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I. INTROGOUITICN

Spatialiy vaxied, steady fiow is deilned by Chow (3) as the flow
condition existing in a charmel in which water is added or subtracied

along the course of fiow. This coadition is found in roadside gutters,

around sewage treatment plants, and draicage and feeding chamnels in

+his study wiil be concerned with the casze of water being added
along the course of flow uniformly. For thic case, a large amount of
the energy lost during the low is due to the turbulence created by the

loss ig variable and hac not heen accurately

o>

inflow impact. This impac
defined, therefore, analysis oi the problem from the standpoint of the
conservation of eneruy principle is not feasible. The momentum prin-
ciple, howeaver, does hold true and is the most cenvenient means oi
investigating this problem.

Hydrawlic siructures with spatially varied flow have been desizeed
on the basis of the moraentum principle since approximately 1925, whsn
Hinds (5) made what i 8 assumed to be the first corvect statement of the
fundamental differential equation foxr spatially varied filcw., The basic
eqguation hagz slnce been restated with various types oi friction terms and
different arrangements, but the actual solution has always requirsd an

iterative, step-wise computation. This tedicus prucadure has prompied

a



the use of approximate one-step methods which give an acceptabie
design, but which lack the high degree of accuracy geuerally desired
in engineering design.

It is the purpose of this study to develop a nond.mensional form
of the fundamental differential equaticn which can be solved for a dimen-
sionless profile. From this profile accurate waier surface curves may
be determined for a wide range of flow conditions.

This study is concerned with one of the most common occurrences
of spatially varied flow which is a rectangular channel with a smali
slope and free overfall at the outiet. Included in the investigation is

experimental verification of the nondimensional momentum equation.



6
II. REVIEY: OF LITERATURE

An open channel with uniform inflow throughout its length
is difficalt to analyze froa: the standpoint of the prianciple of conser-
vation of energy. This is due to an unknown energy loss caused by
the impact of the inflow on the water already flowing in the channel,

Miller (8) and Stein (9) considered the energy loss due to im-
pact small, relative to the total loss, and developed formulas for the
design of washwater troughs for rapid sand filters using the conser-
vation of energy principle. %ach formula contained coefficients tc
account for the impact loss, but each also had serious limitatious
when considered for general use. Stein's formula did not adequately
account for situations where the channel was to be designed with a
sioping bottom. YV hile flat channels are advantageous where available
kead is limited, thgwider range of discharge available to sioping
channels makes a method that accounts for channel siope more desir-
able. Miller basged his formula on the assumption that the water surface
drawdown in the channel was equal to tie velocity head at the ocutlet,
This has since been shown (2) to be exiremely conservative,

Hinds (6) made laboratory studies as well as field studizs on
side-channel apillways for large dams. IHe reached two important

conclusions as a result of these studies:



I. Bernowlli's theorem iz not conveniently applicable because
of the lack of uniformity in the impact loss coefficient.

2. The law of the conservation of lincar momentur is direcily
applicable withoui an experimental coeificient. This is
subject only to 2 small correction for volume awell due o
entrained air and uneven velocity distribution.
Hinés was probably the first to develop an equaticn based on
the momentum principle whichk accurately describes the water surface
profile for spatially varied flow. In the development of this equation
he acsumed that the increment of inflow per unit length of channel is
constant and that the equation was applicable to. chanaels of any shape.
He also assurned the inflow to be at right angi=e with the channel axis
and that its momentum could be neglected as could the friction in the

channel. By writing an expression for the difference in momentum be-

tween two sections of a channel, he developed the iollowing equation.

X
y=_1_0j (vav + vv2) ax
g dx ¥

where
v = ordinate to the water surface curve, feet.
g = acceleration of gravity, feet per second per second.
x = length of channel, feet.

5 = distance between the sectione being examined, feet.
Vv = velocity at the upstrearn section, {ecet per second.
dV = diiference in velocity beitween the sec’cioﬁs being examined,

feet per second.
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discharge at the upstream section, cubic feet per second.

o
"

constant inflow per unit length of channel, cubic fect per
second per foot.

