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Characterization and prediction of the discharge coefficient
of non-cavitating diesel injection nozzles
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h i g h l i g h t s

� A new expression to characterize discharge coefficients has been developed.
� The method can be used with multi and single-hole nozzles under non-cavitating conditions.
� The deviation between experiments and predictions is lower than 1.52%.
� The asymptote of the discharge coefficient depends on the geometry of the nozzle inlet.
� The discharge coefficient seems to depend on a balance between 1=
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and 1=Re.
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a b s t r a c t

An experimental and theoretical study about the characterization of the discharge coefficient of diesel
injection nozzles under non-cavitating conditions is presented in this paper. A theoretical development
based on the boundary layer equations has been performed to define the discharge coefficient of a
convergent nozzle. The discharge coefficient has been experimentally obtained for a standard diesel fuel
under a wide range of Reynolds numbers by two different techniques: mass flow rate measurements and
permeability measurements. Five different nozzles have been used: two multi-hole nozzles that have
been tested in the frame of this work, and three other single-hole nozzles, the data of which have been
taken from previous studies. The experimental results show good agreement with the theoretical
expressions, proving that it is possible to predict the discharge coefficient of a non-cavitating nozzle with
the equations shown in this paper.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction, justification and objective

The increasingly restrictive pollutant emissions regulations
applicable to internal combustion engines cause a continuous
investigation in different methods to reach clean, efficient and
marketable engines. Several of the explored methods are focused
on the injection system and injection strategy [1], since the way
the fuel is delivered by the injection system in modern diesel engi-
nes affects not only the performance, but also the noise and the
pollutant emissions [2]. A fundamental characteristic of the fuel
injection process is the fuel mass flow rate as well as the total
amount of fuel injected into the combustion chamber [3]. There-
fore, measurement and control of these parameters is one of the
most important objectives in engine research and many studies
have been carried out to understand the behavior of the flow in
the most used nozzle types [4,5].

The real flow through the nozzle under general operating condi-
tions (where cavitation can be present) is determined by the veloc-
ity and density profiles, which are complex and unknown [6].
However, it is possible to characterize this real flow by an effective
area, Aeff , lower than the geometric one, through which the fluid
exits with a uniform effective velocity, ueff , and with a density
equal to the one of the liquid fuel, qf ; in a way that the simplified
flow characterized by these parameters leads to mass and momen-
tum rates equal to the real ones, which can be experimentally mea-
sured [7].

The effects of the internal flow on the mass flow rate and
momentum flux can be summarized in three different dimension-
less coefficients: the velocity coefficient, Cv , the area coefficient, Ca,
and the discharge coefficient, Cd [8]. All of them are widely
described in Section 3.

Lichtarowicz et al. [9] performed a wide review of discharge
coefficient measurements versus the Reynolds number for differ-
ent nozzles under non-cavitating conditions. A compilation of
parametric equations for Cd is shown in that paper. However, all
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of them are empirical correlations and, therefore, the expressions
cannot guarantee their validity out of the range of the experimen-
tal measurements. Similar studies have been performed by Kent
and Brown [10] and Ohrn et al. [11].

Schmidt and Corradini [12] also published a review about the
internal flow of diesel fuel nozzles. Different analytical and
multi-dimensional models are shown, focusing on the cavitation
behavior. However, cavitation is a phenomenon that normally is
avoided in automotive engines and, to this aim, convergent non-
cavitating nozzles are usually installed in current engines.

Payri et al. [13] studied the influence of the flow regime on the
mass flow rate and momentum flux, and how it affects the spray
development in diesel nozzles. Experiments were carried out in
three tapered nozzles and spray visualization tests revealed a
change in the behavior of the angle and penetration of the spray
related to the change of the flow nature. Finally, the authors related
these macroscopic parameters to those describing the internal flow
(area, velocity and discharge coefficients) and with the geometry of
the nozzle. The macroscopic characteristics of direct-injection
multi-hole sprays have also been studied by Zeng et al. [14] by
using dimensionless analysis, including the discharge coefficient
and penetration.

The influence of the injector technology (solenoid or piezoelec-
tric) on the area, velocity and discharge coefficients and on the
development of the spray was also studied by Payri et al. in
[15,16]. The authors characterized the hydraulic behavior of
different nozzles by means of mass flow rate and momentum flux
measurements. It was found that under steady-state conditions,
the differences in nozzle geometry dominate on the injector tech-
nology. Therefore, the hydraulic characteristics of a nozzle can be
studiedunder steady-state conditions independently of the injector.

