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PREFACE

; 5‘
Hydrauhc model studies of features of Oroville Dam and Powerplant
were conducted in the Hydraulic Laboratory in.Denver, Colorado.
The studies were made under Contract No. 14-06-D-3390 between
the California Department of Water Resources and the Bureau of
Reclamation.

The designs were conceived and prepared by Department of Water
Resources engineers. Model studies verified the general adeguacy
of the designs and also led to modifications needed to obtain more
satisfactory performance. The high degree of cooperation that
existed between the staffs of the two organizations helped mate-_
rially in speeding final results, '

During the course of the studies Messrs. H. G. Dewey, Jr.,

D. P. Thayer, and other members of the California staff visited
the laboratory to observe the tests and discuss model results.
Mr. K. G. Bucher of the Fluid Mechanics Section of the Depart-
ment was assigned to the Bureau Laboratory for training and for
assisting in the test program. Mr. G. W. Dukleth provided 11a1-
son between the Bureau and the Department.
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ABS TRACT

Hydraulic model studies helped determine head losses, differential pres-
sures, vortex action, and general pressures for three proposed designs
for the intake structure of the Oroville Dam undergroand powerplant,
Agriculture and fish propagation downstream from ine dam require con-
trol of the temperature of water released through the powerplant. This
control is accomplished by withdrawing water from selected reservoir
depths through ports or opened shutters placed along-intake structures
which slope up the side of the reservoir. Design I consisted of 650-foot-
long trapezoidal channel with semicircular covering shells, a §0-foot-
long trashrack-covered port at the base, and five additional 40-foot-long ports
Flow through each port was controlled by thin semicylindrical shutters.
The design was abandoned because of possible instability of the semi-
cylindrical shutters and complicated, submerged mechanisms necessary
to engage, move, and latch the shutters. Design O consisted of sloping
channels with larger trapezoidal cross sections and continuous arched
trashracks the full length of the structures. Under the trashracks, flat.
40-~foot-long by 45-foot-wide control shutters covered the intake channels,
The shutters could be removed from the channels or reinstalled as res-
ervoir level or'temperature requirements changed. Design If was tested
thoroughly and accepted for prototype use. However, unexpected foun-
dation problems required structural modifications, culminating in

Design III. This design utilized rectangular channels with lighter trash-
rack arches supplemented by tension beams across the channel at the base
of each arch, Design III was adopted.

DESCRIPTORS-- ¢ hydrauhcs/ *head 1osses/ “*pressures/ hydraulic
models/ flow control/ trapezoidal channels/ *vortices/ hydraullc struc-
tures/ underground powerplants/ intake gates/ trashracks/ *intake
structures/ temperature/ model tests/ temperature control/ inlets/ .
research and development/ fish/ agriculture/ ports

IDENTIFIERS-- *Oroville Dam powerplant/ sloping intake structures/
California/ reentrant inlets/ shutters/ hydraulic design/ temperature
control shutters '
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PURPOSE

Model studies were made to investigate pressure conditions and head
losses in the Oroville Powerplant intake structures, differential pres-
sures acting on the control shutters, and vortex action in the reservoir
above the 1ntakes

CONCLUSIONS

Design 1

1. The head loss through the initial design was 4.2 feet of water at
the maximum discharge of 8, 600 cfs (cubic feet per second) in one
intake.

2. The addition of a deflector to eliminate the recess at the end block
at the hottom of the intake channel reduced head losses by 30 percent
or 1.3 feet of water (Figure 21). -‘

3. A shallow vortex formed above Port 2 for submergences up to
118 feet. The vortex did not draw air until the water level was low
enough to expose the crown of the port (Figure 22),

4. Tests indicated that long-period pressure reversals were present
on the semicylindrical temperature control shutters (Table 1).

5. Al pressﬁres measured along the channel transition and penstock
transition were positive and, hence, satisfactory (Table 2).

6. Design I was abandoned at the recommendation of the Board of
Consultants due to questions about stability of the lightweight shutters .
and the complicated handling equipment. o




Desigil II

1. The head loss with four shutters in place was 2.8 feet at maximum
discharge. This design reduced the head loss 33 percent or 1.4 feet
when compared to the operation of Design I through Port 2 (Figures 26 -
and 21},

2. The addition of a curved deflector at the base of the channels re-
duced the head loss through the system by only 5 percent or 0.2 foot
(Figure 26). ‘

3. Qualitative tests indicated that 40 feet of submergence was required
to avoid vortex problems for operation with five shutters and a dis-
charge of 8, 270 cfs.

4, The bases of the two intake structures on the right abutment should
be placed so that flow can start at about reservoir elevation 685 to
allow 45 feet of submergence for vortex-free operation at reservoir
elevation 730,

5. Vortices formed inside the intake channels slightly upstream from the
leading edge of the shutters (Figure 27).

6. The differential pressure curves of the control shutters are sim-
ilar to curves on a re-entrant inlet {Figure 28).

7. A maximum differential of 6.1 feet will occur when operatmg with
one shutter at maximum discharge (Figure 28).

8. No subatmospheric pressures were found in the channel transition
or in the penstock transition. The minimum pressure was 98 feet of
water above atmospherlc {Table 4).

9, Design II was abandoned when foundation conditions were found to
be unsuitable for the trapezoidal-shaped channels.

Desigz nr

1. Increasing the depth of the leading edge of the shutters to reduce
reentrant flow reduced the head loss by about 0.3 foot, and reduced

the pressure differential across the leading edge of the gates by 1.0

foot {Figure 31). The increased depth simulated having the gate nose
directly below a channel beam with no clearance space between theaimi. =

2, The reduction in head loss due to the presence of the_chahnel beam
decreased as the clearance between the shutier and beam increased
(Figure 32).




3. With a clearance of 5-1/2 inches between the shutters and beams,
the head losses and pressure differentials acros‘s the shutters were
the same for a 90° corner, a 1-foot radius and d. 2-foot radius on the
bottom leading edge of the shutters. :

4. Under optimum conditions, with a 5-1/2-inch clearance and with
five shutters in place, the additicn of channel beams reduced the head
loss by 0.4 foot {Figures 26 and 33).

INTRODUCTION

Oroville Dam is located on the Feather River about'4 miles northeast

of Oroville, California (Figure 1). This 747-foot-high earth and rock
fill multipurpose dam is the key feature of the California Water Project.
Water from the 3,500, 000-acre-foot Oroville Reservoir will flow
through 700 miles of rivers, aqueducts, pipelines, and tunnels to
southern California {(Figure 2)

A flood.control outlet works-and an emergency spillway are located

on the right abutment of the dam (Figure 3;. Two 35~foot-diameter .
diversion tunnels and a 600-megawatt underground powerplant are -
located in the left abutment, At a higher elevation on the left. abvtment '
are sloping intake structures which connect to the underground power-

plant with 22-foot-diameter concrete-lined penstocks {Figures 3 and 4).

Tunnel plugs will be placed in the diversion tunnels to convert the tun-

nels into a tailrace system for the powerplant. After initial diversion

is completed, and until the powerplant is completed, river releases

will be made through two Howell-Bunger valves located in the tunnel

plug of Tunnel 2.