Hinds intended for this equation to be used in the design of new
structures where the reliation of Q, V", and x could be set accordiag to
the economic factors involved. He developed another form of this
equation for use in investigating existing channels where the inflow

might not be uniform, anamely

Ay = _Q_l (Vl + VZ)
g 01 + Qz)

AV + bV2 4ax )
(6]

in which the subscripts one and two refer to the upstream and down-
stream sections, respectively. and the delta quantities are finite
differences between the sections. This second equation gives the
change i surface elevation between the sections under consideration.
Solut.on of this equation and sul:sequent determination of the water
surface curve depend upon the location of a control section where
critical values are known. Once the control section has been located
the water surface changes may be computed in an iterative fashion,
for each succeeding increment of channel length.

Favre and Meyer-Peter (5) rewrote the eguation developed by
Hinds to include a friction term and a texm to account for the increase
in velocity due to the component of the inflow in a direction parallel

to the channel axis. The basic iterative procedure, however, remained
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unchanged from that developed by Hinds.

Beij (1) conducted experiments with roof gutters of various cross-
sections and developed a series of empirical formulas which were work-
able as long as the size of the channel under investigation was no larger
than a roof gutter (about six inches by six inches). He also developed
an equation for spatially varied flow in rectangular channels, which was
of the same general form as that developed by Hinds, but he did not get
good agreement between his limited experimental data and the solution
of his equation.

Camp (2) wrote Hinds' equation to include a friction term using
the Darcy-Weisbach friction factor. With this equaticn he devised a
method for computing the water surface profile for channels with sloping
as well as vertical side walls, He also collected experimental data which
agreed very closely with his computed values.

Li (7) developed a form of Hinds' equation using nondimensional
quantities to describe the flow. By using a Froude number to define
flow conditions, he developed a method for determining the water surface
curve for subcritical and supercritical flow conditions. He also con-
ducted tests with level rectangular channels to demonstrate the validity
of the use of the momentum principle. and in sloping rectangular channels
to verify his own regime theory. His results compared very favorably

with his theoretical computations.



III. THEORETICAL ANALYSIS

As stated previously, the purpose of this investigation is to
develop a rapid, yet accurate, method of design for hydraulic
siructures which must carry spatially varied flow. This will be
accomplished in the steps given below:

1. Presentation of the derivation of the fundamental
differential equation for spatially varied flow which
closely follows that given by Chow (3).

2. Conversion of the equation derived in step one into
a nondimensional form which can be solved by the
conventional methods develcped by Camp (2) and
Li (7).

3. Solution of the nondimensional equaticn for various
conditions of surface roughness and slope fcr rectan-
gular channels with free overfall 2t the outlet.

4. Presentation of the above solutions in such a manner
as to illustrate that for constant conditions of slope
and surface roughness, the dimensionless profile is
constant over a wide range of discharge.
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Fuvndemental Uifferential Equation

in the derivation of the morentum ecuation for spatially varied

the following asswumptions will be made:

The flow is unidirectional.

The velocity distribution across the channel section is
constant and vniform.

The pressure in the flow is hydrostatic,
The channel slope is relatively small,

The f{riction loss due to shear along the channel wall mmay be
evaluated by the Manmning formula.

The effect of air entrainment is neglected.

The symbols used in this derivation are defined below and refer

channel depicted in ¥igure 1.

the cross~-sectional arsa at section 1, square feet.

change in area between sections 1 and 2, square feet.
height of water surface above outfall invert, feet,
frictional force along the channel, ;» unds per square foot.
acceleration of gravity, feet per second per second.
length of channel, feet.

Manning's roughress coefficient.

refers to outlet condition when used as a subscript.

the total pressurc on the section under consideration in
pounds per square foot.
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discharge per unit widith of chaunel at section 1, cubic feet per
second.

discharze increment between sections 1 and 2, cubic feet per
second.

hydraulic radius of the section under consideration, feet.
friction slope as defined by the Manning {orn:ula.

bottom clope which is squal to sin 9 where 8 is thic angle between
the channel botton: and the horizontal.

velocity at section 1, feet per second.

change in velocity between sections 1 and 2, feet per second.
unit weight of water , pounds per cubic foot.

weight of water between sections under congideration, pounds.

distance between upstream end and section under consideration,
feet. '

distance between sections under consideration, feet.
depth at section uader consideration, feet.
change in depth between sections 1 and 2, feet.

depth of the centroid of A below the surface of flow, feet.
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The nromentum past Section 1 per unit time is
S av
g
The momentum past ssction 2 is
w
g- (L2-dQ) (V-aV)

The difference in momentum between the 8:2c¢tions is

8 g o

where the product of the differentials has been dropped.

