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PREFACE

1 Gy

As a part of the investigation of a possible Sea Level Canal con-
necting the Atlantic and Pacific Oceans, the U. S. Army Engineer District,
Jacksonville, requested the U. S. Army Engineer Waterways Experiment
Station (WES) to investigate roughness that would result in the canal.

This report was prepared by Dr. G. H. Keulegan with the assistance

of CPT M. J. Mathews, formerly with the Mathematical Hydraulics Division
of the Hydraulics Laboratory, WES.
' The work on this study was commenced in 1969 and was followed
somewhat intermittently since then. The study was under the general
supervision of Mr. E. P. Fortson (retired), former Chief of Hydrau-
lics Laboratory, and Mr. H. B. Simmons, present Chief; Mr. F. A.

e a5 b gl

Herrmann, Jr., former Chief of Estuaries Division, and Mr. R. A. Sager,
present Chief.

Directors of WES during the course of this investigation and the ! 3
preparation and publication of this report were COL J. R. Oswalt, Jr., ;
CE, COL L. A. Brown, CE, BG E. D. Peixotto, CE, COL G. H. Hilt, CE,
and COL John L. Cannon, CE. Technical Directors were Messrs. J. B.

Tiffany and F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-
verted to metric (SI) units as follows:

Multiply By To Obtain
cubic feet 0.02831685 cubic metres
degrees (angle) 0.01745329 radians
feet 0.3048 metres
feet per second 0.3048 metres per second
feet per second per second 0.3048 metres per second per second
inches 25.4 millimetres
miles (U. S. statute) 1.609344 kilometres
pounds (mass) per second 0.4535924 kilograms per second per
per foot foot
square feet 0.09290304 square metres
square feet per second 0.0929030k square metres per second
3
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AN ESTIMATE OF CHANNEL ROUGHNESS OF INTEROCEANIC CANALS

PART I: RESISTANCE OF NONALLUVIAL CHANNELS
Introduction

1. The present study deals with the expected values of the rough-
ness of the interoceanic canals created by either nuclear or conventional
construction methods. Nuclear-cratered channels pose two problems. The
first refers to the roughness under the hypothetical assumptioun that the
crater channels are of a uniform cross section throughout. Knowing the

| distribution of rock sizes in the ejecta and in the fallback, the rough-
{ ness is to be inferred in terms of Manning's n . Eventually, a rela-
tion of rock size and Manning's n can be established by relying
upon the concept of equivalent sand roughness. Next, with this informa-

tion as a basis, the effective Manning's n of crater channels is de-

rived subject to the known distribution of rock sizes and uniform cross

; | section. The second problem deals with the increase of channel resis-

| tance resulting from the expansions and contractions of & nuclear-blasted
} channel. Part of the answer to this question comes from the experiments
:% conducted at the U. S. Army Engineer Waterways Experiment Station (WES).
‘F Difficulties, however, arise in the attempt to apply laboratory results

} to prototype situations. The ordinary model rules for the transfer of

i roughness do not apply since the alternating expansions and contractions
1 bring about losses that are not related to wall skin friction but are

i caused by internal turbulent friction. The proper transfer relation is

‘ established by developing the theory of losses encountered in the mixing

of a current moving over adjacent stagnant or static waters.

g\ ‘ 2. 1In canals created by conventional methods the bottom is com-
| posed of Atlantic muck. Eden, formerly of the U. S. Army Engineer

E‘ District, Jacksonville (SAJ), has informed us that the muck has the
following grain size distribution: 100 percent less than 0.1 mm,

% 1 65 percent less than 0.0l mm, and 35 percent less than 0.002 mm. This
' 1 extremely fine composition poses the difficult problem of deciding
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exactly what the equivalent roughness would be. In ordinary alluvial
streams, with bed materials of a mean grain size on the order of a
millimeter or a tenth of a millimeter, the resistance is related to the
presence of ripples or dunes. For flows with a Froude number less than
0.5, and if the velocity, grain-size distribution, channel dimensions,
and channel slope are known, the corresponding resistance can be roughly
established. The question of bed feature formation with very fine sand
has rarely been investigated. If it is found that the effect of ripples,
if present, is of no consequence, the channel boundaries may be regarded
as hydrodynamically smooth and having small friction.

3. The importance of the problem dictates that an effort be made
to determine the condition or the likelihood of the formation of bed
feature with fine particles and the resultant resistance. Two ap-
proaches are open for the examination of friction. First, various
theories on the resistance of alluvial streams with bed materials of
moderate sizes are considered. Selecting from these the one most con-
venient for the purpose, relations are projected to canals with fine
bed material. Secondly, an attempt is made to determine the resistance
of individual ripples or dunes assuming that the relevant current veloc-
ity is the velocity at the apices of the ripples or dunes. The resis-
tance coefficients are established for each form by referring to labora-
tory results which have noted the dimensions of these forms in addition
to the stresses at the walls and the bottom. If there is additional
information on the sizes of these bed features in fine sediment channels,

the resistance coefficient, being a dimensionless quantity, could be
applied directly.

