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The ur ose of the Task Force on Ae Flow i_n Pen C;riannels is to 
f investigate the status of present (1961) knowledge of the phenomena of aerated 

flow in open channels and to prepare a report on the subject. The personnel 
of the Task Force and a brief record of its activities are presented under 
the heading "Acknowledgments." 

The reason for the interest in the phenomena of aerated flow as a mechan- 
ical mixture is involved with the proper design of steep channels or chutes. 
As air is entrained in the flow, the mixture increases in volume of "bulks." 
The bulking of aerated flow requires higher side walls than non-aerated flow. 
Thus, the phenomenon has important economic aspects in the design of chute 
spillways for earth dams, chutes for wasteways of irrigation canals, and high 
overflow spillways. 

The process of air entrainment in chutes is inextricably involved in the 
mechanism of the generation of turbulence. The actual presence of large 
quantities of air in the form of bubbles, no doubt, affects the decay of turbu-
lence. The complete problem is related to the problem of suspended sediment, 
except that solid particles tend to settle toward the bottom where turbulence 
is generated and air bubbles rise to the surface. 

Although much has been learned of the mechanism of the phenomenon by 
experimentation, a rational solution has not been accomplished, in the knowl-
edge of Task Force members. The objective of this Report is to include 
empirical relationships which should be helpful to engineers in preparing an 
economical design of a channel to carry aerated flow. Reliable empirical 
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design criteria are not known to have appeared in the technical literature 
published in the United States. 

HISTORICAL RESUME 

A full account of the history of development of the knowledge of aerated 
flow is not within the scope of this Report, nor would it serve any useful 
purpose except for historians. A brief historical resume, however, is of 
value to afford the engineer aperspective of the problem, as well as to recog-
nize outstanding contributions to the advance of the general information on the 
subject. A short list of references appears as Appendix I, followed by a more 
extended bibliography in Appendix II. 

Three significant events have come to the attention of the Task Force mem-
bers. The first important event concerns pioneer research in Germany, about 
1925. The next two events involve the initiation of important research in the 
United States and a published symposium on entrainment of air in flowing 
water. The occurrence of the last two events were stimulated in no small 
measure by the interest of the original Committee on Hydraulic Research 
which preceded the organization of the Hydraulics Division of ASCE. 

The Committee on Research of the Hydraulics Division inherited the 
functions of the old committee, upon organization of the Division. In 1957, 
the name of the Committee on Research was changed to the Committee on 
Hydromechanics and a new Committee on Research was formed. It is indeed 
appropriate, therefore, that the sponsoring committee of this task force should 
maintain a continuing interest in the difficult problem of bulking caused by 
aerated flow. 

Instruments to measure the amount of air mixed with the water form an 
important aspect in the advance of the technical knowledge. R. Ehrenberg-
er (1)1 described a simple, yet effective, device for measuring the concentra-
tion of air entrained in the flow of chutes constructed in the laboratory at 
Versuchsanstalt fur Wasserbau, Vienna, Austria. His apparatus was simply a 
tube, pointing into the flow, and communicating through an elbow to a vertical 
glass tube of much larger diameter. The Pitot-like tube was rated in unaerated 
flow with a known velocity by measuring the time to fill a known volume of the 
vertical tube. The operation was repeated in aeratedflow where the air bubbles 
rose to the surface in the vertical tube. By the increased time to fill the tube 
in aerated flow, Ehrenberger calculated the air concentration in the air-water 
mixture. 

The Ehrenberger apparatus produced results which have been questioned 
because of the lack of similitude of flow into the Pitot-like tube in aerated and 
in unaerated flow. The apparatus was definitely crude compared with the 
modern electronic method, but ingenious, nonetheless. 

