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SYNOPSIS

Tests were made on a device that can be used for the removal of large
sediments from canals. This material must be traveling as bed load in order
to be trapped by the tube. Data from several investigations have been com-
bined in order to develop the general design information that is presented.

INTRODUCTION

The accumulation or movement of gravel and sand in irrigation, power, and
municipal canals presents problems that are usually common in the operation
of water conveyance systems. When coarse sediments enter the canal through
diversion structures or because of unstable channel conditions and are eroded
from the canal itself, many difficulties may arise. Some of the problems en-
countered are: (1) the depositing of material in some reaches of the channel
thereby reducing the carrying capacity and making frequent cleaning neces-
sary, (2) gravel or sand entering the turbines in a power canal, (3) munici-
palities requiring the construction of elaborate desilting facilities for removal
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of this material, and (4) materials carried in irrigation canals ultimately de-
positing in a detrimental manner on farmlands when the water is applied.

A properly designed diversion works can exclude a portion of the material
before it enters the channel. However, many diversion works wore constructed
before much was known about proper design for excluding or bypassing sedi-
ment. Many diversion dams act as sediment traps so that much more material
than is necessary enters the canals. An overabundance of this material usual-
ly causes difficulties and must be removed.

In the case of earth canals, the channels should be designed to remain as
stable as possible for all conditions of flow. Here again, a lack of knowledge
of proper design has resulted in many unstable situations. Material is eroded
in certain reaches to be deposited at others. Canals that infrequently act as
floodways may also catch material that must later be removed.

Successful design of a device for extracting sediments involves many engi-
neering aspects. Some of these are stable channel theory, mechanics of sedi-
ment transport, and the hydraulic principles governing operation of the device
as well as structural design. For this problem, interest in sediment transport
is confined to that material near the bed.

Extensive studies have been conducted in India on development of sediment
exciuders and extractors. In the United States, the development of the vortex
tube sand trap as an extractor has been noteworthy. Pioneer development of
this device was made by Carl Rohwer and Ralph L. Parshall. Considerable
experimental work was done to develop the device for specific installations.
However, general design criteria to assist field engineers in designing the
vortex tube has been lacking.

This report summarizes the results of a study initiated to correlate the
results of past studies and to conduct further investigations for developing
needed design information.

Notation.-The letter symbols adopted for use in this paper are defined
where they first appear, in the illustrations or in the text, and are arranged
alphabetically, for convenience of reference, in Appendta I.

REVIEW OF LITERATURE

Sediment ejectors usually consist of slots or apertures in the bed of a
canal through which coarser material moving as bed load can be removed
along with a small quantity of the flow. Uppal (14)2 described a device used in
India to remove bed load that consisted of a series of small tunnels facing into
the flow. The height of these tunnels was about one-fourth the depth of water
in the canal. Flow entering the tunnels along with bed load was diverted out of
the canal; also described was the use of large tunnels that passed under the
canal proper. Slots were provided in a canal structure for larger sand frac-
tions to drop through into the lower tunnel. One end of the tunnel was blocked.
The other end was provided with a gate that, when opened, caused the tunnel
to function as an ejector discharging into a cross drainage system.

Tests of the vortex tube sand trap along with a riffle deflector device were
first reported by Parshall (8). The vortex tube sand trap was described as a
tube with an opening along the top and placed in the bed of a canal at an angle
of about 45° to direction of flow. As flow passed over the opening, a spiral

2Numerals in parenthesis-thus; (1)-refer to corresponding items in the Appendix,
Bibliography.
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motion was set up within the tube. Material traveling along the canal bed was
drawn or dropped into the tube and carried to an outlet at which It was dis-
charged into a return channel. The device was observed to be very effective
in removing large material even to the size of cobblestones. The riffle de-
flector sand trap was described as consisting of a series of curved metal
plates, each the shape of the quadrant of a circle fastened to the channel floor.
Bed load was caused to move to one side of the channel at which It was re-
moved through an opening. A combination of riffles and tubes was also tested
with considerable success.

Rohwer, et al. (10) reported the results of tests conducted on vortex tubes
installed in channels 8 ft and 14 ft wide. The tubes used were 4 in. and 6 in. in
diameter set at various angles to the flow. Conclusions from these tests were
given as: (1) the tubes were most active when the depth of water in the chan-
nel was slightly less than critical; (2) straight or tapered tubes were equally
efficient in removing sand; (3) angle of tube for angles less than 90° to the di-
rection of flow had little effect on efficiency; (4) efficiencies of trapping were
conspicuously better when elevations of the upper and lower lips were the
same; (5) the tubes would remove from 70% to 90% of bed load carried by the
flume; (6) tubes in a channel that was 8 ft wide seemed to be more efficient in
sand removal than ones installed in a channel 14 ft wide; and (7) when the
Froude number of the flow Immediately upstream from the tube exceeded 1.3
a considerable amount of sand and gravel was thrown out of the tube and re-
entered the channel.

The amount of flow from the tube was regulated for some of these tests.
This was accomplished by controlling the water level at the tube outlet so that
the percentage of flow removed could be varied. It was found that the wasted
flow could be reduced by 40% to 50% with a corresponding smaller reduction
in the trapping efficiency.

Measurements of velocity of translation and rate of rotation of the flow
within the vortex tube were attempted. The maximum translation velocity was
found to be approximately 0.4 times the mean velocity In the channel. Because
of the number of variables introduced into the study, it was not possible to de-
termine the relationship of translation velocity and rotation to other factors.

Further tests on the vortex tube are also reported by Rohwer (11). For
these tests, tube shape was varied as well as size of sand. The tubes were
installed at an angle of 45°. By testing a number of tubes a shape was found
that gave the highest trapping efficiency. This efficiency varied with the size
of material, being near 90% for material with a median diameter of 1.75 mm
and 45% for 0.38 mm median diameter sands. These efficiencies were nearly
constant for a range in Froude numbers from 0.4 to 1.3 (velocities 2.3 to 7.9
fps). The percentage of total flow removed by the tube varied from 3.8 to 13.0.

The amount of flow from the tube was also controlled in a limited number
of tests. It was found that a reduction of tube discharge of 40% to 50% caused
only a slight decrease in trapping efficiency. In both series of tests reported
by Rohwer (10), (11) the sand was instantaneously dumped into the channel;
thus, a constant rate of sediment inflow was not maintained.

