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Abstract

Detailed information about the flow field pattern is highly important in accurately predicting particle deposition sites in the
human airway. Flow in the upper airway during heavy breathing can have a Reynolds number as high as 9300, and therefore pre-
sents turbulent features. Although turbulence is believed to have an important effect on the airflow and other transport processes
in the bronchial tree, to date both theoretical and numerical studies have predominantly assumed the flow to be laminar. In this
paper, transitional/turbulent flow during inspiration is studied using a large eddy simulation (LES) in a single asymmetric bifur-
cation model of human upper airway. The influence of the non-laminar flow on the patterns and the particle paths is investigated
in both 2D and 3D models. Throughout the investigation, comparisons with the laminar and conventional k–e models for the
same configuration and flow conditions are made. The LES model is also carefully validated against published experimental data
in a stenotic tube model. The results demonstrate that the LES model is capable of capturing instantaneous eddy formation and
flow separation in (almost) laminar, transitional and turbulent flow regimes, and hence may be used as a powerful and practical
tool to provide much of the detailed flow information required for tracing the particle trajectories and particle deposition in
human airways.
# 2004 IPEM. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Understanding the distribution of deposition of

inhaled aerosols in the tracheo-bronchial airways is

highly important in promoting therapeutic effects of

airborne pharmacological drugs via targeted delivery,

such as those used to treat airway inflammation in

asthma, as well as to improve risk assessments of ambi-

ent contaminants. Excessive retention of inhaled parti-

cles has been known to directly cause diseases, such as

pneumoconiosis, silicosis and asbestosis. Therefore, it is

very useful to be able to model and predict aerosol

transport and local deposition characteristics in the

human airway.
Although advanced imaging techniques are capable

of obtaining the deposition pattern in the airways at a

reasonable level of detail, these data still represent
averages over many individual airway branches. An

alternative way to investigate the detailed deposition

patterns is to use theoretical calculations, which how-

ever have often incorporated rather simple approxima-

tions for the flow, a recent example is Darquenne and

Paiva [6]. In the last decade, computational fluid

dynamics (CFD) has been increasingly applied to the

study of fluid dynamics and aerosol particle motion in

the human respiratory tract [3,4,19,25]. CFD simula-

tions can provide not only 3D flow patterns within the

airways, but also detailed particle deposition patterns.
Numerous CFD studies exist which address the

problem of air flow and particle deposition in selected

airway segments [2,8,12,14–18,33]. Recently, studies by

Martonen et al. [25–27] have simulated the fluid

dynamics of the airway bifurcation, and have obtained

good agreement with experiments by Schreck [34].

However, the influence of turbulence on air flow and

particle motion in the upper airway has been neglected

in general [10]. It is known that the Reynolds number,

Re, in the trachea varies from 800 in light breathing (10
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l/min) to about 9300 in heavy breathing (100 l/min)
[20,31]. Therefore, flow in the trachea is highly likely to
be turbulent in the high Re regime. Moreover, the pres-
ence of the larynx tends to induce disturbances and
instabilities into the air stream as it passes through the
constricted glottal aperture and vocal folds. Although
flow in the first two generations of large tracheo-bron-
chial airways is likely to be turbulent, inhaled air
decelerates in the subsequent generations of airways
due to the effect of branching on flow rate. This decel-
eration results in relaminarisation of the flow in which
turbulence dissipates and eventually dies down. The
effect of turbulence, and the transition from laminar to
turbulent flow as well as relaminarisation, on the air
flow and particle motion in the large tracheo-bronchial
airways is still unclear.

Turbulent flows are characterised by eddies with a
wide range of length and time scales. The largest eddies
are typically comparable in size to the characteristic
length of the mean flow, while the smallest scales are
responsible for the dissipation of turbulent kinetic
energy. It is theoretically possible to directly resolve the
whole spectrum of turbulent scales using direct numeri-
cal simulation (DNS). Indeed, DNS has been success-
fully used on particle dispersion in temporal mixing
layers [21,24] as well as in spatial mixing layer [13].
However, DNS is extremely expensive and requires
huge computer power, as the grid density required is
proportional to Re3. Thus, for high Reynolds numbers
and complicated geometries, such as airway bifurcation
models, the mesh sizes required for DNS are prohibi-
tive. Traditional turbulent modelling, such as the k–e
approach, is much cheaper but it only solves for the
average velocity field, which is insufficient for tracking
particle trajectories. However, in a recent study on a
human oral airway model, it has been demonstrated
that the main features of laminar–transitional–turbu-
lent particle suspension flows can be captured by using
renormalization group (RNG) k–e model [37], which
has to be carefully tuned.

