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ABSTRACT

EXPERIMENTAL STUDIES OF WING-WALL MIXING CONTROL

Detailed velocity traverses are presented for shallow submerged
slot jets without lateral confinement. With wing~walls in place maximum
velocities and temperatures were traced for both unheated and heated dis-
charges. These tests were repeated for various wing~wall crest elevations
and wing-wall lengths. For the wing-wall tests a typical Reynolds number
based on slot width was 400,000 and a typical densimetric Froude number
based on slot width was 40. Some flow combinations were found to be
unstable and tests were conducted to delineate the limits of stability.
The tests demonstrate that flow patterns may be controlled using controlled
flow over wing-wall crests. A simple design procedure making use of the
data is illustrated.

Maxwell, W. Hall C., and Demissie, M.

EXPERIMENTAL STUDIES OF WING-WALL MIXING CONTROL

Completion Report to QOffice of Water Research and Technology, Department of
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NOTATION

The following symbols are used in this report:

b

C

AT

height of élot outlet

spreading coefficient for momentum flux
diameter of circular outlet

Froudg number, uo/ﬂ;;

densimetric Froude number, uo/(gwAp/p)O'5
acceleration of gravity

length of wing-wall in downstream direction
temperature of cold water at mixing valves
temperature of hot water at mixing valves
temperature of discharge at slot outlet
temperature of reservoir outside wing-walls

time average velocity in x~-direction

maximum value of u for fixed x

" value of u at outlet (assumed uniform)

width of slot outlet

coordinate in direction of jet axis, positive downstream

zero correction or origin shift for x

value of x at which maximum velocity reaches free surface

lateral coordinate measured from slot centerline

vertical coordinate measured from free surface

value of z at which u = u

submergence of slot outlet centerline below free surface

distance from centerline of slot to top of wing-wall, measured vertically
density of reservoir water minus density of heated discharge

density of reservoir water

TH B Tc



I. INTRODUCTION

It has been.observed,:in laboratory investigationé by MrOSs (7 )%
‘and by Maxwell and Pazwash (4,5) that a shallow submerged axisymmetrié“- (;
jet deflects towards the free surface downstream frdﬁ the outlet. The
behavior is illustrated in Fig..l, Wﬂich has beenbcalculafed from the
theoretical ﬁodel developed by Maxwell and Pazwash (6 )»fqr a horizontal
<nqzzle at-a submergeqce of five diameteré&{dFiggre l_shq&gvyertical axial g
velocity profiles downstream from the outlet. Initially the wvelocity
profiles do not differ radically from those for an infinitely submerged jet.
However, with increasing distanpe downstream the velocities above the
nozzle axis increase relative to those below the axis. As a‘éoﬁsequence,
the maximum velocity moves above the original nozéle axis and migfates
upward with increasing distance dbwnstreaﬁ;.eventﬁally reéching the free
surface. It_ﬁill be observed from"Fig. 1 that,/asfthekmaximum velocity
approaches the free surface the profiles in the vicinity of the maximuﬁ.
becqme rathe; flat making it difficult to experimenf;lly lchte the maximﬁm
accurately even when there is small scatter in the experimental data.

The mathematical model developed in Ref. 6 was shown to agree
well with experimental data for}a horizontal outlet and for an:outlet with.
small upwardkdeflection; Figﬁré 2 illustrates the latter case;and shows
the sensitivity 6f the flow pattern to a small upward deflectign of the
outlet axis.‘

In Qiew of the good agreeﬁent between theory and expe;iment

found for the axisymmetric outlet it would be reasonable to expect that a

* .
Numerals in parentheses refer to corresponding items in List of References.
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plane-symmetric eqpivalent of the axisymmetric analysis would be useful in
predicting the center-line velocity profile downstream from a slot outlet.
If the time average value of the square of the turbulent fluctuating
component of velocity in the horizontal downstream direction (u' ) is
treated as negligible the plane symmetric analysis yields the following
solution for the location of the maximum velocity downstream from a-
horizontal plane symmetric outlet (6 ):

2 2 z /2

= arctanh(z /z )
m "o

Ex 1
o (1
in which C = spreading coefficient for momentum flux; x = co-ordinate in
direction of jet axis; z, = verticél submergence of the outlet center-line
below the free surface; and z, = vertical co-ordinate of the maximum
velocity. The location, X s at which the maximum flux reaches the free

surface is given by
x /z_= V2/C (2)
s o ‘

Figure 3 shows a comparison between Eq. 1 and the experimental measurements
downstream from a 1/8-in. (0.32 cm) by 6-in. (15.24 cm) slot in a 6-in.
(15.24 cm) wide channel by John, Mahajan and Kanbour (2,3). Equation

1 was evaluated using C = 0.109, the value oEtained by Albertson et al

(1) for wide plamne syﬁmetric outlets of various aspect ratios. Thus,

Eq. 2 indicates that the maximum velocity should reach the free surface at
13.0 diameters downstream from the outlet. Figure 3 shows that the
analysis is in radical disagreement with the data of John et al. The
explanation, however, is that the presence of the lateral sidewalls of

the channel used by John et al cut off entrainment to the upper side of

the jet and trap a vortex in the zone bounded by the back wall, the
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sidewalls and the upper edge of the discharge jet (Fig. 4). That this
vortex and its effect dominates.the flow pattern is indicated by the fact
that John et al found no difference in behavior between cold water dis-
charges and discharges heated 50F° above ambient, until the submergence

of the outlet was increased to 120 times the slot height. An analysis

of this behavior was presented by Stoy, Stenhouse and Hsia (8). Stoy et al
reproduced the experiments of John et al and found good agreement except

for the maximum submergence of 120 slot heights.

