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ABSTRACT

in experimental study was conducted to determine the signifi-
cant hydraulic characteristics of open channel flow of water, sub-
Jected to air entrainment. Artificial air entrainment was accomplish-
ed by injecting compressed air into the flowing water from minute,
ecually-spaced holes along the bottom of an open-channel flume. Grad-
ually varied flows with width to depth ratios in the range of 3 to 5
were studied. The energy losses associated with the air entrainment
were determined by comparing the change in the Manning roughness co-
efficient for nonaerated and aerated flows. It was shown that aera-
tion can result in a 45 percent increase in the Manning Coefficient.
The increase in energy losses due to aeration was attributed to:
1) restriction of flow area and flow disturbances caused by the air
jets near the channel bottom, 2) increased secondary flow of a double
spiral pattern, 3) increased boundary frictional resistance due to the
bubble layer at the water surface, and 4) flow disturbances and eddy
losses resulting from the ascension of discrete air bubbles to the
surface of the flowing water. (iley words:@ aerated, open-channel
flow, lMenning roughness coefficient).



AERATED OPEN-CHANNEL FLOW
AT LO'7 VELOCITIES AND SHALLO'™ DEFTHS

by D.L. Fread'ys @nd T.3. Harbaughi+
INTRODUCTION

At the present time, considerable emphasis is being given to
the purification of our rivers, canals, and lakes by increasing
the dissolved oxygen content of the water. Various methods are
being employed vhich cause air, in the form of small bubbles, to
become entrained in the water for a sufficient time to allow a
portion of the oxygen content of the air to be transferred to
the water as dissolved oxygen.
Aerated flow may occur naturally in open channels of steep
slope having high-velocity flow and an accompanying high degree
of turbulence. This type of aerated open-channel flow is defined
as self-aerated flow. Considerable research has been directed to-
ward this type of aerated flow since the early 1950's. Notable
works in this area include those by Straub and Anderson (1955, 19587.
Aerated flow may also occur in open channels of mild slope
having low velocities of flow. However, in this type of aerated flow,
the air must be entrapped in the flowing water by means other than
the mechanism of a high degree of surface turbulence produced by
kigh-velocity flow. In low-velocity or artificial aerated flow, the

air enters the flowing water as the result of energy which originates
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externally from the flowing water, itself. O(ne type of artificial
aerated flow may result from a high-velocity water jet discharging
into open-channel flow. Here, the air is entrapped in the flow oy
the surface turbulence generated by the impact force of the Jjet;
also, air is carried into the flow directly by the jet. Iinstein
and Sibul (1954) have investigated this type of aerated flow.
fnother type of artificial aerated flow may result when mechanical
agitators produce sufficient surface turbulence in open-channel
flow to cause air to become entrained at the free surface (Amberg,
Pritchard, and ‘ise, 1966).

A third type of artificial air entrainment occurs when diffused
coupressed air is injected into open-channel flow. Townsend (1934)
reported on a small number of observations concerning the retarding
effect of entrained air bubbles on the flow of a mixture of water
and activated sludge through a conventional activated sludge sewage
treatment unit. Compressed air was introduced into the sewage through
porous plates located along the bottom of the activated sludge basin.
Tovmsend assumed that the hydraulic properties of the mixture of
water, activated sludge and entrained air bubbles were the same as
for water alone. He concluded that' 1) resistance to flow increases
because of entrained air bubbles and this resistance (expressed as
Manning n) increases as the flow velocity decreases, 2) an increase
in the wetted perimeter due to the air bubbles results in a correspond-
ing decrease in the hydraulic radius, 3) an inverse relationship exists
between flow retardance and flow velocity due to greater bubble
coalescence occurring at higher velocities causing a decrease in the
total wetted perimeter of the entrained air bubbles.