The component of the weight of water, between the soctions,
in the direction of flow, is

W Sin@ = wS, (A + 5.1,‘53 A = wSoAdx

where the product of differentials has been drcopped.

The frictional force along the chaanel wall is

F¢g = wia+ .d_éﬁ 5¢dx = wASgdx

where the product of differentials has beson dropped and the friction
slope, S;, is given by the Manning formula as

S; = v2nl

4/3
2.22 Ry /

The hydrostatic pressure between the scctions is

P=Py-Pr=w(Z+dy)lA - wzA =wAdy
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The change in mementwmn between the sections is eqgual tc the
sum of the external forces acting on the body of water between the

sections, or
% (QaAV + Ve) = WAdy + WAS dx - w AS¢dx

Dividing both sides of the equation by wA and sclving for dy

gives i v
dy :g-(VdV-i- % dR) +(S¢ - Sy) x ()
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Nondimensional Equation

Equation (1) was noﬁdimensionalized after the substitutions given
below were made.
An average area is used because of the variations of discharge with
length and ie defined as
(Q +Q2)/ (V + V)
Also, V was taken as V2, Q was taken as (¢, and the differentials
were considered tc be finite increments. Remembering that & = VA

and factoring 21/A from the momentum term gives equation(l) as

AY=Q1(VY + V2) (AV +V24Q) + (Sf - So) A% (2)
g (Q1+Q2) Gl

For the purpose oi nondimensionalizing equation (2) the following

dimensionless variables are defined:

<t
i

D = D/Dg VIV,

i

x/ L Q Q/Qy = Cé/voDo

X1
1

The above expressions may be rewritten ag

]

D V v,

D Dy \4

X = XL Q = G VoD,

and substituted into equation {2 ) with y being replaced by D.

ADDg = Q VoD (V1Ve + ¥a Vo) ( AV Vo + V2V AQV,Do)
g (Q1VoDo + 22VoDo) Q1 VoDo

+ (Sg - 8,) AxL
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Simplifying and solving for AD gives

- ? — — - - — —-—
AD = Vo5 (VI + V) (AV+V20Q) + (S¢-8Sp) ax L (3)
gDo (Q1 +0Q2) Q Do

where Sg is defined by the Manning formula as

3¢ = \722V02 nz '
2.22 w35 3p 43

In the expression for 3¢, K was defined as the hydraviie radius of the
critical section divided by D.

In equation {3}, 0, Vandx vary izom an initial value of unity,
- at the outlet, to zero at the upstream snd. Xnowing these initial condi-
tions the equation may bz solved for AD by trial, beginring at the out-
let and proceeding upstream in equal increments of length,

In the manner just described, equation (3) was solved on the
IBM 7040 computer (Appendixz C) for varicue values of dischazge, channel
slope and roughness, ThoAse computaiions yielded the curves plotted in
Figures 2, 3, and 4.

Figure 2 shows a dirmensioniess flow profile for each of four
Manning roughness coecfficients in a cliannel witr. zero slope. Figures
3 and 4 also have dimensionless profiles for four different Manning
numbers, but the slopes have been changed to 0.0l and 0.02 respectively.

These profiles generated on the computer varied siightly for differ-

ent values of discharge. For a channel 100 feet long and three feet wide,
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the upstream depth ratics decreased as the total discharge was in-
creased from 20 to 50 cubic feet per second. The amount of the
reduction raaged between two and five percent depending on the slope
and Manning number used. This qdifference is probably due to ihe
evaluation of the friction slope bty the Manning formula in which the
hydraulic radius is approximated by KD where K is the hydraulic
radius of the critical section divided by the critical depth., As the
discharge increases, the critical depth also increases, thereby making
the value of K emaller, which in turn increases the friction loss computed
by the Manning formula. This could be remedied by develaping a
variable hydraulic radius, but not without altering the equatien in such
a way as to make the initial conditions unknown.

