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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 
wat~r drop shafts. A distinguishing characteristic of such flow is the 
~otential oavitation regime. Its existence de~ends upon the design of 
the structure. The oavitation regime will develop when the conduit is 
sufficiently long and the head sufficiently large. It oan also be 
generated at a lower head if a oontrol valve is installed in the supply 
line so that the net head can be negative. The cavitation region oon
sists of a rather finely divided mixture of water and water vapor at a 
constant cavitation pressure of about -32.0 ft of water throughout the 
region and for all disoharges. The cavitation region ter.minates with 
a shock front whose location is also a funotion of the discharge. The 
concentration of va~or, while relatively constant throughout the cavi
tation region, decreases with inoreasing discharge. 

If a small amount of air is introduced into the system, the oavitation 
region is eliminated, the ~ressure gradient is more uniform, and the 
flow consists of a uniform mixture of air and water. 

This report was submitted in fulfillment of Project Number 11034 FLU, 
Contract EPA 14-12-861, under the s~onsorship of the Water Quality 
Office, Environmental Proteotion Agency. 
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SECTION I 

CONCLUSIONS 

1. The cavitation regime in a long vertical oondui t is a pari of the 
complete head-disoharge relationship. It will oocur only if the head 
is large enough to prevent ,the insufflation of air or if there is a 
oontro1 valve in the inlet line. Its ooourrenoe also depends on the 
si~e of the oonduit. 

2. The pattern for oavitating flow appears to be well defined and con
sists of the inlet region and an out1e.t full £low section conneoted by 
a relatively homogeneous mi~ure of water and water ~apor flowing at a 
constant pressure of -31.75 ft of water for all discharges. 

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

4. The concentration of vapor in the cavitating region decreases with 
increasing discharge, and the shock front generated by the cavitating 
flow rises in elevation with increasing discharge, until the entire 
conduit runs full. 

5. Small quantities of air injected into the system have ver,y little 
effect on discharge and are ver,y effective in eliminating the cavita~ 
tion and the shock front. The mi~ure of air and water flowS smoothly 
through the conduit. 

6. It appears from the study 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 
basis for preliminary design and for engineering feasibility studies. 
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SECTION II 

RECOMMENDATIONS 

ThiS program was limited to a laboratory study of the oavi tating phe
nomenon in a relatively short transparent vertioal oonduit. The equip
ment allowed the examination of many aspeots of the oavitation prooess, 
suoh as pressure and vapor oonoentration distribution and the existenoe 
of the shook front, but the oonduit was not long enough for an investi
gation of the effeot of larger length-diameter ratios. 

It is reoomme~ded that further measurements be made in a oonduit both 
longer and of larger diameter under oonditions approximating field in
stallations. 

In light of the present results it is reoommended that additional labo
ratory measurements be made on a model equipped to transport larger 
disoharges. These would inolude additional measurements on a similar 
model of greater length and smaller diameter. 

Examination of the head-disoharge rating ourves indioates a wide range 
of possible transitional flow relationships depending upon the inlet 
geometry. It is reoommended that this aspeot be investigated in detail 
in order to define the head-disoharge relationship more olearly for all 
praotioal design geometries. 
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SECTION III 

INTRODUCTION 
{ 

In large urban areas, pollutiqnal considerations more and more require 
that surface runoff be treated before being discharged into streams. 
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 sto:rm 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 some distance below the ground surface seems ap
propriate, and the surface water must be transported to these tunnels 
through vertical drop shafts which m~ be quite long. To minimi~e the 
si~e of the drop shaft, it obviously must run full when the discharge 
is maximal. Given this requirement, the si~e and spacing of the drop 
shafts for drainage of a particular area can be optimi~ed 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 
m~ be governed by the requirement of minimum surface storage, as on a 
depressed roadway. 

