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ABSTRACT

Experimental studies have been undertaken to examine the flow in long
vertical conduits with particular reference to the design of storm
water drop shafts. A distinguishing characterigtic of such flow is the
potential cavitation regime, TIts exigtence depends upon the design of
the structure. The cavitation regime will develop when the conduit is
sufficiently long and the head sufficiently large. It can algo be
generated at a lower head if a control valve is ingtalled in the supply
line so that the net head can be negative. The cavitation region con-
sigte of a rather finely divided mixture of water amd water vapor at a
constant cavitation pressure of about -32,0 ft of water throughout the
region and for all discharges. The cavitation region terminates with
a shock front whose location ig also a function of the discharge. The
concentration of vapor, while relatively constant throughout the cavi-
tation region, decreagses with increasing discharge.

If a small amount of air is introduced into the system, the cavitation
region is eliminated, the pressure gradient is more uniform, and the
flow consists of a uniform mixture of air and water. :

Thig report was submitted in fulfillment of Project Number 1103l FLU,

Contract EPA 14-12-861, under the sponsorship of the Water Quality
0ffice, Environmental Protection Agency.
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SECTION I
CONCLUSIONS

1. The cavitation regime in a long vertical conduit is a part of the
complete head-discharge relationship. It will occur only if the head
ig large enough to prevent .the insufflation of air or if there is a
control valve in the inlet line, Its occurrence also depends on the
gize of the conduit.,

2. The pattern for cavitating flow appears to be well defined and con~-
gists of the inlet region and an outlet full flow gection comnected by
a relatively homogeneous mixture of water and water wvapor flowing at a
congtant pressure of ~31,75 ft of water for all discharges.

3. A ghock front occurs at the downstream end of the cavitating region
and causes an abrupt pressure increase.

li. The concentration of vapor in the cavitating region decreases with.
increasing discharge, and the sghock front generated by the cavitating
flow rises in elevation with increaging discharge, until the entire
conduit runsg full,

5. Small quantities of air injected into the system have very little
effect on discharge and are very effective in eliminating the cavita-
tion and the shock front. The mixture of air and water flows smoothly
through the conduit.

6. It appears from the gtudy that in terms of the complete discharge
rating curve, the existence and the exploitation of a cavitation regime
depend on design decisions. The present results can be used as a
bagis for preliminary design and for engineering feasibility studies.






SECTION IT
RECOMMENDATIONS

This program was limited to a laboratory study of the cavitating phe-
nomenon in a relatively short transparent vertical conduit. The equip-
ment allowed the examination of many aspects of the cavitation process,
such ag pressure and vapor concentration distribution and the existence
of the shock front, but the conduit was mot long enough for an investi-
gation of the effect of larger length-diameter ratios.

It is recommended that further meagurements be made in a conduit both
longer and of larger diameter under conditions approximating field in-
stallations.

In light of the present results it is recommended that additional labo-
ratory meagurements be made on a model equipped to transport larger
discharges. These would include additional meagurements on a similar
model of greater length and smaller diameter.

Examination of the head-discharge rating curves indicates a wide range
of possible transitional flow relationships depending upon the inlet
geometry., It is recommended that this aspect be investigated in detail
in order to define the head-discharge relationship more clearly for all
practical design geometries.






SECTION III
INTRODUCTION

In large urb{an areag, pollutional considerations more and more require
that surface runoff be treated before being discharged into gtreams.

To facilitate the efficient and economical treatment of this polluted
water it would be desirable to store the runoff temporarily so that the
treatment process could operate over a period considerably longer in
duration than the storm event and at a much lower rate of speed than
that of the peak runoff. In some cases storage in large tunnels con-
structed in the rock gome distance below the ground surface seems ap-
propriate, and the surface water must be transported to these tunnels
through vertical drop shafts which may be quite long. To minimize the
gize of the drop shaft, it obviously must run full when the disgcharge
ig maximal. Given this requirement, the size and spacing of the drop
shafts for drainage of a particular area can be optimized by consider-
ing the local hydrology as well as the construction cost and the func-
tion of the drainage system. In some cases, the spacing of drop shafts
may be governed by the requirement of minimum gurface storage, as on a
depressed roadway.

Drop shafts can be categorized as either atmospheric or subatmospheric
pressure systems. In an atmospﬁneric pressure system, the water simply
falls down the shaft without completely filling the conduit, and the
pressure is atmospheric throughout. In a subatmospheric pressure sys-
‘tem the conduit flows full and the pressure thus decreases with increas-
ing elevation. Since the conduit is flowing full, with a greater
effective head, the velocities are greater than in an atmospheric
pressure system, and hence the same discharge can be transported through
a smaller conduit. However, since the velocities are larger and the
pressure in certain sections is reduced to the cavitation pressure,
special consideration must be given to the flow characteristics so

that efficient operation can be obtained. With a knowledge of the flow
pattern characteristics, the use Qf such drop shafts is governed by
economics.

