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FOREWORD 

@ 

o 

The Freeman Fund waz first established ~n 192A by the late 

John R. Freeman, Past President and Honorary Member, American Soc3ety 

of Civil Engineers, who presented the Society securities, the ~ncome 

~'rom which has been used in the aid and~encouragement of young engi- 

neers, especially in research work; for underwr~t~n~ the co~t of 

pablications on hydraulic science; or assisting In the translation 

or publication in English o~' works in foreign languages pertaln~n~ 

to hydraulics. 

One of the principal benefits from this fund has been the 

Freeman Travellng Scholarship inHydraulics wh~chhas been awarded 

nearly every year s~nce 1924. The recipient is entitled ~o travel 

in Europe to study hydraulic laboratory practice. Because of the 

present war, the author confined his travel to the Unlte~ States, the 

thirteen previous Scholars having traveled ~nEuropean countries. I 

The author is deeply grateful to the Society for being selected 

as the Freeman Scholar for 1940-1941, and to those who gave rscommen- 

dations and encouragement. The cooperatlon of those who gave so 

generously of their time during the author's vlslts to'hydraulic labo - 

ratories and projects in the field is greatly appreciated. Particular 

thanks are due the Bureau of Reclamation, Denver, Colorado, for 

granting the author leave of absence durlng the scholarship, and for 

preparing this report for publication. 

The inforlmtion contained in this repQrt does not necessarily 

represent the opinions of the American Soclety of Clv~l EngJneer~ or 

of any other organizations referred to. In general, the opln~ons 

expressed are those of the author except where reference is made to 

another's work. 
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)! CHAPTER I- IN  ODUCTI' J  
s~, }i 

INTRODUCTION ..fi 

i. Field of study. The Freeman %cholar:~hip di.~cun~ed ~n t~is .-c: 

report was f'or :the nine months' period of October lq40 to Ju]v I'~AI • 

Subject to approval by the Committee on Freeman Fun~, s~ .~i~ner,,ry - i 

was planned Whlch would permit the field of study selected :to be . . 

evolved. :There are apparently two types oF programs which may be : 

followed, .the first having m gre precedent than the:=.~ec'on d- In the 

first type, one m~y choose to remain in one place, preferably a, unl vet- .ili~ I 

airy, !or extensive study of hydraulic• subject~ and to ~o ~e-earch, 
i 

and occasionally traveling %o nearby placer for inspection o9 other 

laboratories or hydraulic structures. .The secon~ provram ~]u~[ e:-~t~ 

travel to several laboratories and field proJ~ct~ *o broaden one's • 

vision and knowledge of ,hydraulic developments occurrin[ In pr~c!Ice. 

The latter program was selected and was based on the author'~s expert- i@ 

ence -in the hydraulic laboratory of ~ the Bureau of Reclamation, Denver, 

Colorado. It was realized that considerable beneflt could be {~ained 

from studying the current research, technique, and comp].eted .oroj eats 

of other .laboratories. It would be equally ss beneficial, moreover, , - 

to study hydraulic structures In the ~leld Juan attempt to correlate 

S the performance of a model with ~t prototype, to obtain ~ be~,,er 

idea of the magnitu.~e of the prototype phenomena which tends to be . :  

distorted from thinkfDg in model terms, and to study tho:}e <es.t~res 

of hydraulic structures displey~nv an ~mproper or ~ina4eou.ute desi,~n. 

• "c ii 
To complete such a program, hynraull isbor~ito~e.~ were v isite~ ,:i~il/ 

mostly from early fall to early spring in the Fx~stemn 5ta+,es, followed 

by inspections of hydraul~c structures, some in-the Ear.t, but ~ener~!ly ...;: 

in the Western States. Thirty laboratories were ~nspecte~ and the -. 

study of hydraulic structures was made in the Tennessee Valley ,: 

1 
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Authority, and on the major irrigation projects Of the Bureau of 

Reclamation and on some flood control projects Of the Corps of 

Engineers. The itinerary as finally completed is givenin Appendix I; 

an expense account is given in AppendLx II. 

2. Scope of report. In the following pages, some of the proS!ems 

that face the hydraulic engineer will be discussed, and it willbe 

shown how these problems are being solved by research conducted in 

private industry, in Government agencies, and ~n universities. It is 

not the purpose of this report to record in detail the work being done  ' • 

in hydrau!~6 research at each place visited (this may be obtained from 

copies of progress reports in Appendix I) nor will a description of . 

laboratory equipment be given, except in special cases !. Rather, it 

is desired that a review be given of some ~of t~he more ~mportant work 

to ahow he- problems of the hydraulic engineer are being solved. 

Finally, a discussion will be presented of the hydraulic structures 

observed in the field to show the various designs employed, the advance- @ 

ment made in their design due to the efforts of hydraulic research, and 
z 

the correlations made between m6dels and prototypes. :/~ 

Throughout this report it has been expedient to borrow freely 

from the works of others, acknowledgment being given in each case. 

This has been necessary, particularly in Chapter IV, ~undamental Research, 

because of insufficient knowledge on the author's part of ce~tain phases 

of the subjects involved, and because some of ithe research discussed 

was studied in e a r l y '  p h a s e s  and c o m p l e t e d  and p u b l i s h e d  a f t e r  t h e  

scholarship had been finished. The use of illustrations has been lim- 

ited due to war economies and because ~ome of the ill~stratlons are 

related to National Defense regions. 

.... 

7 

IA description of leading hydraul, ic laboratories is given in Journal o£ 

the Boston Society of Civil Engineers, Hydraulic Section, Vol. 25, 

No. i, Section 2, January 1938, "~epresentat~ve Hydrattlic baboratorles 

in the :United States and Canada," by Lo J' Hooper. 

2 
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3 .  Pro blem~ confronting hydraulic en~,,Ineers. ReCerr~n.=. only to ' :  

phenomena concernin~ the flow of" w.~ter, disregarding structural and 

mechanlc,~l problems, it may be sa~,~ that the oroblems of hydraulic 

engineers are in three ma~.n ~roups related to (I) hydrnulSc ~tr~cture~ 

and appurtenant work~., (2) hy4rsulic mach~ne~I, and (3) rivers. 

In the flrst g~oup, the pr~nclpalproblems are concerned -~ 

energy dlss£pat~on of high-velocity C_low:.?scavitation an~.':p~tting of 

boun/~ry zu~.'ffaces~ air entralnment in open channel flow, .ventin;~ of 

subatmosphe~[c re~ions in tunnels and outlet works, an~ solution oC 

unique problems peculiar to each structure. The problems of hydraul~c 

machinery enta~l many mechanical anr~ ~tructursl ones a~ well as 

hydraulic, e~ch being more or less dependent on the other. With tur- 

bine desis-ul , cavitation of the runner and throat ring 8re problem_ = of 

great importance, as well:as el~minaticn of vibration, finding.reliable 
- .. @ 

methods of ,neasuring discharges in acceptance tests for installations 

with short " ., o or intaKe~, increasing the efficiency, and obtaining e,_~clent 

designs of draft tubes. Similar problems exist in pump design, 

particularly with reference to cavitation, efficiency, and scceptance 

tests on large pumps. The chief problems concernin~ rivers are sedi- 

ment transportation, channel capacity, development 'and maintenance of 

navigable channels, and mean6erlng. Inclu@ed in th~_s:group is the 

silting o~ reservoirs. 

It is recognized that th~s grouping is arbitrary and that all of 

the problem.-', in each group -.:re not included, but, in general, those 

mentioned are the one:~ given the most emphasis today. A dlscuss.~on 

of some of these problems and examples of how they are being ~olved 

will be presented in succeeding chapters. ~': 

/~. Solution of problem:; by research. There are two d~st~nct 

kinds of research available for .~olving problems at~soc~ete~ w]%.h 

hydraulics. The flrzt type includes l~boratory experiments on mo4els, 
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@i 
wherein empirielsm i s  predominant; the second type, on the other hand, 

may be called the rational type, involving mostly f~mdamental research. 

It is generally admitted that a hydraulic model is one of thee:best 

tools available to solve nroblems, auickl.v,. . e f f i c i e n t l y ,  a n a ~  econOmi- 

cally. This particul~r t.fpe of research yields results ~applieable 

only to problem~ ~imllar ~n nature and seldom reveals snv. b ~.,~c~princ~_-" • 

plea, yet it does provide general information of consider~ble scope 

an~ value to the hy~rau!ic engineer. For :example, in stu.~ying h v.~raul!c 

st~mctu~'es~ mo~dels o~" them are tested to obtain a sati~racto ~ ~t~l]ing 

basin, outlet works, shape of piers and crests, rat}ng curve~, and to 

observe flow conditions in general. After several ~tudles of nearly 

similar structures, it i~possible to ~]evelop ~eneral rules u~eful 
,>. 

for hydraulic des.ign purposes, these rules~be~ng empirical. In ~.~ite 

of these rules and the knowledge gained from stuffing the .=ame 

phenomenon many times, it is customary to make mo~el tests of s~milar 

structures during their design. It has been aske~, why i~ ~,~t n~c~.,- = ~ @ -  

sar~I to repeat what apparently are duplicate experlmen~s; why not 

rely on informatlon already gained? Even:If dupli~catlon j~ annarent, 
. - , . 

further stu.~]y reveals enough differences in design to justify e xperl- 

ments. In ad,~Itlon, it is comforting to know that each szructure 

will performas anticipated and that the performance~:hna, eeonom!cs 

of' the design Is based on model results rather than~beJng~:ba.ded on 

g~ess work. 

In contrast to this type of re-~earCh iS fun~amental~e~earch ~ 

which aims at discovering b~sic principles offlo,~ phenomena, and 

".:resenting the result~ in a i'orm a!.,plicable over a wide range of 

conditions. In th~s method, a systematic, rational analysis i~im.~e 

to include all of the variables In the problem, leaving only cer±.~!n 

numerical constants to be determine~ by experiments.. Thus, in pipe 

flow, friction factors have been expressed ss a funct~on of" Revnolqs 

i 
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number, ~,~ has the velocity distr.ibut~on. :;uch functinns m,ay be 

extrapolated a considerable distance beyond the llm~t of the exper~- 

moots. To do thLs w~th empiric~l rel.'~tlons will nroduce ser lnus 

error, s~nce empirical data may only be interpolated. 

Becau,~e oY fundamental rese;~rch, the nru/ess~cn ~s con~tanZ1y 

improving it.~ knowledge of flow phenomena and gradually reducing the 

amour.t of empiricism. The progress of th~ type of research ~:~ slow, 

however, and the results obtained in ~ome instances are of small 

practic;~l value, or are extremely difficult to apply to prsctic~-I prob- 

lems. Consequently, the use of empirical methods must be maintainers] 

until .such time as Cundamen~l research has closed the ~a ~. p between 

theo~v and practice. 

5. General conclusion~. Both ~rom model an~ Cun~nmental research, 

the kno~le~Ige of flow phenomena ha.= stead~!y adv~nee~ the desk:ms nf 

hydraulic structures and machinery are va~tlv improve~ over ~e[;~_=n~ of 

even a decade a~o, and, finally, hydraulic research ~t~elf he -~ed i ~ l  

rapidly in the past decade. The chief reason for most of thi ~ 

ment and improvement is traced primarily to the lathe construction 

program undertaken by the Government, start~n~ in I~32. Because o ~ 

the development of ,tony large floo~ control, power, an~ ~rr[gatlon 

projects, it has been necessary to design hydraulic structuwes unprec- 

edented in size. The new hydraulic problems or~g~natlng from these 

designs have been solved mostly by rc-~earch which had to ezpan~ and 

improve to meet the demand. Were ~t not for th~.s ~.mpetus, ~the very 

existence of some of the problems and their solutions would probably 

be unknown today, and certa~n]y the challenge to those in fundamental 

research would be lacking. 

}~ore specifically, hydraulic research has developed efficient 

stilling pools for dissipating the energy of high velocity flow at 

the toe of overfall dams and ~t the end of sp~ll~mvs, rew.ulatlng valves 

fz'ee f~-om cavitation, more economical an~. saCer ~truetures, more ef~'~c~ent 

;~-/ t:  ̧  
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hydraulic machinery, the explanation of pitting Of boundary s1.~rCace~ 

by cavitation, ef~'icient improvemeni plans and flood control mea~'.ures 

on r-.vers, the laws oi" transportation of sediment by flowing water, 

~t an insight into the mechanism of fluid turbulence, ju.: to mention 

a few. 

As stated ~bove, hydraulle ~research i. ~ divided into model and 

fundamental research, the former generally empirical, the latter 

more rational. To these migS~ be added academic research which Is 

made primarily to demonstrate the law~ of fluid mechanics, or to 

derive certain fundamental concepts already understoo :~,. It ~z bel~eve~ 

that .~ore cooperation and tolerance i~ needed between the practical an~ 

fundamental research groups, the former bein~ Coun~ in Government o~ 

private laboratories dealinE primarl]~ with model studies, whi~e the 

latter group is found in the universities ~.ealing with problem" both 

academic and fundamental. There is a tendency, ~t 2eem~, ~or one @ 

" o ~ v ew ~hould group to scoff at the other, while a more tolerant Dolnt ~ 

find the problems of one group of equal ~nterest and impo,tance to 

another group, and the findings of' new pr!ncipl es ~in4 p~ocedurez msde 

more useful for practical applicaticn. 

It wa~ observed that many well-equlpped laboratories ere devot~*g 

much work to student development with little or no re~eerch in prod- 

tess. ,With all the many problems to be solved, it is questionable 

that such a condition should eylst. 0bviouslT, student tra~nln~ ~.~ 

of importance, but it is equally important to find out what the prsc- 

tical problems are a,d devote some efforts ~n that d~rect~on. On the 

other hand, those laboratories working on practical problems are net 

doing sufficient fundamental research, probably because their prin- 

cipal work is more pressing. Fortunately, however, the progress of 

research as a whole is ~tead.v and i.~ generally alert to the ~mportant 

problems of today. 

i 
J 
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CHAPTER II - THEORY AND "APPLICATION 
OF 

HYDRAULIC MODELg 

0 

0 

0 

G~NERAL 

6. Hydraulic 2models and fun~4,,mental research. Generally .:per, k- 

ing, hydraulic models are thought oC ~n terms of their application to 

the solution of problems of hydraulic .~truc%ure~, hydraulic mach.~nerv, 

and rivers. Fundamental re:~e~_rcb, although requir~ng:-:the u.~e of cer- 

tain types of models, is thought of more in the l~F.ht oC ~olv~ng unknown 

or unexplained fluid flow phenomena,_or of checking assumptions:made 

in and the results of a raticnal or mathematical solution o~ ~quch 

phenomena. It is expedient, therefore, in th~ report ~o separate the 

research by hydraulic models from that by the rstlenal or Cun.~amentel 

method. Accordingly, this chapter at:4 Chaplet III v;ill be devote~ to 

observations made of research by mo,~el stu~ez, wh~le Chapter IV is 

devoted to fundamental re~earch prob!em~. 0 

7. History of model development H ~raJl' . --~-~- y .... L Ic mo~el~ a3 we know 

them today owe their origin to the principles oC ~imil'icude which "~ere 

developed first by Newton nearly 260 year.~ ago. Prier to that time, 

Galileo in 1638 studied the ~im~laritv of machines from a statfca! 

point of vie~'. It ~as not until about gO vear~ ago, however, that 

the principles of similitude were actu~.lly applied to hy~rau!ic models 

in Germany, In America,-mo~el~ ,~ere u~ed ~n ].907 an connection with 

the Panama Canal, in 1926 with ~'llson Dam, arm 5n 1928 ~,o study the 

Mississippi River. ThanKs to the late John R. Freeman, Pa.~t Pres~,,~ent 

and Honorcry Member, American Society of C~vil Fng.lneer.~, for hi. ~ 

generosity Jn establishing traveling scholar.~h~p.~ in hydraulics, the 

hydraulic laboratories in thi~ country have grown rapidly an~] have 

learned to adapt the .h¢'draulic model to solution of dillS.cult engi- 

neering problems. In the last decade, the large progr.~,n of hydraulic 

1 
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construction undertaker~ by the Government has further develope~ 

the hydraulic laboratories, both as %o the use cf hydraulic mo~els 

and to the use 2f fundamental research to ~olve phenomena never 

before contemplated or given serious consideratinn. 

8. PurDo:~e of models. To those not Camil~ar with the science 

of moae! studies it may be of interest to ezplain the purpose of 

hydraulic models, as used in engineering today. PrimarilT, models 

are used to study the flow of water in hydraulic~structures, machinery., 

rivers, and other engineering works. By principles of similitude, 

the model is able to reproduce with cons~dersble accuracy flow 

phenomena and flow chsracteristics that would be displayed by its 

prototTpe, or field structure. Thus, the engineer can see in the 

laboratory just how his structure wr~uld perform in the Field. Further- 

more, he can see faulty deslgn and correct it in the model, which is 

obviously more economical than trying to revise a complete~ structure. @ 
Nodels are also uced to establiah design criteria by relatlng variables 

through dimensional analysis. Finally, coefficients and similar ~ata 

are readily obtained which have immediate application to the problem 

being studied and which m~v be applied with precaution to problems 

of a similar nature. 

9. Types qf models. Models as witnessed in hydrsulic labora- 

tories may be grouped according to the h~Tpe of structure being studied. 

These are hydraulic stru~tures, rivers, and harbors, hydraulic machin- 

ery, and ship models, the latter not being included in this report. 

Other models rever~ to fundamental research if we consider those that 

study waves, silting of reservoirs, and sedimentation, some of these 

being discussed in Chapter IV. For purposes of discussion, each t',pe 

of model will be discussed separately to illustrate current laboratory 

practice in adapting the model to a problem, designing the mo~el, 

testing procedure, and presenting the data in report form; following i 
V 

this, examples of several types of model tests will be given in 

Chapter III. 
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~ODELS OF HYDRAULIC STRUCTURES 

lO. Adaptin~ the model. As in nearly all professions any 

instrument or procedure sh,~uld be used or managed by properly trained 

personnel. So it is with the hydraulic model, only those femilisr 

with its applications and limitations should be tr~Isted with ~ts 1~se 

in solving problems. 

A first requirement in adapting a model to any problem is an 

understandin E of the principles of similitude. It is not the purpose 

here to discuss these principles in full, the reader bein~ referred to 

any text on fluid mechanics and to "Hydraulic Laboratorv Practice," 

Appendix 15, published by the American Society oC Mechanical Engineers, 

and edited by john R. Freeman. The Important facts to consider In the 

similitude considerations is %he geometric, kinematic and dynamic simi- 

larity between the model and ~s prototype. Geometric similarity 

• • requires a similarity in shape only, that i~, the linear dimensions of 

the model shall be obtained from those of the prototype byapplyin~ 

the scale ratio, no consideration being given to motion, force or mass. 

In hydraulic structure models, the horizontal and vertical~dimen~i ons 

are almost always reduced the same, thus giving anundistorted model. 

River models, on the other hand, are u2ually ,listorted, the horizontal 

dimensions being reduced more than the vertic~l dimennlons. Kinematic 

similarity requires that the time, velocity, acceleration and direction 

of a particle in the model be 9imilar and proportional to the corres- 

ponding particle in the prototype, which automatically requires ~eome%ric 

similarity. Dynamic similarity requires first that there beboth geo- 

metric and kinematic similarity, and in addition that all corresponding 

forces acting on corresponding particles in the model and prototype 

systems be in the same ratio. To summarize, we find that rigorou~ 

~!!~I/0 similitude between the model and its prototype requires; first, that 

there be a similarity of shape, geometrical similarity; second, there 0 !i 

~ii: must be a similarity of shapes, paths, and times, kinematic similarity; 



@ 
and, third, there mu:~t exis t a zimilaritv oC shapes, paths, times 

and masses or forces, dynamic similarity. 

In considering the forces acting on homologous flui.d particles, 

it is found that these are: (1) gravitational forces; (2) viscou~ 

forces; (3) capillarj forces; and (A) elastic forces. Thus, to have 

dynamic similarity between the model and prototype systems these forces 

must be in a constant ratio, model to prototype. In practice, however, 

it is rarely possible to maintain rigorous ~imilarity, espec~ally if 

two or more of these forces are predominant in the problem to be ztudied. 

For example, it can be shown that if water is used in model and proto- 

type and that if both gravitational forces nnd viscous forces (fluid 

friction) are predominant, then in the first ca~e zimilitu'~e requires, 

according to Froude's Law, that the ratio o~velocities, prototype to 

model, be equal to the square root of the scale ratio (prototype to 

model); in the second case it will be found from the Reynolds Law that 

the velocity ratio is equal to the reciprocal of the scale ratlo. By 

using a different fluid in the model, ~t is theoretically ~os~ible to 

provide correct similitude in this case where gravity and viscous forces 

are both predominant; however, in practice it is generally impractical 

to do this. Nevertheless, it has been found that rigorous similitude 

is not necessarily required, primarily because of the fundamental fact 

that models are tools for determining qualitative instead of quantita- 

tive results. 

In general, most model tests involve only gravitational forces, 
// 

the others (viscous, capillary, %n~ elastic) are assumed to be/ab~ent~" 

or inconsequential. Accordingly, dynamical similitude requirements are 

satisfied by the Froude Law, which may be stated that the ratio of proto- 

type to model velocities is equal to the square root Of the scBle ratio, 

as mentioned above. This is derived from Newton's second law of motion 

@ 
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which may be considered as a general law of dynamic-similarity, when i 

it is stated thus: The ratio of forces, model to prototype, equals 

the mass ratio times the acceleration ratio, model to prototype, or 

the ratio of inertia to gravity forces is the same in model and 

prototype• 

ll. ~electing a scale ratio. The factors that govern the scale 

ratio are; viscous effects, water supp!~ and space available• In all 

cases, a scale ratio is so chosen that the flow in the model, as In 

the prototype, adll be turbulentthroughout therange of operation, thus 

excluding viscous effects due to laminar flow. From ex~erienceit is 

possible to select a scaleratio and know that no laminar flow will 

occur. However, it is customary to check the Reynolds numbers of the . 

model flows to see that theyare of sufficient magnitude. If no oper- 

ating conditions will produce a value of velocity t~meshydrsulicradlus 

less than O.O2 then turbulent flow will always occur. A scale ratio 

must also be chosen so that it will not give a model discharge in excess ~ i 

of the available water supply orrequireamodel larger than can conven- 

iently be handled. 

Consideration is generally given to the roughness of the model 

when selecting a scale ratio. For example, it can be:shown that if a 

prototype spillway has a Manning's n of 0.014 and the;model an n of O.OlO, 

then the correct scale ratio should be 1.7.53. This is established from 

the fact that the scaleratiomust equal the ratio of Manning's n, proto- 

type to model, to the sixth power. It is only occasionally that a 

scale ratio of 1:7.53 is possible, hence for smaller ratios (l:lO, 1:60, 

etc.) the model surfaces are too rough, and the losses are greater, 

while the velocities in the model are lessthan required by the Froude 

Law. Assuming the smoothest surface that can be obtainedin the model 

corresponds to an n of O.OOgj then the theoreticsl limit of the scale 

ratio is about 1:15. In practice, however, scale ratios as small as , 

iI 
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i:I00 have been used, more i'or general performance models than fer: 

detailed studies of individual hydraulic features. The error intro- 

duced by having model surfacesitoo rough iz msually small, but it:is 

necessary to analyze model data +~king into account th~s lack of 

similitude. Nevertheless, it is essential to make the model surfaces 

as smooth as possible, and if it is desiredto correct for the model 

velocity, the slope in the model maybe increased. Recent investi- 

gations and observatlrns of air entrainment In high velocity flow 

reveal a bulking and s consequent reduction in velocit~ below the 

value based on Manning's formula. Accordingly, with no a~r entrain- 

ment in a model because of insufficient velocity , the medel velocities 

are more nearly correct considering the fact that they are sl~ghtly 

reduced by model surfaces which aretoo rough. 

Frequently a structure to be studied is so large that evenwith 

a practical scale ratio the model is too small to study anything but 

the general flow conditions for various operations. When this occurs~ ~ 

it is customary to study individual features by sectional models toa 

much larger scale (less reduction). This permits a more caregul study 

of the flow conditions and greatly reduces the magnitude of errors in 

taking meazurements, since these errors are magnified when converted 

to protokvpedimensions. 

12. Preliminary design considerations. After the scale:ratio 

has been selected, the design of the model Proper ~s started. There 

are certain fundamental considerationsnecessary to include in the 

desigm. The model must be of rigid construction, easily altered, 

accurately constructed, and economical. Careless and inadequatecon - 

struction is a waste of time and money and certainly reflects on the 

results obtained. It Is usually known during tbe model desiEn Just 

what portions of the structure are to be studied and probably revised. 

Accordingly, these parts are so constructed that they are easily 

12 
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altered or entirely replaced. Materials such as wood or sheet meta~ ~! 

are better adapted than concrete ormetal castings, although the latter 

are often used for parts of the model not subject to much Change. • 

Accuracy of construction is essential, other/~ise the results obtslned 

are questionable. Carefulchecks are frequently requ~re~ notonly • . .  

during construction but after completion of construc±donto ~insure 

correct alignment, differences in elevationj and workmanship. Econ0m- 

ical models are desirable but not to the extent that the other essen- 

tials of design are sacrificed. Frequently cheaper materlals are<used 

to construct the model for preliminaNj tests, andlater, when ~the 

final data are taken, the model may be rebuilt of the same materials 

or better materials if desired. Thus, wood covered with sheet'metal 

may be sufficient at first, followed by concrete or even metal castings. 

13. Materials used and methods of construction. The~methods and 

details of model design are usually expressions of the ~nd~vidual, In 

it has been observed that most labor~t0rieszemploy the same i~ ~ general, 

technique. The elements of s hydraulic structure~model Include a box, 

either concrete, steel or wood (lined with sheet metal) to contain~the 

model, a pipe supplying water to the model at the upstream end of the 

flume, a baffle to still this Eupply, a tailgate at the do'vnstream end 

of the model to regulate the depth ¢.f flow. Where ~ectlonal model~ are 

u~ed, a flume with a glass side is frequently used to ai~ ~n observing 

the flow conditions. ~ Examples of model construction can be seen from 

several of the illustrations in'Chapter III. 

The parts of the m~del proper are, of course, depenaent On the 

type of prototype structure to be studied. Accordlng]y, ~t ~s neces- 

sary tdbuild models of dams of the overfall type, or dams of the non- 

overfal! type with emergency spillways, and theirappurtensnt works, 

rhich may include outlet sluices, needle or tube valves, and in some 

cases a powerhouse. Lock models must Include the culvert systems, beth 

emptying an~ filling, and the lock chamber. The proper design and 

selection of material for these models is important in order to satisfy ~ i 

13 



the fundamental considerations of model design. Accordin~l~, a 

review of current practice may be of value. Table I Rives, forlvar- 

ious types of hydraulic structure models, the materials commonly used 

for various parts, methods of construction, and pertlnent remarks. 

It will be noted that wood, sheet metal, pyral~n and lucite, and cement 

mortar are the materiels most commonly used in model construct~0n. The 

properties of each material, in regard to its use in models, some- 

times governs its selection. For example, wood ~s r~g~d, ea~il~ worked 

and altered, and economical, but will warp out of shape, so ~t~use ~s 

limited where submergence occurs unless the wood ~s treated or covered ~ 

with sheet metal to exclude moisture. •Sheet metal is alao rlgid, eas~ly 

worked a~d altered, economical, and will not warp from moisture, go 

this material is frequently used for most parts of s model.. Plastic 

material~ such as pyralin and/lucite, are used particularly when obser- 

vation of flow is desired. Thus sluices, penstocks, draft tubes, @ 

transitions, andelbows are frequently made from plastlcs. Pyra].dn is 

gradually being replaced bylucite because the Tormer w~ll shri~an~ 

discolor, while the latter will not. Because of the cost and added ~ 

work required in molding, these materials are not used as extenslvely ~ 

as sheet metal and wood. Cement mortar, together w~th sheet metal ribs 

or templets, is also widely used. Th~s type of cons ~n Is not 

readily altered soits use is often limited to partswhich have been 

previously studied and revised sufficiently ~orequire ~ttle or nc 

ch~mgeln dimensions. 

k x 
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Table I 

MATERIALS U~ED AND ~ETHODS OF CONSTRUCTION 
Hydraulic Structure Models 

Parts of : Materials : 
prototype : used in : Methods of : 
structure : model : construction : Remarks 

:0 

@ 

The dam 
proper 

Piers 

: ° 

: Sheet metal : Sheet metal or wood : This method ~ood 
: (iron, : ribs cut to profile 
: brass, : and covered ~ith 
: copper) : sheet metal. Ribs 
: : fastened to heavy 
: : ga~e base plate wit 
: : angles or soldered. 

: 

: because of ease in 
: making chan~es, and 
: in~ertin~ shdce~ 
: an~ plezometers. 

: to ellmlnate corro- 
: sion, but r more 

: ' expensive. . . . .  

: Wood : Ribs or truss cut to : Good for in~tlnl 
: (redwood, : profile andcovered : tests iffrequent 
: cypress, : ~ith plywood. If : change~ are antic~- 
: pine, i small model, solid : pated. Warpin~ 
: plywood) : piece may be used. : ~ust be kept to a 
: : Crest usuallY formed : minimum by use of 
: : from solid piece. : llnseed oil, vat- 
: : Ribs may also be • nish, or paint 
: : covered with sheet : treatment. Redwood ~:~ 
: : metal. : is recommended. 
: Cement : Metal rlbs cutto pro- : Difficult,to alter 
: mortar file and filled be- • r : . o to add Slulces, ! 

: (1 cement : tween by concrete. : piezometers andto 
: to 3 sand);: Surface made smooth : .attach other parts. 
: concrete : by scraping or use : Concrete used :in i 
: : of abrasives. : large models. 
: Sheet metal : Piers made hollow : Piereasy to attach • 

(iron, • by shaping and sol- : to dam. Piezom- ! 
: brass, : dering metal!around : stets readily 
: copper) : pieces of sheet metal : iadapte~. 
: : cut to:shape of : i 
: : horizontal section : i 
: : of pier. : 
.:~Wood : Shaped fro~ solid : Piers sometime~ 
: (redwood, : piece or made hollow : d~f~icu]t to attach ~ 
: cypress, : if pier large. Metal : to dam. Piezometer~ i 
: plywood, : templets cut to guide ~: not:easily attached, i 

: pine) : shaping. 
: Cement : Piers usually cast~ 

- mortar • 
: concrete, : 
: plaster : 

: Surface~ mu~t be ! 
: made ~mooth by abra- [ 
• sion. Not easy to 

:: alter to dam or. to attach ~ ii 

~ .......: ~:~ : L~ .... .... • . . . .  ..... r i:ir/~:~i~i!i~i~::/: ¸ ~i~ 
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Parts of : Materials : 
prototype : used in : Methods of : 
structure : model : construction : Remarks 

Piers : Pyralin or : Piers formed by heat- : Permits observation 
(cont.) : lucite : ing and molding sheets: of flowalongp~er. . 

: : of material ito shape, : Piezometers easy 
: : then cementing to- : to attach. 
: : gether with acetone : : 
: : or cement recommended : 
. • • • by manufacturer. : 
: : Heating and molding : 
: : not~always~necessary : 
:_ : for simple shapes. : 
: Lead, iron, :iPiers cast and .... : Not economical 
: brass, : smoothed bymachining.: unless large ,lumber ~., 
: aluminum : : required. • Altera- 
: or bronze : : tlcns d~fficult, 
: castings : 

: Sheet metal : Heavy gage sheet metal : Piezcmeters ea~ly- 
: (iron~ : : bent to shape for : installed. 

Regulat- : copper, : radial gates. ~erti- : ' 

ing gates: brass) : cal ribs cut %0 shape : 

with i : : and covered • 
: : sheet metal for drum 
: : gates. Vertical lift : 
• - . - gates made insimilar : .... ~; 

: Wood : Best adapted for verti-: Wood must b e  treated 
i: (redwood, : cal llft gates by : to prevent warping, 
: cypress, : using solid piece. : • 
• pine) 

: Standard : Proper inside diameter : Convenient 'be- 
Outlet : pipe or : selected ornearest : cause readytouse. 
conduits,: tubing : size reamed• Pipe : Flow cannotbe 
sluices, : (iron s : bentto correct pro- : observed, 
pen- : brass, : file, Bellmouths : 
stocks, : copper) : formed by inserting - :  

culverts.: : a die in end of pipe. : 

: Pyralin or : Lengths made tc proper : Used extensively 
: lucite : size and profile in : because flow can 
: . : convenient sections : be observed. 
: : from sheets. Connect-: Simple construction. ~ 

: : ed together by ~langes: Piezometers easily 
: : of same material : installed by using 

: : : pyralin or luclte ~ 

: : I~ : nipples. @~i 
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Table I (Continued) 

Parts of : Materials : • 

prototype : used in : Methods Of : 
structure : model : construction : Remarks 

Outlet : Sheet metal : Pipe formed from : 81mple construction, i 
conduits,: (iron, ': sheets and connected: economical. Flow 
sluices, : brass, 
pen- : copper) 

stocks, : 
culverts : 
(CO,hr.) : 

: Castings 

: by metal flanges. : cannot be ~observed. 

: ° 

: Castings used almost ::Construction by. " 

Outlet 

: (bronze, : exclusively with .: castlngs,used .J~ 

: brass) : accurate machln~n~, - .almost exclusively !~ 
: : .... : : with accurate machin- 
: : : ling. This ~ permits Ei 
: : : close control oF i 

: : : d~menS~On~ and water i ~ 
: : : passages, Operating i ~ 

valves : : : mechan~, sm readIIv " --i 
(needle, : -: ~ : incorporated although ~ 
tube, : : : not necessarily olin- ~ 
Pelton, : : : ilar to ~protot~pe. ii~ ~t 
Howell-. : Sheet metal : Hollow construction : This.method ~S.used 
Bunger) : (iron : of parts by ribs : .... only Where ilt is 

• : ~red to repro- : '  • brass, : :covered ~Ith ~heet jet. actl i! 
: copper) : metal. : duce i On.. ~ " 
: , : : In te~.ting valves " : 

: o : : for pressures a n d  

: : . " : general perfOrm- 
: : : ante, castings are ~ 

: .- : recommended. . - ~ 

: Wood ~" ~hannels formed using: .To.avoid .exces~ . ( 
Open : (redwood, : ~boards for walls and: 
channels : plywood, : bottom with braces : .~. 

- .,-Z: 

(spill- : pine) : spaced uniformly : lining,~iis'advis - " ...... ~i' 
ways, : : along chennel. Ver-: able in most cases• -! 

canals, : : tical curves formed - Joints may be seal- 
chutes) : • by cutting vertical :: .~ed~wlth~white lead . '~ 

: : ribs ~to be covered : but warning~soon~ " "ii 
: : with ~.plywood, or : develops to produce "! 
: : using solid piece : leakage. ~ ~ ~ 
: : of wood if curve : i 
: ~: very. short. Chan- : 
: : nels also formedby : . !  

: : covering long iongi-: i 
: : tudinal ribs ~With ~ : :-~ 

: : ing .walls to ply- ~: 

• : w~d ~bottom. -: 

4 :'-'~-- " i ~ ::~ : 
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Parts of : Materials : 
prototype : used in : Methods of : 
structure : model : construction : Remark~ 

: : : 

Open : Sheet metal : Ribs cut to proper : Used more for chan- 
channel~ : (iron, : section and lining: nels havlng a 
(spill- : brass, : shaped in from rib: section other than 

: to rib; solder : square, rectangu- 
: jolnts customary. : lar, or trapezoldal. 

ways, : copper) 
canals, : 
chutes) : 
(cont.) : 

: Sheet metal 
: (iron, 
: brass, 
: copper) 

Transi- 
tions 
(warps, 
changes : Pyralin, 
of sec- : lucite 
tion) : 

: Wood 

: (redwood, 
: cypress, 
: pine) 

: for changes in sec-: Excellent method 
: tion in closed : for chauge.~ from 
: conduits. Flanges: c~rcnlar to horse- 
: cut for each end : ~hoe, rectan~mlar, 
: to assist ~n shap-: etc. Tb~°:method 
: Ing and Joining : not adaptable For 
: to normal conduit : warps. 
: ,~ections, and de- : 
: velopment ~de of' : 
: transl tion on : 
: sheet metal or on : 
: Full size drawing : 
: transferred to : 
: sheet metal by : 
: punch.i Lolder : 
: Joints throughout.: 
: For chan : Used ~hen It is 
: tion in : desired~ to observe 
: conduits. Flanges: flow conditions. 
: of material fas- : In u.-~ng these 
: tened to e~ch end : materials an oven 
: to assist in shap-: ;is requlred to heat 
: ing and connec- sheets of mater~al 
: ring to!normal : before belng pressed 
: conduit sections. : in models. Pyralln 
: Sheets molded to : requires 120°C., 
: proper shape to : luclte I05°C. to 
: form transition. : 125oc. When work- 
. Joints fastened : ~ng to ~n~Ide dlmen- 
[ bv cements--ace- : slon.~, core i~ cut 
: tone For pvralin, : to correct s~ze, 
: ethylene dichlor- : female is incre, sed 
: ide for luclte. : ~ccordinglz. 

: Male sheet met~l : Used primarily ~n 
: templets cut to : open channel, but 
: give sections. : frequently used in 
: Transition cut : closed conduits, 
: from solid block : by using two blocks !i~ 
: using templets : one above the ~ 
• a s  a Kulde. : other. 



@ Table I (Contlnue~) 

Part~ of : Materials : 
prototype : used in : ~ethod~ of : 
~tructure : model : .c~n ~tructi°n : 

~emark ~ 

:LIO 

: : • 

~ran~i- : Cement mortar, : Metal ribn cut to : The f~r~t metho~ ~s 
t~onz : concrete, : give cbange~ In : u~e~ for both open 

(warps, : plaster 

changes : 
of sec- : 

tion) 
(cont.) : 

! 

e 

: section with : channels and closed 
: material f~lled : conduits: the nec- 
: in between and : ~ond usually for 
• fln~hed to r~bs. : open Channel chan~e~ 
: For chan~es ~n : ~n ~ec~on. Pla~ter 
: section in open : no% recommende~ 
: channels~uch a~ : for outdoor con~truc- 

: rectangular to : tion, 
: trapezoidal, place: 
: metal t~ide str~p~: 
: along top and : 
: bottom trace of : 
: warp, add wire : ,- 
: ~creen and coat : 
: with mate lal. • 
: Screed~aterlal : 
: £ollowing guide : 
: strlp~ar~ side : 
: walls at each end : 
: of warp transi- : 
: ~t~on. : ~--- 

@ 

Topog- 
raphy 

: Sand, 

: sawdust 
: concrete, 
: cement 
: mortar, 

! 

: Sandl • If scour is t .o be 
: : studied, +.empB ets 

: (I) Female templets: in (I) may;be remo~- 
: cut to cro~s- : able and reset ~to 
: sectlon.~ are : restore topo~r~-phY. 

To.prevent, ,~snd crom : concrete : f tiled between : 
: blocks, - : w~th sandfin- : moving, du~t dry 
: fal~ework : ished to templets: : cement over wet san~ 
: with : (2) male templets .: (f~ni~bed s~rface), 
: templets. : are made of-cro~-: or add cement mortar 

: sections and sup ~ : about one=bali ~nch 
: ported on ra~l~ to- thick. San~ w~.ll 
: correct elevatkms.: settle over period 
: Sand molded to : o f  : t i m e ,  ~o tamp 
: bottom trace of : wh~le plsc~n~ and 
: templets; (3) pan-: keep:well saturated. 

I 

: tograph with point: 
: gage to indicate : 

: points along 
: eros s-sectlons p : 

: sand  :molded  t o  : 
: settlm~s 

0 
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Table I (Continued[ 

i 0 

Parts of : Materials : 
prototype : uzed in : ~ethcds of 
structure : model : construction Remark s 

Topog- 
raphy 
(cont.) 

"1 

• Indlcated; point gage: 
: on reference bar 
: across model :to indi,: 
: cate correct eleva-. : 
: tion to bed; (%) peg~: 
: cut to proper length : 
: and attached to floor: 
: of model, ~and shaped: 
: to top of pegs. 

: Saw,~ust Concrete 

1(5) Used f o r  f tn : f sh  

:Mix used isl~ cement, 
: 3 sawdust, and -l,~ito 
• : i plaster. Th~ s m~ 

: coat to ~ive rough : should be place~ 
: surface. Applied on : quickly, usually By 
s top of sand, gravel, : hand. Mix ~h.~uld not 
: or cinders place~ : be too wet. 
: between templets a~ : 
: in (1) an (2)• 

A 
Cement Mortar :Mix used is 3 cement W 

" : to i plaster with 

(6) ~ Used for f~nish : enough ~ wate~ ~ a~e4 
: coat where rough : for ,orkable~consi~- 
: surface not required.: tency. 
: Placed as in (5). 
: 

: Concrete Blocks :Any averagem~x ~ 
: : use~ with aggregate 
:(7) ~ometlmea used : very small• Cement 
: when it ~s des!red to: mortar ma~ also be 
• remove and replace : used az ~n (6). 
: sect~cns of tepog- : Paper is place~ over 

raphy in accordance : bottomtopography 
: w~th different de- : before new!topography " 

i signs studied ~n s is poured. Tb~s a]- 
: models. LBlockz are : lows sections to be 
: cut in convenient : removed and later 
: sizes to facilitate ~: replaced. 

: handling. 
:. 

~-:  Falsework :Th~s tvDeoflopo~raDhy 
: : is not generally used 

5(8) It is frequently : a.~ other types above 
: necessar¢ to repro- : usually extend abe ve r~ 
• duce topography above: hlgh water. Method , , .  
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Table I (Continued) 

Parts of : Materials : 
prototype : used in : 
structure : model : 

Methods of 
construction : Remarks 

Topog- 
raphy 
(cont.) 

: the maximum water sur-:~(9) is not sulted 
: face. This can be : for steep topography. 
: done by buildingls : Method (lO)~re~uires 
: wooden framework ana : considerable work 
: covering with wire : in bu~Idlng a frame- 
: mesh. Plaster or" : work to g~ve proper 
: cement mortar is then : rel~ef~anA sheet 
: added and colored if : metal must be cut 
: desired; (9)sheet : in pecullar Shapes 
: metal trays fastened : to tit. :Any of ' 
: between wooden r~bs : these methods will 
: are somet~me~ used. :save.considerable 
: Wet sand is placed in : weight. 
: trays and covered with: 
: dry cement to form : 
: crust; (I0):topography: 
: of reservoirs above : 
: and below water has : 
: been reprod1~ced by : 
: building wooden frame-: 
: works and covering : 
: with sheet metal, 

: Wood 

B a f f l e s ,  : 
sills, : 

: Teeth m~de in solid :Piezometers no~ eas- 
: pieces and fa~tened :ily installed. 
: to board which ~s : Metal tooth with 
: fitted correctly Into:: piezometers may be 
: position. : substituted in row 
: : for certain wood 
: :i teeth. 

dentates : Sheet metal : Hollow construction 
: ( iron, 
: brass, 
: copper) 
: P y r a l i n ,  
: lucite 

: Piezometers ea s!ly 
: used with teeth fas- : .~nstalled. 
: tened to metal plate : 
: or directly to model. : 
: Hollow constructJcn. "~Rarely used, and 

Pieces cut to shape : then "for te.qt of 
: and cemented together.: only one tooth in 
• . ." section. Flow 
: : viewed through 
: : glass panel in 
: : s~de o~ test flume. 

14. Testing procedure. Upon compl,t~on of the ,,odel, and after 

a careful check on dimen~ion~, leakE, Hischarge-operat~on data, and 
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verific~,.ti~n oi' model flo~,, ~ prelim injury te~t ~s made to ob~erve 

flow behavior with attention being paid to all unfavorable con4i- 

tion~ observed. It i~'. cu:~tomary to be fam~llar beForehan: ~, ,:~th 

that part of the de~dgn which is in doubt. This ~s made posr lble ,~ 

from liaison with the engineers responsible for the de.~gn, and 

such liaison ~s usuall~ maintained throughout the testln~ of the 

mod.el. Once sufficient data and ob:~ervat~ons have been made to 

explain the unfavorable con.~tions e::~:;ting, plane are ma4e For 

revi~Ing the de'sign to improve ~s performance. These revir,~on~ 

are ba~ed on ztructural an:~ economic ].imitations, e~per~ence r~.n~ 

!rom studies of similnr problem,s, and not inerequently on' ~ma~in~,- 

tion an~ comm..on sense. Continued revj=.ion.~ require that e~ch 

modlficat~cn be studied an~ data collected ~h~ch can be'use; as s 

basis of comparison. Hence, it is necessary to take mes~urement~ 

of" velocities, pressures, discharges, bed and water surface profiles, 

forces, vibrations, and photographs. 

It was observed in the lead~ng laboratories thatexperience of 

the personnel and their judgment :va~ comb.lned with the ~ata taken to 

anal.zze the steps to follow,. Thus, - +~" -~ .~or.,~e ..... tests were eliminated 

and, above all, too much data were not taken, but enough to conclusively 

show the relative merits of each design tested. When a satisfactory 

solution had beer! obtained, a carefully :planned series of tests were 

made to record all data necessa.ry to conf;irm reasons for its sel~_ct~.on, 

together w~th data to establish operation proceHure for u.~e ~n the 

field to assure a maximum efficiency of f~eld performance. Approval 
i 

i s  t h e n  o b t a i n e d  f rom t h e  d e s i g n i n g  enf.~ineers an~ t h e  ,te,~%.~n~ may be  

considered fin~- shed. 

15. Mea:~urements. Fo~" mo~el tests II ]z u~ual]y nece~a~z to 

obtain some or all of the following: D-~seharge, velocity, water 

surface profile.~, pressures on bcxm~.a~z surfaces, prof.~le~ of sand be~s, 

vibrations, air-demand, forces, current d~rection~, an~ photogrephs. • 

, 

2/ 
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The di~charge in a laboratory is obtained from calibrated weirs, 

venturi meters, and orifices, the flow beir~ measured e~ther before 

it enters the model or after it has passed through the model. Veloc- 

ities are obtained by pitot tubes or ministate current meters, ar~ 

sometimes from b-arface or subsurface floats. Water ~urface profiles 

are recorded by standard point gages attached to reference bars or 

beams which may be moved along level supports place~ O n each ~ide.of 

the model. Pressures on boundary surface~ are obtainea frnm copper 

tube p~.ezometers placed flush with the ~urfaee an~ eonnecte~ to water 

or mercury manometers. Electric pressure cells ~n series w~th a 

piezometer and connected to an oscillograph havebeen used to obtain 

the instantaneouz pressure fluctuations, which cannot be foun~ from 

manometers because of the inertia of the water columns. Prof~!e~ of 

sand beds before and after scouring are procured by point gage~; the 

~er~ral relief may be recorded by placinE string contours over the be~ 

and photographing it from above. V~bratlons may be obtained from reed~, 

or from acce!erometers and pressure cells attached to the model an~ @ 

connected to an oscillograph. Air-deman~ is measured by orifices or 

by anemometers, while forces such as required to raise gates or to 

control tows in locks may be obtained from calibra±e~ springs or other 
i 

callbratedinstruments designed for the particular problems ]nvo!ve~. 

