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Abstract—Cavitation inside diesel injector nozzle is investigated 

using Reynolds-Stress-Navier stokes equations. Schnerr-Sauer 
cavitation model is used for modeling cavitation inside diesel injector 
nozzle. The carrying fluid utilized in the current study is diesel fuel. 
The flow is verified at the beginning by comparing with the previous 
experimental data and it was found that K-Epsilon turbulent model 
could lead to a better accuracy comparing to K-Omega turbulent 
model. Moreover, mass flow rate obtained numerically is compared 
with the experimental value and discrepancy was found to be less than 
5% - which shows the accuracy of the current results. Finally, a real-
size four-hole nozzle is investigated and the flow inside it is visualized 
based on velocity profile, discharge coefficient and cavitation number. 
It was found that the mesh density could be reduced significantly by 
utilizing periodic boundary condition. Velocity contour at the mid 
nozzle showed that maximum value of velocity occurs at the end of the 
needle before entering the orifice area. Last but not least, at the same 
boundary conditions, when different needle heights were utilized, it 
was found that as needle height increases with an increase in cavitation 
number, discharge coefficient increases, while the mentioned increases 
is more tangible at smaller values of needle heights. 

 
Keywords—Cavitation, diesel fuel, CFD, real size nozzle, mass 

flow rate. 

I.INTRODUCTION 
AVITATION is related to bubble cluster formation in a 
flow that leads to two-phase mixture of vapor and gas [1] 

as the local pressure decreases to a very minimal value called 
vapor pressure or more accurately critical pressure. Generally, 
liquid to vapor transition occurs in two away in which the first 
one is by heating the carrying fluid at a constant pressure that is 
called boiling and the second one is diminishing the pressure at 
a constant temperature which is called cavitation [2]-[4]. 
Isothermal process is assumed for the phase transition as vapor 
density is smaller than liquid by about two orders [5]. Excessive 
stress that can cause liquid rupture of liquid continuum is 
another scientific definition for cavitation [6], [7]. Cavitation is 
mainly seen in pumps, valves, nozzles, etc., in which mostly is 
not desirable as it can decrease system efficiency and can also 
cause malfunction. Among injectors, cavitation can positively 
improve spray process by causing primary jet break up and 
enhancing liquid atomization. It is believed that primary 
breakup happens at the very neighborhood of nozzle tip due to 
turbulence, inherent instability, aerodynamics caused by 
formation of cavitation in orifice of the nozzles [8], [9]. 
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Moreover, cavitation enhances velocity of the liquid by 
diminishing exit area of the liquid at the nozzle exit [10]. 
Cavitation occupies in the orifice of the nozzle from the starting 
point of orifice toward the orifice outlet in which emerging 
spray formation is affected [11]. A better combustion quality, 
diminishing particulate emission and exhaust gas, improving 
efficiency and lowering fuel consumption are among the results 
of improving spray development. On the other side, decreasing 
flow efficiency is one of the side effects of cavitation as it 
affects jet exiting the nozzle [12], [13]. Decreasing the life and 
performance of the orifice is a result of material erosion caused 
from imploding cavitation bubbles [14]. Therefore, in order to 
make nozzle design more efficient, understanding the amount 
and source of cavitation beside optimum amount of cavitation 
is of interest. Both dynamic factors and geometrical factors can 
cause cavitation inception and extension of the mentioned 
phenomena depends on the pressure difference [15], [16]. In the 
current study we have two major objectives. First of all we will 
simulate three dimensional rectangular shape nozzle using 
Ansys Fluent software, then the obtained results will be verified 
with Winklhofer et al. [17] experimental data. 

II.MATHEMATICAL MODEL 
In this study two phase flow is simulated based on single 

fluid approach for homogenous framework. The continuous and 
momentum equations for homogenous flow can be written as 
following: 

 
!
!"
(ρ%) + ∇. (ρ%v+⃗ %) = 0                        (1) 

 
!
!"
(ρ%) + ∇. (ρ%v+⃗ %. v+⃗ %) = −∇p + ∇. [µ%(∇v+⃗ % + ∇v+⃗ %3 )] +

ρ%g+⃗                                          (2) 
 

In which, ρ% is mixture density, v+⃗ % is the mixture velocity 
vector and 𝜇7 is the mixture viscosity. Where mixture density 
can be written as ρm=αlρl+αvρv and mixture viscosity can be 
written asµm=αlµl+αvρv 			. 

Vapor volume fraction is a criterion in which it determines 
the estimate of vapor presence versus liquid and can be shown 
as following: 

 

Sepideh Amirahmadian is with the WSP, Ontario, Canada. 
Nasim Sabetpour is with the Department of Computer Science, Iowa State 

University, Ames, Iowa, (e-mail: nasim@iastate.edu).  
Amirmasoud Hamedi is with the Department of Civil and Environmental 

Engineering, Florida International University, Miami, FL, USA. 

