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A B S T R A C T

An experimental investigation has been carried out to evaluate the performance of a cavitating Venturi flow. For
that purpose, a closed loop circuit with a centrifugal pump and a transparent asymmetric converging-diverging
test section has been built which allows to set the pressure level and the flow rate. The system is instrumented
with several pressure sensors and temperature probes that are continuously monitored during the tests. The ex-
periments have consisted in generating non-cavitating and cavitating flows inside the Venturi under controlled
conditions. The obtained results, which have been characterized as a function of the Venturi's discharge coeffi-
cient, pressure ratio and pressure loss coefficient, are in good agreement with previous studies carried out with
standard Venturi geometries, specially under non-cavitating flows. The Venturi's performance under cavitation
flows has been found to be dependent on the Venturi's inlet pressure and similar to a chocked flow condition with
constant volumetric flow rate. On the basis of these observations and the analogous behaviour with compressible
gas nozzles, a new flow coefficient has been derived which remains constant at any cavitating regime. Thus, this
coefficient permits to use a Venturi as a flow meter on cavitation conditions.

Nomenclature

Cross section area

Discharge coefficient

Pressure loss along Venturi tube

Mass flow rate

Pressure

Volumetric flow rate

Reynolds number

Thermodynamic temperature

Area averaged velocity

Greek characters

Contraction ratio

Flow rate coefficient

Hydraulic diameter

Dynamic viscosity

Density of liquid phase

Cavitation number

Pressure loss coefficient
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Referred to idle conditions (i.e. stopped pump)
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Referred to water's saturation state

Referred to Venturi's inlet section

Referred to Venturi's outlet section

Referred to Venturi's throat section

1. Introduction

Both liquid and gas states of matter coexist in equilibrium until a
driving force appears causing an imbalance between both and a mass
transfer takes place. Mass transfer from gas state to liquid one is known
as condensation while the reverse phenomenon is called vaporization
[1]. For the latter, the mass transfer is led by temperature gradient in
boiling process –liquid is heated until saturation pressure reaches local
pressure– but when the driving force which leads the mass transfer is a
pressure gradient then cavitation takes place –local pressure drops until
saturation temperature reaches local temperature–. In the present work
we have focused on cavitation in flowing water.

It is well known that subsonic fluids flowing through converging-di-
verging geometries, such as Venturi tubes, suffer of an exchange be-
tween pressure and kinetic energy in order to accelerate or decelerate:
in converging section the pressure decreases in favour of fluid's veloc-
ity but in diverging sections the exchange takes place reversely. Hence,
the flow experiments its lowest pressure and highest velocity across the
throat's section, which corresponds to the smallest cross-sectional area.
Therefore, a liquid (incompressible fluid) flowing through a converg-
ing-diverging geometry might experiment the formation of vapour bub-
bles in the throat's section at a suitable flow rate due to cavitation ex-
hibiting a compressible behaviour.

Converging-diverging geometries with circular cross section are com-
monly used for flow rate measurements in flowing gases [2] and liq-
uids [3] when no cavitation occurs based on the pressure difference be-
tween inlet and outlet sections ( ). The geometry proposed for gases
is a classical Venturi tube while the one proposed for liquids is a Her-
schel-Venturi –the throat is enlarged for a length equal to the throat's
diameter –. In both cases, they have slight converging/diverging an-
gles and long diverging sections. The experiments have demonstrated
that they present a constant discharge coefficient and a low uncertainty
inside a given range of operation without cavitation. The discharge co-
efficient, , is defined by Ref. [3] with:

(1)

(2)

where the measurement of is used to calculate the mass flow rate, ,
through the pipe. Typical range of values for are from 0.957 to 0.995
as indicated by Ref. [3].

Under cavitation conditions, Venturi tubes are choked and present an
exceptional behaviour for flow control but they have not been used for
flow metering yet because under such conditions the discharge coeffi-
cient is no longer constant. Due to the fact that the flow rate is chocked,
i. e. constant, in choked regime, cavitating Venturi flow is used in indus-
tries where flow control is critical such as in liquid propellant rockets as
presented in the works of Randall [4] and Ulas [5].