Drop shafts can be categori~ed as either atmospheric or subatmospheric 
pressure systems. In an atmospheric 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 sto:rm 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 running 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 characteristics for various discharges 
and describe the phenomenon qualitatively. As was expected, when 
the discharge was sufficiently large to seal the lower portion of the 
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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 do'W!l the conduit e 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 oreated. The mixture was transformed baok into solid water 
whioh filled the pipe and flowed at a muoh lower velooity through the 
remainder of the oonduit. The flow below the shook front appeared to 
contain bubbles of air whioh might have been released from solution in 
the low~pressure region upstream of the shock front. The shock front 
was sbifted bodily within the oonduit when the disoharge was ohanged. 
For the small disoharges the shook front ooourred at a relatively high 
elevation and tended to move downstream as the disoharge inoreased until 
it reaohed a minimum. elevation. With further increases in the discharge, 
the shock front developed at suooessively 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
oluded the disoharge, the shook front elevation with respect ,to the 
oonduit outlet, and the longitudinal distribution of pressure and vapor 
ooncentration. 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 desoribe the flow under these cavitating oonditions 
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 inoreasing the pressure in the oonduit to a value 
above the oavitation pressure by injeoting air into the system. This 
prevented cavitation and provided a uniform and more smoothly flowing 
air-water mixture. In suoh a system oavitation did not occur, and henoe 
there was no likelihood of cavitation damage to the inside surfaoe of 
the drop shaft. In these experiments, measured quantities of air were 
introduoed into the system at the inlet, and the longitudinal distribu
tion of pressure and air conoentration was measured to delineate the 
characteristios 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. 
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SECTION IV 

EXPERIMENTAL APPARATUS 

The hydraulic apparatus which was used for these experiments was a 
transparent vertical conduit 5 inches in diameter and approximately 
43 feet high. This was the maximum height that could be obtained wi th
in the confines of the hydraulic laboratory without erlensi ve modifica
tion of laboratory facilities. The model per.mitted 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 st. 
Anthony Falls. The discharge from the model was directed back to the 
river through the wasteway below the falls. In this way the full head 
available at the falls could be utilized for gravity flow through the 
system~ The hydraulic model was open to the atmosphere at both the in
let ana 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. Figure 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 
side 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 ooncentra
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 iristrument 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 oontact with solid water (Ref. 1,2). 
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Fig. 2 - Inlet to Vertical Conduit l!howing Discharge Measuring Orifice and 
Control Valve 

Fig. 3 - Transparent Experimental Vertical Conduit showing Pressure Gages 
and Instrument Ports 
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Fig o 4 - Detail of Instrument Ports for Vapor Concentration Measurements 

Fig 5 - Two types of Vapor-Concentration Sensors: (0) Parallel Plate Probe 
(b) Needle Probe 
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SECTION V 

EXPERIMENTAL RESULTS 

Cavitation Studies 

Measurements of the various flow properties are shown in Figs. 6 through 
10. In Fig. 6, the pressure head, ply, has been plotted in terms of 
the elevation above the bottom of the conduit £or various discharges 
through the system. Throughout the upper region-~that is, above the 
shock front--and for all discharges the pressure is essentially con
stant at -31.75 ft 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 dissolved air 
that is found in the natural river water. The figure also shows for 
each discharge a rather sudden increase 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 (ply + 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 
same 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 (particu
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-
c ent rat ion 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 m~, 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 3.65cfs has been reduced to only 40 per 
cent. Below the shock front the air concentration is considerably less 
than the vapor concentration above the shock front and also decreases 
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. 
Its 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 
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discharge the shock front elevation ,is lowered until it reaches a m1n1-
mum at a discharge (i~ these experiments) of approximately 2.5 cfs. For 
discharges larger than this the shock front elevation again increases 
with increasing 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 also 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 grade line through
out the conduit. This is shown in Fig. 11, in which has been plotted 
the piezometric head (ply + 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 
is flowing through the system under a given gravitational head, the in-
j ection 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 Fig. 13 
that this can be done with only a small reduction in the water discharge. 
This is perhaps shown more clearly in Fig. 14, 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. 
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SECTION VI 

ANALYSIS OF DATA 

The experiments desoribed above provide some insight into the meohanism 
by whioh oavitating flow IDa¥ take plaoe in a long vertioal oonduit. 
One oan visualize three regions of flow. In the upper segment the flow 
of solid water is taking plaoe in a reoeptacle of arbitrary shape (such 
as a sewer) with the presoribed free surface elevation. The water flows 
into the inlet of a long vertioal oonduit where the pressure is reduoed 
to the oavitation pressure of the water if the depth of water over the 
oonduit is suffioiently large to prevent air from being suoked into the 
flow. This oondition oan also be obtained if a valve exists in the sys
tem so that an appropriate head. loss oan be introduoed to oreate a 
negative effeotive head. In the seoond region a mixture of water vapor 
and water droplets forms and continues to flow down the oonduit at this 
oonstant oavi tation pressure. The mixture IDa¥ also contain a small 
amount of air released from solution in this region. In the third seg
ment below the shook front the reoondensed solid water flows down the 
pipe and disoharges into the atmosphere. The pressures ~n this segment 
are oonsiderably above the oavitation pressure. The water vapor in the 
air-water mixture must be reoondensed at an elevation suoh that the 
piezometrio pressure is greater than the atmospherio pressure at the 
end of the oonduit. One oan oonsider the overall phenomenon as being 
made up of a typical water flow in the upper supply channel and an 
essentially typical oonduit flow at the lower end oonneoted by a region 
of oonstant oavitation pressure in whioh a water-vapor mixture is 
flowing and whose length is determined by the overall length of the 
oondui t and the disoharge flowing through it. The cavitating segment 
serves, in effeot, as the oonneoting link between the upper and lower 
water flows. On the basis of this somewhat simplified description one 
can develop a mathematioal model whioh to some degree describes the 
flow (Refs. 3.,4,5). Figure 15 is a diagrammatio sketch of a long ver
tioal oonduit through whioh water is flowing from an upper reservoir. 
Shown in the sketoh are the free surface of the upper reservoir, the 
oavitation region between the inlet and the shook front, and the lower 
region in whioh essentially Solid water is flowing. 

