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LOUP RIVER BED LOAD MEASUREMENT STRUCTURE 

Introduction and Statament of the Problem 

For many years there has been a need for an accurate deter-

mination of the quantity of bed load of sediment in rivers and canals . 

This need finally precipitated joint action on the part of the quality 

of Water Branch of the United States Geological Survey and the United 

States Bureau of Reclamation . The Middle Loup River in Nebraska, a 

relatively small stream known to have a large bed load concentration, 

was selected in which to build a structure that would enable measure-

ment of the total quantity· of sediment transported . The United States 

Geological Survey contracted with the Experiment Station of Colorado 

A and M College to prepare designs based upon model studies made in 

the hydraul ics laboratory . 

The highway bridge at Dunning , Nebraska was chosen as the site 

for the structure . Although the size of the watershed is approximately 

1850 square miles as determined from topographic maps , the area actually 

contributing to surface runoff is only 93 square miles . The entire 

watershed is in sand-hill country so that most of the stream flaw comes 

from ground water . As a result, the maximum instantaneous runoff on 

record is only 821 cubic feet per second and the minimum is 220 cubic 

feet per second . It is logical , then, for visual observation to indi -

cate that most of the sediment load originates from the caving of the 

banks of the stream. 
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Because the bed material of the strcrun is essentially the 

same size as the material in suspension, (see Fig . 1) 1 there is 

considerable fluctuation of bed elevation . As a result , a stable 

rating curve of water discharge is impossible to obtain (see Fig . 2) . 

Likewise the variation of suspended load concentration with discharge 

is very difficult to estimate even with the measurements that have 
• 

been taken . 

The installation of a structure in the river will naturally 

cause backwater upstream fi•om it. In order to hold to a minimum any 

damage to adjacent lands , it was decided, after several conferences 

with representatives of the sponsoring organizations , to limit the 

increase in surface level upstream from the structure to 1 . 5 feet at 

250 cubic feet per second, and to 1 . 0 feet at 821 cubic feet per 
.. 

second . It was also decided that the structure should permit , if 

possible , a measurement of 2000 parts per million of total sediment . 

Possible Solutions of the Problem 

The two possible general methods that rray be used for measuring 

the discharge of bed load are: (1) to trap t he bed load over a given 

period of time and measure it volumetrically or by weighing, and (2) 

to force the bed load into suspension so that it may be measured with 

standard suspended load samplers . 

Although there are a number of \va.ys of trapping the bed load, 

each involves special equipment that must be placed below the level 

of the river bed . FUrthermore , any system that is not operated 

continuously upsets the equilibrium of tho stream, and some length 
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of time is required before equilibrium is again established and a 

measurement made . 

To force the bed load into suspension it is necessary to cause 

additional turbulence in the stream. This turbulent energy may come 

from some external source or from the river itself . Two possible 

external sources are pumps supplying jets of water or compressors 

supplying jets of air . These jets most probably should be located on 

the river bed immediately upstream from the measuring section, their 

purpose being to supply turbulence to the stream. Aside from the fact 

that the jets would continually be subject to plugging and other 

difficulties of operation , they also would upset the equilibrium of 

bed load movement and require an unlmown amou.11.t of time for equilibrium 

to be reestablished . 

The energy of the stream itself may also be used to create 

the turbulence necessary to place the bed load in suspension . Such 

energy , however ~ will eventually be dissipated and cannot be recovered . 

Hence , there will be a backv<ater effect upstream from any turbulence-

producing structure. It is apparent, then , that model studies must 

be r~de to determine whether the head losses through the proposed 

structure are within those allowable . Because the greatest turbulence 

is needed near the bed of the stream to pick up the bed load, it is 

logical to use roughnesses on the bed itself to create the turbulence. 

After consideration of the methods discussed above , it was 

decided that the method of using the energy of the strea.11 was the 

most practical and should be investi ga t ed first . The other possibilities, 

trapping the bed load and using jets, not only involve equipment 
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difficult to maintain and operate , but also upset the equilibrium of 

the stream at the time of measurement since operation is not continuous . 

Therefore, the remainder of the report invo l ves the analysis and design 

of a structure using roug..h.nesses on the bed of the stl'earn. 