Several studies have employed a Venturi type geometry with circu-
lar cross section to generate cavitation thanks to its excellent balance
between construction simplicity, low cost and flow conditions repro

ducibility. For example, Zamoum et al. [6], Abdulaziz [7] and Rudolf et
al. [8] carried out experiments to study the cavitation morphology and
cavitating Venturi's performance through the measurement and analy-
sis of flow rates and pressure losses. Others like Charrière et al. [9] and
Brinkhorst et al. [10] conducted numerical simulations to validate cav-
itation models. Other studies, like those presented by Dular et al. [11]
and Decaix et al. [12], a Venturi with a rectangular cross section was
used to study the cavitation structures and dynamic behaviour.

The cavitation phenomenon can be characterized with the non-di-
mensional cavitation number which is defined as the ratio between the
outlet's pressure relative to the saturation pressure and the dynamic
pressure measured in the throat's section:

(3)

where the saturation pressure, , is calculated as a function of the
water temperature by means of the formulation proposed by the Inter-
national Association for the Properties of Water and Steam [13].

The dimensionless pressure loss coefficient through a pipe or a com-
ponent of an hydraulic circuit is defined by:

(4)

The pressure loss coefficient characterizes the resistance of hydraulic
components such as elbows, valves or orifice plates. Moreover, it has
also been used to study the performance of different Venturi geometries
at different operational regimes comprising both non-cavitating and cav-
itating conditions [8,14].

As pointed above, converging-diverging geometries have not been
used as flow metering devices under cavitation conditions yet. Instead,
they are being employed as flow control devices because the flow rate
remains invariable in front of downstream pressure fluctuations. Nev-
ertheless, the discharge and the pressure loss coefficients –the most ex-
tended dimensionless numbers used for characterizing and comparing
geometries– are no longer constant when cavitation appears. Thus, a
new flow coefficient must be defined if Venturi geometries are expected
to be used as flow meters under cavitating regimes.

This paper presents the experimental investigations carried out in
a closed loop circuit to determine the effects of cavitation on the per-
formance of a rectangular cross section Venturi and proposes a new
flow coefficient for flow metering under cavitating regimes. Firstly, the
test-rig allowing to control the flow rate and pressure levels and the ob-
served cavitation regimes within the Venturi are described. Then, the
experimental procedure and the set of experiments are described. The
obtained results are presented and discussed with detail demonstrating
a strong dependency between the flow rate and the Venturi's inlet pres-
sure in cavitating regimes. As a result, a new flow coefficient is pro-
posed and validated which overcomes most accepted coefficients. The
proposed flow coefficient remains constant during cavitation conditions
allowing to infer the flow rate for any operating range by means of a
single static pressure measurement at the Venturi's inlet section.

2. Experimental device and set-up

2.1. Experimental set-up

The test-rig employed for the present experimental study is shown in
Fig. 1. This cavitation tunnel is a closed loop circuit made in PVC pipes
and powered by a 3 kW LOWARA SHE 40–160/30 centrifugal pump.
One large reservoir –filled with 30 L of tap water– is located between
the pump's discharge pipe and the Venturi's inlet section in order to
damp the pressure and flow rate fluctuations. The presence of a free
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Fig. 1. Cavitation tunnel powered by a 3 kW centrifugal pump and controlled with a variable frequency drive (VFD) and a valve placed downstream the flowmeter.

surface combined with the isolation of the whole system with respect
of the ambient pressure, contributes to damp eventual fluctuations (see
Bermejo et al. [14] for more details).