Estimates of Roughness of Crater Surfaces

An exposé of open channel formulae

L. An earlier study on the laws of turbulent flow in open chan-
nelsl led to the relation

L1 - R_
e 6.25 + 5.75 log T (2.3)
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U, = /gRS (1.2)

where

e
L}

channel mean flow velocity*

shear velocity

=
*
]

gravitational acceleration constant
hydraulic radius
the energy gradient

L U ®
R O )

In the event that the depth is uniform and the variation of velocity head
with distance is negligible, S merely represents the slope of the water
surface; ks = equivalent sand roughness height. Equation 1.1 represents

the logarithmic law of mean velocity. This is also nearly equivalent to

1/6
g—= 8.12 <§-—> (1.3}
* s
provided that
k
3%)-5< o % (1.4)

which is a form of Manning's law. The ordinary form of this law when

lengths are measured in feet*¥ is

U=-14f77éRl/6m§ (1.5)

which may be written also as

y = 2260 g 1/6 (1.6)

where R 1is expressed in feet. Accordingly

U__ 0.260 -1/6

. (1.7)

*¥ For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).
*% A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.
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Hence comparing Equation 1.7 with Equation 1.3 gives

1/6

S

n = 0.0324k (1.8)

a relation between Manning's n and the equivalent sand roughness ks s

the latter expressed in feet.

Equivalent sand roughness
and asperity concentration

5. The very fruitful idea of equivalent sand roughness is due to
Schlichting.2 The practical implication of the idea is as follows. One
may consider two channels or two conduits having the same form and hy-
draulic radius. The walls of one channel are covered with asperities
of height k and the other with closely packed sand of height ks .

If the flows in the two channels under the same pressure difference are
equal, then kS is the equivalent sand roughness of the asperities k
of the first channel. Schlichting conceived an ingenious apparatus that
eliminated the use of towing tanks to investigate the resistance of bat-
tleship armor design. The apparatus consisted of a wide rectangular
channel, three sides of which were smooth surfaces while the fourth side
consisted of a rough plate. The rough plate could be covered with any
type of asperities and concentration values. The asperities concentra-
tion is defined by Schlichting as follows. If A.r is the total value
of the projected area of all the asperities found on an area A , upon a
a plane parallel to the direction of flow, then Ar/A is to be taken

as the concentration of the asperities. If the projection of a single
asperity is a, and there are N number of them on an area A , then
Ar = arN . For a layer of spheres of diameter 2a, spheres squarely com-
pacted, taking N =1, A= he? e S 18> , and Ar/A = 0.783 .

Schlichting recognized that the relation between k and ks is of

k A

the form

the function relation being different for different forms of the asperi-

ties. For example, Figure 1 shows the manner of dependence for spheres

e,
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Figure 1. Effect of asperities concentration on resistance

as found by Schlichting. Also shown in this figure are the resistance
characteristics of cubes. Part of the data of the cubes was taken from

Towa testsB’h

and the remaining part from WES tests. The investigators
of the latter tests, Miller and Petersen, do not give the quantities
Ar/A and ks/k in their report, but they do give the sizes of the
cubes and the spacing of the cubes.5 Among other things they give the
depth of the water A hydraulic radius r , and Manning's n . The
values of Ar/A depend upon the values of k and the spacing. The
expression

5.75 log %’ X 0.560 R1/6
S

- 6.25

which results upon elimination of U/U, from Equations 1.1 and 1.7
enables us to determine ks from the known values of R and n .
Forming ks/k and yh/k , the limiting values of ks/k for greater
water depths are determined from a plot as in Figure 2. Referring again

to Figure 1 it is to be inferred that for small values of Ar/A the
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Figure 2. Dependence of effective roughness on water depth in channel

ratio ks/k increases with Ar/A . The ratio ks/k attains its great-
est value at about Ar/A = 0.4 . Beyond that there is a decrease with
increasing Ar/A g

Equivalent sand roughness
of rocks and pebbles

6. For gravelly and rocky channels, data similar to those shown
in Figure 1 are needed. This information is shown in Figure 3 for
sand,h limestone rock,6 and Hanover sand.2 Schlichting's experi-
ments were performed on Hanover sand similar in compactness to that of
Nikuradze.

T. The value of ks/k found by Schlichting is 1.6 which suggests
that all sands are not alike with respect to their resistance character-
istics. The full curve shows mainly the effect of concentration on the

value of ks/k . Thus for rocks and pebbles with concentrations Ar/A
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Figure 3. Effect of pebble concentration on resistance

greater than 0.5, ks/k is nearly constant. When Ar/A is greater
than 0.5 we shall regard the rocks as closely packed and assume that
kS/k is 1.75, i.e., the equivalent grain size is 1.T75 times the grain
size of rocks.

The Manning's n of
rocks of a specified size

8. Since ks/k equals 1.75 for closely packed rocks, Equa-

tion 1.8 becomes

= 0.0324(1.75k)1/®

=]
|

or

0.0355K%/ ©

=}
[}

(1.10)

where k is the grain size of rocks expressed in feet. This relation
is shown in Figure 4. The upper curve is for the range 0.1 < k < 10 ;

the lower curve is for the range 0.001 < k < 0.1 . Thus a

10
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Figure 4. Relation between Manning's n and rock size k ;
Ar/A > 0.6

concrete surface yielding n = 0.0l may be regarded as a surface

covered with asperities of grain size equal to 0.001 ft.

Method of establishing
the effective n of ejecta
and fallback of nuclear craters

9. When the asperities of a channel are uniform, the Manning's n
of the channel is readily obtained. In the case of ejecta and fallback
of crater channels, the rock sizes are highly variable and the deter-
mination of n is not so simple. In his experiments with pyramidal
asperities affixed to the sides of a square closed conduit, Fage7
found that the shear stress of the walls is related to the resistive
force of the pyramids. He determined the resistive force on the pyra-
mids by measuring the pressure on the faces of the pyramids. Sadron
conceived that if Uk is the velocity at the apices of the asperities
and a. is the projected area of the asperities in a plane normal to

the direction of flow, the resistive force Fr is

11
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where

C = the drag coefficient

p = density of water
Next, Schlichting found that C 1is a function of the form of the as-
perities and the concentration Ar/A . In principle, then, it would be
possible to determine the shear stress of a surface covered with rocks
of varying sizes and concentrations. As the analysis would be very much
involved and tedious we were not very sure about the success of this ap-
proach. The method described below has the advantage of being simpler

and will be used in the estimate of the effective n of nuclear crater
channels.

