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ARrr. XVIIL.— Hydraulics of the Report of Humphreys and Abbot
on the Mississippt River; by Prof. F. A. P. BARNARD. (Con-
tinued from p. 37.)

For the solution of most problems in practical hydraulics, it
i8 necessary to establish the relations which exist between the
cross-section of the stream, its mean velocity, and the slope of
its surface. As a basis of this investigation, it is assumed by
the authors of this report, as by other writers on the subject,
that the condition of uniform motion is expressed by equating
the accelerating force with the resistances. One side of the
equation presents no difficulty; it is simply the expression for
the force of gravity. The other requires consideration.

The authors of the report reject the idea that the cohesion of
the particles of the liquid among themselves enters as an element
into the resistance of the liquid to motion. They hold that this
cohesion is concerned only in determining the distribution of the
resistance through the mass; but that the resistance itself is
simply the adhesion of the liquid to its bed. It is unnecessary
to stop just here to discuss the question by what name it is most
fitting that the resistance to flowing water shall be called. It is
quite sufficient, if we agree that were the resistances, irregulari-
ties, and obstructions to motion, at the surfaces of contact be-
tween the water and the earth or the superincumbent air, to be
totally annihilated, the whole body of water would descend with
a uniformly accelerated velocity, as a solid descends an inclined
plane; and there would be no subsurface curves. The resist-
ances therefore come from the perimeter, and must be propor-
tional to it, and to the length of the channel considered. In the
perimeter, the results of this survey go to prove that we must
include that part which is in contact with the air, as well as that
which bounds the cross-section beneath the water. The question
how there happens to be a resistance at the surface, and what is
the cause or wEat are the causes producing it, is a question to
be considered by itself. For the moment we accept the fact, as
experiment has established it. The resistances must then be
proportioned to the perimeter and length of channel; and, also,
because, when there is no motion, there is no resistance, to some
function of the mean velocity at the surfaces in contact. Now,
if we put

a=cross-section of the river, W=width,

—wetted perimeter, r="=—mean radius, or hydraulic depth,

{=length of channel considered, A=total head or difference of level,
h,—part of head balanced against ordinary resistances of the channel,
h,=part of head neutralized by bends, and irregularities,
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G=specific gravity of the water, g—measure of the force of gravity,
s=7'=slope of surface expended against ordinary resistances,
hT”zs]ope expended against bends, &e. V, U, v, b==same values as
before,

we shall have, for the accelerating force of gravity, the expres-
sion, (Fgals, and, for the resistances at the perimeter, the ex-

pression, O WaU
oW+Urp
(e We( =y

which two expressions are to be put equal to each other. In a
very large river, W and P are very nearly equal, though p of
course always exceeds W. The expression may be simplified
by putting them equal, and no appreciable error will result.
Also, G and ¢ are constants, and 7 is a factor common to both
sides. Dividing by these, and putting p=W in the fraction,
there will result the equation,

. U°+U,)_ @ (U°+ U,)
as_(p+W)<p(— g ) o p+W_.tp s )
If we substitute the values of U, and U, given above, the
equation simplifies itself immediately to the following:*

as . . b, whi -
m_¢(o 93v—0167(b2)*) ; which put =g(2).

Let p+a_W be denoted by 7, =the radius of the entire perime-
ter: the expression then becomes

r3=@(-93v -1 67(bv)%)=q>(z).

This J)reliminary equation differs from that which is usually
assumed, in two particulars. First, the radius of the entire
perimeter, 7, is employed instead of r, the hydraulic mean depth
(to which, however, it is in nearly a determinate ratio); and
secondly ¢(2) is used instead of @(v), or a function of the mean

velocity at the perimeter, instead of a function of the mean velocity
of the river itself.

1 In stating this expression, the authors have committed a sort of mathematical
solecism, in arbitrarily changing the sign of the second term, to guard against the
subsequent occurrence of what they conceived to be an inconsistency. We shall
see that the apprehension was unfounded. The change of this sign, in fact, contra-
dicts the original hypothesis. For the quantity under the symbol ¢ is the mean of
the velocities at the upper and lower boundaries of the mean vertical plane; and
this can never, by any possibility, be greater than the mean velocity in the same
plane, which is -93v; nor even equal to it, except in the case in which the parabola