Desantes et al. [7] analyzed the flow behavior inside the nozzle
for five different nozzles under different injection conditions. The
area, velocity and discharge coefficients were obtained under
non-cavitating and cavitating conditions and they were related to
the spray tip penetration. The authors found that the experimental
discharge coefficient decreases when the diameter of the nozzle is
increased, probably due to a higher proneness to cavitation.

Vergnes et al. [17] studied the injector nozzles performance (by
means of the discharge coefficient) under low-temperature

environment conditions. The authors correlated the discharge
coefficient with the Reynolds number by an empirical relationship.
Therefore, a wide range of experimental data was needed to fit the
parameterization of Cd. Moreover, the authors showed the rele-
vance of the discharge coefficient, since the development of the
spray (in terms of spray tip penetration) can be deduced from it.

Finally, Dober et al. [18] developed numerical models for inves-
tigating the effect of injection hole geometry on the internal nozzle
flow, focusing on the injection rate and spray geometry predic-
tions. The authors found that the flow efficiency can be increased
up to a 7% by grinding the inlet of the nozzle, proving the high
dependence of the maximum discharge coefficient on the inlet
geometry.

The main objective of this study is to obtain and validate an
alternative theoretical procedure to determine the discharge coef-
ficient of a convergent nozzle under non-cavitating ans steady-
state conditions. The study has been done with diesel fuel, but
the results can be extrapolated to any other fuel. Despite the fact
that the effects of the nozzle geometry on the discharge coefficient
are known, most of the correlations available for Cd are mere
experimental correlations, obtained by applying a mathematical
fitting. An expression that can be used to predict the value of the
discharge coefficient avoiding the experimental setup is intended
to be defined here. Thus, once the theoretical expressions will be
obtained, some experimental results from different nozzles will
be used to validate the equations.

Despite the fact that CFD studies can provide a very good
approximation to the discharge coefficient of a real nozzle under
steady-state conditions, even a simple CFD study needs muchmore
working and computing time than a 0-D correlation like the one
presented in this paper. Moreover, the working time needed is
highly increased if the hydraulic characterization of the nozzle
(variation of Cd with the Reynolds number) wants to be known,
hence the interest in developing theoretical 0-D expressions.

It should be noted that realistic conditions can be studied by
analyzing the internal flow through a diesel nozzle. It has been
proved that the injector needle does not have any effect on the
outlet flow when the needle lift has reached around 100 lm, which
is a value by far overcome in most real operating conditions,
especially during the main injection [19]. Moreover, Salvador

Nomenclature

Aeff effective area at the outlet of the nozzle
Ageom geometric area at the outlet of the nozzle
C conicity of the nozzle
Ca area coefficient
Cd discharge coefficient
Cv velocity coefficient
d outlet diameter of the nozzle
D inlet diameter of the nozzle
ET energizing time
K proportionality constant between the thickness of the

boundary layer and the Reynolds number referred to
the direction of the flow

L nozzle length
P pressure
r radius of rounding at the inlet of the nozzle
Re Reynolds number
u velocity profile inside the boundary layer
ueff effective velocity at the outlet of the nozzle
uth theoretical maximum velocity at the outlet of the nozzle
u1 velocity outside the boundary layer
x axial direction of the nozzle

y radial direction of the nozzle
d thickness of the boundary layer
DP pressure difference between the rail and the outlet of

the nozzle
� percentage deviation in Cd between experimental and

theoretical results
j��j mean relative deviation between experimental and the-

oretical results
l viscosity
n pressure drop coefficient caused by the recirculation

zone in the inlet of the nozzle
q density

Subscripts
aSOE after start of injection
back referred to downstream the nozzle
exp referred to experimental results
inj referred to injection conditions (in the rail)
out referred to the outlet of the nozzle
SOE start of injection
th referred to theoretical results

372 J.M. Desantes et al. / Fuel 184 (2016) 371–381



Download	English	Version:

https://daneshyari.com/en/article/6633025

Download	Persian	Version:

https://daneshyari.com/article/6633025

Daneshyari.com

https://daneshyari.com/en/article/6633025
https://daneshyari.com/article/6633025
https://daneshyari.com/