In this paper, large eddy simulation (LES) is
employed to study the possible influences of tran-
sitional and turbulent airway flow on particle depo-
sition. LES employs an alternative approach in which
the large eddies are computed in a time-dependent
simulation that uses a set of ‘filtered’ equations. The
assumptions behind LES are that momentum, mass,
energy and other passive scalars are transported by
large eddies. These are more problem dependent and
are dictated by the geometries and boundary con-
ditions of the flow involved. To the best of our knowl-
edge, this is the first attempt to simulate transitional/
turbulent flow in the asymmetric upper airway model
using LES. Here, we primarily focus on validating LES
as a feasible model in modelling turbulence in the tra-
cheo-bronchial airways, and compute the correspond-
ing particle paths as a crude prediction of the flow and
dispersion of particles under the influence of turbu-
lence. Transitional/turbulent flow is investigated
numerically in both 2D and 3D asymmetric models
using the commercial CFD package, Fluent 5.3. Differ-
ences in results between the LES, laminar and k–e
models are addressed. The model is also validated with
the experimental data for a constricted tube by Ahmed
and Giddens [1].

The layout of this paper is as follows. Detailed CFD
modelling is introduced in Section 2; this includes the
assumptions, the model geometries, turbulence model-
ling, the boundary conditions, and detailed CFD vali-
dations. Results of the flow patterns and path lines
using LES, k–e, and laminar models are presented in
Section 3. Discussions and conclusions are given in
Sections 4 and 5.
2. CFD modelling

We are seeking to model only part of the whole
breathing cycle, namely (almost) steady inspiration, as
occurs when an inhaler is used by a patient. Olson et al.
[30] showed in experiments that steady flow can ‘accu-
rately mimic’ conditions during inspiration for flow
rates up to 150 l/min. Thus, we assume that the basic
flow at the entrance of our model of the airway is a
steady plug flow. The air is taken to be incompressible
because flow speeds are much slower than the speed of
sound, and the temperature and density are assumed to
be constant.

2.1. The geometric model

The models are based on human airway casts by
Schlesinger and Lippmann [33], where the dimensions
were obtained from the autopsy specimens of the
human trachea and lungs, with no gross abnormalities.
The initial casts have several generations of bifurca-
tions, but due to the extensive computing requirements,
our model consists of only the trachea and the right
and left bronchi. Their dimensions are summarised in
Table 1.

The 2D and 3D models generated from the para-
meters in Table 1 are shown in Figs. 1 and 2, respect-
ively. The dimensions of the 2D model have been
adopted so that it is equivalent to the central cross-
sectional projection of the 3D model.

2.2. Turbulence modelling

Three numerical methods are employed, laminar
flow, k–e model, and LES. The governing equations for
LES are obtained by filtering the time-dependent
Navier–Stokes equations in configuration (physical)
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space. The process effectively filters out those eddies
whose scales are smaller than the grid spacing. The
resulting equations thus govern the dynamics of large
eddies. Therefore, LES generates an approximation to
the real flow in which scales below a certain size are
missing. This is corrected by having additional terms in
the equation of motion, known as subgrid terms, which
only come into play at the smaller of the scales
resolved by the LES. Details of the LES modelling are
given in Appendix A.
2.3. Boundary conditions

For the laminar model, the boundary conditions are
that the velocity, �uu, satisfies the no slip condition at the

wall, the velocity at the inlet is uniform, �uu ¼ �UUavg, and

zero pressure at the outlets.
In the LES model, all the boundary conditions are

the same as the laminar model, except that we need to
specify the intensity of the small-scale turbulence at the
inlet. This is achieved by specifying the amplitude of
the velocity fluctuations at the inlet

��uu�uu ¼ �UUavgð1þ IwÞ ð2:1Þ

where w is a Gaussian random number with zero mean
and standard deviation equal to one, and I is the inten-
sity of the fluctuation given by

I � �uu0

�UUavg
; ð2:2Þ

where u0 is the root-mean-square of the velocity fluctu-
ation. Typical value of I is chosen to be between 5%
and 10%. There is no noticeable difference in the results
if I is varied in the range.