becomes a straight line, and v==0. Therefore, since (bv)'} has been necessarily
taken throughout as essentially positive, the written sign before it must be
negative.
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In order to determine the nature of the function ¢(z) and the
constants which must enter into it, a collection was made of all
the available data which had been furnished by the survey, or
which could be gleaned from the publications of other observers;
embracing thirty examples of area, width, wetted perimeter,
maximum depth, mean velocity and slope of streams varying
in magnitude from the dimensions of the Mississippi at {;igh
water, down to those of a small canal. In regard to slope, it
was to be considered that a portion is expended in overcoming
the irregularities of the channel and the changes of cross-section :
and a portion, in compensating for the loss of living force at
bends. It is only what remains after these effects have been
subtracted, which constitutes the equivalent of the resistance
of a straight and regular channel. The effect of bends must be
provided for in an independent formula; and the amount of
slope neutralized by them, deducted from the total slope ob-
served. Irregularities and changes of cross-section in the chan-
nel are governed by no law, and therefore cannot directly enter
into the formula; but they produce a mean effect, which is pro-
vided for in the modification which they introduce into the con-
stants which are derived from observation, on the supposition
that, after bends have been allowed for, the channel is straight
and regular, and the movement in it uniform. The method
pursued by most writers, of putting ¢(v)=Av+Bv?, and then
seeking values for the indeterminate coefficients which shall
most nearly represent the observations, was tried by the authors
of the report, making

rs=Az-}Bz2, or r—?:A-}-Bz,

in which %ﬁ and z are co-ordinates in the equation of a straight

line; but they found that a straight line would not represent the
observations, and that the involution of z produced expressions
of troublesome complexity. They then put
8

rs=Cz2, or C= 7
and plotted the values of C as ordinates to r, s, and v. The
plots with 7, and v produced irregular curves following no appa-
rent law. That with s was quite regular. It was inferred
therefore that C is some function of the slope. After a very
long series of trials, with a view to discover this function, the
expression 3

8

=195
was adopted, as most satisfactorily fulfilling the required con-
ditions. Substituting this, therefore, in the formula, it becomes
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- o 195as1} %
2==(1957,8%) ._(m) .
From this are deduced values for each of the variables in
terms of the rest (regarding p+W as a single variable), viz:
()
~\ 19a /'’
IRCEAT
T 195st
195as'}
PX
Instead of p+W, may be put, without appreciable error, for
rivers, 2:0156 W. Resuming the value of 2, viz:

2==0'93v = 0’1676%*:(1951’, s'b)‘},

W=

and solving with respect to v%, we obtain
ot = A/0-008164 (2257, 53)F-0-000%,
I +)?
and v=(-V0-00816+(225r,s )2 4-0°09b )

The negative value of the radical is that which it is necessary
to take, in order to fulfil the condition that v shall become zero
when s is zero.

For rivers, the value of , as heretofore given, is 0'1856. The
term containing it under the radical will have only the value
‘0015, and may ordinarily be neglected. The expressions for
the several variables will then become

2253’} i)"‘
p+W)

, _(v'b- 0:0388)* 8_((0%— 0'0388)4)3 *

T 2925s% - 2257,

If Q represent the amount of discharge per second, then

Q

v::g, and a=-.
a v

»2=(00388 — (2257, s7) ) 2= (o-osss-—ai(

If Q be given, along with any two of the foregoing variables,
the rest may be computed by the help of this equation, unless
the two given at the same time are » and a.

In estimating the effect of bends, the authors found the

# In the last two formule, the second term of the numerator has the negative
sign, where the authors of the Report have made it positive. This difference results
from our having chosen not to adopt the change of sign in the value of z, introduced
by the authors, as explained in the note on p. 198. The two formula above are the
only ones in which the original difference of proceeding involves any difference of
final values; and as neither of these is employed at all in the suisequent teat
computations, the discrepancy has here no practical importance.
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formula of Dubuat, with a modification of the constant, to
represent very nearly the effect deduced from observation. This
formula is (with the constant divisor reduced to English feet)
__v3sin3d

" 2663 °
in which sin?¢ is the sum of the squares of the natural sines of
the amount of bending, divided into angles not exceeding 86°
or 40°,

Dubuat derived this formula from observation on the flow of
water in pipes, in which the cross-section has no such variation
as is always observed in the bends of rivers. The value of &,
is therefore too small, or the constant too large. Observations
were made by the survey, to determine the amount of slope
required to overcome a given bend. These observations were
founded on a principle at once simple and ingenious. A level
was run from one point of the river to another, several miles
distant, embracing between them a bend and a long straight
reach. Simultaneous readings of the stand of the river were
made at both ends of the reach, and above the bend. If the
bend had not existed, the slope in the reach multiplied into the
distance by river between the extreme stations, should give the
observed difference of level. The fall is always greater as ob-
served than as computed, by the value of %,. From the data
obtained by means of such observations, it was ascertained that
Dubuat’s formula, with the constant 134, would accord very
closely with the observations. The authors therefore give, as
the expression for the effect of bends,

b v2sin2 4
= T18a

A table of the comparative values of h, as computed by
formula, and as obtained by actual measurement, over distances
varying from five to nine miles, is given in the report, in which
the differences are all very small, and are proportionally smaller
as the distance is greater. In the application of the formula to
cases in which an actual examination of every bend had not
been made, resort was had to the best maps, and an estimate of
the amount of bending made by measurement on the map. As
a rough test of the correctness of these determinations, an
independent formula was constructed, on the principle that the
amount of bending between two points must be approximately
proportional to the difference ofp distance between the points,
as measured by an air line, and by the river. Denoting this
difference in miles by M, it was found that sin?d rarely differed
essentially from 03¢ M. A series of comparisons somewhat
extended, upon stretches of the river varying from three miles
to more than eighty miles in length, gave, for the total of the

