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ABSTRACT 

Gates are used in many water resources projects as flow control 

devices, and when the flow is free, they can also be used to measure 

flow. However, gates have not been as successful as flow measurement 

instruments when the flow is submerged, due to the oscillating and 

changing tailwater. The goal of this research was to explore the use 

of a sensing device (a cube) attached near the lip of a gate to accu

rately measure the flow, under both free and submerged conditions. 

Consequently, the thesis describes: 1) the general theories of flow 

under gates and of drag force on a cube, 2) laboratory experiments in a 

1.0 foot high by 0.5 foot wide recirculating flume with a sluice 

(vertical) gate and a Tainter (radial) gate, 3) laboratory results that 

indicate a cube can be used successfully as a measuring device with 

good accuracy (2 to 10 percent, depending on calibration of the device 

which can be accomplished directly in the field or with model studies). 

The final conclusion is that the cube is an accurate and inexpensive 

device that will permit using existing and future gates as measuring 

instruments for both free and submerged flow conditions. 

ix 



CHAPTER 1 

INTRODUCTION 

Gates are widely used for flow control in all types of water 

resources projects. However, flow measurement using gates under sub

merged flow conditions has not been satisfactory. This thesis presents 

the results of a research study, the primary objective of which was to 

study the use of a sensing device attached near the lip of a gate to 

measure flow accurately under both free and submerged conditions. 

Subject and Purpose 

Increasing demand for water has caused an expanding need to 

measure delivered water. Moreover, since gates are used in almost all 

types of water developments, a device that could be attached to a gate 

could solve the need for a flow measuring instrument. Hence, the 

research described in this thesis was intended to develop new, simple, 

and inexpensive procedures to use gates as measuring devices. 

Statement of the Problem 

Flow through gates has been studied for many years. Some 

examples of the theory of flow through gates can be found in the work 

of Rouse (1946, 1978) and in Toch's thesis (1953) on flow under Tainter 

gates. Other studies include models of specific dam gates to develop 

their discharge characteristics performed mostly by the U. S. Army, 

Corps of Engineers (1977) and the U. S. Bureau of Reclamation (1977). 

1 
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Nevertheless, a basic problem still remains: how to measure flow when 

the gate is submerged. 

For the case of submerged flow, the tailwater oscillates so 

much that depth measurements are inaccurate; however, a device attached 

near the lip of the gate could be used to determine a pressure differ

ence in front of the gate related to flow velocity through the sub

merged opening. If, as believed, the headwater flow pattern remains 

constant regardless of downstream submergence, such a device could be 

used to determine the discharge. 

The purpose of this research was to demonstrate that, although 

discharge decreases with submergence, the upstream flow pattern is not 

affected, and therefore, velocity measured near the lip of the gate can 

be related to discharge. 

Scope 

The research was divided into three phases: 1) review of the 

literature, selection and calibration of the testing equipment, and 

preliminary tests, 2) final tests with a vertical lift gate and a 

Tainter gate, and 3) analysis of test results. 

Terminolofiy 

A summary of common terminology used in this report is 

presented below; however, not all terms are included. Definitions of 

other terms are provided in later sections as they appear. 

Gate: A device used to obstruct, totally or partially, the flow 

of water in such structures as conduits, canals, spillways, intakes, 

etc. 



The types studied in this research were vertical lift (sluice) gates, 

and Tainter (radial) gates. 

Flow pattern: Invisible flow lines and the physical geometry 

water follows as it moves and that can be observed using special types 

of dyes. 

Headwater: Water upstream from the gate. 

Tailwater: Water downstream from the gate. 

Contraction coefficient: Numeric variable which, when multi

plied by the gate opening, gives the depth of the contracted jet 

flowing out from under the gate. 

Discharge: Volume of water flowing per unit time. 

Discharge coefficient: Numeric variable which, when multiplied 

by the velocity and the gate opening area, gives the discharge under 

the gate. 

cfs: Cubic feet per second. 

sq ft: Square feet. 

fps: Feet per second. 



CHAPTER 2 

THEORETICAL BACKGROUND 

The theory of flow under gates was developed long ago, and 

gates are commonly used in the laboratory and the field everywhere. 

This chapter presents the general theory of flow through gates and 

explains why a sensing device, such as a cube, attached near the lip of 

a gate can be used to measure flow. 

Review of the Literature 

Flow controlled by gates has been studied and tested for many 

years, and there is abundant literature on the subject. For example, 

Elementary Fluid Mechanics by Rouse (1946, 1978), Open Channel Flow by 

Henderson (1966), and the A.S.C.E. paper "Discharge Characteristics of 

Tainter Gates" by Toch (1953) are readily available and discuss the 

general theory of flow through gates, as sumarized below: 

Gate-controlled flow is of two types: free and submerged flow. 

The first occurs when the jet generated below the gate is not ob

structed or influenced by tailwater conditions. The second occurs when 

the tailwater "drowns" the jet. Free flow is described by a simple and 

general equation for a rectangular channel: 

Q  =  C ( j x B x b x  V  2 g  x  y Q  (1) 
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In which: Q = discharge (cfs) 

B = channel width (ft) 

b = gate opening (ft) 

y0 = upstream water depth (ft) 

Cj = discharge coefficient of the gate, as follows 

cd = Cc / V 1 + (Cc X b /y0) ( 2 )  

where, Cc is the contraction coefficient (ratio of jet thickness to 

gate opening) 

research the contraction coefficient has been determined by direct 

measurements and also computed from equations (1) and (2) using 

measured values of discharge. Values of theoretical and measured 

contraction coefficients determined by other investigators for the 

sluice gate and the Tainter gate are shown in Figure 2. The curves 

show a discrepancy between theoretical and measured values of Cc for 

the sluice gate that Henderson (1966) attributes to the boundary layer 

phenomenon. Models of gates in the laboratory have small dimensions 

and operate at small gate openings and low Reynolds numbers. Such 

flows are noticeably affected by boundary layer development which 

increases the jet depth and obstructs the flow. Rouse (1946,1978) 

gives the following expression for thickness of the boundary layer: 

Figure 1 shows graphically the terms described above. In this 

d / x = m / (Re) 
N 

(3) 
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In which: d = thickness of the boundary layer (ft) 

x = distance from the point where the boundary layer 

begins to develop to the point of interest (ft) 

m = constant which varies from about 5 (for laminar flow) 

to about 0.377 (for highly turbulent flow) 

N = exponent which varies from 0.5 (for laminar flow) to 

0.2 (for highly turbulent flow, Re=2 000 000) 

Re = Reynolds number (dimensionless) as follows: 

Re = V x y / v (4) 

V = velocity of flow (fps) 

y = depth of flow (ft) 

v = kinematic viscosity of water (1.05x10"^ ft^/s at 70 °F) 

Water particles at a channel boundary have zero velocity. The 

velocity of particles away from the boundary increases in a parabolic 

or logarithmic distribution up to a velocity about 1% lower than 

maximum, and this point is defined as the boundary layer thickness. 

Consequently, the average velocity within the boundary layer is less 

than the average for the whole depth of flow. Equation (1) was derived 

from continuity and energy principles, without considering the ex

istence of the boundary layer and assuming a uniform velocity distri

bution throughout the depth of flow. Hence, equation (1) must be ad

justed to account for the boundary layer effect by using a "net" or 

"computed" contraction coefficient (from equations (1) and (2)), as 

discussed later in Chapter 4. However, when flow is at a high Reynolds 
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number, the value of m in equation (3) is small, the boundary layer 

thickness is small, and its effect is almost negligible. 

Submerged flow cannot be explained as simply as free flow. 

Several assumptions must be made to obtain an expression for the sub

merged flow case. One of the assumptions, presented by Rouse (1946, 

1978), is that the shape and thickness of the jet under the gate are 

the same for both free and submerged flow conditions. A second as

sumption, studied first by Toch (1953) and later by Henderson (1966), 

is that the roller that develops above the jet makes a negligible net 

contribution to the flow. The third assumption is that no energy is 

lost between sections upstream from the gate and at the submerged jet. 

Finally, momentum conservation is assumed to occur between sections at 

the jet and at the end of the jet expansion. 

Figure 3 illustrates the flow pattern for submerged flow con

ditions, with the flow depth immediately downstream from the gate less 

than at the full jet expansion. For low degrees of submergence the 

difference between the two depths is almost equal to that of a hy

draulic jump, whereas for large submergences, the difference is almost 

negligible. Utilizing the above assumptions, Toch (1953) developed an 

expression for submerged flow below a Tainter gate as follows: 

Q  =  C d x b x B x  i  2 g  x  y 0  

In which is defined as: 
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Figure 3. Discharge Characteristics of a 
Tainter Gate for Submerged Flow (after Toch, 1953) 
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y2 I (yo - y2) /yo (5) 
cd = — / 

b / 2 
V j + i - (y2 /y0) 

Where y2 is the depth of flow for full jet expansion and J is a 

head-loss parameter equal to head loss divided by downstream velocity 

head. Figure 4 shows some theoretical and experimental values for the 

parameter J. Toch (1953) obtained the theoretical values by solving 

the continuity equation, the energy equation between sections upstream 

of and at the contracted jet, and the momentum equation between 

sections at the contracted jet and at the fully expanded jet. His 

experimental data show very good agreement with the theoretical curves. 

However, there are additional losses which equations (1) and (5) do not 

take into account, and it is advisable to obtain the value of J from 

the experimental curves. Notice that for free flow y' is equal to Ccb 

and J equals zero; therefore, equation (5) yields the same expression 

as equation (2) for free flow. 

The expressions for submerged flow developed by Toch (1953) 

were related to Tainter gates, but the same procedure can be used for 

sluice gates. Henderson (1966) not only describes the procedure but 

also provides some experimental evidence that verifies the theory and 

shows there is, again, a small additional loss not taken into account. 

Although equations for submerged flow conditions are now 

available, there still remains the problem of measuring flow depths at 

the contracted and fully expanded jet sections in order to compute the 
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discharge. These flow depths are very difficult to measure accurately 

due to roughness and oscillation of the water surface. 