Effect of Needle Height on Discharge Coefficient and 
Cavitation Number 

Azadeh Yazdi, Mohammadreza Nezamirad, Sepideh Amirahmadian, Nasim Sabetpour, Amirmasoud Hamedi 

C 

World Academy of Science, Engineering and Technology
International Journal of Aerospace and Mechanical Engineering

 Vol:15, No:8, 2021 

356International Scholarly and Scientific Research & Innovation 15(8) 2021 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 A
er

os
pa

ce
 a

nd
 M

ec
ha

ni
ca

l E
ng

in
ee

ri
ng

 V
ol

:1
5,

 N
o:

8,
 2

02
1 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

24
7.

pd
f



𝛼:=
nb

4
3πRB

3

1+nb
4
3πRB

3                                         (3) 

 
where, 𝛼: is the vapor volume fraction, nb is number of 

bubbles per unit volume and 𝑅< is the bubble radius.  
In order to obtain mass transfer, Schnerr-Sauer model is 

utilized [18]: 
 

∂
∂t
=𝛼:.ρv> + ∇.=𝛼:.ρv. V@>=

ρv.ρl
ρ
. dAB

dt
                      (4) 

 
In which the source term is define as R=

ρvρl
ρ

dAB
dt

. Bubble 

radius is also defined as RB=( AB
1-AB

3
4π

1
CD

)
1
3. 

Discharge coefficient and cavitation number are the two 
important parameters that are respectively defined as following: 

 

Cd = %̇
HIJKL(MNOPMQRST)

                               (5) 
 

K = MNOPMV
MNOPMQRST

                                      (6) 
 

where ṁ is mass flow rate, P@ is vaporization pressure, PYZ is 
inlet pressure and P[\]^ is the outlet pressure. 

III.VERIFICATION 
The result is first verified with Winklhofer et al. [17] 

experimental data for rectangular shape nozzle based on mass 
flow rate obtained in the simulation versus pressure difference 
and then compared to the experimental results. Also, Fig. 1, 
compares the results obtained from 𝐾 − 𝜀	and 𝐾 −𝜔 and it was 
observed that K-Epsilon turbulent model could predict choke 
cavitation and choke region better; therefore, for the rest of the 
current study, we will use 𝐾 − 𝜀	model. 

 

 
Fig. 1 Mass flow rate versus pressure difference 

 
IV.GEOMETRY OF THE FOUR-HOLE NOZZLE 

Fig. 2 shows the geometry and applied boundary condition 
to only one-sixth of the nozzle. In order to save time and 
resources, only one-fourth of the nozzle is simulated and 
instead periodic boundary condition is utilized to investigated 

flow inside a real size nozzle. As can be seen in Fig. 2, inlet 
radius is 0.066	𝑚𝑚, orifice diameter is 0.32	𝑚𝑚 and orifice 
length is 1.3	𝑚𝑚. Also, both inlet and outlet are specified via 
pressure boundary condition. 
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Fig. 2 Geometry and boundary condition of real size six-hole nozzle 

 
V. RESULT AND DISCUSSION 

Fig. 3 shows velocity distribution inside mid-nozzle plane 
when 𝐾g J⁄ = 1.094 and ℎ = 0.1	𝑚𝑚, where K is cavitation 
number and h is needle height. As can be seen from the 
mentioned figure, the highest value of pressure can be 
visualized at the end of needle and also at the entrance of orifice 

which can be both useful and harmful. Higher values of velocity 
is very interesting at the nozzle outlet since it can improve 
atomization and efficiency of combustion process, while 
occurrence of high-speed flow before orifice can be harmful to 
the needle surface and can reduce efficiency of combustion 
process in a long-term process. 

 

 

Fig. 3 Velocity distribution inside mid-nozzle plane when 𝐾g J⁄ = 1.094 and ℎ = 0.1	𝑚𝑚 
 
Fig. 4 shows variation of discharge coefficient versus 

cavitation number for different needle heights. It can be seen 
that for higher and lower values of cavitation number, discharge 

coefficient is independent of cavitation number. For higher 
cavitation numbers, there is no cavitational hole and discharge 
coefficient is only function of Reynolds number. Also, it can be 
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visualized that increasing needle height after a certain threshold 
would not increase discharge coefficient as cavitation number 
increases. In all needle heights, any increase to cavitation 
number, increased discharge coefficient at the beginning but 

then the plateau region is reached in which any further increase 
in cavitation number, will not increase discharge coefficient in 
all needle heights. 

 

 
Fig. 4 Discharge coefficient versus cavitation number for different needle height 

 
VI.CONCLUSION 

In the current study, cavitation is investigated using Schnerr-
Sauer cavitation model. RANS set of equations is also utilized 
to mathematically model flow behavior. Pressure and velocity 
are connected using SIMPLE algorithm. Pressure is solved 
using second order method, momentum equation is solved 
using second order upwind method.  

The flow is verified using previous experimental study done 
by Winklfhofer. Then flow behavior inside diesel injector 
nozzle is obtained. Contour of velocity in the mid-plane of the 
orifice showed that the highest value of pressure mostly occurs 
at the end of needle before flow enters the orifice. Moreover, it 
was found that in all needle heights, by increasing cavitation 
number, discharge coefficient increases as well. 
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