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To validate the applicability of basic cavitating flow theory for high-pressure flow systems, this paper
presents a systematic study of high-pressure flow through a thick orifice plate in a constant cross-section
pipe over a wide range of operating conditions. A combined theoretical, numerical and experimental
approach was employed to explore the two-phase flow characteristics of both the non-choked and
choked flows with a maximum upstream pressure of 5000 psi and a maximum Reynolds number of
2 � 106. For the flow configuration used in this work, a critical downstream-to-upstream pressure ratio of
0.45 was identified below which cavitation and flow choking will occur. Furthermore, it was found from
the numerical models that the conventional one-dimensional analysis is inadequate in predicting the
discharge coefficient and the condition for the onset of cavitation. Subsequently, new theoretical cor-
rections suitable for high-pressure conditions were proposed, based on the numerical simulation results,
and validated by the experimental measurements.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Flow systems in the oil and gas industry are subject to extreme
flow conditions, such as multicomponent/multiphase fluids and
high-temperature/high-pressure environments, which can be
further complicated by the transient conditions during emergency.
Hence, it is crucial to control and safeguard these flow systems in
real time for oil and gas exploration and production. Failure to do so
can lead to disastrous consequences for life, economy and envi-
ronment. In the BP Macondo incident, for example, the blowout
preventer (BOP), which was designed to confine the drilling fluid to
the well bore, failed to shut off the flow of high-pressure oil-gas
mixture and close thewell when the gas kick occurred [1,2]. Among
various factors, erosion damage due to sand impact and cavitation
was considered to be the main cause for the loss of the sealing
. Franchek), dongliu@uh.edu

erved.
function in the upper annular ram and the blind shear ram in the
BOP failure [3]. A key issue to ensure the proper operation of BOPs
and other high-pressure flow devices alike is to understand and
foresee the hazardous flow conditions that may damage the
equipment and cause malfunctioning. One particular flow condi-
tion of such adverse effect is cavitating flow, which has a significant
effect on erosion and often acts as the precursor to cavitation
damage.

Cavitating flow is encountered routinely in pressurized flow
devices [4e6]. These devices are featured by varying cross sections
along the flow path. As the flow passes through a restriction, the
velocity accelerates and the pressure decreases due to the Bernoulli
principle. If the local static pressure becomes lower than the vapor
pressure corresponding to the fluid temperature, the liquid phase
will be vaporized, thus inducing cavitation [7]. High compressibility
in the liquid-vapor mixture, due to the presence of vapor phase,
results in a significantly lower speed of sound (e.g., as low as a few
tens of meters per second [4,8,9]) compared to that in single-phase
flow. As cavitation intensifies due to, for instance, an increase in the
upstream pressure or a decrease in the downstream pressure, the
fluid velocity may reach the local sonic speed. When this happens,
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the flow rate ceases to increase regardless of further reduction in
the downstream pressure and the flow is choked [10e12]. Subse-
quently, the vapor bubbles may collapse or implode if the fluid
pressure recovers to a value higher than the vapor pressure. The
bubble implosions are accompanied by high-speed microjets of
fluid and shock waves, which, when impinging on the device sur-
face, cause cavitation damage as well as high levels of noise and
vibration [13e15]. Therefore, it is crucial to identify and charac-
terize the cavitating flow conditions in order to predict the
maximum achievable volumetric flow rate through the flow sys-
tems and to safeguard their safe operations.