A Cube as a Measuring Device 

Figure 1 shows flow lines and equipotential lines (flow 

pattern) for discharge under a sluice gate. Assuming that both the 

flow pattern and contraction coefficient remain constant for constant 

jet velocity, regardless of tailwater submergence, a cube located in 

front of the gate could be used to measure the velocity at a point, and 

this velocity could be related to the discharge. The flow would exert 

a drag force on the cube that can be associated with the pressure 

difference between the front and the rear of the cube and can be 

measured in various ways. This pressure is possitive in front of the 

cube and negative downstream of the cube, as shown on Figure 5. The 

drag force is expressed as follows: 

F = CD x A x f x V2 (6) 

2 

In which: F = Drag force (lb) 

Cq = Drag coefficient 

A = Cross section area perpendicular to flow (sq ft) 

f = Fluid density (slug /cu ft) 

V = Flow velocity (fps) 

The drag coefficient is a function of the shape of an object 

and of the Reynolds number of the flow. For a disk, the value of the 

drag coefficient is almost constant for Reynolds numbers greater than 
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1000, which is turbulent flow. A cube can be assumed to behave simi

larly to a disk due to its flat surface perpendicular to the flow. 

Therefore, in order to use a cube as a measuring device with a constant 

drag coefficient, it should operate at Reynolds numbers higher than 

1000. Additionally, flow lines downstream from an object are disturbed 

behind the object over a distance 4 to 6 times the largest dimension of 

the object: this is the wake effect. A cube would disturb the flow for 

a distance of 4 to 6 times its side dimension. 

The pressure difference (F/A) measured at the cube is pro

portional to the square of the velocity in front of the cube, which in 

turn is proportional to the velocity at the contracted jet. Conse

quently, for a rectangular channel, discharge at the jet can be ex

pressed as the product of the velocity (as a function of the head 

difference on the cube), gate opening, channel width, and contraction 

coefficient. From equation (6), the expression for discharge yields: 

Q  =  K a x C c x b x B x  V  2 g  x A h  ( 7 )  

In which: Q = Discharge (cfs) 

Ka = Measured coefficient of proportionality 

Cc = Contraction coefficient 

b = Gate opening (ft) 

B = Channel width (ft) 

g = Acceleration of gravity (32.2 ft/s ) 

Ah = Piezometric difference measured at the cube (ft) 
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Furthermore, equating equation (7) to equations (1) and (2), a 

theoretical expression for Ka, termed Kt, is obtained as follows: 

Kt = 
y0 (8) 

Ah x (1 + Cc x b /y0) 

Equations (7) and (8) are equal except for the subscripts of 

the coefficients of proportionality. The subscript "a" stands for 

actual, or measured, and "t" stands for theoretical. The theoretical 

values will be used later to check measured experimental values. In 

sum, if the assumptions of constant flow pattern and contraction 

coefficient, regardless of the tailwater submergence, are correct, the 

values of Ka for free and submerged flow should be equal. 



CHAPTER 3 

EQUIPMENT SELECTION AND MEASURING PROCEDURE 

A brief description of the equipment, testing procedure, and 

testing difficulties is presented in this chapter. Most difficulties 

were related to the small dimensions of the testing flume and gates and 

to oscillations of the water surface upstream from the V-notch weir 

used to measure discharge. 

Preliminary Tests 

Before the testing program was initiated, a series of prelimi

nary tests was conducted to select adequate equipment and as the basis 

for designing new equipment for later use. A 6 inches wide by 12 

inches high recirculating flume with a maximum discharge of 0.2 cfs was 

available and, though small, proved adequate to demonstrate the 

concept. A small cube (0.375 inches on a side) was attached to a 

plastic plate, representing a sluice gate, at a point 2.25 inches (six 

times the side of the cube) above the gate lip, and two small piezo

meter holes were drilled in the plate, one above and one below the 

cube, Figure 6. . Plastic tubing was attached to the piezometer holes, 

and water surface elevations in the tubes were observed and recorded as 

the piezometric head at those locations. 

The head difference observed in the tubing increased as the 

flow depth upstream of the gate increased and decreased as the flow 

17 
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depth decreased. When the gate was submerged, the head difference 

increased as the difference in flow depth upstream and downstream from 

the gate increased. Head differences in the tubes were as small as 

0.0625 inch. No wake effect was observed at the gate lip, suggesting 

that the distance from the gate lip to the cube could be reduced to 1.5 

inches (4 times the cube dimension). With the cube located closer to 

the gate lip than 1.5 inches, a wake effect was noticed at the gate 

lip. 

Preliminary computations established that the Reynolds number 

at the cube was slightly above 1000 for head differences greater than 

0.0625 inch, and the flume was considered adequate for the desired 

accuracy of measurements. However, the water surface upstream of the 

gate was very rough, making it difficult to measure. 

A V-notch weir to measure discharge had been installed inside 

the bottom tank of the flume, but there was not enough distance 

upstream from the weir to measure the water surface in the preliminary 

tests, and the water surface oscillated continuously. Water levels in 

the piezometer tubes also oscillated, making measurement difficult. 

These problems had to be solved, and the equipment had to be calibrated 

prior to the testing program. 

Equipment Selection and Calibration 

The flume used for the preliminary tests was also used for all 

further experiments and several pieces of equipment were built: 1. The 

sluice gate, used in the preliminary tests (made of a 3/8 inch plexi

glass plate, 6 inches wide and 18 inches high), was fitted with a 
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waterstop of plastic tubing on each side. 2. Two rigid plastic tubes 

were attached to a base and a reading device consisting of a mirror 

with a thin wire in front was placed so that the two tubes were located 

between the wire and the mirror, Figure 7. Wire and mirror were at

tached to a point gage. The reading was taken by aligning the wire to 

the water surface and to the image of the wire on the mirror. 3. A 

Tainter gate was constructed of plexiglass with movable trunion to 

permit changes in gate opening with the same lip angle, Figure 8. 

A flow stabilizer consisting of small corrugated aluminum 

plates welded together to form a mesh, one foot long, 0.5 foot wide and 

2 inches thick, was located at the outlet of the inflow pipe to obtain 

a smooth water surface upstream from the gate. To reduce oscillation 

in the piezometer tubes, 0.25 inch tubes were coupled to the rigid 

plastic tubes with a 1 inch piece of 0.125 inch tubing. Also, a 

stilling well made of 3 inches plastic pipe, with a 3/8-inch hole at 

the bottom, was located inside the tank of the flume for measuring the 

head on the weir. All readings were taken to 0.001 foot with point 

gages calibrated periodically to a zero depth. Figures in Appendix A 

show details of the equipment and its operation. 

Henderson (1966) gives an expression for discharge over a 

triangular 90-degree V-notch weir as follows: 

Q = 2.5 x" h2'5 (9) 

In which Q is the discharge (cfs) and h is the head above the weir 

(ft). To verify the equation, several free flow measurements were 

taken, and equations (1) and (2) were applied to the data using 
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theoretical values of the sluice gate contraction coefficients for 

large gate openings (0.111 to 0.138 ft). Because the contraction 

coefficients for small gate small gate openings and small headwater 

depths are less than theoretical due to the effect of the boundary 

layer, as discussed later, equations (1) and (2) do not give very 

accurate results if the theoretical contraction coefficients are used. 

However, equation (9) was assumed to be correct and was not verified 

further because verification of the concept did not require a highly 

accurate absolute flow measurement; relative flow values are sufficient 

to compare free flow conditions to submerged flow conditions. 

Cube Dimensions and Installation 

A 3/8-inch cube was tested first on a vertical (sluice) gate 

and later on a Tainter (radial) gate. Pictures of the gates, cube, and 

the flume, are included in Appendix A. The cube was attached first to 

the sluice gate, and preliminary tests were made to determine a suita

ble position for the cube. It was found that the closer to the lip of 

the gate the cube was positioned, the higher the local velocity at the 

cube and the larger the head difference and, therefore, the more accu

rate the measurements. Consequently, the cube was moved from its origi

nal position (2 inches above the gate lip) to 1.5 inches above the lip. 

A very small wake effect was noticed intermittently, indicating that if 

the cube were moved any closer to the lip, the head dounstream of the 

cube might be affected. 

On the Tainter gate, the cube was installed 2 inches above the 

lip (measured along the upstream face of the gate), because of 
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obstructions on the downstream face of the gate to the piezometer 

tubes. Although the distance to the lip along the gate was larger than 

for the sluice gate, the height of the cube above the lip was smaller 

due to inclination of the Tainter gate. Also, velocities at the cube 

on the Tainter gate were larger for the same discharge and gate opening 

than with the sluice gate. In sum, the cube was located as close to 

the lip of the gate as possible, while avoiding any disturbance to the 

flow caused by the wake effect. 

The cube dimensions were selected to be sufficiently large so 

that the cube operated at Reynolds numbers greater than 1000 where the 

drag coefficient is constant (for Reynolds numbers less than 1000, the 

drag coefficient of the cube and the head difference are functions of 

the Reynolds number). To ensure that this restriction was met, the 

smallest head difference recorded on the cube, 0.005 foot, was used to 

compute the Reynolds number. From Figure 5 and equation (4), and 

assuming that the head difference on the cube is equal to 1.5 times the 

velocity head, the local velocity was about 0.46 fps and the Reynolds 

number was 1370, at a water temperature of 70 degrees Farenheit. 

TestinR Procedure 

The preliminary tests served to establish the procedure for 

taking measurements, as follows: 1. The gates were tested at several 

gate openings throughout the planned range of operation. 2. For each 

gate opening, a series of free flow measurements was taken beginning at 

the highest upstream depth which still caused free flow, going down to 

the smallest gate opening at which the cube still gave an adequate 
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reading, and then increasing the depth up to the largest upstream depth 

again. 3. For a selected gate opening an upstream depth was selected, 

free flow was measured, and then the gate was submerged to different 

downstream depths, while maintaining a constant upstream depth and 

constant gate opening. 4. Without changing the gate opening selected 

above, a discharge was selected, free flow was measured, and the gate 

was submerged to different downstream depths while keeping the same 

discharge. 