1'heoreti_cal ~1d Dimensi_~a}._:fmalys i~___:::.~.J:!l_e_!_!_~b~em 

A boundary roughness to be used for the particular installation 

in question must be simple to construct , low in cost , and easy to 

install . For this reas on rectru1gular baffle plates placed perpendicu-

lar to the stream were chosen . 

Because the energy that is lost through the structure is first 

converted into turbulence , it is reas onable to expect that the arrange-

ment and design of t h e baffles which creates the greatest loss will 

probably produce the greatest turbulence for suspension of bed load . 

Therefore , theoretical and experimental studi es are needed to deter -

mine the conditions necessary for maximum head loss . 

Dimensional analysis of the pr oblem of' head loss involves the 

height of the baffles h , their v;idth b , the longitudinal spacing s , 

and the l ateral spacing x (see Fig . 3) . The geometry of the flow 

also includes a characteristic depth d , and head loss L! H. Additional 

important variables are the characteristic velocity V and the fluid 

properties density 1- , viscosity ,P , and the difference in the specific 

weights of water and air LJ. y 

the general functional form 

These variables may be expressed in 

f 1 (h, b, s , x , d , c. H, v, .& , ;( , AY ) = 0 (1 ) 
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Dimensional analysis then reduces this function to 

6H/h : Vdj) ; 
/-t ; (2 ) 

the last two variables being the f amiliar ~oude Number F and 

Reynolds Number R. Obviously , to make a study of Eq . 2 would be 

very lengthy because it involves seven variables . Therefore, it is 

necessary to omit some of them and to hold others constant . 

In tho studies of flov.,r in open channels , the viscous effects 

(a function of Reynolds Number ) are relatively unimportant if the 

roughness is several times as great as the thickness of the laminar 

!:l '.lblayer . Because the roughness required to produce the necessary 

turbulence in this particular study is so large , there is little 

question that its effective height is many t i mes the thickness of 

the laminar sublayer and that the Reynolds Number may therefore be 

neglected . furthermore 1 if the Froude Number e.nd the baffle height 

arc held constant for a given discharge , then F and d/h do not 

enter as variables , and Eq . 2 may be simplified to 

(3) 

It must be remembered that the above analysis involves only 

tho head loss resulting from various shap es and arrangements of 

baffles per pendicular to the flow, neglecting completely any considera-

tion of sediment . 

Once the optimum shape and arrangement of baffles is determined, 

however , it is possible to more easily analyze the capacity of the 
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flow to force a sediment of given size and quantity into suspension. 

Additional variables necessary to describe the sediment are the mean 

settling velocity w and the density {Js of the sediment, the standard 

deviation of the settling velocity ~ of the sediment , and the con-

centration of the sediment c. 
Combining these with Eq. 2 yields 

C a f 4 (d/h, b/h, s/h, x/h, F, R, •-v/V, <Jjv , /1/p) (4) 

the head loss in Eq . (2) being replac ed by the concentration as a 

dependent variable . 

Again tho Reynolds Number is assumed nagligible , due to the 

extreme size of t.h.e rou ghness, and F and d/h are held constant • 

FUrthermore , by using sand of the same density as that in the Loup 

River /i /P is held constant . The ratio cr /v is neglected because 

of its relative insignif icance and the difficulty in controlling it. 

Finally, Eq . (4) is simplified to 

(5) 

an expression stating the capacity of a given roughness arrangement 

to place in sus pens ion sand having a fall velocity w • 

Experimental Equipment 

To carry out the model studies necessary for the testing of 

various designs, a flume , see Figs . 4a , 4b , 4c , & 4d, was built with 

a 2-foot test section . The incoming water entered a stilling basin 

4 feet wide , passed through a rock baffle, and was contracted 



• 

vertically. The horizontal contraction from 4 feet to 2 feet was 

immediately upstream from the test section to prevent as much as 

possible the formation of a boundary layer on the vertical sides. 

To control the depth of the water in the test section for a 

given discharge , a series of movable slats were placed at the dOYm-

stream md . From the test section the water entered a weir box 

which also was used as a stilling basin and sand trap . A lattice 

with l - inch square bars spaced on 2-~ inch centers quieted the water 

plunging into the weir box from the test section. The weir was 

calibrated qy weighing the discharge . 

