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A NUMERICAL APPROACH TO WET LINE CORRECTIONS IN

STREAM FLOW MEASUREMENTS
CHAPTER I

INTRODUCTION

The water flowing in surface streams forms one of the most valua-
ble natural assets of any cﬁuntry, and it is an important factor in the
development of plans for irrigation, power, municipal watér‘supply, and
other projects involving the use of water from surface streams. It is,
therefore, necessary to have data frqm which both the total flow of
the stream and its distribution from day to day throughout the year
-can be obtained. The data necessary for obtaining such flows are thé
discharge measurements at various stages, from which a rating curve
and a table can be prepared, giving the discharge for any stage. In
general, measurements of discharge in opén channels are done in two
ways: (1) by means of weirs, and (2) velocity-area method. The weir,
if its coefficient is accurately known, is probably the most accurate
method of measuring discharge for small streams, whose channels do not
have suitable sections for accurate current meter measurements. In
practice, however, weirs rarely conform to the requirements imposed by
the experimenter. If the érest of the weir is sharp, clean, and suf-

ficiently high above the bottom of the channel, the end contractions
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are complete, and the velocity ofjapproach is negligibly small, the
empirical formulas used will'give good results. On the other hand, if
these essential conditions are not complied with, especially if the ve-
locity approach is considerabie; and contractions are imperfect, the
weir method will not give accurate-measuremént of.discharge. On rivers,
however, the cost of a weir is so greaﬁ.as to be ﬁrohiﬁitive.

The second method-the area-veloéity method-is the one commonly
used for determin{ng the flow of streams,.esﬁecially on large rivers.
The discharge by means of the area-velocity method is obtained by de-
termining the average ﬁelocity of the current and the area of cross
section. Each of these factors must be measured at a sufficieﬁtly
large number of points in the cross section to give the required de-

gree of accuracy. The general formula for discharge per second is,
Q = Alvl + A2V2 + A3V3 + ¢« o . . e 2 o e & o o + Anvn
where, Aj, Ay, . . . . . A,, are the component parts of the cross sec-

tion, and V1, V2, « . . .Vp, are the mean velocities in each of these
parts. If the width of these component parts is b, and the mean depth

is dj, d2, d3 . . « . , this can be written
Q=b(V1dl+V2d2+. e e s o o o » .+Vndn).

The measurement of velocity is made at frequent intervals across
the stream, and close enough to take account of any abrupt change in
the velocity. For convenience, the velocities are usually observed in
the same verticals at which soundings agg made. - Although the velocity

of flow is best determined by current meter, on'some streams fairly good

measurement of velocities may be made by other methods, such as, floats
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in channels of uniform cross sectional area over a considerable dis~-
tance.

Several methodé are in use for obtaining the mean velocity in a
vertical. The two principal methods in general useiareﬁ (1) the two-
'point-method; and (2)vsix-tenths'depth-method. In the two-point meth-
od, observations of velocities are.mgde in each vertical at 0.2 and
0.8 of the depth belew the water surface, and the-mganAof velocities
at these two points is taken as the average velocity fo;.that'vertical.
This method is based on the theory that the vertical velqcity curve is
a part of a parabola with axis horizontal at the point-of highest ve-
locity. Actual observéfions under a wide range of conditions show that
this method gives the mean velocity very closely for open conditions.
Because of its greater reliability, it is generally preferred. Unusual
or abnormal conditions in the movement of water have less serious ef-
fects on the accuracy of measurements if the observations are»ﬁade by
this method. It is very extensively used in the regular practice off
the United States Geological Survey.

In very shallow depths, it is not always practicable to use cur-
rent-meters at 0.2 and 0.8 depth positions because of proximity of these
positions to the water surface or the stream bed. Undér these - circum-
stances, the 0.6 depth method may be preferable. This method consists
of an observation of velocity in each of the vertical at 0.6 depth be-
low the surface. It gives good results where there is a straiéht chan-
nel with little obstruction, and no sudden change in velocity.

Another method of obtaining the mean velocity-in~the vertical is

the vertical velocity-curve method, in which a series of velocity




4
determinations are made in-each vertical at regular intervals. By plot-
ting these velocities as abscissas and their depths as érdiﬁéfes, and
by drawing a smooth curve among the resulting points, the wvertical ve-
locity-curve is developed. The mean vélocity is then'ébtained by div-
1d1ng the area bounded by this veloc1ty curve, and its axis by the
depth. Although this method of obtaining the mean veloclty is best
known, its use is largely 1imited because of the length of time-required
to make a complete measurement.

When the mean velocities in the different verticals have been
found, the averagevof two adjacent means is taken as the mean‘Velocity
of that individual section. The area of the section is ;omputed by
multiplying the width of the section by the mean depth. The discharge
of each section is the product of the area multiplied by the mean ve-
locity, and the togal.discharge of_stream results from summing up the
discharge of the individual sections. Considerable judgment is nec-
essary in selecting points in the secfionuwhere depth and velocity
should be measured to secure a proper degree of accuracy.

A great many discharge measurements of natural and artificial
channels have been made in various ways with various kinds of instru-
‘ments. Very little appears to have been done in the way of determining
the degree of accuracy of the measurements. The central problem in the
discharge measurements is the determination of the depth (See Figure 1).
The biggest errors usually result from the measurement of depth rather
than of velocity in making discharge measurements with current ﬁeters.
Unless the true depth is obtéined using sonic depth finders, accurate

determination of depth, and mean velocity in the vertical are of primary
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importance in obtaining accurate meaéurements of discharge. For this
reasén, the measuring of depth of stream, though it appears to be a
quite simple operation, receives considerable attention. Since the
product of depth, width and mean velocity is the discharge, an error
in sounding of a station produces a corresponding error in the volume
of discharge of that section. Moreover, it is in the more important
gaging stations where, with great velocities and depths the diécharge
is largest, that this error is most likely to occur. At these stat-
ions accurate sounding is most imperative by reason of.large magni-
tudes of flow. Any refinement in other factors that enter into pro-
blems of river gaging is annuled by less refinement in sounding.

When velocities are low, no serious difficulties are encountered,
and the depths are‘easily measured. Howevér, when the velocities are
high, despite the use of a heavy weight, it is rarely possible to_get
true depths by sounding in swift water because the meter, and the weight
are carried downstream by the current. Under these conditions the length
of the line paid-out is greater thanvthe true depth. The wire is cur-
ved and this curved line extends from the observer to fhe water sur-
face, and forms a curve configuration below the water surface. There-
fore, there are two sources of error: the dry line error and the wet
line error. (Sée Figure 1). While the wet line correétion methods in
use at present, such as the one presented by F, C. Shenehon in the an-
nual report, Chief of Engineers, U,S. Army 1900, are believed to be
sufficiently accurate for purposes of ascertaining water resources, it
is still important to know their probable accuracy. Increasing accur-

acy in this measurement is essential if we expect to maintain pace with




6
improved instrﬁments. The best»solution would be to determine the
equation of the suspending cable, and the position at any length of
paid-out line could accurately be dete:miﬁed.

The purﬁose of this study was to investigate a mathematical re-
lationship between fhe length of wet line paid-out, and the true depth
used in arriving at the discharge at a section, while taking into ac-
count the forces acting on the wire. Numerical methods have paved the
way to solve fhe resulting equation using the digital family of com-
puters. The solution for the resulting equation is possible in terms

of a‘hyperbolic cosine function, The equation thus derived-may be used

to solve any problem of this nature. -

Literature Review

For many years, engineers have recognized the problem of obtain-
ing the true depth from wet line length paid-out (See Figure 1), and
have expended considerable time and thought to its solution. Most in-
vestigators directed their efforts towards an analytical approach to
the problem. A brief evolution of the work that has been done in this
field will be described.

There have been several discussions of the nature of the curve
taken by the wire in the water, (See Figure 1) notably by De Marchi,
Tonta, and by Gougenheim. The four curves which have been mentioned
are the parabola, fhe catenary, a modified form of the catenary, and
the circle. It is the opinion of most investigators that, for-sméll
angles and depths, the differences among these are not very important.

For greater depths, the circle was found to give large corrections,
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and the corrections as found by the other three differ by about equal
amounts from one curve to the other.

Captain L. Tanta (1) concludes that the form of equilibrium of
the towed lead line is an arc of catenary, the symmetrical exis of which
is horizontal, and the'concavity of which is in ‘the direction of move-
ment. He compared the corrections for inclination obtained theoreti-
cally by Courtier, De Marchi and himself and showed that, in the -
three hypotheses considered, the correction for inclination, k, may be

reduced to a single formula:

LE-wea] + e @ [yw -y eq)]

-correction for inclination, in feet.

k

]

k

represents the length of the submerged line, in feet
oK its angle from the vertical at the point at which it en-
ters the water, in degrees.
€&  its angle from the vertical at the point at which the
ilead is attached, in degrees.
and Co,a constant of the wire system, approximately measuring
the length of the arc of the curve of the sounding line
produced from the lead to the apex of this curve.
M. A. Gougenheim (2) simplified the equation given by Tanta to

determine inclination correction nomographically to:

k= [1-wer] [l+c 1-a2)]
where,
Co
c, +1

A=

In this form, the product of a function of o€ by a function of l. s
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the correction_for inclination, may be obtained by means of transversal
straight line ﬁomogram. Further, he writes the above equation for I
as, ’ | | ‘

k= -yee)) (c,+L) (1-4d)
and finally, after neglecting the term A3 , with some reasoning he
writes the sbove formula for inclination correction as,

k=[1-yv @] (co+ )
. and gives a nomographic solution for k. The diagrams constructed al-
low for inclination to be obtained within a much greater approximation
than that due to uncertainty in oLl . In his conclusioné he advises
the reader, "as long as the determination of this angle is not improved,
the transversal straight line nomogram be employed', on the»sole-con;
dition that L. is greater than C,, 1f the nomographic method be used
for obtaining the correction k.

H, F. Johnson (3) adopting a parobolic curve has given the fol-

1owing'formu1aa

d.

Lcg -h (Seed - 1) G - £ (1 -'c<P_)
where,

'd = true depth,in feet.

h = distance, spool to water surface, in feet.

L = length of wire out from the spool when the weight touches

bottom, less h.

g = f/¢g

g = length of wire which has the same horizontal resistance
to the water as the weight, and £ = its projection on

the vertical.



Ge = a Coeffieient
¢ = the angle of wire with the vertical at the spool, in degrees.
ok = the similar angle at the-weight, in deg_rees:l

C = ratio of its projection on the vertical to length of arc

of curve.
¢ =% |secd + cotd lo tan | Q_ +__TT_)]
¢ + =0 ( > A

F. Embacher (4) assumes the shape of the wire under water as para-

bola and developed an equation for the true depth, h:.

h= S-0.4 tan’cp m for tandp between 0 to 1.and for
1 + 0.15 a tan2 '

_ tand) between 1 to 2

h=_8-0.4 tanl'l¢ m
1 +0.15 a tanlg}

‘wet line length,in feet.

8
I

vertical distance from the apex to water surface,in feet.
<¥’= the angle of wire with the vertical at the apex,in degrees.

a = a factor depending on the shape of the cﬁfve.

F.C, Shenehon (5) gives a table of corrections for wet line
lengths evolved by the static method of sounding. The method depends
on the elementary principles of mechanics: that, when a known hori-
zontal force is applied to a weight suspended on a cord, the cord takes
a position of rest at some angle with the vertical. In applying the
above principle to conditions of measurement of depths of flowing water,
it is assumed that with a properly designed sounding.weight, the hori-

zontal pressure on the weight in the comparg?tively still water near
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the bottom can be neglected. The distribution of total horizontal pres-
sure along the sounding line is made in accordance withlthe variation
-of velocity from surface to bottom. The excéss in length of the curved -
line over the vertical depth is the sum of the products of‘each tenth
‘of depth and secants of the corresponding angles derived for each tenth
‘of depth by means of tangent relétion~of the forces acting below .any
point. The table is general, not for any particular séunding-weight,
provided it is designed so as to present little current resistance.
This is the table that is in great -use by the United States Geological
Survey.

L. Landweber and M. H, Protter (6) derived equations and curves

by considering several cases of a towing cable.




CHAPTER II

THEORETTICAL ANALYSIS OF THE PROBLEM

a INDEX POINT

- WATER b __SURFACE
~4—DIRECTION OF FLOW
/ -
p ;
/
/
/
/
-/
/
/
/
/ —
/
/
/

RIVER BED

f-'. . c

Fig. 1 Position of Sounding line in Swift water.

—_—
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Figure 1, shows the position assumed by the sounding liné and
~ the weight, after it has been carried downstream, the distance of
which is. dependent on the weight, depth, and velocity of water. From
this figure it is seen that thevmeter-line is straight from the Imndex
Point to the water surface, and forms a curve underﬁater. The dis-
tance 'af' represents the amount of line let out by the ree1 during
thevprocess-of lowering the'weight to the cﬁannel bottom.‘ The dis-
tance. 'ae' is the»product'of the‘vertical depth 'ab’' and the secant
of the vertical angle § . i.e. ae = ab secf . From the length of
cable 'ae', the vertical distance ‘'ab' from the index point to the
‘water surface must be deduéted to obtain the so célled air correction
'de'. The wet line length 'ef' is then the difference between the ob-
served depth 'df', which is the amount of line let out by the reel
during the process of lowering the ﬁeight,from the surface to the river
bottom, and the air correction 'de’.
In order to determine the depth 'be', an attempt has been made,
on the pages to follow, to establish a mathemgtical relationship be-

tween the wet line length 'ef' and vertical depth 'be',

Analysis

For purpose of analysis, a small differential element ds, of the
cable at any point M, having coordinates (%, y) relative to the rec-
tangular coordinate axes in the plane of the cable with the origin at
the bottom of the cable, is shown in the Figure 2. The differential
element ds, of the cable is in equilibrium under the action of a system

of forces comprising:
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~Fig. 2 Forces acting on an Element of a Cable.
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(1) The tensions'T, and T + dT at the two extremities pf the part of
the wire under conéideration. |
(2) The weight of the element, dw.
(3) The hydrodynamic force comfonent perpendicular to the wire.