Parshall (9) stated that the optimum action of the vortex tube occurred
when the water passing over the lip was at or near critical velocity. He also
stated that field installations of the device had been both successful and un-
successful. In installations that were Ineffective It was noted that the velocity
in the canal was low and the tube was set below channel grade. Trapping ef-
ficiencies of 90% were claimed for the device when operating properly.
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A tube 0.2 ft in diameter with one-quarter of the circumference cut away
and installed In a flume 2 ft wide was studied by Koonsman (3), (4). The sand
used for the tests had a size range of 0.4 to 1.1 mm with a median diameter
of 0.7 mm. Concentrations of sand ranged from 0.09 to 0.68 in percent by
weight. Velocity of flow varied from 1.3 to 5.5 fps while depth ranged from
0.2 ft to 0.6 ft (Froude number, F , 0.5 to 1.5). The elevation of the down-
stream lip was varied relative to the upstream one. Results from these tests
showed that: (1) highest trapping efficiencies (92%) were noted near a Froude
number of 1.0; (2) efficiencies decreased as the depth of flow increased;
(3) efficiencies decreased as concentration was increased beyond a certain
point depending also on the depth of flow; (4) optimum operation was noted
when the lips were at the same elevation; and (5) percentage of flow removed
from the tube varied from 2.7% to 15.5% depending on velocity and depth of
flow over the tube. The reason given for the apparent decrease in efficiency
with increasing depth was that greater quantities of sediment were being
moved and more of this material was in suspension at the greater depths.

Model studies of sediment control structures for diversion dams have been
reported by Martin and Carlson (7). Included in the studies of the Republic di-
version dam was a vortex tube that was installed upstream from the radial
gate at the headworks. Various arrangements of guide walls alone and in
combination with the vortex tubes were tried in order to exclude sand from
the canal. The inclusion of the vortex tube in the model design gave the great-
est improvement in exclusion of any individual change. A unique innovation of
the design was the installation of a tapered horizontal vane over the vortex
tube. The tapered vane increased the velocity directly over the tube causing
the vortex in the tube to be more active that in turn increased its ability to
move sand.

In a design study by Ahmad (1), the vortex type ejector was found to be
superior to the frontal type andwas, therefore, preferable to the common ones
used in Pakistan. The vortex type gave greater efficiencies at less discharge
extractor ratios (percent of total flow removed) under similar operating con-
ditions. The following recommendations were made regarding the design of
the vortex tube.

(3) The shape of tube was not particularly important as long as area was
sufficient and shape such that sediment would not escape from the tube once it
had entered. Rohwer (11), however, developed and tested a particular shape
that had almost constant efficiencies regardless of rate or depth of flow.

(4) Efficiency of trapping increases as size of material increases.
(5) Straight tubes performed equally as well as tapered ones.
(6) There seems to be a limiting length of lube for optimum operation.
(7) The angle of tube should be in the range of 450 to 65' from the direc-

lion of flow.

ANALYSIS OF THE PROBLEM

As stated previously, the successful design of a bed load extractor must
necessarily consider stable channel design, the mechanics of sediment trans-
port, and the hydraulic principles governing the operation of the device.

////////// ////

PROFILE

FIG. 1

(1) The structure should be designed so that the Froude number of flow at
the tube is equal to 0.8.

(2) Diameter of the tube should be equal to water depth in the channel at a
Froude number equal to 0.8.

(3) The two lips of the opening slit should be at the same elevation.
(4) Opening of the slit should be one-sixth of tube circumference.
(5) Under conditions of heavy silt concentration, a long tube may not work

efficiently. In this case, shorter tubes should be used, each equipped with an
independent discharge pipe.

Review of past studies indicates that the vortex tube type of sand trap has
been found to be superior to other types of sediment ejectors. The following
design features are indicated based on findings of previous investigators.

(1) The Froude number of the flow in the section containing the vortex tube
should be near 1.0.

(2) Amount of flow removed by the tube depends on slot opening as well as
depth and velocity of flow. An average extractor ratio of about 10% was indi-
cated.

Dimensional Analysis.-In order to group the pertinent variables involved
in the operation of a vortex tube and to arrange these variables for a sys-
tematic approach to the problem, dimensional analysis can be used. By using
the dimensionless parameters that result, a study covering a maximum range
of operating conditions can be made.

Some of the variables describing the physical features of the vortex tube
are shown in Fig. 1.

The variables describing the channel and tube arc width of opening, D; the
difference in upstream and downstream lip elevations, P; the contraction ratio
between the channel and section containing the vortex tube, Z; the width of
vortex tube section, W; the slope of channel, 5; the shape of tube (may also
describe relative area), A; and the angle of tube to direction of flow, 6.

Variables describing the flow are the depth of flow upstream from tube, d;
the mean velocity of flow immediately upstream from tube, V; the water dis-
charge through tube, T; the total sediment discharge through channel, G; and
the sediment discharge through the tube, GT.

The sediment may be described by the density, p5; the size of sand frac-
tion, ds; and the fall velocity, w.
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Variables describing the fluid are the dynamic viscosity, i; the density, p;
and the specific weight of fluid, y. The general relationship that exists be-
tween the variables is

(D, P, Z, W, S, A, 8, d, V, G, 0T' Ps W, ds, , p, y) = 0. (1)

Choosing V, o and D as repeating variables and combining yields

(2)2D' 'D' ' ' 'D'VD2'VD2'VD2'ps'V'D'
')

By replacing du for D and W d0 for D2 in the flow parameters, Eq. 2 can
be written as

(p z w A 0 d G GT p w d Vdp Vq)3 , , ' ,

' b' ' -' ' , -b-, --'
= 0 . . . . (3)

with Q representing the quantity of flow, V W du.
On the basis of known relationships, and from previous studies, certain de-

limitations can be made to reduce the number of variables involved. Some
terms can be eliminated from Eq. 3 for the present study. The term s can be
eliminated because it is related to velocity and depth, 8 because it will be con-

stant at 45 from direction of flow, -- because it will be essentially constant
Vdp P5

for sand and water, and - (Reynolds number R) because it should be of

minor importance in a problem of this nature. The parameter Z will be
varied in order to obtain a range of V/' (Froude number) for flow over
the tube. For this reason, Z will be eliminated, because the variation of F is
of primary interest. With these limitations, Eq. 3 reduces to

(w dUQTGGTWcIS v
(4)

' , -==
= 0

Combining (G/Qy with GT/Q and retaining G/Q results in a parameter
GT/G that is the efficiency of trapping, E. The ratio of water removed by the
tube to the total flow is represented by TQ and may be termed the extrac-
tor ratio R. The Froude number relates inertia to gravity forces and should
be of prime importance in a problem of this nature. The parameter G/Q is
the concentration of sediment and will be termed C. The length of tube L is
needed rather than channel width so that W will be replaced by L. Eq. 4 then
becomes

, A, , R, C, E, , , F) = 0

and presents all known variables involved in the problem.
Flow Analysis.-Because efficiency of trapping E is probably dependent on

extractor ratio R, but R is independent of E, the problem should be separated
into a flow analysis and sediment removal analysis. Assuming that the tube
will remove the same amount of water whether clear or sediment laden and
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using R as the dependent variable, the sediment factors may be omitted to
yield

(6)R = F )
For a particular series of tests, three of the independent parameters in

Eq. 6 can be held constant while varying the other two. In this case, P/D
(relative downstream lip elevation), L/D (relative tube length), and A (tube
shape) can be held constant for one test series and then changed and again
held constant for another series. In this manner, the effect of all five vari-
ables can be determined.

