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PURPOSE OF THE MODEL
VORTEX STUDY

The purpose of the model vortex tests was to: {1)
determine whether air-entraining vortices will form
near the penstock intakes of the Grand Coulee Third
Powerplant and (2) study the use of rafts for
preventing formation of air-entraining vortices.

CONC:.'LUSIONS AND RECOMMENDATIONS

1. There s |nsuffu:|ent information to define
. unacceptable vortex conditions at the Grand Coulee
Third Powerplant. The effect of vortex action upon the
prototype trashrack structures and turbines is
unknown. L
2. Tiere are no hydraulic model similitude faws that
accurately correlate hydraulic model vortices to the
prototype operatin, Test results from the hydraulic
model were primarily qualitative. -

3. The hydraulic model tests indicated the possibility
that air-entraining vortices could occur in the forebay
channel near the intakes of the Grand Coulee Third
Powerplant.

" 4, Without modei trashracks, vortices were generally

the most severe in the region immediately in front of

the intake. This region was very susceptible to vortex
development and ‘the continuation of a ;jeveloped
vortex. The mode} trashracks occupied and/ ‘estrained a
portion of this vortex-prone region from/contnbutsng
to vortex action. kS

~ b. Hydraulic model tests indicated that vortex teverity
" increased as the number of operating units increased.

6. Rafts placed in the hydraulic model were sucdessful

in eliminating formation of air-entraining vortices.

7. Operation of the prototype structure will be needed
to verify the results obtained from the hydraulic model
" vortex study. g _.# ' ’

B.. Observations of vortex conditions are recommended
during prototype operation. Three: types of
- observations are necessary: N
il -
f; a, Prototype observations to determine the extent
of a vortex problem and to determine whether rafts

are needed.

b. If rafts are needed, further vortex observations

will be required to verify adequacy of the raft
design guidetines,

c, As a safety precaution, observations will be
~ necessary to assure that structural damage daes not
occur, These observations should be made during

initial opertion of each newly instailed unit and.

with all previously instalied units operating.

APPLICATIONS

Hydraulic model studies were completed specifically
for the geometry and flow features of the Grand
Coulee Third Powerpiant. However, accuracy of vortex
modeling appears suspect for model scaies of this size
(1:120). Therefore, the vaiue of applying the.results
contained in_ this report ultintately will be determined
by the actual operation of the prototype structure.
Should prototype operation prove the model studies
successfully simulated the vortices, then the value of
this report will be enhanced. Enhancement wouid not
be in the sense of simply applying a raft to reduce a

" vorex problem, sinre this is a common procedure, but

rather in the nature of contributing information to the -

technology of vortex modeling. This report should also
provide a rough meazure of the effectiveness of the

Equal Velocity Method for studying vortex pro_blem_gs.:‘

o

INTRODUCTION

Grand Coulee Dam, constructed between 1933-42, is
located on the Columbia River in the State of
Washington. Since that time, there has been better
regulation of the Fiverflow by dams upstrgam from
Grand Coulee, and “also an increased demand for
peaking electnc power,- To meet this demand, Grand
Coulee Third Powerplant was added with an ultimate
design for 12 generating units; constructed in stages of
six each; The first six generating units are. presently
under construction with expected unit installation at
6-month intervals. The Jocation of the powerplant with
respect to the Grand Cotilés Dam is shown in figure 1a,
the penstock intakes and general size and shape of the
forebay channel in figure 1b, and a sectional view of
the Forebay Dam and waterways in figure 2.

Two hydraulic model studies [1] and [2] ¥, were made
concurrently with the active design stages of the Grand

Coulee Third Powerplant. King's study [1], using ax_

geometric length scale of 1:120, assisted in developing
a design of the forebay channe! and tailrace for both 6-

and 12-unit powerplant configurations, Rhone's study
+ [2]  assisted in developing the design for the shape of

"Numbers in brackets designate references listed at the end _6f this report,
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the entrance, the transition from the' rectangular
opening near the face of the dam to the circular
penstock, and both vertical bends of the penstock.

made with 't;r_fe penstock discharging from a head box.

During King's investigation, vortices were noted and
observed after’ the recommended configuation wvas
obtained for the forebay channel and tailrace. These
tests were made with the model

water surface elevation. While making these tests there
were no trashrack structures in front of the penstock
intakes. In general, the vortices were of short duration

penstocks. . A problem of vortex similitude was
recognized and tests with a smaller model scale {larger
size model} would be  necessary to develop
modifications to alleviate the vortex problem.

In Rhones study, the geometric modei scale was
smaller and vortex tendencies were observed. However,
results frem these tests were not necessarily indicative
of the prototype vortex problem because the model
had only one penstock. The model did-not have the
approach flow geometry of the forebay channe! and
therfore did not duplicate the' water currents
approaching the intakes. For better simulation of
prototype water currents, tests were made where the
approach flow entered directly in front of the

turned 90° to enter the penstock.

Figure 2.—Typical section throﬁgh Forebay Dam and waten_may.

Rhone’s model tests, at a length scale of 1:41.75, were .

Froude number .
discharge and with various modes of unit operation and *

and in some instances air bubbles were taken into the

entrance, and also from the left side so that the flow

After completion of both studies, [1] and [2], a’
review and evaluation were made concerning *he vortex
problem. Further and more intensive hydraulic model
tests were belisved to be ‘beneficial, including the
testing of rafts to suppress objectionable vortex action.

MODELING VORTICES

:« Hydraulic modeling of vortices is a problem because of
the jack of similitude between model and prototype.

2. Berge: [3] states, “It is obviousthat Froude, Weber,
and Reynolds numbers shoufd be used in dealing with
the question of similitude.”” However, ‘an accurate
relationship among_these three niimbers when applied
to vortex modeling is not known.

Angelin and Larsen [4] "made a statemeni’ which
illustrates. the- acuteness of observation & hydraulic
modeler must. have for vortices in a Froude scale
model:
J"‘It is the experience of the Swedish State Power
//Board Hydraulic Laboratory that, if a tendency
of.a vortex can be identified ina model based on
Froude scaling—it may be sufficiently strong to
be air entraining or it may be weak sc that it is
necessary to search -for it with dye traces—a
vortex will also occur in the prototype, however
deep it_may be. For example, a vortex'was .
observed in Both a 1:100 and in a 1:26 mode! of
bottom outiets to the diversicn tunnel at the



Messaure Dam. A strong and active vortex was
observed, in the prototype aflthough the gate
openings in this case were about 180 ft {55 m)
under the water level. The gate shafts were well
aerated, the jets submerged, and there was no
underpressure. The vortex was so strong that
boats, from which flow measurements were
carried out, were in danger of bemg c:aught in the .
vortex and drawn down.” : s

~ Thus, there is the implication that a vortex may be
scarcely detectable in a Froude scale model, but a very
awesome occurrence in the prototype

Denny and Young is] reported a modeling technique
that sumewhat overcomes the deficiency of vortex
Froud number modeling. .\While studying vortices in
pump sumps, they found that a Froude scale model did
not have an air-entraining -vortex. But the prototype,
operating under the same flow conditions as tested in
the model, did have an air-entraining vortex. They
showed that if the model discharge was' greater than
the Froude number discharge, an air-entraining vortex

could be formed in the model. Thus, the'm: el could.

be adjusted to provide some simulation ¢-..0totype
vortex action. They further substantiated their
technique with additional model tests, using greater
than Froude number discharges, and shecked model
test results with prototype operation, These tests were
mainly for, pump: sumps and mode! length“scale ratios
of 1:16 and less. This vortex modeling technique was
designated the Equal Velocity Method because the
model was operated with the same intake velocuty as
that computed for the prototype.

The Equal Velocity M_eth'od involves mode! tests under

many different conditions of water depth and penstock:

velocities. For each tast conditicn, “observations are
made to determine whether an air-entraining vortex
forms, and data points are plotted on a graph similar to

the one shown on figure 3. A boundary line or

envelope curve is drawn between the air-entraining and-

non-air-entraining data .points. The area below the
curve represenis conditions where there is danger of
air-entraining vortices in'the prototype."

Denny and Yourg [5] commented about 2 shape
characteristic-of the boundary curves:

" *The shape cf the boundary curve varies with the
circumstances but in general the curves have one
limb tending to become asymptotic to a constant
velocity and anothzr limb- tending to become
asymptotic to a constant depth. In other words
“there is one region at low intake velocities where

the critical submergence is very dependent on

WATER DEPTH IN PUMP SUMP ft.

‘For- lower. model velocities,
‘velocity as a very critical and

for velocity
‘{horizontal limb of the curve) is critical for preventing
" vortex formation, Therefora, it appears that a penstock

x Non-agir-eniraining vortex
o Air -~entraining vortex -

[+2]

=

N

i
15 7 20 .
PUMP INTAKE VELOCITY ft’!s
Figure 3.—Example plot of vortex data usmg the Equai
Velocity Method. ) .
velocity through the intake, and_ another at_highi
intake velocities where the critical submergence:
is not very dependent on velocity. The tl‘a"lbt‘tIOI'I
between the two regrons ‘i more abrupt in'some
cases. than in others.” - ‘
/;.'»" e L.
Thus, the verticai~ {constant velocity) and horlzonta! ;

o

~“{constant depth) limbs of the boundary curve were

important indicators for vortex action in the node].
the vertical’ Innb ‘shows
sensitive’ “factor.
Air-entraining vortlces will: form in the model only
after attaining some minimum threshcid velocuty.
Thereafter, the vortex becomes insensitive to “velocity
and;the water depth is the critical and sensitive factor,

.Relatwe[y srall increases in water depth prevented

formation of alr-entrammg vortlces

" The vertic'al and: horuzontal limbs of the "boundary

curves have very important implications toward vortex -
modeling. Once the threshold velocity {vertical limb of
the curve) is attained vortices form in-the model, and
“increases thereafter the water depth

model velocity which is greater than the Froude scale
velocity, but considerably less than the prototype
velomty, is sufficient for vortex model testmg

Linford [8] used the Equal Velocuty Method with a_
1:200 length scale -ratio hydraulic model, and his
vortex “studies were for hydroelectric® powerplant

“ intakes, With Froude number criterion, the model
“ penstock velocity of 1.06 ft/s (0.32 m/s) represented a




prototype penstock velocity of 15 ft/s (4.6 m/s).
Modeal tests were made- with various combinations of

intakes open, various mode! penstock velocities, and

over a range of reservoir water surface elevations. Test
results on graphs similar to the one on figure 4
indicated a 5 ft/s {1.5 m/s} threshold velocity was

sufficient to produce air-entraining vortices in the,

model. This mode! velocity is one-third of the 15 ft/s
prototype velocity. (This observation is of special

significance to the Grand Coulee Third Powerplant :

model vortex tests where model penstock velocities
were limited to about 30 percent of the prototype
velocities.)

