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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. 

CONCLUSIONS AND RECOMMENDATIONS 

1. There is insufficient information to define 
unacceptable vortex conditions at the Grand Coulee 
Third Powerplant. The effect of gortex action upon the 
prototype trashrack structures and turbines i s  

,... unknown. ' -  .; : 

2. Tkfere are no hydraulic model similitude laws that 
accurately correlate hydraulic model vortices to the 
prototype operati%. Test results from tile 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 
Powerpiant. 

4. Without model 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 ,.eveloped 
vortex. The model trashracks occupied and,;estrained a 
portion of this vortex-prone region fromjcontributing 

> ?  
to vortex action. 

5. Hydraulic made1 tests md~cated that vortex seventy 
increased as the number of operating units increased. 

6. Rafts placed in the hydraulic model were sui&ssful 
in eliminating formation of air-entraining vortices. 

7. Operation of the prototype structure will be needed 
to verify the resultsobtalned from the hydraulic model 
vortex study. 11 .-" 

t L '  

8. Observations of vortex conditions are recommended 
during prototype operation. Three types of, 
observations are necessary: 

I :  

/.: a. Prototype observations' to determine the extent 
of a vortex problem and to determine whether raffs 
are needed. 

b. I f  rafts are needed, further vortex observatior.; 

c. As a safety precaution. observat~ons will be 
necessary t o  assure that structural damage does not 
occur. These observations should be made during 
in~tial opertion of each newly installed unlt and 
w ~ t h  all previously installed units operatmg. 

APPLICATIONS 

Hydraulic model &dies were completed specifically 
'. 

for the geometry and flow features of the Grand 
Coulee Third Powerpiant. However, accuracy of vortex 
modeling appears suspect for model scales of this size 
(1: 120). ThZrefore, the. va'iue of applying the, results 
contained in this report ultidately wil l  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 would not 
be in the sense of simply applying a raft to reduce a 
vortex problem, since 'h i s  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 measure of the effectiveness of the 
Equal Ve:>city Method for studying vortex problems. . . 

INTRODUCTION 

Grand Coulee Dam, constructed between 1933-42, i s  
located on the Columbia River in the State of 
Washington. Since that time, there has been better 
regulation of the~riverflow by dams upstream from 
Grind Coulee, and also an increased demand for 
peaking elec'tric power. To meet this demand, Grand 
Coulee Third Powerplant was added with an ultimate 
design for 12 generating unit$ constructed in stages of 
six eachi,,*he first six generating units are presently 
under construction with expected unit installation a t  
Smonth intervals. The+catLdn of the powerplant with 
respect t o  the Grand CoGlee Dam is  shown in figure la, 
the penstock intakes and general size and shape of the 
forebay channel in figure lb ,  and a sectional view of 
the Forebay Dam and waterways in figure 2. 

Two hydraulic model studies 111 and [21 *,were made 
concurrently with the active design stages of the Grand 
Coulee Third Powerplant. King's study 111, u ' 
geometric length scale of 1 : 120, assisted in deve 
a design of the forebay channel and tailrace for both 6. 
and 12-unit powerplant configurations. Rhone's study 
' [21 assisted in developing the design for the shape of 

"Numbers in brackets designate references listed a t  the end of this report. 
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the entrance, the transition from the rectangular After qmpletion o f  both studies, 111 and [21, a; 
opening near the face of the dam to the circular review and evaluation were made concerning *he vortex 
penstock, and both vertical bends of the penstock. problem. Further and more intensive hydraulic model 
Rhone's model tests, at a length scale of 1 :41.75, were . tests were believed to  be 'beneficial, including the 
made with one penstock discharging from a head box. testing of rafts t o  suppress objectionable vortex action. 

During King's investigation, vortices were noted and 
observed after the recommended configuation was 
obtained for the forebay channel and tailrace. These 
terrs were made with the model Froude number 
discharge and withyarious modes of unit operation and 
water surface elevation. While making these tests there 
were no trashrack structures in front of the penstock 
intakes. In  general, the vortices were o f  short duration 
and in some instances air bubbles were taken into the 
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  Rhone's study, the geometric model scale was 
smaller and vortex tendencies.were observed. However, 
results from these tests were not necessarily indicative 
of the proto?!pe vortex problem because the model 
had only one penstock. The model d i d n o t  have the 
approach flow geometry of the forebay channel and 
therfore did not duplicate the" water currents 
approaching the intakes. For bener simulation of 
prototype water currents, tests were made where the 
approach flow entered directly in front of the 
entrance, and also from the left side so that the flow 
turned 90° to  enter the penstock. 

MODELING VORTICES 

. Hydraulic mode!ing of vortices isa problem becauseof 
the lack of similitude between model and prototype. 

' i ~ e : $  -. -. [31 states, "It is obvious that  Froude, Weber, 
and Reynolds numbers should be used in dealing with 
the question of similitude." However, 'an accurate 
relationship among~these three numbers when applied 
to  vortex modeling is not known. 

Angel~n and Larsen [41 made a statement which 
illustrates the acuteness of observat~on 5 hydraulic 
modeler must have for vortices in a Froude scale 
model: 

. ~ 

"It is the experience o f the  Swedish State Power 
g ~ o a r d  Hydraulic Laboratory that, if a tendency 

o f a  vortex can be identified in a model based on 
Froude scaling-it may be sufficiently strong to  
be air entraining or it may be weak so that it i s  
necessary to search fo r  it with dye traces-a 
vortex wil l  also occur in the prototype, however 
deep it-may be. For example, a vortex. was 
observedin tjoth a 1 :I00 and in a 1 :25 model of 
bottom outlets to the diversion tunnel at the 



Messaure Dam. A strong and active vortex was 
observed in the prototype although the gate 
openings in this case were about 180 f t  (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 being caught in the 
vortex and drawn down." ~ : . , 

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 [51 reported a modeling technique 
that somewhat overcomes the deficiency of vortex 
Froud numkr  modeling. :While studying vortices in 
pump sumps, they found that a Froude,scale model did 
not have an air-entraining vortsx. But the prototype, 
operating under the same flow conditions as tested in 
the model, did have an air.entraining vortex. They 
showed that i f  the model discharge was greater than 
the Froude number discharge, an air-entkining vortex 
could be formed in the model. Thus, ths y~ .de l  could 
be adjusted to provide some simulation &,.'ototype 
vortex action. They further substantiated their 
technique with additional model. tests, using greater 
than Froude number discharges, and ctiecked model 
test results with prototype operation. These tests were 
mainly for,pump.sumps and mod& 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 velocity as 
that computed for the prototype. 

The Equal Velocity Method involves model tests under 
many different conditions of water depth and penstock 
velocities. For each test condition, 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 5. A boundary line or 
envelope curve is  drawn between the air-entraining and 
non-air-entraining data .points. The area below the 
curve represents conditions where thwe i s  danger of 
air-entraining vortices in the prototype.:' 

Denny and Your~g [51 commented about a shape 
characteristic af the boundary curves: . ~ 

"The shape cf the boundary curve varies with :he 
circumstances but in general the curves have one 
limb tending to become asymptotic to a constant 
velocity and another limbtending 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 

a 
I x Non-air-eniroining vortex 
3 
V) 

o A i r  -entraining vor tex  

PUMP I N T A K E  VELOCITY f t / s  
Flgure 3.-Example plot of vortex data urlng the Equal 
Velocity Method. 

velocity through the intake, and another at high 
intake velocities where the critical subrnergence, 
i s  not very dependent on velocity. The trdnsition 
between the two resionsis more abruat iniome - 
cases than In others." 

