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California at Berkeley. sponsored by the Bureau of 
Reclamation, produced a mathematical model and 
equipment for automatic downstream control of canal 
check gates.' '* The feedback contrcl system, 
named Hydraulic Filter Level Offset IHyFLO), 
automatically adjusts the canal inflow from water level 
offsets caused by the canal outflow (Figure 11. Changes 
in the position of the upstream gate are proportional to 
the offsets in water level, Figure 2. 

-Co"TlOLLEO YI.T.EIY G l i B  
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, . 
Figure 1. Schematic of downsfream a&rol by the 
HyFLO method. ',I , ,  

\I The HyFLO method is  a closed-loop control system in 
which the control action is proportional to the 
downstream water:,'level. The response of the co~troller 
has to be in "real 'time" which is governed by the time 
constant of the canal section under contrAl.  he time 
response of the system is  in the order bf 2,000 to 
3,000 seconds. Because of the long time constants, a 
hydraulic time delay circuit was designed for the 
HvFLO control system. The hydraulic filter includes a 
capillary damping tube open to the canal stilling well 
level and connected to a smaller ~econdary;~well. Flow 
into and out of the secondary well is oomputed to have 
a linear relation to the head across the capillary. A 
sufficiently long time constant necessary to control the 
canal flow was obtained easily with the hydyaulic delay 
circuit. Field trial of the method was desirable to 
confirm the analytical studies. 1 
'Numbers refer to References at end of text4 

:I 

Fwre 2. The rehponre of a single reach to sudden 
increase In demand at the lower end. 

Equipment was built to verify the mathematical model 
and the Corning Canal. Central Valley Project, 
California, was used for thr-test installation. A series of 
conditions were simulated on a digital computer using 
the mathematical model to predict the water level 
changes and gate movement for spe~if~ed outflows. 
These outflows were repeated in the canal with the 
HyFLO equipment installed to control four radial 
check gates. During the test period, difficulties were 
experienced in the electronic circuitry so the test 
results were not entirely satisfactory. Since difficulties 
in the electronics were experienced during the field 
tests, the transmitters. receivers, and the analog 
computer-controller were sent to the Engineering and 
Research Center, Hydraulics Branch. Laboratory 
assistance was requested in resolving a transducer 
sensor malf~r~ction, a power supply failure. and 
"noise" in the receiving and transmitting system. A 
laboratory simulation of a canal reach was constructed 
through the efforts of Electrical, Hydraulic Structures, 
and Hydraulics Branches. 
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position is  converted to a voltage suitable for operation ' 
General of the analog computer by a potentiometer connected 

to the gate drive motor shaft. 
The computer-controller includes operational 
amplifiers for analog computing of the appropriate gate The output -of the analog computer operates into 
position, Figure 3. The input signal l o  :he Controller is mmplementary Schmitt triggers. The Schmin triggen 
the delayed s~gnal output of the float-driven operate when the positive or negative output voltage of 
potentiometer in the hydraulic filter. The hydraulic the analog computer reaches a preset value. When the 
filter must be located near the first check downaream preset value is reached, the appropriate "Raise" or 
from the controlled check. The voltage change of the ''Lower" Schmitt trigger operates and energizes the 
float-driven potentiometer is convened to a variable 5 gate motor. The gate motor will run until the value of 
to 25-hertz signal, utilizing a voltage-to-frequency the analog computer output reaches.an increased or 
analog transmitter. The .low-frequency signal . i s  decreased preset value. The output signal of the 
transmined to an appropriate receiver at the g-computer is regulated from the feedback signal 
check structure. of the pate position potentiometer. The gate will 

.?, ate+ a+fixed time determined by the voltage 
The receiver converts the 5- 't?' 25LAertz " aild "off" adjtistments preset into the-Schmitt .., 
current output~pf::0~to 5 milliamp&es. T rs. ~h~ , time between gate op&aiions is 
c u r r e n t  i s -  used to  operate the - 'analog proportional to the rate-of-change of the water level at 
computer-cr)lntroller. Operatio;; of the cbntroller i s  as the downstream gaging point. The "hydraulic filter" !i 
follows: :: tirne constant provides the. ~ r o ~ e r  time for oate -... . "--- 

operations. .- 
The initiai:,conditions for the analog computer are (%; . 
entered via the operational amplifier feedback resistors Madifications to Original Eauipme 
and input potentiometer adjustment: A "target depth" 
adjustment must be made to define the "zero flow". The operation of the analog computer-controller was 
starting point for the controller. The actual gate improved by modifying the original equipment. as 
position is  fed into the analog-computer to provide the follow: ... - '  ! l.  

s - - - 

Figure 3. Analog mmpufepnnoller  diagram. 



a. Chassis and c~rcuit commons were separated. 

b. Linearity of the Schmitt triggers was improved 
by changing component values. Stability was 
improved wirh addition of capacitors. 

c. An impedance matching amplifier was inserted 
between the gate potentiometer output and the 
analog computer Input to prevent loading:. 

d. A 100-pf capacitor was inserted across t'le 
output of the Quindar QATR-20 receiver to 
improve i t s  low.frequency performancp while 
operating into operational-amplifier-type circuits. 

