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Abstract

This study aims to investigate the effects of irrigation needles geometries on the flow inside the root
canal and compare their irrigation performances based on Computational Fluid Dynamics (CFD)
analyzes. CFD simulations of three commonly used close-ended irrigation needles were performed
for various inlet Reynolds numbers and working lengths. Their irrigation performances were
evaluated based on apical pressure and wall shear stress. The flow was assumed to be incompressible,
turbulent and steady at all inlet Reynolds numbers. The closed-ended needles showed similar limited
irrigant penetration toward the apex. Among all configurations, the Model C outperforms others as it
provides the highest wall shear stress around the needle tip and the lowest apical pressures in the
apical foramen, which reduces the risk of apical extrusion. The needle tip designs influence important
parameters for the effectiveness and safety of the irrigation process.
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Ozet

Bu calisma, bir disin kék kanalinin irrigasyonunda kullanilan ignelerinin geometrilerinin kok kanali
icindeki akis lizerine etkilerini arastirmayr ve bunlarin irrigasyon performanslarini “Hesaplamali
Akiskanlar Dinamigi (HAD)” analizlerine dayanarak karsilastirmayr amaglamaktadir. Cesitli giris
Reynolds sayilar1 ve g¢alisma uzunluklari i¢in yaygin olarak kullanilan {i¢ adet yandan perfore
irrigasyon ignesinin HAD simiilasyonlar1 yapildi. Bunlarin irrigasyon performanslari apikal bélgedeki
ortalama basing ve kanal boyunca ortalama duvar kayma gerilmesine dayal olarak degerlendirildi.
incelenen tiim giris Reynolds sayilarinda akigin sikistirilamaz, tiirbiilansh ve daimi oldugu varsayildu.
incelenen yandan perfore ignelerin irrigasyon performansi apekse dogru ilerledik¢e benzer sekilde
doyuma ulagmaktadir. Tiim konfigiirasyonlar arasinda Model C, igne ucu ¢evresinde en yiiksek duvar
kayma gerilimini ve apikal foramende en diisiik apikal basinglar1 saglayarak apikal ekstriizyon riskini
azalttig1 icin digerlerinden daha iyi performans gosterdi. igne ucu tasarimlar, irrigasyonun
verilmiligi ve giivenligi icin 6nemli parametreleri etkilemektedir.

Anahtar Kelimeler: Hesaplamal Akiskanlar Dinamigi, Endodonti, Irigasyon, igne Ucu Tasarimi
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1. Introduction

Root canal treatment aims to treat endodontic
infections and to provide periapical healing [1].
The main objective of root canal treatment is to
achieve disinfected and clean root canal before
the filling to avoid bacterial re-colonization [2].
One of the biological aims of the root canal
preparation is to remove debris from the root
canal system which has a complex anatomy and
numerous irregularities such as lateral canals,
deltas, and isthmuses ([3],[4]). Studies showed
with only mechanical instrumentation about half
of the root canal surface area remained
uninstrumented [5], [6], [7] [8]. Therefore,
irrigation is essential to remove debris and to
obtain disinfected root canal system, although
there are new methods for root canal irrigation,
such as sonic or ultrasonic activation, the
conventional root canal irrigation method still
has common use among dentists for root canal
treatment [9]. Effectiveness and the safety of the
root canal irrigation depends on several factors
and various methods have been proposed to test
these parameters in the last decade ([10], [11],
[12], [13], [14] and [15]), however these
methods provided insufficient insight into the
irrigation process [16]. Computational Fluid
Dynamics (CFD) is finite-volume based
numerical solution technique for fluid dynamics
problems [17]. CFD is a powerful method to
evaluate flow characteristics by means of
streamlines, velocity distributions, shear
stresses and pressure on the root canal wall, that
are difficult to measure in vivo due to the
complex anatomy of the root canal [16]. CFD can
be considered as a promising tool to investigate
the effect of needle tip design on root canal
irrigation and potential irrigant extrusion risks,
as in many engineering problems. In this study,
the effects of irrigation needles with various tip
designs on the efficiency of irrigation in a
macxillary central incisor root canal have been
investigated by parametric CFD analyzes.

