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PREFACE 

This report describes the model studies of the drop shaft to be incorpor" 

ated into the Lawrence Avenue Sewer Syste.m and used to transport surface runoff 
down to deep tunnels which serve as temporary reservoirs. The purpose of the 

model studies was to assist in the development of an effective drop shaft and 
to study its operating characteristics for various flow conditions in the indi~ 
vidual structure and in the system as a whole. Modifications were introduoed 

to improve the operation based upon the results of these experiments, Through 
this process a drop shaft geometry was evolved that appeared to provide optimunL 

!low conditions for the various variable discharges which the structure Was to 
handle. 

When an optimum design had evolved from the studies, additional experi
ments were carried out to examine the various operating characteristios of the 

structure. These included measurements of the air entrainment by the jet 
entering the drop shaft, the release of this air through the air vent, and the 

hydraulic gradients that might be expected when the structure is sUbmerged. 
Other experiments were made on a partial model of the system in which a number 
of idealized drop shafts were oonnected in order to examine the nature of the 

surges that may be generated within the system when only one drop shaft is 

operating_ These results were to serve as a check on a computer progr~ devel~ 
oped to predict surging in the prototype system. 

The model tests described in this report were sponsored by the Harza 
Engineering Company of Chioago, Illinois, represented by Dr_ David Louie,and 

were carried out at the St. Anthony Falls Hydraulic Laboratory, Professor E. 

Silberman, Director. The study for the city of Chicago was under the immediate 

direction of Professor Alvin G .• Anderson and was conducted by Warren Q. Dahlin, 
Research Engineer. The models were fabricated and maintained by the Laboratory 

shop personnel under the direction of Frank R_ Dressel, SUperintendent. 

DUring the course of the experimental program many status reports were 
submitted to the sponsor. These covered in considerable detail the specific 
tests and areas of investigation, the data from which were needed for design 

purposes. These reports are on file in the offices of the sponsor and at the 
St. Anthony Falls Hydraulic Laboratory. 
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MODEL STUDIES ~ LAWRENCE AVENUE SEWER SYSTEM 
CITY OF CHICAGO 

I. INTRODUCTION 

The Lawrence Avenue Sewer System will incorporate a large deep tunnel 

for temporary storage of the surface runoff that will be fed to it by a series 

of drop shafts placed at intervals along the axis of the tunnel. Each drop 

shaft will be designed to handle a variable discharge, the peak value of which 

will be different for each. As the volume of runoff increases, the tailwater 

elevation may change from zero to a maximum which is governed by overflow 

facilities. The objectives of the research described in this report are 

(a) to investigate the nature of the flow in the drop shafts, 

suggest an optimum design, and describe the flow patterns 

in the final design; and 

(b) to examine the surges in t.he overall system when it is subjected 

to discharges of various magnitudes and in various sequences. 

The essential purpose of a drop shaft is to t.ransport water from one ele

vation and energy level to a lower elevation and lower energy level. Its func

tion is to dissipate the energy of the inooming flow in the course of its pas

sage down the drop shaft to its nsw elevation and new flow pattern. Conceiv~ 

ably, this may be done in one of several ways or by combining ways. If the 

drop shaft runs full, the energy change may be accomplished by friction along 

the wall of the drop shaft so that its energy at the bottom of the shaft is 

equal to that of the outflowing water. When the drop shaft is partly full, the 

change in energy might be accomplished by the impact of the falling water on 

the bottom of the shaft. For variable discharges, this change of energy might 

be accomplished by a combination of boundary friction and impact. In a system 

involving drop shafts of the height prescribed by the Lawrence Avenue Sewer 

System, dissipation of energy by boundary friction alone reqUires that the 

diameter be relatively small and. that the flow velocities be quite high. It 

also reqUires that the drop shaft ~un full for all discharges that will be 
handled. 



For a larger diameter and possibly lesser velocity, the full flow condi

tion could be attained in one of several ways. It is possible to maintain full 

flow in a drop shaft of a given size and variable discharge by the use of a 

valve at the bottom of the shaft. Full flow for a range of discharges might 

also be attained by the introduction of air into the flow in varying amounts so 

that the water bulk will be increased sufficiently to fill the drop shaft. 

From the hydraulic point of view, the use of a valve at the foot of the drop 

shaft is rather attractive, but it would have the disadvantage of being located 

far underground in the outlet tunnel and would require special instrumentation 

sq that the valve opening could be governed by the inflow discharge. In ad

dition, the valve would be subject to possible damage by sediment and other 

debris transported through the system. 10Jith the second alternative--that is, 

the introduction of ai1.' into the flow- ... all obstructions to the flow and the 

necessity of moving parts would be eliminated; but the problem involving the 

development of a homogeneous mixture of air and water in the drop shaft, par ... 

ticularly for small discharges, would probably be much more serious. 

Because of the advantages that appear to be inherent in the air~entrain~ 

ing type of drop shaft and because of experiences gained in previous studies 

of such drop shafts; the investigations for the Lawrence Avenue .Sewer System 

were directed toward further development of such structures. This report will 

describe the results of experiments on several alternate designs which involve 

the entrainment of air in the drop shaft and the removal of this air from the 

flow at the bottom. 

A. Description of Models 

The model of the drop shaft used in this study was fabricated of a trans

parent plastic so that the flow patterns within could be observed and photo

graphed. For the surge model only one drop shaft was transparent, while the 

rest of the model was assembled using opaque plastic standard fittings. 

The water supply Was obtained from the Mississippi River through the Lab

oratory supply system. It was controlled by valves in the supply lines to each 

model and measured by means of calibrated Venturi meters. Before entering the 

drop shaft section, the flow was passed through a wire mesh in order to remove 

large fluctuations and to provide a reasonably uniform flow into the drop shaft 

r 
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system. The tailwater elevation in the models was maintained at prescribed 

elevations by means of gate valves. From the models, the discharge was re~ 

turned to the river through the Laboratory drainage system. 

Since a free water surface exposed to atmospheric pressure eXists within 

the drop shaft, it represents a hydraulic system operating under the force of 

gravity and the velocities, pressures, and water surface elevations are gravi

tational phenomena. For this kind of a system, dynamic similarity is obtained 

when the model .. prototype relationships are established by the Froude law. The 

following expressions for velocity, discharge, pressure~ etc., in terms of the 

length scale ratio, L, are then obtained: 
r 

where V is velocity in fps, Q is discharge in cfs, P is pressure in ft of 

water, T is time, and f is frequency. The subscripts p and m represent 

prototype and model magnitudes respectively. By utilizing the above equations, 

the model discharge can be determined and the pressures and velocities as meas

ured in the model can be readily translated into prototype values~ Complete 

similarity for the air entrainment and air removal process cannot 'in general be 

obtained because the mechanism of entrainment and the size of the air bubbles 

generated in the model are subject to forces other than the force of gravity. 

However, the processes involved are qualitatively similar, and it is believed 

that the observations made in the model regarding the flow characteristics of 

the aerated mixtUres and the flow patterns generated in the drop shaft will be 

qualitatively correct. 

The peak discharge of each drop shaft in the system will be determined in 

accordance with the local conditions at the site of the structure. The model, 

however, will be applicable to all of the proposed structures, since the study 
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is a generalized investigation of now in a drop struoture" Eaoh drop shaft 
oan be sized to oorrespond to the expected peak discharge by application of the 

Froude law. 

1.. Drop Shaft Model 

The transparent plastic :model used for this study was built to a scale 
of 1·:27-... that .. :i.s, L :::: 27 ..... 130: that a' standal"d size plastic tube, 4 .inohes 

l' 
india:meter~ could conveniently be used as the drop shaft to corl'espond -
to the 9 ft diameter of the preli:mina:t'y prototype design. Photo 1 is a view of 

the :model being asse:mbled and erected for testing, while Photo 2 shows the 
assembled :model during the CoUl'se of an experiment. The :model was fitted with 

piezo:meter taps at signifioant pressure points so that pressul'es could be 
transmitted to a bank of :mano:meters fro:m which they could be 'read during the 
course of the run. The :model was designed so that the various components could 

be :modified as indioated by results obtained fro:m the experiments, The trans~ 
parency of the plastic permitted observations and photographs to be :made of the 
flow patterns at various points within the structure. 

2. Surge Model 

The surge :model consisted of a series of five dl'op shafts connected at 
intervals to a portion of the :main tunnel. This :model was built on a soale of 
1:54. The drop shafts consisted of 2 in. I.D. conduits, and the :main tunnel 
was a 3 in. plastic pipe. The drop shafts were located at 20 ft intervals 

along the :model tunnel. This represented a prototype spacing of 1080 ft. The 

first drop shaft was connected to the water supply through a Venturi :meter and 
a quick-opening valve. The disoharge oould be measured so that any flow Wi thin 
the range of the prototype discharges could be introduced. The quick-opening 

valve per:mitted the generation of a SUdden discharge surge which would be 1'rop

agateddown the sewer syste:m. Within each :model drop shaft the two wires of a 
capacitive stage recorder were connected so that the electrioal effects of the 
changing water level could be transmitted to the recorder chart. A four-chan

.nel recorder was used so that simultaneoUs reco~s of the four instru:mented 
drop shafts could be :made and ultimately compared. In each test, water at a 

prescribed discharge was introduced in one drop shaft (either drop shaft 1 or 
drop shaft 3) and the surges were measured in the other four. Photos 3 and 4 

· T 
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are ,overall views of the surge model. Photo 3 shows the.Type A surge model in 

which the inflow is restricted to drop shaft number 1. The drop shafts have 

been numbered 1 through 5 with drop shaft 3 fabricated of clear plastic so that 

the water level movements can be observed. The photograph also shows the 

quick-opening valve and the inlet section of the drop shaft system. The suc

cessive drop shafts are attached to the tunnel at the end of which is located 

the tailwater control. Photo 4 shows the Type B surge model. This is similar 

except that the discharge is introduced in the center of the model at drop 

shaft 3 so that the surge will be propagated in both directions. 

II. EXPERIMENTAL DESIGN OF DROP SHAFT 

The drop shaft and its model consist essentially of three parts. The 

inlet section contains the upper tunnel and the inlet to the drop shaft. The 

inlet section is curved downward so that the incoming flow is directed more or 

less down the shaft. The drop shaft proper is a vertical conduit fitted with 

various devices for introducing air and constructed so that changes can be made 

in its geometry. At the bottom of the drop shaft is the so-called sump, which 

provides for the absorption of the impact forces generated by the downward_ 

flowing water. Downstream of the sump is an air collector designed to facili

tate the separation of the entrained air from the water and the release of this 

air to the atmosphere or to direct it up the shaft for recirculation into the 

downward-flowing water. These components were examined separately and in con

junction with each other in order to evolve an optimum design. The various 

stUdies are described below. 

A. Type A Drop Shaft ~ Separate Air Vent 

The first structure consisted of the vertical circular drop shaft fitted 

with a sump containing an impact cup. The air collector had a sloping upper 

boundary to facilitate the transport of air to the vent, which was separate 

from the drop shaft proper. A similar structure of this type had been pre~ 

viously investigated, and it served effectively as the initial model. This 

structure, designated as Type A, is described in Chart 1, which gives the di

mensions and tbe geometrical arrangement of the various components, 
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The pressure distribution measured at various points along the flow path 

is shown for several disoharges and tailwater elevations in Oharts 2, ), and 4. 

The results shown in these charts are typioal of those obtained for the various 

arrangements of Type A described in Ohart 1. In the chart showing the hydrau

lic gradelines, the distance along the drop shaft has been plotted horizontally 

so that the pressures as measured at various elevations along the drop shaft 

can be plotted vertically. Ohart 2 shows the hydraulic gradelines for dischar~ 

ges varying from 100 to 1200 cfs when the tailwater is constant at 10 ft above 

the bottom of the sump. Ohart) shows similar data with the tailwater main~ 

tained at 100 ft above the bottom of the sump, while in Ohart 4 the tailwater 

is shown as 190 ft above the bottom of the sump. The charts show that for all 

discharges the pressures in the drop shaft are essentially atmospheric until 

the gradeline approaches the elevation of the tailwater. For the lowest tail. 

water (Ohart 2), the pressures in the impact cup are considerably higher than 

the pressures along the drop shaft or in the downstream tunnel. As would be 

expected, these impact pressures are higher for the larger discharge.s. - It', is, 

also interesting to note that the impact pressure is greater near the edge of 

the impact cup than near the center. Since the flow enters the drop shaft from 

the side, the jet is reflected from the opposite wall. It appears that the re. 

flection is such that for this flow condition it enters the sump at the side of 

the impact cup. For the higher tailwater it appears that the oscillating flow 

is dissipated in the tailwater pool so that the pressures in the impact cup are 

constant. For the intermediate tailwater level, certain irregularities in the 

hydraulic gradeline developed as it approached the tailwater ?-evel. This might 

also be due to ~pact pressures in the piezometer tubes generated by the oscil

lating flow. Below the elevation of the tailwater~ the hydraulic gradelines 

again become quite regular and approaoh the constant value of the tailwater 

level without further disturbance. When the tailwater is raised to the maximum 

height, the drop shaft is almost completely submerged and the jet from the in~ 

let tunnel is immediately submerged in the tailwater pool. The relatively 

smooth hydraulic grade lines for the high ta11water level are shown in Ohart 4 

for the seva~al discharges tested. 

Typical flow patterns in the Type A drop shaft are shown in Photos 5 

through 8 for two different discharges and two tailwater elevations. Photo 5 
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shows the inlet portion of the d-rop shaft for, a discha-rge of 600 cfs and ve-ry 

low tailwate-r. For this discharge the jet follows the curve of the inlet sec .. 

tion rathe-r closely, but even so it is apparent that as the flow progresses 

down the shaft there are small transverse components of velocities. These are 

gene-rated by the movement of air bubbles. Ai-r is insufflated at the top by 

the falling jet and the turbulence generated as it flows down the shaft. The 

insufflated air is not uniformly mixed with the water, so that the air concen

tration varies widely both longitudinally and transversely in the shaft. Photo 

6 shows the lower portion of the drop shaft for the same flow conditions and 

illustrates the mechanism by which the entrained air is -released in the air 

collector and discharged into the atmosphere through the vent pipe. The impact 

cup for this design is very effective in breaking up the large masses of water 

so that as it leaves the cup, the air is very uniformly distributed •. 

For the larger discharge of 1200 cfs, particularly for the highe-r tail

water levels, the drop shaft is more nearly filled with water. This is appar~ 

ent in Photos 7 and 8, which show the flow pattern for a discharge of 1200 cfs 

when the tailwater is maintained at 100 ft above the bottom of the sump. Fo-r 

this discharge the jet tends to separate from the inlet curve and to impinge on 

the opposite wall. It is then reflected to the other side of the drop shaft 

and generates a certain type of instability. The entrained air in the upper 

portion of the drop shaft is irregularly distributed, but when it reaches the 

level governed by the tailwater, the pool caUses a more uniform distribution. 

It is apparent from Photo 8, as indicated by the large quantity of air in the 

sump" that more air is entrained at the high discharge.. Further, the air in 

the vent forms large bubbles which rise through the foamy mixture that fills 

the air vent. 

It would appear from these experiments that a modification which would 

tend to reduce the instabilities and provide a more uniform air-water mixture 

would be more conducive to dissipation of energy along the walls of the drop 

shaft. It. also appears from the pressure gradelines shown in Charts 2, 3, and 

4 that the water is falling freely down the shaft and that energy is being dis

sipated through the insufflation of air and by turbulent mixing rather than by 

friction on the drop shaft walls. 



.. 8 .. 

B. Type B-3 Drop Shaft .. Solid Divider Wall 

Drop shaft Type B-3 incorporates two changes in geometry from the Type A 

drop shaft. In order to eliminate the separate air vent, it.·:was combined with 

the dl~Op shaft proper by dividing the drop shaft into two parts ).lsing a 

longitudinal dividing wall. It was expected that this reduction in cross .. sec .. 

tional area for the water flow could be compensated for by an increase in over

all diameter. On the other hand, the inclusion of the air vent within the drop 

shaft itself would tend to reduce the construction costs. The second modifica

tion was the replacement of the impact cup by a 12-ft weir at the exit of the 

sump to the air collector. In view of the results obtained with the Type A 

structure, it was thought that the impact energy of the falling jet could be 

dissipated in the pool established by the weir. Two small openings at the bot

tom of the weir would provide for drainage of the sump between periods of use. 

The geometry of the Type B-3 drop shaft is shown in Chart 1. 

The results of pressure measurements made at several points along the in

let tunnel, drop shaft, and outlet tunnel have been plotted in Charts 5, 6, and 

7. The results for Type B are very similar to those obtained for drop shaft 

Type A, except for several minor differences. For the maximum discharge of 

1200 cfs, small negative pressures in the upper portion and positive pressures 

in the lower portions as the flow approached the tailwater elevation indicated 

that the drop shaft tended to run full. This was the case for both the low 

tailwater and the intermediate tailwater shown in Charts 5 and 6. For small 

discharges, it appears that the water was falling freely since the pressures 

were nearly atmospheric. The pressures at the bottom of the sump were not ap

preciably different from those measured in the impact cup for Type A. 