To obtain the direction o~ cu.~ent, in a model, it has been con- 

venient to u~e sawdust or confetti whlch may be photographed to produce 

streak pictures. Currents below the surface have been ~efSned by 

strings and by injecting dye from a needle-llke i piezometer tube, It 

is customary during any model test to record all ~revisions, tests, 

and flow phenomena by photographs. To do Zhis, it ~s expedient to 

have a standard reflex and view camera as well a~ a moving picture 

camera which can take at least 64 frames per second for slow motion 

pictures. 

23 
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hydraulic ztructure i~ important an,~ is generally con~.~dered an es~:en- 

tial part o? the testing. The types off the reports read-~.ur]ng vi:zi+.s 

to laboratories were many, some too bulky sna padded, others too brleC. 

It is generally agreed that moot reports sb.~l]d be concise an~ clearly 

written. To obtaln this, it is perhaps necessav{ that the inclusion 

of too much data such as pages of scour profiles or ca~ibrat4onz be 

omitted or replaced by photographs, and %hat only enough da~,. be 

included to conclusively show why changes were made and why bh~ C~nal 

solution wa~ selected. Nherever possible, general rules m~ht be 

oresented which would be appl~cable to problems of a s~m.~lar nature. 

Report .of' model teatJs. A report off the model ~tudv off a 

RIVER ANDHAP20R MODELS i 

17. AdaptinE the mo~el. In Section i0 under hydraul~c structure 

models, brief mention was made ~of the principles of Similitude ~nvolved 

in model studies. Under geometric similarity it wa.~ stated that hvdrau- i 
' @ 

lic structure models are usually not distorted, the horizonta! an~ • 

vertical scale ratio being the ~ame. With river and hsrbormodels, 

however, it is customary to use distorted models with %he exceotions 

to be stated. The reasons for distortion are based on the coat. of the 

model and laboratory facilities, the necessity of having turbulent flow 

and force. Since most prototvoes and measurable quantities, tractive .. • j 

in the country are large rivers and since the problem area Includes 

long reaches, an un4istorted model w~uld be so large that ~ts cost 

would be prohibitive and the water requirements would be excessive. 

Since the width-depth ratio of rivers is large and the slopes flat, 

an undistorted model might pr~uce in certaln reaches ~lam~nar elow or 

a depth and corresponding velocities ~o -~m~=.ll as ~e be: nearly unmeasur- 

able. In this regard, the model velocities would also be too small i:i 

to move any bed material. As a result o ,~ these factors, the model :. 

must be distorted by using a length ratio greater than the ~ePth rat4o, @..!~! 
I 

giving geometric similarity in plan only. ~i 
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The e f f e c t s  o f  g e o m e t r i c  d ~ s t o r t l o n  may be summar2zed a s  f o l l o w s :  

(i) Change in shape of cross-sectlon of stream (and of ~tructures) 

wlth a resulting variable scale of hydraulic radius from section to 

section; (2) change of hydraulic capacity of the model stream due:to 

distorted depth and slope, nece..~.itat~ng a change in model roughness 

from section to section and at any section for changes ~n depth; 

(3) change of the magnitude of velocity and velocity dlstrJbut~on, 

current direction, eddy formation, and increase of the transverse 

slope of water surface; and (4) influence on secondary currents which, 

together wlth the other factors, influence the bed eonflgurat~on 

obtained in the model. 

Accordingly, geometric distortion seriously affects the obtain- 

ing of strict dynamic similarity, but when :these influences are taken 

into consideration in analyzing the results obtained, it is evident 

that distorted models are practical boois for solving river problems. 

In undistorted models it was shown~that the nod.el was 

according to ~roude s Law, namely, the velocity (and time 

are equal to the square root of the linear scale,:with the discharge 

being equal to five-halves power of the linear scale. In d~storted 

models, somewhat similar relationships are use~ which are later modi- 

fied from verification tests on the model. In other:words, strict 

dynamic similarity isnot obtainable. If consideration be given to 

two types of:river models th~s difference m~y be seen, F~rst, con- 

sider models of rivers Involving no movable bed, but dealing pr!marlly 

with channel capac~t7 studieS, and second, those models of ~he nov- 

able bed type. 

Of-the first type of model, the study may treat tmlform cban. 

nels or nonuniform channels,i the primary :Interest belng the ~tudy of 

flood hydrographs and profiles, thereby requiring of the model that 

it must be able to convert--to the vert]cal scale of "the model--pre.~- 

sure head to velocity head, or vice versa, at points oF changing i 
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cross-:,ectlonal area. To cause the= condition in the model, it can 

be shown that the velocity scale should be equai ~to the ~quare root 

oC the depth scale, the t~me scale be equal to the~volume scale i 

divided b/ the discharge scale, and the discharge scale be equal to 

the length scale times the three-halves power of. the depth scale. 

Because of the geometric distortion and Sis effects as summarlzed 

above, it is necessary to consider a roughness scale in order to 

br~n~ the model into agreement with the prototype. Thus a verifica- 

tion test is made in which model roughness is varied un~formSy, or 

varied from reach to reach, and the discharge scale ~is varied s~mul' 

taneously in cFder to make the model reproduce the correct profiles 

and flood hydrographs. Thu~, ~n distorted models ~t is necessary 

to increase the model roughness, while ~n undistorted models the 

problem is to marie the model smoother. ~en this has been accomplSshed, 

it is possible f~om the discharge scales and rou~.'hness scale Just estab-" 

lished to recompute th~ velocity scale and time scale, using an-average ~@ 

hydraulic radius scale obtained from several sectJons in case or non- 

uniform channel, or a constant hydraulic rad.ius scale ~n un.i Corm 

channels. 

In these models there is no special need for an exact reproduction 

of velocity distributions, paths of Clow of corresponding water parti- 

cles, etc., but the conversion of kinetic energ7~ potentlal and vice 

versa is required, +~hus the model energy.'~radient i~ at the same eleva- 

tion above the water surface in the model--to-the vertical scale--as in 

the prototype. With modified discharge and v~lgc.~tv scales the.-, condi- 

tion is also not exactly obtained, but [his error is slight [n comparison 

with the overall accuracy of the model, 

In the case of movable-bed models, considerable adjustment ~s 

required to obtain a set of scale ratios for velocity, time and dis- 

charge. In fixed-bed models the accurate reproduction of prototype 

velocity distribution was not essential, but in movable-bed models, @ 

problems are concerned with the movement of materials of the r~verbed, 
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which 5s directl~, related to velocity, ire mggnitu~e and dlstrlbu- 

tion. Acco~'d~glv, problem~ are concerned prim~rily with be~ 

movement occurring under a hydrograph of average flow, together 

with the effects on thiz movement ~:r change~ male by man, ~uch a~ 

cutoffs, dikes, dredging, jetties, etc. W~th a length and depth 

scale established to provide a practical model, theoretical scale 

ratios for velocity, time, and discharge are computerS. Because of 

distortion, an explained previously, the model velocities are usua]ly 

of small magnitude, especially during low rtages, ~,o that be~ loa~ :!i 

movement does not readily develop. Com:equentlx, resort i~ made to 

using bed materials having a specific ~rav~ty near =the value of water 

and to changing the slope, discharge, and the t~me ~eales. In prac- 

tice, bed materialz may consist of processed coal (z. ~. 1.30) 

carefully prepared as tc grain size an.~ specIC~c gravity, .=.~ison[te 

(1.O3) an almost pure bitumen, vari~1,s resin:~ (1.O9 to 1.13), bavdite 

(1.85), and sand of varicus :'izes (2.65). The material selecte~ depen~ i / 

primarily on the velocity magnitude expected in the mo~el. 

On first consideration ~t woldd seem reasonable that, iC a proper 

bed material were used, an~ the scale ratios for velocltv, t~me, and 

discha~'ge based on Froude's Law be applied, the mo~el would reproduce 

reasonably well the prototype bed movement. To .~eterm~ne ~f this were 

true, it wcul~ be necessar/ to mold the model bed to a survey of field 

conditions, then run the mo:~el to reproduce an average hydrograph, 

using the theoretical tIG~e and discharge ~eale.~ for a certain time 

interval, established by the time elapzed between the date of the ~ 

prototype survey set in the model an~ s more recent one. The latter 

would be compared with the model bed conflguraticn at the en'] or the .... 

proper time to see if the model verified this survey. Unfortunately, 

this veriflc~tion would be lacking because the model be4 conflgurat~on 

would net agree w~th the recent survey. Thus the e~fect of ~<eome+.rlc 

~distorti~n on the meSel is enough to 5nvalid~_te the u~e o~ theoretlcs] .~'~i 

,scale ratios. In thi~: assumed case, hydraulS,c s~_mSIJ.tude was maSntal.ned 
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to the sacrifice of bed verification which is the primary concern. 

The other extreme would be to obtain verification b,r ,liwrg~ng too 

far from reasonable hydraulic simil~tu,le. Evidently then, recm~-.~e 

must, be made to a procedure lying w~thin these two extremes, h~t 

with hy.~raulie similitude belr~g maintained as rfl~,idl7 ~ oo~-.ible.. 

to obtain the most reliable verific~.tinn. 

Since it is impossible to use theoretical .~ca.le ratios in this 

type of model, a cut-and-try process must be used with the m~4<~le 

course just explained to verify the model. Based on logic, h" t -~ 

verification is carried one ~tep further by ~aying that if the model~ " 

can be rm~e to reproduce events that happene8 in +.he prototype fin 

the past, then it can be relied upon to predict events which w~ll 

occur in the prototype in the future. The wisdom of th~.~ has been 

successfully demonstrated many times at the U, S. Water~,ays Experi- 

ment Station, but certain factors must be consi~ere~ in making the 

verification before the reliability of the model for pre~ictfin~ future ~ 

events is warranted. These factors may be summarized as fo]low~: 

(I) The event of the prototype upon which the mo~el ver~ficatflon fi.~. =~ ' , j l  ~ 

based must be directly related to the problem being .~tudied ~n the 

model. Hence, a prototype flood would not be a .~u~table e~ent if 

the model is attempting £o verify bed movement produced over's~long 

period of ti~ in the prototype; (2) the prototype event upon .~hlch 

the model verification,is base~ mu~:t represent action ,of Ion, U ~ura- • 

tion, that is, a navigation problem require~ bed configurat:ion changes 

developed over a long period of time, not " ~ $ h Just ~or one '~eek; (,.). t~ e 

verification event must be a representative one, not one resultSng 

-from abnormal flow conditions which extend over a relatively short 

~, 
period of time. hese factors, then, apply to the verlf~cai.ion event 

itself. One additional factor must be consi4ered which applies to 

the reliability of the mo4el to predict future events--a,~suming the 

three factors Just given have been adhered to. Thfls factor requires 

that the proposed plans to be studied in the model after verificetion ...... 
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do not depart too widely from the conditions under which the model 

was verified. Consequently, if the verif~cat.~on event included a 

system of dikes and its effects, while the proposed plans to be 

studied after verifications called for a series of cutoffs, then 

the reliability of the model is greatly reduced. 

In the hypothetical verification based cn theoretlnal ~cale • 

ratios, it was shown that verification was impossible. Resort must 

then be made to a cut-and-try process. In determining in thi~ manner 

a set oi" operating conditions which will reproduce a carefully 

selected prototype event, these factors mu.~t be a~Justed and manip- 

ulated: Discharge scale, slope of water surface ana bed, t~pe of bed • 

materials, magnitude of time scale, roughness of fixed boundaries, 

e A and permeability of structures (dikes, j ~ties, etc.). This is an 

arduous task which ~takes much time, skill, and patience. Of these 

items, the time scale ~s of considerable ~mportanee as it affects 

the movement of the bed material. It is generally agreed at the i 

Experiment Station and elsewhere, that there is no ~ultable rational 

expression for the time scale, that is, the ratio of the Volume 

scale to the discharge scale i~ not valid, • The empirical t~me scale 

established for the verification mu~t be used, and th~s is further 

complicated, as will be seen, because two time scales are used, one 

for running the hydrograph and one based on the time reauired to 

reproduce the bed configuration occurring in a definite prototFpe 

interval. 

To arrive at a time ratio one is assumed for the model, say 

lO hcurs in the model equals 1 year in the p~ototype for the period 

chosen for verification. Using this assumed ratio, the complete 

hydrograph is run for the verification period, then the model bed 

is compared with the known bed of the prototyp.e at the end of the 

It will probably be found that this procedure 

.2g 

q 

veri[icati on period. 
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overempha.~izes the effect of the higher stages, because t h e  movement 

oJ" the bed material in the model dur'ng..me~ium and flood stares 

move~, more bed material than do ~/~e lower stages. This unfavorable ~ 

condition is modified by use of one or rbOth of the fo]low~ng methods: 
[ 

(i) V'ary the t!;~e scale with the ztage, allow~ng more t4me for low : 

stages, less for high stages, or both: (2) decrease the s!ope ~ca]e 

(this reduces the discharge scale also) of the higher ~ta~=es. i If 

these methods work to g~ve proper ver~fiicat~on,it is conceivable that 

the ti;ue reouired to produce veriC~cat~on in the mo el _. fferent 

than he length of time represented by t~e number of hydroazaph • 

cycles u:~ea~ ~'or example, if 10 h~Jurs on the mo,~el repre~.ents 1'year 

on the prototype, and 5 c~Tcles of hy~rograph.~ are run to veri.~v, then 

5 years on the prototype have been represente~., but the verification 

period may only be 3 years for the prototype surveys u~e~ for ver~f_~ca- 

tion. 

The effects of distorting model~ have been shown ~n the ~orego-'_,ng ~ i! 

discussion using as examples river mo~els involving Channel capacity 

and bed movement. These are perhaps the most common studSes ~nvolvlng 

distorted models; some river problems, however,::mu~ Z be stud~ed bv 

undistorted models. These ~nc!ude the ~tudv o~ transitions involving 
n 

zupercrltical velocities, standing waves,~balc~ater from ~amz an~ 

bridge piers or other obstructions. In general, s!m~l~tude accor~n~ 

bo roughness mu,st be follov:ed in these cases wi+h the ra%~o of r~ugh- 

ness (prototype to model) equal to the sixth power of the =~c.sle ratio . . . .  

if the problem is concerned with the form, pat+.ern, and travel of waves, !!:i! 
t 

occurring not so much as ~n rivers but as ~.n harbors relative i.o:bac~- . .~ 

water location four reducing ~'ave height, then an undistorted model is 

used since it is ~mposslble to distort .~-urface waves. Wave mo4els are 

governed by Froude's Law, with roughnes:~ adjustment, sometdmes required, . .,. 

but it has been found that surface roughnes~ has only a small influence 

.- - [i 

on wave reproduction. Models of tidal areas, wherein current ,~-.'rect~n~ ~L? 
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ant~. velocities are involved, require undi~torte~ models for accu- 

rate work, because or the importance of Fro oar simulation o~" velocity 

distrLbution. It hss been found, however, that if the prototvne 

are~. is reasonably wi~e an~ shnllow, or ir the stu~.y ~.~ mote com- 

cerne.d with r~vera~e veloc~t~e~ than w~th e~.ct velocity ~i.=trlbut~ons, 

I'e.~ort may be made to .~storte~ mo~els ~.~th re].Atlvely zma]l geometric 

df~tortlon. %~here beach movements are combine4 wlth t.1~.~]; areas, 

wave "~.ction iz involved, ~o d,~tortion o; ~he ~mo,lel is theoretlcall~, 

incorrect, but experience has shown that s1~ght geometric dintort~on 

is allo~able, depending on the slope o9 the beach 'sn~ the amount Of 

ber.~diz~ ~" the waves as they approach the are~! uniter study. Thus, 

the distortion shoul,~ not. cause the model beach''to be on s :~lope 

much greater than that of the prototype beach, othe~.~ise the waves 

might break at the wrong position on the beach. ~l.~_ht " ~ 41~tort~on 

would not influence the direction o~ ~ pproach o1 th= model waves pro- 

vided the prototype waves approach the beach without much chan~e of @ 

direction; however, ~f the w,~ves bend appreciably apr,~oachlng, the ~ ~ 

beach, then distortion would change the wave pattern, causing the 

wave~ to travel in made.of a straight line without ~uff~c~ent bending. 

18. Selecting a scale ratio. In the preceding, section some 

views were presented concerning geometric Histort~on; mention is now 

made of the allowable d~-~tort~on found in practice today. In an:z 

event, the distcrtiom uze.~ ~z based on the ~ize of the protobype, 

laborato['/ ~'acilitie~, costs, and requSrements :of turbulent ~low and 

~ufficient tractive £orce. 

Accor~nglT, each problem i~ given prelimlnary considerate.on 

based on these factors and on the natural characteristic.~ o¢ the 

prototype3 themselves. 

For river models involving channel capacity stud~,es, the geo- 

metric distortion used is considerably greater than for movable bed 

models. This is due to the fact th~.t the ~ivergence Cram Frou~e',~ 
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Law in the Former ~: ler, s Impurtant than In the latter, a~~ long a,.~ i 

the conversion o!" k~netic' to potential energy an:~ reve~'se, t.e +~e 

vertical .~cale, it in cio:'e a~reement. Thu~, eor chanrel ctu"l~e"~ 

the length ~.cale~ may vary from l:gO to 1:2000, ~'~th ,~p~h ~ca]e~ 

from 1:50 tc 1:290, the d~tortlon varying from one to +on. For i 

model0~ of the movable bed type, the maximum d~.~tort~ ~ u~u~allv 

.~x, w~th four or less more @e~rahle. The ame~mt cf ~ztcrt~on 

in any event depend~ on the shape, of ~he prototype rtream. ! -. e 

end shallow, greater d~.'~tortion i~ allo'.~.able (lez, ~epth re~uct~cn): 

if narrow and deep, :~maller d~tort~en ~ u~'ed. =o~ m~de]~ ~nvo]v~nr. 

w~ve action, which must be und~atorted, the =cal~ retie ~epen~ t~pcn 

the ~'Ize of ~he prototFpe wave-, an~ the mea~'ur!nF }n*t:~ment. ~ of the 

model. For model~ of ti~l ,:rea.~ ~e~l~nc ,,~th ~ur,'en~ d~r~ct~n,, 

an! velocit~e:~, a mal, q~::tortJcn ~I requlred.a-~n movable-bed 

model~:, but no dlstortfi c~n ~ :; desirable -~he'-ever po~<:;Sble. 

19. Prel~ minarv ~ ~" ~" " * ~,~ , ,e." ~gn con.i~de/_a~.cgn. :. The ~eneval v~.e.~, expres~-e ~ 

In Section 12 concern~n~ hydraulic ;%ruc~ur= mo-~el3 apply a]uo %0 r~.ver ~ i  

an ~. harb(~r mo.~els. Wherea~ the former ~pe may ~.nclude many P~fferent 

kind:, o? :~tructure'; requiring the u.~.,e of varying techn.~que, river ~n~. 

harbor mo!e!s '~'ollow' =, mute un:=orm techn..que. C .~nge~ to oecu," "~n 

the mo~el proper will cr~ns~ ._.st ~m~nl.. . y in channel ~hape sn~ a] ~r,men+., 

• C ~ e ~ ", ~ S bed configuration, and loc~tlon c. ~ structures .on._qu.n.l.,, ~t 

neces.~.a~ to provir]e for easy altcratfion-~. Con2~.~erat~on m~.t be 

given al~=o to the type of bed mater~al to be used, as previously ~:'-- 

cuzsed, ,n~ in the ca~e of t~da~ mo~e!~ or wave mode]. ~, a ~tudy .~s 

required of the prototype phenomena to place -ave machineg an'~ other 

pertinent equipment in their proper locat~on so as to reproduce the 

prototype phenomena correctly ~n the model. 

Because river an4 harbor models are much more exten~'~ve than 

hy.~raul~c structure models, it Is customary, to plan a horizontal ~.I 

vertical control to ass:s~ in con~tru:t~on. ~nce sheet metal t emp]et~ 

.? 
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are 6enerally use~ to form ~h-- channe]~, tbcy must be properly 

located with reference to e:~ch other. The horlzonta] control may 

be accompli~hed by u:.'.e of ~ ~rld la.14 out on the floor oC the 

model; b~ using a traverse ~ipproximat~nE the eenterline of' the 

stream; or by plottin~ the localion of templets on s ~rS~ to n 

small scale and then projectin~ thi~, dr~wlng on to a screen e.n.~ 

@ 

tracing-, thi~= projection, which can be m~.de full model size bv nroper 

locstion o: the screen from 'the projector. This tracing is then 

placed on the floor of model. The vcrtical control in all cases 

caT1 be referred to any conveniently located benchmark. 

20. Materials used and methods of conztrurtion. River and har- 

bor models, because of their ~ize, ~re generally constructed directly 

on the ground, and covere'd by a shed. A trench of sufficient ~Idth is 

du6 following the 81i~nment of the channel or~area involved, A reta~n- 

in~" wall of brick is then placed aroundthe perimeter of the t~ench, 

the wall extending six inches or more ~bove the groun4 ~urface. ~emale 

sheet metal templets with wooden st~kez attached are placed in the @ 

trench, the stakes being driven ~nto the ground. These templets sre 

so cut that the movable bed section is omJtte~, later te be molde~ by 

,male templets. A compacted fill is then place~ between the ~emale 

templets an@. is covered with a layer of concrete to w~th~.n an inch or 

so below the top of the templets. At the same t[me, ~upports for side 

rails ,~nd point ~a~.es are concreted in place. Then the movable bed 

material i~ placed on top of the concrete latter ~n the bottom of the 

model, This is molded into sh1.~pe with mal~'~temp lets !°cater' an'A" sup- 

ported on the previously installed side rails or reference r~Is. 

Other methods of forming topography may be eound in Tsble I, s~mSlar 

methods beSng used both in hydraulic structures and river models 

although the above method is customary for river model .~- ~imilar ~o 

the hydraulic s~ructure models, the elements of a r~er model ~nc!ude 

the pump and supply system, a Corebay with baf~'les for st~llin~ the 
Pk 
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wa~er entering the model, a flume, ,box, o r .  a prepared trench in the 

ground for containing the model, a transverse trough to trap sedi- 

ment, and a tailgate for regulating water surface elevations. 

Harbor models are constructed in a manner similar to flyer models, 

with the exception of the movable bed section which is ~u.qually not 

required in harbor model~. Accordingly, the concrete top coat is 

molded to proper configuration throughout the model. When, however, 

shoaling is involved this is provided eor by adding a suspension of 

the bed material selected. 

When it is not possible to construct river and harbor m~lels on 

the ground, a suitable shallow brick-wall flume can be formed directly 

on a laboratory floor. For small models, a metal-lined wooden box or 

flume is sometimes used. 

21. Testin~ procedure, for river and harbor models, the ~test~ng 

procedure is divided into two parts: verification and test of proposed 

improvements. It was noted in hydraulic structure~ models that verifies- @ 

tion is not of primary importance because the Froude Law is maintained 

within close limits, soa check ~ on coe~ficlent~.~!ocities , and water 

surface profiles is usually sufficient. In practice, it is rarely neces- 

sary to con~ider verification which is usually impossible anyhow because 

the prototype is yet to be built. In river models, o n  the other hand, 

it has been shc~m~ that distortion requires a check on the accuracy of 

the model for reproducing past events and for predicting future events. 

The verification of river models is accomplished by adjusting the time, 

velocity, discharge, and roughness scales until water surface profile~ 

and bed load movement in the model are comparable with thosedn the 

prototype for a selected time interval. This requires prototype sur- 

veys for two different dates and of sufficient time interval to furnish 

average conditions of the prototype. If, during this prototype interval 

between surveys, any dredging or change of structures occurs, such 



@ 

35 

i@ occurrenoes must be incorporated in the model ~tests at the correct 

time. In addition, bed load material must be added at the u~per 

end of the model to compensate for the material washed out at the 

lower end. 

Upon verification of the model and the obtaining of adjusted 

scale ratios, the model bed is replaced to represent present condi- 

tions and the proposed regulating ,~works are installed. A test is 

then made consisting of a number of run~, each of which reproduces 

once an average hydrograph obtained from the yearly hydrographs used 

during verification. The number of runs required should be sufficient 

to produce stability of the movable bed so that the test will show 

the ultimate effects of the regulating works being studied. The model 

values of discharge and tailgate regulation necessarv to produce cor- 

rect stages for the average hydrograph used, are obtained from the 

model conditions established during the verification tests. The proto- 

type stage curves for various prototype gages are used to select stages @ 

desired in the model at correspondin~ gages. This procedure eliminates 

s~y errors in slope or discharge which might be caused by basing model 

operation on gage heights influenced by the installation of propo~eJ 

workg • 

Bed material is introduced into the upper end of the model during 

each run of each test, a~d surveys of the model bed are made at frequent 

intervals to show the progressive and final results of the various tests 

made on the proposed regulating works. These surveys are analyzed and 

predictions as to probable effects of each plan made. In this regerd, 

it is realized that a quantitative interpretation of the results of 

the model tests is impossible because of ~he many factors introduced 

by distortion of the model. 

In harbor models, the procedure followed is quite similar to the 

procedure for river models, except for bed load movement. S~nce harbor 

~ @  models deal primarily with tides and currents, by proper design of tide @ 
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controls in ~he model and by proper adjustment of ~urface roughness, 

the model is made to reproduce the tide and currents snrveyed in the 

prototype area. With verlficatlon established, the present condlt~on 

of the prototype is set up in the model an,q data collected of its 

performance with no impr.ovement works installed. Using these data 

as a source of compariseu~ Lmprovement works are then installed and 

tested. Finally, a study is m~Je of the various plans tested to deter- 

mine the proper plan to follow ~n the prototype. 

22. Report of model tests. The statements made in Section 16 

generally apply to a~ technical report on model tests, Reports on 

model studies of rivers and harbors usually, of nece3sity, include 

more data in order to show the qual~ty of the ver~flcatlon and the 

relative events of the many proposed plan~ studied. A ~eneval outline 

for these reports usually includes introductory., statements, followed 

by the main text divided into several parts covering the problem an~. 

purpose of the model study, the model, adjustment and verif~catlon of @ 

the model, tests of proposed improvement plans, and conclusions. 

Photographs and maps of bed configuration accompany the text. The 

inclusion of what may at first seem tobe excessive data is Justified 

in reports of model studies when the designing engineer and the labora- 

tory which conducted the tests are located some distance apart. Where 

more direct collaboration is possible, it is believed that only data 

sufficient %o show reasons for conclusions and some intermediate steps 

are required. 

TURBINE MODELS 

23. General. Model tests of hydraulic machinery are devoted 

almost entirely to turbines and pumps, but occasionally tr-ts are made 

on large regulating gates a:id mare frequently on regulating valves. 

The increase in the development of power slte~ by the Government has 

brought about great increase in the number of turbines a~d regulating 

valves. Irrigation and water supply expansion has produced large 
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In~tallat!ons of pumps. As a result, the manufacturer:~ have ha~ to 

meet specifications and furnish mach!nery not only In l.~irge quan%~tie~ 

but also in sizes not heretofore ,~eveloped. To meet the spec~C~c,%~-ns 

established, It has been necessa~ 7 to continue an~ to ~mprove their 

research by model studies. Accordingly, consideration ~9 not only 

given to the performance and guaranteed efficiency: but tests are 

made to establish operatlng criteria necessar-/ for be'~t efflc~ency 

and minimum effects of cavStatlon. 

24. Use of model. It ha~ been known for many years that tests 

of small turbines can be used to predict the performance or ]nr~er 

turbines if the two are homologous. Reduction of such test ~ata to 

unit head makes it convenient-to study ~he characteristics of any 

wheal, and at the same time to establish its performance under d~f- 

ferent operating conditions. When f~eld tezts were f~r:~t mmde of 

turbines, however, and their performance compared with stud~ez made 

oi" their models or homologous wheels, it was Found that the agreement 

between efficlencies, in particular, was not a~ close a~ dew,red. 

Accordingly, it was customary for the manufacturers to obtain an 

"experience" curve, whereby the model predictions of efflc~enc-es 

were modified sufficiently to assure their sat~sfyin C the eff~_e~enc~e ~, 

guaranteed for the prototype. In 1925, the Moody ~tep-up formula was 

developed as an aid in pred~ctlng prototype efficiency from the model, 

which took into account the reduction in losses with increase in s~ze, 

and thus provided for an increase in prototype efCiciency. The result_~ 

of this relation must be modified, nevertheless, somewhat b.v "experi- 

ence" curves. Although this formula applies only to the peak of" 

efficiency of a model, it is customary, to obtain efficiencles at off- 

peak points by adding the incremen~ of efficiency obtained ~t the 

peak to the model efficiencies at off-peak points. The Moody formula 

has been found to gi~e good agreement in complete homologous models 

from field tests for small and medium diameters, but Cor iar~er un~.%s 

the otep-up is actually leas than that given bv th~ :'~ ~y formula. 
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In turbine testing, it iz not necessary to think in term~ of a 

scale ratio or of the Froude Law, which are so frequently thought of 

in terms of other types of models already discussed. Scale ratios 

are not selected in the manner previously indicated but are made to 

follow, that is, it is customary to u,qe epproximately an eleven-inch 

or sixteen-inch runner in turbine models regardles~ of the size oF 

the prototype, so all other dimensions are reduced according to Lthe 

diameter ratio. The size of model runners has been selected so as. 

not to require too large a water supply, dynamometer, and appurtenant 

parts of a turbine. In regard to Froude's Law, it is not used in the 

form u~ually considered, that is, the velocity ratio equals the ~2q,~are 

root of the ~cale ratio. Rather, all test data of the model are i I 

reduced to un~.t values, that is, the discharge, speed, and power are 

reduced to th¢,~e for a one-foot hee~d by dividing by the square root 

of the test head, the discharge and speed; and dividingby the three- 

halves power o~ the test head, the power. In addition, the data may °@ 
al~o be reduced to terms of a unit wheel, so there results a charac- 

teristic curve for a wheel one iuch in diameter operating under a• 

head of one foot. Then for any homologous wheel, it ~s nosslble to 

establish its performance for any head, for %he corresponding gate 

openings and speeds. This procedure has been amplified by the develop- 

ment of the Moody step-up formulauslng ,modifications of predlcted 

efficiencies as a factor of safety. Accordingly, the model data Is i 

expressed in terms of unit head for the particular size of r~ner used 

in the model, then the Moody formula ~s used with the results tempered • 

by experience and Judgment. ! 

Since the efficiency of the model is so vital because of its use 

in establishing the prototype efficiency, the model should reproduce 

all water passages of the prototype, that is, geometrlc similarity, is 

required; the model roughness must be kept to a mlnimum, and all parts 

must be carefully mach'~ned and installed. 
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25. Comparison with qther types olf m~el test~. The test~ per- 

formed on models for turbines are more or less standard, that is, 

characteristics are determined and cavitation stuoles made, the 

primary purpose being to develop a high operating efficiency and 

operation criteria to reduce c~vltatlon. In contrast tohydraulic 

structure, river, and harbor models, hydraulic machinery models are 

quantitatively more reliable; furthermore, the efficacy of var~c~ 

designs is not based on merely observation as is done sometimes with 

the other types of models. 

The laboratory and in~tr'amentatS.on required for hydraulic machin- 

ery mo~el tests is more elaborate than the equipment needed for model 

tests of hydraulic structures and river models. Precision and accu- 

racy are more important, since a great deal depends on a veriation or 

efficlencles by even less than one percent. Accordingly~ these 

laboratories u~xlally work for ~n accuracy o~ one percent or less. The 

essential features of such a laboratory include a closed clrc~Llatlng ~L 

system in which the head on the model may be varied and, at the same ~W 

time, produce different absolute pres,~ures on the runner blades neces- 

sary for producing cavitation in the model, Besides the usual mercury 

gages for recording pressures and discharge of venturi meters, a 

dynamometer is required to measure power output and to regulate speed 

in model turbines. 

26. Construction of model. As previously mentioned, turbine 

models are usually made with wheels between eleven and sixteen ~nches 

in diameter. This establishes the scale ratio, which is of l~ttle 

importance. Furthermore, the laborato~.f is designed to test models 

within a certain size limit, so it is merely a questlon of making the 

model design conform to the laboratory equipment which receives ~it for 

testing. As far as practicable, all water passages are accurately repro- 

duced in the model with friction of the model kept to an absolute mln~mum. 

Bronz~ castings, carefully machined, are used for the runner wh~e the 

scrollcase is made from welded plate steel, the former being shaped to 
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templates, the latter dle-pres~ed, as is convenient or practical to 

do so. Draft tubes are either made from transparent mater~al nr from 

plate steel with an observation w~ndow provided at the bend of the 

tube to permit stroboscopic analysis of cavitation ~n~ observation 

o£ flow. For excellent picturez obtained in thi,~ mann~, the reader 

is referred to TransActions A.S.M.E., October 1940, "Cavitation of 

Hydraulic Turbine Runners," by R..~. B, Sharp. 

27. Te3t!n~ procedure.. The procedure. In mak~n~ complete tests 
C 

of the model is, fib-st, to determine the efficienc~ character~st~c-~, 

and then to study the cavitation phenomenon. The efficiency te~t 

requires measurement of the head~ speed, power output, and discharge. 

A value of phi, which is the ratlo, of the peripheral speed of the 

runner to the theoretical spouting velocity of the water, units in 

feet per second, is computed from the head and speed readings: the 

power and discharge are changed to unit values; the efficiency is com- 

puted; and these values plotted agalnst phi. When. Kaplan or adjustable i@ 

blade turbines are being studied, the blade angle is also included by 

making efficiency tests for givenblade angle at corresponding gate 

openings, and for various combinations of head and speed to cover the 

desired range of phi values corresponding to prototype ~peed andhead 

conditions. ~ith these data for bhe glven blade angles~ the efflclency~ ~ 

power, and discharge characteristics can be obtained f~or varlotts ~alue~ 

of phiby cross-plottlng. In these tests, h~gh values offset, the 

cavitation parameter, are ~tested to elim4nate any effects of cavitation. 

A st~ of cavitation in the model establishes aproper turbine 

setting for the prototype and its operating limits in order ~to keep 

cavitation at a~minimum. Making u~e of the fact that ~avitation reduces 

power and increases discharge with a resultlng, drop in efficiency, the 

above te~s are repeated for each blade angle for adjustable blade 

propeller turbi~s or for various ge.~e openings for Franc~s type 

r~nners, by selecting three gate openings f~-~tbe above test~ which @i 

bracket the best range of operation for fixed blade runner~, o~ which ~ 
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bracket the best combination of blade angle aud gate forKaplan 

turblnes, at eac~ of four or more values of phi covering the ~desired 

operating range. The same measurements are taken in these ~te~tz as !i 

for the efficiency tests, At each gate opening, the ph~ value in 

question is held constant by varying the headwater and tailwater to 

change the ratio between draft head and total head. This varies the 

Thoma cavitation parameter, sigma, which is given as 

HB -HV - HD 
C;= 

H T 
i 

where HB -- barometer pressure, feet of water 

HV = vapor pressure, feet of water 

HD : draft head, from center line of rumner 

to tailwater 

HT = total head acting on turbine. 

It is seen in this relation hhat as the draft head H D increases, 

while the total head is constant, the jvalue of sigma decreases. By @ ii 

plotting against sigma the unit discharge, unit~power, ar~. efficiency 

for the three selected gate positions, it will be noticed that for ! 

higher values of sigma the efficiency, power and discharge are con- 

stant, but where sigma is reduced below a certain w~lue the power and 

efficiency drop off, while the discharge ~ncreases. The value of i 

sigma at which this change occur-s, is called the critical ~sigma for 

a given set of operating conditions, ar~. is thepoint at which cawi- 

tation starts. • :~ 

From the data so obtained and plotted agalnst sigma for various 

values of phi and blade angle or gate opening chosen, the values of :, 

unit discharge at peak efficien~F and the corresponding value of 

critical sigma are plotted, and limes of constant phi ere obtained, i 

Using these c~rves, lines of constant phi, it is possible to deter- i 

mine the proper elevation of the turbine above the taLlwater mad 

a l s o  to determine the safe load which can be carried at heads other ~0~ili~i 

than the rated head. After it has been decided what the prototype 
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turbine diameter, speed, and maximum output at rated head will be, 

the unit discharge corresponding to the maximum o~,tput at rated 

head is determined and used in the above phi curves to establish 

the critical sigma for the value of phi at the rated head. Substi- 

tuting this value of critical sigma into the Thoma relstlon for sigma, 

the allowable draft head may be computed. As a factor of safety, it 

is customary to set the turbine runner a certain amount belo~' this 

value, say one to three feet. 

In practice, it is customary to use two valuem of _~i~na, one for 

the turbine, just described, and one for the plant, which is the effec- 

tive sigma computed for the installed unit. This latter v~.lue, s~ 

can be seen from the Thoma relstion, varies with the headwater and 

~ailwater~ ~he uarometer pressure, a~d vapor pressure, If the plant 

sigma is ever less than the critlcal sigma determined from the model, 

cavitation would develop. Hence, ~fter the turbine ~etti~ has been 

determined, the plant sigma values are computed for the varlous 

opiating conditions expected; and from the curves of constant phi, 

establ~shed from the model tests, the allowable unit discharge is 

obtained from which is computed the allowable power output. If these 

data are plotted to give const~.nt power lines for headwater and tail- 

water elevation, the plan operations can be guided to operate the 

units correctly. 

It is customary in some laboratories to use the break in the unit 

disckarge-sigma curve ~o obtain critical sigma. If, on the other hand, 

the efficiency and unit power curves break so as to g~ve a higher sigma 

than the uni~ discharge curve, the higher value isused, together wlth 

the unit dlscharge far that value. When such a condition as this 

occurs for a particular rt~mer, it is believed that local cavitation 

is occurring which is not severe enough to affect the unlt d~ ~charge 

until a lower value of sigma is reached. This failure of the sigma 

break to coincide is indicative of improper design at some point, 
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which induces local cavitaticn to take place ~ead of the general i~ 

cavitation which ~ffects the ~it discharge break. 

General cavitation is the result of the lowering of • pressure i 

in a turbine until the pressure at some point, or over a certain area "~ 

of the turbine blades, is equal to the vapor~pressure of the wate~'.~ i 

When this occurs, general cavitation is unavoidable regardless of how ! 

well the turbine is designed. But from She model test, it is possible 

to set the runner at a correct elevatlon to prevent gener~l cavitation, 

or make ~ts occurrence remote. Local cavitation, - on the other han~, ! 

i~ exceedingly difficult to eliminate altogether. Experience ha~ 

~hown that improper design will permit local cavitation even though 

the pres~ ~ures in bhe turbine are above the critical. For example, 

local cavitation ha~ been caused by too abrupt curvature of the blade 

surfaces, rever.~als in curvature in the direction of flow, roughness 

of small obstructio:.~, excessive r~nner clearances, poorly design ed 

wicket gates, gates overhar~in~ the~th rout ring at or near full open- ~@ 

ing, improper shape of stay vanes or .vanes at improper angle to ~the 

flow, add poor design of curb ring, head cover, and scrollcase, ? 

With all these possible errors, together with t'~ fact that it is 

not always economical to use all of the margin between plant and tur- 

bine sigma required, it is necessary to~preweld portion.q (,f the runner 

with 18-8 stainless steel, particularly for units under 

heads in excess of 50 feet. 

it is interesting to observe that ee.ch manufacturer usually has 

his own te~ting iaboratory ,and sealously guards• hi~ design• data and 

result~ of model bests. Co~petitio~ among turbine:and pumpmanu- 

facturers requires much secrecy. • • • 

PUMP MODELS 

28. General. As with turbine ~odels, current engineering practice 

demands that the performance of pumps should be studied by testing a 

model pump, ~eometrically similar. The use of the model data to predict ~ 
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prototype performance is, as in turbines, referred to un i t .  ,qpeed, 

unit discharge, but specifies speed, instead Of phi. The floe c~ndi- 

tions in geometrically similar pumps are, according to Froude's Law, 

similar in similarly located points, thus malnta~ning dynamic 

similarity. The Reynolds number is, therefore, not the same in the 

prototype and model. Here again, it is considered that the influence 

of viscosity and the relative roughness between model and prototype 

are not of particular significance, but relative roughness does influ- 

ence the setup of efficiencles as taken into account by the Moody 

relation, which is also used in the step-up of model pump effic~enc~es. 

In turbine models, it was noted that tests in the laboratory are 

made in such a way that the range of phi in the model is the seme as 

in the prototype; in pump tests the specific speed is used instead, 

it being defined as t ha  speed (rpm) of a pump of such a e ize  th~t ~ 

it will deliver one ors (or one gpm) under a head of one foot. In 

the model tests the model head may or may notbe the same as the ~, 

prototype head; other factors, such as discharge and speed, being 

adjusted to give the correct values of speciCic speed, which means 

the model pump is run much faster andwith less discharge than the 

pr~totype pump. For any series of tests, the head and capag~ty at 

which the maximum efficiency is obtained are used For computing the 

specific s~ed of the model pump. 

29. Use of model. In large pump inztallatlons such a~ those 

for the Colorado River Aqueduct and the Grand Coulee Dam, there are 

no similar installations which may be used as a guide in the design, 

which is usually possible on smaller installations. Accordingly, 
,;r 

the designing engineer wants to know the followin~: ~ (I) 9hould the 

pump be csntriftlgal (double or single suction) or of the propeller 

type; (2) what is the proper rotation speed (specific speed); (3) 

intake pressure to avoid cavitation; (4) performance of pumps if 

power is suddenly shut off; (5) control equipment necessary; 
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(6) efficiency to expect; (7) changes necessary In propoeed design 

to improve efficiencie~. When resort is made to model te.~ts, a 

reasonable assurance i~ given to the engineer that his questions 

have been properly answered. The pump efflciency is of vital impor- 

tance to the o~er regarding the cost of operatlon over a period Of 

years, as well as the manufacturer supplying the ~*/mp regarding an~ 

bonus based on efficiency. 

30.. Cavitation tests. The pump setting and operation mu~t be 

carefully selected to eliminate, as ,n~ch as possLble, the eCfects~of 

cavit~ttion not only on the machine itself, but also on its efficiency 

over its normal operating range. 

In a manner similar to the cavitation testa previously described 

for turbines, cavitation tests are made cn VAmps by operating them at 

a constant capacity and zpeed while the inlet head is decreased gradu- 

ally until cavitation begins. This is noticed hr/ abrupt drops in 

efficiency, head, and discharge. From such studies, the necessary 

inl~t pressures are derived which automatically determine the excava- 

tion necessar/ for best operation, or checks may bemade on settings 

already established. In these and the~characterlstic tests, it is 

necessa~f to measure speed, torque, inlet and disch,.rge pressures, ~ 

and rate of flow. 

The cavitation characteristics of a pump are also correlated 

with the Thcma parameter sigma. Extending cavitation test results 

to other similar pumps may be accomplished quite readily if both 

model ard~ prototype operate under the same pump head. Thus, H s , the 

section head, is the same for both thereby obtaining the same condi- 

tions with respect to cavit.atiou. In this step-up, with both model 

and prototype operating under the same head, all~m~chine and fluid 

velocities are equal to each other at ~imilarly located polnts in the 

two pumps, while all water passages are changed in the model accord- 

ing to one fixed ratio. In another case, a generalization of the 

first and the more common type, occurs where, in addition to changlng 
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the water passages according to a certain ratio, all velocities 

at similarly located points are changed according to another fixed 

ratio. Thus similarity, both geometric and ~ynamic, exists. It 

is only under this condition that simple and reliable conclusions 

can be drawn for the performance of geometrically similar p11mps Or 

of the same pump under different operating conditions. 

In order to include cavitation characterintics under this more 

rigorous similarity, it is logical to expect~that cavitation will 

commence in the fluid in the pump when at some point the pressure 

has reached the vapor pressure of the fluid. If thi.~ is true,~the 

difference in total head between the section pipe of~ pump (cor- 

rected for elevation) and the point of vapor pressure, must equal 

the net suction head, Hs, (the total suction head above the vapor 

pressure of the fluid including the velocity head in ~the ~ction 

pipe). According to the similarity of flow cunditions, all pressure 

or head difference inside of geometrically similar pumps will ch~ge 

proportionally to the square of the velocities as l long as the flow 

conditions remain similar. Since with cavitation, the netsuction 

head, Hs, actually exists as a head difference inside of the pump, 

then in geometrically ~siailar pumps, H s is proportional to the 

square of the velocity (amy suitably chosen fluid velocity in the 

pump). Likewise, the total head, H, is proportional to the~square 

of the fluid velocitites in similar machines. Thus, H s and H are 

proportional to each other as long as the flow conditions are similar; 

but for geometrically similar pumps the specific speeds are the same, 

if flow conditions are similar. Hence, if the Thorns parameter, sigma 

(ratio of H s to H), and the speed of the pump are held constant, ~imi- 

larit~ is maintained with respect tc cavitation, so test results can 

be extended from one pump to a similar pump. 

The final case of extension of cavitation test results deals with 

similar pumps but with different specific speeds. This is a matter of 

finding some theoretical approach for calculating changes of sigma a~ 0 

~6 
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a function of~the specific speed. So far, a rigorous solution has 

not been possible, but resort may be had to an approximation in ,0 

N which a "~uetion" specific speed ,is used, S = ~ 03/4 ; and for 
Hs" 

extension of cavitation test results, S is held constant for pumps 

with similar inlet pas~ages but of different specific speeds. This 

is analogous to holding sigma an'~ specific speed constant. 

31. }'odel construction and laboratories. Mr~el pumpz are 

usually made by the manufacturer according to standard practice in 

use tod~y. Compared to the relatively simple wood an'~ nheet metal 

construction of other types of hydraulic models, pump amd~turb~ne 

model~ must be made of castings, carefully machined, thus ~,~king 

these models more expensive. 

Laboratory facilities for testing pumps are indeed extensive 

and require careful planning and utmost accuracy. Probably one of 

the best equipped pump testing laboratories is found at the California 

Institute of Technology. For a description, the reader is referred I 

to an article by R. T. Knapp, "The Hydraulic Machlnery Laboratory at 

the California Institute of Technology," Tran~actlon A.S.M.E., 

November 1936. 
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CHAPTER III - HYDRAULIC MODEL TESTS 

@ 

INTRODUCTION 

33- General. In the foregoing chapter, emphasis was placed 

on the basic considerations in adapting a model to a p~blem, the 

model design and construction, and testing procedure. In t h i s  

chapter, examples of actual~model tests will be given, as observed 

in some of the hydraulic laboratori es~in the United States, to 

illu~tr2te this type of research, as well as to show the nature of 

some of the problems confronting the hydraulicengineer today. 

