other side of the boundary.  A manometer or transducer is connected to the cavity to 

measure pressures at the wall of the flow. 

Flow over a pressure tap normally induces a sequence of counter-rotating vortices within 

the tap.  These vortices can entrain high speed fluid from the flow into the orifice causing 

pressures inside the cavity to be higher than the true wall pressures.  To minimize these 

effects, choosing an optimal hole size is crucial.  Based on Tavoularis data, practical hole 

sizes range between 0.5 and 3.0 mm.  (Tavoularis, 2005). 

2.6.2 Particle Image Velocimetry (PIV) 

Particle Image Velocimetry (PIV) measures fluid motion by illuminating small tracer 

particles and from their displacement, a flow velocity field can be determined.  PIV in its 

simplest form can be traced back to the first person gazing at debris in a stream or river 

with some concept of velocity in mind.  Of course, many advances have been made since 

then.  PIV has since advanced to a very accurate, quantitative measurement of fluid 

velocity profiles in a number of applications. 

As mentioned, velocity profiles are measured by the displacement of tracer particles 

seeded in the flow.  Care must be taken when selecting particles for certain applications.  

The tracer particles are considered as ideal when they (1) exactly follow the motion of the 

fluid, (2) do not alter the flow or the fluid properties and (3) do not interact with each 

other (Westerweel, 1997). 
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Early in the development of PIV, an issue arose regarding the energy required to 

illuminate fine particles to produce an image of sufficient exposure.  With high flows and 

large turbulence, smaller particles were required to maintain their fidelity to provide 

accurate velocities.  It was discovered that pulsed lasers would provide sufficient energy 

for PIV applications.  The development and use of double-pulse solid-state lasers was a 

milestone in PIV.  The earliest use of Nd:YAG lasers appears to be in 1986 (Kompenhans 

and Reichmuth, 1986). 

Additional details for general PIV measurements are discussed in Akilli et al. (2005). 
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 Construction of the S-375 Physical Model Chapter 3

 S-375 Prototype 3.1

Figure 3-1 shows a side view of the S-375 control structure.  The structure is 

approximately 100 feet in length and consists of a forebay and three nearly identical 

sluice gates and box culverts. All three of these culverts draw water from the same 

reservoir and discharge into the same stilling basin.  Flow from the forebay into the box 

culverts is controlled by three automated sluice gates.  The box culverts that follow each 

sluice gate are constructed of 8 ft by 8 ft by 8 ft precast concrete sections with a total 

length of 84 feet for each culvert.  Near the head wall, the first section of each box culvert 

is part of the forebay and is approximately 4 ft in length.  See Figure 3-2 for construction 

images of the culverts including precast sections.  All the information regarding the 

structure of the prototype culvert was provided by SFWMD. 

 
Figure 3-1 S-375 gate structure and run-out culverts (Gonzalez, 2010) 

 

 Safety 
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Figure 3-2 a) Construction installation of precast culvert sections and b) 

Construction of culverts (Gonzalez, 2010) 

 

Table 3-1 shows the operational range of the S-375 structure.  Upstream stages are given 

above the NGVD sea level datum.  Peak discharge of each of the three culverts is 526 cfs 

based on information provided by SFWMD.  The elevation of the culvert invert is at 4 ft 

above sea level and for modeling purposes the headwater and tailwater ranges are also 

specified using the culvert invert as the datum.  The peak discharge for the structure 

corresponds to a peak Reynolds number of 5.4·10
6
, based on the equivalent diameter of 

the culvert and the bulk average velocity from the peak flow rate. 

Table 3-1 S-375 Operating conditions 

 Minimum Maximum 

Headwater Stage 17.5 ft NGVD 20.44 ft NGVD 

Tailwater Stage 14.5 ft NGVD 18.68 ft NGVD 

Headwater (Invert Datum) 13.5 ft 16.44 ft 

Tailwater (Invert Datum) 10.5 ft 14.68 ft 

Discharge 0 cfs 526 cfs 

Full culvert Reynolds No. (est.)  - 5.4·10
6
 

 Model Type and Scale 3.2

For practical reasons, only the central section of the three conveyance sections of the S-

375 was modeled.  The central section was selected because it is the most symmetric of 

b) 

 

a) 
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the three sections, although the three sections are nearly identical.  Only the abutments of 

the forebay are different and are not expected to significantly impact flow behavior 

downstream of the sluice gate.  The model includes a scaled representation of the central 

forebay, sluice gate, and box culvert.  The tank upstream of the forebay was designed to 

deliver the scaled range of stages that the prototype is designed to handle.  The tail box 

can be used to control the downstream stage.  The tail box was built with high sidewalls 

so that the range of scaled tailwater values that the prototype is designed to handle could 

be simulated in the model.   

The S-375 model box culvert can flow either partly or completely full.  When there is a 

free surface inside of the box culvert, the flow will be strongly influenced by 

gravitational forces and the Froude number will be very important.  However, if flow into 

the box culvert is controlled by the upstream sluice gate, viscous forces may be important 

in the vicinity of the sluice gate, and although the Froude number is dominant in the box 

culvert, Reynolds number will be important near the gate.  When the box culvert is 

flowing full, viscous forces dominate, and measurements must be scaled based on 

Reynolds number similitude.  So for most of the model tests, Reynolds numbers will be 

important.  

The peak prototype Reynolds number based on the equivalent diameter of the prototype 

and the bulk average velocity from the peak flow rate, is approximately 5.4·10
6
.  The 

peak Reynolds number in the model will be lower.  An 8:1 scale was chosen for the 

model based on practical laboratory considerations such as available discharge and space.  

With a Froude number model, as the size of the model decreases, the flow rate required 

for the model decreases with the power of 5/2.  For Reynolds number models, as the size 
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of the model decreases the equivalent velocity in the model increases.  For a box culvert, 

we will use the equivalent diameter of the culvert to calculate the culvert Reynolds 

numbers.  The equivalent diameter is 4 times the hydraulic radius.  For Reynolds number 

similarity, the Reynolds number for flow in a rectangular culvert barrel is given as: 

 
4𝑉𝑚𝑅𝑚

𝜈𝑚
=

4𝑉𝑝𝑅𝑝

𝜈𝑝
 (3-1) 

 

 

Where V is velocity, R is the hydraulic radius of the barrel, and  is the viscosity of the 

fluid in the barrel.  The subscripts m and p refer to model and prototype variables, 

respectively.  Since the flume barrel cross section is square, the hydraulic radius of the 

barrel is H/4 where H is both the height and width of the barrel.  If the hydraulic radius is 

inserted into equation (3-1), the 4 cancels out and the new similarity condition is: 

 

 
𝑉𝑚𝐻𝑚

𝜈𝑚
=

𝑉𝑝𝐻𝑝

𝜈𝑝
 (3-2) 

 

Since the velocity in the culvert equals the culvert discharge divided by the cross 

sectional area (H
2
) of the culvert, the discharge can be easily substituted into equation 3-

2.  If discharge is used instead of velocity in the equation, the similarity condition 

becomes: 

 

 
𝑄𝑚

𝐻𝑚𝜈𝑚
=

𝑄𝑝

𝐻𝑝𝜈𝑝
 (3-3) 

 

 

Rearranging equation (3-3) yields: 

 

 

  𝑄
𝑚

= 𝑄
𝑝

∙
𝐻𝑚𝜈𝑚

𝐻𝑝𝜈𝑝
 (3-4) 
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Since the model is 1:8, the ratio of Hm/Hp is 1/8.  So if the viscosity in the model is the 

same as in the prototype, the discharge in the model will be 1/8
th

 of the discharge in the 

prototype to achieve the same Reynolds numbers.  This discharge will be almost seven 

times higher than what can be provided in the laboratory.  However, the Reynolds 

numbers in both the prototype and model will be quite high, and at high Reynolds 

numbers, flow behavior becomes independent of Reynolds number.  Thus, despite 

differences in Reynolds numbers, the flow behavior in the model and prototype will be 

similar.  However, for best similarity the Reynolds number in the model and prototype 

should match, so the flows observed in the model do not represent the full range of flows 

that were observed in the prototype. 