Typical flow patterns for the Type B geometry (including impact cup) are 

shown in Photos 9 through 12. Photos 9 and 10 show the upper and lower por

tions of the drop shaft for a discharge of 300 cfs with the tailwater main~ 

tained at 10 ft. As might be expected, the inlet tunnel is only partly full 

and the flow follows the curve of the inlet section quite closely. Very little 

air is entrained, and this is poorly mixed with the water. For the Type B 

structure, the impact cup is in place, and Photo 10 shows the effect of the cup 

breaking up the jets as they fall to the bottom of the sump. Because of the 

low tailwater, the air vent is devoid of water and is simply a passage for the 
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air to the atmosphere. Photos 11 and 12 are similar views for a disoharge of 

1200 cfs with the tailwater maintained at 100 ft above the bottom of the sump. 

The jet from the inlet tunnel strikes the dividing wall in the area near the 

inlet causing a high degree of turbulence and air insufflation at this point. 

The drop shaft appears to be running nearly full, and any regions not occupied 

by water are filled with an agitated mixture of air and water. This is partic

ularly apparent in Photo 12 of the lower part of the drop shaft. This condi

tion is similar to that shown in Chart' for the maximum discharge of 1200 cfs. 

The air is separated from the flow within the air collector chamber and is re

leased through the air vent. The release of the air and the high tailwater 

leave a frothy mixture in the air vent through which large bubbles of air rise 

to the top. 

These results from the Type B structure suggest that with the solid 

divided wall, full flow occurs when the discharge is about 1200 cfs, and that 

for smaller discharges, the flow tends to drop freely. Conceivably J the insuf

flation of air might be adjusted so that for each discharge the drop shaft 

would flow full and more of the energy could be dissipated along the walls of 

the drop shaft. In Types A and B, all the air is insufflated at the top of the 

drop shaft and the volume of air entrained increases with an increase in dis

charge. It follows that if the amount of air entrained could be adjusted to 

that necessary to cause full flow for all discharges, a better flow pattern 

would be obtained. 

C. Type C-3 Drop Shaft .. Slotted Divider Wall 

The design of the Type C-3 drop shaft is an attempt to provide a me1;l.ns by 

which air can be insufflated into the flow at various points along the drop 

shaft so that the mixture will be more uniform and the volume of air entrained 

will be SUfficient for the drop shaft to flow full. Type C-3 is similar to 

Type B-3, except that sloping slots were cut in the dividing wall at a number 

of points to connect the portion carrying water with the air vent. The slots 

were so designed that the falling jet would suck air from the air vent into the 

flow and thus more uniformly aerate the falling water. In addition, for these 

tests the impact cup was removed and replaced by a 12-ft weir at the entrance 

to the air collecting chamber. The various Type C designs are shown in 
Chart 1. 



The results of the pressure measurements for the Type C-3 design are 

given in Charts 8, 9, and 10~ Chart 8 shows the pressures throughout the drop 

shaft for several discharges with the tailwater at 10 ft above the bottom of 

the sump. Here the pressures for the low discharges are essentially atmospher ... 

ic, while that for the maximum discharge of 1200 cfs appears to be positive in 

the upper reaches and forms a smooth transition into the downstream tailwater 

level. It would be expected that since the air in the air vent is at atmos

pheric pressure, the pressures within the drop shaft itself would have to be 

less than atmospheric in order for air to be drawn into the flow. The purpose 

of the lips on the upper edge of the slots on the water side is to deflect the 

flow away from the opening of the slot and presumably reduce the pressure in 

the flow in this region so that air can be drawn through the slot. The charts 

show, however, that all the pressures are either atmospheric or slightly posi~ 

tive, and thus it would seem that the air-water mixture was falling freely. 

This is partly borne out. by the fact that the impact pressures on the floor of 

the sump are considerably higher than the pressures in the tailwater or in the 

end of the drop shaft. 

When the tailwater is at elevation 100 ft, as shown in Chart 9, the hy~ 

draulic gradient for the maximum flow is positive at all points along the drop 

shaft, and those for the smaller flows appear to be near atmospheric. This 

condition may indicate that the drop shaft is flowing full of the air-water 

mixture, since the pressures in all the taps along the drop shafts are positive 

and the hydraulic gradelines are quite regular throughout the system. The ex~ 

cess pressure in the sump for this condition exists only for the maximum dis~ 

charge and is considerably less than in the previous case. For a tailwater of 

190 ft (Chart 10), the hydraulic gradelines for discharges of 300 and 600 cfs 

only were observed. For both of these cases, the hydraulic gradelines are very 

regular, and since the tailwater was so very high, the drop shaft was flowing 

full of the air~water mixture. 

The appearance of the flow for the conditions described in the above 

charts is shown in Photos 11 ahd ·12. Photo 11 shows the upper portion of the 

drop shaft with a discharge of 600 cfs flowing through it. As before, the jet 

clings to the curve of the inlet section and enters the drop shaft smoothly. 

The deflection of the flow at the lips on the upstream side of the slots is 
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clearly apparent, al3 il3 the entrainment of air through the I3lotl3 from the ap
pearance of the falling water. In the lower portion I3hown in Photo 12, the 
mixture appearl3 to be quite uniform al3 it reachel3 the sump. The air that is 
releal3ed in the downl3tream air collector is fed up the air shaft and prel3umably 

circulated back into the flow. At 1200 efs, with a high tailwater (150 ft 
above the bottom of the l3ump), the drop I3haft flowl3 full of water, and no air 

il3 entrained in the upper portion. In the region near the sump, however, some 

air is entrained and carried into the sump. Although the tailwater is main
tained at 150 ft, it appears ~om the photograph that there il3 a conl3iderable 
~ount of free air whioh is circulating within the l3ump and relatively little 

air is ril3ing through the air vent. 
The appearance of the flow pattern and the charaoteristios of the air 

entrainment in the lower portion of the Type 0-3 drop shaft for varioul3 dil3-

charges and tailwaters are given in Photos 13 through 18. In the Type 0 ... 3 drop 
shaft, the 'impact cup has been removed and replaced by the 12 .. ft weir at the 
entrance to the air collector. In Photos 13 and 14, the discharge is 300 cfs 
and the tailwater elevations are 10 ft and 190 ft respectively. In Photo 13, 
the aerated water has penetrated to the bottom of the sump and is flowing over 
the weir. In Photo 14, because of the high tailwater, the down-flowing jet 
does not penetrate to the floor of the sump, but the relatively small amount of 
air is quickly separated in the air collector. It appears that the flow for 
the low tailwater is considerably more aerated than that for the high tailwater. 
This is undoubtedly due to the intake of air from the air vent. In Photos 15 

------ ---and 16, the discharge has been-increased to 6000fs. In Photo 1.5, with the low 

tailwater, the downooming jet penetrates to the bottom of the sump, and the high 
degree of turbulence thoroughly mues the water and the air.. 'When the tailwater 

has been raised to 190 ft, the flow in the drop shaft and in the air vent is 
nearly solid water, the air being easily separated. When the discharge is 1200 

cfs, the flow is much rougher for the low tailwater. A large quantity of air 

is entrained, as shown in Photo 17, so that it oannot be separated in the air 
collector, and much of the air goes down. the tunnel. The downward flow shows 
that the air-water mixture is uniformly distributed. In Photo 18, the tailwater 

has been raised to 1.50 ft, and it can be l3een that the sump is effectively sub
merged and the entrainment of air has been greatly reduced. 

-\~. ~---~-~ -----
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It would appear, in comparison with the previous types, that some im

provement in flow pattern had been'attained b.7 the introduction of the slotted 
dividing, wall, and that further improvement might be attained Qy adjusting the 
spacing of the slots so that the entrainment of air would be more uniform. 
Thus, the spacing of the slots should be less in the lower portion of the drop 
shaft than in the upper portion. In addition., the shape of the slots might be 
modified to provide a more efficient intake of air. 

Some additional experiments were made with the slotted divider wall in 
order to examine other aspects of this struoture. The Type C .. l drop shaft 
oontains the slotted divider wall and the impact oup in the sump. It was 
charaoterized, however, b.7 the closure of the top of the drop shaft so that no 
air could be drawn through that opening. Chart 11 shows the results of this 
experiment for various discharges and with the tailwater at 10 ft above the 
bottom of the sump. The significant difference between this result and those 
for the Type 0-3 drop shaft is that for the high discharge the pipe Will run 
full and the pressure will be highly negative. Chart 11 also shows that the 
h1draulio gradeline at the top of the drop shaft is nearly 100 ft below the 
inlet in prototype values. In actuality, this oondition would not occur in 
the prototype since the maximum negative pressure could not exceed the vapor 
pressure without causing oavities in the flow. For the smaller discharges, 
however, the pressure in the drop shaft appears to be atmospheric, suggesting 
that since the inlet tunnel was only partly full for these conditions, the 
presSUre in this region was maintained at the atmospherio pressure. 

Chart lS shows the result ot a similar experiment made with a Type C~4 
drop shaft in which the lower six slots were closed. This ohart indioated 
that the olosing of these slots had little or no effect on the hydraulio 
gradelines (Compare with Chart 9),. 

In the oourse of the experiments, some observations were made to deter
mine for a given discharge the maximum tailwater obtainable in the model at 
whioh the inlet is submerged. These results are tabUlated in Table I. For 
example, in Types A and B drop structures, relatively large disoharges can be 
passed through the struoture with high tailwater elevation. The maximum dis
charge in the Type C drop structure is considerably reduced, however, presum
ably because of the entrainment of large quantities of air through the slotted 
dividing wall (Table I). 



Since for each runoff event the discharge hydro graph consists of the v 

___ very ~ow discharges as well as the peak discharges, an ideal structure would 

be one in which all discharges above a given magnitude would cause the pipe 

or the drop shaft to run full by the entrainment of air into the flow_ In 

this way, the operation of the structure would be more uniform and systematic. 

The results obtained with the Type C.3 drop shaft are encouraging in, that the 

flow has been improved and might be further improved with additional modifica

tions of the system. 
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TABLE I 
~~ 

Ma~imum Tailwater Elevations for Speoified Discbarges 

Ma~. 
Q T.W.* 

~ efs J.L -
A 600 217 
A 900 217 
A 1200 208 
A 1.500 203 
A 1800" 91.2 

B 900 217 
B 1200 201 
B 1.500 181 
B 1870 148 

Boo; 900 200 
B .. ; 1200 201 
B-3 1.500 181 
B-3 1800 159 

C 600 215 
C 900 207 
C 1200 149 

Cool 600 ---Cool 900 210 
Cool 1200 162 

C .. 2 900 208 
C ... 2 1200 179 
C .. 2 1300 7.2 

C .. 3 900 207 
C-3 1200 181 
Coo; 1300 7.8 

C-4 900 208 
C .. 4 1200 179 
C .. 4 1280 .. 7.8 

*Tailwater at which the flow in the drop shaft submerges 
the inlet and begins to flow into the air vent. 
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D. Type D Drop Shaft ~ Horizontal Air Collector 

Based upon the results of other expe'):'iments, the drop shaft model was 

modified to incorporate an air collector consisting of a vertical enlargement 

of the downstream tunnel SO that the roof WaS horizontal and the exit to the 

tunnel was abrupt enough to trap the. released ail' in the collector. An air 

vent could be connected to the roof of the collector to release the air to 

the atmosphere. A description of the various modifications of the Type D 

st'):'uctu'):'e is given in Chart 13, which also :i.dentifies two aspects of the tests 

on the Type D drop shaft. One aspect deals with the influence of weir height 

on the flow pattern_ The weir is designed to provide an impingement pool for 

the water and to direct the water into the air collector. The other phase 

describes the experiments dealing with the geometry of the slots in the divid

ing wall. 

Pressure measurements made at various points along the drop shaft, in 

the sump, and in the downstream tunnel are shown in Charts 14 and 15. Specif

ically are shown pressure gradelines for a discharge of 600 cfs and tailwater 

elevation of 10 ft and 100 ft respectively.. The pressure measurements for 4 

alternate weir heights designated D~ D ... l, D-2, and D-3 are shown in Chart 14. 

The results indicate that except in the '):'egion of the sump where the effect of 

the weir can be felt, the pressu'):'es are essentially equal and independent of 

the weir height •. This was expeoted, since the purpose of testing various 

weir heights was to modify the pattern of flow from the sump into the ail' 

collection chamber in an attempt to improve the air release process., The 

chart shows that in the drop shaft the pressures are essentially atmospheric. 

The pressures on the bottom of the sump show the effect of the impact 'of the 

falling jet and represent aVe'):'age pressures in this region. Although the 

tailwater is at elevation 10 ft, the maximum average pressure on the bottom of 

the sump is nearly 45 ft. It might be expected that momentary pressures would 

be considerably higher~ Only in those portions of the drop shaft whioh flow 

full does the pressure gradient show the effect of friction along the walls. 

This is shown in Chart 15 where the tailwater is at 100 ft. It is apparent 

here that the pressures become positive, or greater than atmospheric, at a 

point in the pipe above the tailwater. Hence, the hydraulic gradeline departs 

from the line of the drop shaft and approaches that of tailwater, and the 
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effect of the weir height is. easentially eliminated. These measurements show 

that the pattern of pressures is very similar to that measured in previous 

tests and is relatively independent of the minor geometrical changes in the 

system. 

The nature of the flow in the drop shaft and particularly in the sump 

and air collector has been recorded by photographs. In Photo 19, the lower 

portion of the drop shaft is shown with a discharge of 600 cfs and a very 

high tailwater elevation of 190 ft. For such tailwater heights, a consider

ably lessened amount of air is mi:xed with the flow, and 'that which is intra ... 

duced is easily separated in the sump; it can be seen rising through the air 

vents in the form of bubbles. The pattern is much different, however, when 

the discharge is increased to 1200 cfs and the tailwater elevation is reduced 

to 100 ft. This is shown in Photo 20, where the large quantities of entrain

ed air ~hich cannot be released from the air collector are carried on into 

the tunnel. It appears from the photograph that for this discharge a 12 ft 

weir is so high that the space available for flow to the air collector from 

the sump is completely filled with the air-Water mixture, which means that 

air which is separated in the air collector cannot return into the sump to 

pass up the air vent. Although 1200 cfs is beyond the capacity of the drop 

shaft, this photograph shows clearly the effect of this design and suggests 

how modifications should be made. 

1. Effeot of Weir Height on Air Separation. 

The purpose of the weir separating the sump from the air collector is 

to create a pool at the bottom of the sump to absorb the impact of the water 

falling through the drop shaft. At the same time, the weir tends to constrict 

the space available for the air-water mixture to flow into the air collector. 

A high weir would provide a better pool, but would cause a greater constrict

tion to the flow passage, while a low weir would reduce the cushion·"effect but 

would make the flow passage larger. It is apparent from the pressure grade

lines that the weirs had relatively little effect on the pressures in either 

the drop shaft or the sump. Consequently, it appears that a low weir or none 

at all would be most effective in eliminating the air. On the other hand, 

however, with the jet from the sump entering the air collector at a lower 
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level, it might not be possible for the entrained air to rise to the top of 

the collector before it was carried into the tunnel. This would require that 

the air collector be of considerable length. 

Photos 21 and 22 compare the pattern generated by the 12 ft weir and 

the 8 ft weir when the tailwater elevation has been increased to 100 ft. In 

these two photos the value of reducing the weir from 12 ft to 8 ft is quite 

apparent. In Photo 21, the flow over the 12 ft weir essentially fills the 

space leading to the air collector so that the air collected cannot easiJ.y 

return to the air vent. Consequently, the increased pressure forces the 

water level in the air collector down toward the top of the downstream tunnel 

and permits much air to escape into the tunnel. In addition, the jet over 

the weir plunges to the bottom of the tunnel so that bubbles rising in the 

air collector reach the surface near the downstream end. On the other hand, 

Photo 22 shows a lower weir, where the space leading to the air vent is not 

so confined; air can be more easily released and the level of the water in 

the air collector is close to the top. Such an arrangement is effective in 

preventing the air from entering the tunnel. It is apparent, however, in 

both Photos 21 and 22 that the air must escape from the air collector to the 

air vent in large gulps which also rise through the air vent, creating an un

even flow pattern. These tests suggest that the space available for the re

turn flow of air should be appreciably enlarged, perhaps by sloping the top 

of the air collector. For larger discharges and low tailwaters, as shown in 

Photos 23 and 24, the air collector is completely ineffective in preventing 

air from entering the tunnel or providing means for the release of air .'" 

through the vent. In these photographs, the,discharge,~has been: increased to 

1200 cfs and the tailwater reduced to 10 ft. In Photo 23, a 4 ft weir has 

been introduced while in Photo 24, the weir has been removed 'entirely. 

Although a discharge of 1200 cfs is far beyond the capacity of the structure~ 

the photographs do who the pattern that may be expected for extreme condi

tions. 