/i 

Thus, ihe verticaii&&tant velocity) and~horizontzl 
(constant depth) limbs of the boundary curve were 

important indktors for vortex action in the model. 
For lower model velocities, the vertical lilfnb shows 
velocity as a very critical and sensitive'factor. 
Air-entraining vort ice~ will: form in the model only 
after attaining some-minjmum threshc!$_velocity. 
Thereafter, the vortex becomes insensitive to'velocity 
and;the water depth is  thecritical and sensitive factor. 
Relatively small increases in water depth prevented 
formation of air-entraining vortices. 

The vertical and horizontal limbs of the boundary 
curves have very important implications toward vortex 
modeling. Once the threshold velocity (vertical limb of 
the curve) is  attainea'vortices form in the model,;and 
for velocity 'increases thereafter the water depth 
(horizontal limb of the curve1 is  critical for preventing 
vortex formation. Therefore, i t  appears that a penstock 
model velocity which i s  greater than the Froude scale 
velocity, but considerably less than the prototype 
velocity, is  sufficient for vortex model testing. ': 

- 
Linford [61 used the Equal Velocity 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 mls) represented a . , 



prototype penstock velocity of 15 ft ls (4.6 mls). To summarize, within the present technology of 
Model tests were made with various combinations of hydraulic modeling, there i s  no accurate similitude law 
intakes open, various model penstock velocities, and for modeling vortices. Therefore, vortex model testing 
over a range of reservoir water surface elevations. Test is  of a qualitative nature. 
results on graphs similar to the one on figure 4 
indicated a 5 ftls (1.5 mls) threshold velocity was 
sufficient to produce air.entriiining vortices in  the 

THE MODEL 

model. This model velocity i s  one-third of the 15 ft ls 
prototype velocity. (This observation i s  of special 
significance to the Grand Coulee Third Powerplant 
model vortex tes ts  where model penstock velocities 
were limited t o  about 30 percent of the prototype 
velocities.) 

For Linford's study [61, vortex formation was 
objectionable at certain water surface  elevation^. 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 i s  
shown by the boundary curve (b) on figure 4. The 
baffle was constructed in the prototype. Observations 
r e  made of vortex conditions occurring at the 
prototype, and within normal reservoir operation 
levels, no objectionable air-entraining vortices formed. 
This satisfactory prototype operation provides some 
verification for using the Equal Velocity Method in 
making model vortex studies. 

Both Denny and Young 151 and Linford 161 suggest 
t h a t  an unknown measure of safety occurs by using the 
Equal Velocity Method for vortex modeling since the 
model vortex conditons may be more inrense than 
those occurring in the prototype.Therfore, i f  the 
vortex i s  prevented in the model, the solution i s  
beiieved to provide an unknown degree of safety in  the 
prototype. 

W 

' Air-Entyoining Vortex [ Region 

k - - -  (b) 
/ / ~ i r - ~ n t r a i n i n ~  Vortex 

Region with Boff le 
Modif icot ion 

The experience of previous 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 t h i s  model differed from the 
prototype: (1) A clear plastic panel a t  the end of the 
model forebay channel 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 ,?PO feet (30 m l  in the ., 
prototype forebay channel leng'h of 1,140 feet 1347 

- 
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 
in) wide by 47 feet (14 m) high, from a previous trial 
design. instead of 39.5 feet (12 ml wide by 50 feet (15 
m) high. (3) Topography in the model where Grand 
'Coulee Dam and the Forebay Dam meet was a t  
elevation 1250 1381 ml instead of elevation 1200 (366 
ml. The influence of these thiee features on the test 
results was considered negligible. 

Water was supplied .to the model from the permanent 
hydraulic laboratory pipe system and entered the 
model through a yertical pipe in back of a rockfilled 
baffle. See figure 5:This baffle was used to m;m 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 vraterflow 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. I n  making model 
tests with various combinations of penstocks, equal 
gate openings representing equal discharges were set for 
the operating units. Differences in individual,penstock 
discharaes may have occurred because of variations in  

1 I I I , approach f lowto intakes and vortex formation. 
5 10 15 20 

Froude number discharges with large geometric Scale 
'ODEL '- ft's models have been reported inadequate for modeling 

Ftgure 4.-Example of boundary curves rhowiqg vortex vortices. Therefore, the Equal Velocity Method was 
eondmonr of a model study. used, so far as poss~ble, for mak~ng the hydrauhc model 

5 



Figure %-Grand Coulee Third Powerplant hydraulic model. Photo P1222-0-76651 

Vortex studies. This method indicated the possibility ot 
providing the most information on the occurrence of 
Vortex action in the forebay channel of the 
powerplant. 

The existing model had limitations in using the Equal 
Velocity Method for vortex testing. Model 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/sl. Thus, only 
one-third of the prototype velocity rould be attained 
In the model instead of the full prototype velocity as 
required by the Equal Velocity Method. As noted in  
the Modeling Vortices .section of this report, the 
prototype velocity may not be necessary. However, 
there i s  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. I f  changes 
were to be made, these changes should be 
unquestionably accurate and proven to be 
economically justified. Precise information on vortex 
conditions that would be acceptable for prototype 
operations did not exist. Therefole, the point at which 
it would be economically justifiable to make changes 
to the prototype was not known. Raftsfloating on the 
water have been successfullv used to  Drevent formation 
of air-entraining vortices and was the'one solution with 
flexibility which could be tested in the model. 

6 



TERMS USED IN DESCRIBING 3. A lesser developed vortex is one with a tai l  which 
VORTEX ACTION is non-air entraining, and air bubblesare not dragged 

from the tail. See figure 7c. Dye placed in the 
Various words, such as circulation, rotation, swirl, vortex tail is carried downward into the intake. 
eddy, voFtex, filament, thread, rope, vortex tail, air forming a filament which reveals location of the 
core, air entraining, and others are used to  describe vortex axis. 
vortex action. Some of these words are 
interchangeable, but may have subtledifferences in 4. A weakly developed vortex with no air core and 
describing vortex action. The use of these words is only a small eddy on the water surface, indicates 
illustrated with the aid of figures and the following presence of the vortex, and is shown in figure 7d. 
descriptions. Dye placed in the eddy shows water rotating around 

the central axis and drawn along the vortex axis. 
Eddy, dimple, and vortex tail describe water surface 
appearance and can also denote the degree of vortex Eddy and swirl both denotc a rotating movement of 
air core development:: A quantital iv~ distinction has water. A large eddy may be a small swirl, but 
not been made between an eddy and dimple or a qualitatively a swirl is considered larger than an eddy. 
dimpie and vortex tail. However, in a qualitative sense, 
the depression o f  an air cavity downward from the A vortex has certain inherent properties. Near the 
water surface is greater for a vortex tail than for a water surface there is a spiraling inward flow, toward 
dimple,ana the depression of a dimple i s  greater than rhe ceniral axis, with increasing angular velocity (w = 
an eddy. See figure 6. The depression of an eddy is radiijnslsecond) as the water approaches the core. Dye 
very slight andis observed by reflection of light from placed near the water surface and adjacent to  the 
the water surface, whereas, avortex tail is more readily vortex axis disclosed a much slower rotational motion 
seen because of the air cavity extending below the at a 1- to  2-inch ( 2 5  to  50mml radial distance than 
water surface. that occurring i n  the vortex core. See figure 8a. I f  

quantity and velocity of the r o t a k g  water is 
Development o f  the vortex air core was used in this sufficient;then the centrifugal fo&"of_the whirling 
study as a criterion for qualifying degrees of vortex mass pulls water outward from the central axis and an 
severity: air core is formed. However, rotational motion of 

