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Introduction

Estimation of Cavitation Limits
From Local Head Loss Coefficient

Cavitation effects in valves and other sudden transitions in water distribution systems are
studied as their better understanding and quantification is needed for design and analysis
purposes and for predicting and controlling their operation. Two dimensionless coeffi-
cients are used to characterize and verify local effects under cavitating flow conditions:
the coefficient of local head losses and the minimum value of the cavitation number. In
principle, both coefficients must be determined experimentally, but a semianalytical re-
lationship between them is here proposed so that if one of them is known, its value can be
used to estimate the corresponding value of the other one. This relationship is experi-
mentally contrasted by measuring head losses and flow rates. It is also shown that
cavitation number values, called cavitation limits, such as the critical cavitation limit,
can be related in a ssimple but practical way with the mentioned minimum cavitation
number and with a given pressure fluctuation level. Head losses under conditions of
cavitation in sharp-edged orifices and valves are predicted for changes in upstream and
downstream boundary conditions. An experimental determination of the coefficient of
local head losses and the minimum value of the cavitation number is not dependent on
the boundary conditions even if vapor cavity extendsfar enough to reach a downstream
pressure tap. Also, the effects of cavitation and displacement of moving parts of valves on
head losses can be split. A relatively simpleformulationfor local head losses including
cavitation influence is presented. It can be incorporated to water distribution analysis
models to improve their results when cavitation occurs. Likewise, it can also be used to
elaborate information about validity limits of head losses in valves and other sudden
transitions and to interpret the results of head loss tests.

Keywords: local head losses, cavitation, valve, orifice, pipeline design

choking cavitation limit are equivaent in both, indicating that the

As dictated by Bernoulli's equation, there is a drop in the pres-
sure of the permanent regime flow in a congtriction, such as a
valve, due to increased velocity. The phenomenon of cavitation
can materialize if the pressure drop is big enough. It is aso known
that local head losses take place primarily in the expansion, char-
acterized by the presence of vortices, which exist in the turbulent
wake, downstream of the point of flow separation. In addition
vortices contain regions of high velocity and hence low pressure.
These areas of low pressure are potential stes for vapor forma
tion.

Cavitation reduces a device's flow capacity, or, concurrently,
head losses are greater as the more intense cavitation is. Tullis
set out several definitions of cavitation limits according to observ-
able effects on flow. These limits include the choking cavitation
limit, from which cavitation affects the flow capacity of a device.
Unless this limit is reached, even if cavitation takes place, the
effects of this phenomenon on head losses are practically negli-
gible and scale effect is appreciated (Ball and Tullis , Tullis

). Similarly, Testud studied experimentally the noise
generated by a single hole and a multihole sharp-edged orifice,
both with the same cross-sectional opening, in awater pipe. They
concluded that below the choking cavitation limit the multihole is
more silent than the single hole orifice. Also, it can be observed in
the experimental results that the head loss coefficient and the

distribution of cross-sectional opening should not have any effect
on these two coefficients.

Zhang and Cai studied experimentally the geometric shape
of orifices that produce the same head loss with the aim of reduc-
ing the pressure drop associated with the cavitation risk. Similarly,
Zhang and Chai [6] indicated the importance of quantifying cavi-
tation in energy dissipation hydraulic works and, particularly,
when examining a serial arrangement of orifices to achieve this
god. In this respect, there is a complementary wide technical
literature, such as ANSI/ISA and Idel'cik , which compiled
many particular empirica studies about head losses and cavita
tion, in general without relation to each other.

From experimental determinations, the choking cavitation limit
for sharp-edged orifices is a function of geometric parameters
only, and the effect of the scale is negligible (Tullis , Tullis and
Govindargjan ). Mishra and Peles aso reached the same
conclusion again for orifices. In this last paper, they examined the
size-dependent similarities and differences in cavitation, for which
purpose they use orifices measuring from just a few micrometers
to several centimeters. Additionally, as head losses are also depen-
dent on the geometric shape, it is possible to get an analytical
relationship between the head loss coefficient and the choking
cavitation limit in relatively simple sudden transitions, as shown
by Sarpkaya and Nurick . In the last two papers, the flow
has been characterized by means of the contraction coefficient.

One of the objectives of this paper was to predict the head
losses in a sudden transition for any boundary condition imposed
by the distribution system and especially in cases with uncertainty
about the cavitation impact on such head losses. In principle, two
independent coefficients, one for head losses and another for cavi-
tation, should suffice to characterize a particular transition and
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achieve the objective. On the other hand, information about head
losses in valves and other singular elements is relatively exten-
sive. However the one concerned on cavitation is scarce. Thus, it
is worthwhile to estimate the cavitation-related coefficient from
the head loss coefficient.