The functional relationship implied in Eq. 6 can be determined analytically.
The amount of flow that will be removed by the tube may be governed to some
extent by width and length of slot as well as cross-sectional area of the tube.
If a circular orifice is assumed then the discharge will be given by

(7)QT=CAT1I1

in which AT is the cross-sectional area and H is the effective head on the
tube, that is

(8)

in which d is the depth of flow in the channel at the tube, and B is depth of
tube. The term c would be a modified coefficient of discharge due to tube
geometry and approach velocity.

The condition of continuity in the channel over the tube section is

Q=AV (9)

in which Q is channel discharge and A the area of flow, that is (W d). Dividing
Eq. 7 by Eq. 9 results in

C AT V2 g(d + B/2)
R=-=---- - (10)

AV

or

C AT '/1 + B/rd
(11)

AV/

Multiplying and dividing by width of opening D, and substituting A = W d re-
sults in

C (A /D) J fFB/2 d

= W7d/D)(F)

Because W = L sin 8

c + B/2 d
R (13)
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For a particular design

c' fF+ B/2 d
R .................... (14)

in which

C
C'

= (D
(15)

...................

...........

...............

For the analysis of flow, Eq. 14 can be used together with Eq. 6. It should
be emphasized that these relationships apply Only when the tube is discharg-
ing freely. When the outflow is controlled, other variables are introduced into
the basic relationships.

Sediment Removal Analyses.-The parameters that determine the opera-
tion of the device in the removal of sediments are given in Eq. 5. Because E
is now the dependent variable,

E F) (16)

Of major importance is the effect of particle size on the efficiency of trap-
ping. Because the parameter d5/D is more easily obtained than w/V in de-
scribing the sediment, it will be retained. The sediment concentration C is
probably important only for large concentrations since it is conceivable that
with large amaunts of bed load, the tube would become overloaded. If the ex-
tractor ratio R approaches the upper limit of 100%, then the efficiency must
also approach the same limit. For this reason, the efficiency must be par-
tially dependent on the amount of water removed. Previous investigators (1),
(3), (10), (11) have shown that the Froude number is particularly important.
Koonsman and Albertson (4) found that the efficiency of trapping decreased as
the ratio of depth to slot opening (d/D) increased.

For a particular tube design, the parameters describing the tube geometry
may be held constant. For this condition, Eq. 16 reduces to

(17)E
= 8 R, C, -, F )

The Froude number and the resultant depth will be varied. The sediment load
will be divided into different size ranges so that the relationship of size to ef-
ficiency will be determined.

Stable Channel Design and Sediment Transort.-Although the vortex tube
sand trap may be installed in both lined and unlined canals, the unlined section
is of primary importance. Here the purpose of the ejector is to assist in
stabilization of a channel that is otherwise unstable. A stable channel is de-
fined as an unlined earth canal for carrying water, the banks and bed of which
are not scoured by moving water, and in which deposits of sediment do not
occur. Many Investigators have developed design criteria for stable channels.
Notable among the recent studies have been those of Blench (2), Lane (5), and
Simons (12). Relationships have been developed using both regime and trac-
tive force theories for determining width, depth, and slope of a stable channel
in erodable material.
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The purpose of sand ejectors is to remove a portion of the sediment that
is moving as bed load rather than suspended load. Bed load is defined as that
portion of the sediment load, usually coarse material, that is moving on or
near the channel bed. There is no distinct dividing line separating suspended
and bed load. Size of material that may be transported either as bed or sus-
pended load covers a fairly broad range and depends on many factors. Any
given channel is capable of transporting a certain quantity of sediment de-
pending on related factors such as shape of channel, size of sediment, slope
of the energy gradient, and amount of wash load. The effect of reducing the
sediment load of an otherwise stable channel is to initiate scour and hence
non-equilibrium. Conversely, deposition will occur if the sediment load is in-
creased above the stability level. The balance between stability of a channel
and charge has been given by Lane (6). The relationship he presents is

(18)Gds'Qse

in which G is the quantity of sediment being discharged, d5 the mean particle
diameter, Q the water discharge, and 5e the slope of the energy gradient.
This expression shows that, if a stream in equilibrium has its sediment load
decreased equilibrium can be restored by decreasing Q and 5e or a combi-
nation of the two.

Simons (12) found that stable earth canals through soils in the sandsilt
range generally carried less than 500 ppm of total load exclusive of wash
load. In effect, this would mean that canals in this material, carrying heavier
loads, could be stabilized if the load were reduced below the 500 ppm level.

From this information, it would seem that the primary purpose of a sand
ejector is not to remove all the sediment but rather to reduce the load to a
level that can be carried under stable conditions. The difference between the
load being carried in the unstable condition and that necessary to establish a
stable channel is the amount that the extractor would be required to remove.

The forms of bed roughness in an alluvial channel are dependent on the bed
material, sediment in transport, and characteristics of the flow (13). Labora-
tory studies by Simons and Richardson for the United States Geological Sur-
vey (USGS), at Fort Collins, Cob., and a field study by Simons (12) have
shown that the following approximate relationship exists for channels In sandy
material having a mean diameter of 0.45 mm.

Flow Regime and Form of Total Sediment Load
Bed Roughness in Percent

Tranquil Flow Regime (F < 1)

(1) Plane bed without movement
of the bed material - - - -

(2) Ripples 0.0 - 0.0075

(3) Dunes 0.0075 - 0.1

(4) Transition from dunes to
rapid flow 0.1 - 0.3

(5) Plane bed with movement of
bed material 0.3 - 0.4
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Rapid Flow Regime (F I)

(6) Standing water waves and
sand waves 0.4 - 0.6

(7) Antidunes > 0.6

The forms of bed roughness in the foregoing table are arranged in order of
increasing Froude numbers.

Of importance in the design of the vortex tube sand trap is the manner in
which the bed load will be traveling. In the case of dune bed roughness, bed
material is traveling in waves or slugs, and the suspended load is relatively
large. The amount moving past a certain point will vary with time. In this
case, it is foreseeable that at the time a dune reaches the tube, the tube would
become completely covered with sediment and would be rendered inoperative.
This phenomenon has been observed on both field structures and laboratory
studies. With the plane bed form of roughness, movement of bed load is
reasonably continuous and at fairly constant rate.

With these factors in mind, the section containing the tube should be de-
signed so that flow conditions in the section are in the regime in which a plane
bed will exist. According to Simons and Richardson, this form of roughness
exists at a Froude number range of 0.4 - 0.5 for material with a mean di-
ameter of 0.28 mm and 0.6 - 0.7 for a mean diameter of 0.45 mm. From
these ranges, it is logical to assume that as size of material is increased, the
Froude number must also be increased in order to maintain plane bed condi-
tion.

