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Abstract High-frequency ventilation is a type of mechanical ventilation therapy applied on patients with
damaged or delicate lungs. However, the transport of oxygen down, and carbon dioxide up, the airway is
governed by subtle transport processes which hitherto have been difficult to quantify. We investigate one
of these mechanisms in detail, nonlinear mean streaming, and the impact of the onset of turbulence on this
streaming, via direct numerical simulations of a model 1:2 bifurcating pipe. This geometry is investigated as
a minimal unit of the fractal structure of the airway. We first quantify the amount of gas recirculated via mean
streaming by measuring the recirculating flux in both the upper and lower branches of the bifurcation. For
conditions modeling the trachea-to-bronchi bifurcation of an infant, we find the recirculating flux is of the
order of 3–5% of the peak flux . We also show that for conditions modeling the upper generations, the mean
recirculation regions extend a significant distance away from the bifurcation, certainly far enough to recirculate
gas between generations. We show that this mean streaming flow is driven by the formation of longitudinal
vortices in the flow leaving the bifurcation. Second, we show that conditional turbulence arises in the upper
generations of the airway. This turbulence appears only in the flow leaving the bifurcation, and at a point in
the cycle centered around the maximum instantaneous flow rate. We hypothesize that its appearance is due to
an instability of the longitudinal-vortices structure.

Keywords High-frequency ventilation · Nonlinear mean streaming · Turbulence · Direct numerical
simulations

1 Introduction

Ventilatory support is often required for patients in the intensive care unit and is achieved in the form ofmechan-
ical ventilation techniques. The conventional approach to mechanical ventilation is based on the hypothesis
that the tidal volume per inflation should exceed the dead space of the airway to facilitate adequate alveo-
lar ventilation; thus, the tidal volume used in conventional mechanical ventilation (CMV) is approximately
75–150% of the patient’s natural respiratory volume [36]. However, such large tidal volumes can cause over
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distention of lung tissues (barotrauma) and injuries associated with cyclic opening and closing of alveolar
tissues (volutrauma). As a remedial alternative to CMV, high-frequency ventilation (HFV) adopts very fast,
shallow inflations that are much smaller in volume than the volume of the airway. These small volumes result
in small intralung peak pressures and thereby provide a way to protect delicate lungs from over-distention and
pressure-induced lung injury, while still providing adequate gas exchange. In contrast to cyclic opening and
closing of alveolar units in CMV, HFV uses an adequate mean airway pressure to keep alveoli open during the
gas exchange process [17].

These small tidal volumes present an interesting question from a fluid mechanics point of view—if the
airway is not emptied and refilled each inflation cycle, how is gas transported throughout the airway? At least
six mechanisms are purported to play some role in the gas transport throughout the airway [8,46]—these
being molecular diffusion, Pendelluft effect, cardiogenic mixing, turbulent diffusion, Taylor dispersion, and
asymmetric velocity profiles or nonlinear mean streaming. The last three of these appear to be the most likely
to dominate and they are the mechanisms which can be controlled via the input pressure waveform. Despite
this list of mechanisms, little advance has been made in using knowledge of them to be able to quantify or
predict the gas transport that will occur. Protocols for the clinical use of HFV, where they exist, have often
been derived with minimal evidence [32,34,41,45].

This has led to a situation where HFV is routinely used in neonatal ICU (NICU), but not in the adult
population, as it appears that there are scaling effects that are not understood in the clinic. This is despite a
number of experimental and numerical studies of the underlying flows involved. Here, we concentrate our
efforts on quantifying the effect of nonlinear mean streaming and the appearance of turbulence in the airflow
pertaining to clinically relevant parameters for the application of HFV.

A large number of oscillatory flow studies have been carried out experimentally [37] and numerically [15]
in simple bronchial bifurcation models at conditions relevant to HFV.

The oscillatory flow in a single bifurcation model was experimentally studied by Jan et al. [29]. Based on
an order of magnitude analysis, this study proposed a benchmark regime classification for respiratory patterns
ranging from quiet breathing to HFV. This classification is proposed in the L ′/a − α2 parameter space, where
L ′ is the average axial displacement of a fluid particle, a is the airway radius and α is the Womersley number
(α = a

√
(ω/ν)). Three major zones, the unsteady (zone I), viscous (zone II) and convective (zone III), were

identified in this space depending on the relative dominance of the convective acceleration terms or the viscous
terms in the momentum transport equation. The convective zone is further divided into two subcategories (zone
IIIa, zone IIIb) based on the experimental evidence. These two subdivisions correspond to the dominating
convective acceleration term over the sub-dominant viscous term and the dominating convective acceleration
term over the unsteady acceleration term, respectively. Further, there is a turbulent region in the convective
zone corresponding to high values of both L ′/a and α2.

We used this regime classification to obtain a preliminary understanding of the flow pertaining to existing
clinical conditions of HFV. Figure 1 shows the position corresponding to the airflow of each generation in the
L ′/a−α2 parameter spacewhere L ′/a = Remax/α

2 for the first 10 generations of the neonatal airway subjected
to HFV, on the map of different regimes based on the scaling analysis from Jan et al. [29] (the calculation of
the parameter pairs for each generation is further explained in Sect. 2.4). The uppermost generation is in the
zone IIIb and predicted to be susceptible to the appearance of turbulence due to high dimensionless amplitude
and frequency of the flow. The subsequent generations lie in the zone IIIa where convective acceleration terms
dominate over the viscous term. At the lowest generation cases tested, modeling generations further down the
airway, the flow becomes viscous dominated. Since the flows in the upper generations (at least the first 10)
are in the convective region, there is the potential for mean streaming to occur due to the dominance of the
nonlinear convective terms which can induce a mean flow correction.

Nonlinear mean streaming or steady streaming [42] is the net velocity experienced at a given location in a
purely oscillating flow due to the difference in velocity fields formed when the flow moves in the forward and
backward directions. Such dissimilar velocity fields are caused by nonlinearity which destroys the reversibility.
In the bifurcation, this nonlinearity can be introduced either by a curved flow path or varying cross sectional
area along the streamwise direction. This phenomenon dictates that while the mean mass flux through a given
cross section must be zero (the same amount of mass goes forward and backward across the cross section in
one cycle) the flow moves on average in one direction along the core of the flow section and in the opposite
direction in the near wall region. Such a flow sets up a direct recirculation that could greatly enhance the
gas transport. Haselton and Scherer [21] interpreted the balanced mean flux as a convective-exchange of fluid
elements and proposed a coefficient to quantify this process across any arbitrary plane. The same effect was
analytically shown by Grotberg [19], through an analysis of oscillatory flow in a diverging channel. Due to the
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Fig. 1 Estimated conditions of the first 10 generations of the neonatal airway subjected to HFV (•), superposed on the flow
regime diagram proposed by Jan et al. [29]

tapered geometry of a diverging channel, the velocity profile along one direction does not remain symmetric
with that of the opposite direction. This phenomena holds true for a bifurcating geometry and it has been
demonstrated experimentally for tapered channels and conical tubes [7,16].

The mean streaming velocity fields were extensively reported and analyse in the recent study from Jalal et
al. [28], usingmagnetic resonance velocimetry (MRV) to compare the streamwise and transverse velocity fields
in a steady and oscillatory flow in a double bifurcation model. They studied the degree of streamwise velocity
variation within a particular cross section of interest using a momentum distortion parameter. Further, they
computed iso-surfaces of a scalar quantity used as a vortex identifier and visualized them to provide important
insights about the flow development. Interestingly, Jalal et al. [28] suggested that the steady streaming is not
the primary gas transport mechanism responsible for HFV.