2. Materials and Methods

The use of an extracted tooth was approved by
Istanbul University Faculty of Dentistry Clinical
Research Ethics Committee (2019/31). A
maxillary central incisor tooth was obtained, and
standard access cavity was prepared. A stainless-
steel K-file of size 15 (Dentsply Maillefer,
Bellaigues, Switzerland) was inserted to the root
canal until it was visible at the major apical
foramen. Working length (H) was set at 0.5 mm

shorter than the distance from the major apical
foramen and a glide path was prepared with the
same file before using rotary files. The root canal
was prepared with VDWRotate rotary Ni-Ti files
(VDW, Munich, Germany) from size 15/.04 taper
up to size 45/.04 taper, between every
instrument the root canal was rinsed with 2%
sodium hypochlorite (NaOCl) (Chloraxid,
Cerkamed, Stalowa Wola, Poland). The tooth was
scanned with the SkyScan 1275 (Bruker,
Kontich, Belgium) micro-CT device which
operates at 80kV and 125 pA, using 8 pm voxel
size and 49 ms exposure time. Then scans were
reconstructed to obtain three-dimensional
image of the root canal as shown in Figure 1.

a)

Figure 1. Three-dimensional image of the root
canal with the inserted needle from different
views: (a) front, (b) side, (c) CAD model

Three closed-ended side-vented root canal
irrigation needles were used in the current
study. The dimensions of the needles were
obtained through x40 magnification images
taken under a stereoscopic microscope.
(Olympus SZ61, Olympus KeyMed Comp., Tokyo,
Japan). Using these dimensions, three-
dimensional CAD models were created using the
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software Blender 2.82 (Blender Foundation,
Amsterdam, Netherlands), as shown in Figure 2.

b)

(
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Figure 2. Commercially available closed-ended
side-vented irrigation needles and their CAD
models: a) closed-ended side-vented irrigation
needle (CERKAMED Endo-Top, PPH
CERKAMED, Stalowa Wola, Poland), b) closed-
ended double-side-vented irrigation needle
(Ultradent Navitip, Ultradent Products Inc.,
South Jordan, UT, USA), and c) closed-ended
double-side-vented irrigation needle (GNC Endo
Irrigation, Tribest Dental Products, Jiangsu,
China).

All needle sizes were standardized to 30-gauge
to compare the effect of different designs of
needle tips in the study without including the
effect of the needle sizes (external diameter of
Dext=320 mm, internal diameter of Dint=196 mm,
and length of L=31 mm). The needles were
positioned in the root canal at the distances of
H=0.5mm, 1mm, 1.5mm, 2mm and 3mm away
from the major apical foramen. The root canal
and the needles were assumed to be filled with
aqueous solution of NaOCl 2% as the irrigant
fluid which is an incompressible Newtonian fluid
with a density p = 1040kg/m3 and viscosity p =
0.99x10-3Pa.s [18]. The fluid was allowed to flow
from the distal end of the needle and out from the
orifice of the root canal. Inlet Reynolds number
of the flow ranged from 500 to 1500.

In this section, the irrigation needle to be used
for endodontic treatments is introduced by
showing the computational domain and imposed
boundary conditions. The CFD approach,
turbulence model, and necessary mesh
convergence tests are explained in detail. To
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construct an adequate numerical setup;
boundary conditions, model properties,
convergence criteria and discretization schemes
have been determined in accordance with other
numerical studies available in the literature. All
CFD simulations were performed for steady-
state and isothermal conditions using an
irrigation needle with a hydraulic diameter of
0.196 mm. Since NaOCl was considered as the
irrigation fluid, the flow is incompressible and
single-phase. The commercial CFD code ANSYS
Fluent 17.2 (Fluent Inc., Lebanon, NH, USA), a
finite-volume-based flow solver, was used to
carry out the simulations of irrigant flow during
root canal irrigation. The flow fields calculated
for all needle models were compared in terms of
the flow pattern, velocity magnitude, wall shear
stress and apical pressure. The continuity
equation in Eq. (1), RANS equations in Eq. (2)
together with transport equations for k-w SST
turbulence model in Egs. (3-4) were solved
numerically until their convergence criteria
were met. Pressure-velocity coupling was
managed by using COUPLED algorithm to satisfy
numerical convergence. The convergence
criteria for continuity, momentum, and
turbulence were determined as 10-3, 10-4 and
104, respectively. Readers may refer to ([19],
[20]) to get more information about the k - w
SST turbulence model.
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No-slip boundary conditions were applied to the
walls of the root canal and the needle. The root
canal walls, and the major apical foramen were
considered as a rigid, smooth and impermeable
wall. Uniform inlet velocity was applied in
accordance with the inlet Reynolds number to
needle inlet. Atmospheric pressure as outlet
boundary condition was defined at the outlet of
the root canal orifice. To realistically reflect the
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details of the root canal surface, tetrahedral
elements were used for mesh generation. To
avoid low quality elements, element sizing for
different regions such as needle, apical region
and side canals were defined separately. A
representative mesh is shown in Figure 3.

