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ABSTRACT

An experiment was conducted to determine the feasi
bility of measuring the flow rate through the control gates 
in a canal by means of a portable gage which is a simple 
assemblage of a gage and manometers and is positioned 
positively with regard to the gate lip. This study in
dicated that reasonable accurate and reliable results are 
possible if the gage is calibrated for a particular gate 
(or class of gates)., The discharge coefficient is dependent 
on geometry including gate openings and upstream head as 
well as physical geometry but is not affected by whether 
the flow is free or submerged. This last characteristic 
is the most important and desirable attribute of this 
measuring device.

viii



CHAPTER 1 

INTRODUCTION

Water distribution into and inside of an irrigation 
system is very important, especially in view of the value of 
water in arid lands and the need to use the water efficiently. 
The need for the precise minimum requirement of consumptive 
water requires a device to measure the rate of flow through 
the control gates installed in an irrigation system. This 
device should have special characteristics to overcome the 
existing problems in field measurement as follows: 

portable and light weight; 
simple and easily assembled in the field; 
easy to operate to measure flow by workers and 
technicians;
accurate, reliable measurement with minimum and 
acceptable errors;
short time consumed in gage reading or measuring.
As a control gate, the sluice gate attached to a

distribution box -is very common in surface irrigation.sys- =.
terns. Although the geometry of the box and inflow pattern 
may differ from one box to another, the flow pattern will 
behave approximately the same through the gates. Moreover,

1



flow behavior which would be extremely different would 
usually be predictable in field situation, and it should be 
possible to modify the approach flow to the gate to be 
acceptable.

There are many parameters that govern the flow pat
tern and consequently the flow rate through the sluice gates. 
Among these factors; the opening, width of the gate, depth 
of water behind the gate, geometry of box, and the accelera
tion of gravity are the influential factors on flow pattern 
for free flow through the gate. These factors, also show 
their effect through the coefficient of discharge which can 
be found by calibration. The equation form for flow rate is:

Q = cd *b»w'(2gH)1//2 (1)

where
Q = rate of flow through the gate (c.f.s.);

\
b = gate opening (ft.)
w = width of gate (ft.);
H = depth of water behind the gate (ft.);

2g = acceleration of gravity (ft./sec. );
c^ = coefficient of discharge.
Measurement of the above variables, (Figure 1), ex

cept c^, for free flow condition permits finding c^ as a 
function of the variation in geometry. Uncertainty, or



Figure 1. Schematic diagram of gate parameters and gage position.
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error, in the measurement of any of the variables results in 
systematic or random error in the determination of c^. Thus, 
the real conditions of a fluctuating water surface, a jet in
flow which might not be steady can be troublesome. In ad
dition, in a group of gates supposedly the same as the one 
considered, the variability of geometry of the box and 
probably the exact dimensions of the gate could reduce the 
accuracy and reliability to be expected in applying the ex- 
perimentaly determined c^ values in the field. If a full 
size"gate is used for the calibration the Reynolds number 
would vary only with the water temperature and this should 
not be enough to affect the flow pattern or discharge.

When the conditions downstream of the gate cause the 
jet to be drowned, an additional, important, and difficult 
to measure variable is added. The downstream head tends 
to fluctuate wildly and varies with the distance downstream 
from the gate. The addition of this one variable compli
cates the problem consideralby, aside from the fact that it 
is a badly behaved variable which would degrade the reli
ability of the discharge measurement a great deal.

It would obviously be desirable to have a device to 
measure the discharge which would not depend on whether the 
flow is free or drowned. Hiller (1) began the development 
of such a device with a highly modified Pitot tube attached 
to the lip of a standard twelve-inch Salt River Project



control gate. The notion behind this rudimentary device was;
(1) that the discharge is the integral of the velocity 

normal to the gate opening over the area of the gate 
opening,

(2) that the pattern of the velocity (direction and relative
magnitude) did not depend on the absolute reference 
(average) velocity although it would depend on the 
geometry (gate opening, upstream head, etc),

(3) that the velocity around the gage would be a constant
ratio to the reference velocity for a given geometry, and

(4) that the differential gage reading would be proportional
to the square of the velocity (or velocity head) for a 
given geometry.