Presuming for the moment that the theoretical analysis presented
in Fig. 3 is valid when there is no cut-off of entrainment to the region
above the jet, Fig. 3 indicates the possibility of controlling the flow
pattern and mixing downstream from a slot outlet by controlling the
discharge to the bounded region above the outlet, either through openings
in the lateral sidewalls or over the top of the sidewalls. By having
variable gates in either location and adjusting their openings the flow
pattern could be controlled over a wide range. This could prove useful
in‘ﬁeeting regulations governing temperature conditions in the vicinity
of discharge outlets for power plant cooling water discharges. With the
minimum entrainment denoted by the experiments of John et al temperatures
would remain high in the outlet vicinity leading to more rapid transfer of
heat to the atmosphere. Should this result in temperatures in excess of
those permitted by regulation a controlled inflow to the region above
the outlet could be used to bring the maximum temperature within limits
while keeping the heated zone as small as possible and thereby trans-

ferring heat to the atmosphere as rapidly as possible.



II. APPARATUS AND EXPERIMENTAL PROCEDURE

The experimental apparatus is shown schematically in Fig. 5.
Either cold or heated water was supplied to a head chamber constructed
using a 4-ft (1.22 m) long spool of 8fin. (20.3 cm) diameter cast iron
pipe, part of which.was packed with rubberized hair to straighten the flow.
The chamber was supplied with cold water from the laboratory constant head
tank which hés a crest elevation approximately 53-ft (=16 m) above the
main laboratory_floor. When suppiying heated water (or cold water through
the heater assembly) the head tank was assisted by a Goman Rupp 81 1/2 B2
El 1/2 self priming centrifugal pump which has a fairly steep head-discharge
characteristic. The water was heated using two Duro-Power 40.5 KW heaters.
The ﬁeating system is capable of delivering 2460 GPH (9312 liters per
hour) of water at a temperature of 20r° (12.2 Co) above ambient. The dis-
charge is accurately controlled using automatic precision mixing valves.
The inlet nozzle had its outlet flush with the back wall of the tank and
maintained constant dimensions of 6-in. (15.24 cm) * 0.00l in. wide by
1/8-in. (3.175 mm) * 0.002 in. back for a distance of 7 11/16-in. (19.52 cm) °
before expanding,using a 3 to 1 ellipfical transition both horizontally and
vertically over the next 1 5/16-in. (3.33 cm),to 6 7/8-in. (17.46 cm) wide
.by 1 in. (2.54 cm) high at the entrance chamber. |

The test tank was 16-ft (4.88 m) longlby 4-ft (1.22 m) wide and
4-ft (1.22 m) deep. The discharge outlet was set at the center of the
back-wall 2 1/2-ft (76 cm) above the floor. TFor heated water tests a cold
water diffuser was inserted in the tank as illustrated in Fig. 5. The
diffuser was set at the same elevation as the discharge slot. The water
elevation in the test reservoir was controlled using a variable tailgate

at the downstream end of the tank.
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The water dropped into a 10° V-notch weir tank for measurement
of discharge. An instrument carriage ran on rails mounted on the reservoir
sidewalls and had a platform which ran on carriage cross-rails. A
separate personnel carriage ran on floor rails. The wing-walls were con-
structed of 3/4-in. (1.9 cm) plywood and extended from the floor of the
reservoir upward. They were attached to the sidewalls of the reservoir
with braces to maintain a constant spacing of 6 1/4-in. (15.88 cm) and
¢ initially extended Z—ft (61 cm) downstream. They were reduced in length
for some later experiments. Wooden surfaces were thoroughly sealed using
several coats of epoxy reéin. The elevation of the top of the wing-walls
relative to the free surface for a given submergence of the slot outlet
(established using the variable tailgate) was varied using sheets of
- 1/8-in. (0.3175 cm) plexiglasérclamped to the inside of the wooden wing-
walls. The net spacing between the pléxiglass.plates was therefore 6-in.
(15.24 cm) and was the same as the slot width. The plexiglass plates
extended wellrbelow the elevation of the slot outlet and their horizontal
top edée could be set at various elevations relative to the reservoir
free surface.

Two different systems were used for measurement of velocity. For
velocities ranging from about 1.5-ft/sec (45.7 cm/sec) to about 20—ft/éec
(6.1 m/sec) measurements were made using a 5/16-in. (0.79 cm) 0.D. pilot
tube with l/8—in.r(0.32 cm) port connected across a Hewlett-Packard Model
267 BC differential pressure transducer. The output was recorded on a
Sanborn recorder. The transducer-recorder system was calibrated at the
beginning of each day's work by reference to a differential manometer
" under static conditions; For lower velocities (down to 6 cm/sec) a Kent
Miniflo Type 265 current meter was used with the output recorded on a

Technirite Electronics TR-711 recorder. This system was calibrated in a
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specially constructed low velocity circular nozzle calibration tank in
the laboratory.

