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Abstract
Past experimental studies have shown that the needle valve of high-pressure diesel injectors undergoes lateral movement
and deformation, while the continuous increase in injection pressure enlarges the gap of the needle valve assembly. Two
different analytical models, considering or omitting this change are presented here, linking the geometries of the needle
valve assembly with the magnitude of needle valve tip lateral movement. It is found that the physical dimensions of the
needle valve assembly and the injection pressure have a significant impact on the radial displacement of the needle. For
example, for nominal clearances between the needle guidance and the needle valve of about 1–3 mm, the magnitude of
the radial movement of the needle tip could reach tens of microns. The model that takes into account the variation of
the gap between the needle guide and needle valve is found to give predictions closer to the experimental results.

Keywords
Diesel injector, needle valve assembly, fluid–structure interaction, eccentricity, cantilever beam, elastic deformation

Date received: 27 August 2020; accepted: 18 December 2020

Introduction

Despite that fact that research on development of ‘‘new
energy vehicles’’ (NEVs) is on focus in an effort to dec-
arbonize the transport sector, conventional fossil fuel
internal combustion (IC) engines still supply around
25% of the energy in the world today.1 For diesel
engines equipped with a high-pressure common rail sys-
tem, the fuel injector is one of the critical components
for dispersing fuel into the combustion chamber.
Control of in-cylinder emissions is achieved by multiple
injection strategies, which require a prominent enhance-
ment in needle dynamics within the injector. In this
direction, both old and recent studies from the author’s
group and collaborators have demonstrated the impact
of needle movement in high-pressure fuel injectors,
which results in varying the flow characteristics within
each nozzle hole and subsequently the atomization of
the fuel at the outlets of the nozzle holes.2–8 Spray
dynamics from various injector types affects the near
nozzle atomization, penetration, cone angle, and air/
fuel mixing in the combustion chamber, which are the
key factors governing the quality of combustion and
the pollutant formation.9–14 The movement of the nee-
dle valve within the injector is determined by the imbal-
ance of forces acting on it. In the nominal design, the
axis of the needle valve movement and the needle valve

body coincide, so the valve moves concentrically.
Nonetheless, since the length of the needle valve guide
is limited, the needle valve assembly is deformed due to
installation and thermal stresses as well as hydraulic
forces. These factors cause both an elastic deformation
and an imbalance of forced in the radial direction that
results in an eccentric movement of the needle valve.15