The equation form for flow rate for this device is:

Q = K»b«w(2g»AH)1/2 (2)

where K is the discharge coefficient and b, w, g are as 
defined before, and AH is the differential head between 
the positive and negative piezometric openings in the front
ahd the back of the disk which is the basis of the device.

1/2Hiller's K included w and (2g) because these were
constant in the investigation. He found K to be inde
pendent of whether the flow is free or drowned but generally



depends on the geometry of the box, the opening area, and 
location of gage in respect to the gate. A large part of 
Hiller's investigation was to find the "best" location for 
the device on the gate lip.

The object of this investigation was the development 
of a portable gage based on the same notions as Hiller's 
device. The Salt River Project has many gates and not only 
would fixed devices (one for each gate) be more expensive, 
they^would also be subject to vandalism as well as more 
maintenance problems.



CHAPTER 2

EXPERIMENTAL APPARATUS

For this experiment the standard twelve-inch Salt ' 
River Project gates were installed, one on the end, one on 
the side of the box very like a standard irrigation distribu
tion box. This box (8 ft.x 4ft.x 4ft.) was built of ply
wood, steel ;hairs and angles. The gate at the end delivered 
the flow to a straight fiberglass transition and the gate 
on the side to a ninety degree transition. The flow from 
both transitions was discharged to the return channel of the 
recirculating water system. The box was fed by a twelve- 
inch line from the constant level tank with a valve for 
regulating the flow (throttling valve) and a baffle (see 
Appendix A) in the box to break up the jet at the inflow 
point. A schematic of the set up is shown in Figure 2.

From the distribution box the water discharged by 
one of two pathways, either through the discharge gate on 
the front or through the side gate, then through one of the 
Salt River Project (S.R.P.) transitions and, if drowning 
was desired, through a restriction. Water discharge from 
the side-gate, ninety degree transition dumped directly 
into the patio channel, where it then flowed over a v-notch



Flow Restrictorg
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_Scale 1 in. = 4 ft.
Figure 2. Plan and side view of experimental apparatus.



weir and back into the underground storage sump. Water from 
the front gate discharged into a wooden flume, where it was 
stilled by a system of screens. Beyond the screens the water 
flowed over a straight weir and from there it was deflected 
forty-five degrees into the same patio channel which served 
the side gate.

The inlet of the delivery pipe was fourteen feet 
above the bottom of the distribution box. The patio channel 
was three feet below the box with a channel run of ninety 
feet to the v-notch weir.

The first difficulty to overcome was the presence of 
the stiffener angle a little above the lip on the.upstream 
side of the gate. This angle was in the way for seeing and 
placing a device securely and precisely on the lip of the 
gate because the operator had to work from the top of the 
delivery box. It was noticed that the angle did not ex
tend all the way to the sides of the gate, and the pos
sibility of placing the gage on one side of the gate at the
lip was investigated. The gage responded slightly different 
from what it did when placed in the center of the gate, but
the response seemed adequate and useable. To check the
sensitivity of the positioning, the gage was moved to the 
other side of the gate. The response should have been the 
same because the geometry was simply a mirror image. Un
fortunately the response was not the same and the difference



10
was so large as to be unacceptable. Further testing in
volving changes in the approach flow conditions and slight 
changes in placement revealed that this side location was for 
various reasons (mostly unknown, but probably interaction 
between the device, the two separation surfaces, and the ap
proach flow pattern) too sensitive to be a good.location. 
Another approach to the problem of the stiffener angle was 
then tried. (

To eliminate the stiffener.angle a covered plate was 
made to cover the stiff ener angle (Figures 3 and. 4). The 
lower corner of the plate caused a high velocity in its 
vicinity. The portable gage was located just off this 
corner.

To measure the flow through the gates, the device 
by itself was attached first to the gate lip, then on the 
corner of the cover plate (-at . x — 3 .75 inches from gate lip) 
and finally, as part of the portable gage, close to the 
corner (at x = 4.25 inches). The manometers were con
nected to both piezometers of the device and placed on the 
outside of the distribution box to indicate;
(1) head in distribution box,
(2) stagnation pressure from the tap on the flowmeter,. and
(3) negative pressure from the rear tap on the flowmeter.