The purpose of the experimental program described herein was to examine
and describe the hydraulic characteristics of flow in long vertical
conduits with particular reference to the application of this phenom-
enon to storm water drop shafts. It was thought that the relationships
developed through this research would provide a basis for the design of
prototype structures. Because the vertical conduit was quite long, it
was expected that the usual hydraulic relationships for conduit flow
would not be directly applicable, since according to hydraulic theory,
the pressure continually decreases as the elevation above the conduit
outlet is increased with the conduit rumning full, For a conduit of
sufficient length this pressure would decrease to the vapor pressure,
and it was expected that cavitation in some form would occur. Therefore
the first objective after the experimental apparatus had been fabricated
was to visually examine the flow characteristice for various discharges
and describe the phenomenon qualitatively. As was expected, when

the discharge was sufficiently large to seal the lower portion of the



conduit, the flow in the upper part of the pipe where the pressure was
at a minimum began to cavitate and appeared to be a milky mixture of
water bubbles and water vapor flowing rapidly down the conduit. A
crackling noise could be heard in the region immediately downstream of
the control valve., At some elevation below the conduit inlet a shock
front was created. The mixture was transformed back into solid. water
which filled the pipe and flowed at a much lower velocity through the
remainder of the conduit. The flow below the shock Ffront appeared to
contain bubbles of air which might have been released from solution in
the low-pressure region upstream of the shock front. The shock front
was shifted bodily within the conduit when the discharge was changed.
For the small discharges the shock front occurred at a relatively high
elevation and tended to move downgtream as the discharge increaged until
it reached a minimum elevation. With further increages in the discharge,
the shock front developed at successively higher elevations until the
conduit was running full and the shock front disappeared. On the basis
of visual observation, provisions were made for measuring the several
variables that appeared to have a bearing on the phenomenon, These in-
cluded the discharge, the shock front elevation with respect -to the
conduit outlet, and the longitudinal distribution of pressure and vapor
concentration. The measurements were made to provide detailed informa-
tion about the nature of the flow and to serve as a basis for analytical
relationships to describe the flow under thesge cavitating conditions
which would aid in the design of drop shafts of other sizes and lengths.

In addition to those described above, some experiments were made to ex-
amine the effect of increasing the pressure in the conduit to a value
above the cavitation pressure by injecting air into the system. This
prevented cavitation and provided a uniform and more smoothly flowing
air-water mixture. In such a system cavitation did not occur, and hence
there was no likelihood of cavitation damage to the inside surface of
the drop shaft. In these experiments, measured quantities of air were
introduced into the system at the inlet, and the longitudinal distribu-
tion of pressure and air concentration was measured to delineate the
characteristics of the mixture. The introduction of the air trans-
formed the flow pattern from a cavitating flow with a shock front to

a milky white mixture flowing smoothly through the system.



SECTION IV
EXPERTMENTAL APPARATUS

The hydraulic apparatus which was used for these -experiments was a
transparent vertical conduit 5 inches in diameter and approximately

L3 feet high. This was the maximum height that could be obtained with-
in the confines of the hydraulic laboratory without extensive modifica-
tion of laboratory facilities. The model permitted the use of gravity
flow from the Laboratory supply system. The water supply used in the
experiments was obtained from the Mississippi River upstream of gt.
Anthony Falls. The discharge from the model was directed back to the
river through the wasteway below the fallg., In this way the full head
available at the fallg could be utilized for gravity flow through the
system, The hydraulic model was open to the atmosphere at both the in~
let and the outlet.

The discharge was controlled by a valve in the 6 inch pipe leading from
the supply tank and was measured by means of a calibrated orifice.
Figure 1 is a diagrammatic sketch of the apparatus and its appurte-
nances. TFigure 2 is an overall view of the upstream portion of the
drop shaft showing the supply pipe from the supply channel in the back-
ground. The flow through the conduit was controlled by the angle valve
and measured by means of the orifice in the pipeline.