Flow choking and cavitation have been investigated extensively
in pressure-driven flow through various devices, including noz-
zles, poppets and valves. Since the typical flow configuration is
represented by an orifice plate, a myriad of experimental and
theoretical studies have focused on cavitating flow through ori-
fices of different cross-sectional shapes [16e23]. Kojasoy et al. [16]
established the theoretical framework for modeling the pressure
drop in both single-phase and two-phase flow through thick- and
thin-orifice plates with sudden expansion and sudden contraction.
A one-dimensional (1D), single-phase model was first derived and
then extended to two-phase flows by using a slip flow model
originally proposed for turbulent two-phase pipe flows. The
theoretical predictions were validated with experimental data
using R-113 as the working fluid. The maximum upstream pres-
sure in the experiments was 87 psi and the Reynolds number
(defined in terms of the average orifice velocity and the orifice
diameter) was in the range of 800e15,000. Abdulaziz [17]
analyzed the cavitating process for water flow through a small
type circular Venturi with a convergent part and a divergent part,
and proposed a 1D model to predict the critical downstream
pressure/upstream pressure ratio for the incipience of cavitation.
The model prediction of the vapor void fraction was compared to
the results obtained from the light reflection imaging technique.
The working fluid was water and the maximum upstream pressure
of the Venturi was 73 psi. Ramamurthi and Nandakumar [18]
characterized the discharge coefficient of water flowing through
small sharp-edged cylindrical orifices. It was found that the
discharge coefficient scales with the Reynolds number and the
aspect ratio in the attached non-cavitating flows; however, it only
depends on the orifice diameter for separated flows and cavitating
flows. Ashrafizadeh and Ghassemi [19] investigated the effect of
the upstream and downstream pressures and the geometrical
parameters on the mass flow rate through cavitating Venturis with
similar geometries to that in Ref. [17]. Flow experiments were
conducted using water to obtain the critical pressure ratio at the
cavitation condition with the maximum upstream pressure of 290
psi. A computational fluid dynamics (CFD) model was also devel-
oped to simulate the flow through the Venturi. Nilpueng and
Wongwises [20] presented the experimental data on the choked
flow of HFC-134a through short-tube orifices. The upstream
pressure was varied between 145 and 174 psi. The results indi-
cated that the commencement of choked flow is dependent on the
downstream pressure, inlet subcooling and the length-to-
diameter ratio of the tube. Long et al. [21] studied the critical
cavitating flow in a liquid jet pump under choking conditions.
They measured the axial pressure distribution along the wall of
the jet pump, which suggests liquid-vapor two-phase flow occurs
when the downstream pressure is lower than a critical value. It
was also observed the velocity of the two-phase mixture reaches
the local sound velocity, leading to unchanged flow rate regardless
of further decrease in the outlet pressure. Tomov et al. [22]
experimentally investigated cavitating flow of water in a hori-
zontal Venturi nozzle with a maximum inlet pressure of 58 psi. A
high-speed camera was used to observe the cavitation regimes,
namely, cloud cavitation, quasi-supercavitation and super-
cavitation. Subsequently, these regimes were aerated by injecting
air bubbles. It was found that the phase diagram (a measure of the
liquid void fraction) exhibits statistically symmetrical structures
with characteristic lengths and frequencies in pure cavitation.
However, the symmetry was broken in the aerated cavitation flow.
Gaston et al. [23] formulated a theoretical model to describe the
motion, growth and decay of cavitating bubbles in a Venturi flow.
The liquid flow was solved by the boundary element method, and
the 1D Rayleigh-Plesset equation was solved to acquire the ve-
locity of the growing bubble at the interface between the liquid
and vapor phase.

In addition to the aforementioned studies conducted at low
pressures, there is a large body of literature on high-pressure
cavitating flows; however, focused primarily on cavitation-
induced erosion in cavitating jets or nozzles [24e28]. Soyama
[25] investigated experimentally the effect of nozzle geometry on
cavitation in shot peening applications using a high-speed water
jet. The experiments were performed at upstream pressures of
2175 psi and 4350 psi and downstream pressures of 14.5 psi and
60.9 psi, respectively. The geometric factors, such as the standoff
distance (the distance from the nozzle throat to the surface of the
specimen), the throat diameter and the size of the nozzle outlet
section, were optimized to increase the aggressive intensity of the
cavitating jet. It was also found that a larger upstream/down-
stream pressure differential significantly enhances cavitation and
increases the material erosion intensity. In a follow-up study,
Soyama [26] characterized the surface cavitating erosion rates for
different upstream/downstream pressure differential, nozzle ge-
ometry and standoff distance, and developed a database of the
cavitation erosion resistance for various types of specimen mate-
rials. Grinspan et al. [27] devised a surface modification process
using an oil jet with an upstream pressure up to 9000 psi to
introduce the compressive residual stress and increase the hard-
ness of the metal specimen. Cavitation bubbles were observed in
the experiments that impinge on the specimen surface to cause
severe plastic deformation. Giannadakis et al. [28] numerically
simulated the cavitation process inside a diesel injector nozzle
with a 7500 psi upstream pressure. The bubble growth, breakup,
coalescence and turbulent dispersion were considered in the
cavitation flow models. The liquid and vapor volume fractions and
the liquid phase velocity were evaluated for different cavitation
regimes. The numerical predictions were validated by the exper-
imental data measured by high-speed optical imaging, computed
tomography (CT) and laser Doppler velocimetry (LDV).

The literature survey indicates that although the basic theories
of cavitating flow have been developed, the available experimental
results are restricted to either low-pressure conditions or high-
pressure flows through specific cavitating jets or nozzles. To
explore the validity of the cavitating flow theories and to provide
critical information to relevant engineering applications, this pa-
per presents a comprehensive study of high-pressure cavitating
flow through a thick orifice plate over a wide range of operating
conditions. The flow characteristics are presented as a relationship
of the volumetric flow rate with respect to the upstream/down-
stream pressure differential. The maximum upstream pressure
achieved is 5000 psi. The rest of the paper is organized as follows.
First, existing theoretical models are introduced for both single-
phase and cavitating flows through an orifice plate. Then, the
CFD model for solving the cavitating flow is discussed. Subse-
quently, the test setup and the experimental methods are pre-
sented. Finally, results from the theory, CFD and experimentation
are compared, and the key deficiencies of the 1D assumption that
is being widely used in the cavitating flow literature are discussed.
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2. Theoretical background