For Linford’s study .[6}, vortex formation was
objectionable at certain water surface efevations, As a
corrective measure, a vertical baffle was placed near the
intake to inhibit water circulation, With the baffle in
place, the water surface elevation necessary to
submerge or prevent vortex formation was reduced.
Effectiveness of vortex prevention for the baffle is

shown by the boundary curve (b} an figure 4, The .

baffle was constructed in the prototype. Observations

ware made of vortex conditions occurring at the
reservoir operation.

prototype, and within normal
tevels, no objectionable air-entraining vortices formed.
This satisfactory prototype operation provides some
verification for using the Equal Veloclty Method in
making model vortex stud|es :

Both Denny and Young lb] and Linford [6] suggest
that an unknown measure of safety occurs by using the

Equal Velocity Method for vortex modeling singe the:

model vortex conditons may be more inense than
those occurring in the prototype. Therfore, if the
vortex is’ prevented in the model, the solution is
beiieved to provide an unknown degree of safety in the
prototype. v

IN FEET
. @
o
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Figure 4.—Example of boundary curves showmg vortex
condntqons of a'model study.
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’Alr En’rrommg Vorfex
“Region

To summarize, within the present technology of
hydraulic modeling, there is no accurate similitude law

- for modeling vortices. Therefore, vortex model testing

isof a quahtatwe nature,

"THE MODEL

The experience of pre-vious investigators weighed

~ heavily with respect to continuing the study at the

1:120 geometric scale of the*Grand :Coulee Third
Powerplant model. Because lack of time and high costs

* prevented construction of a larger model, additional

vortex tests were made with the existing model, figure
5. Three features of this model differed from the
prototype: (1) A clear plastic panel at the end of the
model forebay channe! was 10 inches {0.25 m) too far
from the centerline of unit 24. See figures 1b and 5.
This resulted in an increase of 100 feet {30 m} in the
prototype forebay channel lengih of 1,140 feet (347
m). Photographs of vortex action were made through
this plastic panel. (2} The penstock intake openings at
the face of the model Forebay Dam were 33 feet (10
m} wide by 47 feet (14 m) high, from a previous trial
design, instead of 39.5 feet {12 m) wide by 50 feet {15

‘'m) high. {3} Toepography in the model where Grand
‘Coulee Dam and the Forebay Dam  meet was at

elevation 1250 (381 m) instead of elevation 1200 (366
m). The influence of these three features an the test

* results was considered negligible.

Water was supplied to the mode! from the permanent
hydraulic laboratory pipe system and entered the
model through a vertical pipe in back of a rockfilled

_ baffle. See figure 5. This baffle was used to calm and

smooth the approach of water into the model reservoir.
Venturi meters = and  mercury ~ -manometers, "
volumetrically calibrated together, were used to
measure model discharges. Some topography of the
excavated area where waterflow approaches the
forebay channel was not included in the model. This
area was excluded because of model size limitation and
wouid have extended past the rockfilled baffle.-

Discharges through -the model penstocks were
controlled with' rectangular sheet metal sliding gates
that passed perpendicularly through the penstocks. The
location of these gates corresponded to the prototype
penstocks entry to the powerplant. In making model
tests with various combinations of penstocks, equal
gate openings representing equal discharges were set for
the operating units. Differences in individual: penstock
discharges may have occurred because of variations in

* approach flow to intakes and vortex formation,

Froude number discharges with large geometric scale
modelis have been reported inadequate for modeling

" vortices. Therefore, the Equal Velocity Method was
< ‘ised, so far as possible, for making the hydraulic model
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Figure 5.—Grand Coulee Third Powerplant hydraulic model, Phota P1222-D-76651

vortex studies. This method indicated the possibility ot
providing the most information on the cccurrence of
vortex action in the forebay channel of the
powerplant,

The existing madel had limitations in using the Equal
Velocity Method for vortex testing. Mode! penstock
velocities were dependent upon the head difference
between the water surface elevations of the forebay
channel and the tailrace. The highest obtainable model
penstock velocity was 8 ft/s (2.4 m/s). Thus, only
one-third of the prototype velocity could be attained
in the model instead of the full prototype velocity ds
required by the Equal Velacity Method. As noted in
the Modeling Vortices section of this report, the
prototype velocity may not be necessary. However,
there is the predicament that the limited model

discharges may not produce vortex solutions that have
a degree of safety.

Construction of the prototype was in progress during
the model testing, and changes to the prototype
structure would have been extremely costly. If changes
were to be made, these changes should be
unquestionably accurate and proven 1o be
economically justified. Precise information on vortex
conditions that would be acceptable for prototype
operations did not exist. Therefore, the pointat which
it woulid be economically justifiable to make changes
to the prototype was not known. Rafts floating on the
water have been successfully used to prevent formation
of air-entraining vortices and was the one solution with
flexibility which could be tested in the model.




TERMS USED IN DESCRIBING
VORTEX ACTION

Various words, such as circulation, rotation, swirl,
eddy, vortex, filament, thread, rope, vortex tail, air
core, air entraining, and others are used to describe
vartex . action. -Some of  these words are
interchangeable, but may have subtle differences in
describing vortex action. The use of these words is
illustrated with the aid of figures and the following
descriptions.

Eddy, dimple, and vortex tail describe water surface
appearance and can also denote the degree of vortex
air core development;: A quantitative. distinction has
not been made between an eddy and dimple or a
dimpie and voriex' tail. However, in a qualitative sense,
the depression of an air cavity downward from the
water surface is ‘greater for a vortex tail than for a
dimple, ad the depression of a dimple is greater than
an oddy See figure.8. The depression of an eddy is
very slight and_js observed by reflection of light from
the water surface whereas, a vortex tail is more readily
seen because of the air cavity extendmg below the
water surface.

Development of the vortex air core was used in this
stlidy as a criterion for qualifying degrees of vortex
severity:

1. A fully developed air-entraining vortex has a
continuous air core extending from the water
surface into the intake, figure 7a, Near the water

surface the air core has a funnel shape and below
the water surface arope-like appearance.

2. A partially developed zir-entraining voriex does
not have a continuous air core, as shown in: figure
7b. The air core extends only part way down from
the water surface and ends with a vortex tail.
Occasionally, small bubbles may be dragged from-
the vortex tail, travel down the longitudinal axis of
the vortex, and enter the intake.

Edd
'f y

V\ Dimple
~—Vortex Tail

Figure 6.—Relative comparison of Eddy. dimple, and
vortex tail,

3. A lesser developed vortex is one with a tail which
is non-air entraining, and air bubbles are not dragged
from the tail, See figure 7c. Dye placed in the
vortex tail is carried downward into the intake,
forming ‘a filament which reveals location of the
vortex axis. -

4, A weakly developed vortex with no air core and
only a small eddy on the water surface, indicates
presence of the vortex, and is shown in figure 7d.
Dye placed in the eddy shows water rotating around

-the central axis and drawn along the vortex axis. )

Eddy and swirl both denote a rotating movement of
water. A large eddy may be-a small swirl, but
qualitatively a swirl is considered larger than an eddy.

A vortex has certain inherent properties. Near the
water surface there is a spiraling inward flow, toward
the central axis, with increasing angular velocity {w =
radi:;'gns/second) as the water approaches the core. Dye
placed near the water surface and adjacent to -the’
vortex axis disclosed a much slower rotational motion
at a 1- to-2-inch {25- to 50-mm) radial distance than
that occurring in the vortex core. See figure Ba. If
quantity and. velocity of the rota’“.?ng water s
sufficient,” then the centrifugal force® of the whirling
mass pulls water outward from the central axis and an
air core is formed. However, rotational motion of

' . water about an axis can oceur without the central core

of a vortex. Swirl is an exampie as shown on figure Bb.
In the case of a swirl, the angular velocity remains
nearly constant, proceeding from the outer edge to the
central axis. There were many instances where swirls
occurred in the model. The action of dye in water can

‘show the difference between a swirl and an organized

vortex. When a vortex developed from a.swirl, the
organizational” structure of the vortex was shown by
the collection of dye into a centralized vortex filament,
figure Bc. '

Vortex action was 1h: occurrence of rotating watar

acting in the manner of zn organized vortex,

‘INITIAL TESTS WITHOUT
" TRASHRACKS

The Tests
It was unknown whether model trashracks were.

essential for the vortex tests. Previous model tests [1}
indicated that vortices formed for a short time.

_ Possibly, air-entraining vortices for the Grand Coulee

Third Powerplant may be of a marginal nature, and the




¢. Lesser developed vortex, Photo P1222-D-76654 d. Weakly developed vortex, Photo P1222-D-76655

Figure 7.—Degree of vortex development. Photographs taken through the
channel, The picture of the vortex near the water surface may appear co
surface,

plexiglass panel at the end of the madet forebay
nfusing because of the mirror image on the water




a. Vortex traced by dye injected at the center of and off
center from the vortex. Phota P1222-D-76656

b, Swirl. Photo P1222-D-76657

¢, Vortex which
P1222-D-76658

developed f{rom swirl. Photo

Figure 8. —Examples of rotational motion.

problern would be more easily detected by tests
without trashracks.