Ehrenberger published empirical relationships defining air concentration 
as follows: 

Pv, = 0.42 R -0.05 ( sin a) -0.26 for sin a < 0.476 

P 
= 0.30 R, -0.05 ( sin a) -0.74 

for 0.476< sin a< 0.707 

1 Numerals in parentheses refer to corresponding references in Appendix I. 
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in which Pw  is the percentage of water in the toal air-water mixture, R denotes 
the hydraulic radius, and a is the angle of the channel slope with the horizontal. 
Ehrenberger considers his formulas valid for R G 0.30 (0.98 ft). The width of 
his wood chute was 0.25 (0.82 ft). No doubt a substantial portion of the air was 
entrained by turbulence generated at the side walls. Therefore, the formula-
tion of his results would not be applicable to a chute of different width. 

Experimental work was initiated in the United States about 1939. During 
that year J. C. Stevens, F. ASCE, was chairman of the original Committee on 
Hydraulic Research. Upon the recommendation of ASCE, the Engineering 
Foundation made a small grant to Lorenz G. Straub, F. ASCE, Director, St. 
Anthony Falls Hydraulic Laboratory. ASCE had intended that this would be 
"seed" money, to stimulate other sponsorship, which indeed it proved to be. 
Later the funds were supplemented by support from the University of Minne-
sota, the United States Navy, and other sponsors. 

The early adjustable metal flume at St. Anthony Falls was 1 ft wide. In an 
effort to achieve true two-dimensional flow, with no sidewall effect on the air 
entrainment, the flume was rebuilt to a width of 18 in, in 1950. 

The most important advance in the science of aerated flow research at 
St. Anthony Falls Hydraulic Laboratory was the development of better methods 
of measuring the concentration of entrained air. The early method of measur-
ing the entrained air volumetrically was to give way to an electronic method 
in 1950. This apparatus was described in a paper by O. P. Lamb and J. M. 
Killen (2). Essentially it involved a pair of electrodes set in the line of the 
flow direction. The electrical resistance of the laboratory water without 
entrained air was measured, in effect. The concentration of air in aerated 
flow could then be calculated by measuring the increase of resistance across 
the electrodes. 

Two series of experiments were conducted with the wide flume and the 
electrical resistance apparatus. Results of a series with the smooth steel 
wall were in an unpublished report by Straub and A. G. Anderson (3), for 
the United States Navy in 1955. The results of the test series on walls 
roughened with granular particles were reported by Straub and Anderson (4) 
in 1958. Significantly, Straub was awarded a Research Prize by ASCE in 
1958 for his work on aerated flow. 

A Symposium on the Entrainment of Air in Flowing Water was published 
f in the Transactions of ASCE in 1943. The paper by L. Standish Hall (5) re-

ported on field tests of three chutes operated by the Pacific Gas and Electric 
Company. He also included field test data on the Kittitas chute by the Bureau 
of Reclamation, United States Department of the Interior (USBR). For reasons 
of large width and a mimimum amount of vertical and horizontal curvature, 
the Kittitas results proved the most desirable for later analysis. 

The tests on the Kittitas chute were made by C. W. Thomas and reported 
to the USBR in 1938 (6). Thomas measured the water-surface profiles as 
well as the mean velocity by the salt-velocity method. With a known water 
discharge, the quantity of entrained air could be estimated. 

PRESENT STATUS OF KNOWLEDGE 

Narrow Chutes.—For purposes of this Report, a narrow chute is defined 
as one which has a width less than five times the depth. Air entrainment can 
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ordinarily be considered to be a relatively simple two-dimensional problem 
for wide chutes. Three boundaries, the bottom and two sides, contribute to the 
generation of turbulence which causes air entrainment in narrow chutes. It 
is probale that the effect from one side wall reaches nearly to the opposite 
wall, thus compounding the air-entrainment effect in narrow chutes. Fig. i 
demonstrates development of the side-wall effect of the Uncompaghre Chute 
very clearly. Much of the data reported by Hall (5) fall in the category of 
narrow chutes. The discussions of this paper embraced attempts to generalize 
the results for the calculation of air concentration and the resultant bulking of 
the flow. 