A variety of test equipment and research methods
have been conducted to study the impact of the
eccentric needle valve motion on internal flow charac-
teristics and the spray patterns at the nozzle hole
exits.16–19 One of the first methods used to detect nee-
dle eccentric moving within nozzles is the use of trans-
parent nozzles. In Oda et al.20 an experiment with a 10
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times large-scaled valve-covered-orifice (VCO) nozzle
under eccentric needle movement was performed and
the presence of complex flow regimes and atomization,
especially at low needle lift, were observed. In
Mitroglou et al.21,22 the eccentric movement of the nee-
dle valve was visually observed in transparent real-size
nozzles operating at pressures up to 60MPa, while the
compressibility effects inducing air flow back into the
nozzle have been simulated in recent studies.23 In
Ohnishi et al.,24 Gavaises et al.,25 Gavaises,26 Gavaises
et al.,27 Mitroglou et al.,28 they studied the behavior of
fuel spray in a multi-hole VCO nozzle experimentally
and computationally. Specifically in24 they found that
the maximum eccentric needle radial displacements are
60mm inside a VCO nozzle and 24mm inside a micro-
SAC nozzle. With the same methodology,29 also mea-
sured eccentric needle displacement to be 0.04mm.
Another effective approach is to measure the transient
needle motion using a high-speed X-ray phase-
enhanced imaging (XPCI) technique.30,31 In
Kastengren et al.,32 it was found that the maximum lift
within the injectors was linearly related to the rail pres-
sure, which is presumed to be related to the elastic
deformation of the needle valve. They also measured
the maximum and minimum eccentric radial displace-
ment from four different injectors to be 0.065 and
0.016mm, respectively. Similarly, in Zhang et al.,33 X-
ray phase XPCI was used to study the eccentricity of
needle valve in diesel injectors with three different noz-
zle configurations. They showed in the studies that the
radial vibration of the needle valve is mainly from 27
to 14mm, which is larger than the axial amplitude and
increases with the number of orifices. Comprehensive
experiments on the actual 3D movement of the needle
within injectors were conducted using synchrotron
radiation (SR) X-ray imaging technologies in Huang
et al.,17 Torelli et al.,34 Powell et al.35 From their result,
the boundary conditions needed to perform a numeri-
cal analysis on needle deformation could be obtained.
For multi-hole nozzles, the needle lateral movement
directly affects the distance between the needle location
and inlet of each orifice, especially under cavitation
conditions.16 Consequently, imparities in terms of mass
flow rates, cavitation effects, and discharge coefficient
at each hole exit lead to hole-to-hole variations. Once
characterized, the upstream internal flow modeling is
interfaced to the subsequent spray simulation, initializ-
ing the primary break-up model according to the tran-
sient flow parameters at each nozzle hole exit in terms
of the vapor fraction, fuel velocity, and turbulence
interaction.36 Therefore, the presence of needle eccen-
tricity causes flow variations in the nozzle, resulting in
jet-to-jet spray asymmetries.5,7,19,37 XPCI has been also
used to identify the detailed flow structures in nozzle
replicas associated with the off-axis location of a needle
valve relative to hole entrance, which gives rise to com-
plex vortex (string) cavitation and cloud shedding.38–41

However, the actual 3-D movement of the needle
within injectors varies from injector to injector and

thus, shot-to-shot and injector-to-injector variations
can be expected.

Needle valve assembly is one of the precision cou-
plings in the high-pressure common rail system. The
needle valve continuously undergoes relative axial
movement in the inner cavity of the needle body. The
valve guides in the nozzle ensure that the lateral needle
valve motion is accurately controlled since the needle
valve assembly is sensitive to clearance sliding. The
upstream annular clearance between the needle valve
guide and the injector body usually ranges from 1 to
3mm.42,43 However, the experiment studies mentioned
above have shown that the eccentricity of the down-
stream needle tip within different injectors ranges from
a few to tens of mm, or in some cases even more than
100mm. The reason for this order of magnitude differ-
ence still has not been reported. As injection pressures
increase, the needle valve assembly experiences elastic
deformation,44–46 expanding the clearance of the needle
guidance,47,48 and deforming the moving components
(control plunger, needle, and rod) in the axial direc-
tion.49–53 Nevertheless, to the best of authors’ knowl-
edge, there is no research conducted on the bending
deformation of the needle in the radial direction and
the relevance of the clearance gap changing in the
upstream with the eccentricity of the needle tip. Real
transient needle motion is an important boundary con-
dition for numerical simulations; although many studies
have been conducted on the internal flow characteristics
and spray patterns with respect to needle eccentricity,
the studies are either based on hypothetic magni-
tude36,54–57 or experimental data7,15,34,58 for specific
injectors and few injection events.

The aim of the present work is to present a simplified
model able to predict the lateral magnitude of the nee-
dle displacement among different geometries at various
injection pressures, and thus to allow the injector design
to be optimized. With regards to the research outputs
reviewed above, a simplified model could be used to
analyze the correlation between the needle guide gap
and the lateral movement of the needle tip, based on
the material and elastic mechanics. In order to simulate
the rate of change of the clearance gap due to pressure
difference accurately, a fluid–structure interaction
approach was adopted. The influencing factors, such as
geometric parameters, injection pressure, and variations
in the clearance are quantified in sections ‘‘The impact
of needle geometry (parametric studies)’’ and ‘‘The
impact of fuel pressure’’, while the salient conclusions
are summarized in the end.