Photos 25 and 26 show that When an additional air vent from the air 

collector is introduced the operation of the sump and air collector is much 

improved.. This demonstrates the importance of providing an unl'estricted 

access back into the sump. It appears by comparison of the two photographs 

that the air vent located near the upstream end of the air collector is 



slightly more effective in removing air than that located at the downstream 
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end. At least, it p:t'ovides more space at the downst:t'eam end for unaerated 

water, and hence it is somewhat less likely;.that;;air will, be .carried'into the 

tunnel. Fo:t' these tests, with the air vent and with the tailwater reduced to 

75 ft, the flow pattern was considerably better than that without the air vent 

shown in Photos 21 and 22. 

E. Type E-14 Drop Shaft - Sloping Air Collecto:t' 

The Type E-IJ+ drop shaft evolved from the experiments on the earlier 

types and incorporated the improvements suggested by these experiments. The 

most significant change was an increase in the height of the sump and the ad

dition of a sloping section which was expected to aid in the air movement to 

the vent. The increape in height was introduced in order to provide a larger 

opening into the air vent. In addition, the diameter of the sump proper was 

reduced to approximately 19 ft as compared with approximately 26 ft for the 

Type D structure. It was felt that the diameter could be reduced without ser. 

iously disrupting the flo~ frOlil the ·~d:i::op sha.ft and into the downstream aD t 

tunnel. 'The'latar"·vers:j.ons· of the Type E drop" shaft that w6reexamined ana .. , 
given in Chart 16. 

The Type E drop shaft structure and the various modifications of it 

leading up to the Type E-14 drop shaft structure were tested by observing the 

flow patterns in. the sump and the air collector and the mechanism of air re- : 

leas~ through the air vent. These flow patterns were photographed so that th<;) , ; 

results of various modifications could be compared. Although many photographs 

for various flow conditions Were made, flows which show typical flow patterns! 

are included in this report. 

Photo 27 shows a discharge of 600 cfs with 100 ft tailwater elevation 

through the Type E structure. This structure incorporates an 8 ft weir be

tween the sump and'the,air colleCtor for the .. purpose of,providinga pool to 

absorb the impact in the sump. The aerated mixture flows over the weir into 

the ail' collector where the air is separated so that the flow leaving the air 

collector is free of air. The Type E structure appears to be quite effective 

in removing the entrained air and permitting a reasonably air-free flow to 

take place in the exit tunnel. The structure with a horizontal portion of the 
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air collector and the added sloping portion appeared to be unnecessarily long. 

It Was expected that it could be shortened somewhat without seriously reduc ... 

ing its effectiveness in separating the air from the water. 

The suggestion that the structure could be shortened was tested by re

moving the sloping portion of the Type E drop shaft to form the Type E~l drop 

shaft as shown in Photo 28. Here a discharge of 600 cfs with a tailwater at 

100 ft is introduced into the structure with the result that an appreciable 

portion of the air-water mixture entered the exit tunnel and a large sepa

ration zone formed at the tunnel inlet. It appears that for these conditions~ 

the air which collects at the top of the air collector cannot escape freely 

into the air vent so that some of it is carried into the downstream conduit. 

This photograph indicates that the sloping portion of the air collector is 

necessarYifor .'effective operation. The design .. was a:gain"m6dified' py replacing 

the sloping section of the air collector and shortening the section which in. 

corporated the',horizohtal roof. The consequence of this change is shown in 

Photo 29 for the same flow conditions, that is 600 cfs and a tailwater eleva

tion of 100 ft as before. The effectiveness of the sloping portion of the air 

collector is clearly shown in this photograph. The ail' is essentially sepa

rated from the water so that only a little air escapes into the exit tunnel. 

The next change in the sump and air collector stl'ucture was designated 

as Type E-7. In this design the sloping section was in.corporated above that 

portion of the air collector with the horizontal roof as shown in Photo JO, 

It appeared from the previous test that if more space were provided above the 

sump to provide easier access to the ail" vent, the ail" collector could be 

shortened. However, this is evidently not an effective solution because in 

Photo 30 with a discharge of 600 cfs and tailwater at 100 ft, a very appre

ciable separation occurs as the flow enters the exit tunnel and relatively 

large quantities of air are permitted to escape into the tunnel. In Type 

E-8, the height of the weir was increased to 12 ft with the thought that 

separation of the air from the water would take place at a higher elevation 

and no air would enter the exit tunnel, but this ohange Was not sufficient to 

improve the flow pattern. In Type E-9, the height of the weir was increased 

again to 16 ft with similar results. It was quite clear that modifications 

involving weir height were not effective in preventing air from escaping to 
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the exit tunnel. Rounding the entl"ance to the exit tunnel to pl'event such 
exttem.a,?sep~rationdid not impl'ove' ,the. Si,tuati6n.. . An atte~pt.was ma.de to in

troduce greater curvature to see if the sepal'ation would be prevented. These 

changes are shown in Photo 31 which shows the L~ 1/2 ft radius curved pro

jection at: the exit tunnel. arid' the weh~ h8ii;ght reduced' to 8 ft. With a dis

charge of 600 cfs and ta.ilwater at 100 ft, the flow pattern was not appreci

ably imp~oved and it was apparent that an appreciable quantity of air was 

being discharged into the downstl'eam tunnel. Type E-13 was similar to Type 

E-ll except that the projection was extended to the top of the sump as shown 

in Photo 32. It is apparent that some air is still being released into the 

downstream tunnel. These tests showed that a shol:'t B,ir collector would not 

be effective, that changing the height of the weir did not appreciably im

pl:'ove the situation~ but that the sloping roof was quite effective in facil

itating the release of air into the air vent. It became apparent that im

provement would probably be achieved if the downstream section of the air 

collector with a sloping top were replaced in the structure. 

The revised design designated as Type E-14 is shown in Photo 33. Here 

we see that the entire air collector contains the sloping roof and that it 

has been extended to essentially the original length of the Type E design. 

The 12 ft weir has been included in ordel' to provide a pool for the plunging 

water from the drop shaft. This design is relatively simple in that the air 

collector consists of a single structure with a sloping roof and sufficient 

space to facilitate the sepal'ation of the air from the water. Photos 33 

thl'ough 36 show the flow patterns generated by a discharge of 600 cfs with 

tailwate:r elevations ranging from 10 ft to 190 ft. In Photo 33 with the 

tailwater at 10 ft, the air collector appears to be barely adequate, however, 

very little air can entel' the downstl'eam tunne1. It should be noted that a 

tailwatel' elevation of 10 it is the minimum for which the air collectol" can 

be effective. Since the downstl:'eam exit tunnel is 9 ft high, a tailwater 

elevation of less than 10 ft would cause the tunnel to run only partly full, 

and of COurse air would fill the remainder of the tunnel. Photo 33 does show, 

however, that even for a tailwater elevation of 10 ft the sump and air collec

tor are quite effective. Photo 34 shows the same conditions when the tail

water has been increased to an elevation of 50 ft. For this tailwater,·the 

structure is quite effective in releasing the air from the water and . 
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permitting its escape up the air vent. The conditions are still further im
proved when the tailwater is raised to 100 ft and 190 ft as shown in Photos 
35 and 36. For these tailwaters, the air is released in the upper portions 
of the structure and passes relatively freely up the air vent. It should 
be noted tha.t when the tailwater is less than about a 100 ft elevation, the 
incoming jets plunge to the bottom of the sump before the tailwater flows out 
over the weir. Above this tailwater eleVation, partioularly at 190 ft, much 
of the energy of the falling jet has been absorbed, and :l.t appears that the 
air is n.o longer carried to the bottom of the sU111p. 

Although this structure was designed for a discharge of 600 cfs, some 

tests were made when the discharge Was doubled to 1200 cfs. Photos 37 and 
38 showthe.,·result;Ln;g':f.'low pattern when the'ti1.ilwater :i.s controlled at :eleva ... 

tion 50 ft and 100 ft respectively. These pho'\:iographs show that this dj.s
charge exceeds the capacity of the structure and even though the tailwater 

'has been ino:r.eased to 100,if.t. (Ebd>to., 38), thea.:i:r colleotor::ts:inefi'ective in 
removing the air and much of it escapes into the downstream tunnel. It is 
therefore quite apparent that the capacity of this size of drop structure is 
in the neighborhood of 600 efs. 

Having observed the characteristics of the flow in the Type E~14 drop 

structure, particularly with reference to the funotion of the weir at the exH 

of the sump to the air collector, it was suggested that the flow pattern might 
not be appreciably changed if the weir Were removed. The function of the 
weir initially was to provide a pool on which the jet would impinge in order 
to reduce the impact pressures at the bottom of the sump. It had the disad~ 
vantage, however, of interfering with the movement of machinery from the sump 
into the downstream tunnel. This movement would be greatly improved if the 
weir were removed. Thus, tests were carried out without the weir to examine 
the effect upon the flow pattern and upon the release of the entrained air to 
the air vent. The Type E-14 structure with the weir removed was designated 
Type E-15. In Photos 39 and 40, tbe discbarge was maintained at 600 cfs with 
the tailwater at elevation 10 ft and 50 ft~ These photos are to be compared 

with Photos 33 and 34. The grea~est difference in the flow patterns occurs· 
when the tai1water is at elevation 10 ft as seen in Photos 33 and 34. The 
removal o£ the weir permits the air-water mixture to penetrate into the air 
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collector at a considerably lower level, In spite of this, however, the air 

is effectively released in the air collector and the flow patterns are very 

similar as the flow enters the downstream tunnel. These differences are 

still further reduced as the tailwater elevation is ra1.sed. This can be ob

served by comparison of Photos 34 and 40. 

It appears that if the impact pressures at the base of the drop shaft 

are not excessive, the weir at the entrance to the air collector really 

serves no useful purpose and can be eliminated without introducing any dele

terious effects. 

1. peveloRment of-Elow Defle£tors A~ove Dividing W~l Slots 

In this drop shaft, the air vent was incorporated by inserting a di

viding wall in the shaft so that the water would flow downward on one side, 

and the a;ir could escape on the other. In the course of these experiments, 

an attempt was made to utilize the escapin,g air with consequent modificationE 

in the dividing wall. 

The nature of the flow when the shaft is fitted with a solid dividing 

wall is shown in Photos 41 and 42. In Photo 41, a discharge of 600 cfs is 

flowing through the structure with the tailwater at elevation 100 ft, While 

in Photo 42, the discharge is 1200 cfs, again with a tailwater elevation of 

100 ft, In both cases, all of the air that is entrained by the flow is en

trained by the jet as it enters at the top of the structure. The entrain

ment of the air is not uniform and the water flows more or less heterogene

ously with large volumes of solid water interspersed with regions of high 

air content. In Photo 42, the intensity of the air entrainment for large 

'discharges is clearly shown. 

It. Was suggested that the whole flow pattern might be improved if air 

could be introduced at various points along the flow pattern, rather than 

depending upon; that which 1:S 'entrained at tn,e inlet. For this purpose, it 

was proposed that a series of slots be cut into the dividing wall so that ai~ 

could be drawn, into the flowing water from the air vent. The character of 

the flow past the dividing wall with the slots is shown in Photos 43 and 44. 

This design is characterized by the fact that the slots did not work as ex

pected. Because of the somewhat higher pressure in the water passage, water 
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was ejected through the slots into the air vent rather than air being drawn 

into the water. The reverse flow through the slots is quite apparent for 

discharges of 600 cfs (Photo 43) and 1200 cfs (Photo 44). 

It appeared from these tests that some sort of a deflector just up

stream of the slots would be desirable and necessary to create a pressure 

difference sufficientlY,large sothat'air might be.entrained. TIieiiilitial 

design provided for a deflector whose. cross-section was triangular with 

equal sides. The pattern of flow in the structure fitted with this deflec

tor was vastly improved, as is shown in Photos 45 and 46. It is apparent 

from these photographs that no water is being ejected into the air vent; 

rather, the flow in the water passage appears to be much more homogeneous 

with a more uniform air concentraion. This is particularly apparent in 

Photo 46, where the large deflectors are very effective in mixing the air 

and water. One possible drawback to this deflector is that its abrupt pro

jection into the flow makes it more subject to damage by solid bodies car

ried by the flow. It was felt that by decreasing the angle on the upstream 

side it would be easier to deflect any such solid body with less damage to 

the deflector. At the same time, a test was made to determine if a smaller 

deflector might be equally effectivee For this purpose, a design that pro

jected out only half as far as the original deflector but· which was.of 

equal longitudinal length so that it had a considerably smaller upstream 

angle was proposed. The flow pattern past this deflector is shown in Photos 

47 and 48. In Photo 47, which is a close-up of the vertical portion of the 

drop shaft, the flow in the water passage is relatively smooth, but.it 

appears that there is insufficient air entrainment to thoroughly mix with 

the flow. The deflection of the streamlines near the wall is not enough to 

draw in sufficient air through the slot. A somewhat similar condition is 

shown in Photo 48, where the discharge is 1200 cfs. Although the deflector 

is effective, it was felt that it should be somewhat larger to make the en

trainment of air more positive. 

The deflector was modified simply by increasing the size so that its 

projection into the flow was equal to the original design. It is shown on 

Chart 16. This is the deflector which was incorporated into the Type E-14 

drop structure. The character of the flow past this deflector is shown in. 
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Photos 49 and 50. These photographs also show disoharges ot 600 ofs with tail~ 

water elevation at 10 ft and 100 tt, respeotively. In both of these photo
graphs it is apparent that the revised defleotor is very effeotive in provid
ing a unitorm distribution of air in the form of relatively small bubbles that 
lend themselves to more homogeneous flow. Because of the general appearance 
of the flow as observed in the experiments, it was proposed that the deflec~ 

tors used in the Type E-14 drop structure be utili~ed. 

III. OPERATING CHARACTERISTICS OF THE TYPES E-14 AND E-l5 DROP SHAFTS 

The Type E-14 drop shaft appeared to possess essen,tially the optimum 

characteristics for performing the function for whioh it was designed. It 
evolved from the previous designs through successive improvements. Following 
the adoption of the basic design, additional tests were made to establish its 

operating oharacteristics. 

A .. Hydraulio Gradients ~ Type E-l4 and E-15 Drop Shafts 

are 
the 

The pressures generated by the flow through the Type E-14 drop structure 

shown in Charts 17, 18, and 19 on Which the hydraulic gradelines'thnougp. 
structure for different discharges and tailwater elevations have been plot

ted. The pressures distributions shown in the Charts are typical of those ob

tained in the previous drop shaft designs in that the pressures are nearly 
atmospheric, and that deviations from the tailwater level occur only in the 
sump. The pressures at the bottom of the sump, particularly for the low tail. 

waters, will be increased appreciably above the tailwater level reaching a 
maximum of approximately 75 ft when the discharge is 1200 cfs. It should be 
remembered. however, that the pressures shown in Charts 17, 18, and 19 are 

average pressures as measured by means of piezometer taps. Superimposed on 
these average pressures will be the momentary impact pressures that may reach 
much larger values. It is of interest that the pressures in Taps 1o, J7, and 
18 Which are just,Qutside of the,zone of jet impact are greatly reduced, and 

the effect of the jet is hardly noticeable for a normal discharge of 600 cfs. 

The hydI'a1l1id g:radelineEl and pressul:'a characteristics for the Type E .. 15 
drop shaft are given in Charts 20, 21, and 22 which are similar to and may be 
compared with corresponding measurements for the Type E-14 structure given in 
Charts 17, 18, and 19. As may be expected, the results are almost identical 
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with the pressures observed in the E-14 drop shaft. The only noticeable dif

ference is at Tap 28 which is located just upstream of the weir for the low 

tailwater elevation. When the discharge is 1200 cfs and tailwater elevation 

is 10 ft, the average static pressure at Tap 28 is about 87 ft as oompared 

with 74.5 ft when the weir is in place. This difference is also negligibly 
small compared to the pressures that will be encountered when the tailwater is 

very high. In addition, it must be remembered that the pressure fluctuations 

must be superimposed upon the plotted values. 

The experiments indicate that as far as the pressures are concerned 
the weir at the e~it of the sump into the air collector is relatively in_ 

effective and could be eliminated. Further tests are necessary, however, in 

order to determine whether there are appreciable changes in the impact forces 

as a result of the removal of this downstream weir. 

B. Air Entrainment 

The Type E-14 drop shaft is characterized by the use of air slots in. the 

dividing wall. The function of these slots is to feed air into the downflow

ing stream of water in order to mix with the flow and provide a more homogene
ous mi;x:'bure of air and water to fill the flow section. Photographs show that 

the air and water are rather uniformly mixed (see Photos 49 and 50). Measure

ments of the air concentration for various flows in both the Type E-14 and 

Type E-15 structures were made to determine both the magnitude and the dis. 
tribution of the air insufflated from the air vent through the air slots. 

The air concentration meter used in these measurements consisted of two 

small parallel plates and associated circuitry attached to a probe that could 
be inserted into the flow at various elevations through the side of the drop 

shaft. This device, l which has been used in. other research, 'utilizes the,fact 
that the conductivity of air is less than that of water, and consequently the 

conductivity of the air-water mixture between the two plates depends upon the 

air concentration. Three measurements were made at each elevation and were 

lawen P. Lamb and John M. Killen, "An Electrical Method for Measuring 
Air Concentration in Flowing Air.Water Mixtures. 11 Technical Paper No.2, 
Series B, st. Anthony Falls Hydraulic Laboratory, University of Minnesota, 
March 1950. 



averaged ,to 'aetermine the mean air' concentration. These data are given in. 