Temperatures were measured using a RET-1 thermocouple probe with
a time constant of 3.1 seconds in conjunction with a Bailey Digital
Amplifying Thermometer, Model BAT-8.

Temperature and velocity probes were located with reference to
the center-line of the slot opening. Probes were mounted on Lory point
gages, with vernier readings to 0.00l1-ft for vertical measurements. Lateral'
measurements were made on steel tape with 0.01-ft divisions attached to
the instrument platform cross-rails after the instrument platform had been
clamped in position on the instrument carriage. Longitudinal distances
downstream from the slot were read from a steel tape with 0.0l1-ft divisions
on the carriage rails after the carriage had been clamped in position.

For those tests in which the cold water diffuser was needed to
prevent heat buildup in the reservoir and for which comparisons were
desired with a cold water discharge the following procedure was used. First,
cola water was run through the heater assembly and the discharge measured
using the weir tank. Then the diffuser was turned on and the sum of the
two discharges measured. The cold water experiments were then completed.
The heater was turned on and the hot water experiments completed. Next
the sum of the hot water and diffuser discharges was measured. Finally,
the diffuser was turned off and the hot water discharge measured alone.

The slight variation in reservoir elevation was judged to have negligible
effect on the discharge. The hot water discharge was generally found to be
slightly less than the cold water discharge, possibly due to changes in

the internal geometry of the flow system, particularly in the precision
mixing valves.

The use of the cold water diffuser did not completely eliminate
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heat build-up in the reservoir. Geherally, by allowing the hot water dis-
charge to run for 30 to 45 minutes before beginning any measurements thé
heat build-up over the course of the measurements could be reduced to 1 F°
or less. For all experiments the temperature of the laboratory supply fed
to the heaters remained essentially constant for the duration of the
experiments. The total capacity of the laboratory sump system is approxi-
mately l7,000.ft3 so that it was relatively unaffected by the addition of
heated water at a rate of 150 ft3,per hour. The sump temperature, Tc’ was
read at the precision mixing valves while the cold water was running, but
before the heaters were switched on. After the heaters were switched on
and allowed to run for some 30 to 45 minutes the hot water temperature,
TH’ at the pfecision mixing valve éutlet was read. It was checked
occasionally, particularly at the end of any measurements and not found to
vary. Therefore the difference between hot water temperature and the cold

water temperature at the mixing valve outlet (AT =T, - Tc) has been used

H
to characterize the experiments. It should be noted that there was heat
loss to the atmosphere between the outlet of the precision mixing valves
and the discharge slot and that during the initial 30 to 45 minute running

period the reservoir temperature rose several degrees above that of the

sump. Therefore, the values of T

q and Tc should not be used to calculate

densimetric Froude Numbers. The relationship between these temperatures
and the conditions at the reservoir will be dealt with in more detail in

Section III-6.
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ITI. EXPERIMENTAL RESULTS

ITI-1. Cold Water Discharges Without Wing-walls

In order to provide a sound basis for future development of an
analytic model which will adequately take into account variations in
spreading coefficient across the flow section considerable effort was
initially expended on the collection of complete velocity traverses using
dischargé water which was at the same temperature as the reservoir without
any wing-walls in place. Both vertical and lateral traverses in the flow
section were made and the experimental information collected for three
different submergences of the slot outlet at a number of sections at
different distances downstream from the outletL The results are shown in
Figures 6 through 28, These plots show isovelocity ratio lines, namely
plots of u, the local longitudinal time-averaged velocity divided by u s
the maximum value ofvlongitudinal time~averaged velocity recorded for the
section at intervals of 0.1. The location of the maximum valie or values
recorded for each section is marked with an "X" on tﬁe plot. When the
observor is positioned at the slot outlet facing in the downstream, X,
direction the positive value of y is to the right of the slot centerline.

It will be observed from an inspection of these plots that the
velocity profiles are not perfectly symmetrical about the centerline. The
appearance of off-center peaks in the velocity profiles of other slender
three-dimensional jets has been noted by other observors (9,10,11). 1In
practically all cases, however, it may be noted that a vertical traverse
along the slot centerline (y/x = 0) will provide a reasonably accurate
measurement of the maximum's vertical location even though the maximum may
be located off-center. Because the collection of data in the quantities
necessary to generate the plots shown in Figs. 6 through 28 required an

excessive investment of time and effort it was decided to characterize
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the behavior of other configurations by tracing the maximum velocity's
vertical location using vertical centerline traverses at various
longitudinal distances downstream from the outlet. Figure 29 shows a
replotting of Fig. 3 including the information on location of maxima con-
tained in Figs. 6 through 28 plus additional information from vertical
centerline traverses at other slot submergences. Figure 29 shows that the
experimental data for the 1/8-in. by 6-in. slot do not agree with the
analysis for the infinitely wide slot, nor does the data collapse to a
unique curve for all submergences. Nevertheless, there is substantial
influence of the wing-walls on maximum velocity location, although the
effect of providing entrainment‘in the zone agbove the outlet is somewhat
less than that predicted by the plane-symmetric analysis.