The basic foundation of the model, see Fig . 51 was made of 

exterior plywood and white pine. A special measuring sill and end 

sill were placed at the downstream end . Thumb tacks were used for 

speed and ease in fastening the roughnesses, made of 20-gage galvanized 

metal, to the foundation . See Figs • 6 and 7 for the arrangements of 

these baffles , 

Introduction of sand at a constant rate was accomplished , after 

much experimentation , by means of a reciprocating plate moving at the 

base of the hopper. On the side of the hopper was mounted a vibrator 

to keep the sand in a kind of 11 plastic 11 state, thereby permitting the 

sand to flow fre e ly, see Fig . 8a and Fig. 8b , The relative position 

of the model and the sand-feed mechanism is shovm in Fig. 9. 

Experimental Results 

In order to keep the Froude Number in the model the same as 

that in the prototype , it was necessary first to make an estimate of 
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the variation of discha r ge with dept h of flow at th e Loup River 

bridge for Highway No . 2. This estimate ~ see Fig. 10, was based 

upon the rat in g curve , s ee Fig$ 2, established for the rating station 

approximately one mile upstream from the bridge. Two curves were 

plotted , one of t he probable maximum discha rge and another of the 

probable minimum dischar ge for a given depth . An average curve was 

used in t he mod el studies . 

In addition to the Froude Number , the velocity ratio w jv 

must be kept a constant fran model to prototype if dynamic similarity 

is to be attained . Unfortunately ~ however , ma intaining a constant 

ve locity ratio is difficult to do b ecaus e of the small size of sediment 

required for t he model . Tlw followi ng tabl e give s this r at io for the 

prototype and tho model : 

Ratio t.v jv of t he Mean Fall Velocity of the Sediment 
to t he Velocity of Flow in the River 

Discharge Prototype Model 

200 0 . 098 

400 o.on 
800 o.osl o.os4 

1200 0 , 042 0 , 070 

It was not pos sibl e to obtain sufficient quantities of sand small 

enough t o make t he ratio a constant . The deviation , however , is 

i n the direction of safety because if i t is possibl e to place in 

suspension sand of a given fall v elocit y it will certainly be possible 

to place in suspension tho same concentration of a smalle r sand having 

a lower fall velocity. 
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The sand used in the model studies is a wind- blovm sand obtain-

ed nee.r Fort Collins ~ It was passed through a 30-mesh screen nnd then 

washed. The size analysis before and ~t.fter v:ashing is shown in i-ig . ll . 

Tests made prior to the writing of the Pr~liminary Report of 

Iv.Iay 13, 1948 , demonstrated that it vmuld not be possible to obtain a 

sufficiently hi gh velocity through the structure without raising the 

floor above that of the stream bed . In fact , it was found necessary 

to approach critical velocity ovor the measuring section for all dis • 

charges . Likewise , preliminary experiments indicated that a model-

prototype ratio of 1 to 8 was somewhat small , It was therefore decided 

to continue the remainder off the experiments with a scale ratio of 1 

to 4 . 

Because of the limited time available, it was not possible to 

make a completely generalized determination of the effect of roughness 

size and spacing upon the head loss . Instead , two values x/h • 0 and 

x/h a 2 were chosen and head-loss measurements made over a wide range 

of s/h for dis charges of 400 C FS and 800 C FS . The height h of the 

baffles was kept constant at 6 inches. F.ige 12 shows the results . 

\~en x/h • 0 the maximum h ead loss occurs approximately at a 

longitudinal spacing of s/h • 10 . This value , incidentally,is the 

same as that found by other experi:rrenters using square battens across 

the flow, For another series of experirents b/h and x/h were held 

constant at a value of 1 . 0 and 2•0 res pectively. These show that the 

longitudinal spacing s/h must be r 0duced to an approximate value of 

2 .o in order to obtain the maximum head loss . It may be assumed from 
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thes e data that t he lowe r the value of x/h the greater will be the 

maxi mum head 1 os s . 

Unfortunately, hovrever , at the first baffle the flow does not 

have enough turbulence to force into suspension all of t he bed load . 

The turbulence gr adually increases as the flow passes each a dditional 

baffle until , at the baffle immedi ately upstream from measuring sill , 

it is sufficient to carry the entire sediment load in suspension. For 

this reason it is not possible to usc a continuous baffle ( x/h • 0 ) 

but rather it is necessary to have ind ividual baffle s with lateral 

spacing between them through which the residual bed load may pass . 