.. water about an axis can occur without the central core 
I . ~ A  fully developed air-entraining vortex has a ' of a vortex. Swirl is an exampie as shown on figure 8b. 
continuous air core extending from the water In  the case of a swirl, the angular velocity remains 
surface into the intake, figure 7a. Near the water nearly constant, proceeding from the outer edge to  the 
surface the air core has a funnel shape and below central axis. There were many instances where swirls 
the water surface a rope-hke appearance. 

2. A partially developed air-entraining vortex 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 f rom'  
the vortex tail, travel down the longitudinal axis of 
the vortex, and enter the intake. 

occurred in the model. The actlon o f  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 8c. 

Vortex actlon was th.? occurrence of rotatlng water 
acting in the manner of sn organized vortex. 

(Eddy  

-Vortex Ta i l  

F~gure 6 -Relative comparison of eddy, dtmple. and 
vortex tad. 

INITIAL TESTS WITHOUT 
TRASHRACKS 

The Tens 

It was unknown whether model trashracks were 
essential for the vortex tests. Previous model tests [ I 1  
indicated that vortices formed for a short time. 
Poss~bly, air-entraining vortices for the Grand Coulee 
T h r d  Powerplant may be o f  a marg~nal nature, and the 



a. Fully developed vortex. Photo PI 222.D-76652 

c. Lesser developed vortex. Photo P1222-0.76654 

b. Partially developed vortex. Photo P1222-D-76653 

d. Weakly developed vortex. Photo PI 222.D-76655 

Figure 7.-,Degree of vortex development. Photographs taken through the plexiglass panel at the end of the mode, forebay 
channel. The picture of the vortex near the water surface may appear confusing because of the mirror image on the 
.surface. 
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b. Swirl. Photo P1222.D-76657 

a. Vortex traced by dye injected a t  the center of and off C. Vortex which developed from a swirl. Photo 
center from the vortex. Photo P1222-D.76656 P1222-0-76658 

Figure 8.-Examples of rotational motion. 

problem would be more easily detected by tests with model discharges that were a multiple of the 
without trashracks. Froude number discharge for one prototype unit. 

Thus, a model discharge of 0.2 ft3/s (0.0057 m3/s) 
Observations of vortex action were made for the corresponded to a 31.000 ft3/s (878 m3/s) prototype 
six-unit forebay configuration (fig. lb) for the unit discharge. In this report the designation larefers 
following selected modes of unit operation: to one Froude number discharge passing through each 

operating unit, 20 for twoFroude number discharges, 
and 30 for three Froude number discharges. 

2. Units 19 and 20, 
3. Units 19, 20, and 21, Generally, the method of model operation was to set a 
4. Units 19 through 24, and discharge and then vary the forebay water surface 
5. Staggered unit operation, wheresome interspaced elevation by changing the penstock gate openings. 

unitswere inoperative. Flow conditions in the model were allowed to stabilize 
before judgments were made about vortices. 

These observations were made to obtain boundary Stabilization of the water surface elevation was 
curves between conditions of air.entraining and determined by using a point gage and taking readings at 
non-air-entraining vortices. time intervals of 5 to 10 minutes. The water surface 

was assumed stable when it did not raise or lower more 
Tests were made within the minimum and maximum than 0.002 foot (0.61 rnm) for a 5-minute period. 
prototype operational water surface elevations of 1208 However, stabilization of vortex conditions was not so 
(368 m) to 1290 1393 m) and with different model definite. When only a slight change was made in model 
penstock velocities, as indicated by the Equal Velocity flow conditions, such as a small decrease in water 
Method. It was found easier toset a model discharge surface elevation for a given discharge. 10 minutes 
instead of a given penstock velocity. Tests were made appeared to be sufficient for vortex observations. 
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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 (31 changing 
the number of operating units. 

Observations of the Vortex Atxion 

Geiiera1.-All the vortixs thst naturally occurred in 
these tests were of an intarmittent type, where the 
vortices formed and then dissipated. In many instances 
there was the same pattern of v0rt.x development 
where a general water circulation or swirl existed near a 
penstock entrance and organized vortex acticii 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. T!Qs, observatio:is 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 tail of the vortex air core, then 
the vortex was judged to be airentraining. 

Severit) ,f vortex action.-Severity of vortex action i s  
of a qualitative nature and very dependent upon the 
model observer.To estimate the severity or intensity of 
a vortex, the factors considered were: (11 rotational 
speed of the water. (2) quantity of rotating water, (31 
vortex characteristics, including slze and extent of the 
air mre. (41 frequency of occurrence, and (5) t m e  
duration of the vortex action. 

An attempt was made to quantify the severity of 
vortex action by obsewing 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 d~fferent model 
test conditions designated A, 6. C, and D on figure 9. 
Notes on the observationsfollow: 

Point A.-Obsewations 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. 

nine vortices, seven were the type where only 
bubbles from the vortex ta i l  entered the intakerand 
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.-ObSe~ation time.of 5 minutes with the 
occurreiice of five vortices that released bubbles 
into th6 intake. 

Point D.-Observation time k f  less than 5 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 vortex action by timing were terminated. 

Another reason for discontinuing t h i n g  observations 
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 
112- to 4-minute time span. Afterwards, there could be 
another lengthy interval (3 to 10 minutes) before the 
appearance of vortex action. To obtain vortex timing 
data of sufficient accuracy to categorize different test 
conditions of discharge, modes of unit operatibn, and 
water surface elevation, longer observation times of 15- 
to 30minute time intervals may have been necessary. 
it was doubtful this information would be directly 
applicable to the prototype; therefore, qualitative 
observations of vortex severity were left to the 
discernment of the model observer. 

Severity of vortex anion was a function of model 
discharge. Vortex action was more severe for the,higher 
discharges, whether by increasing the discharge for a 
given mode of unit operation, or by increasing the 
number of operating units at the same discharge. 
Vorticesbecame air entraining as the model discharge 
increasedias shown for units :9 and 20 on figure 9. To 
help show that vortex conditions in the model 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. 



0 V o r t e x  w t t h  d ~ m p l e  o r  t o l l  @ P h o t o g r a p h  o f  v o r t e x  o c t l o n  f i g u r e  l 8b  

x A i r - e n t r a ~ n i n g  v o r t e x  @ P h o t o g r a p h  o f  v o r t e x  a c t i o n  f l g u r e  12 

a 
3 MODEL PENSTOCK V E L O C I T Y - f t / ~  
V) 

IT 
W 
k 1290 
a 
3 

IT - 1270 
0 > 
cc 
W 

1: 1250 
(r 

1230 

1210 

5 MODEL PENSTOCK VELOCITY- f t / s  
(0 U N I T S  19, 2 0  AND 2 1  

MOOEL PENSTOCK VELOCITY- f t / s  MODEL PENSTOCK V E L O C I T Y - f t / s  
UN l TS 19  AND 2 0  U N  l T S  19 THROUGH 24 . 