The hydrodynamic force,_ariéing from the pfessure and frictiomal
stresses developed by the flow of fluid around the wire, which is
placed at right angles to the direction of flow, is proportiénal to the
cross section of the wire, the density.of water, and the square of the
velocity.. The hydrodynamic fofce acting on the inclined wire (7) can
be expressed in terms of the force on a wire perpendicular to the stream,
knowing the component of velocity of flow normal to the wire. If the
inclination of the wire to the vertical is 6, the component of velocity
normal to the inplined wire is, v cos®, and its component parallel to
the wire is v sin®. The drag force dn the wire per unit length in the

direction of flow is given by

Fp =% Cg@d v2

where:
Cq = drag coefficient.
@ = density of water.
d = diameter of the wire.
v o= vélocity of flow perpendicular to the wire, in feet per

/

second.
or Fp = k v2
where,

k =%cqQd
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The drag force per unit 1engfh'on inclined wire is

5C3Q@ d (v cosd )?

Fp

]

kv? cos2 6
The componeﬁt of velocity parallel to the wife, v 8in@, gives a frict-
ional rgsistance and will be small, and it appears legitiﬁate to con-
_sider as neglible. |
it‘will Se assumed that the weight of the cable is negligible,
and with this agssumption the forces which act on the element are re-
duced to hydraulic resistance, and to the difference 6f.the tensions
applied to the extremities, as shown in the Figure.Z.
Resolving the forces in the X direction:
ZFx =0
(T +-dT) Sin (.6 +-d\e') - Tsin ® - k v2 cos3 0 ds -0 (Eq‘n,v 2-1)
Tsin ( @+ de ) + dT sin (0 +d6 ) - T sinb - k v2 cos3 6 ds = 0
T ﬁbin'e cosd® + cos © sin d@] + AT [ sin® cos d® + cos 6 sin d8]
- T’Sin‘é -kv2cos3 6ds =0 |
T sin 6 cos d6 + T cos 6 sin de + dT sin 6 cos d6 +
dT cos® sin-d® - T'sin 6 - k v2 cos3 B ds = 0
For small dO, sind® =~ d6 and cos d6 = 1
Therefore,
T-;ine + T coseép +dT -sin 6 + dT cos 6 d6 - T -sin & - k v2 cos3e
ds =0

dT (sin 6 + cos 6 dB) + T cos € d6 - k v2 cos36 ds = 0

v2c083
dT = k vécos®B ds - T cos 6 d©
gin 6 4+ cos 6 d® _ (Eqn. 2-2)
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Resolving the forces in.tﬁe-Y direqtion

IFy = 0

(T +dT) cos (6 +d6) + kv? cos?@ ds cos (90 - ) -‘;igos =0

| | ' (Eqn. 243)

T cos (8 +:d8) + dT cos (8 +-de) + k v2 cos26 sin 6ds - T'cos 8 =0

T cos €cos d§ - Tsin 8 sin-de +dTcos 6 cos d6 - dT sin 8 sin d@

+ k vZ c0326 siﬁ 6 ds - T~éose =0

For smalllde, sin d0 ~ d6 and cos dB ~ 1
,T'cosé- T sin® d6 +~dT'cése - dT sin® d6 + k vZ cos2® sind ds - T cos 6=0

dT (cos® - sing d€) = T 'sinb do - k v2cos?9 sin ds

meoad 2.0e28 ai
= 1'8in0 d6 -~ k vcos®O sinb ds B
at cosd - sin® de (Eqn.2-4) o

From Equations (2-2) and (2<4).we have,

kv?cos38 ds - T cos §de = T:'sinp do - k v2 cos28 sin 6ds
sin 6 + cos8deé cos 6 - sin 6 d6

" (kv2cos38 ds - T'cos 6 dB) (cos © - sin 8 d6)

= (T sin 6 d6 - k v2cos28 sin 6 ds) (sin 6 + cos © d6)

k v2cosh ds - T cos20 46 - k v2cos3 @ ds sin © d6 +T cos 6 do sind d@

= T sin%@ d6 - k vZcos?8 siﬂae ds + T 'sin 6 dO cos 6 d6 - kvZcos30 sin6 ds d6
# k v2cos#9 ds + k v2cos?6 sin2@ ds - T cos2@ d6 - T'sin?@ de =0

k'vzéosze as(cosze +-8in208) - T (cos28 +-sin2@) d6 =0

k v2cos28 ds - T d6 =0 - (Eqn. 2-5)

It remains now to find a solution for Equation (2-5)

ngriting{Equatidﬁ (2~§),

k v2cos?6 ds = T d8

Dividing both gsides by cos 6, we have l
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k v2cos 6 ds = T 48 _
cos ]
Since,
9Y = cos 6
ds
Therefore,
kv %7 48
ds cog ©
k v2 dy = T 48
I ~ -cosb
Y -]
« a2l
P cos ©
y ,
k j-vzdy =T [l_n (sec 6 + tan eﬂ
J
~—%r;f vzdy = ln (sec O + tan )
0 ,
therefore,
sec 6 + tan 9 =—l,;-\-i vady (Eqn. 2-6)
Y
now, -k 5 v2dy
T
€ "o = 1
k. b 2 3w
e 5o

= 1
secHd + tan ©

= (sec 6 ~.tan 0) 1
(sec 6 - tan 0) (sec © + tan®)

—sec O - tan 6
sec2 - tan2e

=:gec O - tan 0O
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' Therefore, vy
sec ® - tan 6§ = - 1% j-vzdy (Eqn. 2-7)
(9]

Adding Equations (2~6) and (2-7);

: Y
2 sec & = X j'vzdy ¥
.::T 4+ _._IE . 2d
e 0 | e Tjév y
Therefore
. ’ v |
k : k
sec ® = ©T SO-VZdY + e T J vdy
2
Y
ds = cosh (.k J 'vzdy)
dy T 0
5 Y v
J ds = J [cosh (‘-1,;; Ivzdy) ] dy
o] o ‘
y © gy
S —-J[cosh (T j v dY)] dy (Eqn. 2-8)
0
0 - v

Returning to Equa‘tions_ (2-1) and (2-3), for small dO® we may write

(T +-dT) (sin6{4'cos6 d6) - kvZ cos36 ds - T 'gind =0

(T +-dT) (cost-‘sinB de) + kvZ cos26 sinb ds - Tcosb = 0
Simplifying, and neglecting the product of terms.de ds, we have,

T cos® d6 + dT sind - kvZ cos36 ds = 0

- T-sin® d0 + dT cos® + kv’ cos?0 sind ds = 0
Multiplying the above equations by sinb, and cos6 respectivel-,
and dividing by dy, ﬁe-wri?e,

T cos® sind 48 +-8in0 dar - kv? cos36 sind ds =0
' dy dy dy
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. )
- T cos® sind %— +-c0828 3L 4+ 12 cos36 sin® 48 = ¢
y dy dy

_solving for g% , we have,

4t (cosze +-sin29)‘=
dy

dT =
dy 0
from which,
T = constant =T

o

For all practical purposes, T, may be taken to be equal to the magni-

tude of sounding weight minus buoyant force.

Vertical Velocity Distribution

Equation (2-8) demands a knowledge-of the vertical distribution
-of velocity at a section before an attempt is made to integrate that
equetion. The relation between velocity and depth in a vertical sec-
tion of a stream ie; therefore; desirable. Also, from .such a curve the.
ratio of the velocity at any depth to mean velocity can easily be foundf

Much effort has been expended in investigating this relation. As
might be expected the results of the experiments in this direction do
.not agree. Each 1nvest1gator adopts a different form of curve to fit
" his observations. H. J. T:acy and C. M. Lester found that each vert-
ical-curve in the central tegionAof flow is logarthmic'ffom the  sur-
face to a point very close to floor of smooth rectangular channel.

Henry found it to be an ellipse for the St. Clalr river. For Missgisgsi-
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ppi River, Humphreys and Abbot found it to be a parabola, whose axis is
tﬁreé-tentﬁs depth below.the;wéter surface. Racourt made observations
on the Nava River, from which.helconclpded that this curve is an;ellip-
se whose minor axis is a little beléw.theesurface.

The shape of theoretical velocity curve depends much on local con-
ditions such as»rqughness of bed, slopé, etc. The exact-shapg-of the
curve variesvgreatly,_however,lfor-different-depths;of streams and for
differenfivelocitieé : Mofedver, the observations obtained with a single
meter when plotted, will not f;il on any curve, and it is possible to
fit-mprg or léss a set of imperfect vertical veldcity curves. There-
fbrg,in-open-éhéﬁnei flow the velocity distribution problem cannot be
placed on the precise basis which it enjoys in pipe flcw, However,
from long experience and thousands of measurements, as wéll as Studiga
of verticél velocity curves made uqder~widely different hydraulic con-
ditions by the United States Geological Survey, it is ghown,_that their
shapes.usually resemble the part of a parabola, the-a#is of which is
parallel to the surface of water, located at about twenty to twenty- -
five percent depth below the sufface, coinciding, in general; ﬁith the
filament of maximum velocity. The velocity decreaseé gradually from
the axis to the surface, and downward to the bottom. The curvature of
the vertical velocity curve.decreases as the depth increases for the
same mean velocity and different depths of water.

It appears, therefore, appropriate for our analysis, to assume

that the vertical velocity distribution is parabolic having the form

v=AY +BY+C
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In order to solve for A, B, and C:we make use of certain characteristics

of velocity distribution-established by the‘United.Staﬁes Geological

Survey (8) which are amplified by the followiné:statements:

(1) The location of maximum velocity is 0.25 D below the water sur-
face. | |

(2) Average velocity is approximately eightyufivé bercent'of the sur~
face velocity.

(3) A reliable and more accurate means of obtaining the average yelw
ocity is by taking the numerical mean of the velocities at 0.2 D
and 0.8 D below the water surface, where D is the'déptﬁ'éf water
below the water surface.

To locate the pesition of maximun velocity, differentiate v, with re-

‘spect to'Y, and equate the result to zero.

v=AY2+BY+C

2Y =2AY4B=0
oY

2AY=-3B
therefore
B .
o e =Y
2A

According to (1), of the characteristic velocity distribution, maximum
velocity occurs at Y = -~ 0.25 D

. therefore,

=B =-.0.25D
2A

from which,

B e
Nl

1
9~|9~
T[]
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Fig. 3 Vertical Velocity profile
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where,

C!: = the constant of proportionality

therefore,
B =KD
A =2
With these values for A and B, the parabolic equafion becqmes

v=2XY +aLDY +C

Referring to Figure 3,

v=vg atY¥=20

with these values for v and Y in the parabolic equation we have,

0O+0+¢C

Vg

i.e., vg = C
From (2), of the characteristic velocity distribution,

Vp = 0.85 vg = 0.85 C (Eqn. 2-9)
From (3), of characteristics of velocity distribution_

_ v (-0.2D) + v (-0.8D)
m 2 .

26€(~0.2D)2 +£D (-0.2D) + C + 20€(-0.8D)2 +kD (-0.8D)+ C
2

0.360¢p2 + 2 ¢ -
2 .

0.186CD2 + C ~ - (Eqn. 2-10)

]
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-

From Equations (2-9), and (2-10)

0.85 C = 0.186LD2 + C

therefore,

= _ 0.18 .2
o5 Dot

a
ol

- 1, 20LD2

from which,

[}

Vg = .- 1.2d—D2 C ) (Eqn, 2-11)

—

and finally, the parabolic equation for v, can be written,
= 2 2
v=QCl|2 Y"+DY-1.2D (Eqn. 2-12)

From Equations (2-9 and (2-11),

vm =.0.85 ( - 1.2e£ D2)

- 1.020¢ p? (Eqn. 2-13)

At this point a check for the mean velocity is in order.
Referring to Figure 3, consider an elemental strip at a depth“- Y,
from the water surface.

Area of strip per food width, da = dY

Discharge per foot width of channel = dQ = v d¥

therefore,

Q -D

fdQ= jdev

o o
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aq =¢L5(2 Y2+ DY—1.2D%2) a¥
O ©
Q =oC|2 (-p)3+2 2 2 ()|
3 ) 5 (D)% -1.2D (-Dzj
= 1.03¢X D3 '
But, discharge per foot width = -D v, —

therefore,

- 1.030kD3

D Vm

"

vm = - 1.03 p2aC

This is in good agreement with the velocity vy, of Equation (2-13).

From Equation (2-13)

o =-"'m
1.02 D2

therefore Equation (2-12) beeomes,

- V.
=-.n [2Y2+DY-1.2DZJ
1.02 p2

At this point, the transformation of coordinates is in order.

The transformation equation from old coordinate system (Figure 2) to

new coordinate system (Figure 3) is

y=Y+D
or
Y=vy-D
and,
dy = dy

Therefore, v, (Eqn. 2-12) in old coordinate system is,
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-.25D

Vave

v ="0([2Y2_v + DY - 1. 2D2]

Fig. 4 Plot of Vertical Velocity distribution
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= _VYm D)2 D) - 2]
v T02 D2 [? (y-D)* + D (y-D) 1.2 D .
and the term o 2
v dy, in Equation (2-8) can now be evaluated.
0 - |
Yy T - K : .
2 = ;H:V I 2 —-22
vé dy : _m_ 2 (y-D)*+D (y-D) - 1.2 D:] dy
j (1.0200)2 ). M
‘v2 2
=—é-z, E’Z(yz-ZyD+D2)+Dy-D2-12D2 dy
(1.02D%) _
Jvzdy= [y2-3yD-02D] dy
(1 021)2)
(6]
'y
2.
= Vm J 4y*-12y3D+8.2y%2+1.2yD3+
(1.02 p2)2 :
o.oa::‘*]a
v2
= m > [_&y_s lgyaD_'_ 8.2 3])2+ 1.2 23
2 y 5 yD +
(1.02 D2) > 3 27
9:29& v D4
1
2 S
=—Ym [o.ays-3y"n+2.7334y3nz+o‘.6y2n3+
(1.02 p?)2
o.oayn"]

Equation (2-8) can now be written with reference to

old coordinate system as,
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Y

s =1} cosh (k ) (0.8 y° - 3 y* D + 2.7334y3 D? + 0.6y2D3 +
: T 1. 0404 & 2

v

0.04 y p‘*))] dy

In terms of new coordinate system, we have,

Y
S.:JEOSH (—=% v’n v (0.8 (X +D)5 -3 (T+D)4D+
1.0404 D4 T ) '

o

2.7334 (¥ + D)3 D2 4 0.6 (Y + D)2 D + 0,04 (Y + D) D‘*ﬂ dy

(Eqn. 2-14)




CHAPTER III
THE DRAG FORCE

Before an attempt is made to integrate Equation (2-14), a relat-
ion between the drag férce on fhe suéﬁension wire as a result of flow
of water, and the Qelécity of water is‘eésgﬁtial to arriveyat a‘value
of k appearing in Equation (2-14). |

The determination of the hydrodynamic force on a body in a flow-
ing water is of priﬁary impprtance in many.engineering problems. In
a few cases, this force can be evaluated by analytical method;. In
most practical problems it is neceséary to resort fo a combination of
analysis and experiment. A nqmber of papers (9; 10, 11,5 are aVailable
dealing with the drag forces. The results of these investigations have
shown that the velocity gradient affects the drag coefficient. These
studies have also indicated that velocity gradient »effeéflis gignif-
icant in a numbef of problems of engineering importancé,fand‘pose sev-
eral questions requiring further investigation.