The system's flow rate is set with the rotating speed of the pump and
the opening ratio of the butterfly valve located downstream the flowme-
ter (see Fig. 1). The pump's rotating speed is controlled with a vari-
able frequency drive (VFD). The maximum system's flow rate is about
41.5 m³/h. The system's reference pressure ( ) is defined as the free
surface pressure inside the suction reservoir in idle conditions and it is
set by means of a pneumatic control system that permits to pressurize
and make vacuum. The range of absolute pressures that can be achieved
are from 10 kPa to 1.1 MPa. The water temperature, measured by means
of two transmitters placed on both reservoirs, shifts freely during each
experimental trial. However, initial conditions can be repeated by refill-
ing the test-rig with fresh water. The 3D CAD model of the piping cir-
cuit was used to calculate the system's volume, which has 78 L, approx-
imately.

The centrifugal pump is isolated from the rest of the components by
means of two expansion joints placed upstream and downstream and it
is attached to the frame through three silent blocks in order to reduce
the transmission of vibrations from the pump to the test section. The
AISI 304 frame that supports the main components is isolated from the
floor with four silent block adjustable legs.

The system is instrumented with several sensors comprising seven
(7) absolute pressure transmitters E&H Cerabar PMC-11 and two (2)
temperature transmitters PT100 Class A WIKA TR11-C. Two absolute
pressure transmitters are employed for measuring the pump's head
which are mounted with ring manifold following the ISO 9906:2012
[15] recommendations. The rest of pressure transducers are located in
both reservoirs and along the Venturi test section. The two temperature
transmitters are located inside the two reservoirs. Moreover, an electro-
magnetic flowmeter ABB ProcessMaster300 FEP311 and a pump's VFD
provide output signals for volumetric flow rate and the rotating speed
measurements.

A graphical user interface was programmed in LabVIEW® for moni-
toring the operating conditions of the cavitation tunnel in real time. The
data acquisition system reads the signals with a current module NI-9208.

2.2. Venturi

A Venturi with a total length of 375 mm between inlet and outlet
sections and with rectangular cross sections was designed and used for
the present study in contrast with other Venturi geometries studied in
Refs. [7,10,16] which all were axisymmetric. Both inlet and outlet sec
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tions have a square cross section of 72 mm of side and smoothly progress
to a circular cross section to be coupled to PVC pipes.

The lateral view of the Venturi and its main dimensions are outlined
in Fig. 2. As can be seen, the Venturi has a flat upper wall with three
orifices at the outlet, throat and inlet sections (from right to left) for
flush mounted pressure transmitters. The static pressure taps for each
pressure transmitter were designed following the ISO 9906:2012 guide-
lines [15] to prevent the influence of turbulence in the measures. The
sensor at the throat section was selected with a pressure range from 0 to
2.0 MPa, and the two other sensors had a range from 0 to 6.0 MPa.

The Venturi's converging section presents a contraction ratio of
0.173 from an inlet square section to a throat of 6.8 mm of height
through soft edges. This geometry is similar to those tested in Ref. [7]
but with the exception that it has an asymmetric diverging section with
respect to the throat plane. The throat cross area is of 490 mm2, it has
12.4 mm of hydraulic diameter and it is not elongated like the Her-
schel's geometries tested in Ref. [10]. Consequently, the maximum area
average velocities are 2.22 m/s and 23.5 m/s at the Venturi inlet and
throat sections, respectively. And the Reynolds number at the inlet sec

tion is 1.88 × 105. The diverging section extends from the throat for
216 mm with a diverging angle of 3°, which corresponds to the lower
range of diverging angles recommended by ISO 9300 [2].

2.3. Cavitation regimes

The transparent Venturi walls made with PMMA (polymethyl
methacrylate) permit the visualization of the cavitation phenomena
through both lateral windows and from the upper wall.

During the set-up of the cavitation tunnel and in preliminary experi-
ments presented in Ref. [14], four different flow regimes were identified
attending to the length of the attached cavity, as shown in Fig. 3: non
cavitating (a), partial cavitation (b), full cavitation (c) and supercavita-
tion (d).

In partial cavitation, the attached sheet of cavitation ends within the
diverging section of the Venturi, meanwhile for full cavitation the cavity
closure occurs inside the outlet's pipe. And for supercavitation, the cavi-
tation enters inside the suction reservoir.