Figure 3. Representative mesh: a) General view,
b) Needle tip geometry, c) Mesh near the tip of
the needle, d) Mesh of the root canal.

To satisfy the requirements of the turbulence
model and precisely predict the development of
the hydrodynamic boundary layer, regions
adjacent to the walls were purposely refined
with inflation layers, thus maximum wall y+ for
each mesh was allowed to be less than 3. Effects
of the element size and discretization on the
numerical solution was investigated with 8
different mesh resolutions. To demonstrate this,
apical pressure was assigned as an indicator for
mesh independence tests. Results of the mesh
independence tests are shown in Figure 4.
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Figure 4. Results of the mesh independence
tests. (Model C, Re=1500 and H=1.5 mm)

As can be seen from Figure 4, apical pressure
converged to 1618 Pa with increasing number of
elements, indicating that a mesh consisting of
nearly 4.9 million of elements was sufficient for
CFD calculations due to the relative error being
less than 0.1%. These calculations were
performed on a computer with a 3.7 GHz 8-core
64-bit AMD Ryzen 7 2700X processor, 32 GB
RAM and Windows 10 100 Pro operating system.

3. Results

Various cases have been simulated and the
velocity maps, pressure distribution of the
irrigant and the wall shear stresses in the root
canal were compared. In Figure 5, Figure 6 and
Figure 7, pressure distribution, velocity
magnitude and wall shear are shown for Model A
Model B and Model C, respectively.
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Figure 5. Pressure, velocity, and wall shear stress distributions inside the root canal (with Model A
needle) observed for different distances from the working lengths: a) 0.5 mm, b) 1.5mm and c)
3mm.

As can be seen from Figure 5.a, there is a
stagnation region where the irrigant flow from
the needle exit impinges to the root canal wall.
Following that, a wall jet flow occurs in the
vicinity of the stagnation and results in a high
wall-shear stress region as can be seen in Figure
5.b and Figure 5.c. With increasing distances
from the working length (H); pressure in the
vicinity of the apical foramen decreases and the
position of the stagnation zone changes in
accordance. It should be noted that the intensity
and characteristics (in terms of pressure and
wall shear stress distributions) of the stagnation
zone only vary with the topology of the root
canal. As can be seen from the velocity

distributions shown in Figure 6, due to the
momentum effects inside the needle, there is no
significant amount of irrigant flow coming out of
the top vent exit of the double-side-vented Model
B. Resulting stagnation pressure is 22% lower
than Model A. With varying working lengths, the
effect of the flow at the region of the top vent exit
varies in correlation with closeness to the root
canal wall. For both Model A and B, the jet flow
separates at the needle vent exit. For more
performant needles, the effect of vent angle
might be considered. Apart from the flow in the
vicinity of the top vent exit of Model B, flow
characteristics that occurred with Model A and
Model B are found to be similar.
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Figure 6. Pressure, velocity, and wall shear stress distributions inside the root canal (with Model B
needle) observed for different distances from the working lengths: a) 0.5 mm, b) 1.5mm and c)
3mm.

The main flow pattern was consistent for all
simulations. An irrigant jet forms from the
bottom opening of the needle directed to the root
canal wall. Following the impingement occurring
at the root canal wall, the irrigant jet is directed
to the apex region while dissipating. The main
flow pattern was not affected by the needle
opening geometry. It should be noted that all jets
became more effective if the flow rates were
increased. The most potential jets were formed
at the outlet most proximal to the tip, while the
flow from the distal outlet presented only a

minor influence on the flow structure (Figure 6).
Model A and Model B showed a jet flow from the
side vent, however Model C created two
symmetric jets toward the apical as it has two
symmetrical outlets at the same level (Figure 5,
Figure 6, and Figure 7). All needles showed
similar performances as all of them were closed-
ended needles. Model A and model B had
asymmetric, Model C had symmetric velocity
distributions because of the needle geometry
which can be seen in the contours of velocity
magnitude (Figure 5, Figure 6 and Figure 7).
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Approaching the closed-end of the needle, the
flow showed sudden deceleration due to the
stagnation of the flow. On the other hand, the
highest velocities were observed inside the
needle lumens for all cases. For all models,
depending on insertion depth of the irrigation
needle, a stagnation zone was observed in the
apical region where the flow could not effectively
penetrate. The irrigant coming out of the needle
exit, returned towards to the root canal orifice
before reaching the apical foramen of the root
canal when placed at 1.5 mm or above in the root
canal. None of the needle models were able to
deliver the irrigant till the working length of
H=1.5 mm to 3 mm was selected, as the irrigant

(@
Figure 7. Pressure, velocity, and wall shear stress distributions inside the root canal (with Model C
needle) observed for different distances from the working lengths: a) 0.5 mm, b) 1.5mm and c)
3mm.

penetration toward the apex was limited.
Irrigant could penetrate up to working length of
0.5 mm for all needles.