The same procedure was repeated for five gate openings with the 

sluice gate and for four with the Tainter gate. The range of gate 

openings was relatively small, from 0.042 to 0.138 foot for the sluice 

gate, and from 0.042 to 0.10 foot for the Tainter gate. Beyond these 

values, the flow was either too small to measure gate openings accu

rately or so large that a hydraulic jump developed, submerging the jet. 

Each measurement included five point gage readings: 1) downstream 

depth, 2) depth at the contracted jet, 3) head at the V-notch weir, 4) 

and 5) readings at the piezometers located above and below the cube. 

Most readings were accurate to 0.001 foot, but the water surface on the 

V-notch weir oscillated so much that, although an average was measured, 

the reading could be in error by as much as 0.01 foot. 

The Tainter gate was tested using the same procedure as for the 

sluice gate, but one gate opening was tested twice with different lip 

angles to study the effect of the angle. Computations were completed 

and the results evaluated before the gate opening was changed to make 

sure that the measurements were correct. 



CHAPTER 4 

TEST RESULTS 

Results of the experiments are presented in this Chapter in two 

sections: 1) Sluice Gate, 2) Tainter Gate. Each section includes com

puted contraction coefficients, Ka values for free flow, and ratios of 

Ka for submerged flow to free flow for constant discharge and constant 

headwater depth. Discussion of the results is presented in Chapter 5. 

Sluice Gate 

After the first test measurements were obtained, several pro

cedures were used to compute values of Ka, and Kt for free flow. These 

were later compared with each other and with submerged flow values. 

The first attempt was to use the theoretical contraction coefficients, 

given in Figure 2, in equations (7) and (8) to compute values of Ka and 

Kt. Differences between Ka and Kt computed in that manner were system

atic and as much as 10 percent. Since Ka should equal Kt for a given 

gate opening and discharge, the theoretical procedure was not a good 

way to estimate the actual contraction coefficient. 

To further explore the inadequacy of using theoretical coef

ficients in these experiments, equation (2) was substituted in equation 

(1) giving a quadratic equation which was solved for "computed" values 

of Cc, as follows: 
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cc = + (10) 
2 y0 2 

In which the terms are the same as for equations (1) and (2) 

and I is defined as follows: 

I = 

b B V (2g y0) 

Computed values of Cc were as low as 0.5, compared to the theo

retical value of about 0.6 due to boundary layer effect, as mentioned 

in Chapter 2, and discussed in the Chapter 5. It was concluded that Cc 

should be computed assuming the discharge measurements are correct, 

equations (1) and (2) are correct, and these equations can be solved 

for the actual contraction coefficient. 

It was also assumed that the computed contraction coefficient 

is a function of velocity at the contracted jet section, and thus a 

function of velocity measured at the cube. Further, it was assumed 

that for a specific velocity measured at the cube the contraction 

coefficients are the same for the submerged and free jet. The velocity 

at the cube can be obtained from the head difference GCtfi) measured at 

the cube. Figure 9 shows the computed values of Cc for free flow, for 

the sluice gate at five gate openings as a function of the ratio of 

cube head difference,Ah, to gate opening, b. 
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Computed values of Cc were used to obtain "theoretical" values 

of and, with measured discharges, also "actual" values of Ka. The 

differences between Kt and Ka obtained in this way were less than 0.1 

percent. Appendix B gives all measurements as well as the computations 

for each gate opening. Figure 10 shows values of Ka for each gate 

opening as a function of the ratio of (y0-b)/w, where y0 is the head

water depth, b is the gate opening and w is the vertical distance be

tween the gate lip and the top of the cube. 

The values of Ka were also computed for the submerged case, 

first for a constant discharge with increasing submergence and head

water depth; second, for constant headwater depth, increasing tail-

water. and decreasing discharge. The hypothesis was that the flow 

pattern, and therefore the jet geometry, remains the same for free and 

submerged flow. Hence, the values of Ka for free and submerged flow 

should also remain constant for the same ratio of (y0-b)/w. 

On Figures 11 and 12 the measured values of Ka for submerged 

flow have been divided by values of Ka for free flow from Figure 10, 

for the same (y0_b)/w ratio and b value, and plotted as a function of 

the ratio of the depth of submergence, y^, to gate opening. Figure 11 

shows values for runs with constant discharge and Figure 12 for runs 

with constant headwater depth. The ratio equals one with an error be

tween 0.1% and 10% in most cases, except at the larger gate openings, 

indicating that the hypothesis of constant flow pattern for free and 

submerged flow is valid. 

The large spread in data for 0.090 and 0.111 foot gate openings 

is due largely to the fact that those data are for the first runs 
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measured, and a large oscillation in the measuring well at the V-notch 

weir had not yet been noticed due to its long frequency. The values 

for constant discharge and 0.065 foot gate opening are constant at a 

value of 0.93 (rather than one) because the gate was removed and later 

reset but the exact opening (0.065 foot) was not obtained. 

Tainter (Radial) Gate 

The same assumptions and computation procedure used for the 

sluice gate were applied to the Tainter gate. Figure 13 shows computed 

contraction coefficients for the Tainter gate as a function of the 

ratio of head difference at the cube to gate opening for different gate 

openings and trunion heights (a) above the bottom of the flume. Values 

of Cc were computed as for the sluice gate and used to compute Kt and 

Ka which differed by less than 0.1 percent. Figure 14 shows values of 

Ka for free flow as a function of (y0-b)/w, where yD is the headwater 

depth, b is the gate opening, and w is the vertical distance between 

the gate lip and the top of the cube. 

Finally, the Tainter gate was submerged by raising the tail-

water, first maintaining a constant discharge, and second maintaining a 

constant headwater depth as for the sluice gate. Values of I(a were 

compared with those obtained for free flow for the same parameter 

(y0—b)/w. The ratio of submerged to free flow values of Ka is given in 

Figure 15 for constant discharge and in Figure 16 for constant head

water depth. The ratio for the Tainter gate also has a value of one 

with a scatter error between 0.1 and 10 percent, which again verifies 

the hypothesis of constant flow pattern for free and submerged flow. 



CHAPTER 5 

DISCUSSION OF RESULTS 

The boundary layer effect mentioned in previous chapters is 

described qualitatively and later used in this chapter to explain the 

differences between measured, computed, and theoretical contraction 

coefficients. The results presented in Chapter 4 are discussed, and 

recomendations are given on how to use the cube to measure flow in the 

field 

Contraction Coefficient 

Figures 17 and 18 show values for measured and computed con

traction coefficients as a function of ratio of gate opening to spe

cific energy (E) upstream from the gate for the sluice gate and Tainter 

gate, respectively. The data indicate that values of Cc for the 

Tainter gate are larger than for the sluice gate and also are larger as 

the angle of gate lip with the horizontal decreases. The measured 

contraction coefficients were taken as the ratio of jet depth, measured 

to the closest 0.001 foot at a distance of b/0.6 downstream from the 

gate lip, to gate opening. Theoretically the measured contraction 

coefficients should be equal to the computed contraction coefficients. 

However, for small gate openings, as noted in chapter 2 and Figure 2, 

the measured Cc is larger than the theoretical due to boundary layer 

effects. 
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Furthermore, the boundary layer not only "forces" the jet to 

rise but also presents an obstacle to the flow, with the net effect of 

increasing jet depths and "measured" contraction coefficients and 

reducing the effective, or "computed", contraction coefficient from 

equations (1) and (2). The range of Reynolds numbers at the contracted 

jet in the experiments is roughly 14,000 to 70,600, which from equation 

(3) with x distance equal to the gate opening, gives a displacement 

thickness of the boundary layer of 4.2 and 1.9 percent of gate opening 

for an m value of 5 and an N value of 0.5. While these boundary layer 

thickness- values are not accurate because velocity distribution in the 

jet was not measured, they indicate that the larger the Reynolds 

number, the smaller the effect of the boundary layer. 

Additionally, Figures 17 and 18 indicate that the larger the 

gate opening, the smaller the difference between measured, computed, 

and theoretical (Figure 2) contraction coefficients. Experimental 

results agree with data on Figure 2 and with boundary layer theory, 

(the larger the gate opening and Reynolds number, the smaller the 

boundary layer effect). In sum, results suggest that for a prototype 

gate, the Reynolds number will be high and the boundary layer rela

tively small so that the measured, computed, and theoretical con

traction coefficients will be equal and about 0.6 for the sluice gate 

and higher than 0.6 for the Tainter gate for angles between the gate 

lip and the horizontal less than 90 degrees. 
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Free Flow 

Data shown on Figure 10 indicate that Ka for the sluice gate is 

constant beyond ratios of headwater depth above gate lip to vertical 

distance to top of the cube, (y0-b)/w, of 5.5 to 6. Also, for smaller 

ratios, Ka increases for all gate openings in a family of similar 

curves approaching infinity as the ratio approaches 1.3 since the cube 

is located in a stagnation zone (approaching zero head difference on 

the cube), as indicated by the flow lines in Figure 1. Similarly, the 

curves on Figure 14 for the Tainter gate indicate that Ka is constant 

beyond (yo-b)/w=2.0 except for the 0.042 foot gate opening. Also, Ka 

decreases as the Tainter gate opening increases, and, for a given gate 

opening, Ka decreases as the angle of the lip with the horizontal 

decreases. Moreover, Ka increases as the ratio (y0-b)/w decreases and 

approaches infinity as the piezometric reading on the cube approaches 

zero; however, this point was not obtained in any of the experiments 

with the Tainter gate. 

For the same gate opening, Ka is always smaller for the Tainter 

gate than for the sluice gate. This can be explained by the fact that 

not only are the contraction coefficients larger, but also the distance 

between the cube and the bottom of the flume is less for the Tainter 

gate. With the cube located closer to the bottom, the velocity and the 

head difference around the cube are larger, as shown in the tables of 

Appendix B, and from equation (7); the larger Cc and Ah, the smaller 

Ka. Consequently, the cube on the Tainter gate not only gave larger 

head difference readings than on the sluice gate, but also had a 
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constant Ka over a wide operating range, making the error in the 

estimates of discharge smaller. 