One charaoteristio of the water vapor-water mixture in the cavitation 
region is the dramatio reduotion in the velooity of sound. It has been 
shown (Ref. 6) that for suoh bubbly mixtures the sonic velocity oan be 
expressed as 

P 1/2 
Vs = (C(l c)p) 

w 
(1) 

where V is the sonio velocity wi thin the mixture, P is the abso
lute pre~sure of the medium, p is the density of the water, and C 
is the vapor oonoentration. ThIs relationship, oomputed for the oavi
tation pressure, is shown in Fig. 16. The curve illustrates the gen
erally low values of the sonio velocity over a wide range of vapor 
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concentrations. In addition, this sonic velocity is considerably 
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 re
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 homogeneous, 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 inolude the energy re
quired to vaporize the water in the cavity region. The energy balance 
between these two points can then be written as 

(2) 

where ~ = (Pl / pw) + ~ and h2 = (P2/P2 ) + u2• Here Vl and V2 
are the velooi ties, ~ and h2 are the enthalpies, and Zl and Z2 

are the elevations at points 1 and 2, respeotively; Pl and P2 are 

the pressures and ~ and u2 are the inter.nal energies at points 1 

and 2, respeotively; g is the aooeleration 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. At 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 

h2 = xh + (1 - x)h = h + x(h - h ) v w w v w 

but 

P2 
h =-+u w P w w 

so 

P2 
h2 = (--p + u) + x(h - h ) 

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

The change in internal ene'rgy u2 - ~ is due to friction on the 

boundary in the cavity 'region and to the f'riction, valves, o'rifice, and 
othe'r obstructions in the inlet pipe, which can be lumped togethe'r as 
~. Then 

where f is the effective Darcy friction factor for the cavitation 
region, ~ is the lumped head losses in the inlet conduit, D is 

(6) 

the conduit diameter, and ~z is the net length of conduit above point 
2 over which frictional loss takes place. In addition, the mass vapo'r 
fraction can be expressed in terms of the volumetric concentration. If 
C . is the volume of vapor per unit volume of water plus vapor, then by 
definition 

PCP C 
v """ v 

x = P (1 _ C) + P C - p (1 - C) 
w v w 

where P is the density of the water vapor. Furlher, v 

(8) 

where ~ is the water diScharge before cavitation and A is the 
cross-sectional area of the vertical conduit. The pressure at point 
2 is the cavitation pressure--that is, 

Now substitution of Eqs. (6), (7), (8), and (9) into Eq. (5), and 
noting that V1 = 0, PI = 0, and Vo = WA, 'resul ts in 

fj F! .! 

(10) 



where h and h now are in BTU/lb (in whioh u:ni ts they oan be ob
tained f¥om steamWtables) and J is the meohanioal equivalep.t of the 
heat exohange. The vapor oonoentration in the oavity seotion oan be 
oomputed from Eq. (10). 

Utilizing the momentum equation and the equation of oontinuity through 
the shook front, the pressure downstream of the front oan be written as 

p p V 2 
200 C ---+-y-y gl-C (11) 

Then the energy balanoe between seotion 3 downstream of the shook front 
and the pipe outlet oan be written as 

(12) 

so that the elevation of the shook front referred to the pipe outlet 
beoomes 

p V 2 
.-£+.-£L( C ) 

_1 g l-C 
L - 2 

V 
(~ 20g - 1) 

In Eq. (13) all the terms are known, sinoe P /y = -31.75 ft or the o 
vapor pressure of the water, Vo = QjA where Q is the water dis-

oharge and A is the oross-seotional area of the oondui t whose diam
eter is D, C is oomputed from Eq. (10), and ft is the friction 
factor for the oonduit. 