@ 

@ 

FRIANT DAM 

34. ~ "  This model study is selected bmcause it 

is representative of the stndies made in the hydraulic l~horatory 

of the ~ureau of ~clamation, Denver, Colorado, in connection with @~ 

the Bureau's program of constructing large dams in the West for 

irrigation projects. This study is also selected because of the 

many different models which were made and tested before all the Lyr 

hydraulic problems could be solved. It is necessary to be brief 

in reporting on this model .~tudy, so much of the detail will be 

necessarily omitted, but er~ugh material will be given to show the 
Q 

laboratory practice involved and the results of the te.t~,. 

The Friant D,m. Jn the upper San Joaquin River near Fresno, 

California, is the fourth largest dam built by the Bureau and is 

the fourth largest in the United States. It is one of the major 

structures of the Central Valley Project, being 286 feet high and 

3,300 feet long, of the straight gravity type (Figure I). The water 

stored in the reservoir will supply the Friant-Keru and Madera Canal~, 

~hich have their headworks at the dam. An overflow ~pillway controlled 

by three lOO- by 18-foot drum gates is located in the center section 

of the dam, the maximum capacity oi" the spillway being 90,000 second- @ 

feet. 

~c 
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35. Crest calibration, l:25-scale model. The first model 

was built to study the dischargecapaclty of the crest with the 

drum gates at variouspo~it~ons and to obtain pressures on the 

crest and drum gates, the latter to be used for estimating hinge- 

pin reactions. This model was built to a scale of 1:25 including 

only a 50-foot (une-half), section of one gate. The model was con- 

structed of angle-iron frames covered with sheet metal, and plsced 

in s metal-lined flume two feet wide and six root deep. The gate 

was ~de of iron bents covered w~th sheet metal. A head-gage well 

was attached to the flume ar~ piezometers were installed :in the 

gate and crest to obtain the desired pressure distribution on a 

given pro~'ile and for the gate in several raised positlon~. 

It was concluded from these tests that therewould be no 

negative pressures on the crest profile for discharges up to nnd 

including the maximum of 90,OOOsecond-fe crest 

will have adequate capacltyfcr handling . argos; and 

that the model calibration curves should prove helpful in determin- 

ing the magnitude of floods passing the dam after its completion. ~ ~ 

36. Stilling-pool, .1:2~ scale model. The second model of 

the Friant Dam was of the sectional type built to a scale ratio of 

1:24. The purpose of this model was to design in the laboratory a 

satisfactory hydraulic Jump ~tillingpool at the toe of the dam. 

As mentioned in Chapter II, it is ~requen~l~ necessary to use large 

sectional mod6ls instead of cBmplete models because of the s~ ze of 

the prototype, the laboratory spaceavailable, andbecause moreaccur- 

ate results are possible on large models, since flow cond~tions~are 

more readily observed as to effect of changez in design. Thi~ mi~del 

represented a prototype width of 90 feet equelly divided on each side 

of one 12-foot pier. Since the stilling pool ~as the only concern, 

the c~'ezt was built ~to correct shape omitting the gates. A large ~i~ 

head-box was used as a reservoir with the crest secticn cut into one 

side near the top of the box. The spillway attached to the crest 

5O 
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@ was made from timber bents covered with sheet metal, and extended 

to the flow of another metal-lined box containing the stilling 

pool which was formed from rsheet metal ~ bents and covered with sheet 

metal. The flume or box containing the stilling pool had one side made 

with glass panel to permit observation of the floor. 

Because the agreement between the tailwater and the helght of 

water necessary, to form an efficient hydraulic Jump w~s 3ackin~, 

resort was made dn the study to the use of a sloping apron in %he 

stillin~ pool floor. This expediency produced an approximate but 

close agreement between the tailwater curve an~ the Jump-he.~ght 

curve. To obtain the ~orrect slope of the still~ng "pool floor, 

valuer of d2, or height required fori!a Jump, are computed for sev- 

eral dizcharges, including the msximum, from the ~ell-known momentum 

formula of the hydraulic jump. Then assuming the length o~" jump is 

4d2, each value so obtained is laid off as abscissa~ from a ~eference 

point. Above each point is plotted the corresponding value of tail- 

water establishing the liras of tniiwater elevation for each discharge @ 

selected. Then at each of these points a~ a center, an arc is swung 

having a radius of the corresponding d 2 computed. A line tangent to 

these ar~s gives the slope of' the apron as shown byFigure 2, w~'ich 

illustrates a similar procedure used far the apron at Shasta Dam. 

@ 
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A typical scour test consists of e~tabl~,zhing a profile 

in the sandbed .... downstream from the apron, representJng the proto- 

type excavation. The model Is then operated over a range of 

discharges; at the end of each discharge (usually run for Z5 minutes 

each), a profile of the sand is taken with a point gage, and photo- 

graphs taken of each discharge condition in the stilling pool. A~ 

types of sills, and lengths and slope~ of aprons are varied, 

comparison between each design may be made from the sand prof~les 

which indicate relative scour, and from vJsual observations of the 

stilling pool. Frequently, velocity measurements are required to 

give s better comparison of diflerent designs. 

37. River ~atlets, l:24-scale mode]. The next mode~ was of 

the sectional type, l:2~-scale, built to test a design of one of 

the proposed 102-inch diameter river outlets which were to mass 

through the dam and discharge into the main overfall spillway 

(Figure ~). These outlets, four In all, would operate to ~upply @ 

water to the San Joaquin River and to pass excess flow in addition 

to that passed by the spillway. The dlscharge in each outlet was 

to be controlled by tube valves at the upstream end, the maximum 

discharge being A,lO0 second-feet through each outlet under a maxi- 

mum head of 220 feet. 

In the design of these outlets, the end of the outlets was 

placed only a short distance above the stilling pool; this required 

that the Jets be spread laterally very quickly so as to spread across 

the entire pool to form a hydraulic Jump. If the flow from the out- 

lets is not spread, but is allowed to enter the pool as more ~olid 

jets, severe eddies may form, :Jnd these , 'together with excessive 

s~rface and bottom velocities, may ceuse undesirable flow conditions 

in the pool and immediately downstream. 

From a study of somewhat similar outlets for the ~2arshall Ford 

Dam in Texas, it was found that the best way to ,spread a Jet as 

required at Friant Dam was to place a :trans?tion section in the very. .~@ 
54 

i:i 



@ 

@ 

@ 

@ 

A typical scour te~t consists of e~tabl~shing a profile 

in the sandbed ..... downstream from the apron, representing the proto- 

type excavation. The model iz then operated lover a range o~ 

discharges; at the end of each discharge (usually run for Z5 minutes 

each), a profile of the sand is taken with a point gage, and photo- 

graFhs taken of each discharge condition in the stilling pool. A~ 

types of sills, and lengths and slopes of aprons are varied, 

comparison between each design may be m~de from the @and profiles 

which indlcate relative scour, and from v~sual obzervat~on~ of the 

stilling pool. Frequently, velocity measurements are required to 

give a better comparison of different designs. 

37. River outlets, l:24-scale model. The next model ,as of 

the sectional type, l:24-scale~ built to test a design of one of 

the proposed 102-1nch diameter river outlets which were to pass 

through the dam and discharge into the main overfall spillway 

(Figure 4). These outlets, fourVin all, wouid operate to supply @ 

water to the San Joaquin River and to pass excess flow in addit%on 

to that passed by the spillway. The discharge in each outlet was 

to be controlled by tub ~ ~alves at the upstream end, the maximum 

discharge being A,lO0 second-feet through each outlet under a maxi- 

mum head of 220 feet. 

In the design of these outlets, the end of the outlets was 

placed only a short distance above the stilling pool; th~s required 

that the Jets be spread laterally very quickly so asto spread across 

the entir~ pool to form a hydraulic ~ump. If the flow from the out- 

lets is not spread, but is allowed to enter the pool as more ~olid 

jet~ severe eddies may form, and these, together wi%h excessive 

surface and bottom velocities, may cause undesirable flow condit~on~ 

in the pool and immediately downstream. 

From a study of somewhat similar outlets for the Marshall Ford 

Dam in Texas, it was found that the best way to spread a Jet as 

required at Friant Dam was to place a transition section in the very ~I 
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down.~tream end o[ the outlet~ followed by an exit, trough or 

"beaver t~.il" cut into ~,he face of the dam. In addition, the 

transition mu.~t be ,~o ~haped that the flow starttx ~to expand 

under pressure v, lth~n the outlet, otherwi,~e no expanBion or 

spread woul4 occur. Furthermore, the outlet ,en.~ of the transl- 

tion ~Ast have an area less th&n that oF the:normal condu~t :to 

maintain positive pressures within the conduit and transition. 

Accordin61y, the outlet transition was reduced to ~ive an area 

at the e~tzem~ end section of 85 percent o ,c the area of the 

102-inch outlet. The tran'.~t~on as ~inally ~esigned i~ shown on 

Figure~ A and 5. 
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It will be noticed that its upstream section is'a circle of 

102-inch diameter and in a length of 14 feet the section changes 

to form an ellipse in the upper half and a rectangle in the 

lower half of the section. The crown is compoeed of two parab- 

olas, and the invert is composed of the arc of a circle. The 

trough or "beaver tail" in the face iof the dam diverges and its 

side walls are made tangent to the horizontal projection of 

parabolas forming the side walls of the transition. 

A model of one of the four outlets was installed in the 

previously described model used for studying the hydraulic Jump 

stilllng-pool (Figure 4). The transition was formed by cuttlng 

out of sheet metal several section templets and fastening them 

on a base plate, as shown on Figure 4. Piezometers (I/16'inch 

inside diameter) were attached to each templet section and were 

made flush with the inner surface of the transition, which was 

formed by placing cement-plaster mortar between the templets and @ L 

screeding to a smooth surface. Additional piezometers were placed 

in the floor of the ¢'xit trough. 

The model studies of this transition were made to determine: 

(1) The pressures within the transition under different heads; 

(2) the spread of the issuing Jet on the apron, and effect of spill- i 

way flow across the exit trough; i(3) the velocity distribution in 

the flow at the extreme end section of the trans~tlon, at the end ,~ 

of the exit trough in the face of the dam, and on the horizontal 

portion of the apron; and (4) the calibration curves for the transi- i 

tion, treating it as an orifice, i 

From the results of the tests on the transition, it was found 

that: (I) The pressures Within the transition, although not all 

positive, were satisfactory, assuring no bad effects from cavitation; 

(2) the spreading of the issuing Jet was entirely satlsfactory with 

only a small fin occurring along the side wall~ of the exit trough, ~ :~i 

and excellent spreading occurring on the sloping apron of the dam 

(Figure 6). This demonstrates conclusively the importance of starting :~'-~ 
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the Jet to spread in the transition and under pressure; (3) regarding 

the effect of spillway flow passing over the exit trough, ~t was found 

that no serious disturbance occurred even thou~.h no aeration existed when 

the outlet was closed; nevertheless, aeration was recommended. It was 

concluded that in any design of this type,, when the outlets are Closed, 

the spillway flow is deflected from the exit trough and then springs 

away somewhat from the face of the dam. Accordingly. the h~gHer the ' 

outlets are on the face of the dam, the more pronounced is the disturb- 

ance caused by the deflected water before it enters a stilling-pool. 

In this regard, for the outlets on the Grand Coulee Dam and Shasta Dam, 

it was necessary to place streamlined deflectors or ,eyebrows" on the 

face of the dmn immediately above the end of the outlet; (&) the velocity 

distributlon 
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at the downstream end of the transition, at the end of the exit trough, 

and on the apron is ~airly uniform, but slightly higher on one side 

than the other. The prototype velocities would vary from I00 to ~I15 

feet per second at the end of the transition; and (5)the coefficient C, 

in Q : CA ~/ 2gh, " where H is the head above the centerline of the 

end of the transition, and A, the area at the exit, varied From 0.~0 ~to 

0.85 for a prototype head varying from 35 to 230 feet. This was for 

no upstream control, such as a v~ive or gate, in the outlet. 

Although this study of the river outlets was successful on the 

sectional model, the type of design proposed had to be abandoned for 

two reasons: (i) It would be impossible to obtain close regulation of 

the discharge by tube vaives upstream in the 102"inch conduit because 

of excessive negative pressures developed in the valve and even in the 

conduit below the valve; and (2) as later discovered on a l:60-scale 

complete model of the dam, it was difficult, though not impossible, to 

make the issuing Jets from the outlets form a uniform hydraulic Jump : 

in the stilling-pool at the toe of the dam. 

38. Study of ~eneral perform-rice, l:6G-scale model. The purpose 

of this model was to study the performance of the river outlets; to 

check the calibration for the crest anddrum gate made on the 1.25-scale 

model, the scour performance of the hydraulic Jump stilling-pool, and 

the separate river outlet stilling-pool which was finally used instead 

of the river outlets passing through the dam. The discussion pertaining 

to the change in design of river outlets follows in Section 39. 

The model for studying the general performance consisted of all of 

the spillway, stilling-pool, and sufficient river topography :to assure 

a proper scour study. It was constructed from sheet metal bents covered 

with sheet metal. The crest section, resting on a shelf cut into~the 

downstream side of the head box, was~made from sheet metal ribs soldered 

to a base plate which was stiffened by angles. Each drum jgate, also 

made of sheet metal, was operated by a gear an~ rack so that the gate 

could be manipulated from one side of the model. The topography was 
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placed by using vertical pegs soldered to the metal lining in the down- 

stream box. Sand was then added and shaped to Just cover the top'of ...... i 

these pegs. The tailwater was controlled;by a movable tailgate and 

the tailwater elevations were read at a manometer tube on the side of i 

the box connected by a pipe to the center o f  the model  topography.~ i ~ 

The river outlets passing %hrouEh the dam were made of brass tubing, "~ !i• 
J 

the d~nstream transition being made from templets contained in a meta~ i 

box; the shape desired" in the transition was obtained by f~lling with 

cement mortar in between the templets. No piezometers wer~ placed 

since the pressures hsd been studied in the l:24-scale model of  %he 

outlet s. ! 

The first problem studied in this model was the performance of 

the issuing jets from the four river cutlets into the stilling-pool. -~ i 

It was immediately seen that the jets, although spread~ng somewhat as .: ...... ! 

expected, did not spread laterally enough to form a uniform @ 

the pool. Instead, the jets, after they plunged_ -into ~the tailwater,. 

were unraveled and diffused by the tailwater and prevented from spread~ng i 

by the hydrostatic pressure in the pool, It was observed that because ~ 

of this improper spreading, severe eddy action developed in the pool :~i" 

and downstream in the river channel. These eddies carried sand onto 

the apron in the model, as shown by Figure 7; such a condition in the 

prototype would eventually cause erosion not only to the concrete, but 

also to the riverbed itself. Attempts to isolate each jet by training- ~ 

walls in the pool was tried. This was not too successful and was 

objectionable because of the cost, andbecause of the impact effects 

of the spillway flow entering the pool on the training-walls. This ~ 

design was therefore abandoned, partly f o r  the reasons Just mentioned, 

but for the ~.ost part, becau:~e off the inability to regulatethe outlet r "~ '" ~ ~. 

flow by tube valves in the upstream end of the outlets due to excessive i!iiilj ~ 

negative pressures which were f~nd to exist in the tube valves and .=.i 

outlets below the valves in a similar design being studied for the ~liii~ 
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FIGURE 7, SAND ON APROH 

Shasta Dam. Time did not permit a~study to improve such a design for 

the Friant Dam, but a successful tube valve design has been subsequently 

obtained for the Shasta Dam outlets. Before abandoning the river out- .- 

l e t s  through the dam, horizontal outlets were tried through the~dam. 

The flow left the outlets as solid jets at the face of the dam and 

followed a trajectory into the pool, This also produced heavy, erosion 

to bhe riverbed and carried material onto the apron. 

Tests made to check the hydraulic Jump for the spillway st~lllng- 

pool previously desigr~d on the l:24-scale model, indicated the design 

to be entirely adequate as shown on Figure 9B. Water surface and sand 

profiles were recored with a point gage and compared with the l:24-scale 

m m 
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model test. hxeellent agreement was obtained not only for lthese tests, 

but for the check on ~the cs!ibration ~tudy made on the 1:25 model. • 

Tests were then discontinued on the l:60-scale model ~mt~l a larger- i! • 

scale model had evolved a separate stilling-basin for the river outlets. 

39. River outlet stilling-pool, l:3~&.375-scale model. When !t 

was realized that it would be impractical to use the river outlets 

through the dam, regulated by tube v,~lves, it~was decided to construct 

a separate stilllng-pool to the left of the main spillway for the out -~ 

lets. The regulating valves would be placed at the end of the outlets, 

enabling them to discharge directly int O the atmosphere. Each valve i 

was to be a Ii0- by 96-inch needle valve, capable of discharging about 

4,500 cfs each under a maxlmum head of 220 feet. The orlglnal design 

proposed that the valves be placed i~ feet on centers an~ each pair 

separated by. 32 feet to conform to the block construction of~Lthe dam. 

Starting at the invert of each valve at the exit flange, was a mildly 

sloping apron extending 165 feet downstream to a horizontali~apron 

10.75 feet below the invert of the valves and extending 86J~25 feet i@ 

downstream. At the~end of the apron, a large sill 14 feet high was 

placed, to force a jump into the uool end maintain!it there, since the 

maximum tailwater for the maximum discharge fin the river channel was 

one foot below the top of the sill. This condition meant that the sill 

would cause sufficient depth of water for a jump to form in the pool, 

then the water would plumge over the sill to the tailwater in the exit 

channel leading to the river. A training-wall placed between each pair 

of valves permitted operation of individual valves. The model~of this 

design was installed in the boxes used for the sectional model studies. 

The valves used had been made two or three years before for another 

study, but they were well suited for this problem. Since the scale 

ratio had to be based on the ratio of i~let diameter in the prototy~pe 

and model, the scale ratio of 1:34.375 was established. Each valTe 

was cnnnected by rubber hoses to sheet metal pipes comnecting to the 

head box. Wooden bellmouth entrances were slipped over these pipes 
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in the head box, and a" heavy ~teel stand was used for support~ug ' 

the valves. It had a tilting top enabling the valves ~to be polnted 

downward from the horizontal. The stilling-pool itself was made of 
I- 

wood to enable changes to be readily made. Heads on the model were 

read by piezometers connected to the head bo~, and discharges were 

measured bv venturi meters in the water supply line. oJ 

The original design proved to be entirely inadequate. The Jets 

from the valves repelled the tailwater in the pool and impinged 

directly against the sill at the lend of the horizontal apron.• At 

small discharges, however, a Jump would form but the toe of the Jump 

was contLnua!ly being repelled by the jets from the valves. At larger 

discharges, with the jump repelled, the Flow plunging over the ]arge 

end sill was in itself another problem in ener~V dissipation. Accord- 

ingly, this design was inadequate •and was•tried only because an effort 

was made to save rock excav~tlon, which d~d not provide a pool of :@ 

sufficient depth. 

To make the pool deeper, but at the same timenot excessively 

long, the four valves were tiltcd ten degrees downward. The depth of 

pool was revised to give the proper depth of tailwater for a hydraullc 

Jump, and an apron on a ten degree slope was added from the ~nd of 

the valves to a horiz,'ntal floor. This design was an improvement 

over the origLnal design, but it was necessary to e~perlment ,~Ith the ~ 

sloping floor extending from the valves to the bottom of the pool. 

Tests were made using a parabolic apron of curvature flatter than 

the praJectory of the valve Jets; this caused the Jets to be spread 

uniformly across the apron as they entered the tailwater in.the pool. 

This curvature o~ the apron was an important factor Influenciug the 

stilllng-pool performance. If the apron were too steep in curvature, 

the Jet would noL spread sufficiently, and if too flat, would cause 

excessive length of structure and fins springing upbetween the Jets i@ 
just as they plunged into the tail~ter. The final deslgn pool Is 

shown by Section C-C, Figure I, and on Figure 8. The two needle valves 
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adjacent to the main ~till~ng-pool were chan~ed to tube valvez oC il 

l corresponding size.. 

Because this study was confined to the river outle5 s~ill~ng- ~ 

pool only, a more detailed study had to be made of the pool perform- 

ance on the complete 1:60 model. Here it was possible to plan the ~ 

excavation necessary below the river outlet pool to the r~ver channel 

proper. This may be seen onFigure 9A, which shows the 1:60 scale ii 
model of the f~nal design. 

40. Madera and Friant-Kern Canal headworks. The next model~ ~ 

studied in connection with the Friant Dam were those pertaining to i 

the stilling-pools provided on each side of the dam for the Madera 
• ~'J" i 

and Friant Canal headworks (Sections E-E ar~ B-B, Figure i). The 

problems at these headworks were similar to those of the river outlet 
i 

stilllng-pool studies. The Madera Canal pool contalned two 91-by 

78-inch needle valves, each discharging 750 second-feet under a he~d 

of 132 feet onto a parabolic apron and into the pool. Theori~nal // ~@ 
v 

design of the stilling-pool was shortened 50 feet and raised 15 ~nChes, 
J 

. J/ 

its performance being excellent for all operating conditions.' The~< ~.~' 

model for this study was built to a scale of !:28,4375 as show:, on 

Figure I0. 

-~--%-. 4 : :u~: i ~/~5~ 
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The Friant-Kern Canal headworks conslsts of two iiO- by IO2-1nch 

tube valves and two llO- by 96-1nch needle valve~ which toe-ln a few 

degrees. This was necessary because the width of structure at the 

valves waz greater than the canal width farther do,mstream. The total 

capacity of Lhe valves will be 3,500 second-feet under a maximum hes~ 

of 114 .eet. A oarabolic apron was al,o used at the stilling-pool 

and the arrangement was found to be satisfactory. The pool floor wa~ 

not raised, but a sill 3.5 feet h~gh was added 52.75 feet downstream 

from the end of the parabolic apron. Figure !l shows the 1;28.~375 

scale model of the final design. 
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FI'GURE ll, FRI~NT-KERN CANAL HEADWORKS 

41, Aeration of coaster gates, l:I7-scale model. The tests 

previ~usly described have, with the exception of the river outlet 

transition, been concerned mainly with open channel flows. It is 
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frequently necessary to make studiez al.~o of the more mechanical ~-! 

appurtenant works, such a~ coaster gates and needle valves. 

In the design of outle%s~ass~ng through a dam or otherwise, it 

is customary to include some mea~ns~o~iemergency clo~ure in the event 

a regulating gate or valve In the outlet becomes immovable when 

either open or closed. When gates are used, the emergency clo,qure 

may be obtained by using two gates, the downstream one being used as 

a service gate, the upstream one as the emergency gate. For this 

type of design the service gate usually is either fully open or 

completely closed; it is not u.~ed for regu]qtlng flo~s. If a valve 

is used, such as a tube, butterfly, or needle valve, either within ' 

the conduit or at the downstream end, then emergency closure is 

usually obtained by lowering a coaster gate down the upstream face 

of the dam to close off the outlet entrance. Thi~ procedure is also 

usefu3, to unwater an ou~let furnished with both an emergency and @ 

service gate. In the Friant Dam, the design proposed but lster 

abandoned, as explained in Section 38, called for a tube valve a few 

feet downstream from the entrance of the outlets to regulate the flow 

in the conduit. No emergency gate was provided within the outlet, so 

a large bulkhead or coaster gate was designed to be lowered down ~the 

back of the dam to close off the entire conduit. It was assumed that 

the most unfavoraole condition would occur for emergency clc~ure when 

the tube valve was fully open. Under this condltlcn, a severe drop in 

pressure or drawdown would be expected to occur as the gate passed 

over the bellmouth entrance of the outlet. Since the closure could 

be made in a short time, the effects of pressure reduction on ~he 
f 

bottom of the coaster gate were not of primary importance, but it 

would be necessary to investigate the possibility of vibration of the 

gate because of differential pressures, and if vibrations did occur, 

to determine how they should be eliminated. The idea of aeration 

seemed to be paramount and was tried and found successful. @ 
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A l:17-scale model was built to test the coaster gate. The model 

consisted of a steel head tank connected directly to a 12-inch pump, 

a bellmouth entrance of machined brass attached to the end of the ~ank, 

and sections of 6-inch pyralin pipe shaped to the outlet profile 

(Figure 12). The coasterLg ate, made of galvanized sheet metal, oper- 

ated in slide grooves attached to the end of the pressure tank. 

Threaded brass tubing fastened loosely to the gate and connected to a 

duct throu'gh the gate provided a passage Cot adm~ttlng air to the bell 

entrance and a means for raising and. lowering ~e gate. P!exl ble 

connections between the stem and gate allowed free movement in case the 

gate vibrated. Location of the vent system in the stem permitted ini- 

tial studies to be made without altering the bell entrance, while the 

air-supply-duct size was varied by placing telescopic brass tubing in 

the gate stem. A pressure ga~e attached to the head tax was used to 
, i7< "~  , , . : ,~'=~ 

indicate ~e head on the outlet, and piezometer~ iiin the cutlet condu~t 

along its inner t!~dzface. The outlet @ 
were used for measuring pressure 

regulating valve farther downstream was omitted because of an uncer- 

tainty or' its design; the reduced loss because of its omission was 

considered a factor of safety. Because of a lack of similitude between 

the Reynolds number of the model and prototype, the model was tested 

for heads in excess of those representing the prototype. 

Initial tests revealed that the coaster gate of the model vibrated 

for all gate openings (or for various closures), due apparentl~ to the 

pressure differential on the gate, which was caused b v hydros%atlc 

pressure on its upstream face and~negatlve pressures in the conduit 

just downstream from the gate. To remedy this condition, ai~ was 

admitted to the hell entrance. This reduced not only the vibration and 

the pressure differential, but at the same time made it easier to oper- 

ate the gate by reducing the forces creating sliding friction. To 

ascertain the best place to aerate the gate, pressures were recorded in 

the conduit. By establishing the longitudinal limit of the ne~atlve I 

pressure region within the conduit, it was possible to locate the vent ":! 
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positions. Studies over a wide r~nge of gate opening, and heads !I 

showed that an average position should be one-half conduit diameter ~ 

from the upstream end of the conduit; thus the vents wo111d enter the 

bellmouth section of the outlet. / 

Upon completion of these initial tests, the model was changed 

to provide a bellmouth sectlon which would facilitate testing. 

Accordingly, one was designed ~tith a variable supply duct, a man~old, 

and variable vent openings. An anemometer placed in a measuring 

tunnel attached to the supply duct recorded the slit Clow through the 

model system. To obtain relative vlbrat~on, measurements, a metal 

reed and a DeForest strain gage were fastened to the pyralln pipe out~ • 

let section immediately do~Astream from the bellmouth, piezometers 

were again installed in the bellmouth walls for determining the degree 

o~ • aeration. 

From tests on the revised mode~, it was a!scovered that the ~ir- @ 

duct size affected not only the pressures within the bell entrance, 

but also the vibration characteristics- It was found in the first 

case that pressures increased rapidly !negative pressures became lower) 

as the duct size increased, but beyond a certain size duct, the change <t~ ~; 

in pressure was less pronounced. In this manner, a model duct size 

of 1-3/A-inch pipe was established, and being independent of the head, 

estimates were made for prototype ducts for various size conditions. 

A critical duct size was also established in the model considering 

only vibration of the model, it being found that a maximum dampening 

effect was obtained for a duct of 1/2-inch in diameter, independent of 

the head. Again a curve was derived for various prototype duct sizes 

for various outlet sizes. Completing the airduct tests, it was found 

necessarV to admit air to the bell entrance from more than one point, 

in fact, six were selected, the combined openings of the holes being 

slightly greater than ~e area of the supply duct to offset Individual 

@ entrances losses. The lowest vents were placed 30 ~egrees. off the i 

i n v e r t  of the outlet, y 
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L2. Needle valves, l:le.33-scale~ model, The final m~del test to 

be discussed for the ~riant Dam is one which reveals some difficulties 

frequently encountered w~th the performance of needle valves. 

The concern felt by hydraulic engineers on the effects of cavita- 

tion in flow~.ng water was mentioned in connection with the cavitation 

tests made on turbines and pumps. The main concern there was to prevent 

as much as possible, the pitting of the r~mner blades or impellers and to 

prevent cavitation from affecting the efficiency of the machines. In 

needle valves, similar pitting has also been a major problem, since 

incorrectly shaped needle valves have been eroded within the body of the 

valve and on the shoulder of the needle after only a short time of opera- 

ticn, the cavitation occurring generally for valve openings of Crom 5 to 

30 percent. For a description of needle valves and regulating gates, 

see Dams and Control Works, Second Edition, United State.~ Department of @ 

the Interior, Bureau of ~eclamation, Washington, D. C., Februe.ry lq38, 

pp I~2-198. 

Inspection of some needle valves recently put in opera~tion by the 

Bureau of Raclr.mation discloses pitting to develop o~ the needle immedl- 

ately downstream from its point of seat with ~ %he nozzle, and ins~fle the 

body of the nozzle a short distance upstream from the downstream en~ o~ 

the nozzle. Older valves have had to be repaired by welding meta] to 

the pitted areas. Because of the oitting, especla at t newer 

installations, tests were made on a model in an attempt to make the needle 

" ~.. ~ om pitting valves being designed for the Friant Dam outlets entlreA~ free ~r 

and thereby develop a design suitable for other installations. 

The Frlant Dam needle valves will be TlO- by 96-inch, that i,, they 

will have an inlet diameter of Ii0 inches and an outlet diameter of the !~ 

nozzle of 96 inches. Each will discharge 4,500 .~econd-~eet under a maxi -~ 

mum head of 220 feet. ~, A l:le.33-scale mode~ was made of one of the valves 

from bronze castings carefully machined to the true .~imensions, as shown I 

on Figure 13. Piezometers were installed on the bo,~V of the valve from 

needle.. The approach pipe to the ~ 
- t h e  inlet to the o~tlet, and o n  the . . . - . . . . . .  ~ . ~ . ,  



valve was connected to a pressure ~nk wh~.ch, in turn, was connected 
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FIGURE 13, NEEDLE VALVE MODEL 

directly to a 12-inch centrifugal pump. The head on the valve was 

measured onediameter upstream from the inlet flanges, and the dis- 

charge was measured over a calibrated weir i~ the return system of 

the laboratory water supply. Pressures were measured by manometers 

connected to the plezometers on the valve by rubber tubing. The 

valve was opened or closed by a crank mechanism which controlled 

the movement of the needle. 

The first tests were concerned with the pres.~ure gradient through 

the valve for various heads arid valve openings. It was ~oundimmedi- 

ately that the low-pressure area f~nd on the model agreed almost 

exactly with the posit~onof the pitte~ area observed on several 

prototype structures. These, as mentioned, occurred on the needle 
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ju~st do-~n~tream from its shoulder and on the curved uortlon of the ~ • 

nozzle near its downstream end. Although the-ore~sure con,1lt~ons on 

the surface of the valve were unfavorable, the valve had a high coef- 

ficient of discharge- To improve the pres~ ~ure gradient, the mo~el wa~ 

so revised that the orifice of ~ the nozzle was changed from a round- 

edged to a sharp-edged orifice, and the divergence between the needle 

and the body of the valve at the nozzle measured at the open position, 

was changed to a convergence of 3 degrees. This change produced s 

positive pressure gradient throughout the valve, but the coefficient or 

discharge drops. ~ed 15 percent. From these results, the llmitat~ons were 

evident: The pressure gradient must be posi~dve, but the d~scharge 

coefficient must remain at a high value. 

The tests that followed were concerned, therefore, with the pressure 

gradients and the discharge coefficients over the operating ~,nge, a.=- 

affected by changes in the length of needle travel in opening and clos- 

ing, in the outlet (nozzle) r~iameter, and changes in the angle of the 

outlet section (divergence or convergence o, e the annular water passage @ 

between the nozzle and the needle)' The procedure for each test after 

the valve was changed as desisted, consisted of measuring the valve 

opening (this varied from 5 to I00 percent), establishing the discharge 

for ~he head desired at any opening selected (heads varied from 2 to 22 

feet), and recording the discharge and pressures on the needle and 

nozzle. For full-valve opening, ~the profile of the ~Jet was measured. 

From these tests, it was discovered that by changing the orifice 

of the nozzle from a round-edged to a sharp-edged orifice, the control 

was maintained at the orifice resulting in a positlve-pres,~urel gradient, 

in:~tead of a negative gradient with the controlupstream from the orifice. 

It was determined, furthermore, that variation in the outlet ~iameter 

and the length of travel of the needle had no effect. _ noon. • the preSsure~ 

gradients, but that~t he control point at the orifice was the gove~Ing 

factor, and that a converging outlet section will place the control at 

the orifice for all valve openings, parther te~tlng allowed conclu zi'~n~= 
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0 to be drawn regarding positive pressure gradients; that a smell 

divergence of about one degree, parallel outlet section, or small 

convergence would be permissible. Relative to discharge coeffi- 

cients, it was possible to state that the length of travel of the 

needle and size of outlet diameter affected the eoefflciemt of di.~- 

charge. For a valve with a given o~tlet diameter and needle travel, 

the discharge coefficient would depend upon the shape of the outl~t 

section, which is governed by the shape of the needle end nozzle 

body • 
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CHECK DROP 4 

43- The prototype. This model study is selected to illustrate 

a type of problem found on irrigation projects, and it represents a 

study made of an existing structure. 

On the Yakima Irrigation PToJect, Washington, the Sunnysi~e 

Main Canal supplies ,ater to 90,000 a~res~out of a total of 106,000 @ 

acres on the project. The capacity of this canal has been steadily 

increased from 680 second-feet in 1912 to its present capacity of 

1,300 second-feet. Because of this inc:rease in capacity, ~t was 

necessary to place in the canals at intervals of about two miles 

23 check drops to maintain normal depths of flow and velocities. 

These structures were added between 1907 ~nd 1916. As :the capacity~/ 

was increased, and after the drop structures had been in operation 

only a few seasons, severe ~ scour developed below each drop. This 

scour widened and deepened the canal to such an extent that it began 

to encroach on valuable farm lands adjacent to the canal at the drop 

structures. With all efforts failing in the field to prevent this 

excessive erosion, the problem was finally submitted to the Hydraulic 

Laboratory of the Bureau of Reclamation in' Denver. 

These drop structures, all nearly similar, consist of a check 

basin placed between two vertical walls. In the check ba~.in are 

concrete piers surmounted by steel brackets which permit the planing 
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of flashboards across the canal to regulate the depth of water ;! 

between successive drops. Riprap is placed in the bottom of the !i 

canal, both upstream and downstream from thecheck basin to reduce 

scouring. The tot~l drop in water surface at Check Drop 4, the ~ 

one selected for study, is only 15 inche s. The maximum drop in 

the series of 23 structures is 27 inches. 

From field observations and from an analytical analysisi!made • 

previous to testing the model, it was found that because of the 

small drop at each structure, standing waves formed instead of the 

hydraulic jump. Accordingly, only a small amount of energy dissipa- 

tion occurred enabling relatively high velocity flow to proceed 

downstream, particularly along the water ~urface. This produced 

large eddies on each side of the canal and eroded the c~nal banks. ~ii~ 

As erosion progressed and widened the canal, the eddies also increased '~i 

and continued cutting the bank~. Velocities were of sufficient magnl- @i 

rude along the bottom to erode the canal bottom to a depth of ]5 feet 

below normal. 

44. The model. A l:15-scale model of Check Drop 4 was built 

as shown on Figure 14. The drop structure waS made of redwood, and 

the steel brackets of sheet metal. It was then i.stalled in a large, 

metal-lined box whlch provided sufficientlength of approach: upstream 

and sufficient length and widthdc~nstream so that the scouring in " 

the model would not be restrained. Gages were Installed to, measure 

the depth of flow, which was controlled upstream by flashb°ards~at 

the drop structure and downstream by a tailgate. Because themodel 

velocities were considerably less than the prototype velocities, ~t 

was necessary, to use in the model the finest sand available to repro- 

duce the prototype scour, which occurs in ~olc~nic tuff. : ~::}0 

45- Tests on model. Tests were made, at first, to check or .~ 

verify the model to see if it would reproduce the flow conditions ... ~,~ 

and scour noted inthe prototype. To do this, the model discharge @i 

wa~ run for 26 hours, during which time the discharge,., tailwater, ii:- 
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and number of flashboards were varied, duplicating an oper~tinn 

continuous during an irrigation ~eason. The results of this test 

were most gratifying (Figure 15A): the ~tandin~, wave flow and 

excessive scour were fa~thfully reproduced. An ~ntere~t~ng compar- 

ison with the prototype may be ~een by comparing P~gures 15A an~ B. 

It was apparent that the following conditions existing at the 

prototype h~d to be e~Iminated: (i) Unsymmetrical flow d~str~bution 

through the drop structure; ~(2) standing wave and excessive veloc- 

ities below the drop; (3) eddies a~ong the side of the canal 

immediately below the drop; and (L) scour to the canal. 

46. The recommended desi~ ~n- To improve the eyisting structure 

was a difficult and trying task. ~any designs were te~ted to increase j 
the energY dissipation of the flow an~ thereby reduce the scouring 

action in the canal. The first revision extended the vertical s~de 

walls downstream to form a stilling-pool, and added curved tra~nlng- 

walls at the entrance to the check basin. Sloping Cloors were then @ 

placed between the pier's of the check basin, followed by a horizon- 

tal floor exter~.ing to the end of the vertical side w~lls. Th~s 

and similar designs were unsuccessful. Finally, a deflector ~s 

placed across the stilling-pool immediately do,mstream from the 

brackets. This caused the entire flow to plunge under the ta~lwater 

and into the pool. By placing baffle piers on the pool floor and by 

setting the floor at a proper elevation, the desired results were 

accomplished. The high-velocity flow no longer escaped along the 

water surface, no eddies developed, and a 26-hour scour te.~t reve~led 

practically no scour at all to the model canal, a~ shown by Figure 16. 

47. Ipspection of structure in field. It is indeed fortunate 

when one is able to test a model and then to be able to observe the 

prototype in operation at nearly the maximum discharge. The author 

was fortunate, therefore, to be able to study Check Prop 4 while 

inspecting the Yakima Project in Washington. It can be sa~d that 

the prototype is performing as predicted by the model tests. 
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Figure 17 shows the revised structure in the model end ~n the f~eld. 

The collection of trash at the prototype structure is evidence of 

roller action in the stilling-pool. Thi~ is indicative of energy 

dissipation throughout the entire depth, Inztead of only cn the surface 

•O O 

@ 

FIGURE 16, MODEL OF RECOMMENDED DESIGN 

as noticed on Figure 15-A similar collection of debris .as noticed ! .~ 

during the laboratory experiments, but it was given little con~idera- ! ! 

tion since it interfered with photographing the model. In the ~leld, 'il 

however, it has been of considerable value in clearing the canal of 

large amounts of trash, conveniently removed at the etructure. Check 

Drop 6, farther down.~tream, has also been revised in a similsr manner, ~ 

although the flow conditions are somewhat different than at Drop 4. 

No model st~dy of Drop 6 was necessa~', since the design of Drop 4 wa~ i- 

easily modif'ied to meet the ceaditions at any of the 23 ~rop structures. 

For additional discussion of this model-prototype comparison and others, ...~ 

the reader is referred to a symposium of this .subject to be published ~ .~ 
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OUTI,ET ENTRANCF.S, UADDEN DAM AND GRAND COU[,EE DAM " ~'(~'i'i:':~":!': " '"]ii I 

! 4S. Probl~m involved. One of the more important'design':problems ~ '! 

is ~hat of proportioning the shape of entrances to rectangular,:or c~rcu- r 

lar outlets for high dams. The shape developed is sometimes referred 

t o,, , m  to as a bellmouth entrance. If incorrectly designed, he/fl 

separate from the boundarj surfaces and cavitation will:develop, caus- 

ing pitting of the surfaces, vibration, and noise, One of the best 

examples of this occurred at the outlets of the Madden Dam. In their 

model t~st at Carnegie Institute of Technology to study the outlet 

entrances of the Madden Dam, Thomas and Schuleen reveal the 'damage done 

at the prototype by cavitatlon. 2 The entrances to the six rectangular :! 

conduits, 5 feet 8 inches wide hr¢ I0 feet high, were formed with a i 

A-foot radius at the cro~n, invert and sides of the inlet end, which .... , " . 

which was not lined with steel. After operating at almost ma~imum~head " ~'~ 

for a brief' time, it was clear that because of severe crack]~ng and ~ 

~opp~ ~g noises a~ le a~age into ~ galle r~ from a. po~ou~ tile ~rain ~n ~, ' ~ 
~, ~ 

a partition wall between conduits I and 2,:that cavitatlon~and.:~t~ " : i 

pitting effects were tremendously large. By lowering slide gates to il 

about 90 percent open, the cavltat~on was minimized. After empty~nR 

the reservoir, an inspection was made of the inlets to the cond~uits. :i'. 
? 

In the outlets damaged the most, the:cavltation In the £].ow~had heavily 

pitted the ~ide walls, invert and crown to depths of 2 feet.in many 

places, and had exposed reinforcing bars that had been,placed~!O inches.[ 
# 

below the b~urface of the concrete. " " . i  

49- Test methods. To correct these unfavorable conditions, the 

models at Carnegie Institut.e of Technology we~e::i~eZted in. a cavitation i,,, 

apparatus which permitted the absolute pressure on*the models to be ! 

reduced to the vapor pressure of the wa~er in almost direct proportion 

to the model scale ratio. By this method cavitation wcmld actually 

@ 2Thomas, H. A. and Schuleen, Emil P., "Cavitation in Outlet Conduits 

of High Dams," Proc. A.S.C.E:, November 1940. 
~I@ 
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develop in the model, and by recordJng pressures and changin~ shapes 

it was possible to redesign the Inlet shape. 

This example illustrates the serl.-,usness of inadequate entrance 

design of outlets through dams. The studies made in f.he Denver Hydrau- 

lic Laboratory of the Bureau of Reclamation, on the entrances for %he 

Grand Coulee Dam outlets, were in progress when the Ma44en Dam outlets 

were reported to be damaged from cavitation. Aceordlngly, test~ were 

made to provide an adequate design for the be~imouth entrances of the 

outlets in the Grand Coulee Dam, 3" These outletz, 102 inches in dlam- 

eter, occur in three tiers separated vertically byapproximate]y 

I00 feet, 20 outlets in pairs in each tier. Steel lining ~s placed 

in the upper two tiers throughout the entire length of condu~t, but 

only at the gate section in the lower tier. 

Instead of testing a model outletby the vacuum method used by 

Thomas and Schuleen, the model was tested at atmospheric pressure, so i 

cavitation, if it were to occur in the orototype, could not actually 

be produced in the model, but piezometers were Installed on the boundary 

surfaces to record pressures. It i~ possible to predict by this method 

that if, for any operating conditions, sllght positive pressures (above 

atmospheric) existed, then only positive pressures w~ul~ occur in the 

prototype; and if negative pressures (subatmospheric) occurred, then 

they would also occur in the prototypej and if these negative pressures, 

when expressed in terms oC the prototype, approach the vapor pressure, 

then cavitation would probably occur at the prototype. This methe~ 

is more convenient and less expensive and is generally u~ed more than 

the vacuum method. Nevertheless, recognlti.~n is being glven to the 

vacuum method and a comparison of the results of tests.~n a problem 

studied ~ both methods is awaited with interest. 

i e .,~draulic.Model Studies for the Design of Sluice Entrance. q for Grand 

: !Co,flee Dam," Report No. HM-I, Bureau of Reclam~tlon, Denver, Colorado, 

i 
~i : ~ ~: r :September 15, 1939. 

@ 
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50. B ellmouth design. The objective set for ~the pressures :on 

the surface of the inlets to the Grand Coulee sluices was that ~they 

should not fall below atmospheric' To accomplish this, it ,-.as decided, 

since the outlets were circular, tc establish the exact shape of 8 Jet 

issuing from e circular sharp-edged orifice. A !2-inch pump giving 

the desired range of heads and discharges was connected ~to a pressure 

tank 3 feet in diameter and 5 feet long. The water entered the ~tank 

through a series of ccncentric distributing cones, passed throuoh a 

specially constructed checkered rack, designed to produce an even .Vlow 

distribution, and thence out throt~g~h the circular orifice. The orifice 

was made 3 inches in diameter in s brass plate and set in s floating 

steel plate which was designed to remain in a plane regardless oF shape 

changes in the pressure tank. A specially designed instrument ~,as 

attached to the downstream flange of the pressure tank to measure the 

profile of the issuing Jet. The test apparatus is shown on Figure 18. 

The first tests measured the Jet from the 3-inch orifice for heads 

varying from I0 to 95 feet. A profile of the Jet was taken in longi- 

tudinal planes inclined O, 30, and 60 degrees from the vertical. For 

the heads tested the profile of the jet was quite unlfcrm, ~o e curve 

was drawn through all points. The coefficient of contraction, the ratio 

of the area of the minimum section to the area of the oriflce, ~,sa¢ 

foluad to be 0.598. This figure agreed closely ~.2th the value of 0.61] 

used in orifice studles ~r/ Professor Charles Harris at the Unlve]'~ty 

of Washington. From the shape of the Jet issuing from the c~rcular 

orifice and by applying a factor of safety, that is, using a coefficient 

of contractilon of 0.590 instead of 0.598, ~n equation in term~ of the 

outlet diameter was rotund that wou~d give a satisfactory bellmouth. This 

equation is x 2 + y2 = I, an ell~pse, which, when rotated 
(0.50D) 2 (0.15D)2 

about the axis of the outlet, foT~s the desired be]imouth. From th~ 

equatlon, It may be seen that the length of the bellmouth ~s O.~OD an~ 

the contraction is 0.30D. By neglecting the back pressure In the model, 

which would be present in the protokvpe due to frlctional loss downstream 

from the entrance, it was believed best to converge the conduit slightly 

78 
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Just downst1"eam from the entrance. This was provided for in an elbow 

section which was necessary because the axis of the bellmouth entrance 

is tilted to be normal with the 0.15 slope of the upstream face of the 

dem, while the conduit axis Is horizontal (Figure 18). The convergence 

in the elbow is not necessaNy at all outlet designs, but was an added 

factor of safety and readily appl~ed because of the elbow requireE in 

the condu~t. For horizontal outlets, theabove equation is ent~reSy 

adequate as far as pressures are concerned in the entrence. Since 

these model tests were made for a single outlet and with no tr~shrack, 

a check test was made to determine the effect of a trashr~ck a~ the 

operation of adjacent outlets. It was found that these factors haa a 

negligible effect on the previously recorded positive pressure condi- 

tions. 