Analytical model

As one of the precision pairs of the fuel supply system
in high pressure common rail diesel engine, the toler-
ance clearance between the upstream needle guide and
the needle body is between 1 and 3mm. The aim is to
maintain the performance of the seal and also restrain

2 International J of Engine Research 00(0)



the downstream needle movement in the lateral direc-
tion. However, the needle movement within the diesel
injector follows a complex dynamics that includes rota-
tion, wobbling, and deformation.

In order to better understand the influence of the
needle geometry and fuel pressure on eccentricity and
deformation, the following prerequisites and material
mechanics were adopted in the relevant analytic model:

(1) The impact of the force (such as fuel pressure and
the spring force) on eccentricity of the needle is
neglected; this implies that the forces and the
bending deformation axes are on the same plane.

(2) The needle valve assembly obeys the homogeniza-
tion and continuity assumptions, signifying that
the needle and the needle body density are evenly
distributed across the entire occupied spaces with-
out any voids. Also, the mechanical properties are
the same at all points.

(3) The needle valve assembly also obeys the isotropy
assumptions, meaning that the elastomers have
the same physical and mechanical properties in all
directions.

(4) The assumption of small deformation is intro-
duced. That is, the deformation of the needle valve
under the action of external forces is very small
compared to its own geometric size, and thus the
dimensional change caused by the deformation
can be ignored.

(5) Based on the above-mentioned assumptions, the
impact of the torsion and shear on the needle
movement is minimal as compared to the bending
deformation, and thus could also be ignored. It
should be mentioned here that although the mov-
ing components in the injector are undergoing
extension or compression along the z-axis, the
maximum deformation is located at the upper end
of the control plunger, which is far away from the
needle tip.49,50 Besides, as a thin rod, the differ-
ence in dimension with regards to the length and
width is large, hence the influence of the expan-
sion and shrinking on the lateral deformation is
also neglected.

(6) The lateral motion of the needle is assumed to be
planar,30 implying that the needle is moving to
one direction; thus, the transverse of the move-
ment has not been considered in this model.

Accordingly, the lateral deformation of the needle is
simplified to symmetric bending deformation, which
could be solved by the superposition method. When
the magnitude of bending deformation is small and the
material complies with Hooke’s law, the differential
equation of deflection curve is linear. The relationship
between each load and bending moment is linear and
the corresponding bending deformation caused could
be superimposed.59

Considering the needle as a cantilever beam, then
the needle guide part could be considered as a fixed
bearing, because the gap of the upstream needle guide
and needle body is minimal.15,30 When the needle
experiences eccentricity, the pressure fuel on the needle
tip not only forces the needle to move in the longitudi-
nal dimension, but it also bends it in the lateral dimen-
sion. Given the approximate differential equation of
the deflection curve59:

d2vB

dx2
=

M

EI
ð1Þ

The bending deformation can be calculated by:

vB = �Ml2

2EI
ð2Þ

where vB represents the deflection, M represents the
bending moment caused by the fuel pressure, E repre-
sents the elastic modulus of the needle, while I repre-
sents the inertia moment.

As shown in the Figure 1, there are four different
positions regarding the needle movement: (i) vertical
movement without any eccentricity and distortion;
(ii) undeformed needle with eccentricity; (iii) eccen-
tricity with further deformation; and (iv) further
deformation taking the change in clearance into
consideration.

Table 1 illustrates the corresponding parameters
shown in Figure 1. The clearance of the needle guide
and needle (e1) is between 1 and 3mm. This clearance is
use to restrain the lateral movement of the needle.
However, because of this gap, eccentric movement of
the needle is realized during operation. When the nee-
dle experiences only eccentric movement, the correla-
tion of the downstream eccentricity magnitude e2 and
the upstream gap value e1 can be obtained from the
geometric relationship between the components of the
needle valve assembly:

e1
e2

=
l2
l1

ð3Þ

e2 =
l1 � e1
l2

ð4Þ

Furthermore, due to the high pressure acting on the
needle tip, the needle will continue deforming after its
contact with the nozzle body. The bending moment
caused by fuel pressure could be calculated as:

M=F � l=P � S � (e2 + e3) � cosa ð5Þ

S=
p � d12

4
ð6Þ
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where S represents the projected area of the needle tip
due to equation (1); then

e3 =
Ml2

2EI
=

M l1 � l2ð Þ2

2EI
ð7Þ

where I is the inertial moment, which for circular cross
section is:

I=
pd1

4

64
ð8Þ

It should be noted here that there is a reacting force
located at the inlet and outlet of the gap between the
needle and the needle body because of the limitation of
the needle movement in the lateral direction.
Nevertheless, due to the Saint Venant’s Principle,60 the
effect of this stress and consequent bending moment on
the far-away needle tip could be neglected.

By inserting equations (6), (7), and (8) into equation
(5), the final equation of the deformation magnitude is:

e3 =
e2

Ed1
2=8P � cosa � l1 � l2ð Þ2 � 1

ð9Þ

Since the magnitude of the needle eccentricity with
deformation caused by elastic bending (in micron level)
is much smaller than that of the geometric size of the
needle assembly (in millimeter level), the angle between
the axis of the needle and needle movement is so small
that, it could be considered to be zero. Consequently, to
simplify the model, the final magnitude equation will be:

e3 =
e2

Ed1
2=8P � l1 � l2ð Þ2 � 1

ð10Þ

Then the total lateral displacement taking both the
eccentricity and deformation into account is:

Figure 1. Schematic diagram of needle eccentricity and further deformation: (a) vertical needle, (b) eccentricity, (c) deformation,
and (d) deformation (based on the guidance deformation).

Table 1. Relevant parameters.

Names of the parameters Meanings of the parameters

d1 The diameter of the downstream needle
d2 The diameter of the needle guidance (on the needle body)
d3 The diameter of the upstream needle
l1 The length of the needle
l2 The length of the needle guidance
e1 The gap between the upstream needle and the needle guidance
e2 The eccentric magnitude of the needle tip (non-deformation)
e3 Further deformed magnitude of the needle tip caused by the fuel pressure
A Dip angle between the axis of the needle and needle body (after eccentricity and deformation)
F Resultant force of the spring force and control plunger applied force
P Fuel pressure acts on the needle tip
F Stress acts on the inlet and outlet of the clearance

4 International J of Engine Research 00(0)



e= e2 + e3 ð11Þ

The impact of needle geometry
(parametric studies)

The analytical model illustrated above was used to
investigate the influence of the needle geometric para-
meters on the magnitude of the eccentricity. A typical
needle valve assembly produced by WFIERI,
China61,62 was adopted to do the study; the values of
relative parameters are given in Table 2.

In order to investigate how the clearance upstream
of the needle valve affects the magnitude of the eccen-
tricity at its tip, the value of e1 was set as 1, 1.5, 2, 2.5,
and 3mm, respectively.

As shown in Figure 2, when the needle is not
deformed, the relationship between e1 and e2 is linear.
Besides, the tip eccentric magnitude is inversely propor-
tional with the annular clearance of the needle guide
and proportional to the needle length.

The impact of fuel pressure

Without considering the change of the annular gap
of the needle guide

When the needle undergoes eccentricity with deforma-
tion, the relevance between the fuel pressure and the
lateral displacement of the tip can be calculated with
equations (10) and (11). As shown in Figure 3, the rele-
vant values of the parameters used are indicated in
Tables 2 and 3.

When the pressure is lower than 200MPa, the corre-
lation between the fuel pressure and the total lateral dis-
placement demonstrates a linear change. Furthermore,
the lateral displacement only changes around 7mm for
pressures below 200MPa. However, when the fuel pres-
sure is larger than 200MPa, the total eccentric magni-
tude increases noteworthy with fuel pressure, reaching
55mm for 300MPa. It can be seen from equation (10)
that the further bending magnitude e3 is based on the

eccentricity e2, reflected in the ‘‘21’’ of the denomina-
tor. This influence is nearly linear under 200MPa but
changed significantly beyond 200MPa, which could be
the reason why the total deformation e varies promi-
nently when the pressure is larger than 200MPa.