Observations of vortex action were made for the
six-unit forebay econfiguration (fig. 1b) for the
following selected modes of unit operation: :

. Unit 19,

. Units19 and 20,

. Units 19, 20, and 21,

. Units 19 through 24, and

. Staggered unit operation, where some interspaced
units were inoperative.

These observations were made to obtain boundary

curves between conditions
non-air-entraining vortices.

of air-entraining and

Tests were made within the minimum and maximum
prototype operational water surface elevations of 1208
{368 m) to 1280 {393 m} and with different model
penstock velocities, as indicated by the Equal Velocity
Method. 1t was found easier to set a model discharge
instead of a given penstock velocity, Tests were made

with model discharges that were a multiple of the
Froude number discharge for one prototype unit,
Thus, a model discharge of 0.2 ft*/s (0.0057 m3/s)
corresponded to a 31,000 #t%/s (878 m?/s} prototype
unit discharge. In this report the designation 1Q refers
to one Froude number discharge passing through each
operating unit, 2Q for two Froude number discharges,
and 3Q for three Froude number discharges.

Generally, the method of model operation was to set a
discharge and then vary the forebay water surface
elevation by changing the penstock gate openings.
Flow conditions in the model were allowed to stabilize
before  judgments were made about vortices.
Stabilization of the water surface elevation was
determined by using a point gage and taking readings at
time intervals of 5 to 10 minutes. The water surface
was assumed stable when it did not raise or lower maore
than 0.002 foot {0.61 mm) for a B-minute period.
However, stabilization of vortex conditions was not so
definite. When only a slight change was made in model
flow conditions, such as a small decrease in water
surface elevation for a given discharge, 10 minutes
appeared to be sufficient for vortex observations.




However, there were times when the model operated at
a constant water surface elevation for 30 minutes
before an air-entraining vortex - formed. Generally,
these longer times occurred when establishing major
new flow conditions such as: (1) the beginning of the
day, (2) changes in model discharge, and (3} changing
the number of operating units.

Observations of the Vortex Action

General —All the vortices that naturally occurred in
these tests were of an intzrmittent type, where the
vortices formed and then dissipated, In mary instances
there was the same pattern of vortex development
where a general water circulation or swir! existed near a
penstock entrance and organized vortex action would
develop in the swirl. Rotational velocity increased in
the central part of the swirl, a dimple formed,
increased in size, formed a vortex tail, and then formed
an air core. TH.is, observations showed that the
presence of a steady swirl occurring near a penstock
intake can signal a vortex-prone area. Other times,
vortices formed from eddies and entered the flow
region of an intake.

Results of the vortex observations were plotted to
_obtain the boundary" curves shown on figure 9.
Differentiating  between  non-air-entraining - and

air-entraining vortices was.sometimes a matter of

personal judgment. Vortices for these tests could be
smaller than those shown in figures 7a, 7b, and 7c,
However, if one or two bubbles were momentarily
pulled away from the tall of the vortex air core, then
the vortex was judged to be air entraining.

Severity f vortex action.—Severity of vortex action is
of a qualitative nature and very dependent upon the
model observer. To estimate the severity or intensity of
a vortex, the factors considered were: (1) rotational

speed of the water, {2} quantity of rotating water, (3).
vortex characteristics, including size and extent of the -

air core, (4} frequency of occurrence, and {5) time
duration of the vortex action.

An attempt was made to quantify the severity of

vortex action by observing the number of air-entraining

vortices that occurred in a time interval and the time

duration of the individual continuous air core vortices.
These observations were made for four different model

test conditions designated A, B, C, and D on figure 9.

Notes on the observations follow:

Point A.—Observations were made for a 10-minute
time interval. Three air-entraining vortices, of the
type where bubbles from the vortex air core entered
the intake, occurred during this period.

Point B.—Observation time of 5 minutes with the
occurrence of nine airentraining vortices. Of these
nine vortices, seven were the type where only
‘bubbles from the vortex tail entered the intake, and
two were where a continuous air core entered the
intake. Duration of the individual continuous air
core vortices was less than 5 seconds.

Point C,-Observation time,of 5 minutes with the
occurrence of five vortices that released bubbles
into the mtake .

Point D, —-Observatlon time cf less than D minutes
with the occurrence of seven air-entraining vortices.
Five vortices released bubbles into the intake and
two had continuous air cores of 10- and 15-second
durations. For this model test condition, the vortex
action rapidly changed modes between that of a
bubble-type vortex and a continuous air core
vortex. It was difficult {if not impossible} to make
the observations, set and reset the stopwatch, and
record the time durations. Therefore, tests to
quantify yortex action by tim‘lng were terminated

' Another reason for discontinuing tlmlng observatlons

was that the: mode and intensity of vortex action
appeared random in nature. There were instances when
only a swirl‘type motion was occurring. Then, a
well-defined vortex would develop and persist for a
1/2- to 4-minute. time span. Afterwards, there could be
another fengthy interval {3 to 10 minutes) before the
appearance. of vortex action. To obtain _vortex timing -
data of sufficient accuracy to categorize different test
conditions ot discharge, modes of unit operation, and
water surface elevation, longer observation times of 15-
to 30-minute time intervals may have been necessary.
it was doubtful this information would be directly
applicable to: the prototype; therefore, gualitative
observations of vortex severity were left to the

_ dlscernment of the model observer

!

Severity of vortex action was "e function of model
“discharge. Vortex action was morg severe for the higher

discharges, whether by increasing the discharge for a
given. mode of unit operation, or by increasing the
number of operating unfts at the same dischargs.

" Vortices. became air entraining as the model discharge:

increased; as shown for units 19 and 20 on figure 9. To

_help show ‘that vortex conditions in the medel became
" more severe’ with an increasing number of operating

units, the three boundary curves of figure 9 were
placed on one graph for comparison. See figure 10. No
air-entraining vortices occurred when operating only
unit 19, but air-entraining vortices did occur for the
combined operation of units 19 and 20, and when
operating more units, air-entraining vortices occurred
at a smaller unit discharge.




Key of data point symboié ' . @®.@.C) and (D) Comments in report

* Eddy obout time durotion of vortex action
o Vortex with dimpie or tail . (E) Photograph of vortex action: figure i8b
x Air-entraining vortex . (F) Photograph of vortex action figure i2
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One maxim relating to vortex occurrence is that
increasing the water depth above an intake can submztge
or suppress formation of air-entraining vortices. Thus,
there was an expected correlation betweén vortex
severity and water surface elevation. The slanting
curves of figure 10 indicate a slight decrease in vortex
" severity with a greater water depth. However, vortex
severity did not correlate as well with respect to the
water surface elevation when modzal discharges were
greater than needed to form air-entraining vortices.
Vortex action at a fower submergence appeared more
_violent, but the action was less frequent and of shorter
“duration than that of the higher water surface
elevations, Apparently, at lower submergence and
higher discharges, water velocities into the model
forebay produced unsteadiness of flow near the
intakes. Vortices could not so readily persist under
these conditions.

Location of vortex action.-Vortices occurred
predominantly at the first operating unit downstream
from the juncture of the Grand Coulee and Forebay
Dams. For example, when units 19, 20, and 21 were
operating together, unit 19, which was closest to the
corner, had the more predominant. vortex action.
Similarly, when units 21, 22, and 23 were operating
together, the predominant vortex action occurred at
unit 21. A lesser amount of vortex action occurred at
the last downstream operating unit and infrequent
vortex action occurred at the middle unit. The vortex
at the upstream  operating unit rotated
counterclockwise viewed from above and the vortex at
the downstream unit generally rotated clockwise.

During staggered unit operation, where some of the

interspaced units were inoperative, vortex action could
occur at each operating unit, but the predominant
action occurred at the first upstream operating unit,
See figure 11. Staggered unit operation had ‘the-

_tendency to move vortex action of the first unit farther

out from the Forebay Dam, as shown-in figure 11a.

Leszation of a vertex, with r'espect to an intake,
influenced the vortex severity. A vortex would start
forming 40 to 100 feet {12 to 30 m) {prototype} in

" front of an intake. Then the vortex traveled towards

the intake in a direction generaily perpendicular to-the
Forebay Dam and increased in intensity. Approaching
the Forebay Dam, the vortex would change direction
and travel parallel with the Forebay Dam in either an .
upstream or downstream direction. This parallel
movement could be over an 80-fdot (24-m) distance
before the vortex dissipated. If the vortex traveled
downstream and an adjacent unit was operating, the
vortex air core could switch over and enter the
adjacent intake. Figure 12 shows different locations of
the vortex with respect to the intake,

The location of vortex action with respect to the first
operating unit varied with discharge in the model
forebay channel. For these tests there were two
methods of increasing discharge: (1) hold the number
of operating units constant and increase the discharge
of each unit, or (2) increase the number of units and
hold the discharge from each unit constant., Figure 13
shows a sketch of varying [ocations of vortex action for
the first method of increasing ’;'discharge. As the

19820 !

15,20 & 21

| {
Moximum cvmloble model
penstock velocity

[

velociti

I
Ronge of untested

/Model Froude Number Velocity

Range of velocities as required by Equal Velocity Method"
-l

| . :}2

50 7.5 100 -

RESERVOIR WATER SURACE E:L'EV.—FEET

2.5 150 175 . 200 225

MODEL PENSTOCK VELOCITY- ft/s

Figure 10.—Comparison of tests for different modes of unit operation.
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a. Unit 19, Photo P1222-D-76659 b. Unit 22, Phaota P1222-D-76660

Figure T1.—Vortex action at units 19 and 22. Operation of units 19, 22, and 24 with 3-%C each at water surface glevation 1290
{393 m).