An exarnple problem demonstrating the use of the curves is shown

in Appendix A,



IV, EXPERIVENTAL INVESTICATION

Description of Apparatus

In crder ic demonstrate the validity of the water surface profiles
computed frorn the dimensionless curves, an open chiennel with spati~
ally varied flow was sct up in the laboratory (Figure 5). The channcl
was congtructed with varnished plywocd with an assumed Manning
coefficient oi 0. 01 (4), a length of ten fest, a width of six inches and
a hottom slog)e that could be varied from zers to two percent. Water
was added to the channel over two level side weirs from two gide troughs
approximately the same size as the channel itself. These zide trovghs
were fed at the upstream end by a hsad box with & toial volume of aoproxi-
mately 30 cubic feet. In an attempt to cut dewn the velocity added to
the flow by the impact of the inflow, aluminum vanesz (Figure 6} were
placed on the weirs, perpendicular to the channel axis, at two-inch
intervals.

The depth of flow was measured by means of manometer tubes
(Figuxe 7) placed at one-fooi intervals along the bottom of the channel
i.5 inches {rom: the side in an attempt to miniinize the cffect of the inilow
impact on the depth readigg;s:. Previous meazurements ta.i;:en with a

¥

manometer placed in the center of the channel were consistently higher

than the profile measured in the flurne with @ hand rule.
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Figure 5. Spatially Varied Flow Apparatus




Mezasurement of Discharge

The total discharge was measured by weighing the voluivie of
water passing through the chaannel in one minute. Thiz weight was
checked each time the profile was taken und all total discharge figures
arc the average cf at least ten measurements. The uniformity of the
inflow was checked at cne foot intervals along ecach weir by recording
the tirne required te fill a can (Figure 8) held under the weir and then
recording its weight to deterrnine the volume of water collected.
Figure 9 shows a comparison of thecretical values of uniform intlow
and the values observed during the experimentation. Dsta from these

flow measuremenis are given in Table 1, of Appendix B.
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Depth of Flow in the Flume

Figure 8, Measuring Can Used to Check the Iaflow Along

the Weirs
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V. RESULTS
The water surface profile wag measured for two rates of
flow at slopes of zero, one and two percent. These profiles are
shown in Figures 10, 11, and 1Z. Al:;.o shown in these figures are
the <':orrespoz;ding theoretical profiles computed i.om the dirnension-
less curves of Figures 2, 3, and 4. Each cof the obszrved values
plotted represents an average of the ten measurements taken at each

discharge. Data collected during these measurements are shown in

Table 2, of Appendix B.
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Vi, DISCUSSION

The comparisons made in Figures 10, 11, and 12 show the
observed depths to be less than the thecretical depths in every case.
This difference is negligible for the case of zero slopa. For the cases
of one and two percent slopes, however, the difference is not nagli-
gible, and is probably due to the following factors:

1. The com:parizon of observed and theoretical inilow,
ir. Figure 9, shows the obgervad inflow o be consid-
erably less than the theoretical uniform inflow. This
deficiency alone could cause the low profile obtained
at the higher slopes. The good results cbtained at
zero slope, however, indicate that there are other
sources of arror.

2. In the theorctical analysiz, the inflow was assumed
tc be unidirecticnal and at right angles to the channsl
centeriine. In cases of an "indinite' resexrvoir or
where the contribuling areas are very rnuch larger than
the channel itself, this assumption is a reasonable
and valid one. However, in the case of the experi-
mental apparatus, the liinited areas of the side troughs
prooably cause the velocity component of the inflow
in the downstream diresction to be appreciably high.
This velocity component could conceivably have a
"helping'' e ‘ect on the flow in the channel, which out-
weighs the energy 1osa due to impact.

3. The friction has been evaluated in the Manning Formula
which was assumed to be appliceble te spatially varied
flow situations. This assumption imay not be valid be-
cause cf the turbuleuce due to the impact of the inflow.