Experiments demonstrate this reason ing to be correct - a sand bar 

moves downs tream covering · in turn each continuous baffle . 

In order to allow space for movement of bed load between 

baffles ~ it was decided to have x • 4 feet , b = 2 feet , and s • 2 fee t. 

It was hoped that a baffle height of 6 inches would be sufficient to 

place 2000 ppm in suspension but these baffles were almost completely 

covered qy dunes , sec Figs . 13 , 14 , 15, 16 , 17 and 18 . Baffles of 

one foot he i ght , however , remained relativel y clean except at the up -

stream end , ond the re was no tendency for bed load movement across the 

measuring sill , see Figs . 19 , 20 , 21 , 22 , 23 , and 24 . All runs were 

made over a sufficient period of time (from 30 minutes to 2 hours) to 

adequately reach equilibrium. Measur ements and photographs also were 

taken for an arrangeme nt of 18- inch ba ffle s in the ~vo upstream rows , 

see Fig s . 25 , 26 , 27 , 28 , 29 , and 30 . This arrangement materially 

increased the turbulence , and the upstream. baffles remained compl etely 

clean . 
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Both of the latter two arrangements were found to be satisfactory 

with a total sediment concentration of 2000 ppm. The head loss for 

each ..;aso is listed in the following table: 

Head Losses for VE..rious Discharges and Baffle Arrangements 

Baffle Discharge 
Arr angeuen t 250 CFS 400 CFS 800 Cl'S 

All Baffle s 6 11 High Oc-728 0 . 188 0 . 212 

All Baffles 12 11 High Oa816 o . 476 OG332 

1\v-o Upstream Rows 1811 0.,864 o . 528 0 . 424 
High- Remainder 12 11 ILigh 

It will be noted that a discharge of 800 CF'S with 611 baffles does not 

Give the expected minimum loss . This is due to the occurrence of the 

irregular pattern of sand deposit which increases the roughness of 

the bed . At times tho sand dunes would completely cover th0 measuring 

sill and at ot rer times (sho'W.tl in tho photograph) the sill would be 

free of deposit . Although 800 CFS resulted in ru1 unstable pattern• 

the tv.o lower flons caused a stable deposit that completely covered 

the measuring sill at 400 CFS and covered all but the final continuous 

baffle and the measurin g sill at 250 CRS . 

Recommended Design of the Structure 

Based upon tho fore g oing research it is recommended that 9 rows 

of baffles one fo ot high and 2 f 'e t long be used with a lateral spacing 

of 6 fe et and a longitudinal spacing of 2 feet from center to center . 

These baffles create the turbulence necessary to force thv bed load 

into suspension . In addition- a continuous baffle 6 inches high is 

placed 32 inches down stream from the last row of one-foot baffles , 
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and 26 inches upstream from the measuring sill . This baffle con-

tributes toward making the sediment distribution uniform along the 

measu:..~ing sill e Be. ,:Puse o-:'' the probable inaccuracy of the estimation 

of the rating .~urve and "he concentrati;:;n. Qf ·i...otfl.J. load of sediroont 

in the river _, and because the velocity rc, tio was not t he s~.;·.m-.. in the 

mociel a s in the prototype , it is possible thftt ia.Lorinltion beyond that, 

available at t he time of this report may indicate a more efficient 

arrangement . For this reason the baffles are designed so that they may 

be changed easily and quickly. 

It is planned t hat measurements will be taken at the downstream 

edge of the measuring sill , see Figs . 31 and 32 . Although it is 

recommended that the sill have a rectangular cross section 6 inches 

high and 16 inches wide, the width may be increased and the upstream 

side streamlined vnthout materially reducing its effectiveness . It 

must b e remembered , however, that the wider and the more streamlined 

the measuring sin tho less turbulent the water at tre point of 

measurement . 

At the downstream si de of the structure is the end sill which 

is intended to serve two purl)Oses . First . it serves to give the lower 

part of tho water an upward component of v elocity as it leaves the 

sill , thereby causing a revers e eddy at the downstream f a ce of the 

structure . Thi s eddy prevents undermining and exposure of the sheet 

pilinb . Sec ond , the end sil l creates a pool between itself and the 

measuring sill so that waves in the region of measurement are held to 

a minimum . 