Charts 23 and 24. 

In Chart 23, the air conoentration distribution throughout the drop shaft 

for both Type E.l4 and Type E-l5 are compared for a normal discharge of 600 

cfs.It is obvious from the similarity of the distribution graphs for these 

two struotures that the presence or absenoe of the weir has no effect on the 

insufflation of ail" nor on its distribution. The ail" conoentration for a dis~ 

charge of 600 cfs is about 75 percent in the region above the tailwater level 

and then drops to a lesser amount (approximately 25 per cent) below the tail

water elevation. The reduced concentration below the ta1.lwater appears to 

depend upon the tailwater height within the structure. For the low tailwater 

elevation of 10 ft, the air concentraion tends to increase slightly with depth 

in the region above the taiJwater. This is also apparent when the tailwater is 

raised to elevation 50 ft, but at higher tailwater elevations this effect is 

masked by the abrupt drop in air concentration in. the region below the tail

water level. 

In Chart 24, the air concentrations as measured in Type E-15 for various 

discharges and tailwater elevations are compared. As might be expected, the 

air concentrations in the region above the tailwater level are smaller for the 

larger discharges and larger for the small discharges. However, they are re

markably constant and independent of the discharge. in the region below the 

tailwater level.. As in Type E-14, the concentl:'ation below the tailwatel:' level 
is approximately 25 pel:' cent. 

C. Hydraulic Gradient through Submel:'ged Drop Shafts 

One of the conditions that must be considered in the operation of these 

structures is the effect of the backwater created by a high tailwater in the 

event that the tunnel and drop shaft systems are filled with water. In the 

model the centerlin.e of the incoming tunnel was located at elevation 225 ft, 

and the bottom of the sump was at elevation zero ft" It was assumed that the 

tailwater could be increased to elevation 225 ft and thus l:'aise the watel:' sur

face elevation in the open shaft and in the inlet tunnel. 

Photo 51 shows the inlet to the drop shaft when the tailwater elevation 

has been increased to 190 it approximately 35 ft below the inlet centerline for 
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a discharge of 600 cfs. For this situation, the incoming water flows around 
the inlet section. and drops into the pool c~eated by the tailwater. For s~ch 
a tailwater elevation the pressure within the inlet tunnel is atmospheric so 

thflt the shaft is not quite submerged. 'When the tailwater is raised to 225 :rt 
as shown in Photo 52, however, the water level in the drop shaft rises above 

the top of the tunnel SO that the pressure in the tunnel is greater than at
mospherio, The large air cavity shown in the incoming tunnel in Photo 52 is 

air thflt has been trapped as the tailwater was raised. 

For these tailwater conditions and for various discharges, the piezom ... · " 

etric pressures were observed at various points along the vertioal and horizon
tal portions of the drop shaft. These have been plotted in Charts 25 through 
27. The charts show the hydraulic gradeline for the various discharges when 

the tailwater is maintained at elevation 225 ft. The gradeline systematically 
steepened as the disoharge i~oreased, reaching the maximum when the discharge 
was 1200 cfs. These larger discharges were in.cluded only to see how the up

stream elevation could change for a larger range of discharges. It is apparent 
that the hydraulic gradelines for eaoh'modification are very similar and are 

relatively independent of the minor changes that were introduoed to improve the 

flow pattern. For a discharge of 600 cfs, which represents the design flow for 
this structure, the maximum piezometric pressure was approximately elevation 
234 ft; this oorresponds to an elevation approximately 4 1/2 ft above the crown. 
oX' 9 ft above the centerline of the incoming tunnel. For smaller disoharges~ 
the effeot of submergence is oorrespondingly reduced. The results show that 
the head 106s through the struoture is about 10 ft of water when it flows full 

at the deSign discharge of 600 ofs and about 39 it for a discharge of 1200 cfs. 

D. Measurement of Impact Forces in Sump 

The drop shaft is over 200 ft deep, and it might be expeoted thflt in spite 
of the resistanoe offered by the walls there would be an impact on the floor of 

the sump that must be considered in the design. The magnitude of these impact 
foroes will depend upon, in addition to the resistanoe of the walls, the tail
water elevation as well as the discharge, If a tailwater exists in the system, 
it is expected that some of the impact will be absorbed in the pool of water 
and so be reduced. This impact absorption should increase as the tailwater is 

inoreased. In addition. it might be expected that the impact forces would 



increase with the disoharge through the struoture. The effeot of the tailwater 
and discharge upon the impaot forces could be readily determined in the model 
of the drop shaft itself. In order to determine if sidewalls had any effect 
upon the magnitude of the impact force, supplementary studies were made in an 
open tank providing for the free fall of the water in the absence of sidewalls 
for oomparison with the measurements in the drop shaft. 

1. Impaot Model 

It was intended that the impaot would be measured by means of an eleo~ 
tronic pressure transducer mounted in the floor of the sump. These pressure 
transducers are normally mounted flush with the surface in the area where the 

measurements are tabe made. The size of the transducer, however, was suoh 
that flush mounting in the drop shaft sump would be rather diffioult and would 
cover a relatively large area. Adavantage was taken of the supplementary model 
to compare the measurement of the impact foroes using both the flush mounted 
arrangement and a mounting arrangement in which the transducer was fitted in a 
block and connected to the impact surfaoe through a small pressure tap. These 

two mounting arrangements oan be seen in Chart 30, which shows both the flush 
mounted and the block mounted pressure transduoer. By using the blook mounted 
cell, the area of impaot could be greatly reduced and installation would be 

simplified. It was necessary, however, to compare measurements made in this 
manner with those made when the transducer was mounted in the normal manner, 
flush with the bottom. 

The comparison of flush mounted transducers and block mounted trans
duoers was oarried out in the tank model, which Was sufficiently large for 
both types of fitting to be used. The tank model was similar to the drop shaft 
exoept that the walls of the drop shaft were not present, and the water enter
ing through the inlet dropped freely into the tank, which represented the sump. 
By adjusting the valve in the drain, the tailwater could be easily varied to 

oorrespond to any prescribed value. The inlet system Was similar to the inlet 
of the drop shaft. The transducer was mounted directly below the inlet section 
so that the water falling freely from the inlet wou1l.a. ;.i:ihp~ct:~in .the tailwatar'.' 
pool directly above the pressure transducer. The arrangements for the tank 
model and its appurtenances are shown in Chart 30. 
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Typical measurements of the pressure fluctuation on the bottom of the 

tank model with a flush mounted transducer are shown in Charts 28 and 29. In 

Chart 28, the tailwater is at zero elevation and measurements were made for 

discharges of 300, 600, 1200, and 1800 cfs. The nature of these pressure 

fluotuations and their magnitudes can be seen from the typioal records. The 

The separate peaks in the reoord for the small discharges are caused by the 

normal irregularity of the jet as it falls into the tank, occasionally impact

ing on the transducer or at the side of the transducer. The peak value of the 

impact force is approximately ZOO ft. As the discharge increases, the jet be~ 

comes more solid, and there are more frequent impacts upon the pressure trans

ducer. Peak values for these discharges are in some cases appreciably greater 

than ZOO ft, In Chart Z9, the tailwater elevation has been increased to 50 ft. 

The results show that for this tailwater, most of the impaot forces are absorb

ed by the water in the pool and are greatly reduced on the bottom of the sump. 

In order to make a quantitative comparison of the pressure fluctuations 

and impacts as measured by the flush mounted transducer and the block mounted 

transducer, the peak pressures as recorded on a representative section of re

corder charts were counted and compared. Over a given section of tape, the 

number of peaks that were equal to or exceeded various magnitudes were counted 

for each discharge and various tailwater elevations. These results are shown 

in Chart 30, which shows the number of peaks for both the flush mounted and 

block mounted pressure cells in comparison. The ratio of the peak pressures 

for the flush mounted transducer to the peak pressures of the block mounted 

arrangement are plotted for each tailwater elevation on the Chart. Although 

this ratio varies approximately 10 per cent, it is rather uniformly distributee 

about the ratio of 1 for all tailwater elevations, and shoWS that on the aver

age, these peaks are very similar for both the flush mounted and the block 

mounted arrangement. It may be concluded from these initial stUdies that the 

transducer mounted in a block as shown in Chart 30 will give results that are 

fully equivalent to those obtained with the flush mounted transducer. 

Z. Measurement of Impact Forces in T:ype E .. 14 and Type E-l,2 Drop Shafts, 

Records of the measurements of impact forces on the bottom of the sump 

in the drop shaft model are shown in Charts 31 and 32 for the Type E-14 drop 

shaft, and Chart 33 for the Type E-1S drop shaft. The portions of the pressure 
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reco:ros are typioal of those obtain.ed, although longel' records are neoessary 
and were used to obtain more quantitative data. 

Several pressure taps had previously been installed in the bottom of the 

sump to measure the static pressures, These were used to attaoh the pressure 
transducer so that the impact at different points on the bottom of the sump 

could be measured and compared. In this way, a better estimate of the maximum 

forces could be made. The records shown in the oharts indicate that the pres~ 

sure fluotuation is similar at each tap, so presumably they represent the max

im~ impact forces. Measurements were made for three different discharges, 

including a discharge of 1200 cfs. This is considerably greater than the de~' 
sign discharge as determined from other experiments, but these measurements 

were made in order to see Whether excessive impacts would result for dischargee 

beyond the capacity of the drop shaft. The maximum values of the impact forcer 
occur when the tailwater elevation is a minimum, as shown in Chart 31. The 

peak values decrease again as the tailwater elevation is increased, until they 
are practically negligible when the tailwater reaches an elevation of SO f.t. 

This is shown in Chart 32. These results may be compared with those shown 

in Chart 33 whioh were observed in the Type E-15 drop shaft. 

The result of an. analysis of the pressure record for the Type E-15 drop 

shaft is shown in Chart 34. The number of peaks per minute equal to or greate: 
than the ~ indioated eleva.tiorj for a '!discharge·of 600., cfsr'and for va.rious'tail .. 

waters is for comparison. The results, as would be expected, indicate that th 

frequency of peaks of certain magnitude is greater at Tap 27, which is in the 
oenter of the sump, than at either Taps 26 or 28. The graphs show that " 

although the frequency of these impacts was very low, there were some whose 
magnitude approached the height of the drop shaft. 

In Chart 35, a direot oomparison has been made between the results at 

Tap 27, for Types E-14 and E-15 drop shaft and the impaot model. In all cases 

the pressure transducer was mounted in a block and connected by means of a 

small tube to the bottom of the sump. The comparison is reasonably good. The 

results show that without the weir at the exit of the sump, as in Type E-15, 

the frequency of the peak values of 75, 100, and 125 ft are considerably great 
er than in Type E-14, in which a weir is install~d. The maximum values, how
ever, are very similar in frequency, and it appears that the weir has 
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relatively little influence upon impacts of this magnitude. The comparison 

between the pressure measurement in Types E-14 and E-15 with the impact model 

shows that both the magnitude and the frequency of the impacts are very sim~ 

ilar, and that the sidewalls in the drop shaft have relatively little effect in 

reducing the magnitude of the impact on the floor of the sump. 

The results show that the maximum impact pressures occur for the lowest 

tailwaters and the highest discharges. For a given disoharge, these impact 

forces decreased as the tailwater elevation was increased. For a given tail .. 

water, the impact pressures increased as the discharge increased. The results 

also show that impact pressures having the same magnitude as the total drop 

through the drop shaft occurred particularly for the low tailwaters. The 

impact pressures were very similar in Type E-14 and in Type E-15 drop shafts. 

It appeared that the variations that did occur were the result· .oore of the 

random nature of the flow down the drop shaft than of a difference in the drop 

shaft arrangement. This was particularly so for the higher tailwaters, since 

there were significant differences in frequency of impact of small magnitudes. 

This indicated that the pool was effective in absorbing these small impacts as 

compared to the case without the weir. On the other hand, the frequency of the 

____ ~ _____ ~ _____ xnaximUlll ~mpact_ pressure was very similar for both types. 

IV 'EE.lFE'CT OF roUBLE INLET O~ DROP, SHAFT OPERATIONS 

This section gives the results of experiments with the drop shaft fitted! 

with two inlet conduits. It had been proposed that in certain instances sever~ 

al inlet conduits might feed a single drop shaft in the prototype. These in

lets might enter the shaft from different directions and introduce the flow 

unsymmetrically into the drop shaft. The inlets might also operate simultane

ously or separately, depending upon the local runoff condition. The multiple 

inlets were restricted to drop shats designed for the smaller disoharges. In 

order to examine the effect of such inlets upon the flow pattern within the 

drop shaft, some additional ~xperimehts with specified relative discharges Were 

ma.d~ "f.iti th -the app:a:rat\lS modif.ied to accolllIllOdate two inlets. 

The second inlet was fitted to the drop shaft at a po.int 35 ft above 

the original inlet. The angles of the inlets with respect to the dividing wall 

could be varied to simulate various prototype conditions. The model drop shaft 
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corresponded to the prototype drop shaft whose diameter was 6 ft 8 in. This 

required a scale ratio of 1:20. Using the basic Type E-14 drop shaft, the 
lower inlet was at elevation 166.7 ft at the new scale ratio .. relative to, tha 
bottom of the sump as elevation zero ft. The upper inlet was at elevation 

201,,7 ft. 

Three entranoe arrangements were tested. In the Type F struoture, shown 
in Chart 36, the inlet conduits were 60 degrees apart and entered the drop 

shaft at angles of )0 degrees to the dividing wall. Iq Type F-l (Chart 37), 
these angles were 45 degrees with a total separation of 90 degrees for the 
inlet. In Type F-2 (Chart 38), the lower or larger inlet oonduit was normal 
to the dividing wall and the smaller or upper conduit entered the drop shaft 
90 degrees from the lower conduit and parallel to the diViding wall. In all 
cases, the lower oonduit was the same size as the drop shaft, that is 6 ft 
8 in., while the upper conduit was only half as large, or 3 ft 4 in. The dis
charges varied up to a maximum of 150 cfs in the lower conduit and 100 cfs in 
the upper conduit. Tests were made of various combinations of discharge in 
the two inlets to observe the influence, if any, of these disoharges upon. the 
flow pattern. 

The incoming flow in the Type F struoture was diverted by the dividing 
wall to the side of the drop shaft and tended to form a vortex in the drop 
Sllllft. The diagonal flow oreated by the upper inlet can be seen in Photo 530 
Since the lower inlet conduit approaches the drop shaft f:rom the opposite 

direction, these transverse components tend to counteract those from the upper 
inlet, so that below the lower inlet the flow is much more regular and the 
seoondary components are oonsiderably smalle:r. When the tailwater is raised 
to elevation 180 ft, as shown in Photo 54, the flow pattern is essentially sub .. 
merged and the seoondary currents are greatly reduced. The flow below the 
lowe:r inlet is therefore relatively straight and understood. The pressure pro

files as measured for this geometry are shown in Chart 36. They show that 
there is essentially no effeot on the flow pattern below the inlets as a result 
of this oombination. 

When the inlet conduits are spread further apart the secondary currents 
beoome more intense and, as shown in Photo 55, extend below the lower inlet. 
There: is, however, no evidence that the secondary current reached the sump or 
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influenoed the flow as it entered the sump from the drop shaft. Again, When 

these secondary effects are largely suhmerged, a typical flow pattern results 
which is similar to the previous observations of low discharges on a structure 

with a single inlet. The geometry of the Type F-l and the pressure measureM 

ments as measured for various discharges in this arrangement are shown in 

Chart 37. As before, this combination of inlets has practically no influence 
upon the pressure distribution along'the drop shaft and the exit tunnel. 

For the Type F-2, the upper inlet enters the drop shaft in a direotion 
parallel to the dividing wall. The jet from the inlet pipe then strikes the 

opposite wall and generates a still more intense secondary current. This can 

be seen in Photo 57, where the diagonal flow in the region above the lower 

inlet is shown. The lower inlet, however, is perpendicular to the dividing 

wall, and the jet from this conduit is more or less equally divided by the 

dividing wall. When the discharge is equal or greater than that from above, 

this flow rather effectively counteracts the secondary currents from the upper 

inlet and reduces the rotational intensity. In Photo'S7the'diagonal currents 
below the lower inlet can also be seen in the photograph. Photo 58 shows the 
effect of submerging the structure on these diagonal currents. The submer~ 

gence quite effectively damps out the nonsymmetrical flow and provides a 

smooth inlet into the sump. Chart 38 shows that the pressure distribution 

below the lower inlet is not changed by adding an inlet above the original. 

The results of these tests in which relatively small discharges were 

applied to a drop structure having two inlets at various angles from each 

other indicate that such an arrangement has very l:Lttle influence upon the 

flow pattern below the region of the inlet conduits. The downward flow througt 

the drop shaft rather q~ckly absorbs these secondary effects, so that as it 

ql.pproaches the sump· the Tlow;.pattern is quite .uniform. No evidenoe of the 

divided flows at the inlet was apparent within the sump itself nor in the out

let conduit as the water flowed through the pipe"to the main tunnel. 