Additionaly, the elements of valves are subject to drag force.
On top of the possible variability of head losses due to the dis-
placement of their closing elements are losses induced by the
potential impact of cavitation. By predicting head losses under
circumstances in which they are significantly affected by cavita-
tion, it will be possible to separate cavitation effect and, conse-
quently, to specify what effects the above displacement has on
head losses and draw conclusions about the behavior of such con-
trol devices.

Finally, the presence of cavitation does not imply a significant
effect on head losses, but other unwanted effects, such as noise,
vibration, and erosion damage, can be found. Therefore, another
objective of this paper is to develop a procedure for estimating a
value of the cavitation number for use as a reference against
which to compare and to determine other cavitation limits.

Materials and Methods

The hydraulics general equation for the study of local head
losses he in transitions can be expressed as
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As the length of a transition is relatively short, friction-induced
head losses are negligible as compared with separation-induced
losses. Additionally, rapidly varied flow in a transition between
straight cross-sections with uniform movement is often considered
in practice to be given in terms of fully developed turbulence.
Then, the Reynolds number Re is not part of the local head loss
coefficient K, and this only depends on the relations between the
geometric dimensions |, V, I". This way, local head losses in any
given geometric shape are characterized by a constant coefficient
K.

In atransition with identical sections at each end and disregard-
ing the differences of elevation between their centroids, the coef-
ficient is determined by
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Subindex 1 refers to section 1 immediately upstream of the tran-
dtion, and 2 refers to the downstream section 2. p is the water
density, U is the mean flow velocity determined from the refer-
ence section, generally the nominal section, and (p\-pi) is the
pressure difference between the section immediately upstream of
the transition and the downstream section in which the regime
returns to uniform.

Because of the fact that for constant flow rate, head losses are
greater the more intense cavitation is, the minimum vaue K, of
the dimensionless local head loss coefficient has been used when
cavitation has no influence on head losses.

Besides, the dimensionless cavitation number a is used to char-
acterize the phenomenon of cavitation. Batchelor showed this
parameter, in its general form, as the pressure over vapor pressure/
velocity head. In particular, for either the upstream or the down-
stream sections, this parameter is expressed as

Pi-Pv P1-P2+P2-P,
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Another way of expressing the parameter a, often used in re-
search looking at cavitation in internal flows, is to divide by the
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Fig. 1 Cavitating region downstream a sharp-edged orifice
and piezometric levels indicated by a differential air manometer
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<j is a parameter that characterizes the system-imposed pressure
boundary conditions. If the pressure in section 2 were equal to the
vapor pressure, there would be a vapor filled cavity stretching at
least as far as that section. In this case, <rp, would be equal to
zero, or the equivalent crp would be equal to 1.

In short, K characterizes head losses as a does for system-
imposed boundary conditions. When cavitation has influence on
head losses, they are related. Thus, we have proposed a relation-
ship between them, at first for sharp-edged orifices, in which up-
stream head losses can be neglected in comparison with down-
stream ones. Secondly, the relationship for transitions such as
sharp-edged orifices have been modified to extend it to general
transitions, such as valves.

Sharp-Edged Orifices. Flow expressions for sharp-edged ori-
fices were obtained by considering friction head losses negligible,
so they are due exclusively to separation effects and, therefore, are
concentrated where the streamlines are divergent (see the diagram
in Fig. 1). Thus, the losses between sections 1 and ¢ were ne-
glected, as the streamlines in this region are convergent, and only
the losses that take place in the flow expansion between ¢ and 2
were considered.

On the other hand, the continuity equation was expressed as
Q=U*0)=Uc*0)c=Uc*Cce0)e 5

where U is the mean water velocity in section to and U, is the
mean water velocity in the contracted jet section to.. This latter
section is usually expressed as the product of the orifice section to,
multiplied by the contraction coefficient C.. This latter is a classic
coefficient in hydraulics, which is dimensionless and is related to
the ratio between the section immediately upstream of the orifice
and the orifice section.

Bearing in mind that the head losses between sections 1 and ¢
are negligible, the difference between the respective pressure
heads is exclusively a function of the difference between the ve-
locity heads. Therefore, taking into account Eq. (5), flow dis-
charge expressed as a function of the pressure difference is
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From the comparison between Eqgs. (6) and (3) and Eq. (3), it
can be found that when cavitation occurs in section ¢ with inten-
sty enough for p. to lessen and approximately reach p,, the value
of aj is minimum (cr,y,), and this latter is a function of geometric
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parameters only. It can be equated to the choking cavitation limit.
For the sharp-edged orifice in question, this limit is
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Due to the nature of C. mentioned above, the coefficient cr,
characterizes the flow pattern upstream of the contracted section c.