Rice production in lands irrigated by the Feather River requires warm
water from the reservoir during the months of April through August,
The California Department of Fish and Game requires water at about
53° F during the months of October through February for fish prop-
agation at a hatchery at the city of Oroville. These requirements for
controlled water temperatures necessitated an intake structure with
provisions to control the level, and hence, temperature, at which water
is taken from the reservoir. Intake structures that sloped up the side
of the reservoir at an angle of 28° and utilized movable gates-or shut-
ters were selected as the most economical method of acquiring tem-
perature control.

The unique shape of the intake structures presented many design prob-
lems, and hydraulic model studies were considered the most practicable
method of answering specific questions on shutter vibration, head loss, - -
boundary pressures, and vortex action. The California Department of
Water Resources negotiated a contract with the Bureau of Reclamation

to conduct comprehensive hydraulic model studies on the proposed

‘intake structures. The model tests made and the results obtained from
these studies are discussedin this report. Duringthe course of the model

studies, -three designs of the left abutment intake structures were tested.

3 R




Design I

In cross section, the lower half of each channel was essentially trap-
ezoidal and the upper half semicircular {Figure 5), Six trashrack-
covered ports were located along each intake. The lowest port was
60 feet long. The 84-foot space to the next port was covered by a
semicylindrical concrete shell. The remaining five ports were 40{eet
long, spaced 80 feet center to center, with 40 feet of concrete ghell
between adjacent ports. The port could be closed by movable semi-
cylindrical shutters {Figures 5 and 16). Two 20-foot-long shutters
were used in each 40-foot port and three 20-foot-long shutters were
used in the 60-foot pert, When a 40-foot port was to be opened, a
mechanical operator would engage the upper shutter and move it up
the intake into position under the concrete shell with the end of’the
shutter flush with the edge of the port, The operator would then latch
the shutter in place. Next, it would move to the second shutter and
move it down the intake to a similar position under the shell and lock
it in place, When the 60-foot port was tc be opened, the operator
would move all three shutters up the intake under the 84-foot-long
concrete shell. '

Design I

The initial concept of this design proposed a larger open-topped trap-
ezoldal channel with flat shutters along the entire axis of the intake
{Figure 6). A continuous trashrack was also provided. The shutters
were coupled together with rods that telesceped into the shutters,

When the uppermost shutter was drawn uphill, the rod slack was taken
up, leaving about a 40-foot opening between it and the following shutter.
Withdrawal of successive shutters would continue as the reservoir
receded or if #n opening at a lower elevation was desired. Full with<
drawal of the Shutters required hoisting trackage almost triple the
length of the intake, After study, the Department of Water Resources
adopted the basic idea of this proposal, but the shutter "train' was
abandoned because of length of trackage and size of the hoisting mech-
anism required to draw the shutters up the intake, :

The intake was redesigned with shutters that would be individually
hoisted up the structure as the water surface receded or as the tem-
perature requirements changed. The temperature control shutters
were large flat panels 40 feet long by 45 feet wide. The removed
shutters would be stored in bays at the service level of the structure
{frontispiece). Design II is shown in Figure 7.

Design L1

Unexpected foundation conditions unicovered during field excavation
required elimination of the sloping walls of the trapezocidal channel
of Design II, and the cross section of the channels was changed from




trapezmdal to rec,tangular Segmented arches made from:stainless
steel were specified for supporiing the trashracks. Each arch
required the addition of a channel beam across the intake channel
to act as a tensmn member {(Figures 8 and 19).

General =
Two transitions were: requ1red in'the base of each intake channel to
lead the flow from the’channels into the penstocks. The first transi-
tion consisted of surfaces that warped from the main channel cross
section to'a bellmouth-like shape (Figure 9). The second was a
vertical transition that changed from the 17.5- by 22-foot rectangle

at the channel base to the 22-foot diameter of the penstock (Figure 10).
A coaster gate was positioned'at the entrance to each penstock tran-
sition to serve as an emergency closure gate and to be used to seal -
off the penstocks for routme 1nspect1ons and rnamtenance {Figure 11).

Concrete-lined penstocks extend from the bases of the intake channels
to the underground powerplant. Maximum discharge through the
turbines-and, therefore, through the intakes occurs at water surface
elevation 730 (Figure 12). At this maximum discharge, 8, 600 and

7. 900 cfs ‘flow into the left and right intakes, respectlvely, for a total
discharge of 16, 500 cfs. The maximum water surface in the reservoir
will be at elevation 200 feet.

Detailed discussions of hydraulic studies on-the Oroville diversion

tunnels, tailrace system, outlet works, spillway, shuiter relief panel

system, and intake gate downpull forces are discussed in other
reports. 1/, 9/ 3/,4/.5/,6/

MODELS"

DesignI

The model, built at a scale of 1:24 using the Froude criteria, repre-
sented the lower 360 feet of the intake structures and surrounding
topography (Figures 13'and 14). The model was contained in a sheet-
metal-lined headbox 22 feet long, 16 feet wide. and 9 feet deep. The
floor of the box, which represented elevation 602, was placed 7 feet
above the laboratory floor to allow.clearance for the penstock transi-
tion and discharge system. ' '

The left intake in the model represented Intake No. 1 of the prototype
(Figure 3). Intake No. 1, which has the greater discharge of the two
intakes for a given reservoir elevation, was built to exact scale and

1/Numbers refer to ftems in the bibliography.




was used fur detailed testing (Figure 15-A). Included in this structure
were- the control shutters, intake gate, channel and penstock transi-
tions, and a short length of 22-foot-diameter penstock.

The trapezoidal and semicircular sections of the intake channel were
shaped from galvanized sheeti meial and reinforced by heavy gage
sheet metal stiffeners. The transition in the lower 150 feet of Channel
No. 1 was shaped from waterproofed sugar pine wood. The transition
warped from the trapezoidal cross section on the intake channel to the
bellmouth-type entrance above the vertical penstock (Figure 8). Remov-

e able inserts could be placed at the base of the tower so the effect of

- different end shapes could be determined...-The rectangular portion

. of the penstock transition was made from galvamzed sheet metal and
the transition from the rectangular section to the round penstock was
made from transparent plastic. Thirty-four piezometers were placed
along the channel and penstock transitions (Figure 24).

. The semicylindrical control shutters for Intake No. 1 were fabricated _
by fastening rolled No. 16-gage brass skinplates to machined brass end <
rings {Figure 16-A). Fourteen piezometers were placed in one of the ‘
shutters to measure pressures on the shutter when it was placed at
various locations under the concrete shell near the edge of the port
(Figure 16-B),

The right intake represented Intake No. 2 and was modeled in general
shape only (Figure 15-A), It was used when both intakes were operating
simultaneously and was fabricated as a cylinder with openings at proper
locations. to represent intake ports, Trashracks were provided. A
hinge was welded to the base of the cylinder so the intake could be

tilted up to provide access for piezometer connections underneath.

Topography was constructed by cutting wooden contours and placing
them to their appropriate elevation in the headbox. Expanded metal
lath was formed over the contours and a 3/4-inch layer of concrete
was placed over the lath to produce the finished surface (Figure 14-B).