AM, JOUR. ScI.—SECOND SERIES, VoL. XXXVI, No. 107.—8EerT., 1863,
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observed values of sin,d, 140-81, and for that of the values
computed by the last formula, 14178, The total of the differ-
ence, taken, without regard to sign, was 22:83. This, observe the
authors, “is given as an illustration that so far from being, as
often declared in popular writings, a river without rule or beyond
the restraint of law, the Mississippi is in reality controlled by
laws which can be expressed in single algebraic formule.”

‘We now come to that part of the report which has impressed
us most forcibly with the value of the new formule, and the
merit of the great labor by which they have been wrought out.
This consists in an extended series of tests, in which the results
of computation according to the formule are compared with
actual measurements of the quantities computed. As no ade-
quate idea of the severity and thoroughness of these tests can
be formed without an inspection of all the data, along with the
results deduced from them, we regard it as in justice due to the
authors of the report to insert the following tables in full. It is
to be observed that, in all cases, the slopes of rivers, as given in
the first table, are the slopes as corrected from the measured
slopes, by applying the formula for bends. The second table
contains differences between the values of the computed mean
velocity, and the mean velocity actually measured, in each of
thirty cases. This table is rendered especially interesting by
the comparison which it exhibits between the results given by
the new formula for velocity, and those derived from the for-
mule laid down by other writers. The following list embaces
all these formuls :

(Young’s coefficient)...ovvuees. o= 84'3(1'3)’}.

“Chezy . ..< (Eytelwein’s coefficient) .v.v..v. v= 93‘4(1‘8)%.

(Downing’s and others’ coefficient) v=100'0(rs)i.
_ 88:49(r§—003)

TV age)?
() =re)

In which L= common logarithm multiplied by 2:302585.

Girard . . .v=(269-}-26384 rs)%- 1-64

(Forcanals)........ »=(00556 410593 rs)%—0'2857.
For canals and pipes) »=—(0'0237 9966 rs %—0'1542.
De Prony PP 3
(Eytelwein's coefficient) v=(00119 -+ 8963 rs)% —0-1089.
(Weisbach’s coefficient) v=(000024-} 8675 rs)%—0'0154..
rs B \2\{ B
Young. . .v—(éﬁ(m) ) —12—A.-.
15625 90 - 15 )
3r+8 4r4-00296)

Dubuat .. .v —0'086(7‘1}—0'03).

In which A=0-0000001 (413+
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In which A denotes the maximum depth of the stredin, and
H the fall in water surface in 1 English mile.”

» [48710000-0 9870-3| 15

.awhﬁmva.s
“wogng W
”
”
1"

Hoam,emﬁum
.355 I

“yenqu ‘|
PIUAD W
k1] n
” ”
k1) ”

" ”

” ”

” hil
£ Amgeioq
“PUd "0 N

" 1

” ”

” ”

” ”

” ”

il ”

” "

” ”

” "
£amgeyaq

21210000°06988-¢

68610000-0 9632-8[ 09
19081000-0 G8T¥-§| ST
2G9T1000-0 L3LL-Gl ¢ 6

FPLIT1000-0 L9163l ¢ B1
86T01000-0 8%91-8| ¢ LT
98660000-0 9943-€| ¢ LT
69260000-0 6¥L8-8| 03
£1890000-0 98ST-1| ¥

SASST000-0 6L55-6( ¢ 6

$8991000-0 L367-5( ¢ 8

$€860000-0 3G1S-6f 8

15869000-0 L35L-G|S-L

19860000-0 £2€0-8(9- b

#85%0000-0 ¥68.L-9|
95960000-0 6908-6
16480000-0,08¥8-¢
89750000-0, ,99L0-8
BLEP1000-0! 6856-8|
¥$903000-0/6461°S
TI870000-0|9818-9)
65080000-0/085S- S|
L6630000-0/F68S-8)
€98¥0000- o S¥E8-9)
62£90000- o_wmvm -9
00890000- 0,5456-9
FRE00000" o SLL6-8
{GFE00000° o REES0- ¥

§@£8$§gx§N

(=3
=]
—

B8=33
vt et v v

1<030000°0,8836°5

“fiopny

3 | 1994 | -

—81 —ounp
—8T —ounp
181 —ounp

”
”
”