To understand what influences flow behavior in the S375 Box culvert, a dimensional 

analysis was developed.  The most important variables in the present analysis include 

geometric dimensions, flow variables, and fluid properties.  The variables include the 

following (Refer to Figure 3-3 for a depiction of the geometric variables): 

Universal Variables (variables that apply to the entire model) 

 

 Geometric dimensions: 

 The flume width (w) 

 The flume length (L) 

 The flume height (D) 

 The height of the gate opening (d) 

 

Flow variables: 

 The discharge per unit width (q)  

 The bulk average velocity through the gate opening (Vd)  

 The bulk average velocity in the culvert (V)  
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 The head water depth (H) 

 The tail water depth (T) 

 The difference in heads (ΔH = H - T) is of more importance than the heads 

themselves because the difference is what drives the flow.  However, this 

assumption is not always correct for open channel flow since flow through 

the gate can be independent of the tailwater if the gate is not submerged.  

In the present analysis, the model gate will always be submerged so the 

assumption is valid. 

 

Fluid and other properties: 

 The dynamic viscosity of the water in the model (). 

 The density of the water in the model (). 

 The gravitational acceleration (g) 

 

Local Variables (variables that yield local results) 

 

Geometric dimensions: 

 Local position (l) – the distance from the leading edge of the culvert 

Flow variables: 

 The relative static bed pressure, h (h-H) 

 The standard deviation of the relative pressure (h′) 

 

When the variables are organized to determine how local pressure is related to relevant 

universal and local parameters, the parameter functionality is written as: 

h = f(q, , , H, l, L, w, D, d, g) (3-5) 

 

Where f is an arbitrary function determined by empirical analysis.  The variables q, , and 

d are used as repeating variables: a flow parameter, a fluid property, and a geometric 

dimension.  Dimensional analysis shows that: 
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The first term inside the function is q/.  Discharge per unit width is equal to the 

discharge divided by channel width (q = Q/w).  Substituting in Vddw for Q shows that q = 

Vdd, so the first term is the same as  Vdd /.  This is the Reynolds number of the gate 

opening (Red).  
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Figure 3-3  Geometric Model Dimensions
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The third term can be inverted (from L/d to d/L) and multiplied by the second term to get 

the head drop per unit length of culvert (H/L).  The second term can be replaced with 

the new parameter. 
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 (3-8) 

 

The third term is the ratio of the culvert length to the gate opening height; it can be 

replaced with the length to height ratio of the culvert (L/D) if it is recombined with the 

sixth term.  The fourth term is the ratio of distance downstream of the opening to the gate 

opening height (l/d).  The fifth term is the ratio of the width of the culvert to the gate 

opening height; it can be replaced with the width to height ratio of the culvert (w/D) if it 

is recombined with the sixth term.  The sixth term is the ratio of the gate opening to the 

full gate opening (d/D) – this influences the behavior of the recirculation zone 

downstream of the gate.  The last term is rearranged – first inverted and then the square 

root of it will form a related dimensionless parameter. 
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 (3-9) 

 

The variable q/d is the same as the average velocity through the gate opening (Vd), and 

the last term is representative of an inlet Froude number (Frd). 
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The pressure term on the left (h/d) can be adjusted by dividing it by the square of the 

inlet Froude number.   
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  (3-11) 

 

Again, q/d is the bulk average velocity at the duct inlet, multiplying the new 

dimensionless number by two will provide another dimensionless number with the same 

functionality.  Thus, 
gV

h

d 22



 can replace D

h

 without sacrificing dimensional 

representation: 
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The pressure difference given above is actually a difference in pressure heads, and 

gV

h

d 22



is equivalent to a pressure coefficient, which can be shown by multiplying both 

the numerator and the denominator by the specific weight of the fluid: 

22 22

dd V

h

gV

h




  (3-13) 

 

Thus, the functionality of the final parameter set is: 
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In which: 
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 Model Construction 3.3

Figure 3-4 shows the physical layout of the model.  Shown in the model layout are the 

head tank, the model forebay, the flume barrel, and the tail box.  The head tank is 84 ½ 

inches above the floor, and supplies flow to the model forebay.  The head tank is 

constructed of ¾ inch plywood, reinforced with a steel framework and lined with 

fiberglass. The head tank is 51 ¼ inches long, 40 5
8⁄   inches wide and 39 ¼ inch deep.  

Water is supplied to the head tank from a sump below the floor using a submersible axial 

pump that can deliver between 1000 and 1300 gpm, depending on the head required in 

the forebay of the model.  More information on the pump is provided in Appendix B-7.   

 

 
Figure 3-4 Physical model 3D layout 

 

The forebay is constructed of ¾ inch Plexiglas, bolted and sealed together with silicone 

and epoxy.  The forebay is 46 inches long, 33 inches deep and 22 inches wide. The bed of 

Head Tank 
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Model Box 

Culvert 

Tail Box 
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the forebay is 44 ½ inches above the floor.  Thus, the flow supplied from the head tank to 

the forebay can be provided at an elevated pressure if the forebay is sealed.  If sealed well 

enough, the elevated pressures will make it possible for the model to increase Reynolds 

numbers to levels that are closer to prototype levels than if the water supplied to the 

forebay is at atmospheric pressure.  This will be true both when the sluice gate is fully 

open and when it is partially open.  The forebay structure was reinforced with a steel 

framework to provide additional strength to the forebay in case operating the model at 

elevated pressures is necessary. 

At the entrance to the model culvert is a sluice gate, as shown in Figure 3-5.  The sluice 

gate is constructed of ¼ inch aluminum and can be vertically adjusted, sliding within 

aluminum slots.  The gate height is controlled by a threaded rod system attached to the 

removable lid of the forebay.  A ruler has been attached to this system, without 

interference to the flow, to measure the gate opening. 



27 

 

 

Figure 3-5 Sluice gate and threaded rod control 

 

A false bed was constructed just upstream of the sluice gate inside the forebay.  This false 

bed replicates the upstream portion of the gate control structure of the prototype.  The 

false bed is constructed of Plexiglas.  The false bed is 1.36 inches below the bed of the 

model culvert and is 14 inches in length and 18 inches wide.   

The flume barrel section was constructed using ¾ inch Plexiglas.  See Figure 3-6 for an 

image of the model culvert barrel section.  The flume barrel is 126 13
16⁄  inches long 
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(10.57 feet) with a cross sectional area of one square foot.  A removable steel framework 

was constructed to provide support if necessary during operation with elevated pressures.  

All Plexiglas seams were glued and or bolted together and sealed with silicone.   

The length of the flume barrel structure was beyond the orderable length of Plexiglas, 

thus the barrel of the flume has two sections. Care was taken to construct the connection 

between the sections so that it was as smooth as possible to limit its effects on the flow.  

The location where the sections were sealed together is downstream of all pressure 

measurement equipment and will not affect pressure measurements. 

 

Figure 3-6 Model Culvert Barrel Section 

 

The tail box was constructed primarily of ¾ inch plywood lined with fiberglass and 

supported by a steel framework.  The upstream face of the tail box was constructed of ¾ 

inch Plexiglas to allow for a more effective seal with the flume barrel.  The tail box is 52 
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Model Culvert 
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Joint Section 
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½ inches long, 22 ½ inches wide.  The inlet depth of the tail box is 30 ½ inches, with an 

outlet depth of 21 ½ inches at the downstream section where the outlet pipes exit the tail 

box.  The bed of the tail box is 4.41 inches below the end of the flume barrel.  Aluminum 

slots are located inside the tail box 27 inches downstream of the flume barrel opening to 

allow Plexiglas stop logs of varying height to be placed perpendicular to the flow to 

control the downstream stage in the model. 