In the k–e model, we need to specify the turbulence
length scale, ls, as well as I. I is given by (2.2), and ls is
taken to be the inlet diameter of the model.
2.4. Numerical schemes and parameters

A second order segregated SIMPLE solver [11] is
used to solve the governing equations. The solution
process is iterative and a convergence criterion is
required. In this study, convergence for the laminar
and k–e models is deemed to be achieved when

ukij � uk�1
ij

��� ���
�UUavg

	 10�4 ð2:3Þ

for all variables i at node points j, and iterations k. As
LES is a time-dependent mode, the convergence is
determined by monitoring both the residuals and the
force coefficients. Convergence is achieved when the
Table 1

Dimensions used for the model based on casts by Schlesinger and

Lippmann [33]
D
iametera (cm)
 Length (cm) A
ngleb (degree)
Trachea 2
.17
 9.2
Right bronchi 1
.7
 4.2 1
5
Left bronchi 1
.26
 5.3 3
0
a These values represent the mean of transverse diameters at the

midpoint of each branch.
b These values represent the angle of branching between the indi-

cated branch and its parent branch.
Fig. 1. Two-dimensional model.
Fig. 2. Three-dimensional model.
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force coefficients are statistically steady in addition to
satisfying (2.3). The time step used in LES modelling is
determined by performing numerical tests. In this
study, a time step of 0.006 s was found to be sufficient
to produce results independent of the choice of time
step.

A summary of the physical parameters used is given
in Table 2. Triangle/tetrahedral cells are used in the
2D/3D models for their flexibility in adapting to
curved surfaces. A mesh boundary layer was also
imposed on the wall of the model so that the mesh den-
sity can be increased to sufficiently resolve the bound-
ary layer, without substantially increasing the total
number of nodes.

The computations were performed using the CFD
software Fluent 5 on a SUN Enterprise UNIX network
with 5 GB of memory and a maximum speed of
336 MHz. Approximately 3 h are needed for typical
runs for the 2D LES models, while more than 30 h are
needed for typical runs in the 3D LES models.
2.5. CFD validations

2.5.1. Grid independence test
Grid independence was achieved by using a solution-

adaptive refinement, as cells can be added where they
are needed in the mesh. The initial grid was adapted by
putting more cells in the areas where the velocity gradi-
ent is higher than a chosen level. This process was
repeated until the results became grid independent.
Fig. 3 shows three 2D meshes: Mesh (a) of 8383 nodes,
Mesh (b) of 14 493 nodes, and Mesh (c) of 18 614
nodes. Mesh (b) was chosen since the results in Mesh
(b) and Mesh (c) are virtually identical. The same pro-
cedure was used for the 3D grids. The number of nodes
of the final grids for 2D and 3D models is listed in
Table 2.
2.5.2. Comparison with experimental measurements
As there are no experimental data available for flow

in the human upper airway model investigated here,
the velocity field in an axisymmetric constricted tube
(stenosis model) measured by Ahmed and Giddens [1]
for Re ¼ 2000 was used to validate the LES simulation.
The unobstructed diameter of the stenosis model is
0.0508 m, the profile of the stenosis is chosen to be the
same as Deshpande et al. [7] and Smith [35], and the
grid with 248 841/227 981 nodes/cells is shown in
Fig. 4.

The turbulent parameters, boundary and initial con-
ditions are calculated as described in Section 2. The
turbulent intensity is taken to be 6.18%, the same as in
the experiment [1].