» ”
GIST —oung

8981 {03"AON
6981 /83 "AON
6981 ‘9% "AON
181 8 AvI
1681 4 4vl
1G81 ‘9 AelN]

M CH

6SST 3 asp
1981 N.n B
8S81 vm 22@g
8¢81 wﬁ 29
RGST ‘9 "AON

L

8C8T [ duUnp
R A R
1g81 g oung
1481 ‘I8 4Bl

pi) W«
1S81 "4 Yoty

”
sgrssny
w0y
‘qnowm Joddp
Toss X Y} moJag
‘qnow Jaddp)
uIplouney
‘puv[dg
‘puslsuy

“votulg
“Juvsealg HUI0]

” 1 ”
‘([ ‘U,1951095) xeaN|

” " ”

” ” ”

” ” ”

" ” ”

ﬂ%oﬁ Jodd n 180 N
1]
"
”
”"
*S1nqsyOIA |
‘snquInio))
”
”

.nou—mtao

‘BYAQN 981D ,,
‘BAON

”.BEB »

. To8s X »
amqy

188 »

¢ " ”
oUIY JIIALY
JﬁEO

.oaam .52&
‘IoAry o_ao

10poo] Tened 'Q %9 0
kil "
” ”

" ” »
AYIINOF T o

” ”
‘yurmanbelg noleg
kil "

” "
” "
” ”
” ”
” ”
1" ”
n "

Wl ”
‘roAra rddyssysstiy

qudep| -

£ o0[0a] TEN I

odols oy

‘oreQ

*£31[ea0]

‘weeng

suoaze fo fproogau uvows Bunnsas puv ‘9dogs ‘u0r0as-85049 JO SPUSUILNESDIPT

“aogyBales

~q0 o o\l



Hydraulics of the Mississippi River.