At both the upstream and the dovn stream sides of the strwture , 

steel interlocking sheet piling is to be driven to a depth of at least 
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15 feet . This is also to be carried into the stream banks as far as 

the existing wing walls for the bridge. It is recommended that it be 

8 gar;e or heavier. The uppermost 18 inches of all the sheet piling 

is to be e11cased in a reinforced concrete cap a:> inches wide and 30 

inches deep 3 soe Pig. 33. Vvelded to the ~ iling at long itudinal and 

vertical intervals of 12 inches and 6 inches respectively, are 8-inch 

bars with 2 -inch legs . U-bars at a loq~;itudinal spacing of 12 inches 

and longitudinal bars at 6-inch int e rva ls c.:·e j:ecp irod as shown in 

Fig . 33 . 

The timber piling for the bents and abutments of the existing 

br idge arc to be encased in concreto from tho lower side of tho 

present cap t o a depth of 30 inches belo·w the upper surface of the floor 

slab . ThG reinforcing steel composed of 1/8- inch by 3-inch wire mesh 

is for tem~porature stresses only . At 24-inch vertical intervals , 4 

lag bolts , l/2 inch by 8 inches , aro screwed 4 inches into the timber 

piling to integrate tho concrete and tho wood • 

To insure tho safety of the structure , the concrete floor slabs 

aro designed as units separate from tho sheet pilint; caps and tho timber 

piling casing. In order to seal tho 2-inch construction joint, a lead 

sheet is placed in them at tho time th o concrete is pourvd . Asphalt 

in the joints abovo and bvlow the load shoot protects it from filling 

with sand . It is rcco!llJ.llCndod that the ct:p s for the steel piling and 

tho casings f or the timber piling be placed as a first step . 

Tho stool in tho floor slab is als o intended ~or temperature 

stresses only . It is belioved that piping o.f tre sand from under tho 



slab will be so minor. if at all, that no significant beam action 

vrill l'esul ta 

As previously mentioned , the baffles are designed so that they 

may be q:.1ickl:y r emoved from the floor slab. This is accomplished by 

mea.r.s of t·wo ::/~ 11 bars inclined upstream a. t an angh) of' 150 ·with the 

vertical and place · ~ in the concrete a. t the time the floor slab is 

poured. The bars are 8 inches long with 2 inches protruding above 

the floor. In the horizontal leg of the baffle angle are two holes 

through which the bars extend thereby anchoring the bai'fle. To the 

angle is bolted a vertical plate of the desired size. The size 

recommended is 12 inches high by 2 feet wide by 1/4-inch thick if it 

is made of aluminum or by 3/16-inch thick if it is made of steel. 

Behind the upstream wing wall on the south side of the bridge 

is the gage house placed one foot from t ho outside edge of the 

shoulder of the hi gh,~y . It is to be of st~~dard design with two 

3-inch intake pipes, the lower one 4 inches and the upper one 15 

inches above the floor slab. 

Personnol 

Dean N. A. Christensen, Professor Robert L. Lewis, and Professor 

Hubert \'i . Collins gave many helpful suggest ions in regard both to 

research and design. Professor Maxwell Parshall was responsible for 

the photographs and gave other valuable assistance . Unde1·graduate 

students Mr • Don Natejka and Ur. Che ster Hallmark and graduate students 

Mr. King Yu. and hifr. Lucien Hirschl:erg helped prepare the models , take 

the data, am make the drawings. 
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• Prior to his departure after the preliminary report, Th~. Pavel 

Novak made ~ajor contributions in regard both to design and research. 

The ent ir e investigation was under t he direct supervision of Professor 

Ackr owledP,;ei,;en c:> - -
Tirroughout tho period of this study, various representatives 

of the u~ s. Geological Survey and the Bureau of Reclamation were 

frequently consul ted so that the fina l design would most nearly fit 

their needs . Special acknowledgement is due 1Ir. Paul Benedict and 

1\1r . Eugene Serr of t he Ue s. Geological Survey and to Mr . E. W. Lane, 

Mr . Thomas :Maddock, t.fr . Vvhi tney Borland, and Hr . Victor Koelzer of 

the Bureau of Reclamation . Visits were also made by Nr . Clifford 

Boyer and Mr . Donald Culbertson of the Geological Survey. 