Fig. 2. Lateral view of the Venturi and main dimensions (flow from right to left). Pressure taps are located in inlet, throat and outlet sections on the upper wall. Two extra pressure taps
were practice in inlets and outlet sections on the bottom wall as reserve.

Fig. 3. Pictures of observed cavitation regimes in the Venturi with flow from right to left: non-cavitating (a), partial cavitation (b), full cavitation (c) and supercavitation (d). Images (a)
and (b) show Venturi's inlet section and images (c) and (d) show the Venturi's outlet section.
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3. Experimental procedure

3.1. Degassing process

The presence of dissolved gasses in the bulk water affects the be-
haviour of cavitation acting as nuclei. As reported by Brennen [1], the
amount of nuclei reduces the required energy and increases the pressure
at which cavitation appears. Degassing the system consists in promoting
the mass transfer of dissolved gasses from liquid to gas phase by means
of changing the equilibrium state with a reduction of the and dis-
placing the equilibrium to a new state with a lower concentration of dis-
solved gas, i.e. with less cavitation nucleis. Therefore, the water had to
be degassed at the beginning of each test or when it had been renewed.

The process of degassing consisted in running the system in close
to vacuum conditions with absolute values between 10 and 12 kPa
in full cavitation regime. As can be seen in Fig. 4, the pressure rises
steadily at a different rates depending on the amount of nuclei while de-
gassing takes place. Therefore, the pressure recovery rate during the test
is used as an indicator of the presence of dissolved gas.

The plot in Fig. 4 shows that, at the beginning of the degassing
process, the pressure recovery rate is higher due to the large amount of
gasses dissolved inside the liquid. For example, the pressure increases
around 50 kPa every 5 min at the beginning of the first run. But the pres-
sure only increases 14 kPa every 5 min at the end of the same run. When
several degassing runs have been carried out, the slope of the pressure
recovery becomes constant and corresponds to the system's leak rate. For
example, the last complete run presents a rate of about 0.6 kPa every
5 min when the starting pressure is 10 kPa. Below this point, even if we
increase the pressure to 19 kPa and stop the flow, the pressure recov-
ery rate is approximately the same with a value of 0.7 kPa every 5 min,
which confirms that the amount of absorbed gas in the bulk liquid has
been reduced to its minimum.

3.2. Tests carried out

The set of tested operating points was chosen based on the system's
reference pressure and the volumetric flow rate. The measured temper-
ature range was from 12 to 30 °C for all tests.

Fig. 4. Static absolute pressure measured in the suction tank during several degassing
processes running at vacuum conditions with supercavitation. As the liquid is degassed,
the pressure recovery slope decreases and tends to stabilize.

A series of repetitive tests were carried out for seven (7) levels of
comprising 70, 90, 100, 110, 130, 150 and 200 kPa. For each , four-
teen (14) opening ratios of the control valve from fully closed to fully
opened and six (6) pump's rotating speeds from 50 to 100% of the nom-
inal speed in steps of 10% were selected, resulting into a total of 1176
operational points.

Each session of tests has been started with a degassing process, fol-
lowed by a system pressurization at zero speed for purging the pres-
sure transducers. The reference pressure has been firstly set and then the
control valve has been adjusted. For each control valve position, six (6)
measurements of 60 s each one have been carried out from the lower ro-
tating speed till the highest one. Before starting each measurement, the
system has been left running for a prudential period of time in order to
fade eventual transient fluctuations. When the temperature has reached
30 °C, the session has been stopped, the water has been renewed and the
testing procedure has been restarted again from the degassing process.

3.3. Measurement of uncertainty

The uncertainties of the direct and derived measurements were care-
fully estimated following the guidelines of the Joint Committee for
Guides in Metrology [17] and taking into account the stochastic uncer-
tainty of the variables and those systematic uncertainties coming from
the measurement hardware. Stochastic uncertainty was controlled by us-
ing a sampling rate of 5 Hz per channel and calculating the average and
standard deviations every second. In order to control the systematic un-
certainties of the system, the pressure, temperature and flowmeter trans-
mitters were calibrated.