The drop shaft model was fitted with pressure gages and ports for the
measurement of vapor concentration. These measurements were made with
standard equipment or with instruments previously developed by the Labo-
ratory. The pressures at various elevations along the conduit were
measured by Bourdon gages fitted to piezometer taps drilled through the
gside of the conduit. Figure 3 shows a portion of the conduit and the
pressure taps and gages for measuring the pressures. Ports for the in-
sertion of the air concentration meter were fitted at various points
along the pipe as shown in Fig. 4. Two types of vapor concentration
instruments, shown in Fig. 5, were used. In one the vapor concentra-
tions were determined by measuring the electrical resistance between two
electrode surfaces. This is a function of the relative volume of water
vapor moving between the electrodes. The other instrument measured
vapor concentration at a point rather than taking the mean of a larger
volume. This instrument simply registered the amount of time that the
very tiny needle point was in a regime of vapor in relation to the time
it was in contact with solid water (Ref. 1,2).
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Fig. 2 - Inlet to Vertical Conduit showing Discharge Measuring Orifice and
Control Valve -

Fig. 3 - Transparent Experimental Vertical Conduit showing Pressure Gages
and Instrument Ports



Fige 4 - Detail of Instrument Ports for Vapor Concentration Measurements

Fig 5 - Two types of Vapor-Concentration Sensors: (a) Parallel Plate Probe
(b) Needle Probe
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SECTION V
EXPERTMENTAL RESULTS

Cavitation Studies

Measurements of the various flow properties are shown in Figs. 6 through
10, In Fig. 6, the pressure head, P/y, has been plotted in terms of
the elevation above the bottom of the conduit for various discharges
through the system. Throughout the upper region-~that is, above the
ghock front--and for all discharges the pressure is eggentially con-
stant at -31.75 £t of water. This is presumably the pressure at which
cavitation occurs for the water being used in these experiments. The
fact that this pressure is somewhat greater than the vapor pressure of
pure water at this temperature is probably due to the disgolved air
that ig found in the natural river water. The figure also shows for
each discharge a rather sudden increage in pressure as the shock is
traversed and a relatively uniform rate of increase in the pressure
gradient downstream of the shock front. These data have been replotted
in Fig. 7 in terms of the piezometric head (P/y + Z) to develop the
hydraulic gradient along the conduit. The plots show that the gradient
in the upper region decreases linearly with the elevation and is the
game for all discharges. At a particular elevation, which is a function
of the discharge, there is a sudden increase in piezometric pressure
across the shock front followed by a relatively flat gradient due to
the frictional effects of the flow of the water phase through the lower
regions of the conduit. The figure also gives some indication of the
nature of the shock front, since for the smaller discharges (pa.rticu—
larly 0.5 and 1.0 cfs) the hydraulic gradient shows a much more gradual
transition to the solid water phase than the rather abrupt transition
that occurs for the higher discharges.

In Fig. 8 longitudinal water-vapor concentration profiles have been
plotted for various discharges, and the plot shows that the vapor con-
centration is reasonably constant upstream of the shock front and under-
goes an abrupt reduction in the region of the shock front to relatively
low values in the lower portions of the conduit. The concentration
downstream of the shock front may, in fact, be air that was released
above the shock front but which has not had time to be redissolved in
the distance remaining below the shock front. The graph also shows
that the vapor concentration above the shock front decreases system-
atically as the discharge increases. For a discharge of 0.5 cfs the
mean concentration above the shock front is approximately 82 per cent,
while that for a discharge of 3.65 cfs has been reduced to only LO per
cent. Below the shock front the air concentration is considerably less
then the vapor concentration above the shock front and also decreages
with the discharge.

One important result of these experiments is the delineation of the
shock front that is observed when flow takes place down the conduit.

Tts elevation has been plotted in terms of the discharge in Fig. 9.

For very small discharges the shock front occurs at an elevation roughly
equivalent to the barometric height of the water; for increases in

11
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digscharge the shock front elevation is lowered until it reaches a mini-
mum at a discharge (in these experiments) of approximately 2.5 cfs. TFor
discharges larger than this the shock front elevation again increases
with indreasing discharge. The maximum discharge obtainable in the
present apparatus was 3.65 cfs, but it appears from the graph that if
the discharge could have been increased above this value, the elevation
of the shock front would algso have risen further and would ultimately
have reached the top of the conduit. In Fig. 10 the concentration of
vapor in the region shows clearly that the vapor concentration, as sug-
gested in Fig. 8, decreases with increasing discharge. It would appear
from these two graphs that if the shock front were to reach the top of
the conduit, so that the pipe flowed full, the vapor concentration
would approach zero.