In 1940 and 1941 prototype te~ts were made of the outlets at 

Grand Coulee Dam and it was found that the prototype pressures were 

in good ~greement with the model results, ReCerence Isagain made 

to the model-prototype symposium to be published in a!~942 Proceedings 

of the Society. 

JOHN MARTIN DAM 

51. The prototype. The John Martin Dam (formerly Caddoa Dam) 

is located on the Arkansas River about two m~les from Caddoe, Colorado. 4 

It will be a concrete and earthfil] structure 4,000 feet lon~, w~t~ 

a spillway 1,174 feet long, designed to pass 630,000 second-Ceet in 

the concrete overfall section (Fi~e 19). The height of the dam will 

be 105 feet from foundation to the crest, and the reservoir will have 

a maximum calcify of 655,000 acre-feet. The flow from the reservoir 

will be controlled by four 6- by 7,5-foot rectangular conduits an~ two 

~- by 4-foot square conduits for low-water flow, operating under a 

4Model Study of the Spillway and Stilling Bssin 9or the John Martin 

Dam, Arkansas River. Technical Memorandum No. 166-I, O. S. Waterways 

Experiment Station, Vicksburg, Mississippi, December 15, 1940. 
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. FIGURE 2~,I~ODEL OF~ SPILLWAY 

The" reservoir .was .represented .::by. a brlck : headbay :.:large ...enough ito 

. permit, quiet:approach .conditions. ~The -. spillway ~: structure :,:was im~. 

..with a structural ..steel~-base:~nd, with ~sheet :metal 

~a cement:',mortar was molded, smooth:surfaces~.beln~ . . . . . . . . .  _ 

piers were made.~:Of :,.wood :::.and waterpm 

supporting the- spillway.. :The: ~ radia: 

, •were fabricated :-from {sheet :metal. and~-brasi 

: , : ' ,  ' j 

/ :  

" . . . .  a c h   :of,! he :is x 

• . ~ :stilling-pool, -consisting: cf ~-the .: apron,-~:baffle ::pie~ .~ 

• trainlng~:,alls ~ were : reproduced .:~In ...wood, :;:the i, baffle., 

to :sheet~ me.taR strips ::to ~ facilitate :the~ r.-moving-:t~ 

: A : ~ g l a  s ~ p a n e l  ~. w a s  ~: p l a c e d  on. :the... :-~ s i d e  . o f  ~th, . . . .  :.: :. : ! ~ : , ~  • .: i. 

• .  : ~  " . -o f  ~:.the .~ f l o w  • p h e n ~ J e ~ o n  :.on :: t h e  ~ . a p r o n ,  ~ b u t  ~ the  ~ . e x l t  : e h a n ~ l  ~ - w a s : ~ : ~ o ~ $ n e ~ . i  :- •:i~.: !" 

" t i g h t  : b ~ i c k - a n d , c  n c r e t e  f l ~ m e .  " • ~ h i S ~ h e l ~  ~ t h e ' : i s ~ :  . . . .  i n  . a ~ : w a t e r  - o .... ~ . : . .  

. . . . .  : : .  

~. , was: molded -:%o-~• the ~:aonflguratlon. of ~ the exit 

:.supported ~ on ~steel .beams, 

.~ • T h e . w a t e r .  W e d  : f o r - % h e t e s . U , . , a s : s ~ p p l l  

• ' : - ' . ~ I n ~ s  4:connected :in ;pa~ll 

. "  : . i ~ e ~ r s ' ,  i : . ~ l e n , : ~ ~ A n ~ o . : , : . t h e  x f o r e b a y :  W h e r e  -/:i. 

U!::.! 
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After passing through the model, the water returned to the pump snap 

by a return pipe. 

54. Model measurements. A run or test consisted of establishing 

a desired discharge, head, gate opening, and %ailwater for the various 

designs being examined. Standard types of hook and point gages were 

used for measuring water..surface elevations. Current directions were 

established by tracing confetti on the surface and dye benea%h the sur- 

face. Pressures were measured with manometers connected by tubes to 

piezometer openings along the surfaces of the model. Velocities were 

recorded with a pltot tube, and scour to the exit channel was mea,~ured 

by a special point gage. The amount of scour was obtained by plotting 

the scour profile and comparing it to the plot of the ~and bed ~n the 

exit channel before a test was ru~. 

In designing the model, a scale ratlo was selected such that the 

roughness on the model would closely simulate the.prototype roughness. @ 

Accurate measurements could be made of the various quentdties involve~ 

and accurate construction of structural elements could be ~Lde; flow 

throughout the model weuld be turbulent; and the model should include 

areas and sur~'aces pertinent to the problem. 

55- Test procedure. To determine whether each element studied 

was adequate and to record the final results obtained, several tests 

were made. Briefly, these tests were concerned with the following: 

a. The relation of the reservoir elevation to the dis, 

charge for various combinaticns of full and partial gate openings 

to establish rating curves for the Taintor gates on the crest. 

b. The flow conditions over anC through the spillway struc- 

ture to indicate the general hydraulic performance relative to 

eddies, turbulence, and other undesirable conditions detrimental to 

the safe and efficient operatlcn of the spillway. 

c. The magnitude of pressures over and through the sp~_llway ® 
structure in order to establish a hydraulic gradient through the 

outlet conduits and to estimate the forces acting on the spillway 

/ .:.: - . a n d  
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The profile of ~ater surfaces over the spillway, and ,,, i I 
.:, Z. 

d. i ̧I̧  

through ~he stilllng-basin.and exit channel to determine %he " ! 

height of trai~in~ ~l~s and r to check %he formation of the hydrau- 

lic Jump phenomenon. 

e. The magnitudes of velocities in the stilling-pool;and 

exit channel to determine the flow distribution, effect of bottom 

velocities on scour of bed material, and to compare different designs 

tested in the stilling-pool. 

f. The magnitude and extent of scour in :theexlt channei to 

compare various apron designs tested. Since this was a qualitative 

study, no quantitative estimate could be made relative to prototype 

scour. 

56. Summary of results. Considering each feature of the proto- ; :  

type separately, the model studies disclosed the following: 

a. Spillway. For all conditions of discharge and gate 

openlngs, the flow passed smoothly over 'the ~spillway crest..SI~ght 

negative pressures were recorded along the ogee section for all gate 

openings, and slight revisions to the crest had no effect~either on 

the flow or Pressures. The model rating curves agreed closely with 

the computed curves. 

b. Spillw~y piers. All intermediate piers were satizfactory, J 

but the end piers at the train~ng-walls w~_re changed to provide a ~ 

streamlined pier nose, ..- 

c. Crest gates. All ~ates should be operated uniformly ~so . 

that no unbalanced flow conditions would develop on the spillway and 

in the stilling-pool. The maximum flow for one gate operaticn.=.ehould 

be distributed among at least six gates. For larger flows, the gates 

adjacent to the training ~;alls should be open to eliminate upstream 

eddies in the stilling pool. 

d. Conduits. The flow in the conduits was satisfactory for ~ 

all operating condition~o ~egative pressures were measured In the 



@ 

@ 

downstream portion of the outlets, but were (except for low heads) 

relieved by lowering the crown at the exit slx inches. This 

throttling reduced the discharge capacity lO percent. 

e. Stilling-pool, ~e original design submitted for testing 

was entirely adequate, but to improve st~mctural conditions a~ the 

beginning of the pool, a sloping apron was added. :The pool st~ll was 

adequate, but its performance was contingent upon the operation of 

the spillway gates uniformly. 

f. TrainlnK-walls av/" earth f~l embankment. Increasing the 

length of the training wall at:/~the stilling-pool and adding to the 

• end an extension on a 50-foot radlus reduced the scour to the r~ver 

at the corners of thepool , the eddy condition along the earth embank- 

ment, the eF~t velocities attacking the earth embankment, and confined 

the turbulent flow below the pool so as to provide an ea~ transition 

of flow into the exit channel. 

@ 
r~ISSISSIPPI RIVER FLOOD- CONTROL MODEL :~ 

57. The model. The floods of the Misslssippi River are too well- 

known to be discussed here, but it Is~;not generally known Just what 
\~ 

steps are being taken to e!Im~nate th6~'e floods. The methods employed 

consist of making cutoffs, provid~mg ~Cloodways, and building levees, all 

of which may or may not be adequate. Cutoffs shorten and straighten the 

main river channel, while floodways are auxiliary channels or areas 

provided for handling excess water to decrease the stage or to regulate 

the stage within certain limits in the main river channel. . - 

Making these changes is one thing, but to predict their efficiency 

is another. Accordingly, the U. S. Waterways Experiment Station has 

constructed a fixed-bed ~vpe of model of the Lower Miss~ ssippi R~ver to 

include the 6OO-mile reach from Helena, Arkansas, to Donaldsonv~l]e, 

Louisiana. In addition to the Mississipp~ River channel, there is also 

incll/ded limited lengths of the principal tribtrtaries, %he White, 

Arkansas, Ouachita, and Red River west of the Mississlppi, and the 

84 : '  



O Yazoo River to the east; end their backaster srea together with the 

entire Atchafalaya River Basin and a portion Of the Gulf of Mexico. 

With scale ratios of i:2,000 ho~'izontal and l:lO0 vertical, this 

model covers 2.~ acres, representing a prototype area of nearly 

10,500,000 acres. The maximum length of the m0del is 1,05~ feet, 

its maximum width 168 feet. Figure 21 shows the ]o~er end of the 

model. 

O 

O 

FIGURE 21, MISSISSIPPI RIVER FLOOD CONTROL MODEL 

The water for the model is supplied by pumps from a storage 

reservoir. After passing through the model, the water drains back 

into the reservoir. Devices for regulating the inflow and outflow 

of water are so located that a given flood can be'directed through 

the entire model, or, as is frequently done, particular reaches of 

the main channel can be operated for study of flowsat selected 

Tea the s. 

58. Similitude. As discussed in Chapter II, distorted models 

are required in problems of this type because of the large area to 
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be reproduced; hence, the linear scales must be so selected that the 

model will be economic~l and all topographic features can bereproduced. 

The discharge Scale based on Froude's Law is 1:2,000,000 w~th a 

correspondin~ time ratio of 1:200, but due to the dictort~on, the theo- 

retical scale ratios must be adjusted. For this flood-control mo~el, 

a varying ~ischarge scale was tried at first, but proved unsatlsfactor~ 

due to the varying length of day wlth the retying dlschar~e ~cale. 

Next, a constant discharge scale of 1.2,000,000 was tr~ed, but th~ 

also proved inadequate because of the excessive roughness required to 

make it applicable. ~y trial and error, using ~ever~l constant d~scharge 

scales, a scale ratio of l:l,500,O00 was finally found to ~atl~Cy. the 

hydraulic and geometric conditions prevailing. 

The roughness required on the mode], was varied from reach to reach 

by using wire screen and stucco to reproduce foI'ests, underbrush, and 

swamps. This change of roughness was required because of the changes 

in hydraulic radius scale from section to section. The veloc£t~ scale, 

as obtained from adjustment tests, was 1:7.6, compared to Froude value 

of l:lO. An investigation was made after the model adjustment to deter- 

mine the effect of not adhering strictly to the Froudian relationships. 

It was demonstrated that the maximum probable error in water surface 

elevati~ns w~ld be about one,half of a foot in the prototype, whereas 

the overall accuracy of this model is about one foot (prototype). 

59. Method of testing. With gages distributed around the model 

to correspond to prototype gage locations, the model is made to repro- 

duce the stages for various flows observed in nature. This is the 

verification test and it is during this test that the varif~s die, charge 

velocity, and time ratios are varled along with the roughne~, until 

the model reproduces the kn~vn prototype stages. After th~s test was 

made, the model was laid to a certain survey of the r~ver channel, then 

the proposed changes to the river channel of the prototype were installed 

in the model and tested. A comparison of data from the two te~t~ w~ll 

then reveal the efficacy of the proposed improvement,s. A~ later ~urvey~ 

86 
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are made, the model is changed accordingly, verificd, and tests made 

on new improvement works as they are proposed. In this way, it is 

apparent that the various plans proposed can readily be compared and ' 

the best ones selected. Superfloods are studied on the model by 

determining maximum peak flows of tributaries plu~ an assumed value 

of rise in the Mississippi proper; this might give a flood of about 
~:~, 

three million second-feet. The model, however, is certified only for _~,.'~'-i 

the maximum recorded flow, so that superfloods exceed the verifica- 

tion range. It is realized that the model data may be in error, 

therefore, but since the superfloods do not exceed the highest peak 

verified in the model by enough to cause serious error, a valuable 

estimate can be obtained. 

60. Results of tests. With ~le aid of the study made on this 

flood-control model, together with the vast program started since 

1928 to reduce floods on the Mississippi by use of cutoffs, floodways, 

emergency reservoirs, dredging, and levee systems, the stages of 

recent floods have been greatly reduced. By the time this program 

is completed to include flood-control measures on the tributar-I rivers, 

the Mississippi River will be under control for the first time in 

history. 

HEAD OF PASSES MODEL~),STUDY 

61. The problem area. That part of the ~ississipp~ River called 

"The Passes," occurs at the lower extremity of its delta region, about 

ninety-four miles south of New Orleans. The pcint at which the main 

river channel divides into sever~l ' channels is called "Head of Passes." 

The three main passes or channels occurring at this point are Pass 

a l'Outre, South Pass, and Southwest Pass (Figure 22). 

@ 
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FIGURE 22, PASSES OF THE MISSISSIPPI RIVER, VICINITY MAP 

Another pass, Cubit's Gap, occurs three miles upstream from the  

Head of P,~ses. South Pass, which is 13-1/2 miles long, and 

Southwest Pass, which is 20 miles long, are the only navigable 

channels, and as such must be kept open to navigation since 

considerable sea-golng commerce uses these passes to reach New 

Orleans and ~aton Rougo. 

The task of keeping the channels open has kept the Corps of 

Engineers busy for many years. The land sarrounding the passes 

is a salt marsh, typical delta country, which continually subsides. 

During floods the low barks are overtopped and sufficient material 

is deposited to correct the subsidence somewhat, but to maintain 

and strengthen the bank~, resort has been made to permeable Jetties 

and spur dikes. By so confining the flow and by dredging, a nav~- 

gable channel has been maintained in South anti Southwest Passe.q, but A 

• only as long as a proper distribution of flow is maintained in each 

pass, which, in turn: ,.Is dependent on the improvement works installed 
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to maint~in navigable channels. Thus, a ~i~r!cult problem ~? evident, 

part}cularly so when It ~ realized thnt tbe flyer branche. ¢ i,~ one 

main point, and is on a very !'lat ~Iope. 

Since the passe~ of the Missls."~pp] River ~r~ ~o v~.t~?~ tc ~,e~ 

commerce, a model study w~. q instigated at the U. 5. Water, ay~ r.xper]- 

merit ~tatlon to study the effect on the dlscharf~e in the l~sse~ of , 

dredging operation to deepen the channels; to ~tudy the -ennons for 

sho~ling at the Head of Passes an4 the best A re4gln[ me±hods %0 be 

u:~ed to eliminate it; and to study the effect of gapping s .~ubmerFed 

sill, which lles across Pass a 3'Outre, to permit :~ilt to f~ll a large 

scour pocket ju.'~t below the sill along~ the right bank. 

62. The model. The model was built to a horizontal scale of 

1:'5OO a~d a vertical scale of 1:50. It includes ~ii of Sou*h and 

Southwest Passes to the Gulf of Mexico, and a mile or two of Cub]t'~ 

Gap and Pass a l'Outre (Figure 23). 

FIGU~PJ~ 23, MODEL OF HEAD OF P~SSE~ 
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It was constructed according to the standard practice of river models 

explained in Chapter II. The movable bed was composed of pulverized 

coal. Where dredge cuts are planned, the concrete beneath the coal 

has been poured in blocks to enable its removal as desired. 

63. Verification tests. The model was verified according to a 

1937-1939 survey, with a hydro~raph corresponding to that period. 

Because of the extent of the model and the difficulties in adJu~tlng 

the ~cale ratios pertaining to the flow, the region at the Head oF 

Passes was verified~first, and later on each pas~ was treated ~eparate]y 

for verification. 

This verification was made with a movable bed prlcr to studying 

the shoaling action at the Head of Passes. In a previous test using 

a fixed bed in the model, a study was made of the effect on discharge 

distribution in the passes due to a dredge cut at the Foot of South- 

west Pass, and to determine whether the progre~slve decrease in the 

percentile discharge in SouthwestPass, as observed in the prototype 

between 1937 and 1940, was due to regulating works installed during 

that period. By obtaining a discharge distribution on the model for 

one set of conditions, and comparing it to a condition, including the 

regulating works and dredge cut, it wa~ possible to show that the 

discharge distribution would be affected. The testing had not progressed 

far enough during the author's ~tudy of the model to give any solution 

of the other problems mentioned, After reviewing the model ~tudy as 

far as it had progressed, an inspection was made of the problem area 

in the field in company with the engineer in charge of the model ~tudy. 

This ~ided considerably in understanding the diff~cultles involved in 

the problem end its magnitude. Figure 24 ~hows some scenes of The 

Passes, 

® @ 
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A. HEAD OF PASSES. SOUTH PASS 
LEFT, SOUTHWESTPASS RIGHT 

B. FOOT OF SOUTHWEST PASS 
LOOKING TOWARD GULF OF MF~ICO 

FIGURE 24, PASSES OF THE MISSISSIPPI RIVER 
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OALVE~TON BAY 

64. The prototy~e. Galveston Bay, located in southeastern 

Texas on the Gulf of Mexico, is approximately sixty miles west 

of Fort Arthur, Texas, and fifty miles south of Houston, Texas.-" 

The entire bay area, which eovers approximately four hundred 

and seventy-five square miles, is relatively shallow, varying from 

7 to 9 feet in depth, with the exception of Bolivar Roads, and the 

ship channels which are maintained by dredging. The bottom of the 

bay is composed of silt which is kept in a more or less constant 

state of agitation by the action of waves and tidal currents. As a 

5"Model S~dy of Plans for Elimination of Shoaling in Galveston Channel 

land Connecting Waterways, Galveston, Texas, m Tech. Memo, No. I ~ - ~  
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result, heavy shoaling occurs in Galveston Channel, ann in several 

others in the bay. It is believed that the principal sources of 

shoaling are the varitus spoil banks over the area which have been 

formed by hydraulic dredging. 

65. Need for model tests. Because of the constant need for 

dredging and danger to shipping entering the bay, several plans were 

proposed to elimin~Ite these unfavorable conditions. ~i:ce the effi- 
j 

ciency of the plans could not be readily determlned due to lack of 

precedence to follow and because no rational analysis was possible, 

resort was made to hydraulic model tests. 

66. The model. After careful study of the prototype phenomena, 

a model was designed to give reliable and useful information. The 

model represented approximately two hundred and si~ty~five square 

miles of the prototype with a horizontal scale of 1:800 and a vertical 

scale of 1:80. It was of the fixed-bed type, all topography being ~/ 

laid in the model with sheet metal templets and molded in concrete. 

Appurtenant works of the modelccnsisted of water-surface gages, 

automatic tide-control and tide-recording apparatus, tide clock, and 

wave machine. Gilsonite, having a specific gravity of 1:03 to 1:O4, 

was used to approximate the silt of the prototype for use in the 

shoaling tests. ! 

67. Scope of te~ts. Careful study of pertinent field data .... ~ 

gave information as to how the model tests should be made tobest '~ 

reproduce the prototype phenomena. Tides, currents, wind, and silt 

samples were examined and p~'operly coordinated to permit the model 

operation. The model tests were divided into three d~stinct phases 

as follows: (1) The adjustment andverification; (2) the clear-water 

• tests; and (3) the shoaling tests. 

The adjustment and verification phase consisted of producing i!i~ 

tides by the tidal machine~ in the model and observing the tides and 

closed the necessity for increasing the roughness of the model surfaces, ~:~ 

• r 
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which, when properly accomplished, gave good agreement with the proto- 

type. At the same time, it was found that the currents a~reed very 

well with the field measurements. 

The clear-water test phase wc~ initiated only after t~e model 

had been properly adjusted to reproduce accuratelycertain known 

phenomena at the prototype area. The phase consisted of testing 

various plans to determine their effects on the tides and currents 

over the problem area, and thereby to determine their effects on 

shoaling in the various channels. 

The shoaling tests consisted of silt-source investigations to 

determine on the model the source of ~ilt in the prototype. Ten 

possible locations were tried, including all of the spoil area, as 

well as intermediate positions between. Four of the source locations 

were then studied to provide silt-path base tests, the locations used 

having been found robe the principal contributors to shoaling ~In the .... 

ship channels. Following these tests, two plans for improvement were Q! 

tested by introducing shoal material into themodelandthen studying 

the effect of these plans onthe depositionof this material, 

68. Clear-waterbase testo' The several plans tested in the 

model, with one exception, consisted of placing single dikes at 

critical locations over the model area for improving one or more of 

the main ship channels. Before proceeding with any of these tests, 

a base test was made to establish a basis of comparison. The condi- 

tions of the prototype at the stant of the test~were selected as the 

basic conditions, and a base t~st made of them, consisting of a compre- 

hensive study of the tides and currents in the model, with only existlng 

improvement works in place. The base test was actually the results of 

the adjustment and verification test, since the model was constructed 

initially to represent the existing conditions. 

69. Example of clear-water test. Plan 1 was based on the prob- 

ability that a dike extending from Pelican Island to Galveston Island, 

! 

• . ? 
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c l o s i n g  t h e  w e s t e r n  end o f  G a l v e s t o n C h a n n e l  w i t h  a 2 0 0 - f o o t  o p e n i n ~  

f o r  p a s s a g e  o f  t r a f f i c ,  would  r educe  ; the r a t e  o f  s h o a l i n g  in  G a l v e s t o n  

Channel and possibly benefit connecting waterways. 

The results of tests onPlan I, indicated that sboallng in the 
t 

western section of Galveston Channel would probably be considerably 

decreased, while that in the eastern 4,000 feet~would not be decreased 

to the same degree. The conditions in Texas City Channel were such as 

to indicate an iro3rease in tidal prism, though not necessarily an 

increase in shoaling. There was no indication of change in the action 

in the Jetty channel, Houston Channel, or Bolivar Roads. 

70. Shoal_in~ tests. Plan I was also selected for a shoaling 

test to determine: as far,as possible, the effects of ~the closing dike 

on the shoaling action in various channels. The informatinn from this 

test was q~,alitative only and merely supplemented the data obtained 

from the clear-water study of the tide and currents. The silt path W 

tests enabled a distinction tO;be made between Plan 1 end any other 

plan. They were performed by placing shoal material (gilsonite)in 

strategic locations, operating the model according to predetermined 

tidal cycles, and observing the deposition arid movement of the gilsonit~. 

A base ~,~t was first made, however , ~n a similar manner in orderJto 

compare the performance of proposed improvements. The base ~test-for 

shoaling revealed that the spoils banks produced by hydraulic ~dredges ~ 

in maintaining navigable channels were important contribution~ ,to the 

shoaling in the ' ~f~.p channels: and indicated that dredging ~thods, 

regardless of improvement works, could be revised. 

Tests of Plan i were Judged by -individual-zhoal indices" which 

were the ratios obtained by dividing the quantity of material deposited 

in the test of the improvement plan by the quantity of material deposited 

in the base test. Computations were then made to weigh the varlo~s 

figures obtained from the silt-path or shoaling tests of Plan l, as 

compared with the base test, and to determine for each channel in the 

problem area an overall valuation expres~ing the merit of the proposed 
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improvement plan by a ~fina! channel index." From a study of these 

da~a for Plan i, the ,final channel index" indicated a considerable 

reduction in shoaling in the western section of Galveston Channel, 

an increase in shoaling in the channel between the Jetties, and 

some reduction in other channels. 

71. Recommendations. One of the most valuable contributions 

from this study was the elimination of worthless improvement plans. 

It was convincingly shown from the clear-water tests that Plan 1 

was the best of five plans, while the shoaling tests revealed Plan 1 

to be the best of two under consideration. 

Analysis of all results definitely showed that the reduction 

of shoaling would be accomplished' if the dredging methods are revise 

so that material once removed from ship channels will have no chance 

to ~be returned to the channels by tidal action. For this purpose, 

it was recommended that more use be made of hopper dredges, the material 

being dumped at sea, and the use of spoil areas In locations where tidal 

currents will not return the material, namely, in the bay area to the @ 

east of the Houston ship channel, If dredging changes aloneare not 

sufficient, it was recommended, in part, that consideration be given 

of Plan i, or minor adjustments thereto. In amy event, the intra- 

coastal waterway opening should be kept to the minimum possible for 

navigation. 
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HYDRAULIC MACHINERY 

72. References. Because hydraulic machinery, problems pertain 

more to mechanical engineering and, as such, are not too familiar 

to the author, and since the testing of such models is fairly stand- 

ard, as briefly described in Chapter ll, exsmlples of hydraulic 

machinery model tests are not reportedupon. Since turbine and pump 

manufacturers do not generally permit a peru~alofthelr:reports, but 

discuss their problems only in technical literature, references are 

given below to papers illustrating the technlque of thls type of 

model testing and the design problems involved; some of the references @ 

at ~e end of Chapter II are also apropos: 
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"Development of the Automatic Adjustable-Bide-Type 

Propeller Turbine,, by R. V. Terry, A.S.M.E. ?1941, 

"Complete Characteristics of Centrifugal Pumps and 

Their Use in the Prediction of Transient Behavior," 

by R. T, Knapp, Trans. A.S.M.E., November 1937. 

"Experimental Determination of the Flow Characteristics 

in the Velocities of CentrifUgalPumps," by R. C. Binder 

and R, T. Knapp, Trans. A.S.M.E,, November 1936. 
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LABORATORIES 

73. Model testing. Hydraulic model t~sting is belng conducted 

at many laboratories in the United States. The leading laboratories 

in this field in 1940-41 being at the U. S. Waterways Experiment 

Station, Vicksburg, Mississippi; Bureau of Reclamation, Denver, 

Colorado; and at the Tennessee Valley Authority, Norris, Tennessee. 

Other organizations doing this work, but somewhat less extensively, i 

are: Bonneville Hydraulic Laboratory, Bonneville Dam, Wash~nMton; 

National Hydraulic Laboratory, Bureauof Standards, Washington, D. C.; 

U. S. ~ngineer Offices at the University of Iowa, lowa City, Iowa; 

at Los Angeles, California, at Worcester Polytechnic Institute, 

Worcester, Massachusetts; and atCarnegie Institute of Technology, 

Pittsburgh, Pennsylvania; and the California Institute of Technology, 

Pasadena, California. 
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INTRODUCTION 

74. Empiricizm versus rationalism. In the previous discussion, 

the role of hydraulic models in hydraulic research has been demon- 

strated. One fact is evident from this type of research: The informa- 

tion gsined is usually applicable only to ~he specific problems 

involved, although such information may beinvaluable in solving 

similar problems. Thus, the model studies of Friant Damsolved 

'~ e problems associated with the hydraulic cosign of that structure, th 

model studies of the Mississippi Riverlikewiseansweredspeci~ic 

questions, yet the knowledge gained would generally not be applicable 

to other structures or rivers unless the hydraulic cond~tlons were 

nearly similar, a rare circumstance. 

Consider now the role of fundamental research in hydraulics. 

In this case, experiments are made of various flow phenomena to A 

determine the reasons for their behavior and to re]ate all the • 

variables by dimensional analysis to establizhlaws governing these 

phenomena, laws which are applicable over awide range of conditions 

and which may facilitate the trsnsfer of results from one ~ield to 

other related fields of research. Rational formula expressing these 

laws are dimensionally correct, while many empirical functions ere 

dimensionally incorrect, their successful usebeingdependenton the 

judgment of engineers to use them only within theexperimen~alrange • 

from which they were derived. AccordinglM, empirlcal data may be 

interpolated but rational data maybe extrapolated in most linstances.. ~..~: 

For e~ample, it has been shown in pipe flow that the fricticn coeffi- : - 

cient and velocity distribution arw a funotionofReynoldsnumb e~9 and 

that reasonable extrapolatlonis justified. Perhaps the e~trapolatlon 

of empirical data is encouraged because almostall empirical functions 

plotted on logarithmic paper appear as a straight llne for:small 

ranges of data. Even though such pipe flow data is empirical, all 

the variables are included and ?.he limited functions expressing pipe 
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resistance probably point the way to theoretical or rational expres- 

sions for the same phenomenon. The theoretical formula for fluid 

friction in a smooth pipe developed by yon Karman is based on the 

assumption that the influence of viscosity is negligible except 

within a small range near the walls. Dr. yon Karman believes it 

is probable that this function will agree with the facts  more and 

more, the larger the Reynolds number corresponding to the actual 

constructicn. 

In regard to empirical versus rational or analytical investi- 

gatlon, Rouse states that there !,~re four, rather than twc~ me,hods 

of developing expressions for fluid motion, but one must distinguish 
-! 

firs~ between experimental measurement and empirical formulation of 

working rules for design, aeasurement is the mechanical 

determination of one or mot teristics for a given state 

of motion. Pure empiricism , on the other hand, Includes the effort i~ 

to develop a practical generalization of the results of ~experlmental 

measurement for a number of different conditions; it may provide 

simple working fore'as for design ~ithin the range of available data, 

but, although the data may be accurate, there is no guaranty whatever 

for the physical truth of the empirical statement, for only by 

chance are natural laws discovered in this way. Were thi~ still the 

only recourse of the hydrauliclan, the subject of pipe resistance 

would probably be in the same jumbled state as~It was bet"ore Blasius 

published his a,mlysis of Schoder's experimental data. 

On a considerably higher plan, Rouse explains, is the second 

method, that of Blasius, which is partly analytical in character, 

since it is ba~sed upon physically sound dimensional anr.lyses; although 

experimental measurements are still necessary to  determine the type 

of function and the numerical constants relating the several dimen- 

sionless parameters, the investigator is well beyond the chance of pure 

empirlcism when he interprets hls results. Still further advanced is : ~  

the method combining dimensional analysi~ ~ with a ~ reasonable :and : closely 
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approximate p h y s i c a l  a n a l y s i s ,  thus determining the p r o b a b l e  form i,~; 

of a function and leaving only the numericalconstants to experi- ! 

mental investigation. The fourth method, he concludes, that of 

complete rational analysis, leaves nothing to be : found ~ experimentally| 

it is the ultimate goal of ever~field of science, but, as yet, only 

in isolated cases has it been fully a success, ii 

Although it is obvious that the rational or analytical methods 

are superior, engineers ~in practice usually must rely on methods ; 

which will yield results quickly, accurately, and economically, To if! 

attempt to solve some of the problems discussed in Chapter III by i 

fundamental analyses would be impractical and would yield, if at all, 

results era questionable nature. Accordingly, empfrical methods are 

predominant but fundamental research is gradually advancing our 

knowledge of fluid motions and will eventually reduce the amount of 

empiricism required t r7 the hydraulic engineering profession to solve 

its problems. :I@ 

75. Principal research. Perhaps the predominant research 

project in the United States today is that related to fluid turbu- 

lence. What is turbulence and how can a knowledge of it be applied 

to practical problems? Thls and other pertinent questlons may be 

partly answered by reviewing the work already accomplished. The 

next few pages, therefore, will be devoted to show what is meant by 

turbulence and how practical lproblems are being solved by application 

of some of its concepts. In addition, other types of fundamental ~ 

research will be illu-trated, which are not as important, perhaps, as 

the study and application of turbulence to practical problems, but of 

considerable significance. ~ 

FLUID TURBULENCE 

76. N.ature of turbulence. Starting with Osborne Reynolds' 

experiments, later followed by the work of Bl~sius, Stanton and 

Pannell, Lees, and Nikuradse, the relation betweenReynolds number 

99 
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and the friction coefficient for fluid flow in smooth and rough pipes 

was fairly well developed for laminar and turbulent flow. At the same 

time, theories we~'e presented relative to the boundary layer by Prandtl, 

e the Prandtl-von Karman theory of the mixing length, the slgn~ icanc 

of the laminar boundary layer with relation to relative roughness, and 

yon Karman's universal relationship between +.he velocity distribution 

and resistance to flow. 6 

During the past century most of these studies have been concerned 

with understanding the nature of resistance in turbulent flow; more 

recently, research has attempted a solution from an analytical basle. 

The first successful approach to the analysis of turbulence came from 

the aeronautical engineering field in which many problems of fluid 

motion had to be met, including turbulence~ Since turbulence is general 

in its nature, a study of it by the methods of fluid mechanics~is as 

applicable to hydraulic as aeronautical engineering. 

Those somewhat familiar with the modern studies of turbulence, hut 0 

engaged in practical engineering work, might ask what is turbulence in 

flowing watey and of what value is'+it to know the application of the 

theoretical findings. Rouse answers that the engineer, first of all, 

thinks of turbulence in water as consisting of merely large eddies or 

severely agitated flow. Although such flow is turbulent, +the true 

meaning of turbulence is related first to Reynolds' classic experiment 

in a long glass tube in which dye.was introduced into the flowing water 

to observe the change from laminar to turbulent flow. In this small 

tdbe or in hydraulic structures ful]ydeveloped turbulencels the same. 

Basically, turbulence 6xists in a fluid when at any point the direction 

and magnitude of the velocity vary irregularly with time. Such variation 

is rapid and is usually produced by the whirling about in the fluid of 

r:" +,- 

6A resume of these developments may be found in "Fluid+Mechanics for 

Hydraulic Englneersp" by Hunte r  Rouse, EngineerlnK Societies Monograph, 

McGraw-Hill, 1938; or .Modern Conceptions of the Mechanlcs of gluld 

Turbulence," by Hunter Rouse, Trans. A.S.C.E. 1_~, p. 463. 
0 

100 



@ 

@ 

@. .... 

eddies of varying size. It is by these eddies that the transfer of 

momentum, mass, and heat occurs from one point to another in the fluid, 

causing the energy dissipation associated with turbulent f'low. Accord- 

ingly, at any instant there may be superimposed upon the translating 
C 

movement of a fluid past a certain point either positive or negative 

velocity components in each of the three coordinate directions. As 

a result, there is a variable movement of small fluid masses in a 

direction normal to the general directlon of flow. An iillustration 

of this somewhat complex motion can be had from observing dense clouds 
j 

of smoke rising from a chimney. The flow or motion Is changing from 

instant to instant, but a typical sequence or rolling billows of smoke 

is present, the genaral movement of which is by no meansthe individ- 

ual helter-skelter of minute particles of soot. Itlis not to be 

construed, however, that each fluid particle descrlbez its own irregular 

path, regardless of the motion of neighboring particles: rather, it is 

to be understood that the behaviorof every particle is dependent upon 

that of others in its immediate vicinity. ~ 

77. Statistical theory. Since the turbulence phenomenon is ene 

of random motion with no regularity, it is convenient to study it from 

a statistical analysis. Following the usual pattern oC fundamental 

research, theories have been first developed which are then followed by 

experiments to check these theories and/or todetermine certain constants 

included in the fundamental analysis. 2randtl, Taylor, and von Karman 

have developed the basic turbulence theories, although thetheorles are 

not as yet complete and valid. At present, therefore, experimenters in 

this country are checking the theories and developing techniques for 

laboratory work onturbulence. At the same time, attempts arebeing 

made to present the various findings to engineers and to showappli- 

cabili~ to present-day practice. 

In applying the statistical analysis to turbulent flow, ? it i~ 

convenient to represent the varying velocity vector at any point in 

U 7 "Relation of the Statistical Theory of Turbulence to Hydraulics," 

by A. A. Kalinske, Trams. A.S.C.E. 19~, p. 1547~ 

• i01 : 
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the fluid by U, V, and W along the axes x, y, and,~. The velocity 

in the direction of mean flow along the x-axls at any In~tant is 

represented as (U + u), in which U is the mean velocity in that 

direction and u is the fluctuation in that direction. ~,Along the 

other axes, y and z, the velocity is represented by (V ~ v) ~nd 

W + w), respectively. Since u, v, and w are quantities that vary 

with time, it is useful to represent them lby ~ certain statistical 

averages. First, the statistical distribution of these quantities 

is determined by use of a block diagram indicating the frequency of 

occurrence of various values of v, for example. This function in 

reality is the ordinary normal error law. 

To determine the simultaneous valu~ of u and v, or u and w in 

water, a study is made of the motion of particles suspended in flow- 

ing water. When illuminated, such particles cause streaks on motion- 

pictun~ film, and, from the length and direction of the streaks, two 

components of the velocity can be determined. Particles made of @ 
carbon tetrachloride and benzene, having a specific gravity of water, 

have been used. These particles are illuminsted by a narrow plane of 

light, so that only those particles in the light are visible. Kalinske, 

at the University of lo~a, obtained the transverse velocity v for short 

time intervals by injecting a thin color stream of dye into a flow by a 

fine needle and taking motion pictures of the color stream close to the 

needle. The velocity v for these short intervals of time was obtained 

by measuring the transverse travel Y for short distances, x, downstream. 

The values of x are short enough so that the direction of the color 

stream is really a straight line. The value of v is then Y, in which 

tlsx. 
U ~" : 

A large number of values of v enable the calculation of ~/ 2 • 
V 

Kalinske found that good measurements of simultaneous values of u and v 

can be made photographing with a constant-speed motion-picture camera 

the travel of immiscible droplets in an open charnel for a distance of 

about one inch from the point of injection. A magnifying type of close- 

focusing lens is used on the camera so that a picture is obtained of an 

102 
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area of about two square inches. Following the movement of the I 

particles from frame to frame on the film, permits the determina- 

tion of u and v, and, if sufficient data are obtalned, the 

quantities V T , V " ~ ,  and ~-q can be calculated. 
V U 

John S. McKnown atthe University of Minnesota, to determine 

the velocity fluct~atlons in turbulent flow, used a narrow channel 

with a grid painted on the bottom and one sidewall. Byplaoing:a 

mirror above the bottom and adjacent to the sidewall, moving pictures 

could trace the movement of a specially prepared droplet in the three 

directions, x, y, and z. Although the photographic method is accu- 

rate for studying velocity fluctuations, it is: agreed by those concerned 

that it is exceedingly tedious to obtain and analyze the data, An 

instrument that would give accurate recordings of the Instantaneous 

velocity would be welcomed. 

Having determined the distribution law or normal error law Indica- 

ting the random nature of the velocity fluctuations, the next step is @ 

to establish the degree of turbulence by some average value of the 
quantities u, v, and w. The root-mean-square or standard deviation, ~ 

v is the most significant average. It ilndicates the ~pread of 

the distribution curve and its square 2-- is proportional to the 

energy of turbulence for that velocity component. Another factor 

useful for treating turbulence is a correlation coefficient. Since two 

different turbulent flows may have the same intensity, but the average 

size of the eddies different, Taylor 8 has suggested that a correlation 

coefficient, RX = _ ~ be used. In this analysis the instantaneous 
V 

velocity components, either u or v, are measured simultaneously at two 

different points, along either the x-axls or the y-axis, over an appreci- !i 

able period of time. If the two points are near enough that •they are ! 

within the average-size eddy, v I and v 2 will tend to be nearly equal ii 

and of the same size, and R x will be nearly unity. If the two points i 

are an average eddy diameter or more apart, R will approach zero. 
X 

@ ! 
8"Statistical Theory of Turbulence,, by G. I. Taylor, Proc. ~ .~i 
~cietv of London, Vol. 151A, 1935, p. 421. . . . .  
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This has been verified by experiment~. Kalinske ~howed from measure- 

ments of the transverse velocity v that R x l~ VlV2 would approach 

unity for small values of x, and would approach zero for larger values 

of x. Taylor ~,en defined a quantity characteristic of the turbulence 

thus: 
I X 

B =/ Rdx 
0 X 

in which x i~ the distance when R x ap~Jroaches zero. 

78. Turbulence and .energy. In addition to the knowledge of the 

transverse velocity fluctuations and the relative intensity o~ turbu- 

lence, a concept of the energy of turbulence i~ ~aluabl~. If the 

turbulence is uniform in the direction of flow, as in pipe Flow, the 

ener~ present due to turbulence ,my be neglected ~n any ener~v equa- 

tion. But, if the energy of turbulence varies from point to point, as 

occurs in conduit transitions, do::nstream from valves, bend~, e%c., 

a slight error will be introduced in a study of energy changea. Turbu- 

lence pr~duce.~ energy dissipation through the medium of viscosity, for 

without viscosity, either in viscous or turbulent i'lo~, ener~ diss~- 

patic~ would not occur. With~t viscosity, ~here would be practically 

no loss of emergy, so that any turbulent energy produced ,ould~pe~s~st 

indefinitely. Accordingly, the high internal shear stress produced by 

the turbulent eddies causes the energy dlssipat~.en, In pipe flow, 

potential energy is being dissipated into heat. :The rate at which 

poten%ial energy is transferred into turbulent energy is not necessar- 

@ 

5" 

J~ 

,%/ ~I 

iiy equal to the rate of energy dissipation into heat at aml point 

since the turbulent enerKv can be diffuse~ to other point:3 by ~the 

action of eddies and then dissipated ~nto heat. 

For i~otropic turbulence, Taylor zh~ that lhe mean rate of 
2 

dissipation of energy per unit volume of fluid ~.~ K + 7.5~ av ~ ; 

that i~, the rate ~ ~'~' -~rtional to the viscosity ~ times the mean 

square of the ~ariOus ix~s%a~aneous turbulent velocity gradients, such 

as (~)2.~ To determinethe value of ( ~ ,  for example, use is 

made of the~bov~-ment~cned ~rrelatlon coefficient. The coefficient 

C. . 

~.~'.~ 
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R k is so defined that R x = i _ (Vl -J v2 )2 where v I is the 

velocity at one point and v 2 at another point in a fluid at the same 
2 

instant, at a distance x apart. If the wlues (v I - v2) are 

obtained for small values of x, then it is approximately correct Lie 

write: 

(v I 

sion for R x yields 

v2 )2 -- 2, 

2 
~_~_) 2 --~ 

= 2 v Limit 

x -~ o 

substituting inthe expres- 

i ' Rx ; therefore, 

Limit X ~ ) : 
from Taylor's concept K - 15~ 2uv , in which ~= x -~ o ~/i -~x 

Here ~ is a length term and is a characteristic of the turbulence as 

regards energy dissipation. 

79. Diffusion. An ~ important part of turbulence investigation is 

@ the diffusing or exchange power causing the exchange of~heat, momentum, 

and matter from one p-_rt to another. Such a mixing process is sometime, 

called "eddy diffusion." Kalinske studies this phenomenon by injecting 

a constant stream of color through a fine tube, a~ also by inJectlng 

colored droplets of a mixture of carbon tetrachloride and benzol, hay- 

lag the same specific gravity as water, and photographing the transverse 

spread of the color, or droplets, with a motlon-picture camera. The 

important quantity to determine from these studies is the mean-square 

transverse travel of the color or droplets at various distances down- 

stream from the point of injection. "If the transverse travel at any 

distance x downstream is Y and ~ its mean square, Taylor 9 has related 

in theory x and ~ . Kallnske's experiments in a s~allchannel show 

a linear relationshi p at larger, values of x 1(5 to=8 inchee). 

A mat~hematical relationship between x and Y~ is not as convenient 

as a diffusion coefficient for characterizing the diffusing,power of 

turbulence. Applying the ideas of molecular diffusion theory, such a 

coefficient would be defined as D = U ( dY 2 ) The dimensions e 
2 dx max. 

~'i ,D i f tUs lon  :by . , ,ont inuous  Movements ~ ,~,bY- G ;. I .  TayloKp 
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of D are L 2 , a velocity times a length, the velocity being the root- 
T 

mean-square transverse velocity, ~/~, and the length i~ associated 
v 

with mixing processes being proportional to the size of the turbulent 

eddies and to Prandtl's "miy.ing length.," 

80. Energy dissipation. There are several problems in hMdraulic 

engineering in which the knowledge of turbulence is important. Consider- 

ing the general problem of energy dissipation, there are various problems 

requiring a knowledge of the manner in which energy, is dis~ipate~. Some 

hydraulic problems require a maximum dissipationwhile others may require 

a minimum dis~;ipation of energy. In a conduit of expanding cross-section, ~ 

that is, a transition section, the additional losses of energy associated 

with the transition are traced to the creation of turbulence energy 

beyond that usually present in the flow. 

In order to study the energy transformations completely, the energy 

of turbulence must be found in addition to the ordinary kinetic energy 

computed from the average velocity dlstribution. The total mean kinetic @ 

energy for a pipe may be expressed as: 
q 

E = ~o U 3 dy 
m 

in which U is the mean velocity, r the radius, y any distance from the 

centerline of the pipe and p is the density. The total energy of 

turbulence is expressed as: 

t o . . . .  

in which u , v , and w are the mean squares of the velocity component~ 

in the x, y, and z directions, respectively. Other values are as above. 

In a 3-inch pipe, Kalinske found the total mean kinetic energy 

E m = 0.255 foot-pound for ~ discharge of 0.08 second-foot. The value 

of E t was 0.008 foot-pound, assuming the transverse velocity component 

w was equal to v , which is true for Flow in a circular conduit except 

at the wall. For these values, E t was 3 percent of Em. In a 3- by 5- 

inch expansion in the pipeline at the 3.75-inch diameter of the expansion, 

the value of E m was 0.157 foot-pound while E t wa~ 0.014 foot-pound, or ~ i: 

9 percent of E m. Hence, in the transition, the turbulent energy E t had ' 

had a higher value. 
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Turbulent energy, as this example shows, can be created rapidly, 

but the dissipation of that energy does not occur so quickly. S~nce 

a sudden change in velocity causes extreme turbulence, the energy .~o 

produced is dissipated gradually do~stream due to ~viscosity, with- 

out which there would be no dissipation of energy Into heat. 

The theory of turbulence mechanism can be applied to the dissipa- 

tlon of energy at hydraulic structures, ~ich as below overfa!l dam~, 

spillways, or to decrease the velocity of flow in open channe]~. 