There is a considerable literature available concerning the drag
of the circular cylindef as influenced by velocity gradient along its
axis, but little has been contributed so far on. the nature of drag on
a wire. A variable velocity distribution and an unknown factor as a

result of oscillation of wire are involved, and thus, makes it still.

29
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extremely complex. The work in this direction by a few invesfigators
illustrates the importance of'velocity gradients on drag forces, but
does not give information that can be used Aireqtly by deéigners. Much
hag yet to be done in this direction.

The latest literature available, in the opinion of author, on
drag-velocity relationship with regard‘to a suspeﬁsion wire ié by
Bruce B. Sharp (11) in his extensive investigation of disp1acement
characteristics of thin wires suspended ip an open channél.

Until further contributions to this important_drégj;:?;city re-
lationship are made we will borrow the drag-velocity reiations extra-
polated by Bruce B. Sharp to establish a value for k, on the basis
that the drag force is proportionél to the square.of the perpendicular
component of the speed V. i.e. F = k'vZ . From Figuré 5, the aver-

age value for k' was found to be = 0.18.

Therefore,
F = 0.18 v2
% cg@d y v2 = 0.18 v2
i.e. k = Q;l§
y
_and
e 0.1855

Knowing the diameter of the cable, the magnitudes of k, and Cq may be
computed for different depths.
Meter cables commonly used for suspension of current meters, and

weights by the United States Geological Survey are:
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(1) Direct-lay cable, in two 31zes,hav1ng 0. 09“ and 0.11" diameters.
(2) The rlverse lay cable made of 0. 10' and 0.125" dlameters. Slnee
0. 10" meter cable is the one mostly used 1n suspen31on of current
meters in the United States in river gaglng, we make use: of this value
for: d whenever ‘we encounter it in our work. The values for k and Cq
with this value for d is shown in-the‘Table 1.

. The United States Geological Survey uses C type Weights renging
in sizes of 15, 30, 50, 75, 100land 15O 1lbs. For our ehalfsis use

is made of 50 1lbs.
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“TABLE T

Values for k and Cgq for different depths

D K Cq
12 0.01500 1.85
16 0.01126 1.39
20 0.009001 1.11
24 0.007501 0.93
28 0.006428 0.79
32 0.005628 0.69
36 0.005000 0.62
40 0.004500 0.56
44 0.004091 0.51
48 “0.003751 0.46
52 0.003461 0.43
56 0.003213 0.40
60 0.003000 0.37
64 0.002813 0.35
68 0.002647 0.33
72 0.002500 0.31
76 0.002369 0.29
80 0.002250 0.28
84 0.002143 0.26
88 0.002046 0.25
.92 0.001956 0.24
96 0.001875 0.23
100 0.001800 0.22




CHAPTER IV
NUMERICAL APPROACH'

The definite integral, Equation (2-14),is difficult to evaluate
by ordinary methods. Thus we turn to the method of numerical inte-
gration, the process of computing the value of a defini;e integral
from a set of numerical values of the integrand. If it:is applied to
the integration of the function of one variable, the process is fre-
~quently called the mechanical quadrature. The problem of numerical in-
tegration is solved by replacing the integfand by.aﬁ interpoiation func~-
tion, and then integrating this function between the deéired limits.

The repeated use of a simple numerical"integration'fprmﬁla involving
‘many steps is appropriate, especially if a computer is avéiléble for
the routine calculations. The accuracy of the result depends upon
the ability of interpolating function to represent the integrand over
the interval of integration. It is frequently desirable to invest-
igate this fact before embarking upon extensive integration.

Out of the quadrature formulas in ordinary use, Simpson's Rule
gives a more accurate approximation to the integral of the function,
and is ﬁell adapted for use, esﬁecially with electronic computers, More-
over,'Simpson's Rule is exact for second degree polynomial or lower,
and it turns out to be exact even for third degree or lower. The
error of approximating the integral diminishes much more rapidly

34
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than the trapezoidal method.
The characteristic approach of Simpson's method is as follows:

Suppose we wish to evaluate a definite integral

I=f (x) dx
‘where £(x) is a known function but whose integral is either not easily
evaluated or cannot conveniently be expressed in a closed fofm, then
we-can evaluate I by dividing the interval a and b into an evenvnumber,
of 2n intervals of legnth, h = kéﬁ as shown in Figure 6, finding
the approximate area of each of the strips, and summing their areas to
arrive at the value of the definite integral I between the limits a

and b.

The value of the definite integral is given by,

b
jf(x) dx'=P3- [f(xo) +4 £(x1) + 2 £(x9) + 4 £(x3) + 2 £(x4) +ma

a e e T2 £(xg.0) 4 E(xp ) f("21'1)]

h
=§[Yo+'4 YIFt2yatAy3 2yt e

e F 2y gt by 2y 0t byt Yn:]

We make use of Simpson's Rule to evaluate our definite integral S,
Where £(x) is the riéht hand side of Equation (2-14), by writing a
computer program that computes S at different depths. The program writ-
ten for this problem is included in the Appendix A‘and the results are

shown in Table 2 (a-k).

..
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TABLE 2 a

Mean Velocity: 2 ft./Second

(gt) S (feet)

4 4,00 4,000 4.000 4,000 4,000 4.000 4,000 4,000 4,000 4,000 4,000 4,000 4.000 4,000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

8 8.00 8,001 8,001 8,001 8.001 8,001 8,001 8.001 8.001 8.001 8,001 8.001 8.001 8.001 8.001 8,001 8.001 8,001 8,001 8.001 8.001
12 12,002 12.002 12,002 12,002 12,002 12,002 12,002 12,002 12.002 12,002 12,002 12.002 12.002 12.002 12.002 12.002 12,002 12.002 12,002 12.001 12,001
16 16.003 16.003 16.003 16.003 16.003 16.003 16.003 16.003 16,003 16.003 16.003 16.002 16,002 16,002 16.002 16.002 16.002 16.002 16.002 16.002
20 20.004 20.004 20.004 20.004 20.004 20.004 20.004 20.004 20.004 20.003 20.003 20.003 20.003 20.003 20.003 20.003 20.003 20.003 16.003
24 24,005 24,005 24.005 24.005 24.005 24.005 24.004 24,004 24.004 24.004 24.004 24.004 24.004 24.004 24,004 24.004 24.004 24.004
28 28,006 28,006 28.005 28.005 28.005 28.005 28.005 28.005 28.005 28.005 28.005 28.005 28.005 28,005 28.005 28.005 28.005
32 32,007 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.006 32.005 32.005
36 36.008 36.007 36.007 36.007 36.007 36.007 36.007 36.007 36.007 36.007 36.007 36.007 -36.006 36.006 36.006
40 40,008 40.008 40.008 40,008 40.008 40.008 40,008 40.008 40,007 40,007 40.007 40.007 40.007 40.007 W
44 44,01 44.01 44,01 44.01 44.01 44,01 44.01 44,01 44,008 44,008 44,007 44,007 44.008 -~
48 48,01 48.01 48.01 48.01 48,01 48.01 48,01 48,009 48,009 48,009 48.01 48,01
52 52.01 52,01 52,01 52,01 52,01 52,01 52,01 52,01 52,01 52,01 52,01
56 56.01 56,01 56,01 56.01 56.01L 56,01 56,01 56,01 56,01 56.01
60 60.01. 60.01 60.01 60.01 60.01 60.01 60.01 60.01 60.01
64 64,01 64.01 64.01 64,01 64,01 64,01 64.01 64.01
68 68.01 68.01 68,01 68.01 68,01 68.01 68,01
72 72,01 72,01 72,01 72,01 72.01 72,01
76 76.01 76.01 76,01 76.01 76.01
80 80.02 80.02 80.01 80.01
84 84,02 84.02 84.02
88 88.02. 88,02
92 92.02 92.02
96 96,02 96,02
100

100.02




TABLE 2 b

Mean Velocity: 3 ft./Second

Y

(£t) S (feet)

4 4.003 4.003 4.003 4.003 4.003 4.003 4.003 4.003 4.003 4,003 4.003 4.003 4.003 4.003 4,003 4.003 4.002 4,002 4.002 4.002
8 8.008 8.007 8.007 8,007 8.007 8.007 8.007 8.006 8.006 8.006 8.006 8.006 8.006 8.006 8.006 8.006 8.006 §.006 8.005 8.005
12 12,01 12,01 12,01 12,01 12.01 12.01 12,01 12,01 12.01 12,01 12,01 12,01 12,01 12.01 12,01 12,01 12,01 12,01 12,01 12.01
16 16.02 16.02 16.02 16.02 16.01 16.01 16.01 16.01 16.01 16.01 16,01 16.01 16.01 16,01 16.0] 16.01 16.01 16.01 16.01
20 20.02 20.02 20.02 20.02 20.02 20,02 20,02 20,02 20.02 20.02 20,02 20.02 20.02 20.02 20.01 20.01 20.01 20.01
24 24,03 24,02 24.02 24,02 24,02 24,02 24,02 24,02 24,02 24,02 24,02 24,02 24.02 24,02 24,02 24,02 24.02
28 28.03 28.03 28.03 28.03 28.03 28.03 28.03 28.03 28,02 28.02 28.02 28.02 28.02 28,02 28.02 28.02
32 32.03 32.03 32.03 32.03 32.03 32.03 32.03 32,03 32.03 32.03 32.03 32.03 32,03.32.03 32.03 w
36 36,04 36.04 36.04 36.04 36.04 36.04 36,03 36.03:36.03 36.03 36.03 36,03 36.03 36.03 ]
40 " 40.04 40.04 40.04 40.04 40.04 40.04 40,04 40,03 40.03 40.04 40,04 40,04 40.03
44 44,05 44,05 44,04 44,04 44,04 4h 0k 44 Ok 44,04 44,04 4,0k 44 04 44,04
48 48.05 48.05 48.05 48.05 48.05 48.05 48.05 48.05 48.05 48.04 48.04
52 52,06 52.05 52.05 52.05 52.05 52.05 52.05 52.05 52.05 52.05
56 56.06 56.06 56.06 56.06 56.06 56.05 56.05 56.05 56.05
60 60.06 60.06 60.06 60.06 60.06 60.06 60,05 60.06
64 64,07 64,07 64.07 64.06 64.07 -64.06 64,06 64.06
68 : 68.07 68.07 68.07 68.07 68.07 68.06 68.06
72 72.08 72.08 72.07 72.07 72.07 72.07
76 76.08 76.08 76.08 76.08 76.07
80 80.09 80.08 80.08 80.08
84 : - 84.09 84.09°84,08
88 88.09 88.09
92 _ 92,10 92,10
96 96.10 96.10

100 140,11




TABLE 2 ¢

Mean Velocity: 4 ft./Second

b4
- (£t) 8 (feat)

4 4,01 4,01 4.01 4.01 4.01 4.01 4.0l 4,01 4,01 4,01 4.01 4,01 4,01 4.01 4.01 4,01 4,01 4.01 4,01 4.01 4.01

8 8.02 8,02 8.02 8.02 8.02 8.02 8,02 8.02 8.02 8.02 8,02 8,02 8.02 8.02 8.02 8.02 8,02 8.02 8,02 B.02 8.02
12 12.04 12,04 12,04 12.04 12.04 12.03 12.03 12,03 12,03 12,03 12,03 12.03 12.03 12,03 12.03 12,03 12,03 12.03 12,03 12.03 12.03
16 16.06 16.05 16.05 16.05 16.05 16,05 16.05 16.05 16.05 16.04 16.04 16.04 16.04 16.04 16.04 16.04 16.04 16,04 16.04 16.04
20 20,07 20,07 20.06 20.06 20.06 20,06 20.06 20.06 20,06 20,06 20.05 20.05 20.05 20,05 20.05 20,05 20,05 20.05 20,05

T 24 : 24.08 24,08 24.08 24.08 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.07 24.06 24,06 24.06

28 28.10 28.10 28,09 28.09 28,09 28,09 28,08 28.08 28.08 28.08 28,08 28.08 28.08 28.08 28.08 28,08 28,07
32 : 32.11 32,11 32.11 32,10 32,10 32,10 32,10 32,10 32,10 32,10 32,10 32,09 32,09 32.09 32.09 32.09
36 36.12 36.12 36.12 36.12 36.11 36.11 36.11 36.11 36.11 36.11 36.11 36.11 36.11 36,10 36.10 W
40 - 40.14 40,14 40.14 40.13 40.13 40.12 40.12 40.12 40,12 40.12 40,12 40.12 40,12 40.12 \O
44 44,15 44.15 44.14 46,14 44,14 44.14 44,14 44.14 44.14 44,14 44,13 44,13 44,13
48 . . 48.17 48,16 48,16 48.15 48.15 48.15 48,15 48,15 48.15 48.15 48.15 48.14
52 52,18 52,17 '52.17 52.17 52.17 52,17 52,16 52,16 52.16 52.16 52.16
56 56.19 56.18 56.18 56.18 56.18 56.18 56.18 56.18 56,17 56717
60 . 60.20 60,20 60.20 60,19 60,19 60.19 60.19 60.19 60.19
64 64.22 64.22 64.21 64.21 64.21 64.21 64.20 64.20
68 ] 68.24 68,23 €8.23 68.22 68.22 68.21 68,21
72 ‘ 72,25 72.24 .72.24 72,24 72,23 72.23
76 : 76.27 76.26 76.25 76.25 76.24
80 80.28 80.27 80.26 80,26
84 ' _ 84.29 84.27 84.27
88 _ 88.29 88.29
92 92,31-92.31
96 . 96,34 96.33

100 100.35




TABLE 2 d

Mean Velocity: 5 ft./Second

Y

(ft) S (feet)

4 4,03 4.03 4,02 4.02 4.02 4.02 4.02 4.02 4,02 4.02 4,02 4.02 4.02 4.02 4.02 4.02 4,02 4,02 4,02 4.02 4.02