Figure 9.-Boundary curves of vortex conditions for dtfferent modes of unit operation. 



One maxim relating to vortex occurrence i s  Yhat 
increasing the waterdepthabove an intake o n  subnrtrge 
or suppress formation of air-entraining vortices* Thus, 
there was an expected correlation between vortex 
severity and water sul'face 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 model discharges were 
greater than needed to form air-entraining vortices. 
Vortex action at a lower submergence appeared moi,e 
violent, but the action was less frequent and of short& 
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.-Vort~ces occurred 
predom~nantly 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. 
Sim~larly, when unlts 21, 22. and 23 were operating 
together, the predominant vortex action occurred at 
unit 21. A lesser amount of vortex action occurred a t  
the las t  downstream operating unit and Infrequent 
vortex action occurred a t  the middle unit. The vortex 
a t  the upstream operating unit rotated 
counterclockwise viewed from above and the vortex at 
the downstream unit generally rotated clockwise. 
I- 
W 
w y l9 ,20  8 21 

occur at each operating unit, but the predominant 
action ocwrred 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, asshown in figure l la .  

Lczation of a vortex, with respect 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 generally perpendicular tothe 
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-foot (24-m) distance 
before the vortex dissipated. I f  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 locarions of vortex action for 
the first method of increasing, discharge. As the 

12.5 15.0 
W 
V) MODEL PENSTOCK VELOCITY - f t / S  
W 
E 

~ i ~ u r e  10.-Comparison of tests for different modes of unit operation. 
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a. Unit 19. Photo P1222-0.76659 b. Unit 22. Photo P1222-0.76660 

Figure 11.-Vortex action at units 19 and 22. Operation of units 19.22. and 24 with 3 4 0  each at water surface elevation 1290 
1393 ml. 
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a. Severe vortex directly in front of the intake. Photo b. Vortex beginning to diminis11 and move downstream. 
P1222-D-76661 Photo P1222-D-76662 

3 
_ I  

C. Vortex moved downstream midway between intakes 19 d. Vortex air core about to enter intake 20. Photo 
and 20. Photo P1222-D-76662 P1222-D-76664 

Figure 12.-Severity of the vortex relative to the intake. Units 19. 20, and 21 operating at about 3-%(1 each at water surface 
elevation 1290 I393 m). 
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Figure 13.-Varying location of vortex action with respect 
ta discharge. 

discharge increased, there was 3 Aght downstream 
displacement of the vortex forn~atirm region, and the 
d~rect~on of vortex travel changed from upstream to 
downstream movement along rhe Forebay Dam. 

Interpretation of Tests 

These hydralllic rnodel tests indicated the possibility 
that aiventraining vortices could occur in the forebay 
channel near the intakes of the Grand C:oulee Third 
Powerplant. Also, the Equal Velocity Method ofvortex 
testing may produce distortion about the location of 
vortex action. Therefore, care should be used in 
applying model t es t  results to predict locqtion of 
vortex action in the prototype. 

TESTS WITH TR.4SHRACKS 
.r-. ... . 

. . ..z? 
Background ~. . - . ....::, ~..~.. . .  - 

In the investigation by Babb, e t  al., [71 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, i t  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 135 f: (41 m) hlgh and, at 
the furthermost point, extended 24 f t  (7.3 ml from the 
Forebay Dam. Relative size of the trashrack with 
respect to the mtake 1s shown in figure 2. In plan view, '' 
the structure was a serces of 10.75-ft (3.5m) chords, 
formed by a 46-ft (14-m) rad~us and 120° arc, see 
figure 14. The mdiv~dual vertlcal bars on the front face 
of the trashrack were of a 5-%- by 518-in. (140- by 
16-mm) cross section and were spaced 7 in. (180 mm) 
apart. Because of the numerous i~ldividual structural 
components and the model scale ratlo, it was 



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 headlbss for the prototype 
trashracks was about 0.1 f t  (30 mm) of water, and 
debris collection against the trashrack could increase 
the head loss to 0.5 f t  (150 mm) of water. Thus, tests 
were made to find a mesh screen size that could 
provide a model loss equivalent to a prototype head 
loss between 0.1 to 0.5 f t  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 f t  (7 m) from the 
headwall. Thus, the screen represented the outermost 
location of the vertical trashrack bars. 

Head loss measurements were made with the mod'el 
water surface elevation between 1243 and 1246 (379 
6nd 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 0.59ft3/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 s t i l l  
operating, the screen was placed in the model for 
another water surface measurement. The screen head 
loss raised the water surface elevation 0.020 f t  (6.1 
mm) over a 1.hour period. This Ah of 0.020 f t  (fig. 
16), represented the model trashrack head loss for a 
penstock velocity three times greater than the design 
velocity. The formula: 

Figure 15.-Method of placing commercial screen in model 
t o  make model trashrack resistance test. Photo 
P1222-0.76665 

where 

h =head loss, ft, 
V = velocity, ftls. 
3 = accelerat~on of gravity, ft/s2, and 
K = trashrack head loss coefficient. 

was used to solve for the head loss that would occur 
.for a model design velocity. In the followin(; equations, 
subscript 1 designates conditions for the design 
velocity, and subscript 3 designates,,conditions for the 
3 0  or three times normal velocjty. Assuming the 
trashrack head loss coefficient i s  constant for flow at 
the twovelocities, then: ., 1; 

'# 

Since V3 = 3Vl, then: 

= 0.002 h (0.61 mml, model. 

The prototype head loss of 0.002 x 120 or 0.24 f t  
(73.2 mm) was greater than the 0.1 ft (30 mm) 
calculated minimum prototype head loss, but less than 
the 0.5 f t  (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  sur face  elevation 
w i t h  screen in place 1 I 

Woter surface elevation 
without screen 

F~gure 16.-Definition sketch for & 
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have overly restricted vortex formation. Therefore. 
model tests were made using two screens of larger mesh 
size. All screen sizes used for model trashracks are 
listed in the following tabulation: 

Screen Used for Model Trashracks 

Des~gnated Screen Wire Prototype 
screen size1 mesh2 gage3 head loss4 

Figure 17.-Installation of the model trashracks. The 
trarhracks were made with three different sizes of screen: 
the small screen sire trashracks are shown. The olexigiars 
panel definer the end of the model forebay channel for the 
six-unit configuration. Photo P1222-0.76666 

Test Results 

The model trashracks had a defin~te 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 a 3-1/2Q 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 
Forebay 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 observed. 

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 questioned because of possible 
excessive model head loss. The model trashracks may 

Small 
Medium 
Large 

1 g 1 ;: 1": 
Very small-not 

measured 

'Designated screen size-name given to a specific 
commercial screen for descriptive purposes. 
ZScreon mesh-number of holes per linear inch, 
measured enter-to-center of wires. 
'wire gage-size classification of the wire used to 
construct the screen. 
4Prototype head loss-Equivalent prototype head loss 
in feet of water. 