204

0268-9 | 2¥98-9F | 6199°€€ | 88¥1-S3 | $688-68 | 31¥8-83 | 893S-63 | 90S1-83 ) S060-88 | SL¥F-L8 | LIFF-0P | 8869-93 | TI¥¥-83 | 05¥6-0€ wing
16150 | 609T-T+ | §999-0+ | 8%8S-0+ | TLLL-0+ | 679S-0+ | 0089-0+ | 888G-0+ | GT19-0+ | 9509-0+ | T096-0+ | £68¥-0+ | 99PS-0+ | 61690+ - - - (g
9L6%-0— | SLS8-TT | T292-T+ | T8L6-0+ | SSTF-T+ | 06LT-T+ | 2982 1+ | TFOT-T+ | QOLT-1+ | 6016-0+ | FL6F-T+ | STI0-0+ | 6LGL-T+ | 869E-T+| - - - 63
8LE1-0+ | 01$6-0+ | L3650+ | 2010-0— | S1EF-0+ | L8S1-0+ | 836T-0+ | £550-0+ | 8830-0+ | L988-0~ | $6¢¥-0+ | STOT 0— [ SO8T-0+ | €0SP-0+ | - - 83
€660+ | 8F00-1+ | T25H-0+ | G983-0+ | 80850+ | 2888-0+ | SPRS-0+ | 8162-0+ | 0983-0+ | TILT-0- | $89S-0+ | 9281-0+ | STIS-0+ | §1SS-0+ | - - - 13
8L60-0+ | €628-0+ | €88¢-0+ | 6390-0+ | L01F-0+ | STIST-0+ | 9L6T1-0+ | 1280-0+ | TTL0-0+ | 219G-0— | LE0F-0+ | 1890-0— | 88B1-0+ | $00%-0+ | - - 9%
8081-0— | 01€8-0+ | S682-0+ | 0291-0— | 698G-0+ | $810-0+ | 03S0-0— | L620-0— | SLOT-0— | L296-0— | 8L¥3-0— | [98G-0— | LIT(-0— | 8L6G-0+ - 63
¥960-0- | 0300-1+ | L696-0+ | 0200-0+ | G6PP-0+" PLLI-O+ | 6L13-0+ | 1680-0+ | 2390-0+ | TLSL-0— | LL8F-0+ | 8290-0— | PEST-0+ | 22890+ | - - - 3¢
608%-0— | 290T-T+ | 9820 0— | €¥0S-0— | 90SI1-0+ , 68P1-0— | SETIT-0— | 1923-0— | $3GS-0— | S00S-1- | S1€G-0+ | GPEP-0— | 9691-0— | 39610+ | - - - g3
$961-0— | S1PS-04 | $890-0+ | 2660-0+ | 1L8T-0+ | 0F00-0— | §490-0+ | S&F0-0+ | L620-0+ | 88LI-0+ | 8LF1-04 | £F01-0— | 93%0-0- | T060-0+ | - - - g3
9880-0— | $61S-0+ | S931-0— | L¥8%-0- | L¥%0-04 | 83130~ | 1291-0— | 62422-0— | 0P63-0— | T086-0— | 8E00-0— | S€6¥-0— | 84€L-0~ | ¥980-0+ | - - - I3
L920-0+ | 0¥2S-0+ | 6S0-0— | 8003-0— | ¥S01-0+ | L9¥T-0— | 0660-0~ | 8803-0— | 8F1G-0— | GOBL-0- | 85P0-04 | 2L98-0— | $691-0— | 1060-0+ | - - - 02
86G0-0+ | L980- T+ | $985-0+ | 02ST-0+ | 90¥H-0+ | LL6T-0+ | $04T-0+ | SPOT-0+-| SG91-0+ | 818%-0— | 8669-0+ | 9010-0+ | 6SLT-0+ | 880F-0+ | - - - @I
$6G8-0— | L6¥2-1— | €968-1— | S681-3— | €099-1— | €626-1— | 9LG6-1— | TPLI-G— | 02898-C— | TPI0-F— | LG8B6-I— | 9FEE-3— |8000-6— | 90FPS-I— | - - - QI
60L0-0— | €LL%-1— | OLF9-1— | 0016-1— | 9PLE-T— | 9289-1— | €829-1- | 3168-T—~ | 6696-1— | 0LPL-S— | OPOL-1— | L1%0-— | G9IL-T— | G8SG-T~ | - - - AL
890 0- | 2660-T+ | 9S1L-0+ | 66¥G-0+ | L$98-0+ | 0L5L-0+ | 1389-0+ | $309-0+ | 3L09-0+ | 98630+ | 9896-0+ | S1SP-0+ | 9S09.0+ | $8I8-0+ - - 91
$0€0-0+ | G¥¥a- 1+ | $568-0+ | L¥PL-0+ | €190-T+ | 9208-0+ | 1998 0+ | £962-0+ | 6808-0+ | S69S-0+ | SEST-T+ | 68F9-0+ [ 998L-0+ | S686-0+ - - - &I
8120-0+ | €29¢-1+ | 1868-0+ | £398L-0+ | 2680-1+ | 0%08-0+ | 6908-0+ | 006L-0+ | ¥962-0+ | 85FS-0+ | 86ST-T+ | $L€9-0+ | 608L-0+ | 2886-0+ | - - - FI
9L0%-0— | S90%-1+ | 6312-0F | 3I8%-0+ | TGL8-0+ | SF9-0+ | 1G29-0+ | L18S-0+ | 962S-0+ | 9TIT-0+ | LL00-T+ | SLGH-0F | €509-0+ | $EFB-0+ | - - - €I
TL88-0- | 866%-0+ | G€¥8-0— | 6928-0— | 1080-0— | £968:0— | 0928-0— | 88LS-0~ | L0¥9-0— | PL61-3— | €850-0— | $ESL-0— | 8€3F-0— | €800-0+ | - - - QI
8%%0-0— | 80¥%-0+ | L8T1S-0— | I86%-1— | 99C1-0~ | I61S-0— | T13S-0— | 2¥6L-0— | §S06-0— | 3863-8— | S961-0— | 6956-0— | L0SS-0— | ¥600-04+ | - - - II
G861-0— | gP¥e-o+ | SP10-3+ | $9¢9-0— | S8LL-T+ | TIHH- 1+ | 08SH-1+ | €933 1+ | SGPI-T+ | F082-0— | TGLL-a+ | $490- T+ | ISTH-1+ | G068- T+ - - 01
0£%0-04 | £969-G+ | L8961+ | TF08-0+ | 0691-G+ | 92L8- T+ | L806-T+ | L&PL- T+ | S269-T+ | 688S-0+ | 8TLG-GF | L¥8S- I+ | 69F8-1+ | S80C-G+| - - - 6
8L68-0— | GG8P-T+ | LELL-T+ | 9918-0+ | £FES- T+ | €980-1+ | T98T-1+ | $EPO-T+ | LLEO-T+ | BI8G-0+ | ¥239- T+ | €688-0+ | 1€90-T+ | 83081+ | - - - 8
8120-0+ | $208-¢+ | 8626- 1+ | 66L%-0— | 6983-C+ | 8968- T+ | 8L06-1+ | $8L9-T+ | 6¢6S- 1+ | 901E-0— | €829-G+ | PLIG-T+ | LL98-T+ | 90S8-G+ | - - - L
%09%-0— | €888-1+ | 9666-0+ | $060-0— | F$8E-1+ | 1600-1+ | 8S00- I+ | $81L-0+ | 866S-0+ | 9936-1— | GBGLL-G+ | G9ES-0+ | GLLE-0+ | 169G I+ | - - - 9
8608-0- | 3960-2+ | 6S14-0+ | 0960-€— | 8SST- T+ | 888L-0+ | 883L-0+ | ISS¥-0+ | POOS-0+ | GL68-G— | 060S- I+ | €993-0+ | 190L-0+ | SIS T+ | - - - ¢
8990-0+ | 08¢8-¢+ | 600S-6+ | GELL-G+ | 0069-G+ | G8TH-G+ | 0G8H-G+ | 698P-C+ | GLSH-G+ | 88TH-G+ | 8203-8+ | 8985-C+ | ¥866-G+ | 83986+ | - - - ¥
8693-0+ | 59S6-3+ | ¥899-6+ | 1998-G+ | GO8L-G+ | GoLS-G+ | 8LES-G+ | 8L6S-C+ | 80G9-G+ | 2009-G+ | GFGE-G+ | ¥8¥P-G+ | 08SS-G+ | 8L69G+| - - - ¢
GGV6-0+ | 00ST-S+ | 300L-G+ | 639F-T+ | 0006-G+ | 9039-G+ | ¥8S9-C+ | $0GS-G+ | L88F-&+ | 98LS-T+ | FLED-C+ | 9898-G+ | 196S-0+ | 29168+ | = - -
9860-0+ | L8688 G+ | 188F-a+ | 9890-T+ | L¥59-G+ | 98-8+ | $L68-G+ | 08¥8-G+ | L1086+ | OFLT-T+ | 038T-8+ | $G80-G+ | 0686-3+ [ 88898+ | - - - [