To study the cavitation influence on head losses, the flow rate Q
has been expressed as a function of these, which are related to the
pressure head difference between the two end sections of the tran-
stion. Thus, head losses need to be included. Belanger-Borda's
expression, in which head losses are related to the square of the
difference between velocities, is useful when considering that
head losses occur exclusively at the flow expansion between sec-
tions ¢ and 2. Moreover, together with the continuity (Eqg. (5)),
they can be expressed as
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Note that Ky, depends only onjust the geometric parameters, as
was the case for <r,,. Moreover, under the assumption of friction-
induced head losses being negligible, it characterizes the flow
pattern downstream of section ¢, unlike <ry,, which characterized
the flow pattern upstream. Our proposal is that these two param-
eters, K, and <r,,, should characterize atransition to simulate and
predict head losses under cavitation conditions.

From Egs. (5) and (8), flow can be expressed as
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From the elimination of Q from Egs. (6) and (9), it is inferred
thatP2> P because C.* to.< to. Additionally, due to the constraint
that within tap water (with nuclei), the pressure cannot fal below
its vapor pressure p,, the flow (Eg. (9)) will be vdid only if p.
>p,. When this limit materializes in section c, flow will be con-
ditioned by cavitation. This latter is denoted by Q,, which is ob-
tained by substituting p. by p, in Eq. (6), giving
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Notice that under the above stated conditions flow depends on py
only.

In conclusion, in cases with the head losses upstream of section
W, being negligible and with the downstream flow pattern follow-
ing a sudden expansion from the contracted section (0.=C; toe, the
coefficients K, and <r,, are related. The relationship in question
can be obtained by eliminating the ratio between to, and C; (0.
from expressions of <r,, and K in Egs. (7) and (8), respectively, as
follows:

(10
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Valves. Vaves are geometric transitions more complex than
sharp-edged orifices. In the case of a nonaxisymmetric flow pat-
tern, a conclusion in Rouse and Jezdinsky's [15] paper is that
measurements of cavitation and pressure fluctuation made under
conditions of axial symmetry should not be applied quantitatively.
Besides, some particularities of flow inside valves must be borne
in mind. Firdt, it could be possible that downstream of the closing
element of a valve, a cross jet section with uniform flow would
not occur. So then, an energy conservation equation could not be
applied between sections with nonuniform flow. Second, head

losses could not adapt precisely to a sudden expansion. Even o,
and being less precise than for circular orifices, it is worthwhile to
formulate an approximate expression for studying in a genera
way a great number of possible specific cases. Thus, the relation
between the coefficients K, and <r,, can also be approximated as
follows. In essence, a part of the head losses will aso take place
in the expansion downstream of the regions in which the flow is
contracted, where the streamlines are divergent, and o). has been
used for the equivalent contracted section that would produce
such losses in a sudden expansion, such a what occurs down-
stream a sharp-edged orifice. In a manner akin to the way in
which K, was represented in Eq. (8), the corresponding head loss
coefficient is now expressed as

Km= (J%I)l )2

In contrast, with respect to cavitation, because flow in the re-
gion where the streamlines are convergent will not be axisymmet-
ric either, velocity distribution in the contracted jet section will be
more dispersed than in the axisymmetric flow, and cavitation
could now appear at particular locations under less severe condi-
tions. Therefore, bearing in mind the above mentioned particul ari-
ties, the equivaent contracted section to. has been corrected with
coefficient r, which is positive and less than 1 and is characteristic
of every geometric shape. This coefficient attempts to take into
account the mentioned particularities. As shown in Eq. (7) for
sharp-edged orifices, <rp, is a function of the geometric param-
eters and is now expressed as

(12)

2

: i
ghajiéﬁ .-“ ’) B | 1

13

Eliminating the ratio between the nominal and the equivalent
contracted section from Egs. (12) and (13), arelationship between
Km and <r, can be obtained. Furthermore, on top of the head
losses in the expansion from the contracted region induced by the
closing element of valves, there are losses caused by separation
effects inside the body of such valves. Denoting the coefficient
that quantifies the closing element-independent upstream losses as
Ko, dready included in K, the relation between K, and <, is
now expressed as

|
Tim==0K, =Ky + 1)1 =1
i
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The coefficient Ko will be small or even zero in valves in which
head losses are relatively low when they are fully open, as can be
the case with butterfly valves. For other valve types, in the ab-
sence of gpecific studies, the value of the coefficient K, for a
valve that is in a completely open position could be considered to
approximate Ko, (more details about Ko and head losses for seat
valves can be found in Sanchez [16]). The value of r is harder to
approximate than Ko and is therefore only studied experimentally
in this paper.

Application. If the parameters K., and <ry, are known, either
the head losses or the flow can be obtained from the system-
imposed boundary conditions. These conditions are characterized
by the cavitation number a in its forms <T, and ag, shown in Egs.
(3) and (4).