Three model trashracks with the medium screen were 
constructed and tested. The vortex action with this size 
screen was slightly more severe than with the small 
eight-mesh screen. Only one model trashrack was 
constructed with the large screen and this trashrack 
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 
p&etrated slightly deeper below the water surface with 
the large screen. From these qualitative tests, i t  was 
concluded that the prototype trashrack structures will 
have a suppressive effect upon vortices. 

Effect of Trashrack Structures 
Upon Vortices 

, . . -~  

Further tests were made to gain a better insightyas to 
the reason the model trashracks had a suppressive 
effect upon vortices. Observations were made usiny dye 
as a tracer. The trashracks provided frictional resistance 
to the circulation or swirl of water in the region above 
the intakes, see figure 20. In previous tes ts  without 
trashracks, the most severe vortices occurred in this 
region. See figure 12a. (In this figcre, 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 trarhrackr. Photo P1222-D-76667 b. Without trarhracks. Photo P1222-D-76668 

Figure 18.-Vortex action with and without model trashrackr. Units 19 and 20 operating 3 0  each, and water rurface elevation 
1290 (393 ml. 

a. Vortex tail formed near unit '19. Photo P1222-0-76669 b. Dye injected in the vortex a t  water surface shows vortex 
filament entering unit 19. Note that this vortex is 
apPrOXimatelv 120 feet 137 rn) out from the headwall and 
100 feet 130 m l  uprtream from tile centerline of intake 19. 
Photo P1222-0-76670 

Fig::re 19.-Vortices with model trashracks. Units 19. 23, and 24 operating approximately 3 . ~ 0  each, and water surface 
elevation 1290 1393 ml. 

a. Large mesh screen. Photo P1222-D-76671 b. Small mesh screen. Photo P1222-0-76672 

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. ?-%a each, water surface elevation 1290 1393 ml. 



a. Wei!deueioped vortex with a small core of rapidly b. Vortex has moved closer, trashrack face resists vortex 
circulating water. Photo P1222-D-76673 core circulation. Because of friction, the circulation speed 

has reduced and the vortex core widens. Photo 
P1222-D-76674 

C. Vortex partially dissinated. Photo P1222-D-76675 d. Vortex dissipated with some -emaining circulation 
passing over the trashrack. Photo P1222-D-76676 

Figure 21.-Dissipation of a vortex on the trashracks. Units 19. 20. and 21 operating, 3.Xaeach. water surface elevation 1290 
1393 mi. 

EFFECT OF UPSTREAM GEOMETRY 
ON VORTICES 

Hydraulic Flow Conditions from the 
Forebay Channel Entrance 

Topography near the forebay channel entrance is  
irregular. The bottom of the forebay channel i s  at 
elevation 1110 (338 m). A level bench at elevation 
1150 (350 ml  connects the forebay channel with the 
reservoir, and there i s  a sharp corner at the intersection 
of Grand Coulee Dam and the Forebay Db,n.  These 
features are shown in  the photo on figure 22a. 

The sharp corner caused a complex set of f low 
features. Water flowed along the face o f  Grand Coulee 

Dam, separated from the corner, and moved somewhat 
perpendicularly into the forebay channel. In  addition, 
the f low that was alined with the forebay channel 
passed beneath this separated flow. These flow features 
are shown i n  figure 22. Ar the boundary of the 
separated flow, there was a shear zone where eddies 
were generated and traveled to the intake*;, see figure 
23. These eddies are indicated by the thrhe arrows on 
figure 22b. When traveling downstream, the eddies 
could either dissipate or collect into larger size eddies. 

The mode of unit operation determined the travel 
distance 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-rnl spacing with 
origin at face of Forebay 
Dam and centerline of intake 
19. Photo P1222.0.76677 

b. Waterflow along face of 
Grand Coulee Dam separates 
f rom the corner. Photo 
P I  222-0-76678 

C. Flow alined with forebay 
channel oarrer beneath the ~~ ~~ 

separated f low.  Photo 
P1222.D-76679 

- I 
I .  

.ebay channel entrance. Units 19 .20 .  and 21 operating. 3 0  each. water run 
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Foreboy Dam 

Figure 23.4chematic of flow conditions resulting from the 
dam corner. 

The large edd~es appeared to inltiate 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 rotat~onal speed in the swirl 
increased and a dimple formed in  the water surface. 
The dimple would either dissipate or continue to 
develop into a vortex. 

-. 
Corner Modification Tests 

Tests were made t o  determine whether the flow 
separation from the dam, corner was crucial with 
respect to vortex formation a t  the intakes. Three 
different corner modifications were used in an attempt 
t o  guide the waterflow directly down the forebay 
chamel 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 13) 
with and without model trashracks. 

Observations and analysis o f  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 minor f low 
separation. 

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 

a i r  core readily formed and entered intake No. 19. 
With the guidewall, vortex swerity was reduced to 
where only small bubbles occasionally pulled off the 
vortex tail and entered the intake. 

vortex severity was made on the basis o f  less frequent 
vortex action. Evidently the direction of surface 
currents approaching unit 19 influenced the location of 
vortex 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 headwall. 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 t o  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 more intense flow separatton than 
the prototype. Model waterflow from the reservoir 
could not so readily aline itself directly into the 
forebay channel. Because of model size limitation, 
reservoir topography directly alined with the forebay 
channel was not included. Prototype water surface 
currents may be more alined with the forebay channel. 

MODIFICATIONS NEAR INTAKES 
FOR VORTEX PREVENTION 

General 

Two mod~fications near the intakes were tested for 
vortex prevention. One modificat~on was to the intakes 
and the second was an addition of deflection vanes 
above the intakes. 

Curved Entrances 

Two d~fferent curved entrances were tested. The 
purpose of the entrances was t o  provide a lower 
entrance veloclty and to elminate the 90° turn of 
water flowing into the intakes. 

For ?he first curved entrance design, the face of the 
intakes was located a t  a 45O angle with respect to the 
headwall, figure 26a. The intake openings were 
approximately 74 f t  (22 m) square, and a curved 
transition wa; 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 s t i l l  formed, as shown on figure 
26c. 



P1222-D-76683 a. Guidewall No. 1. P1222-D-76680 

P1222-D-76684 b. Guideaail No. 2. P1222-D.76681 
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P1222-D-76685 c. Guidewall No. 3. P122XJ.76682 

Figure 24.-Cornar modifications and effect upon flow reparation. 



Without  guidewoll Deflection Vanes 

U n i t  # I 9  
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 3 3 f t  ( l o  
m) wide by 70 ft (21 rn) high. see figure 26d. 
Air.entraining vortices occurred for this entrance, and 
extending the headwalls absve the water surface did 
not prevent formation of air.entrair~ing vortices. 

i a l  Photo P1222-D-76686 

id Photo P1222-0-76688 

Deflection vanes, having prototype dimensions o f  20 f t  
16 m) wide by  4 0  it (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 VO117'EX 
FOR MAKING TI3STS 
AND OUSEILVATIONS 

Because of the intermittent nature o f  vortices 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 o f  sheet 
metal in front of intake No. 24. A circulation of water 
produced by the sheet metal generated a vortex that 
was larger and much more severe than vortices which 

(b) Photo PI 222-D-76687 

Id) Photo P1222-D-76689 
Figure 26.-Curved entrances. For ibl and id, units 19.20. and 21 operating. 30 each, water surface elevation 1290 (393 ml. 
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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 I393 rnl. Photo P1222-D-76690 

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 
model. 