EQUIPMENT AND PROCEDURE

The flume used for the study was available in the Hydraulics Laboratory at
Colorado State University, Fort Collins, Colorado. This flume is 160 ft long,
8 ft wide, and is adjustable for slope. A system of large centrifugal pumps
recirculates the water and sediment. Maximum flows near 20 cfs are possi-
ble. Sand of desired gradation can be placed to depths of 6 in. to 8 in. through-
out the length of the flume. The field situation of sediment transport is simu-
lated because of the recirculation feature and size of flume.

For tests of the vortex tube, a section containing the tube was placed in the
flume near the downstream end [see Figs. 2, 3(a), and 3(b)]. This section was
constructed so that tubes of different shapes and sizes could be inserted. The
sediment and water discharge from the tube was conveyed by pipe into a head
box and thence through a Parshall measuring flume [Fig. 3(c)]. Periodically,
this flow was diverted into a weighing tank for determining the ajxount and
size of sediment being removed. The sediment discharge past the tube was
determined using a sampler that traveled across the overfall from the flume
[Fig. 3(d)]. Several traverses were made to obtain a single representative
sample. Duplicate samples were usually taken from both the tube and tra-
versing samplers.

The total water discharge through the flume was determined using cali-
brated orifices in the pump discharge lines. Depths of flow were measured
using a point gage mounted on a movable carriage. The water surface profile
was determined beginning at a point several feet upstream from the vortex
tube section aixl extending downstream from the section. The depths of flow
were adjusted using the movable tailgate [Fig. 3(b)].
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FIG. 2.-LAYOUT OF VORTEX TUBE SAND TRAP FOR LABORATORY STUDY

(a) Vortex tube in place showing (b) Vortex tube showing end gate
sand bed upstream, for controllingdepthsof flow.

FIG. 3.-DETAILS OF EQUIPMENT USED FOR LABORATORY
STUDY OF VORTEX TUBE

__________ ace _____________________

(d) Traversing end sampler for
determining sediment pass-
ing tube.

(c) Devices used for measuring
and sampling flow from tube.



12 December, 1960 IR 4 IR 4 SAID TRAP 13

The bed material used in these tests was a granitic sand having a median
size of 0.53 mm. Of the entire sand fraction, 22%, by weight, was finer than
0.30 mm, and 25% was larger than 0.83 mm. For the purpose of determining
the relationship of size of material to efficiency of trapping the samples were
broken into size ranges consisting of fraction > 0.83 mm, fraction 0.59-0.83
mm, fraction 0.30-0.59 mm, and fraction < 0.30 mm.

Basically, the procedure followed In conducting the tests was as follows:

(1) A flow was established and allowed to stabilize for a period of 2 hr. to
4 hr.

(2) After this period, the total water discharge and that from the tube was
determined.

(3) Water surface profiles and depths were measured using the traveling
point gage.

(4) Samples for sediment analyses were taken.
(5) The depth of flow for the particular discharge was then changed, and the

procedure repeated after the 2 hr to 4 hr stabilization period.

A range of Froude numbers of from 0.3 to 1.4 was covered for a constant dis-
charge. On completion of this range, the discharge was changed and the pro-
cedure repeated.

A limited number of additional tests were also made utilizing tubes in-
stalled in a flume that was 4 ft wide. In this case, sediment was not used,
since the purpose was to study only the characteristics of flow from the tube.
With the 4-ft width, it was possible to observe the action of tubes that were
one-half the length of those in the 8-ft flume. For these tests, the amount of
flow from the tubes was controlled by submerging the tube outlet. Piezometers
were Installed in one tube to observe the distribution of piezometric head
around the periphery of the tube. Particles of the same specific gravity as
sand were injected into the tube to measure the translation velocities.

Designs of the different tubes used in this study are shown In Table 1. In
these tests, the design listed for series 1 Is identical in shape to the one
found to be superior in trapping by Rohwer (series 6). The tube listed for
series 4 to 10 was modified from 0.5 ft ID steel pipe. Also shown in Table 1
are designs used by Rohwer (11) and the one used by Koonsman (3) because
data from these tests are also presented in this report.

Two field installations of vortex tubes designed by Ralph L. Parshall are
shown In Fig. 4. These two structures have each been termed highly success-
ful although quantitative measurements have not been made. Because of large
quantities of bed load Involved, two parallel tubes were used in the structure
shown in Fig. 4(a). The sides of the structure were contracted and the bottom
raised to increase the velocity across the tubes. Shown in Fig. 4(a) is the
outlet works to convey the removed flow back to the river. Two tubes were
also used in the installation shown in Fig. 4(b) to reduce the length of a single
tube. Each tube discharges into a catchment basin in the center, which, in
turn, discharges through a buried pipe under the structure into the return
channel.

TABLE 1.-TEST DESIGNS OF VORTEX TUBES

Sertes
No.

Tube
Shape

Area
(A) (LLenth

ft.
________________

Depth
(B)

_______________

Opining
)

______________

Downstream
Lip

Position
(P)
ft_____________

Robnson

_______________________

h 0
_______________

I 0244 1131 0417 0625 -0062

2 - 261 1131 417 561 • 005

3 280 1131 417 520 +-064

7-

170 131 440 375 -062

5 84 131 440 308 .020

a-

6 97 1131 440 287 * 091

7 70 1131 440 375 -062

8 182 1131 44+) +009

9 194 II 31 440 232 +080

0 96 1131 440 204 406

II Sam. as I 244 548 417 625 (162

IS Saint as 487 170 548 440 375 -06?

ANALYSIS OF DATA

One objective of this study was to correlate the results of past Investiga-
tions with the current experiments. These studies were all essentially labora-
tory studies since no field evaluations have been made. However, except for
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TABLE 1. ..CONTINUED

1R4
. 1R4

Series

No

Tube

Shape

Area
(A)
ft

Length
(L)

.

Depth
(B)
ft.

Opening
(0)

_____________

Downstream
Lip

PosItion
(P)
ft.________________________

Rohwer

_______________________

l-D'-'1

_______________ ________________ _______________

I .234 1.31 417 .625 - .125

2 .238 1.31 .417 .625 .000

3 .256 11,31 .417 .625 -.062

.256 11,31 .417 .583 -.083

5 -l__.-/--' .184 11.31 .417 .583 -.083

6 .262 11.31 .416 .625 -.062

7 .138 11.31 .292 .469 -.042

Koonsman .0266 2.83 .172 .142 .000

(JDIS.OZ

Note - Rohwer $erle* I..? table tapered. Average dImensIons shown unapt f length.

the work of Koonsman (3), the laboratory studies were made on large struc-
tures comparable to the sizes used in the field.