Figure 3, View of stiffener angle and cover plate.
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Figure 4. View of probe and manometers on cover plate.
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Behavior of the flowmeter for three lateral positions 

(left edge, right edge and center) on the gate was determined 
for the gate lip without the curved cover plate. A new de
vice approximately the same as Hiller's was developed to be 
installed on the cover plate (Figure 5). To check the sensi
tivity of this gage in this position to the approach flow, 
two boards each one-sixth., of the box width was put in 
three patterns behind the grid to eliminate one-third of 
flow width:
(1) both boards on one side or the other,
(2) both boards in the center,
(3) one board on each side.
The flowmeter in this position behaved very well and was 
very insensitive to changes of the flow pattern. For each 
location the AH was measured for three constant gate 
openings of two, four and six inches while different heads 
were associated with different flows. Intermediate openings 
sometimes were used as check points to process the data and 
develop the calibration curve. Furthermore each test was
first conducted with free flow, then with the flow drowned.

'

The total flow that discharged for each run was 
measured with the patio-channel v-notch which is a British



(FRONT VIEW)
COVER PLATE

VANE

SEPARATION-ZONE TAP

(SIDE VIEW)

STAGNATION TAP

MANOMETERS

7---

FULL SCALE

Figure 5. Flow meter.
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standard ninety degree notch. The discharge equation"*" used 
for the weir was

where the h is the water level above the v-notch weir 
measured upstream where the water surface is almost level.

Portable Gage Development 
The flowmeter part of the portable gage was developed 

for a fixed location on the corner of the cover plate. This 
device was fastened to the end of a square rod which could 
slide down a square guide tube which was fastened to the 
cover plate. A v-notch at the corner end of the square rod 
came to rest on a round pin close to the corner of the cover 
plate. A square tapered slide fit between the square rod 
and the guide tube at the top of the tube. These two de
tails located the gage positively and precisely. The one- 
inch stagnation disk diameter of the flowmeter was such that
the Re value for the minimum velocity expected was above

2the turbulent range for flow past a bluff object. In ad
dition, to stabilize the rear eddy pocket and eliminate 
possible degradation of the static-port reading a horizontal

F. M. Henderson, Open Channel Flow, New York, 1966, p. 178.
2H. Rouse, Engineering Hydraulics, New York, 1950, p.122.



16
vane was attached behind the disk. The disk was tipped up 
about five degrees from the vertical, because the range of 
0-10 degree angle of the stream line which was expected to 
strike the disk was considered as optimal. The measuring 
device (or stagnation disk) was connected to the square rod 
with a short bar (Figures 6, 7 and 8). The disk did not 
slide inside the guide tube but in front of it,, and the 
guide tube was slotted on the front face to accept the con
necting bar. Plastic tubing led from the positive and 
negative piezometer taps on the disk to manometer tubes 
which were placed outside the box. For a field instrument 
the manometer tubes would have to be placed inside the 
distribution box and simple electrical point gages would 
be desirable. It would also be possible to use Veeder 
Root counters rather than verniers for reading the point 
gages.
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Figure 6. Portable gage.



Figure 7. A view of portable gage 
installation.

Figure 8. portable gage after 
installation,
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CHAPTER 3

RESULTS

Measuring Device on Center 
and Side of Gate Lip

With the simple symetrical geometry of the distribu
tion box and inflow pipe (except for the side gate) it would 
seem that the placement of the measuring device lateraly on 
the gate lip should not matter very much, and that at the 
edge where the response might be expected to be different, 
that it would not matter which side the device was on. As 
can be seen in Figure 9, it did matter. The response is 
very different whether the device is on the right or left 
edge of the gate. The performance of the device was sensi
tive to the location of the device and the approach fItiw 
pattern. Therefore, the idea of using the clear space be
tween the edge of the gate lip and the end of the stiffener 
angle was abandoned.

The Effect of the Cover 
Plate Arrangement

To avoid the problem related to the stiffener angle, 
the notion of, changing the geometry of the gate using a 
cover over the stiffner angle was explored. The cover was 
not extended all the way to the gate lip because the gate

19
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Figure 9. Changes of velocity characteristic on center and side gate lip. o
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lip needs to make good tight contact with the rubber seal at 
the bottom when it is closed. A sharp, but not machined, 
corner provided at the bottom of the cover to create a high 
velocity zone where the measuring device would be located. 
The top of the cover was curved back to the gate to present 
minimal disturbance to any flow directed down along the 
gate (or cover) from the water surface to the opening.