(9530-48) 
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Fig. 4d General View of Flume used for Model Studies 

Fig. 8b General View of Sand-Feed Mechanism 



Fig. 6 Foundation of Model 
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Fig. 13. Side Views with all Baffles 6n High and 2 1 Wide. Lateral Spacing 
6' and Longitudinal Spacing 2 ' from Center to Center. 

Q = 250 CFS 



Fig. 14. Top Views with all Baffles 6" High and 2 ' Wide. Lateral Spacing 
6• and Longitudinal Spacing 2 1 from Center to Center. 

Q a 2.50 CFS 



• 

Fig. 1.5. Side Views with all Baffles 611 High and 2' Wide. Lateral. Spacing 
6• and Longitudinal Spacing 2 1 from Center to Center. 

Q : 400 CFS 



Fig. 16. Top Views with all Baffles 6" High and 2' Wide. Lateral Spacing 
6• and Longitudinal Spacing 2 1 from Center to Center. 

Q II 400 CFS 
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Fig. 17. Side Views with all Baffles 6" High and 2' Wide. Lateral Spacing 
6• and Longitudinal Spacing 2' from Center to Center. 

Q: 800 CFS 



Fig. 18. Top Views with all Baffles 611 High and 2' Wide. Lateral Spacing 
6• and Longitudinal Spacing 2 1 from Center to Center. 

Q :: 800 CFS 



Fig. 19. Side Views with all Baffles 12" High and 2 1 Wide. Lateral Spacing 
6 1 and Longitudinal Spacing 2 1 from Center to Center. 

Q : 2.50 CFS 



Fig. 20. Top Views with all Baffles 12" High and 2 1 Wide. Lateral. Spacing 
61 and Longitudinal Spacing 2 1 from Center to Center. 

Q • 250 CFS 



Fig. 21. Side Views with all Baffles 12" High and 2' Wide. Lateral Spacing 
6• and Lon itudinal Spacing 2' from Center to Center . 

Q:: 400 CFS 



Fig. 22. Top Views with all Baffles 12" High and 2 ' Wide. Lateral Spacing 
6 1 and Longitudinal Spacing 2 1 from Center to Center 

Q = 400 CFS 



Fig. 23. Side Views with all Ba.ffleff 12" High and 2 1 Wide. Lateral Spacing 
6• and Longitudinal Spacing 2• from Center to Center 

Q: 800 CFS 



Fig. 24. Top Views 1Vi th all Baffles 12" High and 2' Wide. Lateral Spacing 
6• and Longitudinal Spacing 2' from Center to Center 

Q = BOO CFS 



Fig. 25. Side Views with all Baffles 2' Wide. Two Upstream Rows 18" 
High and Remaining Rows 12" High. .l..ateral Spacing 6 1 and 
Longitudinal Spacing 2 ' from Center to Center 

Q: 250 CFS 



Fig. 2 6. Top Views with all Baffles 2 • Wide. Two Upstream Rows 18" High and Remaining 
Rows 12

11 
High. Lateral SpaciJlt; 6• am Longitudinal Spacing 2' from Center to 

Center. Q = 250 CFS 



Fig. 27. Side Views rl th all Baffles 2 1 Wide. Two Upstream Rows 
18' High and Remaining Rows 12" High. Lateral Spacing 
6t and Longitudinal Spacing 2' from Center to Center. 

Q: 400 CFS 



Fig. 28. Top Views with all Baffles 2 1 Wide. Two Upstrean Rows 1811 High and Remaining 
Rows 12" High. Lateral Spacing 6 1 and Longitudinal Spacing 2 1 from Center to 
Center. Q • 400 CFS 



Fig. 29. Side View with al1 .Baff1es 2' Wide. Two Upstrean Rows 
18" High and Remaining Rows 12" High. Lateral Spacing 
6' and Longitudinal Spacing 2' from Center to Center. 

Q = 800 CFS 



Fig. 30. Top Views w.i.th all Baffles 2' Wide. Two Upstream Rows 18" High and remaining 
Rows 1211 High. Lateral Spacing 6' and Longitudinal Spacing 2' from Center to 
Center. Q : 800 CFS 
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