Defining a secondary flow as the motion of fluid on a perpendicular plane to the streamwise direction,
it can be considered as a proxy for the mean streaming phenomenon. The generation of secondary flow is
likely to coincide with mean streaming due to the generation of asymmetry. A number of studies have reported
the evolution of a transverse velocity field as an important feature influencing the gas mixing [40,44]. In the
Horsfield model for the human bronchial tree [26], consisting of an asymmetric bifurcation in which the left
primary bronchus divides into three branches while the right primary bronchus divides into four branches,
Tanaka et al. [47] used LDV to verify the effect of secondary flow during oscillatory flow. This study reported
that the spatial variation of secondary flowwaswell correlatedwith themeasured gas transport rates. In addition
to these secondary flow features, Heraty et al. [22] and Choi et al. [9] reported the coaxial counterflow feature
using stretch rate analysis.

Due to the fact that the mean streaming is a function of the difference between the flow moving backwards
and forwards, it may be expected that the generation of turbulence over a portion of the cycle will have
some impact on it. The reciprocating flow, even in a straight pipe, can be turbulent during some or all of the
reciprocation period [1,25]. The scales associated with this study are typical to a full-term neonate subjected
to high-frequency ventilation: volume per inflation per unit body weight of the infant 1–3 ml/kg and the
frequency of therapy in the range of 8–12 Hz. The typical diameter of the endotracheal tube employed is
3 mm. Assuming typical numbers of a body mass of 3 kg, a ventilator frequency of 12 Hz and a sinusoidal
variation of the volumetric flow rate over the inflation cycle results in a maximum volumetric flow rate of
≈ 320 cm3/s. These numbers results in Remax = 9600 and α2 = 11.31 in the trachea and Remax = 6076
and α2 = 7.06 in the main bronchi of the airway. Consideration of the size of the trachea and the bronchi
in the early generations in the airway, and the typical flow rates used during HFV [8], indicates that these
flows can be turbulent. This turbulence is also likely to be triggered by the ribbed structure of the tracheal wall
providing a flow disturbance at the pipe wall [50]. Due to the presence of sharp curvatures, the ribbed structures
may potentially generate streaming fields that are non-trivial in the above scales of gas transport [5,38]. The
presence of such ribbings in the upper airway might cause potential mechanisms of the gas transport in the
HFV; however is beyond the scope of this study. Therefore, the ribbings and elasticity of the walls are not
taken into consideration in this study.

Peattie and Schwarz [39] studied purely oscillatory flow through a symmetrically branching model of a
bronchial bifurcation. They used pulsed hydrogen bubbles for qualitative visualization and frequency-shifted
LDV to take quantitative velocity measurements of the flow. They studied the evolution of the instantaneous
velocity field along with the transverse velocity fields which were reported to be negligible at all times. During
the expiration cycle, for α = 3 in the mother branch (where the mother branch is the large single pipe), they
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observed a burst of rapid fluctuations at a frequency between 10 and 100 times the flow frequency, superposed
on its fundamental variation. Notably, these rapid velocity fluctuations were never observed in the higher
frequency flows, which remained laminar at all times. Rapid velocity fluctuations were never observed at any
location in the daughter branches (the smaller pair of pipes). This study did not report the stroke length of the
oscillations directly and it is therefore difficult to ascertain how applicable these results are to HFV. However, it
does clearly demonstrate that turbulence can be generated for different epochs of time and at different locations
during the oscillatory flow in the bifurcation.

In this study, we investigate the nonlinear mean streaming and the onset of turbulence. We employ direct
numerical simulations on the basic self-similar unit (1:2 bifurcation) of the fractal structure of the airway. The
geometry employed—a single bifurcation consisting of rigid walls—is obviously highly idealised compared
to the real airway, with no consideration of vessel compliance or any viscoelastic effects due to mucus layers
or cilia. However, this is not as large an approximation from a physiological perspective as might initially be
thought, as the upper airway is reasonably stiff (the trachea is cartilage-reinforced), the high mean pressures of
HFV further reduce compliance, and cilia layers can be completely sheared away duringmechanical ventilation.
From a flowperspective, these rigid-vessel simulations can also be directly compared to the recent experimental
characterisations of Jalal et al. [28]. We have also deliberately removed the coupling between the generations,
to focus on the flow phenomena generated in a single bifurcation without the impact of variable inlet and outlet
conditions. A series of generations of the airway are modeled by varying the amplitude and frequency via
Remax and α.

The rest of this article is structured as follows.An overview of the simulationmodel andmethod is presented
in Sect. 2. Section 3 presents the results first quantifying the mean streaming.We show that the mean streaming
is expected to be significant in the first 5 or 6 generations, and that this streaming is caused by the generation
of longitudinal vortices in the flow leaving the generation. Second, results investigating the onset of turbulence
are presented. These show the times and locations where turbulence occurs, indicating turbulence arises via
an instability of the aforementioned longitudinal vortices. The relevance to the clinical application of HFV is
discussed.

2 Methodology

2.1 Flow domain configuration

The geometry employed throughout this study is a 1:2 symmetric planar bifurcating pipe. The human airway
consists of 21 generations of 1:2 bifurcations [12,35], and the geometry of these bifurcations is approximately
geometrically similar, maintaining a constant ratio between the diameters of the large single pipe D0 (here
referred to as the mother branch) and the two smaller pipes D1 (here referred to as the daughter branches) of
D1/D0 = 0.79, and an included angle between the daughter branches around � = 64◦ [18]. Figure 2 shows
a schematic of the geometry employed.

Another aspect of the geometric similarity of the airway is the length of each branch section being approx-
imately 3.5D. For the current study we have deliberately not maintained this. Instead, we have used very long
inlet and outlet sections to focus on the flow features generated by the presence of a single bifurcation without
the influence of the boundary conditions (which includes the influence of preceding or following generations).

The centerline of the mother branch coincides with the z-axis of the global coordinate system and splits into
the two centerlines of the daughter branches. These centerlines coincide with branch axes in the cylindrical
parts of the domain. Each axis of the daughter branch is connected to the axis of the mother branch by a
circular arc to obtain the centerlines of the bifurcating region. These centerlines, denoted by S, with subscripts
L and R indicating left and right daughter branches, are used to identify streamwise locations of various cross
sections. In this context, the axial velocity of any arbitrary point in the fluid domain is defined as the tangential
component of the velocity vector to the closest centerline point. Therefore, the axial velocity Uax is identical
to the streamwise velocity of the point of interest. The transverse velocity Utr is the projection of the velocity
vector along a direction perpendicular to Uax.

We note here that only a single geometry is tested, and therefore we cannot definitively comment of the
impact of small geometrical details such as the filet radius. However, the results presented in Sect. 3 indicate
that the streaming flows and turbulence appear to be driven by large-scale flow features, predominantly the
Dean-type vortices generated by the curvature of the flow vessel. This suggests these small details will not
play a large role.
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Fig. 2 Attributes of the bifurcation model used in the study. a Dimensions of the 1:2 bifurcation. b CAD model of the 1:2
bifurcation. Note that the CADmodel shown here is not to the correct scale and the actual computational domain has much longer
inlet and outlet sections to minimize the effect of boundary conditions on the flow generated by the bifurcation

2.2 Boundary conditions

Standard no-slip boundary conditions were applied at the walls of the bifurcation, i.e. u = 0 and ∂p/∂n = 0,
where u is the flow velocity, p is the pressure and n is the normal vector.