Water was supplied to the model through the central laboratory supply

system. Flow rates into the headbox were measured by permanently

installed and calibrated Venturi meters. Flow through the model was

discharged through two 12-inch pipes, one located below the base of

each intake (Figure 13). An orifice plate was calibrated and placed on

the end of the discharge pipe of the Intake No. 2. During simultaneous -

operation, the total:discharge for a specific reservoir elevation for the

s two intakes was gsupplied to the headbox; flow through Intake No. 2 was

§ 3 measured by the erifice and throttled to give the appropriate discharge
S for that intake, the remaining water passed through Intake No. 1.




Design 11

Design II required construction of a new channel for Intake No. 1 and
modification of the channel for Intake No. 2. The invert half of Intake
No. landthetrashrackarches were fabricated from No. 18-gage gal-
vanized sheet metal. Struts between the trashrack arches were
machined from aluminum bar stock (Figure 17-A). Two control shut-
ters were represented in detail with piezometers along the underside
of the shutter. The channel transition was fabricated by forming

No. 28-gage sheet metal overtemplates. The penstocktransitionwas
unchanged. TForty-five piezometers were placed along the surfaces
of the channel and penstock transitions. The completed model of
Design II is shown in Figure 17-B, '

Design il

The cross sections of the intake channels of Designs Il andIIl, while not
the same, were sufficiently similar that new channels did not have to
be fabricated for the Design III hydrauhc tests (Figure 18). The heavy
haunched trashrack arches of Design II were replaced by accurately
built models of the proposed lightweight steel arches, and a channel
beam was added to the base of each arch to act as a tension member
across the channel (Figure 19). In total, two 3~foot model sections of
segmented lightweight arches were fabricated from No, 18-gage gal-
vanized sheet metal. ' '

INVESTIGA TION

Design I

Model studies were made to evaluate head losses, determine minimum
submergence for vortex-free operation at maximum discharge, inves-
tigate tendencies of the shutters to vibrate, and to determine the pres-
sures acting on the channel and penstock transitions.

Head loss.~-Head loss was determined by measurmg the pressure
difference from the reservoir water surface to the hydrostatic head at
the piezometer ring below the penstock transition and subtracting the
velocity head in the 22-foot-diameter penstock from the difference

- (Figure 20). The loss was expressed by the equation;

2
KV
HLZ'Z—g"

where

K = loss coefficient determined by model study
V = average velocity in 22~foot-diameter penstock (Q/A)
" g = acceleration of gravity (32. 2 feet per second per second)




Head loss measurements were made for the following conditions:

1. Flow through Ports 1* and 2 with the initial end block at the
base of the intake structure .

2. Flow through Port 2 with a curved deflector in the base of the
intake structure

3. Flow through Port 2 with a vertical deflector in the Ease of the
intake structure

The tests determined that the loss coefficient, K, was 0.24 when oper-
ating through Port 1, and 0.52 when operating through Port 2 when the
initial end block was used. This was equivalent to losses of 1.9 and
4.2 feet, respectively, at the maximum disc_harge of 8, 600 cfs through
the intake (Figure 21). Deflectors were tried in the base of the struc-
ture to eliminate the recess at the end block and reduce the head loss.
Tests with flow through Port 2 showed that K was reduced from 0.53
to about 0.37 for both the curved and vertical deflectors. This is a
reduction in loss of 1.3 feet of water, or 30 percent, at maximum
discharge.

Vortex study, —-Quahtatwe tests were made to observe the vortex
action in the reservoir.above the ports. The tests were made with

8, 600 cfs flowing through Intake No. 1 and 7, 900 cfs flowing through
Intake No. 2. The maximum reservoir elevation in the headbox was
820 feet and the elevation of the crown of the upstream edge of Port 2
was 702 feet. Small shallow vortices without air trails formed over
Port 2 when the reservoir was at elevation 820. This same vortex
action persisted as the reservoir was reduced to elevation 720. Below
elevation 720, the vortex action increased until at elevation 710 a
large clockwise vortex formed over Intake No. 1 and a counterclock-
wise vortex formed over Intake No, 2 (Figure 22-A)., No air trails
were visible at this submergence. The vortices decreased to strong
eddies as the water surface was lowered to approach the trashrack
members. When the water surface was decreased to elevation 700,
a large clockwise vortex formed inside the channel of Intake No. 1 at
a point upstream from the port {(Figures 22-B and 22-C). An air trail
was visible,

Shutter vibration. -~-Qualitative tests were made to evaluate the tendency
of the semicylindrical shutters to vibrate. Water-filled manometers
were connected to the 14 piezometers in the downstream shutter

*In this report, the lowest or 560-foot opening is referred to as Port 1
and the first and second 40-foot ports are referred to as Ports 2 and 3.
respectively (Figure 23),
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of Port 2 of Intake No. 1 (Figure 16-B). The test shutter was placed
in various positions under the center trashrack arch and at various
distances under the concrete shell {Figure 23). The reservoir eleva-
tion was maintained at 790 feet; discharge through Intake No. 1 was

8, 600 cfs; Port 1 was always closed; and Ports 2 and 3 were positioned
as indicated in the test schedule (Flgure 23).

The differential pressures (difference between reservoir and piezo-
metric heads) were measured at each piezometer. Results for the

10 tests performed are listed in Table 1. Some of the pressures

were unsteady and fluctuated between 2 limits (Tests 6, 8, 9, and 10).
In Test 10, the pressures at Piezometers 1 and 10 fluctuated in opposite
directions; Piezometer 1 increased from 4.8 to 8.8 feet while Piezom-
eter 10 decreased from 9.4 to 5.0 feet. These pressures held steady
for about ‘1 minute {model} and then reversed in about 2 minutes (rnodel)
and continued this cycle throughout this particular test,

The testing of Design I was discontinued before dynamic pressure
readings were made on the control shutters and before deta.lled inves-
tigations were made of any vibration tendencies. e

General pressures. --Pressures were measured on the surfaces of the
channel and penstock transitions (Figure 24) at the maximum discharge
of 8, 600 cfs for three flow conditions: through Port 1, through Port 2,
or with a vertical deflector in the base of the intake. The pressures
for these conditions were satisfactory and are listed in Table 2, The
lowest pressure found was a positive 97 feet of water,

Further testing was discontinued when the Oroville Dam Board of
Consultants recommended to the Department of Water Resources that
this design be abandoned. The Consultants questioned the stability of
the thin semicylindrical shutter and the feasibility of using complicated,
submerged mechanical linkages to engage, move, and latch the shutters.

Design I

The intake channels of Design II were trapezoidal as in Design I, but of
greater cross-sectional area. The semicircular shells and control
shutters of Design I were replaced by 40-foot-long flat shutters. The -
shutters were placed end to end along the entire length of each channel.
Above the shutters were trashracks that also covered the full length of
each channel (Figure 7).

Aiter the model was altered to represent intake Design II, studies were
made of head loss, vortex action, transition pressures, and the differ-
ential pressures acting across the control shutters.