8 8.06 8.06 8.06 8.05 8.05 8.05 8.05 8.05 8.05 8.05 8,05 8.05 8.05 8.05 8.05 8.04 8.04 8.04 8.04 8.04 8.04
12 12,10 12,10 12.10 12.09 12.09 12,08 12,08 12,08 12,08 12.08 12.08 12.08 12.07 12,07 12.07 12,07 12,07 12.07 12,07 12.07 12.07
16 16.14 16,13 16.12 16,12 16,12 16.11 16.11 16,11 16,11 16.11 16,11 16.10 16.10 16,10 16,10 16,10 16.10 16.10 16.10 16.10
20 20,17 20.16 20.16 20.15 20.15 20.15 20.15 20,15 20.14 20.14 20.14 20.14 20.13 20.13 20.13 20.13 20.13 20.12 20.12
24 24,20 24,19 24,19 24,19 24,18 24,18 24.18 24.18 24.18 24,17 24.17 24.17 24.17 24.16 24,16 24.16 24.16 24,16
28 28.24 28.23 28.22 28,22 28,22 28.22 28.21 28.21 28.21 28.20 28.20 28.20 28.20 28,20 28.19 28.19 28.19
32 32.28 32,26 32.25 32.25 32.25 32,25 32.24 32.24 32.24 32,24 32,23 32,23 32,23 32.22 32,22 32.22 o~
36 36.31 36.29 36.29 36.29 36.28 36.28 36.27 36.27 36.27 36.27 36.27 36,26 36.26 36.25 36.25 o
40 40.34 40.33 40.33 40,32 40.32 40.31 40.31 40.30 40,30 40.30 40.30 40,30 40.29 40.28
44 44,38 44.38 44.36 44.35 44.35 44.34 44.34 44,34 44,34 44,33 44,33 44,32 44,32
48 48.41 48.41 48.40 48.38 48.38 48.37 48.37 48.37 48,37 48.36 48,36 48.36
52 52.45 52.45 52.42 52.41 52.41 52,41 52.40 52,40 52,40 52,39 52.39
56 56.48 56.46 56.45 56.45 56.44 56.44 56.44 56.43 56.43 56.43
60 60.52 60,50 60.49 60,48 60.48 60.47 60,47 60.46 60.46
64 64.55 64.53 64,52 '64.52 64.51 64.51 64.50 64.50
68 68.58 68.57 68.56 68,55 68.54 68.53 68.53
72 72.62 72.60 72,59 72.58 72,57 72.56
76 76.65 76.64 76.62 76.60 76.60
80 80.70 80.67 80.64 80.64
84 84.72 84.68 84.68
88 . ) 88.73 88.72
92 92.77 92.76
96 - 96.83 96.81
100 100.86




TABLE 2 e

Mean Velocity: 6 ft./Second

8 (feet)

(£t)

4,06 4.05 4,05 4.05 4.05 4.05 4,05 4.05 4.05 4.05 4,05 4.05 4.05 4.04 4.04 4.04 4.06 4,04 4,04 4,04 4.04
8.13 8.12 8,12 8,11 8.11 8.11 8.11 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.09 8.09 8.09 8.09
12,21 12,20 12,20 12,18 12,18 12.18 12,17 12,17 12.16 12,16 12.16 12.16 12.16 12.15 12.15 12.15 12,15 12.15 12,15 12.14 12.14

4
8
12

16.29 16.26 16.26 16.25 16.25 16.24 16.24 16.23 16.2

89.51 89.50
93.60 93.58
97.72 97.68

101.79

85.50 85.42 85.40
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TABLE 2 £

Mean Velocity: 7 f£t./Second

Y

(£ft) S (feet)

4 4.11 4.10 4,10 4,10 4,09 4,09 4.09 4.09 4.09 4.08 4.08 4.08 4.08 4.08 4.08 4.08 4.08 4.08 4.08 4,08 4,08

8 8.24 g.23 8.22 8.21 8.21 8,20 8.20 8.19 8.19 8.19 8.18 8.18 8.18 8.18 8.18 8.18 8,18 8.18 8.17 8.17 8.17

12 12,39 12.36 12.35 12,34 12.33 12.33 12.32 12.31 12.31 12,30 12,30 12.29 12.29 12.29 12,28 12,28 12.28 12,28 12.28 12,27 12.27

16 16.53 16.49 16.48 16.47 16.46 16.45 16.44 16.43 16.43 16,42 16.41 16.41 16.40 16.40 16.40 16.39 16.39 16.39 16.38 16.38
20 . 20.66 20,62 20.60 20,59 20.58 20.57 20.56 20.56 20,55 20.54 20.53 20.53 20.52 20.52 20,51 20.51 20.50 20.49 20.48
24 24,80 24.75 24.73 24.72 24.71 24.70 24.69 24,68 24.67 24.66 24.65 24.65 24.64 24.64 24,63 24.62 24.61 24.60

28 28.93 28.88 28.86 28.84 28.84 28.83 28.81 28.80 28.80 28.79 28.78 28.77 28.76 28.76 28.75 28,73.-28.72
32 33.06 33.01 32.98 32.97 32.96 32.95 32.94 32.93 32.92 32.91 32.90 32.90 32,89 32.88 32.86 32.85 )
36 37.19 37.14 37.11 37.10 37.08 37.07 37.06 37.05 37.05 37.04 37.03 37.02 37.01 36.99 36.98 o
40 41.33 41.27 41,24 41.22 41,21 41.20 41.19 41.18 41.17 41.16 41,15 41.15 41.11 41.11 N
[ 45.46 45,40 45,37 45.35 45.33 45.33 45.32 45.31 45,30 45.29 45.28 45.25 45.24
48 ' 49.60 49.53 49.50 49.48 49.46 49.45 49.44 49.43 49.42 49,41 49,38 49,37

52 53.73 53.66 53.63 53.61 53.59 53.58 53,57 53.56 53.55 53.52 53.51

56 57.86 57.79 57.76 57.73 57.71 57.70 57.69 57.68 57.65 57.64

60 61.99 61.93 61.89 61.86 61.84 61.83 61.82 61.79 61.78

64 66.13 66.06 66.02 65.99 65.97 65.96 65.92 65.91

68 70.26 70,19 70,15 70,12 70,10 70.05 70.05

72 : 74.39 74,33 74.28 74.25 74.20 74.18

76 78.53 78.46 78.41 78.34 78.32
80 82.66 82,59 82.48 82.46

84 86.79 86.64 86.61

88 90.80 90.76

92 . 94.98 94,94

96 ) 99,19 99.12

100 : 103.32




TABLE 2 h

Mean Velocity: 8 ft,/Second

Y

(£t) S (feet)

4 4,18 4.17 4.17 4,16 4.16 4.16 4.15 4.15 4.15 4.15 4.15 4.15 &4.14 4.14 4.14 4.14 4.14 4,14 4,14 4,14 4.14

8 8.41 8.39 8.38 8.37 8.36 8.35 8.34 8.33 8.33 8.32 8.32 8.32 8.31 8.31 8,31 8.31 8,31 8.30 8.30 8.29 8.29
12 12.68 12.63 12,60 12,59 12,57 12,56 12,55 12,54 12,53 12,52 12,51 12,51 12.50 12,50 12,50 12,48 12,48 12.48 12.47 12.46 12,46
16 16.91 16.84 16,82 16.81 16.79 16.77 16.76 '16.75 16.73 16.72 16.71 16.70 16.69 16.69 16.68 16.67 16.67 16.66 16.65 16.64
20 21.14 21,06 21.04 21.02 21.00 20.99 20,97 20.96 20.94 20.93 20.92 20,91 20.89 20.88 20.88 20,87 20.86 20.84 20,83
24 25,36 25,28 25.25 25,23 25,22 25,20 25.19 25,17 25.15 25.14 25.13 25.11 25.10 25.10 25.08 25.07 25.09 25.03
28 29.59 29,51 29.47 29.49 29.43 29,42 29.40 29.38 29.34 29,34 29.34 29.32 29.31 29.30 29,28 29.25 29.24 ~
32 33.82 33.73 33.69 33.66 33.69 33.63 33.61 33.60 33.58 33.56 33.55 33.54 33.52 33.51 33.47 33.46 W
36 38.05 37.95 37.91 37.88 37.86 37.84 37.83 37.81 37.80 37.78 37.76 37.75 37.73 37.69 37.68
40 42,28 42.18 42.13 42,10 42.07 42.06 42.04 42.02 42.01 41.99 41.98 41.96 41.92 41.90
48 46,51 46.40 46.35 46,31 46.29 46.27 46.25 46,24 46.22 46.21 46.19 46.14 46,13
52 50.74 50.63 50.57 50.55 50.51 50.49 50.47 50.45 50.44 50.42 50.37 50.36
56 54,96 54.85 54.79 54.75 54.72 54.70 54,68 54,67 54.65 54.60 54.59
60 59.19 59.08 59.01 58.97 58.94 58.92:58.90 58.88 58.83 58.82
64 63.42 63.30 63.23 63.19 63.16 63.13 63.11 63.06 63.05
68 67.75 67.53 67.45 67.41 67.38 67.35 67.29 67.28
72 71.87 71.75-71.68 71.63 71,59 71.52 71,51
76 . 76.10 75.98 75.91 75.81 75.76 75.74
80 . 80.33 80.21 80.13 80.00 79.98
84 84.56 84.44 84.25 84,22
88 88.79 88.52 88.47
92 92.80 92.74
96 . 97.12 97.03
100 101.47 101,34

105.70




TABLE 2 j

Mean Velocity: 9 ft./Second

Y
(£t) . § (feet)
4 4.29 4.28 4.27 4.26 4.25 4,25 4.25 4.24 4.24 4.24 &4.24 4,24 4.24 4.23 4.23 4,23 4.23 4.23 4.23 4.23  4.23
8 8.66 8.64 8.61 8.59 8.57 8.56 8.55 8.54 8.53 8.52 8.52 8.51 8.51 8,50 8.50 8.49 8.49 8.49 8,49 8.48 8.48
12 13.10 13.01 12,98 12,95 12,93 12,91 12,89 12.87 12.85 12.84 12.82 12,81 12.81 12.80 12.80 12.78 12.77 12.77 12.76 12.75 12.75
16 17.47 17.36 17.32 17.30 17,27 17.25 17,22 17.20 17.18 17.16 17,15 17.13 17.12 17.10 17.10 17.08 17,07 17.06 17.04 17.04
20 21.83 21.71 21.67 21.65 21.62 21.60 21,57 21,54 21,52 21.50 21.48 21,46 21.44 21.43 21.41 21.40 21.49 21,35 21.34
24 26.20 26.07 26.02 25.99 25.96 25.94 25.91 25.88 25.86 25.84 25.81 25.80 25.77 25.75 25.74 25.72 25.68 25.66
28 - 30.57 30.43 30.37 30.33 30.31 30.28 30.25 30.23 30.20 30,18 30.15 30.13 30.11 30,09 30.07 30.00 30.00
32 34,94 34.79 34.72 34.68 34.65 34.62 34.60 34.57 34.55 34.52 34.50 34.47 34.45 34.42 34.36 34.34
36 39.31 39.15 39.07 39.03 39.00 38.97 38.94 38.92 38.90 38.87 38.84 38.81 38.79 38.72 38.70 o
40 43.67 43.51 43.43 43.37 43.34 43.31 43.29 43.26 43.24 43.21 43,18 43.15 43.08 43.06 kS
44 48,04 47.87 47.78 47.72 47.69 47.66 47.63 47.61 47.58 47.55 47.52 47.45 47.42
48 52.41 52,23 52.13 52,08 52.04 52.00 51,98 51.95 51.92 51.90 51,82 51.80
52 56.77 56.59 56.49 56.43 56.39 56.45 56.32 56.30 56.27 56.19 56.17
56 61.14 60.96 60.85 60.78 60.74 60.70 60.67 60.64 60.56 60.53
60 65.51 65.33 65.21 65.14 65.09 65.05 65.01 64.93 64.90
64 69.98 69.70 69.57 69.50 69.44 69.40 69.30 - 69.28
68 . 74.25 74,05 73.93 75.85 73.79 73.68 73.65
72 78.61 78.42 78,29 78.20 78.06 78.02
76 . 82.98 82,78 82.65 82.45 82.40
80 87.35 87.15 '86.85 86.80
84 . 91.72 91.28 91.20
88 A 95.74 95.64
92 . 100.24 100.01
96 104,82 104.61

100 i ) 109.18




TABLE 2 k

Mean Velocity: 10 ft./Second

Y

(ft) S (feet)

& 4,45 4.43 4.41 4.40 4.39 4.38 4.38 4.38 4.37 4.37 4.36 4.36 4.36 4.36 4.36 4.36 4.36 4.35 4,35 4,35 4.35

8 9.01 8.98 8.93 8.91 8.88 8.86 8.8; 8.83 8.81 8.80 8.79 8.78 8.77 8.77 8,76 8.76 8.75 8.75 8.75 8.73 8.73
12 13.69 13.55 13,50 13,46 13.42 13,39 13,36 13.34 13.30 13.29 13.27 13.25 13.23 13,22 13.21 13.20 13,19 13.18 13,17 13.15 13.15
16 18.26 18.08 18.03 17.99 17.95 17.91 17,90 17.84 17.81 17.78 17.76 17.73 17.71 17.70 17.68 17.66 17.65 17,63 17.60 17.59
20 22,82 22,63 22,56 22.53 22.48 22.48 22.40 22.37 22.33 22.29 22.26 22.24 22.21 22.19 22.17 22.14 22,13 22.07 22,06
24 27.39 27.17 27.10 27.05 27.03 26.97 26.93 26.89 26.85 26.82 26.78 26.75 26.72 26.70 26.66 26.64 26.57 26.55
28 31.95 31.73 31.64 31.63 31.94 31.50 31.46 31.42 31.38 31.34 31.31 31.27 31.24 31.20 31,17 31.09 31,07
32 : 36,52 36.28 36.28 36.12 36.07 36.02 36.00 35.95 35.91 35.87 35.83 35.80 35.76 35.72 35.63 35.60
36 41,08 41.07 40.71 40.65 40.60 40.55 40.52 40.48 40.44 40.40 40.36 40.32 40,28  40.17 40.14 ’ i;
40 45.40 45.38 45.26 45.18 45.13 45.09 45.05 45.00 44.97 44.93 44.87 44,85 ' 44.73 44.70
48 50,21 49.95 49.80 49.72 49.66 49.62 49.58 49.54 49,50 49.45 49,42 49.30  49.26
52 54.78 54.50 54.35 54.26 54.20 54.15 54.10 54.07 54.02 53,98 53.86 53.82
56 ) 59.34 59.05 58.90 58.80 58.74 58.68 58.64 58,69 58,55 58.43 58.35
60 63.90 63.62 63.45 63.35 63.27 63.22 63.17 63,12 . 63.00 62,96
64 68.47 68.18 68.00 67.89 67.82 67.75 67.70 67.57 67.53
68 73.04 72.74 72.56.72.44 72.35 72,28 72.14 72.10
72 ’ 77.60 77.30 77.11 76.98 76.89 76.72 76.67
76 82.16 81.86 81,66 81.53 - 81.30° 8l.25
80 86.73 86.42 86.22 85.90 85.83
84 91,29 90,98 90.52 90.44
88 95.86 95.18 '95.06
92 99,89 99.73
96 104.67 104.44
100 . 109,55 109.23

114.12




CHAPTER 'V
REGRESSION MODELS

* From Table 2 (a-~k) of the previous Chapter; it may be seen that
at ¥j, 1 =1, L o m e e e » k, we have n; observations Bjy » V= 1==,

'D.i-

It appears appropriate to fit a regression line of 8, on Y. A
. plot of Y, and the mean of the corresponding distribution of sy, , in-
~ dicates that their relation is very nearly exacf, and éhe data~ma§ be
approximated well by a straight line passing fhrouéh thé origin; The
plot also indicated that one regression line cannot fit all the data,
and several regression Models are necessary to fitvint;'tﬁeAdata. In
this Chapter interest is centered on'es;abliShing.:egrgssioninddels,
and to measure the degree to which the variables are associated in
-each Model by.cbrrelation analysis. Using these Models, the wet line
-corrections for different wet line lengths will be established.