V. WATER LEVEL SURGING IN DROP SHAFT SYSTEM 

This section describes the results of experiments on surging in the drop 

shafts when the flow to the system is restricted to only one inlet. When the 
tailwater in a series of drop shafts is appreciable, an inflow of sufficient 

magnitude in one of the drop shafts will cause the water to surge up and down 



in the others. It was the purpose of these experiments to measure these 

surges in terms of the magnitude and duration of the inflow discharge, For 

this purpose the surge model was constructed and instrumented so that the surg~ 

ing of the water level in each of the drop shafts could be recorded simultane

ously on a recorder chart. These experiments were arranged in a relatively 

simple pattern so that the results could be used to verify a computer program 

designed to predict the suvging in the much more complicated prototype struc. 

ture. If the computer results applied to the simple model agree with the 

measurements made on. this model, it can then be used to predict the surging 

characteristics of the prototype. 

Portions of the recorder charts that record the surging are presented 

from which measurements concerning frequency of surges and frictional resis

tance can be made in the drop shafts and the main tunnel. The instantaneous 

elevations of the water surface were measured by recording the signal from a 

two-wire capacitance type wave probe Which is shown fitted to drop shaft 1 in 

Photo 59. The two parallel wires extend throughout the depth of the drop 

shaft with the connections to the recorder at the top. A close-up of the 

lower portion of drop shaft 1 showing the water surface and the parallel wires 

in more detail is given in Photo 60. In this'exper"iment' .the discharge was 

600 cfs and the tai1water elevation was maintained at 50 ft. Photo 61 shows 

the discharge being introduced in the Type B surge model at drop shaft 3. 

The flow, as it drops down the shaft, becomes highly aerated, and the surge 

created by this flow is transmitted·, to the remaining drop shafts. Photo 62 

is a close-up of the aerated water in this drop shaft. The fluctuations in 

the water surface as measured in these experiments and recorded on the tape 

are presented in charts below. 

The surging in the Type A surge model for a discharge of 600 cis and 

various tailwater elevations is given in Charts 39 through 41. Three dis

charges--300, 600, and 1200 cfs--and two tailwater elevations, 10 ft and 100 

ft' were tested. In one run the inflow discharge duration was limited to 10 

sec to observe the effect of the rising discharge in association with the 

decreasing discharge. The chart for each drop shaft gives the sequence of 

water surface elevations as the discharge is suddenly turned on and equally 

suddenly stopped. A comparison of the four records for each chart shows how 
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the surge was propagated down the tunnel and shows the attenuation of this 

surge with distance down the tunnel. In Chart 39, the results for a discharge 

of 600 cfs with a tailwater at elevation 10 ft are shown, and Chart 40 gives 

the results for the s'ame discharge but with the tailwater increased to 100 ft. 

The charts show the sudden increase in the water surface elevation shortly 

after the valve was opened and the gradual damping of the surge until it 

approaches an equilibrium. When the discharge is suddenly shut off, there is 

a momentary drop in the water surface elevation in each of the drop shafts with 

a gradual damping of the Wave as it settles down to approach the controlled 

tailwater. A comparison of Charts 39 and 40 shows that the initial surges are 

very similar, but that the surges in the drop shafts when the water is sudden

ly turned off are considerably more drastic for the h~gh tailwater. For the 

low tailwater the maximum surge occured at the initial: inflow. in drop 'shaft :3 
where the water surface rose approximately 26 ft in approximately 30 seconds 

at the prototype scale. Chart 40 also shows the greatly increased surging 

that occurs for the high tailwater when the water is suddenly cut off. Here 

a drop in the water surface of approximately 22 ft occurred very rapidly. In 

Chart 41, the surging record is shown considerably compressed with respect to 

time, since the duration of flow was shortened to 10 sec in the model. The 
surging pattern appears to be very similar except that the sudden drop in 

elevation occurs close to the initial rise. 

In the Type B surge model, the measurements of the surging for corres

ponding discharges and tailwaters are shown in Charts 42 through 44. In this 

case, since the inflow occurred in drop shaft 3, the surges were propagated 

in both directions in the tunnel. At the upstream end the tunnel was closed 

so that the surge would be reflected from the upstream bulkhead. This is re

flected in the traces generated at drop shafts 1. and 2. At the downstream end 

of the tunnel the flow entered and passed the tailwater control box so that 

there was relatively little reflection of the surge. This is shown by the 

records obtained from drop shafts 4 and 5, which in general are considerably 

less in amplitude than those on the upstream side. The results are similar to 

those obtained in the Type A model for equivalent distanoes from the drop shaft 

into which the water is flOWing. In Chart 4), the effect of tailwater eleva

tion on the terminal surge when the discharge is stopped is clearly shown. 

The effect of shortening the duration of use as shown in Chart 44 is similar to 
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that observed in superposition of the two events in the very sudden change in 

direction, of motion of the water surface elevation when the valve is closed. 

Measurements of water surface elevations at various points along the 
tunnel could not be made accurately with the recorder. In order to determine 
the frictional oharacteristics of the system and water surface elevations for 
steady flow, piezometer taps and connections were attached to each drop shaft 
and carried to a common manometer board. For the same discharges and tail
water elevations and for steady flow the water surface elevations were measured 
at these points. From these data friction coeffioients and hydraulic grade
lines could be determined. These results are giVen to the model scale in 
Chart 4,5. These data are necessary in orde:r to introduoe the friotional 00 .. 

efficients into the oomputer program. It appears from the results that the 
friotion faotor in the Darcy formula is rather high for a smooth surface and 

possibly represents the effect of the drop shaft oonnections with the main 
tunnel. 

VI. CONCLUSIONS 

The experimental studies of the drop shafts to be used for the Lawrence 
Avenue Sewer System were concerned with the experimental design so that the 
tests were made in an attempt to develop an optimum system within the restric~ 
tions presoribed by its application. The results of these studies and experi
ments lead to the following conclusions: 

(1:) The experiments showed that the air vent oould be effectively incor .. 

porated into the drop shaft proper and thus would eliminate the necessity of 
constructing a separate air vent. 

(2) The presence of the air vent within the drop shaft provided a means 
by which air could be more uniformly insufflated into the flowing water with a 
resulting greater homogeneity of the flow. 

(3) The impact pressures on, the bottom of the sump were of the same 

magnitude as the height of fall when the tailwater Was very low 'and were signi. 
ficantly reduced as the tailwater was increased to apprOximately 50 ft. The 
weir at the exit of the sump reduced the impact for very low discharges when 
the tailwater was a minimum. For the design discharge the weir had little 
effect in reducing the impact pressures and was somewhat detrimental for the 



-------~ - -~~- --

,,~.' 

I .• 

-37-

removal of the air from the air colleotor. The experiments showed that the 

system would operate approximately equally well with or without the weir at 

the exit of the sump. 

(4) An air collector with a steeply sloping roof was necessary to pro

vide for the separation of the air from the water and permit its release to the 

atmosphere. The final design, Type E-14, resulted in an effective air collec
tor which prevented air from being carried into the downstream tunnel. 

(5) The pressure gradients through the system were quite normal and 

showed that the pressures in the drop shaft were essentially atmospheric except 

in the region of the sump, where impacts of considerable magnitude were exper

ienced on the floor of the sump. 

(6) When the drop shaft is submerged by high tailwater, a pressure drop 

of approximately 9 ft through the structure occurred fOr the design discharge 

of 600 efs. This increased to 39 ft when the discharge was 1200 cfs. 

(7) The experiments showed that multiple inlets could be used without 

introducing detrimental flow patterns within the drop shaft. The inlet ar

rangements were such that in general the jets from each inlet counteracted the 

secondary currents generated by the other inlets, so that the flow was reason

ably uniform as it approached the sump. 

(8) Experiments in the surge model showed that if the inflow to the 
system is restricted to only one drop shaft, as may occur, it may rise to surge 

waves which are propagated through the system. This is more pronounced for the 

higher tailwaters, for which the main tunnel and a portion of the several drop 
shafts are filled with water. 
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LIST OF PHOTOS 

PHOTO 1 (Serial No. 177-3) The drop shaft model was fabricated of a 
transparent plastio so that the flow patterns could be observed, 
The photograph shows the relative size of the model and its 
oharacteristic features. 

PHOTO 2 (Serial No. 177~6) The piezometric pressures at various points 
along tbe drop shatt were measured by means of piezometric taps 
connected by tubing to a manometer boal."d on which the pressures 
could be observed. The scale of the model is 1:27 and represents 
a drop shaft structure approximately 225 ft high. 

PHOTO 3 (Serial No. 177-416) An overall view of the Type A surge model 
shows the length of the tunnel and the location of the drop 
shafts which were spaced at 20 ft intervals in the model. The 
inlet is at drop shaft 1 so that any surges generated oould be 
propagated the entire length of the model tunnel. 

PHOTO 4 (Serial Now 177-420) This is an overall view of the Type B surge 
model, whioh is similar to that shown in Photo 3 exoept that the 
flow is introduoed in the center of the model at drop shaft 3. 
In this event any surges that are generated oan be propagated in 
both directions in the tunnel. 

PHOTO, (Serial No. 177-18) A discharge of 600 ofs entering the drop 
shaft follows the inlet ourve quite smoothly to the point where 
the accelerations are suoh that the water begins to leave the 
jet and impinge upon the opposite wall. The air is insufflated 
at the top and the flow in general is quite irregular and highly 
turbulent. 

PHOTO 6 (Serial No. 177-19) At the bottom of the drop shaft for a dis. 
oharge of 600 ofs and a tailwater of only 10 ft; the masses of 
water plunge into the sump and, in this test, into the impaot 
cup whioh is effeotive in breaking up the jet and creating a 
highly' turbulent mixture of air and water. The air is separated 
from the flow in the air oolleotor and is disoharged into the 
atmosphere through the adjaoent air vent. The air and water are 
not well mixed in the drop shaft itself. 

PHOTO 7 (Serial No. 177 ... 26) 'When the disoharge is inoreased to 1200 ofs ill 
the Type A drop shaft, the jet separates from the inlet ourve and 
impinges on the far wall with the development of secondar,y currents 
in the drop shaft. A relatively large amount of air is entrained, 
but the oharaoter of the flow is suoh that the air is not thorough~ 
ly mixed with the water. The tailwater of 100 ft causes the air 
rising in the air vent to be mixed with the water to create a 
frothy mass through whioh large bubbles of air are carried. 



PHOTO 8 (Serial No. 177-27) This is a view of the lower portion of the 
drop shaft for the discha't'ge of 1200 cfs in the Type A strtlcture. 
The flow was highly aerated and tu~ht'~.~l':1t in the Sl.lnlp. This 
type of air collector, in oombinaUon with the impact cu.p, is 
effective in separating the air from the outgoing flow. 

PHOTO 9 (Serial No. 177-30) The Type B drop shllft is characterized by a 
longitudinal divider wall which eliminates the external air vent. 
For a discharge of 300 cfs through this structur~, there is rel~ 
atively little entrainment of air and the water falls freely 
through the shaft into the sump. Since the tailwater is very lows 
the air vent is clear and air can pass freely out of the structure~ 

PHOTO 10 (Serial No. 177-31) This photograph shows the lower portion of 
the Type B drop shaft for a discharge of 300 cfs. It is quite 
effective in diss:l.pating the drop shaft energy and separating 
the air from the water in the sump and air colleotor. 

PHOTO 11 (Serial No. 177-44) In this photograph the discharge has been 
increased to 1200 cfs in the Type B drop shaft and the tailwater 
raised to 100 ft. This discharge effectively seals the upper 
portion of the drop shaft so that the drop shaft is closed. Rel
atively large quantities of air are insufflated into the turbu. 
lent flow created by the jet striking the far wall. Although the 
air is more uniformly distributed there are still relatively 
large volumes of air_free water dropping down the shaft. 

PHOTO 12 (Serial No. 177-4.5) The lower portion of the Type B drop shaft 
is shown in this photograph, which clearly shows relatively·large 
regions of clear water and the intervening spaces filled with 
highly agitated air-water mixture. The sump and impact cup are 
relatively effeotive in removing the air fram the flow, so that 
only a small quantity of air enters the downstream tunnel. The 
air vent is also highly turbulent, and large bubbles of air rise 
intermittently through the foamy mixture. 

PHOTO 13 (Serial No. 177-70) The Type C-3 drop shaft is characterized by 
the removal of the impact cup and the installation of a l2-ft wei~ 
at the :\.nlet to the air oollector. This photo shows the oharacter 
of the flow for 300 cfs in the sump and over the weir. Because of 
the low tailwater, the jet penetrates to the bottom of the s~p, 
where the turbulence effectively mixes the air and the water. 

PHOTO 14 (Serial No. 177-72) When the tailwater is increased to 190 ft, 
the insufflated air is easily removed in the sump and both the 
downward flo'ttr.i.ng water ... air mixture and the air vent are uni
formly m1xed~ 

PHOTO 1.5 (Serial No. 177 .. 73) This photograph shoiis the character of the 
flow down the drop shaft and the fUnctioning of the sump and air 
collector for a discharge of 600 cfs and a low tailwater. 
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PHOTO 16 

pHaro 17 

PHOTO 18 

PHOTO 19 

(Serial No, 177 .. 75) When the tailwater is inoreased to 190 ft 
for the same discharge in the Type C-3 drop shaft, the flow down 
the shaft and in the sump is relatively' calm and the small amount 
of insufflated air is easily separated. 

(Serial No. 177-76) A discharge of 1200 ofs in the Type C-3 
drop shaft is extremely rugged and highly aerated when the tail
water is maintained at on~v 10 ft. A large quantity of air is 
transported into the downstream tunnel, and the flow in this 
area is generally unsatisfactory. 

(Serial No. 177-78) When the tailwater is increased to 15.0 ft, 
the flow characteristics in the lower part of the Type C~3 drop 
shaft are considerably improved and the air reaching the down
stream tunnel is very appreciably reduced. 

(Serial No. 177~93) When the tailwater is raised to 190 ft, which 
is nearly to the top of the drop shaft, little air is entrained 
and it is easily removed in the sump and air collector. 

PHOTO 2.0 (Serial No .. 177-108) As the discharge is increased, however, the 
large volume of water seals off the air collector so that air sep
arated from the flow cannot escape into the air vent. This forces 
the water level in the air collector down, and much air escapes 
into the downstream tunnel. 

PHOTO 21 (Serial No. 177-80) In this photograph the tailwater has been 
raised to 100 ft. In spite of this, the high weir and discharge 
of 600 cfs tend to restrict the escape of air up the air vent, 
caUsing the water level in the air collector to be forced down
ward nearly to the crown of the tunnel, with 'the result that a 
considerable amount of air enters the tunnel. 

PHOTO 22 (Serial No. 177-88) This condition, as described above, is greatly 
improved when the height of the weir is reduced to 8 ft. In this 
case, more air can esc.ape back to the air vent. The lower pressure 
permits the water level in the air collector to rise toward the 
top of the collector, and no air can escape into the tunnel. 

PHOTO 23 (Serial No. 177-114) For a discharge of 1200 cfs and ~ tailwater 
of 10 ft, the air collector is quite ineffective. This discharge 
appears to be beyond the capacity of the structure, and all the 
air can freely enter the downstream tunnel. 

PHOTO 24 (Serial No. 177-116) In this photograph, the weir between the sump 
and the ail" collector has been completely removed. The large dis
charge of 1200 cfs sweeps through the air colleotor and carries all 
the air into the downstream tunnel. 



PHOTO 25 (Serial No. 177-119) By providing an air vent from the air col
lector itself, the pattern of the air removal is greatly improved. 
For this condition, the height of the weir is 8 ft so that air can 
be released through both the air vent and the special vent on the 
air collector. 

PHOTO 26 (Serial No. 177-120) In this test, the air vent was placed at the 
downstream end of the air collector and appears to be equally ef
fective in the removal of air .. 

PHOTO 27 (Serial No. 177-178) When the tailwater is raised to elevation 
100 ft, the air collector is effective in removing air from the 
flow and venting it up the air vent. It appears that the Type E 
structure is relatively effective in its initial design. 

PHOTO 28 (Serial No. 177-189) In an attempt to shorten the air collector of' 
the drop shaft the sloping portion was removed and a discharge of 
600 cfs with a tailwater elevation of 100 ft was passed through the: 
structure. The photographs show that a large separation zone 00-

curs at the inlet to the downstream tunnel and that large quanti. 
ties of air escape through it. 

PHOTO 29 (Serial No. 177-198) In Type E-2 the horizontal portion of the air
collector was shortened and the sloping section was replaced. Thj.E' 
improved the flow pattern, and relatively little air escaped into 
the downstream tunnel. Here the discharge was again 600 cfs with 
a tailwater at elevation 100 ft. 

PHOTO 30 (Serial No. 177-205) In Type E-7 drop structure the sloping por
tion was placed on top of the horizontal section with the thought 
that by providing a larger cross-section in this area, the air 
might more freely escape to the atmosphere through the air vent. 
The photograph shows, however, that this type is not effective in 
preventing the air from entering the downstream tunnel. 