The response is shown in Figures 10 and 11 for the 
end and side gates. For a given discharge and gate opening 
the AH was smaller for the device at the corner of the 
cover plate than at the gate lip. Although a new device was 
made to fit on the cover plate corner, it was almost iden
tical to Hiller's device which was used on the gate lip, the 
slight difference in geometry was hardly enough to account 
for. the difference in response. The smaller differential 
head is believed to be a result of a smaller velocity in 
the vicinity of the measuring device.

The response of the device in the new location with 
the cover plate was considered adequate even though it was 
not as good as before. The response when installed on the 
side gate was almost the same as when it was installed on 
the end gate.
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Figure 10. Q/b vs. AH, probe on gate lip and cover 
plate, end gate.
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Figure 11. Q/b vs. AH, probe on gate lip and cover 
plate, side gate.



Portable Gage with Cover Plate
The device which had been used with the cover plate 

was incorporated into the portable gage shown in Figure 6. 
The responding divice, or disk, was a little farther away 
from the corner than it had been in the exploratory runs.
The differential head was a little less but the gage seemed 
to perform well. It did not flutter in the current and the 
water surface elevation in the manometers was steady and 
responded to changes in discharges reasonably quickly.

The discharge, differential-head relationships for 
the end and side gates are shown in Figures 12 and 13. Un
fortunately the difference in response with the two gates 
is greater than it had been previously and two relationships 
are required.

Discussion
As long as the portable gage can be positioned 

tightly to the cover plate near the corner the response 
pattern of K in respect to b, H and AH can be 
measured to obtain an accurately calibrated flow measuring 
device. Precise and secure positioning of probe is a matter 
of necessity so that the streamline intercepting the gage 
disk be the same during a measurement,of Q as it was 
during the calibration. If fluttering or wavering of the



AH(ft.)
Figure 12. Q/b vs. Ah , portable gage.
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Figure 13. Q/b vs. Ah , portable gage, side gate.
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gage was possible, it would influence the manometers with 
fluctuation which would give inaccurate results.

The value of K which is a variable dependent on 
W, H, b and gage position in the vicinity of the gate, 
is not constant. This value decreases as the gage opening 
increase which is typical of the variation of c^ of a 
sluice gate. -

The closer the gage can be placed to the corner of 
the cover plate (or to the lip of the gate) the higher is 
K for all openings. This is because of the fact that the 
closer the gage is to a corner the higher is the velocity of 
streamline that strike the gage disk.

The effect of potential head behind the gate is 
another factor that has influence on the K value. With 
lower depths of water above the gate lip the gage is near 
the stagnation zone. The velocity at the gage increases 
relatively as depth of water increases; therefore, AH 
increases and K decreases. At relatively higher depth's 
of water the orientation of the streamline, and speed of flow 
are less variant, therefore the K value approaches a 
relatively constant value. Figures 14 and 15.

The calculated discharge (Qc) from calibration 
graphs of the portable gage show that, except for a few 
points, the deviation of calculated Q ■ which was based
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1/2Figure 14. Q/(AH) z vs. b, portable gage, end gate.
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b (in.)

Figure 15. Q/(AH)1//2 vs. b, portable gage, side gate.



on graphical solution from Figures 14 and 15 is within + 
of the measured Q^, Figure 16. A mathematical and 
graphical solution of Q will be discussed in Appendix B.
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Figure 16. Q measured vs. Q calculated.



CHAPTER 4

CONCLUSIONS

The portable gage for measuring flow through a sluice 
gate used as a control gate in an irrigation system which was 
developed in this study proved to be practicable, reasonably 
accurate, and simple to construct and operate. The gage is 
dependent in its response on a velocity which bears the sane 
relation to the average velocity through the gate opening 
whether the flow is free or drowned. This is probably the 
most important characteristic of this measuring device, and 
does the most in improving the accuracy with which the dis
charge can be measured.

The gate must be calibrated for each class of gates 
it is to be used with, as the -response of the gage is
dependent on the gate and the approach flow conditions as
well as upon the gage itself.