Figure 8 shows the average wall shear stress
distributions on the root canal walls at various
Re and H. All models showed similar wall shear-
stress distributions and developed the local
maxima in the vicinity of their exits (Figure 5,
Figure 6 and Figure 7). The maximum wall shear
stress was seen in a small area next to the needle
outlets. With increasing inlet velocity, the area-
weighted wall shear stress also increased for all
needle models as shown in Figure 8.
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Figure 8. Average wall shear stress distributions with respect to operating conditions (distances
from the working length and Re) for different needle models: a) Model A, b) Model B, c) Model C.

The maximum wall shear stress was seen in a
small area next to the needle outlets. With
increasing inlet velocity, the area-weighted wall
shear stress also increased for all needle models
as shown in Figure 8. The wall shear stress was
considerably higher for the high Reynolds
number cases compared to the low Reynolds
number ones, but it was also affected by the
needle model. No significant difference was
found between the Model A and Model B as they
showed identical wall shear stress distributions.
Model C revealed the highest wall shear stress
among all. It was found out that, when the Re
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number changes from 500 to 1500, area
weighted average wall shear stresses for all
models increase by 5.75,6.95 and 6.64 times for
Model A, Model B and Model C, respectively. It
can be concluded that the needle-exit geometry,
the needle insertion depth, and the distance of
the exit part of the needle from the wall have
effects on the pressure distribution of the root
canal wall. It was observed that as the working
length increased, the distance of the needle-exit
to the root canal wall decreased, therefore the
pressure on the root canal wall increased for all
needle models.
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Figure 9. Apical Pressure variations with respect to operating conditions (distances from the
working length and Re) for different needle models: a) Model A, b) Model B, c) Model C.

In Figure 9, the area-weighted average pressure
at the apical foramen for each needle are given
and they show that the velocity of the irrigant
and the insertion depth of the irrigation needle
have significant impact on the apical pressure.
Increasing in inlet Re number gradually
increased apical pressure. In addition, working
length influenced the growth of apical from 0.5
mm to 2 mm needle insertion depth caused to a
rapid growth of apical pressure for all needle
models. Apical pressure growth was observed to
be less progressive at working lengths between
2 mm and 3 mm for all needles. It should be
noted that the most rapid growth in apical
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pressure was observed between 1.5 mm and 2
mm for all needles. At all Re and needle insertion
depths, apical pressures can be given in
descending order: Model A, Model B, and Model
C. To highlight originality and novelty of the
current study, a concise comparison with
available studies in the literature and an overall
evaluation were made in the next section.

4. Comparison with Literature

This study represents CFD simulations of root
canal irrigation using a 3D model of an actual
root canal of human maxillary central tooth. The
main purpose of this study is to monitor the
effect of different irrigation needle geometries
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on fluid flow in the root canal and compare the
performances of the needles. Three 30-gauge
closed-ended irrigation needles were included in
this study as it has been reported that small-
diameter needles provide more efficient irrigant
replacement without forceful apical extrusion
[21]. The irrigation needle tips were placed in
the apical third of the root canal at a range of 3-6
mm in accordance with other studies ([22], [23])
thus the working length of the needles were
selected as 0.5 mm, 1 mm, 1.5 mm, 2 mm and 3
mm. The root canal was assumed to be filled with
the irrigant in all cases since possibility of air
bubble entrapment was very limited and could
be neglected ([24], [25]). Selected inlet Reynolds
numbers were within the range applied by
clinicians when 30-gauge needles are used [26].
Velocities above 0.1 m/s were considered
clinically significant for adequate irrigant
replacement [23]. The highest velocity values
were at the centreline of the needle lumen,
satisfying no-slip boundary conditions on the
interior walls of the needle. The flow rate
associated with Re has a significant effect on
irrigant replacement throughout the root canal,
but it does not directly affect flow pattern [17].
Irrigant penetration and wall shear stress on the
root canal wall have a significant role in the
mechanical cleaning effect and the chemical
effect of irrigation ([23], [27], [28]). Models
showed a sudden deceleration of the irrigant
approaching the needle exit, since the tip of the
needle is closed. Stagnant behaviour of the
irrigant has been observed in all cases within the
apical part of the root canal until the needle was
placed under 0.5 mm close to the working length.
It is very likely that the apical third of the root
canals cannot be sufficiently cleaned and
disinfected by syringe irrigation until the
irrigation needle is placed very close to the
working length. Irrigant replacement was
highest for Model C, followed by the Model A and
Model B. These results were compatible with
earlier studies that also reported limited irrigant
exchange ([2], [22], [27]). In Model B that has
two needle exits at different levels, irrigant flow
rates were not equal between two needle exits
and most of the irrigant left through the needle
close to the tip of the needle, which is in
accordance with previous studies [23]. The wall-
shear stress has an impact on the detachment of
debris, unfortunately cannot guarantee removal
of debris from the root canal wall, unless there is
a favourable irrigant flow to carry debris outside
of the root canal [23]. Maximum wall shear stress