Supply and return piping was installed to and from the sump tank.  An 8 inch supply and 

return pipe enters the head tank.  The 8 inch supply line is split at a tee where flow travels 

to the forebay and excess is routed to the head tank. 

The flow to the forebay is controlled by a butterfly valve.  Downstream of the butterfly 

valve the flow splits into two 6 inch lines which enter the forebay through the bed.  The 

pipes in the forebay were perforated with 3/4 inch holes on the upper half of the pipes to 

reduce turbulence in the forebay.  A flow straightener was installed to decrease 

turbulence and to produce a more uniform flow regime in the forebay upstream of the 

sluice gate.  Refer to Figure 3-7 for a depiction of the aforementioned components of the 

flume model. 
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Figure 3-7 Model head tank, forebay, culvert, tailbox, and piping. 

 

After the flow passes through the flume barrel into the tail box, two 8 inch pipes route the 

flow into a V-notch weir tank before the flow returns to the sump tank.  Figure 3-8 shows 

the weir tank.  The V-notch tank was constructed of aluminum and bolted to a steel frame 

and then sealed with epoxy.  The tank is located just downstream of the tail box and is 

just upstream of the sump.  The downstream end of the tank is a 30 degree V-notch weir.  

The weir was calibrated to measure the flow rate in the model. 
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Figure 3-8 V-Notch weir tank 
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 Instrumentation Chapter 4

 Pressure Transducers 4.1

Transducer slots were machined into the bed and crown of the flume.  Aluminum inserts 

were constructed that fit into the slots.  A total of 12 Pressure taps were drilled into the 

inserts at 3 inch intervals from the entrance of the flume to 36 inches downstream.  The 

slot inserts could be replaced with inserts with different pressure tap spacing if necessary.  

The inserts could also be replaced with Plexiglas inserts to improve visibility into the 

flume.  Figure 4-1 shows slots with aluminum inserts just downstream of the sluice gate 

before installation of pressure transducers. 

 

Figure 4-1  Aluminum slot inserts 

The pressure sensors used are PX309 pressure transducers from Omega.  The transducers 

were placed along the slot inserts in the bed of the flume.  The pressure transducers are 

located along the bed at 3, 6, 9, 12, 18, 24, 30, and 36 inches downstream of the flume 
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entrance.   See Figure 4-2 for the layout of the sensors along the slot inserts at the bed of 

the flume.   

These transducers feature a wide variety of pressure ranges and rapid response to 

pressure fluctuations.  The information sheet for the pressure sensors can be found in 

Appendix B-1. Manometers were placed in various locations in the slots with the pressure 

sensors.  These manometers, four on the flume bed and six on the flume ceiling, help 

with the calibration of the pressure sensors as well as verification of the pressure sensors 

readings.  The manometers on the bed of the flume were located 15, 21, 27, and 33 inches 

downstream of the flume entrance.  The manometers on the crown of the flume were 

located at 3, 9, 15, 21, 27, and 33 inches downstream of the flume entrance. 

 



34 

 

 

Figure 4-2  Pressure transducers and manometers installed in the slot inserts along 

the flume bed 

 

Pressure was recorded using an NI USB-6210 data acquisition system from National 

Instruments.  Information about the data acquisition system is given in Appendix B-2.  

Two of these USB compatible systems were purchased to accommodate as many as 20 

pressure transducers at once.  The pressure measurements were synchronized with other 

system measurements described in a later section. 

 Pressure Transducer Calibration 4.2

The PX309 series pressure transducers located on the bed of the flume were calibrated.  

Water was pumped into the flume using a small sump pump. The tail box weir was used 
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to maintain a constant head in the flume.  Calibrations were run using different head 

levels created by using various weir heights.  A pressure head reading was taken from the 

head tank manometer and the manometers that span the bottom of the flume before and 

after running the Lab View software for the transducers.  Pressure head readings were 

taken before and after each experiment to ensure equilibrium conditions were maintained 

throughout the calibration procedure.  The Lab View software was set to collect 30,000 

pressure transducer measurements per sensor at a rate of 500 Hz.  Eleven calibration tests 

with different head levels were conducted on 5/30/12, and four additional tests were 

conducted on 6/11/12. 

The data from the pressure transducers for each experiment were graphed using 

Microsoft Excel.  The voltage readings from each transducer were time-averaged and 

plotted against the observed head in the flume.  The y-axis is pressure head (h) in feet of 

water and the x-axis is the transducer reading (v) in volts.   See Figure 4-3 for a sample 

graph of the calibration results.  For each sensor, a line was fit to the data and the 

standard deviation was calculated.  See Table 4-1 for regression equations and standard 

deviation data.  Each linear regression equation was used to convert transducer voltage 

readings to head in feet for each respective sensor.  The sensor with the largest observed 

deviation was sensor 4 with a standard deviation pressure head of 0.0266 ft of water.  All 

other sensors had a standard deviation in the range of 0.008 to 0.017 ft of water.   
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Table 4-1 Pressure transducer linear regression equation and standard deviations 

Sensor 
Pressure Head 

(ft of water) 

Standard Deviation 

(ft of water) 

0 h = 0.4581v - 0.1252 0.0170 

1 h = 0.455v - 0.1057 0.0125 

2 h = 0.4577v - 0.1273 0.0081 

3 h = 0.458v - 0.1385 0.0101 

4 h = 0.4508v - 0.1156 0.0266 

5 h = 0.4593v - 0.1351 0.0087 

6 h = 0.4599v - 0.1223 0.0155 

7 h = 0.4578v - 0.116 0.0142 

 

 

Figure 4-3 Pressure sensor 4 sample calibration showing both dates of testing and 

the resulting regression equation 

 PIV System 4.3

The PIV System consists of a dual pulse Nd:YAG Laser system, a custom optical system, 

a high resolution camera, and a delay generator.  Information on all associated 
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appurtenances is located in Appendix B.  Information on the Nd:YAG Laser system can 

be found in Appendix B-3. 

The custom optical system carries the Nd:YAG laser pulses from the laser head to the 

flow and modifies it into a light sheet.  The optical components consist of four first-

surface mirrors that reflect the laser pulses at right angles until they reach the test section 

where the flow is measured.  Each laser pulse is directed through a set of aluminum tubes 

that are mounted on an aluminum frame.  At the end of each tube is a mirror that reflects 

the laser 90 degrees.  The custom laser guide ends below the flume barrel and is attached 

to the steel support structure where a set of three cylindrical lenses expand the laser into a 

light sheet that illuminates a thin section parallel to the flow.  The custom optic system 

can be seen in Figure 4-4. 
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Figure 4-4 Custom PIV optic system 

 

 The flow was seeded with small particles which reflect the laser sheet as it passes 

through the water.  These reflections are recorded by camera images.  Two pulses are 

fired by the laser for each velocity field measurement.  The pulses are separated by a 

brief interval of time.  During the time between the two pulses, the particles in the flow 

travel a short distance.  An entire velocity field is measured in the flow by recording 

images of the two pulses, calculating the distances that each particle traveled and 

converting the displacement measurements into velocities by dividing the distance 

traveled by each particle by the time interval between measurements.   

Sluice Gate 
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For the PIV data to be correctly analyzed, the distance scale at the location of the images 

had to be accurately determined.  To accomplish this, a scaled grid was attached to a 

rectangular piece of acrylic and placed parallel to the flow at the location of the light 

sheet that the camera was imaging.  A picture was taken and uploaded to the Labview 

software.  The software allowed the user to determine the distance scale at the location of 

the light sheet.  This was accomplished by tracing the grid of known dimensions on the 

image collected by the software. 