7s5, e. A 0.001-pf cfqacitcr was installed across reststor 
R 2 7  in the 1; QATR-20 receiver to prevent 
high-frequency self-oscillation due to operation into 
the 'first operational amplifier of the analog 
computer-controller. .. ,,- 

. : J ,. 
/ 

f. RC networks were added across the coJs of the 
transmining and receiving relays tc eliminate 

% ,.,4 
,.!g:voltage spAes being produced by switching of 
the high-impedance c o k  

g. Shielded wire was used to connect all inputs to 
analog computer-controller t o  reduce 60-hertz 
pickup. 

LABORATORY SIMULATION 

Equipment was installed in the Hydraulics Branch to 
simulate one section of canal between two radial gates 
(heavy dashed line). Figure 4. A steel tank representing 
the canal stilling:.~e!l_was connece$!,,to?a metered 
water inflo%,ancl drain to change  he water level 
manually. The hydraulic filter .well or 'time delay 
circuit was installed in the ?yell. :T.$ analog 
computer-controller, transmitfer-receiver. and. 
simulated gate hoist were placed on :q adjacent table, . . 
Figure 5. 

The voltage output necessary to operate the 
transmitter was developed in the hydraulic tune delay 
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Figure 5. Laboratory simulation of a n a l  secrion. 

circuit using a float-operated potentiometer. The 
movement of a 2-112-inch (6.3-cml diameter float in 
the delay well was transferred by a perforated brass 
tape. to  8 2-inch (5.1-cm) diameter pulley on; the 
potentiometer shaft, Figure 6a. The volta3e change in2 
the potertiometer i s  a measure of the offset of the 

; 

water level from a preset "target" level. Figure 1. The 
time dela.1 between the change in the canal stilling well 
and the hydraulic filter well level was controlled by the 
ratio of Lie inside diameters o f  the;filter well 4 inches 
(10.2 cm) and capillary tube. 0.13 inch (3.3 mm), and 
the 80-inch (2-m) length of capilla:y tube. 
Mathematical relationsi& g i h  in the analysis wer::, 

&' 
used to size the tube and well. The rerponre of &e 
system was limited by laminar flow in the capillary 
tube to  minimize the potential oscillation of a wave 
traveling between two gate structure>. ~igur84..  

OPEIIA'L'ION 

The main objectives of the simulation in the laboratory 
were to improve the performance and the reliability of 
the field equipment. Because difficulties had been I 

encountered in the field. the laboratory problem 
included the developing and refining of the hydraulic 





time delay circuit and water level sensor and improving 
the operation of the electronic controller. The input to 
the laboratory system corresponded to the input to the 
mathematical model. A water level change in  the canal 
stilling well caused by a 50.cfs (1.4-cu mlsec) delivery 
from the section was computed from the mathematizal 
model. Figure 7. The indicared change was manually 
controlled in:o and out of the laboratory stilling well. 
Records were made of the change in stilling well level, 
the water level in the filter well, and the indicated gate 
opening. The laboratory records were then compared 
to the predictions from the mathematical model. 

CONTROL SYSTEM STUDY RESULTS 

Hydraulic Filter 

A continuous change in the output of the 
potentiometer with changes in the water surface level 
in the filter well i s  a derirable characterist~c. Initial 
operatton of the control system showed tht.2-112-inch 
(6.3.cm) diameter float produced too small a force to 
smoothly drive the tape, pulley, and potentiometer. In 
the attempt to minimize the filter &11 size 14 inches, 
10.2 cm) for ease of installation. the iloat was too 

F w r e  7. Transients predicted by mathemat~cal model of Cornlng Canal. 



small to overcome static friction. This resulted in not 
being able to repeat the target elevation. 

A 0.15-foot (45.7-mm) step in gate opening was 
selected to prevent corrinuous operation of the hoist 
motors of the radial gxes. The design of the control 
system pmvided this 0.15foot step for a water level 
offset of 0.019-foot (5.7-mm). A water level changt. of 
0.019 foot on the 2-112-inch-diameter float prodgced a 
force of about 0.6 ounce (17 grams). A 2-inch (5.1-cm) 
di&eter pulley applied 0.6 olince inches (43.2 gr-cm) 
to the potentiometer. Measurements of torque.showed 
an 0.18-ounce (5-gram1 weight at 1 inch was sufficient 
to tur- the potentiometer shaft. The static friction 
becsms too large for reliable movements after the 
float, tape, and counterweight were &+d to the 
pulley, Figure 6a. '=;: 

-~ 
A~'study was then made to find a float size or a 
substitute means for measuring the water level with 
greater sensitivity. Because of the satisfactory 
resolution and sensitivity of a pressure transducer, a 
sensor was constructed to replace the float. A 1-psi 
strain-gage-type transducer was connected to a 1W.inch 
(3.1-mm) outside diameter by 3132-inch (2.4-mm) 
i~iside diameter brass tube. The tube and transducer 
pressure chamber were filled with distilled water. The 
tube was inserted into the filter nrell in place of the 
tape and float. Figure 8. For a computed time constant 
of 1.900 i&$yds in the laboratory hydraulic filter, the 
gate respondea seven times in opening and two times in 
closing during operation. Figure 9. 