This paper is concerned with a further examination of artifi-

cial aerated flow in an open channel. The aeration was produced by



introducing low pressure compressed air intc the flowing water from
minute, equally-spaced holes located along the channel bottom. The
discharge of the open-channel flow was controlled by an adjustable
sluice gate at the flume outlet which produced varied, suberitical
Tlow with a backwater curve. Varied flow was investigated as it
was impossible to attain uniform flow with the existing experimental
apparatus. The objectives of the investigation were: (a) to deter-
mine the concentration profile of air in the aerated flow, (b) to
determine the increase in depth, i.e., "bulking" due to the presence
of the entrained air bubbles, (c) to compare velocity profiles of
aerated and nonaerated open-channel flow, and (d) to determine the
effect of aeration on the energy losses incurred in open-channel flow.
In this investigation of artificial, aerated open-channel flow,
the following basic assumptions were made: (a) the hydraulic principles
applying to nonaerated open-channel flow were also applicable to aerat-
ed flow, (b) the aerated flow was congidered to have the same physical
properties, e.g., density, viscosity, etc., as nonaerated flow, and
(¢) the air injected into the flowing water was considered to affect
only the kinematic properties of the flowing water, i.e., the injected
air acted upon an elemental volume of water in a manner similar to

that which would occur if the injected media were water rather than air.
BACKGROUND

FLOW RESISTANCE: The retardance of flow in open channels is
usually evaluated in terms of the Manning roughness coefficient (n)
which accounts for the cmergy losses that occur as a result of the
frictional resistance encountered at the channel boundary. However,

it is well lknown that energy losses other than those due to boundary



frictional resistence also occur in open-channel flow, i.e., losses
due to secondary flow, eddies, etec. hen an n value is determined
for a straight, uniform length of channel, these other energy losses,
if present, are combined with the boundary frictional resistance.
Therefore, in this investigation, the flow retardance due to the in-
jected air was likewise evaluated in terms of the Manning roughness
coefficient (n). dovever, if one objects to this liberty, the n
value so determined may be thought of as an apparent n.

FLOW PROFILE: ‘'hen a sluice gate is installed in an open channel
having steady suberitical flow, the flow will back-up behind the gate
such that the depth of flow gradually decreases along the reach of
channel in an upstream direction from the gate. The resulting flow
equations of Manning and Chezy are invalid for this type of flow.

sleferring to figure 1, the total head at the upstream section

1, above the datum plane coinciding with the channel bottom, is:

where: H is the total head, in ft.:; z is the distance from datum

line to channel bottom, in ft.; d is the depth of flow, in ft.: @

is the bottom slope angle; ¢ is the velocity distribution coefficient;

V is the mean velocity, in ft’'sec; and g is the gravity acceleration
constant, 32.2 ft'sec2. Itbis apparent that, with a constant flow

rate (Q),.the depth (d) and the mean velocity (V) are a function of

the distance (x) measured along the channel bottom. The values of

g and g are assumed constant throughout the channel reach under con-
sideration and @ is considered small. Iquation (1) may be differentiat-

ed with respect to x to obtain:

OH/3x =3z /& + 3y/ X - a(ocvz/ég)/ax (2)
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3ince the friction slope (Sf) is ecqual to -dH'3x, and the slope
of the channel hottom (So) is equal to sin O or -3z &, Zouation
(2) may be rewritten as the differential equation of gradually

varied flow:
v/ ¥ = (SO - Sf) {1~ a(uvgfzg)/ay} (3)

NUMERICAL SOLUTION: Iquation (3) may be solved by the direct
step method for the flow profile. The distance (Ax) is thus deter-
mined for which a given change in the depth (Ay) occurs. In thi.
method, the channel is divided into short reaches of length (ix),
as shown in Figure 1. Assuming the uniform flow equations of Manning
or Chezy are valid over the 4x reach of channel, the computation is
performed step by step along the channel from a point of known depth
to any desired upstream point. The value of Ax corresponding to a
relatively small change in y is computed by ecuating the heads at

the two end-sections 1 and 2., Thus,

SOAX Ty alVi/E?g =Y, "o 2\12/255 SI,Ax (&)

Solving for x yields:

N
\J1
~

AX = (732 - El) / (so -58.) =A% (3 - sf)

vhere T is the specific energy at a section and is equal to the
suwn of the depth (v) and velocity head (&VE/Eg) at that section.

Sf can be computed from the lanning ecuation written in the form:

5p = 22/ (2.20 4 3) 6)

where n is the llanning roughness coefficient; R is the hydraulic

radius, wihich is equal to the flow cross-sectional area (£) divided



by the wetted perimeter (P).