3. Severe vortex directly in front
P1222-D-76661

b, Vartex beginning to diminish and move downstream.
Photo P1222-D-76662

e g e

P F ST

¢. Vortex moved downstream midway between intakes 19 d. Vortex air core about to enter intake 20. Photo
and 20, Photo P1222-D-766E3 P1222-D-76664

Figure 12.—Severity of the vortex reiative to the intake, Units 19, 20, and 21 operating at about 3-%Q each at water surface
elevation 1290 (393 m).
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Figure 13.—Varying location of vortex action with respect
to discharge. )

discharge increased, there was a stight downstream
displacement of the vortex formation region, and the
direction of vortex travel changed from upstream to
downstream movement along the Forebay Dam.

Interpretation of Tests =~

These hydraulic model tests indicated the possibility
that air-entraining vortices could occur in the forebay
channel near the intakes of the Grand Coulee Third
Powerplant. Also, the Equal Velocity Method of vortex
testing may produce distortion about the location of
vortex, action. Therefore, care should be used in
applying model test results to predict location of
vortex action in the prototype.
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TESTS WITH TRASHRACKS
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In the investigation by Babb, et al., [7] most of the
model tests were made without trashracks installed in
the model. In this structure the trashracks were flush
with the face of the dam. The investigators concluded
that ‘“‘they {the trashracks) were incapable. by
themselves of reducing the formation of large
vortices.”” Thus, it was first thought that the model
trashrack structures would not be necessary for the
Grand Coulee Third Powerplant vortex study.
However; the Coulee trashrack structures protuded
from the face of the dam, and tests were made to

‘determine their effect on vortex formation.

Trashrack Structures -

The trashrack structure was 136 f: {41 m) high and, at
the furthermost point, extended 24 ft {7.3 m) from the
Forebay Dam. Relative size of the trashrack with _
respect to the intake is shown in figure 2. In plan view,

the structure was a series of 10.75-{t (3.3-m) chords,
formed by a 46-ft {14-m} radius and 120° arc, see
figure 14. The individual vertical bars on the front face
of the trashrack were of a 5-%- by 5/8-in. (140- by
16-mm} cross section and were spaced 7 in. {180 mm}
apart. Because of the numerous individual structural
components and the model scale ratio, it was

LFac:e- of dam

~

e

T szer

‘Qmmefrr'caiabou_* ¢ —S*

Figure 14.—Plan view showing shape of trashrack.




impractical to construct the model trashracks to the
1:120 geometric scale. Therefore, a commercial screen
was used to represent the model trashracks, and the
screen mesh size was chosen to provide anticipated
resistance characteristics of the prototype.

The calculated design . headloss for the prototype
trashracks was about 0.1 ft {30 mm)} of water, and

debris collection against the trashrack could increase .

the head loss to 0.5 ft {150 mm) of water. Thus, tests
were made to find a mesh screen size that could

provide a model foss equivalent to a prototype head

loss between 0.1 to 0.5 ft of water.

A screen was shaped with a 47-ft (14-m) radius and

placed in front of intake No. 19, see figure 15. The

prototype chord segments were not reproduced in the

model, but the screen extended 24 ft (7 m) from the
headwall. Thus, the screen represented the outermost
location of the vertical trashrack bars.

Head loss measurements were made with the model
water surface elevation between 1243 and 1246 (379
and 380 m), The top of the prototype trashrack was at
elevation 1245 (379.5 m). To increase the model head
loss and thus provide for an easier measurement of
head loss, a model discharge of 0.59 ft%/s (0.017 m3/s)
was used (three times the Froude number discharge for
one unit). The model was operated at a constant flow
without the screen and a measurement made of the
water surface elevation. Then, with the model still
operating, the screen was .placed in the model for
another water surface measurement. The screen head
loss raised the water surface elevation 0.020 ft (6.1
mm} over a 1-hour period. This Ah of 0.020 ft (fig.
16), represented the model trashrack head loss for a
penstock velocity three times greater than the design
velocity. The formula:

Figure 15,—Methad of placing commercizl screen in model
10 make model trashrack resistance test. Photo
£1222-D-76665

v _2c
h—Kzg,orK——\"l—

h = head loss, ft,

V = velocity, ft/fs,

3 = acceleration of gravity, ft/s?, and
K = trashrack head loss coefficient.

was used to solve for the head loss that would wccur

~for a model design velocity. In the following equations,

subscript 1 designates _conditions for the design

velocity, and subscript 3 designates conditions for the

3Q or three times normal veloc,jtv. Assuming - the
trashrack head loss coefficient is gbnstant for flo_w at
the two velocities, then: A

t2gh;, 2ghs

Vi? vt

Since V3 = SVI , then:

2
Vi
h1 = h3 3V1

=0.002 ft {0.61 mm), model.

The prototype head loss of 0.002 x 120 or 0.24 ft
(73.2 mm) was greater than the 0.1 ft {30 mm)
calculated minimum prototype head loss, but less than
the 0.5 ft (150 mm) for the debris restricted rack. This
0.24-ft value was considered satisfactory and the
trashracks were constructed for easy placement and
removal from the intakes. See figure 17.

Water surface elevaftion
with screen in place

Ah\l_ _

‘Water surface elevation
without screen

Figure 16.—Definition sketch far Ah.
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Figure 17.—Installation of the model trashracks. The
trashracks were made with three different sizes of screen;
the small screen size trashracks are shown, The plexiglass
panel defines the end of the model forebay channel for the
six-unit configuration. Photo P1222-D-76666

Test Results

The model trashracks had a definite suppressive effect
upon vortex severity as shown in figure 18. With
trashracks there was only a dimple on the water surface
showing the presence of a vortex, but without
trashracks a more severe vortex formed where a
continuous air core entered the intake. For a slightly
more severe vortex test condition with 3-unit operation
at 2 3-%Q discharge, vortex tails formed, See figure 19.

For some modes of unit operation with model water
surface elevations between 1208 and 1220 (368 and
372 m}, air-entraining vortices were observed inside the
trashracks. These water surface elevations were below
the top of the trashrack, and the vortices occurred in
the semicircular area between the trashrack -and
Forzbay Dam. The vortices would form and break up
in less than 3 seconds. These short-time vortices did
not appear to entrain very much air.

Boundary curves for the Equal Velocity Method could
not be obtained with the simulated trashracks in place.
With the exception of vortices within the trashracks,
no air-entraining vortices were cbserved.

Tests Using Model Trashracks Constructed

with Large Mesh Screen -

After viewing the suppressive effect of the model
trashracks on vortex action, the choice of the size of
the screen mesh was cuestioned because of possible
excessive model head loss. The model trashracks may

have overly restricted vortex formation. Therefore,
maodel tests were made using two screens of larger mesh
size. AN screen sizes used for madel trashracks are
listed in the followirig tabulation:

Screen Used for Model T.rashracks

Designated screen Wire Prototype
screen size! * | mesh? | gage® head loss*
Small 8- 27 Q.24
Medium B 20 0.1
Large 4 23 Very small—not
measured

!Designated screen size—name given to a 'specific'
commercial screen for descriptive purposes.

*Screen mesh—number of holes per linear inch,
measured c2nter-to-center of wires.

}Wire - gage—size classification of ‘the wire used to
construct the screen.

4Prototype head toss—Equivalent prototype head loss

in feet of water,

Three mode! trashracks with the medium screen were

_eight-mesh screen. Only one model trashrack was.
" constructed with the large screen and this trashrack

constructed and tested. The vortex action with this size’

screen was slightly more severe than with the small

was placed in intake No. 19. The vortex action was
slightly more severe with the large screen than with the
small screen trashrack, and the tails of the vortices
pe\r'letrated slightly deeper below the water surface with
the large screen. From these qualitative tests, it Was
concluded that the prototype trashrack structures w:ll
have a suppresswe effect upon vortices.

Effect of Trashrack Structures
Upon Vortices ;
Further tests were made to gain a better insight as to
the reason the model trashracks had a suppr'essive
effect.upon vortices. Observations were made usmq dye

. as a tracer. The trashracks provided frictional resistance
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to the circulation or swirl of water in the region above
the intakes, see figure 20. In previous tests without
trashracks, the most severe vortices occurred in this
region. See figure 12a. {In this figire, note the penciled
lines on the wall and floor showing location of the
trashrack.) Also, the front face of the trashrack resisted
circulation of the vortex core, see figure 21.




a. With trashracks. Photo P1222-D-76667 k. Without trashracks. Photo P1222-D-76668

Figure 18,—Vortex action with and without model trashracks, Units 19 and 20 operating 3Q each, and water surface elevation
1290 {393 m),

a. Vortex tail formed near unit 19, Photo P1222-0-76669 b. Dye injected in the vortex at water surface shows vortex
filament entering unit 19, Mote that this vortex is
approximately 120 feet {37 m) out from the headwall and
100 feet (30 m) upstream from tiie centerline of intake 19.
Photo P1222-D-76670

Figere 19.—Vortices with model trashracks. Units 19, 23, and 24 operating approximately 3-%Q each, and water surface
elevation 1290 (393 m).

a. Large mesh szreen. Photo P1222-D-76671 b. Small mesh screen, Photo P1222-D-76672

Figure 20.~Model trashrack provides friction to swirl of water above intake 19. Dye trace shows water entering top of
trashrack, circulating within the trashrack, exiting in front of trashrack, and then reentering the trashrack. Units 19, 20, and 21
operating, 2-%Q each, vater surface elevation 1290 {393 m).




a, Well-developed vortex with a small core of rapidly
circulating water. Photo P1222-D-76673

c. Vortex partially dissipated. Photo P1222.-D-765675

b. Vortex has moved closer, trashrack face resists vortex
core circulation. Because of friction, the circulation speed
has reduced and the wvortex core widens. Photo
P1222-D-76674

d. Vortex dissipated with some remaining circulation
passing over the trashrack. Photo P1222-D-76676

Figure 21.—Dissipation of a vortex on the trashracks. Units 18, 20, and 21 operating, 3-%0 each, water surface elevation 1290

(393 m}.