Thus, Egs. (9) and (10) for flow rate Q can be generaly ex-
pressed, under both cavitating and noncavitating conditions, as a
function of the pressure difference between the sections upstream
and downstream of the singularity, P\-p,, © the head losses ht,
with

120+ hy
==/ 4 1Y
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where K is the only coefficient that has to be evaluated. This can



be achieved with the function detailed below.

The value of K can be abtained from the value of the cavitation
number in its forms a, (if p, and U—or Q—are known) and ag,
(if p. and/?! are known). In the firgt case, if 0=Scr,=Scr»,, this last

being equal to a\.—K, there would be cavitation and it would
affect the head losses. If cry>cr,,, either there would be no cavi-
tation or there would be but it would not affect the head losses. In
either case, coefficient K would be given by
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On the other hand, if the loop flow correction method of net-
work analysis is used, in which flow rates are corrected to fulfil
energy equations, then Eq. (16) solves the problem. However, the
value of p, is necessary and can be obtained from the previous
iteration.

In spite of the fact that cry can be used instead of <, it is useful
to determine the latter to quantify the head losses increased by
cavitation and to compare qualitatively the possible lengthening of
the vapor cavity. While <r, is the minimum value of cry, which is
reached when the pressure in the contracted section is equal to py,
the minimum vaue of a, is zero (when p,=p,), 2"d cavitation
materializes its effects on head losses when cr=Scr,,. So, &, gives
more information than cr;.

To illustrate the utility of Egs. (15) and (16), a system such as
that shown in Fig. 2(a) has been considered. The system boundary
conditions are imposed by the tank levels. Additionaly, if the
head losses in the pipes upstream and downstream of the valve V
are considered negligible, the pressures resulting from the above
boundary conditions can aso be considered in the sections imme-

hy -
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(b) |E1 =hy"y = const.

(©) [p2= haty = const.

p2=hJ'y = const.
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Fig. 2 (a) Valve between two tanks, (b) Head losses as a func-
tion of flow wunder different system-imposed boundary
conditions.

Q

diately upstream and downstream of that valve. The coefficient K
has been calculated using Eq. (17) for each situation imposed on
the system, which is characterized by the parameter ag,.

Figure 2(b) shows the possible shapes of the curves plotting the
head losses in the valve V, or other transition, as afunction of flow
rate for different boundary conditions indicated in Fig. 2(a).
Curves (8 and (b) match permanent flow regime situations where
the water level in the upstream tank is constant, whereas the
downstream pressure changes. The opposite applies to curves ()
and (d), and the water level in the downstream tank is constant,
whereas the upstream pressure changes. All four curves have a
common section, depicted as a solid line, in which the cavitation
effects do not affect head losses. This is compatible with situa
tions in which K=K,

Additionaly, where a-ycri/Ky or a-pcrn/Kyl, cavita
tion effects affect head losses, the value of K depends on the value
of crpi, and, therefore, the relations between head losses and the
flow rate differ depending on the boundary condition, which is
changed. It can be seen that if p\ is constant, then Q is too,
irrespective of the value of p,, which conforms to Eqg. (10). This
aso applies when p, is constant and p; changes. Under these
conditions, Q is a function of p;.

In area system, because head losses in upstream and down-
stream pipes cannot be considered negligible, the hypothetically
observed lines would be positioned in-between the dashed plotted
curves. Therefore, the representation of hJQ) is inadequate for
determining the parameters that quantify cavitation effects on
head losses. However, the one of K(cr;) represents the head losses
irrespective of the operation of the rest of the system components,
and it should then be an effective tool for determining such pa-
rameters.

Experimental Verification. The above mentioned develop-
ments have been verified experimentally. We tested the following
devices: three 7.56 mm, 8.93 mm, and 11.59 mm circular sharp-
edged orifices, a butterfly valve with a nomina diameter of
75 mm and a symmetric closing disk, and a hydraulically operated
seat globe valve with a nomina diameter of 50 mm. The orifices
were positioned in transparent methacrylate (see Fig. 3) and
opagque polyvinyl chloride (PVC) pipes with internal diameters of
16 mm and 16.2 mm, respectively. The two valves were posi-
tioned in their respective PVC pipes with the same nomina
diameters.

All the listed devices were arranged in a test rig. Figure 4 is a



Fig. 3 View of cavitating flow downstream of one of the tested
sharp-edged orifices

smplified diagram of the test rig. The diagram represents a closed
circuit whose storage element is tank T and the energy comes
from pump P, driven by a frequency converter-controlled electric
motor.