Considering the variation in the annular gap of the
upstream needle guidance

Theoretical calculation. As the injection pressure of the
fuel supply system increases, the high-pressure fuel fill-
ing the delivery chamber and the fit clearance between
the needle guide and needle body place a large load on
the needle valve assembly. This load will distort the nee-
dle valve couplings and thus, will increase the radial
clearance between the needle guidance and the needle
body. Some studies47,48 have shown that this gap will
be doubled or even tripled compared to its original size.
Moreover, unstable fuel flow within the injector occurs

Table 2. Relevant parameters.

Names of the
parameters

Meanings of the parameters Value

d1 The diameter of the downstream
needle

3.2 mm

d2 The diameter of the needle
guidance

3.8015 mm

d3 The diameter of the upstream
needle

3.8 mm

e1 Fit clearance of the needle
guidance

2 mm

l1 The length of the needle 41.9 mm
l2 The length of the needle

guidance
12.8 mm

m Mass of the needle 3.3 g

Figure 2. Correlation of e1 and e2.

Figure 3. Correlation of lateral displacement (e) with pressure.
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easily as the clearance expands, increasing the possibil-
ity of the radial eccentric movement of the needle valve.
According to the widely used annular gap flow theory
and linear elastic theory63,64 in the industry for analyz-
ing the lubrication and leakage, the radial displacement
caused by the expansion of the needle body could be
expressed as:

d1 =Px
d2
2E1

d2 � d3
d2 + d3

+ l1

� �
ð12Þ

The radial displacement caused by the compression of
the needle valve could be indicated as:

d2 =Px
d3
2E2
� P1

d3
2E2

l2 ð13Þ

Where Px represents the fuel pressure located at the x
position along the axis of the needle valve assembly; P1

represents the fuel pressure in the delivery chamber; d2
and d3 are the diameters of the needle guidance and the
upstream needle, respectively; E1 and E2 are the elastic
modulus of the needle body and needle valve respec-
tively; l1 and l2 are the Poisson ratio of the needle
body and needle valve respectively.

So the total radial displacement of the clearance is:

d= d1 + d2 ð14Þ

Figure 4 illustrates different components of the needle
valve assembly and the variation in the annular gap
between the needle and the needle guidance. The black
and green outlines shown in the zoomed view at the
high-pressure inlet represent the model and after the
deformation, respectively. As shown in Figure 4, the
high-pressure inlet is found at the lower end of the nee-
dle guide close to the delivery chamber, while the low-
pressure outlet is located at the upper end surface of
the valve. Since the radial force F loaded at the high-
pressure inlet is a function of rail pressure,48 the change in
the clearance of the lower end would be higher than that
of the upper end. In order to investigate the maximum lat-
eral deformation, the deformation at the upper surface
end is neglected. It should be noted here that equations
(12) and (13) are not totally precise because both of them
are derived by simplifying the stress condition loaded on
the needle valve assembly into a 2D plane configuration.
Since the fuel pressure distributed around the surface of
the needle and needle body in the axial direction is very
complex (and hard to obtain due to the complicated flow
configuration), the equations (12) and (13) can serve only
as approximations43,64 or the 3D problem. Based on this
simplification, the Px is equal to the P1 in equations (12)
to (14); then the total displacement could be expressed as:

d=P1
d2
2E1

d2 � d3
d2 + d3

+ l1

� �
+P1

d3
2E2

1� l2ð Þ ð15Þ

Figure 4. Schematic of the needle valve assembly, green lines illustrates the wireframe after the deformation.

Table 3. Material characteristics of needle valve couples.

Name Materials Elastic modulus (GPa) Poisson ratio Density (kg/m3)

Needle W18Cr4V 218 0.3 7830
Needle body 18Cr2Ni4WA 206 0.3 7890
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Moreover, it is assumed that there is no pressure loss
in the fuel supply system, so the injection pressure P is
equal to the fuel pressure in the delivery chamber P1.
Given the detailed parameters shown in the Tables 2
and 3, the results are shown in Figure 5.