Air Injection

The most apparent characteristic of the flow when atmospheric air is
injected into the system is the immediate disappearance of the shock
front and the development of a continuous hydraulic gradeline through~-
out the conduit. This is shown in Fig. 11, in which has been plotted
the piezometric head (P/'y + Z) with respect to elevation above the
pipe outlet. These graphs do not show the discontinuities in pressure
which are inherent in the flows in which cavitation occurs. The same
effect is observed in the longitudinal air concentration profiles shown
in Fig. 12. The air concentration tends toward constancy in the pipe
below the point of injection. As would be expected for a constant rate
of air injection, the air concentration is less for the higher water dis-
charges than it is for the lower value. When a given water discharge

ig flowing through the system under a given gravitational head, the in-
jection of air has the effect of reducing the water discharge. This is
shown in Fig. 13, in which water discharge, again for a fixed total
head, is plotted in terms of the rate of air flow injected into the sys-
tem in pounds per second. Since the injection of a small quantity of
air will effectively eliminate the shock front, it appears from Tig. 13
that this can be done with only a small reduction in the water discharge.
This is perhaps shown more clearly in Fig. 1Ly, in which the ratio of
the air discharge to the water discharge, both in cfs, has been plotted
in terms of the pressure at tap 5 (see Fig. 1) near the pipe inlet. All
the data are grouped about a single curve and show that for small values
of the ratio, the pressure at tap 5 is appreciably increased to a value
well above the cavitation pressure for the flow.

19
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Reg Top #5 No With

geometry)
% fs Q QU QG
Pressure © ] a
S, asq,

Symbol psi inHg air _air  Ibs/sec cfs % %

1X4

Distance cbove Bottom of Shaft, Feet

Piezometric Head,

-13.4 3 2.155 0.0761 1.76 81.7 44.9
-17.1 2.5 2,08 0.0562 1.68 B80.8 44.7

injected through 4 equally spaced taps at El. 40.68

Run No. 200, Jan. 27, 1971

FIGURE 11a
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10
(F/r+ 2),

15 20

Feet of Water

Symbol

Tt]

Note:

OPERATING CONDITIONS
1) Channel Water Level: El. 49.00
2) Water Temperature: ~ 355
(Refer to Drwg. No. 194B492-2 for

geometry)
Q Q
Pressure Qw cfs Qc qa T:(—;—
Reg Top #5 No With. @
psi inHg air  air Ibsfsec cfs % %

40 -23.9 3.65 3.2 0.0227 1.492 46.7 31.8
20 -22,0 2.0 1.97 0.0242 1.20 60.9 37.9
20 -126 1.5 1.25 0.0516 1,13 90.4 47.5

Air injected through 4 equally spaced taps ot El. 40.68

Run No. 201, Feb. 1, 1971

FIGURE 11b
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Distance ‘above Bottom of Shaft, Feet

OPERATING CONDITIONS
Channel Water Level: El. 49.0
(Refer to Drwg. No. 194B492-2 for

geometry)

Water Discharge, cfs Air Flow
Before After \_’TVuter
air air €MP  Run
Symbol injection injection Ibs/sec cfs °F No. _Date
—-&- 1.0 0.78  0.0533 0.935 33.5 213 3-25-71
== 2.0 1.86 0.0519 1.415 35 213 3-25-71
veip—-- 3.0 2.45 0.0544 1.855 35 213 3-25-71

1.77  33.5 213 3-25-71

20 #
' , ’ =0~ 3,65 2.7 0.0541
N /
$ {
. orfl 4
fil !
H I % Note: 1) Air flow in cfs calculated corresponding to pressure at
9? ] Top #5, 33.83 ft above shaft bottom
i
10 e . :’ 2) Air concentration measurements made at location A -
'l[ l ,I Drwg. No. 194B492-8
1
ﬁ f 4 3) Air injected through 4 equally spaced taps at El. 40.68
th !
I f FIGURE 12
5 .l T
}
;q 4 STORM WATER DROP SHAFTS
I \ Federal Water Quality Administration
<i ‘ A AIR-CONCENTRATIONS ALONG SHAFT
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Water Discharge, cfs

4,0
-
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~~L
~A
0.5
N — X
0 0 0.02 0.04 0,06 0.08 0.10 0.12 0.14 0.16

Air Flow, lbs/sec

OPERATING CONDITIONS

Channel Water Level: El. 49.0
(Refer to Drwg. No. 194B492-2 for
geometry) °
Water
(Eé?i‘:'f{'; Water Temp
Symbol  injection) °F Run No. Date
—0— 0.5 34 209 3-16-71
-—A— 1.0 35 205 3-9-71
L 1.0 35 208 3-16-71
- 1.5 35 204 3-9-71
-l 2,0 35 207 3-11-71
—— 2.0 34 203 3-8-71
- 2.0 34 201 3-1-71
——- 2.5 34 212 3-19-71
- - 2.5 34 200 1-27-71
— 3.0 35 206 3-11-71
= 3.0 34 200 1-27-71
— 3.5 35 211 3-19-71