Table 1 provides a summary of the tests for which complete
isovelocity profiles were obtained. Table 2 summarizes the data for un-
heated discharges without wing-walls for which the maximum velocity was
traced using centerline traverses alone. It should be noted that the
values of u in Table 2 are the values of the maximum longitudinal velocity
for the centerline section, whereas those listed in Table 1 are the maxima

for the entire cross section.

I1I-2. Discharges with Complete Wing-walls

Data collected by John, Mahajan and Kanbour (2 ) indicated that
for a submergence of 1 ft the maximum velocity for the discharge from a
1/8-in. by 6-in. slot set at the head end of a 6-in. channel reached the
free surface at a distance of 1.5-ft downstream from the origin. It was
therefore decided, in the present investigation, to limit the maximum
submergence to 1-ft and to extend the wing-walls in the downstream direc-

tion for a distance of 2-ft. With the top of the sidewalls set above the
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TABLE 1 - Cold Water Discharges without Wing-walls,

Complete Traverses

T T T —
%o xs ! Yo E Ym? : ;
ft ft QL, ft/sec { ft/sec i Figure No. é %y 2
0.97 0.20 - 29.3 L 19.72 j 6 o 0.99
0.40 . 32.10 % 14.05 | 7 | 1.00
0,50 | 32,10 12.47 § 8 } 1.00
. 1.00 ; 32.10 i 9.34 | 9 | 1.00
2.00 | 3l.31 ] 3.93 10 f 0.90
3.00 | 31.31 : 2.73 11 E 0.84
4,00 !L473l.87 1.96 12 § 0.80
0.76 | 0.50 | 31.13 12.74 13 % 1.00
I 1.00 32.10 9.08 14 | 1.00
2.00 31.31 4.02 15 § 1.00
2.50 31.31 3.59 16 0.87
3.00 31.31 2.99 | 17 0.87
/ 3.50 31.31 2.48 | 18 0.60
| 4.00 31.31 2.13 19 0.61,0.74
4.50 31.31 2.05 20 0.21,0.60
5.00 31.31 1.96 21 0.08,0.34
0.67 0.50 31. 44 12.20 22 1.00
i 1.00 31.31 7.63 23 1.00
! 2.00 30.35 3.93 24 0.85,1.00
L 2.50 | 30.52 | 3.24 25 0.70,0.85
g 3.00 % 30.69 % 2.82 26 0.77
| 4.00 30.52 ; 1.96 | 27 | 0.11
| 5.00 30.69 2.22 : 28 | 0.10
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TABLE 2 - Cold Water Discharges Without Wing-walls,
Vertical Centerline Traverses

z , : X, | u : u

(o) : (o] m

ft - ft 1 ft/sec - ft/sec ! zm/zo
0.48 | 0.5 |  30.78 . 12.28 . 1.00
| 1.0 | : 8.61 1.00
1.5 | 7.12 . 0.96

2.0 - | 5.81 0.94

2.5 i 4.87 0.79

3.0 | 4.21 0.81

3.5 : | 3.75 | 0.58

0.33 0.5 | 30.78 12.31 5 1.00
1.0 | 9.01 0.97

1.5 6.98 0.94

2.0 5.98 0.91

2.5 4.83 3 0.67

3.0 4.11 0.61

3.5 | 3.81 0.38
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free surface this was expected to cut off entrainment on the upper side of
the nozzle and effectively reproduce the results obtained by John et al.
For cold water discharges an initial attempt was made to conduct the in-
vestigation with outlet velocities having the same order of magnitude as
when the wing-walls were absent (approximately 30 ft/sec.). However, with
the wing—walls in place this resulted in unstable pulsating behavior with
submergence of the outflow only occurring on an intermittent basis. 1In
order to avoid this phenomenon the outlet velocity was reduced to about

8 ft/sec, the value used by John et ‘al. The problem of stability of the
flow pattern is dealt with in more detail in a later section. As a conse-— '
quence of the reduction in Veloéity it was necessary to use the Kent Type
265 current meter system exclusively for the measurements. In order to
check that the behavior was the same as that obtained by John et al. the
maximum velocity was tracéd for the conditions summarized in Table 3 by
taking vertical centerline velocity traverses. The maxima locations
obtained from these traverses are plotted in Figure 30, with b = slot
height (1/8-in.) The data show godd agreement with that'of John et al.
and again there is no significant difference between the heated and un-
heated discharge behavior.

TABLE 3 - Tests with Complete Wing-walls, Vertical
Center-line Velocity Traverses

242 Uo’ AT, TH’
ft. ft/sec. F° °F
0.97 8.31 0 -
0.97 8.40 22 99
0.76 8.31 0 -
0.48 8.31 | 0 -
0.33 8.31 0 -
0.33 8.56 28 98
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ITI-3. Cold Water Additions to Trapped Vortex Zone