The measurement equipment was composed of the next ele-
ments. The electromagnetic flowmeter F was used to measure
flow, adigital differential manometer M, was used to measure the
head losses in the tested elements V, and the digital manometer
M; was used to measure the upstream pressure. Pressure h, was
calculated as the difference between h; and ht, measured by M;
and M,, respectively.

The distances between the element under testing and the mea-
surement and control elements L, L,, L3, and L4 in Fig. 4 con-
formed to ISA and ASAE instructions. In particular, L,
and L3 were equal to one and five times internal pipe diameters,
respectively, while L; and L, were greater than ten and two times
this diameter.

The control of the boundary conditions during the tests was
achieved as follows. The upstream boundary condition was con-
trolled by valves V, and V. the above frequency converter, and a
combination of any of these elements. Because valves affect the
uniformity of flow downstream of them, it was done almost ex-
clusively using the frequency converter. The only way to control
the downstream boundary condition was to actuate on valve V..

The upstream and downstream boundary conditions of the ele-
ment under testing, V, were relations between the pressure heads
hi and h,, respectively, and flow Q. For predicting head losses in
the tested element under the particular conditions imposed in the
test rig, these last ones in a permanent regime have been modeled
by the following two equations:

hi=ag-N+a,-N-Q+a,-Q? (18)

= (_.‘;)\hj —Az (19)
Equation (18) is a standard expression for pumping head char-
acteristic curves and is applicable in this case if V, is closed. N
represents the relation between the real frequency provided by the
converter and the nominal frequency of the motor that drives the
pump. The coefficients ay, &. and a, were obtained by fitting. The
last two coefficients appear to account for the head losses in the
pipes making up the upstream section, whereas the first coefficient
gives the pressure head with zero flow.
As regards the downstream section, the coefficients Cp and Az
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Fig. 4 Hydraulic schematic diagram of the test rig
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of Eq. (19) were dso obtained by fitting. In physical terms, the
second coefficient means the height difference between the free
water level in tank T and the section at which h, is measured. Cp
covers the head losses in both V, and the downstream pipes,
assuming a full turbulence regime. Additionaly, if the vapor cav-
ity extends to the downstream manometer tap, the approximate
boundary value of the measure here would be p,, and then this
boundary condition would be p,~p..

As far as the test procedure is concerned, the above devices
were tested under constant downstream and upstream discharge
conditions. In the first case, valve V, was fixed in a fully open
position. This way we were able to model this condition using Eq.
(29), unless the vapor cavity had, due to its extension, affected the
measurements of p,. In the case of the fixed upstream condition,
the tests were run with valve V, at a closed position, \; at a fully
open position, and pump P at a constant rotation regime. All the
tests were run with tap water contained in tank T at a temperature
of approximately 20°C, and the absolute vapor pressure at the
saturation point considered was 2.4 kPa. As observed experimen-
tally by Tullis and Skinner , ar injection downstream the
valves reduces the critical cavitation index and the magnitude of
the low frequency pressure fluctuations but not the local head loss
coefficient, so the presence of small quantities of dissolved or
undissolved air in water should not affect the determinations of
either the last mentioned coefficient or the choking cavitation
index.

Also, the closing elements of valves were subject to the force
generated by the fluid. As Sarpkaya had observed and ana-
lyzed, the drag force on the round disk of an axisymmetric but-
terfly valve generates a torque that tends to close the valve.

Even though the tested butterfly valve has a latching device
designed to fix the position of the handle and, therefore, the round
disk, the tests were achieved with strictly increasing flows up to
the maximum test flow and then immediately switched to a de-
creasing sequence of flows with the aim of detecting the effects of
any possible disk displacement. This way, the position of the disk
at the end of the test should be equal to or even more closed than
that at the beginning, and consequently Ky, should be greater or
equal at the end of the test than at the beginning. A similar pro-
cedure was followed for the hydraulically operated seat globe
valve, aso to detect changes in position in the closing element.

For every orifice and for the two valves a every position of
their closing element, the parameters K., and <r,,, were obtained
experimentally by minimizing the minimum relative squared error

defined as
K. 27 s 3
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where K; and a, were calculated from observed data using Egs.
(2) and (3). Vaues are given in the figures in the Results section
with Ky £ Crekm and <fim % Crgjim, Where the second terms are the
corresponding part of the error standard deviations from Eq. (20).