Note: .Air injected
Ef. 40.68

through 4 equally spaced taps ot

FIGURE 13
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OPERATING CONDITIONS
Channel Water Level: El. 49.00

(Refer to Drwg. No. 194B492-2 for
geometry)

Water Discharge, cfs

Symbol  (before air injection)

1.0
1.5
2.0
2.5
3.0
3.5

(Data of Run Nos. 202 through

213)

Air injected through 4 equally spaced taps at
E .68

Air flow in cfs calculated corresponding to pressure
at tap #5, 33.83 ft above shaft bottom

FIGURE 14
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SECTION VI
ANATYSIS OF DATA

The experiments described above provide some insight into the mechanism
by which cavitating flow may take place in a long vertical conduit.

One can visualize three regions of flow. In the upper segment the flow
of solid water is taking place in a receptacle of arbitrary shape (such
as a sewer) with the prescribed free surface elevation. The water flows
into the inlet of a long vertical conduit where the pressure is reduced
to the cavitation pressure of the water if the depth of water over the
conduit is sufficiently large to prevent air from being sucked into the
flow. This condition can also be obtained if a valve exists in the sys-
tem so that an appropriate head loss can be introduced to create a
negative effective head. In the second region a mixture of water vapor
and. water droplets forms and continues to flow down the conduit at this
constant cavitation pressure. The mixture may also contain a small
amount of air released from solution in thig region. In the third seg-
ment below the shock front the recondensed sgolid water flows down the
pipe and discharges into the atmosphere. The pressures in this segment
are considerably above the cavitation pressure. The water vapor in the
air-water mixture must be recondensed at an elevation such that the
piezometric pressure is greater than the atmospheric pressure at the
end of the conduit. One can consider the overall phenomenon as being
made up of a typical water flow in the upper supply channel and an
essentially typical conduit flow at the lower end connected by a region
of constant cavitation pressure in which a water-vapor mixture is
flowing and whose length is determined by the overall length of the
conduit and the discharge flowing through it. The cavitating segment
serves, in effect, as the connecting link between the upper and lower
water flows. On the basis of this somewhat simplified description one
can develop a mathematical model which to some degree describes the
flow (Refs. 3,4,5). TFigure 15 is a diagrammatic sketch of a long ver-
tical conduit through which water is flowing from an upper reservoir,
Shown in the sketch are the free surface of the upper reservoir, the
cavitation region between the inlet and the shock front, and the lower
region in which essentially solid water is flowing.

One characteristic of the water vapor-water mixture in the cavitation
region is the dramatic reduction in the velocity of sound. It has been
shown (Ref. 6) that for such bubbly mixtures the sonic velocity can be
expressed as

p 1/2
vy = 3(1—:—057,;) (1)

where V_ is the sonic velocity within the mixture, P 1is the abso-
lute preSsure of the medium, £ is the density of the water, and C
is the vapor concentration. This relationship, computed for the cavi-
tation pressure, is shown in Fig. 16. The curve illustrates the gen-
erally low values of the sonic velocity over a wide range of vapor
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FIGURE 16
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concentrations. In addition, this sonic velocity is congiderably
lower than the mean velocity in the cavitation region, so that the
flow is supersonic, and hence a shock front represents the transition
to subsonic flow in the lower part of the conduit. When the Vapor 1o
condenses in the shock front, the sonic velocity increases rapidly, so
that the flow downstream of the shock front is subsonic.

It is assumed that the mixture of vapor and water is homogeneousg, that
the velocity of the vapor is the same as that of the water, and that
the temperature of the system remains constant. The energy balance,
then, between the free water surface (point 1) and section 2 in the
cavitation zone just above the shock front must include the energy re-
quired to vaporize the water in the cavity region. The energy balance
between these two points can then be written as

v2 V2

1 2
—*2'-+h1+gZ1=—2'—+h2+822 (2)

where h = (Pl/ p,) +w and h, = (P2/ #,) + u,. Here V, and V,

1andZ

are the elevations at points 1 and 2, respectively; P1 and P2

the pressures and ny and u, are the internal energies at points 1

are the velocities, h1 and h2 are the enthalpies, and Z o

are

and 2, respectively; g is the acceleration due to gravity; PW is
the density of water at point 1; and P2 is the density of the mix-
ture of water and water vapor at point 2. A% point 2 the enthalpy
depends upon the enthalpy of both the water and the vapor. Let

X = mass of vapor per unit mass of mixture

and 1 - x = mass of water per unit mass of mixture
then
hy, =xh _+ (1 - x)hW =h + x(hv - h) (3)
but
P
2
hW = pw +u,
s0
1:2
h, = Tw + uw)2 + x(hV - hw) (4)