The calculated elevation of the shook front in terms of the disoharge 
and the experimental geometr.y has been plotted in Fig. 17. In these 
computations it was assumed that the friotion faotor for the flow of 
the water-vapor mixture in the oavitation zone was negligible for all 
disoharges below that which corresponded to the minimum value of the 
shook front elevation. For disoharges above this point the friotion 
faotor was linearly inoreased to that corresponding to the maximum dis
charge. The experimental data for the shook front elevation in terms 
of disoharge are also plotted in Fig. 17 for comparison. The experi
ments indioated that above the minimum the elevation of the shook front 
tended to inorease until for a certain disoharge it would presumably 
reach the oondui t inlet and the entire system would run full. This is 
also indioated by Eqe (13), which gives the disoharge for which the 
shook front has reached the top of the pipe. ADy further inorease in 
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disoharge requires a oorresponding inorease in total head. Figure 17 
shows that with the proper ohoioe of oonstants in the equations, reason
able agreement oan be obtained between experimental and oomputed results. 

In Fig. 18 the experimental values of the vapor oonoentration in the 
oavitating region have been plotted in terms of the disoharge for oom
parison with the oomputed relationship. Here the experimental values 
of the oonoentration follow the same trend as is indioated by the theo
retioal oomputations and show that as the disoharge inoreases toward the 
maximum, the vapor oonoentration deoreases and approaohes zero. 

The experimental results and the analysis based upon these results show 
that as the disoharge inoreases, the elevation of the shook front also 
inoreases until the oonduit runs full. The relatively short (42 ft) 
hydraulio model upon whioh these experiments were made was not oompar
able in length to the vertioal drop shafts whioh wouid represent the 
prototype. Therefore, utilizing the relationship developed above, the 
results were extrapolated to oonduits of the same size and roughness, 
but of greatly inoreased length suoh as is found in praotioe. Figure 
19 shows the theoretioal elevation of the shook front for various dis
oharges and oonduit lengths for a oonstant net head. These computations 
show that the elevation of the shook front rises very rapidly for small 
inoreases in disoharge as full flow is approached. This suggests that 
the shook front may lose its identity in an almost instantaneous oon
densation of the water vapor to solid water throughout the remaining 
pipe length as the maximum disoharge is approaohed. In addition, the 
ourves for different oonduit lengths tend to separate as the minimum 
shook front elevation is approaohed. All the curves tend toward the 
elevation oorresponding to that of a water oolumn for zero discharge. 
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SECTION VII 

HEAD DISCHARGE RATING CURVES 

Although 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 ~ 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 
is 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. 7,8). 

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, sinoe there will be a suooes
sive1y greater opportunity for the downf10wing water to fill the oon
duit. This situation oan be desoribed by the equation 

r 2 ( P)~ 1/2 {; P )1/2 
D5~2=CT8g ~-1'/D~ =6. 3\n-1'/D (14) 

where Q/D5/ 2 is a semi-dimensionless disoharge sinoe the oonstant 

(g) 1/2 has been transposed, H is the head over the inlet, D is 
the oonduit diameter, and P2/1' is the pressure head just below the 

inlet. For low values of H/D, P2/1' approaohes zero and the flow 
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approaches that through an orifice. As the discharge increases, H 
increases and P2/y decreases until air is insufflated. The minimum 

value of P2/y is P Iy = -31.75 ft when the flow in the conduit 
cavitates.For a givgn head the pressure head P2/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 

(15) 

has been plotted in Figs. 20, 21, and 22 and labeled "weir flow." 
A wide band of uncertainty has been sketched on either side 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 expeoted 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 oonstant 
throughout the cavitating region at a value of P27y = 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 RT 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 

(16) 

in which ~ mB\Y" be larger than RT, 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 ply replaced by ply, the 
cavitation pressure. Then c 

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 ft 
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/D5/2 increases, the relative 
head, HID, reQuired for cavitation also increases. That portion of 
the curve lying below the abscissa HID = ° 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 
condui t 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 Bernoulli eQuation between the inlet and the outlet 
results in 

(18) 

where in addition to the ter.ms previously defined, L is the length 
of the conduit and fl is the Darcy friction factor ~or the conduit. 
It is apparent from EQ. (18) that a separate head-discharge curve will 
resul t for each L ID value. A set of such curves for typical L ID o 0 
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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ong~n. 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, LID. At this intersection the 
point follows the full flow curve until tRe maximum discharge is reached. 
If, as for short conduits, the full flow curve does not intersect the 
cavitation flow curve, the head-diameter ratio HID will fall only to 
the full flow curve and the conduit will immediately run full without 
cavitating. For ve~ long conduits the point m~ follow the cavitation 
flow curve until HID becomes positive before the conduit flows full. 