1% %l | 1P ‘1o 19 19340 1980 1240 1O\ B 10 19 199 Fals

*s[eusd ‘81210
. Houq am ue s{euBd ue |momeiig| ‘Suno

“s[pwigy | ~enmioy uu_ﬂ_..“ﬂ.u wnwioy | -gnanoy |“SPPM g -jovim £g -E.__....a gl o4 ‘e[nwioy | *e[nmioy wa.ﬂ.#oﬁ e 2 ‘slioyeAI08G0

Moy 8OUA | o A 9g | *nded | sSunox spIsnd | sasngn( Jo JequinN,

*57UeI0[Ha0d YHM BJRWIO) 8A001F o S bwoaﬁ..__”..w& . h-u__ 5

*£3300090 unaws, 4of aagnwiLof qodoass 3y o 818y



Report of Messrs. Humphreys and Abbot. 205

In order to understand the signs prefixed to the numbers in
the foregoing table, it must be observed that the authors have
tabulated the differences as corrections, not as errors. That is,
each number must be applied to the result of the particular
computation to which it relates, with the sign as written. Thus,
the first number in the Chezy-Young formula, viz: +2:6888,
indicates that this amount must be added to the value of v which
the formula gives, in order to make it equal to the observed
velocity, 5:9288. The formula gives 3:2400, and 3:2400+2-6888
=§9288. This mode of exbhibiting results, though it makes
the comparative error striking, fails to convey an adequate im-
pression of the eomparative approach to truth, which is a different,
and practically more important thing. Let us take, for illustra-
tion, the first four examples, with the results by several of the
old formule and the new.

1. 2. 3. 4.
Vel. observed, 659288 5:8869 4-0888 89776
Chezy-Young, 3-2400 29702 1-3366 1-4253
Dubuat, 27468 2:4495 06796 07702
Girard, 48148 4-3138 14181 15687
Prony-Eytelwein, 86314 32285 1:3960 14955
Prony-Weisbach, 8-5644 32663 14618 15698
Young, 3-2741 2:9869 1-2616 1-3466
St. Venant, 85907 81867 1-3804 1-4'766
Ellet, 3:0451 27369 10786 1-1646
Humphreys and Abbot, | 58908 56444 37746 39117

Thus, by comparing the actual velocities obtained by the
different methods, it will be seen that most of the results are so
far from the truth as to make them of little practical value;
while the approach by the new formula is so near, that the
difference is as likely to be due to errors of observation as to
those of method.

There is another particular in which the table will not fail to
attract notice. It is, that the old formule give better results
upon rivers of moderate size, as upon the bayous, the Haine, the
Rhine, the Tiber, &c., than upon the Mississippi; though upon
the Mississippi itself, their results show great discrepancies.
There is, however, one curious exception in the case of small
streams. Numbers 17 and 18 are examples upon the feeder of
the Chesapeake and Ohio Canal near Washington. The follow-
ing are the results:

1 2 1 2.