Head loss.--Tests were made to determine the loss coefficient, K,
with up to six shutters in place on the intake channel. A table of the
values of K is shown in Figure 25-A. At maximum discharge,

8, 600 cfs, with no shutters in place, the head loss to the ring of
piezometers below the penstock transition was 1.7 feet. The head
loss, as defined by Equation 1, increased to 3.6 feet with the addition
of one shutter, decreased to 2.8 feet with three shutters and graduahy
increased to 3.1 feet as up to six shutters were used.

The loss coefficient, K, is plotted, and projected for up to 12 shutters
along the intake channel (Figure 25-B). The dip in the coefficient curve
is consistent with the pressure curve of a re-entrant inlet. The addi-
tion of one shutter formed a type of re-entrant inlet, but one which was
too short to allow full pressure recovery. As a second and third
shutter were added, the increased passage length allowed better pres-
sure recovery and lower losses. The addition of more shutters did not
improve the pressure recovery and merely added friction loss, hence
the slowly rising coefficient curve.

A curved deflector was added to the underside of the lowest shutter

to eliminate a zone of stagnation in the intake at the intersection of the
shutter and end block (Figure 26). The deflector reduced the head loss
at maximum discharge by only 0.2 foot (Figure 26). Thus, the addition
of a2 deflector to Design II did not reduce losses as markedly as the
addition of a similar deflector to Design I {(Figure 21). The greater
effect of the deflector in Design I lay primarily in the fact that it elim-
inated the recess in the end block. There was no recess in Design II,

A test was made with five shutters in placé and the intake gate removed,
The value of K changed slightly from 0.36 to 0.33, a decrease in head
loss of 0.3 foot at maximum discharge.

Vortex study --Qualitative tests were made to determlne the minimum
reservolir elevation at which no air was drawn into the intake by vortices.
These tests were made with the fOIIOng COndltIOnS

1. All shutters removed, single intake operat1on.

2. Five shutters in ?laée, single intake operation.

3. Five shutters in place, both intakes operating.

The tests with all shutters removed for single intake operation were
made to determine the minimum submergence to pass 8, 600 cfs without
air being drawn into the penstock by vortices. Tests indicated that the
minimum submergence should be about 45 feet. At a 37-foot sub-
mergence, a large unstable vortex started to form in the intake channel;
at a 31-foot submergence, a large stable vortex formed with an air
trail extending down into the penstock (Figure 27-A). Observations at
other submergences are listed in Table 3.
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During single intake operation with five shutters in place, shallow
vortices without air trails formed when Intake No. 1 was operating

at reservoir elevation 745 at a discharge of 8, 270 ¢fs. A large vortex
with an air trail extending under the shutters formed when the res-
ervoir was lowered to elevation 740 with a dlscharge of 8, 380 cfs
(Figure 27-B).

During tests with both intakes operating, flows into each intake were
varied with reservoir elevation as shown in the discharge curves of
Figure 12. Eddy action was strong in Intake No, 1, and a shallow
vortex formed in Intake No. 2 at reservoir elevation 750. The eddy
and vortex action increased as the reservoir elevation decreased.
Large vortices with air trails were prominent in the channels of both
intakes when reservoir elevation 740 was reached (Figure 27-C), It
is interesting to note that the vortices have formed within the intake
channels and that they are somewhat upstream from the leading edge
of the shutters. -

The upstream or leading edge of a group of five shutters is at about
elevation 705 (left abutment). Therefore, theé above qualitative tests
indicate that when operating at near maximum discharge, 40 feet of
submergence is required for single intake operation, and 45 feet of
submergence is required when both intakes are operating.

The requirement for 45 feet of submergence to prevent severe vortex
action when the reservoir is at elevation 730 necessitates placing the
bases of the two intakes on the right abutment at elevation 685,

Differential pressures across shutters.--The relatively thin 40- by
45-foot shutters were designed for a uniform loading of 5 feet of
water (a uniform differential pressure of 5 feet between the upper and
underside of the shutter). Piezometers were placed on the underside
of the shutters along the centerline, and model studies were made to
determine the actual pressure differences. :

Tests with one, three and four shutters on the intake were made with -
a discharge of 8,600 cfs. The maximum differentials were 6.1, 4.8
and 4.1 feet of water, respectively (Figures 28-A, 28-B, and 28-C).
Tests with five shutters were run at a discharge of 8, 270 cfs (reservoir
elevation 745). At this condition, a maximum differential pressure of
3.8 feet of water occurred at the leading edge of the upstream shutter
(Figure 28-D). A secondary, peak differential of 3.2 feet occurred

in the area above the intake gate. When the test was repeated with the
penstock intake gate removed, the maximum differential at the leading
edge remained the same but the secondary peak decreased 0,4 foot
(Figure 28-D).




The pattern of pressure intensity under the shutters is essentially

the sameasare-entrant inlet. In a reentrant inlet, separation at the
leading edge causes a local reduction of piezometric head., Maximum =
pressure recovery occurs about two pipe diameters downstream from
the leading edge. 7/ ‘

A curve of differential pressure for five shutters, using the values
for piezometric head found in a dimensionless curve for a re-entrant -
inlet, is shown in Figure 28-E. These values compare closely to the
experimental values found at the leading edge with five shutters on the
intake (Figure 28-D). The pressure intensity under the shutters
deviated from that of the idealre-entrantinletbecause the cross-
sectional area of the channel is constantly changing due to the channel
transition and intake gate.

A curved deflector was installed on the underside of the lowest shutter
of a five-shutter train to eliminate an area of stagnation at the inter-
section of the shutters and end block {Figure 23-A). The differential
pressures at a discharge of 8,270 cfs were the same as the dif-
ferentials without the deflector up to a point about 60 feet upstream
from the end block (Figure 29-A). The pressures along the surface
of the deflector remained about the same as the stagnation pressure

on the end block. However, the differentials near the end of the deflec-
tor, at the gate recess, were slightly lower than the pressures without
the deflector (Figures 29-A and 29-C}. The indicated reduction of
head loss was noted in the head loss study.

General pressures, --Tests were made of the pressures on the channel
and penstock transition surfaces with zero, one, two, and four shutters
in place, a reservoir elevation of 730 feet, and a discharge of 8, 600 cfs.
A test with five shutters was made at a discharge of 8,600 cfs but at

a higher reservoir elevation, 760 feet, to avoid formation of vortices.
No adverse pressures were found in the tests, and the lowest pressure
was a positive 98.3 feet of water. This pressure occurred at Piezom-
eter 1. A list of pressures for the above tests is presented in Table 4.
Piezometer locations are shown in Figure 30.

Design III

Vortex and general pressure studies were not repeated for Design III.
However, additional tests were made to evaluate head loss and dif-
ferential pressures with the restricted clearances between the bottom
of the channel beams and the top of the shutters, and the shape of the
leading edge of the shutters.