The normalized centreline velocity, Vx= �VV , from the
laminar, k–e and LES simulations is compared with the

experimental data in Fig. 5, where �VV is the average
inlet velocity for this problem. It seems that in the flow
region before the stenosis, all three models agree with
each other. They differ as the flow separates down-
stream of the stenosis. The laminar flow model obvi-
ously cannot account for the extensive turbulent energy
dissipation downstream, while the k–e model assumes
too much energy dissipation and fails to give the sec-
ondary peak in the profile. Although the accuracy of
LES is limited by the smallest grid size that can be
used (as indicated by a small discrepancy with the
Table 2

The model parameter. Note that Re is the Reynolds number defined

as qUavgD=l, where Uavg and D are the maximum velocity and diam-

eter at the entrance to the trachea
Operating pressure 1
01 kPa
Physical properties
Density, q 1
.19 kg/m3
Viscosity, l 1
:82 
 10�5 kg=ms�1
No. of nodes/cells in 2D model 2
1 367/14 493
No. of nodes/cells in 3D model 4
76 384/88 564
Inspiratory rate 4
5 l/min
Inlet velocity 2
.03 m/s
Re 3
012
Fig. 3. Grid independence tests were carried out on three different meshes (a)–(c).
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experimental data), it is clear that LES indeed gives the

best approximation to the experimental measurement.

As particle deposition is affected mainly by large

eddies, it is reasonable to assume that LES is able to

provide sufficient information for calculating particle

trajectories.
The particle paths of these three models are given in

Fig. 6. The different degree of flow fluctuation is clearly

reflected by the particle paths. The k–e model has over-

estimated the downstream energy dissipation (not

enough flow fluctuation), and laminar model under-

estimated it (too much flow fluctuation), because the

flow is inadequately resolved.
3. Results

We now present the CFD results obtained for both
the 2D and 3D simple airway models.

3.1. Two-dimensional results

Typical instantaneous velocity contours for the 2D
LES model are presented in Fig. 7.

Fig. 7 shows a highly asymmetric velocity flow field
in the two main bronchi. Flow stagnation occurs at the
tip of the bifurcation, and extensive flow separations
are seen near the outer walls of both bronchi.

The corresponding pressure contours for the LES
model are shown in Fig. 8. It is noted that the pressure
. 4. Part of the 3D grid of the stenotic model, where the centre plane is also shown in lighter colou
Fig r.
of the normal centreline velocity distribution obtained using laminar, k–e, and LES models with the ex
Fig. 5. Comparison perimental data by

Ahmed and Giddens [1].
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becomes negative in the both bronchi (shown by the
arrow). This is obviously caused by the viscous dissi-
pation induced by eddies.

The same results, but obtained using the laminar and
k–e models, are shown in Fig. 9. One very distinct dif-
ference is the lack of flow separation or eddy formation
that was captured using the LES model.

3.2. Three-dimensional results

Typical instantaneous velocity contours for the 3D
LES model are presented in Fig. 10. As in the 2D LES
simulations, the greater flow velocities occur in the left

(bigger) bronchus.
A horseshoe velocity profile develops in the right

daughter bronchus, and there is little evidence of eddy

formation in the left bronchus compared to the 2D

simulation.
The corresponding 3D velocities are also shown for

the laminar and k–e models in Fig. 11. It is noted that

LES is the only model that has captured the flow fea-

tures such as the horseshoe pattern in the right bron-

chus and the skewed axial velocity distribution on left

daughter branch. However, the flow patterns in the 3D

models seem to suggest that the 3D flow is much less

turbulent than its 2D counterpart. This will be dis-

cussed later.
Fig. 6. The particle paths computed from LES, laminar, and k–e models.
Fig. 7. 2D LES instantaneous velocity contours. The 20 of contour

values are equally spaced between 0 and 2.62 m/s, the maximum

velocity.
Fig. 8. Instantaneous pressure contour plots. The 20 of contour

values are equally spaced between �1.5 and 4.47 Pa. Contours with

negative values are located inside the recirculation area indicated by

the arrow.
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3.3. Particle paths