(20)

Cavitation Limits. The cavitation limit studied so fer is inad-
equate for pipeline design purposes, and other limits such as in-
cipient and critical cavitation limits are used. These other limits,
where cavitation does not take place across the whole contracted
section, will occur under less severe boundary conditions and will
be positioned to the right of the curve defined by Eq. (11) for
sharp-edged orifices and by Eq. (14) for valves in the respective
Km(crim) diagram. Turbulence regime-specific pressure fluctua-
tions should play a role in the process under conditions where
cavitation takes place but are not strong enough to reach the in-
tensity corresponding to <r,. These cavitation limits can conceiv-
ably be related to <fy,

Turbulence regime-specific pressure fluctuations will produce
points at which vapor pressure will approximately be reached dur-
ing relatively short periods, even if the mean pressure throughout
the contracted section is considerably bigger than the vapor pres-



{a) Eqg. (15) and K=K,

(b} Eq. (15} and K=o/ and eq. (19)
for downstream discharge condition.

P |(c) Eq. (15) and K=c1n/opq and ha=h,
for downstream condition (i.e. K=o y).

(O Observations with o,z < a1,,/K 1.

_|8 ¢4 Observations for 7.56, 8.93 and

11.59 mm, respectively.

0.0 0.5 1.0

20 25

O(L/s)

Fig. 5 Experimental and predicted results of head loss tests on sharp-edged orifices of
diameter d in a pipe with an internal diameter D=16 mm

sure. In addition, although the root mean square values of pressure
fluctuations do not vary with thejet speed, as noticed by Ran and
Katz , the probability distribution changes significantly, caus-
ing a reduction in the incipient cavitation index with increasing
velocity. However, considering that the pressure pulses close to
the contracted section could be approximately proportional to the
squared velocity pulses, as dictated by Bernoulli's equation for
steedy regime, for a pressure pulse intensity p', the relation be-
tween a cavitation limit cr® with pressure fluctuation p' and cryy,
would be

Piy—pPe Pi—Putp p' 2
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In particular, for sharp-edged orifices, with the relations shown
in Egs. (7) and (8) between the section relation and the coeffi-
cients Ky, and <, Eqg. (19) expressed as a function of the latter
coefficient is

UIF m +© (1 +°"Im) (22)

The coefficient ¢ indicates the amplitude of the pressure fluctua
tion with respect to the velocity head at the contracted section for
the value cr”.

Results and Discussion

The points in Fig. 5 show the experimental results for head
losses as a function of flow in circular sharp-edged orifices placed
in the 16 mm diameter pipe and with the fixed downstream
boundary condition. Curves predicting the head losses according
to Eq. (15) with K=K, (curves (8)) and with K=cr/(Ty (curves
(b) and (c)) have also been plotted. Curve (b) corresponds to the
discharge condition according to Eq. (19), wheress (c) denotes the
condition h, = h,. This approximates the minimum possible pres-
sure head in the section where the downstream pressure is mea-
sured and is equivalent to K=cr,. Therefore, curve () is an un-
surpassable limit, as these results also confirm. This curve has
been obtained using agi =\, which corresponds to the boundary
condition hy=h,.

K and <, values were obtained experimentally by minimiz-
ing the relative error, as shown in Eqg. (20). We have circled the

experimental observations in which the calculated value is ay
=S cri/Kn, indicating that cavitation should have a significant &-
fect on ht.

Points plotted in Fig. 6 show the calculated K and o values
from the experimental observations shown in Fig. 5, and the solid
lines indicate the result of Egs. (15) and (17). Also, we have
represented Eg. (11) and the experimental determinations of Ky,
and cri, by points alongside their coordinates. Being unique for
al the boundary conditions, this representation can be used to get
parameters K, and <ry, meaning that, as far as head losses are
concerned, the tested orifices have been characterized.

As shown in Fig. 5, the two parameters predict the operation of
the orifices under the imposed boundary conditions, save that it is
not possible to predict whether the possible vapor cavity will ex-
tend far enough to shift the downstream condition in the down-
stream testing pressure tap and, if it does, for what flow value it
will do so.

Figure 7 shows additional experimental results carried out on
the orifice of diameter d=8.93 mm, placed in a PVC pipe with a
16.2 mm internal diameter. Both the downstream and the up-
stream boundary conditions were manipulated, and we found that
the theoretical curves plotted in Fig. 2(b) were confirmed experi-
mentally. Apart from the observations and prediction curves for
head losses, Fig. 7 aso includes the imposed boundary conditions
hi(Q) and hy(Q), and their difference h;-hy(Q).