Then with substitution for the enthalpies, Eq. (2) can be written as

2
P

5 +

V12 P
Tt -

P
pW

2 + g7

+u h )

SEENC)

+ x(hv -

2 2

The change in internal energy u, =y ig due to friction on the

boundary in the cavity region and to the friction, valves, orifice, and
other obstructions in the inlet pipe, which can be lumped together as

hL’ Then

2
Yo
2

u, - —-f'éz
2~"M =D
vhere f is the effective Darcy friction
region, hL is the lumped head losses in

the conduit diameter, and AZ is the net
2 over which frictional loss takes place.
fraction can be expressed in terms of the
¢ is the volume of vapor per unit volume
definition

+ &by (6)

factor for the cavitation
the inlet conduit, D is

length of conduit above point

In addition, the mass vapor
volumetric concentration. If
of water plus vapor, then by

P P C
x=i°(1-‘(;)+f>Cz;o(lv-c) (7)
W v w
where Qr is the density of the water vapor. Further,
V. = Q‘W _ vO (8)
2 - A(l-C) " 1-C
where is the water discharge before cavitation and A is the

cross-setétional area of the vertical conduit.

2 ig the cavitation pressure--that is,

The pressure at point

(9)

. Now substitution of Egs. (6), (7), (8), and (9) into Eq. (5), and

noting that Vi = 0, Pl =0, and V6 = Q/A, results in
2
P \/ Xz A
fi c v
Gy = Ty - — = 2 (1 +=) + —~L (h_-h)J + (10)
1 2y 28(1 - 0)2 ﬁ\ 1-¢cp “v W by
fo 4 Vo | ‘
7 \ c o (e \
(Z B I o N )
{ ; li ¥ 7?6w£‘) 5 /W e , (»& v o



where h_ and h_ mnow ave in BTU/1b (in which units they can be ob-
tained f¥om steam'tables) and J dis the mechanical equivalent of the
heat exchange. The vapor concentration in the cavity section can be
computed from Eq. (10).

Utilizing the momentum equation and the equation of continuity through
the shock front, the pressure downstream of the front can be written as

2

P a
+ -—é— 1 (ll)

Then the energy balance between section 5 downstream of the shock front
and the pipe outlet can be written as

2 2
PV v :
8,90 (_C = EL o
el (1 = C) +I =52 o (12)

so that the elevation of the shock front referred to the pipe outlet
becomes

T R— (13)

In Eq. (13) all the terms are known, since Pc/& = =31.75 £t or the
vapor pressure of the water, Vb = Q/A where Q is the water dis-

charge and A is the cross-sectional area of the conduit whose diam-
eter is D, C is computed from Eq. (10), and f' is the friction
factor for the conduit.

The calculated elevation of the shock front in terms of the discharge
and the experimental geometry has been plotted in Fig. 17. In these
computations it was assumed that the friction factor for the flow of
the water-vapor mixture in the cavitation zone was negligible for all
discharges below that which corresponded to the minimum value of the
shock front elevation. For discharges above this point the friction
factor was linearly increased to that corresponding to the maximum dig-
charge. The experimental data for the shock front elevation in terms
of discharge are also plotted in Fig. 17 for comparison. The experi-
ments indicated that above the minimum the elevation of the shock front
tended to increase until for a certain discharge it would presumably
reach the conduit inlet and the entire system would run full. Thisg is
also indicated by Eq. (13), which gives the discharge for which the
shock front has reached the top of the pipe. Any further increase in
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discharge requires a corresponding increase in total head. Figure 17
shows that with the proper choice of constants in the equations, reason-
able agreement can be obtained between experimental and computed results.

In Fig. 18 the experimental values of the vapor concentration in the
cavitating region have been plotted in terms of the discharge for come
parison with the computed relationship. Here the experimental values
of the concentration follow the same trend as is indicated by the theo-
retical computations and show that as the discharge increases toward the
maximum, the vapor concentration decreases and approaches zero.