The software determined the ratio of pixels to distance.  The determined pixel to distance 

ratio for the performed experiments was 34.35 pixels per centimeter.  The actual distance 

the particles traveled was determined by dividing their travel distance in pixels by this 

pixel to distance ratio.  Additionally, a ruler was placed on the bed of the flume at the 

location of the camera frame.  This made it possible to determine the location of the 

pressure sensors on the PIV images.  

The camera selected for this project was a Prosilica GT1290.  This camera was capable of 

measuring two images with a very short time interval between them.  The camera was 

triggered immediately before the first laser pulse, and then triggered a second time before 

the second laser pulse.  The two images were transferred to the data acquisition system 

which recorded both images.  Information on the camera specifications is located in 

Appendix B-4.  

This image recording method requires a delay generator to fire the laser and to trigger the 

camera.  For the Prosilica GT1290 system, the delay generator is triggered by a pulse 

from the computer controlling the system.  The delay generator then triggers the camera 
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and laser, controlling their timing to produce the specified separation time between light 

sheets and images.  Information on the delay generator is located in Appendix B-5.  For 

more detailed information on the timing of the instrumentation, refer to section 4.4. 

For safety purposes, Sperian/Uvex YAG/KTP safety goggles were used when operating 

the laser.  The specifications for these goggles are given in Appendix B-6. 

 Instrumentation Timing Set Up 4.4

Labview software was used to control the instrumentation for gathering pressure and 

velocimetry data.  A program was written to control the instrumentation and to set delays 

and timing schedules.  Once the program was initiated, the Analog/Digital (A/D) Boards 

were armed.  Once armed, the A/D Boards began collecting pre-samples.  A user-defined 

number of pre-samples were retained for each test.  Once the data collection was enabled, 

the initial video output strobe from the camera triggered the video strobe divide-by-two 

sequencer, the user-defined number of pre-samples was stored, and collection of data 

samples was initiated.  The divide-by-two sequencer divides the camera video strobe, 

which is 1/30th of a second, by two, so that only one pulse is transmitted to the delay 

generator for every two camera images.  The divided output strobe triggers the delay 

generator which in turn triggers the laser sheet twice – once at the end of a camera frame 

and once at the beginning of the following frame.  The timing sequence for the PIV 

instrumentation is shown in a grid format in Figure 4-5.



 

 

4
1
 

 

Figure 4-5 PIV Instrumentation timing grid 
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 V-Notch Outlet Weir 4.5

The 30 degree V-notch weir was located just downstream of the tail box and was used to 

measure the flow rate in the flume.  To accurately determine flow rate using the weir it 

was calibrated using a weigh tank.  Head above the weir was measured using a point 

gauge, and flow was determined by the weight of water released during a known period 

of time.  Forty three tests of varying head levels were carried out.  Measurements were 

based on the following flow rate equation of a V-notch weir. 

𝑄 =
8

15
𝐶𝑑√2𝑔 tan

𝜃

2
𝐻5/2 (4-1) 

 

Where Q is flow rate in cfs, Cd is the coefficient of discharge, g is the gravitational 

acceleration, θ is the angle of the V-notch in degrees, and H is the head above the weir. 

The head to the 5/2 power was plotted versus the flow rate.  A line was fit to the data 

with a fixed y-intercept at the origin (See Figure 4-6 below).  The linear equation of that 

line was used to calculate flow rate based on measured head levels above the weir.  



43 

 

4
3
 

 

Figure 4-6 V-notch weir flow rate calibration 
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 Measurements and Methods Chapter 5

 Introduction 5.1

Experiments focused primarily on pressure fluctuation and velocity field measurements 

for submerged flow.  Eight experiments were conducted in the flume.  The experiments 

were classified by gate opening.  Seven experiments were conducted with gate openings 

ranging from 3 inches to fully open in increments of 1.5 inches.  This corresponded to 

gate openings ranging from 2 ft to a fully open gate in increments of 1 foot in the 

prototype.  Flow conditions corresponded to the computational conditions used by 

SFWMD in their numerical studies.  Additionally, one experiment was run at a gate 

opening and forebay and tail box head differentials that closely matched SFWMDs 

numerical results that produced the largest bed pressure fluctuations.  The critical 

condition corresponded to a gate opening of 4.875 inches in the model. 

 Physical Model Measurements 5.2

To begin, all valves were checked to insure proper settings.  Then the pump was initiated.  

The sluice gate was then set to the corresponding height of the current experiment.  The 

butterfly valve and the tail box weir height were then adjusted to control the stage in the 

forebay and the tail box respectively.  After the flow reached equilibrium, all settings 

were recorded.  All manually recorded settings were collected both before and after each 

experiment to insure equilibrium was maintained throughout the experiment. 

The settings recorded for each experiment were as follows: 
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 Gate height 

 Manometer readings – manually recorded readings for manometers located in the 

forebay, flume bed (15, 21, 27, and 33 inches downstream of flume entrance), tail 

box, and V-notch outlet weir. 

 Temperature 

 Tail box weir height (this controls stage in the tail box) 

 PIV image file names 

 Calibration image file name 

 Laser fire delay time 

 Laser separation time 

 Pressure transducer pre-sample amount 

 Pressure transducer sample amount 

 Sample frequency 

 PIV images 

 Pressure transducer readings 

See Figure 5-1 for a sample data sheet.   
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Figure 5-1  Data Sheet for Experiment G06.00 
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 PIV Measurements 5.3

The data collection software recorded and saved the PIV images to their selected 

destination folders.  For each experiment, six data collection runs were completed.  Each 

run consisted of 180 PIV image pairs (360 total images). The 180 image pairs were 

collected at a rate of 15 pairs per second corresponding to 12 seconds of images for each 

data collection run and one minute and twelve seconds of image data per experiment. 

The viewing area of the camera was from 4 inches downstream to 18.5 inches 

downstream of the sluice gate, spanning the entire height of the flume.  The camera 

captured particles in the flow illuminated by the laser light sheet which was located 

approximately 1.5 inches from the center of the flume towards the left descending bank.  

The data were then analyzed using the computer software Flow Field Captor.  The 

software utilized a cross correlation method to interrogate 64 by 64 pixel sections of the 

image. Each pixel section corresponds to a 1.86 cm by 1.86 cm flow region based on the 

calculated pixel to distance ratio of 34.45.  The analysis of the flow region produced 

velocity vectors at a user defined grid within the image.  The grid used in the current 

study spanned 37 columns and 27 rows for a total of 999 vectors per image pair.  These 

columns and rows were spaced apart by 32.75 pixels.  This spacing and grid set up was 

selected so that vector columns were located at the location of the pressure sensors in the 

image field. This allowed velocities to be measured at the exact location of pressure 

transducer readings.  The grid was also on an x-y coordinate system for ease of set up and 

ability to know exact locations in the vector field.  The x-axis was in the streamwise 
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direction, and the y-axis was perpendicular in direction between the flume bed and 

crown. 

During the cross correlation calculations, some interrogation locations produced faulty 

vectors.  This was primarily due to insufficient illumination of particles in portions of the 

image and or entrained air bubbles in the flow circulating in the hydraulic jump roller 

near the sluice gate entrance.  The software allowed both automatic and manual filtering 

of these inaccurate or faulty velocity vectors.  Each of the 180 image pairs was analyzed 

and filtered for each of the six data sets per experiment.  The automatic filter settings 

needed to eliminate these vectors varied depending on the experiment parameters.   

The automatic filters used included minimum and maximum velocity constraints in either 

the x or y-direction.  These velocity constraint filters were applied to all or portions of the 

flow field depending on the experiment. For example, minimum x-directional velocity 

constraints were used in portions of the flow where negative or small velocities were not 

probable; such as in the region of the jet just downstream of the sluice gate when the gate 

has a small opening height. 