Vel. observed, 8-0328 27227 || Prony-Weisbach, 47199 47050
Chezy-Young, 4-2858 42633 || Young, 44069 4-3880
Dubuat, 47863 47084 || St. Venant, 46793 46182
Girard, 6-7798 67368 || Ellet 46096 4'4724

Prony-Eytelwein, 47066 4'6803 Hum'pbreys and Abbot, 81032 80821
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The old formule all give here a velocity largely in excess;
whereas in large streams they are almost invariably in deficiency.
The new formula represents these cases with as close an approach
to observation as any others. The explanation of the anomaly
is not obvious. The example of nearest general agreement of
results, appears to be the small river Haine, No. 20, which gives
the following:—

Vel. observed, - - - 24947 Prony-Weisbach, - - - 26414
Chezy-Young, -~ - -~ 24048 Young, - - - - 238093
Dubuat, - - - - 24494 St. Venant, - - - - 25640
Girard, - - .. 3-2749 Ellet, - - - - 19707
Prony-Eytelwein, - - - 25937 Humphreys and Abbot,- - 24690

If we examine the numerical ratio between the sums of the
errors of the several formula in these thirty cases taken without
regard to sign, as given in the table, to the sum of the observed
velocities (1154847), we shall find it to vary from twenty-two
per cent for the formula of Dupuit, to thirty-nine per cent for
that of Ellet. The formula of Humphreys and Abbot gives
five and a half per cent. If we take the algebraic sum of these
errors, this last ratio is reduced to three per cent; which is the
tendency, as shown by this table toward excess. KExamining
the other formulze in the same way, we shall see that they are
all in deficiency, with the exception of Girard, who leans on
the side of excess to the extent of eleven and a half per cent.
The Chezy-Eytelwein formula gives a ratio of twenty-five per
cent when the arithmetical sum of the errors is compared with
the sum of the velocities; the Chezy-Downing formula gives
twenty-three per cent on the same comparison. In these cases
the algebraic sum of the errors shows a tendency to deficiency
of fifteen and a half per cent for the first, and nine and a half
for the second. Of all the old formule, the Dupuit appears to
be the best; for the arithmetical sum of its errors bears the least
ratio of all of them to the sum of the velocities; and the oppo-
site errors, in these examples at least, almost exactly balance.

The second method employed by the authors of the report, to
test the accuracy of their formuls, consisted in computing the
differences of level between points of the river distant from each
other, in regard to which this difference had been ascertained by
measurement. The same computation was made by Mr. Ellet’s
formula also, the results being introduced into the table along
with those derived from the new formuls, for the purpose of
comparison. No computations were made in this case from the
other formule, their large errors already showing their inappli-
cability to natural streams. An exception was made in favor
of Mr. Ellet's, because it had been expressly designed for rivers.
The present test applies equally to the bend formula, and to that
for mean velocity. The following table embraces both data and
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results. The data were not in all the cases known with equal
degrees of exactness; but the small ratio of the errors to the
distances on which the computations severally depend is not
only satisfactory, but even surprising. In the last example but
one, the error is regarded by the authors, as having been proba-
bly in great measure occasioned by the occurrence of crevasses
between the points observed. The error which is largest in
absolute amount is that between the Arkansas and Ohio rivers
at low water, which is regarded as possibly due to sand bars.

The final test, and, as it seems to us, the most satisfactory of
all, consists in the application of the new formula to the solu-
tion of the important question, how much will the level of a
river be raised at a given locality, at which the cross-section and
discharge are known, by any given definite increase of the dis-
charge? Ininvestigating this question, it is commonly assumed
that the slope of the river is unaltered by the increased volume
of discharge. But, as this assumption 18 not true, the results
which are deduced from it are equally erroneous. In order t6
introduce the variation of slope, or the new slope produced by
the addition to the volume, as an element in the computation,
it was necessary to ascertain, if possible, by observation, the law
which regulates the change.

The level of the water at the mouth of a river is not sensibly
affected by a flood. For a certain distance up the course of the
stream, the effect upon the slope produced by a rise in the river
of a definite amount, will be equal to the total rise divided by
the distance to the mouth. But, in general, an addition to the
volume of waters produces a swell which passes down the stream
like a great wave, so that the level may be actually falling near
the head of the valley, when, at points lower down, it has not
yet begun to rise. It is therefore evident that the same stand of
the river is not always accompanied by the same slope, at any
given point of observation, unless it be near the mouth.

From gauge observations, it appears that the form of the wave
is tolerably regular, and that the daily change of slope is nearly
the same for the same stand of the river in rising and falling.
It is evident that observations on the passage of the great flood
waves may be best conducted in the upper parts of the valley;
inasmuch as the wave in its progress down the river tends, from
the greater slope on the lower side, to spread itself over a wider
and wider base, and loses therefore in the degree of its convexity.
Columbus, Kentuky, was, on this account, first selected for
study. The cross-section, perimeter, width, gauge-level and
discharge of the river were determined for different dates during
the progress of each of six marked rises of the river, and the
corresponding slopes computed from the formula for those dates.