The estimated Regression Equation is, s=b¥
The standard method of estimation of parameters in regression is the
method of Least-Squares; this is to use those values of b, which will
minimize the sum of the squares of ‘deviations, R, between thé observed
values 8iy, and the predictions of sj in the e;timatedquuation. As‘
far as'the'estimation-bf parameters is concerned, it does not require

the assumption of normality. The method of Least-Sduares has the de-

46
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sirable properties_ that the estimates it givgs are unbiasedhv’.,‘ and all
unbiased" linear estimates have th_eminimum variance. |
The sum of squares of &éviations between the observed values of
8jy» and the predictéd values of s; is, |
K"
R = Zz(slv = :'.

L3

Z%(slv -b Yl)z

i
To find the value of b that minimizes R, we differentiate R with respect

to b, and equate to zero.

R = 2 (8iy = b ¥y) (-Y) =0
3b .' S

3

nj

K 1
2 b Y 2281\] Yj_:O
{ v

b .

v v
kM
T éz 8jy Yi
b = v
K ne
£ 3
{ Vv
k44
_ 2 8iy Yj
b= (Eqn 8)
K
Z'ni Y12
{

The values of b, for different model ranges, are reported in Appendix B.

The Regression Models for these model ranges are shown in Table 3.
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Using these Models, the wet line corrections are computed and included

in Table 4.

Corfelation Coefficient
Having‘egtablished the Regression Models, it is . necessary toi
analyse how clesely the variables s; and Y; are associated. The meas-
ure of the degree of association is called the co:;elatioﬁ coefficient.

\—/ (2 ;12)(§zsziv M

The Correlation Coefficients for different Regression Models are

For our work it is given by:

‘shown in Table 5. From this Table it is readily seen that all the mod-

els have the values of r, which are close to onme.




TABLE 3

REGRESSION MODELS

-y

$=1.0003101 Y 5=1.0016927 Y

MODEL MEAN VELOCITY IN FEET PER SECOND
‘2‘2‘333 1 2 3 4 5
1-20 S= S=1.0001452 Y  S=1.0008188 Y  $=1.0030085 Y §=1.00725 Y.
2040 S= §=1.0001909 Y  §=1.0009312 Y  $=1.0031063 Y §=1.00769 Y
40-60 S= $=1.0001859 Y  S=1.0009780 Y  S=1.0032306 Y $=1.00802 Y
60-80 sy $=1.00016 Y §=1.0010153 Y  $=1.0033297 Yv $=1.00819 Y
' 80-92 s=Y $=1.0003101 Y  $=1.0016927 ¥  §=1.003337 ¥ §=1.00829 Y
92-100 S=y $=1.0034932 Y

$=1.00856 Y

0n
\D




TABLE 3 (Continued)

REGRESSION MODELS

MODEL MEAN VELOCITY IN FEET PER SECOND

RANGE '

(feet) 6 7 | 8 9 10
1-20 '$£1.01486 Y $=1.02743 Y $=1.04656 Y $=1.0748 Y 5=1.11334 Y
20-40 §=1.,01587 Y $=1.02932 Y $=1.04879 Y S=1.08096 Y $=1.12322 Y
40-60 8=1.01655 Y ' §=1.03022 ¥ s=1.05241 Y §=1.08438 ¥ $=1,12979 Y
60-80 © §=1.01701 Y §=1.03155 ¥ $=1.05397 Y §=1.08697 Y $=1.13342 Y
80-92 $=1.01703 Y $=1.03155 Y s=1.05469 Y s=1,08842 Y §=1.13535 Y
92-100 $=1.01777 ¥ §=1.,03298 Y §=1.05654 YV s=1.09113é s=1.1aooo.Y

3

0s




WET LINE CORRECTIONS

TABLE 4

WET LINE
LENGTH
(feet):

10
11
12
13
14
15
16
17
18
19

20

MEAN VELOCITY IN FEET PER SECOND

T 2 3 4 5 6 7 8 9 10
¥ 0.0010 0,0065 0.024 0.060 0,117 0.213 0.356 0.556 0.814
0.0013 0.0073 0.027 0.065 0.131 0.240 0.400 0.626 0.916
0.0014 0.008 0.030 0,072 0,146 0.267 0.445 0.696 0.018
0.0016 0,009 0.033 0.079 0.161 0.293 0.489 0.765 0.120

Al 0.0017 0.010 0.036 0.086 6.175 0.320 0.533 0.835 1.221
'% 0.0018 0.010 0.039 0.093 0.190 0.34? 0.578 0.904 1.323
Eé 0.0020 0,011 0.042 0.100 0,204 0.373 0.623 0.974 1.425
§ 0.0021 0,012 0.045 0.108 0.219 0.400 0.667 1,044 1.527
Z. 0.0023 0.013 0.048 0.115 0.234 0.427 0.712 1.113 1.628
.0.0025 0.014 0.051 0.122 0.249 6.454 0.756 1,183 1.730
0.0026 0,015 0.054 0.129 0.263 ‘0.480 0.800 1.252 1.832
0.0027 0.0155 0.057 0.136 0.278 0.507 0.845 1.322 1?934
A g 0.0029 0.016~. 0.060 0.144 0.534 0.889 2.036

0.293

1.391

19



TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE MEAN VELOCITY IN FEET PER SECOND
LENGTH, , ‘
(feet): 1 2 3 A 5 6 7 8 9 10
21 I  0.0030 0.017  0.063 0.151 0,310 0,561  0.93  1.461 2,137
22 0.0043 0.020  0.068 0.163 0,332 0,587  0.978 Lea7 2,413
23 0.0046 0.021  0.071 0.175 0.359  0.634  1.069  1.722 2,523
24 0.0048 0,022  0.074 0.183 0.375  0.683  1.116  1.797  2.632
25 0.0049 0,023  0.077 0.191 0,390  0.712  1.163  1.872  2.742 s
26 g 0.0051 0.024  0.081 0.198 0.406  0.741 1,209  1.947 2,852 |
27 2 0.0053 0.025  0.084 0.206 0.421  0.769  1.256  2.022  2.962
28 &  0.0055 0,026 0,087 0,213 0.437  0.797 1.302  2.10 3.071
29 2 0.0057 0.027  0.090 0.221 0.453 ~ 0.826 1349 2,171  3.181
30 0.0059 0.028  0.093 0.229 0.468  0.854  1.395  2.246  3.291
31 0.0061 0,029  0.096 0.236 0.484  0.883  1.442  2.322  3.400
32 0.0063 0.029  0.10  0.244 0,500 0,911 1,488  2.396  3.510
33 0.0065 0.030 0,102 0.252 0,515  0.940  1.535  2.471  3.620
34 1 0.0067 0.031  0.105 0.259 0.531 0,968  1.581  2.546  3.729




TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE - MEAN VELOCITY IN FEET PER SECOND

LENGTH

(feet) 1 2 3 4 5 6 7 8 9 10
35 T 0.0067 0.032  0.108 0.267 0.546  0.997  1.628  2.621  3.839
36 0.0068 0.033  0.111 0.274 0.562  -1.025 1.675  2.696  3.949
37 0.0071 0.034  0.114 0.282 0.578  1.054 1.721  2.771  4.058
38 0.0072 0.035  0.117 0.290 0.593  1.082  1.767  2.846  4.168
39 | 0.0074 0.036  0.120 0.297 0.609  1.111  1.814  2.921  4.278
40 100076 0.037  0.124 0.305 0.624  1.139  1.861  2.99  4.388 =
41 2 0.0078 0.038  0.127 0.313 0.647  1.167  1.910  3.070  4.497
42 g. 0.0081 0.041  0.135 0.327 0.670  1.20  2.091  3.268  4.824
43 F 0.0082 0.042  0.138  0.335 0.70 1.261  2.141  3.346  4.939
7A § 0.0084 0.043  0.141 0.350 0.716  1.290. 2,191  3.424  5.054
45 0.0086 0.044 0,145 0.358 0.732  1.320 2.241  3.501  5.169
s | 0.0088 0.0449  0.148 0.366 0.748  1.349  2.291  3.579  5.284
47 0.0089 0.046  0.151 0.374 0.765  1.378  2.340  3.657  5.399
48 1 0.0091 0.047  0.154 0.381 0.781  1.408  2.390  3.735 . 5.5l4




TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE ) MEAN VELOC‘ITY IN FEET PER SECOND

LENGTH

(feet) 1 2 3 4 5 6 7 8 9 10
49 T 0.0093 0.048 0.157 0.390 0.797 1.437 2.440 3.812 5.629
50 . 0.0095 0.049 0.160 0.398 0.814  1.466 2.490 = 3.890 5.743
51 - 0.0097 0.050 0.164 0.405 0.830 1.496 2,540 3.968 5.858
52 0.0099 0.051 0.167 0.414 0.846 1.525 2.589 4.046 5.973
53 - 0.0100 0,052 0.171 0.421 0.863 1,554 2.639 4.124 6.088 i
54 ‘% 0.0103 0,053 0.174 0.429 0.879 1.584 2.689 4.201 6.203
55 E; 0.0105 0.054 0.177 0.437 0.895 1.613 2.739 4.279 6.318
56 é 0.0107 0,0547 0.180 0.445 0.912 1.642 2.788 4.357 6.433
57 2 0.0109 0,055 - 0.183 0.453 0,928 1.672 2.838 - 4.435 6.548
58 0.0110 0.056 0.187 0.461 0.944 1.701 2.888 4,513 6.663
59 0.0112° 0.058 = 0.190 0.469 0.960  1.730 2.938 4.591 6.777
60 0.0114 0.0586 0.193 0.477 0.976 1.760 2.988 4.668 6.892
61 1 0.0116 0.061 0.196 0.485 0.993 1,789 3.037 4.746 7.007




TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE MEAN VELOCITY IN FEET PER SECOND

LENGTH '

(feet) 1 2 3 4 5 6 7 8 9 10
62 T 0.0118 0,063 0,205 0,500 1.023  0.818  3.174 .4.961  7.300
63 ) 0.0120 0.064  0.210 0.510 1.05  1.926  3.226  5.041  7.410
64 0.0122 0.065  0.212 0.520 1.070  1.957  3.277  5.121  7.530
65 0.0124 0.066  0.216 0.528 1.087 1.990  3.328  5.20 7.651
66 0.0126 0.067  0.219 0.536 1,103 2,018  3.379  5.280  7.769 e
67 5 0.0128 0.068  0.222 0.544 1,120  2.049  3.431  5.361  7.886
68 ;‘-’t_ 0.0130 0.0689  0.225 0.552 1.137  2.079  3.482  5.440  8.004
69 Z 0.0132 0.067  0.229 0.560 1.154 2,110 3,533 - 5.521  8.122
70 % 0.0134 0,071  0.232 0.568 1.170  2.141  3.584  5.601  8.240
71 0.0135 0.072  0.235 0.576 1.187 2,171  3.635 5.681  8.357

v 72 0.0137 0.073  0.239 0.584 1,204  2.202  3.686  5.761  8.475
73 0.0139 0.074 0,242 0.593 1,220  2.232  3.738  5.840  8.593
74 & 0,041 0.075  0.245 0.601 1.237  2.263  3.789  5.921  8.710




TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE MEAN VELOCITY IN FEET PER SECOND

LENGTH —

(feet) 1 2 3 4 5 6 7 8 9 10
75 T 0.0143 0,076 0.249 0.609 1.254 2.294 3.840 6.000 8.829
76 0.0145 0.077 0.252 0.617 1,271 2.324 3.891 6.081 8.946
77 0.0147 0.078 0.255 0.625 1.287 2.355 3.942 6.161 9.064
78 0.0149 0.079 0.259 0.633 . 1.304 2.385 3.994 6.241 9.181
79 - ' 0.0151  0.080 0.262 0.641 1,321 2.416  4.045 6.321 9.299 &
80 % 0.0152 0,081 0.265 0.650 1.338 2.446 4.096  6.401 9.417
81 % 0.0251 0.136 0.269 0.661 1,355 2.477 4.147 6.481 ~  9.534
82 § 0.0254 0.138 | 0.272 0.670 1,373 2,507 4.252 6.661 9.775
83 - 0.0257 0.140 0.276 0.678 1.390 2,538  4.303 6.742 9.89
84 0.026 0.142 0.279 0.690 1.406 2.569 4,355 6.824 10,014
85 ‘ 0.0263 0.144 0.282 0.698 1.423 2,599 4.407 6.905 10.133
86 0.0266 0.145 0.285 0.707 1.440 - 2.630 . 4.459 6.986 10.252
87 . X 0.0269 0.147 0.289 0.715 1.457 2.1661 4,511 7.067 10,371




TABLE 4 (Continued)

WET LINE CORRECTIONS

WET LINE
"LENGTH
(feet)
88
89
90
91
92
93
94
95
96
97
98
99

100

MEAN VELOCITY IN FEET PER SECOND
2 3 BE 6 7 8 9 10
T 0.0273  0.149 0.292 0.723 1.473 2.691  4.563  7.148  10.490
0.0275 0,150 0.296 0,732 1,490 2,722 4.615  7.230  10.610
0.0279  0.152 0.299 0.739 1.501 2.752  4.666 7.311  10.729
0.0282 0.154  0.302 0.748 1.523 2.783  4.718  7.392  10.848
i 0.0285 0.155 0.320 0.756 1.540  2.814  4.770 ' 7.474  10.967
% 0.0288  0.157 0.324 0.764 1.567 2.844  4.822  7.555 11,086
T 0.0291 0,159 0.327 0.772 1,607 2.874  5.030  7.852  11.543
; 0.0294 0,160  0.331 0,781 1,650 2.905  5.083  7.934  11.666
z 0.0297 0,162 0.334 0.814 1.676 - 3,065 ~5.137  8.017  11.789
0.0300 0.164  0.337 0.823 1.693 3,097 5,191 8,101  11.912
0.0304 0.166 0.341 0.831 1,711 3.128  5.244 8,184 12,035
0.0306 0.167 0.344 0.840 1.730 - 3.160  5.298  8.268 12,157
1 0.0310 0.169 0.3:8 0.850 1.745  3.192  5.351  8.351 12,280
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TABLE 5

Correlation Coefficients ~

Mod i

Mean Vel. 1-20 20~-40 40-60 et60-88 80-92 92-100
ft./Sec.