VII, SUWMARY AND CONCLUSIONS

A differential equation based on the grinciple of conservation
cf momentum was developed which describes the water surface
profile in a rectangular channei with spatially varied flow, This
equation was altered =o as to describe the suriace profile in terrms
of dimensionless ratios. . The nondimensional equation was sgolved
on the IBM 7940 computer for various conditionue of slope, aurface
roughness and quantity of flow, V. hen slcpe and roughness wecre
nheld constant, the solutions were the same for all values of the flow,

A rectangular, wooden channel with spatially varied flow was
constructed in an attempt to verify the results of the nondimensional
equation solutions, The channel was ten fect long, six inches wide
ard had a variable bottom slope, The water surface profile was
recorded for two rates of flow at slopes of sero, one and two pereent,

?'rom the theoreiical and experimental investigations counducted
during this study, the following conrclusions can be crawn:

l. For a given condition of slope and suriace roughness,

the dirnensionless flow profile ior spatially varied flow
in a rectangular channel varies only slightly cver a
wide range of discharge.

2. The noadimensional flow prefiie offera 2 rapiaq, safe

design for hydraulic structures involving open chanuaels
subject to conditions of spatially varied flow,
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3. Frictional forces in spatially varied {low are d'stinct and
significant according to the theoretical analysis and
experiments ¢onducted using a slope of zero. The
theoretical analysis concerning slopes greater than zero
also showed distinct and significant frictional forces.

The experiments conducted for these slocpes varied, how-
ever, over such a broad range as to be inconclusive with
regard to frictional forces.
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VIII, SUGGESTIONS FOR FURTHER STUDY

It is suggestec that further experimentation be performed
utilizing siopes greater than zero and cross-sectional shapes other
han rectangular,

It is strongly urged that data be taken from existing structures
and that profile and flow measuring devices be incorporated in the
design of new structures expected to have spatially varied flow,

Work should also be done with the purpose of developing an
eary method for locating the critical section in cases of spatialiy
varied flow in chaunels with steep slopes and sabmerged outlets,

A study should also be made on the evaluaticn of frictional
forces in channels where spatially varied flow occurs., A possgible
solution might be found in the determiration of a set of computed
Manning numbers which can be applied te situations where turbulence

cccurs in a smooth channel with subcritical flow,
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X1, APPENDIX A: EXAMPLE PROBLEM



Plot the flow profile and deterrnine the cho.unel depth required
for a wash water trough that must carry 100 cubic feet per second.
The channel is to be concrete with 2 Manning rougihness coefficient
of 0,015, The width will be 3,0 feet and the length is to be 80.0
feet. The bottom will be herizontal. Include a six inch freeboard
in the required depth.

Solution:

"

'3[q2/ ¢ :%oo /3% [ 32.2

Critical Depth

= 3.25 feet

x x/L D/Dg L

(distance from up-~ (from Fig. 2) (fzct)
stream end, feet) .

9 0.9000 1,770 5.76
10 0.125 1.762 5.73
20 H.250 1. 750 5.69
3¢ 0.375 1.725 5.62
40 6.500 1,683 5,48
50 0.625 1. 624 5.28
60 0,750 1,540 5.01
70 0.875 1,422 4.63
80 1,000 1,060 3.25

Required Depth = £,76 4+ 0.50 = 6,26 feet_

For channels with sioping inveris it rmuss be remembered
that D is the elcvation of the water zurface above the outfail invert.
When the actual depth at any point ic deairved, the product of the
bottom clope and the distance from the cutfall to trat point rmust be

subtracted frorn the calculated D.



X11I. APPENDIX B: DATA



TABLE 1. DATA FOR INFLOW UNIFORMITY CHECK

Mecasuring Container Width = 0.538 feet - Discharge = Weight / (Time (w) 0.538)

Run No. 1. Total Discharge = 0.523 cfs

Weir No. 1 X=0 X=1 X-:

=2 X=3 X=4 X=5 =6 X=7 X=8 X=9 X-=10

Weight, lbs. 8.4 8.0 7.3 8.4 7.9 7.5 8.2 8.1 7.9 7.9 8.1
Time, sec. 10.6 8.8 3.1 9.3 8.5 8.3 8.5 8.6 8.3 8.5 §.8
Discharge, cfs/ft. 0.024 0.027 0.027 0.027 0.028 0.027 0.029 0.028 0.029 0.028 0,027
Weir No. 2