2.1. Single-phase orifice flow

As shown in Fig.1, the orifice plate device consists of a metal disc
orificewith a circular hole in the center of a diameter do housed in a
straight pipe of a diameter d1 and a thickness L0. The cross sectional
areas for the orifice hole and the pipe are A0 and A1, respectively,

where A0 ¼ pd2
0

4 and A1 ¼ pd2
1

4 . When the liquid stream passes
through the orifice, a vena contracta is formed due to the Venturi
effect, where the cross sectional area of the flow Avc is the least [29].
For a thick orifice (Lo/do > 0.5), the streamlines converge at the vena
contracta and then reattach to the wall inside the orifice (shown in
Fig. 1) [4]. Upon exiting the orifice, the flow expands again into the
pipe wall. The flow restriction and the subsequent double expan-
sions lead to the loss of mechanical energy in terms of a pressure
drop across the orifice, DP ¼ P1 � P2, where P1 and P2 are the
pressures at the upstream and the downstream.

Between the upstream location A1 and the vena contracta Avc,
the mechanical energy loss is

P1 � Pvc ¼
r1u

2
1

2
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1
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#
(1)

where Pvc is the pressure at the vena contracta, rl the liquid density,
u1 the area-averaged flow velocity at A1, s the flow area ratio,

s ¼ A0
A1

¼
�
d0
d1

�2

, and sc the contraction coefficient, sc ¼ Avc
A0

¼ Avc
A1s

.

According to Chisholm [30], sc is only a function of the flow area
ratio

sc ¼ 1

0:639ð1� sÞ0:5 þ 1
(2)

For the expansion from the vena contracta Avc to the down-
stream location A2, applying the momentum equation for a thick-
orifice plate yields [16].
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Fig. 1. Flow contraction and expansi
This equation takes into account the pressure losses due to the
expansion from the vena contracta to the orifice diameter d0, the
friction in the orifice and the final expansion to the pipe diameter
d1, respectively. The overall pressure drop across the pipe is ob-
tained by combining Eqs. (1) and (3) [29].
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Further recognizing that the volumetric flow rate Q ¼ u1A1, Eq.
(4) can be rearranged as

Q ¼ CdA1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
s2 � 1

q
ffiffiffiffiffiffiffiffiffi
2DP
rl

s
(5)

where Cd is the discharge coefficient, defined as

Cd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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2.2. Cavitation and choked flow

For flow through the orifice plate, the variation of the local static
pressure is depicted in Fig. 2 as a function of the streamwise loca-
tion. Once the flow enters the constricted section, the local average
flow velocity u increases and the local static pressure P decreases, as

manifested by the Bernoulli equation, P1 þ rlu
2
1

2 ¼ P þ rlu
2

2 . Due to the
Venturi effect, the velocity reaches the maximum at the vena
contracta, whereas the pressure, Pvc, reduces to its minimum value.
The thermodynamic state of the flow depends on the relative
magnitude of Pvc with respect to the vaporization pressure, Pv (i.e.,
the saturation pressure at the fluid temperature). If Pvc remains
above Pv, the flow persists as single-phase liquid (Fig. 2(a)). How-
ever, if Pvc drops to below Pv, liquid-vapor phase change will take
place and a fraction of the liquid is converted to vapor, i.e., cavita-
tion occurs (Fig. 2(b)). Despite the small mass fraction, the vapor
on through a thick orifice plate.



Fig. 2. Illustrative views of flow through a thick orifice plate (a) Non-choked, (b)
choked and (c) flashing flow.
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phase can easily occupy a significant portion of the flow cross-
sectional area due to its low density. With the reduced flow pas-
sage area, the liquid phase must accelerate as required by mass
conservation. In the meanwhile, the local speed of sound decreases
substantially in the two-phase mixture as the vapor content in-
creases in the two-phasemixture [4,8,9,31]. Finally, when the liquid
velocity reaches the sonic speed, further reducing the downstream
back pressure will not affect the flow rate and the flow is fully
choked. Downstream of the vena contracta, the flow passage ex-
pands and partial pressure recovery occurs as the flow velocity
decreases. If the local pressure increases above Pv, the vapor bub-
bles will suddenly collapse and implode on the surface of the
orifice. The bubble implosion inducesmicro-jets of high-speed fluid
and shock waves of up to 100,000 psi, which can cause serious
material damage in the flow device over time. In some cases, the
vapor generation may intensify if the back pressure does not
recover above Pv such that the flow remains primarily in vapor
phase (Fig. 2(c)). This process is called flashing, and will not be
considered in this work.