EFFECT OF UPSTREAM GEOMETRY
ON VORTICES

Hydraulic Flow Conditiofs from the
Faorebay Channel Entrance

Topography near the forebay channel entrance is
frreqgular. The bottom of the forebay channe! is at
etevation 1110 {338 m). A level bench at elevation
1150 {350 m) connects the forebay channel with the
reservoir, and there is a sharp corner at the intersection
of Grand Coulee Dam and the Forebay Da.n. These
features are shown in the photo on figure 22a.

The sharp carner caused a complex set of flow
features. Water flowed along the facé of Grand Coulee

Dam, separated from the corner, and moved somewhat
perpendicularly into the forebay channel. In addition,
the flow that was alined with the forebay channel
passed beneath this separated flow. These flow features
are shown in figure 22. At the boundary of the
separated flow, there was a shear zone where eddies
were generated and traveled to the intakes, see figure
23. These eddies are indicated by the three arrows on
figure 22b. When traveling downstream, the eddies
could either dissipate or cellect into larger size eddies,

The mode of unit operation determined the travel
distange of the larger size eddies. With units 23 and 24
operating, the eddies could travel nearly the whole
length of the model forebay channel. When units 19,
20, and 21 were operating, the eddies only traveled to
unit 19,




a. Model topography near
the dam corner. Grid has a
100-foot {30-m} spacing with
origin at face of Forebay
Dam and centerline of intake
19. Fhoto P1222-D-76677

b, Waterflow along face of
Grand Coulee Dam separates
from the corner. Photo
P1222-D-.76678

c. Flow alined with forebay
channel passes beneath the

separated flow. Photo
P1222-D-76679

Figure 22.—The farebay channel entrance. Units 19, 20, and 21 aperating, 3Q each, water surface elevation 1290 (393 m).
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Figure 23,—Schematic of flow conditians resulting from the
dam corner, . ‘

The large eddies appeared to initiate vortex formation.
For some test conditions, there was a region where a
general swirling motion of the water movement
occurred in front of an intake. When a large eddy
entered this region, the rotational speed in the swirl
increased .and a dimple formed in the water surface,
The dimple would ecither dissipate or continue to
develop into a vortex.

Corner Modification Tests

Tests were made to determine whether the flow
separation from the dam. corner was crucial with
respect to vortex formation at the intakes. Three
different corner modifications were used in an attempt
to guide the waterflow directly down the forebay
charnel and prevent flow separation from occurring at
the dam corner. The model test conditions were: (1)
reservoir water surface elevation 1290 (393 m), (2)

units 19, 20, and 21 operating with three times the

_Froude number discharge through each unit, and (3}
with and without model trashracks.

Observations and analysis of the tests.—The three
different corner modifications and their effect upon
flow separation are shown-in figure 24, A sizeable
corner modification was required to aline the water
surface currents directly down the forebay channel,
but with guidewall No. 3 there was only minar flow
‘ceparation. ' : '

With guidewall No. 3 in place, there was a decrease in
vortex, severity. This was especially true for the
“without trashrack” test condition. Without the
ouidewall, an air-entraining vortex with a continuous
~air core readily formed and entered intake Mo. 19.
With the guidewall, vortex severity was reduced to
where only small bubbles occasionally pulled off the
vortex tail and entered the intake, .

The decrease in variex severity was less noticeable with
the trashrack in place. In this case, determination of
vortex severity was made on the basis of less frequent
vortex action. Evidently the direction of surface
currents approaching unit 19 infiuenced the location of
vartex action. See figure 25 where a is the angle of
approaching surface currents. For the greater angle, the
water surface currents more directly approached the
headwall and deflected from the headwali. Thus, swirl
was produced in front of the intake. With the smaller
angle, deflection could not so readily occur, swirl was
swept downstream from the intake, closer to the wall, -
and vortex action was not so severe.

Because of the apparent lessening of vortex activity, it
was concluded that flow separation from the dam
corner contributes to vortex formation, but was not
the sole cause of the problem. Also, the model was
believed to produce mare intense flow separation than
the prototype. Model waterflow from the reservoir
could not so readily aline: itseif directly into the

forebay channel. Because of model size limitation,

reservoir topography directly alined with the forehay
channel was not included. Prototype water surface
currents may be more alined with the forebay channel.

MODIFICATIONS NEAR INTAKES
FOR VORTEX PREVENTION

General

Two modifications near the intakes were tested for
vortex prevention. One modification was to the intakes
and the second was an addition of deflection vanes
above the intakes. :

Curved Entrances

Two different curved entrances were tested. The
purpose of the entrances was to provide a lower
entrance velocity and to eliminate the 909 turn of
water flowing into the intakes.

For the first curved entrance design, the face of the
intakes was located at a 459 angle with respect to the
headwall, figure 26a. The intake openings were -
approximately 74 ft (22 m) square, and & curved
transition was made into“the existing model intakes.
Air-entraining vortices formed, see figure 26b. Because
the water region above the curved entrances was .
susceptible to swirling, the headwall was "extended

"above the intakes to exclude the region. However,

air-entraining vortices still formed, as shown on figure
26c. '
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Figure 24.—Carner modifications and effect upon flow separation,




Without guidewall

With guidewall

aD

]

Figure 25.—Comparison of flow features with and without
guidewall No. 3 in place.

The second curved entrance design had intakes at a 70°
angle with the headwall, and the intakes were 33 ft (10
m) wide by 70 ft {27 m) high, see figure 26d.
Air-entraining vortices occurred for this entrance, and
extending the headwalls above the water surface did
not prevent formation of air-entraining vortices.

Deflection Vanes

Deflection vanes, having prototype dimensions of 20 ft
(6 m) wide by 40 ft {12 m} high, were placed in the
water above the intakes. See figure 27. The purpose of
the vanes was to inhibit rotational movement of the
water above the intakes, There was some decrease in
vortex severity, but air-entraining vortices still formed.

GENERATION OF A VORTEX
FOR MAKING TESTS
AND OBSERVATIONS

Because of the intermittent nature of vartices that
occurred in the model, it was difficult to make
judgments and observations concerning these vortices.
A stronger and more persistent vortex was needed for
better evaluations. Therefore, a steady vortex was
generated in the model by placing a piece of sheet
metal in front of intake No. 24, A circulation of water
produced by the sheet meial generated a vortex that
was larger and much mare severe than vortices which

{a) Photo P1222-D-76686

{c} Photo P1222-D-76688

{d) Photo P1222-D-76689

Figure 26.—Curved entrances, For (b} and (c}, units 19, 20, and 21 operating, 3Q each, water surface elevation 1290 (393 m).
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Figure 27.—Deflection vanes, Air-entraining vortex at unit
19. Units 19, 22, and 24 operating, 3-%Q each, water
surface elevation 1290 {393 m). Photo P1222-D-76630

naturally occurred in the model. See figure 28. Severity
of the generated vortex could be decreased by
decreasing the discharge through unit 24, To improve
observations, a plexiglass wall was placed at the
downstream end of the model, and photographs of
vortices were made through this wall. Hereafter, the
term ‘‘generated vortex’’ will be used to distinguish this
vortex from vortices that naturally occurred in the

Figure 28.—Generated vortex—strongest condition. Photo
P1222-D-76691

RAFT TESTS
Initial Tests

Initiaily, raft tests were made for vortices that
naturally occurred in the model. The rafts were made
from strips of plexigiass, and smail cubes of styrofeam
were taped on the corners to make the rafts float.
Various rafts were tested, see figure 29. Two rafts were
tried, each 80 by 80 ft (24 by 24 m) with 10-ft {3-m)
grid spacing. One raft was 8 ft {2.4 m) deep and the
other 4 ft {1.2 m) deep. These rafts were placed in
vortex-prope areas of the model and observations
made. Both rafts prevented vortices and no
distinguishable differences of water swirl were noted
between the two rafts. Thereafter, only 4-f deep rafts
were tested.

Additional rafts that were 80 by 80 ft {24 by 24 m)
and 80 by 60 ft (18 by 18 m), having 20- and 10-ft (6-
and 3-m) grid spacing were tested. No discernible
difference was detected to determine whether the
10-ft-grid raft was better than the 20-ft-grid raft or
whether the 8(- by 80-ft raft was better than the 60-
by 60-ft raft. All rafts appeared to work equally well
when placed over a vortex. However, more effort was
needed to assure that the 90- by 60-ft raft was
positioned over the vertex-prone area.

All natural farming vortices of the model tests were of
an intermittent type. The vortex would begin from an
eddy or swirl, increase in severity, and then dissipate,
Generally, during this time the water surface location
of the vortex was not stable, but traveled with respect
to the headwall of the dam. The travel path length of
the vortex from its beginning to end could exceed 100
ft (30 m). Rafts for the hydraulic mode! tests did not
cover the complete area of the vortex travel paths. The
tests were made while the rafts were held in a
stationary position. if the raft was positioned near the
center of the vortex formation area, the raft was
effective in preventing objectionable vortices. Also, the
raft was effective when positioned where the traveling
vortices had their most severe development. Vortices
wouid form beyond the raft and dissipate when passing
beneath the raft.

All the 4-ft (1.2-m} deep rafts were tested while
submerged 20 ft {6 m) below the water surface, The
submerged rafts prevented formation of air-entraining
vortices. These submerged rafts appeared sligatly mare
effective than the floating rafts in reducing the
formation of vortices.

The rafts performed well both 'with and without the
model trashracks in place,
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Figure 29.—Definition sketch for dimensions of mode! rafts tested.

Tests in the Generated Vortex

_ -
Floating rafts.—Various floating rafts were tested in the 3
generated vortéx, and all the rafts prevented formation
of an air-entraining vortex. However, there was a
swirling motion in the water beneath the floating raft,
figure 30a. An organized vortex was not present
because a central core was not visibie as a dye filament,
similar to figures 8c and 8d. The smaller 60- by 60-ft
rafts were somewhat less effective than the larger 80-
by 80-ft rafts in preventing a vortex.