Since it was anticipated that it would be difficult, if not im-
possible in the time available, to measure the entrainment due to openings
in the wing-walls or due to flow over the top of the wing-walls an initial
attempt was made to measure the behavior when cold water was added inde-
pendentlj to the trapped vortex zone above the slot outlet. The method
of addition is illustrated schematically in Figure 31. Cold make-up water
was introduced through a 2-in. pipe submerged just below the undisturbed
free surface and ending about 1 in. in front of the wall. The maximum
discharge necessary was estimated by using the entrainment calculated
for a 6-in. width of a wide two-dimensional unconfined jet outlet. The
make-up water discharge was measured using an orifice meter in the 2-in.
line. This was calibrated in situ using the 10° V-notch weir used to
measure slot discharges. It was found that before sufficient make-up
water could be added to satisfy the entrainment estimated for an infinitely
submerged slot that the flow pattern was dominated by the make-up water
discharge since this was generally larger than the slot discharge. As the
make-up water discharge approached 0.16 cfs the slot discharge deflected
sharply upwards, apparently attracted by the larger discharge introduced
on top. Figure 32 shows the results for lesser make—up Qater discharges
for a submergence of the slot equal to 0.97 ft. The slot discharge,

Qo’ for all of these tests was 0.0427 cfs. Qa = the added discharge.

The open symbols represent the locations of the maximum for unheated slot
discharges whereas the darkened symbols show locations for heated dis-
charges as indicated on the figure. For comparison the results of the
previous tests both with and without complete wing-walls are included.

The measurements show that for added discharges up to about twice the
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Fig. 31 Schematic representation of method used to add cold
water to trapped vortex zone
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slot discharge there is a trend from the behavior with no added flow

toward that when sidewalls are absent. It is thought that the failure to
move further toward the no-sidewall behavior with the use of further addi-
tion of flow is caused by the tendency of the added flow to assume the
character of a surface jet which utilizes the slot discharge as entrainment
rather than vice versa. It was concluded, therefore, that this aspect of
the investigafion should not be pursued further. The data does, however,
provide at least qualitative evidence that the flow pattern may be
controlled by satisfying the entrainment requirements on the upper side

of the slot discharge.

ITI-4. Variation of Wing-wall Top Elevation

It was decided that a reasonable field configuration for control
of inflow to the vortex zone above the slot outlet would involve the use
of variable gates set on top of the wing-walls or the use of stop—logs set
along the top of the wing-walls. In order to simulate the effect of such
means of control in the laboratory without modelling details of the con-
figuration tests were conducted with the top of the wing-walls set at
various elevations below the free surface. 1In all cases tested the crest
elevation of both wing-walls was identical. All of the tests described
in this section were conducted for a slot submergence of 0.97 ft. For
each configuration the location of the maximum velocity was traced using
both heated and unheated slot discharges. For heated discharges the loca-
tion of the maximum temperature was also traced. Cold make-up water was
introduced in the reservoir to avoid heat build-up as described in an
earlier section. The variation in the location of the maximum for the
three different cases is illustrated in Figure 33. The location of the

top of the wing-walls is given by zt which is the vertical distance to the
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top of the wall from the center line of fhe slot or, if the wall projects
through the free surface, z, = submergence of the slot. Thus zt/z0 has a
maximum value of 1.000. Figures 34, 35 and 36 show the locations of the
maxima for the three different measurements for various locations of the
wall top. These figures illustrate that when zt/z0 is reduced to 0.870

the entrainment requirements of the slot discharge are essentially satis—
fied and the trace of the maximum is essentially the same as when the wing
walls are absent. It is also evident from the figures that the behavior

of the flow pattern can be regulated between the limits of complete cut-off
and essentially zero cut-off of entrainment by varying the wall (or gate)
crest over a fraction of the slot submergence. .Since the selection of the
wall length in the downstream direction may be somewhat conservative it
remains to determine the extent to which the wiﬁg—walls may be shortened
without losing the capacity to control the flow pattern. Table 4 summarizes

the test conditions plotted in Figures 33, 34, 35 and 36.

III.5 Effect of Reducing Wall Length

All of the tests described in this section were again conducted
for a slot submergence of 0.97 ft. Two different conditions for zt/z0
were tested, namely 0.934 and 1.000. The wall length in the downstream
x—direction, L, was shortened in increments of 1 1/2 in. and vertical
center-line traverses made to locate the point of maximum velocity or
maximum temperature for both heated and unheated discharges as summarized
in Table 5. There was insufficient time available to test other values
of zt/zo.

Figures 37, 38 and 39 reproduce the data for unheated and heated
velocity and temperature maximum traces for several wall lengths with

zt/zo = 0.934. All three indicate a sudden loss of control of the flow



49

Z6T = 9/7T1 Y3TM 3J /6°0 FO 20uo31omqns JOTS PUB SUOTIBASTO TBIDADS
I® $35215 YITA STTEM-3UTM USDMIDQ SIBIBYOSTP PaIedyun 103 LITO0TSA WNWIXBW JO UOTIBIOT bHE *ST4

T T T T _ — T T T 0ZT
UAIVEHNN € ALIDOTHA WOWIXVK
- —00T
©) 0 ON ud
—O i 0)
A/
| ) ) —108
\/ \/ _
> —09
® .
] , 000°'T @
966°0 [
4 —lovy
. 7€6°0 ()
€16°0 \/
n 4 -0z
0/8°0 OO
a ®
ON\UN
N \0 | | | { ] } i i
08T 09T oI 0zt 00T 08 09 oY 0¢ 0

a/x

o



50

26T = 9/71 YITMA 1F [6°0 FJO 9ous8ismqns JOTS Pue SUOTIRADTD TBIIADS

J® 5315910 UYITM STTem-SuTa uoamiaq S981BUDISTP Po31edy I10F £I1TO0T9A WNWIXBW JO UOTIBDOT]