Data on Figure 14 indicate the gate opening of 0.042 foot 

behaves differently from the other gate openings; Ka increases up to 

10 percent for values of (y0-b)/w above 2, instead of being constant. 

However, the contraction coefficient also behaves differently, as shown 

on Figure 13, suggesting the boundary layer is causing the discrepancy. 

This effect is not evident for the sluice gate, but could be present 

since a 10% increase cannot be noticed due to the shape of the curves, 

and to lack of data beyond (y0-b)/w=6. 

Submerged Flow 

Valued of Ka/Ka on Figures 11, 12, 15 and 16 were obtained by 

dividing the measured Ka for submerged flow by the corresponding value 

for free flow. Although, some points indicate errors as large as 20 

percent, most have values very close or less than 1 percent error. 

Additionally, none show a clear tendency toward other than a constant 

value despite the fact that in all cases (for a given gate opening) 

either the contraction coefficient or Ka has a value different from a 

constant. In the computations, several methods were used to compute Ka 

for submerged flow, such as using the theoretical (Figure 2) rather 

than computed contraction coefficient or using a contraction coef

ficient for the submerged case which varied with b/E rather than with 

the head difference on the cube. These other methods resulted in 

non-constant values for the ratio of Ka/Ka suggesting the constant 

value obtained with the analysis used is not a coincidence, but rather 
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an indication that free and submerged Ka values are the same for a 

given (y0-b)/w. 

The large deviation of data in Figures 11 to 16 is due primari

ly to error in measuring the discharge. Figure 19 shows the highly 

turbulent and irregular entrance conditions to the pipe on the test 

flume that conveyed the water back into the bottom supply tank. The 

V-notch weir used to measure flow was located at the middle of the 

bottom tank, and the water surface oscillated and air bubbles were 

escaping from the flow. Consequently, the reading on the measuring 

well was subject to low frequency, high amplitude fluctuations which 

could give an error in the measured head on the weir of as much as 0.04 

foot. 

The first two gate openings tested were 0.09 and 0.111 foot and 

are the ones with larger errors shown on Figures 11 and 12. Discharge 

readings for those gate openings were based on the average of several 

point gage readings over a period of time. Since this gave an unknown 

error, a different procedure was used for the rest of the experiments. 

For a given discharge, one point gage reading was taken corresponding 

to the level for which the water surface was higher 50% of the time and 

lower 50% of the time. Additionally, every experiment was completed 

for each gate opening before changing to the next. Once the gate was 

reset, it was almost impossible to reproduce the same opening and flow 

conditions because of the small gate openings involved, as is evident 

in data for the 0.065 foot gate opening shown in Figure 11. In that 

case, the gate was removed and later reinstalled, but a slight 
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Figure 19. Flow Entering the Pipe Inlet to the Bottom Tank 

The flow entering the pipe was turbulent and with entrained 
air which caused oscillation in the water surface inside the bottom 
tank (V-notch weir located inside). 



46 

difference in opening gave a constant value in Figure 11 of 0.93 

instead of 1.00. 

With larger equipment and volumetric discharge measurements, 

the errors probably could be reduced to 5 to 2 percent. Nevertheless, 

the assumptions utilized to compare free and submerged values of Ka: 

(1) Ka is a function of (y0-b)/w; and (2) Cc for submerged flow is a 

function of the piezometric reading at the cube, are reasonable and 

indicate that Ka is a constant for both free and submerged flow. 

Therefore, for practical purposes, it can be concluded that the values 

of Cc and Ka obtained for free flow can be used to compute flow under 

submerged conditions. 

Accuracy of Measurements 

The error involved in measuring discharge was discussed 

earlier, but other sources of error also must be considered. First, 

water surface elevations were measured with point gages to an accuracy 

of 0.001 foot. Second, water surface fluctuation in the headwater was 

reduced to about 0.01 foot by oscillation stabilizers; however, an 

average value was used in all cases. Third, piezometric readings on 

the cube fluctuated continuously; hence a 1-inch long pipe reduction 

(from 1/4 inch to 1/16 inch) was installed. Also, a larger 3/8-inch 

pipe was used on the measuring device and reduced oscillations to about 

0.002 foot. Fourth, the jet depth was very stable with fluctuations of 

0.001 foot or less. 

Overall, headwater depth measurements were in error by less 

than 2 percent and jet depths by less than 5 percent, but head 
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differences on the cube have an error of about 0.001 foot which can 

correspond to 20 percent error if the reading is small (0.005 foot) and 

to 2 percent for head differences of 0.05 foot. However, oscillations 

were larger for large head differences and almost negligible for small 

head differences. Consequently, the actual maximum error for small 

head differences could be 0.0005 foot, about 10 percent, and this error 

could also account partially for the smaller errors of less than 10 

percent, in the data in Figures 11, 12, 15, and 16. 

Measuring Flow in the Field 

Prototype gates have larger dimensions than those used in these 

laboratory experiments; flow rates are larger; and Reynolds numbers are 

larger. However, water surface oscillations are also larger, and 

measuring devices for water surface elevations at prototype structures 

are not as accurate as laboratory instruments. Additionally, prototype 

structures have complicated geometries quite different from the simpli

fied geometries used in the experiments. Hence, the coefficients ob

tained in the study cannot be applied directly to prototype gates with 

even the same geometry, primarily due to boundary layer growth which 

affected all tests. 

Nevertheless, the same principles and procedures applied in 

this research can be used in the field with very similar results. 

First, contraction coefficients for a specific gate must be obtained 

for free flow. Second, with contraction coefficients determined, 

values of Ka must be computed, and charts with data similar to Figures 

9 and 10 must be prepared. Third, the charts, readings of head 
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difference on the cube, headwater depth, and gate opening can be used 

to determine flow rates for submerged conditions. Some means must be 

available to measure discharge for free flow, such as current meters, 

to complete steps one and two. Otherwise, generalized model studies of 

gates with the particular geometry of the prototype gates should be 

made to obtain values of Cc and Ka. 

An alternative to Figure 10 is Figure 20 in which the values of 

Ka have been multiplied by (b/w) raised to the 0.6 power, giving one 

curve for the complete range of gate openings. Figure 20 has the ad

vantage that fewer measurements are required to cover the whole range 

of gate openings: only four or five are needed to establish the gener

alized curve. However, the procedure has the disadvantage that some 

accuracy is lost, and any error involved in reading from the chart 

would be increased by the 1.67 power once Ka is computed. If discharge 

computations are done on a computer, the curve of Figure 20 should be 

adequate and easier to handle than a family of curves such as those on 

Figure 10. 

Determining head difference on the cube with an instrument 

other than a simple piezometer should be studied further in order to 

automatically record the data. One alternative proposed by Laursen 

(1986) is pumping air through the piezometer tubes into the piezometer 

holes next to the cube at a constant rate using a positive displacement 

pump. Air pressure would be a function of water pressure on the cube, 

and would not only give a good estimate of the pressure difference but 

would also help prevent any object from clogging the piezometer holes. 



11 

10 

9 

8 

7 

6 

5 'I 

I 

4 

3 

2 

1 

0 1 

Figure 20. 

'I 

2 3 4 

r.ll · 

5 

I 
I I I 

6 7 

0.042 
0.065 
0.090 
0.111 
0.138 

I .. 

49 

--'W--

Ka (b/w)0 · 6 for Sluice Gate as a Function of (y0 -b)/w 



50 

However, a piezometer and scale can be used even in the field, making 

the device simple. 

Care must be taken in installing the cube so as to locate it on 

a smooth surface with no obstructions to the flow above, below, or to 

the sides, for a distance of at least 6 times the cube dimension. 

Although the cube does not have to be located at the exact center of 

the gate, it should be located close to the center. Additionally, the 

distance between the top of the cube and the gate lip should be equal 

to between 4.5 and 6 times the cube dimension. The closer the cube to 

the lip of the gate, the larger the head difference reading on the cube 

for a given discharge. 

It is advisable to verify again that computed Cc is constant 

for the same jet velocity and Ka is constant for the same headwater 

depth at a given gate opening for submerged flow for the first proto

type gates where the cube is used as well as to determine values of the 

parameters Cc and Ka. However, since the laboratory experiments in this 

study were essentially model studies of prototype gates, there is no 

reason to expect different behavior in a prototype for the same geome

try except for the boundary layer effect. Therefore, the cube can be 

used to determine discharge for prototype gates under submerged con

ditions with errors of 10, 5 or even 2 percent depending primarily on 

accuracy of the measured values of Cc and Ka, headwater depth, and gate 

opening. 



CHAPTER 6 

CONCLUSIONS 

Present accuracy in submerged flow measurements using gates de

pends on accurate determination of the contraction coefficients and on 

adequate measurement of submerged depth at both the contracted and ex

panded jet. While common practice in the field is to use contraction 

coefficients from theoretical and laboratory experimental charts, this 

research suggests that is not good practice if high accuracy is re

quired. Instead, the contraction coefficients should be computed using 

equations (1) and (2) directly together with current meters measure

ments, if other means are not available, or with a model using proto

type gate geometry and without boundary layer or Reynolds number 

effects. 

Additionally, in the field the submerged depth is usually ob

tained from one measurement taken downstream from the gate at an un

known position between the contracted jet and the expanded jet, re

sulting in error as large as 50 percent in some cases. Moreover, even 

if both submergence depths were obtained in the field, they would have 

to be taken at different distances from the gate depending on the 

depths themselves. Also, the measurement would still be in error by as 

much as 20 percent due to difficulties in measuring an oscillating sub

merged depth and estimating energy losses, as suggested by Toch's data 

(1953) in Figures 3 and 4. The cube provides a means to accurately 
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determine discharge under free and submerged conditions without re

quiring a submerged depth measurement. 