Figure 3 illustrates the variation of the volumetric flow rate, Q,
through the orifice as a function of

ffiffiffiffiffiffiffi
DP

p
. At single-phase (non-

choked) flow condition, Q increases linearly with
ffiffiffiffiffiffiffi
DP

p
, as suggested

by Eq. (5). Once the flow is fully choked, the maximum flow rate,
Qmax, becomes invariant with respect to further increase in

ffiffiffiffiffiffiffi
DP

p
.

The intersection point signifies the theoretical boundary between
the non-choked and choked flows, and can be correlated to the
cavitation index, as will be discussed later. In practice, however, the
Q vs.

ffiffiffiffiffiffiffi
DP

p
curve starts to deviate from the single-phase prediction

when the onset of cavitation takes place and transits smoothly onto
the choked flow characteristics.

The maximum flow rate Qmax can be obtained as [32].

Qmax ¼ CdA1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
s2 � 1

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2DPmax

rl

s
(7)

where DPmax is the maximum allowable sizing pressure drop
[22,33].

DPmax ¼ F2L ðP1 � FFPvÞ (8)

where FL is the liquid pressure recovery factor and FF is the liquid
critical pressure ratio factor

FL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1 � P2
P1 � Pvc

s
(9)

FF ¼ 0:96� 0:28

ffiffiffiffiffiffi
Pv
Ptc

s
(10)

In Eq. (10), Ptc represents the absolute thermodynamic critical
pressure of the fluid (For water: Ptc ¼ 22.064 MPa). The pressure at
the vena contracta, Pvc, can be calculated by combining the Ber-

noulli equation, P1 þ rlu
2
1

2 ¼ Pvc þ rlu
2
vc

2 , and the continuity equation,
u1A1 ¼ uvcAvc, where Avc is obtained from Eq. (2).

3. Numerical approach

Commercial computational fluid dynamics (CFD) software
package, ANSYS FLUENT® 15.0 [34], was used to simulate the single-
phase flow and the cavitating flow through the orifice. The
Fig. 3. Flow rate Q as a function of DP for non-choked and choked flows.
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numerical models offer insights into the details of the velocity and
pressure fields that cannot be resolved by the experimental
method.

The following basic assumptions are made in the CFDmodels: 1)
steady-state, incompressible Newtonian flow; 2) constant fluid
properties; 3) isothermal flow without heat transfer; 4) no velocity
slip between the liquid and vapor phases when cavitation occurs.

When cavitation occurs, the flow through the orifice is a two-
phase mixture and the governing equations are solved for both
the liquid and vapor phases in a two-dimensional (2D) axisym-
metric domain, as schematically shown in Fig. 4. In the two-phase
simulations, the primary phase is liquid water, and the secondary
phase is vapor.

The continuity equation for phase i is [35].

v

vt
ðairiÞ þ V$

	
airi ui

!

¼ _m (11)

where ai is the volume fraction of phase i (i ¼ l for water and i ¼ v

for vapor), u!i the velocity of phase i, ri the vapor density, and _m the
rate of liquid-vapor mass transfer.

The momentum equation is

v

vt
ðr u!Þ þ V$ðr u!u!Þ ¼ �Vpþ V$m

h
V u!þ ðV u!ÞT

i
: (12)

For turbulence modeling of two-phase flow, the realizable k-ε
turbulence model was used, which fulfills the mathematical con-
straints on the Reynolds stresses [34]. For the liquid phase, the
transport equation for the turbulent kinetic energy k is

v

vt
ðalrlklÞ þ V$

	
alrl ul

!kl


¼ V$

�
al

�
ml þ

mt;l
sk

�
Vkl

�
þ �

alGk;l

� alrlεl
�þ KlvðCvlkv � ClvklÞ

(13)

and the transport equation for the turbulent dissipation rate ε is
Fig. 4. Computational doma
v

vt
ðalrlεlÞ þ V$

	
alrl ul

!
εl



¼ V$

�
al

�
ml þ

mt;l
sε

�
Vεl

�
þ alrlC1Sεl

� alrlC2
ε
2
l

kl þ ffiffiffiffiffiffiffiffiffiffi
nt;lεl

p þ C1ε
εl

kl
KlvðCvlkv
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(14)

where the parameters, Cvl, Clv, C1, hvl, Klv, mt;l, Gk;l ; Cm, C1ε, C2; sk, sε
and Sεl, can be found in Ref. [34].