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

RAFT TESTS 

Initial Tests 

Initially, raft tests were made for vortices that 
naturally occurred in the model. The rafts were made 
from strips of plexiglass, and small cubes of styrofoarn 
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 f t  (24 by 24 m) with 10-ft (3-ml 
grid spacing. One raft was 8 ft (2.4 m) deep and the 
other 4 f t  (1.2 m) deep. These rafts were placed in  
vortex.prone 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-ft deep rafts 
were tested. 

Additional rafts that were 80 by 80 f t  (24 by 24 m) 
and 60 by 60 f t  (18 by 18 m), having 20- and 10-ft (6- 
and 3 4  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 80- 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 essure that the 60- by 60-ft raft was 
positioned over the vcrtex.prone area. 

All natural forming 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 endcouldexceed 100 
f t  130 m). Rafts for the hydraulic model t e s t s  did not 
cover the complete area of the vortex travel paths. The 
tests were made while the rafts were held in a 
stationary position. I f  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 
woutd form beyond the raft and dissipate when passing 
beneath the raft. 

All the 4-ft 11.2.m) deep rahs were tested while 
submerged 20 f t  (6 m) below the water surfaci!. The 
submerged rafts prevented forrnotion of airmtraining 
vortices. These submerged rafts appeared slightly more 
effective than the floating rafts in  reducing the 
formation of vortices. 

The rafts performed well both 'with and without the 
model trashracks in place. 



St ruc tu ra l  components which 
make up +he r a f t .  
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A - A - E n d  view o f  
structural component. 

Flgure 29.-Definitbon sketch for dirnenr~onr of model raftr rested. 

- 
of an air-entraining vortex. However, there was a 
swlrling motion in the water beneath the floating raft, 
figure 30a. An organized vortex was not present 
because a central core was not visible 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 i s  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 delocity 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 produc~ng 
turbulence to the swirl, figure 31a, and also appear 
optimum to the areal extent of the spiral, figure 31b. 

Tests in the Generated Vortex the two modes of raft installation are probably invalid 
for these tests. 

Floaringrafrs.-Various floating rafts were tested in the ;:) 

senerated vor:tex. and all the rafts prevented formation Other 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 60- by 60-ft floating rafts 
with 10. and 20-ft grids were used. Floats (ere 
removed, two 118-in. (3.18mm) diameter metal rods 
were attached to each raft, and the rafts could be 
positioned without undue additional resistance. I t  
appeared the best submergence depths were between 
20 and 60 f t  (6 and 18 m) below the water surface, and 
the submerged rafts were perceived to be slightly better 
than the floating rafts forvortex prevention. However, 
the 20-ft raft grid spacing appeared to be approaching 
the maximum grid size. Occasionally, for time periods 
less than 2 seconds, a centralized dye filament was 
observed to form and pass through the central 2O.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. 

Submerged rafts.-Rahs that were submerged 20 f t  (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 model rafts, four vertical members 
attached to floats (fig. 30b), the submerged rafts 
provided more resistance to swirling than the floating 
rafts. Therefore, comparisons of effectiveness between 

The passage of an orgmized vortex core through a raft 
grid depended on flow velocity passing through the 
raft. A high velocity confinas or stretches the vortex 
core into a smaller volume. When the. 2Gft 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 mml away from the headwall. the vortex 
air core would be destroyed and the severity o i  the 
vortex was considerably decreased. With the 10-ft raft 
grid, an air-entraining vortex did not form under these 
t e s t  conditions. l i  



a. Floating raft. Photo P1222-0-76692 b. Submersed raft. Photo P1222.D-76693 

Figure 30.-Raft tests in the generated vortex. Raft  size is 60 by 60 feet (18 by 18 ml with a 20-foot i6mI grid. Before placing 
raft. vortex war similar to  figure 28. 

A raft svbmerged 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 portlon of the 
vortex near the water surface occupies a relatively large 
volume with low velocities: the lower portion occupies 
a small centralized core with higher velocit~es. 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. I f  the resistance is 
insufficient, dyed water in the swirl shows 
development of an organized 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 ?he intermittent vortices of the initial tests, 

there was difficulty in judging the effectiveness of the 
rafts. Whether the raft substantially or partially 
mfluenced the vortex breakdown was unknown. There 
was always the uncertainty that the intermittent vortex 
w2s 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 occurred in the 
model. Therefore, in the event the hydraulic model did 
not simulate severeenough vortices, the breakup of the 
generated vortex i s  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 
s t i l l  remained a swirl to the water. Effect of the rafts 
was to prevent developmer~t of an organized vortex. 
Interpretation of the tes t  results indicated a smaller 
margin of error of the raft grid size for submerged rafts 
than for floating rafts. 



a. Effect of raft grsd rpacmg on turbulent velocny fluctuatcmr that produced unleadines to the wlrl beneath the raft. 

g r i d  -2---- 
Des i rab le  Undes i r o b l e  

b. Relation of the raft grid to  the vortex circulation. 

Figure 31 .-Oualities of the raft grid spacing that appeared conducive to  vortex suppression. 

INFORMATION FOR RAFT DESIGN 2. The depth of the raft should be such that 4 f t  
(1.2 m) of the floating raft extends below the water 

Background surface. 

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 ammodate 
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 design 
guidelines for raft design: 

I. Grid spacing between structural components of 
the raft can vary from 10 to 20 f t  13 to 6 m) but 
should not be less than l o f t .  

3. The area of appreciable vortex occurrence i s  60 
by 400 f t  (18 by 122 m), see figure 32. Thls i s  for a 
three-unit installation, and the preliminary design 
should 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 f t  (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 
f t  (3m). 

5. The raft should be designed to withstand normal 
water surface velocities of 6 to 9 ft/s (1.8 to 2.7 
m/s) and also localized high rotational velocities of 
vortex action. The tangential veloc~ty of the 
rotational motion i s  15 ft/s (4.6 mls). 
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Figure 3Z-Forebay area suggested for vortex protection. 

6. Flexibility 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 while 
floating in the forebay channel. 

Rationale for Determining 
the Guidelines 

Location and area o f  raf t  coverage.-For most 
operating conditions, vortex action was confined to a 
local region bounded by a square varylng between 40 
by 40 to 100 by 100 f t  (12 by 12 to 30 by 30 mi. 
Dependmg 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 wi th  and without 
trashrack tens, figures 21 and 12. A raft, extending a 
60.ft (18-m) 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 f t  (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 o f  60 f t  shown in figure 32 
wil l  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 wmicircular area, a floating raft will have 
the freedom to  move through water surface elevation 
1208 to 1290 (368 to 393 m). 

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

should be determined by structural considerations. The 
grid size for a submerged raff 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 f t  (3 m i  and, i f  
structurally convenient, may be smaller. However, a 
raft sl~bmerged less than 2 ft (0.6 m) below the water 
surface scts on the upper portion of a vortex, and in 
this case the raft is  believed more effective with a grid 
spacingof 20 f t  (6 m) but no less than l o f t .  

Velocities rhe raf t  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 [ I 1  and was for a 
condition of 12operating units with a water surface 
elevation of 1208 (368 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 o f  the swirl than 
in the inner region. 