Channel beams. --Preliminary tests were made with the old haunched
trashrack arches of Design Il in place to see if the channel beams
shown in Figure 8 {Section B-B) could be used to lessen reentrant
losses at the leading edge of the control shutters. Tests were made
by attaching an extension to the leading edge of a shutter so that the
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top of the extension corresponded to the top of the channel beam
{Figure 31). The extension reduced head loss by 0.3 foot at maximum
discharge {Figure 31-A). A comparison of differential pressures
across six shutters showed that the extension reduced the differen-
tials by about 1.0 foot under the upstream shutter and about 0.4 foot
under the remaining shutters (Figure 31-B). These preliminary tests
were made with no clearance or gap between the shutter and the bot-
tom of the channel beam _

Channel beams were then placed in the model and tests were made
with clearances between the shutter and the beam of 0, 5-1/2, and

9 inches. The differential pressures for these clearances, and with
the beam removed, are shown in Figure 32. It can be seen that as
the gap between the shutter and beam increases, the differentials
increase slightly.

The minimum clearance between the shutters and channel beams was
set at 5-1/2 inches by the Department of Water Resources. With

. five shutters in place, the addition of the channel beams reduced the
head loss by about 0.4 foot. The loss coefficient was reduced to 0.33 -
(Figure 33),

Leading-edge shapes. --5tudies were made of three leading-edge shapes
on the upstream shutter to determine if a small degree of streamlining
would reduce head loss. Tests were made with a 90° corner, and with.
1- and 2-foot-radius curves. The loss was 2.55 feet at maximum dis-
charge for all three shapes (Figure 33).

Differential pressure measurements were made at 8 600 cfs using the
shutters with the 1-foot radius on the leading edge. Tests were made
with cie, three, and four shutters in place. The maximum differen-
tials were 4.8, 3.8, and 3. 5 feet of water, respectively (Figure 34).
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TABLE | ‘
DIFFERENTIAL PRESSURES ACROSS CONTROL SHUTTERS
DESIGN I

DIFFERENTIAL PRESSUR.ES, FEET OF WATER, PROTOTYPE

TEST ‘ '
MBS Lk | 2 3 a 5 6 7 8 ) Lo
154 - 98~ | 127~ | 48- T
. | 53 | 29 | 24 | 22 | 62 |P37| a6 | 98- 11275 | 48
_ : 6.0~ .
2 53 | 26 | 19 1.4 - 34 | 48 | %5 | 38 | 22
- 3 22 | 24 | o2 | 02 | 50| 36 | 24 5‘;'3;: a5 | 34 ]
) a4 53 | 26 | 24 | 22 | 50 | a6 | 38 | a1 | 34 | 28
0.8 - . i
u 5 53 | 2.6 L9 1.9 | a8 | 38 | 26 | 44 | 36| 31
S 6 22 | 264 o2 | o5 | 53| 4 24| 4l 36 34 e
e ] 48 {24 | 22 | o2 | 67 { 5.0 229 |.3.4
o \ \
5 - 8 48 | 24 | 29 | 12 | 4B | 3B 2.6 | 38
‘ - | :
= 9 {22 | 22 | o2 | 05 | 53 a1 { 24 | a8 | 2.9 | 38
. o ' :
50— 10.8— 94—
. ~ R — R )
N 10 48 | 29 | 26 | 2.6 oa | 43 |'es | 32 b 5o
o o 48 |26 |22 | 19 | 48 | 50 | 22 |30 a1 |oes (T
12 22 | 24 | 02 |05 | 67 | 53 | m |8 58| 58 |,
13 46 | 2.2 17 19 55 | 4.3 290 | a3 | 26 | 26
14 [ 4.3 | 22 | 19 1.7 53 (43 | 20 [ 43 | 2.6 | 2.6

TEST CONDITIONS SHOWN [N FIGURE 23
PIEZOMETER LOCATIONS SHOWN IN FIGURE 1|6

DIFFERENTIAL PRESSURE = Hpggervoir - He\ezome TER
RES. ELEV. 790, DISCHARGE = B,600 CFS

OROVILLE DAM -
POWER PLANT INTAKES
DATA FROM |: 24 MODEL
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TABLE 2

MANOMETER PRESSURES ALONG CHANNEL
AND PENSTOCK TRANSITIONS~DESIGN I

FEET OF WATER,PROTOTYPE

TEST :
CONDITIONS A B ¢
] 's7.0 | 968 95.4
2 : ! :
3 100.0. 1001 102.9
4 104.,9 i04.7 (06,7
5 106 .0 105.8 . 08 .6
6 119.2 179.3 101
7 11 9.4 100.4
8 120.6 i22.6
5 \ 125.0 126.4
T 125.8 - 26,6
n 129 3 (34.8
" 2 1342 133 .6
| ﬁ ) . 126 . 4
= 4 126.0 PU— i24 .6
2 15 127.7! 129 .2
> 6. 129 I 130.4 133.5
& i 7 130 i 130.9 134 .2
s I8 132 .9 135.9 132.0
= |9 134 3 135.6 138.9
-0 20 136 .4 i37.7 136 .6
L 2 123 .2 123.3 126.8
o 2z 1204 120.5 125 .0
23
24 127 .8 127 .9 T130.5
25 133.6 133 .9 135 .2
26 125 .6 126 5 1287
27 127 .6 128.9 130.7
28 130 .6 132.2 133 .5
29 123 .6 35,1 36,2
30 123 .3 1239 128 .8
3 126 .3 27,1 129 .2
32 128 .3 1289 131 .0 -
33 131 .3 I31.4 33,7
34 134 .| 134\ 136.2°
K 0.53 0.37 0. 24
TEST CONDITIONS: RES. ELEV. 730 DISCHARGE - 8,600 CFS

A, FLOW THROUGH PORT 2, INITI AL END BLOCK
B. FLOW THRQUGH PORT 2, VERTICAL END BLOCK
C. FLOW THROUGH PORT i, INIT!AL ENDBLOCK

PIEZOMETER LOCATIONS SHOWN IN FIGURE 24

OROVILLE DAM
POWER PLANT INTAKES

DATA FROM | : 24 MODEL
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TABLE 3

SUBMERGENCE ‘TEST OB'SERVATIONS'

SUBMERGENCE
REMARKS
{FT. HzQ} MAR
94 SMALL VORTEX ABOVE PENSTOCK; CONFETTI BOBS IN EYE OF
' VORTEX, NO AIR TRAIL. o

90 _SMALL CLOCKWISE VORTEX ABOVE PENSTOCK; NO AIR TRAIL/ "

g2 VORTEX AND EDDY ACTION INCREASED. A COUNTERCLOCKWISE EDDY
FORMING ON SHORE SIDE OF VORTEX. VORTEX OCCASSIONALLY -
PULLED CONFETTI ABOUT 0.5:FEET (MODEL) BELOW WATER SURFACE
VORTEX SMALL, NO AIR TRAIL.

T SAME AS B2

€0 VORTEX ABOVE PENS?OCK!S DIMINISHING

50 SMALL. VORTICES, NO AIR TRAIL. .BITS OFCONFETﬂ OCASSIONALLY
DRAWN DOWN.

36 "SAME AS 50, WITH MORE EDDY ACTION AROUND TRASH RACK
MEMBERS.