was observed on the canal wall facing the exit
quite close to the tip of the needle (Figure 5,
Figure 6 and Figure 7). Increasing the Reynolds
number led to a large increase in the wall shear
stress in all cases (Figure 8) and it is noteworthy
that this significantly affected debris removal
from the lateral canals during syringe irrigation.
The wall-shear stress distributions on the
interior walls of the root canal were similar for
the Model A and Model B and it was the highest
for Model C, which has the smallest side vent. For
Model B, the proximal outlet mostly affected the
overall performance, which agreed with
previous studies ([23], [29]). A drawback of all
needle types was the increase of wall shear
stress in a very limited area. When the exit of the
irrigation needle was positioned at the same
level of the lateral canal in the root canal, there
was an increase in the wall shear stress at the
entrance of the lateral canal. It can be assumed
that the Model C, which produced the highest
wall shear stress (Figure 8), was superior to
other models in effective irrigation of lateral
canals and other irregularities in the root canal.
The irrigant jet impinges the closed-ended tip of
the needle during irrigation, causing
considerably high stagnation pressures within
the needle lumen tip. In general, for all needle
models, increasing the inlet velocity resulted in
higher apical pressures as shown in Figure 9.
Irrigant extrusion towards the periapical was
associated with forceful delivery of the irrigant
and the apical pressure ([23], [27] and [28]).
Simulating the apical foramen as an
impermeable and rigid wall did not exclude the
possibility of irrigant extrusion toward the
periapical tissue. The evaluation of irrigant
pressure applied at impermeable wall can give
information about the possibility of irrigant
extrusion [30]. Extrusion of irrigant occurs when
the tissue back pressure is overcome by irrigant
pressure and the presence of periapical lesions
increases the risk ([12], [13] and [21]). It is
strongly recommended that needles do not
penetrate the walls, as the needle binding to the
canal wall will likely result in the blockage of
backflow and forced extrusion of the irrigant. It
should be noted that, without a validated
pressure threshold for irrigant extrusion
accidents, it is not possible to determine in which
of these cases an accident may occur. Snjaric et
al. [32] mentioned that interstitial tissue
pressure, ranges from 2666 to 3999 Pa (20-30
mmHg), mean value 3333 Pa (25 mmHg) and
pathological conditions can reduce interstitial
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tissue pressure to 1333 Pa (10 mmHg), therefore
mean interstitial tissue pressure may represent
the threshold at which periapical extruding is
possible ([13], [31] and [32]). However, apical
pressure did not reach 3333 Pa in any analysis
performed in the current study. Also, Zhu et al.
[33] suggested that when the apical foramen of
the tooth is not closed and the apical pressure in
the root canal exceeds 30 mmHg (close to
intraosseous blood pressure value), NaOCl can
extrude through apical foramen. In three
analyzes apical pressure was found over 25
mmHg which were Model A with Re=1500 for 0.5
mm and 1 mm and Model B with Re=1500 for 0.5
mm. Model C did not exceed the threshold value
under any conditions in all analyzes. Lower
apical wall pressure indicates improved safety
and reduced risk of apical extrusion. Model C
appeared to be safer than other models in terms
of apical extrusion (Figure 9). On the contrary,
the limited irrigant penetration and the irrigant
replacement to the apically necessitates needle
placement very close to the apex in the root
canal. Especially, Model C can be suggested as the
safest among all the models since it satisfies
apical extrusion condition at all operating
conditions.

5. Conclusion

In the current study micro-computed
tomography (micro-CT) analysis was used to
numerical model of a maxillary central tooth for
a comprehensive and clinically realistic
evaluation of the root canal irrigation. Within the
limits of the methodology used in present study,
it may be concluded that all closed ended side-
vented needles are safe for root canal irrigation
by new users. The needle tip design influences
important parameters for the effectiveness and
safety of the root canal irrigation. In all CFD
simulations, the risk of extrusion of irrigant was
low and the Model C was the most effective and
safest design to reduce irrigant extrusion among
all.
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