¢€ 814

QAIVAH ‘ALIDOTIA WAWIXVR

N ANAY

N\N

09T 0T

.. 00T

. .00T

q/x

08

09

0%

0z

o

0cT

- 00T




51

TBIDA®S 1B $3S9I0 YITM STTEM-SUTA UldMIDq S981RYDSTp pojeay 103 ainjeisdwel WNWIXPW JO UWOTIBOOT ¢f *STJ

6T =

q/71 Yyita 13 nm 0 Jo @ous8idWqns JOTS PUB SUOTIBADTD

TINIVITdHAL WOARTXVH

1

081

0¢T

00T

q/x

08

09

o¥

0¢

0cT

001

8] a

[



52

TABLE 4 — Summary of Tests with .Submerged Wing—wall Cfest

Diffuser

" I Y Discharge, AT, Ty Profile

t "o ft/sec cfs F° °F Type

0.870- 8.24: 0.100 27 105 Temperature
8.39 0.099 0 - Velocity
8.39 0.099 26 105 Velocity

0.913 '8.28 0.099 28 104 Temperature
8.20 0.099 0 - Velocity
8.24 0.099 27 103 Velocity

0.934 8.16 0.099 28 102 Temperature
8.24 0.099 0 - Velocity
8.24 0.099 - 29 102 Velocity

0.956 8.28 0.099 28 105 Temperature
8.35 0.100 0 - Velocity"
8.35 0.100 27 106 Velocity
1.000 8.31 0 0 - Velocity
0 22 99 Velocity

8.40
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TABLE 5 - Summary of Tests with Shortened Wing-walls

B ! u i Diffuser | T ]
2]z | L : o’ i Discharge, § AE, i °H Profile
t o b . ft/sec. 5 cfs . _F % F Type
0.934 2 180 % 8.63 0.100 : 0 | - g Velocity
180 j 8.63 0.100 E‘ 26 ; 98 i Velocity
180 § 8.35 | 0.099 2 | 95 % Temperature
| 168 % 8.20 0.100 o - Velocity
168 | 8.20 % 10.100 Ly 95 Velocity
| 168 8.44 |  0.100 24 95 Temperature
156 8.23 } 0.101 0 -- Velocity
i
' 156 | 6.87 § 0.101 20 ! g8 Velocity
156 | 7.88 § 0.101 29 96 Temperature
144 8.35 | 0.100 0 — | Velocity
144 7.65 | 0.099 30 ;7 99 Velocity
L 144 8.19 0.099 26 96 | Temperature
7 132 ; 8.31 0.100 0 - Velocity
E 132 8.08 0.101 28 91 : Velocity
§ 132 8.15 0.101 25 92 Temperature
1.000 | 180 8.52 0.100 0 — Velocity
180 8.60 0.095 24 94 Temperature
156 8.40 0.100 0 - Velocity
156 8.08 0.100 28 96 Velocity
156 8.08 0.101 27 96 Temperature
144 | 8.27 0.100 o | - Velocity
144 ; 8.27 i 0.100 28‘. | 90 Velocity
132 i 8.31 % 0.100 0 | - Velocity
132 | 8.31. ; 0.099 P29 'g 93 Velocity




54

o 1 sya8usT

TTen-3UTA SNOTIBA I0F 33 [6°0 JO oous8ismqns JOTS PUB #€6°Q = Z/ Z IB S3IS9ID
Ylrm sTTes—Surm uo9omlaq so8iBYOSTP poieoyun I10J LJTOOT9A WNWIXeW JO UOTIBRO0T /€ °3Td

q/x

N T _ T _ _ T T T 0zt
ALIDOTAA
v€6°0 = °z/ %2
| - o0t
v &
_ B - 08
- — 09
;|
VN O)
- Ty ov
vy1 B
9T @
w 89T /
N 08T [0 =02
6T ©
q/1
\ | | | | | | | ! 0
08T 09T oyt 0T 00T 08 09 oY 0z 0

NEI"Q



55

syj8usT TTem-Sulm SnoIdea 103 31J /6°(Q JO °oualismqns 0TS puR

Y60 = ON\uN Je S$3S21D UYITA STTeM-BuIm u3am3lDq S981IBYISTIp polesay I0J AITO0T9A WNWIXEW JO UOTIIED0T Q¢ *8Td
T T T 1 ] T T ) —
ALIDOTHEA
¥66°0 = Jz/%z
v v v & %
L)
™
@ aa]
§ ¢
5
. 6T A% SV 4
o 0¢ V7 S i
0T 9s1 &
% 72 89T/
= \V 92 08T [
62 w6l O
WALV q/1
1 | ! | | | | | |
08T 09T o%T 0zT 00T 08 09 oY 0z

0cT

001

08

09

oy

0c

NELQ



Sy38usT TTeM-SUTIM SNOTIBA 10T 1T /6°(Q JO 9ouo8ismqgns JOTS PUB HE6°(Q = ou\uw
3B S§3S910 Y3Tm STTeA-8UTA UdaMl1aq SIBIBYOSIp Po3Ieay 10J 2injeiadwa] WNWIXeW JO UOIIBD0T 6€ “31d

