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Abstract In the present study, the effects of alumina nano-fluid concentration on sharp-edge

orifice flow characteristics in both cavitations and non-cavitations turbulent flow regimes are

numerically investigated. At different concentration of AL2O3 nonmetallic particles (2%, 4%,

6%, 8%, and 10%) volume fractions in pure liquid water as a base fluid. A single-hole orifice pipe

is with a small diameter ratio 0.297 and the orifice plate thickness 14 mm. The effects of alumina

nano-fluid concentration on sharp-edge orifice flow characteristics have been investigated based

on the turbulent kinetic energy, turbulent intensity, turbulent viscosity, and volume fraction of

vapor. The results show that for increasing the nonmetallic particle volume fraction from 0.0 to

10%, the turbulent kinetic energy decreases by 20.87% in average downstream the orifice in the

whole region, the turbulent intensity decreases by 11.11% in average downstream the orifice in

the whole region, the turbulent intensity decreases by 11% in average in the whole region, and

the volume fraction of vapor increases by 16.9%. Also, in the separation region downstream the

orifice the turbulent kinetic energy increases by 160% in average and the turbulent intensity

increases by 74% in average for increasing the nano-fluid concentration from 0.0% to 2%. These

are mainly because for using the alumina nano-fluid the separation phenomena decrease due to the

increase of the viscosity of the nano-fluid, the total losses in the sharp-edge orifice increase for

the increase of the viscosity of the nano-fluid and this causes the increase of the rate of vaporization.

In the orifice pipe the total-stress criterion predicts larger cavitating regions in the flow field.

However using the nano-fluid with high concentration accelerates the cavitations at the orifice pipe.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In industrial processes, cavitating flows are known to some-
times generate significant levels of noise and high vibrations
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Nomenclature

D pipe diameter, mm

d orifice diameter, mm
I turbulence intensity
k turbulence kinetic energy, m2/s2

‘ mixing length, mm

n the number density of bubbles per volume of liq-
uid, m�3

P pressure, Pa

Pv vapor pressure inside the bubble, Pa
Pl liquid pressure, Pa
r radial distance from pipe centerline, mm

R pipe radius = D/2, mm
Rcb radius of cavitations bubble, mm
Re Reynolds number
t orifice plate thickness, mm

u instantaneous velocity, m/s
uavg mean flow velocity, m/s
u0 root-mean-square of the velocity fluctuations, m/s

vt turbulent viscosity, m2/s
x axial distance downstream the orifice, mm

Greek symbols
b diameter ratio

dij strain rate tensor

e rate of dissipation, m2/s2

l coefficient of dynamic viscosity, Pa s
a volume fraction of the vapor phase
q density, kg/m3

um mass concentration of nano-particles in nano-
fluids

uv volume concentration of nano-particles in nano-

fluids

Subscripts
avg average
k turbulence kinetic energy

l liquid
l,nf liquid nano-fluid
nf nano-fluid

np nano-particle
pf pure fluid
v vapor

v,nf vapor nano-fluid
e dissipation rate
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of structures. In the process a single-hole orifice is used to
restrict the flow in the piping system. Fig. 1 shows a single-

hole cavitating orifice in a water pipe with a small diameter
ratio (b= d/D= 0.297, where d is the orifice diameter and
D is the pipe diameter) is used to generate the high pressure

drop and control the flow rate in water coolant for electrical
power plants. The high pressure drop is also required in the
bypass line of heat exchanger and pump. Cavitations bubbles

form because of the high pressure drop in the orifice. The cav-
itations phenomenon, including bubble nucleation, growth,
and collapse process, produces noise and vibration in the pipe

line. Cavitations can cause damage and erosion. Addition of
nano-particles to the pure fluid, the so called ‘‘nano-fluid”,
can improve the thermal conductivity of the mixture. The
nano-fluids make larger thermal conductivity compared to

the pure fluids.
In order to produce a high pressure drop and control the

flow rate of the process line, lots of previous work emphasized

on the design and study of throttling unit – the orifice disk.
However, most of them focused on the one or more orifices
in a single disk. Moraczewski and Shapley [1], Oliveeira and