Effective n of normalized channels

10. Rocks of the surface of a crater channel are conceptually
sorted according to their sizes and are rearranged on the same surface
with the provision that the surface width everywhere is the same. This

is the normalized channel and the arrangement is shown in Figure 5. The

Figure 5. Sorted rocks of a crater channel
lengths of the rectangular areas occupied by rocks of sizes kl, k2,
k3....kn are 11’ 12, 13....,1n » respectively. Let the total length

12
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be L . Manning's n corresponding to the several rocks in the separate
areas is 0y, Dy, n3,....,nn , respectively; these values are determined
by noting the rock sizes. In effect we now have a channel of width B
and of length L . Imagine that a discharge Q 1is related to the depth
of waters HO’ Hl, H2, H3,...., Hn . HO and Hn are values at the
ends, and Hl , say, is the depth at the separation between the rocks

kl and k2 . Assume that water is large and hydraulic radius is

nearly constant throughout. Applying Manning's formula

=]
|

s
"

liniN N = U2/2.18RW3

adding
a
R B, = <12=:1 1ini) N

Introducing the effective n, of the normalized channel

H.-H = Ln2N
0 n e
Hence
n 1l
2 2 3
o= '§1 ny 1= (1.12)

This constitutes the basis of estimating the effective Manning's n of
the crater channels. It is assumed that by rearranging the surface
rocks in the above manner, the resistance of the channel thus formed
would be practically the same as in the original or the initial channel,
and that as the rocks get smaller in size, their number increases.

Effective n of basalt craters
and of craters in glassy rhyolite

T R ELE SRR
|

11. The effective Manning's n of craters in basalt and in

13
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glassy rhyolite was determined on the basis of data of size distribution
furnished by the engineers of U. S. Army Engineer Nuclear Cratering
Group. This information is contained in Figures 6 and T and also in
Table 1. The procedure followed will be illustrated for the case of the
basalt crater. It is imagined that the partitioning of the rocks is in

10 percent intervals as shown in Table 2.

Table 1
Grain-Size Distribution of Nuclear Channel Materials

Percent Finer Rhyolite Rhyolite
by Weight Basalt d, ft Adjusted
100 6.0 5.0 5.0
90 S 1.5 2.0
90 3.0 0.55 1.0
TO0 2.3 0.27 0.50
60 1.8 Q13 0.30
50 1.k 0.070 0.19
Lo 0.90 0.038 0.12

30 0.58 0.022 0.080
20 0.30 - 0.050
10 0.10 - 0.036
0 AP e P
Table 2
S N N d2 e
Parts Steps d, ft d i i i
(1) (2) (3) (L) (5) (6) (7)
1 100 to 90 4.20 ThO 1 17.6 0.055
2 90 to 80 3.20 32.7 2.26 23.2 0.073
3 80 to 70O 2.60 1 g 4.3 29.0 0.091
L 70 to 60 2.00 8.0 9.2 37.0 0.117
5 60 to 50 1.60 k.09 18,1 46.3 0.181
6 50 to 40 1.10 Lo 3T 54,0 65.2 0.205
g Lo to 30 0.7k 0.ko 185 100.0 0.315
8 30 to 20 0.43 0.08 920
9 20 to 10 0.20 0.008 9200
(7, 8, 9) 318.0 1.000

1k
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Figure 6. Average ejecta and fallback size distribution from
basalt craters
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Figure 7. Average ejecta and fallback size distribution from a
crater in glassy rhyolite
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The median diameters of the steps are shown in column 3. Assuming that
the rocks are of like density, the number of rocks of a given size is
inversely proportional to d3 « Column 5 denotes the relative number
of rocks of different sizes as Ni , which is inversely proportional to
d3 . Column 6 gives the relative values of the areas covered by the
rock when placed close to each other. In an actual situation, the rocks
of the smaller sizes would form the base layer. It will be assumed that
these rocks fall below 30 percent by weight. The addition of Nid2
values from parts 1 to T inclusive gives the sum of 318. Thus, the
ratio Nid2/318 gives the quantity li/L and is shown in the last
column. Having thus arrived at the discrete values of li/L to be as-
sociated with a given rock size k , we may next proceed to obtain the
effective Manning's n of the normalized crater using Equation 1.12.

This is completed in Table 3.

Table 3
BT 3t /L,
Parts k, ft i n i
(1) (2) (3) (&) (5)
1 4,20 0.055 0.0453 1.101 x 1o'h
2 3.20 0.073 0.043L 1.482
3 2.60 0.0k41 0.0420 1.605
L 2.00 0.117 0.0400 1.869
5 1.60 0.181 0.0385 2.380
6 1.10 0.205 0. 0360 2.660
i 0.7k 0.315 0.03k40 3.660
LT % 1o'h

Application of Equation 1.12 yields:

ni & 116 % 10~
n_ = 0.0384

the effective n of the basalt craters according to this approach. It
appears that with glassy rhyolite the granulometric distribution values
need to be adjusted prior to the computation. It is inferred from