Air bubbles were entrained in the forebay and carried into the recirculation zone where 

they accumulated at the crown of the flume just downstream of the sluice gate.  The air 

bubbles were recirculated by the flow, interfering with PIV measurements.  To reduce the 

number of faulty PIV vectors caused by air bubbles, entrained air was removed using a 

very small vacuum pump.  The pump was attached to unused pressure transducer taps in 

the crown of the flume.    The pump pulled the air out of this location through tubes 

attached to the pressure tap holes.  The pump was started prior to running a test and once 
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the air was removed the pump was disconnected, the tubes were closed off, and the test 

run was initiated.   

 Pressure Transducer Measurements 5.4

The data collection software recorded and saved the pressure transducer readings to their 

selected destination folders.  For each experiment, six data collection runs were 

completed.  Each run consisted of 30,100 pressure readings per sensor and 100 pre-

sample transducer readings.  This corresponds to just over 60 seconds of pressure 

transducer readings for each collection run and over 6 minutes of total readings per 

experiment. 

The data collected by the software for each data set of an experiment were compiled into 

a single spreadsheet.  The calibration equation for each sensor was applied to the data to 

convert the readings to pressure in feet of water.  Time-averaged, maximum, and 

minimum pressures were calculated for each sensor.   
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 Results Chapter 6

 Introduction 6.1

Results were obtained using the equipment presented in Chapter 4.  The equipment used 

for data acquisition was affixed to the constructed flume model as described in Chapter 3.  

The data were collected using the means presented in Chapter 5.  The data collected 

included physical model measurements, PIV velocity measurements, and pressure 

measurements in the model.  The data were processed using the methods described in 

Chapter 5.   

A total of 8 experiments of varied settings were run in the model flume.  Each experiment 

contained 6 data sets containing both PIV velocity and pressure measurements.  Refer to 

Table 6-1 for a summary of experiment data and information.  One non-standard PIV 

experiment was also completed in addition to the eight experiments previously 

mentioned. The results of these experiments are presented in this chapter. 
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Table 6-1 Experiment Data Collection Summary 

Experiment Date Name 
Gate 

Height (in) 

Discharge 

(cfs) 

Headwater 

(ft) 

Tailwater 

(ft) 

Temperature 

(°F) 
Reynolds # 

1 5/25/2012 G03.00 3.0 1.58 2.21 1.39 70.30 1.55E+05 

2 6/12/2012 G04.50 4.5 2.26 2.10 1.30 64.90 2.05E+05 

3 5/24/2012 G05.00 4.875 2.39 1.84 1.05 69.80 2.32E+05 

4 5/25/2012 G06.00 6.0 2.35 1.77 1.50 69.80 2.28E+05 

5 6/12/2012 G07.50 7.5 2.50 1.64 1.34 65.30 2.29E+05 

6 5/25/2012 G09.00 9.0 2.53 1.54 1.52 68.90 2.43E+05 

7 6/12/2012 G10.50 10.5 2.51 1.49 1.30 66.20 2.32E+05 

8 5/25/2012 G12.00 12.0 3.01 1.54 1.52 68.90 2.89E+05 
 Pressure Data Collection:  One (1) minute of data per data set. Six (6) total data sets per experiment. Eight (8) sensors in the bed of the flume. 

 PIV Data Collection:  Twelve (12) seconds of collection per data set.  Six (6) data sets per experiment. 

 Reynolds number based on equivalent model diameter and measured peak flow rate.   
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 Average Velocity Fields 6.2

The filtered PIV results from the six data sets of each experiment were compiled into a 

single merged velocity vector file.  The Flow Captor software was used to average the 

velocity vectors at each location on the defined grid to produce an average velocity vector 

field for each data set.  A spreadsheet was then used to find the combined average 

velocity field for the experiment using the averaged velocity vectors from each of the six 

data sets.  A weighted average was used to combine data from the six data sets since the 

filtering process removed varying numbers of vectors from each data set. In this way, the 

12 seconds of PIV data collected for each of the six data sets could be combined to form 

an average velocity distribution based on 72 seconds of PIV data. 

Average velocity fields were developed for each of the eight experiments.  To display the 

average velocity fields, average velocity vectors were plotted on a velocity contour map.  

The contour maps provide good visualization of the average velocities seen within the 

flume for each experiment.  Two contour maps were developed for each experiment.  

Contour maps were developed at two scales: a small vector scale to more clearly show 

vectors in the high velocity region and a large vector scale to more clearly show vectors 

in the recirculation zone.  The recirculation zone is the low velocity area formed above 

the high velocity jet, where flow is recirculated and entrained back into the flow jet.  The 

Experiment G12.00, with the fully opened gate, did not require a map for both a small 

and large vector scales because the velocities did not vary substantially across the flow 

field.  Refer to Appendix A for the average velocity field contour maps of each 

experiment. 
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The average velocity contour maps allow for a broad understanding of the velocity fields 

associated with each experiment.  Low gate setting experiments, such as G03.00 and 

G04.50, clearly show the high velocity jet at the bottom of the flume at the gate opening.  

These experiments are uniquely different from experiments with high gate settings, in 

which the recirculation zone is very small or non-existent.  The high velocity jet 

associated with low gate settings push the recirculation zone farther downstream than 

experiments with higher gate settings.   

As the gate opening increases, the strength of the jet decreases, causing the recirculation 

zone to move farther upstream, becoming more visible in the viewing extents of the PIV 

camera.  The center of the recirculation zone can be easily identified by a low velocity 

contour color (dark blue) on the maps.  For example, Figure A-3b in Appendix A clearly 

shows the center of the recirculation zone for test G05.00. 

The largest velocities in the negative x-direction, or upstream direction, are located 

directly above the recirculation zone near the crown of the flume. The largest velocities 

in the positive x-direction are within the jet near the gate opening.   

Both the jet and the recirculation zone are important in understanding flow behavior for 

each test.  The high speed jet zone drives the flow, entraining water from the recirculation 

zone.  The recirculation zone has a low velocity and pressure because of the enclosed 

nature of the flow.  As flow is recirculated, pockets of low velocity fluid are carried off 

with the high speed jet flow and are transported to the flume bed.  The pockets of fluid 

are carried by turbulent flow structures that form in the recirculation zone and travel to 

the bed where they influence the observed pressures. 
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 PIV Observed Turbulent Flow Incursions 6.3

Experiments with low gate settings that produced a high velocity jet and formed a 

recirculation zone were examined, revealing many turbulent structures.  The structures 

formed in the recirculation zone and traveled within the recirculation zone, through the 

jet, and towards the flume bed.  One of the six PIV data sets for the G05.00 experiment 

was analyzed to produce the example shown in Figure 6-1 of a turbulent structure 

traveling from the recirculation zone to the bed.   

The images of the flow incursion in Figure 6-1 show velocity vectors overlaid on a 

contour map.  The contour map is representative of the y-directional velocity in the flow.  

A white circle has been imposed on the image to identify the flow incursion structure, 

showing its location and propagation through the flume.  

As the turbulent structures move towards the bed of the flume and into the jet stream, 

they are carried by the velocity of the jet in the flow and can be seen translating 

downstream.   
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Figure 6-1 Low velocity turbulent flow structure transported from the recirculation zone to the bed for Experiment G05.00 

(a) t = 0 s (b) t = 0.066 s 

(c) t = 0.133 s (d) t = 0.200 s 
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Figure 6-1: (continued) 

 

 

 

(e) t = 0.267 s 
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 PIV Measurements of the Entire Flume 6.4

One non-standard PIV experiment was performed in which the velocity distribution in the 

entire culvert was obtained for one gate setting and one flow rate.  The gate setting that 

was selected was the gate setting that SFWMD found might be the most problematic gate 

setting, according to a numerical flow analysis.  The test setting was for a 4.8 inch high 

gate opening and a model flow rate of 2.15 ft
3
/s.  This is close in comparison to the 

settings of the standard experiment G05.00, with a 4.875 inch high gate opening and a 

2.39 cfs flow rate, in the standard PIV measurements.  The experiment conducted for the 

non-standard PIV measurement corresponds to a prototype gate opening of 3.2 feet. 