An understanding of the hydraulics of flow in the tube is essential in order
to analyze the efficiency of trapping. For this reason, the problem has been
broken down Into a flow and sediment removal analysis so that these phases
will be dealt with separately and then combined to show the total effect.

Flow-Analysis .-The general relationship presenting the parameters that
are of importance in the hydraulic behavior of the vortex tube are given in
Eq. 6. Eq. 14 was developed by assuming that the flow from the tube can be
determined by the general orifice equation. This was the case for free flow
from the tube. Fig. 5 illustrates the validity of this relationship. Fig. 5 shows
the results of five series of tests made with tubes of two different designs.
Values of c' in Eq. 14 are shown for each series. Note that extractor ratio R
is inversely proportional to the parameter d/D and the Froude number. For
a constant depth, the percentage of flow removed would be increased 1! the
opening D 18 increased or the velocity decreased.
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Values of c' are shown in Table 2 for all the present tests together with
those from Rohwer (11) and Koonsman (3). These are values determined when
expressing extractor ratio R in percent. Also given are the parameters de-
scribing the tube geometry, In the case of the tapered tubes (Rohwer 1 through
7), the area of tube was that at the outlet end. The relationship of this

TABLE 2.-SUMMARY OF FLOW ANALYSES OF VORTEX TUBES

P L { AT
Series D D { DLslnO

Robinson

1 -0.100 18.1 0.0487 4.6

2 + .009 20.2 .0580 5.7

3 + .123 21.8 .0672 6.1

4 and 7 - .166 30.2 .0565 6.2
5 and 8 + .044 35.8 .0722 7.2
6 and 9 + .331 43,6 .095 9.6

10 + .421 55.5 .120 11.5
11 - .100 8.8 .101 9.0
12 - .166 14.6 .117 10.4

Rohwera

1 - .200 18.1 .0650 6.7
2 .000 18.1 .0652 6.7

3 - .100 18.1 .0706 6.7

4 - .142 19.4 .0670 7.4
5 - .142 19.4 .0450 5.2

6 - .100 18.1 .0723 7.6

7 - .089 24.1 .0485 6.0

Koonsnian .000 19.9 .101 10.7

aRohwer series 1-7 used tapered tubes.

parameter to the coefficient c' Is shown in Fig. 6 with the equation being,

7 AT \
(19)c'=1Q0DLsinO)

It should be emphasized that the data shown in Fig. 6 Includes that from a
variety of tube shapes, lengths, and areas so that Eq. 19 Is the general rela-
tionship, With Eq. 19, it Is then possible to determine the coefficient ct in
Eq. 14 for a tube design. For a given depth of flow and corresponding velocity,
the percent of flow that will be removed can be determined with a probable
accuracy of ± 10%.

One other parameter in the analysis of the free flow discharge from the
tube was not considered lii the foregoing discussion. This is the relative
elevation of the downstream lip of the tube, that Is, P/D. Because of the In-
terrelationship of P wIth D and AT in the present experiments, it was not
possible to separate the effects of this variable. In general, it was noted that
as the downstream lip was raised, the percent of flow removed was Increased
slightly. The deviation of points in Fig. 6was not entirely due to the variation
of the parameter P/D.
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In the previous work by Rohwer (10) (11), tests were made to determine
the relative operation of the tube when the flow from the tube was controlled.
This control was accomplished by adjusting the water level in a chamber into
which the tube discharged. This same scheme was used in the tests on the
Robinson series 11 tests. The percent of tube submergence was determined
as the ratio of depths in the channel to those in the control chamber taken
from a base that was the floor of the section containing the tube. With ths
base, tube submergence was zero until the water level in the chamber was
above the top of the tube outlet.

The tests on the effect of controlling the tube discharge by end submer-
gence were inconclusive. Generally, the relationship for tubes operating under
submergences up to 40% was the same as for free flow. For this condition,
the value of the coefficient c' was 9.0. As the submergence was increased be-
yond 40% the extractor ratio decreased. At 90% submergence, the percentage
of flow removed was less than one-half that for the 0% through 40% condition.

The tests by Rohwer (10), (11) indicated that the flow from the tube could
be reduced in the manner described, and yet high efficiencies of trapping
could be maintained. In essence, this would mean that the translation velocity
within the tube would be maintained under these conditions. Results of obser-
vations made during the Robinson series 11 tests are shown in Fig. 7. The
relationship of the parameter v0/v to the Froude number, with the percent of
submergence as the third variable is shown. VP is the translation velocity that
was the velocity of a particle along the tube and V, the mean velocity of the
flow over the tube.

Although the relationships in Fig. 7 are not well defined due to scatter of
data, definite trends are noted. As the Froude number increases to a value of
1 the velocity ratio decreases. Beyond a Froude number of 1 this ratio in-
creases sharply. For a given Froude number below 1, the ratio of Vp/V de-
creases as the percentage of tube submergence increases, indicating that the
translation velocity has decreased because the mean velocity remains con-
stant. Examination of data from Rohwer (10) indicated almost identical trends,
with the lowest value of Vp/V being near a Froude number of 1.

Water surface profiles and piezometric head distribution in the vicinity of
the vortex tube is given in Fig. 8. This was for a constant discharge and tube
design used in Robinson series 11 tests. The Froude numbers indicated on
each profile were determined using the depth 1 ft upstream from the tube. In
each case, the piezometer in the L-4 location gave a pressure greater than
the water depth. This was probably due to impact or change of momentum of
the jet being greater at this point. At the L-3 location, that is In the bottom of
the tube, piezometric head was always lower than the water depth, being the
lowest at the higher Froude number and increasing as the Froude number de-
creased. Of particular interest are the determinations made at the L-1 loca-
lion directly under the upstream lip of the tube. Contrary to a belief that
negative pressures exist at this point, the piezometric head was always
greater than water depth except at the highest Froude number. The magnitude
of the variation of piezometric head from water depth is an indication of the
vorticity within the tube. This variation is essentially constant for the higher
Froude numbers down to a value of 0.85 after which it decreases rapidly.