For the vapor phase, the pressure inside the bubble remains
constant and the growth of the bubble radius R can be approxi-
mated by the simplified Rayleigh equation

dR
dt

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPv � PÞ

3rl

s
(15)

The total mass of vapor per mixture volume unit is [35].

mv ¼ rv
4
3
pR3n (16)

with n being the bubble number density. Subsequently, the rate of
change in mv can be obtained as

_mv ¼ dmv

dt
¼ 3avrv

R
dR
dt

¼ 3avrv
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPv � PÞ

3rl

s
(17)

The following boundary conditions were specified on the
computational domain (as shown in Fig. 4). A pressure inlet
boundary was applied at the inlet of the pipe, which set the up-
stream pressure P1. Similarly, a constant downstream pressure P2
was set as the outlet boundary condition. The no-slip conditionwas
imposed on all solid walls, and the enhanced wall treatment was
used to account for the viscosity-affected near-wall region.
Axisymmetric condition was considered at the centerlines of the
pipe and the orifice plate, which indicates that the radial velocity
in of the CFD models.



Fig. 5. Schematic of the experimental apparatus.
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and the normal gradients of all flow variables vanish at the axis.
In the numerical simulations, the segregated implicit solver was

used to solve the flow equations. The SIMPLE algorithmwas utilized
for multiphase flow pressure-velocity coupling, second-order up-
wind for the momentum equations, and first-order up-wind for
other equations in the discretization model [34]. In order to eval-
uate the computational convergence, the scaled residuals for con-
tinuity, phase velocities in axial and radial directions, turbulent
kinetic energy k, turbulent dissipation rate ε, and the phase volume
fraction were monitored. The convergence criteria for all these re-
siduals were set to be 10�5. Quadrilateral meshes were used in the
computations, and refined prism-layer (boundary-layer) meshes
were used near the orifice wall where significant velocity gradient
occurs with a largemean rate of strain. The proper number and size
of the grids were optimized to achieve grid independence.
4. Experiments

An experimental apparatus was developed to investigate the
characteristics of high-pressure cavitating flow through the orifice
plate. The measured flow rate vs. pressure drop data were used to
validate the applicability of the established theoretical formula and
the CFD models. As shown in Fig. 5, the test rig consists of a water
tank reservoir, a positive displacement plunger pump,2 a test sec-
tion containing the metal disc orifice plate, the control valve and
the connecting pipes. The total length of the test section is
L ¼ 69.85 mm (2.75 inch). The configuration of the orifice plate is
depicted schematically in Fig. 1, and the respective dimensions are
d1 ¼ 28.5 mm (1.12 inch), do ¼ 6.35 mm (0.25 inch) and
L0 ¼ 12.7 mm (0.5 inch). The volumetric flow rate through the
orifice was measured by a pre-calibrated oval gear flow meter
(Model 200 WXT, Primary Flow Signal). The pressures upstream and
downstream the orifice plate were obtained with two pressure
transducers (Series GT16XX, Stellar Technology), P1 (pressure
Gauge #1) and P2 (pressure Gauge #2), respectively. The water
2 The plunger pump may induce pulsations in the flow. However, the effect on
the cavitation and flow choking processes is neglected, since the impact is severe
only when the acoustic resonances are excited in the piping system, which was not
observed in the present study.
temperature was monitored by a Type-K thermal couple. All the
pressure and temperature data were recorded via an NI 9203 data
acquisition card into a computer system. The uncertainty in the
volumetric flow rate measurement is ±0.3%. The pressure trans-
ducers have an accuracy of ±0.25% of full scale.

In the experiments, the upstream pressure (P1) was controlled
by adjusting the power input to the plunger pump to set six con-
stant pressure values, ranging from 300 psi to 5000 psi. For each P1,
the back pressure (P2) was varied with a control valve to achieve
different P2/P1 ratios. The complete test matrix is shown in Table 1.
Each data point was taken as the average of the instantaneous
pressure and flow rate readings over 40 s run. All experiments were
conducted at a constant fluid temperature of 48.9 �C (120 �F) set by
the test facility, which is developed for subsea oil and gas appli-
cations. The corresponding thermophysical properties are listed in
Table 2.

It is noted that this research was conducted for a specific geo-
metric configuration of the orifice plate. The impact of different size
ratios, d1/d0 and L0/d0, on the cavitation and flow choking processes
will be investigated in the future work.

5. Results and discussion

5.1. Flow characteristics

General flow characteristics of both the non-choked and choked
flows through the orifice are first extracted from the CFD simula-
tions to establish the context for the subsequent discussion. Figure
6 shows the streamlines, the velocity vector field and the pressure
distribution for a non-choked flow at P1 ¼ 5000 psi and P2 ¼ 4000
psi. The vena contracta can be clearly identified in Fig. 6(a) where
the streamlines contract to a minimal cross-sectional area inside
the orifice section. It gives rise to a tiny recirculation zone between
the throat of the flow and the orifice wall, which can also be
observed in the velocity vectors in Fig. 6(b). According to the Ber-
noulli equation, the local static pressure becomes significantly
lower at the vena contracta region compared to the upstream lo-
cations. Fig. 6(c) shows that the minimum pressure occurs in this
recirculation zone, making it the most prone spot for cavitation.
Downstream the vena contract, the flow expands and reattaches to
the wall in the orifice. A second expansion follows when the flow



Table 1
Experimental matrix for high-pressure flow through an orifice plate (@T ¼ 48.9 �C).