The cube as a measuring device has several limitations. First, 

when headwater and gate opening are almost the same, the cube no longer 

indicates any head difference. Second, when the gate opening is very 

small, boundary layer effects distort the cube's function. Third, if 

the water carries debris, debris could catch on the cube, changing its 

calibration or clogging the piezometer holes. The first and second 

limitations are not practical problems because it is rare to require 

flow measurement with gates under such operating conditions. The third 

limitation may or may not occur. This has not been tested yet; how

ever, the difficulty could be overcome by frequent maintenance or by 

using a half cylinder instead of a cube, as suggested by Laursen 

(1986). 

The Salt River Project (Phoenix, Arizona) has already installed 

and begun to test a 1-inch cube on several medium-sized prototype gates 

(two vertical and one radial). The cubes were installed following the 

recomendations presented herein. Results from these tests were not 

available on completion of the thesis but will soon provide new 

information about the cube as a sensing device. A visitor from the 

Vicksburg district of the Corps of Engineers has also expressed an 

interest in the concept. 

It is concluded that flow measurement using a cube attached 

near the lip of a control gate is not only feasible, and a simple and 

inexpensive means to measure discharge under both free and submerged 

conditions, but is also a device that can serve a real need. 



APPENDIX A 

DETAILS OF THE LABORATORY EXPERIMENTS 

Appendix A includes a series of photographs showing the 

equipment, gates, cube installation, and operation. Photographs also 

show details of the flow characteristics under free and submerged con

ditions, for the sluice gate and the Tainter gate. The head reading 

can be observed in some of the figures by a difference in water ele

vation in the piezometer tubes. 
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Figure 21. Laboratory Equipment 

From left to right: In the flume: wave suppressor, point gage 
for headwater elevation measurement, Tainter gate, point gage for 
contraction coefficient measurement, piezometric readings instrument 
(tubing and rigid tubes with wire and mirror device); Underneath 
the flume: tank with V-notch weir and point gage. 



Figure 22. Weir, Stilling Well 
and Point Gage inside the Bottom Tank 
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Figure 23. Downstream Gate for Tailwater 
Control and Entrance of Discharge Pipe to Bottom Tank 



Figure 24. Head Difference on the 
Cube as Indicated in the Piezometric Tubes 
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Figure 25. Wire and Mirror Device in Operation 
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Figure 26. Sluice Gate under Free Flow Conditions 



Figure 27. Sluice Gate under Submerged 
Flow Conditions (Slightly Submerged Flow) 

Figure 28. Sluice Gate under Submerged 
Flow Conditions (Deeply Submerged Flow) 
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Figure 29. Tainter Gate under Free Flow Conditions 

Figure 30. Tainter Gate under Submerged Flow Conditions 
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Figure 31. Cube Installed on Sluice Gate 
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Figure 32. Cube Installed on Tainter Gate 



APPENDIX B 

MEASUREMENTS AND COMPUTATIONS FROM THE EXPERIMENTS 

Tables 1 to 9 give a summary of the measurements and compu

tations for free and sumbmerged flow and for each gate opening. Tables 

1 through 5 are for the sluice gate and tables 6 through 9 for the 

Tainter gate. Column headings in the tables are defined as follows: 

G.l : Headwater point gage reading 

G.2 : Head on V-notch weir (point gage reading) 

G.3 : Contracted jet depth (point gage reading) 

G.4L : Point gage reading on cube's left piezometric pipe 
(figures 24 and 25) 

G.4R : Point gage reading on cube's right piezometric pipe 
(figure 24 and 25) 

Gl, G2, G3 : Zero point gage reading for gages 1, 2, and 3 

b : Gate opening (feet) 

w : Vertical distance between top of cube and gate lip 
(feet) 

y0 : Headwater depth (feet) 

h : Head on V-notch weir (feet) 

: Downstream depth at contracted jet (feet) 

£h : Head difference on the cube (feet) 

Cc : Computed contraction coefficient (equation (10)) 

Qm : Measured discharge (equation (9), cfs) 

Kt : Theoretical proportionality coefficient (equation (8)) 
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Ka : Actual proportionality coefficient (equation (7)) 

Ccm '• Measured contraction coefficient 

E : Upstream specific energy (feet) 

y^ : Downstream depth at fully expanded jet (feet) 



Table 1. Sluice Gate Measurements (b = 0.042) 

FREE FLOW 

b= .042 w= ,125 Gl = 2.285 G2= .641 G3= 1.483 

G.l G.2 1 G.3 G, ,4L G, ,4R y0 h VI Ah cc Qm K t Ka (y Q-b)/w ^cm b/E 

3 .285 .907 1 .514 2. .864 2. .888 1.000 .266 .031 .024 .548 .091 6.382 6.377 7.664 .738 .042 
3, .073 .893 1 .514 2, .661 2, .682 .788 .252 .031 .021 .540 .080 6.039 6.043 5.968 .738 .053 
2 .926 .885 1 .514 2, .520 •?„ .536 .641 .244 .031 .016 .555 .074 6.217 6.214 4.792 .738 .065 
2, .833 .875 1 .514 2, .432 2 ,  .445 .548 .234 .031 .013 .542 .066 6.362 6.358 4.048 .738 .077 
2, .736 .865 1 .514 2. .328 2, .337 .451 .224 .031 .009 .538 .059 6.908 6.902 3.272 .738 .093 
2, .660 .859 1 .514 2, ,265 2. .271 .375 .218 .031 .006 .554 .055 7.671 7.671 2.664 .738 .112 
2 .558 .845 1 .514 2, .165 2, .169 .273 .204 .031 .004 .556 .047 7.929 7.929 1.848 .738 .153 
2 .525 .837 1 .514 2, .128 2, .130 .240 .196 .031 .002 .539 .043 10.472 10.467 1.584 .738 .174 
2 .492 .829 1 .514 2, .102 .207 .188 .031 .526 .038 1.320 .738 .201 
2 .690 .863 1 .514 2, .290 2, .297 .405 .222 .031 .007 .557 .058 7.396 7.392 2.904 .738 .103 
2, .522 .837 1 .514 2, .131 2, ,133 .237 .196 .031 .002 .543 .043 10.397 10.390 1.560 .738 .176 
2 .615 .853 1 .514 2, .212 2 .218 .330 .212 .031 .006 .553 .052 7.168 7.167 2.304 .738 .127 
2 .693 .862 1 .514 2 ,  .295 2, .303 .408 .221 .031 .008 .548 .057 6.948 6.949 2.928 .738 .103 
2 .815 .872 1 .514 2.401 2, .413 .530 .231 .031 .012 .534 .064 6.509 6.504 3.904 .738 .079 
2 .918 .883 1 .514 2. .508 2, .524 .633 .242 .031 .016 .547 .072 6.179 6.177 4.728 .738 .066 
3, .002 .887 1 .514 2. ,580 2, .602 .717 .246 .031 .022 .534 .075 5.622 5.622 5.400 .738 .059 

SUBMERGED FLOW 

G.l G.2 G.3 G, .41, G. ,4R yo h 
V1 

Ah Cc Kt 1 '•a (y 0-b)/w y /b b/E y/b 

2.678 .862 1.514 2 .277 2. ,284 .393 .221 .031 .007 .550 .057 7 .282 7, .402 2.808 .738 .107 .738 
2.754 .862 1.578 2 ,  .345 2. ,353 .469 .221 .095 .008 .550 .057 7 .475 6, .924 3.416 2.262 .089 4.663 
2.887 .862 1.665 2 ,  .479 2. ,489 .602 .221 .182 .010 .548 .057 7 .615 6, .216 4.480 4.333 .070 6.496 
2.930 .862 1.687 2 ,  .523 2. .534 .645 .221 .204 .011 .547 .057 7 .525 5, ,937 4.824 4.857 .065 6.960 
3.083 .862 1.691 2  .668 2, ,682 .798 .221 .208 .014 .545 .057 7 .444 5, .282 6.048 4.952 .053 7.044 

2.973 .887 1.514 2 ,  .562 2. ,580 .688 .246 .031 .018 .545 .075 6 .082 6, .090 5.168 .738 .061 .738 
2.973 .870 1.663 2 ,  .562 2. ,576 .688 .229 .180 .014 .545 .063 6 .896 5, .773 5.168 4.286 .061 6.448 
2.973 .863 1.747 2, .562 2. ,573 .688 .222 .264 .011 .547 .058 7 .780 6, ,004 5.168 6.286 .061 7.639 
2.973 .860 1.815 2, .569 2. ,579 .688 .219 .332 .010 .548 .056 8 .159 6, .076 5.168 7.905 .061 8.829 
2.973 .841 1.925 2 ,  .570 2. ,578 .688 .200 .442 .008 .550 .045 9 .122 5, .394 5.168 10.524 .061 10.813 



Table 2. Sluice Gate Measurements (b = 0.065) 

FREE FLOW 

b= .065 w- .125 Gl= 2.285 G2= .641 G3= 1.490 

G.l G.2 i G.3 G, ,4L G. ,4R y0 h 
yl 

Ah Cc Qm Kt Ka (y Q-b)/w Ccm b/E 

3, ,285 .943 1 .531 2, .842 2. ,884 1.000 .302 .041 .042 .488 .125 4.804 4 .804 7.480 .631 .065 

3, .110 .933 1 .531 2, .670 2. ,704 .825 .292 .041 .034 .496 .115 4.832 4 .829 6.080 .631 .079 
2, .977 .927 1 .531 2, .558 2. ,586 .692 .286 .041 .028 .516 .109 4.855 4 .856 5.016 .631 .094 

2, .834 .917 1 .530 2, .424 2. ,444 .549 , .276 .040 .020 .534 .100 5.081 5 .080 3.872 .615 .118 
2. .753 .904 1 .530 2. .338 2. ,356 .468 .263 .040 .018 .514 .089 4.926 4 .931 3.224 .615 .138 
2. .636 .897 1 .529 2. .241 2. ,252 .351 .256 .039 .011 .564 .083 5.375 5 .373 2.288 .600 .183 