All the measurements were averaged during 60 s in steady operating
conditions. Fig. 5 shows the stability of (a) the Venturi's inlet pressure,
(b) Venturi's throat pressure, (c) flow rate and (d) cavitation number, re-
spectively, during one trial. The highest relative uncertainty of the inlet
pressure is ±2 kPa at 249 kPa corresponding to a relative uncertainty
below 1%. For the throat pressure measurement, the maximum uncer-
tainty calculated is ±1.7 kPa at 41.5 kPa, corresponding to a relative
uncertainty below 4%. For the volumetric flow rate and the cavitation
number the relative uncertainty is also below 1% with maximum values
of ±0.3 m³/h at 40.5 m³/h and ±0.007, respectively.

4. Results

4.1. Flow rate vs Reynolds

To characterize the flow in the Venturi the Reynolds number was
calculated based on the hydraulic diameter of the Venturi's inlet section
and its averaged velocity which, in turn, was calculated using the aver-
aged volumetric flow rate and its area. The influence of the temperature
on the density and dynamic viscosity was also taken into account ac-
cording to Refs. [13,18].

(5)

(6)

The volumetric flow rate has been plotted as a function of the
Reynolds number for the measurements in Fig. 6. As it can be seen,
the represented operating points fall inside a cone formed by the lines
corresponding to equation (6) particularized for 10 and 30 °C (see dot-
ted straight lines in Fig. 6), demonstrating the dependency on the wa-
ter temperature. An increase of the water temperature leads to an in-
crease of the Reynolds number for a given flow rate. In addition, it can
be confirmed that the flow was fully turbulent at the inlet section of the
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Fig. 5. Measured variables and associated uncertainty of (a) Venturi's inlet pressure, (b) Venturi's throat pressure, (c) volumetric flow rate and (d) calculated cavitation number.

Fig. 6. Measured volumetric flow rate as a function of Reynolds number. The dashed lines
represent theoretical values for water temperatures of 10 and 30 °C. Blue crosses corre-
spond to non-cavitating regime and red circles correspond to cavitating regimes. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Venturi since the Reynolds was within the range from to
, clearly above the accepted critical value of [19].

4.2. Flow rate vs pressure ratio

The volumetric flow rate has been represented as a function of the
pressure ratio between the Venturi's outlet and inlet section pressure val-
ues in Figs. 7 and 8. The resulting plot in Fig. 7 shows two different be-
haviours below or above a pressure ratio between 0.67 and 0.71. Above
this threshold region, the flow rate decreases following a quadratic trend
when the pressure ratio increases. These points exhibit different trends
depending on and, for a constant pressure ratio, the flow rate in-
creases with . Below that threshold, the flow rate remains constant
for constant as the pressure ratio decreases. This change of behav-
iour is due to the presence of cavitation which was observed for pres-
sure ratios below 0.67 ÷ 0.71 meanwhile the upper region corresponds
to operating regimes without cavitation. The cavitation inception was
assessed by visual observation combined with audible sound during the
experiments.

Authors like Abdulaziz [7] or Brinkhorst et al. [20] studied the flow
rate through converging-diverging pipes for different downstream pres-
sures while keeping constant the upstream pressure too. They found
out that, at cavitating regimes, the mass flow was constant for any
downstream pressure, confirming that the flow was choked and in ac-
cordance with our observations. Moreover, the threshold between both
regimes takes place at a very similar pressure ratio located between 0.7
and 0.72 in the experiments of Abdulaziz [7] despite the difference be
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Fig. 7. Measured volumetric flow rate as a function of the pressure ratio between Venturi's
outlet and inlet section. Blue crosses correspond to non-cavitating regime and red circles
represent cavitating regimes. The cavitation inception was assessed by visual observation.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 8. All three cavitation regimes identified in Fig. 3 (partial cavitation, full cavitation
and supercatitation) are presented as a function of measured volumetric flow rate and
pressure rate. The size of the markers represents the length of the observed cavity.

tween their geometry (which was an axisymmetric Venturi with a con-
verging/diverging angle of 6.2°) and our geometry.