Table 1 that the particles of the range 30 percent finer by weight are

16




too small. Discarding these, the new adjusted distribution values would
be as shown in the last column of Table 1. Repeating the calculations as
for basalt and using the adjusted distribution, the effective resistance
coefficient for glassy rhyolite is:

ne = 0.0275

12. The effective Manning coefficients for the surface of nuclear-
cratered channels derived by the method described above are the minimum
ones. In the actual channels, the larger rocks are not closely packed
but are randomly spaced, and the effective ks would be greater than
the ks of the closely packed rocks. Again, whether the rocks are
closely packed or are randomly distributed, the rocks of smaller sizes
would be sheltered by the larger ones. The consequence of the latter
would be a reduction of the areas of smaller rocks exposed to the action
of the flowing water. As a consequence of these two conditions, the ef-
fective Manning coefficient of an actual cratered channel surface would
be a factor larger than the minimum value computed by the above method.
A modified form of Equation 1.12 is:

n 1
g .3 244
n_, =m 121 oy T (1.13)

where m 1is a constant close to unity.
13. Since the theoretical evaluation of m is not practical it
is necessary to resort to experimental evidence. In recent experiments

9

on the flow of water over graded beds,” three sizes of gravel were em-
ployed with gradations as shown in Table 4. In forming the bed, first
the larger rocks were randomly placed and successively the small sizes
were added. At the ends the beds were of two layers. We have theoret-
ically determined the effective n, for these gravel surfaces by the
above methods and also from the flow measurements. The steps in the
determination of n, for the gravels of gradation 1 are shown in
Tables 5 and 6. Here, also, the gravels 30 percent finer by weight are

assumed to be in the underlayer. The theoretically computed coefficient

17
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Table L4
Gradation of Gravels in the WES Experiments6

Percent
Finer by Gradation, d , ft
Weight i 2 3
100 0.124 0.0624 0.0312
90 0.101 0.0525 0.0231
80 0.004 0. 0Lk 0.0175
70 0.071 0.037 0.0141
60 0.061 0.031 0.0122
50 0.048 0.026 0.0103
4o 0.040 0.022 0.0082
30 0.032 0.019 0.0075
20 0.027 0.016 0.0055
10 0.022 0.011 0.0043
0 0.019 0. 008 0. 0039
Table 5
Percent
Finer
by 2
Weight 4, ft a3 5 . e i
100-90 11.25 x 10’2 1420 x 10'6 1.00 126 x 1o'h 126 x 10‘h 0.079
90-80 9.25 791 1eT9: = 85.5 EE 0.092
80-T0 T7.7T5 465 3.05 60.0 183 0.109
70-60 6.20 238 5.96 38.L4 228 0.136
60-50 5.45 162 8.76 29.7 260 0.155
50-40 L.4o 85 16.70 19.k4 325 0.194
40-30 3.60 46.6 30.5 13.0 396 0.237
30-20 2.95 25.7 5542 8.7 L62
20-10 2.45 k4.7 96.8 6.0 580
10-0 2.10 9.26 153 48 730
Table 6
D
Parts k, ft li/L n n2 - li/L
1 0.1125 0.077 0.0250 6.26 x 1o'h 0.482 x 10‘K
2 0.0925 0.092 0.0240 5.78 0.532
3 0.0775 0.109 0.0233 5,44 0.59%
N 0.0620 0.136 0.0225 5.05 0.688
5 0.0545 0.155 0.0220 4,85 0.752
6 0.0440 0.194 0.0215 L. 62 0.89¢
7 0.0360 0.237 0.0205 4,20 1.00C
p° = L,9ké x 10‘h; n = 0.0222 h,abs x 1o‘h

o
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ne equals 0.0222 for the gravel surface of gradation 1 and 0.0199 and

0.0171 for gradations 2 and 3, respectively. In Reference 9 the values
of the ratio U/U* and the depths for each test are recorded. Using
these values, we have determined by Equation 1.7 the n for every test
run. There is considerable disparity in the values of n from the tests
with a given distribution of rocks, but by averaging the observed values,
these are n, = 0.0280, 0.0243, and 0.0213 for surfaces of gradations
1, 2, and 3, respectively. Comparing these with the theoretical values
shown and using m for the ratio of the observed to the computed, we
have m = 1.25, 1.22, and 1.24 for the gravels of gradations 1, 2, and
3, respectively. Hence, Equation 1.13 can be modified as:

li 1/2

TS
ne = 1.2)4(.2 3 —f) (1.14)
i=1

Applying this, a better value of resistance coefficient for the basalt

craters is

n, = 1.24(0.0384) = 0.0476
and for glassy rhyolite:
W 1.24(0.0275) = 0.034k2

14. An alternate procedure in the last problem would be to con-
sider the effective ks of a given gradation of rc ks. In the WES test,

9

Brown” has determined the ks for each run. There are large disparities
between the individual values from the tests and a bed of a given gra-
dation of rocks. If averages are taken, ks is equal to 0.233, 0.0968,
and 0.0613 ft. One should inquire as to the ratio of ks in the aver-
age value of rock sizes for a given gradation. The average value of

the rock sizes d may be determined as

i dAA
d= z =
or o) a,
d =1L _ (1.15)

as it is best to do the averaging on the basis of areas covered by the

19
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rocks. One finds the mean values equal to 0.0598, 0.0310, and 0.0125 ft
for rocks of the gradations 1, 2, and 3. Thus

k

3.89 for gradation 1

ﬂl'm

3.13 for gradation 2

4.90 for gradation 3

As an average, then,

k_=3.97 d (1.16)
Resorting to the values of d and li/L shown in Table 2, d = 1.687 ft
for the basalt rocks. Hence, using Equation 1.16, k= 6.69 ft
and turning to Equation 1.8, the channel effective n is

B = 0.0445

which agrees fairly well with the calculation by Equation 1.14. In the

same manner, one finds for the rhyolite channel
n, = 0.0324

Loss of Energy in an Isostatic Area

Losses in isostatic flow areas

15. The term isostatic refers to areas of the flow where a mean
movement out of the area is absent, although there are local movements
from point to point. In these areas, pressures are uniform and the
movements are essentially cyclic induced by the tangential stresses of
the main flow turbulence. This situation arises when a current is
deflected or a current moving in a constant direction experiences a
sudden expansion. In such areas there is loss of energy in the main
current, due partly to the maintenance of the eddying motion and to

the turbulent dissipation in the waters adjacent to the isostatic area.