A cover plate is needed on the Salt-River Project 
standard gates because of the stiffener'angle on the up
stream face of the gate. For other styles of gates assimilar
cover plate may or may not be needed. If the geometry of
a gate is different, a slight difference should be expected 
in the calibration of the gage.
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For the final prototype gage some more development 

is needed for the manometers to measure H and AH and a 
means to measure the gate opening. A source of concern might 
be sameness, or lack thereof, of the guides and rubber seals 
for the gates.

It is believed that a portable gage such as developed 
in the study can achieve an accuracy of better than +5%.



APPENDIX A

JET DEFLECTOR

The wooden grid of a jet deflector was constructed to 
regulate the flow behavior as a field condition. This grid

2had fifteen percent open space with an area of (47 x 47 in. ) 
which totally covered the width of the box on twenty-five 
inches far from jet. Figures 17 and 18. Although this grid 
behaved as expected,an additional barrier such as two wider 
boards (totally one-third of the width of the distribution 
box) had been installed to observe the effect of jet strike 
and change of flow line pattern on the gate and consequently 
on the gage and AH. This experiment showed that the effect 
of the incoming jet where the deflector did not exist was 
considerable. In irrigation systems, where the control gates 
are constructed on the channel, with minimum slope, it can be 
expected that the stream inflow may not be a problem.

34



Figure 17. View of jet pipe and 
deflector.

Figure 18. View of jet deflector.
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APPENDIX B

A MATHEMATICAL GRAPHICAL SOLUTION

To measure the flow rate through the gate opening 
with a portable gage, it would be possible to position the 
gage in the vicinity of the gate for other distances. Each 
position needs its own calibration or characteristic curve, 
therefore the investigated calibration curves can not be 
applied for other positions. As a solution for this problem 
a mathematical or graphical approach in base of equations 
(1) and (2) and the data collected for two fixed positions 
of the gage on the gate lip (z — 0, x = 1 in., y — 1 in.) 
and cover plate (z =0, x = 3.75 in., y = 0.45 in.) was 
developed. The information data plotted for these two 
locations was checked by a portable gage which was positioned 
at (z = 0, x = 4.25 in., • y = -0.75 in.).

This mathematical solution was considered firstly 
in base of the individual and major effect of each variable 
involved on flow rate in respect to magnitude and direction 
of gage from the center of the gate lip and secondly the 
correction factors found for each variable on specific

36



37
location in respect to origin (center of gate) was intro
duced to general formula of flow rate.

Probe Position on "x” Direction 
With introducing the x as the distance of gage 

from gate lip toward the inside of the.box, the equations 1
and 2 can be written, respectively as

x "Qti 1/2Q = N (r-) (H) (3)
d

Q = nk (E)"K(Ah)1/2 (4)

where

i / o C__N = c_.(2g) ow°b °x
cd a

NR = K(2^)1/2ow»b1“K »xK .

The overall value of N„ and N for specific
cd

positions of the gage and opening area are not so different 
for varied H. Therefore it may be assumed constant. With 
removing the gage toward the inside of the box in the di
rection of x, the AH was decreased. On the other hand.

(5)

(6)
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for a given flow rate the relative characteristic velocity 
for gage on the gate lip wa's higher that the probe was x
inches away from the gate. This was because when the probe
was moved through a given stream tube,,the stagnation pressure 
was not changed whereas the hydrostatic pressure on the x 
distance was not larger than around the gate where the
dynamic pressure of flow was higher (Figures 10 and 11).

Probe Position oh "y" Direction
The vertical change of gage in respect to gate lip

on y direction was affected considerably on the calculated 
flow rate. The graphical and mathematical solution of col
lected data showed that the location of gage below the water
surface in comparison with total head was the factor that 
determined the value of this change:

a  =  = 2. (7 )
tiT

Hg = H - b + y (8)

where:
Hg = depth of water above the gage (ft.);
Hrp = total head at gage position (ft.) ; 
a = coefficient for vertical location of probe 

(Figure 19);
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Figure 19. Graphical solution of a.
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y = distance between gate lip and probe (ft.);
b = gate opening (ft.).