FIG. 1.—AIR ENTRAINMENT FROM SIDE- 
GENERATED TURBULENCE 

FIG. 2.—AIR ENTRAINMENT CAUSED BY SIDE-WALL 
EFFECT IN NARROW CHUTES 
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In later years, other attempts at generalization of the air-entrainment 
phenomena were based on the Hall paper. Although these empirical conclusions 
were roughly applicable to narrow chutes, they lead to over-design of spillway 
chute side walls when applied to wide chutes. Fig. 2 shows the side-wall effect 
of the USBR Kittitas Chute. 

Wide Chutes.—Maintaining the definition for a narrow chute expressed 
previously, a wide chute is considered to be one which has a width greater 
than five times the depth. An example of a wide chute may be seen in Fig. 3, 
which shows the Ft. Peck spillway. Close scrutiny of the water surface during 
operation led to the conclusion that there was a negligible amount of bulking 
from air concentration. Such an observation was impressive when contrasted 
with a high air concentration indicatedby previous empirical criteria based on 
narrow chute operation. 

FIG. 3.—LOW AIR ENTRAINMENT FROM BOTTOM-GENERATED TURBULENCE 
IN A WIDE SPILLWAY CHUTE 

Hydraulic design engineers have been concerned that the use of design 
criteria based on unselected field data for narrow chutes had influenced the 
tendency toward costly over-design of side walls. In recent years, engineers 
of the United States Army Waterways Experiment Station, Vicksburg, Miss., 
(WES), analyzed the smooth-channel data obtained at St. Anthony Falls (3) in 
combination with selected Kittitas field observations. The Kittitas data were 
selected on the basis of the observations with depths less than one-fifth of the 
width. 
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Straub and Anderson had found the air concentration, c, in two-dimensional 
smooth channel to be a function of S/q2/3, in which S is the sine of the slope 
and q is the unit discharge. 

The WES issued a hydraulic design criteria chart in June, 1957, based on 
the foregoing analysis of the Straub and Anderson smooth-channel results. 
The curve of best fit was 

c = 0.38 log10 2/3 + 0.77 ............... (1) 

This chart presented a much more economical basis for the design of wide 
chute spillway walls than did previous criteria from unselected narrow chute 
results. 

As mentioned previously, Straub and Anderson (4), presented the results 
of tests on rough channels in December, 1958. They concluded that for an 
artificially roughened channel, air concentration was a function of S/ql/5, 
This function of slope and unit discharge was based on an empirical rela-
tionship between c and V*/dt in which V* is the shear velocity and dt is a so-
called transition depth as defined therein. The new Straub and Anderson data 
on rough channels were also analyzed in comparison with selected Kittitas 
field results. The large unit discharge of the prototype chute at Kittitas pro-
duced small values of S/ql/5, and consequently small concentrations of air. 
The curve of best fit for the combined laboratory and field data was deter-
mined by use of a digital computer and is shown in Fig. 4. The standard error 
for air concentration was a c  = 0.061. The Task Force believes that this rela-
tionship offers a realistic basis for the design of wide chute spillways within 
the limitations of the present status of knowledge. 

Overflow Spillways.—The relationship represented by the curve in Fig. 4 is 
believed applicable to wide ungated overflow spillways, although no prototype 
observations are yet available for verification. A laboratory study by W. J. 
Bauer (7) made at the State University of Iowa, Ames, Iowa, covered an 
investigation of the development of the turbulent boundary layer on an over-
flow spillway. His observations were not carried beyond the point on the pro-
file where the turbulent boundary layer reached the surface. It is at this part 
where the phenomenon of air entrainment begins. 

The Task Force is not aware of any research which deals with the effect 
of spillway crest piers on air entrainment. Examination of the operation of 
overflow spillways in the field indicate that the turbulence generated at the 
pier noses can cause substantial alt entrainment. Indeed, it is believed that 
for modern spillways with a large design head compared with the width of the 
gate bay, the pier disturbance has a greater effect on air entrainment and its 
resultant bulking, than does the bottom turbulence alone. The effect of piers on 
air entrainment at the Chief Joseph Dam on the Columbia River may be seen 
in Fig. 5. 