The reciprocating flow with zero mean velocity was driven by imposing a time dependent boundary
condition at the inlet (the free end of the mother branch) for the velocity, which was the analytical solution for
the fully-developed reciprocating flow in an infinitely long straight pipe first derived by Womersley [51] and
a zero-normal-gradient condition (∂p/∂n = 0) was imposed for the pressure. This time-dependent velocity
boundary condition distribution is given by,

u(r, t) = R[U (η, �)eiγ ] = R[|U (η, �)|ei(γ+θ)], (1)

where

U (η,�) = −i Kω−1[1 − J0(β�η)/J0(β�)], (2)

where J0 being the Bessel function of the first kind, order 0 and

γ = ωt, η = 2r/D, β = 2
1
2 e

3
4π i . (3)

The amplitude of the spatial mean velocity across the cross-section is given by

̂U = Kω−1|1 − (2/β�)J1(β�)/J0(β�)|. (4)

In these expressions, D is the branch diameter, r the radial coordinate,� the Stokes parameter and θ the phase
lag, and K was chosen such that ̂U = 1.

We note that the profile described in Eq. (1) is an exact solution of the Navier–Stokes equations that
corresponds to a harmonically-oscillating pressure gradient, not the constant pressure gradient (∂p/∂n = 0)
that was imposed here. Practically, this results in the flow deviating slightly from the Womersley profile at any
finite distance from the inlet. We ran tests of two mother branch lengths (one twice the length of the other) and
observed virtually no difference in the results, suggesting this deviation has little to no impact.

At the free end of the daughter branches, a modified outflow condition was imposed. Here a Dirichlet
condition was imposed on the pressure (p = 0), while nominally a zero-normal-gradient condition was
imposed on the velocity (∂u/∂n = 0). Such symmetric boundary conditions imposed at the end of daughter
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Fig. 3 The macro mesh topology of computational domain used in the study. a Mesh topology of the mother branch at section
A−A′. bMesh topology of the right daughter branch at section B−B′

branches enforce a symmetry of the mass flux in each of the daughter branches. However, an extra divergence
term was added to the velocity to prevent flow entering the domain through this boundary which numerically
stabilizes the solution. Locally this means the mass conservation was not satisfied; however the impact of this
was evident only 3–4 diameters upstream, and the use of long daughter sections means this did not pollute
our simulation results near the bifurcation. This boundary condition has previously been used successfully in
other biologically-inspired oscillating flows in the same code [13].

2.3 Discretization and solver details

The three-dimensional incompressible Navier–Stokes equations were solved in the flow domain described in
Sect. 2.1 with the boundary conditions described in Sect. 2.2 using the spectral-element code Nek5000 [14].
The code has previously been employed and validated for use in oscillatory confined flows [11,31]. Further
details of the implementation details can be found in Tufo and Fischer [49], while an overview of the essential
elements of the numerical scheme is provided below.

Like all finite-element-based schemes, the code solves the equations of motion in a weak form. To facilitate
this, we employed 7th-order tensor-product Lagrange polynomials associated with Gauss–Legendre–Lobatto
quadrature points as both test and trial functions on a mesh of hexahedral elements that were free to have
curved faces to exactly represent the curved surfaces of the bifurcation geometry.

Temporal discretization was done by first employing three-way time-splitting to arrive at separate sub-step
equations for the advection, pressure and viscous terms of theNavier–Stokes equations. The advection equation
was discretized and integrated using a third-orderAdams–Bashforth scheme to arrive at an intermediate velocity
field. Continuity was then imposed at the end of the pressure sub-step to arrive at a Poisson equation for the
pressure correction, which once solved, provided a pressure field so the pressure sub-step equation could be
integrated to a second intermediate velocity field. Finally, the diffusion termwas integrated using a second-order
Crank–Nicolson scheme to arrive at the velocity field at the end of the time step.

A resolution study was carried out to determine the required spatial and temporal resolution to resolve the
flow. The same spatial and temporal resolution is used for all the simulations. Concerning the spatial resolution,
themother and daughter branch contained 160 and 80 hexahedral elements in the transverse plane, respectively,
and approximately 5 elements per streamwise length of one D0. The structure of the macro element mesh on
the transverse planes in the mother and daughter branches is shown in Fig. 3.

This resolution results in a mesh of 38,400 elements with a total of 13,171,200 node points. This setup was
typically solved using 512 CPUs, with run times of around two weeks to conduct enough cycles of the flow to
ensure converged statistics.

2.4 Simulation parameters

Since the geometry used is fixed, and the reciprocating flowemployed is purely harmonic, the flowcan be shown
to be a function of only two non-dimensional groups. The first of these essentially quantifies the amplitude of
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Table 1 Summary of simulation attributes

Case Simulating junction i Gi+1 L/D0 L ′/a Re α2 �

DNS1 0G1 50 849 9600 11.31 2.38
DNS2 0G1 25 849 9600 11.31 2.38
DNS3 1G2 25 861 6076 7.06 1.88
DNS4 2G3 25 873 3846 4.41 1.48
DNS5 3G4 25 885 2434 2.75 1.17
DNS6 8G9 25 950 247 0.26 0.36

the reciprocating flow, which we define as a maximum Reynolds number as

Remax = ̂UmaxD0/ν (5)

where ν is the kinematic viscosity. The second parameter quantifies the frequency, which can be presented in
terms of the square of the Womersley number

α2 = 2π f D2
0

4ν
(6)

where f is the frequency of oscillation. This can, in turn be presented in terms of a traditional Stokes parameter

� = D

2δ
(7)

where δ = √
2ν/(2π f ) is the Stokes layer thickness or viscous length, so that

α = √
2�. (8)

To set these parameters to be clinically relevant we start from the conditions of a typical full-term neonate,
which are: volume per inflation per unit body weight of the infant 1–3 ml/kg and the frequency of therapy
in the range of 8–12 Hz. The typical diameter of the endotracheal tube employed is 3 mm. Assuming typical
numbers of a body mass of 3 kg and a ventilator frequency of 12 Hz results in Remax = 9600 and α2 = 11.31
at the mother branch of the first generation, referred to here as 0G1.

As mentioned in Sect. 1, the structure of the human airway is effectively self-similar, with each generation
maintaining similar proportions as shown in Fig. 2 and defined in Grotberg [18]. Therefore, if it is assumed
that the flow splits symmetrically in each daughter branch, once the amplitude and frequency (quantified by
Remax and α2) are known at the first generation, Remax and α2 can be calculated at each subsequent generation.
Figure 4 shows the variation of Remax, α

2 pairs at each generation for the typical neonate conditions outlined
above. The same data for the first four generations, and the ninth generation, are also tabulated in Table 1.