2 0.9997 0.9997 0.9990 1.000 0.9990 . 0.9990

3 0.9996 1.0000 0.9999 0.9997 0.9996 0.9996

4 0.9999 0.9991 0.9998 0.9998 0.9997 - 1.0000

5 0.9996 1.0000 0.9996 1.0000 0.9998‘ 1.0000

6 1.0000 0.9995 0.9999 0.9817 1.0000 0.9998

7 1.0000 6.9998 0.9997 0.9997 0.9998 1.0000

8 0.9982 0.9991 1.0000 0.9883 0.9998 1.0000

9 1,0000 0.9998 0.9997 1.0000 1.0000 1.0000

10 0.9998 0.9997 1.0000 0.9997 1.0000 0.9997




CHAPTER VI
TEST 'RESULTS

Equipment

The tests were conducted to collect data, lending some support to
the. theoretical wet-line -corrections.

The installationvcomprised.é-self-contained circulating'water-sys-
tem. Water was supplied.from the Labsratory sump by a 2 inqh I..b. Steel
pipe. The sump is 30 feet long, 15 feet wide, and 4.5 feet deep. A
Worthington”behtrifugal pump driven by a variablg speed General Elect-
ric motor was used.

The flume was of plexiglass, six feet long, one'foot high and
mounted inside a flume twelve feet long and 18" high to facilitate
the out flow into a cylindrical receptical which returned the dis-.
charge to the sump. A schematic view of_the flume is shown in,Figure
7 and photographically as Figure 8.

Water~ﬁas admitted to tﬁe flﬁme through a vertical down gipe.v
‘Certain appurtenaﬁces were -used to dgmp out any disturbances, such
as turbulence‘and shock .that developed. ‘Slightly‘downstream, thrge
groups of copper tubes, four inches long, % inch in diameter, one be-
hind the other, were positioned to stfaighten.the flow, and lessen or

eliminate any surface irregularity that occured. In addition,
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to aid in the damping action? a wire mesh was placed.in front of'the“
copper tube system. This scheme proved to be guite effective. There
was almost no surface~waviness, and water filauents were virtually a
straight line through the entire flume length.

| The flow rate was metered by a 1.654 inch bore, flat orifice
plate. The desired flow rate Q, was obtainedAfrom readings of water
and mercury manometers that have been previously ca11brated by stan-
dard weighing methods. The callbratlon curves for both mercury and
water manometers are shown in the Appendix A.

A pitot tube was used for veléc;ty measurements. It-was*incer-
porated in'the flume at the end of working sectlon to determlne the
velocity profile along a vertical section. The veloclties are general-
ly great": enough to create an adequate velocity head in the manometer.
Two different diameter probe epenings»were-used. It:uas teund that
both thesge probe diameters (0.025 in. and 0.0625 in.) gave esseutially
the same readings. The average veloeity was compared'uith that of the
measured flow rate. A reasonable'agreement (See Table'7, Appendix A)
was obtained for the average veloclty from p1tot tube measurements that
gave slightly h1gher results over that obtained from the measured flow.
The velocity profiles for various flow ratés are shown in Flgure 9.

The wire of O 01 inch diameter was uaed It~was‘suspended into
the flow in the.plane-of the velocity measurement aleng‘with a cylind-
rical piece of lead, and subJected to the drag of -water in the flume.
This piece of lead was made to resemble approxrmately the shape of its
prototype.

For each run, the wet line length was measured by lowering the
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cylindrical lead weight so that its bottom was at the water surface
and noting the additional length of wire that had to:be paid out to
lower the lead weight to the bottom of the flume, and at intermediate
poinfs. The true ver;ical depth was peasured by a scale fixed‘to the
‘wall of the flume. After reading the manomeﬁers, the pitotétubé, the
depth was increased by increasing the discharge at—whicﬁ time the en-
tire cycle was repeated. The discharge was incremehtally increased un-
til maximum pump capacity was obtained.

The results of the suspension wire tests have‘been included in
Appendix A and the Experimental wet 1ine corrections are c¢mpared ﬁith

that obtained by theoretical inveétiéations in Table 6.
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THEORETICAL AND’EXPERIMENTAL-WET'LINE

4
(<23

TABLE 6

CORRECTIONS
D Y S Wet line corrections
ft. . ft. ft. Theoretical Experimental
2.917 2.917 2.942 0,020 0.026
2.083 2.109 0.015 0.026
3.333 3.333 3.411 0.052 0.078
2.500 2.552 0.040 0.052
1.666 '1.690 0.025 0.024
3.85 3.850 3.932 0.060 0.082
3.020 3,073 0,045 0.053
2.180 2.21Q 0.032 0.030
4.166 4.166 42k 0.062 0.080
3.333 3.385 0.049 0.059
2.500 3.062 0.037 0.052
1.666 1.692 0.025 0.026
4.583 4.583 4.661 0.078 0.078
3.750 3.802 0.055 0.052
2.916 2,942 0.043 . 0.036
2.080 2.109 0.031 0.030
5.0 5.000 5.102 0.137 0.103
4.160 4.245 0.110 0.085
3,330 3,411 0.091 0.081
2.500 2.550 ' 0.068 0.050
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TABLE 6 (Continued)

0.070

D S Wet line corfections
ft. ft. ft, - Theoretical Experimental
'5.885 5.885 5.963 0.110 0.078
5.052 5.130 . 0.138 0.078
4.218 4.271 0.115 0.053
3.385 3.437 0.093 0.052
2.552 2.580 0.030




CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Conclusions
A theoretical formﬁla has been developed which describes the re-

lation between the leﬁgth of wet line paid out, and the true depth.
The method is particularly well suited for machine calculatipns,.and
reliable solutions can be obtained. General applicability‘seems just-
ified in view of the correspondence between the obsgrved aﬁd computed
values of corrections for inclinations. However, the accuracy of theo-
~retical wet linevcprrections has been purposely underestimated because
-oftlack»of-direct-correlation between the drag and velééity. Conse=
quently, the wet line corrections in Table 4 are mereiy meant to be
indicative of the procedure in applying the formula developed. Al-
though some progress has been made over the years, more work needs to
be done on this very important drag-velocity relationship which is sig-
nificant in a number of problems of Engineering importance. Although
the Test device provided a measure of wet line length, an error in the
-measurement of its magnitude was always involved because of the oscil-
lations of the wire.

| The inclination corrections are presented rather to show that the
Equation thus derived provides a method by which the true-depth may be
computed knowing the wet line paid out. The real significance of the
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results obtained lies in the fact that .a systematic evaluation of the
formula can be undertaken with the aid of digital .computers. The Equa-

tion thus derived may be applied to any problem of this nature.

Recommendations

As has been pointed out earlier, some minor aspects of the pro-
blem merit further research. Notably among these are:

(1) The weight of the cable and its effect on the mathematical model,

(2) The fabrication configurational twist and the stiffness in the wire.

(3) The force of bouyancy.

(4) The frictional resistance arising out of the component of velocity
parallel to the wire.

If these were included, the resulting equation would indeed look for-

midable, and an anélytical solution would be very difficult. Neverthe-

less, the matter of discipline and application may open the doors to

solve such an equation by future investigators, wutilizing the advant-

ages furnished by computers.

A proper correlation between the drag and velocity has never
been properly defined, although considerable effort has been expended
by many investigators. Since the Drag force will always be involved
in a problem of this nature, it is suggested that the Drag-velocity
relation on suspension wires should be studied both analytically and
experimentally. This work will have to be done before we can have a
complete understanding of the problem.

In the Eqution (2-14) the tension T is approximatéd to be equal
to the magnitude of meter and the sounding weight. In the future in-

vestigation, a much better way of evaluating this T is needed in the

problem.
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APPENDIX A
Computef-Program;;-Experimental Data
and

Calibration Curves
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72 (a)

READ VS,

YINC D,C,N

END FILE _

Y=YINC

FN=N FLOW CHART

9

SUM 4=0.0 |
SUM 2=0.0

SUM 4=SUM 4+F (X+D)

SUM 2=SUM 2+F (X+H+D)

NO I=I+2
X=X+2H

Y

COMPUTE
S

3

WRITE
Y, S

NO

(Yi<iD|?

Y=Y+YINC




73
WIRE SHAPE IN STREAM MEASUREMENTS H, MALLAREDDY
COSH(A)=(1.0- (TANH(A) )#*2) ¥ (-0.5)
9 READ(1.60) VS,YINC,D,C,N

60 FORMAT ~(4F10.0, 14)
WRITE(3.70) VS,D,C

70 FORMAT(//30X,2HV=, F3.0, 3X, 2HD=, F6.0, 3X, 2HK=, F8.4)
WRITE (3,71) |

71 FORMAT (/32%, 1HY, 14X, 1HS)
Y=YINC
FN=N

100 SUM4=0.0
SUM2=0.0
B=Y/FN
I=T
X=H

12 SUM4=SUMA4+COSH(CHVSHVS* (0. 8% (X+D)*¥5-3 , 0% (R+D) **4%D
142, 7334% (X+D) *HIHDADHO. 6% (X+D)*H2HD*H3+0 , 0% (X+D) % (D¥D)*42)
2/ (52.02%(D¥D)¥**2)) | '
SUM2=SUM2-+COSH (CHUSHYS# (0., 8% (RHEHD) *+5-3 , 0% (RAHHD ) *k44D
1442, 7334% (RHEHD) #43ADADE0. 6% (RATAD) *H2DH43+0, 04 (FHEHD)*
2(D*D)*%2) /(52.02% (D+D)*%2))
IF(I-M3) 21, 32, 32
21 1=1+2
X=X+2.%H
GO TO 12
32 S=H/3% (4. *SUMG+2 . XSUM2-+4. 0%

1 COSH (CRVS*VS# (0., 8% (Y-F+D)*%5-3 , 0% (Y-F+D) #+4*D
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2+2.7334*(YﬁH*D)**3*D*D+O.6*(Y-H*D)**2*D**3+0.04*(Y-H}D)*
3(DADY##2) / (52.02% (D¥D)*42) )

4 +COSH(C*VS*VS* (0., 8% (Y+D)¥%5-3 , 0% (Y+D) *%4%*D
542, 7334% (Y-+D) **3*D*D+0 . 6% (VD)% 2¥D%%3+0 , 04% (Y+D)* (D#D) *%2)
6/ (52.02%(D*D)*%2))
7+COSH (1. 1734*%C*VS*VS*D/52.02))
WRITE(3,61) Y,S
61 FORMAT (F6.0,E20.8)
IF (ABS(Y)-ABS(D)) 101,200,200
101 Y=Y+YINC
GO TO 100
200 GO TO 9

END



TABLE 7

EXPERTMENTAL DATA

Mean Velocity

Run Discharge From Q Pitot Depth Wet Line
No. Q, cfs : Tube Y, Tin. S, in,
1 0.102 1.400 1.455 3.500 - 3.530
, 2.500 2.530
2 0.139 1.680 1.790 4,000 4.094
: ‘ 3.000 3.062
‘ : 2.000 2,031
3 0.169 1.760 1.860 4.625 4,718
3.625 3.687
2.625 2.655
4 0,187 1.869 1.8650 5.000 5.093
' 4.000 4,060
3.000 3.062
2.000 2,047
5 o 0.224 1.960 1.930 ~  5.500 5.59%
: 4,500 5.562
3.500 3.531
2.500 2.531
6 0.265 2.120 2,200 6.000 6.125
5.000 5.094
4.000 4.093
. 3.000 3.062
7 0.293 2.170 2.200 6.500 6.656
' 5.500 5.625
4,500 4,594
3.500 3.594
2.500 2,562
8 0.316 2.350 2.260 7.062 7.156
6.062 6.156
5.062 5.125
4,062 4.125

3.062 3.09




76

Fig.1Q Calibration Curve
Mercury Manometer
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APPENDIX B
Regression parameters b, and Correlation coefficient

for different Model ranges.
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TABLE 8-2

- Mean Velocity: 2 ft./Second

Y5 4 8 - 12 16 20
4.00 8.001 12.002 16.003  20.004-
Siv
12.001 16.002 20.003
g 1 1 2 2 2
Kk ™
L2 Siv Yi = 1680.244
iv
K
? n; Y;2 = 1680.00

b = 1.0001452

r = _1680.244.
= 0.9997

\/ 1680 x 1680.53




TABLE 8-2 (Continued)

Mean Velocity: 2 ft./Second

Yy 24 28 32 36 40
a—
24.005 28.006 32,007 36.008 40.008
Siv 24,004 28.005 32.005 36.007- 40.007
36.006

ng 2 2 2 3 2

k nj

£ Siv Yi = 11858.264

iv '

¥ ni vi2 = 11856.00
i

b = 1.0001908

r 11858.264 = 0.9997

\/11856 x 11860.52
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TABLE 8-2 (Continued)