Although we are interested in the particle deposition,
we cannot yet solve for the particle trajectories using
the LES approach with Fluent 5, so we look at mass-
less particle paths in the flow. These tracer particles are
released from the inlet to the trachea.
3.3.1. Two-dimensional paths
The particle paths for the 2D simulations are shown

in Fig. 12. It is not surprising to see that the laminar
and k–e models show similar trajectories. Since both
the laminar and k–e models cannot capture eddies in
the flow, the path lines predicted by these two models
simply follow the daughter tubes. However, with the
LES model, the particle paths appear to be wavering

around the area of eddies.
3.3.2. Three-dimensional paths
The 3D paths are shown in Fig. 13 for the LES,

laminar and k–e models.
The paths from the LES show a wavering pattern in

the right bronchus, whereas this is more or less

smeared out in the laminar and k–e models. It is clear

that particles released from the entrance end up at very
different places if different flow models are used. LES is

likely to give a more accurate prediction of particle

deposition in the upper airway.
4. Discussion

In the 2D simulations, the flow pattern obtained
using the LES model is much more detailed than those

from the laminar and k–e models. Flow separation and

eddies are clearly seen in both bronchi. This is impor-

tant since it is the instantaneous flow patterns, not
averaged flow characteristics, that affect the particle

paths and their subsequent deposition.
The 3D model seems to possess fewer significant tur-

bulent features than the 2D model for the same entry
Reynolds number. We attempt to explain this as fol-

lows. In the 2D model, A1< ðA2þA3Þ, while in the 3D

case, A1 is slightly greater than (A2þA3). Thus, for the

same inlet flow condition, the area of 2D model

expands, while the area of 3D model contracts. This
fundamental difference leads to two essentially different

mathematical models. Thus highlights the difficulty of

employing a 2D approach to a 3D flow problem.
rs for the (left) laminar, and (right) k–e models. The 20 contour values are equally spac
Fig. 9. The velocity contou ed between 0 and 2.62 m/s.

The maximum velocities for the laminar and k–e models are 2.54 and 2.38 m/s, respectively.
Fig. 10. The 3D LES instantaneous velocity contours at 20 equal

intervals between 0 and 3.0 m/s. The maximum velocity is 2.89 m/s.
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In this study, the steady plots are only an approxi-
mation of what may happen to an inhaled particle
under these flow conditions. In the LES model, the
particle paths are uniform within the trachea. How-
ever, crossing of path lines is clearly visible as soon as
the flow enters the bifurcation region. The most pro-
nounced feature occurs as the flow enters the daughter
bronchi in the 2D model, where the paths become
more disturbed and a particle-void region is created at
the flow separation zone. At this particle-void region,
no particles are deposited because the particle paths are
displaced and diverted into the core flow, which pre-
vents the particles impacting on the wall due to inertia.

Although most particles tend to be deposited in the
lower order daughter branches, the fluid disturbances
initiated at the entrance of the right bronchi will
propagate downstream. According to Olsen et al. [30],
the flow disturbances may persist for several genera-
tions of bronchial airways before becoming attenuated.
Thus to assess the downstream particle deposition pat-
tern, it is important to simulate upstream disturbances
properly.
contours with their values equally spaced between 0 and 3.0 m/s for (a) the laminar model, whe
Fig. 11. The 20 velocity re the maximum velocity

is 2.75 m/s, and (b) the k–e model, where the maximum velocity is 2.6 m/s.
Fig. 12. 2D particle path lines predicted by the three models.
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4.1. Comparison with previous investigations

Despite the asymmetry in this model, the 2D laminar
results obtained here appear to be in agreement with
the 2D numerical simulations of laminar and turbulent
flows in a single symmetrical bifurcation by Grotberg
[9]. The turbulent results are less consistent as the sep-
aration and recirculation found in the asymmetric
model are not present in the symmetrical model to the
same degree.

For the 3D models, we can only compare the results
qualitatively with the flow visualisation of a symmetri-
cal bifurcation tube flow by Pedley [31]. Our results are
found to be consistent with his results. The flow into
each daughter tube induces secondary motion and sep-
aration depending on the corner sharpness, while
boundary layer growth occurs downstream of the
carina ridge. Both these features can be viewed in
Fig. 10. The asymmetric nature of this model may
account for the lack of separation in the left bronchus.