For fully developed turbulent flow, the shear stress is equal to 

pc dU, in which ~ is proportional to the diffusion coefficient, or 

to uantlty , . ~ , in ~which:. 

of the transverse turbulent veloclty and ~ Is a factor determlned by 

the size of the eddies. Accordingly, the rate of potential energy 

transformation can be increased, assuming the discharge constmnt, by 

increasing c , which can be accomplished by introducing:large-.~cale 

roughness .to produce ilarge, intense eddies. "For a certain intensity 

of turbulence, the smaller the eddies the higher the rate of energy 

dissipation, as may be seen from the above-mentioned relation for 

rate of energy dissipation, K =l~ ~ ~ . Since ~ is 8 
~1 k 2 

length, which is related to the correlation coefficient Rx, and ~ s 

characteristic of the energy dissipation in turbulence, then ~. will 

be smaller for small eddies so that K' will b.e greater. It is con- 

cluded, then, that once the potential or mean kinetic~ energy of flow 

is in the form of turbulent energy, the dissipation of this energy 

can be quickened by the breaking down of large eddies into small 

ones. For flow in a pipe or channel in converting potential energy 

into turbulent energy, the m~an velocity canbe reduced by the 

creation of intense large-scale eddles. To destroy the kinetlc • 

energy of high-velocity flow below a dam, It is desirable to produce 

intense, small-scale eddies. If model studles are made of problems 

pertaining to energy dissipation, Kalinske concludes that, i:~ order 

for such studies to be fundamentally sound, dynamic similarity must 

be maintained as far as intensity and scale of turbulence are con- ~@ 

cerned. Turbulence should be thcaght of in terms of defln.~te parameters 

. " I 0 7  ~ ~ " ~ . 
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instead of just as a qualitative descriptive term relating to a 

general flow condition. 

81. '$~mmary. Conclusions from Kalin.qke' s experiments and his 

discussion Just given show a proper concept of turbulence by introduc- 

ing such terms as intensity, sdale, and energy of turbulence. Although 

not new, these terms are introduced foruse by the practical hydraulic 

engineer. A statistical analysis of velocity fluctuations, bot~ parallel 

and normal to the direction of flow, revealed that the velocity fluctua- 

tions in true turbulence are statistically distributed according to the 

normal error law. Checks of Taylor's theory of turbulent dif~usion 

~ere made by experimental means, using motion pictures to obtain the 

required data. The recognition of energy of turbulence as part of 

total kinetic energy in turbulent flow is required to determine a full 

picture of the phenomena involved. Practical application of these S~ ~ 

theories is yet to be made ~with complete understanding, but, inf~ne 

~ be dis- field of sediment transportation, the pioneer applicatlon ~l%Y ~:~/~ 
cusaed below. 

The work of Rouse, Kalinske, Bakhmeteff, and others in the field 

of turbulence as applied to hydraulic engineering is commendable, and 

it is to be hoped soon that applications of the theories to practlce 

will convince skeptical engineers of the importance of at least thlnk- 

ing in terms of the concepts of turbulence. Unfortunately, thls will 

take considerable time and effort and must require tolerance by these 

research men of the point of view of practical engineers. For e.~ample, 

Rouse I0 suggests that, 

"... many so,called 'energy dissipators' could be made more 

effective and less dangerous in their downstream influence if 

designers realized not~only that the formatlon of large-scale 

.eddies effectively reduces the mean velocity of flow but also 

that the presenc~ of such eddies is sometimes as harmful ~ as 

lO~__s. A:S:C.E. i_9_~, diseuesion, p. i~68. 
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that of a high mean velocity; as pointed out by Professor 

Kalinske, the production of intense small-scale eddies 

(approaching the state of isotropic turbulence) is an 

essential means of hastening energy dissipation," 

~ith the exception of structures designed masyyears ago, it Is 

the author's conviction that designers t°day f~realize the facts 

pointed out by Rouse and Kalinske, especially since thehydraulic 

model so quicklyandefficientlyrevealsany excessive eddy ~forma- 

tion or high mean velocities, Thos eofm°re~experiencewithm°del 

studies of hydrau lic:structures~£nd~thsirdesignpr°blemsarequlck~ 

to recognize faulty design, sometimesbefore model test# begin, and 

the theory of turbulencemechanisms Isnot essentlalto~thisanalysis; 

rather, the methods of obtaining sufficientenergy/dissipationbyuse 

of large or small eddies is the problem. Certain limltations of design 

frequently prevent the Ideal hydra ulic~soluti°a, so, to some, astruc- 

ture m~y seem to perform in an inefficient manner. @ 

T 

TURBULENCE CONCEPTS APPLIEDTO SEDIEENTATION 

82. Transportation of suspended materlal. ~A problem of~reat 

interest in hydraulic research seems to be the study of bed load and 

suspended sediment in rlvers-~T he Impor~nce of gaining more and more i 

knowledge on this subject is readily realized when it is considered 

the% all of our large powerdevelopment, irrigation, and flood con- 0 

trol projects are vltallyaffectedby the amc~ntof sediment carried 

in streams and ~ the amount deposltsd ~in reservoirs.. Although It is 

comparatively easy to e~timai~ the amount of sediment carried ins 

stream, the problem lles in simplifying the analysis so ~J~at laws of 

tr~sportatlon can bedevelopedrelating certain properties of ~he 

individual stream. Bed load and suspended leadact quite differently, 

so that separate laws must be found for each. On the face of it, it 

is ~ardto imagine that any law or laws could be found ~Ich wo~id 

predict the ~diment transportation of a stream, considering the mass @ 

of water and silt so intermixed and changing. Fortunately, re se arch's" 
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engineers have made rapidprogress in this problem, and, byapplying 

the knowledge gained from turbulence studies, certain laws have been 

evolved and checked bo~h in the laboratory and field. 

It is not the purpose here to go into detall regardlng all:the 

developments made so far, but rathertoshow how new developments have 

been proposed by research relative to suspended sedlmenttransportation, 

The development and clarification Of the theory of suspended load~are 

due mainly to Leighly II, O'Brie n12, vonKarmanl3, !and R°usel4' It has 

been known for considerable time that, if the average concentration of 

suspended sedimentat any point in a wide stream was known, the average 

concentration at any other point could be determined. Th~s has been 

demonstrated from actual measurements in streams a~ channels by 

Chrlstianeenl5 and Richardsenl6; for artificial turbulence, ithas 

been checked by Rousel4. " To develop this for equilibrium conditions, 

the general statistical equation maybe written: @ 

ii "Toward a Theory of the Morphologic Significance of Turbulence 

in the Flow.of Water in Streams," by J. B. Leighly, University 

~of California Pub. in Ge~., Vol.~6, No. I, pp. ]-28, Berkeley, Ia32. 

12"Revlew of the Theory of Turbulent Flow and its Relation :to Sediment 

Tr~aspor%ation," by M. P. O'Brlen, Trans, Amerlcan~ Geophysical Union, 

pp. 487-491, 1933. 

13,Some Aspects of the Turbulenc6~Problem," bY Th. yon Karman,' Proc. 

Fourth International Congress of Applied Mechanlcs, Cambridge, 

England, 1934. 

14,Experlments on the Mechanics of Sediment Suspension," by Hunter Rouse, 

~roc. ~%~h l_~nternatlonal Congress o f ~  Mechanics, p. 55, 1938. 

15.Distrlb~tion of Silt in,Open Channels," by. J. £. Christiansen, Trans. 

American Geophysical Union, Part IT, 1935, p. 478. 

16,Suspenslon of Solids in a Turbulent Stream," by Richardse*., Proc. 

R__c~:S_sg.oC. London, Vol. 162, p. 583, 1937. 
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in which v Instantaneou~ vertical velocity component, N = In.~tan- 

taneous sediment concentration per unit volume, c = average velocity 

cf fall of sinsle sediment particles in water; and N' : mean sedAment 

concentration at any point above th~ stream bed. The left side of 

the equation indicates the net transport of ~aterial upward by_ the 

turbulence velocity components while the right side is the quantity 

that settles due to gravity. They are equal for equilibrium condi- 

tions. At any insta,,t N can be expressed as iN t AN), so that the 

value of vN is (vN +- vAN). When v is upward, AN will be positive; 

when v is downward, AN will be negative since the sediment concentra- 

tion increases from top to bottom in the stream. The mean value of 

vN is then + v~, since the mean value of vN is zero, because the 

arithmetic mean value of v is zero. The magnitude of AN depends on 

the distance .which the suspended material moves up or down, or on 

the scale of the t~arbulence or size of eddies. If we introduce, 

length factor, g , characterizing the diffusing scale of the turbu- @ 

lence, then AN = 8 .dN , and the equilibrium equation becomes: 
LAeO 

v~ dN = cN, since th~ mean value of ~ was taken to be + vAN. 

The tedYv~, which may be _~lisd z, is proportional to ~he dlffusion 

coefficient defined above in Section ~79. It has been assumed, and 

somc preliminary studies indicate it to be so 17, that this mixing or 

diffusion coefficient is identical with the momentum exchange coeffi- 

cient ~ in the formula for shear .,tress caused by turbulent exchange 
m 

dU • Integration of v~ dN = cN gives a relation of momentum, ~ =pc m dy __ dy 

between the unknown sediment concentration ~a at a point "a" distance 

above the bottom o~. the stream: 
Y 

log e : -c / . . . . . . . . .  

In order to integrate the right side of this equation, the varlat~on 

of ~ with y must be established. 

83. Calcul~ticn of suspended sediment. Lane and Kallnske demon- 

strate a method of establishing +~is variation and offer valuable @ 

17.Turbulence in Open Channel Flow," by A. A. Kali~ske and 



@ 

@ 

equations for practical use 18. The turbulence theory shows that at 

any point the unit shear, m~oc dV where V is the mean velocity at 
dy 

any depth y, and P is the water density ( w_ ). Now, if the var~a- 
g 

t~on of ~ and V with depth is obtainable, then c can be determined 

for various depths y. Confining an analysis to wide streams, it is 

known that ~ = ~o I-i --L7 L D j , where ~o is the bottom shear and 

equal to wDS, where D is the depth and S is the friction slope. 

Th,B vertical distribution of velocity varies with the ~tream 

cross-sectlon. For wide streams, it is closely approximated by the 

Prandtl-von Karman logarithmic curve for velocity distribt~t]on in 

turbulent flow, thus: 

v/v m =l+ ( ¢--FffgTKv m) !l+ lOSe ~ !  ...... (2) 
L D _~ 

where V m is the mean velocity in a ~ection and K is yon Karman's 

universal constant equal to about 0.40. Using the above velocity 

distribution relation (2) and the relationship for unit shear for @ 

wide streams, an expression for c is obtained as follows: 

From (2): V = V m + ~/ gDS (I + log e _y_..) 
K D 

or 

Since ~ = 
o 

and p = w/g, then gDS 

d V  = ~ 
dy Ky 

-E where = wDS i-_~_! . pc dV 
4 O 

D • dy 
L 

i l  - ~.,~_.. ~ " gDS ° e 
L ~ ~ ~'Y 

e = K.y ~ ( 1 -  M ) ,  and ~f 
n 

hence ,  

D 

or 

then c = K ~  ~ ( 1 -  z )  z . . . .  ( 3 )  

18-Engineering Calculations of Suspended Sediment~" by E. W. Lane and 

A. A. Kalinske, Trans. ~ m e r i c a n ~  Union, Part I I I ,  

August A941j p. 603. 112 
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This equation shows that the diffusion coefficient, ~, is zero at 

the stream top and bottom and is a maximum at mid-depth. Kallnske 

and Robertson 17, at %he University of Iowa, showed th~s to be true 

from measurements in a channel 2.5 feet wide at different slopes, 

mean velocities, and depths of flow, and for a channel 0,94 foot 

wide with a lager slope and two different bottom roughnesses. 

If the expression for ~ in (3) is substituted in the sediment 

distribution relation in (I), the integration ~can now be performed 

and the relative sediment concentration (N/Na) can be determined. 

From a practical point of view, the results of the integration are 

not convenient for use. It is simpler to assume that ¢ is constant 

throughout the stream depth. It has Just been mentioned, however, 

that ~ is not constant; nevertheless, data on sediment distribution 

in wide rivers, as will be shown below, indicate that such an approxi- 

mation is valid for most practical purposes. Hence, from the relation 

of £ obtained in (3), the average value is calculated: g 

gavg. = o 
D 15 

Substituting this assumed constant value into the sediment distribu- 

tion, relation (I) yields: 

= e-15t (z-a) .............. (5) 

N a 

where t = c and for wide streams t -- _e _. : 

This relation plots as a straight llne on semilogarithmlc paper, so 

that the concentration at any point in the vertical can be found by 

first plotting a known concentration, Na, and then drawing a straight 

line through this point at a slope of -1St (-6.5 t for logarithmic .i " 

scale to the base i0). This is of considerable practical importance 

since, from a determination of measurement of sediment concentration 

at a single pclnt in the vertical, if the sediment composition is 

known, it is then possible to determine the concentration at all other 

points in the vertical section by a simple calculation or ~raphlcal @ 
construction. 
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From measurements of sediment concentration at various depths It ! 

in the center of the Mississippi River at Muscatlne, Iowa, during ~! 

the flood of September 1938, Lane and Kalinske 18 plotted a curve, !~ 

relative depth z versus sediment concentration, for various sizes ~: 

of material (below 0.005 ~m to 0.85 mm ) as measured. Following 

the procedure outlined above, s straight line was drawn through• the 
/! 

points with a slope of -1St, where t = c/ ~ ,  for which c was 

the average fall velocity for the size range considered, D = 33'9 ift., 

and S = 0.000071, as measured. From these field data and others, 

it was clear that the approximate expression for sediment distribution, 
A 

N =e -1St (z - a), is sufficiently• accurate for practical use. In 

N a 

several cases, the line was an excellent average for all the points 

plotted, as shown by Figure 25, 

The velocity distribution was also measured and plotted to show i 

how it checked with the logarithmic velocity distribution •curve: 

v : 1 + ( ) ( 1  + . L )  0 1 
Vm KVm D i 

If, in this equation, we substitute for "m the Manning formula and ' 

let von Karman's universal constant K = 0.40, we get: 

n V = I + l°iO k/~,- . ~ - ~ 

Vm DI/6 tA "og e _L~DJ 

Letting n = 0.030, this equation was found to agree very well w~th 

the actual velocity distribution measurements as shown on Figure .26. 

It is pointed out by the authors, however, that the data and analy~es 

are for wide rivers and that the turbulence developed is due to drag 

on unconsolidated sandbedo Accordingly, this approach cannot apply 

to streams or Open channels where turbulence is developed by rough- 

ness or by flow-disturbing items such as rocks, shrubs, trees, etc. 
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The final result to be desired is the total sediment load 

carried by a stream per unit of time. If ,the distribution of 

sediment in ar~ vertical section is known, then the total load, M, 

carried per unit of time per unit of stream width is determined 

by multiplying the concentration per unit volume, N, at each point 

by the velocity'at that point and integrating lfrom top to bottom 

of the stream. This is ~accompllshed by the~authors by combining 

the sediment-distribution equation (5) with 'that for the,.v.~locity 
3 

distribution (2): N = e-15t(z" a) 
N a 

Vm - I + KVm.. - Y 

Since the total iload M =~D,V,N, then 

M = D.V m. _ V_.. N 

Vm 

Therefore, M = Vm'D'Nao~ ze-15t (z -:a)d z 
1 

or M = q Na e 15 tar xe-15tZdz 
O 

where q = water discharge in second-feet per unit width. Finally, 

where P 
i 

0 

k i 

-15tz I 
xe dz =/ (i +I;70 .~:n~ , z ) e . 1 5 ~ t z  

o DI/6 , tl:+ Io~ dz, i! 

recalling tP~t the use of Manning's formula and K = 0.40 

reduces ~ to I;70~ n. P is therefore a functlon of 

the parameter t and the relative roughness n , To :facilitate 

the use of these expressions, P was plotted~against t for several 

values of relative roughness. 

For the aforementioned measurements on the Mississippl R~er~, 

the value of M, total, was com~uted by multiplying the concentration 

at each point by the measured velocity. The actual total of all 

sizes transported was found to be 1.85 pounds per second per unit 

width. The value of M was also determined from the expression d 
M = Vm.D'No'P, where N O was the concentration of a~7 size range at ~ 
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the zero level as determined Trom the curvepreviously~plotted for ! 

~sediment concentration versus relative depth (Figure 25),and P was ! 

obtained from the P versus t curve. The value.of M so calculated 

was 1.89 pounds:per second per unit widthas compared to 1,85 before, 

thus indicating the general accuracy of this method of total su~pended- ! 

load determination as given. - i 

Another item of practicalsignificance is %he evaluation.of the 

mean sediment concentration in any vertical >section. This mean vsiue 
f 

wouldbe (M/q), which is: 
15ta 

Navg" = N a • P 

When a = o, then N%vE. =P, so that P isactuallylthe ratlo of[the 

N O 

average sediment concentration in %hevertical~totheconce ntration 

at the z e r o  level. For very fine sediment, suchs ratio approaches 

unity. 
In summarizing t h e  development above, as given by Lane~and 

Kalinske, it was shown that, relative .to wide rivers, the %otal~uspended 

sediment transported can, with •fair approximation, be determ~ned'by W 

measuring or determining the concentratlonatsome one level, preferably 

in the lower half-depth, and flnding the total rate of sediment carried 

~'- - P =M. per unit time per unit wldun f, om the expression q Na.el5 ta 

The parameter t =:c/~'~, in which c is the average fall - velocity 

of the size range of sedim6nt considered, g is the acceleration~due 

to gravity, D is the depthi~of stream, and S is:the friction slope•, The 

value of P is obtained from aplotting indicating values ofthiS term 

for various values of t and the relative:roughness (n/D!/6). 

It is proposed then that theoretically, at least, field measure- 

ments be made of~the concentration of suspended material at a sln61e 

level to permit calculation of the total suspended load in thennit : 

width of stream in which the measurement wasmade. Measurements 

:should also be made at other sections across the stream since the 

meanvelocity in the verticalsection and the sediment concentration 

vary. transversely in any river; in addition, as many measurements 

should be taken as can be economically analyzed and as t~e accuracy ~ 

of the :problem ~warrants. 

• i 
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84. Relation of suspended~to bed ms.teria1~ ~ In another analysis, 

Lane ar~ Kalinske demonstrated a proposed method of determining the 

suspended material in a stream J~under equillbrium conditions from con- 

sideration of the composltion of the bottom material and the depth 

and slope of the stream 19. The analysis is approached from the con- 

siderations that the average rate at which particles of any .~ize are' 

picked up and placed in suspension should be proportiona2 to the 

relative amount of those particles present in the bottom, 'ire ±he magni- 

tude of the vertical velocity pre'~ent ~(due to turbulence eddies)i~c~P ~aL 

ble of picking them ~up, ~nd ~Io the relative amount of tinCtUring. 

which velocities capable o f picking up ,partl c]_es~o~f ~ that ~ize ~exi ~,t. 
• S ; ; L  " 

Expressing thence facts mathematlcall~fi~ally reduces to an:equation 

-  FCC) 

where N s is t,~ concentration per unit volume or in parts per million ~ 

o~ sediment in suspension ~at the bottom of an averagesize character. 

ized by the settling velocity c; AF(c) is the ~relative :amount of ~: - ~ ' ~ i  

particles having an average settling velocity c; and P is a ftmctlon ~ .... 

tc, where t c equals 

c , and is expressed in a series, 

o ~ ~ 2n-3 
P= i .. ~c ' 

V P C to) - ( " ' "  - T 2(n - l) 
A plot of P against t c reveals that~as t¢ approaches z e r o .  , P approaches 

infinity, and that P approaches zero rapidly when tc is greater tNan 

unity. This, it is assumed, indicates that sand sizes giving a value C 

of t c of one or greater would not be found in suspension i n a~v great " 

quantity. This is an important fact, if]true, and has been demonstrated '~ 

entirely by a mathematical analysis of the problem of how sediment ~is? ~ -: 

placed in suspension by turbulence. The approach .of P to infinlty as 

t c gets small, indicates that for small sizes of ~silt no exact relation 

can be established between the bottom composition and the material of ! 

that size in suspension. 

"TheRelationof Sns 

and A. A. iKalinske, ! 

al in River~." by E. W. Lane 

Union 

! 
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Using field data from several sources, an effort was made to 

determine the functional relatlonoC theabove proportionality. 

From fielddata, it ~as possible to plot 

Ns against t c- Since tc is~a functi°n °F P, tc isthus 
 F(c) N 
functionally related to s . The function~so obtained from 

the limited data was in the form: 

N 
s = bp n 

 FCc) 
The upper limit of one for t c for material in suspension seems to 

hold for these data. It was also concluded that for practical use 

no accurate predlcticn of the value of N s for values of tc less 

than about 0.020 can be expected. Sediment sizes giving values of 

t c less thmn 0.020 are likely not to be present in the bed of the 

stream in measurable quantities. 

In general, therefore, it seems probable that prediction of @ 

suspended-material concentration from aknowledge of the hydraulic 

characteristics and bottom composition of a river is Quite possible ./ ~- 

within certain limits. The theory on which thls analysis is based 

is fundamentally correct; the approximations wbichare made simplify 

the mathematical expressions to,such an extent that their use is 

warranted even thoughthe accuracy under certain conditions may not 

be great. 
This method of determining sediment concentration from bottom 

measurements can be used in conjunction with the method Just prevlous- 

ly discussed, wherein only a single sediment measurementls required. 

From a practical point of view, however, since it was pointed out 

that the finer material cannot be accurately estimated from the bed- 

material composition, the usefulness of the two methods in conjunc- 

tion is limited to the coarser sediments. As an example of using 

%he sediment concentration at the bottom~ it was shOWn in Section 83 

that the rate of transportationD M = Vm-D'No'P, where N O was the A 

sediment concentration at the zero le~e!, or bottom, equaled 1.89 W 

pounds per second per unit width; while using an integration in the 

unit w~dth obtained. vertical, 1.85 pounds per second.~per was 
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Any rational analysis of suspended-sediment distrlbut~en ~n a 

stream and of the rate of transportation as presented here is use~] 

also in comparing the relative accuracy of different sampling methods. 

Even though the exq~ressions given for sediment distribution have 

definite limitations, the values obtained approach the actual sedl- 

ment distribution close enough to be used as a basis for compar~n~ 

the errors obtained int0tal suspended-sedlment transportation a:~ 

calculated from samples taken in accordance ~'ith var~ ous methods now 

in use. 
85. Validity of assumptions. The foregoing discussion hp.s been 

taken directly from the work of Lan 9 amd Kalinske as cited. In their 

derivation of relations pertaining to sediment concentration, assump- 

tions have been made to simplify the analysis; n~mely, the transfer 

coefficient for momentum equals the sediment-transfer coefficient, and 

that the shear is distributed linearly. The most profound assumption 

made for the sake of convenience was t]~t the mixing coefficient ~ Is 

constant throughout the vertical. As the authors explained, however, 

this was done to simpllfy the mathematical treatment. As far as the 

evidence goes, these varicus assumptions have not caused the theory to 

be radically in error since experimental and field da%n convincingly 

demonstrate the practical use of the f1~sctional relationships developed. 

There is some difference of opinion, however, among %hose associ- 

ated with the research of sediment transportation. In a worthy con- 

tribution to the subject, Vanon120 has recently arrived at conclusions 

contrary to some heretofore assumed to be valid. }{is experiments were 

made at the Cooperative Laboratory of the Soil Conservation Service and 

the California Institute of Tec~,nology. The experiments were conducted 

in a flume 33-I/4 inches wide by 12 inches deep by 60 feet long. By. 

using a closed-circuit system, the sediment was circulated directly with 

%/ze water. Velocities were measured with a 3/16-inch d~ameter pitot 

static tube of the Pramdtl type. The sediment distribution in the flow 

20,Some Experiments on the Transportation of Suspended Load," by. ~i@ 

rite A. Vanoni, Trans. American Geophysical Union, Part I!I, 

19Al, pp- 



O 

was ~ determine~ from samples siphoned from the flow through a 5/16- 

inch brass pipette, shaped much like a pitot tube. The inlet of the 

sampler was directed upstream and the rate of siphoning adjusted so 

that the entrance velocity in the pipette was the same as the velocity 

of flow at the sampling point, which was previcusly determined by lpltot- 

tube measurements. The velocity into the sampler was determined from 

the time required to fill a liter bottle and from:the area of the 

sampler tip. The average sediment load of the flow was determined 

from samples siphoned from a collecting tank in the circulating system. 

A semilogarithmic plot of the velocity profiles at the centerline 

of the flume with and without sediment loads showed the experimental 

points to agree very well with the universal logarithmic velocity- 

defect law (same as (2) in Section 83): 

-V Vmax. 5-75 lo 2.3 log 
= - ' "  " . l O  ( D )  

A ° , P 
except near the bottom, where the measured velocities exceed those 

calculated from this relation. Since this departure was small and 

occurred over a small portion of the flow, the assumption Of logan* hmic 

velocity distribution is essentially accurate when applied to open/chan- 

nels, although derived primarily for pipe flow. Since the slopes of 

these curves are inversely proportional to K, yon Karman's universal 

constant, the lines should all be parallel if K Is a Constant (taken to 

be 0.40 for clear water). These data show, however, that,~since %he 

slope of the lines was not the same for all tests, K is no~ constant 

for sediment-laden water; in fact, it decreased with the sediment 

concentration. 

In a manner similar to that already described~mder Lane and 

Kalinske's work, Vanoni uses the following equation for the relative 

sediment concentration, as first presented bY Rouse 6: 

n a , , - y  0 C a _ = 
Na y d-a ~ 

In which z = c/K ~/mo/P , ?he other terms being def~med previously 

In Section 83. ~y plotting the relative concentrationN_ against the 
Na 

O 

J 
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distribution function, H, for a = 0.05 d, the s!ope ~f the plotted 

experimental lines, z I, would be equal to z, if the theory ~s cot -~ 

feet. Vanoni found, however, that z and z ! were n o t  ~lway~ equal, 

for, in general, z ! was less than z, ~nd~catlng that the actual 

distribution was more uniform than that p redicte4 by theory. 

particularly interestlng effect of the ~1~.~pended .~e~ment 

in the flow wa.~ to reduce the resistance to flow and thereby Incre.,~e 

the veloclty. For the same dlscharge (wnter), the s.vers~ velocltv 

waz found to be larger for sedimentgladen flow than ,~or clenr'Clow, 

S~nce it wa~ found that the un.~versal con.~:tant K ~n the logar~+..hm~c 

veloclty-dlstrlbution law was decrea~ed~by sediment in the ~low, 

- ~ o- a .larger veloc~tv gradient this means that, for a given .~hear ~tre...s~ ~. 

must occur. It follows from this that, in the fundamental relation 

of shear, ~ =Oc dV , if the shear is~constant while the veloc- 
m dy 

-ity gradient ~ncresses, then the transfer coefficient, a m , for 

momentum must decrease. Vanoni explains that sediment cau~e~ tb~ 

decrease because the :~tream it~e]f mu~t do~work again~t the ~ett]~.ng ~@ 

effect of gravity on the sediment. S~nce this work or energy, mu~t 

be derived From the vertical components, of the turbulent velocity 

fluctuations, a dampening effect will result to re4uce the turbu- 

lence somewhat arh thereby the mixing coefficlent em' ~Ince It 

varies with the turbulence fluctuations. :~annlng'~ n ws~ foun~ to 

decrease 10 percent in some cases for the velod}ties u~ed, which ;were 

about three and five-tenths feet per second. 

Since the exponent z I obtained fr~m exoer~m~ental date. 4~d noTJ~ 

agree with the theoretical value z,lexcept for cosr.~er se~.~ment~, 

thi~ arb~ment wa~ continued tO explain ~,hv. The ~utbor cone!males 

that the intensity of the turbulence fluctuatScns an,; the set~]~.ng 

~ v if the former i z g~e~t~r, velocity w are involved. Acco .... ~ngl~, . . . . .  

sediment is lifted, but, as the sediment grows coarser ~n~ w ~ncres~es, 

the weaker turbulence can no longer li~'t sediment so that a reduction 

, occurs. Purthermore, the in the sediment transfer coefficient, ~s 

assumption that es ~nd ~m ~re equal i.~ not berne out. Thi.~ difference- 

is explained by a purely random turbulence which can support sediment,, 
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which, in turn, would increase ¢s above emar~ by the relative 

magnitudes of the turbulence fluctuations and settling velocity, 

as ~ust mentioned, which tends to increase c m. 

Vanoni plotted curves to show thejc~mpari~n~between ~s and ~:~, 
• . ~ " ~ _ ~ S  ~ -  ~ = ~ i "  "~ 

'~afor several sizes of sediments a~obtained from his experiments. 
It was revealed that for the coarser sediments thetwo agreed very 

closely, while for the finer material Csr~sgreater than Em. 

From these revealing e~periments, the following conclusionsmay 

be drawn: 

a. The assumption that the transfer coefficients for momen- 

tum and sediment are equal does not agree with the;experlmental 

measurements. This assumption, it will be recalled, ismadeto 

simplify the theory of suspended load distribution. 

b. The logarithmic veloc~ty-dlstrlbutionlaw is va!id~for 

open channels, since it is applied to derive therelative concen- 

tration of sediment at various levels which agreed closely with the ~ 

measurements. - @ 
c. For flne materials, the coefficlent for sedimentmlxing, 

e~ is larger than the coefficient for momentum, ¢m, the opposite 

being true for coarser sedilents, but inbetweenthevalues are very 

nearly equal. <~ ..... , .: 

d. iAn addition of sediment ~o clear water increases the 

velocity of flow, deper~ing on the size and amountof sediment. 

Thiseffect, in turn, reduces the resistance coefficient. 

e. ~The addition of sedi~nt to clear water causes Zm-tO 

decrease and the v$1ocity gradientand velocity to increase. 

f. The universal constant for momentum trensfer,:K, is 

reduced in sediment.laden water. 

g. Conclusions d, e, and f are related to the effect of 
D 

sediment damping the turbulence. 

In the light of these experiments and ccmclusions, Kalinske 21 

points out "that the exchange of a vector quantitysuch as momentum 

is not identical with the exchange of quantities such as heat andmass 

u~dez all~onditions of turbulent flow. Experiments seem to indicate i ! l  
,i, 

21Seediscussi~ • .620, ':Trans. iAmerican ~ ,Union,. Pa~ :.YII,. 
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that the exchange of momentum and heat in the uniform turbulence 

created at boundaries is similar, ~hile the exchange in turbulence 

formed in the wake of immersed bodies is definitely different. It 

appears that the exchange of scalar quantities such as heat, water 

vapor, or sediment ought to be similar., ~xperiments by Kalinske 17 

using immiscible droplets in water havlng the same specific gravity 

as water showed that for all practical purposes the exchange of 
> 

momentum and sediment is equal. Nevertheless, Kallnske does not 

believe any. too definite statements can yet be made in this regard. 

The principal reason is th~ difficulty in calculating the momentum 

exchange coefficient since there is a certain amount of inaccuracy in 

obtainlng the velocity gradient from thevelocityd~stributloncurves, 

especially where the curve is almost vertical, and in estimating the 

unit shear at any point which must be assumed as to value and distribu- 

tion. The assumption of linear variation of shear is probably valid, ~o 

but, it: open channels, this may not be strlctly true because of side 

and surface effects as well as effect~ of second~, currents. Accord- ~I 

ingly, the logarithmic veloclty-distribution law is not correct near 

the water surface, 1or, as Vanoni showed, near hhe bottom. 

DENSITY Cb~RENTS 

~6. Relation to m~spended sediment. Associated wlth suspended 

sediment transportation in streams is the phenomenon of density cur- 

rents in reservoirs. These have h~en defined as "the movement, without 

loss of identity of mixing at the boundary surfaces, of a stream of 

fluid under, through, or over a body of fluid, the density of which 

differs from that of the current, the density difference being a func- 

tion of the differences in temperlature , salt content, and/or silt 

content of the two bodies of fluid," This problem of sediment deposi- 

tion in reservoirs is, of course, a serious one due to eventual reduc- 

tion in storage capacity. Accordingly, any bit of information on this 

subject should be welcome to the engineering profession. In the past, 

concern has often been expressed over silting of reservoirs, but @ 

little effort was made tn attempt a solution. Most cer~m~nly, it is a 

difficult problem to prevent this deposition; for example, ~n Lake Mead 
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at Boulder Dam where the Colorado River brings tons of s~.it to the 

upstrea1~ end each day, how could this be prevented? ~:ore logic~lly, 

what can be done to remove the silt in an economical and effective 

manner? 

8'I. Siltin~ of reservoir~. A pos.sible answer to the latter 

question has recently been suggested by. ' Knapp and ~el122 at the 

California Institute of Technology. In their analysis of density 

currents, it is recalled that there is a difference between sediment- 

laden flow in a river and sediment-laden flow when in a rezervoir, 

for in the +.ormer base the water carries the sediment, wh~le in the 

latter case the water is transported bythe sediment, This peculiar 

circtustance supposedly explains some of the characterist£cs of dens~ty 

currents. It has usually been assumed that density currents were 

extremely delicate, occurred only rarely, and that they could easily 

be dissipated and lose their identity; however, more recent studies 

reveal that density currents are quite prevalent and $~at they are not 

easy to destroy. The lack of knowledge and misconceptions is explained 

since most underflows occur in large bodies of water and are not 

visible. 

When a silt-laden stream is diluted upon entrance into a reservolr, 

the muddy water either mixes with the clearer reservoir water or it 

becomes a density current; usually the latter develops. Once underflow 

has started, mixing can occur only at the "boundary surface" between 

the muddy and overlying water, It isbelieved by Knapp and Be!l that 

this mixing is a slow process so that it will rarely destroy the under- 

flow. since the den.~ity difference must i'irst be destroyed, but the t~me 

of transit is too short for this to occur. Accordingly, there maybe 

only two methods of stopping a density current: (I)By settl~ng out 

the suspended sediment, thus removing the density difference a~ "driv- 

ing power"; and (2) by eliminating the effective slope of the underwater 

channels, making the denslty difference ineffective. 

• , , .  

22Trans. American Geophysical Union, Part II, 19~i, pp. 257-261. 
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Since density currents cannot be observed d~rectly, st~ll 

there are some evidences to be seenwhereunderflows occur. From 

some observations of a model reservoir wi~.giass sides to permit 

visual study and from field investigations, it hasbeen observed 

that, as a muddy flow entered the clear water, it at f~rst was 

retarded wlth some local mixing occurring. Then the ~ensi%~cur- 

rent started toundmrflow and carried with it downstream some clear 

water because of the friction at the interface. An upstream current 

at the surface resulted in order to replace the~clear water moved 

downstream. When this clear-water upstream current meets the incom- 

ing muddy water, both flows turn downward toward the bottom, msuking 

a rather definite line of demarcation at ~he surface. Floating 

debris is "also left stranded at this line by the two currents 

plunging towar~ the bottom. These twoevidences of underflow, sharp 

line of demarcation between muddy and clear water and alocalized 

collection of debris, are clearly visible at :the upper end of Lake 

Mead. A sketch lllustratlng thls phenomenon is shown by Figure 27. 
@ 

• i 

UDDY FLOW 

~-DE MARCATION LINE 
tEL OATtNG DEBRIS 
/ CLEAR RESEI~VOIR WATER~ 

. . . .  i 

SECTION OF F~E SERVOIR 

SHOwltar, BEGINNING OF" UNDERFLOW 

@ 

FIGURE 27, BEGINNING OF UNDERFLOW 
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Knapp and Bell have further demonst'~ated .~n a laboratory reser- 

voir a possible method of removing ~ilt-laden density currents by a 

Judicious use of outlets placed through a dam, The apparatus con~i~t, ~ 

of a narrow glass-sided flume blocked at one end by a model dam with 

small outlets extending throuKh ~t near the base. The bottom of the 

model reservoir %s represented by a sloping floor. By temporarily 

blocking off a _~mall portion of the upstream end of the reservoir 

until the density of this water has been chan~ed by adding crushed 

ice, sugar, salt, or a silt, suspension, and by adding dye for observe- 

tion, it is readily possible to observe the underflow or overflow of 

separate density currents downstream to the dam (Figure 28), ~ee them 

flow up the back of the dam, and then return upstream. Only a neali" 

gible amount of mixing occurs between the density flow and the clear 

water. When a density current or a layer of them (composed of l~h~er 

underflo'~s superimposed) Is stabilized, the outlets to the ~am are 

opened at various elevations to demonstrate the removal of one or more 
i @ 

la>,ers of underflow (Figure 29A). If excessive outflo,~ %s permitted, 

it is possible to obtain a m~xture of flow free the superimposed 

layers or of only an upper layer (Figure 2QB). Accordingly, ~t~ 

believed that care must be taken to withdraw the underflows else 

clear water above will be included with the silt,laden stratum Imme~.~ - 

ateiy below, or only clear water will be removed. 

88. Analysis. At the National Hydraulic LaboraTory of the 

Bureau of Standards in Washington, D. C., other experiments are being 

made of density currents. Three expe.]imental channels, t~o of ~hem 

gecmetrical!y similar, of rectangular cross-section have been constructed. 

Clear tap water is introduced into the experimental channel so a~ to 

flow over a pool of aqueous salt solution, the density of which varies 

from 1.02 to 1.20, The velocity of the clear water is ~ncreased unt!l 

waves which form at the boundary surface begin to break, enabling mi~- 

ing to occur between the two liqu~-ds of different density. This 

velocity is recorded as the critical velocity. By methods of dimen- 

sional analysis, a criterion for this critical velocity wa~ developed 

in the i'orm: 

@ 
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A. DENSITY FLOW APFROACHING D.~I~ 
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@ B. LIGHTER FLOW APPROACHING DAM 
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UNDERFLOW IN MODEL RESERVOIR 
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FIGURE 29 
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A. FLOW FROM EACH LAY~ 

@ @ 

@ 
B. FLOW FROM UFPER LAYER 01~rLY 
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SILT DRA~',N-OFF BY OUTL~W~fS 
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where K = a dimensionless coefficient, ii] 
V = kinematic viscosity of the moving liqu~,d, +!i 

p = density of the moving liquid, ii I 

Ap = difference in densest of the two l~qui~.~, 

U = mean velocity of the moving l~qui+~ when ::. 
mixing first occurs, and 

g = acceleration due to gravity. + 

The values of K determined for different den.q~lie~ of the heavier 

liquid and with different channels were found to be in good agreement. 

An average value of K1/3 appears to be about. O,155. Scale effects are 

as yet gndetermined either from theory or experiment. It has also 

been difficult to explain why in geometrically similar channel~ the 

rate and development of mixing were rapid in the smaller channel 

while in the larger channel they were slower, especially for larger i 
+ 

values of U. Later experiments (1942) in a larger test~n~ channel 

have shown that the start of mixing is affected by the nature of dis- 

turbances at the entrance to the channel, a greater length of channel 

is desirable, and the visual method of observing the beginning of 

mixing is not suitable for the experimental channel. Attempt~ are 

to be made in 1942 to correct these unde.~Irable feature_° of the 

apparatus and the method of experimentation. 

89. Field study. To further develop the knowledge of ,density. 

currents, a committee of the National Research Council h~$ been formed. 

Since the phenomenon of density currents concerns not only engineers 

but also geologists, chemi.~ts, and physicists, all these profes~ion~ 

are represented on the committee. Their program of study includes: 

(1) Passage of silt-laden water through reservoirs; (2) the failure 

of water of a tributary to mix with the water of ~ the main stream when 

the water of the tributary is of a different quality 8rid/or silt content 

from that of the main stream; (3) the passage of fresh water over salt 

water, or salt water under fresh water; (4) possible cause of the 

formation of the submarine ca~ons that have been discovered recently 

on the outer edges of the continental shelves by density currents of 

silt-charged water; and (5) passage of currents of warm air over 

:po+ekets o f  cold air. " ' 
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At the present time the ms~n efforts are be~n~ concentrste~ on 

the flow Gf silt-laden curren~ of water into reservo~r~- Through 

the cooperation c f various Government agencies, measx,~eme~ts have 

been made on Lake ~ead and Elephant Butte Rezervolr. , Such measure- 

ments include temperature-depth, velocity, ,eallnit~T, turb~ditY, 

conductivity, an'J elevation of the top of the silty layer. It ~ s 

interestin~ to note that the location of the silty lay er is f°un~ 

not only by samplln~ the ~.~ter, but also bY its temperature s~nce 

the temperature of the silty layer is higher than that off the clear 

water immediately above. This fact may also be useful in .4eterm~n- 

silt-laden density current through a ~reservo~r. 
ing the velocity of a 
In the Elephant Butte Reservoir two thermometers have been Installe~, 

one at the outlet of the dam and ~the other some known 41stance upstream- 

By noting the time elapsed between a temperature r~se upstream an~ a 

similar rise down-3tream, the mean velocity of the silt layer pas~Ing 

down.~tream may possibly be determined. The Lake Mea~ ,te~t3 have been 

submitted (19&2) to the committee ~or later publication bY the 

National Besearch Oouncil. 
In regard to the phenomenon o~ a silt layer in %.he aforement%one~ 

glass-sided model reservoir ~flowing up the back of the dam an9 return- 
....... 2 the Bartlett 

ing upstream, the author recalls during an tnspecDio:~ u~ 

Dam on the Verde ~iver in Arizona, th%t while standing on the parapet 

of the dam, the water in the reservoir, particularly near the da , 

was seen at first to be a vivid blue. W[thln a few moments, however, 

a muddy color was easily dlscerned adjacent t° the dam, which g ra~ually 

extended upstream across much of the reservoir .... This phenomenon was 

evidently a density flow overturning and returningupstream. Proof 

of a density current was enhanced by!the occurrence of abnormal run- 

off in the watershed and a subsequent~ load of silt being carriedto 

the reservoir by. the ~erde ~i v,.~r- 
In regard to the failure of water of a tributary, stream to mix 

with the flow of the main stream, the a~thor noticed this occurrence 

below Arrowrock Dam in Idaho. A trlbutarY~ ~orse Creek, c~rrylng. 

considerable silt flowed into the Boise Blver wblch was much clearer 

1129 
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because it~ flow wa~ released at the dam. Figure 30 ~hows the lack 

of miming between the two stream~ one-half mile below ~,e confluence. 

The Boise River is on a steep slope at this point so that the ve!oc- 

~ty was appreciable with numerous rapids, but . till the muddy water 

was not completely mi~ed with the main stream until two to three m~les 

downstream~ from.%he confluence. 

FIGURE 30, INCOMPLETE ~IXING BFLOW CONFLUENCE 

MEANDERING OF STREAMS 

90. Type of problem. In Chapter IIIa descrlpticn was given 

of the Mississippi River floo~-control model and of the Hea~ of 

Passes model to illu~trate the use of models for ~olvlng some partic- 

ular problem of rivers, in these cases per%aining to the Mi~s~s~ppJ 

River. A research problem associated wi?h any meandering stream, 
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such as the Mississippi River, Is now presented to ~llus%rate a 

special research problem, ~un~amental in purpose, in-whlch it is 

hoped that conclusions can be drawn which w~ll be appllcable to 

meandering streams in general, no attempts being made to derive 

any complex or far-reachlng mathematical laws. 

91. Characteristics of meandering stream%. Based mostly 

on observations, some facts have been established relative to 

meandering streams, but more definite informaticn should be gained 

from laboratorM research to explain the mechanics of some of the 

phenomena involved. It has been observedthatirue meandering occurs 

only in rivers having erodible beds and banks, so that the channel 

is free to shift its location and adjust its ~hape as part of a miKrs- 

tory movement of the channel as ~ whole d~n a valley; that meanders 

migrate downstream; that a meandering stream maintains a nearly con- 

stant length or overall slope; and that the formation and maintenance 

of meanders are a function of valley slope, discharge, and character 
23 @ 

and amount of bed load transported- . The effect of cutoffs, bank 

revetments, and dikes on bed load and meandering, on the o~her hand, 

is not clearlyunderstood, and it is particularly desirable to know 

what the limit is in straightening a meandering stream before the 

depth and other factors are affected. 

92. Laborato~, investigations; In view of the lack of more 

complete knowledge of meandering streams, the United States Water,ays 

Experiment Statlon has undertaken a study of the problem with the 

purpose of determining: (1) The fundamental laws controlling the 

meandering of streams; (2) to check the constant length andqsverall 

slope theory; (3) the effect o~ the amoun~ of bed load on meanders, 

its direction of movement, and the source ofmaterial forming bars; 

(4) the effect of.dlfferent flow stages on,bank cave.rig and bar forms-, 

tlon; and (5) the effect of cutoffs, revetments, arL~ dlkes~on meander- 

Ing streams. When this comprehensive study is completed, valuable 

23"Basic Aspects of Stream-Meanders," by G. H. Mathes, Trans. American 

C~ophysical Union, 1941, Part III, pp. 632-63C. 
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information should be obtained which would permits better under- 

standing of the movement of bed load in meandering streamn an4 of 

the movement of the stream itself, that is, of the characteristics 

of the river. 

To perform these experiments, a brick flume 125 feet long, 

50 feet wide, and 18 inches deep is partly filled with a layer of 

crushed coal to a depth of about eight inches. A straight channel 

with a bottom width of 2.20 feet, a depth of 0.20 foot, and slide 

slopes of 2 to 1 is then molded into the coal bed on s g~ven slope 

extending the full length of the flume, as shoe on Figure 31A. 

This stream channel has no direct scale relat~onShlpwith any exist- 

ing stream. The flow is introduced into the upstream end of the 

channel in the proper direction to encourage development of meanders 

quicker than would occur if a straight entrance were used (Figure 31B). 

The slope of the water surface is set initially parallel to the orlg~- 

nal stream bed, and, as a test progresses, a tailgate at %he downstream 

end of the flume is adjusted to,compensate for any change in water- A 

W surface slope due to meander development. 

For the first 8 hours of a test, a constant discharge of O.1A9 

cubic foot per second is maintained, with bed-load material of pulver- 

ized coal added at a rate of 0.30 cubic foot per hour (Figure 31C). 

With an initial meander pattern quickly developed at th%sdischarge 

(Figure 31D), a varying hydrograph is then run through repeating 

cycles of 3 hours and 10 minutes until the meanders have stabilized; 

wh}ch may take as long as 50 hours. For the varying hydrograph, a 

low flow of 0.02 cubic foot per second is run for 1 hour and 20 min- 

utes, no bed load added; then, an Intermediate flow of O.10 cublc~foot 

per second is run for 30 minutes with bed load added at a rate of O,lO 

cubic foot per hour; flnall~, a hlgh~flow of 0.18 cubic foot per second, 

with bed load of 0.30 cubic footper hour, is run for 30 minutes. A 

5-minute period is allowed for adjusting the discharge between each 

stage, ~ith the cycle being completed by returning to the low flow. 

These quantities are subject to change, because a definite test program 

cannot be developed until thebed slope,~initlal channel size and shape, lab 

bed material, and discharge have been adjusted to produce meander 
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characteristics in the model stream similar to those observed in 

nature. These quantities as described and the method of ~tes~ing 

are as of February 1941. 

During each test~:the development of meanders is recorded by 

mapping and by photographs from a :20,foot tower. Water-surface 

elevations are measured periodically at a ~ suffi:cient ~number of 

ranges to determine the longitudin~l slope in all the reaches and 

tho transverse slope of the bends. To obtain these measurements, 

end to mold the stream Channel, a rolling brldg e~Isused which is 

supported by rails on each aide of the brick flume; the 20-foot 

photographic tower is also supported on:this bridge. 