The direct =tep method as explained by Chow (1959) determines
the distance along the channel reach at which a specified depth
of flow occurs. In this situation, the variables which are known
(measured or assumed values) are: the depth of flow (yl) at an initial
point along the channel reach, usually 8t the point of flow control
(in this case the sluice gate); the depth of flow (y2) which is
specified; the steady discharge (Q): the channel geometry, which
mst he prismatic when using the direct step method; and the Manning
roughness coefficient (n). The value of the distance (L) along the
chiannel reach from vy to y2 is then determined by the summation
of all the A x values as computed in the direct step method utiliz-
ing Dauation (5).

In this investigation, the direct step method was employed
in reverse to determine one of the above known values when the
distance (L) was known. Thus the IManning n was determined when L,
Voo 0, and the channel geometry were known. A value of n was
assumed, and the distance (L) as computed from the direct step
method was compared with the actual distance (L) between the points
at which vy and y2 occur, If the computed value did not agree with
the actual value, n was incremented and the procedure was repeated
until the two values of L were the same. The n value at which the
two distances agreed was the desired value of n for that particular

flow condition. The iterative procedure for determining n was pro-

grammed for convenient solution by a digital computer.
EXPIRIMENTAL APPARATUS AND PROCEDURD

4 plexiglass open-channel flume was the principal apparatus

emploved in this investigation. The flume measured 36 feet in length
PLOY gTh,
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and =z feet in both height and width. . plexiglass ralsesbotton
consisting of eignteen separate compertments each 2 “eet in both length
and width and 2% inches in height, was pleced slong the bottom of

the flume for the purpose of difiusing compressed air into water
flowing in the flume. Compressed air from a centrifugal blower,

rated at 300 cubic feet per minute at 1) inches o. water pressure,
discharged into a 3 inch diameter plastic neader pipe. Fourteen

l% inch diameter valved talkeorifs routed the air to the centermost
fourteen compartments of the plexiglass Jalse-bottom. The air then
passed into the [lume interior through minute holes (0.040 inches in
diameter) drilled through the 3/8 inch thick plexiglass Talse-bottomn:
the holes were equally spaced on one inch centers. U-tube vater meno-
neters were provided at each o. the Ffourteen air distribution com-
partments to monitor the eir pressurc.

Jepth of flow was measured in stilling wells using point gauge

923

graduated to 0.001 7t. iir concentrations were taken with a resist-
ance probe similar to that described by Lemb and .illen (19352). It
was powered LY an audio frequency oscillator and the measurements
were observed on a standard voltmeter.

The Tlume discharge was controlled and measured by a calibrated
sluice gate located at the outlet o. the flume. The discharge ( )
was calculated from J-uation (7).

T(-’“ R "‘
5.67 wovdwg‘yl (7)

vhere w is the [lume width, b is the height of gete opening, 71

is the depth divectly upstream of the =luice gate, and Cd is the

discharge coefficient of the sluice gate. Cd was experimentally deter-

mined and expressed as a function of the ratioc (yl/b)n
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Thirteen of the aeration compartments producing 26 ft. of aerated
open-channel flow were used throughout the investigation. Velocit-
ies were determined with a Trice pygmy current meter for representative
nonaerated and aerated flows at selected grid points across a flow-
section located at the mid-point of the aerated channel. Air concen-
trations of various aerated flows were determined with the resistance
probe and voltmeter at selected grid points across several flow-
zections. Depth measurements at the mid-point of the aerated reach
of channel were made in the stilling well and in the flume to deter-
mine the magnitude of bulking. The depth measured inside the flume
corresponded to the average maximum height of the bubble layer which
floated on top of the aerated flow. The depth of flow measured in
the stilling well essentially corresponded to the depth of an identi-
cal nonaerated flow.

Depths for determining the flow retardance were measured in
stilling wells located 30.33 {t. apart and at each end of the reach
of ezerated channel. Discharges ranged from 0.30 to 1.30 cfs for non-
aerated and aerated flow. Depending upon the magnitude of the differ-
ential pressure between the inside of the air distribution compart-
ments and the static head of the flowing water directly above the
compartments, the aerated flow was classified as ‘maximum air ' or
"minimum air" . The average differential pressure was 2.2 and 1.25

inches of water for maximum air and minimum air, respectively.
RESULTS AND DISCUSSINN

ATR CONCENTRATION: The measured air concentration (E), of the
aerated [low represented the average ratio of air volume to water
volume flowing between the two electrodes of the resistance probe

during a time intervel. The air concentrations were determined for
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various aerated flows at selected grid points across the flow-section.
These were plotted, and "isocons" (contours of equal air concentrations,
wvere determined. Typical isocons are shown in Figure 2. Maximum air
concentrations were obtained in the vieinity of the surface in a
region previously referred to as the bubble layer. Regions of mini-
mum air concentration in the isocons were noticed to usually coincide
with the regions of maximum velocity in corresponding isovels (con-
tours of equal flow velocities).