The experimental results and the analysis based upon these results show
that as the discharge increases, the elevation of the shock front also
increases until the conduit runs full. The relatively short (42 f£%)
hydraulic model upon which these experiments were made was not compar-
able in length to the vertical drop shafts which would represent the
prototype. Therefore, utilizing the relationship developed above, the
results were extrapolated to conduits of the same size and roughness,
but of greatly increased length such as is found in practice. Figure
19 shows the theoretical elevation of the shock front for various dig-
charges and conduit lengths for a constant net head. These computations
show that the elevation of the shock front rises very rapidly for small
increases in discharge as full flow is approached. This suggests that
the shock front may lose its identity in an almost instantaneous con-
densation of the water vapor to solid water throughout the remaining
pipe length as the maximum discharge is approached. In addition, the
curves for different conduit lengths tend to separate as the minimum
shock front elevation is approached. All the curves tend toward the
elevation corresponding to that of a water column for zero discharge.
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SECTION VII
HEAD DISCHARGE RATING CURVES

Mthough the experimental studies dealt primarily with the cavitation
regime for flow in long vertical culverts, it is appropriate to consider
this regime in relation to the complete head-discharge rating curve

for the system. The nature of the flow, including the existence of
cavitation flow, depends upon the interaction between the head, the
discharge, and the conduit length, diameter, roughness, and inlet
geometry. In a particular drop shaft system a number of flow regimes
can be visualized. When the discharge is sufficiently large, the con-
duit may flow full without cavitation. If the conduit is very long,

the flow may cavitate in the upper regions. If there is a valve in the
inlet system and the conduit is long enough, it can be made to cavitate
for relatively low discharges. For an open system--that is, one without
a control valve--the system may act as an orifice or weir in which air
ig insufflated into the conduit through the upper pool. The head-dis-
charge curves can be plotted on a single chart so that the several flow
regimes can be delineated (Refs. T7,8).

Transitional Flow

Transitional flow is restricted to the so-called open systems: vertical
conduits which are open to the atmosphere at the inlet and have no inter-
vening flow control device such as a valve. In such a system the ver-
tical conduit is connected directly to the bottom of the supply channel
or sewer. Initially, for very low discharges, the water will trickle
over the edge of the conduit like flow over a weir. As the discharge
increases, the jets over the edge will become large enough to meet in
the pipe and effectively seal the inlet so that the flow approximates
that through a horizontal orifice. Below the inlet, however, the flow
will tend to fill the conduit with water or at least a dense spray. As
more of the pipe is filled, the pressure in the region below the inlet
will decrease below the atmospheric pressure in accordance with the
Bernoulli principle. This pressure difference will increase and ul-
timately break the surface and permit air to be insufflated through

the inlet and into the conduit. As the discharge increases, the head
over the inlet will increase and the pressure in the region below the
inlet will tend to decrease still more, since there will be a succes-
gively greater opportunity for the downflowing water to fill the con-
duit. This situation can be described by the equation

Y aw

-6 -3

where Q/D5/2 is a semi-dimensionless discharge since the constant

()42 thas been transposed, H is the head over the inmlet, D is

the conduit diameter, and Pz/& igs the pressure head just below the

inlet. For low values of H/b, Pz/& approaches zero and the flow
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approaches that through an orifice. As the discharge increases, H
increases and Pz/y decreages until air is insufflated. The minimum

value of P,/y is Po/y = =31.75 £t when the flow in the conduit
cavitates. "For a giveén head the pressure head P /y also depends
upon the geometry of the inlet and the flow pattern in the supply
channel. For purposes of illustration, the head-discharge curve for
a weir in the form

2

3/
D—;}g = 10.27 () (15)

has been plotted in Figs. 20, 21, and 22 and labeled "weir flow."

A wide band of uncertainty has been sketched on either gide of this
curve in the region where the head is positive. It is recognized that
the flow in this transitional region is not a weir flow, but the pres-
sures given by Eq. (14) are typical of those that might be expected for
such heads and discharges.

Cavitation Flow

In the experiments described earlier it was found that when the flow in
the upper part of the conduit was cavitating, the pressure was constant
throughout the cavitating region at a value of P2/7 = Pc/'y = =31.75 ft.

In those experiments, however, the flow took place in a closed system—-
i.e., one in which the total head was constant and the flow was
controlled by a valve which introduced the appropriate headloss into the
system. The valve permitted the net head to be negative so that cavi-
tating flow could be generated. In this case the net head H is the
total head above the top of the vertical conduit minus the headloss in
the valve and associated piping, or

H=Hj-h (16)

in which hI. may be larger than HT’ giving rise to negative net

heads. Experiments showed that as the discharge increased, the ele=-
vation of the shock front also increased and tended to fill the pipe.
Assuming that just at the instant when the pipe ran full the pressure
head was still approximately -31.75 ft, the head-discharge relation
could be described by Eq. (14) with P2/'y replaced by PC/Y, the
cavitation pressure. Then

1/2
—s = 6-3G + 551 (17)

It will be noted that in this case the head-discharge relationship
depends upon the absolute value of D, and a separate curve will be
developed for each conduit diameter. To show the effect of conduit
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diameter on the rating curves, computations were made for a 5 in. con-
duit such as was used in the experimental program (Fig. 20), a 1 £t
diameter drop shaft (Fig. 21) and a 2 ft diameter drop shaft (Fig. 22).
These individual curves have been labeled "cavitation flow" on the
graphs. It is apparent from Eq. (17) and the respective plots that the
larger the conduit, the larger is the relative head for cavitation flow.