Reversal of the time scale in the laboratory data was 
necessary because the maximum water surface 
elevation was also the maximum voltage of the system. 
Time references were placed at the right instead of the 
l e f t  of the recorder chart, the reverse of Figure 7. 

The pressure transducer was an Ideal water level sensor 
but requlred an addltlonal high-stab~lity signal 
conditioning ;!:cult. Simplification of the system 
suggested that the rloat-potentiometer sensor be used 
but in~reased sensitivity be obtained by a larger float. 
The uniformity of the output of the potentiometer was 
measured for 5- and 12-inch (12.7 and 3 0 . 5 ~ ~ 1 )  
diameter floats attached to the tape. Figure 10. 

The 12-inch float, tape, potentiometer, and 
counterweight reacted to water level changes in the 
stilllng well with a sensltlvity equal to the pressure 
transducer. To accommodate the 12-inch float an 
unwieldy size of filter well would be necessary and 
cause difficuity In installation. 

-," Because of the smaller size and good response a 5-inch 
float was selected for investigation and a 6-inch 
(15.3-cm) filter well was constructed to accommodate 
the float. Operation of the systkm? using a computed 
time wnstant of 1,500 seconds produced seven steps in 
opening the gate and three steps in closing the gate, 

: Figure 11. 

The time of the gate opening was controlled by the 
sensitivity of adjusting the voltage of the Schmitt 
trigger. Varlance in the order of plus or minus 0.03 volt 
in 1 volt of level was part of the cause of the shift 
shown by the time marks from the rnathematlcal 
model placed near the recorded gate openmgs on 
Figures 9 and 11. 

The potentiometer voltage output was not as uniform 
as that for the pressure transducer. Friction again .:. caused a slight stepwise variation but the voltage steps :. ~ .. 

were small. The reaction of the control appeared to be 
unaifected by the slight nonuniformity of , : 

potentiometer output. 

Agreement between the mathematical model and 
laboratory simulation was better with the float than 
with the transducer in their respective stilling wells. 
The mathematical model computed the transients in 
Figure 6 from a time constant of 1,900 seconds. The 
filter well containing the transducer had a computed 





Figure 10. Five-~nch and twelve-m.. ..,.. .,.u~,co m t e r  

level sensors. Photo PX-0.70734 

in head. The filter well for the float had a computed 
time constant of 1.500 seconds and a measdred 
mnstant of about 2,150 reconds for a 0.21-foot step 
function in head. The time mnstant of 2,150 reconds 
was closer to me mathematical model and thus the 
hydraulic filter with float gave better correspondence 
between theory and experiment. 

Control Time Constant 

Analysis.-Wave travel times in the sections of Corning 
Canal had been computed by personnel at the 
Ur~iverdv of Cal i f~rnia.~ These times were used with 
derived equations to compute the sizes of the stilling 
well and capillary damping tube. Figures 6c. and d. The 
equztion of continuity for the f~lter is: 

Ahf = the change in the water level in 
the well 

dt = change in time corresponding to 
the well change 

The energy ~ u a t i o n  for head loss across the capillary 
with entrance and exit losses neglected is: 

where ,\! .-... 
-. 8 

Av = the displacement in canal dep,n 
from a steady state 

f = the friction factor 
L = length of the capillary tube 
dc = the inside diameter of the tube 

For hear damping, flow through the capillary tube 
should be lammar. The friction factor i s  thus related to 
the ReynGds Number by: 

v = the kinematic viscosity 
of water 

Equations (1). (2 ) .  (3). and (4) combine to give a 
differential equation for the hydraulic filter: 

The initial conditions of control at time t equal to 0 
will have the canal lev~ l  and filter well level at the same 
elevation. Thus Ahf will be equal to O and the solution 
to equatlon (5) is: 





Ahf = ~y ( 1  - ef/tfl (6) 

where 

tf = ak = time constant for the hydraulic 
filter 

Av = canal level change 

The time constant r in terms of the physical 
dimensions of the filter is: 

Time consrant measurements.-The time constant of 
the hydraulic filter was measured by monitoring the 
voltage output of the float-driven potentiometer and 
noting the time elapsed for the initial voltage to 
decrease to 63 percent of i t s  value. The value of 63 
percent of the maximum voltage is  based on the 
following equation for the discharge of a capacitor: 

T = Vmax (1 - e-tltf) 

Vmax = Maximum voltage output of 
potentiometer at t = 0 

where 

T = time tf = filter time 

for: 

T t t  rhe equation reduces to: 

T = Vmax (1 - e-l)  = V ~ S X  1 -- ( 9 . . 
T = Vmax 11 - 0.3679) = 0.6321 Vmax 

Major differences were found between the times for 
the filter to reach 0.63 of a step function as computed 
and meas!Jred in the laboratory. The indicated time 
constant varied with the size of the step function. 
Figure 12. 