37 LARGE VORTEX MAKING AND BREAKING. VORTEX LOCATED IN CHANNEL
BEHIND EXPOSED TRASHRACK MEMBERS. CONFETTI DRAWN IN, AIR
TRAIL INTO PENSTOCK.-

31 LARGE VORTEX IN CHANNEL (FIGURE ). AIR AND CONFETTI VISIBLE
IN TRANSPARENT PENSTOCK TRANSITION.

694

CONDITIONS: :
SINGLE INTAKE OPERATION
DISCHARGE — 8,600 CFS

OROVILLE DAM
POWER PLANT INTAKES
SUBMERGENCE TESTS ~ DESIGN IT

DATA OF i : 24 MODEL




TABLE 4

MANOMETER PRESSURES ALONG CHANNEL
AND PENZTOGCK TRANSITIONS - DESIGN I
FEZ i OF WATER, PROTOTYPE

DISCHARGE 8,600 8,600 8,600 8,600
RE5.ELEV. 730 730 730 730
SHUTTERS o] ! : 2 4
1 - 102.7 102.2 98.3 99.0
1.9 ii1.4 107, 108.0
til .4 1068 108, i08.0
il6, T 112, 1He.7
107. 1074 Q7. 107.2
107. 1p2.2 105, 105.3
109, 104.6 107, 107.7
LT, 1.7 TN L1510
BEIR 116.3 119. 19,2
124 119.5 121 122.0
1l 12 5. 122.1 124. 123.8
12 124, 122.8 - 124 123.5
13 127. i24.5 125, 125.3
| 4 12 7. 1247 125 125.2
= 126, 124.5 £25 125.2
i6 135. 128.2 i32 129.4
17 134, 135 .1 132 131.4
' 8 125. 123.5 124 124.8
R 130. 129.8 129. 130.3
20 124, 129.9 127 126.6
21 128, 130.1 129 . 128.7
22 e, I13.2 3. 1125
23 123. 119.3 121, - 122.5.
24 129, 128.9 128. 128.3
25 t30. 129.5 - 128, 127.8
26 133. 130.5 EY 130.1
27 134, 131.0 131 131.0
28 135, 132.3 132 132.3
29 139, 137.3 138 i36.8
30 13 0. 133.3 130. 130.5
3| 136, 136.4 125, 135.5
3z 12 3. 1131 17, 118.9
33 123, 13,2 1§ 8. 149.5
34 128, 121.7 124 1251
- 35 133, 128.,9 130, 130.8
36 13 6. 132.3 133, 1133.6
=X mman
s 130, 124.7 127
39 133, I128B.4 130,
40 i36, 1321 133,
EY 126. 1 7.0 120, 122.3
42 129, 121.7 124, 126.3
43 129. 124.7 127,3 128.3
a4 133, 1289 120.8 131.6
45 136, 122.3 123.8 134.3
K 0.21 0.45 0.37 .36

PIEZOMETER NUMBERS

P P e S N B P Y N S T RS D Y S s e e e B 1 [ e T p=Y K =3
vlmloliofslolv|olml<wloj~l<|~|s|elo|wlo|ojo v [« jw|o|ole || alal—{& ]~ 10]o
bb$hb$h&hbbb&;bb@bﬁmb$$mmbbboquomooo

127.8
1314, 1
133.8

o fon o || -

ol|o|wio o |n]
ofu|oio|ujn|n|o

PIEZOMETER LOGATIONS SHOWN IN FIGURE 30

OROVILLE DAM
POWER PLANT INTAKES

DATA FROM t: 24 MODEL
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FIGURE 12
REPORT HYD - 3509

Y“‘INTAKE NO. |

INTAKE NO. 1
2 TURBINES, | PUMP - TURBINE

INTAKE NO. 2
I TURBINE, 2 PUMP- TURBINES

CRITICAL

=
w
1
2
o
'—
<1
>
w
1
ul
w
(&}
&
r
s }
%]
@
w
'—
e
=
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DISCHARGE -CFS x 1000
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"OROVILLE DAM
POWER PLANT INTAKES
‘DISCHARGE RATING GCURVE
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FIGURE 14
Report Hyd-509

=1

&

HEREIPeEN

PX-D-49243 NA-T:-':: -t

A. The walls of the headbox were constructed
flat on laboratory floor, lined with sheet
metal, soldered, and then tilted up into
position. The floor of the box is 7 feet
above the laboratory floor.

B. Topography was formed by cutting contours
from wood and placing them at their appro-
priate elevation. A 3/4-inch layer of con-
crete placed over metal lath produced the
finished surface.

OROVILLE DAM
POWERFPLANT INTAKES
Construction of Headbox and Topography




FIGURE 15
Report Hyd-509

PX-D-4924

The left intake was built to exact scale. The
right intake was fabricated as a cylinder to
represent the general shape of the intake,

nQAR-N-20493 NA

B. The model contained two intake structures
and surrounding topography. The right
intake could be tilted up to provide access
for piezometer connections,

OROVILLE DAM
POWERPLANT INTAKES
General Views of Model--Design I




FIGURE I6
REPORT HYD-509

694

G

ONTROL SHUTTERS WERE FABRIGATED BY FASTENING

LED SKINPLATES TO MAGHINED END RINGS. FOURTEEN

ZOMETERS WERE PLACED IN THE RIGHT SHUTTER.

FRONT VIEW ELEVATION

B. PIEZOMETER LOCATIONS

OROVILLE DAM
POWER PLANT INTAKES

SEMICYLINDRICAL SHUTTERS -DESIGN 1
1:24 SCALE MODEL




FIGURE 17
Report Hyd-509

PX-D-49246 NA

Haunched trashrack arches were fabricated
from No. 18-gage sheet metal. Sti~xs between
the zrches were machined from aluminum

bar stock,

PX"D-42135 NA

B. General view of intakes. Eight shutters are
in place under trashrack arches of Intake-No, 1.

OROVILLE DAM
POWERPLANT INTAKE
General Views of Trashrack
Section and Intake Model--Design II
1:24 Scale Model




FIGURE 18
REPORT HYD-509

SHUTTER --~

AREAg = 100 SO, FT.
AREAqT = 1136 5C. FT.

R
& INTAKES -y -

=~ T2 TDESIGN H]J

e 17"‘0" L
{DESIGN II)

r2'—g"
. ™ ~(DbEsIeN m

~SECTION OF INTAKE GHANNEL

!

SHUTTER"J

FILLET REMOVED ‘IN
DESIGN I

€ INTAKES -~

Za EF@VW'

CROSS - SEGTION THROUGH FULLY DEVELOPED TRANSITION

ORQVILLE' DAM
PCWER PLANT.INTAKES

GCOMPARISON OF CROSS ~SECTIONS
OF DESIGN II AND III :




¥FIGURE 19 :
Repcrt Hyd-508

A1

", PX-D-49247 A

Structural elements of the gegmented arch
trashrack were fabricated from No. 18-gage
galvanized sheet metal. A channel beam
formed the tension member at base of each
arch,

OROVILLE DAM
POWERPLANT INTAKES
Segmented Arch Trashracks--Design III

1:24 Scale Model



FIGURE 20
REPORT HYD-509

Reservoir Elevation

H = Losses + Velocity head
or
Res. EIev.—Hp.

Jr_

Piezometric Elev. (Hp)

Elev. 610~—~,

PIISSZNE

"“~-- 21~Foot wide by 34—foot
: leng intoke gate.