The cavitation regimes described in Fig. 3 are grouped together
in Fig. 8 where partial cavitation extends from pressure rates of 0.71
to 0.11 (represented by yellow circles). Orange squares represent full
cavitation operating points, which extend from pressure rates of 0.12
to 0.02. The region bellow 0.04 corresponds to supercavitation (repre-
sented with red diamonds). The size of each marker is proportional to
the corresponding cavity length.

4.3. Flow rate vs cavitation number

The volumetric flow rate has been represented as a function of the
cavitation number in Fig. 9. The flow rate exhibits an inverse depen

Fig. 9. Measured volumetric flow rate as a function of the cavitation number. Blue crosses
correspond to non-cavitating regime and red circles correspond to cavitating regimes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

dency to the square of cavitation number and a strong dependency with
the reference pressure level . Abdulaziz [7] also detected this pres-
sure dependency as a function of cavitation number.

Our results show a near stochastic dispersion over the region with
lower cavitation numbers when cavitation appears and an hyperbolic
trend in non-cavitating flows with a strong influence of the pressure
level as stated by Abdulaziz [7]. Nevertheless, the blockage of the test
section with constant mass flow rates below critical cavitation number
revealed by Abdulaziz are not reproduced by our results. Here it must
be noted that Abdulaziz kept constant the Venturi inlet pressure while
in our experiments we kept constant the reference pressure.

4.4. Discharge coefficient behaviour

The Venturi's discharge coefficient, , has been calculated for all
tested operating points based on the recommendations given by the
standard ISO 5167 [3] and it has been plotted as a function of Reynolds
in Fig. 10. This standard indicates that is valid for Reynolds num-
bers above and for Venturis with diameter ratios between 0.30
and 0.75. The standard also provides figures for Reynolds number from

but with worse uncertainty.
The plot shows two different trends depending on the flow regime.

For non-cavitating flows, increases slightly with Reynolds and pre-
sents significantly greater values than those reported by Reader-Harris
et al. [21] and by the standard [3]. On the contrary, presents lower
values in cavitating regimes and shows some dependency with the cav-
ity length as it can be confirmed in Fig. 11 where the longest cavities
present smaller discharge coefficients.

It must also be noted that our results are in agreement with the state-
ment found in Ref. [3] about the observed slightly decrease of for
regimes of operation under Reynolds values of .

When the discharge coefficient is plotted as a function of the Ven-
turi's pressure ratio or the cavitation number as shown in Fig. 12 and
Fig. 13, respectively, all the points collapse to a single trend along the
entire range of operating conditions. As can be seen in both graphs, a
clear change of behaviour is identified between non-cavitating and cav-
itating flow conditions.

7
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Fig. 10. Calculated discharge coefficient as a function of Reynolds number for any operat-
ing condition. Blue crosses correspond to non-cavitating regime and red circles correspond
to cavitating regimes. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 11. Calculated discharge coefficient as a function of Reynolds number for cavitating
flows. The size of the markers represents the length of the observed cavity.

Analogous results can be found using the pressure loss coefficient, ,
as shown in Figs. 14 and 15. The value of keeps constant in non-cavi-
tating flows but it increases linearly as the pressure ratio drops (Fig. 14)
and the cavitation number decreases (Fig. 15). Rudolf et al. [8] devel-
oped a useful tool based on the behaviour of the pressure loss coefficient
that permitted to identify different cavitating regimes in axisymmetric
Herschel-Venturi tubes while Brinkhorst et al. [22] employed the exper-
imental results to validate cavitation models with numerical simulations
and to study the effects of different geometrical parameters [10]. The
numerical results showed a similar behaviour despite the narrow range
of simulated operational points and a sensible difference between the
experimental and numerical results. It must be noted that the present ex-
periments cover a larger range of operational points than those covered
by these previous studies.