Average air concentration profiles for various aerated flows
of maximum air and minimum air are shown in Figure 3. Also, the
air concentration profile for self-aerated flow (Streeter, 1961)
iz shown for comparison. The maximum and minimum air concentration
profiles were observed to be essentially comprised of three regions:

1. in "air-jet" region at the channel bottom, comprising
approximately 15, of the total depth of aerated flow for the maximun
air and approximately 5, for the minimum air; here, the compressed
air entered the flowing water through the 0.0LO inch diameter holes
in the channel bottom: the jets were somewhat cylindrical in shape
with a diameter of about 3/8 inch.

o, A "discrete bubble" region, comprising approximately 70/
of the total depth of the serated flow for maximum air and approxi-
mately 80, for minimum air; here individual bubbles, shaped as de-
formed oblate spheroids of varying size (1/4 to 3/8 inch diameter),
moved upward toward the surface of the water at an angle of approxi-
mately MSO to 900 with the channel bottom depending on the velocity
of the flowing water; the bubbles were formed as each air-jet broke
apart due to the resistance of the water to the upward motion of the
jet: the air concentration (¢) remained essentially constant throughout

this region; and



L, TV UM
v88/9J g0 = A

BI9 2H°0 = &
=D

298/9F 26T = A
819 mﬁ..ﬁ 2 @
YOG LT = D

=

XLy UTRrTRy
08/13 LO°T =
8J0 TR

%0g ez = 2

i

O e
i
10 F e

(A
[

SROTI PONRIAY wATsesussaadsy emod 07 FUCDOST

‘?
g

P -
*m emBTg

Up frouwayp sS40y R0U81E]

S S LI e b N

4 £g0°0

- 991°0

\. 4062°0

4 £EE°0

L1 OTHO

o0

eS8
.ﬂ e RN
A// J
e g P S

il X I 4
e "W UT Crounsy) §S0L0Y S0UwySYJ
He oc T 91 7L Z
. f Bm———— e
e TS = e e I T e T

¢

T80

€600

99te

A A0CETD
Lot EL 0

R

‘g ut fuzdsq - oy up ‘uysdeq

B

33Ut fusdag

-t



sveent Depth (YY) of Aevated Flow

o
e e

- ' A Maximam Aly
¥ Surfece of ¢ Minimum Asr
", maX zersted 0 Seif-ferated
V.0 m ww S——
”““ JAY: 5
$
'ﬁ m\ Q
N0 e % ;f
¥
[ 3
b ;:é [gg s
T 55 4
[
S
?0 i ./‘c/
- -
-
60
50 o
’ t."_\ -~ - fé
s w‘é
. R I P g"“’ ~ Self-Aeratsd Flow a g
18] g g
2
Qo
o
]
30 =
20
3
)\ 3
K} £ -
0 ¥ ] ‘P‘J @ o
; :5 2‘ Z ‘%
% - (;'g J O
! -'ag ot 2 LA Y= ]

i i ] §
. [Tt 50 n& 70 80 oh A0
foreyage Adr Contentration (o g‘} in % Adr -

n R, Avera.ge Air Concentration (o

Y Profiles of
Aerated Flow ’

A



-
(9%

3. A bubble layer near the water surface, comprising approxi-
mately 15% of the total depth of serated flow: here, the upward
motion of the bubbles from the discrete bubble region was significant-
1y reduced due tc the delaying effect of surface tension upon their
escape into the overlying atmosphere; thi. resulted in considerable
coalescence of the individual bubbles into larger bubbles, the air
concentration (2) in this region asymptotically approached the value
of 100% corresponding to the free surface of the aerated flow.