PHOTO 31 (Serial No. 177-219) In Type E-ll a faired entrance into the down
stream tunnel was provided in order to prevent the separation at 
the inlet to the tunnel. The photograph shows that for a discharge 
of 600 cfs and tailwater at elevation 100 ft this device was also 
ineffective in preventing air from escaping into the tunnel. 

PHOTO 32 (Serial No. 177-221) In Type E-13 the inward pl~ojection was eX_ 
tended to the roof of the air collector without any apparent im
provement in the functioning of the air collector. The photograph 
shows the air escaping around the projection into the downstream 
tunnel. 

PHOTO 33 (Serial No. 177-233) Hhen the discharge is 600 cfs, the design 
capacity of the drop structure, considerably more air is entrained. 
But even when the tailwater is lowered to elevation 10 ft air is 
separated from the water and prevented from entering into the down,
stream tunnel. 



PHOTO 34 (Serial No. 177-235) For a discharge of 600 cfs with tailwater at 
50 ft the Type E-14 air collector effectively removes the air from 
the water and provides easy access to the air vent. 

PHOTO 35 (Serial No. 177-237) When the tailwater is increased to 100 ft 
for a discharge of 600 cfs, the structure operates efficiently. 
With this high tailwater the jet still penetrates to the bottom 
of the sump. 

PHOTO 36 (Serial No. 177-239) When the tailwater is raised to 190 ft the 
air concentration is greatly reduced and the jet no longer pene
trates to the bottom of the sump. For these tailwaters air is 
easily removed from the mixture and released through the air vent .• 

PHOTO 37 (Serial No. 177-245) When the discharge is increased to 1200 cfs, 
much air escapes into the downstream tunnel even though the tail~ 
water is at elevation 50 ft~ This shows that a discharge of 1200 
cfs is beyond the capacity of this drop structure design# 

PHOTO 38 (Serial No. 177-247) Even when the tailwater is raised to eleva
tion 100 ft the air collector cannot separate the air from the 
flow for a discharge of 1200 cfs. Here again an appreciable por
tion of the air can escape into the downstream tunnel. 

PHOTO 39 (Serial No. 177-263) For a discharge of 600 cfs and the tailwater 
maintained at elevation 10 ft the Type E-15 successfully removes 
the air from the flow. A comparison with Photo 33 shows that the 
essential difference in flow pattern is that the highly insufflated 
air penetrates fUrther into the air collector at a lower elevation. 

PHOTO 40 (Serial No. 177-265) When the tailwater has been raised to eleva~ 
tion 50 ft the effect of the weir is less noticeable and the en
trained air quickly rises to the top of the air collector so that 
none can escape into the downstream tunnel. 

PHOTO 41 (Serial No. 177-38) With a solid wall deflector all the air must 
be entrained at the inlet to the drop shaft with a consequent ir
regular non-uniform flow. The regions of solid water and entrained 
air are clearly defined in this photograph. 

PHOTO 42 (Serial No. 177-45) This photograph shows the character of the 
flow past the solid dividing wall at the lower portions of the 
drop structure. The tailwater elevation has been increased, so 
that large gulps of air are being released up the air vent. 

PHOTO 43 (Serial No. 177-124) In this photograph, the flow past the slotted 
dividing wall without the deflector is shown. It shows the jets of 
water being forced through the slot to strike the opposite wall of 
the air vent. Also to be observed in this photograph is a relativG 
non-uniformity of the flow in the water passage. 
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PHOTO 4LJ. (Serial No. 177-138) When the discharge is increased to 1200 cfs 
through the structure with a divider wall with slots only, the 
jets through the slots are more intense and the flow is rather 
non-uniform. 

PHOTO 45 (Serial No. 177-197) In this photograph is a discharge of 600 ofs 
through the structure with the original deflectors over the air 
slots. The flow pattern is considerably improved, and no water 
escapes through the slots into the air vent. 

PHOTO 46 (Serial No. 177~201) For a discharge of 1200 cfs with the original 
deflectors in place, the flow is very uniform and the air is. 
uniformly distributed. 

PHOTO 47 (Serial No. 177-151) In this photograph is shown the flow past the 
smaller modified deflector. Although the flow appears to be rather 
uniform with a uniform air distribution, it appears that the de
flection past the slots is relatively small and apparently ineffec~ 
tive. 

PHOTO 48 (Serial No. 177~162) This shows the flow past the small deflectors 
in the lower region of the drop shaft. Again the air concentration 
appears to be well distributed, but the deflection of the stream~ 
lines at the deflector is negligibly small. 

PHOTO 49 (Serial No. 177-232) This is a view of a larger asymmetrical de
flector designated E .. 4. It shows the flow pattern when the dis
oharge is 600 cfs, 

PHaro 50 (Serial No .. , 177-236) In this photograph the discharge is 600 cfs 
with a tailwater at elevation 100 ft. The flow past the wedges 
serving as deflectors is quite smooth and uniform. 

PHOTO 51 (Serial No. 177-269) When the tai1water elevation is raised to 
190 ft, which is someWhat below the elevation of the incoming 
tunnel, the discharge of 600 cfs flows smoothly around the inlet 
and into the drop shaft proper. As it flows into the drop shaft, 
air is entrained and mixed with the water. The pressures in the 
incoming tunnel are atmospheric and the water surface represents 
the hydraulic gradeline. 

PHOTO 52 (Serial No. 177-272) When the tailwater is raised to 225 ft, 
however, the piezometric pressures in the upstream tunnel are in
creased and except for the entrapment of air in this tunnel f it 
would run full, since the piezometric pressures are above the top 
of the tunnel. 

PHOTO 53 (Serial No. 177-474) In the Type F structure the upper and lower 
inlet conduits are 60 degrees-from each .other and symmetrical with 
the perpendicular from the dividing wall. This asymmetric flow at 
the two inlets generates secondary currents in opposite directions 
that tend to counteract each other in the region below the lower 
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inlet conduit. They can be seen, however, in the region between 
the inlet conduits where the entrained air delineates the diagonal 
currents. It appears that these secondary currents are largely 
eliminated as the water enters the sump below. 

PHOTO 54 (Serial No. 177-477) When the tailwater is raised to elevation 
180 ft, the lower inlet and most of the drop structure up to the 
upper inlet are submerged with a consequent significant reduction 
in the secondary currents. The photograph shows that for this 
tailwater elevation the flow pattern is quite straight and paralleJ. 
to the drop shaft walls. 

PHOTO 55 (Serial No. 177-493) In the Type Fool structure the inlet conduits 
are separated by 90 degrees. This larger separation tends to in
crease the intensity of the secondary currents which are apparent 
in the region between the inlet conduits. Even these, however, 
are effectively dissipated as the flow proceeds down the drop 
shaft~ 

PHOTO 56 (Serial No. 177-494) The increased tailwater raised to elevation 
180 ft is sufficient to reduce the secondary current, with the re~ 
sult that the flow below the lower inlet is relatively undisturbed. 

PHOTO 57 (Serial No .• 177-511) The effect of the secondary current from the 
upper inlet is further strengthened when the inlet conduit enters 
the drop shaft parallel to the dividing wall. The jet strikes the 
opposite corner and is strongly deflected around the curved wall 
of the drop shaft proper. These secondary currents between the in
lets are clearly shown in the photograph. 

PHOTO 58 (Serial No. 177-512) When the tailwater is raised to elevation 
180 ft, the secondary currents generated by the upper inlets are 
absorbed by the tailwater and the symmetrical flow from the lower 
inlet. 

PHOTO 59 (Serial No. 177-424) This photo shows the drop shaft and the at
tachment of the two-wire capad.tance type wave recorder by means of 
which the water surface fluctuation could be measured. In this ex" 
periment the discharge is 600 cfs and the tailwater is 50 ft. 

PHOTO 60 (Serial No. 177-425) This is a close-up of the drop shaft shown 
in Photo 59. The two wires of the wave recorder can be clearly 
seen. 

PHOTO 61 (Serial No. 177-428) This shows a discharge of 600 cfs into drop 
shaft 3 when the tailwater is at elevation 50 ft. The incoming 
flow causes the water in the system to become highly aerated and 
tUrbulent. 

PHOTO 62 (Serial No. 177-429) This is a close-up at the lower end of the 
drop shaft for the conditions shown in Photo 61. 



PHOTO l (Serial No .. l17-3) The drop shaft 
model was fabricated of a transparent 
plastic so that the flow patterns 
could be observed. Thephotograph 
shows the relative size of the model 
and its characteristic features. 

PHOTO 2 (Serial No. 177-6) The piezometric 
pressures at various points along 
the drop shaft were measured by means 
of piezometric taps connected by 
tUbing to a manometer board on which 
the pressures could be observed. The 
scale of the model _is l :27 and repre
sents a drop shaft structure approxi
mately 225 it high': 
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PHOTO 3 (Serial No. 177-416) An overall view of the Type A surge 
model shows the length of the tunnel and the location of 
the drop shafts which were spaoed at 20 ft intervals in the 
model. The inlet is at drop shaft 1 so that any surges gen
erated can be propagated the entire length of the model 
tunnel .. 

PHOTO 4 (Serial No. 177-420) This is an overall view of the Type B 
surge model, which is similar to that shown in Photo 3 except 
that the flow is introduced in the center of the model at drop 
shaft 3. In this event any surges that are generated can be 
propagated in both directions in the tunnel. 
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Photo 3 

Photo 4 



PHOTO 5 (Serial No. 177-18) A discharge of 
600 cfs entering the drop shaft follows 
the inlet curve quite smoothly to the 
point where the accelerations are such 
that the water begins to leave the jet 
and inrpinge upon the opposite wall. The 
air is insufflated at the top and the 
flow in general is quite irregular and 
highly turbulent. 
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PHOTO 6 (Serial No. 177-19) At the bottom 
of the drop shaft for a discharge of 
600 cfs and a tailwater of only 10 
ft, the masses of water plunge into the 
sllil1p and, in this test, into the im
pact cup which is effective in bre~k
ing up the jet and creating a highly 
turbulent mixture of air and water. 
The air is separated from the flow 
in the air co~lectorand is discharged 
into the atmosphere through the adja
cent air vent. The air and water are 
not well mixed in the drop shaft 
itself. 
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PHOTO 7 (Serial No. 177-26) When the discharge 
is increased to 1200 cfs in the Type A 
drop shaft, the jet separates from the 
inlet curve and impinges on the far wall 
with the development of secondary cur
rents in the drop shaft. A relatively 
large amount of air is entrained, but the 
character of the flow is such that the 
air is not thoroughly mixed with the 
water. The tail water of 100 .ft causes the 
air rising in the air vent to be mixed 
with the water to create a frothy mass 
through which large bubbles of air are 
carried. 
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PHOTO 8- (Serial No~ 177-27) This is a view 
of the lower por~ion of the drop shaft 
for the discharge of 1200 cfs in ~he 
Type A structure. The flow was highly 
aerated and turbulent in the sump. 
This type of ai.r collector, in combi
nation with the impact cup, is effec
tive in separating the air i'rom the 
outgoing flow. 
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PHOTO 9 (Serial No., 177-30) The Type B drop 
shaft is characterized b,y a longitudinal 
divider wall 'which eliminates the exter
nal air vent. For a discharge of 300 
cfs through this structure there is rel
atively little entrainment of air and the 
water falls freely through the shaft into 
the sump. Since the tailwater is very 
low., the air vent is clear and air can 
pass freely out of the structure. 
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PHOTO 10 (Serial No .. 177-31) This photogr~ph .. 
shows the lower por'!-ion of the Type B 
drop shaft for a discharge of 300 cfs. 
It is quite effective in dissipating 
the drop sha~ energy and separating 
the air i'rom the water in the sump and 
air collector. 
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PHOTO 11 (Serial No. 177-44) In this photograph 
the discharge has been increased to 
1200 cfs in the Type B drop sh8.rt and 
the tailwater raised to 100 ft. This 
discharge effectively seals the upper 
portion of the drop shaft so that the 
drop shaft is closed. Relatively large 
quantities of air are insufflated into 
the turbulent flow created by the jet 
striking the far wall. Although the 
air is more uniformly distributed, . 
there are still relatively large volumes 
of air-free water dropping down the 
shaft. 
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PHOTO 12 (Serial No. 177-45) The lower portion 
of the Type B drop shaft is shown in 
this photograph, which clearly shows 
relatively large regions of clear 
water and the intervening spaces 
filled with highly agitated air-water 
mixture. The sump and impact cup are 
relatively effective in removing the 
air from the flow, so that only a 
small quantity of air enters the down
stream tunnel. The air vent is also 
highly turbul~nt, and large bubbles of 
air rise intermittently through the 
i'oamy mixture. 
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PHOTO 13 (Serial No. 177-70) The Type C-3 drop 
shaft is characterized by the removal 
of the impact cup and the installation 
of a 12-ft weir at the inlet to the 
air collector. This photo .shows the 
character of the flow for 300 cfs in 
the sump and over the weir. Because of 
the low tailwater, the jet penetrates 
to the bottom.of the sump, where the 
turbulence effective~ mixes the air 
and the water. 
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PHOTO 14 (Serial No. 177-72) When the tail
water is increased to 190 ft, the 
insufflated air is easi~ removed 
in the sump and both the do~ard
flowing water-air mixture and the 
air vent are uniform~ mixed. 
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PHaro 15 (Serial No.. 117-73) This photograph 
shows the character of the flow down 
the drop shaft and the functioning 
of the sump and air collector for a 
discharge of 600 cfs and a low tail
water. 

T --- -.---

PHOTO 16 (Serial No. 177-75) When the tail
water is increased to 190 ft~for 
the same discharge in the Type C-3 
drop shaft, the flow down the shaft 
and in the sump is relatively calm. 
and the small amount of insufflated 
air is easily separated. 



.E o 
...!: a.. 

o 
15 
...!: 
a.. 



PHOTO 17 (Serial No. 177-76) A discharge of 
. lZOO cfs in the Type C-3 drop shaft is 

extremely rugged and highly aerated 
when the tailwater is maintained at 
only 10 ft. A large quantity of air 
is transported into the downstream 
tunnel, and the flow in this area is 
generally unsatisfactor,r. 
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PHOTO 18 (Serial No. 1?7-78) When the tai1-
water is increased to 150 it, the 
flow characteristics in the lower 
part of the Type C-3 drop shaft are 
considerably improved anq the air 
reaching the downstream tunnel is 
ve~ appreciably reduced. 
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PHOTO 19 (Serial No. 177-93) When the tail water 
is raised to 190 ft, which i.s nearly to 
the top of the drop shaft, little air 
is entrained and is easily ramovedin 
the sump and air collector. 
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PHOTO 20 (Serial No. 177-108) . As the discharge: 

is increased, however, the large vo1- i 

ume of water seals off the air co11ec:-1 
tor so that air separated from the 
flow cannot escape into the air vent. 
This forces the water level in the 
air collector down, and much air . es
capes into the downstream tunnel. 
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PHaro 21 (Serial No. 171-80) In this photograph 
the tail water has been raised to 100 ft. 
In spite of'this" the high weir and dis
charge of' 600 cf's tend to restrict the 
escape of' air up the air vent, causing 
the water level in the air collector to 
be f'orced downward nearly to the crown 
of' the tunnel, nth the result that a 
considerable amount of' air enters the 
tunnel. 

-------- --- -- ---.-

PHaro 22 (Serial No. 177-88) This condition, 
as described at th~ left, is greatly 
improved when the height of' the weir 
is reduced to 8 ft... In this case, 
more air can escape back to the air 
vent. The lower pressure permits the 
water level in the air collector to 
rise toward the top of' the collector, 
and no air can escape into the tunnel. 
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PHOTO 23 (Serial No. 177-114) For a discharge 
of 1200 cfs and a tail water of 10 it, 
the air collector is quite ineffec_ 
tive. This discharge appears to be 
beyond the capacity of the structure, 
and all the air can freely enter the 
downstream tunnel. 
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PHOTO 24 (Serial No. 177-116) In this photo
graph the weir between the sump and 
the air collector has been completely 
removed. The large discharge of 1200 
cfs sweeps th~ough the air collector 
and carries all the air into the down
stream tunnel. 
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PHOTO 25 (Serial No. 177-119) By providing an 
air vent from the air collector itself, 
the pattern of air removal is greatly 
improved. For this condition the 
height of the weir is 8 ft so that air 
can be released· through both the air 
vent and the special vent on the air 
collector. 

PHOTO 26 (Serial No. 177-120) In this test, 
the air vent was placed at the down
stream end of the air collector and 
appears to be equally effective in 
the removal of air. 
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PHaro 27 (Serial No .. 177-178) \oJhen the tailwater 
is raised to elevation 100 ft, the air 
collector is effective in removing air 
from the flow and venting it up the air 
vent. It appears that the Type E struc
ture is relatively effective in its 
initial design. 

PHOTO 28 (Serial No. 177-189) In an attempt 
to shorten the air collector of the 
drop shaft the sloping portion was 
removed and a discharge of 600 c~s 
with a tailwater elevation of 100 ft 
was passed through the structure. 
The photographs show that a large 
separation zone occurs at the inlet 
to the downstream tunnel and that 
large quantities of air escape 
through it. 
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PHOTO 29 (Serial No. 177-198) In Type E-2 the 
horizontal portion of the air collec
tor was shortened and the sloping sec
tion was replaced. This improved the 
flow pattern, and relatively little 
air escaped into the downstream tunnel. 
Here the discharge was again 600 cfs 
with a tailwater at elevation 100 ft. 