Fig. 12. Discharge coefficient as a function of pressure ratio. Blue crosses correspond to
non-cavitating regime and red circles correspond to cavitating regimes. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 13. Discharge coefficient as a function of cavitation number. Blue crosses correspond
to non-cavitating regime and red circles correspond to cavitating regimes. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Both the discharge and the pressure loss coefficients present excel-
lent behaviours in non-cavitating regimes with constant values and nar-
row uncertainties. That is the reason why both, and specially the dis-
charge coefficient, are used in flow metering with pressure differen-
tial devices. However, the current results and former ones presented by
other authors like Rudolf [8] or Reader-Harris et al. [21] clearly show
that both coefficients no longer remain constant when cavitation takes
place. More specifically, the discharge coefficient drops and the pressure
loss coefficient rises.

5. Flow rate coefficient for cavitating flows

The behaviour of the Venturi's inlet pressure as a function of mea-
sured volumetric flow rate is shown in Fig. 16. In non-cavitating

8
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Fig. 14. Pressure loss coefficient as a function of outlet's and inlet's pressure ratio. Blue
crosses correspond to non-cavitating regime and red circles correspond to cavitating
regimes. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 15. Pressure loss coefficient as a function of cavitation number. Blue crosses corre-
spond to non-cavitating regime and red circles correspond to cavitating regimes. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

regime, depends on and its value increases slightly as the
Reynolds number increases. For example, a rise of 0.3 kPa per m³/h is
found for 200 kPa. This behaviour changes when cavitation devel-
ops inside the Venturi and all the measurements collapse into a single
trend independently of . In these conditions, the rate at which
increases with flow rate is up to 15 times greater than that exhibited in
non-cavitating regime. Hence, this behaviour confirms that the cavitat-
ing flow inside the Venturi is choked and the only way to increase the
flow rate is increasing , which is an analogous behaviour as that ob-
served in compressible gas nozzles [21] where for any given inlet's con-
dition the highest flow rates are only reached when the flow is chocked.

It is well known that reductions in downstream pressure do not lead
to higher flow rates in choked compressible gas nozzles. Instead, only an
upstream pressure increment can rise the nozzle's flow rate as equation
(7) indicates:

Fig. 16. Measured Venturi's inlet pressure as a function of measured volumetric flow rate.
Blue crosses correspond to non-cavitating regime and red circles correspond to cavitating
regimes. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

(7)

where is the heat capacity ratio of the gas.
Equation (7) represents the theoretical volumetric flow rate in a con-

verging-diverging tube with a perfect gas flowing under choked condi-
tions. The third term of the product is a dimensionless constant that
scales the result. Thus, the volumetric flow rate of a compressible gas
flowing in a chocked Venturi is proportional to inlet conditions and
throat area as presented in the following expression:

(8)

On the basis of the observed results and the analogy with the behav-
iour of chocked compressible gas nozzles, a new flow rate coefficient is
proposed for cavitating Venturis which results from the adimensional-
ization of the volumetric flow rate with the inlet pressure, density and
throat area:

(9)

The dependency of with the temperature is revealed by combining
equation (6) with equation (9):

(10)

The expanded form of equation (9) suggests that is proportional
to the Reynolds number. However, that proportionally depends not only
on the water temperature but also on the Venturi's inlet static pressure.

This new flow rate coefficient has been plotted as a function of
Reynolds number in Fig. 17 and the resulting plot resembles the be-
haviour already observed in Fig. 6 where the volumetric flow rate has
been plotted as a function of . Fig. 17 shows the expected propor-
tionality of with and an upper value around 1.48 which cannot be

9



UN
CO

RR
EC

TE
D

PR
OO

F

D. Bermejo et al. Flow Measurement and Instrumentation xxx (xxxx) xxx-xxx

Fig. 17. New flow rate coefficient as a function of Reynolds number. Dashed lines repre-
sent the limits of the experimental temperature range. Blue crosses correspond to non-cav-
itating regime and orange circles correspond to cavitating regimes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

exceeded. The operating points located on this upper limit correspond
to measurements taken with cavitation regimes only.