The maximum local Reynolds number decreases from the predecessor generation Rei to the successive
generation Rei+1 by a factor of Di/(2Di+1) ≈ 0.63 while the Womersley number decreases from the prede-
cessor generation αi to the successive generation αi+1 by a factor of Di+1/Di = 0.79). This reduction of Rei

Fig. 4 Variation of traditional Stokes parameter �, and Womersley number squared α2, as a function of maximum Reynolds
number Remax for generations 1–15 of the neonatal airway, using the proportions proposed by Grotberg [18]
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Table 2 Relationships among various dimensionless groups used to describe unsteady reciprocating flow

Algebraic relationship Dimensionless group Dimensionless group as a function of Remax and α2

α2 = 2π f D2
0

4ν Womersley number squared α2

Remax = ̂UmaxD0/ν Maximum Reynolds number Remax

= α2 L ′
a

Dn = Remax
( a
R

)1/2 Dean number Dn = Remax
( a
R

)1/2

Dn = α2
(

L ′
a

)

( a
R

)1/2

KC = V T
D0

Keulegan–Carpenter number KC = Remax
α2

KC = L ′
a

St = ( a
L ′

)

Strouhal number St = α2

Remax

ε = 2aω
Umax

L
a = 4 a

L ′ L
a a ε = 4 L

a
α2

Remax

ε∗ = L(du/dt)
u2

b

ε∗ = 2a
L ′ L

a
cot ωt
sin ωt ε∗ = 2 L

a
α2

Remax

cot ωt
sin ωt

and αi with increasing generation number i is caused by the reduction of local diameter and local maximum
velocity.

We therefore characterize the airflow at a particular airway generation subjected to HFV as a two-parameter
problem in the Remax − α2 space. In this two-parameter space, we have taken the pairs identified in Fig. 4
to match the conditions at each airway generation and run simulations matching the conditions of the first 10
generations. While this does not produce a complete characterization of the flow (we have obviously removed
the coupling between generations and the secondary flows that will be generated by this coupling) it does
allow us to provide a first estimate of how the mean streaming and turbulent transport vary quantitatively in
different regions of the airway.

There are various dimensionless groups used in the previously reported studies in this context. Table 2
shows relationships among frequently reported dimensionless groups. In the Keulegan–Carpenter number, V
is the amplitude of the oscillating flow velocity and T is the period of oscillation. The dimensionless group (a)
represents the ratio between the entrance boundary layer thickness and the thickness of the Stokes layer [43]
and (b) represents the time-varying ratio between temporal and convective acceleration [27].

3 Results and discussion

In this section we present the results of the simulations of the Remax, α
2 parameter pairs shown in Fig. 4 and

Table 1. Throughout, we use the term inhalation to refer to the flowmoving from the mother branch to daughter
branches, and exhalation to refer to the flow moving in the opposite direction, from daughter branches to the
mother branch. Note that these terms here simply indicate flow direction—they do not imply any active or
passive changes in pressure asmay be the case in a physiological setting.We first present results quantifying the
nonlinear mean streaming induced by the reciprocating flow, before investigating the appearance and character
of turbulence.

3.1 Streaming velocity

In this section, we focus on the quantification of mean streaming. The streaming velocity field is simply the
cycle-average of the velocity, u. We calculate this mean directly from the simulation by averaging over an
integer number of cycles. We excluded the first cycle of the simulation to avoid any initial transient. We also
note that any transient did not appear to extend beyond this first cycle, with the statistics of the flow apparently
settled from the second cycle onward. This raises an important point—even though the frequency is “high” in
a physiological sense, the time scale of the oscillation is still slow compared to the advective time scale D0/U .
This means that any transient that appears has many advective time units to wash out of the domain even in a
single cycle of oscillation.

Figure 5 shows a trace of the axial velocity measured at a point 5.5D0 from the bifurcation origin on the
center of the mother branch over three cycles of oscillation starting from rest for first generation case, 0G1. It
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Fig. 5 The time history of the velocity measured at a point 5.5D0 measured along the abscissa S of the mother branch, for the
first three cycles of the 0G1 case. Horizontal red and blue lines mark minimum and maximum values, showing these values repeat
between the second and third cycles. The trace shows that the flow repeats from the second to the third cycle, with no impact
from any initial transient present

is clear that, aside from the details of the turbulent fluctuation (which is discussed in more detail in Sect. 3.5)
that the flow is not varying between the second and third cycle.

The streaming velocity field for cases 0G1, 1G2, 2G3 and 8G9 are shown in Fig. 6. This figure presents
contours of the mean velocity component aligned with the local axial direction Uax, with positive Uax des-
ignating inhalation, with flow moving from the mother to the daughter branches. In each of the four cases,
the first panel displays 6 sections perpendicular to the streamwise direction accompanied by a plane passing
through centerlines of the mother and daughter branches. The second panel shows the same data without the
latter center plane to clearly show the structure on the perpendicular planes. Note that the integral of Uax over
an arbitrary cross section is zero as theUax field is computed from the cycle-average of the zero-net-mass-flux
reciprocating flow.

Figure 6a–c shows qualitatively similar Uax fields among the 0G1, 1G2 and 2G3 cases. A general charac-
teristic of these three cases is that along the core of the mother branch there is an inhalation streaming flow
surrounded by an exhalation streaming, whereas along the core of the daughter branch there is an exhalation
streaming surrounded by an inhalation streaming. However, there are clear lobes of higher-magnitude velocity,
especially on the planes closest to the bifurcation—four lobes in the mother branch and two lobes in each of
the daughter branches, suggestive of the formation of longitudinal vortices.

Figure 7a–c shows qualitatively similar ωax fields among the 0G1, 1G2 and 2G3 cases. A general charac-
teristic of these three cases is that along the core of the mother branch there are 4 counter-rotating vortices
and along the core of the daughter branch there are 2 counter-rotating vortices. These are suggestive of the
formation of longitudinal vortices.

To further investigate this, Fig. 8 shows the transverse velocity vector field Utr superposed on contours of
the streaming velocity Uax on sample planes in the mother and daughter branches. The figure clearly shows
that the lobes of high Uax coincide with recirculation regions in the secondary flow.

These vortical structures appear to be similar to Dean vortices, the structures formed due to a centrifugal
instability in a curved pipe. In a circular pipe of constant curvature, this mechanism causes two vortices which
are symmetric about the plane of the curve as fluid is pushed from the inner to outer side of the curve on the
plane, and returns along the upper and lower surfaces of the circular pipe [4]. Further, Jan et al. [29] and Jalal
et al. [28] have reported these vortices in a bifurcation geometry as well. Here, the instability is caused by the
curvature of the flow passing through the bifurcation.

We first focus on the impact of this instability on the flow in the daughter branch. During inhalation, the
instability causes the two-vortex system to grow in each daughter branch. Fluid on the centerplane is pushed
towards the outer side of the curve of the daughter branches (the side marked B in Fig. 8), and the peak of
the axial velocity is also moved in this direction, leaving a velocity deficit at the center of the branch. During
exhalation, the impact of the curvature is not felt in the daughter branch, and the velocity profile is effectively
axisymmetric. This means that, on average, the exhalation velocity is higher than the inhalation velocity at
the center of the daughter branches and in the vortex cores, and as such the mean axial velocity Uax is in the
exhalation direction in this region.