56

I ] . { ] 1 1 ! 1 0%t

HANLVIddRAL

o_ 3
‘0= 42/ 2
¥€6°0 / - 00T

!8
L]
(o4 €T § - o
oc I B
6C 95T O
VA 89T Y7
ve 08T [ = 02
- 8¢ 6T (O
od LV q/1
¥
| | m/\_ { | | ] | L
08T 09T ovT 0zt 00T 08 09 oy 0z 0

SYxE

NE'|—°



57

pattern when L/b was reduced from 144 to 132. Comparison of Figures 37
and 38 indicates very small influence of buoyancy.

Figures 40 and 41 show the unheated and heated maximum velocity
traces for several wall lengths with Zt/Zo = 1.000. These show no evident
effect of buoyancy. Moreover, control of the flow pattern is not lost as
L/b is reduced from 144 to 132. This indicates that for the minimum wall
length tested (L/b = 132) the flow pattern may be contfolled by varying

the crest of the wall from zt/z0 = 0.934 to its maximum value of 1.000.

ITII.6 Outlet Densimetric Froude Numbers

It was indicated in Chapter II that the values of AT = TH - Tc
used to characterize the experiments should not be used to calculate
densimetric Froude numbers sincé they represenf conditions at the precision
mixing valves rather than at the reservoir. For those experiments involving
temperature traverses to determine the location of maximum temperature a
record was made of the temperature at the slot outlet and also of the
 vertical temperature distribution outside the wing-walls and near the back
wall of the reserQoir. Table 6 shows a summary of some of this information.
The tabulation shows the value of temperature at the outlet, To’ as well
as the temperature outside the wing-walls at elevation z, > Tr’ at various
times after turning on the heaters. The time at which experimental tra-
versing commenced and ended is also indicated. The position of the wing-
wall crest and length of wing-wall is also shown. Figure 42 shows a
simple correlation among the values shown in the first three columns using
a least squares fit. No significant improvement was found if absolute
temperatures were used, therefore the simpler version is presented. From
an examination of Table 6 the increase in reservoir temperature, Tt’ over

Tc for a parficular set of conditions may be estimated, say midway through
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TABLE 6 - Summary of
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Temperature Conditions

Exptl.

Ty % T, T, Time, ; T z L
op | op op mins. op progress S b
(o]
105 | 78 10 77.7 0.870 192
97. 30 81.1 Start
75 83.1 End
115 82.9
105 77 30 80. 4 0.956 192
97. 60 81.9 " Start
140 82.4 End
104 76 30 78.6 0.913 192
95. 60 80;1 Start
210 81.1 Fnd
102 74 92. 45 76.8 Start 0.934 192
120 _ 78.3 End
94 70 83. 1.000 180
95 71 86. 45 74.3 Start 0.934 168
, 105 75.0 End
9% | 67 | su. 30 70.2 Start 0.934 | 156
200 72.3 End
96 69 85. 1.000 156
9% | 70 86. 30 72.1 Start | 0.934 | 144
165 72.9 End
92 67 | 8l. 30 67.5 Start 0.934 132
100 67.6 End
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the experiment. Suppose, for example, that it is desired to calculate a -
characteristic densimetric Froude for one of the experiments listed in
Table 4, namely for the heated velocity traverse with zt/zé = 0.934. 1In
this case T, = 102°F, and T_ = 73°F. From Fig. 42 T_ = 92.4°F. Table 6
’indicatés that for zt/zO = 0.934, L/b

192 the value of Tr midway through
‘the experiment was épproximately 3.5 F° above Tc. The appropriate repre-
sentative reservoir’ temperature in this case would then be 76.5°F. This
:gives Ap/p = 0.002626 and a densimetric Froude number based on the slot
width, w, of magnit#de F, = uo/(gwAp/p)O'5 ~ 40. This magnitude of densi-

‘metric Froude number is typical of all the experiments involving heated

water.

7iII.7 Stability of the Flow Pattern

: It was notea in Section III-2 that, after the installation of
.the wing-walls, it was necessary to reduce the outlet velocity from approxi-
‘mately 30 ft/sec to approximately 8 ft/sec in order to avoid unstable
pulsating behaviof with submergence of the outflow only occurripg on an
‘intermittent basis. Therefore a series of tests was conducted in which
foutlet velocities and submergences were varied. A single observer made a
judgement, from an observgtion of the flow pattern, that it was stable or
unstable. A stable flow pattern was one for which the outflow remained
submerged at all times. It‘should be noted that this also resulted in
Quite different behavior of the velocity record at a downstream station
than when thé flow pulsated. In the latter circumstance the signal had a
substantial cyclic component. Nevertheless, it was felt that the charaéter
of the flow could be judged>by bbservation alone. 1In order to determine
the appropriate length dimension to be used in a correlation of the data

a 1/8-in. aluminum plate which extended from the floor of the reservoir
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through the free surface and from the outlet to a distance of 22-in.
downstream was installed so as to divide the flow region between the wing-
walls into two symmetric parts. The experimgnts were repeated and the
nature of the flow pattern in the reduced outlet configuration observed.
It was assumed that the discharge was evenly divided by the 1/8-in. splitter
plate.