Sediment Removal Analysis.--Using dimensional analysis the parameters
that should affect the efficiency of trapping were arranged in dimensionless
form as given in Eq. 16. For a particular tube design, those terms describing
the shape are held constant. For this condition, Eq. 16 reduces to Eq. 17, that

IR 4
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TABLE 3.-SUMMARY OF VORTEX TUBE EFFICIENCY-ROBINSON

_______ Trapping efficiency in percent
Series

d/iJ range F
0.83 0.59 - 0,30 -

0.30

________

Total
No. mm 0.83 mm 0.59 rum Sample

1 0.39-0.96 1.2 79.0 72.0 70.0 24.0 36.0
1.0 85.5 77.5 75.0 26.5 41,0
0.8 90.5 81.5 78.5 28.0 45.0
0.6 93.5 84.0 81.5 30.0 49.5

3 .72-1.05 1.2 92.5 83.5 74.0 29.5 47.0
1.0 92.0 84.0 75.0 31.0 49.0
0.8 91.0 84.5 75.5 32,5 50.5
0.6 91.0 84.5 76.0 34.0 52.0

4 .72-1.15 1.2 72.0 69.5 62.0 27.0 49.5
1.0 62.0 59.5 58.0 28.5 42.0
0.8 67.0 61.5 60.0 25.0 41.0
0.6 81.5 70.0 66.0 26.0 45.0

5 1.00-1.56 1.2 89.0 78.5 65.0 25.0 47.5
1.0 86.0 77.5 63.5 25.0 47.0
0.8 84.5 77.5 61.5 24.0 45.5
0.6 85.5 79.0 59.0 43.0 23.5

6 1.39-1.83 ----

1.0 88.5 79.0 71.0 39.5 61.5
0.8 80.0 65.0 51.0 32.0 49.0
0.6 78.0 61.5 40.5 24.5 37.0

7 1.23-2.50 1.2 50.0 42.5 32.5 17.5 30.5
1.0 50.0 45.0 35.0 18.5 32.5
0.8 61.0 54.0 45.0 23.5 38.5
0.6 73.5 69.0 58.0 29.0 39.5

8 1.53-3.15 ----

1.0 73.0 67.0 58.5 34.0 54.0
0.8 67.0 59.0 52.0 31.0 48.0
0.6 58.0 47.5 41.0 24.0 37.5

9 2.56-4.46
1.0 91.0 83.0 71.0 34.0 67.0
0.8 80.0 73.0 62.0 33.0 55.5
0.6 63.0 52.0 46.5 26.0 37.5

10 2.91-4.76
1.0 70.5 62.5 53.0 27.5 48.0
0.8 60.5 52.0 45.0 23.0 39.5
0.6 42.5 32.0 26.0 18.0 23.0

Average for all tubes

1.0 77.6 70.6 62.2 29.4 49.1
0.8 75.7 67.6 58.9 28.0 45.8
0.6 74.0 64.4 54.9 28.3 38.3

will be the primary relationship examined. The parameter describing the
sediment size d5/D will be reduced to only d5 in order to make the analysis
more understandable.

The efficiency of trapping as a function of Froude number and sand size
are shown in Figs. 9, 10, and 11. These are representative tests on two dif-
ferent shapes of tubes. The results from all tests are given in Table 3. The
effect of sand size on trapping efficiency is noteworthy. In each case, the
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highest efficiency was obtained for coarser material, that is, greater than
0.83 mm. As the size was decreased to 0.30 mm, the efficiencies corres-
pondingly dropped. For that material smaller than 0.30 mm, the efficiency of
trapping was very low. If the entire sand sample was considered the efficiency
was low but higher than that for the finest fraction of material.

The amount of total load for each run is also given in Figs. 9, 10, and 11.
These concentrations varied from 0.004 to 0.28 in percent by weight (40 ppm
to 2800 ppm). No effect of concentration on efficiency was noted, probably be-
cause the maximum concentration was relatively low. In tact, those tests
shown in Fig. 11 indicate an increase in efficiency with an increasing sedi-
ment load. It is conceivable that for very high concentrations the tube would
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From these data it seems that the efficiency generally decreases as depth is
increased for a given tube design. A similar conclusion was reached by
Koonsman (3). In general, it can be said that the Froude number seemed to
have very little effect on the trapping efficiencies when the value of d/D was
below approximately 1.5.

Table 3 gives the average efficiencies for different sand fractions as well
as for the total sample for a range of Froude numbers. For the series 1 and
3 tests, efficiencies of trapping were high and relatively constant over the
entire range of Froude numbers. The physical design of tubes used in these
tests is given in Table 1. The range of d/D values for these tests was 0.39 to
1.05. Series 4 and 7 utilized tubes of the same shape, but the values of d/D
were greater in series 7, that evidently resulted In lower efficiencies. Series
10, in which d/D ratios were largest, gave the lowest overall efficiencies. In
general, the tubes tested using the lowest dID values gave almost constant
efficiencies for a given gradation regardless of Froude number. For all
series, the efficiency of trapping material smaller than 0.30 mm was very
low.

TABLE 4.-SUMMARY OF VORTEX TUBE EFFICIENCY-KOONSMAN

Trapping
d Efficiency

FD Total Samplea
percent

1.41 1.2 80
1.0 88
0.8 60
0.6 49

2.82 1.2 84
1.0 70
0.8 62
0.6 --

4.23 1.2 --

1.0 61
0.8 57
0.6 --

aMedian diameter 0.65 mm. - Size range 0.3-2.0 mm.

become plugged or overloaded so that the efficiency would be reduced.
Koonsman (3) found that this was the case with the maximum concentration at
which the tube became overloaded varying with the depth of flow. When the
depth of flow was equal to diameter of the tube, this critical concentration
was 0.45% (4500 ppm). When the depth was three times the diameter of the
tube, the efficiency began to drop at a concentration of 0.20%.

The parameter d/D, or depth divided by width of opening, is shown for each
set of data plotted in Figs. 9, 10, and 11. In Fig. 9 this value varies from 0.39
to 0.96. Test results on tubes of almost identical shapes are given in Figs. 10
and 11. In Fig. 10, the magnitude of dID varied from 1.00 to 1.56. The effi-
ciencies are relatively constant over the entire range of Froude numbers.
However, in FIg. 11 the efficiencies are very low at the low Froude numbers
and higher values of dID. This plot shows a range of d/D from 1.53 to 3.15.

A summary of tests by Koonsman (3) is given in Table 4. The highest ef-
ficiency in trapping was noted at a Froude number equal to 1 (critical velocity)
and decreased when this parameter was either greater or less than 1. Higher
efficiencies were noted at lower d/D ratios, that is, flow depths, because the
opening width D remained constant. The indicated efficiencies are for the en-
tire sample used in the test, that had a median diameter of 065 mm and a
size range of from 0.3 to 2.0 mm.