For the capillary tube (0.9-inch (22.8-mm) long by 
1132-inch (0.8-mml inside diameter). time constants 
for small step functions were in closer agreement to the 
computed value. Computations of Reynolds Numbers 
from measured data showed that near turbulent flow 
conditions were present for the larger steps. Thus. 

the tube. Time constants associated with small steps or 
ramp variations normally encountered in the level 
change in the canal stilling well would be moreclosely 
computed by Equation 7. 

Table 1 i s  a summary of the computed and measured 
times for a serles of capillary tubes used in thisstudy. 
The time constants apply lo both the 4- and Sinch 
filter wells. Data were taken throughout the study of 
the HyFLO control as fdter well configurations were 
changed to provide desired time constants. 

Fears were expressed that debris from the canal water 
passing from the stilling well to the filter would plug 
the capillary tubing. Because of the probability, studies 
of the HyFLO control system included a plastic bag 
submerged in the stilling well to supply clem water to 
the fiiter, Figure 13. Time constants in Table 1 indicate 
that no appreciable change was caused by the addition 
of plastic bag and tubing. 

- 
Stilling well measurements.-Use of the canal stilling 
well and a larger float 1 inches or more) was 
suggested as a possible substitute for the control 
hydraulic filter. Limited studies were made of the time 
constants of the laboratory well, Table 2. 

For the three tubes cited, Reynolds Numbers near the 
transition range of 2,000 occurred for step AH vaiues 
of 0.2 foot. Excess losses were evidenced by the lack of 
agreement between the computed and measured time 
constants. 

CONCLUSIONS 

Completion of the laboratory studies showed: 

1. The HyFLO 'system equipment with slight 
modifications was capable of automatically 
controlling a gate supplying water to a canal section. 
Modifications included improving electrical 
components of the computer.controller and 
increasing the size of the hydraulic filter to 
accomodate a 5inch float in place of a 2-inch float. 

2. The control would supply water on demand 
from a delivery assumed to be located near the 
downstream end of a canal section. 

3. A hydraulic time delay circuit can provide a 
delay of sufficient length to minimize oscillations 
w h e ~  changes are made in canal flows. 



T I M E  ( S E C O N D S )  

Fwre 12. Tlme constant measurements HyFLO fdter with presure transducer sensor. 

4. The laboratory model satisfactorily simulated 7. The addition of a plastic bag containing clear 
predictions of gate opening and water level changes water will assist in keeping the capillary tube clean 
in the canal section. Exact correspondence was not and the hydraulic tlme delay operating. The time 
obtained between the mathematical model constant of the delay was not appreciably changed 
predictions and the laboratory simulation because by the addition of the bag and connecting tubing. 
of the voltage sensitivity of the Schmitt triggers in 
the controlier and actual filter time constants larger 8. Substitution of a stable electronic time delay 
than computed from equations in the mathematical would allow use of a large float in t!ie stilling well ,- 
model. and would eliminate the maintenance necessary to ' 

assure satisfactory operation of the hydraulic time 
5. Additional studies of the hydraulics of the time delay. 
delay circuit should be made to produce an analysis 
to account for the loss across the capillary tube in 9. A float, tape, pulley, and potentiometer 
excess of that predicted by equations from the combmation i s  a simple and satisfactory way of 
mathematical model. sensing water level and transferring information to 

the analog-computer. A 5-inch float produced a 
6. Additional analytical and experimental studies satisfactory force to operate the sensor. A larger 
should be made of the system time constant to float would be desirable for long.term operation of 
determine the range of variance for satisfactory flow the mechanical parts as friction increases with age. 
control. 



Capi 
Inside 

diameter 
(inches) 

1 I32 
(0.8 mm) 
Lld - 28.8 

0.13 
(3.3 mm) 
L id = 625 

1\32 

3132 
(2.4 mm) 
Lld = 307 

r tube 
Length 
(inches) 

0.9 
(22.8 mm) 

8 0 
I2 ml 

0.9 - 

28.8 
(73 cm) 

Compu:ed 
t h e  

constant 
(seconds) 

4-inc 

L..G:. 

1.900 

490 

1.900 

Measured* 
time 

constant 
(feet) (seconds) 

10.2-cm) Diameter Stilling WE 
ressure transducer sensor) 

I 

2-1R-inch Float Sensor 
I 

6-inch (15.3-crn) ~iarneter Stilling Wr I (5-inch float sensor) 
I 

I Flow out of filter well water 

I temperature ;; 70' F 
/I 66' F 

Out. Temp 66' F 

590 F 

Out. Temp 72' F 
72' F 

In, Temp 72' F 
72' F 

?Ii 

Out, Temp 78' F 

In, Temp 78' F 

:: 
inch Plastic Tubing 

1,500 0.21 2,190 Out. Temp 70' F 
0.21 2.1 20 In, Temp 70' F 

"Tme required to reach 0.63 of AH. 
Cause not determined. 

