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:l11 .~ LJ t c hy r~ullcs staff of the Civ·'l En,)ne~ting De· " 

gri c l'·~u-cl and M9ch meal College. The detail~d piaru_i_ng . 

, t~.~reth ~ -,-ith. the design d construction oft' e flume, :me' '-he 
EU!.d analy. ing of the data were one by there eai'ch iellow a!'! a 

· cf a maoter 0s thesis bearing the aame title. 
Funds contributed for the project were: 

Fello\vship - ASCE 
E~q>enses - ASCE 
Expenses - Colo. A and M College 

Total 

$1' 000.00 
oo.oo 

1,099.00 

$~,499.00 

Because nearly 11 of the expense budget was needed for materials, most 
of the construction of the flume and screens was done by the research fell·, .• 

Occas:ional assic.tance was given by other graduate Gtudents. The designs 
fer the flume and clearing space in the labor'atory for the flume began in 

Augud of 1950 . The flume w s completed early in March and preliminary 
tests and alterations were finished by the first of April . April was spent 
collecting data and the rough clraft of ~he thesis wall completed and questicn~ 
able ata weJre-chec.ked in May. The research was brought to a close on 
June 4 , 1951 . 

Intro uction 
Ope~ chann~ls s.nd c&1lals are needed to convey water for many 

purposes such a ts water supply, drainage. navigation~ fiood control, water 
power , and irr irtation. In counect_ion with irrigation, for example, water . . 
must be 'brought from the mar..y storage r servoirs and diversion dams to 

. . 

the land for crop ·use. The transportation of this water has been a problem 
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e ~-;: Ci o ... ·-I ~s posZ~£.ble. The canals r'.l .. o f~en Un~c1 with ,..-•a-:cl , 

r :_ • .. ~ing iB gc11ero.lly t\VeO to prc.wer.t erosion and pot:: ible failure '"'..U', i::; 

'IJ 1.1x 'he d~terminir1g fa9~o:ro in the l"'e,do~ance cffe!"ed tl e flo fl oi w:.te·--
"'h~ can -1. Tl e reoiata.n.ce coefficient is the meat~ure of resist~mce to 

.t.. ., ·td is gener t>.lly taken for conditione oi' ateady. uniform flow. 

P st V!ork in Th:a Field 

Enginee .·s have developed several formulae ioi' the determination 

of the diGCharge 'Jf canals and natural streams. These are for the most 
p rt b . .:;.sed on en:piric 1 relations. Of the many proposed, only two have 

gained generEl.l rncognition. These two equations are: 

(1) the Chazy-e '1uation, 

Q=CA/Rs 

and ( Z) the Man :ling equation. 

Q • .!: 486 A a a!! s1/ 1 

n 

( 1) 

{a) 

Resistance to flow in pipes, which has certain similariti s to 

resistance to fio v in open channels, \Y s investigated by Nikuradse '\%UO 

developed a roug:mess standard by cementing sand grains of definite .size 

to the inside of p·~pes. Once the standard was establiShed in these pipes 

artificially roughened .with the sand grains, the results from commercially-
manufactured pipes could be compared and classified according to the 

standard. 

Pti pose of Research 

The purpose of the r search carried on for the J. Waldo Smith 

Hydraulic Fellow .ship was to determine the relationship between artificis.l 
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m:le v~ri~blcs fern cimeMion~J ar!:tlys:lo of t he SUOjt2ct can be 

· ctcc from the: ·.:.ao · c ri!~ci9les tif fluid mecha11ics and hydr&'l!lics. 'I'he 

1 r'abl~ :::; ~fiectin2 the ilowl in open cllannels can be cla:rsified k•to thre~ 

.., ··1 group~ as foJlows: 

~ he geometey of the channel and the roughnesg , 

d -depth 
B ~width 
;,. - sn.apt= 
k - rougn.ness 
S ·- slope 

The flow - - assume steady and unform , 

V - velocity 

The properties of the fluid~ 

1.1. - viscosity 
p ... density 

6:y - ' difference in the specific weight of 
the fluid in the channel and tnat of 
the atmosphere above it . 