_Monometer tube .

Penstock
transition

Elev,. 535

s P
Penstock

~c-22 1.0-2

)

~ o

Elev 5i3--.

ba-1D

“---Ring of 4 piezometers
‘“~ in model.

OROVILLE DAM'
'POWER PLANT INTAKES

ELEVATION OF INTAKE STRUCTURE AND
DEFINITION OF HEAD LOSS MEASUREMENT




FIGURE 21
HEPORT HYD-509

DESIGN I-SiNGLE 'NTAKE OPERATION
A. PORT 2 CPEN, INITIAL END BLOCK.
B. PORT 2 OPEN, VERTICAL DEFLECTOR.
C. PORT 2 OPEN, CURVED DEFLECTOR.

©D. 2 SHUTTERS OF PORT | OPEN,

INITIAL ZRD BLOCH.

-

V= AVERAGE VELDCITY (Q/A)
IN 22' & PENSTOCK

CURVED,,DEFLEGTOR .
- ¥ 2 -
HLT 038 VE/2g B. VERTICAL DEFLECTOR
Ho= 037 Vi/2g

Port 2 {2 Shutters) opsr;_-_- _____
for Test A, BandC .Closed
for ‘Test D

MAX IMUM DISGHARGE -

o
o
T
E
[T
.
v
wy
o
|
o
=%
w
T

Port 1---. :
{3 Shutters) TT--AL INITIAL END BLOCK
H = 0.53 w229

End Blotk-
AN

===-D. '2 SHUTTERS OFEN, INITIAL END BLOGK
o Ho = 0.24 v&/2Zg .

<. Intake Gote

£ g N - ’ o OROVILLE DAM
2 3 4 5 h : POWER PLANT INTAKES
DISGHARGE — CFS x 1,000 S HEAD LOSS TESTS —DESIGN I

HEAD LOSS VS DISCHARGE

1: 24 SCALE MODEL
DATA FROM 1:24 MODEL




FIGURE E2

REPORT HYD-509

A. RESERVOIR ELEVATION 710
LARGE CLOCKWISE VORTEX FORMED OVER INTAXE NO.| WHILE
COUNTERCLOCKWISE VORTEX FORMED OVER INTAKE NO.2

{ '/ SECOND TI!ME EXPOSURE)

{TTEPBAG-DZ4920T NATT L

B. RESERVOIR ELEVATION 70O

LARGE VORTICIES, CLOCKWISE IN INTAKE NO.|, COUNTERCLOCKWISE
IN INTAKE NO.2, FORMED IN THE INTAKE CHANNELS.

('e SECOND TIME EXPOSURE)

VORTEX ,—-RES. ELEV. 700
1

AR TRAIL TRACTED SHUTTER

C. LOCATION OF VORTEX IN INTAKE CHANNELS

SIMULTANEQUS OPERATION = 8,600 CFS INTAKE NO I,
7,200 CFS INTAKE NO.2.

OROVILLE DAM
POWER PLANT INTAKES
VORTEX STuDY — DESIGN I

| . 24 SCALE MODE!I
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REPQRT HYD-3509
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FIGURE 25
REPORT HYD~—509

NUMBER OF
e A K DISCHARGE Hy

0 Q.21 8,600 : 1.66

0.45 8,600 357

037 8,600 : 293

0.35 8,600 277

036 8,600 2.85

0.32 8,600 3.09

2

3

4

‘5 0.37 " BSOO 2.93
6

A

—HEAD LOSS -0 TO 6 SHUTTERS .

O

HEAD LOSS GCOEFFIGIENT (K)

4 12

] B
NUMBER OF SHUTTERS
B-HEAD LOSS COEFFIGIENTS

OROVILLE DAM
POWER PLANT INTAKES

LOSS GOEFFIGIENTS AND HEAD LOSS FOR SHUTTERS - DESIGN IT
DATA FROM 1 24 MODEL




000’1 X S40~3OHYHRSIA

N300W 37v0S 2 G
S t < 2

T N9IS3Q - ¥OLOI 1430 3ISVE

SINVLINIFLNY Ta' ¥3IMOd
Wva 3TT1AQH0

Mm3IA LNOHA NOILYAIT3

= BB LI

,ostz——->—|_

-

L)
[=]

e B —. ]

0
=]

0%H 14 $507 Av3H

43ILINHS LSIMOT IHL HIAANN HOLO3T430 V A8
QILYNIWITI SYM NOILYNSVLS 30 INCZ IHL Y

~
o

o
o

y M
o]

FOHYHOSIO WOWIXYW
fw]

) "¥OOLSN3Id .22
NI (w/0) ALIDOT3A IOVHIAY-A
4012371430 ISVE HLlim —d
MOLDT143¢ 3ISYE O/M —¥
31¥9 FHNSOTD
‘SAOYHHSYHL *SH3LLNHS &
CSNOILIONOD

O 3Iw3H0S
39HYHOSIQ SA SSOT av3H

606G —QAH LB0d3Y
92 34n9gld




FIGURE 27
Report Hyd-509

A. Reservoir elevation §46--Large vortex in
channel. Air drawn into penstock. All
shutters removed, 31 feet submergence,
(1/2-second time exposure.)

*as

PX-D-42136 NA- — — — g

B. Single intake operation, reservoir eleva-
tion 740, discharge 8, 380 cfs. Five shutters
in place. Large vortex formed with air trail
extending under shutters, 35 feet submer-
gence, (1/2-second tirme exposure.)

Simultaneous operation, reservoir elevation
740, 837H cfs Intake No. 1; 7, 700 cfs Intake
No. 2, Large vortices with air trails formed
in both channels, 35 feet submergence (1/2-
second time exposure).

OROVILLE DAM
POWERPLANT INTAKES
Vortex Study--Design II

1:24 Scale Model
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CCRVERSTON FACTORS—ERITISH T0 METRIC DNITS OF MRASUREMENT

The following conversian factars adopted by the Buresu of Reclsmatiom ere those published Ly the American Society for
Testing and Materials [ASIK Metric Practice Guide, Januaty 1964) except that sdditicreal factors () comcnly used in

the Buresu have been added, Further discussion of definitions of quantities and units is given on pages 10-11 of the
ASTM Metric Practice Cuide, .

The petric units and conversion fectors adopted by the ASTM are based on the "Interoaticnal Syetem of Units" (deslgnated
51 for Systeme International 4'Unites), fixed Ly the Ioternsticpel Coomlttee for Welghts and Measures; thia gystem. is
aleo xnown as the Glorgl or MKEA {meter-idlogrnz (mass)-secord-ampere) mystem, Iils fyatex bas been edopted by the’
Interpaticmal Organization for Stardardization in ISO Recamperdation R=31. ;

Toe petric techrical unit of force is the kllogram-force; this 15 the foree which, when applied to & body bawipg a

g0 of 1 kg, gives it an acceleration of 9.80665 m/cec/sec, the standard accelerwtion of free fall toward the earth's
cénter (CT cea level at L5 deg latitude. The metric wxit of force in SI units 1g the newton (N), whieh it defined as
that farce which, when applied to 4 body baving.e& Znss of 1 kg, gives it an acceleraticn of 1 w/sec/sec. These units
must be dletinguiabed from the (inconstent] local wedght of & body having a mess of 1 kg; that 1, the welght of &

body ic that ferce with which a body 15 atiracted to the earth and is equal to the mass of & body multiplied by the
accelerntlon Sue 1o gravity. However, because it 1B geoeral prectice to use "pound" rather than the technically

correct term "pound-foree,” the term "kllogram” (or derived meas unit) has been yzed in this guide instead of i) ograp-
foree” in expreselrg the canversion factore for forces, The newton uclt of foree will fird inereaning use, and is
easential In ST undts. . - . T, . i

slttpy

Tards . : . e
lﬁles(a-;ntnte

Square inoches, ., .
Square feet, |, | . |

Square yards .
Acres. |, . .