Focusing on the impact in the mother branch just beyond the bifurcation, i.e. the area highlighted on plane
2 in Fig. 6a the two-vortex system is generated via the curvature from each of the daughter branches during
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Fig. 7 Visualization of dimensionless axial vorticity ωaxD0/̂Umax computed based on the streaming velocity Uax fields for a
0G1, (Remax = 9600, α = 3.36, L/a = 849); b 1G2, (Remax = 6076, α = 2.66, L/a = 861); c 2G3, (Remax = 3846, α = 2.1,
L/a = 873); and d 8G9, (Remax = 247, α = 0.51, L/a = 950)

exhalation, causing two counter-rotating pairs of vortices to enter the mother branch, with fluid from each
daughter branch being pushed towards the center of the mother branch on the center plane, and the peak axial
velocity also being moved towards the center of the mother branch. During inhalation there is no impact of the
curvature in the mother branch so that the exhalation velocity at the very center of the mother branch is higher
than the inhalation, and the mean flow in this region is also an exhalation. This is shown, for example, in the
planes 1, 2 and 3 in Fig. 6a. Notably however, the direction of the mean flow in the vortex cores, slightly away
from the center of the branch is in the opposite direction. Progression up the mother branch away from the
bifurcation shows this region of mean exhalation in the very center of the branch is lost, suggesting a coherent
vortex structure only extends a finite distance. This is further investigated when considering the temporal
evolution and potential influence of turbulence in Sect. 3.5.

The results presented here suggest that themean streaming flow that has the capacity to transport gas up and
down the airway is strongest when the Dean vortex system is strongest. This suggests a potential mechanism to
optimize the gas transport, as flows which generate the strongest vortices for the largest proportion of each half
cycle (with vortices in the daughter branches during inhalation and the mother branch during exhalation) have
the potential to generate the strongest streaming flow. Using a flow cycle that deviates from a pure sinusoid
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Fig. 8 Contours of streaming velocity on cross sections A–A′ and B–B′ superposed with secondary flow vectors. Note the vectors
are uniform length, not scaled by magnitude, and so indicate the flow direction only. Cross sections A–A′ and B–B′ are at 5.5D0
and 6.1D0 measured along respective abscissas from the bifurcation origin

may be one way to impact the strength, and the time of existence, of the vortex system, and hence the strength
of the recirculation. The optimization of the pressure waveform to maximize this recirculation is left as a topic
of future research.

This general flow structure persists for the upper generations, with the strength of the streaming flow
reducing with increasing generation. Figure 6d shows the Uax field for a lower generation case, 8G9. This
streaming velocity field is much weaker than the former cases and hence, the color map is re-scaled to highlight
subtle variations. There is a weak inhalation streaming surrounded by a weak exhalation streaming close to the
bifurcation, however, in other regions of the domain, a much weaker exhalation streaming exists in the core.

The basic flow structure reported here—a counter-rotating vortex pair in each daughter branch during
inhalation, and two counter-rotating pairs in the mother branch during exhalation—is in agreement with the
experimental findings of Jan et al. [29] which also studied a single bifurcation. Interestingly, the four-vortex
structure in the mother branch was also observed in the magnetic resonance velocimetry experiment by Jalal
et al. [28] on a double bifurcation model. This last comparison suggests that the presence of lower generations
does not have a strong impact on the flow structure in the upper generations.

3.2 Recirculation

The key measurement that follows from characterizing the mean flow is the amount of recirculating flux. From
a gas transport perspective, this is crucial—the more flow that is being recirculated, the higher the rate of
transport of gases up and down the airway. Here we quantify the amount of flow recirculated using the positive
flux of the cycle-averaged axial velocity field Uax. Essentially, this is computed by integrating Uax over a
plane, but only considering the portions where the flow is moving in the positive streamwise direction. Since
the overall mean mass flux must be zero, the integral of Uax over the portions where the flow is moving in the
negative direction will be equal and opposite to this. The definition of this quantity can be written as
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Fig. 9 Variation of recirculation flux Qr along the entire flow domain for the cases among 0G1, 1G2, 2G3, 3G4, 4G5 and 8G9
represented by red, magenta, green, black, gray and blue solid lines, respectively. The dotted lines show locations where neighbor
generations would be in a multi-generation bifurcation, and the shading represents the bifurcation region, i.e. the region where
the centerlines are curved

Qr =
∫

A
U S · n̂H(U S · n̂) dA (9)

where H is the Heaviside function. This mean recirculating flux is then normalized by the maximum flow rate
in the mother branch, Qmax = πD2

0
̂Umax/4. We performed the integration defined in Eq. (9) over a series of

planes transverse to the mother and daughter branches, to quantify Qr as a function of the distance from the
bifurcation.

Figure 9 shows the variation of normalized recirculation flux as a function of distance measured from
the origin of the bifurcation in the cases modeling the first five generations, as well as the example case for
the ninth generation 8G9. The distance is presented in terms of distance from the origin of the bifurcation
as defined in Fig. 2 and normalized by the diameter of the mother branch D0, measured along the relevant
branch centerline. Negative distances indicate a location in the mother branch, positive distances indicate a
location in the daughter branch. The basic character of dependence of the flux on the distance is the same in
all of the upper generations. In the bifurcation region of mother and daughter branches, there is a maximum
around −1.5D0 and 2.65D0, respectively, with the amount of flux decaying with increasing distance from the
bifurcation. The value of this maximum peak decreases with increasing generation (or decreasing Remax and
α2), and its location moves closer to the origin.

A second critical point related to the recirculation is the distance from the bifurcationwhere the recirculating
flux remains significant. In particular, for mean streaming to be a candidate mechanism of gas transport in
the airway, the streaming needs to at least reach the location of the next expected generation—in this way the
streaming flow from one generation can pass gas up/down to the previous/next generation, and a recirculation
chain can be formed to exchange gas in and out of the airway. Figure 9 has the location where neighbor
generations up and down the airway would be expected marked with vertical dashed lines (recalling the self-
similar geometry of each generation outlined in Sect. 1). Notably, the value of Qr in both the mother and
daughter branches at the location of the adjoining generation is approximately the same in a given generation
case, and decreases with increasing generation. In the first generation case 0G1, the recirculating flux is around
0.03Qmax, falling to around 0.01Qmax for the third generation case 2G3. By the ninth generation 8G9, the
recirculating flux is practically zero.

Figure 10 shows the effective strength of recirculating flux for the first nine generations, at the point in the
mother branch where the next generation would be expected. The blue curve corresponds to the strength of
recirculating flux as measured through a single 1:2 bifurcation.

The orange curve is obtained by multiplying this dataset by a factor of 2n−1 (where n is the generation
number greater than 0) which represents the number of 1:2 bifurcation units in each generation to compute the
total recirculating flux at each “generation level” in the airway. As an important feature of themean streaming in
this context, we report that the strength of recirculating flux is highest in the generations 2 and 3, and gradually
decreases in successive generations and becomes negligible beyond the generation 5. The relevance of this
streaming recirculation can be assessed by comparing it to the oxygen requirement of a patient. Assuming a
oxygen demand of 7 ml kg−1 min−1 for a neonate in the clinical conditions as reported by Hill and Robinson
[24], the amount of gas recirculation required to provide this can be calculated. This amount is marked by the
horizontal gray line in Fig. 10. This comparison shows that the amount of oxygen passed on to the successive
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Fig. 10 Strength of the recirculating flux passed on to the successive generation as a function of the generation number. The
horizontal gray line corresponds to the flow rate required to meet the oxygen demand of a neonate in the clinical conditions based
on the data reported by Hill and Robinson [24]

generation through the steady streaming phenomenon is adequate to meet with the demand up to the generation
4, and only slightly below in generation 5.