VWeight, lbs. 8.2 9.5 6.2 8.1 7.8 8.1 8.2 8.3 8.0 7.7 .8
Time, sec. 15.8 9.5 9.5 9.4 8.4 8.7 9.0 9.2 8.6 8.2 8 5
Discharge, cfs/ft. 0.023 0.030 §.026 ©0.026 0.028 0.028 0.027 0.027 0.028 0.028 0.027

Total, Run No. 1. 0.047 0.657 0.053 0.053 0.056 0.055 0.056 0.055 0.057 0,056 0.054

Run No. 2. Total Discharg_3_= 0.832 cis,

Yieir No. 1 XK=0 X=1 X=2 X=3 X=4 X=5 X=6 X=7 X=8 X=6 X-=1¢
Weight, lbs. 8.5 8.5 8.1 8.5 8.9 8.5 8.3 8.6 g.5 8.5 8.7
Time, sec. 7.4 7.0 5.9 5.8 6.0 5.5 5.2 5.7 5.4 5.2 5.0
Discharge, cfs/ft. ©.034 0.936 0.041 0.044 0.044 0.046 0.048 O. 045 6.047 0.049 0.052
Weir No. 2

Weight, lbs. 8.2 7.9 8.3 7.8 8.1 8.7 g€.2 e.8 8.3 8.6 8.2
Time, sec. 7.8 7.0 7.0 6.0 6.2 6.6 5.7 6.2 5.8 5.8 5.8
Discharge, cfs/ft. 0.031 0.034 0.035 0.039 0.039 0.039 0.043 0.042 0.043 0,044 0.042

Total, Run No. 2. 0.075 0.070 0.076 0.083 0.083 0.085 0.091 0.037 0.090 0.093 0.094

(4%



TABLE 2,

FLOVW PROFILES FOR A RECTANGULAR CHANNEL WITH SPATIALLY VARIED FLOW

Run No., 1 Total Discharge = 0.528 cfs Slope = 0.0 Depth in hundredths of a foot.
Reading No. X=0 X=1 X=2 X=3 X=4 X=5 X=6 X=7 X=8 X=9 X=10

1 55 56 55 54 53 53 51 51 47 43 30

2 55 55 55 55 54 53 51 50 46 43 30

3 55 55 55 55 53 53 51 9 46 43 30

4 55 57 56 55 54 53 51 50 47 43 30

5 55 56 56 55 54 53 51 50 47 . 43 30

6 55 56 55 55 54 53 51 50 47 45 30

7 55 55 56 55 55 53 51 51 47 43 30

8 55 56 55 55 55 53 52 50 47 42 30

9 55 55 55 54 53 53 51 50 46 43 30

10 55 55 55 55 55 53 51 49 47 43 30
Averages 55.0 55 4 &5 R4 8 53 53.0 511 50 46 42,9 30.0




Run No. 2. Total Discharge = 0.749 ¢fs  5lope = 0.0
Reading No %20 X=1 X=2 X=3 X=4 X=5 X=6 X=7 X=8 X=9 ¥X=10
] 71 71 71 70 69 63 66 65 59 52 39
2 71 71 71 70 10 69 66 65 60 53 39
3 71 71 71 71 70 68 65 64 60 53 39
4 71 71 71 71 70 68 6b 64 60 53 39
5 71 71 71 11 10 68 65 64 60 53 29
6 21 71 71 11 69 68 66 65 60 53 39
7 71 71 71 N 70 6 66 65 60 53 39
3 70 71 71 70 70 68 65 64 60 53 39
9 71 71 72 71 16 59 66 64 60 53 39
10 71 71 21 71 69 68 66 65 60 53 39
Averages 76.9  71.0 71.1  70.7 69.7 68.7 65.71 64.6 59.9 52.9 3.0




Run No. 3. Total Discharge = 0.517 cfs Slope = 1.0
Reading No. X=0 X=1 X=2 X=3 X=4 X=5 X=6 X=7 ¥X=8§ X=9 X=10
1 46 48 48 48 49 49 48 46 43 39 30
2 47 47 42 48 49 49 47 46 44 39 30
3 48 48 48 49 49 49 48 44 44 29 30
4 47 48 48 48 49 49 48 46 44 38 30
5 48 47 50 49 49 49 48 46 44 39 30
6 47 47 49 48 49 49 47 46 44 38 30
7 48 47 48 48 49 49 48 46 43 39 30
8 18 47 49 49 49 49 47 47 44 39 39
9 46 49 48 49 49 49 48 47 44 39 30
ic 48 47 49 49 49 49 48 47 44 39 30
Averages 47. 47.2 48.5 48.5 49.0 49.0 47.7 46.3 43.8 39.2 30.0