BULKING: The presence of the entrained air bubbles in the
flowing water resulted in an increase in the depth of flow. The
ratio of this increase in depth of aerated flow to the depth of a
corresponding nonaerated flow was defined as "bulking" (B). Linear
correlations of B versus the depth (y) of nonaerated flow are shown
in Figure L for the two types of aerated flow, maximum air and mini-
mum air respectively. The correlations revealed a significant
decrease in B with increasing depth (y) such that the bulking effect
appears to approach a level of insignificance as the depth approach-
es 1.0 foot. However, it is reascned that this would not be the
case if the air input per unit area of channel bottom were increased
beyond that corresponding to the maximum air condition of this in-
vestigation. Such an increase would result in a correlation curve
located parallel to and above those in Figure L.

VELOCITY: Isovels for representative nonaerated and aerated
flows are shown in Figures 5 and 6 respectively. Referring to Figure
6 for the aerated flow, it is apparent there are two regions of max-
imum velocity located on either side of the flow section generally
2 to L inches from the channel sides. In nonaerated flow in rectan-

lar channels of small reach, secondary flow occurs since the flow
gu 3
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develops along the channel in a single spiral motion (Chow, 125)). In
this type of {low, there is one center of maximun velocity as indicated
in Figure 5 Ffor nonaerated Ilow, nen the flowing water was subjected
to compressed air injected into the [low along the chiannel bottom, the
single spiral motion became a double spiral motion as upward moving

air jets cause the single spiral motion to split into two spirals, i.e.,
the flow consicted of four parallel longitudinal vortices. This ocecur-
red at the center of the channel where the spiral flow vas essentielly
horizontal and had no vertical component to resist the upward moving
alr jets.

Tae conclusion that a double spiral motion resulted from the in-
jection or compressed air elong the channel bottom was further supported
by: (a) the surfaee of the aerated I low, which was comprised largely
o air bubbles, was observed to move laterally outwards from the center
of the channel towards the channel sides at an angle of approximately
45 degrees, end (b) the air concentrations along the channel sides were
greater than the concentrations mezsured at corresponding depths else-
iere across the flow-section. Thus, at the channel walls, the upward
movement of the air bubbles was opposed by the double spiral motion of
the flowing water, vwhich moved vertically dovnward in the vicinity of
cach channel wall; tuis caused the air bubbles to remain in the water
for a longer period o time, resulting in concentrations of greater
magnitude than elsevhere in the :low-section. & all other regions in
the flow-gection, the flowing water either helped the bubbles to as-
cend or did not directly oppose their ascension to the surilace.

Velocity distribution profiles are shown in Figure 7 for nonaerated
and aerated flows. Tie velocities used therein were arithmetic averages
o. point velocity measurements taken across the flow section. Taese

rere plotted as a ratio (vamax) of the average velocity (V) at any
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depth to the simvlteneous maximum velocity (Vmax). The depth of flow

was plotted as a ratio (y/ymax) where v was the depth of flow at which
a particular velocity was measured and Y max was the maximum depth of
flow associated with that particular velocity and depth measurement.
The data points were averages of several flow rates in order to pre-
sent velocity distribution trends for nonaerated flow as compared to
aserated [low.

The veloeity distribution profile for the aerated flow differed
noticeably from that of the nonaerated ‘low. Noticeable variations were-
(a) the point of maximum velocity of the aerated flow was depressed
farther from the surface than in the nonaerated flow; the maximum velo-
city or the acsrated flow was located at 452 of the depth of flow as
compared with 555 of depth for the nonaerated ilow; and (v) the velocity
decreased at a much greater rate as the surface was approached. The
surface velocity of nonaerated flow was about 304 ov Vmax; this com-
pared with a velocity of 705 of Vmax for the aerated flow; this velo-
city was measured at J0% of the depth of flow in the region just be-
neath the bubble layer. The variations were attributed to the retard-
ing effect o the bubble layer which comprised approximately 15% of the
depth of flow. It was visibly apparent that the bubble layer was travel-
ing at a much lower velocity relative to the adjacent lower region eon-
taining discrete air bubbles. Thus, the bubble layer formed e fourth
surface causing the open-channcl ilow to approach that of a closed
conduit. This is evident from the similarities between the velocity
profile of Figure 7 and that of a pipe flow velocity profile where
the velocity asymptotically approaches zero at the pipe wall.