Further, as the relative discharge Q,/ID5 2 increages, the relative
head, H/D, required for cavitation also increases. That portion of
the curve lying below the abscigsa H/D = 0 applies to a closed system,
while the portion above the curve applies to either system.

Full Flow

As the discharge for cavitating flow increases, the elevation of the
shock front also increases until ultimately the conduit is running full.
The discharge for which this occurs will depend upon the length of the
conduit as well as on its diameter and roughness. Curves can be plotted
to show the head-discharge relationship for various pipe lengths. Ap-
plication of the Bermoulli equation between the inlet and the outlet
results in

1/2
H Lo
YD
—5%-2-= 6.3 i (18)
D o)
1+ )

where in addition to the terms previously defined, I_ is the length
of the conduit and f' is the Darcy friction factor for the conduit.
It is apparent from Eq. (18) that a separate head-discharge curve will
result for each Lo/D value. A set of such curves for typical Lo/D

ratios from zero to 1000 has been plotted on each of Figs. 20, 21, and
22. On the graphs these lines intersect the curves for transitional
flow and cavitation flow and thus show how the several flow transitions
take place.

Flow Behavior Patterns

The curves in Figs. 20, 21, and 22 show the behavior patterns for three
conduits of different diameters. The graphs differ only in the position
of the cavitation flow curve, which shifts along with the conduit diam-
eter. Figure 20 has been drawn for the 5 in. experimental conduit.

This was a closed system, since a valve was used to initiate cavitation
for relatively low discharges. The region covered by the experiments

is shown by the experimental points plotted at the lower end of the
cavitation flow curve.

In a closed or valve-controlled system such as that used in the experi-
mental program, the path followed by the head-discharge relationship can
be traced by considering the various curves. Assume that initially the
discharge is zero; then the head is zero and the point starts at the
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origin. If the valve is initially open a small amount, the point will
move along the so-called "weir flow" curve until the valve takes con-
trol and no more air is insufflated into the conduit. At this point
cavitation will occur and the head-discharge point will drop to the
cavitation flow curve with a significantly negative net relative head.
As the valve is opened to increase the discharge, the point follows

the cavitation flow curve until it intersects the full flow curve having
the appropriate length-diameter ratio, L /D. At this intersection the
point follows the full flow curve until tBe maximum digcharge is reached.
If, as for short conduits, the full flow curve does not intersect the
cavitation flow curve, the head-diameter ratio H/D will fall only to
the full flow curve and the conduit will immediately run full without
cavitating. For very long conduits the point may follow the cavitation
flow curve until H/D becomes positive before the conduit flows full.

In an open system, since hL is negligible, the net head will never be=-
come negative. In this casé the head-discharge locus follows along the
transitional curve labeled "weir flow" until it intersects the appropri-
ate curve for full flow. It then moves up the full flow curve to the
maximum value. However, if the conduit is very long and the head avail-
able is adequate, the head-discharge locus moves along the weir flow
curve until it intersects the cavitation flow curve, along which it then
moves until it reaches the appropriate full flow curve.

It appears that a variety of flow patterns are available, depending upon
the geometry of the system. This variety provides the designer with
several possibilities for developing a system within the constraints
imposed by external conditions.

Better curves can be drawn with respect to a particular installation

so that the head can be determined more accurately, but the graphs in
these figures indicate the nature of flow in long vertical conduits and
can be used to describe the flow qualitatively.
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SECTION X
GLOSSARY OF SYMBOLS

Area of pipe, ft2
Vapor concentration by volume
Diameter of pipe, £t
Darcy friction factor for the cavitating portion of the pipe
Darcy friction factor for the pipe
Acceleration due to gravity, f'b/sec2
Head at inlet to pipe, ft
Enthalpy, BTU/1b
Headlogs, ft
Conversion factor, 778 ft-1b/BIU
Digtance to shock front from bottom of shaft, ft
Overall length of pipe, ft
Pressure, 1bs/ft°
Pressure head, ft of water
Cavitation pressure, ft of water
Discharge, cfs
Internal energy, BTU/ib
Velocity, ft/éec
Bulk velocity = QW/A, £t/sec
Sonic velocity, f£t/sec
Vapor quality
Elevation above datum, ft
Density, slugs/ft3

Specific weight, 1bs/ft

Subscripts:

a = air

v = vapor w = water
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