2, .554 .880 1 .530 2, .165 2, ,169 .269 .239 .040 .004 .549 .070 7.705 7 .709 1.632 .615 .238 
2, .511 .870 1 .530 2, .124 .226 .229 .040 .544 .063 1.288 .615 .282 
2, ,584 .885 1 .530 2, .192 2. ,198 .299 .244 .040 .006 .545 .074 6.675 6 .677 1.872 .615 .215 

2, .706 .900 1 .530 2, .301 2. ,318 .421 .259 .040 .017 .524 .085 4.787 4 .790 2.848 .615 .153 
2, .806 .912 1 .530 2, .398 2. ,417 .521 .271 .040 .019 .524 .096 5.073 5 .074 3.648 .615 .124 

2, .913 .920 1 .530 2, .498 2, .525 .628 .279 .040 .027 .510 .103 4.700 4 .703 4.504 .615 .103 
3 .044 .929 1 .530 2, .615 2, .649 .759 .288 .040 .034 .500 .111 4.627 4 .628 5.552 .615 .085 

SUBMERGED FLOW 

G.l G.2 G.3 G .4L G, ,4R y0 h 
yl 

Ah cc Qm K3 (y Q-b)/w Yj/b b/E Y2/b 

2.975 .930 1 .535 2 .545 2, .577 .690 .289 .045 .032 .505 .112 4.537 4.764 5.000 .692 .094 .69 
2.975 .920 1 .601 2 .553 2, .581 .690 .279 .111 .028 .511 .103 4.849 4.609 5.000 1.708 .094 3.83 
2.975 .917 1 .701 2 .555 2, .579 .690 .276 .211 .024 .518 .100 5.236 4.780 5.000 3.246 .094 4.94 
2.975 .900 1 .791 2 .562 2, .579 .690. .259 .301 .017 .530 .085 6.218 4.735 5.000 4.631 .094 5.58 
2.975 .895 1 .870 2 .563 2, .578 .690 .254 .380 .015 .534 .081 6.618 4.766 5.000 5.846 .094 6.47 
2.975 .880 1 .946 2 .573 2, .582 .690 .239 .456 .009 .541 .070 8.541 5.215 5.000 7.015 .094 7.37 
2.975 .853 2 .045 2 .575 2. .581 .690 .212 .555 .006 .545 .052 10.459 4.699 5.000 8.538 .094 8.65 
2.975 .824 2 .120 2 .575 2, .578 .690 .183 .630 .003 .545 .036 14.791 4.600 5.000 9.692 .094 9.69 

2.772 .898 1 .534 2 .356 2. .375 .487 .257 .044 .019 .527 .084 4.894 4.418 3.376 .677 .133 .68 
2.867 .898 1 .633 2 .453 2, .472 .582 .257 .143 .019 .527 .084 5.379 4.418 4.136 2.200 .111 4.17 
2.911 .898 1 .686 2 .493 2, .512 .626 .257 .196 .019 .527 .084 5.589 4.418 4.488 3.015 .104 4.55 
2.945 .898 1 .742 2 .528 2, .547 .660 .257 .252 .019 .527 .084 5.747 4.418 4.760 3.877 .098 5.19 
3.015 .898 1 .816 2 .594 2, .613 .730 .257 .326 .019 .527 .084 6.058 4.418 5.320 5.015 .089 6.08 
3.196 .898 2 .035 2 .766 2, .784 .911 .257 .545 .018 .528 .084 6.984 4.531 6.768 8.385 .071 8.53 



Table 3. Sluice Gate Measurements (b = 0.090) 

FREE FLOW 

b= .090 w= .125 Gl = 2.285 G2= .641 G3= 1.490 

G.l G.2 G.3 G.4L G ,4R Yo h >1 Ah Cc Qm Kt Ka (yo~b)/w Cera b/E 

2.955 .967 1 .547 2.525 2 .570 .670 .326 .057 .045 .531 .152 3.728 3.729 4.640 .633 .134 
2.863 .955 1 .547 2.440 2, .475 .578 .314 .057 .035 .523 .138 3.908 3.909 3.904 .633 .155 
2.767 .942 1 .546 2.358 2 .380 .482 .301 .056 .022 .519 .124 4.469 4.470 3.136 .622 .185 
2.675 .930 1 .545 2.279 2 .294 .390 .289 .055 .015 .527 .112 4.815 4.816 2.400 .611 .228 
2.602 .914 1 .545 2.210 2 .217 .317 .273 .055 .007 .512 .097 6.288 6.293 1.816 .611 .279 
2.654 .924 1 .545 2.255 2 .272 .369 .283 .055 .017 .515 .107 4.391 4.393 2.232 .611 .241 
2.728 .939 1 .545 2.317 2 .337 .443 .298 .055 .020 .531 .121 4.471 4.469 2.824 .611 .201 
2.817 .948 1 .545 2.396 2 .425 .532 .307 .055 .029 .517 .131 4.107 4.106 3.536 .611 .168 
2.910 .964 1 .544 2.487 2 .533 .625 .323 .054 .046 .539 .148 3.551 3.551 4.280 .600 .143 
2.982 .974 1 .544 2.544 2 .597 .697 .333 .054 .053 .549 .160 3.504 3.505 4.856 .600 .129 

SUBMERGED FOW 

G.l G.2 1 3.3 G ,4L G, ,4R y0 h 
*1 Ah Cc Qm Kt Ka (y Q-b)/w y 

l/b 
b/E y 2/b 

2.900 .853 2 .014 2 .502 2, .506 .615 .212 .524 .004 .512 .052 11.960 4.424 4.200 5 .822 .146 5.822 
2.900 .890 1 .950 2 .498 2 .506 .615 .249 .460 .008 .515 .077 8.455 4.650 4.200 5 .111 .146 5.324 
2.900 .916 1 .869 2 .492 2, .508 .615 .275 .379 .016 .520 .099 5.977 4.174 4.200 4 .211 .146 4.769 
2.900 .923 1 .790 2, .484 2. .507 .615 .282 .300 .023 .522 .106 4.984 3.693 4.200 3 .333 .146 4.306 
2.900 .930 1 .751 2 .483 2 ,  .511 .615 .289 .261 .028 .525 .112 4.516 3.538 4.200 2 .900 .146 3.843 
2.900 .945 1 .625 2 .479 2 ,  .517 .615 .304 .135 .038 .530 .127 3.875 3.414 4.200 1 .500 .146 3.380 
2.900 .957 1 .547 2 .475 2  .516 .615 .316 .057 .041 .531 .140 3.731 3.614 4.200 .633 .146 .633 

2.704 .905 1 .638 2 .298 2 ,  .311 .419 .264 .148 .013 .517 .090 5.386 4.206 2.632 1 .644 .213 2.824 
2.790 .905 1 .738 2 .378 2  .393 .505 .264 .248 .015 .519 .090 5.551 3.900 3.320 2 .756 .178 3.102 
2.868 .905 1 .836 2 .456 2 ,  .472 .583 .264 .346 .016 .520 .090 5.808 3.769 3.944 3 .844 .154 4.213 
2.951 .905 1 .869 2 .543 2  .569 .666 .264 .379 .026 .524 .090 4.891 2.934 4.608 4 .211 .135 4.676 
2.970 .905 1 .893 2 .554 2  .573 .685 .264 .403 .019 .520 .090 5.809 3.459 4.760 4 .478 .131 4.954 



Table 4. Sluice Gate Measurements (b = 0.111) 

FREE FLOW 

b= .111 w= .125 Gl = 2.285 G2= .641 G3= 1.534 

G.l G.2 G.3 G ,4L G, .4R Yo h 
*1 A h  Cc Qra Kt Ka (y o-b)/w Ccm b/E 

2.632 .945 1.606 2, .236 2, .247 .347 .304 .072 .011 .525 .127 5.197 5.194 1.888 .649 .312 
2.700 .964 1.604 2 .295 2, .314 .415 .323 .070 .019 .554 .148 4.362 4.358 2.432 .631 .262 
2.802 .980 1.603 2 .382 2, .417 .517 .339 .069 .035 .552 .167 3.634 3.637 3.248 .622 .212 
2.905 1.011 1.602 2 .474 2, .521 .620 .370 .068 .047 .626 .208 3.444 3.444 4.072 .613 .177 
2.820 .989 1.603 2 .403 2, .440 .535 .348 .069 .037 .580 .179 3.593 3.594 3.392 .622 .205 
2.717 .968 1.603 2 .309 2, .329 .432 .327 .069 .020 .558 .153 4.346 4.349 2.568 .622 .252 
2.614 .941 1.602 2 .219 2 ,  .226 .329 .300 .068 .007 .523 .123 6.321 6.323 1.744 .613 .329 
2.660 .950 1.603 2 .263 2 .  .275 .375 .309 .069 .012 .523 .133 5.202 5.200 2.112 .622 .290 

SUBMERGED FLOW • 

G.l G.2 G.3 G .4L G ,  .4R y-o h Ah Cc Qra Kt Ka (yo-b)/w y(/b b/E 

2.860 1.005 1.601 2 .441 2 .478 .575 .364 .067 .037 .580 .200 3.738 4.022 3.712 .604 .191 
2.860 .967 1.860 2 .447 2, .467 .575 .326 .326 .020 .550 .152 5.098 4.379 3.712 2.937 .192 
2.860 .937 1.910 2 .448 2, .466 .575 .296 .376 .018 .545 .119 5.376 3.659 3.712 3.387 .192 
2.860 .916 1.946 2 .450 2. .464 .575 .275 .412 .014 .537 .099 6.100 3.503 3.712 3.712 .192 
2.860 1.005 1.601 2 .443 2, .481 .575 .364 .067 .038 .582 .200 3.688 3.955 3.712 .604 .191 