The diferences of slope measured, of course, the change pro-
duced by the increased volume of discharge.
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In the endeavor to ascertain the law of change, the slopes
were first Elotted as absciss®, to the gauge-readings as ordinates;
and straight lines were drawn connecting the points representing
the top and bottom of each rise. These lines were not parallel,
showing that the rate of increase of slope varies for different
rises. In the further study of their relations, it was discovered
that the difference of slope divided by the rise is the abscissa of
a curve sensibly parabolic, in which the gauge-reading at the
top of the rise, measured from low water mark, is the corres-
ponding ordinate. Or, if « denote the rise, ¢ the primitive gauge-
reading, and e+z the gauge-reading at flood; also, if s, and s,
represent the primitive slope and the slope at flood, then the
following equation will be true :—

8,=s, 1 1
"T_—_:ﬁ,(e-}-x)z, or s,~8=;P(ets)?z.

The value of 2lP is to be determined by dividing s,—s, (of

both which slopes the values are deduced, as just stated, by the
formula, after the observations have determined the cross-section,
discharge, perimeter, and rise of the river) by (e+)?.* For the
same locality it is found to be constant; but it is different at
different points in the length of the river.

If now we put a,Q, p,gW, v, for the cross-section, discharge,
perimeter, width, and mean velocity of the river in the primitive
stage, and a, Q, p,, W,, and v, for the same quantities after the
rise; and if, in estimating the increased perimeter of the river
occasioned by the rise, we neglect, as we may safely do for a
large stream, the inclination of the banks, the new perimeter
will be equal to the primitive perimeter increased by 2z, and we
shall have

Ay a+We
P:/+Wu »+W 2z

Also, as these denominators are equal and numerators also,

we shall have

all=al+Wl z ; or all vll=Qll=aIl"ll+Wl vll z
Q =2y

W,

Now, if the quantities a, Q, p, W, v, (with z, which is its
function) be given, and it be required to know how much the
river will rise if Q, be made Q,, the problem may be solved,
and higher equations avoided, by an easy process of trial and
error. Let s, be first computed from the formula

o= prEWelY:
— 195a, '
Awx, JOUR. 801.—SECOND SERIES, VoL. XXXVI, No. 107.—Sgpr., 1868,
27

and =
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Then, assuming some definite value for , obtain the numerical
ay

_ W, ,
just above, and the latter from the equation,

1
3”=81+—2T)(€ + z) 2:!3,

in which the reciprocal of the parameter has the value belonging
to the locality. This being done, v, may be obtained from the
equation for mean velocity already given, viz:

A\ 2
—(0-0388—(225 ’}L)i) ;
o ( ( ’ W, !
and with this value of v, a value of x may be formed from the
equation just found;

values of

and s, ; the former from the equation given

— Qe
Wo,

If this last value agrees with the assumed value, the problem
is solved. If not, a new supposition must be made. But, as the
true valuye always lies between the two erroneous values—that
is, between the assumed one and the computed one—the approx-
imation will be rapid. This method has been applied by the
authors of the report to the calculation of many rises in the
river, of which the particulars are given in the following table.
The results are compared with calculatious for the same rises
from the formula of Mr. Ellet. The symbols A, and L in the
table belong to Mr. Ellet's formula, the manner of employing
which it is not necessary here to explain.

The only criterion by which it is possible to judge of the value
of hydraulic formule, is the degree of their accordance with
direct observation. We have no principles of positive science,
to which, in forming such estimates, we can confidently or safely
trust. Were it otherwise, we should long since have had
formule, concerning the truth of which there would be no room
for doubt. But science is not in possession of the material for
the construction of such expressions. It can only indicate cer-
tain variables which must enter into them; as to the manner in
which they shall enter, or whether they are all that affect the
case, it is silent. We do not know the physical law of resist-
ance opposed to the movements of a fluid by the surfaces which
confine it, nor does it yet appear how we can know it. And so
long as it is a fact that all the postulates of theory, and all the
resources of analysis, are powerless to tell us what amount of
force will be consumed in driving a liquid, with a given velocity,
into the mouth of a tube, or through the simplest orifice that
can be made in the side of the containing vessel, we may well
regard a problem affected by all the complex conditions which
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modify the flow of water in a natural channel, as practically
beyond their reach. Hydraulic formule must, accordingly,
from the nature of the case, be to a great extent empirical ; and
the highest degree of theoretic plausibility which such a formula
may bring to recommend it, can at best only serve as an encour-
agement to us to try it, in order that we may ascertain how far
it may truly represent nature. The experience gathered in such
past trials has not, however, been of a nature to render the
encouragement a very solid ground of hope for a favorable
result.

The test then of actual trial is that to which we must bring
at last all theorems in hydraulics; and our judgments of their
merits will be regulated %_y the manner in which they stand this
test. This is a principle which the authors of the report before
us seem to have fully recognized; and the thoroughness with
which they have applied it to their own formulz is without any
past example in the history of such investigations. We think
them, therefore, fully justified in the modest claim with which
they conclude this part of their labor, viz., that these formule
are ‘entitled to the confidence of practical men.”