FLOW DETARDANCE: Tie combined flow retardance due to the friction-
al resistance at the channel boundaries and that due to the injected

air was evaluated in terms of the Manning roughness coefficient (n),



utilizing an iterative solution of the difrerential eouation of
varied Ilow.

Figure 8 shows a correlation of the Manning n with the parameter
VR, where V is the mean velocity and .1 is the mean hydraulic radius
for nonaerated flow. Tue n of the aerated low (minimum air) is
approximately 125, that of the nonaerated flowr, and the n of the aerat-
ed flov (maximum air) was approximately 1L45  that of the nonaerated
Tlow. The average value of n for the nonaerated flow was 0.0115 wvhich
is within the range ef ~alues for chennels constructed ol material
similar to that of plexiglass. The correlation oo n with VR is typical-
1y used fo - open channels having a gress lining. The n curve for
maximum air is parallel to and approximately 30 of the magnitude of
a n curve, given by Chow (195)), for grass-lined channels having a very
low vegetal retardance. It appears that there are some aspects of
acrated low due to the injection of compressed air uich resecmbles
the flow retardance characteristics of a grass-lined clhiannel. ‘nis
similarity will be di.cussed later.

since, in this investigation, the velocity and depth of flow were
the two veriables determining the parameter (VR), separate correlations
of n with depth and with velocity were also made to provide additional
insight into the nature or the incrcase in n for aerated flow. Corre-
lations of n with the mean velocity (V) along the channel for the two
conditions of eerated :low are shown in Figure ). The n curves jor
oninimum air and maximum air parallecled each other indicating a substant-
ial increase in n with a decrecase in the velocity. The tendency tovard
a decrease in the Manning n with an increase in velocity of serated flow
agreed with the conclusion ol Towsend (1934). <correlations of n with
the nean depth of flow (yﬁ) along the channel for nonaerated flow and

the two conditions of serated ilow were also made. The n curves for
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nonaerated {low indicated & substantial increase in n with a decrease
in depth. ©.i:- egrees with present nydraulic theory, i.e., &s the
depth decreases the [lov disturbance produced at the channel boundar-
ies influences a greater percentage of the total Jlow. The n curves
Tor winimur, air and weximum air indicated no relationship between
n and depth for aerated lov.
In this investigation it was assumed that the Manning roughness
coefficient (n) would serve as a means of evaluating not only the degree
o flow reterdance (energy losses) attributed to frictional resistance
at the channel boundary but also tho:e due to other cnergy losses such
as secondary flow, os well as any additional energy losses due to the
injection of compressed air along the channel bottom. Taus, for non-
eerated .low of this investigation, the factors causing [lovw retard-
ence were (a) frictional resistance along the channel boundaries (the
bottom and the sides), (b) secondary flow due to the single spiral
flow prevalent in rectangular=-sheped channels, and (¢) eddy losses pro-
duced in a vaeried clov of decreasing velocity such as the type of var-
ied .low resulting from a channel restriction, e.g., a sluice gate.
Frictional resistance at the channel boundary was the primary cause
of flow retardsnce while secondary flow and eddy losscs were minor
contributors.

‘nen the same flow was éubjected to diffused compressed aiv
injected along the channel bottom, the inerease in the energy losses,
as noted by an increase in the Menning n, was considered to be due
to the following factors: (a) a restriction of the flow area in the
air-jet region due to a portion oc the flow area being occupied by
the air-jets, (b) an energy loss resulting from a disturbed flow due

to the air-jets opposing the horizontal novement of the {lowing water
3
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(c) an increase in energy loss due to a greater intensity of secondary
flow as evidenced by the double spiral secondary [low induced b the
injected air, (d) an increase in the boundary frictional resistance

due to the addition of a fourth boundary surface, tie bubble layer that
floated on top of the flowing rater, and (e) eddy losses and flow dis-
turbances produced by the free-Illoating discrete air bubbles rising
through the Tloving water.

Teferring to Tactors (2) and (b), the influence of the air-jets
on the Jlowing water somevhat resembles that due to a grass lining of
an open channel, (ouwen, Unny, "ill, 1267). In each case, the flow
area is restricted and the flow is disturbed by the projection of
the air-jet or blade o. grass into the {lowing water. 23 the flow
velocity increases, the air-jet or blades ol grass, as the case may be,
are bent in the direction of the flowing vater, and the ratio ol re-
stricted flow area to total flow arez is decreased. This would seem
to account, at least in part, :or the decrease in the Manning n with
an increase in velocity as was noted in Figure 3.