NEED FOR FUTURE RESEARCH 

This Report has presented an empirical criterion as a guide to the judg-
ment of the engineers in the design of wide steep channels. Nevertheless, 
much remains to be learned of the basic mechanics of the generation of turbu-
lence, its energy as the water surface is approached, and of the actual 
phenomenon of air entrainment. 
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FIG. 4.-AIR ENTRAINMENT BASED ON TESTS OF A ROUGH 
LABORATORY CHANNEL AND FIELD TESTS 
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Theory.—The problem is related to the more fundamental one of the genera-
tion of turbulence at the boundary, its diffusionupward through the liquid, and 
the action of the vertical components of turbulence at the water surface. More 
needs to be known of the reflection or dissipation of the vertical components at 
the surface with various degrees of turbulence and the actual piercing of the 
surface by turbulence cells. It is undoubtedly the latter phenomenon which gives 
rise to air entrainment. 

The present (1961) knowledge of turbulence is based primarily on the great 
mass of observations with the flow of air. The work in aeronautics is not 

FIG. 5.—EFFECT OF SPILLWAY PIERS ON AIR ENTRAINMENT 

concerned with the phenomenon of turbulence in the vicinity of a liquid with 
a free water surface. Unfortunately, the hot wire anemometer, which is the 
principal measuring device in wind tunnel turbulence studies, is not readily 
adaptable to use with air-water mixtures. Nevertheless, theoretical studies 
of turbulence in open channels should start with a study of the theory and test 
results of aerodynamics. 

Laboratory Equipment.—Although the combined effect of both side walls 
and bottom are important in certain structures, the more simple two-
dimensional problem of a wide channel should be approached first. A dis-
advantage of studying wide channels with steep slopes is that large discharges 
are needed to obtain substantial depth. The fundamental problem of turbulence 
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in open channels can be studied with fairly light slopes. Practically uniform 
flow can be obtained with a reasonable channel length, if the bottom is artifi-
cially roughened. A fairly wide channel with a rough bottom and smooth side 
walls would then have very little side-wall effect. 

More laboratory work is needed to perfect instruments which will measure, 
at least, the longitudinal and vertical components of turbulence velocities in 
water. The Hubbard-Ling hot-film anemometer (8) (9) is one approach and 
several laboratories have experimented with pressure transducers mounted 
on stream-lined supports. 

The three-dimensional problem could well be investigated by first studying 
the side-wall effect, alone. A wide laboratory flume is again indicated to 
minimize reflection from the opposite wall. The experimenter would probably 
choose to roughen only one wall and maintain the bottom and opposite wall 
smooth. 

The behavior of the turbulence from discrete wall protuberances, whether 
knobs or vertical strips, as the disturbance reaches the surface needs to be 
studied. Little isknownof the effectof joint offsets in channel walls. The effect 
of piers on overflow spillways belongs to this class of problems. The Task 
Force believes that the fundamental research could best be performed in the 
laboratory, where the geometrical variables may be changed with little 
expense. 

Field Tests.—More observations on existing prototype structures should 
be made and publicized, if only to alertthe profession to the important design 
problems involved. The problem of holding measuring instruments in high 
velocity flows of the prototype is severe in itself. Provisions for measure-
ment of such a rudimentary variable as velocity are badly needed in the pro-
totype. Velocity observations would yield information for friction-loss studies 
as well as for basic information onhighvelocity turbulent flow. The provision 
for high-velocity measurement must normally be done during construction, 
by embedded metal which can hold a support at the bottom or a span for attach-
ing the support from above. Embedded metal has been installed for the attach-
ment of instrument piers to the bottom of the Ft. Randall chute spillway. Ob-
servations at this installation must await the availability of test flows, which 
is a common problem with all field tests. 

Air entrainment caused by the disturbances of crest piers on overflow 
spillways may be a critical condition for the design of side walls of this type 
of spillway. General field observations of the pier effect may well serve as 
a useful guide in the design of future spillways, until more basic work can 
be accomplished in the laboratory. 
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