10. A pressure tranducer has greater sensitivity to 
water level changes, but stable signal conditioning 
equipment and transducer are required for 
continued satisfactory operation. 

11. Before general use is  attempted, of the HyFLO 
system, a careful study should be completed of the 
operating characteristics of a single canal controlled 
by multiple units. 

APPLICATIONS 

Upon conclusion of these laboratory studies, the filter 
and a modified comparator were returned to California 
and installed to control the Corning Canal section 
simulated in the laboratory. An initial trial period of 
about 6 months prior to this report resulted in 
satisfactory control of flow :--*be section. -.-- 



Figure 13. Hydraulic time-delay 6-inch rtilling well and 
plastic bag for clean water supply. Photo PX-D-70738 

Refinement of the HyFLO downstream control 
equipment and method i s  possible. Further study of 
the hydraulics of the filter should be made to produce 
an analysis to account for the excess loss in the' 
capillary damping system. A study of a stable 
electronic time delay could result in the elimination of 
the hydraulic time delay. The electronic delay would 
allow use of a large float and potentiometer mechanism 
to increase reliability and reduce maintenance costs of 
the control equipment. Time constant studies in an 
operating canal should include tty allowable variance 
to maintain ;atisfactory control of the flow. 

The HyFLO method of downstream control and 
equipment of increased reliability should have general -, 
use in existing and proposed water systems of the " 

Bureau. Before general use is  attempted, a careful 
study should be  completed of the operating 
characteristics of a single canal controlled by multiple 
units of HyFLO equipment. 

-.> 
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Table 2 

SUMMARY OF STILLING WELL TIME CONSTANTS 

Tu 
Inside 
diameter 
(inches) 

size 
Length 
(inches) 

600 
(1.525 cm) 

504 
(1,281 cm) 

540 
(1,372 cm) 

Computed 
time 

, constant 
(seconds) 

2.440 

2.060 

- 

time i; 
constant 

(feet) 

7.440 

0.2 4,570 

'Time required to reach 0.63 of AH. 
Stilling well diameter 34.5 inches (87.7 cm). 

*< 
>:, 

, Remarks 
6 

Copper tubing 
T =  70' F 
T=71°F 

Saran plastic 
T = 69' F 

Garden hose 
T = 70' F 



CONVERSION FACTORS-BItITISH TO METRIC UNITS OF MEASUREMENT 

T k  following mnversion factorr adopted by  the Bureau of Reslamatton are those pvblirhed by the American 
Saiery for Testing and Matermis IASTM Metric Practice Guide. E 380.631 except that additional f a n o n  1.1 
mrnmonly used in the Bureau have been added. Funher dowurnion of definitionsdquantiner and units is given i n  
the ASTM Meuic Practice Guide. 

The metric units a n d  mnvenion factors adopted by the ASTM are bared on the "International Synem of Unin" 
ldesignated Si for Systme International d'Uniter1. fixed by the International Comminee for  Weighs and 
Meaurer: this vnm ir air0 known as the Gbrgi or MKSA Imeter.kilogram lmarrl-reand-ampere) system. This 
vstem has been adopted by the International Orgnization for Standardization in IS0 Recommendation R-31. 

The metric technical unit o f  force is the kilogram-force; this is the force which. when applied to a body having a 
mars of  1 kg, gives i t  an axeleration o f  9.80665 mlreclrec, the standard acceleration of free fali toward rhe earth's 
center for rea level at 45 deg latitude The metric unit  o f  force in Si unit$ is the newton IN), which isdefined as 
that brce which. when applied to a body having a marrof 1 kg. giver it an acceleration of 1 m/rec/%.Thereunitr 
must be distinguished from the linconrtant) loeai weimt of a body having a man of 1 kg, that is, theweight of a 
body is that force with whish a body is attracted to  the earth and is equal to the man of a body multiplied by the 
acceleration due t o  wavily. Hawwer. becaure it is general practise to  use "pound" rather than the technically 
correct term "pound-farce." the term "kilogram" lor  derived marr unit1 has been used in this guide insread of 
"kiiogram-force" in exprerring the canversion factors for forcer. The newton unit of force will find increasing use, 
and is enentiai i n  51 units. 

Where approximate or nominal English unitr are "red t o  express a valve or range of ialuer, the converted metric ,' 
units in parentheses are also approximate or nominal. Where precise Endish unitr are wed. the cowerred metric 
units are expresred at equally rignificanr valuer. 