These variables may be expressed in functional form as 

¢ ( d ' B' ). ' k , s, v, f.L I p • .61 ) ::: 0 
1 

If d, V , ancl p .are chosen as the repeating variables arid 

dimensional ana.ly is is employed; the variables can b~ reduced to six in 

number·: 

q, 2 (Bjd, X, djk , S, dVpjJ£ , VI~: ~ 0 
p 

{ 4) 



~ ·;h.;:-~ o;.· the de et h of flo~v d..:v~d~. 
by tn~ di:.-.mete of the rougn -e~s 

3 = a lope 
d\i . j 1.'· :: .Re = Reynolds r \.1mber, tte in.e:. tia fo·· .es rdat.i · -

v /v'./\11 .:! Fr 
p 

to t.h~ visco~s forces 
= Froude nm.nber, the ine rtJ.u fo ceo relati 'le 

to the gravitational forces 

Ti· ~ Fr _ '!.d · number above includes both ine tia force r" and t..11e 

-':v·<' '::o? c-:- "f~~Y~r .. J, :n d by using it as Lle dependent variable and assumi.rY.g 

tna:· the velocity i:: proportional t•J the square root of tne s lope, Eq. 4 

becom€s: 

V - · ~ ~ t. ( B/d, X, d/k, Re} Cs (5) 

or: 
v ;;: ( 6) 

in whic~ : 

{7) 

As At ia the aim of the dimensional analysis to coinbine the variables 

into dimensionleso parameters, Eq. 7 above was divided by yg 
giving the following: 

{8) 

To simplify tne analysis uf the results obtained in the experimental work, 

certain of the variabl es' were held constant. The channel was kept 

rectangular and the ~oughnesa was plac'2d only on the bottom of the channel 

so that the relati ve width · could be considered infinitely large and the 

channei shape tact or could be cvnsidered a constant . 

This reduces Eq ~ t> t o: 

Ci = ¢4 (cljk. Re) (9) 



1~3 Cr" i -me, t consisted of a large tUEn1~ flume 

- ) . ong, ·:~ith :.n adjus table s i de "!lh~.ch m ade it po::.,s ible to 1.1se lYid:'1s 

L .. ~~ f· to d ft ':'he depth of the flume wa s .2. f t m easur ed p<~rpe~ di:~L~~a:' 

t t"l~ ottom of the! channel. The water for the experiments ·nas supplied 

to tne system by a 14:-in. propeHer -type pump and was returned to ... he 

cump after pas.slng through tlle flur.a.e . The flow was regulated by a valve 

at ttu~ e ntrance t o the 8-ft by ~-ft head box and partial regulation was 

a ls o obtained wi:h a bypass valve on the pump outlet . The 1.vater enter-

ing the· flume passed through a needle gate made of tapered vertical 

s la ts to give an even distribution of flow across the section and backwater 

wa s controlled by another set of needle gates at the e.1tit . 

The flume was supported by four sets of telescoping jacks made 

of pipe . The ja1;,i;c: could be adjusted first in 4 -in . increments for rough . 

adjustment and then screws in the top of the jacks wel .. e used to make the 

final fine adjustment. Measurement of the discharge was i:nade using a 

10- y'Z-in-. stainhss -steel orifice plate placed in the 14-in. lil11e and con-

nected to a water manometer~ _ 

Th-e roughness used in this study consisted of stream gravel 

screened over a narrow aize range. The screens used were hand made 

of l/4:.:.in. steel pencil rod welded at tne points of contact . Tnose screens 

obtdned _from a local manUfacturer proved unsatisfa ctory because of too 

wide a variation in the spacing~ .Although fabricating tile scre-ens by hand 

was a time-consuming and tedious job, this procedure was justified becauce 

of tne need to use equipment whicn coW.d be. duplica~ed for res earch else-

wt:J.ere . T.he screen openings measu.r ed 7/d, l-1/8 , 1-3A, 2-1;4, 3- 1/2, 
and 4- .yz in. clear spacing. ':fhe sizes thus obtained w~re des ignated 1-, 

t.- , and 4.;..in. gravel. 



' ~ 43 -r~ by .f ··ft floo.~. of the flume to t:.!i,#~:I1e:;; ... 

Z! :z..dc~'.!3. ~ . Tho gravel wa:3 lifted up to t '1e flume by r- c. a~. 

o -erhead 4~in . rail . The rail a nd loadi ng quipmen.; 

'\.i • "'- <Lsigne0. and b·.lilt for the job and pr oved very sntiafactory . The 
-·1. ~nd l.=in . 6Tavel was placed loos<!ly in t.l-].e flume and sllo,,ved to find 

ito o·."!l~ position, :he rocks were pb.ced by hand in th-.; cns e of L~e 4-in . 

gr .vel as it ws.s t·)o iarge for t.1'1e lim ited supply of v1;rter t o m o.;e. The 

la:eing was done s o that the r ocks wer e shingled in as nat ural a manner 

as pos"'ible. 