The floating rafts disrupted the converging circular
water surface currents normally present in an organized
vortex. In a developed vortex, the motion of water
surface currents is a spiraling inflow toward the center-
of the vortex. The raft prevented the converging
portion of this motion, but a very substantial circular
motion still remained as swirl beneath the raft. Also,
the raft produced turbulent velocity fluctuations to the
swirl, and unsteadiness of flow can be detrimental to
vortex development. The 10- to 20-ft (3- to 6-m) raft
- grid spacing was  believed optimum in producing
turbulence to the swirl, figure 31a, and also appear
~optimum to the areal extent of the spiral, figure 31b.

Submerged rafts.—Rafts that were submerged 20 ft (6,

m) below the water inhibited vortex formation slightly
more than when floating, see figure 30b. Judgments
about raft effectiveness were made by dbserving the
swirling motion of dyed water flowing past the raft and
into the intake. Because of the structural manner used
in submerging the mode! rafts, four vertical members
attached to floats (fig. 30bJ, the submerged rafts .
provided more resistance to swirling than the floating
rafts. Therefore, comparisons of effectiveness between

the two modes of raft installation are probably invalid
for these tests.

QOther tests were made where the submergence depth
was- varied. The raft location was moved from the
water surface, down along' the vortex axis, and then -
against the intake, The two 80- by 60-ft floating rafts

. with 10- and 20-ft grids were used. Floats vwere

removed, two 1/8-in. (3.18-mm) diameter metal rods
were attached to each raft, and the rafts could be
positioned without ‘undue additional resistance. It
appeared the best submergence depths were betweesn
20 and 60 ft (6 and 18 m) below the water surface, and
the submerged rafts were perceived 1o be slightly better

. than the floating rafts for vortex prevention. However,
-the 20-ft raft grid spacing appeared to be approaching

the maximum grid size. Qccasionally, for time periods
less than 2 seconds, a centralized dye filament was

observed to form and pass through- the centra! 20-ft

grid of the raft, The dye filament would break up from

turbulence in the swirling water or when the filament

passed near or over an individual raft member.

The passage of an organized vortex core through a raft
grid depended on flow velocity passing through the
raft. A high velocity confines or stretches the vortex
core into a smaller volume, When the. 20-ft grid raft
was placed vertically across the intake opening against
the headwall, an organized vortex developed. The air
core would pass through a raft grid and then enter the
intake. By moving the raft a model distance of less
than 2 in, (50 mm) away from the headwall, the vortex
air core would be destroyed and the severity of the
vortex was considerably decreased. With the 10-ft raft
grid, an air-entraining vortex did not form under these
test conditions.

N
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a. Floating raft. Photo P1222-0-766892

Figure 30.—Raft tests in the generated vortex, Raft size is 60
raft, vortex was similar to figure 28.

A raft submerged only a small distance below the water
surface reacts on the upper portion of a vortex and is
similar to a floating raft. However, a raft submerged a
substantial distance below the water surface reacts on
the lower portion of the vortex. To distinguish
between the upper and lower portions of a vortex, note
figure 21a. in this figure, dyed water shows a funnel
shape for the vortex, and the upper portion of the
vortex near the water surface occupies a relatively |arge
volume with fow velocities: the lower portion occupies
a small centralized core with higher velocities. The
submerged raft {one reacting on the lower portion of a
vortex} provides resistance to the high-velocity zone of
the vortex. This resistance must be sufficient to
prevent the swirl of water above the raft from
developing into a vortex. If the resistance is
insufficient, dyed water in the swirl shows
development of an crganized vortex, A centralized dye
filament forms and passes through the raft, and the raft
loses a very large degree of effectiveness.

Analysis of the Raft Tests

Because of the intermittent vortices of the initial tests,

b. Submerged raft. Photo P1222.-D-76693

by 60 feet (18 by 18 m} with a 20-foot {6-m) grid. Before placing

there was difficulty in judging the effectiveness of the
rafts. Whether the raft substantially or partially
influenced the vortex breakdewn was unknown. There
was always the uncertainty that the intermittent vortex
was about ready to break down. With the stable and
persistent generated vortex, the uncertainty was
removed, and the raft definitely broke up the vortex.
Also, the generated vortex was much more severe than
the intermittent vortices that naturally occurredin the
model. Therefore, in the event the hydraulic model did
not simulate severe enough vortices, the breakup of the
generated vortex is believed to provide a measure of
safety in the raft tests.

Both floating and submerged rafts prevented formation
of air-entraining vortices in the model. However, there
still remained a swirl to the water. Effect of the rafts
was to prevent development of an organized vortex.
Interpretation of the test results indicated a smaller
margin of error of the raft grid size for submerged rafts
than for floating rafts,
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Figure 31.—Qualities of the raft grid spacing that appeared conducive to vortex supprassion.

INFORMATION FOR =RAFT DES_IGN
Background

The designers requested information for making a
preliminary raft design. Thus, the designers could
consider the raft design and determine whether it was
necessary to build additional features {to accomodate
rafts) during construction of the Grand Coulee Third
Powerplant and Forebay Dam.

Recommended Hydraulic Guidelines
for Raft Design

Model test results were reviewed, measurements of
rotational velocities made, and the data were
interpreted to provide the following hydraulic demgn
guidelines for raft design:

I. Grid spacing between structural components of
the raft can vary from 10 to 20 ft l3 to 6 m} but
should not be less than 10 ft.

2. The depth of the raft should be suﬁh that 4 ft
{1.2 m} of the floating raft extends below the water

‘surface.

3. The area of appreciable vortex occurrence is 80
by 400 ft (18 by 122 m}, see figure 32. This is for a
threg-unit installation, and the preliminary design
shouid provide raft protection for this area.

. 4. For esthetic reasons the raft could be completely

submerged. In-the model tests, rafts submerged 20
to 60 ft (6 to 18 m) appeared slightly more effective
than floating rafts. it is recommended that the grid
spacing for a submerged raft be no greater than 10
ft{3m).

B. The raft should be designed to withstand normai
water ‘surface velocities of 6 to 9 ft/s {1.8 t0 2.7
m{s) and also localized high rotational velogities of
vortex action. The tangential velocity of the
rotational motion is 15 ft/s (4.6 m/s}.
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Figure 32.—Forebay srea suggested for vortex protection.

6. FIBXIbIIItY in raft design is desirable since vortex
conditions could occur differently in the prototype
than in the model. Because accuracy of the
guideline information is unknown, changes in the
raft may be required. Such changes could be area of
the raft coverage, grid size, and raft depth. Also, it
would be advantageous if the individual raft
components could be readily joined together wh:le
floating in the forebay channel.

Rationale for Determlnlng
the Guidelines

Location and area of raft coverage.~For most
operating conditions, vortex action was confined to a:
local region bounded by a square varying between 40
by 40 to 100 by 100 ft {12 by 12 to 30 by 30 mj.
Depending upon units operating, these severe vortices
could occur throughout the zone shown in figure 32.

A vortex would form in one location, travel some
distance, and dissipate at another location, Severity of

the vortex was a function of the distance from the face

of the Forebay Dam, for both.with and without
trashrack tests, figures 21 and 12. A raft, extending a
60-ft (18m) distance from the Forebay Dam,
destroyed the vortices even though the vortices may
have formed beyond the 60-ft distance. However, there
~was -one test condition where vortices formed a
considerable distance away from the headwall, figure
19b. Although this vortex was located 120 ft (36 m)
from the headwall, it was not considered as severe as
vortices closer to the Forebay Dam. Should this vortex
action occur, and be objectionable in the prototype,
the raft coverage distance of 60 ft shown in figure 32
will be inadequate.

Raft protection over the semicircular area immediately
above the trashrack is unnecessary, see figure 32. When
a vortex moved into the water region above the
trashrack, the vortex was dissipated, figure 21d. By not
covering the semicircular area, a floating raft will have
the freedom to move through water surface elevation
1208 to 1290 (3683 to 393 m).

Raft grid and raft component dimensions.—These
dimensions were obtained directly from rafts used in
the mode! tests. Structural components were 1 ft (0.3
m} thick {prototype dimensions) from which the

_model rafts were constructed.

In a hydraulic sense,
component thickness was not believed crucial, but
should be determined by structural considerations. The
grid size for a submerged raft acting on the lower
portion’ of a vortex was believed to be critical.
Therefore, the grid size for'a submerged raft was

. specified to be no larger than 10 ft {3 mj and, if

structurally corivenient, may be smaller. However, a
raft submerged less than 2 ft (0.6 m) below the water

- surface acts on the upper portion of a vortex, and in

this case the raft is believed more effective with a grid
spacing of 20 ft (6 m) but no less than 10 ft.

Velocities the raft may need to withstand.—The
velocity guideline information is not definite. Various

.and different surface currents may occur near the

intakes, depending upon the units or combination of

.units operating and the formation of vortices. Three
“different type surface currents may act upon the raft:

1. Normal water- surface  currents.—Velocity
produced by normal waterflow down the forebay
channel that may act on the total raft area. This
information  was - obtained from velocity
measurements given in reference [1] and was for a
“condition of 12 operating units with a water surface
elevation of 1208 {3683 m).

2. Swirl water surface currents.—Velocity resulting
from swirl-type motion. For swirl motion, the
velocity is directly proportional to the radius, and °
velocities are higher on the outside of the swirl than
in the inner region,

3. Vortex water surface currents,—Velocity

- resulting from vortex metion. For vortex motion,
+he velocity is inversely proportional to the radius,
and the velocity is higher at the inner region of the
vortex. ' )

In model observations, vortices occupied a smaller

- circular area than swirls. While swirls and vortices may

act at various locations on  the raft, these high
rotational velocities do not act on the entire protection
area shown in figure 32 at a given instant.