3. Vortex water surface currents.-Velocity 
resulting from vortex motion. For vortex motion, 
:he velocity i s  inversely proportional t o  the radius, 
and the velocity i s  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 a t  a given instant. 

An attempt was made to measure rotational velocities 
that occurred in the model. The method for making 
the rotational velocity measurements was crude,., 
Results of these measurementsare 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 f t  (6 m) below 
the water surfaae in the generated vortex (strongest 
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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 ls (1.2 mls) 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 ~elocities 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 (393m) 
water surface elevation. The first condition has for 
intermittent vortices, units 19, 20, and 21, operatingat 
3Q 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 
length.) The measured tangential velocity was 1 I ftls 
(3.4 mls) acting at a 5-ft (1.5 nil radius. The second 
condition was for the generated vortex (strongest). In  
this cJse 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 
velocity was assumed to act a t  a 1.5in. diameter on the 
ball. Tangential velocity was 16ft ls (4.9 mls) acting at 
a 7.5-ft (2.3.m) radius. 

A t  first glance, vortex velocities may zppear as unduly 
high for raft criteria because i f  the rafts function 
properly, there ghauld not be appreciable vortices. 
However, t h :  i s  the condition of vortices forming 
beyond t ie  raft and then traveling beneath the raft 
before dissipating. In the model tests, these vortices 
before dissipation were very much less severe than the 
generated vortex. However, the velocity asdetermined 
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 s t i l l  occurred, as shown on 
figure 21. Tests were made with the model trashracks 
t o  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 

decreased 

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

Vortex core spreading caused by resistance depends on 
velocity of the f low field surrounding tlie core. When a 
submerged raft was placed against intake No. 24, the 
high velocity !:impelled the developed vortex mre 
through the r ibGr id . '  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 
resistic-e was believed higher for figure 34a than for 
figure 34b. There is  an interdependency among 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 i s  
unknown. The surface areas for model and prototype 
trashracks weresimilar, but the geometric shape was 
different for structural elements of the model and 
prototype trashracks. Wires of the model trashracks 
were a circular cross section; whereas, the vertical bars 
of the urototype Jrashracks 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. 

I f  the prototype trashrack provides appreciable 
resistance to a vortex cc;~. t lwe  is the ~otent iai  of a 
considerably enlarged vortex core. Core velocities will 
be slower and act on a comparatively larger area than 
that shown in figure 21a. However, should this 
resistance not develop or if a high flow field vslocity 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. 



a. Small size screen. b. Medium size screen. c. Large sire screen, 

Figure 33.-Model trashracks in  the generated vortex. Photo P1222-13.76696 

a. Small size screen model trashrack in the generated 
vortex, and dye showing core of organized vortex. Photo 
P1222-0.76694 

b. Screen placed horizontally i n  core of the generated 
vortex which retards core velocities and enlarged the vortex 
core above the screen. Photo P1222-D.76695 

Figure 34.-Frictional resistance t o  far1 rotating velocities o f  the vortex core. 
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Front vlew of 112 by 112 in. I13 by 13 mml segment small Front view of 5 by 5 ft 11.5 by 1.5 ml segment prototype 
size screen model trashrack. trashrack. 

Flgure 35.-Comparison of a relative area between the model and prototype trarhrackr. On the front views, the spiral represents 
a vortex core. There is probably a corkscrew.type motion as the vortex core flows through the trashrack. The plan vlews show 
velocltles actlng at a given point. Wtth respect to the trarhrack, the vortex velocity i s  divided into dlrect and rotational 
components. The 5.X-ln. (140-rnml ver t~cal  bars are believed to mswt rotational velocit~er 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 Third 
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 t o  be 
potentially harmful to the trashracks, turbines, or 
other parts of the hydraulic struc'ture. 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. I f  the vortex 

problern appears dangerous, then the system could 
immediately be shut down. These observations should 
also be made at the initial operation of each new unit 
and repeated with all installed units operating. 

It should be kept in mind that the first unit w ~ l l  
probably not exhibit the most severe vortex action. 
The hydraulic model tests indicated that the vortex 
severity mcreased as the number of operating unlts 
increased. The greatest change in vortex severity 
occurred with an increase from one to three operating 
units. Further increase in the number of operating 
unlts only slightly increased the vortex severity. 

The increase of vortex severity i s  especially significant 
with respect t o  the installation sequence of the first 
three units. installation of the units were planned at 



installation sequence is  that the worst vortex 
conditicns 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 instalia:ioc will be necessary. However, estimating 
flow conditions for a more severe vortex while.. 
observing less severe conditions will be difficult. Rafts 
that Work well f x  the less severe conditions may be 
inadequate forth? more severe conditions. 

The prototype observations may also provide the 
means for verifying guidelines for the rafts as obtained 
from the model tests. The informatiov should prove or 
disprove: (1) location where raft 'coverage i s  needed, 
(2) dimensions of raft, and (3) velocity acting upon the 
raft. Rahm 181 gives some description about making 
prototype velocity measurements and observations. . 
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CONVERSION FACTORSBRITISH TO METRIC U N I T S  O F  MEASUREMENT 

The followins rnnverrion factors adopted by the Bureau of Reclamation are tho& pbiished by me American 

.................. 
sywm has been adopted by the lnteyational Or&zarion for stondardiiation in IS0 Recommendation R.31. 

The metric technical unit of force 8 %  me kilqram-fom; this is the force W i d .  when applied to a body having a 
mass of 1 kg, givesit an acceleration or 9.8t:65mlrec/rec.me standard acceleration of free fail toward me earth's 
m t e i  for rea level at 45 deg 1atirude.The metric unit of f o m  In SI units is the newton IN). which is defined as 
that force which. when applied to a b ldy having a mass of 1 kg. it giver i t  onacelerrrion c f  1 mlseehec.There. ?, 
uniu must be dirtinauirhd from the (inmnrmnt) 1-1 weight of a h d y  ilaving a maw of 1 kg. that is. theheight 

'- 

~ ~ 

of a M y  is mat for-- *:I" Mid s bocy t a t u s m a  to m A a n n  and i l e q ~ a l  to me marlof a l a c y  mdlrp icu or 
me mle ra t i on  due to gra in .  HDIRICI. a ~ d u f e  i t  is  qeneral p n n i e  to ule " p o m d  rathrr man m e  wchn cal I 
mmct term '"M-ndforce." the term "rllwram" lor aer a o  moll u n d  nsr occn .uo n rh 3 01 oe inrmoe of .. ~ - . ~  ~~ ~~. 
"kilooram-ford' in expressing me mnverrion factors tor forcer.The newan u n i t d  f o r e  will find increasing use. 