The results of tests by Rohwer (11) are given in Table 5. The tube shapes
and dimensions are given in Table 1. For series 1-5, the efficiencies general-
ly decreased as the Froude number decreased with no conspicuous difference
between the different tube shapes. The tube used in series 6 tests was identi-
cal in shape to that used in Robinson series 1 with the exception that It was
tapered rather than straight. For each sand size this tube gave almost con-
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stant trapping efficiencies regardless of magnitude of Froude number. These
efficiencies were also higher on the average than those for the other tubes.
Again efficiency decreased as sand size decreased. Values of d/D ranged
from 0.62 to 4.00 for these tests. For those tests in series 7 the tube had the

TABLE 5.-SUMMARY OF VORTEX TUBE EFFICIENCY-ROHWER

_______ Trapping efficiency

Senes
d

range
D F

River
asand

Fine
bsand

Blow
sandc

1.04-3.71 1.4 75
1.2 72
1.0 70
0.8 67
0.6 65

2 1.10-2.98 1.4 --

1.2 93
1.0 81
0.8 69
0.6 57

3 0.66-3.09 1.4 94
1.2 82
1.0 70
0.8 59
0.6 47

4 0.65-2.25 1.4 92
1.2 80
1.0 67
0.8 54
0.6 41

5 0.69-1.34 1.4 75
1.2 73
1.0 69
0.8 62
0.6 53

6 0.62-4.00 1.4 85 73 41
1.2 87 74 43
1.0 88 76 45
0.8 89 77 46
0.6 90 78 48

7 0.85-4.40 1.4 79 57 33
1.2 78 59 34
1.0 77 61 35
0.8 76 64 36
0.6 76 66 38

a71ed1an diameter 1.75 mm - 1.2% < 0.3 mm and 30% >2.8 mm (by weight).
bsize unknown hut smaller than river sand and larger than blow sand.
C74edjan diameter 0.38 mm - 26% <0.3 mm and 0.0% >0.59 mm (by weight).

same relative shape as in series 6 but was smaller in area. The efficiencies
were lower than those in series 6 but remained constant throughout the
Froude number range.

The effect of depth of flow divided by the width of opening (d/D) on the ef-
ficiency of trapping is shown in Figs. 12 through 17 for the Robinson tests.
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Two sizes of material have been considered, that greater than 0.83 mm. and
the fraction in the range of 0.59 to 0.83 mm. The range of Froude numbers
has been divided into three categories: from 0.3 to 0.6, 0.6 to 0.8, and 0.8 to
1.0. For the range of Froude numbers of 0.3 to 0.6, and for both sand frac-
tions (Figs. 12 and 13), the efficiency drops sharply as the value of dID in-
creases. It should be pointed out that the data from all tests and correspond-
ing tube designs for the present experiment are included on these plots.

In Figs. 14 and 15 are shown the relationships in the range of Froude num-
bers of 0.6 to 0.8. Here the effect of the relative depth d/D is not as pro-
nounced as in the F range of 0.3 to 0.6. The data in Figs. 16 and 17, that are
for higher Froude numbers (0.8 to 1.0), do not show a definite trend. Gen-
erally, it can be observed that efficiency also decreases as relative depth in-
creases but to a smaller magnitude than for the other cases. For the largest
material, the highest trapping efficiencies were those for the Froude number
range of 0.3 to 0.6 and d/D values less than 2.

The effect of variation in the parameter L/D, that is the length of tube di-
vided by the slot opening, on the trapping efficiency was noted. In general, the
trapping efficiency decreased as the length or L/D ratio was increased. From
field observations, it has been noted that there is a limiting length for a given
size tube for optimum operation. From these data and the field observations,
It might be said that the length over opening ratio should not exceed 20 if an
efficiency of greater than 80% is to be expected for the larger materials.
Several successful field installations have LID ratios in the range of ii
through 15. In general, the lengths have not exceeded 17 ft in the field struc-
tu res.

As staled in the analysis, the extractor ratio, or percentage of flow re-
moved by the tube, must be important because if all the flow was removed
then the efficiency would be 100%. In Figs. 18 and 19, the efficiency as a
function of extractor ratio is given for the data from the present experiment.
Lines of constant values of d/D and the Froude number are also shown. These
relationships were determined from interpolation of values for each point, use
of Figs. 12 through 17 and from Eq. 14. In the use of Eq. 14 and the figures, it
was necessary to determine average values for c' and Vi + B12 d. The vari-
ation in c' was in the order of 20% from the mean with Vf B/2 d approxi-
mately 6%.

The results shown in Figs. 18 and 19 indicate that the efficiencies are high
for all values of d/D less than 1.5 and are almost independent of extractor
ratio in this range. As the value of d/D increases, higher Froude numbers
must be maintained in order that efficiencies remain at a high level. At large
values of d/D and low Froude numbers, the efficiency Is very low. As in the
previous discussion, efficiencies are lower for the smaller sizes of material.

One variable given in Eq. 16 that has not yet been considered in trapping
efficiency, is relative elevation of the downstream lip of the tube given by the
parameter P/D. From plots of constant Froude nunther and sediment size, it
was determined that there was no effect depending on the location of the down-
stream lip other than that previously discussed in the flow analysis. This in-
dicated that as the lip was raised the percentage of total flow was increased.
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Any increase in efficiency would probably be due to the increase in amount of
water removed.

ANALYSIS OF RESULTS AND DESIGN RECOMMENDATIONS

In the analysis of flow from the tube, it was found that percentage of flow
removed was a function of tube geometry and angle, as well as depth and
velocity of flow across the section. Parameters describing the tube were the
length, width of slot, and area. With the other factors that effect the sediment
removal characteristics of the tube being considered, it was noted that tubes
with values of c' in the range of 4.6-7.6 were most successful. For design
purposes this would limit the range of the geometry parameter AT/D L sin 0
from approximately 0,05-0.07 (see Fig. 6). In the section on sediment re-
moval, it was pointed out that the parameter L/D should not exceed a value of
20 for optimum operation. Successful field structures exist with L/D values
as low as 11. For practical purposes, as well as past experiences, the width
of slot D should probably be in the range of 0.5 through 1.0 ft. Past studies
have indicated that an angle of 45 for the tube is desirable. With the range of
these factors known, it is then possible to compute the area of tube needed,

A study of the data revealed that there was no discernible difference when
having the two lips of the tube level, or the downstream lip lower. It was
noted that, when the downstream lip was higher, the trapping efficiency was
materially reduced. For simplicity in construction then, it is recommended
that the two lips be at the same elevation.

Many of the existing field structures contain tubes that are tapered along
the length L. According to Rohwer (10), straight tubes are equally as efficient
in removing material. All of the tubes in the present tests were straight.
Straight tubes are simpler to construct and install so that these are recom-
mended. Tube shapes such as those shown in Table 1 for Rohwer series 6 and
Robinson series 1 and 5 were very effective. Those made from commercially
fabricated pipe (Robinson series 5) seem as effective as the others and are
easily constructed. Shapes such as those shown in Table 1 for Rohwer series
1 through 3 have been widely used in existing field installations. However,
Rohwer (ii) noted that materialwas frequently thrown out of these, particularly
at the higher channel velocities. This would result in material returning to
the channel.

Tests made to determine efficiency of trapping when the outflow was con-
trolled indicated that the efficiency would be reduced to some extent with a
reduction in outflow. Reduction in translationvelocity within the tube was used
as a measure of this effect. The reduction in velocity was not in direct pro-
portion to reduction In percentage of flow removed, however, so that if the
flow was reduced by one-half, the velocity was only reduced a portion of this.
With lower concentrations of bed load, it is possible that there was sufficient
movement within the tube so that high removal efficiencies were maintained.
The results shown in Fig. 7 indicate that translation velocity (vp) was rela-
tively constant for a range of mean channel velocities below a Froude number
of 1. Beyond this point, the translation velocity increased rapidly.