An attempt was made to measure rotationéi velocities
that occurred in the model. The method for making

the rotational velocity measurements was crude.

- Results of these measurements are given as a tangential
_ velocity

{feet per second and for prototype
dimensions}) and were obtained from determining-a
rotational velocity {w, radians per second) that acted
at a given radius.

A raft was submerged approximately 20 ft (6 m) below
the water surface in the generated vortex (strongest




condition). A somewhat stable swirl was produced and
dye was placed in the swirling water above the raft.
Then, visual observations determined the time for the
dye to rotate one revolution. The observed tangential
velocity was 4 ft/s {1.2 m/s} acting at a 10-ft {3-m)
radius. '

A ping pong ball, 1.5 in. (38 mm)} in diameter, was
used in measuring rotational water surface velocities of
vortex action. The ball, hung from a piece of light
sewing thread, readily rotated when placed in the
central portion of the vortex. With the -aid of a
stopwatch and counted revolutions, rotational speed of
the ball was determined. Two conditions of vortex
action were measured, both for a 1290-ft (393-m)
water surface elevation, The first condition was for
intermittent vortices, units 19, 20, and 21, operating at

20 each. The ball floated in the vortex air core and was

only slightly drawn down into .the vortex. Therefore,
the rotational velocity spinning the ball was assumed to
act at ‘the 1-in. {25-mm) diameter of the ball surface.
{The model scale. was 1 in, equals a 10-ft prototype
“tength.) The measured tangential velocity was 11 ft/s

{3.4 m/s} acting at a.5-ft (1.5 m) radius. The second

condition was for the generated vortex {strongest}. In
this cise the ball had 'to be pulled with the thread to
prevent being drawn down into the vortex, and the ball
was allowed to submerge halfway. Thus, the rotational
vefocity was assumed to act at a 1.5-in. diameter on the
ball. Tangential velocity was 16 ft/s (4.9 m/s) acting at
a 7.5-ft {2.3-m) radius.

At first glance, vortex velocities may appear as unduly

high for raft criteria because if the rafts function
properly, there shouid not be appreciable vortices.
However, thar: is the condition of vortices forming
beyond the raft and then traveling beneath the raft
hefore dissipating. In the mode! tests, these vortices
before dissipation were very much less severe than the
generated vortex. However, the velocity as determined
from the generated vortex was used as a criterion
because the intent was to give velocity guideline
information believed to be the maximum.

ACTION OF VORTICES ON THE
TRASHRACK STRUCTURES

Previous model tests showed the trashrack structures
definitely had a suppressive effect on vortices.

However, organized vortices still occurred, as shown on

figure 21. Tests were made with the model trashracks
to gain some insight on how the vortex may act on the
prototype trashracks. Each screen size model trashrack
was placed over intake No. 24 and subjected to action

of the generated vortex, see figure 33, With smaller
screen sizes, vortex severity, and air core penetration
decreased. :

Dye injection into the vortex, figure 34a, gives the
appearance of an enlarged core. Flow resistarice at the
screen impedes the high core velocities and slightly -
alters development of the vortex. An illustration of this
concept is shown in figures 34b and 21b.

Vortex core spreading caused by resistaqde'de’pends on
velocity of the flow field surrounding tite core. When a
submerged raft was placed against intake Mo. 24, the -
high velocity g‘tlimpelled the developed vortex core

_through the rarigrid. Thus, core spreading may be

minimal if the flow field velocity is high. The effects of
the resistance may be quickly carried downstream and
not a!lowed to propagate upstream.along the vortex
core. Notice the difference of vortex core spreading in
figure 34: The velocity flow field at the point of screen
resistz7 e was believed higher for figure 34a than for
figure 34b. There is an interdependency smong the
flow field, development of the vortex core, and
resistive action of the trashrack to the vortex.

The difference in the reaction between the model and
prototype trashracks to a vortex core velocity is
unknown. The surface areas for mode! and prototype
trashracks were similar, but the geometric shape was -
different for structural elements of the model and
prototype trashracks. Wires of the model trashracks -
were g circular cross section; whereas, the vertical bars
of the prototype trashracks will be of a.rectangular
cross .section, see figure 35. Because of these
differences, the prototype structure may provide more
flow resistance to rotational velocities than the model
and thus reduce vortex development.

If the prototype trashrack provides appreciable
resistance to a voriex cor., there is the potential of a-
considerably enlarged vortex core. Core velocities will
be slower and act on a comparatively larger area than
that shown in figure 27a. However, should this
resistance not develop or if a high flow field velocity of
water surrounding the core prevents the resistance
from propagating upward along the core, then a
well-developed vortex  core may act on the trashrack.

The core of a developed vortex acts on a local and
small area of the trashrack, figure 21a. Velocities in the
vortex core are very high and could produce a high
localized moment on a comparatively small area of the
trashrack. Consideration should be given as to the

*effect this moment may have on a prototype structure.
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; a. Small size screen, b. Mediurm size screen. c. Large size screen.

) Figure 33.—Madel trashracks in the generated vortex. Photo P1222-D-76696
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i a. Small size screen model trashrack in the generated b. Screen placed horizontally in core of the generated
a vartex, and dye showing core of organized vortex. Phota vortex which retards core velocities and enlarged the vortex
L) £1222-D-76694 core above the sereen. Photo P1222-D-76685

1 Figure 34.~Frictional resistance to fast rotating velocities of the vortex core,
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Front view of 1/2 by 1/2 in. {13 by 13 mm) segment small
size screen mode! trashrack, .

.PLAN VIEW
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Front view of 5 by 5 ft (1.5 by 1 5 m) segment protutypa
trashrack.

Figura 35.—Comparison of a relative area betwsen the mogel and prototype trashracks, On the front views, the spiral represents -
a vortex core. There is probably 8 corkscrew-type motion as the vortex core flows through the trashrack. The plan views show -
velocities acting at a given point. With respect to the trashrack, the vortex velocity is divided into. direct and rotational
components. The 5-%-in, {140-mm) vertical bars are believed 1o resist rotational velocities better than circular bars.

NECESSITY FOR, AND COMMENTS
ABOUT, PROTOTYPE OBSERVATIONS

Results of the model tests did not produce a reliable
and definite answer to whether there will be a vortex
problem near the intakes of the Grand Coulee Thkird
Powerplant. The model test results did, however,
indicate the possibility of a vortex problem developing.
Therefore, prototype operation should be closely

observed to determine whether a vortex problem exists '

and whether the vortex is of sufficient magnitude to be
potentially harmful to the trashracks, turbines, or
other parts of the hydraulic structure Because the
magnitude of a possible vortex is unknown and
considering the huge size of the hydraulic structures; it
is imperative that observations be made at the very
onset of operation for the first unit. if the vortex

¥

prablern appears dangerous, then the system couid
immediately be shut down. These observations®should
also be made at the initial operation of 2ach new unit
and repeated with all installed units operating.

It should be kept in mind that the first unit will
probably not exhibit the most severe vortex action.

. The hydraulic model tests indicated that the vortex
“severity increased as the number of operating units

increased. The .greatest change in vortex severity
occurred with an increase from one to three operating
units. Further increase in the number of operating
units only slightly increased the vortex severity.

The increase of vortex severity is espacially significant

with respect to the installation sequence of the first
three units. Instaifation of the units were planned at
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intervals, A beneficial
sequence is that the

factor
worst

of this
vortex

congiticns will not occur during the initial operation of =

the Grand Coulee Third Powerplant. There should be
time for observation and study to determine whether
raft installation will be necessary. However, estimating

ot

flow conditions for a more severe vorteX while..

observing less severe conditions will be difficult, Rafts”

that work well for the lzss severe conditions: may be
inadequate for th2 more severe conditions.

- The prototype observations may also provide the

means for verifying guidelines for the rafts as obtained
from the model tests. The information should prove or
disprove: (1) location where raft coverage is needed,
(2) dimensions of raft, and {3) velocity acting upon the
raft. Rahm [8] gives some description about making
prototype velocity measurements and observatlons
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CONVERSION FACTORS BRITISH TO MFTR]C UNITS OF \'IEASUREMENT

The following conversion faciors adopted by the Buraau of Reclamatmn are those pubiished by :he Amencan
Society for Testing and Materials (ASTM Merric Practice Guide, E 380-72) except that additional factors (¥)
commoniy used in the Bureau have been added. Further discussion of definitions of quantities and units is given in
the ASTM Metric Practice Guide. .

The metric units and conversion factors adepted by the ASTM are based on the “Intirnational Systern of Units®
(designated S| for Systeme International d*Unites), fixed by the Internationai Committee for Weights and
Mgasures: this system is also known as the Giorgl or MKSA {meter-kilogram (rass)-second-ampere} system. This
systern has been adoptad by the lnmmatunnal Orgamzamn for Standardization in 150 Recommendation R-31.