2.800 .982 1.596 2 .379 2. .414 .515 .341 .062 .035 .577 .170 3.618 3.531 3.232 .559 .213 
2.800 .957 1.832 2, .390 2, .419 .515 .316 .298 .029 .565 .140 3.979 3.275 3.232 2.685 .214 
2.800 .937 1.861 2 .395 2, .413 .515 .296 .327 .018 .545 .119 5.060 3.659 3.232 2.946 .214 
2.800 .914 1.924 2 .400 2, ,414 .515 .273 .390 .014 .537 .097 5.742 3.440 3.232 3.514 .215 
2.800 .885 1.975 2 .403 2, .412 .515 .244 .441 .009 .528 .074 7.168 3.296 3.232 3.973 .215 

vo 



Table 5. Sluice Gate Measurements (b = 0.138) 

FREE FLOW 

b= .138 w= .125 Gl= 2.285 G2= .641 G3= 1.534 

G. 1 G.2 G.3 G, .4L G. ,4R Yo h 
'1 

Ah Cc Qra Ka (y Q-b)/w ^cm b/E 

2.588 .960 1.623 2, .205 .303 .319 .089 .525 .144 1.320 .645 .435 
2.622 .982 1.623 2 ,  .235 2, .241 .337 .341 .089 .006 .588 .170 6.728 6.731 1.592 .645 .391 
2.653 .988 1.621 2  .259 2, .273 .368 .347 .087 .014 .583 .177 4.644 4.642 1.840 .630 .361 
2.677 1.004 1.621 2  .283 2 .  .300 .392 .363 .087 .017 .633 .198 4.342 4.343 2.032 .630 .338 
2.724 1.012 1.621 2 .321 2 ,  .344 .439 .371 .087 .023 .625 .210 3.994 3.993 2.408 .630 .305 
2.724 1.011 1.620 2 .326 2, .349 .439 .370 .086 .023 .620 .208 3.997 3.998 2.408 .623 .305 
2.677 1.002 1.620 2 .287 2 .303 .392 .361 .086 .016 .624 .196 4.482 4.479 2.032 .623 .339 
2.653 .992 1.620 2 .267 2, .280 .368 .351 .086 .013 .601 .182 4.806 4.809 1.840 .623 .360 
2.622 .982 1.620 2 .244 2, .250 .337 .341 .086 .006 .588 .170 6.728 6.731 1.592 .623 .391 
2.588 .965 1.620 2 .208 .303 .324 .086 .548 .149 1.320 .623 .434 

SUBMERGED FLOW 

G.l G.2 G.3 G .4L G ,4R Yo h n  Ah Cc Qm Kt Ka (yo-b)/w yj/b b/E 

2.690 1.005 1.621 2 .292 2 .310 .405 .364 .087 .018 .625 .200 4.307 4.304 2.136 .630 .328 
2.798 1.005 1.866 2 .391 2 .422 .513 .364 .332 .031 .625 .200 3.764 3.280 3.000 2.406 .264 
2.913 1.005 1.934 2 .491 2 .545 .628 .364 .400 .054 .575 .200 3.213 2.701 3.920 2.899 .218 
2.995 1.005 1.992 2 .577 2 .644 .710 .364 .458 .067 .510 .200 3.105 2.734 4.576 3.319 .193 

o 



Table 6. Tainter Gate Measurements (b = 0.042, a = 1.083) 

FREE FLOW 

b= .042 w= .101 Gl= .988 G2= .641 G3= 2.493 a = 1.083 

G. 1 G.2 G.3 G .4L G .4R yG h 
yl 

Ah Cc Qm Kt KB (V o ' b)/w *-xm b/E 

1.988 .923 2 .524 2 .913 2 .839 1.000 .282 .031 .074 .635 .106 3.628 3.627 9 .485 .738 .042 
1.800 .914 2 .524 2 .740 2, .673 .812 .273 .031 .067 .652 .097 3.424 3.423 7 .624 .738 .052 
1.698 .902 2, .524 2 .635 2 .577 .710 .261 .031 .058 .624 .087 3.436 3.435 6 .614 .738 .059 
1.604 .898 2 ,  .525 2, .538 2, .494 .616 .257 .032 .044 .647 ' .084 3.662 3.660 5.683 .762 .068 
1.547 .895 2 .525 2 .497 2 .446 .559 .254 .032 .051 .661 .081 3.231 3.231 5 .119 .762 .075 
1.448 .883 2 .525 2 .397 2 .358 .460 .242 .032 .039 .649 .072 3.337 3.335 4 .139 .762 .091 
1.356 .870 2 .525 2 .308 2, .277 .368 .229 .032 .031 .636 .063 3.327 3.325 3 .228 .762 .114 
1.250 .853 2 .525 2 .202 2 ,  .180 .262 .212 .032 .022 .629 .052 3.289 3.290 2 .178 .762 .159 
1.162 .833 2 .525 2, .116 2 ,  .100 .174 .192 .032 .016 .616 .040 3.077 3.075 1 .307 .762 .237 
1.207 .845 2, .526 2 ,  .148 2 ,  .130 .219 .204 .033 .018 .631 .047 3.294 3.294 1 .752 .786 .189 
1.310 .867 2 ,  .526 2 .  .247 2 ,  .222 .322 .226 .033 .025 .662 .061 3.443 3.441 2 .772 .786 .130 
1.413 .876 2 ,  .526 2 ,  .356 2 ,  .321 .425 .235 .033 .035 .628 .067 3.381 3.380 3 .792 .786 .098 
1.514 .890 2 ,  .525 2 ,  .457 2. .416 .526 .249 .032 .041 .649 .077 3.492 3.493 4, .792 .762 .080 
1.591 .897 2 ,  .525 2, .533 2. .486 .603 .256 .032 .047 .648 .083 3.504 3.501 5, .554 .762 .070 
1.664 .901 2 .525 2 .600 2 .551 .676 .260 .032 .049 .634 .086 3.643 3.644 6 .277 .762 .062 
1.783 .908 2, .525 2 .713 2, .653 .795 .267 .032 .060 .623 .092 3.582 3.581 7, .455 .762 .053 
1.343 .914 2 ,  .524 2, .774 2, .710 .855 .273 .031 .064 .634 .097 3.599 3.602 8 .050 .738 .049 

SUBMERGED FLOW 

G.l G.2 G.3 G, .4L G, ,4R y 0  h 
*1 

Ah Cc Qm Kt Ka (y0-b)/w yj/b b/E ] (2/b 

1.586 .890 2, .525 2, .520 2, .476 .598 .249 .032 .044 .650 .077 3.605 3.366 5, .505 .762 .070 .762 
1.586 .880 2. .623 2, ,528 2. .494 .598 .239 .130 .034 .646 .070 4.102 3.478 5, .505 3.095 .070 6, .250 
1.586 .874 2, .725 2, .525 2, .497 .598 .233 .232 .028 .642 .066 4.521 3.619 5, .505 5.524 .070 7, .440 
1.586 .855 2, .839 2. ,526 2, .506 .598 .214 .346 .020 .631 .053 5.351 3.522 5. .505 8.238 .070 8, .829 
1.586 .853 2, .881 2. .524 2, .507 .598 .212 .388 .017 .625 .052 5.805 3.767 5, .505 9.238 .070 9. .821 
1.586 .839 2. .939 2, .526 2, .514 .598 .198 .446 .012 .623 .044 6.910 3.792 5. ,505 10.619 .070 11. .012 
1.586 .823 3. .006 2. .528 2, .520 .598 .182 .513 .008 .610 .035 8.466 3.842 5, ,505 12.214 .070 12, .214 

1.466 .885 2, .526 2, .405 2. ,368 .478 .244 .033 .037 .648 .074 3.496 3.500 4, ,317 .786 .088 .786 
1.530 .885 2, .580 2, ,474 2. ,437 .542 .244 .087 .037 .648 .074 3.735 3.500 4, ,950 2.071 .077 5. ,655 
1.682 .885 2, .682 2, .616 2, ,578 .694 .244 .189 .038 .649 .074 4.192 3.448 6. ,455 4.500 .060 7. ,440 
1.771 .885 2. .781 2. ,712 2. ,674 .783 .244 .288 .038 .649 .074 4.462 3.448 7. ,337 6.857 .054 8. ,829 
1.862 .885 2, .872 2. .792 2. ,754 .874 .244 .379 .038 .649 .074 4.723 3.448 8, .238 9.024 .048 10. .218 
1.912 .885 2, ,939 2. ,852 2. ,814 .924 .244 .446 .038 .649 .074 4.860 3.448 8, .733 10.619 .045 11.806 
1.966 .885 2. .981 2. ,896 2. ,859 .978 .244 .488 .037 .648 .074 5.071 3.500 9. .267 11.619 .043 12. ,599 



Table 7. Tainter Gate Measurements (b = 0.088, a = 1.083) 

FREE FLOW 

b= .088 w= .109 Gl= .988 G2= .641 G3= 2.493 a = 1.083 

1 G.l G.2 G.3 G .4L G .4R Vo h 
yl 

Ah Cc Qra Kt Ka ( y  Q-b)/w ''era b/E 

1 .643 1.006 2.560 2 .584 2, .487 .655 .365 .067 .097 .738 ' .201 2.479 2.479 5.202 .761 .133 
1 .555 .981 2.560 2, .496 2, .415 .567 .340 .067 .081 .666 .169 2.519 2.518 4.394 .761 .154 
1 .473 .977 2.560 2 .419 2 .350 .485 .336 .067 .069 .707 .164 2.496 2.495 3.642 .761 .179 
1  .380 .950 2.561 2 .328 2, .275 .392 • .309 .068 .053 .642 .133 2.543 2.543 2.789 .773 .220 
1  .340 .936 2.561 2 .291 2 .241 .352 .295 .068 .050 .605 .118 2.473 2.474 2.422 .773 .245 
1 .266 .920 2.561 2 .223 2, .187 .278 .279 .068 .036 .602 .103 2.547 2.549 1.743 .773 .307 
1 .196 .905 2.561 2 .157 2 .136 .208 .264 .068 .021 .625 .090 2.799 2.799 1.101 .773 .401 
1 .233 .914 2.561 2 .182 2 .153 .245 .273 .068 .029 .616 .097 2.630 2.628 1.440 .773 .345 
1 .300 .926 2.560 2 .250 2 .207 .312 .285 .067 .043 .594 .108 2.493 2.493 2.055 .761 .275 
1 .425 .960 2.560 2 .370 2 .309 .437 .319 .067 .061 .655 .144 2.516 2.515 3.202 .761 .198 
1 .510 .982 2.560 2 .452 2 .376 .522 .341 .067 .076 .704 .170 2.478 2.477 3.982 .761 .166 
1 .589 .992 2.560 2 .530 2 .438 .601 .351 .067 .092 .700 .182 2.434 2.434 4.706 .761 .145 