The variation in the strength of the streaming can be related to the generation of Dean vortices due to the
curvature of the flow through the bifurcation. Figure 11 shows the same recirculating flux data as the blue
curve in Fig. 9, i.e. the recirculating flux in a single bifurcation, but plotted as a function of Remax rather
than generation number. Further, the two subfigures plot the same data, first on a linear scale and then on a
logarithmic scale.

We note that plotting as a function of Remax ignores the impact of α—we are suggesting that since α is
always low (with α2 = 11.36 in the first generation case and reducing for subsequent generations) its impact
is weak. This is perhaps not surprising if α is considered as a ratio of length scales as shown explicitly in
Eq. (8) where α is shown to be proportional to the ratio of the pipe diameter and the viscous length δ. In
the classic infinite-length straight pipe, the viscous length is interpreted as the Stokes layer thickness. In that
case it is easier to see why the impact of α is weak when α is small. A small α implies a large Stokes layer
thickness; in a pipe, this layer thickness cannot physically exceed the pipe radius; so reductions in α that have
a corresponding increase in δ cease to have an impact.

The interpretation for flows with greater geometric complexity is perhaps not as clear, but the same general
argument can be presented. The recent study of the reciprocating flow in a straight pipe, but with a free end
in a large reservoir [20], reached a similar conclusion—the flow response could be split into low- and high-α
regimes, driven by the self-interaction of toroidal vortices formed at the free end of the pipe. In that case, the
viscous length is proportional to the Stokes layers in the pipe but also the vortex core size.

In the flow studied here, there are neither well-defined Stokes layers or toroidal vortices in the vicinity of the
bifurcation. The primary flow features are the Dean vortices, and δ is perhaps related to their core diameter. We
suggest therefore that a similar argument to the above can be presented, that while α is low, this viscous length
is saturated and therefore variations in α have little effect, leaving Remax as the parameter which effectively
determines the flow behaviour.

Clear regimes can be identified in Fig. 11 as a function of Remax. The data on the linear scale show
significant streaming for Remax � 2000, with the normalised recirculating flux varying like Re0.71max for values
above this threshold. The same data on a logarithmic scale show that for Remax � 2000, the recirculating flux
varies exponentially (linearly on the logarithmic scale) with Remax.

We suggest this change in regime is related to the generation of distinct, separated Dean vortices. For
the high-Remax regime, the generation of these vortices leads to a nonlinear relationship between Remax and
the strength of the streaming flow. For the low-Remax regime, these distinct vortices are not formed, and the
strength of the streaming flow decays exponentially with decreasing Remax.

This is supported by the flow visualisation in terms of vorticity presented in Fig. 7. For the higher Remax
cases, distinct vortical structures are present in the streaming field, whereas these are not present in the lower
Remax cases.

Figure 9 shows that the streaming flow can potentially deliver gas over the distance by which subsequent
generations are separated. Here, we investigate this recirculating distance further.

Figure 12 shows a shear stress magnitude distribution, |τ |mean on the walls of the domain calculated from
U for the first generation case 0G1. Note that |τ |mean is not the mean stress, however this quantity should be
zero an any segment of the geometry where there is no mean streaming. The magnitude of |τ |mean is high in the
bifurcation region where the streaming flow is strongest, and it gradually decreases to zero along the daughter



Streaming and turbulence during HFV 279

F
ig
.1
1
D
im

en
si
on

le
ss

re
ci
rc
ul
at
in
g
flu

x
as

a
fu
nc
tio

n
of

R
e m

ax
fo
r
th
e
fir
st
9
ge
ne
ra
tio

ns
.a

T
he

re
d
cu
rv
e
sh
ow

s
a
po
w
er

la
w
fit

fo
r
th
e
fir
st
4
ge
ne
ra
tio

ns
w
ith

th
e
po
w
er

≈
0.
71

.b
T
he

re
d
st
ra
ig
ht

lin
e
sh
ow

s
a
lin

ea
r
fit

fo
r
th
e
se
m
ilo

g
da
ta
of

th
e
ge
ne
ra
tio

ns
5–

9
w
he
re

ge
ne
ra
tio

n
8
is
ig
no

re
d
as

an
ou

tli
er

of
th
e
lin

ea
r
fit



280 C. Jacob et al.

Fig. 12 Distribution of wall shear stress based on the streaming velocity field for 0G1 (Remax = 9600, α = 3.36, L/a = 849)

0 5 10 15 20
0

0.05

0.1

0.15

Fig. 13 Quantification of recirculation length Lr on the mother branch: variation of Uax measured along the abscissa S among
0G1, 1G2, 2G3 and 8G9 represented by red, magenta, green and blue solid lines, respectively. l0 denotes the distance measured
along the centerline of the mother branch from the bifurcation origin (see Fig. 2). Note that the magnitude of the streaming
velocity |U| measured along the abscissa S is coincident with Uax suggesting that Utr is negligible in this region

branches. In contrast, in the mother branch |τ |mean remains high on the top and bottom of the domain while
it is low on the sides. It does not settle back to zero along the mother branch, with a significant shear stress
extending all the way to the free end, indicating that a streaming flow is present even at distances of 50D from
the bifurcation.

To further quantify this, Figs. 13 and 14 show the variation of Uax measured along the centerline of
the mother and daughter branches for flows for different generation cases. Along the centerline of the mother
branch, the axial velocityUax is almost identical with the magnitude of the overall mean velocity |U| , implying
that the mean transverse velocity Utr is almost negligible (at least on the centerline). Both figures indicate that
the Uax field progressively weakens for each subsequent generation case, and is negligible by the 8G9 case.
However, in all the generation cases Uax passes through a local minimum at a distance around 2D0, but then
rapidly increases to meet with a local maximum at around 5D0. In the first generation case this is followed
by a short plateau, subsequently followed by an exponential decay—in the other generations, this plateau is
not observed and Uax simply begins to decay after passing the maximum. Notable is the fact that this decay
is very slow—at a location around 25D from the bifurcation, Uax on the centerline is still around 50% of its
peak value for the first three generations. This is despite the boundary condition that is applied at the free end
(the Womersley solution for laminar reciprocating flow in a straight tube) having a zero mean flow.

In the daughter branches, there is a complex relationship between themean flow and distance in the initially
curved portion of the branch leaving the bifurcation. Beyond this curved region where l1 > 3D0, Uax decays
effectively exponentially to zero at l1 ≈ 20D0.

Such long relaxation distances imply that there is a recirculating mean flow extending all the way to the
domain boundaries, and this raises the potential of the influence of the boundary conditions on the results. We
have investigated this impact and confirmed that the domain size has practically no impact on the location and
magnitudes of the maximum streaming in the mother branch, and only a weak impact on the magnitude of the
maximum streaming in the daughter branches. Further details of this domain size investigation are presented
in “Appendix’.
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Fig. 14 Quantification of recirculation length Lr on the left daughter branch. Variation of Uax measured along the abscissa SL
among 0G1, 1G2, 2G3 and 8G9 represented by red, magenta, green and blue solid lines, respectively. l1 denotes the distance
measured along the centerline of the left daughter branch from the bifurcation origin (see Fig. 2). Further, the magnitude of the
streaming velocity |U| measured along the abscissa SL is shown by respective dashed lines. This data is statistically examined
among both daughter branches and equivalence is verified

3.3 Instantaneous events impacting the mean structure

In Sect. 3.1, it was argued that the features in the mean flow were driven by the presence of centrifugal-
instability generated vortices, reminiscent of Dean vortices, leaving the bifurcation. Here, we show details of
the temporal evolution of the flow confirming this argument and showing these Dean vortices explicitly.