Run No. 4. Total Discharge = 0.775¢cfe Slcpe = 1.0

Reading No. X=0 X=1 X=2 X=3 X=4 X=5 X=6 X=7 X=8 X=9 X=10
1 65 67 67 68 68 67. 66 03 59 52 40
2 | 65 66 66 67 67 67 66 63 59 52 40
3 65 66 67 67 68 - 68 66 63 59 52 40
4 65 66 66 66 67 67 66 62 59 52 40
5 65 65 66 67 68 69 66 63 59 52 40
6 65 66 66 67 67 68 65 63 59 52 40
7 65 bb b6 66 67 67 66 63 59 53 40
8 65 66 67 66 66 66 65 62 59 52 40
9 65 65 66 66 67 66 65 62 59 52 40
10 65 66 66 66 67 67 65 62 59 52 40

Averages 65.0 65.9 066.3 66,6 67.2 67.2 65.6 62.6 59.0 52.0 40.90




Rua No. 5.

Total rischarge = 0,459 cfs

Slope = 2.0

Reading No. X=0 X=1 X=z=2 X=3 X=4 X=5 X=6 X=7 X=8 X=9 ¥=10

1 34 33 35 36 39 40 40 39 37 33 28

2 34 33 36 36 39 40 40 39 37 34 28

3 34 34 36 36 39 40 39 39 37 33 28

4 34 34 36 37 39 40 39 39 37 33 28

5 35 34 35 37 39 40 39 39 37 34 28

6 34 34 35 36 39 40 39 39 37 33 23

7 34 34 36 37 39 46 39 39 37 33 28

3 34 34 36 37 40 41 39 39 38 34 28

9 34 34 36 35 39 40 40 39 37 34 28

10 34 34 35 37 40 40 40 39 37 34 28
Averages 34.1 33. 35.6 36.5 39.2 40.1 39.4 39.0 37.1 33.5 28.0




Run No. 6. Total Discharge = 0.795cfs  Slope = 2.0
Readiug No. X=0 X=1 X=2 X=3 X=4 X=5 X=6 =7 X=8 X=9 =10
1 59 60 60 61 62 62 61 59 57 50 40
2 60 50 bi 61 62 62 61 59 57 51 40
2 59 59 61 62 62 62 61 59 57 50 4.0
4 59 60 61 62 62 63 62 59 57 51 40
5 59 59 61 62 62 62 61 5% 57 51 40
6 59 60 61 62 62 63 62 59 57 51 40
7 60 60 61 62 63 62 62 60 57 51 40
8 59 60 61 62 62 62 52 60 57 51 40
] 59 60 60 61 62 63 61 60 57 51 40
10 59 o0 61 61 62 62 61 59 57 51 40
Averages 59. 5.8 60.8 61,6 62.1 62.3 0l.4 89.3 57 50. & 40. G
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X1V, APPENDIX C:

PROGRAM FOR IBM 7040 ELECTRONIC COMPUTER



(oY}

7 826140202 HUoLARVs Lo Do
D1

READ 5¢0DISewilThHeaSLOPLsGTeRsCD
UI5 = TOTAL LENCTH OF Trf CRAMNEL

“IDTH = CHANNEL WICTH

—

ESLCPE = SLOPzZ OF THE CHLMNEL BCTTGH
QT = UNIFORM TitFLGCW PEK FOOT GF CHARNKEL

= SANNING ROUGHNESS COEFFICIENT

)

r

GD = NUMB3ER OF CHAMNEL LEMNGTH INCReHCNTS TALEN
FORMAT(1X+s6FSe&)