The results are also found to agree qualitatively with
the studies by Martonen et al. [25–27], although their
3D bifurcation model is again symmetrical and their
Reynolds number is lower (=1250). There is a good
agreement in the velocity contour maps. Both studies
indicate a horseshoe flow pattern in the daughter tubes
with a central area of slow moving fluid.
4.2. Limitations and context

As the LES simulations are extremely time consum-
ing, a simplified geometry is used for the airway model
in this paper. Therefore, important effects, such as the
laryngeal constriction and successive downstream
bifurcations, on the turbulent flow are not considered.
These should be accounted for in future work. Also, in
the present study, our concerns are primarily focused
on modelling the transitional or turbulent flows;
detailed dispersion and deposition patterns of inhaled

particles are not studied. The particle paths simulated

here can only be used as a crude prediction of the dis-
persion of particles under turbulence. Although the

flow pattern is very important in determining the dis-

persion and deposition of particles, the particle motion
would naturally depend on physical characteristics of

the inhaled aerosols, such as their physical dimensions,
electric and hygroscopic properties. Once these are all

considered, then a more realistic deposition pattern can

be simulated, and applied to the delivery of airborne
drugs.
5. Conclusions

In this study, the capability of LES in modelling the

transitional/turbulent flow in a simple airway model is

investigated, and results are compared with the conven-
tional k–e and laminar approaches. The results indicate

that LES is capable of modelling the physics of tran-

sitional/turbulent flow in the upper airway. LES allows
the capture of instantaneous variable values, and can

produce detailed flow patterns.
The flow in the 3D bifurcation geometry is less tur-

bulent than its 2D counterpart for the same Reynolds
number, indicating that the differences in geometry can

heavily influence the nature of the flow.
It is noted that simulating the tracer particle paths

can only crudely assess particle deposition. Our ulti-

mate goal is to combine the LES turbulence model

with a particle trajectory simulation, such as kinematic
simulation, as a subgrid for the LES [29]. This, when

applied with a more realistic moel geometry, can serve

as a useful tool in determining the particle deposition
pattern in the upper respiratory tract of the human air-

ways.
Fig. 13. 3D particle path lines from the three models.



412 X. Y. Luo et al. / Medical Engineering & Physics 26 (2004) 403–413
Appendix A. Details of LES modelling

In the LES modelling, the filtering operation for a

variable /(x), is provided by:

�//ðxÞ ¼ 1

V

ð
V

/ðx0ÞGðx;x0Þdx0 ðA:1Þ

where V is the volume of a computational cell, and the

filter function G(x,x0) is defined as:

Gðx;x0Þ ¼ 1 for x0 2 V
0 otherwise

�
ðA:2Þ

Hence the filtered Navier–Stokes equations are:

@�uui
@xi

¼ 0 ðA:3Þ

and

@

@t
ðq�uuiÞ þ

@

@xj
ðq�uui�uujÞ ¼

@

@xj
leff

@�uui
@xj

� �
� @�PP

@xi
ðA:4Þ

where �uui (i ¼ 1; 3) is the filtered velocity component, xi

(i ¼ 1; 3) is the coordinate, �PP is the filtered pressure, t is

time, q is the fluid density, and leff is the effective vis-

cosity, which is unknown, and requires modelling. In

this paper, a RNG-based subgrid-scale model is used

to determine leff

leff ¼ l 1 þH
l2

sleff

l3
� C

� �� �1=3

ðA:6Þ

where

ls ¼ CrngV
1=3

� 	2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2�SSij�SSij

q
;

�SSij ¼
1

2

@�uui
@xj

þ @�uuj
@xi

� �

and H is the Heaviside function

HðxÞ ¼ x; x > 0
0; x 	 0

�
: ðA:7Þ

The parameters in the model are determined to be

Crng ¼ 0:157, C ¼ 100 from the RNG theory [36].

In the high turbulent regions of flow, the RNG-

based subgrid reduces to the more basic Smagorinsky–

Lily model [22,32], which is suitable for a homogenous

isotropic turbulence. In the low Reynolds number

regions, the Heaviside function in (A.7) enables the

RNG model to recover molecular viscosity, so that

leff ¼ l, therefore is better for modelling the low

Reynolds effects encountered in transitional flows and

near-wall regions.
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