The metric technical unit of force is the kilogram-force; this is the foroe witich, when applied 1o a body having a
mass of 1 ka, gives it an acceleration of 9 80565 m/sec/sec, the standard acceleration of free fall toward the earth’s
center for sea level at 45 deg iatitude The metric unit of forca in S1 units is the newton (N}, which is defined a5

that force which, when applicd to 2 bady having a mass of 1 ky, it gives it an acceleration of 1 mfsec/sec. These:

units must be distinguished frem the {inconstant) local weight of a body izaving a mass of 1 kg, that is, the weight
of a body is that forez with which a body is attracted to the earth and is equal o the mass of a body multiplied by
the acceleration due to grawtv. However, because it is general practice to use “'pound” rathar than the technically
correct term “‘pound-force,” the term “kilogram® {or derived mass unit) has been used in 1his guide instead of
“kilogram-force™ in expressing tha conversion factors for furces The newtan uait of force will find increasing use,
and is essential in 51 units. X -

L
Where approximate or nominal English units are used to express a value ar range of values, the converted metric
units in parenthesas arg also approximate or nominal. Where precise _English units are used, the converted metric
units are expressad as equally significant values. ’

L

-~ . Table 1

QUANTITIES AND UNITS OF SPACE

Multiply . - By : . To obtain
- LENGTH
T T N S 254 fexactly) ... ...iaiianiianes Micron {u} -
Inches {in} ....... earaerenans "254 {exactly) .o....... s Millimeters (mm)
inches....... A 2,54 {exactlyl® ..., Centimeters (cm)
Feet(ft) ...._.. e 30,48 (exactlyl ...viroriiiaiaa il Centimeters
[ ) 0.3048 {exactiy}® ......... et Meters {m}
Feet ..oovu.vanannnn PR 0.0003048 {exactiy)® . Kilometers {(km)
Yards {yd) ....... : 097144 fexactly) - ... e - Mezers {m)
Miles (statute} (mi) . e s 1,609.344 fexaetly)® . ... .oiLiei il Metars
1 ' 1.508344 (exactly) ....... 0 ieiennn.n Kilometers {km)
AREA
Square inches hn2) v ieaeae e - i . 8.4516 (exactly) 5...... e Square centimeters {cm2)
Square feet (112) : .. L "92903..................1 ...... .. Sguare centimeters
. Squarefeet ... _........... Fav 0092903 .t iee e irrar s Square meters (m2)
Square yards (yd2) .. ...l . L1 T e Stjuate meters
Acres . . 040469 ..t e Hectares (ha)
Acres N '4,046 C: U LI ‘.. Square meters {m2) ]
Acres T "O0DM0469 ... e Square kilometers (km#?}
Square miles {miZ} : 258999 .. ... ena e e Square kilometers
VOLUME
Cubic inches (in3] .. ... .... S 18387V ..., S, Cubic centimeters (cm3)
Cubicfeet {ft3) ..............c - 00283168 . . . Cubic meters {m3}
Cubic yards (yd . ... ... ..... 0,764555 Cubic meters (m~]
o L CAPATITY
Fluid ounces (US.) (g2) ......... Co b2 7 Cubic centimetars {cm3)
Fluidounces (US) .. .. ....... ‘ 3= R- 42~ S Millititers {mt)
Liguid pints (USJ fpty ......... ) 047319 ... Cubic decimeters {dm=)
Liguid pints{US) ... ..., . 0.473166 ... B arees Liters (1)
Quarts (USHgth . .oeeuall. s, . "846.358 . ...t .. . Cubic centimeters {cm )
Quarts (US.) ..... Ceeerrraaen "O.846331 S0, ..., P ... Litees {])
Gallons (US) fgald ..., ......... *37BEA3 ..o Cubic centimeters (cmal
Gallans (M.S) ..o inan. .. 378543 ., .l iilaaa Cubic decimeters (dm3}
Gallons (U.S) oo viesnninnnnnins © b - 13 b thersm
Gallons (US)..... e i :‘ “0.00378543 .. ........ hesaeaaean + Cubie meters (m3 II
Gallons (UKD L ovvyivnnnnnien 484809 .. vrinia it Cubic decimeters (dm3)
Galions (UKD .oy yonnnian - ; Liters {I}
Cubicfeet (Bl ... o i iiis 0 ZBATE0 . i iiaiaiia et Liters
Cubicyards (vd®) .. ... i ool TTBABB L et Liters
Acrefeel ... .eenaiiiiiiaan Cubic meters (m3}
Acrefeet . ..iiiiiiiiiiiiaaers Liters

+
< -




* . Short tans (3,000 Ib}

Table It

QUANTITIES S=ND UNITS OF MECHANICS

Tablg I1~Continued

Hultiply By ‘To obtain

th

Multiply By To obtain

WORK AND ENERGY"

MASS

Grains {1/2,000 Ik} {gr} 61.79B91 (exactly) Milligrams {mg)
Troy ounces (480 grains) . AP, Ceraeas oo Grams {g)
Qunces {avdp) [ez} ...... A . viees... Grams
Pounds {avdp) {Ib) . 0.45359237 {exantly] .. . Kilograms {kgl
[=Ta 720 1 verrereress Kilograms
0.507185 ... . Metric tans
1.016.05 . Kilegrams {kg)

Shart tans {2,000 Ib)
Leng 1ons {2,240 15)

FORCE/AREA

0070307 ......... Kilograms per square centimeter (kg/em?|
6884.76 Fasnat: {Pa}, ar Newtons per sgquare meter |an12|
Kilograms per square meter {ka/m2]

Pascals (Pa),‘or Newtans per squara meter {N/m?]

Pounds per squars inch {Ibfin?)
Pounds per square inch

" Pounds per square foot {Ib/ft2)
47.8803 .

Founds per sguare foot

MASS/VOLUME (DENSITY)

. Grams per cubic centimeter {g/em?)
Kilograms per cubic meter Ikgfm3)
Grams per cubic centimater {a/em3)
..... ... Grams per cubic centimeter

Qunces per cuble inch [nz."mai 1.72099
Pounds per cubic faot (lo/fed)
Pounds per cubic faot

Tans {long) per cubic yard

D.0180185
132694

MASS/CAPACITY

.. Grams per titer (g/1)
. Grams per liter

. Grams per litor
Grams per liter

' Ounces per galion [U.5.4 {ozfgall . ......
Cunces ber gallon (UK _..... P
Pounds per gallon {U.S.} {Ib/gal} .....:.
Pounds pergallon {UK.) .............

.+ Kilogram calorlas {kg-cal}
Jordles {J)

Jaules per gram {J¢p}

.o Joules ()

British thermal units {Biul
British thermal units (B} ..
Bru per pound

Foot-pounds {ft-lb}

2,326 (exactly} .
*1.35582 .

POWER

746,700 .., ., il Walts (w)
0.2930711 . Watts

Horsepower {hpl .
Btu per hour {Btu/hr} -
Foot-pounds per second {ft-lbfsec) .

HEAT TRANSFER

Buw in/hv ft2 dogree F {k,

thermaf conductivityl
Btu in.thr ft2 degres F {k,

thermal conductivityl ...
Bew fr/hr il degree F . ... verien ven
Btu/hr 112 degree F {C,

thermal conductance|
Btufhr 112 degree F (G,

thermal conductancel ...o.oueiiian,
Degrez F hr f14/B {8,

thermal resistanca} .. .4
Btuflp degree F {c, heat capacity} "
Btuflbdegree F ., . uiiiiiiniiiiians
Ftfhr (thermal diffusivity) .
Fizlhr (tharmal diffusivity).

................ veveo.. Milliwattsfem degren C

D240 .....ivnnae PPN Kg calfhr m deyrze ©
: Kg cal m/tr m2 dogrea ©

Milliwans!nrnzdegree c

.. Kgcat/hrm? degrea G

v ieereeeraeesrnsees. Dogree G em@/milliwatt
..... tieiierenaess Jgdegree ©

Cal/gram degree C
crreee, Cmtfsec

BENDING MOMENT ‘GR TORQUE

0.011521

g Mater-kilograms {m-kq)
112985 % 108 ,,.,...

Inch-pounds {in-lb] ... ..
Inch-pounds

Faoot-paunds {ft.(b) 0.138255
Faot-paunds 1.35582 x 107 Lentimeter-dynes
Faot-pounds per inch {fr-ibfin) ... .... . 5.4431 cemlmeter %ilograms per cantimeter {cm-kg/cm}
Qunce-nches fozin} oo ooovviennas 72.008 . . +vv oo Gram-centimeters {g-cmi

VELOCITY

30.48 lexactly} ........ . Centimeters per second {cm/st
0.3048 (exactly}” . ... Meters per second (m/sh
*0.965673% 1076 | .... Centimeters per second
1.609344 (exactly] Kitometers per hour {km/hr]
0.44704 {exacily} . Meters per second

Feet per second (F1/s}

Feet per second

Feetper year (ftiyr) ...

Milgs par hour fmifh) . ., Ceeae
Milas parhour .. .oeyiiiaiy i

ACCELERATION®

s i Meters per second? {m/s2)

Faetper second2 A2 L. L.,

Cubic feel per second

{secand-feet) (fr3fs) "O.028317 ....oiuiiii.ii ..., Cubic meters per sécond (m3/s)
Cubic feet per minute F£3/m) o419 ..., “ Liters per second {l/s)
Galfons [U.5.} per minute lgal/min) Liters per second

FORCE'

*0.463692
T4.4402 ...,....
*4.4482 % 105

Kirugra.rns (ka)
. Mewtens (N)
Dynes {dyn)

., Centimeter-dynes {em-dyn) -
. Meter-kilograms {m-kg} .

B
Cubic feet per square oot per dav {saepagel | '304 8.

Grains/hr {12 (water vapor)
transmission)

Perms (permeancel ......

Perm-Inches ipermeabahty)

Grams/24 hr m2
Metric perms
.+ 1. Metric parm-centimetars

Table 11i

OTHER QUANTITIES AND UNITS

Muitlply Ta oblain

Liters per square meter per day
Pound-seconds per square faot [viscosity) . . Kilograrn sacond per souare meter
Square feet per second {viscasity} .. . N 144+ Square metdrs per second”
Fahrenheit degrees (change)* ’ Celsius or Ketvin degrees
Voltsper mit . ...... [N Wilouolts por millimatar
Lumens per square foot {faot-candles} . . Lumans per square meter
Ohm-circutar milsparfoat .. .ovvvvvininias Qhm-square mitlimeters per meter
Milticuries per cubic faot . “36.2147 ., .. . w1 ooy Millicurles per cubic meter
Miltiamps per sguare foot ... M0.7639 (... .. - ... Milltamps per square meter
Gallons persquareyard ... uvveiiinaaina, 4527219 ... .. .+ Liters per square meter
Pounds per inch ,....,.. *0.17858 ...viaiianraeens s Kilogrems par cantimeter

GPO B34 -401
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