A dominant feature that accompanies the development of the Dean vortices is the onset of conditional
turbulence in the upper generations which is a function of the generation number. The preceding sections
have shown that this has little impact on the trend of the streaming flow with different generation number,
indicating that it is the large-scale flow structures that drive the streaming. We also show that is the Dean
vortices themselves that are the necessary condition for the generation of this turbulence, and the mechanism
of the onset of turbulence in the reciprocating flow in the bifurcation is different to that in a constant-flow, or
reciprocating-flow, straight pipe flow, which may have implications for the construction of low-order models
that attempt to incorporate turbulence effects (see, for example Herrmann et al. [23]).

Figure 15 shows 9 panels of vortical structures constructed based on the λ2 criterion [30], which defines
vortex cores as any region where λ2 ≤ 0. Each panel illustrates iso-surfaces of these vortical structures based
on the threshold value of λ2 = −0.025. Three panels in the first row, a1, a2 and a3 correspond to iso-surfaces
generated based on the mean streaming velocity field of 0G1, 1G2 and 2G3 cases, respectively. Similarly, three
panels in the second row, b1, b2 and b3 correspond to iso-surfaces generated based on the peak inhalation flow
field of 0G1, 1G2 and 2G3 cases, respectively. Further, three panels in the third row, c1, c2 and c3 correspond
to iso-surfaces generated based on the peak exhalation flow field of 0G1, 1G2 and 2G3 cases, respectively.

Themean flows shown in the first row appear at first glance inconsistent. The streamwise vortical structures
apparent in the mean velocity and vorticity contours in Figs. 6 and 7, and the secondary flow vectors in Fig. 8
do not appear in the λ2 field for the first generation case, and appear to strengthen with increasing generation,
despite the streaming flow weakening (as demonstrated by the recirculating flux presented in Fig. 9). This
suggests there is a process—conditional turbulence—that destroys the coherence of the mean vortex structures
such that they are not reliably detected using the λ2 criterion.

Evidence of this process—the appearance of conditional turbulence growing on these streamwise vortex
structures—is clear in the subsequent images in Fig. 15. The second row of images shows the λ2 isosurfaces
at peak inhalation. During the inhalation half-cycle, two vortical structures progressively enlarge along the
flow direction, which are the two counter-rotating vortices generated by centrifugal instability in the curved
section of the bifurcation entering each daughter branch. These structures are clear in the images (b2) and (b3)
for the second and third generation cases, respectively. However, the first generation case shows a much more
complex structure, with the daughter branches being filled with small scale turbulent eddies.

A similar process occurs during exhalation. Again, two counter-rotating vortices are formed from the
centrifugal instability induced by the curvature of the bifurcation where the flow is leaving each daughter
branch. This results in two counter-rotating pairs, or four streamwise vortices, entering the mother branch.
This four-vortex system is clearly apparent in the image (c3) for the third generation case. However, image
(c2) for the second generation case shows this structure already breaking down to much finer scale, apparently
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Fig. 15 Isosurfaces of λ2 vortical structures based on the threshold value of −0.025. a1–a3 correspond to iso-surfaces generated
based on the streaming velocity field of 0G1, 1G2 and 2G3 cases, respectively. Similarly, b1–b3 correspond to iso-surfaces
generated based on the peak inhalation flow field of 0G1, 1G2 and 2G3 cases, respectively. Further, c1–c3 correspond to iso-
surfaces generated based on the peak exhalation flow field of 0G1, 1G2 and 2G3 cases, respectively

turbulent vortex structures, and the first generation again shows the flow breaking down into small scale
turbulent eddies that fill the entire mother branch.

Taken together, the images in Fig. 15 suggest that in the first generation case, turbulence develops in both
the mother and daughter branches, but only in the flow leaving the bifurcation, i.e. turbulence occurs in the
daughter branches during inhalation and in the mother branch during exhalation. The appearance of turbulence
coincides with the development of the streamwise vortex structures leaving the bifurcation, and we propose
that this turbulence occurs via an instability of this vortex system.

This idea is consistent with the data. The second generation case also shows the development of turbulence,
but only in the mother branch during exhalation. Here the turbulence develops on the four-vortex system, but
not on the two-vortex systems in the daughter branches. We investigate the onset of this turbulent structure
and its potential mechanism of generation in the following sections.

3.4 Instantaneous velocity

Here, we investigate the complex temporal variation of the flow, especially in the first and second generation
cases that appear conditionally turbulent.

We first focus on the evolution of the instantaneous velocity field u(x, t) over a complete cycle of the
pulsatile flow. Figures 16 and 17 show contours of velocity magnitude along the bifurcation (mid x − z plane)
among 0G1 and 1G2 for 12 consecutive phases of the cycle. For conciseness and clarity of the instantaneous
flow visualizations, only one half of the fluid domain is shown in each panel. These velocity fields were indeed
verified to be statistically symmetric around the bifurcation centerline (z− axis). The first and the last panels
correspond to φ = 0 and φ = 11

6 π , respectively, with an interval of phase angle �φ = π
6 between each

consecutive panel. The upper 6 panels of each figure corresponds to the inhalation half cycle while the lower
6 panels correspond to exhalation.
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Fig. 16 Evolution of the instantaneous velocity magnitude, |U| for 0G1 (Remax = 9600, α = 3.36, L/a = 849). The dotted lines
highlight areas where turbulent bursts have developed in the flow

Fig. 17 Evolution of the instantaneous velocity magnitude, |U| for 1G2 (Remax = 6076, α = 2.66, L/a = 861). The dotted lines
show turbulent bursts developed in the flow
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Fig. 18 Evolution of the axial vorticity ωz along cross section A-A′ for 0G1 (Remax = 9600, α = 3.36, L/a = 849). The cross
section A-A′ is at 5.5D0 measured from the bifurcation origin on the mother branch

Figure 16 shows that in the first generation case 0G1, during the first quarter of the cycle (acceleration phase
during which the inhalation flow rate increases with time), a high momentum region progressively develops
in the mother branch and propagates along the walls at the outside of the curve of the daughter branches.
Turbulence appears downstream of the bifurcation, approximately from 5D0 measured along the daughter
branches when φ = π/3. This turbulence appears to be sustained for π

3 ≤ φ ≤ 2π
3 as depicted from panels

3–5 of Fig. 16. In the second quarter of the cycle (deceleration phase during which the inhalation flow rate
decreases with time), the turbulence decays and the flow relaminarizes when the flow velocity decreases below
a critical value as shown in panels 5–6.

Figure 17 shows that during inhalation, there is no turbulence observed in the 1G2 case. This implies that
turbulence is also not observed in the daughter branches for further generations. The deceleration phase sees
the high momentum region deplete gradually and disappear at the inversion between inhalation and exhalation
as shown in panels 4–6.