On the other hand, Fig. 18 just presents those values of at 70
and 200 kPa. In non-cavitating regime, exhibits a linear dependency
with until cavitation appears inside of the Venturi. From this value
and for higher Re, is constant.

The representation of in front of the pressure ratio (see Fig. 19)
shows a completely different behaviour compared to the one observed
with the discharge and pressure loss coefficients. remains constant
in any cavitating regime and only varies at non-cavitating regimes.
Even so, is independent of as the discharge and loss coefficients.
For operating conditions with pressure ratios above 0.7, decreases
progressively from 1.49 to 0 as the pressure ratio increases. All these
points correspond to non-cavitation conditions. But for pressure ratios

Fig. 18. New flow rate coefficient as a function of Reynolds number for measurements at
constant P_ref of 70 kPa (soft colored blue crosses and red triangles) and 200 kPa (satu-
rated blue crosses and red triangles). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 19. New flow rate coefficient as a function of pressure ratio. Blue crosses correspond
to non-cavitating regime and red circles correspond to cavitating regimes. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

below 0.67, keeps constant at 1.49 for any type of cavitation regime
takes place within the Venturi.

It can be stated that exhibits an excellent behaviour in cavitat-
ing regimes with a constant value independently of the pressure ratio.
Therefore, if a converging-diverging geometry has been previously char-
acterized, the flow rate can be predicted using equation (9) and mea-
suring the Venturi's inlet pressure. It must be noted that the existing dis-
charge and pressure loss coefficients can predict flow rates only for con-
verging-diverging geometries in non-cavitating regimes.

As summarized in Table 1, the equations to be used for measur-
ing volumetric flow rates of water in Venturis as a function of the pres-
ence or absence of cavitation within the flow. The discharge coefficient
should be used in non-cavitating regimes for pressure ratios above 0.71.
The new flow coefficient should be used in regimes with pressure ratios
below 0.67 at cavitating regimes. Authors also recommend to avoid the
transition between both regimes in the range from 0.67 to 0.071 since
the flow rate prediction might lack accuracy. For both coefficients, a
series of calibration tests with a given converging-diverging geometry
must be preliminary performed in order to determine their values with
low uncertainty.

6. Conclusions

The flow performance of the present asymmetric Venturi under
non-cavitation and cavitation flow conditions is consistent with previous
experimental and numerical studies even though slight geometrical dif-
ferences exist such as the cross section shape, the converging/diverging
angles and the hydraulic diameter ratio.

Table 1
Proposed pressure ratio ranges and equations to calculate the volumetric flow rate in a
Venturi in the whole operating range.

Non-cavitating regime Transition regime Cavitating regimes

Discharge coefficient Region to avoid Flow coefficient

10
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The tests carried out show that a Venturi presents a different behav-
iour depending on the presence of cavitation or not. The cavitation in-
ception in the throat takes place at a pressure ratio between the Venturi's
inlet and outlet sections between 0.67 and 0.71, which is close to the
results found by Abdulaziz [7] who also reported a value in the range
from 0.7 to 0.72.

The volumetric flow rate appears to be dependent on Venturi's inlet
pressure at cavitating regimes. The Venturi's inlet pressure must be in-
creased in order to rise the flow rate as it also required for compressible
gas nozzles with choked flows.

A new flow rate coefficient has been proposed that permits to use a
Venturi like geometry as a flow meter device under cavitation conditions
based on its inlet pressure. This flow rate coefficient shows a constant
value for any cavitation size and morphology but changes for non-cavi-
tating regimes. Thus, a single converging-diverging geometry could be-
come a more versatile flow meter if it is characterized not only by its
discharge coefficient (or pressure loss coefficient) but also by its flow
rate coefficient. The first coefficient is suitable for measurements above
a pressure ratio of 0.71 and second one is suitable for regimes below
0.67.

New experiments should be performed with different converging-di-
verging geometries in order to validate the reliability of the new flow
rate coefficient. Moreover, the influence of the water temperature in the
flow rate coefficient should also be studied in a series of tests where the
water temperature in the system is kept constant.
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