The general form of changes of for a few inches
was not considerable and usually was correspondent to depth
of water (H). Therefore, as found, for practical purposes
as long as the H is measured close to the gate wall the

2
value of H~ which is — + ^  could be assumed the same as 
H. In addition, the position of the gage in respect to gate 
opening (b), in y direction decreased the effect of 
opening and increased the effect of static pressure. There
fore the vertical correction for each opening and each 
position of the gage are:

hy = a-b (7)

HM = H - hy <8>

where:
h = correction.head factor for a given y and b 

(ft.);
y and b — : as defined before;

= modified H, (Figure 20), (ft.).
The Hm  is the depth of water that can be used for 

calculation of flow rate (Qc) for the other values of y
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Figure 20. Graphical solution of with AH.
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then one inch ;from the attached calibration curves. There
fore Equation'.(3) can be written as:

"Cd
Qc = Nc <B> (V V2- <9>d

Because for a given H or there were several
values for AH with respect to gage position on lip, there
fore the value of AH should be modified in such a reason
able way that Qc would be equal with measured flow rate. 
Furthermore, the AH which is the resultant of dynamic and 
static pressure of flow at a given position of the gage was 
decreased when the depth of water was increased. In other 
words, the correction factor for vertical movement of the 
gage is approximately correspondent with:

Ahy = (1 - a)AH (10)

AHm = AH + Ahy (11)

where:
Alv = correction factor for a y more than one inch; 
AH = velocity characteristic at y distance from 

gate lip;
AHm  - modified velocity characteristic (Figure 20).



The modified velocity characteristic is the param
eter that can be used to calculate flow rate for y larger 
than one inch from the attached calibration curves, or:

Qc = V e)’K(AV 1/2- <12>
The modified equations (1) (2) , (3) , (4) , (7) and

(10) can be rewritten as:

-Cd
Q_ = c,»b»w(2g)1/2(H - h )1/2 = N <|) " (H-h )1/2, (13)c a y ^ y

Qc K«b»w(2g)1/2(AH - Ahy)1/2 = N^(g) ^(AH - Ahy)1/2 (14)

x
The h and Ah should be found for other points

1outside of the range y = 1 - ^ inch.
In view of the fact that the value of K and c^ 

are not constant and change with respect to b, w, H, AH 
and the position of the gage, therefore their proper values 
are found from Figures 21 through 24 which are relations 
between K and AH for some ranges of x/b and also 
AH/H vs. K/c^. The range of c^ = 0.5-9.65 was observed 
therefore the assumption of c^ =0.6 should be helpful to 
find K.



44

09
07
06
o5.

03

02

AH
H

cao

02

1.5

Figure 21. AH/H vs. K/c^, end gate.
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Figure 22. AH/H vs. K/c^, side gate.
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Figure 23. AH vs. K, end gate.
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Figure 24. AH vs. K, side gate.
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To evaluate the amount of flow rate through a !.

specific area, the measured 'Q/bw vs. x/b for different 
ranges of AH from 0.05 feet to two feet and for end and
side gates are presented in Figures 25 and 26. But for
calculating the proper value of Q with a given AH and 
gage location these steps should be followed:

Step 1. Find K for Figures 23 or 24 ,,-
Step 2. Find NR from equation (6) or Figure 27,'
Step 3. Calculate flow rate (Qc) from equation (4).
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Figure 25. Q/b*w vs. x/b. end gate.
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21
b

Figure 26. Q/b-w vs. x/b, side gate.
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Figure 27. , overall constant of gate vs. x/b,



LIST OF SYMBOLS

Coefficient for vertical positioning of probe from 
gate lip.
Gate opening.
Discharge coefficient, without probe.
Drowned gate openingi
Free flow condition through gate.
Gravitational acceleration, 
v-notch weir head.
Correction head factor.
Correction velocity characteristic factor.
Depth of water in distribution box.
Depth of water above probe nozzle.
Modified head.
Total head of water at gage position.
Pressure differential or velocity characteristic. 
Modified pressure differential.
Discharge equation coefficient
Overall constant value, at specific condition of gate 
gage position and head.
Overall constant value, at specific condition of gate 
gage position and (AH).
Flow rate through gate opening.
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Qc Calculated flow rate.
Q.„ Measured flow rate.M
w Gate width.
x Minimum or normal distance of probe from gate,
y Vertical distance of probe on the gate lip.
z Lateral direction of probe on the gate lip.
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