The results represented by solid points are similar to those a-

50
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Fig. 6 Results of the proposed analysis applied to data from
Fig. 5
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Fig. 7 Experimental results of head loss tests and predicted curves on the sharp-edged

orifice of diameter d=8.93 mm in a pipe with

ready shown in Fig. 5, i.e., where the downstream boundary con-
dition was constant and, particularly, V, was in a fully open po-
sition, whereas the empty points represent the results in which the
upstream boundary condition was constant and, particularly, V,
was closed and Y; was in a fully open position, meaning that
h;-hy(Q) was the maximum possible head loss. The meanings of
curves (a), (b), and (c) are unchanged, athough (b) is now split
into two: curve (bj) corresponds to the fixed downstream bound-
ary condition and curve (b,) corresponds to the fixed upstream
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an internal diameter D=16.2 mm

boundary condition. The points that are below the line that corre-
sponds to the imposed condition h,(Q) have been circled in Fig. 7.
The explanation for this is that the vapor cavity has extended far
enough to affect the measurement of the pressure difference with
amanometer M,. Note that the empty points corresponding to the
fixed upstream boundary condition are still on the head loss pre-
dicting curves (a) and (b,), whereas al the solid points are not
positioned on curve (bj). The circled observations do not exactly
represent the head losses, as they are above the hy-hy(Q) curve,
i.e, line (bj) does not predict that the experimental determinations
do not match ht. However, it is clear from Fig. 8 that this topic is
no longer relevant in the analysis based on the K(<J") representa-
tion, which amplifies and further specifies the determination of
the parameters Ky, and <r,. Also the points circled in Figs. 7 and
8 correspond to the same situation.

The value of K, obtained experimentaly for the 893 mm di-
ameter orifice in the 16 mm pipe was 14.0 +0.2, wheregs it was
146 +0.3 for the 16.2 mm pipe. These results saisfy the
Belanger-Borda expression shown in Eq. (8).

The points in Fig. 9 represent the experimental results of testing
the butterfly valve with its round disk positioned at 45 deg. The
points have been placed on two different curves, labeled as "<
increasing" and "<2 decreasing," essentially obeying the fact that
the position of the disk in the valve might change during the test.
Figure 10 illustrates this more clearly. Similarly, we have plotted
the curves that predict head losses according to Eqg. (15) with K
= Kn (curves (8) and with K=cr/(Ty (curves (b)). The fitted

40 (a)Eq. (15) and K=Kpy,. :
(b) Eq. (15) and KW ,/<7,; and eq. (19) !
85 for downstream discharge condition. =~ C s e Taus SR e
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Fig. 9 Experimental and prediction results of head loss tests on a butterfly
valve with a nominal diameter of 75 mm and a closing disk at 45 deg
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Fig. 10 Results of the proposed analysis applied to data from
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discharge condition hy(Q) has aso been represented, and unlike
head losses, the observations are explained by a single curve.

As in the case of sharp-edged orifices, parameters Ky, and cryp,
were fitted from the experimenta determinations shown in Fig. 10
by minimizing the relative error shown in Eg. (20). In this case,
two curves have been plotted to explain the observations for two
disk positions. Accordingly, it can be said that the test started with
the round disk in a position where ~'=35.5+0.5, and it ended
with the disk in another where _fi"=403 + 0.6. This change in po-
dtion can be explained, bearing in mind the fact that the drag
force on a disk tends to close it. Note also that according to the
values of the <r,, error standard deviations, the Q decreasing
curve explains the respective experimental results dightly better
than the Q increasing curve. This suggests that once the "<2 maxi-
mum" has been reached, the position of the disk must have been
unchanged, whereas during the flow increasing phase, it must
have changed in position little by little several times. This is con-
sistent with the fact that the force on the disk, which tends to close
it, will be al the greater, the greater the flow is. When that force
overcomes the gtatic friction force that keeps the disk in its place,
the disk must move.

Equation (17) was also used to predict and characterize head
losses in the tested butterfly valve. We found that, as was foresee-
able, Eq. (11) for sharp-edged orifices does not explain the deter-
minations of K., and <r,, as was aready mentioned in the Mate-
rials and Methods section. Experimental results fell to the right of
the curve of Eqg. (11), which can be interpreted as the valve got
into cavitation, as far as head losses are concerned, under less
severe conditions than a sharp-edged orifice with the same K,
coefficient.

Figure 11 represents the experimental determinations of K, and
Crim for several positions of the butterfly valve and the seat globe
valve. Note that they are all till to theright of Eq. (11) and that a

oy L

ZE . (14) ] !
Kg=5.46, r=0.81 O Seat globe valve 50 mm
S EET ___,/4 " " o Butterfly valve 75 mm
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Fig. 11 Relations between experimentally determinated values
of K, and <ry, on the two tested valves

U (mis)
15 2 26 3 35 4 45 5

Fig. 12 Head loss curves in the tested butterfly valve for dif-
ferent valve positions and approximate validity bounds as a
function of the downstream head pressure

value of r=0.79 with Ko=0, introduced in Eq. (14), would explain
these values for the butterfly valve. Similarly, the coefficients r
= 0.81 and Ko = 5A6 would explain the results in the case of the
seat globe valve, and not dl the points are now positioned to the
right of Eq. (11).