20




Energy loss in Tollmien free jet

16. When a current meets and runs over a body of still water, a
zone of turbulent waters is created as shown in Figure 8. The zone is
limited between two straight lines oy, and oy, showing that the
width of the turbulent zone increases linearly with distance measured

from the point where the current meets the still water. At any point on

="
—
—T"

e /ZERO STREAMLINE
= P X
Yo

* = i
// g pre=
, 4
: ? t Bt
: 7 :

Figure 8. Free turbulence between current and
still water (semijet)

the line oy] » the longitudinal velocity equals the initial velocity

u; s of the current. At any point on the line oY, the longitudinal
velocity vanishes but there is a lateral movement. The line oY, is
the zero streamline with an angle of inclination o with the horizontal.
The water below oY, is in the isostatic area. The theory of this type
of mixing has been developed by Tollmienlo and it can be shown that

tan a = 0.19 . A single streamline in this area closes at infinity and

the flow below %¥q is virtually cyclic. Energy lost from the main

current is expended in maintaining the cyclic motion below Yo and in

‘1 the turbulence of the zone above oy, - Analysis shows that the jet

dissipation (loss of energy per unit time) amounts to

21
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0
E = 0.0468 p = A (1.17)
where Ax is the area of contact between the isostatic zone of cyeclic
motion and the main current. The losses encountered in miter bends and
in sudden expansions are nearly in accordance with Equation 1.17 as
shown by Sager and others.ll Thus this should prove to be of value
when considering the additional losses in cratered channels owing to

the sudden changes of cross sections.

Formulation of Losses of Nuclear-Cratered Channels

17. A channel created by nuclear devices, placed equidistantly
along a practically straight line, will consist of a succession of chan-
nel segments, an individual segment having the planar form as shown in
Figure 9. The segment in one part has divergent boundaries and in the

remaining part, convergent boundaries. A segment of this configuration

LEGEND

AVERAGE HYDRAULIC RADIUS
AVERAGE WETTED PERIMETER
AVERAGE CURRENT VELOCITY

R
X
v

Figure 9. Notation diagram of cratered segments

will be referred to as a cratered segment. Despite the fact that the
devices creating the channel are arranged equidistantly, the resulting
crater segments may not always have equal divergent and the convergent
parts. Let L be the total length of the cratered segment and Ll be
the length of the divergent part. If the flow were reversed, the length

of divergent part would be L - Ll . Taking the point of view adapted in

e

T S ELUSE I T b v L s e e o o g W e A e ke A s

il o S oo o YL e e il % s AN N




§
3
3

B

i S

-

T agee s i i i e

B i

the previous sections, it is assumed that a flow separation occurs in the
1

divergent part of the cratered segment. This is part of an isostatic

area, and in this area, the loss of energy per unit time is:

£
El =C 5 U Al (1.18)

where

=
]

1 Jet dissipation due to free turbulence in a nuclear segment

an experimentally determined constant depending on the form
of the segment

U = the mean velocity averaged along the segment length L

Al = the total area of the separation surface

In additicn, there is the rate of loss in the segment induced by the
solid boundaries

i)

padag s
E, = 3= pU (A - Al) (1.19)

where

Al the coefficient of friction due to the boundary asperities
A = the wetted wall surface

i n, is Manning's n for the surface, from Equation 1.7

L 29.16 2
Al ==H3%n (1.20)
R
where R 1is the mean hydraulic radius of the cratered segment.
18.

Let Q Dbe the discharge and AH the fall of the energy line
along the segment. Hence,

PEAHQ = E; + E,

or

A Biodta o L y3
gMpQ Ale(A Al)+02UAl (L)




Introducing the average wetted perimeter x

Q = xRU, A = Ly, Al = Elx

Substituting these in the above and dividing by pQL one has

L 2
s -3)- o 3% 2.2

This may be written, introducing Ae , the effective resistance coeffi-

cient of the cratered segment, as

2
AH _ u_
where
L [
¥ Y ey
12 = Al(} - L)-+ C L (1.24)
One may also write this as
21
Ay = A ( - —L-)+ N (1.25)
where
o §
N=¢C 3 (1.26)

19. Equation 1.25 above refers to a single cratered segment. 1In
the derivation, use was made of the average value of the mean currents
in various channel cross sections. This is permissible if it is assumed
that the variation of the cross sections and of the hydraulic radii be-
tween extremes is linear with distance. Now, if it is further assumed
that the quantities 21/L and C are practically constant over the
channel length, Equation 1.21 may be assumed to apply to a long cratered
channel consisting of many cratered segments, and AH/L would denote the
gradient of energy line of the long channel. The interpretation of