To do this experiment, PIV was performed the same way that PIV was done for the 

standard experiments, but instead of just looking at the inlet section, PIV was done on 

seven longitudinal sections of the culvert, one section at a time.  The results of the PIV 

analysis were then merged to form the entire velocity distribution.  This was a complex, 

time-consuming process, especially filtering and analysis of the resulting PIV images, so 

the full-culvert PIV study was only done for one test condition.   

Figure 6-2 shows the contours of the streamwise velocity vectors for the complete culvert 

PIV test.  The full length of the recirculation zone is shown in the figure.  In addition, the 

behavior of the jet as it expands in the culvert is shown in the image.  
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Figure 6-2 Streamwise velocity contours for the entire model culvert for a gate setting of 4.8 inches and a flow rate of 2.15 cfs 
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The jet initially impinges on the bed and then is deflected towards the crown of the flume 

where it is once again deflected back towards the bed.  The deflection effect diminishes 

in strength as the vertical velocity profiles become more uniform.  The effect that this 

"meandering" of the flow stream has on the bed pressure distribution will be discussed in 

Section 6.5. 

 Pressure Measurements 6.5

For each sensor, the data from all six data sets were averaged.  This was done for each of 

the eight experiments.   The data for the pressure sensors were measured in volts.  The 

voltages were converted to a pressure head based on the sensor calibrations prior to 

averaging. 

Pressure measurements were converted to values that were relative to the same datum so 

that trends in pressure data could be observed and compared across the range of 

experiments.  Varying gate settings affect the head levels in the forebay from experiment 

to experiment.  This variation in headwater can greatly increase or decrease the total 

pressure observed at the sensors, but does not affect the pressure trends.  For example, if 

both the headwater and the tailwater go up by one foot, the flow through the culvert 

essentially stays the same and the mean pressure at each of the sensors in the culvert will 

go up by one foot, but the pressures measured at each of the sensors remains the same 

relative to the sensors around it.  Essentially, the only effect of increasing the headwater 

and the tailwater by the same amount is that the magnitude of the pressure datum 

increases.  
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Therefore, to calculate the relative pressure, the headwater was subtracted from the 

pressure readings for each sensor.  The relative average, minimum, and maximum 

pressures recorded at each sensor were calculated.  These three pressures at each sensor 

are graphed for each experiment on a single graph.  Trend lines of varying magnitude of 

polynomial functions were added to help visualize trends in pressures and pressure 

fluctuations.  These trend lines are only a visual aid for understanding the data and do not 

represent theoretically predicted behavior of the bed pressure.  See graphs a) through h) 

in Figure 6-3 for the relative pressure graphs. 

From the upstream-most sensor, the pressure tends to decrease to a minimum at the third 

sensor – the location approximately nine inches downstream of the gate in the model.  At 

this distance downstream, the pressure has the least deviation from the mean, for all 

experiments.  This is associated with the geometry of the flow, which comes into the 

culvert through the gate with momentum in the negative y-direction, or towards the flume 

bed.  The downward moving jet impinges on the bed before being reflected in the flow 

where it expands to fill the entire culvert.  This initial downward movement imparts a 

relatively steady pressure on the bed that is apparent for all of the gate settings.  Farther 

downstream of the gate the downward momentum of the flow from the forebay ceases to 

affect the bed pressure.   

Based on the results shown in Figure 6-3, the lowest average bed pressures are observed 

to occur 9 to 18 inches downstream of the gate, with low gate settings causing the lowest 

average bed pressures to occur farther downstream of the gate than for high gate settings.  

Incidentally, 18 inches in the model corresponds to 12 feet of culvert in the prototype.  
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For comparison, prototype failure was primarily in the first 4 to 5 precast boxes of the 

structure, i.e., the first 32 to 40 feet.   

Continuing downstream from the sensor with the minimum average pressure, average 

pressures generally increase, especially for experiments with lower gate settings.  This 

increase in pressure is followed by a slow drop off in pressure for the higher gate settings 

(see the pressures in Figure 6-3 for G09.00, G10.50, and G12.00).  This underscores the 

"meandering" effect observed in the non-standard PIV analysis done for the 4.8 inch gate 

setting.  The asymmetry that is caused by the low velocity recirculation zone not only 

causes the jet to reflect off of the bed, but pulls the jet towards the crown farther 

downstream.  The jet then reflects off of the crown and travels back towards the invert.  

This effect gradually diminishes as the flow travels downstream, returning to a uniform 

flow distribution.  Based on pressure observations, it appears that the "meandering" of the 

jet is controlled in part by the length of the recirculation zone, which is controlled by the 

gate setting.  Higher gate settings appear to lead to shorter recirculation zones and thus 

shorter jet deflection wavelengths.  However, this observation should be corroborated in 

the future with additional measurements. 

In addition to the increase in average pressure, deviations from the average pressure or 

fluctuations in pressure, tend to increase with distance downstream of the gate.  This is 

due to the mixing of fluid from the recirculation zone that forms above the jet with the 

fluid in the jet.  The low velocity fluid in the recirculation zone is transferred by vortices 

from the recirculation zone throughout the jet and ultimately to the flume bed.  These 

flow incursions produce spikes of positive and negative pressure as they are transferred to 

the flume bed at sensor locations and are carried by the velocity of the jet downstream.  
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Potentially, the low velocity incursions result in elevated pressures followed by reduced 

pressures associated with flow acceleration of the jet, but this phenomenon was not 

experimentally verified.  Refer to the graph c) in Figure 6-3 for an example of this trend. 

Experiments with gate settings less than six inches, show fluctuations continuing to grow 

with increasing distance downstream of the gate.  This shows that the turbulent vortices 

continue to be transferred to the bed even farther downstream than just to the portion of 

the flow examined through PIV measurement. This is likely due to the end of the 

recirculation zone being farther downstream.  Because a high definition of pressure 

fluctuations was desired on the bed of the culvert near the gate, there were no pressure 

transducers located more than three feet downstream of the gate.  As a consequence, the 

maximum and minimum instantaneous bed pressures may not have been captured for 

experiments with the lowest gate settings since these pressures may have occurred more 

than three feet downstream of the gate.   

It should also be noted that the minimum pressures gathered in these experiments likely 

do not represent the largest potential minimum pressures. Based on observation of the 

pressure measurement time series, spikes in negative pressure translated to the bed of the 

flume by flow incursions from the recirculation zone are infrequent and random in 

occurrence due to the chaotic nature of entrainment from the recirculation zone.  While 

six minutes likely gives a representative measure of the average pressure distribution and 

the standard deviation of the pressure measured by the transducer, it is probably not a 

long enough period to record extreme events like minimum and maximum pressures.   
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This is made apparent by the scatter in the minimum pressure data in Figure 6-3 for each 

experiment.  The only experiment which does not show scatter in the minimum pressure 

data is experiment G04.50 where minimum pressures appear stagnant across the distance 

downstream of the gate.  The pressures for this test were lower than for any of the other 

tests, and it appeared that minimum pressures were below the saturation limit of the 

sensors.  The aforementioned trends however, are apparent in the experiments with a gate 

setting lower and higher from experiment G04.50.  It would be plausible to expect similar 

trends in this experiment.   

Examination of the relative pressures in the flume during experiments with higher gate 

settings reveals increases in all pressures, minimum, maximum and average, with 

distance from the gate.  Pressure data from experiments with the gate set higher than six 

inches show this trend.  Refer to graphs e) through h) in Figure 6-3.  This shows that the 

recirculation zone is much less defined due to the decrease in velocity of the jet formed 

downstream of the gate and the elimination of a stagnation region behind the gate.  This 

decrease in the recirculation zone intensity is magnified by the increase in gate height.  