Table i 

OUANTITIES AND UNITS OF SPACE 

Multiply BY To obtain 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  25.4 lexactlyl . . . . . . . . . . . . . . . . . . . . . .  Micron 
. . . . . . . . . . . . . . . . . . .  Inch- . . . . . . . . . . . . . . .  25.4 lexactiyl Miiiimeten 

lncher . . . . . . . . . . . . . . .  2.54 le)(xt ly j* : . . . . . . . . . . . . . . . . .  Centimeters .. . . . . . . . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . . .  ': 30.48 lexxt iy l  Centimeters 
Feet . . . . . . . . . . . . . . . .  0.3048 lexactiyl* . . . . . . . . . . . . . . . . . . .  Meter. 

. . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  0.0003048 lexactlyl' Kilometers 
. . . . . . . . . . . . . . . . . . . .  Yards . . . . . . . . . . . . . . .  0.9144 Iexactlyl Meterr 

Miles Irtatutel . . . . . . . . . .  1.609.344 (exacflyl' . . . . . . . . . . . . . . . . . . . .  Meters 
. . . . . . . . . . . . . . .  Miles . . . . . . . . . . . . . . . .  1.609344 lexactlyl Kilometers 

. . . . . . . . . . . . .  Square insher . . . . . . . . . . .  6.4516 lexaetiyl Square sentimeterr 
Square feet . . . . . . . . . . . . . . . . . . . .  '929.03 Square centimeter$ . . . . . . . . . . . .  

. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  Square feet 0.092903 Square meterr . . . . . . . . . . . . . . . . . . . .  Square yards . . . . . . . . . . .  0.836127 Square meters 
Acres . . . . . . . . . . . . . . . .  '0.40469 . . . . . . . . . . . . . . . . . . . . . . . .  Hectares 

. . . . . . . . . . . . . . . . . . . . . . . .  Acres . . . . . . . . . . . . . . . .  '4.M6.9 Ssuare meters 
Accs . ~~ . .  . . . . . . . . . . . .  0.0mMS9 ,:. Square kilometers . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  Square miles . . . . . . . . . . .  2.58999 Square kilometers 

VOLUME 

. . . . . . . . . . . . . . . . . . .  Cubic inches . . . . . . . . . . .  16.3871 Cubiccentimeten . . . . . . . . . . . . . . . . . . .  Cubic feet . . . . . . . . . . . . .  0.0283163 Cubic meters . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  Cvbic yards 0.764555 Cublc meters 

Fluid ounces IU.S.1 . . . . . . .  29.5737 
Fluid ounces IU.S.1 . . . . . . .  
Liquid pints IUS.1 . . . . . . . .  
Liquid p ins  IUS.1 . . . . . . . .  
Ouanr IUS.1 . . . . . . . . . . .  
Ouanr lU.S.1 . . . . . . . . . . .  

. . . . . . . . . . .  Gallonr lU.S.1 
Gallons 1U.S.I . . . . . . . . . . .  

. . . . . . . . . . .  Cubic centimeters 

. . . . . . . . . . . . . . . . .  Milliliters . . . . . . . . . . . . .  Cubic decimeters 

. . . . . . . . . . . . . . . . . . .  htW6 . . . . . . . . . . . .  Cubic sentimeterr 

. . . . . . . . . . . . . . . . . . .  Literr . . . . . . . . . . . .  Cubic centimeters . . . . . . . . . . . . .  Cubicdffimeterr -~ ~ . ~~.~ ~ 

. . . . .  . . . . . . . . . . .  Galianr lU.S.1 3.78533 
. . . . . . . . . . . .  . .  j . .  Gallons lU.S.1 '0.00378543. 

\< .,:.,. Gallons (U.K.) . . . . . . . . . . .  4.54609 . . . . .  
Gallons IU.K.1 . . . . . . . . . .  4.54596 . . . . .  
Cubic feet . . . . . . . . . . . . .  28.3160 . . . . . .  
Cubic v w d l  . . . . . . . . . . . .  '764.55 . . . . . . . .  

. . . . . . . . . . . . . . .  Liters 
. . . . . . . . . . . . . . .  Cubic meters 
. . . . . . . . . . . . .  Cubic decimcterr 
. . . . . . . . . . . . . . . . . . .  Liter6 
. . . . . . . . . . . . . . . . . .  Liters 

& re fen  . . . . . . . . . . . . . . . . . . . . . . . .  '1,233.5 Cubic melen . . . . . . . . . . . . .  
Acrefen . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '1,233,50(3 Literr . . . . . . . . . . . . .  

: .. 



MASS 

Grainri117,OW lbl . . . . . . . . .  M.79891 lexarllyl . . . . . . . . . . . . . . . . . . . . .  Milligramr 
Trovounce. 1450graii l  . . . . . .  31.1035 Grams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oun- tadp i  . . . . . . . . . . . .  28.3495 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Pounds [adp i  . . . . . . . . .  - 0.45359237 iexanlvl . . . . . . . . . . . . . . . . . . . . .  Kilograms 
Shontonr l2.0W lbl . . . . . . . .  907.185 Kilograms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Shonmns l2.0Wlbl . . . . . . . .  0.907185 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M e t r i c m s  
Long tans 1224Olbl . . . . . . .  1P18.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogams 

WORK AND ENERGY. 