2k
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Equation 1.23 is that once the average quantities ll/L and N are
known, the effective A2 or the Manning's n, of the channel can be
determined. For determination of these quantities in special cases,

reference will be made to the WES channel experiments.ll

Results from WES Channel Experiments

20. The nature of the increased losses due to the divergence and
convergence in a cratered channel was examined in three channels, all
having the same length, the same average cross section of 1.206 sq ft,
and the same average hydraulic radius of 0.0378 ft. The surface asperi-
ties of all the channels were the same. One of the channels was of uni-
form cross section throughout. The other two channels consisted of
cratered segments with form specifications indicated by the coordinator
of the WES channel experiments, Major Robert G. Bening, U. S. Army
Engineer Nuclear Cratering Group, Livermore, California. The experi-
ments showed that the losses of the two cratered channels were practi-
cally of like value,

in

A—§= 4.65 x 107g°

and for the channel of uniform cross section

%—= 1.36 x 10~

hQ2
Using Manning's formula for both channels

AH _ n2 U2
DB i
and

A2 U2
= —5 —g for the cratered channel (1.23 bis)

ol

and

25




A1R1/3 = 29.16 ni for the smooth channel (1.20 bis)

one finds that for the uniform channel

UG I lO-h
1
and
nl = 0.0108
|
For the cratered channels g
r |
-4 ﬁ
A, = 164.5 x 10 1
and
n2 = 0.0201 3

Accordingly, the expansions and the contractions do increase the
Manning's n to twice the value of the uniform channel.
21. The area of the separation of the flow in the cratered chan- E

(A4

nel was examined visually through the introduction of dye in one of the
f} cratered channels for the two directions of flow, regular and reversed,

and for two discharges. Only the surface dimensions of the separations

could be noted with certainty. Let 21m denote the length of the 5

separated area in the direction of flow, A denote the maximum width

of this same area, and Bm denote the maximum width of the segment (see

g g Y

Figure 10). The observed values of 2lm/L show some variations: for

y one discharge the average values were 0.698 and 0.678 with reversed flow;
l; for another discharge the corresponding values were 0.638 and 0.687.
Also, there were small variations in the values of 2A/Bm from segment
to segment: for one discharge the average values were 0.263 and 0.288;

for the other discharge the corresponding values were 0.285 and 0.35k4.

,‘ These show the extent of the separations. The same dye technique could

26
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i Figure 10. Notation diagram of surface separations
i i in cratered segments

not be extended to points below the surface. The impressions gathered

Ty

indicated that the separation became smaller with increased depth. As

the extent of the separations should depend on the inclinations of the

T

boundaries, the depth dependence should be noted for the channels of the
investigation. The inclination 6 varies with depth. Values for the

different crater segments do vary somewhat. Without making a distinc-

e g

tion between the inclinations in the divergent and convergent parts,

the mean of es at the surface is 9.95 degrees and eb at the bottom

6.62 degrees for the two channels.

Establishment of Cratered Channel Formula

22. Determinations of the quantities El/L and N of Equa-
tion 1.25 will be made on the basis of the results obtained in the WES

: ,x'du B A SESYNIo

cratered channel experiments. The quantity 21 can be related to the
length zlm of the separation area observed at the surface in the fol-
lowing manner. One may consider the wetted perimeter of a cross section
in the general area of the separation (Figure 10). Let s be the arc

length measured from the lowest point in the section along the rigid

boundary. Place 231 = x . Let & be the length of the separated area

at the level of s . Thus, Al s, the total area of the separating
surface, is
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As mentioned previously, the length of separation decreases for the

deeper points. Now, assume that

Py
"
P
'—l
8
N
[GRE]
&1
B

Accordingly, since 251 =X

e e

Recalling the definition, Al = xll , it is seen that

L. = llm
1 l+m
and
R
L l+m L

23. The experimental results (shown in Tables 4 and 5) show that
the average value of zlm/L from four sets of separate observations is

0.668. If one places coefficient m = 1.5 , then

L
L. 0668 5,268

Equation 1.25 then becomes
A, = O.T32Al + N

In the WES channel tests with the channel of uniform cross section

. -L
Al = 18,1 x 10

and in the cratered channels
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N

Ay = 164.5 x 10~

With these values it is found that

N = 129.3 x 10‘h
with m = 3.0
2
LA
. 0.223
A =

5 0.777Al + N

and

N = 127.3 x 10~

Again, if m = 1.0,

= 0.334

[l B

A, = 0.666\, + N

N
—

and

N = 132.3 x lO_h

(9.27)

(1.28)

(1.29)

2k, 1In the above there are three expressions to evaluate the
effective resistance coefficients of a cratered channel. It is diffi-~
cult to make a selection. Before a selection is made, however, it is
necessary to ascertain if these expressions could be valid, at least
approximately. The criterion is that the losses thereby indicated are
of the order met within the turbulent isostatic zone of a semijet. It
will be recalled that the latter loss is given by

v

Ep =0 374

C = 0.0468 (1.17 bis)
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With the case of the cratered segments, correspondingly, the expression

is
W :
El =n > U Al (1.18 pis)
L
: { g=0 %, (1.26 pis)
| .

Introducing values of N and L/JLl from Equations 1.27, 1.28, and

! 1.29 gives

‘ m=3, C=0.0572

! m = 3/2, C = 0.0483
3 m=1, C = 0.0393

which show, indeed, that the losses thus calculated for a cratered

segment are of the same order of magnitude as for a semijet. We shall

1

!

| | adopt the expression of loss corresponding to m = 3/2 . Accordingly,
|

i

§

k the expression
A, = 0.732), + 129.3 x 1o’h {1.30)
7% is adopted for the effective coefficient of friction of a cratered
} channel segment of the general form tested in the model channels at WES.