.The results of the observations are presented in Figure 43 in
which a linear relationship is found to indicate neutral stability when the
submergence expressed in wall widths is plotted against a Froude number

based on average velocity at the outlet and width between the walls, w.
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IV. DISCUSSION AND CONCLUSIONS

IV.1. Discussion of Test Results

Figure 37 has been reproduced as Figure 44, with the varidus posi-~
tions of the wing-wall crest and downstreaﬁ end supefimpgsed on it. The
two positions of the downstream top corner for which 16;5 of contrpl of the
flow pattern was oBserved.are emphasized by hatching, namely L/b_= 192 for
z /2 = 0.870 and L/b = 132 for z,/z, = 0.934. The two cprfésﬁonding points
at which the ends of the walls intersect the filamentf;f maximum velocity
have been joined by the line labelled AA. Until further data is obtained
this line or its extension may be used as a guide in estimating the length
of wall at which control is lost. for a particular wall crest elevation. The
character of the data presented previously indicate that most decisions on
the behavior of the flow pattern may be made by referring to the trace of
the filament of maximum velopity for an unheated discharge. For example,
there is no discernible difference in the behavior as characterized by
Figs. 37, 38 and 39. Since the temperature profiles tend to be somewhat
flatter than the velocity profiles theblocation of the maximum is more diffi-
cult. Focussing attention therefore on Figure 37 it may be noted that there
was no significant change in position of the filament of maximum velocity
for wall length to slot height ratios ranging from 192 down to 144 when the
wallntop was held at a constant position zt/zo = 0.934. Then as L/b was
reduced ﬁo 132 control was suddenly lost. This suggests that the entrain-
ment requirements on top of the jet were satisfied by water moving into the
region above the filament of maximum velocity around the downstream ends of
the wing-walls.

It would appear that a structure corresponding to L/b = 132 with

the wall crest set at zt/z0 = 0.934 would be too sensitive to wall-top gate
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position to permit ease of control of the flow pattern. The gate elevation
could only range over 6.6 per cent of the submergence. The original condi-
tion tested, namely with L/b = 192 and the crest set at zt/zo = 0.870 allows
the gate elevation to range over 13 per cent of the submergence. However
the penalty for decreased sensitivity is increased wall length.

It may also be noted that the Illinois data presented in Fig. 30
for complete wing-walls may be collapsed to a single plot as shown in Fig. 45.
To this graph could be added the data collected by John et al (2) and by
Stoy et al (8). This suggests that for submergences other than 0.97 ft the
length of the wing-walls should be determined as multiples of submergence,
z rather than of slot height, b, with the behavior for various submergences

inferred from Fig. 44.

IV.2. Suggested Design Procedure

A suggested design procedure making use of the limited data which
has been collected will be illustrated using an example. Suppose that it |
is desired to construct a facility discharging 1000 cfs, that the design
submergence of the outlet centerline is 10 ft, the outlet is to be 2 ft
high and that the control gates on the crest of the wall are to range over
1 ft. The problem is to select an appropriate width of basin to have a
stable flow pattern and to select a wall length that will be adequate to
permit control over the 1 ft range of the gates. From Fig. 43 the neutral
stability width is given by:

10 _ 52.25 _
w - 3/2 0.50

w
for which w = 11.2 ft. This is the neutral width; therefore increase w

to at least 12 ft for stability. Next, since zt/zo is to be 0.900 make

a linear interpolation on Fig. 44 between the curves for zt/zo = 0.870
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and 0.913. This is indicated by BB on Fig. 44. BB crosses AA at x/b = 157
for zo/b = 93.12. Thus the end of the wall should be 157/93.12 = 1.69 slot
submergences from the outlet. In this case therefore the wall length should

be at least 17 feet.

IV.3. Summary and Conclusions

Detailed velocity traverses have been obtained for three different
shallow suﬁmergences of a slot outlet forty-eight times as wide as it was
high, for Reynolds numbers baséd on outlet width and exit velocity of order
1,500,000. The outlet was unconfined laterally.

Traces of the filament of maximum flux were made when wing-walls
flush with the sides of the slot were added. Tests were conducted for
various wing-wall crest elevations and various wing-wall lengths. Both
heated and unheated effluents were tested.

A typical Reynolds number based on slot width and average
velocity for these tests is of order 400,000. For the heated tests a
typical densimetric Froude number based on average outlet velocity and slot
width is 40.

Although velocity traverses were taken for the heated and unheated
discharges and temperature traverses taken for heated discharges it was
found that the behavior of the flow pattern for a particular wing-wall
geometry could be adequately characterized using the velocity traverses for
an unheated discharge.

The flow pattern was found to be surging and unstable for some
combinations of outlet submergence and discharge rate. A series of tests
were conducted to‘delineate the limits of stability.

In conclusion, it has been demonstrated that flow patterns may
be controlled using wing-walls with control of discharge over the wing-

wall crests. A simple design procedure making use of the data presented
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on Figs. 43, 44 and 45 has been illustrated in Section V.4. This could be

improved with the collection of additional data.
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