P1 (psi) P2 (psi) DP (psi) P2/P1 Q (gpm) P1 (psi) P2 (psi) DP (psi) P2/P1 Q (gpm)

P1 ¼ 300 psi P1 ¼ 600 psi
300 92 208 0.31 5.4 599 165 434 0.28 7.4
302 97 205 0.32 5.3 603 174 428 0.29 7.4
300 125 174 0.42 5.3 601 229 371 0.38 7.4
302 149 152 0.49 5.2 600 286 313 0.48 7.3
301 167 134 0.55 4.8 601 332 269 0.55 6.8
300 209 91 0.70 4 600 424 176 0.71 5.5
P1 ¼ 1000 psi P1 ¼ 2000 psi
1000 85 915 0.09 36.2 1999 150 1849 0.08 50.4
999 120 879 0.12 36 2002 216 1786 0.11 50.2
1000 212 788 0.21 35.9 2000 434 1566 0.22 50
1003 399 604 0.40 35.8 2009 816 1193 0.41 50.2
1000 494 506 0.49 35 2003 1002 1001 0.50 48.9
1002 559 443 0.56 33 1999 1124 875 0.56 45.9
998 739 259 0.74 25.3 1999 1491 508 0.75 35.1
999 893 106 0.89 16 2000 1796 204 0.90 22.4
P1 ¼ 3000 psi P1 ¼ 5000 psi
3000 216 2784 0.07 61.1 4993 345 4648 0.07 77
2999 313 2686 0.10 60.7 5003 506 4497 0.10 77.1
3003 658 2345 0.22 60.6 5000 1101 3899 0.22 77.1
3003 1226 1777 0.41 60.6 5004 2052 2952 0.41 77
3001 1501 1500 0.50 59.2 5006 2502 2504 0.50 75.2
2999 1687 1312 0.56 55.7 5005 2813 2192 0.56 70.7
3000 2243 757 0.75 42.6 5006 3738 1268 0.75 54.2
3000 2704 296 0.90 26.9 e e e e e

Table 2
Thermophysical properties of water at 48.9 �C (120 �F).

Density (kg/m3) Viscosity (Pa$s) Vapor pressure (psi)

988 5.5 � 10�4 1.79
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exits the orifice section, accompanied by a large eddy zone in the
separated flow region.

As discussed in Section 2.2, for a given upstream pressure P1, the
flow rate through the orifice increases as the back pressure P2 is
reduced, which also leads to a decrease at the vena contracta
pressure Pvc. This trend continues till a critical value of the pressure
ratio P2/P1 is reached, where Pvc approaches the vaporization
pressure and cavitation occurs. Figure 7 depicts the static pressure
distribution and the phase contour in the orifice plate, when P2/P1
decreases from 0.4 to 0.03 for a fixed P1 ¼ 5000 psi. The phase
contour is represented by the liquid volume fraction, al. The fluid is
pure liquid when al ¼ 1 (marked in solid red) and pure vapor when
al ¼ 0 (marked in solid blue). It is observed in Fig. 7(a) that at P2/
P1 ¼ 0.4, the lowest pressure drops to Pv at the vena contracta. The
phase contour indicates that liquid-vapor phase change takes place
in the orifice, although only limited to a small region near the
entrance. If P2/P1 further decreases, the low-pressure zone is
gradually enlarged and the vaporization process is intensified
causing the formation of more vapor bubbles, as shown in
Fig. 7(b)e(d). In fact, at P2/P1 ¼ 0.2, the generation of vapor phase
spreads to the entire surface of the orifice section. Since the extent
of cavitation damage is closely tied to where cavitation occurs, the
results in Fig. 7 suggest it is critical to maintain a sufficiently high
pressure ratio P2/P1 in engineering practices to avoid cavitation or
to selectively harden the most vulnerable part of the flow device to
alleviate the damage.