PHOTO 30 (Serial No. 177-205) In Type E-7 drop 
structure the sloping portion was 
placed on top of the horizontal sec
tion with the thought that by provid
ing a larger cross-section in this 
area, the air might more freely escape 
to the atmosphere through the air vent# 
The photograph shows, however, that 
this type is not effective in prevent
the air from entering the downstream 
tunnel. 
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PHOTO 3l (Serial No~ l77-2l9) In Type E-ll a 
faired entrance into the downstream 
tunnel was provided in order to pre
vent the separation at the inlet to 
the tunnel. The photograph shows 
that for a discharge of 600 cfs and 
tailwater at elevation lOa ft this 
device was also ineffective in pre
venting air from escaping into the 
tunnel. 

PHOTO 32 (Serial No. l77-22l) In Type E-l3 
the inward projection was extended 
to the roof of the air collector 
without any apparent improvement in 
the functioning of the air collec
tor. The photograph ~hows the air 
escaping around the projection into 
the downstream tunnel. 
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PHOTO 33 (Serial No. 177-233) When the discharge is 600 cfs, the design 
capacity of the drop structure, considerably mor,e air is entrained. 
But even when the tailwateris lowered to elevation 10ft air is 
separated from the water and prevented from entering into the down
stream tunnel. 

PHOTO 34 (Serial No, 177-235) For a discharge of 600 cf's with tailwater 
at 50 ft, the Type E-14 air collector effectively removes the air 
from the water and provides easy access to the air vent. 
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Photo 33 

Photo 34 



PHOTO 3.5 (Serial No. l77~237) When the tailwater is increased to 100 ft 
for a discharge of 600 cfs, the structure operates efficiently. 
With this high tailwater the jet still penetrates to the bottom 
of the sump. 

PHOTO 36 (Serial No. 177-239) When the tailwater is raised to 190 ft the 
air concentration is greatly reduced and the jet no longer'pene
trates to the bottom of the sump. For these tailwaters air is 
easily removed from the mi~ure and released through the air vent. 
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Photo 35 

Photo 36 



PHOTO 37 (Se~ial No. 177-245) When the disoharge is increased to 1200 cts, 

much ai~ escapes into the downstream tunnel even though the tail

wate~ is at elevation 50 ft.. This shows that a discharge of 1200 

cfs is beyond the capacity of this drop st~ucture design. 

PHOTO 38 (Se~ia,l No. 177-247) Even when the tailwate~ is raised to 

elevation 100 ft the air collector cannot separate the air 

from the flow for a discharge of 1200 cfs. Here again an 

app~eciable portion of air oan escape into the downstream 

tunnel. 
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Photo 37 

Photo 38 



PHOTO 39 (Serial No. 177-263) For a discharge of 600 ofs and the tail~ 
water maintained at elevation 10 ft, the Type E-1S successfully 
removes the air from the flow. A comparison with Photo 33 shows 
that the essential difference in flow pattern is that the highly 
insufflated air penetrates further into the air collector at a 
lower elevation. 

PHOTO 40 (Serial No. 177-26S) When the tailwater has been raised to 
elevation SO £t the effect of the weir is less noticeable and 
the entrained air quickly rises to the top of the air oollector 
so that none can escape into the downstream tunnel. 
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Photo 40 



PHOTO 41 (Serial No. 177-38) With a solid wall 
deflector all the air must be entrained 
at the inlet to the drop shaft with a 
consequent irregular non-uniform flow. 
The regions of solid water and entrained 
air are clearly defined in this photo
graph. 

PHOTO 42 (Serial No. 177-45) This photograph 
shows the character of the flo~ past 
the solid dividing wall at the lower 
portions of the drop structure. The 
tailwater elevation has been increased 
so that large gUlps of air are being 
released up the air vent. 





PHOTO 43 (Serial No. 177-124) In this photograph 
the flow past the slotted dividing wall 
without the deflector is shown. It 
shows the jets of water being forced 
through the slot to strike the opposite 
wall of the air vent. Also to be ob
served in this photograph is a relative 
non-uniformity" of the flow in the water 
passage. 

j _1 

PHOTO 44 (Serial No. 177-138) "When the dis
charge is increased to 1200 cfs 
through the structure with a divid
er wall with slots only, the jets. 
through the slots are more intense 
and the flow is rather non-uniform. 

:: .) 





PHOTO 45 (Serial No. 177-197) In this photograph 
is a discharge of 600 cfs through the 
structure "With the original deflector 
over the air slots. The flow pattern is 
considerably improved and no water es
capes through the slots into the air 
vent. 

.--.... , -: } 

PHOTO 46 (Serial No. l77-20l) For a discharge 
of l200 ofs with the original deflec~ 
tors in place the flow is very uniform 
and the air is uniformly distributed. 
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PHOTO 47 (Serial No. 177-151) In this photograph 
is shown the flow past the smaller modi
fied deflector~ Although the flow ap
pears to be rather uniform with a uniform 
air distribution, it appears that the 
deflection past the slots is relatively 
small and apparently ineffective. 

PHOTO 48 (Serial No. l77-l62) This shows the 
flow past the small deflectors -in the 
lower region of the drop shaft. Again~ 

the air concentration appears to be 
well distributed, but the deflection 
of the streamlines at the deflector 
is negligibly small. 
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PHaro 51 (Serial No .. 177-269) When the tai1-
water elevation is raised to 190 ft, 
which is somewhat below the eleva
tion of the incoming tunnel, the dis
charge of 600 cfs flows smoothly 
around the inlet and into the drop 
shaftproper. As it flows into the 
drop shaft, air is entrained and 
mixed with the water. The pressures 
in the incoming tunnel are atmos
pheric and the water sur£ace rep
resents the hydraulic gradeline. 

'0 • 

PHOTO 52 (Serial No. 177-272) When the tail
water is raised to 225 ft, however, 
the piezometric pressures in the up
stream tunnel are increased,-and ex
cept for the entrapment of air in 
this tunnel it would run full, 
since the piezometric pressUres are 
above the top of the tunnel. 
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PHOTO 53 (Serial No. 177-474) In the Type F 
structure the upper and lower inlet 
conduits are 60 degrees from each 
other and symmetrical with the per
pendicular from the dividing wall. 
This asymmetric flow at the two inlets 
generates secondary currents in oppo
site directions that tend to counter
act each other in the region below the 
lower inlet conduit. They can be 
seen, however, in the region between 
the inlet conduits where the entrained 
air delineates the diagonal currents. 
It appears that these secondary cur
rents are largely eliminated as the 
water enters the sump below. 

",. 

PHOTO 54 (Serial No. 177-477) When the tail
water is raised to elevation 180 it, 
the lower inlet and most of the drop 
structure up to the upper inlet are 
submerged with a consequent signifi
cant reduction in the secondary cur
rents. The photograph shows that 
for this tailwater elevation the flow 
pattern is quite straight and paral
lel to the drop shaft walls. 
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PHOTO 55 (Serial No. 177-493) In the Type F-l 
structure the inlet conduits are sep
arated by 90 degrees. This larger sep
aration tends to increase the intensit,r 
of the secondary currents which are ap
parent in the region between the inlet 
conduits. Even these, however, are ef
fectively dissipated as the flow pro
ceeds down the drop shaft. 

-: 

PHOTO 56 (Serial No. 177-494) The increased 
tailwater raised to elevation 180 ft 
is sufficient to reduce the secondary 
current, with the result that the 
flow below the lower inlet is rela
tively undisturbed. 



.' 

o 



PHOTO 57 (Serial No. 177-511) The e:f:fect o:f the 
secondary current :from the upper inlet 
is :further strengthened when the inlet 
conduit enters the drop sha:ft parallel 
to the dividing wall. The jet strikes 
the opposite corner and is strongly de
flected around the curved wall o:f the 
drop shaft proper. These secondary cur
rents between the inlets are clearly 
shown in the photograph. 

-(- "J 

PHOTO 58 (Serial No. 177-512) When the tail
water is raised to elevation 180 :ft, 
the secondary currents generated by 
the upper inlets are absorbed by 
the tail water and the symmetrical 
:flow :from the lower inlet. 
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PHOTO 59 (Serial No. 177-424) This photo shows 
the drop shaft and the attachment of the 
two-wire capacitance type .wave recorder 
by means of which the water surface fluc
tuation could be measured.. In this ex
periment the discharge is 600 cfs and 
the tailwater is 50 ft. 

PHOTO 60 (Serial No. 177-425) This is a close
up . of the drop shaft s l:tovm in Photo 
59. The two wires of the wave record
er can be clearly seen. 
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PHOTO 61 (Serial No. 177-428) This shows a dis
charge of 600 cfs into drop shaft 3 
when the tailwater is at elevation 50 
ft. The incoming flow causes the 
water in the system to become highly 
aerated and turbulent. . 

PHOTO 62 (Serial No. 177-429) This is a 
close-up at the lower end of the 
drop shaft for the conditions 
shown in Photo 61. 
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Row Conditions: 
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Horzo Engineering Co •• Chicago, RI. n .~. : 
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IMPACT MODEL Plen ~f:'~ 
T ica! ;'~ssure Fluctuations . ,--:: ::: .. ~ 
yP Model Scale 1:27 LAWRENCE AVENUE SEWER SYSTfA* . ,,:':, 

Flow Conditions: Cliyof Chicago n, ::~~; 
,,'.' _ ."". '., , " Tailwater-= 0 ft:- Q varied Horz:a Engineering Co., Chicago, 111. I'~ "-;'~i 

, '. - .J:' .,',. '. ;', :.: ' , ,: >,~,,!, :,c.:''- ~,":.., . : ",' :-"' .... __ ." P,:"ssur& fluctu?hons recorded DROP SHAFT STUDIES ~ :,.,;,J 
,'" ':, ': ' .:: " ... ,. ..-" t .;. .- ::·2' . ,." lp WIth a 25 psI pressure cell ;:u ,-':-ii 

'~', .' . -- ,., . . I '. ' r Time ~-ale hi Seconds ~" flush mounted at the bottom of SAUlT ANTHONY fALLS HYDRAULIC LA~ ... .;..! 
~) . .• . . .. ~ . the tank.' UNIVERSITY OIP MINNDOTA .' ~'~l; 

t ~:' . ' . Model Cbservatt_ .,' ., EquIvalent ft-ototype ..... _ GS 1 CH.....ca-'1'7.','9-\ .. - ..." :tr: 
::-, ' " ' ,. I a ..... 2-f9-68 1_,1/784/4-1:50 CD ~.;; 
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1 ~~ ~ i fO . ~ 
~ ~ IMPACT MODel ., , 

l.r;; Typical Pressure Fluctuations LAWRENCE AVENUE SEWER SYSTEM - "1:01., 

I.'odel Seal~. 1:27 City of Chicago ~ 
Flow CondItions: HE' • C Ch· III 0,-

Tailwater = 50 ft - Q varied arzo ngmeenng 0., '",ago, .:t:., _,' 
10 Pressure fluctuations recorded DROP SHAFT STUDIES > i .' . 

'--___ -'-____ ... 1 with a 25 psi pressure cell flush SAINT ANTHONY FALLS HYDRAULIC LABORATORY ;::0 #~ . 
Equivalent Protot)'pe - mounted at the bottom ofthe tank. UNIVDnITY O~ MINNESOTA ~ ~ . 
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I Maximum Peak EI"vatiOns " Number of Peaks Per Mi~ute Above "E1ev. 275ft - . '. ·,'1 > 
Refere~c,,,_Ele~IC'r,,.. . ' .. ,,' f ,.: I 

. .. . . Pressure Cell Flush Mounted , Drop s1>cIt ',~ '. ':r'c: 
Q T.W. FlushMa.untedCellinB!ac!c I'F/P. Q T.W. Freet· ElevationoFPe.oJs,.Jn..&et· . ·1 r l . ' >~ -', '~ .. ; 
cf> Elev. PF-EI~v. In ft. PB-Elev. '" ft. B cfs Elf;' ~ycle';sec. 250 225 200175 150 125 100 75 . V PI-!- ' " ' .: :h) 

300 10 
300 15 
300 25 
300 50 

600 0 
600 10 
600 15 
600 25 
600 50 

,a 
10 
15 
25 
50 

800 a 
800 10' 
800 15 
800 25 
800 50 

'';' 

:f· 

198 205 0.966 300· 0 14.8 0 0 0 .0;6. 4.7 ,19.6 .47.2 1I9.~ 9 1ft ~ Bottom of -11- . . i",j 
165 ,153 1.079 300 . 15 11.4 '. 0 0 0 O. 0.2. 0.4 . 0.6 .1.1 , , Ii R R I I I II ". f 191 186 1.025 30010 12.70 0 0 .0.2. 3.8.17.0 .35.5 56.0 F1 .. v -+ ' I' ~ta:,~ , 1/16. ',"',i," 
146 138 1.057 300 25. 11.5 . 0 0 0 a O. 0.4 • 0.8 .1.7 t / ~ . t 11m . j ... 
58 59 0.984 300·50 8.9 0 0 0 0 0 0 0 0 ' . .. '; f..:~ 

250 . 250 . 1.000 600 o· 15.8 0.4 0.9 9.8 53.4112.2142.0 199.0 
250 230 1.085 600 10 14.8 ' 0 0.6 3.S 28.5 60.2 92.0 107.1 1 
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Summary of Water Surface Fluctuations in Drap Shafts. 

Q ' T.W. Drop Shaft Max.·Elev. TIme to.. Min. clev. Time to Average time Averoge Elev. 
cfs ft Number ft Max-sec ft 'Min-sec to Stabilize afterStabilized 

sec ft 

0.014 0.185 ': 2 ." 0.337 4.5 .0.152 9.2 24 0.213 
.3 0.394 4.6: 0.107 

4 0.324 5A. c' ,0.107 
8.6 26 0.213 
9.2 22 0.213 

5 0.248. 6.0'. " 0.157, 9.4 35, 0.204 
0.014 1.852 2 2.039 5.0 1.815: 9.7 ' 45 1.888 

3 . 2.010 5.0. 1.790 9.0 45 1.886 
',4 1.970 4.0 . 'c 1.790 9.3 40 1.886 
! 5 :-', 1.906 4.0 1.820' 10.0 35 1.872 

0.C28 0.185 2 ... 0.640 3.8 .. ' 
0.148 

3 0.672 3.8 0.111 
7~7 22 0.287 
8.0 22 0.278 

4 0.519 4.5; . 0.141 6.8 22 0.259 
5 0.300 3.8 0.167 7.2 28 0.241 

0.028 1.852 ' !,2 2.i3S 5.2 1.818 
; 3 2.200 3.8 ',1.785 
4· 2.1SO '4.0 1.750 

10~ 28 1.948 
8.a 28 1.925 
9.4 20 1.935 

,5 2.000 4.0 ; .1.842 
0.056 0.185 ' i 2 1.945 4:8 . 0.130 

9;0 15 1.900 
.8.2 12 , 0.426 

3 1.241 5.0 ·0.093 7.2 12, 0.407 
4 0.907 5.2 0.056 10.0 14 0.333' 
5 0.426 5.6 ' 0 •. 185 

0.056 1.852 2 3.260 ' 3.5 1.574 . 
7.2 16 ' 0.259 
8A 22 2.085 

3 2.855 ' 3.2 ·1.668 9.0 22 2.035 
4 . 2.630 4~0 1.408 11.2. 22 1.980 

15 2.185 4.0 1.815 12.0 22 1.906 
. . 

. .. . . - . . _.' . . 
~ 1 . . , .' . 

Piezometric Elevations 
• Piezometric "Slope ""'Friction 

Bev. - ft S Factar-f 

0.220 
0.215 
0.215 
0.210 0.000167' 0.0329 
1.885 
1.880 
1.880 
1.875 '0.000167 ,0.0329 
0.270 
0.255 
0.240, 
0.230 0.000667 0.0329 
1.930 
1.915 
1.900 
1.890 0.000667 0.0329 
0.390 
0.350 
0.310 
0.260 0.00217 0.0267' 
2.060 
2.015' 

'1.970 
1.930 0.00217 0.0267 

' . 

" , ,"'s'- 'SloP'e'between drop shafts 2.'and 5 computedJr;"" piezometric elevations 

I.' '- .~~ '-<~ . -~. :;~ 

,,' . 

, .' 

'Il 

'" .. ~ 

-Friction Factor f - Computed f",",= 

hfx Ox 29 
f=-,-_.,.-_ 

. LxVi' 

~f ~ decrease 'in piezametr,ic head in feet 

,b = diameter of pipe in feet 

. ':9= 32.2 ft/sec2 

L = length of pipe in feet , 

.V'= velocity of flow in pipe in feet per second 
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were taken of the flow for several air ejection rates in order to 'observe the 

nature of the flow pattern within the structure or the outlet tunnel when 

large air discharge rates occurred. 