The decrease in recirculation zone intensity also decreases the deviation or fluctuations in 

observed pressures.  The smaller recirculation zone does not produce high intensity 

pressure spikes, and the spikes that are formed do not penetrate through the jet to the bed.
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Figure 6-3  Relative Pressure Graphs 

 

 

(a) Experiment G03.00 

(b) Experiment G04.50 

(c) Experiment G05.00 
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   Figure 6-3  Relative Pressure Graphs (cont.) 

 

(d) Experiment G06.00 

(e) Experiment G07.50 

(f) Experiment G09.00 
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   Figure 6-3  Relative Pressure Graphs (cont.) 

 

 

 

 

 

 

(g) Experiment G10.50 

(h) Experiment G12.00 
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 Correlation of Pressures 6.6

To examine the temporal relations between pressure sensor measurements along the bed 

of the flume, the correlations between time series of pressure readings from different 

sensors were calculated.  The correlations between pressure measurements allow the 

timing associated with the translation of pressure fluctuations to be studied, specifically 

pressure fluctuations associated with turbulent structures that carry the fluctuations from 

sensor to sensor.  See Figure 6-4 for the correlation graph of one data set from 

Experiment G05.00.  The correlations are between the pressure time series measurements 

for sensors 1 and 2, sensors 2 and 3, sensors 3 and 4, etc., as shown by the legend, with 

sensor 1 being the sensor that is farthest upstream.

 

Figure 6-4  Pressure Correlation Graph of Experiment G05.00 
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The correlation coefficient shows the degree of linear correlation between the two sensors 

and ranges in value from zero to one, with a value of one representing the strongest 

correlation.  The x-axis shows the time step in seconds.   

The peak in correlation coefficient, for a given sensor pair, shows when pressure readings 

are most correlated for a given time step.  For Experiment G05.00, the peak correlation is 

for a time shift of between approximately 0.05 and 0.10 seconds.  The peak time shift is 

associated with the velocity of the jet and the distance between sensors, so the time shift 

increases with distance from the gate, because the velocity of the jet decreases with 

distance from the gate.  In addition, the last four sensor pairs (4-5, 5-6, 6-7, and 7-8) 

show longer time shifts because they are spaced at six inches instead of three inches.  The 

larger spacing between the sensors also leads to a reduction in the magnitude of the peak 

correlation.   

The pressure time series data of sensors 1 and 2 are not as strongly correlated as the other 

sensor pairs.  This is presumed to be because sensor 1 is immediately downstream of the 

gate, where the recirculation zone has very little effect on pressure fluctuations and the 

observed pressure fluctuations were primarily related to conditions in the forebay; 

whereas the pressures at sensor 2 may be more strongly affected by the gate and the 

recirculation zone behind the gate.    Sensors located farther downstream are more 

strongly affected by conditions in the recirculation zone.   

The correlation reveals the time it takes for a flow structure, such as a flow incursion that 

causes a negative or positive spike in pressure, to move downstream to the next sensor.  

This timing identification allows the calculation of the velocity at which the flow 
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structure, that is causing the spike in pressure, is traveling downstream.  The sensors that 

are farther downstream appear to have broader correlation functions, partly because of 

wider spacing between sensors, but also suggesting that the transit time of turbulent 

pressure fluctuations is more widely varied than it is near upstream sensors.  Despite 

being turbulent, the jet that comes through the gate has a relatively steady velocity and 

constant momentum.  As the flow jet travels downstream, it becomes more turbulent with 

intermixed high and low momentum flow, the high momentum flow being from the jet 

and the low momentum flow being from the recirculation zone.  This tends to broaden the 

correlation function and lower the peak correlation to some extent.     

 Velocity and Pressure Relationship 6.7

Experiment G05.00 was evaluated both for pressure correlations (Section 6.6) and visible 

flow incursions (Section 6.3).  The times of the PIV measurements showing the flow 

incursion of Section 6.3 were synchronized with bed pressure readings, and the 

corresponding time steps of the flow incursion were plotted with the pressure time series 

data.  Figure 6-5 shows the pressure readings associated with the flow incursion depicted 

in Figure 6-1 and described in Section 6.3.  The vertical lines in Figure 6-5 indicate the 

times when the PIV images showing the flow incursion were collected. 
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Figure 6-5  Pressure Readings from Experiment G05.00 Associated with Visible 

Flow Incursion 

This flow structure was visible with PIV field measurements but there was no visible 

pressure spike in the data at these time steps in the pressure data.  The reason for this is 

likely because although the pressure series and the PIV series were synchronized in time, 

the PIV images were recorded along a different alignment than the pressure sensors.  

Thus, turbulent structures that were obvious in the PIV images were not all significant 

contributors to the pressures measured on the bed at the locations of the pressure sensors.   

Further examining the pressure data showed that pressure spikes caused from flow 

incursions are apparent at other times in the pressure data of Experiment G05.00.  See 

Figure 6-6 below for an example of a spike in pressure from Experiment G05.00.  The 

spike shown in Figure 6-6 is an extreme event.  Unfortunately, because of memory 

limitations, there is no PIV data available for this event (PIV data could only be recorded 

for the first 12 seconds of each test); it would have been favorable to observe how an 

event of this magnitude appeared in the PIV data.   
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Figure 6-6  Experiment G05.00 Pressure Spike 

The pressure data shown in Figure 6-6 depicts the spike in pressure at the three most 

downstream sensors.  The spike is visible in the upstream sensor, sensor 6, at 

approximately 21.07 seconds and can be seen propagating downstream and also 

increasing in magnitude from sensor 7 to sensor 8 at 21.17 and 21.28 seconds 

respectively.  It is important to remember the flow path of the incursion shown in Section 

6.3, and to recognize that as these structures translate in the direction of flow, they also 

move towards the bed, having a greater impact at downstream locations. The flow 

incursion was transferred from the recirculation zone to the bed of the flume as it traveled 

downstream.    As flow incursions form and move downstream, getting closer to the bed, 

the pressure spikes associated with them propagate from sensor to sensor, and potentially 

increase in magnitude. 
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The translation of this pressure spike with regard to timing is also important.  As 

previously discussed, the peak correlation of the pressure time series for the downstream 

sensor pairs of test G05.00 is at a time shift of approximately 0.1 seconds.  The pressure 

spike shown in Figure 6-6 propagates downstream from one sensor to the other in 

approximately 0.1 seconds.  Examining this time shift with the known distance between 

sensors we can estimate the velocity of the flow incursion causing the pressure spike.  

Upon examination, this velocity is about 1.5 m/s (4.9 ft/s), which is comparable to the 

velocity of the jet in the experiment.  This shows that flow incursions, and thus the 

pressure spikes, are carried by the inherent flow velocity near the flume bed. 

In examining the pressure data for Experiment G05.00 there are other visible trends in 

pressure fluctuations.  Some of these trends are observed over a larger time scale than the 

pressure spikes caused by the flow incursions.  Figure 6-7 shows a negative pressure 

trend followed by a rise in pressure that occurs over a longer time scale in Experiment 

G05.00.  The pressure trend indicates longer term changes in the behavior of the 

recirculation zone.  Careful observations of the trends in Figure 6-7 reveal that the 

pressure time series of adjacent sensors are still correlated by about 0.1 second. 
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Figure 6-7  Long-term Pressure Trends in Experiment G05.00 

An observed trend in decreasing pressure begins at approximately 4.3 seconds and ends 

at approximately 5 seconds.  A more rapid rise in the pressure follows between 

approximately 5.0 seconds and 5.25 seconds.  The longer term change in pressure 

indicates that the trend is not associated with a flow incursion, transferred by the flow, 

but by changes in the large eddy in the recirculation zone formed above the jet. 
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 Conclusions Chapter 7

 Overview 7.1

In this thesis, PIV velocity and pressure measurements were gathered in a 1:8 scale 

model of the SFWMD S375 gated box culvert control structure.  Data were collected and 

studied from experiments in the model to better understand the pressure and flow 

characteristics of the prototype culvert.  This project was initiated in part because of the 

partial failure of the SFWMD S375 structure. 