WImre approximate or nominal English un iu  are used to  expmr a value or range of due!, the converted metric 
unitr in paienth- ere also approximate or nominal. Where precise English unitr are vrsd, the converted metric 
un in  are expressed sr equally rignificnnrualuel. . . 

i ! ... 
Tatle 1 

QUANTITIES AND UNITS OF SPACE 

Multiply BY TO obtain 

;. LENGTH 

Mil ......................... 25.4 (erasllyl .......................... Micron 1111 
................... . ................... inches l inl  25.4 (exactlyl : Millimeters lmml 

................... Inches ....................... 2.54 (exactlvl.* Centimeters Ism1 
Feet l f t l  ..................... 30.48 lexactlyl 
Feel ........................ 0.304B (exactly 
Feet .......................... 0.W03W8 lexactly 

........................ Yardr (?dl ......... .:. ...... .' 0.9144 Iexacllyl Meters lml  
. .......................... Miles lrtatual Imi l  .......... :. : 1.609.314 (eracdyl. Meterr 

................. Miles ........................ 1.609344 lexacrly! Kilomelerr lkml 

AREA 

.. ............ ............. Square inches lin21 6.i516 (exmly l  Swarm centimeters lcm21 
Square feet (ft21 ........ : ...... I '929.W ........................... Square sentimeterr 
Square feet.. .............. ;. . 0.092903 ...................... Square melerr lm21 

........................... ~ ~ u a r e v a r d l  h d Z l  ........... : . 0.036127 Squale meterr ~. . ~. 
A u e l  ....................... 
Amer ....................... 
Apes ....................... 
Square miles lmi21 ............. 

. , VOLUME 

............. ..................... cubic inches 1in31 16.3871 Cubiccentimeters lcm31 , :  

Cubicfeet Lft31 ............... O.OZ83168 ....................... Cubicmeten lm31 . .  . . 
............. Cubic yards 1yd31.. 0.764555 ....................... Cubicmeters lm31 

......... Fluid ounces (U.S.1 Iw1 29.573) 
Fluidounces1U.S.I . . . . . . . . . . . . .  29.5729 
Liquid pints lU.S.1 lp t l  ......... 0.4731 

............................... Liquid pints IU.S.1 ............. 0.473166 Liters 111 
..................... Quarrt (US.) Iq t l  .............. '948.358 Cubic centimeters (em3) 

Quarts (US.) ................. '0.946331 ............................... Literr Ill 
Gallons (US.) (gal) ............. -3,785.43 ...................... cubiccentimeten lsm31 

.................... Gallons (US.). ................ 3.78543 cubicdesimeten (dm3) 
.................. Gallonr (U.S.1 3.785 33 ................................ Literrll l 

Gallons 1U.S.I.. ., . ............... 0.00378543 .................... .;Cubic meters lm31 
Gallons IU.K.1 ................ 4.54609 .................... Cubic dccimelerr 1dm3l 

................................. .... ........... Gallons 1U.K.I , 4.54596 Limrr I l l  
Cubicfeer (ft31 ............... 28.3160 .... : ............................... Literr 

.............. cubic yards lyd31 -764.55 ..................................... Liten 
Acr*fmt .................... '1.233.5 ............................ cubic meters lm31 
Acmfeet .................... '1.233.500 ......................................... Liters 



Tabla 1 8  

OUANTITIES I V D  UNITS OF MECHANIC5 

Multiply BY TO 0bt.l" 

Table ll-Co01~nusd 

Multiply BY Tooblaln 

WORK AND ENERGY' 

.............. ....................... Grains llfl.WO Ibl lor1 84.7989l lexadyl  Milligram$ lmgl 
............. .................................... Troy ounm 1480grain$I 31.1035 Grsmrlgl ....................................... Ouner lavdpl 10d ................. 28.3495 Grams 

.................. Poundrlwdpl l lbl 0.45359237lexertiyl ..................... Kilogram%lk~l ........... . Shorftanr 12.000 lbl ................ 907.185 ..................... ... Kilagramr 
................... ......... Shorttans 12.000 lbl ................. 0.807185 .... M~l r i c tonr  

Long ton~l2.240lbl ................ 1.018.05 .................................. Kilwrams lkgl 

FORCEIAREA 

......... Pounds per m u a n  inch llblin21 ........ oi70307 Kilogrrmsper tquarscentim~ar lkglcm2i 
Paundlncr square inch .............. 6884.78 ....... P%ulr 1Pal.m Newton3per square mewr l ~ l m ? l  

MASSICAPACITY 

....... .................. Ounc~~pergaI10nJU.S.I lodgall ....... 7.4893 .:. Gr$m%per liler lgl l l  

................................ Ouncerpergallo~ 1U.K.I ............. 6.2362 Grams p r  liter 
....... ................................. Poundspergallon IU.S.1 llblgall 119.829 Grams p r  l i tw 

Paundr per gallon 1U.K.I . . . . . . . . . . . . . .  99.779 ................................. Grams p e r l i t ~ r  

BENDING MOMENT OR TOROUE 

ACCELERATION' 

FWW? wsond21flh21 . . . . . . . . . . . . . .  0.3WB ........................ Meter$ p r  wmnd2 lmlr21 

cubic lael per r m n d  
I s ~ m n d . l ~ ~ I i  lft3/s1 '0.026317 ................. Urbis meter% per rddond lm3hi 

Cuhis feet O P ~  minute lf13lml ......... 0.4719 .................. !. ....... L i te rsp r rwr~nd  IIIsI 
Gallonr U S . )  per minute Igallminl ..... 0.05309 ............................. Literroe, rerond 

Brilirh th~rm.1 vniU 1Biul ............ '0.252.. . . . . . . . . . . . . . . . . . . .  Kilwcamcalorler lkgcall 
............ .................................. British thermal units IBtul 1.055.05 Jo'dsl IJI 

Bw perpou"d ..................... 2.326 Iexacllyl ................ Joulcrpcrgnm I l l01 
Foof.pwnd%lff.lbl ................. ' 1.35582.. ............................. JOUIPI (I1 

Horvpowerlhpi ................... 745.700 ............................... ;. Wsttt lwl 
BIG par h w r  IBtulhri ............... 0.293071 ........................ .. ...... Watts 
Foo!.poundsper r m n d  lft- lblwcl ..... 1.35582 .................................. Wallr 

HEAT TRANSFER 

8 w  in.lh:112degrse F 11. 
.............. thermal rlrndurliviwl 1.442.. Mllllwattrkm dcgreo C ..................... 

81uin. lhr f tZdegr~ F Ik, 
thermdmndurrivilyl .............. 0.124 Kpcalhr m dams C 

8lu f l lhr ft2degrw F ............... '1.488 9 CII mihr m2 degree c 
Bfdhr 1t2 degree F IC. 

thermal ronduclanml .............. 0.568.. .................... ~ i l l l w a t f r l c m ~  degrce C 
8Ivlhr 1t2 dqre. F IC. 

thermalmndurlanml .............. 4.882.. ..................... Kpcallhr m2dqres c 
Degree F hr ff2/81u IR. 

thermal resistanal ... , ............ 1.161 ...................... CserseCunzlmilliwott 
~tullbdrgree F I=. h m  crparilyl ...... 4.lB88 .............................. Jlp degree C .................... Etullbdegree F ........................ '1,wo. .  Callgram dagrpe C 
F tZhr  llhermal diffulivifyl ........... 0.2581 ................................. ~ m ~ l r e ~  
~ t ~ l h r  [thermal d i l fu~iv iNl  '0.W290 .................................. ~ ~ l h r  ........... 

WATER VAPOR TRANSMISSION 

Tlbls 111 

OTHER OUANTITIES AND UNITS 

M u l l l ~ l ~  8Y Ta obUl8n 

. . .  
Pound$ wr Inch ........................ '0.17858 ................... 
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