. s o= w

Square mies

" Culde inches
..Cubfe feat ,

Fiuid cunces (U.S.) . K Cuble centimeters
. M1liliters
Liquic pinte (U.5.) Cutric devimerters
Liters -
. Cubic centimeters
Liters
. Cuble centimeters
Cubic decimeters
. Llters
Cubric maters.
Sublc declmters
Litars
Litern

Ou)lns (U.5.§ |

Gallona (V.K.)

Cubde fest , . .
Cuairle yarde .
AcTe-feat, . .

BN F e e awlE oo o os s

. Cuble matere




Jultiply

By

To cbtain

Table 17

UNITS OF MIGHANICS

 Muntiply

By

MASS

Shart tons (2,000 1b) |
Long tome {2,240 1b)

L0608 , ,

64.79891 {exmotly), ,
.03, ., .
20,3495 ., .., ..,
045359237 (exactiy)

0.507m85 | . |

.
.
l

. M1ligramg *

« Grama

. Orama

. Klograms

« Klograms
Metrie tma®

" FORGE/MmEA

- Kliograms

Pownde per square fnch
Pounds per squere foot

0.070307
-0,6689475
4.88247
£7. 8809 |

Kilograms psr aquare centipater
HewlonA per aguare oentimater
Kilogrems par. square metar
Hewbons per square mater

Ounces per cubfe irch , , .
Pounds per cubie foot , |, .

Tans {1 r_cuble ;r.mi

Orams per cuble centimmter
Kilograma per suble meter
Grame per cuble centimeter

Oreme por cubic centimeter :

Ormcaa per galion (U.5,)
{unces per gallon (U.K.Z

Pounds per gallem (1.S.
Povmds par gallon i'IJ.K.

+

. Orama per litsr
. Grems per liter
« Orems per liter

BENDING MOMENT OH TORQUE

. Grame per liter

Inch- ]
Foot-pounds

Feot-pounda pe;-
Cunse-inshes

o015 , L, , ..,
1,12085 x 106, | .
o.138238% ., ...
1.35%82 r 107 , .
5443t . ., ., ,
72.008 .

.
.
.
.

Keter-kilogrezs

Centimetar-lynaa

Matereilograma

Coptimatar-dynes
Gentirater-kilogrape pat centimeter
Oram-centizwiars

NELOGITY

Feet per aeqond

Feat per year .
Wlee per hour

30.48 (eractly) , |,
0,3048 [exactly)s
0.965873 x 10 .
1609344 (exactly)
0,44702 {exactly)

Centimotere per peoond
Vatera par escond
Centimeters por ascamd
Ellometers par hour
Moters per gesend

Pouds ., . ... .,.....

TN N RS A S RS

Dynan

British thermal wnits {btu),

siuperpcmd......
Foo¥-pounds. ., . . , , .,

. 1,085.06 , . .

2.326 (un.uil:f}:
1,335824 , , ,

Kilogram calpriea
Joulea

Julss per gram
Joules

Horsopower , ., ., , ., .,
Btu par hour . ., ., ., ,

Yatta
¥atin
Watts

Foot-pounds per second

Btu In./hr £42 deg F (k,
thermal sonductivity) | ,
‘e
Btu ft/hr T2 deg ¥, , . . |
Btuhr £t2 deg ¥ (0, thermal
conductance} , ., , L, , . .

Deg F hr rt2/Btu (R, thermal
. realgtance) , ., ..., ,
-Btu/lb deg ¥ (o, heat capecity)

Btuflbdeg P ... ,..,,.

FL2/hr (thermal dirfuntvity) |

8

]

“ .
P
. -
T
. .

5
3

1M watte/om dag ¢
¥g o8l/he m deg ©
Xg eal m/hr 2 deg ¢

Mlliwatta/ond dag ¢
Kg cal/hr ot deg O

Deg G on?/milliwatt
J/g deg C

cal/gram deg C
Crf/Hec

M2/hr

:

_]Ura.{'l'la/'hr'rﬂ {mmter vapor
V' transmtemien), L. oL, L L,

Perma {permeance}, . P

VAPOR TRAHSMISSION

Grama/3;, hr o?
Yetric parms

4 Wetrie parm-centimeters

Eerm-inohes {permeabiiify) ©.. © ...

Table IIX

OTHER QUANTITIES AND UNITS

Mltiply

By

To obtain

ACCELERATION

Feat par secad? .

0.3048%, , . . .

. Motera per peccnd?

FL.ow

Cuble feet per second (aecopd-
feet) . ., L, L L,

fuble fesl per mmute e a oeow

0.,0283L7%, , . e

0,479 ., , ..
0.06309

> =y

« Cuble patera par gecond
. Litars per aecond .
+ Litera per aeeond

Oallems (U,8,) par minate , . .

Cuble feet per aquare foot per
day {(Beepags) . , ., ., .
Poum) -seconde par sguare foot
(vimcomlty), , . . .., . ..
Equare faet per ascend (vigooslity
Fahrenhait degroen {ohonge)s , ,
Volte per ), , .. ,,,, ..
Lutens par square feot {foot-
¢andlaa)
Ohm-¢ircular mila per foot .
MWlliouries par cubie {oot .
Hlliamps par square foot
Gallonp par square yard  , ,

)

304.8s | .

10,764 .

5. 047
10.7633n

A.B820e L, L,
0.02503% {eractly)
2/ exnctly, , , .
003937, . ...."

0.001662 .

4. 5272198
0.178584

By
e e v a
e
LI
A

Ldters per aquare meter per day

Kilogran ascord per square meter
Squara matere par mecond

Celalus or Kelvin degrees (changs)«
¥ilovolts per mllimmter

[umens par &squars meter

+ Ohm-square millimeters per meter

Millicuries per cubie motar
Milliampe por square mster
Litera per square meter

Poundm per inch, , , , , ,
B
K 5

Kilograme per centizmter
: ‘ PO bas.21F
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Bucher, K, G, ) . N -
NYDRAULIC MODEL STUDIES OF THE OROVILLE DAM POWERPLANT
INTAKE RTRUCTURES --CALIFORNIA DEFARTMENT OF WATER RE-
SOURCES-—-;‘-TATE OF CALITORNIA : )
Labhoratory r;".lpog_-l: Bureau of Reclamation, Denver, 14 P, 340p, Gtab, 7 ret,
1965
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Ducher, K, G, K :
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