The goal of this project was to collect information with regard to culvert settings and 

conditions to help understand flow and pressure relations within the culvert. 

Understanding these conditions and relations is advantageous in an effort to avoid flow 

characteristics that are presumably adverse to structure integrity. 

 Observations 7.2

Several conclusions can be made from experimental results, including the PIV velocity 

and pressure measurements made within the model culvert.  PIV measurements allowed 

for the calculation of locally averaged velocities of each experiment.  Average velocity 

calculations provided a visual representation of flow fields.  Average velocity contour 

maps provided a good understanding of the jet and recirculation zone size and strength 

from experiment to experiment.  A pronounced, high velocity flow jet was observed in 

experiments with low gate settings. This jet produced a well-defined recirculation zone 

above the jet stream.  Conversely, for experiments with high gate settings, weaker jets 
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were observed, and thus less defined recirculation zones developed behind the gate.  

Velocity measurements from the non-standard PIV experiment provided beneficial 

information as well.  The jet was observed deflecting off the flume bed towards the 

crown, because of the initial momentum towards the bed, and then back towards the 

crown from the bed, causing a “meandering” effect.  This “meandering” diminishes with 

distance downstream of the gate where vertical velocity distributions became more 

uniform. 

Additionally, flow incursions were observed in the PIV measurements.  The 

measurements showed the translation of low velocity flow incursions from the 

recirculation zone to the flume bed, where they would impose a spike in pressure 

observed in the pressure readings. 

Relative average, minimum, and maximum pressures were calculated for each 

experiment from the pressure measurements.  Pressure trends were observed in the 

experiments.  For all experiments, pressures decreased from the most upstream sensor to 

approximately 6 to 12 inches downstream.  At this location the pressure had the least 

difference in maximum and minimum pressures or was the steadiest.  This is presumed to 

be caused by the momentum of the flow from the forebay towards the flume bed.  Based 

on this, it would be unlikely to see large pressure fluctuations at this location in the 

prototype and thus a lower probability of joint failure due to fluctuations.  Nevertheless, 

the low pressures associated with the steady part of the high velocity jet flow in this 

region might still initiate joint failure in the prototype.  These observations should be 

corroborated with future experimentation.   
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From this location all pressures tended to increase downstream of the gate for all 

experiments.  For experiments with lower gate settings, the fluctuation or difference 

between maximum and minimum observed pressures increased with distance 

downstream.  It should be further noted that the absolute minimum and maximum 

pressures may not be captured for experiments with low gate settings. This is because 

these pressure instances may have occurred downstream of the farthest downstream 

transducer.  Experiments with high gate settings showed an increase in all pressures from 

the location of minimum average pressure.  The fluctuation, or difference in maximum 

and minimum pressures, did not increase downstream as it did with experiments of low 

gate settings.  

Correlation observations between pressure sensor readings and timing, paints a broad 

picture of flow behavior observed in the model.  Correlating the time of these pressures 

across the sensors allows for the estimation of the translation velocities of low velocity 

incursions.  Observations showed that they are traveling along the bed at a velocity 

comparable to the jet velocity.  It was also observed that some trends in pressure occur 

over time periods that are much longer than the travel times between sensors that are 

associated with the jet velocity. 

Separate instances of flow incursions in the velocity measurements and pressure spikes in 

the pressure measurements were found.  However, due to limitations in data measurement 

components, it is very difficult to capture an instance that clearly shows both velocity and 

pressure effects from the same flow incursion. 
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These observations and resultant data indicate experiments with low gate settings, below 

six inches in the model, were more likely to produce the adverse effects presumed to 

cause partial failure in the prototype.  Experiments with low gate settings produced a high 

velocity flow jet which caused strong low pressure zones on the flume bed, immediately 

downstream of the gate.  The strong flow jet generated a more pronounced recirculation 

zone above the jet.  The recirculation zone was where flow incursions were observed to 

form, and as they were translated to the bed, they caused large spikes in pressure.  These 

large pressure spikes and strong low pressure zones observed in these experiments in the 

model were the types of conditions that have been presumed to lead to and or exacerbate 

partial failure of the prototype structures.  Future experimentation should be undertaken 

in the model or prototype to validate these presumptions and extend results.  

It is important to note that the results and conclusions from these experiments, in order to 

be scaled to the prototype structure, need to maintain Reynolds similarity.  This includes 

timing and velocity components of the results.  Refer to Section 3.2 for details. 

 Future Work and Other Considerations 7.3

The results of this thesis show that there are several possible changes that can be made to 

the experimentation conducted to improve on the ability to distinguish trends and 

relationships between velocity and pressure in the model.   

Future work is planned to use a PIV camera placed on a sliding system that will allow the 

entire length of the flume to be exposed to PIV during each test run.  This will allow the 

visualization and calculation of the flow field throughout the entire flume during each 

experiment performed.  One example of this was presented in the thesis.  Additional 
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experimentation settings of PIV measurements throughout the entire flume would be 

beneficial in understanding the characteristics of velocity and flow within the structure. 

Future experiments with increased flow rates would benefit results as well.  Current 

limitations in providing sufficient flow have inhibited the range of conditions that are 

able to be tested.  Increased flow rates in the model may prove beneficial in finding 

prototype scenarios were pressure fluctuations are highest.  Finding these scenarios where 

fluctuations in the prototype are detrimental to the integrity of the control structure are 

paramount. 

Installing equipment that would allow the laser sheet to be spread across the flume, 

centered along pressure transducers would be extremely beneficial.  This would allow for 

a more probable likelihood of capturing data from a flow incursion in both velocity 

measurements as well as pressure.  This would allow one to make a clear observation of 

pressure effects based on location and magnitude of the incursion in the flow field. 

Utilizing the presented changes in experimentation would allow for more complete data 

of the flume model characteristics and the ability to make more accurate comparisons 

between the model and prototype.  
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Appendix A Average Velocity Contour Maps
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Figure A-1a G03.00 Velocity Contour Map (Small Vector Scale) 
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Figure A-1b G03.00 Velocity Contour Map (Large Vector Scale) 
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Figure A-2a G04.50 Velocity Contour Map (Small Vector Scale) 
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Figure A-2b G04.50 Velocity Contour Map (Large Vector Scale) 
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Figure A-3a G05.00 Velocity Contour Map (Small Vector Scale) 
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Figure A-3b G05.00 Velocity Contour Map (Large Vector Scale) 
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Figure A-4a G06.00 Velocity Contour Map (Small Vector Scale) 
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Figure A-4b G06.00 Velocity Contour Map (Large Vector Scale) 



 

 

9
1
 

 

Figure A-5a G07.50 Velocity Contour Map (Small Vector Scale) 
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Figure A-5b G07.50 Velocity Contour Map (Large Vector Scale) 
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Figure A-6a G09.00 Velocity Contour Map (Small Vector Scale) 
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Figure A-6b G09.00 Velocity Contour Map (Large Vector Scale) 
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Figure A-7a G10.50 Velocity Contour Map (Small Vector Scale) 
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Figure A-7b G10.50 Velocity Contour Map (Large Vector Scale) 
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Figure A-8 G12.00 Velocity Contour Map
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B-1:  Pressure Transducers 
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B-2:  USB Voltage Measurement Device 
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B-3:  Nd:YAG Laser for PIV Measurements
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B-4:  Prosilica GT1290 Camera 
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  B-5:  Delay Generator
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B-6:  Sperian LOTG-YAG/KTP Safety Goggles 
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B-7:  Pump Information
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