Referring to Tactor (e), it is epparent that flow disturbances
are produced as the discrete air bubbles travel upward toward the
surface through the flowing water. lso, due to viccosity, a wake
containing eddies is created as each bubble travels upward. Thus
energy losses would arise out ol the flow distrubance and eddies
created by the ascending bubbles. Iloting Figure 8, it i reasonable
to assume that as the available air pre:sure increases above that
whichh wes used in this investigation to produce maximum air, the n
curve would be loceted above and parallel to those in Figure 8. ‘his
would be due to the air-jets, whose extent of projection into the flow-

ing weter is dependent upon the magnitude of the pressure differential



existing between that inside the air diffusion compartments and the
static pressure due to the depth of flowing water in the channel. Thus,
the greater the available air pressure, the greater would be the retard-
ing effect of the air-jets upon the open-channel (low.

It is interesting to view the results of this investigation from
tae position that the injected air does have effects upon the physical
properties or the flowing water. Tils is contrary to the basic asswip-
tion 2) as stated in the Introduction. From this viewpoint, the in-
Jjected air would tend to decrease the density and the visco$ity of the
flowing water. The density would decrease since the air is considerably
less dense than the water and since the air does constitute a signifi-
cant portion of the total volume of the flowing media, a mixture of water
and air bubbles. The viscosity would decrease since  the air bubbles
would act as & lubricant within the flowing media. ‘uci a decrease in
density and viscosity would also cause a decrease in the flow retard-
ance as measured Dy the madnitude of the Manning n. However, since the
results indicated a significant increase in the Menning n when the flow
was subjected to aerstion, this would indicate that the effect of
the injected air upon the physical properties is of considerably less
magnitude than the effect ol the injected air upon the kinematic pro-
perties o. the flowing water (..ssumption 3) as stated in the Introduction
This is considered to be due to the extreme importance of the effects
of the air jets upon the flow vhen it is of shallow depth and low wvelocity.

It would be expected that at greater deptis than those of this
investigation, the relative importance of factors (a) and (b) would
dininish while the importance of remaining factors (¢), (d), and (e)
would remain essentially constant. .lso, the relative importance of
the effect of the entrained air upon the physical properties of the

flowing media would increase., It is therefore anticipated that some



decrease in the lienning roughness coelficient (n) due to aerstion would

ted at considerably greater depths of Ilow than obzerved in

CONCLULION »

‘everal conclusions were Jormuloted [rom thi- investigation
of artificial aerated rlow. dowever, they should be restricted to
the range of depths, velocities, air prezsures and geometry of air
diffusion encountered in thisz investigation.

sereted low consigts ol three wegions: (a) an air-jet region
1ocated near the channel bottom, (b) a bubble layer located at the
free surface, and (c) a discrete bubble region located between the
other two regions. The air concentration is essentially constant
throughout the diserete bubble region and asywptotically epproaches
100 . at the .ree surrace of the bubble layer. ulking will vary
directly with air content and inversely with depth.

ir injection induces secondary channel Jlow of a double spiral
pattern. The flow cross-section has two centers of maximum velocity
es compaied to one for nonzerated flow. he bubble layer at the free
surface or the acrated flow produces a rictional resistance which re-

o

cards the velocity ou &

e

nis region and causes the maximum

i

low in

C

velocity to occur nearer the mid-point depth then for nonaerated
“low.

“eration produces a substential increase in the energy losses of
open-channel :lov. If these losses are considered as flow retardance
and expressed in terms of the Menning roughness coefficient (n), they
vary directly with the injection pressure of the compressed air and
inversely with [low velocity. . 25. and 45 increase in n was noted

for the conditions of ninimum and weximum air, respectively. .uch
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increases in the energy losses result from: (a) the air jets at the
channel bottom, (b) increased secondary flow, (c¢) inereased boundary
frictional resistance due to the bubble layer at the free surface,
end (d) flow disturbences and eddy losses resulting from the ascen-

gion of diserete air bubbles to the free surface.
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