Effect of material size on efficiency of trapping was noteworthy. Under op-
timum operating conditions, material of a size > 0.83 mm was effectively
trapped and removed. For material <0.30 mm, the trapping efficiency was
very low, usually less than 35%. In general, those sizes greater than 0.50 mm

will be removed. Essentially, only that material that is moving at or near the
bed will be trapped by the device.

The amount of sediment moving as bed load Is of importance in the opera-
tion of the tube only for high concentrations. When the flow depth is great,
relative to the width of opening, then the concentration should not exceed 0.20%
(2,000 ppm) if optimum operation is to be maintained. For shallower depths,
the concentration may reach 0.45%. In channels when the load may exceed
these values, two parallel tubes should be installed.

The effect of velocity and depth of flow on the trapping efficiency are in-
terrelated. Tests by Koonsman (3), shown in Table 4, indicated that the high-
est efficiencies existed near a Froude number of unity, that is at critical
depth, The studies by Rohwer (10), given in Table 5, show that the efficiency
generally increased as the Froude number increased. However, series 6 and
7 of these tests gave almost constant efficiencies for a Froude number range
of 0.6 through 1.4. The results from the study being presented, as given in
Table 3, indicate almost constant efficiencies for the entire Froude number
range except for series 7 through 10. In general, when considering the Froude
number alone It would seem that the range should be from 0.6 through 1.0.
Values lower than this might result in the tube being inoperative whereas
those higher would result in material being thrown out of the tube as well as
the problems in scour downstream from the structure due to higher exist
velocities.

As was discussed in the section on sediment transport, the section contain-
ing the vortex tube should be designed so that flow conditions are in the
regime in which plane bed type of sediment movement will exist. This was
found to be in a Froude number range of 0.6 to 0.7 for material with a mean
size of 0.45 mm. Indications are that, for larger material, the Froude number
must be increased to maintain the plane bed. For sand sizes > 0.50 mm, it
would seem that the velocities and depths of flow In the section should be In a
range of Froude numbers between 0.7 and 0.9.

The relationship of efficiency to depth of flow for a range of Froude num-
bers was presented in Figs. 12 through 17. For lower values of Froude num-
ber, efficiency decreased rapidly as depth increased. For F in the range of
0,8 through 1.0 efficiency seemed to be almost independent of depth. Because
most operating canals will generally have depths that are large relative to
slot opening, it would seem that the section should be designed to maintain the
0.8 through 1.0 range.

The importance of maintaining the higher range of Froude number is also
illustrated in Figs. 18 and 19. As the value of d/D increased, the Froude num-
ber must be increased to maintain higher efficiencies. At a d/D value of 4,
the Froude number must be increased to 0.9 as compared to 0.7 for d/D equal
to 3, to maintain an efficiency of 60% for material > 0.83 mm.

There are other points to consider relative to design and location of the
vortex tube section. Most of the structures now In existence have been located
near canal headworks. Generally, they are located between the headworks and
the measuring structure. In this manner, the extra amount of water necessary
in the operation of the tube can be returned to the river before It reaches the
measuring device in the canal. Sufficient grade is necessary in returning this
flow together with the material that has been removed. A collection chamber
needs to be provided outside the section such as shown in Fig. 4(a). A gate
valve may be necessary to control flow from the tubes. This should be on the
outlet from the chamber rather than from the tubes as shown in Fig. 4(a).
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When used in an unlined canal, the section should be approximately the same
width as the canal but with the bottom raised. Contracting the sides will lead
to additional problems in bank scour downstream from the vortex tube sec-
tion.

Problems may arise in determining the amount of rise to be provided in
the bottom of the vortex tube section in order to maintain the Froude number
of the flow near 0.8. For canals that operate at almost constant stage, the
problem is simplified. For those in which the flow varies widely, a design
flow should be selected that will exist for a greater portion of time. The
amount of rise in the floor can then be determined for this design flow and
normal depth. Flows greater than this design flow will result in Froude num-
ber less than 0.8, whereas those less thai the design flow will increase the
Froude number. In the latter case, the upstream depth will also be increased
over normal depth to provide additional needed energy.

SUMMARY

Tests have been made on a type of bed load ejector termed the vortex tube
sand trap. These tests have shown that the following design criteria are nec-
essary for the successful operation of the device:

(1) The velocity and depth of flow across the section containing the tube
should be such that the Froude number approximates 0.8.

(2) The percentage of flow removed by the tube is a function of the depth
and velocity of flow in the channel as well as width of opening, area, angle,
and length of tube. The flow removed usually ranges from 5% to 15% of the
total.

(3) The width of opening should usually be in the range of 0.5 ft to 1.0 ft.
(4) The ratio of length of tube to width of opening (L/D) should not exceed

20 with the maximum length of tube being approximately 15 ft.
(5) The tube angle should be 45.
(6) Straight tubes operate as well as tapered ones,
(7) The elevation of the upstream and downstream lips of the tube can be

the same rather than having the downstream one lower.
(8) The shape of the tube does not seem to be particularly important as

long as this shape is such that material entering the tube is not allowed to es-
cape back into the channel. A pipe with a portion of the circumference re-
moved seems to operate as well as other prefabricated shapes.

(9) The required area of the tube can be approximated by the relationship
AT 0.06 D L sin B.

(10) With the foregoing design specifications, the tube can be expected to
remove approximately 80% of the sediment with sizes greater than 050 mm.
The trapping efficiency of smaller sizes will be considerably lower. APPENDIX 11.-NOTATION
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AT = cross sectional area;

A = area of flow;

B = depth of tube;

C = concentration of sediment, G/Q;
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c = coefficient of discharge due to tube geometry and approach velocity;

D = width of opening;

d depth of flow upstream from tube;

d = depth of flow in channel at tube;

= size of sand fraction;

E efficiency of trapping;

F = Froude number;

G = total sediment discharge through channel;

GT = sediment discharge through channel;

H = effective head;

L = length of tube;

P = difference in upstream and downstream lip elevations;

= water discharge through tube;

Q = channel discharge;

R = Reynolds number;

R = extractor ratio;

s = slope of channel;

= slope of energy gradient;

V = mean velocity of flow immediately upstream from tube;

VP = velocity of a particle along the tube, translation velocity;

W = width of vortex tube section;

Z = contraction ratio between the channel and section containing the vortex
tube;

y = specific weight of fluid;

0 = angle of tube to direction of flow;

A = shape of tube;

= dynamic viscosity;

p5 = sediment density;

p = density; and

W = fall velocity.
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