Mean Velocity: 2 ft./Second

48 52 56

Y; 44 60
44,01 48,01 52.01 56.01 60.01 -
Siv 44.008 48.009
44.007
ng 3 2 1 1 1
k n;
£ 5 Siy Yi = 19859.692
iv
k
T n; Y;2 = 19856-00
1
b = 1.0001859
r = 19859.692

= 0.999
\/&9856 % 19863.385
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TABLE 8-2 (Continued)

Mean Velocity: 2 ft./Second

Yi 64 68 72 76 80
64.01 68.01 72.01 76.01 80.02
Siv
80.01
ny 1 1 1 1 2

kn
2 T Siy Yi = 32485.2
i1v

k 2
z mi ¥i% = 32480.00
b = 1.00016
r =  32485.2

= 1.000

\J/§z4so % 32490.4
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TABLE 8-2 (Continued)

Mean Velocity: 2 ft./Second

1; 84 88 92 96 100
84.02 88.05 92.05 96.02 100.02
Siv
88.02 92.02
ng 1 2 2 1 1

k n
5585y ¥y = 58706.2
v

ol v o
i
4
e
N
]

58688:00

b = 1.0003101

r = 58706.2

\/58688 x 58724.41

= 0.999




TABLE 8-3

Mean Velocity: 3 £t./Second

v; 4 8 12 16 20
4.003 8.008 12.01 16.02 20.02
4.002 8.007 16.01 ..20.01
Siv
8.006
8.005
ny 2 4 1 2 2
ki
DT S;, Yy = 1745.428
iV
k
T nj Y32 = 1744.00
i
b = 1.0008188
1745.428 :
r = Eam— = 0.9996

\J/ﬁ744 x 1746.857
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TABLE 8-3 (Continued)

Mean Velocity: 3 ft./Second

Yy 24 28 32 36 40
24,03 28.03 32.03 36.04 40.04
Siv )
24.02 28.02 36.03 40,03
ni 2 2 1 2 2
k i
ZX Sjv ¥y = 9544.88
iv
k

T n; Y42 = 953600
i

b = 1.0009312

9544.88

r = 1.0000

\/9536 x 9553.768




TABLE 8-3 (Continued)

Mean Velocity; 3 ft./Second

Yy 44 48 52 56 60
4405 48.05 52.06 56.06. 60.06
Siv
4h .04 48.04 52.05 56.05 60.05
ng 2 2 2 2 2
k M4
LT Sy, Y = 27386.76
iv
k

T ng Y42 = 27360.00

b = 1.0009780

27386.76

= 0.9999
\j57360 x 27413.65
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TABLE 8-3§ibontinued)

Mean Velocity: 3 ft./Second

Yy 64 68 72 76 80
' 64.07 68.07 72.08 76.08 80.09
siv
64.06 68.06 72.07 76.07 80.08
nj 2 2 2 2 2
k %
L Sjy Y = 52212.96
iv
k
T ng ¥4% = 52160.00

1

b = 1.0010153

_52212.96

r = = 0.9997
52160.00 x 52265.97




[o 2]
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TABLE 8-3 (Continued)

Mean Velocity: 3 ft./Second

\73488 x 73737.07

0.9996

Y5 84 88 92 96 100
84.09 88.27 92.28 96.10 - 100.11
Siy 84.08 88.26 92.10
88.09
ng 2 3 2 1
kM
L S;, ¥ = 73612.40
iv
k 2
£ n; Y;2 = 73488.00
i
b = 1.0016927
73612.40
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 TABLE 8-4

Mean Velocity: 4 ft./Second

20

b = 1.0030085

2359.076

r = / = 0.9993
\/5352 x 2366.17

Yy 4 8 12 16
4.01 8.02 12,04 16.06 ~20.07
Siv 4.009 12.03 16.05 20.06
16.04 20.05
nj 2 1 2 3 3
k 4
TE S Y = 2359.076
iv
k
T ni Yi° = 2352.00




TABLE 8<4 (Continued)

Mean Velocity: & ft./Second

\n
(=}

24 28 36 40
24.08 28.10 36.12 40,14
24,07 28.09 36.11 40.13
24.06 28.08 36.10 40,12
28.07
3 4 3 3
X SiVYi =
Z ni Yiz =
b = 1.0031063
= 0.9991

Ji6624 x 16727.44




TABLE 8-4 (Continuéd)

Mean Velocity: 4 ft./Second

Y; 44 48 52 56 60
4415 48:17 52.18 56.19 60.20
44,14 48.16 52.17 56.18 60.19
Siv ' .
44,13 48.15 52.16 56.17
48.14
ng 3 4 3 3 2
k B4
ST Siy Y3 = 39872.40
iv
k
S nj Yi2 = 39744.00
i
b = 1.0032306
39872
r = 0.9998

\jg9744 x .40001.22
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' TABLE 8-4 (Continued)

Mean Velocity: 4 ft./Second

¥, 64 68 72 76 . 80
64 .22 68.24 72.25 76.27° 80.28
64.21 68.23 72.24 76.25 80.27
Sy .
64.20 68.22 72.23 76.24 80.26°
68.21
ng 3 4 3 3 3
k i
T E S;, ¥; = 83139.920
1V
k 2
T n; Y;2 = 82864.00

b = 1.0033297

83139.92

r = = '0.9998
\/%2864 x 83416.76




0
w

TABLE 8-4 (Continued)

Mean Velocity: &4 ft./Second

Yy 84 88 92
84.29 88.29 . 92.31
Siv ;
84.27
ng 2 1 1
ki
T T Siy Y = 30421.08
iv
k

T nj Y32 = 30320.00
i

b =" 1.0033337
30421.08
= 0.9997

\ﬁoazo x 30522.49




TABLE 8-4 (Continued)

Mean Velocity: 4 ft./Second *

Yi 96 100
9634 - 100.35
siv
96.33
ni 2 1
k 04
Z X Siy Y; = 28531.32
iv
k : 9
L nj ¥3° = 2843200
b = 1.0034932
28531.32
r = 1.000

-\/28432 x 28630.98




TABLE 8-5

Mean Velocity: 5 ft./Secoﬁd

Y 4 8 12 16 20
4,03 8.06 12.10 16.14 20.17
4.02 8.05 12.09 16.13 20.16
Siv 8.04 12.08 16,12 20.15
12.07 16.11 20.14
16.10 20.13
© 20.12
ni 2 3 4 5 6
k i k
T T Siy¥i = 4512.48 S nj Yi? = 4480.00
ivwv i
b = 1.00725
4512.48
r = 0.9996

\/ﬁaso.o x 4545.20




O
h

. TABLE 8-5 (Continued)

Mean Velocity: 5 ft./Second |

Yy 24 28 32 36 40
24.20 28.24 32.28 36.31 40.34
24.19 28.23 32.26 36.29 40.33
24.18 28.22 32.25 36.28 40.32
Siv 24.17 28.21 32.24 36.27 40.31
24.16 28.20 32.23 36.26 40.30
28.19 32.22 36.25 40.29
40.28
n; 5 6 6 6 7
k 0i k
T Siv Yi = 32955.64 T n; Y;2 = 32704.00
iv i
b = 1.00769
32955.64
r = = 1.000

\/32704.00 x-33209.23
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TABLE 8-5 (Continued)

Mean Velocity: 5 ft./Second

44 48 52 56 60
44 .38 48.41 52.45 56.48  60.52
436 48.40 52.42 56.46 60.50
44.35 48.38 52.41 56.45 60.49
Siv 1 : '
4434 =— 48,37 52.40 56.44 60.48
44 .33 48.36 52.39 56.43 60.47
44,32 60.46
6 5 5 5 6
k% X
1V i
b = 1.00802
74529.08

= = 0.99% .
\/73936 x 75126.93 -




\D
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TABLE 8-5 (Continued)

Mean Velocity: 5 ft./Second

\/61;856 x 117761.94

Y5 64 68 72 76 80
3 *
64.55 68.58 72.62 76.64 80.70
64.53 68.57 72.60 76.62 80.67
64.52 68.56 72.59  76.60 80.64
S.
iv 64.51 68.55 72.58
64.50 68.54 72.57
68.53 72.56
ng 5 6 6 3 3
k Bi k :
T E Siy ¥4 = 116805.08 T ng Y32 = 115896-00
1 v i i
b = 1.00819
116805.08
r = = 1.000




TABLE 8-5 (Continued)

Mean Velocity: 5 ft./Second

84 88 | 92

¥
84.72 88.73 92,77
Siv
84.68 88.72 92.76
n; 2 2 2
kBi : k :
T ESjy Y3 = 46913.95 T n; Y42 = 46528:00
iv i
b = 1.00829
46913.5

= 0.9998
46528 x 47303.12
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TABLE 8-5 (Continued)

Mean Velocity: 5 ft./Second

Yi 96 - 100
96.83 ‘ 100.86
Siv
96.81
k B4 X
L I Biy Yi = 28675.44 T ny Y;2 = 28432-00
i v i
b = 1.00856
28675.44

= 1.000

2]
]

\/28432 x 28920.96
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TABLE 8-6

Mean Velocity: 6 ft./Second

r=
7008 x 7217.88

Y; 4 8 12 16 20
4.06 8.13 12,21 16.29 20.36
4.05 8.12 12.20 16.26 20.33
8.11 12.18 16.25 20.32
8,10 12.17 16.24 20.31
Siv 8.09 12,16 16.23 - 20.30
12.15 16.22 20.29
12.14 16.21 20.28
16..20 20,27
20.26
‘n{ 2 5 7 8 9
k i _ k )
Z X Siv Yi = 7124.16 Z n; Y,2 = 7008.00
i v ' i
b = 1.01486
7124.16
: = 1.0




[y

- TABLE 8-6 (Continued)

Mean Velocity: 6 ft./ Second

/52224 x 53997.06

Y, 2% 28 32 36 40
24.43 28.50 32.57 36.64 40.71
24,40 28.47 - 32.54 36.61 40.68
24.39 28.46 32.53 36.60 40.67
24.38 28.45 32.52 36.59 40.66
24,37 28.44 32,51 36.58 40.65
Siv 124.36 28.43 32.50 36.57 . 40.64
24.35 28.42 32.49 36.56 40.63
24.34 28.41 32.48 36.55 40,62
24.33 128.40 32.47 36.54 40.60
24.32 28.39 32.46 36.53 :
32.45
nyg 10 10 11 10 9
k T _ k
z iv Yi 53053.20 hN nj Yiz = 52224.00
v i
b = 1.01587
53053.20
r = = 0.9995




TABLE 8-6 (Continued)

Mean Velocity: 6 ft./Second

[y

52

Y 44 48 56 60
44.79 48.86 52,93 57.00 61.07
44,75 48.83 52.90 56.97 61.04
b4, 74 48.81 52.87 56.95 61.02
S 44.73 48.79 52.86 56.93 61.00
iv 44,72 48.78 52.85 56.92 60.99
44,71 48.77 52.84 56,91 60.98
44,70 48.76 52.83 56.90 60.97
44,69 48.74 52.82 56.89 60.96 -
44,67 52.81 56.88
ny 9 8 9 9 8
kM4 X T
T 284y Y3 = 119156.64 T nj Y32 = 117216-00
i1V i
b = 1.01655

119156.64

L]
]

\/117216 x 121129.46

= 0.9999
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TABLE 8-6 (Continued)

Mean Velocity: 6 ft./Second

Y5 64 68 72 76 80
65.15 69.22 73.29 77.36 81.43
65.11 69.18 73.25 77.32 81.40
65.08 69.16 73,23 77.30  81.33
Siv 65.07 69.14 73.23 77.25 81.32
65.06 69.13 73.21
65.05 69.10 73.18
65.03 73.17
n 7 6 7 4 4
k ni K
T T Siy Yy = 138542.08 T ng Y32 = 136224.00
iv 1
b = 1.01701
138542.08
r = = 0.9817

\V/i36224 x 146262.28
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TABLE 8-6 (Continued)

Mean Velocity: 6 ft./Second

Y; 84 88 92
85.50 89.51 93.60
Siv 85.42 89.50 93.50
85.40
ni 3 2 2
k i k
ZZ Sjy Y3 = 54496.96 T ny Y32 = 53584.00
1v i
b = 1.01703
54496.96
T 1,00

/53584 % 55425.42
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TABLE 8-6 (Continued)

~Mean Velocity: 6 ft./Second

Yy 96 100
97.72 101.79
Siv
97.68
ni 2 1
ki k
TI S;,%; = 28937.40 T nj Yi% = 28432.00
iwv i
b = 1.01777
28937.40

r -
\/;8432 x 29451.78

= 0.9998



-
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TABLE 8-7

Mean Veloeity: 7 ft./Second

Y 4 8 12 16 20
4.11 8.24 12.39 16.53 20.66
4.10 8.23 12.36 16.49 20.62
4.09 8.22 12.35 16.48 20.60
4.08 8.21 12.34 16.47 20,59
8.20 12.33 16.46 20.58
8.19 12.32 16.45 20,57
- 8.18 12.31 16 .44 20.56
Siv 8.17 12.30 16.43 20,55
12.29 16.42 20.54
12.28 16.41 20.53
12.27 16.40 20.52
16.39 20.51
16.38 20.50
120.49
20.48
n; 4 8 11 13 15
k i k
* TI SgvY¥i= 11803.12 T nj Y32 = 11488.00
iv i
b = 1.02743
11803,12
r = = 1,000

\//ilass x 12126.96
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TABLE 8-7 (Continued)

Mean Velocity: 7 ft./Second

2% 28 32 36 40
24..80 28.93 33.06 37.19 41.33
24,75 28.88 . 33.01 37.14 41,27
24,73 28.86 32.98 37.11 41,24
24,72 28.84 32.97 37.10 41,22
24.71 28.83 32.96 37.08 41.21
24,70 . 28.81 32.95 37.07. 41.20
24.69 28.80 - 32.9% 37.06 41.19
24.68 28.79 32,93 37.05. 41.18
24.67 28.78 32,92 37.04 41,17
2466 28,77 32.91 37.03 41.16
24.65 28.76 32.90 37.02 41.15
24,64 28.75 32.89 37.01 41,14
24..63 28.73 32.88 36.99 41.11
24,62 28.72 32.86 36.98
2460 | 32.85
15 14 15 14 13

k B k

BZ 83y Y3 = 76087.44 £ ny Y32 = 73920.00

iV i

b = 1.02932
1608744

V639zo x 78318.67
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{
TABLE 8-7 (Continued)