Pinho [2], and Borutzky et al. [3] studied the pressure drop
enhancement through an axisymmetric sudden expansion after
Figure 1 Description of orifice pipe.
a single orifice disk. Wu et al. [4] simulated the fluid field for
different opening shape of orifice. Shah et al. [5], Kozubkova

et al. [6], and Oliveira et al. [7] used CFD method to study
the pressure drop characteristic. Aly et al. [8], Haimin et al.
[9], and Seoud and Vassilicos [10] utilized experiment method

to study the pressure drop characteristic. In addition, the
vibration and noise is also a serious phenomenon that should
be settled. Hassis [11], Franklin and McMillan [12], and Yan

et al. [13] studied the flow induced the vibration and noise
when fluid flows through the single orifice. As to the orifices,
Jankowski et al. [14] developed a model to predict the pressure

drop and discharge coefficient for incompressible flow through
orifices with ratio of length-to-diameter greater than zero (ori-
fice tubes) over wide ranges of Reynolds number. Kim et al.
[15] Study the effect of orifice plate thickness on the discharge

coefficient. Other references Payri et al. [16], Payri et al. [17],
and Stanley et al. [18] studied the cavitation phenomena due
to pressure drop through the orifice.

The cavitation models developed by Kubota et al. [19] and
Giannadakis et al. [20] are based on the assumption of spher-
ical cavitation bubbles and the effects of deformation of bub-

bles have not been considered. In this paper, effects of
cavitation bubbles on the velocity field are investigated to find
the mechanisms that are responsible for the increase in the dis-
turbances in the flow. In addition, the deformation of the cav-

itation bubbles is re-solved which will be helpful in
understanding the other contributions of the cavitation bubble
to the velocity field in addition to the volume change, modeled

by spherical bubbles.
Depending on the cavitation number, the flow could show

no cavitation, cavitation with traveling bubbles, cavitation with

a fixed vapor bubble behind the corner, or super-cavitation.



Table 1 The standard values of k–e model constants.

C1e C2e C3e rk re

1.44 1.92 0.8 1 1.3

Figure 2 Comparison between the present numerical result and

experimental result by Haimin et al. [9].
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Attempts to predict susceptibility to stress-induced cavitation
in high-pressure orifice flows have been advanced by Dabiri
et al. [21] and Dabiri et al. [22]. The analysis indicates that

cavitation is most likely in the regions of high shear stress.
Therefore, it is important to study cavitation bubbles in such
environments.

Yu et al. [23] studied the collapse of a cavitation bubble
inside a boundary layer over a rigid wall. They observed that
for sufficiently large shear the collapse rate of the bubble will

increase and the reentrant jet will disappear. Experiments also
have shown that the high shear stress can cause cavitation in
the liquid even at high pressures.

Dabiri et al. [24] studied the growth and collapse of cavita-

tion bubbles in shear flow and extensional flow. It has been
observed that combination of pressure variation and a shear
results in large deformation of bubbles and even breakup of

the cavitation bubbles.
In present study, the effects of alumina nano-fluid concen-

tration on sharp-edge orifice flow characteristics in both cavi-

tations and non-cavitations turbulent flow regimes are
numerically investigated. At different concentration of
AL2O3 nonmetallic particles (0.0%, 2%, 4%, 6%, 8%, and

10%) volume fractions in pure liquid water as a base fluid.
The effects of alumina nano-fluid concentration on sharp-
edge orifice flow characteristics have been investigated based
on the turbulent kinetic energy, turbulent intensity, turbulent

viscosity, and volume fraction of vapor.

2. Orifice pipe description

A single-hole orifice pipe sizes with throat diameter
d = 22 mm and smooth steel pipe inner diameter
D= 74 mm (small diameter ratio b= d/D= 0.297) and pipe

wall thickness 8 mm. The orifice plate thickness is t= 14 mm.
The orifices are placed between straight pipe sections with
lengths, respectively, equal to 2D upstream and 8D down-

stream. Fig. 1 shows the description of the orifice pipe.

3. Nano-fluids properties

The nano-particles used in the present study are alumina
(AL2O3). The physical properties of the alumina (AL2O3) are
as follows: density = 3600 kg/m3, specific heat = 765 J/kg K,

melting point = 2046 �C. The properties of the nano-fluid
depend on the properties of the nano-particles. The character-
istics of nano-fluids used in this work are governed by not only
the type, shape and size of the nano-particles but also distribu-

tion of nano-particles in the base fluid. The (AL2O3) nano-
particles have spheres with an average diameter of 47 nm
and distribution in a range from 10 to 100 nm. The alumina

nano-fluid concentrations used in this study are 0.0%, 2%,
4%, 6%, 8%, and 10% volume fraction.