Cratered Channel Loss Formula in Terms of Manning's n

Ty

25. The cratered clannel loss expression ;

: A, = 0.732), + 0.0129 (1.31)

4 involving the roughness coefficients may be changed into one involving

B the Manning's coefficients n, and n, . Using the form in Equation

1.20, measuring R in feet,




i

B
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Bo 10" = O.T32n§ x 10 + 4.438%/3 (1.32)
where
n, = the effective Manning's n of the cratered channel

the Manning's n if the channel did not have expansions and
contractions

R

the average value of the hydraulic radii

The above expression indicates that the increase of the effective Man-
ning's n of a cratered channel over that of a uniform channel would be
more pronounced with smaller surface asperities and with greater hydrau-
lic radii.

26. It is envisaged that the formula given could not be applied
to all cases of cratered channels but only to those having form char-
acteristics similar to the channels studied at WES. As a criterion of
form, one may take the angle of divergence 6 of the channel lines at
the water surface and those at the bed bottom. Let es refer to the
surface expansions or contractions and eb to the bottom expansions or
contractions. Taking average values of these quantities expressed as
radians from all the cratered segments in channel 2 and in channel 3:
es = 9.95 degrees and eb = 6.62 degrees . Note than eb is smaller
than es . This may be the reason that the separation areas in the ex-
panding sections are greater and more significant at the water surface.

2T7. An alternate approach to the problem is one proposed by
Mr. J. H. Douma of the Office, Chief of Engineers, U. S. Army. The
losses are visualized as arising from expansion. The idea was followed

previously by Sager and othersll with the result that

g x 10“ = ni x 10“ + 3.99Rl/3 (1.33)

One may call this the Douma formula. The difference between the main

n

formula (Equation 1.32) and the Douma formula (Equation 1.33) is small.
Indeed, theoretically, Equation 1.33 represents the limiting form of
Equation 1.32. The Douma formula could have been obtained directly from
Equation 1.2k if one had supposed that in this equation zl/L vanishes

and C becomes infinite. Interpreting physically, one would have

3l




assumed that the separation areas responsible for added losses are in-

finitely small and the dissipation rate infinite. This is a difficulty
avoided in the derivation of Equation 1.32, which is suitable for the

estimate of the effective resistance of cratered channels.

Effective Resistance of Nuclear-Cratered Section

28. In August 1968 the Nuclear Cratering Group, Corps of Engineers,
furnished data on dimensions of a long section of a hypothetical nuclear-
cratered channel. These data will be utilized to illustrate the manner
of determining the effective resistance using Equation 1.32. The size

l ’ distribution is given in Table T, the material of the section being
i
t basalt, rhyolite, or clay shale.

Table T
Nuclear Excavation Data

Explosive Channel Channel Channel Area Hydraulic Channel
Explosive Spacing Depth Width in Cross Section Radius Length

| Location £t ft ft sq ft ft £t
! i1 565 336 1193 227,928 165 0
{ 2 652 418 1436 336,969 201 565
i 3 739 312 1188 216,573 160 1,217
13 i 652 386 kot 312,625 193 1,956 |
kg 5 652 374 1307 222,002 182 2,608
4 6 823 L61 1627 426,417 226 3,260
y} 7 907 330 1300 253,142 172 4,083
) 8 823 364 1402 299,075 187 4,990
1 9 739 420 1507 362,169 208 5,813
; 10 739 340 1271 251,012 172 6,562
1 11 823 ko 1566 " 392,895 217 7,291
4] 12 823 293 1188 “7'207,155 156 8,114
» 13 652 461 1627 426,417 226 8,937 ]
. 14 565 374 1307 276,664 182 9,589
) 8 | 335 1193 227,928 165 10,154
" 29. Let L be the length of a segment, R and A the average
u | hydraulic radius and the average cross section, respectively, of the 3
segment, Q the discharge, and AH the fall of the water surface be-

tween the ends of the segment. Now

AH = n°NL
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2

N = 0.458 -ﬁk—/—3

A

’ where n is the Manning's coefficient of the segment. Dropping the

subscript 2, Equation 1.32 becomes

2 L L

ot % 10" = 0.732nf x 10" + b.y3rt/3

The fall of the water surface in the individual segments, in the order |

of the segments, is

e}
[}
==}
1]
=
=]
=

i Similarly, introducing the effective Manning's n for the entire section

of length LT 5

i o s T R
% it
-

where N is computed as

T i g

2
N = 0.458 K—QEEE

vhere A and R are the average cross section and the average hydraulic

-

radius, respectively, of the entire channel. Since the energy loss in

the entire channel equals the sum of the losses in the segments:

| - n

lphige = Li“?Ni

i=1

and hence

33
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n —\2 /= \4/3 L,

2= ¥ oaf(A)(E) T2 (1.3%)
i=1 Ai Ri t

If Rl and R

R2 the hydraulic radius at the cross section of the largest area, and

3 are the hydraulic radii at the ends of a segment and

Ll and L2 are the lengths of converging and diverging parts, then the

average hydraulic radius of a segment i is

TIE [0 T M O T
S G L 2 L
Similarly the average cross section of a segment i is

w L (R eyt
- Sl 2 L 2 v

The average hydraulic radius R and the average cross section A of

the entire section are evaluated as:

e 1 Tl AL I
R—iglRi-L—T.