Mean Velocity: 7 ft./Second

56

148748.24

\/&44384.0 x 153245.76

= 0.9997

Y; 44 48 52 60
45.46 49.60 53.73 57.86 61.99
45.40 49.53 53.66 -~ 57.79 61.93
45.37 49.50 53.63 57.76 61.89
45.35 49.48 53.61 57.73 61.86
45.33 49.46 53.59 57.71 61.84
iv 45.32 49.45 53.58 57.70 61.83
45,31 49.44 53.57 57.69 61.82
45.30 49.43 53.56 57.68 61.79
45.29 49.42 53.55 57.65 61.78
45.28 49.41 53.52 57.64
45.25 49.38 52.51
45.24 49.37
ny 12 12 11 10 9
k B4 k
Z X Siv Yi = 148748.24 L ny Y32 = 144384.00
iv i :
b = "1,03022




'—\
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TABLE 8-7 (Continued)

Mean Velocity: 7 ft./Second

= 0.9997
\/146096 x 155458.41

Y, 64 68 72 76 80
66.13 70.26 74.39 78.53 82.66
66.04 70.19 74.33 78.46 82.59
66.02 70.15 74.28 78.41 82.48
65.99 70.12 74.25 78.34 82.46
iv 65.97 70.10 74.20 78.32
65.96 70.05 74.18
65.92
65.91
: 8 6 6 5 4
k M k
LI S5y ¥y 150705.72 T ny Y;2 = 146096.00
1V i
b = 1.03155
150705.72
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TABLE 8-7 (Continued)

Mean Velocity: 7 f£t./Second

Y3 84 88 92
86.79 90.81 94.78
S4v 86.64 90.76 %74
86.61
ny ) 3 2 2
k™ k
53 Siy Yy = '55274.88 f n; ¥42 = 53584:00

b = 1.03155
55274.88
r = = 0.9998

\/23584 x 56983.03
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TABLE 8~7 (Continued)

Mean Velocity: 7 ft./Second

Y; 96 , 100
99,19 v 103.32
Siv ‘
99,12
ng 2 1
k %i k
. . = 2 _
;’E Siv Y3 29369.76 5 n; Yi = 28432.0
iv i
b = 1.03298
29369.76

r = = 1.00
\/28432 x 30338.45




TABLE 8-8

Mean Velocity: 8 ft./Second

Y4 4 8 12 16 20
4.18 8.41 12.68 16.91 21.14
4,17 8.39 12.63 16.84 21,06
4.16 8.38 12.60 16.82 21.04
4.15 8.37 12.59 16.81 21.02
4.14 8.36 12.57 16.79 21.00
8.35 12.56 16.77 20.99
8.34 12.55 16.76 20.97
8.33 12.54 16.73 20.96
Siv 8.32 12.53 16.72 20,94
8.31 12,52  16.71 20.93
8.30 12,51 16.70 20.92
8.29 12,50 16,69 20.91
12.48 16.68 ©20.89
12.47 '16.67 20.88
12.46 16.66 - 20,87
16.64 20.86
20.84
20.83
ng 5 12 15 16 18
k i k
Z I Siv ¥i = 14970.08 T ny Y42 = 14304.00
i v i
b = 1.04656
14970.08
= 0,9982

r =
\V/Q4304.oo x 15738.74




114

TABLE 8-8 (Continued)

Mean Velocity: 8 ft./Second

Y; 24 28 32 36 40
25.36 29.59 33.82 38.05 42,28
25.28 29.51 33.73 37.95 42,18
25.25 29.47 33.69 37.91 42,13
25,23 29.45 33.66 37+88+ 42.10
25,22 29.43 33,65 37.86 42.07
25.20 29.42 33.63 37.84 42,06
25.19 29.40 33.61 37.83 42.04
25.17 29.38 33.60 37.81 42,02
S. 25.15 29.34 33.58 37.80 © 42,01
v 25.14 29.32 33.56 37.78 41.99
25.13 29.31 33.55 37.76 41.98
25.11 29.30 33.54 . 37.75 41,96
25.10 29.28 33.52 37.73 41.92
25.08 29.24 33.51 37.69 41.90
25,07 33.47 37.68 -
25.05 33.46
25.03
nj 17 14 16 15 14
k D4 k _
ZZ Siv Yi = 82846.24 Z ng 78992.00
iv i
b = 1.04879
82846.24
r = = 1,04879

\/48992.00 x 87057.51
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TABLE 8-8 (Continued)

Mean Velocity: 8 ft./Second

Y, I7A 48 52 56 60
46.51 50.74 54.96 59.19 63.42
46.40 50.63 54.85 59,08 63.30
46,35 50.57 54.79 55.01 63.23
46.31 ~ 50.53 54.75 58.97 63.19
46.29 50.51 54,72 58.94 63.16
46,27 50.49 54.70 58.92 63.13
Siv 46.25 50.47 54.68 58.90 63.11
46.24 50.45 54.67 58.88 63.06
46,21 50.42 54.60 58.82
46.19 50.37 54,59
46.14 50.36
46.13
n; 13 12 11 10 9
k i k
I I Siy Y3 = 153988,64 2 n; ¥;2 146320.0
iv o i
b = 1.05241
153988.64
= = 1.000

r
\¢/&46320 x 162059.84
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TABLE 8-8 (Continued)

Mean Velocity: 8 ft,/Second

64 68 72 76 80

67.65 71.87 76.10 - 80.33 84.56
67.45 71.68 75.91 80.13 84,25
67.41 71.63 75.85 80.00 84.22
67.38 71.59 75.76 79.98
67.35 71.52 75.74
67.29 71.51
67 [ ] 28
8 7 6 5 4
k Bi 3
T I Siv Yi = 158854.64 I n; Y,2 = 154342.64
iv i
b = 1.05397
158854 . 64
r = = 0.9883

\/154342. 64 x 167428.81




TABLE 8-

ot
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8 (Continued)

Mean Velocity: 8‘ft./Second

Y, 84 88 92
i
» 88.79 92.80 97.12
Siv 88.52 92.74 97.03
88.47
k i k
L8 S5, Yy = 56514.84 T ny Y42 = 53584.0

i

1.05469

56514,.84

\V/g3584 x 59606.06

0.9998
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TABLE 8-8 (Continued)

Mean Velocity: 8 ft./Second

Yi 926 100
101,47 105.7
Siv !
101,34
ni 2 1
k i k
ZZ Sjv ¥y = 30039.76 Z ny Yiz = 28432.00
iv i
b = 1.05654
30039.76

r = =1.00Q
\/48432 x 31738.45
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TABLE 8-9

Mean Velocity: 9 ft./Second

Y, 4 8 12 16 20 .
4.29 8.66 13.10 17.47 21.83
4.28 8.64 13.04 17.36 21.71
4.27 8.61 12.98 17.32 21.67
4.26 8.59 12.95 17.30 21.65
4.25 8.57. 12.93 17.27 21.62
4.24 8.56 12.91 17.25 21.60
4.23 8.55 12.89 17.22 21.57
8.54 12.87 17.20 21.54
Siv 8.53 12.85 17.18 21.52
8.52 12.84 17.16 21.50
8.51 12.82 17.15 21.48
8.50 12.81 17.14 21.46
8.49 12.80 17.13 21.44
8.48 12.78 17,12 21.43
12.77 17.10 21.41
12.76 17.08 21.40
12.75 17.07 21.39
17.06 21.35
17.04 21.34
n, 7 14 17 19 19
k i k
% Siy ¥y = 17110.92 T ng Y32 = 15920.00
iv i
b = 1.0748
17110.92

r

\/15920.0 x 18385.92

1.000




TABLE 8-

Mean Veloci

=t
N}
(o]

9 (Continued)

ty: 9 ft./Second

\/81136 x 94808.64

Yi 24 28 32 36 40
26.20 30.57 34.94 39.31 43.67
26.07 30.43 34.79 39.15 43.51
26.02 30.37 34,72 39.07 43.43
25.99- 30.33 34.68 39.03 43.37 -
25.96 30.31 34.65 39.00 43.34
25.94 30.28 34.62 38.97 43.31
25.91 30.25 34.60 38.94 43.29
25.88 30.23 34.57 38.92 43.26
S. 25.86 30.20 34.55 38.90 43,24
v 25.84 30.18 34.52 38.87 43.21
25.81 30.15 34.50 38.84 43.18
25.80 30.13 34.47 38.81 43.15
25.77 30.11 34.45 38.79 43.08
25.75 . 30.09 - 34.42 38.72 43.06
25.74 30.07 34.36 38.70
25.72 30.00 34.34
25.68
25.66
ng 18 16 16 15 14
k Bi k .
I S Y = 87705.28 I n; Y;° = 81136.00
1V i
b = 1.08096
87705.28
r = = 0.9998
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TABLE 8-9 (Continued

Mean Velocity: 9 ft./Second

Y 44 48 52 56 60
48.04 52.41 56.77 61.14 65.51
47.87 52.23 . 56,59 60.96 65.33
47.78 52.13 56.49 60.85 65.21
47.72 52.08 56.43 60.78 65.14
47.69 52.04 56.39 60.74 65.09
47.66 52.00 56.35 60.70 65.05
Siv 47.63 51.98 56,32 60.67 65.01
47.61 51,95 56.30 60.64 64.93
47.58 51,92 56.27 60.56 64.90
47.55 51.90 56.19 60.53
47.52 51.82 56.17
47.45 51.80
47.42
ng 13 12 11 10 9
k B4 k
T T Siy Yi = 158667.12 £ n; ¥;2 = 146320,00
1 Vv i
b = 1.08438
158667.12
r = = 0.9997

\0/246320 x 172067.40




TABLE 8-

Mean Velocity: 9 ft./Second

122

9 (Continued)

Y, 64 68 72 76 80
69.88 74.25 78.61 82.98 87.35
69.70 74.04 78.42 82.78 87.15
69.57 73.93 78.29 82.65 86.85
S 69.50 73.85 78.20 82.45 86.80
iv 69.44 73.79 78.06 82.40
1 69.40 T 73.68 78.02
69.30 73.65
69.28
ny 8 7 6 5 4
k Pi k
£T S;y ¥y = 163829.04 £ n; ¥;%2 = 150720.00
iv : i
b = 1.08697

—\J/iso720 x 178078.08

163829,04

1.00




TABLE

123

8~9 (Continued)

Mean Velocity: 9 ft./Secohd

\/53584 x 55147.85

. 84 88 92
1
91.72 95.74 100.24
iv
91.28 95.64 100.21
ni 2 2 2
k M k
T T S, ¥; = 58322.36 T n; Y32 = 53584.00
i v i .
b = 1.08842
58322.36
r = = 1.00
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TABLE 8-9 (Continued)

Mean Velocity: 9 ft./Second

96 _ 100
104.82 . - 109.18
104.61
2 1
ki k
L §, Y = 28432.0 S ni ¥i2 = 20105.00
ivwv i
b = 1.09113
28432:00
r = = 1.000

‘\//;0105 x 33850.75
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TABLE 8-10

Mean Velocity: 10 ft./Second

13.69 18.28 — 22.82

4,45 9.01
4.43 8.98 13.55 18.08 22.63
4.41 8.93 13.50 18.03 22.56
4.40 8.91 13.46 17.99 22.53
4.39 8.88 13.42 17.95 22.48
4.38 8.86 13.39  17.91 . 22.40
4.37 8.84 13.36 17.84 22.37
4.36 8.81 13.30 17.81 22.33
4.35 8.80 13.29 17.78 22.29
8.79 13.27 17.76 22.26
8.78 13.25 17.73 22.24
8,77 13.23 17.71 22,21
8476 13.22 17.70 22.19
8.75 13.21  17.68 22.17
8.73 13.20 17.66 22.14
13.19 17.65 22.13
13.18 17.63 22.07
13.17 17.60 22.06
9 15 19 19 18
k P k
I Siy ¥y = 17706.68 T ng Y32 = 15904.0
1 v 1
b = 1.113344
17706.68
r = = 0.9998

\/19715.75 x 15904



TABLE 8-10 (Continued)

Mean Velocity: 10 ft./Second

126

xr =
\/;6640 x 96695.46

Y, 24 28 32 36 40
27.39 31.95 36.52 41,08 45.38
27.17 31.73 36.28 40,71 45.36
- 27.10 31.64 36.12 40,65 45,18
27.05 31.54 36.07 40.60 45,13
26.97 31.50 36.02 40.55 45.09
26.93 31.46 36.00 40,52 45.05
26.89 31.42 35.95 " 40.48 45.00
26.85 31.38 35.91 40.44 44,97
26.82 31.34 35.87 40.40 44.93
S. 26.78 31,31 35.83 40.36 44.89
v 26.75 31.27 35.80 40,32 44,85
26.72 31.24 35.76 40.28 44,73
26.70 31.20 35.72 40,17 44,70
26.66 31.17 35.63 40,14
26.64 31.09 35.60
26.57 31.07
26.55
n; 17 16 15 14 13
k i k
L Sjy Y4 = 86083.80 T n; ¥;2 76640,00
iv i
b = 1.12322
86083.80
= .9997
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' TABLE 8-10 (Continued)

Mean Velocity: 10 ft./Second 7

b4 - 48 52 56 1))
50.21 54,78 59.34 63.90 68,47
49,95 54,50 59,05 63.62 68.18
49,80 54.35 58.90 . 63.45 68.00
49,72 54.26 . 58,80 63.35 - 67.89
49.62 54.15 58.68 63.22 67.75
49.58 54,10 58.64 63.17 67.70
49,54 54,07 58.59 . 63.12 . 67.57
49,50 54,02 58.55 63.00 67.53
49.45 53.98 58.43 62.96
49.42 53.86 58,39
49.30 53.82
49,26
13 12 11 10 9
kM k
TZ 83,75 = 165311.84 T n; Y42 = 146320.00
ivw . i
b = 1.12979
165311.84
r = = 1,000

\/146320 x 186108.303
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TABLE 8-10 (Continued)

‘Mean Velocity: 10 ft.'/Seéond

Y, 64 68 72 76 80
73.04 77.60 82.16 86.73 91.29
72.74 77.30 81.86 86,12 90.98
72.56 77.11 81.66 86.22 90.52
. 72.44 76.98 81.53 85.90 90.44
iv 72.35 76.89 81.30 85.83
72.28 76.72 81.25
72.14 76.67
72.10
k Di ' k
T % Siy Yi = 170829.88 T ng ¥42 = 150720.00
iv _— i
b = 1.13342
170829.88
r = = 0.9997

‘/150720 x 193626