4. Mathematical model

4.1. Governing equations

The present study is based on the single-fluid homogeneous
mixture cavitations model suggested by Launder and Spalding
[25]. The continuity and momentum equations, describing the
flow of the mixture are presented as follows:
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4.2. Standard k–e model

The turbulent kinetic energy, k, and its rate of dissipation, e,
are obtained from the following transport equation [25]:

The turbulent kinetic energy equation [25] is as follows:
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The rate of dissipation equation [25] is as follows:
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In these equations, Gk represents the generation of turbu-
lence kinetic energy due to mean velocity gradients. Ge repre-
sents the generation of e. Gb is the generation of turbulence

kinetic energy due to buoyancy. YM represent the contribution
of the fluctuating dilatation in compressible turbulence to the



1102 A.E. Kabeel, M. Abdelgaied
overall dissipation rate. Sk and Se are user-defined source
terms. The following values of constants for the (k–e) model
are recommended by Launder and Spalding [25], which is

given in Table 1.

4.3. The mixture properties

The flow is considered to be incompressible, with constant
properties for the liquid and vapor [6]. The mixture properties
are approximated as follows:

Density of the mixture:

q ¼ aqv;nf þ ð1� aÞql;nf ð5Þ
The viscosity of the mixture:

l ¼ alv;nf þ ð1� aÞll;nf ð6Þ
The volume fraction of vapor [6]:

a ¼ n 4
3
pR3

cb

1þ n 4
3
pR3

cb

ð7Þ
Figure 3 Turbulent kinetic energy at different location downstrea
The rates of growth and collapse of bubbles are defined
using a linear model [6]:

dR

dt
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3

jPv � Plj
ql

s
� signðPv � PlÞ ð8Þ
4.4. Nano-fluids properties

The amount of nano-particles dispersed in the nano-fluid was

measured by volume concentration.
The volume concentration of nano-particles in nano-fluids

uv was determined from Eq. (9) [26]:

1

uv

¼ 1=umð Þ � 1ð Þðqnp=qpfÞ
� �þ 1 ð9Þ

Density of nano-fluid qnf was calculated from Eq. (10) [26]:

qnf ¼ qpf � uv qpf � qnp

	 
 ð10Þ
m the orifice at different concentration of alumina nano-fluid.
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Viscosity of nano-fluid lnf was determined from Eq. (11)
[26]:

lnf ¼ 1� uvð Þ�2:5
h i

� lpf ð11Þ
4.5. Turbulence intensity I

Turbulence intensity was determined from Eq. (12) [25]:

I ¼ u0

uavg
¼ 0:16ðReÞ�1=8

; Re ¼ qnfuavgD

lnf

ð12Þ
4.6. Turbulent kinetic energy k

Turbulence kinetic energy was determined from Eq. (13) [25]:

k ¼ 3

2
uavgI
	 
2 ð13Þ
Figure 4 Turbulent intensity at different location downstream
4.7. Turbulent viscosity tt

Turbulence viscosity was determined from Eq. (14) [25]:

tt ¼
ffiffiffi
3

2

r
uavgI‘ ð14Þ
5. The boundary conditions

The boundary conditions of the orifice pipe are as follows:

At the pipes inlet: the pressure-inlet conditions.

Total gauge pressure = 2,500,000 Pa.
Static gauge pressure = 2,491,676.8 Pa.

At the pipes outlet: pressure outlet.

Outlet gauge pressure = 300,000 Pa.
the orifice at different concentration of alumina nano-fluid.
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All the simulations in the present study are performed with
a grid of 400 in an axial direction and 70 in the radial direction.
The grid independence has proved to be valid within a tolera-

ble limit. A cyclic steady state is obtained within 8 iterations
with a convergence of 2 * 10�5.

6. Model validation with previous experimental data

Analysis of the available experimental data on cavitations
shows that experimental observations by Haimin et al. [9]

are suitable for this purpose. Haimin et al. [9] have reported
measurements of pressure drop regulating approaches through
the outlet and inlet of an orifice tube. Fig. 2 shows the compar-

ison between the present numerical result and experimental
result by Haimin et al. [9]. Comparison shows similar pressure
drops across the nozzles. Compared to the previous results,

our results show general good agreement of the qualitative
behavior and trends.
Figure 5 Turbulent viscosity at different location downstream
7. Numerical result