The dep!:!1 of the water was measured with the · ~d of hook gages 

in \VeUo outs ide the flume and independent of the flume so that they 

remained stationary when the flume was ... ilted. The depth was taken as 
the h~ight of wate: .. above the floor of the flume minus a mean thickness 

of gr a vel layer • . 
The flume was designed and constr ucted from Z-in. by 4-in .. 

lu.m.ber and vz-ino waterproof (exterior ) ,plywood. It was supported on 

two 6-i.n.o !-beams s et 4-ft apart .. _These beams, in turn, were held up 
with 4 aets of jacks as previousny described. The jacks were made of 

pipe welded to old automobile brake drums as bases. Two sets were on 

hand and served as guides for building the other two sets. The water 

entered tha flume from a permanent !4- in. water line in the laboratory 

near the head box. 
Before a ctua} testing began, the l -in. gravel (and later the 2.-in. 

gravel) was placed loosely in the flume and allowed to find its most stable 
position of least resistance to the flow. Xn many cases the rocks seemed 

to pile up in somewhat of a pyramid with the rocks on top of the piles 
locked irmly in place. After the 2-ino gravel had adjusted to its most 



7. 

it· on, trin. rolling ;.rave of water could pt'l.SS down the flume 

· eing mo rement of the gravel. If the gra ·el particles were 
~ ~ 1 Ul'bed . norme>.l flow would often move them the entire length of the 

:fl· ·n(; • 

When the gravel was first placed in the flume~ it was smoothed 

m~ckumically as much as possible. Then it was left fr2e to move under 
the iultluence of the water so that each particle coul seek its own resting 

~!nee mulCh the aam.e as in natu1re. When the water wa.a fiirst introduced. 
CC4Uiderable movem~nt took place with a very small flow. This move-

ment into pyra~. ids or dunes aa ve a very rough appearing bottom to the 

~rumel.·. Th~ flow, however, seemed less turbulent after this dune action 

was completed than when the water first passed ovei the smoothed graveL 

The appa~ent loss in turbulence after the formation of dWles ~ points out 
the possibility that the composite roughness of all the separate particles 

of gravel is lessened by the ·mutual interference brought on by the 
natural placemen'i: of the gravel by the water. 

The possibility of fastening the particles firmly to the bed of the 

flume was studied , but bec.ause of the unnaturalness and difficulty of dup-

lication it was believed that the procedure described was the most "standard" 

method . The 4-in. rocks were too large to move with me flow available 

and viere all hand placed in a random shingling effect such as was observed 

in the cas:e of the l-in. and 2-in. meterial. Figs . 8 to 15 show the rocks 

as they w.erl! found during and after testing . 
Before any experiments r~ere run with a particular size gravel 

after it was placed in the nume and leveled, the gravel was brought to a 
at te of eq~tilibrium aa deecldbedo When testing wo.o 1r(!ady to begin, the 

channel waa set to the desired tdope and then check®d 'Hith a Emrv:..yors levelio 



· • :;_lo,e :vaf ~P.llcd e. set. AU setB with a certe.in ai~e ~"r"~vel 

J:,:_ c .... Gd f. aerks . ""he 2-in. gravel co::istituted se i~a ][with the l-in . 

•. elr~ ch, ngc.d ::.n. o. 5 pea. cent increments to mak~ 5 seta a.!ld the 

.U!" -o ·;v"l're "/ari.ed to give abcut 5 ru.11o per net. Baca.iuse lmost 

. -:: tx-~uble from ba ~knater was encountered at very low depths, the 

.. "· · Ad run fo· eacl& ae·~ of expe1riments was made at a low discharge. 

Backwater was corrected by adj sting th~ needla gates to obtain 

l th M 1 and M 2 cu:rves so that the true normal depth could be deter~ 

nined more accurc-tely . The hook gageo in the stilling VJells we:re set 

each time and the ext .nt and nature of the backwater curve was observed. 

At very low depthe" the M z. curve was inaignificant because the backwater 

w s restricted to the extrem~ ends of the flume . Ae the discharge was 

selecte·d for ea.ch naw run, hook gages and the needle gates were adjusted 

so that normal depth occurred -- the surface of the water was parallel 

to the bed. For fir..al detei'mination of the mean depth, only gagef} at dis-

tances of 15 to 30 feet from the entrance were used. When in place, the 

gage lO-ft from the entrance seemed to be in the zone of unestabliahed 

flow. When the flow became established, the turbullence originating from 

the bed had worked its way upward to eause an irregular Burface where 
the eddies appeared ~'ld spread horizontally . The gage ~a-o-ft from the 

head box was in the zone of effect from the exit conditions and therefore 

\7as only used to measure the back\>7ater curve in determining the mean 
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\-\-h~m a. c~ci.ea waz c.-;tnrleted with on.:~ aize gL"av..::lD that l;II'IE'Xe 

• ·• n ~"' :n.'r' o•.7 ed and tL next ~ize wa:a placed in the flu;:.n~t~ anrl ' rought to 1:\ 