The profile of static pressure along the centerline of the orifice at
different P2/P1 ratios is shown in Fig. 8 for P1 ¼ 5000 psi, where the
ordinate (x/do) is the normalized axial locationwith respect to do (x/
do ¼ 0 corresponds to the entrance of the orifice, i.e., the sharp
corner on the upstream side). The most pronounced feature is that
the local static pressure attains the minimum value at about x/
do ¼ 0.3 for almost all pressure ratios except P2/P1 ¼ 0.003, 0.1 and
0.2, indicating the vena contracta forms at an identical position as
far as there is no cavitation or the cavitation zone is confinedwithin
the orifice section (refer to Fig. 7). Passing the vena contracta, the
pressure gradually recovers as x increases. In Section 2.2, it is
postulated that the necessary condition to trigger cavitation is the
vena contracta pressure Pvc must drop below the saturation pres-
sure Pv. However, the pressure profiles for P2/P1 ¼ 0.3 and 0.4 in
Fig. 8 illustrate clearly the violation of this widely cited condition:
Pvc remains substantially higher than Pv even when cavitation does
indeed occur. This paradox can be eliminated by scrutinizing the
pressure profiles in Fig. 6(a) and (b), which reveal that the radial
pressure distribution is highly non-uniform at the vena contracta,
e.g., with the minimum at the wall of the orifice and the maximum
at the centerline. Therefore, a more appropriate criterion for the
incipience of cavitation should be: the minimum static pressure at
the vena contracta region becomes lower than Pv. This observation
is in good agreement with and offers a quantitative explanation to
the findings made in Ref. [36]. Since the prior postulation is based
on the Bernoulli theory, the CFD simulation results in Fig. 8 point to
the deficiency of the 1D analysis in coping with complex flows.
5.2. Discharge coefficient Cd

The discharge coefficient (also known as coefficient of
discharge), Cd, is the ratio of the actual flow rate, Qact, with respect
to the theoretical prediction derived from the Bernoulli equation,
Qtheo

Cd ¼ Qact

Qtheo
(18)

where the theoretical prediction is Qtheo ¼ A1

ffiffiffiffiffi
2DP
r

pffiffiffiffiffiffiffiffi
1
s2
�1

p . Cd is an

important parameter that has been widely used in the flow control
industry tomeasure the efficiency of a device at allowing fluid flow.
In Section 2.1, an analytical expression (Eq. (6)) was developed to
estimate Cd, which can be uniquely determined by the flow area



Fig. 6. (a) Streamlines, (b) velocity vector field and (c) pressure distribution for non-choked water flow through the orifice plate (P1 ¼ 5000 psi, P2 ¼ 4000 psi and P2/P1 ¼ 0.8).
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ratio s. For the orifice geometry in this work, s ¼ 0.098, it predicts
Cd,theo ¼ 0.529.

To substantiate the applicability of Eq. (6) for high-pressure
flows, Cd is computed by using the flow rate obtained from CFD
simulations as Qact in Eq. (18). Figure 9 depicts the calculated Cd as a
function of Reynolds number, Re0. The liquid Reynolds number is

defined as Re0 ¼ ru0d0
m , where u0 is the average flow velocity through

the orifice (A0). Note that since Cd is defined for single-phase flows,
only the data in the non-choked flow region are considered. It is
found that Cd fluctuates slightly around a constant value of 0.798
over a wide range of Re0 (~2 � 105e2 � 106). This value deviates
significantly from the theoretical prediction Cd,theo ¼ 0.529. The
discrepancy can be explained as follows. Equation (6) was based on
the assumption that the flow is one-dimensional through the
orifice. While this is a reasonable assumption for turbulent flows

where the square of the area-averaged velocity ðuaveÞ2 differs from



Fig. 7. Distributions of the static pressure and liquid fraction through the orifice plate
(a) P2/P1 ¼ 0.4, (b) P2/P1 ¼ 0.3, (c) P2/P1 ¼ 0.2 and (d) P2/P1 ¼ 0.003.

Fig. 9. Discharge coefficient as a function of Reynolds number.
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the area average of the local velocity square ðu2Þave by only 2e3%
[16,37], its validity needs to be examined for the high-pressure flow
conditions. Figure 10 shows the radial distribution of velocity at
three streamwise locations along the orifice. It is observed that flow
at the orifice entrance is largely uniform; however, the velocity
profile is distorted appreciably at the vena contracta and the exit. In
Fig. 8. Static pressure distribution along the centerline of the orifice at P
particular, the reverse flow can be clearly discerned near the wall at
the vena contracta, as evidenced by the negative velocity. Further,
the corresponding velocity parameters are computed from Fig. 10
and the results are summarized in Table 3. Given the substantial

difference between ðuaveÞ2 and ðu2Þave, it is concluded that the one-
dimensional flow assumption is seriously flawed and Eq. (6) should
not be applied directly for high-pressure flow conditions. Instead,
the value Cd ¼ 0.798 is recommended. This is further confirmed by
comparison with the results in two earlier studies [18,38], which
suggested the following correlation for discharge coefficient at high
Reynolds numbers (exceeding 2 � 105)

Cd ¼ 0:827� 0:0085
�
L0
d0

�
(19)

For the orifice aspect ratio L0/d0 ¼ 2 in this work, Eq. (19) yields
Cd ¼ 0.81.
1 ¼ 5000 psi (Not shown: the vaporization pressure Pv ¼ 1.79 psi).



Fig. 10. Radial velocity distribution at three streamwise locations along the orifice
(P1 ¼ 5000 psi and P2 ¼ 4000 psi).

Table 3
Velocity parameters in non-cavitating flow (P1 ¼ 5000 psi and P2 ¼ 4000 psi).