SUBMERGED FLOW 

i  G . l  G.2 G.3 G ,4L G, .4R y 0  h  
y l  

A h  C c  Q m  K t  K a  ( y  o- b ) / w  y  j / b  b / E  y 2 / b  

1 .522 .985 2.560 2 .462 2 .388 .534 .344 .067 .074 .675 .174 2.548 2.676 4.092 .761 .163 .761 
1 .522 .945 2.668 2 .466 2 .410 .534 .304 .175 .056 .630 .127 2.939 2.420 4.092 1.989 .164 3.741 
1 .522 .932 2.735 2 .470 2 .424 .534 .291 .242 .046 .607 .114 3.249 2.484 4.092 2.750 .164 4.025 
1  .522 .922 2.793 2 .470 2 .433 .534 .281 .300 .037 .600 .105 3.624 2.568 4.092 3.409 .164 4.309 
1 .522 .900 2.889 2 .467 2 .441 .534 .259 .396 .026 .610 .085 4.320 2.457 4.092 4.500 .164 4.877 
1  .522 .874 2.935 2 .464 2, .447 .534 .233 .442 .017 .630 .066 5.335 2.259 4.092 5.023 .165 5.256 

1  .361 .941 2.560 2 .314 2, .262 .373 .300 .067 .052 .620 .123 2.502 2.469 2.615 .761 .232 .761 
1  .435 .941 2.638 2 .378 2, .324 .447 .300 .145 .054 .625 .123 2.715 2.403 3.294 1.648 .195 3.267 
1  .514 .941 2.675 2 .452 2 .398 .526 .300 .182 .054 .625 .123 2.970 2.403 4.018 2.068 .166 3.646 
1  .608 .941 2.760 2 .553 2, .498 .620 .300 .267 .055 .627 .123 3.217 2.374 4.881 3.034 .141 4.403 
1  .676 .941 2.864 2 .616 2, .559 .688 .300 .371 .057 .633 .123 3.342 2.309 5.505 4.216 .128 5.161 
1  .738 .941 2.914 2 .673 2. .615 .750 .300 .421 .058 .635 .123 3.469 2,282 6.073 4.784 .117 5.634 



Table 8. Tainter Gate Measurements (b = 0.088, a = 1.129) 

FREE FLOW 

b= .088 w= .101 Gl= .988 G2= .641 G3= 2.493 a:= 1.129 

G.l G.2 G.3 G ,4L G • 4R Vo h 
*1 

Ah • Cc Qm Kt Ka (y o~b)/w ^cm b/E 

1.575 .997 2.559 2 .519 2 .422 .587 .356 .066 .097 .736 .189 2.335 2.336 4.941 .750 .148 
1.493 .981 2.559 2 .436 2 .358 .505 .340 .066 .078 .712 .169 2.400 2.400 4.129 .750 .172 
1.392 .956 2.560 2 .341 2 .277 .404 .315 .067 .064 .664 .139 2.348 2.347 3.129 .761 .214 
1.311 .933 2.561 2 .267 2 .215 .323 .292 .068 .052 .621 .115 2.305 2.304 2.327 .773 .266 
1.232 .914 2.561 2 .190 2 .158 .244 .273 .068 .032 .617 .097 2.497 2.498 1.545 .773 .347 
1.195 .907 2.560 2 .160 2 .132 .207 .266 .067 .028 .641 .091 2.410 2.409 1.178 .761 .402 
1.280 .925 2.561 2 .230 2 .184 .292 .284 .068 .046 .613 .107 2.315 2.315 2.020 .773 .293 
1.348 .938 2.561 2 .297 2 .238 .360 .297 .068 .059 .608 .120 2.305 2.305 2.693 .773 .240 
1.441 .967 2.560 2 .386 2 .313 .453 .326 .067 .073 .679 .152 2.341 2.342 3.614 • .761 .191 
1.546 .985 2.560 2 .491 2 .399 .558 .344 .067 .092 .693 .174 2.338 2.338 4.653 .761 .156 

SUBMERGED FLOW 

G.l G.2 G.3 G • 4L G.4R Yo h »1 Ah Cc Qm Kt Ka (y, o-b)/w y'j/b b/E y2/b 

1.560 .989 2.560 2 .503 2.406 .572 .348 .067 .097 .733 .179 2.302 2.216 4.792 .761 .152 .761 
1.560 .970 2.632 2 .500 2.424 .572 .329 .139 .076 .680 .155 2.610 2.345 4.792 1.580 .153 3.930 
1.560 .940 2.730 2 .503 2.446 .572 .299 .237 .057 .634 .122 3.024 2.287 4.792 2.693 .153 4.309 
1.560 .927 2.847 2 .505 2.463 .572 .286 .354 .042 .612 .109 3.528 2.469 4.792 4.023 .153 4.688 
1.560 .900 2.897 2 .505 2.473 .572 .259 .404 .032 .624 .085 4.038 2.165 4.792 4.591 .153 5.019 
1.560 .895 2.943 2 .504 2.480 .572 .254 .450 .024 .641 .081 4.658 2.318 4.792 5.114 .154 5.350 

1.405 .958 2.560 2 .351 2.284 .417 .317 .067 .067 .656 .141 2.338 2.359 3.257 .761 .207 .761 
1.560 .958 2.670 2 .503 2.431 .572 .317 .177 .072 .670 .141 2.684 2.228 4.792 2.011 .153 3.835 
1.636 .958 2.742 2 .580 2.504 .648 .317 .249 .076 .681 .141 2.794 2.134 5.545 2.830 .135 4.214 
1.770 .958 2.881 2 .703 2.627 .782 .317 .388 .076 .681 .141 3.091 2.134 6.871 4.409 .112 5.350 
1.870 .958 2.997 2 .804 2.735 .882 .317 .504 .069 .662 .141 3.463 2.304 7.861 5.727 .100 6.487 



FREE FLOW 

I)= .102 

1 3.1 G.2 G i.3 

1 .460 1.005 2. 574 
1 .406 .996 2. 574 
1 .380 .986 2. 574 
1 .339 .976 2. 574 
1 .307 .958 2. 574 
1 .263 .940 2. 573 
1 .219 .923 2. 572 
1 .246 .935 2. 573 

1 .355 .984 2. 574 
1 .420 1.000 2. 574 

SUBMERGED FLOW 

i  G . l  G.2 G.3 

1 .420 .950 2 .673 
1 .420 .927 2 .747 
1 .420 .918 2 .781 
1 .420 .963 2 .650 

1 .303 .960 2 .573 
1 .395 .960 2 .638 

1 .470 .960 2 .702 
1 .536 .960 2 .789 
1 .621 .960 2 .856 
1 .670 .960 2 .906 

Table 9. Tainter Gate Measurements (b = 0.102, a = 1.129) 

.104 Gl= .988 G2= .641 G3= 2.493 a= 1.129 

G, .4L, G, ,4R yD h yl Ah cc Oil Kt Ka (yo-b)/w Cera b/E 

2 .401 2, .324 .472 .364 .081 .077 .767 .200 2.293 2.294 3.558 .794 .211 
2 .356 2 .287 .418 .355 .081 .069 .773 .188 2.258 2.259 3.038 .794 .237 
2 .334 2 .266 .392 .345 .081 .068 .745 .175 2.197 2.198 2.788 .794 .252 
2 .296 2, .234 .351 .335 .081 .062 .738 .162 2.159 2.159 2.394 .794 .280 
2 .265 2, .211 .319 .317 .081 .054 .675 .141 2.204 2.203 2.087 .794 .308 
2 .224 2, .182 .275 .299 .080 .042 .633 .122 2.303 2.302 1.663 .784 .355 
2 .184 2, .151 .231 .282 .079 .033 .604 .106 2.351 2.351 1.240 .775 .418 
2 .208 2, .165 .258 .294 .080 .043 .630 .117 2.192 2.191 1.500 .784 .377 
2 .312 2 .244 .367 .343 .081 .068 .765 .172 2.110 2.110 2.548 .794 .268 
2 .372 2 .296 .432 .359 .081 .076 .781 .193 2.191 2.191 3.173 .794 .230 

G .41. G ,4R T o  h 
*1 Ah Cc Qra Kt Ka (y. 0-b)/w yt/b b/E y^ 

2 .369 2 .319 .432 .309 .180 .050 .660 .133 2.734 2.197 3.173 1.765 .233 3 .064 
2 .367 2, .328 .432 .286 .254 .039 .620 .109 3.108 2.182 3.173 2.490 .234 3 .309 
2 .370 2 .335 .432 .277 .288 .035 .607 .101 3.286 2.172 3.173 2.824 .234 3 .391 
2 .368 2 .308 .432 .322 .157 .060 .706 .147 2.484 2.078 3.173 1.539 .232 2 .982 

2 .263 2 .207 .315 .319 .080 .056 .687 .144 2.145 2.159 2.048 .784 .311 
2 .341 2, .284 .407 .319 .145 .057 .692 .144 2.467 2.125 2.933 1.422 .246 2 .819 
2 .414 2 .361 .482 .319 .209 .053 .671 .144 2.822 2.273 3.654 2.049 .209 3 .309 
2 .484 2, .427 .548 .319 .296 .057 .692 .144 2.918 2.125 4.288 2.902 .185 3 .717 
2 .562 2 .500 .633 .319 .363 .062 .718 .144 3.025 1.964 5.106 3.559 .160 4 .371 
2 .616 2 ,  .554 .682 .319 .413 .062 .718 .144 3.152 1.964 5.577 4.049 .149 4 .779 
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