and
7 LS Li
e e

Equation 1.3k requires that for the evaluation of the effective ng of

the entire channel the quantity

2 R L/3 Li

ANMIEN 7L
R AR o
relating to a segment of position i be determined. For the hypotheti-
cal channel of the dimensions shown in Table 7, the steps of the compu-
tations are shown in Table 8.
30. To complete the computation of n, through Equation 1.3k,
the n, for each segment must also be known. As will be recalled,

this is done using Equation 1.32. For a basalt hypothetical channel,

34
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Table 8

Steps in the Evaluation of n,

Segnent M1 e B 4 S B By
1 165 201 160 565 652 i b 178.8
2 160 193 182 739 652 1891 181.8
3 182 226 Xt2 652 823 1475 201.2
I 172 208 172 730 739 2L69 190.0
5 172 217 155 739 823 1562 190.0
6 155 226 165 823 1217 2040 190.0
Segment Ay Ay oy o R o
1 227.9 x 103 337.0 x 10° 216.6 x 103 565 652 1217 279.k4 x 103
2 216.6 312.6 222.0 739 652 1391 265.9
3 222.2 426.5 253.1 652 823 1475 332.9
L 253.1 362.2 251.0 1730 739 2469  307.h4
5 251.0 392.9 207.2 739 1823 1562  310.L
6 207.2 426.4 227.9 823 1217 2040 310.2
L, I N
AP A AR R S
Segment i T i gy il Uk Average
1 1217 0.1198 178.8 21.42 279.4 x 103 33.47 x 10 o
2 1391 0.1370 181.8 24.91 265.9 36.43 R = 189.1
3 1475 0.1453 201.2 29.23 332.9 48.37 A = 302.2 x 103
L 2649 0.2431 190.0 46.19 307.k4 4. 73 Ly = 10,154
5 1562 0.15%3 190.0 29.31 310.4 47.89
6 20%0 0.2008 190.0 38.00 310.2 62.29
= — = \4/3 = \2 = /3 /<
Segment i Ay Ry fiy Ly o Ag) L e
1 1.057 1.085 '1.079 ilepigest 0.1198 0.1523 5.63
2 1,039 1440 1.053 1.296 0.1370 0.187k4 5.67
3 0.939 0.911 0.920 0.95k 0.1L453 0.1109 5.86
4 0.995 0.986 0.993 0.993 0.2431 0.2346 5.75
5 0.995 0.977 0.993 0.988 0.1543 0.1L463 55
6 0.995 0.974  0.993 0.987 0.2008 0.1892 5.75

B 0.0476 . This would be the appropriate Manning's n had the

channel been of uniform cross section throughout.

values n,
of Table 9.

thus the effective Manning's

on the basis of Equation 1.32 are given in the fourth column
. 2

The sum of the entries in the last column give ng
n of the hypothetical channel of the

35
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Table 9

Coefficient of Basalt Section

(b) 2
=1/3 =1/3 2 — - =
Segment Ri h'hBRi Be &0 By A L (a) - (b)
1 5.63 2L .9k 47.69 0.1523 7.263
2 5.67 25.12 47.87 0.187Tk4 8.970
3 5.86 25.96 48.21 0.1109 50385
I 5«15 25.47 L8.22 0.2346 1:3.. 313
5 o 25.47 48.22 0.1463 7.04k4
6 S TS 25.47 L8.22 0.1892 9.123
5 4 Sum 58.02
nT % 10° = 58,02 n = 0.0762
e e
dimensions shown in Table 7 is n, = 0.0762 . Making similar computa-

tions for channels of rhyolite or clay shale, the results are shown

below. i
Material S Te
Basalt 0.0476 0.0762
Rhyolite 0.0332 0. 0609 ]
Clay shale 0.010 0. 0514

An obvious deduction from this summary is that divergence and convergence

in segments considerably increase the resistance factor of the channnels.

Estimate of Roughness of Channels with a Muck Bottom

31. According to Mr. Eden, formerly of SAJ, the distribution of
grain size of the Atlantic muck is 100 percent less than 0.1 mm, 65 per-
cent less than 0.0l mm, and 35 percent less than 0.002 mm (see Figure 2%).

The estimate of roughness having a material this fine raises some diffi-

cult questions. If it is assumed that no ripples or dunes are present,
the boundary surface could be hydrodynamically smooth. In order that

this be the case, the criterion
U,d

el U (L.35)
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need be satisfied. Here U, is the shear velocity /to/p v Ty the
wall stress, p the density of water, v the kinematic viscosity, and
d the grain diameter. With this condition satisfied, the mean current

U prevailing in a trapezoidal channel would be

RU,,
=43.25 +5.75 log T (1.36)

CZ|C'.

*

One may approximate this by a power expression of the form

RU*)1/6

U = —

The coefficient K , a dimensionless number, may be determined by equat-
ing the right-hand sides of Equations 1.36 and 1.37, for a selected

value of U*R/v . The values of K obtained in this manner are shown

in Table 10. Comparing Equation 1.37 with Manning's law, Equation 1.3,
the effective sand roughness appropriate for hydrodynamical smooth

surface is

Table 10
U,R UR ¥
S e K = K,

2 N 3
1 i 103 1.48 x 10h 6.85 0.0382 0.0504
1 x 10y 2.05 x 105 6.50 0.0405 0.0532
1 x 105 2.65 x 106 5.75 0.0k456 0. 0601
1 x 10¢ 3.20 x 107 k.70 0.0560 0.0700
1 x 107 3.75 x 10g 3 TT 0.0697 0.0843
il 4.35 x 10 2.97 0.088L4 0.1032

. ~

-,
(
6
_(8.12)" v _

. kg ’(‘7?) o (1.38)

Using Equation 1.8
=1.6
A l 6 U*R
g : (T) (1.39)
where
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_0.0324 x 8.12

This establishes the Manning's n for the hydrodynamically smooth
surfaces. The dependence of the coefficient K on the flow Reynolds
number based on shear velocity is shown in Table 10.

32. The effective sand rougﬁhess depends on the channel roughness
boundary stress. The determination of this quantity in a smooth channel
is somewhat unc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>