British mclmal unirr IBtul . . . . .  '0.252 ........................... Kilogramsaloricr 
British Thnmal units IBml . . . . .  1,055.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Joules 
Bm p r w u n d  ............ 2.326 iexanlyl . . . . . . . . . . . . . . . . . . . . . .  huler  a r  gram 
Foalpounds . . . . . . . . . . . . .  '1.35582.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J m l a  

WWER 

H o r r p w e r . .  . . . . . . . . . . . .  745700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Warn 
8tu per hour . . . . . . . . . . . . .  0.293071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Wan3 
Foot-pounds ar-nd ...... 1.33582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Wanr 

HEAT TRANSFER 

Ounerprrcubic i w h  . . . . . . . .  1.72999 . . . . . . . . . . . . . . . . . . . .  Gramrper rubicentim.ler 
Povndlpsrrubicfmt . . . . . . . .  18.0185 . . . . . . . . . . . . . . . . . .  Kilogram per m b i ~ m s t e r  
Poundlper r ~ b i ~ f o o l  . . . . . . . .  0.0160185 . . . . . . . . . . . . . . . . . .  Gram~percubiceontimetee 
Tons ilongl p r  cubic v d  . . . . .  1.32894 . . . . . . . . . . . . . . . . . . . .  Gramr p r c u b i c c c n t i m ~ ~ ~ r  

MASSICAPACITY 

BENDING MOMENT 0 9  TOROUE 

inch-pounds . . . . . . . . . . . . .  0.011521 . . . . . . . . . . . . . . . . . . . . . . . . .  Mele~tilogramr 
Inch-pounds . . . . . . . . . . . . .  1.12985 i 108 . . . . . . . . . . . . . . . . . . . . .  Ccntimssr-dynes 
Foal-pounds . . . . . . . . . . . .  0.138255 . . . . . . . . . . . . . . . . . . . . . . . . .  Me2cl.kilogram$ 
FmFpound% . . . . . . . . . . . . .  1.36582~ 107 . . . . . . . . . . . . . . . . . . . . . .  Centimew!dyne. 
Fmxrr.wund$pr inch . . . . . . . .  54431 . . . . . . . . . . . . .  CenfimetertilogamsPsr centimeter 
Ovnrcinehes.. . . . . . . . . . . .  72.W8 . . . . . . . . . . . . . . . . . . . . . . . . .  Gram.centime~en - 

VELOCITY 

Fret per reeond . . . . . . . . . . .  3.48 Iexrcflyl . . . . . . . . . . . . . . . . . .  Centimeten p a  m o n d  
Fret perreeond . . . . . . . . . . .  0 3 W 8  le rmly l '  . . . . . . . . . . . . . . . . . . .  Metars p r m m d  
F m  per y w r  . . . . . . . . . . .  '0,965873 x lod . . . . . . . . . . . .  Cent in fen  wr remnd 
Miles pn hour . . . . . . . . . .  1.609W Iexanlyl . . . . . . . . . . . . . . . . .  Kilometers p r  hour 
Miler ~ e r  how . . . . . . . . . . . .  0.44704 i e l a c t l ~ l  . . . . . . . . . . . . . . . . . . .  Meterr p r r e e m d  

ACCELERATION. 

~ e e t  p r  -nd2 . . . . . . . . . .  .O.Y)48 Met=, p r  remnd2 . . . . . . . . . . . . . . . . . . . . . . . . .  
FLOW 

Cubic fEetpLrreeond 
I=ond-fret1 . . . . . . . . . . . .  '0.028317 . . . . . . . . . . . . . . . . . . . . .  Cubic meters oer m o n d  

Cubic fmpr rminure  . . . . . . . .  0.4719 . . . . . . . . . . . . . . . . . . . . . . . . .  Liter. per m o n d  
Gallons (US.) per minute ........ 0.08309 . . . . . . . . . . . . . . . . . . . . . . . . .  Litea per nsond 

Pounds . . . . . . . . . . . . . .  '0.453592 Kilagramr . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pmndr . . . . . . . . . . . . . . . .  '4.4482 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Nmronr 
Pounds . . . . . . . . . . . . . .  '4.4482 x 10' . . . . . . . . . . . . . . . . . . . . . . . . .  Dyner 

thclm.1 mcduciivitvl . . . . . . .  0.1240 . ....................... Kg callhr m degree C 
8 m  Whhr +dd.gree F . . . . . . . .  -1.4880 . . . . . . . . . . . . . . . . . . . . .  Kg cal mlhr m2 degree C 
Bmlhr h2dnros  F IC. 