In connection with this investlgation, an inspection was made 

in company with engineers associated with the study of meandering 

of small streams to observe meandering characteri~tlcs in nature. 

It was noticed in several instances that the laboratory stream di~- 

played features quite similar to those observed in the field. For 

example, it could be seen that the bed load"at ' the downstream end 

of a point bar was crowded toward the conca ~mo.~t normal 

tc the direction of flow. This was easily'! in the model 

stream and was seen in nature from the axis of the ~nd ripple, In 

a stream bed and from the curved alinement of gravel ~treaks across 

point bars • " 

From laborator~ tests already completed (1941), thereare ~.indica- 

tions that, for any given valley slope, discharge, and bed load, a 

stabilized condition will occur in the slope, size of meanders, and 

channel proportions, but migration of meanders continues downstream. 

It has:also been shown that meander ~width Is directly •proportloned ~{~ 

@ 

i 

the amount of bed load. 

ACAD~IC RESEARCH 

93. ORen channels. A further type of ~ research that;~is frequently 

observed in university laboratories pertains to exploring some aspect 

~of~flow in pipes or open ~channels, for example, more with the purpose 

of establishlmg relationships between certain flow _~aeg0rs than for 

~:explorSng some basic problems of flow or solving, vi~.i-pr.e i/; 
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problems. In this sere this research is considered to be academic 

and somewhat limited in its application to practical problems of 

primary importance. Nevertheless, this type of work is important 

and frequently produces new developments and fundamental concepts. 

An example of such studies is one observed at the Massachusetts 

Institute of Technolo~v where extensive tests have been made to deter- 

mine the variation of the friction factor f with Reynolds number for 

uniform flow in open channels. In 1938, a series of experiments was 

started to develop a function between these two variables w~th constants 

to be applied for various shapes of channels at various roughnesses. 

The program of experimentation consisted of a series of related master 

theses treating various phases of the problem. 

~1%e first study by J. A. Downs in 1938, u.~ed a wooden channel 

tested at two widths, 24 and 12 inches, on a fixed slope. The bottcm 

and sides of the channel were roughened with a sand coating. After a 

few tests, it was found that a relationship did exist in the form 

f = aR x, but exact nature of the function was not determined. 

In 1939 Kerkering and Jacoby coetinued the work of Downs, using 

the same channel but testing at a different slope and using three 

widths, I0~4 , 6 and 3 inches, They foundithat a different relation- 

ship existed between f and R for each en~'nne! width. Conclusions 

were drawn that this was due either to the fact that an unknown phy.~Ical 

quantity rues not included in their analysis, or that the hydraulic 

radius was not the proper linear dimension to use in calculating the 

friction factor and Reynolds number. The authors tried to find e differ- 

ent linear dimension to use instead of the hydraulic radius, but after 

trying mar~ different combinations, they concluded that the hydraulic 

radius was better than ar~thlng they had tried. 

Also in 1939, SmYser and Harvey tested a channel 12 inches wide 

by i0 inches deep for various slopes. They attempted to find the e~fect 
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of varying the slope and hydraulic radius on the relationship 

b e t w e e n  f and R,  b u t  found t h a t  n e t t h e r ~ h a d  a ~ /  a p p r e c i a b l e  e f f e c t .  

In 1940, two sore thesis investigations were completed. One 

study ~s made by Seedlock and Little using a channel whose width 

and slope were varied. They reached the following conclusions: 

(i) Although there exists a functional relationship between f and 

(within the range of R investigated of 3,000 to g0,000), £h~s func- 

tion does not appear to be;a straight llne on logarlthm~c paper; 

(2) that there is probably some width of chsnnel beyond which the 

function between f and R is unaffected, and this width is greater 

than 12 inches; (3) the vidth of channel has a pronounced effect 

on ~e relation between f and R when the hydraulic radius ~s~used 

as the linear dimension in computing f and R'., (4) the wldth of 

channel does not have a marked effect on the function between Chezy's 

C and R, and between Manning's n and R; (5) there is some other linear 

dimension besides the hydraulic radius which'wouldbetterdescribe 

hydraulic size in the determination of f and R; (6)a welghted .value 

of the hydraulic value ~,A 2 and A , i~ not better suited to 

P Ptotal 
describing hydraulic size than the hydraulic radius; and (7) in~ 

general, over the ranges studied, there i~ a tendency for ~ to increase 

for a given value of R with increase in either width or slope. 

The second study in 1940 was~made by Swift and Morrison us~.ng 

the channel for the 1939 tests. In thi~ part of the research, the 

effect of changing the roughness condition of the~channel was invest~- 

g a t e d .  Two r o u g h n e s s  c o n d i t i o n s  were  J n v e ~ , t i g a t e d :  Rough b o t t o m  and 

smooth s i d e s ,  and rough  b o t t o m  and s i d e s ,  The s i z e  o f  sand u s e d  was 

t h a t  p a s s i n g  a No. 8 s i e v e  ( 2 . 3 6 2  mm ) and r e t a i n e d  on a No. 14 ~ i e v e  

( 1 . 1 6 8  mm ) .  The h y d r a u l i c  r a d i u z  was v a r i e d  f r o m  3 cm t o  9 cm and 

the slope from O.OOO1 to O.0019. Reynolds number was varied from 3,000 

to 65,000 with accompanying variation in the frictionfactor from 0.021 

to O.O~8. These two experimenters arrJved at these conclusions: (I) v 

is definitely a function of R; (2) the slope does not materially affect 
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the relationship between f and E for ~lope~ greater than 0.003; (3) 

the hydraulic radius does not greatly affect the relationship between 

f and R for R greater than 30,000; (4) the variation of this relat~on- 

ship with hydraulic radius for Reynolds numbers less than 30,000 is 

especially marked when both the bottom and sides of the channel are 

rough; and (5) for the channel with only the bottom rough, the effect 

of the roughness decreases as the depth increases. 

This extensive series oi tests was continued during 19~i, test' 

ing a triangular-shaped channel with varnished walls and continuing 

with a channel of rectangular cross-section with roughened ~ sides and 

bottom. By 1942, it is planned that the tests will all be completed, 

whereupon a careful analysis of the entire work wili be made to deter- 

mine Just what the functional relationship is between f and R for 

variation in channel width, slope, and roughness. Possibly enother 
"e 

linear dimension than the hydraulic radius will be evolved for comput- 

ing the friction factor and Reynolds number for open channel flow with 

particular reference to smaller Reynolds numbers, for which the fric- .@ 

tics factor varies considerably more for small changes in R, 

94. Stream double refraction. Another study observed at the 

Massachusetts Institute of Technolo~ was of particular interest 

because of its possibilities in hydraulic research. This stuay per- 

rains to the examination of flowlines by introducing a dlsperslon of 

bentonite into the flow and studying the streamlines by use of polarized 

light. When polarized light is transmitted through a flow containing a 

double-refracting colloidal suspension, the lines of flow show up in 

varicolored patterns wherever there is a variation in velocity or direc- 

tion of t~he moving particles. The method is analogous to the determina- 

tion of strain in transparent models in photoelastlcity. 

The phenomenon of double refraction occurs when plane-polarized 

light is passed through a double-refracting crystal of uniform thick- 

ness, and then through an analyzer (plane polarlzer), whe~'eupon the 

multicolored pattern is produced, since some of the colors are rein- 

forced while others are weakened by interference. When plane-polarized 

light passes through a double-refracting or birefringent crystal, the 

light is split up into two rays, each of which is polarized again, but 
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having planes of vibration ~bich are normal to each other. This i! 

also occurs when plane-polarized light strikes the part~cles of 

bentonite in the water, but polarization into t~onormal planes of 

vibration occurs in this case by reflection from the surfaces of 

the particles. When a ray of light is incident upnn a transparent 

surface at an angle called the polarizing angl~, part of the light 

is refracted through the surface and part of it In reflected from 

the surfaoe. It has been found that there is a partial re:~olution 

in these two ray~ of the vibrations into components, respectively 

in and at right angles to the plane of incidence. The bentonite 

crystals are birefringent so that polarization into two planes and 

interference producing the color effect are due to a lining up of 

the small particles which are plate-like in zhape. Accordingly, It 

has been postulated that the birefringence is due to polarization~by 

reflection from the small plate-like particles. It i~ believed more 1 

reasonable to assume, however, that the birefringence is due to 

single transmission through a medium presentin~ more resistance to I 
v 

vlbratlon in one plane than it does in another, so that, when the 

components of vibration are resolved into one plane by an analyzer, 

one of the wave components lags behind the other, causing Interfer- 

ence and a variatlon in color. 

The apparatus ,ised to observe the color bands produced in the 

flow containing bentonite consisted of a small glass channel. Two 

sets of polarizers were used; one set consisted of a palr of l-foot 

square polaroid sheets mounted in glass plate~ toplane-polarize the 

light and to serve as a plane-polarlzing analyzer; the other set was 

a pair of circularly shaped combination one-quarter-wave and plane- 

polarizing plates used for studying the flo~lines ~!th circularly 

polarized light, that is, light in which the two ra~s are out of pha~e 

by one-quarter wave length. The sets of polarizers were placed aRain~t 

' the glass channels, one pl~te on either side, in the line of a light 

beam from a spotlight or Edgerton light. The observer faced the chan- 

nel on the opposite side fro~ the light, looking ~irectly into the 

light source. Various flow condltlons were established in the channel O 
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in order to determine the significance of the visual Study and to 

explore potential u~es of this method ofanalysin. The transition 

from laminar to turbulent flow was studied, flow over a we~r, etc. 

In each case, the bands of color varied as the velocity and direc- 

tion of flow changed. Kodachrome pictures were taken of the var~ou~ 

color patterns for use in future analysis. It is entirely possible 

that, after more study has been made of th~s method, a relieble 

qualitative analysis can be used for the flowISne study of various 

hydraulic phenomena and even a quantitative analysis may be developed, 

but, as yet, the full significance of the variation of the color ban~s 

with velocity and directlon of flnwis not understood, 

It is well to remember that bentonite corrodes metal and that a 

dispersion to be used depends on the size of channel, ~ince too much 

will cause the flow to Jell. A centrifuge is required to obtain the 

desired size of particles for test:ing. A well-prepared 1-percent dis- 

persion of bentonite in water, obtained by fractionatingbentonite in 

a supercentrifuge and selecting fractions with particles below 50 mu , @ 

will be particularly clear to the eye~ have a viscosity and a surface 

tension near that of water, and produce pronounced birefringence for 

low rates of flow. 

@ 

LABORATORIES 

95. Research. Since only the work of a few laboratories can 

be presented in this chapter, mention is made here of the laboratories 

which are most prominent in fundamental research together with some 

of their problems being studied in 1940-1942, excluding, the work on 

model studies and other te~ts that these laboratories might be making. 

At the University of lowa, the main effort is bein~ concentrated on ~ 

fluid turbulence and its application to suspended-sediment transporta- 

tion, followed by the conversion of kinetic to potential ener.~Y ~ in 

diverging conduits, the simultaneous ~'low of air and water in closed 

condult~, and the entrainment of air in pipes by ~lowlng water (Wal,lo 
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Smith Hydraulic Fellowship). At the Oniver qity of Minnesota work 

is belng done on the sedimentation atthe confluence of river~, hlgb 

velocity flow in open channels (for Committee on Hydraulic Research 

of the Society), and a study of fluid turbulence a q related to sedi- 

ment transportation. The University of Illinois has an interesting 

study ~ncernlng the study of turbulent flow through annular tubes. 

It is expected soon that the University of Columbia and the City 

College of New York, through the efforts of Dr. Bahkmeteff and 

Dr. Allen, will publish some new and broader concept~ of fluid turbu- 

lence mechanism. The National Hydraulic Laboratory of the Bureau of 

Standards is studying the phenomenon of density current~ a~ de.-cribed 

in this chapter, the theory of flood waves, and the laws of ~imilar- 

ity as applied to model tests. At the Massachusetts Institute of 

Technology the work includes the study of the variation of the friction 

[actor with Reynolds number as described above, plu~ the development 

of the stream-refraction method of studT~ng flowlines. The California 

Institute of Technologv is concentrating on the mec~Aanic~ of suspended @ 

load transportation and density currents in reservoir in cooperation 

with the Soil Conservation Service. At the University of California 

studies are being maAe of flow through porous media and the mixing o¢ 

parallel streams. The United States Waterways Experiment Statlon ha~ 

work in progress on meandering streams, as discu.,sed above, and on the 

force of waves on breakwaters. 

For further information of fundamental research being conducted 

in the United States, reference is made to several progre.~s reports 

in Appendix I, and to the Hydraulic Laboratory Bulletin, Series A, 

National Bureau of Standards, for 1940, 191~l, and 19~2. 
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CHAPTER Y -FIELD INVESTIGATIONS 

GENERAL 

96. Purpose. As mentioned in Chapter I, the field of study for 

this scholarship included not only investigation of current hydraul~c 

research, but also a study of hydraulic structures in the field. The 

basis for such a program was derived from the author's work in the 

hydraulic structures laboratory of the Bureau of Reclamation. It is 

one thing to be familiar with hydraulic research and the problems 

associated with hydraulic structures as studied by models in a labora- 

tory, Out it is an exception when an opportunity is available to 

inspect the prototype structures in the field to observe the several 

hydraulic designs employed and to study their hydraulic performance, 

particularly when one' s normal work does not include such an assign- 

ment or responsibility, and when the structures involved ~re 

distributed over seventeen Western States. Besides the benefit gained 

from inspecting a prototype structure, it is possible to acquire a @ 

more balanced sense of size and proportion which may readily be 

distorted somewhat from working with small scale models. Finally, by 

conversing with the field personnel it is possible to obtain different 

points of vie, and suggestions pertaining to hydraulic design and 

operation of a hydraulic structure. 

97. Scope and method of investigations. Table II lists the 

hydraulic str, ctures on power, flood control, and irrigation projects 

inspected from October 1940 to July 1941. Because of war restrictions, 

it was possible in several instances to make only a rather hurried 

inspection of a structure; nevertheless, when shown about• by a competent 

guide, it was usually possible to obtain the Informatic~ desired 

pertaining to the hydraulics of the structure. In the Ecstern States, 

the personnel of the large power projects were reluctant to give 

much information, regardless of personal identification, particularly 

about model studies which had been made recently to correct some of 

the prototype spillways; this handicapped efforts to determine i~ 
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correlation between model and prototype. In the Western States, the 

personnel of the various projects were most helpful, making it 

possible to obtain the desired Information. This difference in 

attitude was due to the fact that war restrictions had not yet been • 

fully applied to several of the isolated structures which were i 

inspected. 

While traveling over an irrigation project, for example, the 

author was accompanied over the area by an engineer from the field 

offi~e. Usually, the inspection started at the main storage 

reservoir to study the dam and appurtenant works. Proceedlng down- 

stream along the main canal, observations were made of drop structures, 

wasteways, turnouts, diversion dams, and similar structures in the 

principal laterals. Since the irrigation season was in progress, it 

was a good opportunity to observe the behavior of hydraulic Jump 

stilllng pools, flow through transitions outle~ works, and several 

flow measuring devices. In a few cases, the spillways of the main 

storage dams were operating, particularly along the Salt River in ~@ 

Arisona, and this gave a chance to compare the model and prototype 

qualitatively, even though the discharges observed were a small 

percent of the design discharge. 

In most of these inspections, the primary interest was centered 

about flow in spillways and outlet works of all sizesl the energy 

dissipation of flowing water, and the several me to 

obtain this dissipetlon. Accordingly, the following discussion iis 

given to show the type of hydraulic design employed in recentyears, 

some of whi ch have been evolved or improved considerably as a result 

of model tests, which will be evident from the numerous references 

to model studies given in Table II in the column headed "Features 

Investigated and Remarks." 

@ 
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98. ~Z~-~" The several types of spillways observed included 

the following: (i) Overfall type, controlled and uncontrolled, forming 

a part of the dam itself; (2) open channel chutes separate from the 

dam, controlled and uncontrolled, straight or curved (in plan), or 

the side-channel type where the direction of the flow is changed and 

is carried in either a chute or tunnel; (3) glory hole type, controlled, 

where the flow drops down a vertical shaft to a horizontal tunnel 

outlet; and (4) inclined tunnels, controlled or uncontrolled, through 

abutments connecting to a horizontal tunnel, which may have been part 

of a diversion tunnel during construction. The type used in any case 

is determined from a study of economic and physical conditions, and 

the discharge capacity is determined from a study of the particular 

watersheds involved, factors which are not in the province of this 

@ 
dis~ssion. 

99. Overfall. The overfall typ e of spillway, which is a part 

of the dam itself, consists of an ogee crest with piersto support @ 

regulating gates, which a r e  either drum gates, forming apart of the 

crest, radial gates, or Stoney gates. Below, and tangent to the ogee 

section, is the inclined spillway confined between vertical training 

walls, the spillway finally entering a stilling poo.1, This stilling 

pool is used ~to dissipate the energy of the water and to reduce its 

velocity, thereby preventing scour to the river channel at the toe of 

the da~; it has either a horizontal floor, a sloping floor, or is 

curved upward to form a bucket. In the f~rst two cases, a hydraulic 

jump ~is used to dissipate the energy, while a roller is used with the 

~et; in some cases, no attempt iB made to provide any apron or 

dissipationp it being assumed that the rock of the r'~ver~ channel w~ll 

withstand the erosive forces--an assumption seldom v~de im more recent 

designs. The rules generally followed in selecting a particular type 

of stilling pool are given in the discussion unde~ Section 106. 

10 
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The use of O~e overfall type of spillway forming a part of the 

dam is not limited to any particular size of stm~cture, but is used 

at large and small dams. For example, Figure 32A shows the spillway 

section of the Grand Coulee Dam, which will dlscharge for the first 

time about June 1942; the discharge shown in the photograph is from 

the outlets passing through the dam, the qdant~ty being 145,OO0 second- 

feet. This spillway iscontrolled by eleven 138" by 28-foot drum 

gates in the crest; the stilling pool Is a bucket, the tip of the 

bucket being 360 feet below the crest (see Figure 3~A). Some other 

pertinent dimensions of thiL~ and other dams referred to will be found 

in Table II. Figure 32B shows the spillway of the Hiwa~see Da~;:, in 

which the crest is controlled by seven 23- by 32-foot radial gates; 

the stilling-pool is of the hydraulic jumptype with a sill fo~ed at 

the end of a horizontal floor, the drop from the crest to oool floor 

being 254.5 feet. For much smaller dams, the controlled overflow 

spillway may be designed as observed at the Pickwick Landing Dam, and 

several others on the Tennessee River, Figure 32C. Here the gates are @ 

of the Stoney type but in two sections, the flow ~ssing either under 

a n' or between the section~. The stillin~-pool i~ a Iog horizontal apron 

with baffles attached, the tailwat@r conditions being unfavorable for 

the use of a true hydraulic jump, so a dro~med jump or submerged ~roller 

is formed; the drop from crest to pool apron iz43 feet. Figure 32D 

shows an uncontrolled spillway which is actually, In thi~ case, the 

entir~ dam. The structure is the Granite Reef dlverslon dam on the 

Salt River, which waspassini! 19,5OO second-feet during the inspection. 

There is no stilling-pool at the toe of the dam, which is only 29 feet 

high, but some paving is in place to prevent erosion. In the 34 

years since this dam was completed it has become good practice to use 

a bucket or hydraulic jump pool at the toe of small d~ms, particularly 

if a rock foundation is not present. 

i00. Chutes. The open-channel chute spillway is probably the 

most common type, and of necessity must be used with, but is not limited 

to, earth- or rock-fill dams. In general, this type of ~pillway is 

located near an abutment of the dam, excavation being made to form an 
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approach channel to the spillway. When controlled, the spill,ay 

flow is regulated by radial gates, Stoney gates, and occasionally by 

drum gates, set at the crest which is usually straight. The inclined 

concrete-lined channel carrying the water to the river channel 

below the dam is either straight or curved, ,ith either sloping or 

vertic,~l side walls. At the end of the chute, a hydraulic Jump 

stilling-pool, and occasionally a bucket, isused when the material 

at this point i~ unable to withstand erosion, or when the high 

velocity flow entering the river from the spil~lway would cause eddiss 

and surface disturbances serious enough to erode the toe of the dam 

and river channel. The vlidth of the spillway may be uniform from the 

crest to the stilling-pool, or ~t mav diverge, or it may be shaped in 

the form of an hourg~ss converging at first below the crest and then 

diverging to the stilling-pool, the width in any casel bein 

by the design di.cch~rge, cost, and n~cessity of providing a proper 

depth at the entrance to the stilling-pool to as:nlre the formation of 

a hydraulic jump. In contrast to the straight type of chute ~spillw~y, 

is the side channel type, 'A'herein the crest ~s made parallel to the 

direction of flow in the chute. The chute below the crest section is 

usually straight and the flo~ is confined between sloping walls or ~' 

in a circular tunnel. Where tum, els are employed, the flow is per- 

mitred to enter the river channel directly, no stillin~ pool being 

u~ed, .~nce the .:l]scharge from the tunnel u:~ually occuJ's qulte ~ far 

downstream from the dam. 

An example of the usual type of straight chute spillway is seen 

on Figure 32F. This is the spillway at the Unity Dam, Burnt River, 

Oregon, a drop of 90 feet occurring between the reservoir and floor 

of the stilling pool. Another example of the same type is the spill- 

way at the Bull Lake Dam, Figure 32F; here the drop from the reservoir 

to the pool floor is 80 feet. In both examples, the crest is straight 

and contains radial gates for flo:~ regulation. Figure 33A illustrates 

the curved superelevated type of open-channel spillway, regu!s.ted by 

two 50- by 50-foot Stoney gates at the spillway crest, %he discharge 

being 4,400 second-feet at the time of the inspection. This is at the 
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Mormon Flat Dam, Salt Rivc~ ~, Arizona, where the rock canyon does not 

require the use of a stillin~-pool. In several cases, it is convenient 

to use only a regulated crest with little or no spillway proper, but 

only the canyon wall to carry the water to the river. Figure 33B shows 

this type at the Roosevelt Dam, Salt River, Arizona, with 9,000 second- 

feet passing, while Figure 33C shcws a short spillway at the Horse Mesa 

Dam, Salt River, Arizona, which projects the flow away from the canyon 

walls. In each case, the spray developing from these spillways may 

seriously affect the powerhouse in the car~on below each dam. The 

so-called hourglass type of spillway char~el i~ shown by Figure 33D, 

the spillway at Cle Elum Dam, Cle Elum River, Washington. This i~ a 

view lo6king downstream from the crest, which is controlled by five 

37- by 1V-foot radial gates. The channel between sidewalls diverges 

from 201 feet at the crest to lO0 feet in about ~30 feet downstream, 

and then increases to 200 feet at the stilling-basin, which is 1i3 

feet below the maximum reservoir water surface. 

The side-channel type of spillway is shown by Flgure~ 33E, taken @ 

at the Arrowrock Dam, Boise River, Idaho. A trapezoidal channel ~ 

carries the water to a canyon where it spills down the face of the 

canyon into ~: stream below, the discharge shown being 5,400 second- 

feet. Figure 33F s~ows another of the same type at the Tieton Dam, 

Tieton River, Washington. In both cases, drum gates have been used 

at the crest for regulating the discharge. The best examples of side_ 

channel spillways are those at Boulder Dam, one on the Arizona and 

one on tae Nevada side, Figure 34A showing the Arizona spillway which 

is capable of discharging 200,000 second-feet. The flow pas~es into 

30-foot diameter concrete-lined tunnel on a i:i slope, which changes 

to the horizontal some 600 feet below the portal, the tunnel being 

2,200 feet long. 

i01. Tunnels. The gloryhole . or morning-glory type of spillway 

consists of a vertical shaft with a bellmouth entrance converging to 

a smaller diameter in the direction of flow. At the bottom of the 

shaft, a bend is made to a horizontal tunnel which carries the flow 

some distance below the ~m, where it discharges ~freely into the ~i 
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river channel. Figures 3~B and C show the glorj hole spillway at the 

Owyhee Dam, Owyhee River, Oregon. This spillway ~-~ , ~ ' • sna~t c h a n g e . . ,  t~rough 

a 156-foot transition from 52.33 feet to 22.6 feet in diameter. The 

flow is controlled by a 60-by 12-foot spillway rlng-gate operating 
i !I 

in an annular pressure chamber formed in the cres~, structure; the ring- 

gate being a floating type crest , similar in operation to a drum gate. 

The drop from the crest to the invert of the horizontal tunnel i~ 

309 feet, the total length oeing 1,100 feet from crest to outlet. 

Another gloryhole .~plllway may be found at the Gibson Dam, North Fork 

of Sun River, Montana. Thi~ shaft, is surmounted by six 3/~- by 12-foot 

radial gates with the concave fnce toward the reservoir as shown on 

Figure 3LD. The diameter of the shaft chsnges from lOO feet at the 

crest to 29..~ feet some distance below, the total drop being 201~ fleet 

from crest to horizontal tunnel, the total length being ~52 feet. In 

both cases, the flow emerges from the tunnel into the r~ver uncontrolled, 

since the jets from the tunnels are far enough downstream from the dam. 

Instead of using a :~ide charnel or glo~yhole spillway and ~:~nnel ~ 

combination, it i~ convenient to use an inclined tunnel spillway qwith 

the crest submerged and flow regulated by a Stoney gate. From the 

gate section, the tunnel enters a transition to a circular tunnel 

which bends to the horizont~l at a lower elevation an~ dischsrges the 

water some distance below the dam. ~quch is the design at: the Horse 

Mesa Dam already referred to, the tunnel spillway beinK~ used for: 

flows up to 47,000 second-feet to eliminate the use of the small 

spillways at each abutment, one being shown on Figure 33C, becaus~ cf 

spray affecting the powerhouse operatlon. The tunnel spillway a:t 

Horse Mesa Dam is shown discharging 8,600 second-feet in Figure 13/~E, 

the dam being to the right Just upstream. This tunnel is re~ul~ted 

by a 40- by 4/~.5-foot fixed-wheel gate which rests on the crest at. 

i :*~crt be~'th the water. The tunnel changes from ~0 to the tunnel .- 

30 feet ir diameter JUS%below the crest, it then drops nearly 200 

feet on~ incline ~ " • ~i~l~chang~ng to the horizontal near the outlet, 

the tot.aLiength being ~feet. 

@ 
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OUTLET WORKS e 
102. ~ .  At all da~s on irrigation projects and a~ most flood 

control projects, provisions are ~de to release water when the reservoir 

lies below the crest of the auxiliary spillway. This is usually done 

by providing outlets or sluices which pass thro'~h the dam atone or 

,lore elevations, the discharge being regulated at the upstream~or down- 

stream end of the outlets. Where power is develo~d, the turbine 

dlsch~rge is used as a supplemental flow. 

In general, ~n outlet passing through a dam is either circular or 

rectangular in section, completely horizontal or inclined, or a combina- 
a 

tion of the two. The discharge is regulated by gates or valves either 

at the upstream or downstream end of the outlet. When controlled 

upstream, each outlet is provided with an emergency and service gate, 

the service gate being immediately downstream from the emergency gate. 

These gates may be of the ring follower, paradox, or rlng "seal %ype 

for high heads, or slide gates for much lower heads, say below 75 feet.24 

Complete regulation cannot be had with these gates, since they cannot 

be used at partial openings as the gate leaf would obstruct the flow l ~ 

and would cause undue vibration, coupled with excessive drawdown :forces. 

The portion of the outlet in the vicinity of the igates is usually 'lined 

with steel, while farther downstream concrete maybe sufficient, except 

perhaps for hlgh-head outlets. The entrance to an outlet of ithis ~ ty~pe 

is protected by trashracks, the entrance being in the shape.of a bell- 

mouth, as previously mentioned in Section 50, Chapter III, At ithe~exit, 

it is customary to converge the outlet about 15 percent of the normal 

area to maintain a positive hydraulic gradient. At this part of the : 

outlet, a bend may be formed to cause the water to discharge down the 

face of the dam, or the flow may be allowed to discharge~horizontally 

so as to fall free to the river below, provided spray from the jets 

would ::ot harm any appurtenant works. 

i< • 

24 Dams and Control Works, Second Edition, United 8%al Department of 

Interior, Bureau of Reclamation, :Washington, D. C., February 1938, 

pp. 177"204. 
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103. Control ~ates upstream. An example of the formerma~ be 

seen on Figure 35A showing the outlets at the Grand Coulee Dam, while 

Figure 35B shows a discharge of 2,AO0 second-feet at one of the upper 

tier outlets. (See also Figure 32A). Where the formation of spray 

from free falling jets is notharmful, the outlets may be completely 

horizontally arranged as shown on Figure 36Aat the Arrowrock Dam, 

Boise River, Idaho. The Grand Coulee outlets are controlled by gates 

in the upstream end of the conduits (Figure 35A); the outlets at 

Arromrock Dam are regulated by balanced needle valves at the very 

upstream end of the outlets, instead of by gates. 

1OA. Regulating valves downstream. Where outlets are controlled 

at the downstream end, use is mad~ of needle valves 2~, and occasionally 

of butterfly valves and Howell-Bunger valves. Needle_valve 0utlets 

are more generally used with steel conduits passing through a dam 

near its base, the conduits being encased inthe dam or passing through 

a large tunnel enclosing the outlet conduit, permitting access there%o. 

The use of valves at the outlet ends is not limited by the he~d, and @ 

permits the Jet to discharge freely into a stilling-basin or river 

channel d~rectly, if scour in the vlcinity of the toe of a dam is not 

of importance. The problem of venting is not involved in this arrange- 

ment, whereas in outlets with gates upstream air vents must be 

provided for partial gate openings during opening and closingoperations. 

In some instances, needle valves have been placed some distance u!,~tream 

from the end of an outlet, but this practice seems to produce several 

problems in addition to supplying air; one inparticular is the so-called 

gulping action caused by the flow alternately sealing and breaking 

away from the crown of the outlet. The really big advantage oc needle 

valves is the ability to regulate the discharge to small quantities, 

less than lOO second-feet, for example, while at the same time large 

valves can discharge as much as 5,000 second-feet under high heads. {'~/>~ ~i! 

Probably two of the largest needle valves IPe~on) in the ~nited 

States are found at San Gabriel Dam No. I, San Gabriel River, California. 

Figure 36B shows one of these valves, 129- by liT-inch, discharging 

720 Becond-feetunder a head of 230 feet with the valve open 8-1/2 percent, @ 
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the discharge falling freely into theriver channel below the dam. .... ~ 

These outlets are discussed in Proceedings, A.S,C.E,, September lqA1, i: 

p. I199, by P. Baumann, in apaper entitled, ,,Design and Construction ! 

of S~n Gabriel Dam No. i." It is interesting to note how horizontal .... i ~i i 

the jet is when dischar~in~ under such a high head! note also £he . . . . .  ~ 

dislntegratlonof t~ie jet immediatelybelowthe Venacontracta. i!i 

Figure 36C shows two A2-inch needle valves at Stewart MountalnOam, ~: 

Salt River, Arizona, discharging 650 second-feet each at I00 percent ~ 

opening under ~ head of app roximately~ one hundred and fifty feet. ~= 

These valves discharge into the tailwster which backs up to th e~t°e '~',~ 

of the dam, there being suf~;icient:rock and ~ater cushio~ to prevent •. ~ 

erosion. Figure 36D shows an 84-inch butterfly valvea'dJ acent t°the 

needle valves discharging 2,1OO second-feetat fu!l-gateopenin~. These i 

valves are not used ~here close regulation is reauired because of ±heir 

inadequacy at openings less than lO0 percent; at wlde open position, 

they discharge more than a corresponding size needle valve. Anexample 

of needle-valve outlets releasing water at a higher ele vation~is shown @ 

by Figure 36E taken at Owyhee Dam, Owyhee River, Oregon. Here again 
• ~ : r~ere such a condition !is 

the jet falls freely to the rive~ ch~.nn~-. 

not possible, either because the main riverlchannel Is too far from ~ 

the outlet or because the channel is easily eroded* reZar~/~ .... o 

energy dissipation of the jet caused by alr-water friction, a separate.; 

stilling pool may be used to form a hydraulic Jump in which .the high 

velocity Jet is considerably dissipated- At the Frlant Dam,'San 

Joaquin River, California, which is now nearly completed, theneedle 

valve outlet works for two irrigation canals ~ill use a hydraulic 
'~ ~ .... ~ ~ha-ter iii. Likewise the river 

jump pool as described in ~ec~xon ~u, u ~ ~ ~: ,,: 

outlet works at griant Dam will also employ the same princiole, as 

discussed in Section 39, Chapter III; see Fi~=ure s l, 10, and Ii. Howell- 

Bunger ~alves are particularly useful where spray is of no con~ider~tlom i~:- 

and where a more or less solid Jet is not desirable- Figure 36F sh0ws 

m &2-inch Howell-Bunger valve at the Gene Wash Dam on the Colorado 

~ River Aqueduct, near Parker Dam, California. . .-~,.-,. 
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STILLING POOLS ~i 

i0~. General. In the preceding discussion o~" spillways and 

o:~tlet works, reference has been made to the Use of a hydraulic j~mp 

still~g-pool, and ~ h~l~cket ['or the dissipation of energy oC high- 

veloci~I flows. It was stated that stillingpools at the end of 

certain spillways are essential if the river channel into which the ~ 

spillway discharges is composed of' material easiiyeroded by high 

velocity flow, particularly when such a spillway endsabruptly at or~.rF 

near the toe of a dam. The question of ~h~t type of stilling-basin 

to use h~s b~en answered from the results of mar~model experiments 

and from the application of well-known principles concerning the 

phenomenon of bhe ~draulic jump. It is desired to explain no~ very 

briefly some of the general rul~s currentl~ being followed toaid in 

the design of stilling-basins. Althou~h most of these rules ~re 

derived from ~perience and sound Judgment, ~ome are almost completely 

empiric~l, yet they have been shown to be reliable and must suffice 

Q until a more rational solution hasbeen obtained. 

The reason why energy dissipation and velocity reduction is 

obtained by a hydraulic Jumphas already beenexp]aine~ byseveral 

authors, notably Bakhmeteff and Kalinske, so no discussion of this 

will be given here. The method of applying this knowledge to practical 

problems is more pertinen%. In general, a properly designed stilling_ 

basin will protect channels from erosion by reducing the velocity of 

~:e ,a~er, by insuring theft the high-velocity flow does not come in 

conta0t with the bottom of the channel, or that it is diverted to 

regions of the bottom which are far enough downstream not to endanger 

the structure. 

106. ?ypesused in relatlon to tail~ater. When using a hydraulic 
. . . . . . . .  L" 

jump in a stilling-basin, it is essential that~t~e:tailwater elevation 

of the river below the dam be inagreement with the Jump-height 

relation obtained from the conjugate depth relation for the Jump. 

Although essential, such a condition rarely exists, since the tailwater, 

is a function of some control in the stream channel. As a result, ~i! 

when one plots the tailwater e~evation requi~d to forms Jump on ~ 
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an apron for several discharges, and then compares this with the tsil- 

water curve, ~t is seen that the two curves do not, coincide, but 

@ 

usually cross each other, or the jump-height curve l~es entirely above 

or below the tailwater curve. Consequently, it is fou'nd that the 

tailwater may be excessive or deficient throughout the desired 

di,Jcharge r~.nge, or it is excessive for low discharges and defic~oent 

for high discharges or vice versa. 

For the condition where the Jump-})eight and tailwater curves are 

in good agreement, a ho~'izontal apron stilling pool will be adequate, 

in .~hich the pool floor is set at a depth below the tailwater, for the 

maximum disch?,rge, equal to the depth d 2 required for a Jump to form; 

it usually being confined between vertical tr~Ining wall~ on e.~ch side 

of the basin. 

Where it i,.3 found that the tailwater is alTla~Ts excessive, a Jump 

would be submerged or drowned at all discharges. Were a stilling pool 

to be used with the floor placed at the ele~atlon of the river channel, 

the Jump wo1~d be drowned and practically no energy dissipation or Q 

velocity reduction ~ould occur. Since it would be usually uneconomical 

to raise the basin floor to an elevation which would not cause drown- 

ing of the Jump, it is convenient to use a bucket at the end of the 

spillway. When this is done, the jet entering the bucket Js dei'lected 

upward to form a large elliptical roller, and a ground rol]er 

immediately downstream which conveys material upstream to the tip of 

the bucket. Such a design was used at Grand Coulee Dam as shown on 

Figure 35A. As yet there have been but few experiments made ~on 

buckets, so general design rules regarding their shape and position 

are not conclusive. In a paper in Civil Engineering, March 1940, 

"Model Study of Green Mountain Dam Spillway," by J. H. Douma, a 

design criterion for buckets was tentatively established by a relation 

between the energy of the falling jet at the tailwat~r and the volume 

of the bucket, which was taken as the are~ bounded by the spillway ¼~% 

and bucket and tailwater per unit width. The curve was obtained from 

model experiments on four dlffereut structures. These same experimentss ~ ~ 

which were made by the Bureau of P~eclamation, also indicated that the 
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lip of the bucket should be about one-sixth of the depth from the lo-es~ 

point of the ~uc'~et to the maximum tailwater, the bucket ~nvert being 

placed at about the elevation of the riverbed at the toe o~ the ~pill- 

way. The slope of the spillway, tangent to the bucket, should not 

exceed l:l, and the radius of the bucket is derived by furnishing 

the proper bucket volume for the maximum discharge. Trainin~--walls 

on each side of the bucket should extend above maximum tailwater and 

to the end of the bucket to prevent the erosion of side eddies and 

their escaping from the bucket. If the wall helght ~s excessive, it 

may be decreased enough to confine normel flows and thereby be over- 

topped for the maximum floods. Scour due to this would probably be a 

minimum for the short time a maximum flood would be sustained. 

When it is found that the tailwater curve lies completely below 

the jump-height curve, the jet will repel the tailwater and proceed 

downstream unabated, so it may be possible to do the following: (1) 

Use a bucket which will project the falling jet upward and far enough~ 

downstream from the end of the spillway or dam sothat scour result- 

ing from the jet plunging into the tailwater will not have any effect 

on the stability of the structure; (2) raise the ~ailwater by a control 

immediately downstream using a level apron; (3)slope the pool floor 

to bring the two curves into closer agreement~ and (4)place a system 

of baffles on the apron to force the jump to develop, thereby saving 

excavation. 

The first possibility is omly advisable when the rock of the 

river channel is massive and can resist erosion. Unconsolidated 

material or stratified rock would probably scour over a period of 

years, eventually causim~ a deep hole near the structure; furthermore, 

for small flows a bucket designed for the maximum discharge would 

not sufficiently elevate the Jet of lower velocity to prevent scour 

immediately downstream from the llp of the bucket. 

If the second possibility is tried, the control, such as a weir, 

will provide sufficient tailwater for the maximum discharge, but 

excessive tailwater may occur for the lower discharges. At high dams 

this weir would necessarily have to be of considerable height, which 

. 
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might be prohibitive, and were the weir crest to be sbove the maximum 

tailwater, there would ben plunging of the Clow from the stilling pool 

to the tailwater which might again require another pool below the 

control weir. 

Use of the third possibility is frequently found to be adequate 

when the pool floor is sloped aownstream. By doing this, the jump can 

adjust itself for various discharges to a position on the sloping apron 

which provides the correct tailwate~'. Accordingly, a deficiency in 

tailgater at any discharge is corrected bY tho jump moving down the 

apron, while excessive tailwater is correctedby the jump movingnpstream; 

which is usually the case at lower discharges, so even if the jump is 

partly drorT.~d the length of apron will be sufficient to correct for 

a less efficient jump. The method of determining the position and 

slope of the apron ha~ alreadybeen treated in Section 36, Chapter III. 

In connecting the upstream end of the sloping apron to the slope of 

the face of the dam, a radius equal to one-third the maxinn~ drop in 

water surface is frequently used. Too short a radius reduces'the @ 

effectiveness of the jump, whi~c a long radius increases the~cost, 

For ordinary auxiliary spillways, not a part of the dam itself, the 

velocity entering the pool is usually much less than that occurring 

at high dams and the slope of the spillway channel i~ usually flatter 

th~n l:l, so no radius is used. 

The use of baffles or dentateson an apron, the fourth possibility, 

is not recommended at high overfall dams and at other spillw~rs where 

the velocity at the pool entrance exceeds 75 feet per second regardless 

of whether a hydraulic Jump forms naturally or not. Recent install ations 

of this type have suffered from pitting due to cavitation, notably 

the baffle piers at the spillway of Bonneville Dam and at the Claytor 

Dam, New River, Virginia, and these two structuresare not particularly 

high dams. Figure 37 shows the stilling-basin at the toe of Claytor 

Dam, ~ew River, Virginia, the maximum drop in water surface being 

about one hundred and twenty-five feet; Figure 38 is a v~ew of one side !@ 

of a dentate in this pool, showing the pitting due to eavitatlon in the • 

flow developed during a flood of 200,000 second-feet of relativelyshort 
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FIGURE 37, CLAYTOR DAM 

The U. S. Waterways Experiment Station is now studying (1942) 

this particular stilling-pool by models to ascertain the phenomenon 

involved, while C~rnegie Institute of Technology is testing the Bo~ne- 

ville spillway apron by a model to discover the reasons for cavitation 

and pitting of baffles on that st illlng-pool apron. Instead of baffles 

at high dams, therefore, use is made of a solid end sill triangular 

in seetlon, the top face sloping upwards and the height of the sill 

being about one-tenth the height of the Jump at maximum discharge 

(Figure i). This sill deflects the bottom velocities away fromthe 

river channel immediately downstream from the endof the pool, assuming 

a ~,$~'aulic Jump is correctly formed o n  the aprons The use of baffles 

to force a Jump to form or to dissipate the energy of the overfalllng 

sheet of high-velocity W~ter when insufficient tailwater occurs, is 

not recommended for the reasons given, in addition ~to their being 

damaged by falling lo~s or other debris. 
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FIGURE 38, BAFFLE PITTED BY CAVITATIO~ 

r ~  
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e In the stilling-pools where baffles and dentates are allowable, 

steel angles are frequently placedon all sharp corners to prevent 

erosion and damage by abrasion. Chmaferin~ thecorner is not 

particularly good practice, since this reduces theeffectivenessof 

the baffles and will decrease the efficiency of the Jump. 

107. Gener a~ designrules. General design rulesderived from 

a serles of model experiments at the Bureau of Reclamation illustrate 

one method of deBignlng stilling-basims for use withauxil~ary~ spillways 

not forming a part of~the dam itself.25 For this typeof pool the tail- 

water curve and jump-height curve should be infairlygood agreement 

over the range of discharge anticipated, and the basin must be 

rectangular in section. These roles are mostly empirical and ~re not 

25"Rzdraulic Model Studies of the Wickiup Outlet Works Stilling Basin- 

Deschutes Project, Oregon", Mem, orandum to Chief Designing Engineer, 

by J. H. Douma, Denver, Colorado, June 30, 1939. 
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based on enough data to make them il~'~llible, yet it ha~ been found 

that they are valuable for preliminary designs, which should usually 

be checked by model tezts. Referring to Figure ~9, the~e statement~ 

are applicable: 

a. Th~ ~idth, w, oi" theb~sin i~ determined to result in 

the most uconomical structure. 

b. The dlschar~e, q, per foot o~" width at the pool entrance 

is equal to the design maximum Clood discharg~ divide~ by the width 

at the pool entrance. 

c. The theoretical velocity, Vl, at the pool entrance is 

computed from t!ie available emer~lhead andproperlyevaluated 

losses. (For spillway chutes use King,s formula for flow in steep 

chutes). ~r take v I =~where H is the maximum drop from 

reservoir pool floor. The latter neglects losses due to friction 

which it has been found increases d2, the height of the jump, about 

5 percent, so e factor of safety is obtained in case the tailwater 

is not developed as anticipated_. 7 

The theoretical depth, dl, at the pool entrance is equal do 

to q/v I • 

e. The theoretical Jump depth, d2, is computed by the 

momentum formula. 

The experimental Jump depth, d~, is equal to 85 percent f. 

o f  d 2. 
r 

g. The required stilling basin floor elevation is equal to 

the maximum discharge tailwater elevation minus d~. 

h. The required stilling~basin length L, is equal to 3~. 

i. The height of chute blocks, hl, is equal to d I or I/9 d2, 

whichever is largest. 