It should be noted here the results obtained from
Figure 5 are based on equations (12) to (15), which are
the same with equations in reference64 used to build a
analytical model for the leakage at the piston/cylinder
interface. In their study, they verified their model by
comparing the simulated and experimentally measured
pistion/cylinder interface leakage rates on a high-
pressure pump CB18 at different pressures up to
160MPa. In other words, equations (12) to (15) have
been already validated in reference,64 implying the
results in Figure 5 could be adopted.

As shown in Figure 5, the total radial deformation
of the gap increases linearly with injection pressure,
reaching 2.66mm at 300MPa. Besides, the needle is
deformed more in the radial direction than the needle
body. Therefore, when taking the change in the clear-
ance of the needle guidance into consideration, the final
lateral displacements could be expressed as follows:

e’1 = e1 + d ð16Þ

e’2 =
l1 � e’1
l2

ð17Þ

e’3 =
e’2

Ed1
2=8P � l1 � l2ð Þ2 � 1

ð18Þ

e’ = e’2 + e’3 ð19Þ

As shown in Figure 6, although the tendency of the
total radial eccentric magnitude is similar to that shown
in Figure 3, the curve is steeper because the gap

variations has been taken into consideration. Generally,
one of the features of the needle lateral movement is
that the oscillation amplitude increases with increasing
injection pressure.17 The lateral displacement obtained
from theoretical calculation in this section is around
14mm at 100MPa and 20mm at 150MPa. Several stud-
ies have been conducted to measure the lateral moving
magnitude, ranging from 15mm at 100MPa for differ-
ent injector geometries34,35 to 18–25mm at 160MPa for
a three holes diesel injector.17 Therefore, it can be con-
cluded that the theoretical and experimental results are
closer compared to those of Figure 3. However, because
of the limitation of conducting experiments for pres-
sures up to 300MPa, to the best of author’s knowledge,
there is no prior publication reporting measurements of
the lateral displacement of the needle valve. In addition,
it should be noted that the eccentric movement of the
needle valve depends on the nozzle geometry and
hydraulic behavior of fuel flow within the nozzle, giving
rise to the uncertainty of predicting its actual movement
within the diesel injector.

Fluid–structure interaction approach. Case setup. The
empirical equations could give some information on
the gap change, but it is fair to say that this is only an
approximation due to the complex flow conditions
within the diesel injector. An alternative approach used
to estimate the needle deformation is to utilize fluid–
structure interaction simulations under real working
conditions; ANSYS Workbench was used in the pres-
ent study. In order to reduce the computational cost, a
half model was adopted due to the axis-symmetric
structure of the needle valve assembly. Also, the down-
stream of the needle valve assembly was omitted due to
the Saint Venant’s Principle.

Figure 7 is the diagram of needle valve assembly
model. As shown in the Figure 7(a), the computational
mesh utilized for the fluid structure interaction simula-
tions is divided into two parts: the solid domain consists

Figure 5. Correlation of the radial change in the gap with
pressure.

Figure 6. Correlation of lateral displacement with pressure
considering the gap variations.

Wang et al. 7



of the needle valve and needle body. The fluid domain
is the fuel filling the gap between these two solid parts.
The nodes of the solid and fluid domains are kept one-
to-one correspondence with each other. The contact
surface with the fuel filling the gap is densified to simu-
late the deformation caused by the high fuel pressure.
The fuel flow through the gap is regarded as laminar
flow due to the marginal gap and lower fluid speed,43

and the mesh of the gap film is divided into five layers.
The final count of cells for the solid and fluid domain
are 900,000 and 600,000, respectively.