thermal redninsel . . . . . . . .  1.761 . . . . . . . . . . . . . . . . . . . . . . .  Dogre C cm21mill i~an 
. Bmllb &grw F Ic, h c a  capaeityi 4.1888 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jlg drgree C 

Brvllbdegree F . . . . . . . . . . .  '1.030 . . . . . . . . . . . . . . . . . . . . . . . . . .  Callgram dog== C 
~ t 2 1 h ~  llhermai diffurivityl . . . .  0.2581 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cm21uc 
~ r ~ l h r  ichermal diftusMirvl . . . .  -0.09293 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  bI2lhr 

WATER VAPOR TRANSMISSION 

Grainf i r  $ iwafc lua~or l  

Table Ill 

OTHER OUANTITIES AND UNITS 

M ~ l l # p l y  BY TO ObDm 

Cubic fwtper muam fool per day lsepagd . . . .  
Pound.recondr wr m a r e  foot IuirmdwI . . . ... 
q.am foe, a r  w o o d  ("im,i",) 
Fahrcnhaildqi= khangel. . .  !y i f . . ' . . .  ~ ' ' ' ' ' ' ' '  . . .  
Vollsper mil . . . . . . . . . . .  ,;. . . . . . . . . .  
L ~ m e n ~ ~ w m ~ a r e f o ~ t  ifonr.wdlesl . . . . . . . .  
Ohmcircvllr miis per faor . . . . . . . . . . . . . .  
Mi l l icur i~sprcubicfmf . . . . . . . . . . . . . . .  
Mi l l imo% per muare f m  . . . . . . . . . . . . . . .  
G l l I m l ~ e r s ~ ~ ~ m  yard . . . . . . . . . . . . . . . .  
Pounds wr in* . . . . . . . . . . . . . . . . . . . . .  

Liten p r  muare materpr  day . . . . .  
Kilogam econd p r  quare meter . . .  

Sgu- meten p e r l ~ o n d  . . . . . . . .  
. . Cdrius or Kelvin de- khango)' 

K l l o ~ ~ l f s  a, millimeter . . . . ..... 
. . . . . . .  Lumen. arqY.Ie meter 

Ohmsquare mil l imerenpr meter . . .  
Millicuri* per cubic meicr . ...... 
Millirmpr per quare meter . . . . . . .  

. . . . . . . . .  Litcrrl).rm"mmRFr 

. . . . . . . .  K i lo~ laml  p r c e n t i m m r  



ABSTRACT ARSTRACT 

The Hydraulic Filter Level Offset IHyFLO) syrtem for automatic downstream of canalr 
was mathematically modeled. designed. and eonrtrueted by the University ofCalifornia at 
Berkeley and the Bureau of Reclamation Office. Sacramento. California. The HyFLO syrtem is 
a feedback control method that automatically adjusts the canal inflow from water level offretr 
caused by the canal outflow. Mechanical and electrical problmr occurred in a field trial of the 
System. and the equipment was rent to the Engirm~ing and Rerearch Center, Denver, for 
testing and evaluating. The HyFLO equipment was instailsdin the laboratory to simulate one 
section of canal between two radial gates. After some equipment modification, the laboratory 
model ratirfactorily simulated mathematical predictions of gate opening and water level changer 
in the canal rection. Upon mmpletian of tt.e laboratory testing, the equipment war installed on 
one section of the Corning Canal near Red Bluff. California. The equipment is now controlling 
the flow satirfactorily. 

ABSTRACT ABSTRACT 
e Hydraulic Filter Level Offset (HyFLO) ryrtem for automaticdownrtream wntrol  of canalr 

The Hydraulic Filter Level Offret (HyFLOl ryrtem for autamaticdown$tream control of canals r mathematically modeled, designed, and mnrtruaed by the Univerrity of California at 
war mathematically modeled, designed. and constructed by the University of California at 

rkeley and the Bureau of Reclamation Office. Sacramento. California. The HyFLO system is 
Berkeleyand the Bureau of Reclamation Office, Sacramento. California. The HyFLO system is eedback control method that automatically adjurtr the canal inflow from water level offsets 

red by the canal outflow. Mechanical and electrical problcmr occurred in a field trial of the a feedback control method that automatically adiurtr thecanal inflow from water level offsets 
caused by the canal outfllw. Mechanical and electrical problems occurred in a field trial of the 

tem, and the equipment war cent to the Engineering and Research Center, Denver, for 
system. ?pd the equipment war rent to the Engineering and Rerearch Center. Denver. for 
terting a,." evaluating. The HyFLO equipment war installed in  the laboratory to simulate one 
rection of canal between two radial gates. After some equiwnent modification. the laboratory 
model satisfactorily simulated mathematical predictionr of gate opening and water level changer 
in the canal rection. Upon mmpletian of the laboratory testing, the equipment war installed on 

e rection of the Corning Canal near Red Bluff, California. The equipment ir now mntrolling 
one rection of the Corning Canal near Red Bluff. California. The equipment ir now controlling 

flaw satisfactorily. 
the flow satirfactorily. 
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