The experiments dealing with the detergents were carried out to see 

what effect large quantities of detergent would have upon the operation of 

the drop shaft. For this purpose a tank was connected to the inflow tunnel. 

From the tank a concentrated mixture of detergent and water could be fed into 

the inlet tunnel at a reasonably high rate. As the apparatus was functioning 

with the detergent in the inflow, air concentration measurements were made in 

the drop shaft in order to see what changes might have occurred in the entrain

ment characteristics as a result of the detergent. Photographs of this phase 

were also taken for comparison and for observation of the effect of the deter

gents on the flow pattern. 

The experiments described here were carried out in conjunction with 

other studies on the design of the sump and air collector. The model drop 

shaft that was actually used when these tests were performed has been desig

nated as Type E-22. The particular geometry of the sump Was the outgrowth of 

the very early experiments in which the impact cup was used (Project Report No. 

100, page 5 and Chart 1). In this arrangement the impact cup elevation was 

approximately halfway between the floor and the bottom end of the drop shaft. 

It appeared that since the bottom of the sump served the same purpose as the 

impact cup, complete excavation should not be necessary. The experiments 

dealing with the Type E-22 drop shaft showed that it operated as effectively as 

Type E .. 14 or Type E-15, which had been established as the final design. It 

had the disadvantage, however, that the steep slope in the air collector in

hibited the entrance and exit of cleaning machinery and the removal of debris 

collected from the main tunnel which was ordinarily removed through the drop 

shaft. Because of these disad";antages the Type E-22.drop shaft was not stUdied 

in detail. The use of the Type E-22 drop shaft, however, was not detrimental 

to the experiments dealing with large air discharges from the main tunnel or 

with the detergents. Since both of these studies were concerned primarily with 

the flow near the inlet and in the drop shaft, it was not felt that this 

model would influence the results. 
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II, EFFECT OF AIR INJECTION INTO THE AIR CHAMBER 

The results of the expe~iments in which the air conoent~ation was 
measu~ed for diffe~ent rates of air injection and fo~ the design wate~ dis
charge of 600 cfs are shown in Chart 1. A single value of 10ft for the tail~ 

water elevation was used, since it was expected that a possible backflow of 
air from the main channel would occur only for the low tailwater. The ~esults 
given in Chart 1 show that the air concentration down the drop shaft is the 
same fo~ all ~ates of air flow and furthermore is oonstant at about 85 per cent 
at all levels in the d~op shaft. These results are in very good agreement witl. 

those obtained previously with no air injection (Charts 23 and 24 of Project 
Report 100), The results given in Chart 1 also inolude the air concentration 
when the air injection rate is zero and show essentially no change from those 
ai~ concentrations measured for other rates of ai~ injection. The appea~ance 

of the flow in the air chamber and the downstream 'tunnel for various rates of 
air injection is shown in Photo 1 through Photo 4. It is immediately apparent 
that the appearance of the flow including the entrained air is practically the 

same for all rates of air injection. As the air injection ~ate inc~eases, its 
velocity through the injection pipe also inoreases, and the jet therefrom 
disturbs the water surface to a greater or lesser extent in the air chambe~. 

At a tailwater elevation of 10ft some air escapes through the downstream 
tunnel for eaoh injection rate, and the photos indicate that the air oushion 

at the top of the outlet tunnel is essentially the same fo~ each air discharge~ 

It appea~s f~om these photos and the results in Cha~t 1 that the ~e

lease of air from the main tunnel at the low tailwate~ elevation has essen

tially no effect upon the air oonoentration and hence the flow pattern in the 

d~op shaft. Appa~ently the high velocity of flow th~ough the ai~ vent does 
not create p~essu~e differences sufficiently la~ge for air to be insufflated 

into the downooming flow. It would appear therefore that the effect of the 

ai~ cushion at the top of the main tunnel and the release of air th~ough the 
va~ious drop shafts will not interfere with the flow that might exist in the 
drop shaft at that time, 



Ii '. ~ 

... 4-

III, EFFECT OF DETERGENTS ON THE FLOW PATTERN IN THE DROP SHAFT 

In the event that detergents are introduced into the incoming fl~w to 
. the drop shafts it was felt that the foaming action of these detergents might 

influenoe the flow pattern in the structure. Several experiments were made 

to quaUtatively examine this feature by providing for the introduction of a 
detergent into the inflow tunnel of the drop shaft. The data are shown in 
Charts 2 and 3 for a disoharge of 600 cfs and various tailwater elevations. 
Chart 2 shows the actual air concentration measurements at three points at 
each tap for these discharges and tailwaters both with and without detergents 
added. Chart 3 is a graphioal comparison of the average air concentrations at 

different levels within the drop shaft. For a tailwater elevation of 150 ft 
there is a considerable difference in the air concentrations in the region 

above the tailwater elevation~ but for elevations below the tailwater level 
the air concentrations in the flow portion of the drop shaft are very constant 
and uniform regardless of the presence of the detergent. When the tailwater 

is at elevation 100 ft the air ooncentrations are nearly the same at the upper 

levels of the drop shaft and down at the swmp level with a considerable differ
ence again existing just above the tailwater level. When the tailwater is 
dropped to 50 ft, the air concentration is essentially the same at all eleva
tions in the drop shaft with or without the detergent. The reason for this 

variation in air oonoentration is not apparent, but photographs of these flows 
with and without detergents present show a signifioant difference in their 

appearance. Photos 5 and 6 show the character of the flow in the air chamber 
when the detergent is added to the flow. In both cases the discharge is 600 

cfs, but in Photo 5 the tailwater elevation is 10 ft and in Photo 6 the tail
water elevation is 50 ft. The appearance of the flow is similar in both 

cases, and even though the tailwater is at elevation 50 ft, a considerable 
quantity of detergent has entered the downstream outlet tunnel, just as 

occurs when the tailwater is lowered to elevation 10 ft. In Photo 7 the 

detergent has been removed so that only the air which is insufflated by the 
inooming flow has been carried to the ohamber, from which it is easily removed 
up the air vent. Photo 8, on the other hand, shows the same flow when deter. 

gent has been added. The thick foam has filled the air chamber and has begun 
to flow out of the downstream outlet tunnel. It appears that when the deter

gent gets. into the outlet tunnel it becomes relatively stationary and forms 
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an interface with the olear water flowing under the detergent_ The air cham" 
ber is effective in separating much of the detergent, so that the wat(;lr flow ... 

ing under the foam appears to be relatively olear. 

Photos 9 through 12 show the nature of the flow at the drop shaft inlet 
and the axit of the air vent when a detergent has been added to the incoming 
discharge. The concentration of the detergent was arbitrary and was used only 

to delineate the nature of the flow when a foaming agent is present. In 
Photos 9 and lOt for a discharge of 600 ofs, the tailwater has been established 
at 100 ft and ISO ft, respectively. When the tailwater is at elevation 100 ft, 
the level of detergent in the air vent is considerably greater and stationary 
at approximately elevation 190 ft_ For the same conditions when the tailwater 
has been raised to ISO ft, the detergent rises in the air vent to overflow the 

dividing wall and re-enter the downflow portion of the shaft. The divider 
wall is initially overtopped by detergent when the tailwater elevation is 
approximately 140 ft. For these tests the inlet flow was milky in appearanoe, 

a oondition which was probably due to accidental agitation of the tank con
taining the detergent. A oomparison between Photos 9 and 10 shows that the 
dete.rgent flowing over the dividing wall in Photo 10 has a damping effect on 

the flow in the upper regions of the downflowing section. Furthermore, in 

Photo 10 some detergent has collected above the dividing wall and appears to 
be unaffected b,y the flow going over the dividing wall. In Photos 11 and 12, 

with an even higher tailwater, the detergent rising in the air vent flows rela~ 
tively smoothly over the dividing wall and mixes with the incoming flow. In 

Photo 11 the tailwater has been raised to elevation 190 rt, but the detergent 

overflow is smooth and steady. In Photo 12 the tailwater has been increased 

to 22S ft. For this flow the entrainment of air at the inlet is negligible, 

and both the downflow section and the air vent are relatively free of air and, 
in this case, detergent foam. When the inflow pipe is submerged, the mixing 

process both here and in the sump is drastically curtailed, so that relatively 
little air is entrained and the degree of agitation causing foaming of the de~ 
tergent is greatly reduced. Observations in the oourse of the experiment 
showed that if the tailwater is raised rapidly, the detergent surges over the 
top of the dividing wall and tends to rise in the drop shaft above the inlet. 

This is shown to a certain extent in Photo 10, where the detergent deposited 
above the inlet is bypassed by the additional flow rising in the air vent. 
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IV. SUMMARY 

The experiments described in this supplement show that in general anw 
air that may escape from the main tunnel through the drop structure will have 
practical1;v' no influenoe on the flow pattern or on the concentration of air 
insufflated through the air slots in the dividing wall. On the other hand, 
if detergents are added in sufficient quantities to the incoming now, the 
foaming action generated in the drop shaft fills the air chamber and the air 
vent to an elevation somewhat higher than that of the tailwater1 and in some 
oases may be carried into the main tunnels, As the tailwater elevation is 
increased, the detergent rises in the air vent until with the tailwater at 
approximately elevation 140 ft the foam flows over the dividing wall and 
mixes with the inooming flow to be returned to the drop shaft.' If the tail
water elevation is not raised too rapidly the detergent flows over the divid
ing wall with little dusturbance; but if the tailwater elevation is raised 
rapidly the surge of the detergent up the air vent overtops the dividing wal11 
and portions of it can become lodged in the drop shaft above the dividing wall 
and be relatively unaffeoted Qy the continuing flow. 

Experiments indicated that the Type E-22 drop shaft was essentially as 
effective as the Type E-14 or E-15 drop shaft. Although the size of the sump 
was reduced Qy this device. the disadvantages incurred in the manipulation of 

" 

maintenance equipment and the removal of debris from the tunnel caused this 
alternative to be rejected in favor of the Type E-15 drop shaft, which was 
reconnnended~ 



LIST OF PHOTOS 

PHOTO 1 (Serial No. 177-399) This photograph shows the appearance of the 
flow in the air chamber and the outlet tunnel when air is injected 
into the air chamber. When the air discharge is zero, the flow is 
similar to that previously observed in the experiment with drop 
shaft development. 

PHOTO 2 (Serial No. 177-400) When the air disoharge is 600 cfs no observ
able influence is seen except for disturbances in the air chamber 
created by the air jet. At a tailwater elevation of 10 ft, a small 
amount of air passes through the outlet tunnel. 

PHOTO 3 (Serial No. 177-401) This photograph shows the appearance of the 
flow in the air chamber when the air discharge is 1500 cfs. 

PHOTO 4 (Serial No. 177-402) A large air discharge of 2200 cfs does not 
appreciably change the flow pattern in the air chamber and the out
let tunnel. The high velocity in the air jet creates a greater 
disturbance within the air chamber. The relative increase of this 
disturbance is apparent in the series of photographs. 

PHOTO 5 (Serial No. 177-403) When a detergent is added to the incoming 
flow, the air chamber is filled with foam, and when the tailwater 
elevation is 10 ft the foam penetrates the outlet tunnel and forces 
the relatively clear water to flow under the stationary foam. 

PHOTO 6 (Serial No. 177-406) This photo shows that when the tailwater 
elevation is increased to 50 ft the detergent foam collected in 
the air chamber is still forced into the outlet tunnel so that it 
is approximately half filled With foam. The water is forced to 
flow in the region below the detergent foam. 

PHOTO 7 (Serial No. 177-408) For comparison, this photograph shows the 
flow pattern without detergent for the same discharge and tail .. 
water elevation as in Photo 6. 

PHOTO 8 (Serial No. 177-409) For comparison with Photo 7 and for the same 
flow conditions, detergent has been added to the flow, and as is 
apparent, fills the air chamber and a portion of the downstream 
tunnel. 

PHOTO 9 (Serial No. 177-522) The foaming detergent in the inflow rises in 
the air vent to a stable elevation considerably in excess of the 
tailwater elevation. For this experiment the discharge was 600 
cfs and the tailwater was at elevation 100 ft. There is relatively 
little mixing or insufflation of detergent through the dividing 
wall at this elevation. 



PHOTO 10 (Serial No. 177~52J) When the tailwater elevation is increased to 
150 ft the detergent foam rises sufficiently in the air vent to 
overtop the dividing wall and mingle with the incoming flow. This 
forms a uniform mixture flOwing down the drop sha:t:t. SOloe of the 
detergent has been deposited in the shaft above the divider wall 
and oVer the flowing detergent foam. 

~HOTO 11 (Serial No. 177-524) This photo shows the relatively smooth flow 
over the divider wall when the tailwate;r is sufficiently high_ 
The discharge Was 600 cfs and the tailwater was raised to elevation 
190 ft. With this tailwa.te;r the mixing is less intense and the 
detergent foam is not as concentrated. 

PHOTO 12 (Serial No. 177-525) When the tailwater has been ;raised to eleva~ 
tion 225 ft the inlet is completely submerged and the :mixing of ' 
ai;r and detergent has been reduced to a minimum. Ver,r little air 
has been insufflated,' and the e'ffect of 'the detergent appears to 
be minimal. 



PHOTO 1 (Serial No. l77~399) This photograph shows the appearanoe of the 
£low in the a1.r chambel' and the outlet tunnel when air is injected 
into the air chamber. When the ail' disoharge is zero, the flow is 
similar to that previously observed in the experiment with drop 
shatt development. 

PHOTO 2 (Serial No~ 177-400) When the air disoharge is 600 efs no observ
able ~nfluence is seen except for disturbances in the air ohamber 
created by the air jet. At a tailwater elevation of 10 ft, a small 
amount of air passes through the outlet tunnel. 
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PHOTO:3 (Serial No •. 177 ... 401) This photograph shows the appearance of the 
flow in the air chamber,when the air 'discharge is 1500 cfs. 

PHOTO 4 (Serial No. 177-402) A large air discharge of 2200 cfs does not 
appreciably change the flow pattern in the air chamber and the out
let tunnel. The high velocity in the air jet creates a greater 
disturbance within the air chamber. The relative increase of this 
disturbance 'is apparent in the series of photographs. 
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PHOTO,5 (Serial No. 177-403) When a detergent is added to the inooming 
flow, the ail" chamber is filled with foam, and when the tailwatel" 
elevation is 10 it the foam penetrates the outlet tunnel and foroes 
the relatively olear water to flow under the stationary foam~ 

PHOTO 6 (Serial No. 177-406) This photo shows that when the tailwater 
elevation is inoreased to ,50 ft the detergent foam collected in -
the ail" chamber is still forced into the outlet tunnel so that it 
is approximately half filled with foam. The water is forced to 
flow in the-region below the detergent foam. 
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PHOTO 7 (Serial No .. 177-408) For comparison, 
tm.s photograph shows t.he flow pat
tern without detergent for the same 
discharge and tail water elevation as 
in Photo 6. 

-. 

PHOTO 8 (Serial No o l77-409)-For comparison 
with Photo 7 and for the same fl,.ow 
conditions, detergent has been added 
to the flow, and as is apparent., fills 
the air chamber and a portion of the 
downstream tunnel. 
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PHOTO 9 (Serial No. 177-522) The foaming deter
gent in the inflow rises in the air vent 
to a stable elevation considerably in 
excess o:f the tailwaterelevation. For 
this experiment the discharge was 600 
cfs and the tailwater "ras at elevation 
100 ft~ There is relatively little 
mixing or insufflation of detergent 
through the dividing wall at this ele
vation~ 

(t 

PHOTO 10 (Serial No. 177-523) ~nen the tail
water elevation is increased to 150 ft 
the detergent foam rises sufficiently 
in t~e air vent to overtop the divid
ing wall and mingle with the inc01iling 
f'low~ This forms a unif'orm mixture 
flowing down the drop shaft. Some of' 
the detergent has been depqsited in the 
shaft above the divider walland over 
the flowing detergent foam. 

" 
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PHOTO 11 (Serial No. 177-524) This photo shows 
the relatively smooth flow over the 
divider wall when the tailwater is suf
ficiently high~ The discharge was 600 
cfs and the tailwater was raised to ele
vation 190 ft. ~iith this tail water the 
mixing is less intense and the deter
gent foam is not as concentrated .. 

__ 1 _ 

PHOTO 12 (Serial No. 177-525) When the tail
water has been raised to elevation 
225 ft the inlet is completely sub
merged and the mixing of air and de
tergent has been reduced to a mini
mum.. Very little air has been in
sufflated, and the effect of the de
tergent appears to be minimal. 



o .... o 
...c: 
Q.. 



/' 

, 
'".,: 

LIST OF CHARTS 

CHART 1 (17713Lj.74.l;36) Ail' oonoentrations in drop shatt with ail' indeoted. 
Model soale 1:27, disoharge 600 cts, tailwater 10 ft. 

. '. 

CHART 2 (177B4?~-13?j Air ooncentrations in the drop shaft with and without 
detergeht. Model scale 1:27, disoharge 600 ots, varied tailwater. 

CHART 3 (177BLj.7Lj.~138) Average ail' concentrations in the drop shatt with 
and without detergent. Model scale 1:27, discharge 600 cts, 
tailwater elevation varied. 
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