"~';.!:;la ccnd~Uon. P_fter the grav~lshowed no furthe1r signs cf movement, 

:a: ... t .r : b~gan ae in the pzr~nrioua z~:rico., 

A boat 011:; que.rter of the flume length \7ao na~ded to E: stablish 

at :ed.r floYJ and ~. sr ort l®ngth w&.~ used at the lower end of th.G· flume in 

ccl:'recting fer i"it:>.chwat~r . A longer fluma would haye been much more 

·e~li.rQ'lbleo !i'urc.'lermore , b~aeau£3~ the turbulence condi tion ch'3.nged along 
a laz:•ge part of the 43-ft length of the flume (as: evidenced wit.tl the 1 =in . 

gravel) and bec~us~ of backwater effects~ a flume of coMid~rable length 

would be easentiaJ to obtain accurate data for flat slop-es or snl.a.H gravel 

sizes . 

mteT,Plretatlion ,£±:,_Results 
In the climensional 2Mlyl!liB approach to the problem ~ it was 

-decided that the data taken could beet be presented by plottin;z the resia-

tam:~ coeffl!.cient C g as some function of the. rell.ativce roughness d k 

and Reynolds nUI::lber R~ • After some study, however, auch a plLot seemed 

wm~E-cessmry because the conditions were always turbulent and the variatioJm 

Yfith Reyno, d~ number was ixu1ignifll«:ant. Ins tend . Manning 1E n vs the 

rel~:Uve rot'lghness , d/k was. ;..~lvtted for the convenience cf those who 

prefer to · troll'k v-Jith Manning 1s equation. 

The results of the ~t~dy are plotted on Fi&s . 16 a.nd 17 and 

both !ihow some of the same tendencies. The relative roughnc!ss· d/k if; 

the depth of tile water divide~ by t-he diameter of the gravelufled . T'ne 

value of Che~y 1s C waB computed from the formulm C == Q 
A {cis 



.. "'' coul d b ' ~on .. i ierc · :.: 

t . L 486 , • ~·· ~ l""" n = ___ ...,..., -! .• ...... v ...... 

· ~ .. :.:n lni: 10 !1 :?:~e .ll->t co~~';}.~ t f~r Elli ~~ les of flmv in s. partic·tl~ . 

~ ..... 1 i r; a p::.:.·~·i·-;"lnr state of -eps.it> . !.i'ig . ! 6 an 1 l7 wer e plotte.:. tc 

·· .. itm ... th~ t :u•e ~ s izes of gr~wel at t 'lc gl"ea'l:eet :?.lopa whllc 'il was 2. . !I } 

mt., The poini;~ for the ~:m~allcr tllopea dri.f; ed nomewhs.t fr,')m thia c1·-·v~: 

h f:l e. gradual rr~versal of ilie elope until the llormal decrearz:a in n i:or· a •. 

increase in depth becomes mani eet for l~\l·ger valu.-2m of d/k. 
,.l'he cur vca change slope at a value of relative rougbneaa of a L 1u 

z. El Samni (3~) 'University of California~ Berkeley) found in his worl:: o .. l 

pr~ssures exerted on bed material that for a r elative roughness of o-v·e,.. ~ o 

channel roughness could be expected but below that value it changed to 

cham:ael irregulari';y. 1'he plots in Fig. 16 e..nd 17 seem to imply tha·~.. this 

phenomen n applies to natural r oughness in an artificial channel as we: 1. 

Altl.l.ough m remti ve roughness of Z i s not practical for irrigation cmutliJ ~ 

this study does mow that the chax-ac·.:eriatics .:or channels do change fo t· 

very low dept:h-s of flc:>w. This ch.ange t o c.hannel irlr'egulatiry at low vaJ.uer.> 

of reXative roug.1ness should be invel!t·gated further. 

~ations for Furthe!:.~~~l. 
The dai;a presented in thie report show a definite need for n1.o:"t 

research with. a larger water supply and a longer flume. Although the 



th.c 1 r _,.:~nt pJL ts e:1 w 1c ~~~ t,~nc~.Sr~cy fo 4 grou. in ; by aiz " 
• --4'1 ; ... o.I 'ehtiv / rouzhne'"t; YallGS \7ill b e ne d~d to eEtablisl:l =-~ 

~Up bot"f.'€ _n nn.turEJ and ..:~rU 'i~i all'oug.~neE:ae--. 

~~ j!~ntt~ 
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Fig. '8 

Fig. 13 

4-in. gra\rel t;~.fter testing was cumpleted 

Z-in. gravel with top half of t.t1e rocks 
snowing at point tal:..•en as datum 



Fi~ . 15 Moven:.ent of 
bed nenr c wt:r~.uce 
cf flun:e whi;:I:i. 
occurr ad ~.t r~ 

~lop~ cf Z-l/2. o/" 
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