Jo The height of basin blocks, h2, is equal to i/4 d 2 for 

values of d 2 from 0 to 8 feet, follows a straight line variation 

of i/4 d 2 from 8 to 24 feet and is equal to i/8 d 2 for values of 

above 24 feet. 

k. The height of solid end sill, h3, is equal to i/8 d 2. 

i. The distance, a, from the ends of the stllling-basin to the 

vortical upstream faces of the basin blocks is equal to 1/3 L° 

@ 



m. The maximum width of blocks and spaces between them are ~i~ 

equal to hl, and the minimum width is limited to about 18 inches, ~i 

n. The top dimensions of the floor blocks and end sill, 

parallel to the basin centerline, are • equal to 1/4 h 2 and I/4 :h 3, 

respectively, with a minimum value of about eight inches. 

o. Chute and ~basin blocks should be staggered, with no blocks 

against the side walls and one more basin block than chute blocks, i 

p. The back slope of the basin clocks and end sill may be 

such as to be the most economical, usually I:I, and for economical 

reasons the end :sill ms~ be rectangular in cro~s-section when less i 

than 3 ~eet. ~ 
f~ 

q. The slope of the transition bottom at the end of the basin ~, 

may vary ~ from horizontal to 6tl when of earth, rook :excavation, or i 

rip1~p and up to 3:1 when concrete. 

r. The chute slope entering the basin may vary from :hori- 

zontal to i:i. ~.! ~ ~ @  ! 
It should be emphasized that stilling-basins of : rectengular cross- 

section perform much more efficiently than those i~trapezoidal in ~cross- 

cross-section. • Thishas been demonstrated many i~imes in the laboratory i 

and is especially convincing when studio t ~ in ,he ~field. With the 

former type, the velocity and discharge are spre~ad unlform!y', across i 
the pool, while in the latter type• the high-velocity jet does not ! 

spread completely so that along each training~iwall ~there is flow ! 

moving upstream causing a large eddy and ~geDeral unbaiance. Even though il 

the momentum formula~be~adJu~ted to take i n t o  ~ accent t h e  pressure added 

by triangular ~prisms or: each side of the basin, the jet cannot spraad ': .... ~ 

across the increased width of pool caused by sloping the side :training-~i!i~:il 

walls. Several examples of this will be sho~n below ' i n  reference ~to .~ 

irrigation structures studied in t~ie field. ::i 

IRRIGATION STRUCTURES 

108. Type. On most irrigation projects the water system is 

divided as follows: (I)Main storage dam and outlet works; (2):head- :~ 

:works to main @am~l either at main dam or at a diversion dam farther 

. . . . .  . . . .  -. • m •  • .'•' • • • - 
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downstream; (3) division works where flow of main canal is divi, dedl/ to 

spillways similar in many respects tosome of the larger spSillways 

disoussed above. The problem of ener~vd£ss~ation is Justi~s 

important and in mar~ cases~is made more d~ of the 

ease with which unlined canals will erode v_ :~ at 

velocities less than 8 feet per second. In addition to drop structures, 

there are turnouts which consist of slide gates at the canal side of 

a ccAucrete or timber flume recessed in the canal bank to supply 

Individual lands with water; weirs, submerged orifices, and Parshall 

flumes to "me~sure quantities delivered; siphons to cross topographical 

features; and wasteways, usually automatic, located jnst upstreamfrom 

a gate or system of gates in the main channel, thesebeing usedto 

isolate a portion of a canal which might fail and to release the excess 

water through the wasteway~o @ 

109. Eain dam. As an example of a main storage dam, Figure 40A 

shows the Owyhee Dam, 0wyhee River, Oregon (see Table ll). This dam 

creates a reservoir of 1,120,OOO acre-feet to supply the 0w~hee Project 

of the Bureau of Reclamation situated in easternOregon. TT~e glory- 

hole spillway at this dam has been discussed above and is shown on 

Figures 34B and C. The 0wyhee River issupplied by the needle-valve 

outlet works (Figure 36E), butthe project isfurnished water from a 

tunnel outlet located upstream from the dam and about@~hty~f~ve ~feet below 

the reservoir water surface. The end of this tunnel is shown on 

Figure 40B as it emerges from a ridge four miles from the intake. A 

few feet downstream, a bifurcation works occurs asshown in.Figure40C, 

the main canal swinging to the right. 0ontrol here is obtained by• two 

radial gates! note the hydraulic Jump f~rming in the flume of the main 

canal. 

ii0. Diversion'dam. The Rosa Diversion Dam is a good example 

@fa diversion structure located in stream fea~by storage reservoirs 

in its upper watershed. 
@ 

Figure 40D is a view front the left bank of the 
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Yakima River, Washington, showing the roller-gate section a n d  the v 

headworks to the Yakima Ridge Canal in the right background. The 

large cylindrical object at the headworks is a spnre fish screen 

20 feet long by 13 feet i inch in diameter, six of thembeing located 

in the entrance to the headworks to prevent small migrating fish 

(salmon) from entering the canal. To prevent clogging of the screens 

by debris, each screen is rotated by motors at a circumferential speed 

of two feet per minute, the ~aximum allowable being five feet per 
L', 

minute. As listed in Table~ll, the maximum diversion into the canal 

at the headworks will be 2,200 second-feet. The Granite Reef:Diversion 

Dam previously referred to is a different type of diversion structure 

in that strict regulation of the river elevation upstream is not 

required for diveTsion purposes as is the case at the Roza Diversion 

Dam. The ability to divert water is regulated by the amount released 

into the river above the diversion dam from the storage reservoirs 

located on the stream. As a result, a simple uncontrolled weir is 

adequate as shown on Figure 32D. 

IIi. Trapezoidal and rectangular stilling pools at drop ~ structures. 

As examples of drop structures in laterals or main canal~,~ two types 

will be shown to demonstrate the ineffectiveness of stilling pools 

trapezoidal in cross-section. Figure 41A is a view of a trapezoidal 

stilling pool of a drop turnout on the Klamath Project, Oregon. The 

flow in the pool is clockwise, that is, the flow on the right is moving 

downstream along the side of the pool and upstream along the opposite 

side. As a result, the energy dissipation and velocity reduction is 

a minimum, which is borne out by the constant efforts required to 

maintain the canal banks immediately downstream, Figure 41B illustrates 

the same phenomenon with the flow in the pool moving counterclockwise 

at a drop on the Yakima Project, Uashington. Figure 41C illustrates 

the same lack of dissipation at a structure on the Owyhee Project, 

Oregon, even though the flow at the structure is moving downstream 

uniformly, but notice the waves as a result of high velocity flow 

eseaping the stilling pool. In comparison, a rectangular stilling 

pool of the type show~ on Figure ~ID is much more effective. A m 

17? 
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recently completed drop structure similar to this may ~ seen on the 

Shoshone Project, Wyoming, as given on  Figure 4iE. At the end of the 

reotangul, r pool, a warped transition occurs followed by hand-placed 

riprap. In this manner, the st~lling pool is made as wide as the Jet 

entering the drop, and the transition is ~de to the ~idth of the 

lateral or canal downstream from the Jump, instead oi ~ in th@~stilling 

pool as occ crs at trapezoidal drops. It is common experience to 

find the riprap in place at the end of ~n irrisatio~ ii~eason downstreem 

from rectangular dropstructures, but below trapezoidal drops the riprap 

is usually washed into the canal and the banks and bottom of the canal 

are heavily scoured. 

On the Sun River Project, Montana, several trapezoidal drop 

structures failed as a result of the stilling pool being unable to 

retain the Jump within the pool. As explained above, the reason for 

this and the slight amount of dissipation occurring is a result of 

unequal flow distribution throughout a trapezoidal section. ~.~ese 

drops that failed were rebuilt to the rectangular type as shown by 

Figure 42A, while those that did not fail completely were revised by ~@ 

placing dentates at the pool entrance to spread the flow across the 

pool width as shown on Figures 42B and C. These structures were 

studied by zodels before this solution was obtained. 

Where the drop i~ particularly small, l|-drops are frequently used 

similar to the one shown on Figure 42D, on the Owyhee Project, Oregon. 

The drop at this structure is two feet. Figure 42E shows a similar 

structure with a drop of about seven feet, on the Yakima Project, 

Washington. 

112. Flow measu~'ements. For measuring ~Ae flow of water in 

canals and laterals the Cipolletti weir is used almost exclusively. 

Figure 43A shows n typical installation in the Kingm~n lateral, 

Owyhee Project. A submerged orifice frequently seen at delivery 

points to farms is shown on Figure l~3B. 

113. Wasteway. Wasteways usually are automatic, being provided 

with siphons as shown by Figure 43C. This wasteway is on the Rosa 

Ga~al, Yakima Project, Washington. A view downstream from the siphon 
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outlets is shown on Figure l~3D. If the capacity of the siphons is 

exceeded, two radial gates can be raised to supplement the flow. 

Model tests were made of this wasteway and the siphons, which were 

desi~ned with several improvements to increase the time of priming 

under a minimum priming head. 

@ 

t 

...~. 

MODEL-PROTOTYFE CORR/~LATION 

114. .S~ry. In attempting to correlate model and prototype 

performance during this field investigation, no opportumity was • 

available for quantitative comparisons -u~ only one opportunity was 

had to compare qualitatively, this with reference to Check Drop 4of 

the Sunnyside Main Canal as discussed in Chapter III, and included in 

the aforementioned paper entitled, "Model-Prototype Comparisons of 

Hydraulic Structures," by Jacob E. Warnock, and H. G. Dewey, Jr, to 

be published in a 19&2 issue of Proceedings of the Society In a 

symposium on this subject. In this paper a discussion is made of the 

various phases of model-prototype confirmations: Reasons for desiring 

comparisons, the types made, difficulties encountered, and the 

measurements and instruments required. In addition to the corre!a- 

tion of Check Drop Z, an account is given of the pressure and discharge 

tests on the 102-inch river outlets of the Grand Coulee D~m showing 

a comparison with model data. A bibliography is also included to 

present all available information on the subject of ~-orrelation. With 

the exception of the latter example, most of the information in this 

paper was based on findings hitherto known or later obtained from 

discussions with engineers during visits to hydraulic laboratories 

and projects in the field, it will be evident from reading the above 

symposium just r.~f correlations have been so few and hard to obtain. 

Accordingly, the author is not particularlydisappointed that more 

correlations were not obtained, during the period of the scholarship. 
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APPenDIX I 

#. Itinerary. With few exceptions the following itlnerary~is 

similar to the one originally submitted to the.Committee on Freeman 

Fund.for approval Just prior to starting Zhe scholarship period. 

Figure 44shows, in gener~l, the route followed: 

:i" 

Table Ill ITIBERARY FOR F.REEMAN SCHOLARSHIP, 1940"41. 

Orga~.i n t i o n  

University of 
Iowa 

Place Dates Remarks 

University of 
u Mimne s o f a  

University of ;Madison, Wisc. :Oct. 2~-31 : " " 
Wisconsin : ; : 

University of :Urbane, Illinois :Nov. 3-8 : " 
I l l i n o i s  : 

| 

Umiversi%y of ;Ann Arbor, Mich. :Nov. 9-12 : " 
Michigan : ; : 

: ~: : 

:Iowa City, Iowa :Sept. 30--Oct. 12:Hydraulic Laboratory 

; ; z 
N 

:Minneapolis, Minn.:Oct. 13-25 

"W 

Case School of :Cleveland, Ohio :Nov. 13-±6 : " 
Applied Science : ': : 

Carnegie Instit~Fi+t~burg h, Pa, zNov~ 17-20 : " 
of Technology l : : 

S. Ior~u Smith |York, Pa. :Nov. 21-22 : " 

W • " 

@ 

C~mpa~ s 

ponnsylvanSa :Safe Harbor.& :Nov. 2-23 
Water & Power t Holtwood, ~ Pa, : 
Company : 

| | 

| Z 

Philadelphia :Conowingo, Md. . ~Nov. 23 
Eleetrlc Co. : 

| | 

UniverSity of 8Philadelphia, Pa• :Nov. 24-26 
Pennsylvania : 

l • ~ ,~ . '  N o r r i s  , 
D~vlsi~ Bald- s 
wln Southwark : 

I | 

:and shops 

:Safe HarbOr, and 
IHoltwood Da~s, cavita- 
:tion l a b o r a t o r y  
:(turbine testing) 
z 

• Cono.wingo Dam 
: 

; 

;Hydraulic LaboratorF 

z 

| 
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@ Organization Place Dates Remarks 
. • n , , , . . 

• : | 

Columbia Univ. :New York City :Nov. 27--Dec. Ii :Hydraulic Labcratories, 
New York Univ. : . : " : ~eetings, Etc. ~ ' /~ :  

Brooklyn Poly- : : , , :  

technic Inst. : " : " : . 
Board of Water : : - -  : : 
Supply : ~ : . " , • / 

A.S.M.E. Annual : - .  : : " 

Meeting : . : , : ,, 

A.S.C.E. Office : " : " : . 

University of : : : 

Connecticut :Storrs, Conn. : Dec. ::12 :Hydraulic Laboratory 

o .Q U S. Engineer :Providence, R. I. :Dec. 13 .,~odel-nrctotype 

Office : : :informati0n; visit 

: : : with Mr. Clarke 
: : : Freeman 
: : : 

Mass. Inst. of :Cambridge, Mass. :Dec. I~'19 .Hy" draulic Lab6ratory 
Technology : : : 

:Rochester, N. ~. :Dec. 20--Jan. 5 :Christmas with 

: : : family 

Cornell Univ. :Ithaca, N.Z. :Jan. 6-7 :Hydraulic Laboratory i g 

Worcester Poly. ~Worcester, MaSs. :Jan. 8-13 : " , 
Institute : : : 

A. S. C.E. :New York City :Jan. 1i-20 :Annual~eeting 

National Hydrauli~Washington, D. C.:Jan. 22-25 :Hydraulic Laboratories 
Labor~ tory • . : : 

Beach Erosion : , , : , • M 

Board • . : 
D. W. Taylor Modal: " " : . : . . 
Basin, U. S. N. : : : 

Newport News :Newport:News, Va.:Jan. 27-29 : " . 

Shipbuilding & : : :and shops 
Dry Dock Co. : : : 

: : z 

Appalachian x ~ear Pulaski, Va. :Jan. 30 : Claytor Dam 
Electric Power : : : 
Company : : : 

.* : • . 

e ~ Soil Conservation:Spartanburg, S. C~van. 31 :Hydraulic Laboratory 
Service : : : 
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Organization Place Date s Remark s 

SoilConservation:Gveenville, S. 
Service 

Tennessee Valley :Norris, Tenn. :Feb. 2-9 
Authority 

Tennessee Valley :From near Murphy,:Feb. 10,12 
Authority :N. C. to Savanna4: 

:Tenn., followin~: 
:Tennessee River : 

U. S. Waterways :Vicksburg, Miss. :F~b. 
Experiment Sta. : 

: Z 

:Rochester, N. Y, 

C. : Feb. i :Hydraulic Laboratory 

:Hydraulic L~_borat cry 
: :and Norris Dam 

:Hiwassee, Chickamauga, 
:Hales Bar, Gunters- 
: rills, Wheels:, Wilson, 
:and Pickwick Landing 
:Dams 

13--Mar. 18 :HydraulicLaboratory 
:and ~field trips 

:Mar. 21--April 3 :With family 

Bureau of Reclama~Denver, Colorado •:April 7-12 
tion : : 

Salt River Valley:Phoenix, Arizona :April 14-21 
Water Users' : 
Association : 

Bureau of ReclamJ-:Boulder City, Nev.:Apri123-24 ~ 
tion : : 

Bureauof Reclama-:Parker Dam, Ariz~April 2~-26 
%ion : Calif. : 

Bureau of l~clama~Yuma, Arizona .~,~ ~.--~y 
tLon : : 

U. S. Engineer :Los Angeles, and :May 2-14 
Office and :Pasadena, Calif. : 
California Inst.: 
of Technology : 

Bureau of Beclama-:Friant, Calif. 
tlon 

| 

:May 15 

e e 

Univ. of Calif. :Berkeley, Calif. :May 16-20 

Bureau of ~clama-:Antioch, Calif. :May 21 
t ion : : 

Bureau of Beclama~Orland, Calif. :May 22 
• tlon : : 

:Hydraulic Laboratory 
Z 

:Inspection of damson 
: Salt River and irriga- 
:%ion proJsst 

:Boulder Dam g 
v 

:Parker ~m 
"-L 

........ ~n~Lon P. ~e~, 

IAII American Canal 

: gydraullc Laboratorles 
:and flood control 
:proJect 

: Friant Dam 

: ~ydraulic Laboratory 
• L / .  

: Contra Costa Canal 

:Or~nd I r r i ga t i on  
IProjec% 
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Organization Place .Dates Remarks 
: : : 

Bureau o~ Heclama<Redding, Calif. :May 23 :Shasta Dam 
t i o n  : : : 

Bureau of Neclama<Klamath Falls, :May 24-25 :Klamath Irrigation 
ti~ :Oregon : :Project 

Bureau of Reclama~0ntario, Oregon i:May 26-29 :Owyhee Irrigation 
tion : : :Project 

U. S. Engineer :Portland, Orsgon :May31--June 3 :Bonneville Dam and 
Office : : :Laboratory 

: Yaklma Irrigation i'ii 
: ProJect ~ 
= ~,~ 

:Grand. Coulee Dam 

:Sun'River Irrigation ' 
: F r o J  • c t  i 

Bureau of B s c l a m a - ~ Y a k i m a ,  Wash. "~ '- , ;un% 4-9 
tion : : 

Bureau of Feclama~Gramd Coulee, :June lO-ll 
t i o n  :Washington : 

Bureau of ~eclama~Fairfield, Mont. :June 13-15 
tion : : 

Bureau of ~eclama~Cody, Wyoming :June 16-17 :Shoshonei~Irrlgation 
tion : : :Project 

: " " • W Bureau of Heclama-:Rlverton, Wyomimg,June 17 :Bull iLake Dam 
t i o n  : : : 

- - - :Denver, Colorado :June 18 :End of travels .... 
: : : ' 

Bureau of l~clama~Denvar, Colorado :Juno 25 :Returned to work in 
tion : : : hydraulic laboratory. 

.. -'. . . . .  : : . . . . .  
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2. Frogress reports. To complete the record of this scholarship, 

copies are given below of monthly progress reports submitted to Mr. 

George T. Seabury, Secretary, as stipulatedby the Committee on Freeman 

Fund as part of the conditions of award. 

@ 

PPDGR/~SS REPORT FOR OCTOBER 1940 

introduction 

The Freeman Scholarship was awarded in Denver, Colorado, on 

July 24, 1940. Because of personal affairs and because it was desired 

to start traveling after classes had begun at thevarious universities, 

the scholarship was established for the period of October 1940 to 

July 1941. An itinerary for this period was submitted September6, 1940, 

and approval was made on Septemberl7, 1940. 

The work of thisscholarship will be divided into two parts: a 

study of the current hydraulic research at representative universities 

and other organizations; and a collection of all available data on the 

correlation of model ant prototype together with currenthydraulic 

design practice. 

@ 

Summar~ of Work Completed October 19__4_q 

During October, visits were made to the University of lowa, Iowa 
• ~ City, Iowa, from September 30 tc:October 12; the Unlversitz o~ 

Minnesota, Minneapolis, Minnesota, from October 13 to October 25; and 

the Universityof Wisconsin, Madison, Wisconsin, from October 26 to 

October 31. A brief follows of the work cowJred at these universities, 

together with a llst of field structures observed. 

Universitz of,~o~, SePtember 30 to.October 12 

The Iowa Institute of Hydraulic Research in cooperation with 

various Government agencies in concentrating on the study of fluid 

turbulence, the sedimentation of streams and a correlation of these 

two in an attempt to develop an analytical solution for the many 

problems met in determining suspended sediment concentration. Besides 

this problem, work is being done on fishways, simultaneous flow of air @i 
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and water in closed conduits, spreading of Jets on flat floorsand in 

open channel transitions, and many others. 

The U. S. Engineers at the laboratory are f~nishing the work at 

hand preparatory to closing their office. Reports of model tests on 

locks are in preparation, and of particular interest is a report to 

be published early next year on the correlation of model and prototype 

lock tests. ~:~ 

@ 

University. of Minnesota, October !3-25 

The St. Anthony Falls Hydraulics Laboratory is perhap~ the best 

in the United States, but the problems being studied are necessarily 

few at this time because the laboratoNy has been in operation for 

a relatively short time. Nevertheless, much work has beendone and 

is being continued on bed load movement at~ the confluence of rivers 

and in river contraction works. Another problem of considerable 

importance and one only recently recognized is that of high-velocity 

flow in open channels. The results of this study will have an 

important practical value as regards the design of spillways and @ 

stilling pools. In addition to these studies, ~ork is being done on 

the stability of sand dams, fluid turbulence as related to sediment 

transportation, and open channel flow n.~:'.g fluids other than water. 

The Soll Conservation S~vlc~ A~ ~s~in~ ma~j tTpos of soil 

erosion structures, and the U. S. Engineers have been te~tin~ia river 

model of the St. Anthony Falls ~avlgation Projec t . This moselle of 

particular interest because it includes the stretch of the river 

adjacent to the hydraulics laboratory. 

A test was made on the cylinder gates of the large outside 

volumetric tanks in connection with some work being done on cylinder 

gates by the Bureau of Reclamation in Denver. 
t 

Inspection trips were made to Lock and Dam~Nos. i, 2, and 3, 

situated on the Mississippi River between St. Paul and Red Wing, 

Minnesota. An inspection was also made of the Minneapolis-St. Paul 

Sewage Treatment Plant, the largest of its kind in the world. 

6 



@ University of Wisconsin, October 26-31 

The primary stu.dy at the University of Wisconsin is being made 

in cocperation wi~h the National Truck Tank Association. Dcta have 

been obtained for designing oil-truck tanks! hydraulic systems 

enabling f~ster unloading oF gasoline and fuel oil. To accomplish 

this, a careful study has been made of the losses in pipes, meters, 

valves and fittings used in oil-truck tank~, for fuel oil~, gasoline, 

cleaning fluid and water. 

Problems completed include a study o" weir coefficients for 

flo~ of water and oil, and a st~dy of wa~er hammer in small Dioes. 
,J : - 

The latter experiments will be continued to include a stu~y of ~ater 

hammer in small compound pipes. The flo'~, of various liquids in 

coon channels will be studied to determine the effect of viscosity 

and surface tension. _ 

After an interesting conversation with the vener~ble Daniel W. 

F~.ead, an inspection trip was made to two of his hydro plants, Prairie 

du Sac and Kilbourn on the Wisconsin River. Model ~studies have 

frequently been made of these structures ~hen maintenance problems 

developed. These were studie~-1 and some data •were ob1~a~ned on prototype 

correlation. 

PROGRESS REPORT FOR~NOVh~BER 1940 

Introduction 

The first progress report of the Freeman Scholarship, ~h~ch 

extends from October 1940 to July 19'~i~ was submitted 'r&ovember:/~, 1940. 

That report reviewed some of .the hydraulic research observeddurlng 

Octooer 1940 w~en: vi~'sits were made .to universities and field, structures 

in the Midwest. 

This report for November 1940 outlines some of the hydraulic 

research observed at other universities in the same area, together with 

$l~e work observed in a seotion of the East. 

@: !i ̧ 
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Unive~ of ,~Ichi~an 

Because o~ insufficient hydraulic laboratory f'acilities, the 

work at the Universit.y of Michigan has been devoted almosl entirely 

to hydrolo~ic~.l studies. In thfls regard, a direct method of flood 

routing has been developed recently and a paper on this subject h~.s 

been accepted for publication in Proceec~ings of the American Society 

of Civil En~ineers. In a synopsis of thi:~ paper the authors state: 

"A method of floo~ routing has been developed which aepends only upon 

dependable stream flow records durin~ a tvplcal flood at various 

places on the m~,in ~treL~.m or on the trlbutsrfle~ whose flow is to be 

routed downstream .... A hydrograph of inflow from the unmeasured 

area is determined. This flo~ and that at each of the upstream stations 

is then routed downstream. These routed floods shn'~ the extent to 

which each ol the upper tributaries contribute to the flood peak at 

each do~:~nstream point .... By this procedure~ the benefits that may 

be derived from any proposed system of storage reservoirs or other 

plan of flood control can be definitely determined and the benefits 

can be weighed against the cost." It is the opinion of the authors 

that their method is easier to follow and that it requires less 

com~utations than some of the methods of flood routing in current 

I/SO. 

Another problem concerns the analysis of a flood hydrograpb in 

an attempt to break it down into its componer~t parts, that ~s/it is 

desired to know the contribution of surface runoff and of ground 

water. To do thi.9, a study is being made of a small stre'~m in ~lo~th 

Carolln~ in cooperati n "~ith a Government agency. Because of the high 

porosity ol the soil in the area studied, the surface ~/noff is that 

caught in the stream bed proper, so the observed difference in the 

shape of the summer and .winter hydrographs, the for~er ~eaked, the 

latter more rounded, must be explained by the ground water contribu- 

tion. An extensive analysis is being .mmde, therefore, to isolate the 

contributions of runoffs involved. 

Or i 
C 
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The testing of zhi~ models in the naval tank has been improved 

by placin~ a m~nl. ol .~rinkler on the towin~ car. The jets from the 

manifold are ,directed downward into the w~ter as the car tr~ver~;es 

the length of the tank. The jets are then turned off and the model 

is towed the length of the tank. In this manner .Re~no].~s number is 

increased by the added turbulence of the jets enablinE a reduct~or, to 

be made of the sca~e effects cf model ship testing. 

Case School of  A~olied Science 

The Warner ~iydraulic Laborstory~s exceptionally well equippe~ 

for such a relatively small technical school. Equipment is avai!ab~e 

for studying the flow of water in pipes for heads up to 3~0 feet, and 

for studying flow in open channels. Although very little rezearch is 

being conducted at the present time, the excellent work Hone at Case 

on the Muskingum Watershed Project is generally we~ ! know. In coopera- 

tion with the U. S. Engineers, model studies were made of eleven dams 

and their appurtenant structures durlng a period of eleven m,~nths, 

August 193L to June 1935. Because of" the accurate records kept o ~ these 

tests and their costs, the profession was able to benefit greatly 

from this extensive test program. 

Two hydraulic research projects are being planned: one will treat 

the movement of bed-load material by oscillatory waves, the ~. ~i~ 

study ths effect of the shape oF a bellmouth entrance on the discharge 

capacity of rect~n&~ular conduits of high dams. The first study ~has 

p%rticular significance because it is believed that wave act,.on in 

~ater f~fth feet deep has certain ~yn~mic effects on int~..o ~o water 

supply systems, and thus certainly on bed-load movement~ 

@ 

Carnegie Institute of Technology 

In cooperation with the U. S. Engineers and the Aluminum Company 

of America, the I~draulic l~boratory has been devoted chiefly to model 

experiments of flood control structures for t]~e Upper Ohio E~ver Basin. 

and of structures related to power development of streams. Although 

most of this work wa~ of a routine nature, one ~hase of it has been 

lO 
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extensively developed. This relates to the study of cavitation in 

outlet condu~t~ ~or high dams. During the experiments on the structures 

for the 0pper Ohio River basin, attention was called to the severe 

effects of cavitation at the outlets of the Madden Dam in Panama, and 

since the outlets for the dams being tested in the l~boratory were 

similar to those of the ~4adden Dam, apparatus wa~ developed which 

would enable cavitation tests to be made of t~,e model outlets. For 

an excellent description of these tests see "Cavitation in 0utlet 

Condui%s of High Dams" by H. A. Thomas an~ E. P. Bchuleen, Proceedings 

A.S.C.E., November 1940. 

At present, cavitation studies are being made of baffle niers 

which are sometimes placed at the toe of ~ams. Usually baffle piers 

are not placed in high velocity flow because of tl~e fear that cavita- 

tion erosion will occur. This study, therefore, will attempt to either 

design a baffle pier free from cavitation or one which willbe protected 

from cavitation effects. If this is successful, large savings c~n be 

made in the design of stilling pools by reducing the~rlength and depth 

thret~h the use of b~ffle piers. @ 

S. Morgan S=4thCom~sny 

The current work in the hydrsuliclaboratory is chiefly ~evoted 

to performance tests of adjustable blade axial-flow pumps. AlO-inch 

pump model is used for this study. 

Although model tests were not being made on turbines at this time, 

the laborato~ h~s made performance and cavitation tests for many large 

water power developments° One in particular was made of the ~apl~n 

turbines for the Bonneville Dam. These turbines are the highestpowered 

Kaplan units ever built, each rated st 60,0OOhp under a~ effective 

head of 50 feet, with a~generator capacity of 48,000 kva. It was 

intimated to the writer that although the Moody formula is used for 

stepping up model efficiency, the final resultis necessarily altered 

for such large units. 

An interesting inspection was made of the ~hops in which some of 

th~ Bonneville units were being fabricated. Their size is readily 

appre@i~ted when one sees a ~ropaller-type runner 23 feet 4 inches in 

ii 
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diameter, a turbine shaft 39-1/2 Inche~ in ~lameter, and a ~pee~ rin~ 

~whose largest outside diameter is 36 feet 6 inches having a water 

inlet height of 9 feet 6 inches. 

Pennsylvan,ia Water and Power Company 
Philadeloh ia .Ei e ctric Co_ m~_~ 

Inspection was made of the Sa fe  Harbor and }ioltwoo~ powerplants 

of the Pennsylvania Water an~ l ' o r e r  Comp~.ny, and of the Ccnowin~o 

C plant of the Philadelphia Elec,,ri, Co.'~p~y on the Susquehanna River. 

The turbine testing laboratory at Roltwood has not been in operation 

this year. 

Universit2 of ~enn~ylvania 

The L~boratory of the University of Pennsylvania is well kncwn 

for the tests that have been ,~de there on venturi meter~ by ProCessor 

Pardoe. Special studies are now being made on the ePCect of iustalla- 

eAfect cA the ratio of tion on venturi me';er c~iibraticn~, and on lhe ~ 

venturi throat diameter to the main llne diameter. ~ 

In the study to determine the effect Of installatlon~ the venturi 

meter is placed at v:~rs, ing distances from Teducers, elbcv~s, wilves, etc. 

It is also i:laced in bends which are in e~ther horizontal or vertical 

planes. From this study it is possible to determine the best position 

of the venturi meter for producing a flat coefficient curve over most 

of the range of operation. On~ phase of the effect of installation 

is particular],v interesting. When coeffici~.'nts were olotte~ against 

R, eynolds number, the dispersion was unsatisfactory, particularl, ' ~n 

the lower values. It was finally discovered that the effect of ambient 

temperatures on the coef~icientu was appreciable. Accordingly, these 

tests were made ~ith insulated n_ter,, r,~.~mltin~ in practically no 

dispersion for lower values of keynold-~ number. 

By grouping together calibr~tion- ~ made on many sizes of meters, 

it has been possible to develop a relation which will take into 

account the effect of the ratio of throat to maln line diameter. 

Thus, coefficients may be obtained for very large meters and for smaller 

meters whose ratio of throat to main line diameter w~ries from 

12 
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0.3 to 0.75 by fro'f erring than too coefficient curve for meter~ having 

a ratio of 0.5 and having the same throat diameter. 

@ 

~. P. Morris Division, Baldwin Southwark Corporation 

An inspection was made o£ the turbine testing labor~.tory and of ~ 
il / 

the shops which were fabricating the Francis turbines for Boulder Da~.' 

A notable contri~mtion to the studyof cavitation in turbines has 

been made by the laboratorj of the I. P, Morris Division. The progress 

of cavitation for decreasing values of sigma has been photographed in 

the model by means of a stroboscope and camera. The elbow portion 

of a draft tube is provided with an opening covered with Plexiglass 

conforming to the curved portion of the draft tube. Below this is a 

flat glai~s opening, the space between being fi!ledwith water to 

eliminate distortion of vision. The camera and an Edgerton stroboscope 

are lo~ated below this opening. The stroboscope is wired to a com- 

mutator geared to the turbine shaft, so that flashes are obtained at 

each revolution, thus giving a view of each separate ~ bladeratherthan 

a composite effect. A full description of this apparatus a.~d photographs @ 

of the model runner developing cavitation may be obtained from the 

paper ,Cavitation of Hydraulic-Turbine Runners" by R, E, B. Sharp, 

Transactions A.S,M.E., October 19AO. 

~ew York City 

Durir~ the period November 27-30 arrangement~z were made with New 

York University, Columbia University, Polytechnic Institute of Brooklym, 

and other institutions for the writer to study their work in~v~raulic 

researuh during the flrst ~eek of December. Visits were made to the 

men of the Freeman Fund Committee and to the office o£ the American 

Society of Civil Engineers. 

13 



@ • ,, ? ,  . O t ' ~  PRO~PZ<.~ RF-T~O~T FO~ P, ECE~BER 1940 

Introduction 

This i~ The third progress report submitted on the Freeman 

Scholarship of October 1940 to duly 1941. The progress reports for 

October 1940 and November 1940 described some of thel~ydraulic 
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include New York City and New England. 

Summa~ of Work Completed Deqember 1940 

In Deeem!>Br 1940, observations were m~de of hydraullc research 

at the 1"ollowing places: New York City, December l-ll (,Jew York 

University, Columbia University, and tile Polytechnic Institute of 

Brooklyn); University of Connecticut, December 12; an,d Massachusetts 

Institute of Technology, December 14-19. 

Upon arrival in New York City on November 27, arrangements were 

made by November 30 with the institutions .Inclicsted, ?or the writer 

to observe their work in hydraulic research. This was done during 

the period December I-ii as indicated. During thi~ same Der~od~, 

visit~ were made to the Board of Water Supply and to the hvdrau~?,ic 

sessions of the A. >.M.E. annual meeting. 

On December 13, a stop was made at Providence, R. I., to meet 

Mr. Clarke Freeman. 

Immediately ~i'ter the stay at M.I,T. from December 14-19, a visit 

was made ho~e to Rochester, N. y., extending from December 20 to 

.~ anua.~j,.  5 .  : c  

New York Oniversity 

The hydraulic laboratory of New [ork University has only been in 

oPera~ion four years, so a program of research has not been fully 

developed. It can be said, however, that thework in progress and 

being plarmed is of a practical nature, which cannot be said for some 

of the~ourrent work at other more established laboratories. 
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Experiments are being m~,de on l he Cree out.rail f~-o~ circular 

conduit. = . Such experiments h~ve direct appl~cation to i:he san Stc,~¢ 

engineering field relating to leaping weirs at outfall sewers. In 

this expmriment, measurements are taken of the nappe at the outfall 

of 4-inch, S-inch, and A~-Inch horizont.'.l transite pipe~ flowing 

partly full to determine the r~lation •between the brink depth and 

critical depth, for a givml discharge. Curves are then plotte~ 

enabling the discharge to be determ~net~ for a certain brink depth 

and size of pipe. The profile of the nappe at the outftLll is so plotted 

that an analysis and comparison can be ma~e for various diameters of 

p ~_ ~:,e. 

Another problem of a practical nature will be to investigate the 

laws governing the flo~" os" water over slae-channel weir .... A serie.~ 

of s~milar weirs will be studied by v~-ing the ,Nidth of channel an,~ 

length and height of weir used. Extapolation of the results will 

therefore be possible and an attempt made to develop a ~eneral enuation 

for the i'Io~ over the side-channel: weirs. @ 

Other expr~riments ~ll incl~e t}~e investigation of M=.nning's "n" __ 

in varied flow, an~ ~ the effect of spillway curvature'(in the ve~ .lcal 

plane) at the en~rsnee to stilling pools on the hydraulic jump. 

Columbia University 

The philosophy governing the hydraulicresearch at Columbia 

University dictates that "too much stress cannot be 91seed upon !he 

importance of striving for a basic knowledge of the physic~,l aspects 

of flow." Accordingly, studies now being made on th~ hydraulics of 

the broad-crested weir, instead of dealing primarily with determining 

.. .r_s~i.s values of discharge coefficients, treat the nbvslcal ch~ract~ ~ + 

of the flow upon such values. In these studies, observati nsare< 

made of the flo~ forms over the weir and at it~ downstream end ~ith 

and withcut aeration of the nappe; particular attention also being paid 

tolthe ratio of the depth of flow at the end of the weir to the 
~.~. 

criticaldepth. Submergence is also investigated to ~ind out ~hen it 

begins, what the water surface is like for different conditions of 

15 • 
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submergence, and what the coefficients are and the:effect of submergence 

upon them. 

In addition to this study, an investigation has been ma~e of the 

boundary layer in broad-crested weirs. A weir was~chosen for the 

experimental work "to investigate the bounda~j layer as Lit occurs in 

a hydraulic structure under practical conditions of flow."Veloclty 

measurements were taken along the weir es close to the bottom as 

possible, the upper limit of the boundary layer being taken at :the 

point where the velocity becomes nearly uniform. By usingthese data, 

laws were established for this particular study ins manner similar 

to those laws of boundary layerthickness and velocity distribution 

developed by Karman. 

Results of these studles on broad-crested weirs will be ~ublished 

sometime in 1941. 

Polytechnic Institute of Brookl,vn 

An interesting problem is being studie~ in the hydraulic labora- 

tory of the Polytechnic Institute of Brooklyn. It treats the flow of @ 

water in inclined pipes. Measurements are taken to determine the 

friction losses and velocity distribution in a 2,inch, 3-inch, and 

4-inch brass pipe which may be rotated to any desired angle in a 

vertical plane. The data are then analyzed to see what effect the 

~ravi÷~ational field will have on the flow. It is the opinion of many 

that the gravitational field will have no effect on the flow, so the 

results of this study shouldLbe of great interest. Thisexperiment 

has been made possible by the J. Waldo Smith Fellowship in hydraulics 

of the American Society of Civll Engineers. 

University of Connecticut ~ 

A ~ew hydraulic laboratoryhas recently been completed at the 

University of Connecticut. Located in a wing of the new engineering 

building, it occuoles one-half of the civil engineering laboratory 

which is 60 feet by I00 feet in plan. The water system in the 

hydraulic laboratory is of the recirculating type with two pumps, 

16 



@ 

@ 

@ 
r one rated at 350 gpm and the other rated at 1,800 g:,m, supplying 

water to a constant level t~nk located near the pump pit. Thowater 

flows from the constant level tank through a 4-inch and lO,inch pipe, 

both of which extend to the end of the laboratory. Weighing ~nd 

volumetric tanks will be used for calibrating the measuring devices 

in the laboratory. 

The laboratory offers many opportunities for studentsto test 

and calibrate the new equipment andtodevelop research problem~. 

Additional facilities are planned whereby commercial tezting and 

advanced research problems can be readilyundertaken. 

Massachusetts Institute of Technology 

An extensive test program is being carried oiJt on the variation of 

the friction factor "f" with Reynolds number for uniform flow in open 

channels. Three year~ work has been completed and t~o years ' additional 

testing is planned before the results will h6 fully analyzed prior to 

publication. @ 

R for uniform ~i in open In studying the variation of :"f" with_ " ~ o~ 

channels for R up to 65,000, tests are made in the la~,ora±ory in 

channels having variable width, alope,~and roughness. From this 

procedure, data may be obtained to determinethe relation between "f" 

and R and how it changes with the width, slope, and roughness of 

channel, During these experiments, attempts ihave been made to determine 

some other factor than the hydraulic radius for use in the expression 

for }~eynolds number. So far no suitable substitute has been found. 

In completing this study, it is planned to use channe]~ with cross- 

sections other than rectangular. 

Sever l other interesting experiments and their results were 

studied, but because they are of a confidential nature, no menti~.u 

will be made of them at this time. 

17 
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PROGRESS REPORT FOR JANUARY 1941 

@ 

Introduction 

This is the fourth progress report submitted on the Freeman 

Scholarship of October 19AO to July 1941. The first three reports 

covering October, November, and December described some of the 

l~draulic research observed in the Midwest and East. Thi~ report for 

Janua~j 19A1 completes the description of observationsmade in the 

East and describes some of the research studied in theSouth. 

Snmmary of WorkCompleted January 1941 

A visit home to Rochester, New York, for the Christmas Holidays 

extended from December 20 to January5. Travel was resumed on 

January 6 ~@th visits being made tothefollowing places: Cornell 

University, Ithaca, New York, January 6"7; Worcester Polytechnic 

Institute, Alden Hydraulic Laboratory, Holden, Massachusetts, 

January 8-13; ~ew York City for the Annual Meeting of the Society, @ 

January 14-20; National Hydraulic Laboratory, National Bureau of 

Standards, Washington, D. C.; Beach Erosion Board, War Department; 

and David W. Taylor Model Basin Navy Department, ~asbington, D.C., 

January 22-25; Newport News Shipbuilding and Drydock Co,, Newpo.-tNews, 

Virginia, January27-29; Claytor Dam on theNew River, PulaskilCount~, 

Virginia, January 30; Spartanburg Outdoor Hydraulic~Laboratory, Soil 

91. Conservation Service, Spartanburg, South Carolina, January :~ 

Cornell Universit~ 

Current research in hydraulics atCornell University," deals 

primarily with a study of the shape factor on open channel flow. o 

data were availableon this work forstudy. Model studies have been 

made for various private organizationsand for the U. S. Engineers 

in connection wi~ flood control in New York State. ~ 

L/ 
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Worcester Polytechnic Institute 
Alden Hydraulic Laboratol~ 

Work in hydraulics at the Alden Ilydraulic Laboratory i~ primar~l~ 

designed for undergraduate instruction. As a re.~u]t, onl~t a limited 

amount of advanced research is done by graduate ~tudents from, ~erhaps, 

the academic point of vie~. Fortunately, however, as the ~riter 

prefers to call it, "practical" hydraulic research has been ably 

carried out by Messrs. Allen, Hooper, and Hubbard o~ the laboratory 

staff. This type of work is divided into modol studies of hydraulic 

structures for commercial organizations, and into investigations 

relating to flow of water in pipe lines, the latter iovolving the Allen 

salt velocity method of measuring discharge, andthe errors in pitot 

tubes. ~ 

In regard to commercial model studies, it is interesting to note 

that tests have been made at this laboratory for organizations located 

at a considerable distance from Holden, even though other hydraulic 

laboratories are located nearer to the ~ork involved. For example, I 

model tests have been made for the Pennsylvania Nater and Power Co., 

the Philadelphia Electric Co., and the Ne~ York Board of Water Supply. 

Nearer by, tests have been made for the Boston Metropolitan District 

Water Supply, and at the present time for the Providence office of 

the U. S. Engineers. 

In investigations on the flow of water in pipe lines, tests are 
o 

continually being made to improve the salt-velocity method. This 

involves reducing the length of test section required and the length 

between pop-valves and the first electrode. Improvement~will also 

be made in the electrodes themselves. Recent studies of salt-velocity: 

measurements at low velocities in pipes reve~l that, for flo~ ins 

long straight pipe and for the velocities lowecthan those normally 

found in practice, there exists a critical mixing velocity below 

which good mixing of the injected brine does not occur ("Salt-Velocity 

Measurements at Low VeloCities in Pipes," by L. J. Hooper, presented 

at the spring meeting, Worcester, Mas~,, May 19~O, A.S.~.~.). From 
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a curve o~" error in salt-velocity results versus mean pipe velocity, 

here is a break in the error curve showing a departure from the 

purely experimental type of error. The velocity at this break is 

the.crltical mixirAg velocity. It was also found in this study that 

the accuracy of the method when applied to a vertical pipe is not 

affected by gravity as long as proper mising is obtained. 

The other study relating to the flow of water In pipe lines 

treats the errors of pitot tubes ("Investigations of Errors o~' Pitot 

Tubes," by C. W. Hubbard, Trans., A.S.M.E., August 1939).~ It is 

generally known that some pitot tubes do nothave t~,e same coefficie~.~t 

A ~ for all conditions o~ low, so it was the purpo.~e of th~s investigation 

to determine the factors involved. Tests were made first on an ~4-foot 

rotating boom in still water and later in pipes of 12, 40, and 78 inches 

in diameter. After investigating angularity, pulsation, and the , 

dynamic effect of the flow, it was decided that none of these is 

sufficiently great to cause~an appreciable error. However, it was 

~'ouud theft even though the support rod oi" the ~itot tube does not 

af~rect the reading of the impact orifice, it does af'fect the reading 

of t~,e wall piezometers if they are used for measuring the pressure- 

head, and the tip piezometers used with pito~statJc tubes. It was 

also realized that if the pressure is not constant across a pipe, the 

wall piezometer does not measure the pressure which exists at the tip 

of the pltot tube. It was concluded, therefore, that thelmpact tip 

registered the true dynamic head whether the flow was smooth or 

turbulent, and that the pressure piezometers were in error. According!y, 

since the pressure piezometers (tip piezometers) are an integral part 

of a pitot-static tube, this instrument was considered more reliable 

than a simple pitot tube ~ith separate wall piezometers and It is 

capable of being calibrated and used under different conditinns of 

flow if necessary. 

More tests will be made to observe the effects of turbulence on 

pitot tube measurements, but more specifically to study the relation 

between angularity of flow a~d turbulence. . 
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Before leaving Holden, an inspection was made .of the Ware R~ver 

Intake Works of the Boston .~!etro~]olltan District Water Supply. 

o 

• ":~ National National Hydraullc Laooratory, . 
Bureau of Standards 

The National Hydraulic Laboratory was founded for the purpose of 

obtaining fundamental data from hydraulic research which would be 

useful to the engineering profession as a whole. It was the dream of 

the late John R. Freeman to have such a laboratory and he worked hard 

to bring it into being. It is debatable~ however, whether the !~bora- 

tory measured up to his suecifications, and ~t ~.~ to be re~rette.d today 

that a limited budget greatly curtails the work being done. It ~z 

quite evident, moreove,~, that each agency of the Government and private 

organizations are doing their own research pec~liar to the.~r tJ~oe Of 

work, even though some of it is fundament~Ll and could perhaps be done 

in the Natior~al Hydr~.~u!ic Laboratory. NevertLeless, many interesting 

and important problems are being studied at the laboratory and the @ 

results so far publishedhave been of value to the profession. 

The work done at this laboratory may be divlded into two ~roups: 

A study of existing theoriez with %b~e Purpose of advancing them by 

careful analysis and some exoerimentation, and a study Of special 

problems yielding more directly to an immediate oractical use. 

~n example of the first type of ~ork is the current study being 

made of the motion of flood waves and other waves of translation,~in 

open channels. A series of papers is planned, the first of which has 

recently been published, ,Mathematical Theory of Irrotational Trans- 

lation Waves," by Keulegan and Patterson, Jcurn~l of Hesearch of the 

Eational Bureau of Standards, RP1272, January 1940. This paper treats 

waves for which the forces of fluid friction are negligible with 

respect to the inertia and grav~tational forces. Other papers in this 

series are in various stages of completion and will deal with the 

effect of turbulence and channel slope and confi~yaration on the motion 

of translation waves; the theory of quaslpezmsnent regime and the 
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@ methods of prediction of flood waves; ~nd Cinally, the recent 

advance in the p~'oblem o. ~' the deformation of an intumescence. 

Another example o'~ the fir.~t type o? study is a mo.':t interesting 

one and one which enlists the combined efforts of many engineer. ~ and 

Government agencie.~. This i:; :m investigation of density cuvrent.~, 

these being defined as "the movement, without loss of identity b7 

mixing at the boundin~ surfaces, of a stream of' fluid under, through, 

or over a body of fluid, the density of' which differs from that oF 

the current, the density difi'erence beir~ a functicn of the differences 

in temperature, salt c~ntent, at:d/or .~il~ content of the two bodies 

of fluid." A bottom current is a ,density current that flows under 

the adjacent body of ~luid." 

The following phenomena involving density currents will be 

studied: 

1. 

2. 

Pas~ege of silt-laden water through reservo[Jrs. 

The failure of the water of a tributary to mi~ with the 

i~ water of the main stre.~m when the water of the tributary, is 

of different quality and/or zilt content from that of Lthe 

main stream. 

3- The gliding of fresh water over salt water, or salt water 

under fresh water. 

A. Possible cause of the formation of the submarine canyons that 

have been discovered recentl:f on the outer edges of the 

continental shelves by density currents of silt-charge~ water. 

5. Passage of currents of warm air over pockets of cold air. 

To attack these problems, a committee of the ~atlo, o.l ~Research 

Council with ~r. Herbert N. Eaton, director of the Natlcnal Hydraulic 

La:~oratory, as chai~man, was formed in 1937. This commii%tee is known 

as the "Interdivision:~l Committee on Density Currents," Since the 

phenome~ of density currents concern not only engineers, but also 

geologists, chemist~, and physicists, all these professions are 

represented on the committee. 



r 

i~-~ .... ..... ~ ~ ii ~'~r~~' 

At the present time, the main eYfort~ late being concentrated on 

the ~flow of silt-laden currents oi' water into reservoirs. Through 

the cooperation of the Government ~gencie~ involwd, measurements are 

being taken on Lake Mead anc~ EiephlAnt u~te Reservoir. Tbe~e measure- 

cents include temperature-depth, velociLy, s.~llnlty, tur~A.d~Z, 

conductivity, and elevation of the top oC the zilt/ laver. It is 

interestlng to note that the location of the ~ilt'/ l~vel" is ~ound not 

only by sampling the water, but ailo by it:; te=peraturu, since the 

tem~erature oL" the silty layer i~ higher than theft of the clear water 

immediately above. This fact is al$oA seful in determining the velocity 

of e silt-laden density current throuKh a reservoir. In Elephanl Butte 

Reservoir~ two thermometers have been placed, one at the outlel of the 

dam and the other some known distance upstream. By not~nz the time 

elapsed between the temperature rise upstrezm and s sim~].ar rise down- 

stream, the mean velocity o. the silt -ayer pas~ing downstream may be 

determined. 