CIMENSION DV (308)s0(230G) sLUELT(30) sCHECK(2C) s0Q (5
OV = vebLOCITY AT POINT OF CONSIOCRATICN viViDED
VELOCITY

= CEPTH AT POINT OF CONSICERATION DIVILEC BY
ODELT = CHAMGEZ 1IN UEPTH ZETWEEN SECTIONS UNLER
oIvIgel zy THE CRITICAL DEPTH

CHECK = DuelTe USED I TRIAL SOLUTION FOK DUELT
G = CHANGE I FLOW pETWEEN SECTIONS UNDER (CONS

BY THE FLOW AT THE CRITICAL SECTIONM

CRITICAL SECTION

I
A
=
1]
f
“\
C
m

RAD = HYIRAULIC RADIULS OF CRITICAL SeCTICN DIVI

@ = DISCHAROGE AT THE CkITICAL SeCTION



V = CRITICAL VELOCITY

C2y C3s C5s =CONSTANT TERMS CALCULATED TO SHOf
DEPTH=(((QT*DIS)/WIDTH)%%2/3242) %¥%(0433333333
AREA=DEFTH*WIDTH
RAD=AREA/ (DEPTH* (2 ¢*DEPTH+WIDTH) )

Q=QT*DIS

V=Q/AREA

C2=(R¥R*VXV) /(2 422%DEPTH¥%1,333)

C3=DIS/DEPTH

C5=(BSLOPE/Q@D)*C3

I=1
DVI(I)=140
D(I)=1.0

DDELT(1)=0,0

DQ(I)=1.0

K=QD

D0201I=1,K

J=1+1

DDELT(J)=0.0

AFTER THE INITIAL CONDITIONS HAVE BEEN DEFINEC
ITERATIVE PROCEDURE TAKES PLACE.

A VALlE OF DDELT IS ASSUMED AND THE DIMENSIONL
PUTEDe THE VALUE OF CHECK IS THEN COMPUTED ANC
COMPARED. WHEN THE DIFFERENCE BETWEEN THEM IS
TOLERANCE,s THAT VALUE IS PRINTED AND THE PROCE

THE NEXT LENGTH INCREMENT.



2Q

25

52

COELT(J)=00clT(J)+0LC0

C(Jd)=0(1)+DrelT(J)

DG (J)=00(I)~-(L1l./QD)

Dv(J)=D0(J)/L(J)

CHECK () =(DO(I)#(OV(T)+DV(J) I/ (DE(1)+Du(J) ) )= ((
1/DQUIN))*(BQII) =D& (J) ) )FC2HDV(J)#%2/(D(J) %% (1433
2-C5

A=CHECK(J)=CDELT(J)

IF(A=Cs301)20+20412

CONTINUE

PRINT 25¢DI5+wIUTHe3SLOPL ¢GT e R4Q0

FORMAT(1H1I921X s 86HD IMENSIOHLESS WATZIR SURFACE F

1Y VARIZD FLOW I A RECTANGULAR CHANNEL///32X418

H

29F10ets 6 FErT/33Xs17H CHANMEL WIDTH

Ced

[

o F
ICHANMZL SLOPE = 9F10e4/33Xe18H UIFORE InFLOY =
4C FEET PER SECORD PER rOOT OF CHAMNMEL/33X933H

SEFFICICNT = +F106.4/33Xs36H THE CRANNEL LEZMCTH 1

©etts2X s BHSECTIONS// /720X  TH DDZLT +5Xs 7H DEPT
T5X e 14HCRITICAL CEPTHBX s 17THCRITICAL VELOCITY /)

I=1

PRINT3GsL(1)e2VI(I)sCEPTH,V
FORMAT(30XeF1U0b95Xer1UeseDXsF10eb4sDXsF10e4)
DO4iI=1.K

J=1I+1

PRINT 35540D2ZLT(J)sD(J) V()



ey oy
o

CONT I NUE

GC 70 1

STCP

O

[



Abstract

A dimensionless equation is developed which describes the
fiow profile in rectangelar chanunels with spatially varied flow,
This equation is solved for various slopes and rates of discharge.
The resuits show that when the slope and roughiess are coastant
the dimensionless profiles are aiso constarnt over a very wide range
oi discharge., Once the dimensionless profile is established the
water surface curve may be rapidly and accurately determined.
Tests were conducted in the laboratory which reasonably

verified the walidity of the dimeusionless profiles,
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