Figure 7(b) presents the boundary conditions and
constraints for the structural simulation. Since the nee-
dle valve assembly model has been symmetrically pro-
cessed, symmetry constraints are imposed to the cut-
plane of the needle and the needle body. The top sur-
face of the needle was fixed, while the bottom surface
was set as constrain free. Since the needle body is fixed
to the injector by the clamping nut on the valve body
shoulder, the contact surface between the needle body
and injector was set as support face. The fuel pressure
was imported on the delivery chamber and pressure
bearing surface of the needle, so the fuel contact sur-
faces between the fluid (fuel) and the solid (internal face
and external surface of the needle and needle body) are
set as coupling surfaces.

Fn in Figure 7(b) represents the applied stress acting
on the shoulder of the needle body caused by the tigh-
tening torque of the clamping nut. Given an estimated
torque48 of 80N �m and area of the shoulder as
64.75mm2, the stress Fn is 535.13MPa. Figure7(c) illus-
trates the loading on the needle valve. The needle is
exposed to three areas where the forces are acting dur-
ing movement. F acts on the upper end and represents
the resultant force of the spring force and control plun-
ger force, Pd and Ps represent the fuel pressure in the

delivery chamber and nozzle’s sac volume, respectively;
then:

F� Pd
p � (d32 � d1

2)

4
� Ps

p � d12

4
=ma ð20Þ

It should be noted here that, viscous shear force by the
fluid in the annular gap between the needle and needle
body could be neglected because the clearance is very
small.43,48 Assuming that the fuel pressure in the deliv-
ery chamber and sac volume are the same, then:

F� Pd
p � d32

4
=ma ð21Þ

PF =
4F

p � d32
ð22Þ

where a is the acceleration of the needle valve. As
known, the speed of the needle valve during the open-
ing and closing phases can reach ;3m/s, and the time
of the closing process for the needle from the maximum
needle lift is approximately ;0.25ms.47 Taking the fuel
pressure of 200MPa as an example, the F and PF are
calculated to be 2267N and 200MPa respectively.

The boundary conditions of the inlet and outlet for
the fluid domain were set as pressure boundary condi-
tions. The inlet pressure was set as 50, 100, 150, 200,
250, and 300MPa respectively, while the outlet pressure
was 0.1MPa. A pressure-based segregated PISO algo-
rithm was used to couple the velocity and pressure
fields, along with the discretization in both space and
time of second-order scheme. Physical properties of
fluid and solid domain are shown in the Tables 3 and 4.

Figure 7. Needle valve assembly model: (a) solid domain of computational grids, (b) boundary conditions and constraints, and (c)
loads of the needle.
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Results and discussion. Two different operating condi-
tions have been simulated. In the first case, the needle
was assumed to move at a speed of 3m/s and in the sec-
ond, the needle was maintained at a given lift.

Figure 8 presents the contour of lateral deformation,
that is, in the x-axis direction for the two cases exam-
ined. Four probes were set to detect the deformation
value of the needle valve as well as needle body, where
A was defined as the deformation at the left side and B
was defined as the deformation at the right side (with
the high pressure fuel passage). Both cases show the
same trend with slight differences. The change in the
gap is larger at the inlet, since the high pressure inlet is
close to the delivery chamber while the low pressure
outlet is on the upper end.

The variations of the clearance at probe A and B
under both working conditions are listed in Table 5; the

total deformation of both A and B increases linearly
with the rise of the fuel pressure while the total defor-
mation in the lateral direction of B is larger than that
of A. This is because of the high pressure fuel in the
duct on the right-hand-side of the needle valve body,
that causes the formation of a cavity and, therefore,
causing higher deformation. Besides, when the needle
valve moves at a speed of 3m/s, the total lateral defor-
mation of both A and B is slightly smaller than that cal-
culated under the fixed needle lift case.

As shown in the Figures 8 and 9, the changing of the
clearance and the lateral displacement, as predicted by
fluid–structure interaction simulation, is larger than
that estimated by the empirical equations. Figure 9(a)
shows the results obtained at 3m/s; the lateral motion
amplitude is 15.1822mm at 100MPa and 24.1125mm
at 150MPa. Figure 9(b) presents the results when nee-
dle lift is fixed; the lateral magnitude is 15.1994mm at
100MPa and 24.2139mm at 150MPa. The relative
error of deformation between the two working condi-
tions varies from 2.18% to 59.95% over the pressure
range of 50 to 300MPa. Besides, the eccentricity mag-
nitude at 100MPa mentioned in section ‘‘Theoretical
calculation’’34 also shows the average radial motion
fluctuating within 27mm at 150MPa. The FSI

Table 4. Thermodynamic properties.