The values of the characteristic parameters can be used to
elaborate the information for practical or rather "immediate” valve
use, as shown in Fig. 12 for the butterfly valve. The imposed
conditions have been defined in this case as a function of the
downstream pressure head h,. One point of the graph Q(he) would
require a downstream value of h, equal to the one of the curve
that goes through that point plus a safety margin.

To quantify this safety margin, Eq. (21) and its particular ex-
pression for sharp-edged orifices (Eq. (22)) reflect an attempt at
approximating the magnitude of the pressure pulses through the
intensity or continuity of cavitation. Taking Tullis experimen-
tal determinations about the critical and incipient cavitation limits
for three sharp-edged orifices, Figs. 13 and 14 show a possible
explanation based on Eq. (22). These results clearly show that as
the author stated and as quantified by empirical equations, the
effect of scale is patent. Besides, Arndt suggested quantifying
this effect of scale on incipient cavitation by studying semiempiri-
cdly the pressure drop inside a vortex produced in the wake of a
disk and expressed the incipient cavitation index as a function of
geometrical dimensionless parameters, Strouhal number St and
Re. Also, Katz and O'Hern's results were consistent with the
assumed trend of the cavitation inception index of shar(P-edged
bodies to increase with Re. Thus, we have adopted ¢' ~D 5 dince
it has shown a reasonable agreement with the experimental re-
sults. If this approximation is accepted, apart from characterizing
each singularity, the parameter <r,, also sarves as a reference for
other less severe cavitation limits that are more useful for design
purposes than <r, itsdf.

The above presented results for evaluating design cavitation
limits are certainly limited and call for further research. In par-
ticular, it should be interesting to have at one's disposal the actual
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Fig. 13 Explanation of the relation between the critical cavita-
tion limit values determined by Tullis [3] and the head loss co-
efficient based on the influence of the pressure fluctuation
level
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Fig. 14 Explanation of the relation between the incipient cavi-
tation limit values determined by Tullis and the head loss
coefficient based on the influence of the pressure fluctuation
level

values dtated by the valve's manufacturers for contrasting the pro-
posed expressions and evaluating the coefficient c'.

Conclusions

Head losses under cavitating flow conditions in sudden transi-
tions, such as valves, can be predicted because they are character-
ized by the parameter <r,, in addition to the traditional head loss
parameter K. The latter characterizes the flow pattern down-
stream of the section in which cavitation takes place, whereas cr,
characterizes the flow pattern upstream of this section. In prin-
ciple, both parameters must be determined experimentally. Head
loss formulation under cavitation flow conditions is relatively
smple, so it could become extensive in a distribution network
calculation software improving its results.

The proposed head loss evaluation method splits the cavitation
from other effects, including the displacement of valve closing
elements due to the drag force. The influence of cavitation on the
head loss coefficient has been quantified. As a consequence, un-
certainties about whether or not cavitation has influenced local
head losses during tests are removed. Even if the vapor phase
extends to the downstream pressure tap of the transition, the de-
termination of the two parameters that characterize and quantify
such head losses is not conditioned.

If the parameter K, for a singularity is known, it is possible to
approximately estimate <r, or vice versa. For design purposes,
this last parameter can be used to determine the maximum flow
for which head losses are not affected by cavitation under certain
system-imposed boundary conditions. However, as cavitation can
occur even if the flow does not surpass that maximum, it is worth
taking into account a given safety margin to dlow for pressure
fluctuations in the flow. In this respect, <r, can be adopted as a
reference value to estimate other cavitation levels on the basis of
the pressure fluctuation-velocity head ratio.

Acknowledgment

We would like to thank the Spanish Interministry Science and
Technology Board (CICYT) for its support of this work provided
through Project No. AGL2004-01689/AGR.

Nomenclature

fitting coefficients for the Q-H curve of a
pump (L,zr*-T,zr>-T?)

¢ = fluctuation coefficient
Cc = contraction coefficient
Co = discharge coefficient (L¥%-T-Y)
g = gravitational acceleration (L-T2)
H = energy head (L)
h = pressure head (L)
h, head losses (L)

K = loca head losses coefficient
Ko = part of local head loss coefficient independent
of the operation of the closing element in a
valve
I, I''1" = length inside the singularity (L)
p = pressure (M-L-*-T~?)
p = pulse pressure (M-L--T~?)

Q = flow rate (LAT"Y)
r = axia-asymmetry coefficient

Re = Reynolds number

St = Strouha number

U = mean water velocity at uniform pipe sections
(LT

Az = elevation difference (L)

e = relative eror
y = specific weight (M « L~? « T
p = density (M-L®)
<j, @ = cavitation numbers
(0 = cross-sectiona area (L?
Subscripts

a upstream section
at downstream section

contraction of flow
obstructed section
fluctuating
minimum

vapor

=3~m0 Nk
1
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