Location uave (m/s) (uave)2 (m2/s2) (u2) ave (m2/s2)
���ðuaveÞ2 � ðu2Þave

���=ðuaveÞ2
A-A: orifice entrance 92.2 8501 8828 3.8%
B-B: vena contracta 92.7 8593 12,352 43.7%
C-C: orifice exit 92.1 8482 10,901 28.5%
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5.3. Comparison of theoretical, numerical and experimental data

The volumetric flow rate was measured for all experimental
conditions listed in Table 1. For each upstream pressure P1, the back
pressure P2 was first set to the highest value and then gradually
reduced till the flow was fully choked. Figure 11 shows the com-
parison of the measured Q with the theoretical and numerical
predictions in terms of

ffiffiffiffiffiffiffi
DP

p
, where the theoretical results were

computed by using Eq. (5) with Cd ¼ 0.798. Overall, a very good
Fig. 11. Comparison of the measured flow characteristics with the theoretical and
numerical predictions.
agreement is found, which attests to the efficacies of the theoretical
formula (with corrected discharge coefficient for the non-cavitating
flow region) and the numerical model developed in this work for
high-pressure flow applications. Moreover, the result for each P1
condition follows the general trend illustrated in Fig. 3, and the
non-cavitating flow region and the choked flow region can be
clearly distinguished by the different slopes of the data.

To further explore the transition from non-cavitating flow to
cavitating flow, the flow rate data in Fig. 10 are re-organized and
plotted in Fig. 12 as a function of the pressure ratio P2/P1. It reveals

that the transition occurs at a critical value of about
�
P1
P2

�
crit

¼ 0:45,

for all six data groups, below which the flow is choked. This critical
pressure ratio is substantially lower than the conventional value
(0.7e0.8) for general Venturi devices reported in the literature
[4e6,17,39,40]. In fact, the critical pressure ratio depends strongly
on the geometric parameters of the Venturi, such as the throat area
ratio, the length of the throat and the diffuser angle of the Venturi,
etc. For instance, Ashrafizadeh et al. [19] found that, keeping other
parameters unchanged, an increase of the diffuser angle causes a
reduction in the critical pressure ratio due to higher irreversible
pressure losses. Their results showed that the critical ratio de-
creases from 0.72 to 0.6 as the diffuser angle increases from 5� to
15�. In the present work, the geometry of the orifice plate is
equivalent to a venturi with a 90� diffuser angle. Thus, the lower

critical pressure ratio,
�
P1
P2

�
crit

¼ 0:45, does not conflict with the

results in the literature.
Using the data from Fig.12, a cavitation index C can be defined to

evaluate the cavitation strength
Fig. 12. Flow characteristics as a function of the downstream pressure and upstream
pressure ratio.



Table 4
Safety range of the cavitation index.

C � 2.0 No cavitation is occurring

1.7 � C � 2.0 No cavitation control required
1.5 � C � 1.7 Some cavitation control required
1.0 � C � 1.5 Potential for severe cavitation
C � 1.0 Flashing is occurring

Fig. 13. Flow characteristics as a function of the cavitation index.
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C ¼ P1 � Pv
P1 � P2

(20)

Physically, the cavitation index represents the ratio of the po-
tential for resisting cavity formation to the potential for causing

cavity formation. Since P1 >> Pv, Cz P1
ðP1�P2Þ. Hence,

�
P1
P2

�
crit

¼ 0:45

corresponds to Ccrit ¼ 1:82. According to Table 4 [29], no cavitation
control is required if C > 1.7; otherwise, some protection measure
needs to be taken. Therefore, by transforming Fig. 12 into Fig. 13,
where the ordinate is the cavitation index C, the flow characteristics
curve can be used as a safeguard against cavitation damage in the
orifice.
6. Conclusions

This paper presents a systematical study of high-pressure cavi-
tating flow through an orifice plate in a pipe of constant cross-
section. The maximum upstream pressure achieved is 5000 psi
and the maximum Reynolds number is 2 � 106. Theoretical, nu-
merical and experimental approaches were employed to investi-
gate the flow characteristics in the non-choked flow and choked
flow regions. Major findings obtained in this work are as follows.

1. The one-dimensional analysis based on the Bernoulli equation
oversimplifies the key features of flow at high pressure and high
Reynolds number conditions, and fails to predict the discharge
coefficient and the criterion for the onset of cavitation.

2. Based on the CFD simulations, a correct value was acquired for
the discharge coefficient and a proper condition was identified
for the incipience of cavitation.

3. For a given flow configuration, a critical downstream and up-
stream pressure ratio exists, below which cavitation and flow
choking will occur.
4. The theoretical formula with the proposed discharge coefficient
and the CFDmodels are capable of correctly predicting the high-
pressure cavitating flow in the orifice.
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