In an open system, since ~ is negligible, the net head will never be
come negative. In this case the head-discharge locus follows along the 
transi tional 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. 

43 





SECTION VIII 

ACKNOWLEDGMENTS 

This researoh projeot was oonduoted by the St. Anthony Falls Hyd:raulio 
Laboratory, University of Minnesota, Prof. Edward Silberman, direotor. 
Prof. Alvin G. Anderson, prinoipal investigatorf direoted the projeot 
and also wrote the report. Mr. P. P. Vaidyaraman, graduate researoh 
assistant f performed the experiments with the assistanoe of Mr. Chung 
Sang Chu, researoh assistant. The apparatus and some of the instru
mentation were oonstruoted in the laboratory shops, of whioh Mr. Frank 
R. Dressel is the superintendent. Mrs. Shirley Kii prepared the 
manusoript. 

The projeot was sponsored by the Water Quality Offioe of the Environ
mental Proteotion AgenoYf and Mr. Clarenoe C. Oster was Projeot 
Offioer. 

45 





SECTION IX 

REFERENCES 

1. Lamb, O. P. and Killen, J. M., An Electrical Method of Measuring 
Air Concentration in Flowing Air-Water Mixtures, Technical Paper 
No. 2-B, st. Anthony Falls Hydraulic Laboratory, University of 
Minnesota, March 1950. 

2. Neal, L. G. and Bankoff, S. G., itA High Resolution Resistivity 
Probe for Determination of Local Void Properties in Gas-Liquid 
Flow," AIChE Journal, July 1963. 

3. Griebe, R. W.; Winter, E. R. F.; and Schoenha.ls, R. J., Two
Phase Flow in Vibrating Discharge Lines, Final Report, Part III, 
School of Mechanical Engineering, Purdue University~ Lafayette, 
Indiana, July 1968. 

4. Eddington; R. B., Investi at ion of Su ersonic Shock Phenomena in 
a Two-Phase Li uid-Gas Tunnel, Technical Paper No. 32-1096, 
Jet Propulsion Laboratory, Pasadena, California, March 1967. 

5. Wallis, G. B., One-Dimensional Two-Phase Flow, McGraw-Hill Book 
Company, New York, 1969. 

6. Schiebe, F. R.; Wetzel, J. M.; and Foerster, K. E., Studies of 
Flow Characteristics of a Compressible Bubbly Mixture about 
Supercavitating Bodies in a Converging-Diverging Nozzle, 
Technical Paper No. 48-B, st. Anthony Falls Hydraulic Labo
ratory, University of Minnesota, April 1964. 

7. Blaisdell, F. W., liydraulics of Closed Conduit Spillw~ys - Part I -
Theory and Its Applications, Technical Paper No. 12-B, st. Anthony 
Falls Hydraulic Laboratory, University of Minne~6ta, February 1958. 

! 

8. Straub, L. G.; Anderson, A. G.; and Bowers, C. E., Effect of Inlet 
DeSign on Capacity of Culverts on Steep Slopes, Project Report 
No. 37, st. Anthony Falls Hydraulic Laboratory, University of 
Minnesota, April 1954. 

47 





SECTION X 

GLOSSARY OF SYMBOLS 

A ~ Area of pipe, ft2 

C ~ Vapor concentration by volume 

D = Diameter of pipe, ft 

f = Darcy friction factor for the cavitating portion of the pipe 

fl = Darcy friction factor for the pipe 

g ~ Acceleration due to gravity, ft/sec2 

H ~ Head at inlet to pipe, ft 

h = Enthalpy, BTU/lb 

~ ~ Headloss, ft 

J ~ Conversion factor, 778 ft-lb/BTU 

L ~ Distance to shock front from bottom of shaft, ft 

L ~ Overall length of pipe, ft o 

P ~ Pressure, lbs/ft2 

p/y = Pressure head, ft of water 

pc/y ~ Cavitation pressure, ft of water 

Q = Discharge, cfs 

u = Internal energy, BTU/lb 

V = Velocity, ft/sec 

Vo = Bulk velocity = ~A, ft/sec 

Vs = Sonic velocity, ft/sec 

x = Vapor quality 

Z = Elevation above datum, ft 

P = Density, Slugs/ft) 

y = Specific weight, lbs/ft) 

Subscripts: 

a ~ air v = vapor w = water 
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