The National Hydraulic Laboratory enters into the problem by Q 

analyzing density currents experimentally. Three oxperiment;~l closed 

channels, two of them geometrically similar, havin~ rectangular cross- 

sections and of different sizes have been constructed. In these 

channels, clear tap water was made Lo flow over a pool o/ aqueous salt 

solution, the density of which variud from 1.02 to 1.20. The velocity 

of the flow of water was increased until the waves ['ormed ;at the 

boundary surface began to break so that mixing occurred between the 

two liquids. This velocity was reco~.'ded as the critical velocity. 

By the method of dimensicnal analysis, ,~ criterion rot the 

critical velocity wa~ developed in the Corm: 

where K = a dimensionles3 coefficient. 

o~ the liquid. = kinematic viscosity "~ ' moving 

p z density of the moving liquid. 
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V 

= dirCerence in densitj o ~" the two liquids. 

g = acceleration due to gravity. 

U = mean velocity of the moving liquid whon nlx~r~ 

fir~:t occurs. 

The values of K determined for different ~.Gn~itie~ of the hea,:~er 

liquid and with different channels were fmand to he in good agreement. 

An average value ['or K I/3 appears to be about 0.155. Scale effects 

are as yet undetermined either from theory or experiment. It ~:as also 

difficult to explain ~41y in geometrically similar charnels the rat~ 

and development of mixing ~as rapid in the sm~!ler channel, wh~le in 

the larger charmel it was slower, especial]~r for larger ~!ues of U. 

In the second type or work done at the labor~JtoFz, that is, a 

study of special problems yielding more directly to an immediate use, 

the more recent work involves the investigation o, ~ artlf[c~ai ~tecT,- 

control structures ("Investigation of Artif Icla! .~trcam Control 

Structures," N~tional Bureau of standards, Ma F 19~9). These are 

structures used!by the U. S. Geological Survey on nonnav~gable streams @ 

in conjunction wi~.h recording water-level gages to obtaln a contlnuous 

record of the discharge of the stream. Az usually constructed, tb~ey 

are low concrete structures extending across the stream from bank 

to bank, sometimes having a crest that slopes from each bank ±o a low 

point or a deep notch at or near the center of the channel, and some- 

times with a crest that extends horizontally across the channel. 

Since there are ..many. different, designs of these structures, the 

tests at the labor~tory ,.~ere m~de to eliminate those ~'~ith undesirable 

features, and to present ~ata ".~hich would aid in the selection of one 

or more standardized stream control structures. To ,do this, e~periments 

were made on models and full-size structures to determine the rnting 

V C~ ~ curve for each ~'~ith free and ~ubmerged o er a~_~, and ~he effect on 

the free overfall rating for various depths of ,~pproach (filling of 

the •stream cb~nnel upstream). 

A similar study is now in progress for the U. S. Forest~ Depart- 

meat, except in this .~tudy a weir a :apt~c±~ to co:~.Siticns desire~ b~ 

the Forestry Department will be developed, so that a smooth rating 
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cur~e will be obtained for any conditionn of flo,~ or inst,~ll~tion. 

Other problems now being studied in the laboratory Inc]nde an 

investigation of the laws o~ nimilitude a.~ afYecting .model ~udies, 

the transportation o~' sand-wa~er mixtures in pipes, and sg~nc tes$.~ 

on pipe~. 

@ 

@ 

Beach Erosion Board, War D?iLartment 

To those familiar -i~h t, he study of wa'~s ~nd their erosive action ~' 

on beaches, t is ~ully real~.zed that since the existing thsories are 

conflicting, much ,~ork must be done ~°i~th ra~es in +,,he ],,sborato~T~and 

in nature to check these theories, and at the same time to" obt~,in a 

clearer understanding ~ o~ the wrious phenomena, involved. Once this 

has been don~, the problem of des~gning protective ~ork~ ~ill at least 

be simplified. 

The Beach Erosion Board ~ias been cl~argcd by law with thc duty of i 

making investigations in the ~'ield of s!'~ore prntect~on 2~nd publish:Ing 

facts of engineering value ("Recent Experimentation on Wave Action," @ 

byMajor A. C. Lieber, Jr., Beach Erosion Board, April 1940). In order 

to do this, it is first nece~sa:N to study +.he basic problems of wave 

action in a laboratory. In this way the elements of the problem may 

be controlled and studied separately, and Imdesirable or unimport~nt 

factors may be elim~m~ted when necessaD,. 

The wave tank used bY the Beach Erosion Board ~s 85 feet b~t 14 feet 

in plan, with a vertical plunger-type wave machine at one end, and a 

sloping wave absorber at the opposite end. The experimental ~ork now ~ 

being conducted is primarily for checkin~ the existing theory ~o~ use 

in evaluating wave actions in nature. To improve the experlment.~l work, 

an oscillograph is being developed for simultaneously determining 

all wave characteristics, including oroCile ~nd dire-tion. In r, dd~tion, 

a long narrow steel channel is being built with glass sidewallsplaced 

at the far end for observing wave action on the "beach" ingt~lled for 

testing. An improved wave machin~ w~ll be pl~ced ~t the other end of 

the channel, being so designed thr~t the ~aves ~.en~rated will be a~ @ 

near as possible to the. correct oscillatory motion at the start. 
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D avld W. Taylor ~odel Basin, l~avy Department 

Thls recently completed model basin is 1,200 feet long. There are 

two basins provided, one for slow speed and one ~or high ~need testing. 

During the time of inspection, work was rapidly nearing completion on 

the large towing car for the slow speed tests. This car will tow ship 

models up to twenty feet in length at a speed of about ~il'te~n kuots per 

hour. Becau:~e of" national defer~se measures, no detailed information 

.was obtained on types o~ ships to be tested, nor ~ere any specific 

questlon~ asked about ~ethods of testing or other details, 

In the administration building there are two large experimental 

setups for conducting cavitation tests on ship propeller,s, ~th 

stroboscopes installed for observing the ca'~Itatlon phenomenon ~uring 

testing. A materials te~ting laboratory and a shop for constructin~ 

ship models are also provided. 

~!ewport News Shipbuil'3ing and DrFdock C q ~  

The most interesting part of" this visit was an in~.p~ction of the 

shipyards. The national defense program has turned ~ho shoT,s and -~-~rds 

into ~n extremely ~ctive }~l~ce. Many new ship~ ~;ere seer. under 

construction including the new aircraft carrier "Ho,~ei" and ~ever~l 

freighters for the ~,laritlme Commission, Several old~r z~ ips were in 

drydock being reserviced, presumably for tl.e Br~tiBh. 

The work in the hydraulics laboratory hs~ recent]J beendevoted 

more to model tests oi' sb~ps than to hydraul~c machinery, Accord~n~ly, 

most of the tlme was scent in learning something about *he technique 

of testing ship model~. This t~rpe of model study ~s quite involved and 

requires considerable study and e.zperience before ~ good understanding 

is obtained of the many ~teps required from testing the model to the 

final trial runs of the prototype ship. 

Relative t o  hydraulic machiner/z, tests .~ere just o~in~ started 

on models of" relief valves or energ~¢ l~.~1~ato.~ u~e~ ~'or b~:-pu.~z~ng 

:+~e closure. The the flow ~n hyJro ~l~n~s in the c:i~e o ~ ;~u~ien " + 

intake to the valves is ~:de in the sc~'oll c~se and the ~isch,/,rge from 

%h~ valve is led into the draft tube. 

@ 

26 



i@ 

@ 

0 

Claytor Dam, New Riverl F~,1~eki .County. '~irginia v 

While in New York, during the Annual Meeting of the Society, it 

was learned that the Ci~ytor Damhad passed a flood of 200,000 cfs 

last Augustp and tbat after the flood, severe cavitation eroslon~was 

~otioed on the baffles on the apron at the toe of the dam. The writer 

was particularly interested in this erosion because of his experience 

in the laboratory with spillwavs Jimilar to the.Claytor Dam. Accordingly, 

through the kindness of Col. F. ~. S~eldenhelm, M. Amo Soc. C. F., 

a pass was obtained for an inspection of the dam and appurtenant 

structures. 

The Claytor Dam is on the New River, Pulaski County, Virginia. 

It is of the gravity type with a m~ximum height of 123 feet from rock 

h ~ ppro~'Imately llme to top of spillway gates. The overall lengh i ~ 

one thousand one hundred and fifth feet. The spillway section at the 

center of the structure is of the ogee type about five hundred and twenty 

feet long with nine spillwa~ ~ gates 50 feet wide ~I 28 ~eet 6 inches high. 

The powerhouse on the right bank !3 e~Julpped, w~th., four ?rancls-t~rpe~ @ 

turbines with a combined ca~:~aclty of IOL,O00 hp or $3,372 kva. 

The apron proper extends horizontally 5~ feet ~.oA~stream from the 

tow of the ogee section. At the end of the apron, a large baffle has 

been placed to reduce erosion of the rlvcr bed. The baffle consists 

of rectangular teeth with a curved upstream face, buttln~ against a 

stepped sill. The sill i~ orovided with venturi-like openings, the 

openings and teeth alternating. 

The flood which occurred on August 1A, 19/~0, was the first one 

passed by the spillway since its completion about two years ago. This 

flood was recorded at just above 200,000 cfs, the spillway being 

designed for 250,000 cfs. The maximum recorded flood up to that time 

had been 170,000 cfs (estimated) in July 1916. 

The erosion to the teeth on the apron was evidentl~ ~ due to ~avlta- 

tlon, since the full force of the Jet impinged on the teeth and flowed 

between them with no tailwater above, and since the flow did not persist 

long enough to cause abrasion of the amount observed. The maximum 
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@ velocity at the apron was approximatel~z s~xtl to ~event/" feet De:" secnnd. 

Inspection of the teeth revealed a :pitted area on the longitudinal 

faces immediately downstre=m ,rcm the "leadin~i edces" o r the teeth. 

This is where cavitation erosion is normally foun~. W~thin the~e pitted 

areas, holes had been ,,~:,",._.~ as deep as 4 inches. ~',nnv. deep crack~ 

were also observed in this area giving the appenrance of tenslo~ cracks, 

as if a force had been appl%ed u__~stream 81onz the top o ~ the %e~,th. 

Cracks were also evident along the extreme do~'nstr e-~'m C~ce OC the 

perforated sill as if a vertical force had been appl~.ed causln~ d~a.~onal 

cracks to develop at the upper corners of the opening.~ in the s~ll. 

Sufficient relnforcement had been placed in the oal~ . system b,~se4 on 

existing knowleSge of the stresses involved. 

@ 
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Spartanburg Outdoor Hydra_ullq Labqr~to_9/Ui, 
So~l Conservation Service 

The hydraulic studies being za~e at, th~s l~:~borator.v are quite 

unique and present problems to the experLmenter which ~.re ui~ual].v not 

of hydraulic laboratory. Thi.~ i~ due to "@ i encountered in aormal type 

the type of stm~cturea used in the conzervation of so~l and ~:~%ter a,~d 

the resultlzg hydraulic problems to be solved in their 8es~gn. Instead 

Of dealing with usual flow oi" water in lined structure~ or v*w -, 

example, a large amou/~t of ~ork involves the des~in of ch~-Jnnel~ :.'it]L 

vegetal linings. The~e may include terl'~ce .~/stems, m?~dow strips, and 

other broad, shallow channels. Accocdingly, the Spar,,~,nuur~ Outdoor 

• ' "~-~ ~" and tO ~jdraulic Labor-~tory has oeen.developuu to obtain t,he~.,e d:~, 

conduct tests on the capacity of notches and test~ on !~rop ~nl~t sp}ll- 

waysp drop boxes, culverts, tran-Jit~ons ~n~ chutes ("$partanburg Out- 

door Hydraulic L~bor-~.tory, " by H. L. Cook, Civil Engineering, 

October 1938). 

In testing channels ~ith vegetal linings, t~o prooiems are 

considered: The carrying capacity of such ch,,~mel~:, an~ the resistance 

to erosion offered by the vegetation used. In these tests various 

sizes of tr:~pezoid~l channel~ ~re laid o~, different ~lo~e'~ :-'-nd planted 

with 6rasses common, tc South Caroiln~ a~:d vicinity, kac,k e~ ~nne! is @ 
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tested over a wide rm~ge of disch~rgc~ and the values of ~/,anning's and ! 

Kutter's roughness coefl'icien~s determined. The problem of erosion is 

likewise ~tudiea du~-ing these tests by determining the maximum allow- 

able velocity before erosion develops in the underlying soil, which in ! 

these experiments is Cecil clay. One group of these te~ts indicates • 

that a trapezoidal c~nnel on a ~O-perc=r,t siop~ lined with solid ~ 

Bermuda sod, and with a bottom width of one foot ~,nd side slopes of 

l:l, has a probable sa['e ~ ,- ~ r.~ relocltv o ~ ,.~.t per '~econd ~.nd a Knt~:er's 

"n" of 0.035. 

Comparative test:~ are made bet~een the tvpec of' ,~x~e~ ,v~th the 

grass long cut sl-ort, dorm.~nt, ', d ~ - .... ~. ~.. ,,~ r , ~n, ~t. ci~c!ent ~cri~.~ c~ growth. 

It is inierestinh to note that the reziEtanc .... ~ .... i e or ret~tl~.in~ effect o f  

vegetation decreases with the depth of flov: in a .ch~.,nnel because of a i 

"shingled" effect produced by t h e .  p ] a r ,  t,,~ . . . . .  ~lattpn~ng ~g, t" aiu~±~, t~'e 

channel bed it, the *irec!ion of flo,~:. If the , ' .~tem~ of tzle vegetation 

are woody, this effect, is not as i.ronounced, .~:o the ~-et~.rdance cf?ect 

does not decrease a~ ra[ i~ly with 5r, cre~.~e Jr depi.~ of ~'lev;. Q 

The desi~,n., of s~ru~ctu]-es to prever,.t eros~or~ in ~. ..... .... ~ ,.-~-~,...~. g 1]~-:.~.. . 

~nd below drop struct.ure~.~ is gover-ned b~ ~ the ea.~.~e ~nd ec--n.~n:,, oC 

construction. Tb, iz is no~ a.n eazy problem tc r.:clv~,, az anyon~ '<now-~ 

~ho is famil~ar ~"itb the desi~ oC energy ~ .... +~-- ~,,--]- ~̂ '~'~z and 

U-t~;l)e flume. ~. have been u~'ed extensively, but more v;ork mu:~t be .~cne 

to improve the st~l!~ng 9,oo!z belo~ the~e :~.tructuren. ~ This will be 

done at Spartanhurg in ccrmect~on with sim:i!ar .~u.,Se.~<~ ~ ~ ~elr~ u'" r,u.,ea I~ 

%he Soil Con.~e~v;,÷-'• .~ ~ ................ ce~vice at t},e University, of |Zinnesotu and at 

~. ~ %., the California Institute o~ ~ec,;noloL~-. 

A new lahorato~7 is no,w baing const]u]cte.9 a t  Stillwater, 0klahona, 

similar to Out larger than the Spartanburg labor.~,tory. Studies will 

be made in Oklahoma similar to those in South Carolina, but testing 

grasses and o~her ~eg~tation co~a~on to the Sest. 

@ 

29 

. 



P~{OGR]~S5 -R~-PO9T FOP FEBRUARY AND .AEC, II 19AI 

Introdu ction 

This report, comblnlug the work of .~ebruary and March, i.~ the 

fifth progress report submitted on t~,e Freeman Scholarshlp c~ 

October 19AO to July 19A1. It cOmT~letes the oDservatlon made in the 

South, ~he previous reports havin~ described some of the hv~rr~ulic 

research obse~-~ed in the Mid-West, along the Atlantic Seaboard, and 

in part of ~the South. 

Summar~ of Work Co~r:plet~,~ Fehru:~'7 ~r~,~ ~arc.h 19/,.1. 

Vialts were made to the follow~g organizations: Enoree R~ver 

Sediment Load Station, Sell Conservation Service, Greenville, ~. C., 

February l; Tennesse~ Valley Authorit.'I, r, noxvllle and [~orris, Tennessee, 

• • ~" n of' hydraulic structures of the TVA from Febr.'.a~¢ 2-9; ~nspc c ~o 

~lorris Dam to Pickwick Landing Dam, .~ebr~arv lO'12"_ , ~. S.. Waterw~.vs 

Experiment Station, Cor'p:~ of Encineers, U. S. Army, Vicksburg, 

~isaissip[.,i~ Februaz7 l'f~ to r.~arch iS. @ 

Upon completio~ of the work at Vic.~'sbura, ~a visit was made hon,e 

to Rochester, N. Y., fron; garch 21 to April 5- 

E~oree River Sediment Station, 
Soil Conservation Service 

This experiment station was developed to obtain 'lu-ntit~ti ve 

measurement of the total sediment load o~ a str~*-m ~ct~].17 !ar~e 

enough to be represe~tatlve of rivers in general. Invemt~g~tioz, c of 

sediment load, especially bed lea.d, ~m laboratoC. ~ "'ll~me~ ~not f~!!v 

adequate nor as yet of great practical value, hence ~t is ~ucoura~;~u~ " 

that now, from a study of an actual atre~m, ~ better understanding will 

be obtained of the suspended an~, bed load movement. 

A project of this type will require considerable t.~z:e ~.r.~ st~4v 

before any definite results can be o~taine~!. In ~,~n efCort to ~nclu~.e 

all.aspects of the problem, investigations will be mode on the 

Emoree River for determining: (1) The relatie~ between the character 
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and amount of sediment load to the hydraulic and physical characteristics 

of the stream; (2) the relation between the properties of the waterr':ed 

and the amount and composition of the total sediment load; (3) a 

practical and simple method of estimating the total sediment load of 

the stream; and (4) methods of controlling the movement of sediment 

:in flowing water. 

To accomplish this study, a carefully selected reach of approximately 
i 

one hundred feet of the Enoree River has been paved withconcrete and 

straightened by means of vertical retaining walls. This forms a control 

structure suitable for measuring the amount of bed load and suspended ii 

load. The bed load moving along the bottom oC the lower end of the 

control structure passes across fourteen ,ottom openings separated by 

vertical 'lane walls. Each opening connects tom header below, which is 

connected to a pump on the right bank. This pump removes the bed load 

hydraulically as it flows over the openings in %he bottom of the 

control structure and places it in a settling tank from which it is • ~: 

eventually removed for weighing and analyzing. The suspended load is 
~A 

taken by samplers simultaneously with the pumped bed load at a point ~O ~ 

immediately downstream from the bottom openings. This material is also 

carefully analyzed. 

In addition to the control structure ,nd its many appurtenances, 

a concrete flume is used for studying the transportation of various 

sand mixtures for ar~ hydraulic conditions to supplement the observa- 

tions made on the river. A well-equipped laboratory is also provlded 

for making analyses of all sediment samples. 

Continuous records have been taken only since January 1939, but 

results so far indicate that definite relations exist between sediment 

load and discharge for the coarser materials but not for the finer 

materials. 

T~nnessee Valley Authority 

The hydraulic laboratory of the Tennessee Valley Authority in 

Norris, Tennessea, is devoted to the solution of hydraulic problem~ 
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pertaining to the ~]esign of ~%.r~ctvrez u,~ed ~n np.vi~t~on an~ r.o~;er 

development oC the Tenne~,~ee River an~ Its tr~hut~rie.~- Th~'~ 3~bora- 

tory and simi]s,r one~, such as the U. o. Waterway, ~ ~;xperim~n~ Station ..... 
! 

and the B~Jrep~u of Reclamation Lahor~.tocy in Denver, i~ b~ necessity 

limited to practical experiments ,qs eo~.vared %o t,~e academic research 
=,." 

usually found at universitie:~. 

All the more modern structures in the Tenne~,see Valley h,¢ve been 

tested bv mcdels to check lheir design ....... ,.,., 

economy. The more recenl model studies include tbo~e m':de for the 

Cherokee Da:~ on the Holston River and ~he Fort Lot~.'~or~ D:,m c n the 

Tennessee P, ivez'. 

Dams of the type employed in navigable rlver~ lihe the Tenuessee 

; dams and Mississi~oi Rivers present uvoblems not u=ual!y ,sun,. at 

used primnrily for flood control and po;.:er development. One ~;~oh~em, 

in particular, concerns the ener~, dies!ration of the v:ater ~m~n=-~.Jstely 

below the spillway. At dams of the first type, the hydrau3~c jnmF is 

not obtainable because of excessive tai1~ater created by navJg~tlon 

requirements: in the second ty;,e, however, excellent d-i ~sipation is 

usually obtained by the hydrau!~c jmmp. As a result, the la'oorato~ J 

tests of the type found at Norri~ are made none difCicul~ and considerable 

resourcefulness is requi~'ed to develop a sat~sfcctory ~olutlon. 

The problem of aerating nappes, on the other han~, ~-'~-u~!ly 

stm~ct~,res mentioned, ne N~rr~ labcra- prevalent at both t~qoes of ~" " "~ 

toN/ had this problem to solve in connection ~;J±h the douh~e-le .... 

slide gates used on-Zbe Chickamauga, Guntersv~lle ~n, ~. Pickwick Lan~Jng 

Dams. Since water may flo~ between the gate leaves cr over the loner 

leaf, a region of subatmospheric pressure will form upder the n~[:pe 

between adjacent piers and thus increase the total i~ : .... u_. ~ ...... ~ , , ~ ,  - . 

the gate. This condition is ins%.antly relieved bt' ner:~tio~ oC %he 

nappe, but the problem is how much air will be required. To ~olve 

this, tests were made st" the air demand for a large weir o~p?,e %n the 

Norris laborato~-. Then by dimensional 8nal:,s~s, ~ curve was obtained 

giving the required amount o Y air based on the allo,,~able re4uc+,ion o ~ @ 

} 
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pressure beneath the nappe and the head on the gate. Once the amount 

of air required is known, the size of vent may be determined. ~Of 

particular interest is the fact that field%ests have checked the 

laboratory curvequiteclosely. 

In connection with the design of sluice outlets forhigh dams, 

it is necessary to investigate whether cavitation will ocbur in the 

outlets due either to their shape or dueto operating conditions or 

both. At present there are two methods of testing models of outlets 

for cavitation. One method reduces the atmospheric pressure in the 

model according to the scale ratio, ifpossiblo, thereby causing 

cavitation in the model. The othermethod te~s the model outlet 

under normal atmospheric pressure and bases~itsprediction of cavita- 

tion in the prototype on the conversion of model pressures to prototype 

pressures. The latter method, which is used in the NorrisLaboratory, 

is much simpler and is more generally used elsewhere. 

After a study had been made ofthe work at the Norris Laboratory, 

an inspection was made of the Tennessee Valleyfrom Norris Dam to @ 

Fickwick Landing Dam. The following damswere included:~Norris, 

Hiwassee, Chickamaug~, HalesBar, Guntersville, Wheeler, Wilson and 

Pickwick Landing. Particularattentionwas paid to the Kaplan turbines, 

spillways and navigation locks. Additiona ! turbines arebelng installed 

at the last three structures listed in connection w~th increased power 

demand for national defense. 

U. S. Waterways ExperlmentStation 

During the visitto theF~perimentStation, observations were 

made of the work in the laboratory, and field tripswere~taken to 

i~spect some of the work on the Mississippi River. Thepaper attached 

hereto containing a description of the moreinteresting workobserved 

is submitted for possible publication in "Civil Engineering." (This 

paper is on, file at the American Society of Civil Engineers, New York 

City, and in the Personnel Section, Bureau of Reclamation, Denver, 

Colorado.) 
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PROGRESS REPORTFOR APRIL 1941 

Introduction 

This report for April is the sixth progress report submitted on 

the Freeman Scholarship of October 1940 to,July 19~. The previous 

reports have briefly described someof thehydraulic research observed 

in the MidYear, ~East, and South. This report and succeeding ones 

will treat the inspections made of numerous irrigation projects of the 

Bureau of Reclamation and flood control developr~ntsof the U. ~ S. 

Engineer Department in the Western States. The May report will also 

include observations Bade at California instituteof Technology, and 

the University of California. ~:~ 

Summary of Wqrk Completed April 1941 

A visit home at Rochester, N. Y., starting March 21 was terminated 

April 3. Travel was then resumed to make observations at the following 

places: Bureau of Reclamation, Denver, Colorado, April 7-12; Salt @ 

River Valley Water Users' Association, Phoenix, Arizona, Aprll 14-21; 

Bureau of Reclamation at Boulder DaB, April 23-24; at.Parker Dam, 

April 25-26; and at Yuma, Arizona, April 27-May 1. 

Bureau of Reclamation at Denver, Colorado - 

No detailed study was made of "the work in progress~in the hydraulic 

laboratory. This will be done and will be included in thefina~report 

after the writer has returned to his position inthe laboratory upon 

oompletion of the scholarship June 30. During the visit in Denver, 

the itinerary covering projects of the Bureau of Reclamation was 

further developed and revised where necessary. 

.Salt River Valley Water User s' Association 

The Salt River Project is one of the first large irrigation 

projects developed by the U. S. Reclamation Service (now Bureau of 

~@lmmation). It consists of 240,000 acres of highly developed farm 

lands around Phoenix, situated in a broad, flat valley crossed by the 
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Salt River. In the mountainous country northeast of Phoenix, five 

~ams have been built on the Salt River and one of ~he Verde River, a 

tributazT. The structures on the Salt River starting with the farthest 

one upstream (aboutninety miles from Phoenix) arez Roosevelt Dam, built 

1905-11; Horse Mesa Dam, built 1924-27; Mormon Flnt Dam, built 1923-25; 

Stewart Mountain Dam, built 1928-30; andGranite Reef Dam, built 

1906-08. All of these structures are over 200feet high and are concrete 

gravity-arch type, except Roosevelt Dam whichis of masonry, and the 

diversiom dam which is merely a low, long concrete weir. Bartlett Dam 

on the Verde River is a concr "- multiple,arch dam 273 feet high, the 

highest of its kind in the world. Thetotal storage capacity of this 

system is 1,954,0OO acre-feet. Power is developed at all structures 

except at Bartlett and Granite Reef. 

Although this project has been o] Users ~ 

Association c~nce 1917, the Bureau.of Recl~mation has done nearly all 

.the major design and construction work for the Association. It is 

in this connection that the writer helped conduct model tests of the 

spillways of the newer structures. Accordingly, it wasmost interest- 

ing to inspect the prototypes and particularly so because all spillways 

were discharging, some for the first time. This conditlon of exces~ 

water is qu~e a contrast to last year when only 165,000 acre-feet 

were in storage in the entire system, but now nearly two million acre- 

feet are available. 

As is usually the case, only a sm~ll fraction of the maximum 

design flow was passing through the spillways, yet a good opportunity 

was had to observe the action of the ~pw et the reooalating gates, in 

the spillways, and inthe river immediately below. Observations were 

also made of the needle valves and butterfly valves which were dis" 

charging full capacity at some of ~he structures. The types of 

spillways seen included super-elevated ones curving ~n pl~n from the 

gate structures at the abutment of the dam toward the river channel 

so as to allow the water to plunge into the river directly, and 

concrete-lined tunnels from the reservoir through the canyon wall 

discharging at a lower elevation into the river below the dam. 

@ 
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The Boulder Canyon Pro~ect 

The purpose of this project is defined in the Boulder Canyon ~ 

Project Act of 1928 as follows: "controlling the floods, improving 

navigatio n and regulating the flow of the Coloradd River, providing 

for storage and for thedelivery of the stored waters thereof for 

reclamation of public iand~ and other beneficialuses exclusively 

within the United States, and for the generation of e!ectrlc~l ener~ 

as a means of making the project herein authorized a self-supporting 

and financially solvent undertaking." :~ 

Included in the project are parts of Nevada, Arizona/, and Ca!~f- ~ ....... 

ornia. Starting at Boulder Dam, where 30,500,000 acre-feet will 

ultimately be stored, the next structure built on the Colorado River 

was Parker DaN about 115 miles below Boulder Dam and20 miles north 

of Parker, Arizona. llere 717,000 acre-feet of water will be stored 

with additional power for theproject soon to be generated. Continuing 

downstream about 90 miles to a point 18 miles northeast of Yuma, 

Arizona, the Imperial Dam was built to provide a headworks for the 

All-American Canal and the Gila Canal and their desi]tingworks on 

the California and Arizona side of the Colorado River, respectively. 

The All-American Canal flowswestward throughSouthern Cal~fornla, 

furnishing water to the Yuma Project in Arizona, and to the Imperial 

Valley which heretofore had obtained its water from the Imperial Canal ~ 

which flows for the most partthrough Mexico. The Gila Canal flows 

south on the Arizona side of the Colorado River to furnish water east 

and south of Yuma. The All-American Canal System will ultimately 

bring under irrigation i~000,O00 acres and the Gila Canal 88~,000 acres. 

An inspection was made of this entire project during the period 

April 14-May i. The following structures were studled: Boulder Dam, 

Parker Dam and Pumping Plant for the Color~do River Aqueduct, Imperial 

Damand Desilting Works, Laguna Dam (old diversion dam below ~e 

Imperial Dam), All-American Canal and Coachella Branch, and Yuma Canal, 

Many appurtenant structures in the canal systems w~re studied, including: @ 
wash ir~ets, wash overehutes, wash siphons, automatic wasteways, power 
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drops~ check drops, headworks, desiltinE basins, and o~hers. Most 

of these structures were tested by models in ~he bydr~ul~c laboratory 

in Denver, the writer conducting model studies of the four po-er ~rops 

in the All-AmericanCanalbetween Yuma, Arizona anS Calexico, California. 

Besides finding it exceedingly interesting to travel over these 

large irrigation projects from storage reservoirs to small laterals, 

and to see structures which had been tested by models in the labora- 

tory, it was a matter of great satisfaction to see at ~Irst hand how 

water will transform desert lands to productive ~arm land~. Such a 

sight should be seen by those who do not kno, ,hat ~± means to depend 

on irrigation. 

PROGRES~REPORT FOR MAY IgAl 
j;' 

Six progress reports have been submitted to date/on the Freeman 

Scholarship of October 1940 to July 19/~I. These reports have described 

briefly some of the hydraulic research and hydraulic sZ~.ictures 

observed in the Mid~ast~,~East, South, and Southwest. Thi~ report for i 

MaT, the seventh report, presents some of the work along the Pacific 

Coast, with particular reference to irrigation projects of the Bureau o 

of Reclamation. .... ~% 

O , 

Summary of Work Completed May 1941 

After an inspection of the area around Yuma, Arizona, from 

April 27 to May 1 (see progress report for Apr~l), visits were made 

to the following places: U. S. Engineer Department, Corps of Engineers, 

Los Angeles, California; and CallforniaInstitu%o of Technology, 

"a Pasadena, California, M y 2-14; Bureau of Reclamation, Friant Dam, 

California, May 15; University of Cal~fornia, Berkeley, CalJfo~mia, 

May 16-20; Bureau of Reclamation, Contra Costa Canal, Antioch, 

California, May 21; Bureau of Reclan~tion irrigation project at Orland, 

Califo~mia, May 22; Bureau of ~eclamation, Shasta Dam, CaliCornia, 

May 23; Bureau of Reclamation irrigation proJect~ at Klamath Fails, 

Oregon, May 24, and at Ontario, Oregon, May 26-29; Portland, Oregon, 

and Bonneville Dam and hydraulic laboratory, MaT 31-June 3. 

® 
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U. S. Engineer Department, Lo~ An~].9.qA C.aliforni~ ! 

To obtain some understanding of the problems involve~l it, control- 

ling floods in the Los Angeles area, considerable time w~s spen~ in 

the U. S. Eagineer office and in the field inspecting the work com oleted 

and in progress. 

The flood control problem is derived from toe ~,~ct th.~.t the Los 

Angeles metropolitan area is tvawrsed by strea:m~ ori~inat.ing in 

mountain range~ close by and ~hlch nearl~r encircle this der:ely populated 

area. The runoff is c-rried into ~he Pacific Ocean chiefly: by the 

channels of the Los Angeles River, -San Gabriel R~ver, and the %nta • 

Anna River. These rivers, and in particular their m~ny tribL~tar~es, 

have such steep ~radients that super-critical velocities are deve]ope~. 

As a result, floods carrying tremendous amounts of debris reach the 

ocean in less than eight hours and inundate valuable c~trus lands and 

residential and business areas. 

To reduce the drainage and danger from :'loods, th~ U. S. Engineer 

Department is building flood control ~ basins on the ,m~dn ~tr~am~ ~nd i 

tributaries; debris basins on the tributarie.~; and improving channel 

capacities by placinE concrete lining, ~traightening, an~ by stream- 

lining bridge piers and other obstructions. As c:~n readily be 

realized, such a program in'Jolves a great amount of engineering skill 

and research. 

Seven major flood control basins are proposed, three of which 

have been completed. Tnese basins are formed by long earth-fill dams 

provided with outlet works and emergency spillway. By proper regula- 

tion during floods, each basin will not only reduce the peak, [~t will 

also continually release water into channels belo~ in amounts ~.hich 

will not tax their capacity to safely cart 7 off the water rele~se~. 

The smaller debris basins will trap mater~l carried bz the tributary 

streams t~ prevent clogging of the channels belo,, in some c.'~ses ~t 

is planned to provide the trapping cf debris in the l~r~e floo~ control 

basins. 
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@ In connection with this program, an outdoor hydraulic laboratory 

has been developed for tesling the design oC flood sp.il].way~, outlet 

wori".~, and channel improvements. A mo'~t ~onvincing demonstration of 

the effect of streamlining piers to increase channel capacity may be 

seen in the 1:50 scale model of s re~ch oC t,h~ Los Ang~].e~ River 

flowing through the northern part of the city. 

California Institute_q~ Technolo~£ 

The hydraulic labor~tory at this institution is divided into the 

hydraulic machinery and the hydraulic str~2ctures laboratory. The former 

is probably best known for the tests made on the Colorado River ~ 

Aqueduct pumps and on the pumps for the Grand Coulee Dam. It is 

generally believed that this laboN~tory is the bc-st of its kind in the 

United States. Precision instrument.~ , r are usea • or measuring all test 

elements to ~thin one-~enth of one percent,. Heads as high az 1,000 

feet may be obtained. 

!abor~tory is operated in cooperation " @ The hydraulic structures 

with the Soil Conservation Service. The more recent r~se,~rch cork 

involves the development of a standard design for eroslon control drop 

st~actures, the transportation of suspended ~edimen~ by water, and 

the investigation of turbulence mixing as a factor in the transporta- 

tion of sediment in open channel ('low. Once again ,we fin2 research 

being conducted on the transportation of sediment in str~amz. The 

need for obtainlng fundamental knowledge of thi~ phenomer:on is being 

recognized more and more, especially no~ that so ~my ~ dam3 have been 

built on our major rivers. 

Associated more or less with the study o. ~ ~ed~ment transportation 

is the proOlem of density currents in r~servo~r~. Th:Jlabor~to1~ has 

developed a simple but clever apparatus for demonstratinz th~ move- 

ment of density currentz. A narrow g].as~-slded flume is blocked at 

one end with a model dam. In the re.';ervoir behind tb~.s dam, a ~loplng 

false floor has been placed to represent the bottom of ~ reservo:Ir. 

By temporarily blocking off a smell port~on c5 I be far en~ of the 
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reservoir until the dsnsityof this water has been changed by adding ..... 

crushed ice, sugar, salt, or a silt suspension, and by adding dye, it 

is readily possible to d0serve the underflow or overflow of a density 

current dowmstream to the dam, see it flow up the face of the dam and 

then return upstream. It is interesting to note that very littSe, if 

any, mixing occurs between the density current and the clear water 

above. It i~ also demonstrated how outlets properly placed and operated 

• ~ ~ ~ in the lower part of the dam may remove thas de,.sity :lo~, or ac*~mlly 

a sublayer of suspended silt in the case of a reservoir in nature. 

This removal of a silt layer has go.od possibilities of' use in the f~eld. 

Bureau of Reclamation irrigation Projects 

No attempt will be made in this report to describe all the features 

observed in the inspection made of the variou~ irrigation projects. 

It is planned that a comprehensive description of these will be made 

in the final report in orcer to s~.~w the many factorz involved, 

particularly the hydraulic structures, their designfeatures, performance 

in operation, and comparison to model studies where possible. 

In general, an inspection of an irrigaticn project:is made witB 

am engineer familar with the project, first to O~e storage reservoirs 

where a study can be made of the dams and their appurtenant works; 

then downstream following the main canal, subcanals~ laterals, and 

smaller ditches. In the course of this part of ~hednspect~on, many 

small hydraulic structuresare observed azd photographed. These ~nclude 

diversion dams, turnouts, wasteways, vertical and ~ncllned drop 

structures, check dro.~, and such measurinM de~ices as weir boxes ~nd 

submerged orifices. The performance of all these structurez is noted ~ 

and additional information on them is obtained from the engineer. In 

this way it is possible to evaluate the present design practices and 

to formulate possible revisions. 

Such experience will be invaluable to the writer not only in 

understanding what the problems are in the f~eld, but also Jn better 

underst~uading the problems treated in the hydraulic structures labors- 

tory in Denver. 

@ 
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University of Caiiforni_5 a 

The academic ~re~r had been completed by the time t~L visit was made 

' to the laboratory o~ thi university. Accordingly, it was impossible 

~ nntact .-,ill to obtain any detailed information. It is planned ~h~t c 

be made at a later date during preparatl ono~° the fiu~l report. 

Bonneville Dam and Hydraulic Labor::to~-r 

An attempt was made to contact ~r. J. C. Stevens, M. Am. Soc. 

C. E., in Portland, but it was unsuccessful- A trip was then made to 

inspect the Bonneville Dam and hydraulic laboratory, The powerhouse 

at the dam is now being enlarged to its full capacity of ten uuits. 

Whereas it was argued only a few years ago that too much power was 

being developed, it is now generally agreed that there is net enough ~!~!~i '~ 

power to supply the demands made by national defense. The turbines 

being installed ~ere previously seen auring a visit to the S. ~1organ 

Smith Co. last November, but because of precautions taken by %he 

authorities, it ~as impossible to observe the installations oi' these @ 

units. 

The hydraulic laSorator7 is doing ,ork for the Portland E~gineer 

District. Its main problems are concerned with the testing o8 spill- 

ways, outlet works, tunnels, siphons, and na~igatlon locks. The 

procedure and technique employed is quite similar to that of th~ 

U. S. Waterways Experiment Station in VicksburG, ~ississippi. 

PROGRESS REPORT FOR JUNE 1941 

This is the eighth and final progres:= report to be submitted on 

the Freeman Scholarship for October 1940 to July 1941. Reports were 

submitted monthly during this nine-month period, ~'ith the exception of 

the fifth report which combined the work of February and Uarch. The 

in hydrant/c res,earch has been reported for all sections of the wor~ 
£~!ntryp in addi~o n to some of the hydraulic structures, irrigation 

~T~Jects, and fl~ control developments inspected, princi~ally in the 

!~stern States. this final report completes the description of the 

O~ervatlon s ~ of irrigation projeots° 
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Summary of Work Completed June 1941 ~ ~:i~ 

Leaving Bonneville Dam on June 3, visits were made tQ the follow- '~' ~"~i 

ing projects of the Bureau of Reclamation: Yakima Project, Yakima, :!~ .:~ 

Washington, June 4-9; Columbia Basin Project, Grand Coulee Dam, 

Washington, June 10-12; Sun River Project, Fairfield, Montana, June 13- i 

15; Shoshone Project, Cody, Wyoming, June 16; Riverton Project, River- 
; 

ton, Wyoming, June 17. Travel was completed on red, thing Denver June 18. 

The outstandin~ ~e~ture o'-' this month's workwas the ob.~ervatfons i 

made of two structures which the writer ha~ previously tested ~odels 

in the laboratory in Denver. One of these structures is a checkdrop 
[ 

in tl:e Sunnyside ~{ain Canal, Yakima Project. It consists of a concrete 

basin 32 feet wide and I/ feet long divided into five panels by low /~i ! 

piers surmounted by steel brackets. Flashboards placed between the 

brBckets raise the water surface in the canal for diversion into ; 

laterals. At this structure, the difference in water surface ~ above 

and below the drop is only fifteen inches, yet ezcessive scour has 

developed in the canal immediatgly downstream. Attempts to control 

the scour and to correct the ~mfavorable flow conditions producing it 

were unsuccessful in the field. Finally,~ a model of the structure was 

tested in the hydraulic laboratory of the Bureau of Reclamation 

(Figure l) until a satisfactory redesign had been evolved. It was 

revealed from these tests that b~cause the drop in:water surface was :: 

only 15 inches, sufficient energy was not available to produce a 

hydraulic jump regardless of changes made in the model. / Instead, 

standing waves persisted in the canal which caused side eddies to 

scour the canal banks. (Figures 1 and 2). By placing a deflector 

:across the check basin, the flow was .~orce. to plunge into and ~mder i 

the tail~r~ter. Extension of the side walls of the basin to form a 

rectangular stilling pool, and the addition of curved training walls 

in the approach to the drop completed the revisions (Figure B). The 

revised structure has been in operation in the field for two seasons ~ 

(Figure ~). It can be said without reservation that the revised -"> 
prototype• structure is performln~ as predicted by +~he model. (See @;~::~ 

~!ii Section A3, Chapter Ill.) :,,,, 
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The other structure inspected ¢!was the Roza D~version Dam in the 

Yakima Ri'~er, near Ys-klma, Washington. This structure consists of 

two 14- by llO-foot roller gates nlac'ed u=-bove a concrete weir= A 

fish ! ~der is lock, ted at the left abutment and the headworks to the 

Roza Canal is located ~t  t h e  right a~n~tment. Unfortunately, there 

was not sufficier~t flow in the river nor into the canal to permit ~iny 

correlation between model and prototype. Nevertheless, it was 

enlightening to see the field stmlcture after testing its model in the 

isboru to~. 

Inspection of the other projects included trips to the main 

storage dam, and along the main canals and loterals. Attention 

continued to be uaid ~,o the small hydraulic structures. On the Sun 

River Project, some of the inclined chute drops in the main canal were 

revised according to recommendations from tle Denver laborstori. 

Although the writer was no t  associated wi±h the~e model studies, the 

performance of the models was recalled and it could be observed tbet 

the revised prototype struc~ure~ were performin~ as anticipated. I 

Revision of these inclined drol~, havin~ a fall of" ovcr i0 feet, were 

difficult because the stilling basin ~'as trapezoidal in section. It 

~' " • e has been shown conclusively that suf_iclel,t en r~v dissiF~tion is 

impossible in such a basin because of a return flow along the ~alls 

drowning a ~rt of the hydm~ulic jump. A rectangular basi~, on the 

other hand, permits ~ uniform flow 8istribution with e~.cellent 

dissipation occurring. By using large concrete teeth, however, it was 

possible to improve greatly the trapezoidal basins of these S~n River 

inclined d r o p s .  

@ 
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APP ,~]DIX II 

#. Expenses. Because the pro[:ram of this scholarship was 

di£ferent from many of the others previously awarded, an account of 

expenses is gi.mn to zhbw their distribution over a perind of nine 

montn~ in which the ~uthor tr~-~veled by automobile in ncarly forty 

states for ~ total ~.i~tance of almost 25,000 miles. During this per~od, 

h " ~400 being giv~-n ~Lt the start the Society p~i~ ~2 000 to ~he out o~, 

o~ the scholar~;hip in Octo.~er 1940, and ~,200 a month or elg~t months 

thereafter. 

To ~:e~p expenze:~ at ~ minimum, it was convenient to stay at the 

Y.M.C.A. and in roomin5 houses; only occasionally "~a:~ it necessary to 

stop aL hotels. "~len viait'z were made at home oF nlth friends~ meals 

and lodgino~ ~;ere, of course, ~ratis, so 1~,e cost of these [and other 

item~ i~, ~ th~ table beio~; are slightly lower than if trfivel had been 

• A % ~  * continuous .~'o~ nine mon,~}.~, The cost o[' usins und maintaining an 

~ ~,~vo and travel in this manner ~ was &bsolutely automobile was [o~ eNce ..... , 

essenti,~:l in cr4er to r~ach iso!~ted places. 

The fol].o',':in[; t~ble shows the expenses directly associated with 

the scholarshi;; ?or the nine months'~peric:] of October 1940 to 

July igil: 
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Table IV EXPENSES 

Meals 

: " : Percent :Average Cost: 
h Cost :of To~m.l: per Month : 
: : ° : : 

:~ 261.00 : 17.1 : $ 29.00 : 

~-ks F.ema_~ . . . .  

Lodging 
: 

Personal 
appearance 

A u t o m o b i l e  : 

Photography 

Correspondence : 

~,i.~ cellaneotJ s : 

228.87 : I~.0 : 

: 

106.51 : 6.9 : 

463.~4 : 30.4 : 

~',~ 

I~,.09 : 10.3 : 
• 

• 

• • 

8 4 . ~ 4  : 5 . 6  : 9 ' 4 2  

! : 

22~.56 i~.7 : 25.00 

: 

< : - ,  

25.45 :: , 

: Laund rs", c] oth~.ng, ~<~:~i 
ii.82 :+etc. • , ~' 

t 

51.50 :Gas, oil, tires, ...... 

: repairs, and storage0 ! 

+17.44 :Camera, 'light. meter, + 

• " and 800 phctographs, 
- s~ze 2-!/8" x 2-I/2" 

:Post-~g~, statione~, 
: and telegrams 

• i : Entertainment, "read- 
: ~ng matter, sundries, i [i!, 

: etc. +. 

: : : : 

Totals : f l ,~26.71 : i00.0 . ~ ~ .... ~. . 
u 

Contriuuting to .~'amily support, ~no resided w~th the author's 

father durin~ -t~Lc ni~:e months' period, required an ad~.~tlor, sl expense 

of ~716.i~. Inc~uB.e~ in th~s amount ~'~'ere llfe Insurance premiums si',d 
~A 

~ j ~  comm tment ~.. The tot~l expense, therefore, amounte~ to 

~2 + ~ ,2A2 • ."~' - 
q 

,~ .4 

2 