The effects of alumina nano-fluid concentration on the turbu-
lent kinetic energy are shown in Fig. 3. This figure shows the

turbulent kinetic energy at different location downstream the
orifice at the pipe centerline and at the different radial distance
r/R= 0.2, 0.4, and 0.6. As shown in figure, in the whole region

the turbulent kinetic energy decreases by 20.87% in average
for the increase of the nano-fluid concentration from 0.0%
to 10%. In the separation region downstream the orifice the
turbulent kinetic energy increases by 160% in average for

increase of the nano-fluid concentration from 0.0% to 2%.
Also, after the separation region in fully developed region
the effect of alumina nano-fluid concentration on the turbulent

kinetic energy is very slow. This is mainly because for the
increase of the nano-fluid concentration the viscosity of the
nano-fluid increases. Also, the rate of dissipation in the turbu-

lent kinetic energy increases in the whole region with increase
the of the viscosity of nano-fluid.
the orifice at different concentration of alumina nano-fluid.



Figure 6 Vapor volume friction at different location downstream the orifice at different concentration of alumina nano-fluid.
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Fig. 4 shows the effects of alumina nano-fluid concentra-
tion on the turbulent intensity at different location down-
stream the orifice at the pipe centerline and at the different

radial distance r/R= 0.2, 0.4, and 0.6. As shown in figure,
in the whole region the turbulent intensity decreases by
11.11% in average for the increase of the nano-fluid concentra-

tion from 0.0% to 10%. Also, in the separation region down-
stream the orifice the turbulent intensity increases by 74% in
average for the increase of the nano-fluid concentration from

0.0% to 2%. This is mainly because for the increase of the
nano-fluid concentration the viscosity of the nano-fluid
increases. Moreover, in the separation region the turbulent

intensity remains constant for the increase of the alumina
nano-fluid concentration from 2% to 10%.

Fig. 5 shows the effects of alumina nano-fluid concentra-
tion on the turbulent viscosity at different location down-

stream the orifice at the pipe centerline and at the different
radial distance r/R= 0.2, 0.4, and 0.6. As shown in figure,
the turbulent intensity decreases by 11% in average in the
whole region for the increase of the nano-fluid concentration
from 0.0% to 10%. Also, in the separation region downstream
the orifice and downstream the separation region the turbulent

viscosity remains constant for the increase of the alumina
nano-fluid concentration from 0.0% to 10%.

The effects of alumina nano-fluid concentration on the

vapor volume fraction are shown in Fig. 6. This figure shows
the vapor volume fraction at different location downstream
the orifice at the pipe centerline and at the different radial dis-

tance r/R= 0.2, 0.4, and 0.6. As shown in figure, in the whole
region the vapor volume fraction increases by 16.9% in aver-
age for the increase of the nano-fluid concentration from

0.0% to 10%. This is mainly because the turbulent viscosity
of the nano-fluid increases with increasing the nano-fluid con-
centration. However, for the increase of the turbulent viscosity
the turbulent shear stress increases, as well as, the energy losses

increase with the increase of the turbulent shear stress; this
energy converted to the internal energy in the heat form and
this heat increases the rate of vaporization.
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8. Conclusion

In the present paper, the effects of alumina nano-fluid concen-
tration on sharp-edge orifice flow characteristics in both cavi-

tations and non-cavitations turbulent flow regimes are
numerically investigated. At different concentration of
AL2O3 nonmetallic particles (2%, 4%, 6%, 8%, and 10%) vol-

ume fractions in pure liquid water as a base fluid. The results
of the investigation may be summarized as follows:

� For the increase of the alumina nano-fluid concentration

from 0.0% to 10% volume fraction, the turbulent kinetic
energy decreases by 20.87% in average downstream the ori-
fice in the whole region. Also, in the separation region

downstream the orifice the turbulent kinetic energy
increases by 160% in average for the increase of the
nano-fluid concentration from 0.0% to 2%.

� The turbulent intensity decreases by 11.11% in average for
the increase of the nano-fluid concentration from 0.0% to
10%. Also, in the separation region downstream the orifice

the turbulent intensity increases by 74% in average for the
increase of the nano-fluid concentration from 0.0% to 2%.

� For the increase of the nano-fluid concentration from 0.0%
to 10% the turbulent intensity decreases by 11% in average

in the whole region.
� The maximum relative increase in vapor volume fraction
has recorded the value of 16.9% for the increase of the

nano-fluid concentration from 0.0% to 10%. This is mainly
because the energy losses in the orifice pipe increase with the
increase of the nano-fluid concentration; these losses in the

energy converted to the internal energy in the heat form,
and this heat increases the rate of vaporization.
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