Fuel properties Value

Density (kg/m3) 836.61
Dynamic viscosity (mPa � s) 3.94

Figure 8. Deformation contour in the lateral direction at 200 MPa fuel pressure (mm): (a) deformation when needle moving at 3 m/s
and (b) deformation when needle still.

Table 5. Variations of clearance (mm).

Pressure (MPa) 3 m/s 0 m/s

Total deformation at A Total deformation at B Total deformation at A Total deformation at B

0 0 0 0 0
50 0.32209 0.380868 0.322888 0.381668
100 1.08977 1.23053 1.09346 1.23419
150 1.914241 2.01303 1.93113 2.02991
200 2.6705 2.8903 2.6739 2.8938
250 3.4837 3.6806 3.4847 3.6999
300 4.3149 4.4664 4.3382 4.4896
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approach takes into consideration the distribution of
fuel pressure around the surface of the needle valve,
which is ignored in the theoretical calculation.
Comparing the lateral movement magnitude at 100 and
150MPa, as obtained by both the theoretical calcula-
tion and the FSI approach, against the aforementioned
experimental data, it can be concluded that the results
of FSI approach is closer to the experiments. However,
it should be mentioned here that since the geometry of
the needle is not the same among different injectors,
and the needle movement in actual injectors is sub-
jected to random motion, the lateral displacements
could vary a lot from injector to injector, or even dur-
ing each successive needle valve opening within the
same injector.30 Besides, the fluctuations of the injec-
tion pressure and oscillations of the fuel pressure in the
delivery chamber and the nozzle’s sac volume are also
contributing to the lateral displacement, which varies
among injectors as well.

Conclusion

An analytical model that is able to compute the magni-
tude of the lateral displacement of the needle valve was
presented in this study. Elastic material mechanics and
fluid structure interactions were used to analyze the
possible factors affecting needle eccentricity as well as
bending deformation. The study shows good similarity
with the experimental value, implying the possibility of
optimization for the design of the injector. The detailed
conclusions are presented as followings:

(1) When the gap of the needle valve and needle guide
is fixed, the eccentricity of the needle tip changes
linearly with the ratio of the needle length to the
needle guide length. Therefore, increasing the nee-
dle guide length or reducing the needle length

could effectively suppress the downstream eccen-
tricity of the needle tip.

(2) When the fuel pressure is below 100MPa, the eccen-
tricity is also small and changes almost linearly but
minimal with the fuel pressure. Nevertheless, as the
fuel pressure increases to 100MPa, especially more
than 200MPa, the total eccentricity increases remark-
ably, and the changes rate of the eccentricity increases
with the growth of fuel pressure.

(3) Due to higher fuel injection pressure, the needle
valve will inevitably deform. This deformation will
enlarge the clearance in the needle valve guidance,
leading to the increment of the total radial displa-
cement of the needle.

(4) When considering the deformation of the needle
valve assembly, the total lateral displacement of
the needle tip is more in line with the test results
of other relevant scholars. So in practical terms,
the variation of the clearance in the needle gui-
dance should not be neglected.
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Notation

Symbol

d (m) the diameter
l (m) the length
e (m) the lateral displacement

a dip angle between the axis of the needle
and
needle body (after eccentricity and
deformation)

F (N) resultant force of the spring force and
control
plunger applied force

P (Pa) Fuel pressure
f (Pa) stress acts on the inlet and outlet of the

clearance
m (g) mass
M (N�m) bending momentum
E (Pa) elastic modulus
I (m4) inertia moment
d (m) lateral displacement of the needle/needle

body
l Poisson ratio
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