The exhalation phase is more similar between the two cases. In the third quarter of the cycle (acceleration
phase during which the exhalation flow rate increases with time), the flow streams from daughter branches to
the mother branch merge, and a jet-like high momentum region is created and propagates along the core of
the mother branch. As depicted by the lower panels of Figs. 16 and 17, this high momentum region undergoes
an instability leading to a turbulent flow appearing beyond the bifurcation, approximately from 2D0 measured
along themother branch, and in the center of the pipe. Both generation cases demonstrate a qualitatively similar
behaviour yet the turbulent intensity is highest in the 0G1 case. In the final quarter during which the exhalation
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Fig. 19 Evolution of the axial vorticity ωz along cross section B–B′ for 0G1 (Remax = 9600, α = 3.36, L/a = 849). The cross
section B–B′ is at 6.1D0 measured from the bifurcation origin on the right daughter branch

flow rate decreases with time, the turbulence decays and the flow relaminarizes while the high momentum
region depletes gradually to facilitate the flow inversion for the next cycle.

Nextwe focus on the evolution of basic streamwise vortex structure influenced by the presence of turbulence
for 0G1 case. Figures 18 and 19 show contours of axial vorticity ωz along cross sections A–A′ and B–B′,
respectively (note that the length of the vectors are not scaled by the magnitude). The first and the last panel of
each figure correspond to φ = 0 and φ = 11

6 π , respectively, with an interval of phase angle �φ = π
6 between

each consecutive panel. The first 6 panels of each figure corresponds to the inhalation half cycle while the next
6 panels correspond to exhalation.

As revealed by Fig. 18, pertaining to the mother branch, there is no apparent vortical structure developed
during the inhalation half-cycle. However, there are four counter-rotating vortices (two counter rotating vortex
pairs that are symmetric around the x−z plane) at the start of the exhalation half-cycle and persisted for
�φ ≈ π

2 under the influence of turbulence and eventually disappeared with the inversion of the flow.
According to Fig. 19 pertaining to daughter branches, there are two counter rotating vortices (a counter-

rotating vortex pair) that are symmetric around the x−z plane appeared at the start of the inhalation cycle that
persist for �φ ≈ π

2 , even under the influence of turbulence. They eventually weaken and disappear with the
inversion of the flow. There is no apparent vortical structure developed during the exhalation half-cycle.

The basic streamwise vortex structure indicated here explains why the recirculating flux is highest in the
uppermost airway generation, but the streamwise vortices are not apparent in the mean flow when viewed
with the λ2 criterion. This indicates that even if the turbulence occurs in the upper airway, it does not have a
noticeable impact on the mean streaming, as the mean velocity field has not been influenced by the turbulence.
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Fig. 20 A decomposition of the velocity time history. a Decomposition of temporal velocity data at 5.5D0 measured along
the abscissa S. b Decomposition of temporal velocity data at 6.1D0 measured along the abscissa SL . Solid black line shows
the measured temporal data from the instantaneous velocity field; solid green line shows the velocity scale associated with the
filtered low-frequency components while the solid red line shows the velocity scale associated with the filtered high-frequency
components. The cut-off frequency for the low- and high-pass filters was fthrD0/̂Umax = 0.05

This feature of the flow leads to an important result from a clinical point of view: the impact of mean streaming
on HFV can be controlled by manipulating the input pressure waveform to maximize the vortex structure
regardless of the appearance of turbulence.

3.5 Further details of conditional turbulence

To study the temporal variation of the instantaneous velocity field, the history of the velocity at specific
locations in the flow domain are recorded for the first generation case 0G1. Figure 20a, b illustrates the history
of the axial velocity at 5.5D0 and 6.1D0 measured along the abscissas S and SL , respectively. The first point
is located in the mother branch, the second point is located in the left daughter branch (Uax fields have been
verified to be statistically equivalent for left and right daughter branches). Three curves are shown in each plot.
The first shows the raw history of the axial velocity (in black). The second and third show the axial velocity
low-pass (in green) and high-pass (in red) filtered, using a cut-off frequency of fthrD0/̂Umax = 0.05 (note
the frequency of the cycle for this first generation case is f D0/̂Umax = 2α2/(πRemax) = 7.5 × 10−4). This
decomposition facilitates us to quantify the time duration for which turbulence prevails.

Figure 20 clearly shows the appearance of turbulent bursts in both the mother and daughter branches,
centered around an epoch of time where the flow rate is close to maximum—during exhalation in the mother
branch (maximum negative flow rate), and inhalation in the daughter branch (maximum positive flow rate).
We note here that this is in contrast to the behaviour in the reciprocating flow in a straight tube. In a straight
tube, it has been shown the turbulent bursts typically occur at epochs centered around the peak deceleration
[1,25]. Stability analysis of the straight tube flow indicates that these bursts do not occur via a linear instability
[6,48], but rather through the transient amplification of disturbances at the tube walls, effectively in the Stokes
layers [2,33,50]. The fact that we have observed turbulence at a different point in the cycle and clearly growing



Streaming and turbulence during HFV 287

F
ig
.2

1
Sp

ac
e–
tim

e
di
ag
ra
m

of
sp
at
ia
lly

fil
te
re
d
(h
ig
h
w
av
en
um

be
r)
an
d
te
m
po

ra
lly

fil
te
re
d
(h
ig
h
fr
eq
ue
nc
y)

co
m
po

ne
nt
s
of

U
ax

fo
r
0
G

1
(R

e m
ax

=
96

00
,
α

=
3.
36

,
L
/
a

=
84

9)
.
a

C
on

to
ur
s
of

fil
te
re
d
co
m
po

ne
nt
s
of

U
ax

pl
ot
te
d
in

th
e
sp
ac
e-
tim

e
co
or
di
na
te
s
of

th
e
m
ot
he
r
br
an
ch
.b

C
on

to
ur
s
of

fil
te
re
d
co
m
po

ne
nt
s
of

U
ax

pl
ot
te
d
in

th
e
sp
ac
e-
tim

e
co
or
di
na
te
s
of

th
e

da
ug

ht
er

br
an
ch
.c

T
he

sp
at
ia
lly

av
er
ag
ed

ve
lo
ci
ty

im
pl
em

en
te
d
as

th
e
in
le
t
bo

un
da
ry

co
nd

iti
on

w
hi
ch

is
pr
op

or
tio

na
l
to

th
e
flo

w
ra
te
.T

he
ve
rt
ic
al

da
sh
ed

lin
e
sh
ow

n
in

th
e
pa
ne
l
(b
)

re
pr
es
en
ts
th
e
en
d
of

th
e
cu
rv
ed

se
ct
io
n
of

th
e
bi
fu
rc
at
io
n



288 C. Jacob et al.

0 0.5 1
-1

0

1

0

2

4

6

Fig. 22 Temporal variation of cross sectionally averaged (bulk) velocity implemented as the inlet boundary condition is shown
in blue and rms of deviation of inlet velocity profile from the Poiseuille profile with the same flow rate is shown in orange

nearer the center of the pipe than the walls indicates that the transition mechanism here is not the same as that
in the straight tube.

To further investigate the spatio-temporal dependence of the appearance of turbulent bursts, Fig. 21 presents
space-time diagrams of the axial velocitymeasured along the abscissa of both themother and daughter branches
for the first generation case. Note the high-pass filtered data is used to remove the effect of the base reciprocating
flow, and the data is spatially filtered (eliminating low wavenumbers) again to remove any mean trend. This
figure confirms the findings from Fig. 20 that the turbulent bursts occur at an epoch near the maximum flow
rate. They also show the spatial extent of the turbulent patches. In the mother branch, the fine-scale turbulent
structure is focused in a patch around 3D from the bifurcation, however there is apparent turbulent structure
extendingmuch further with turbulence evident over the entire extent of the plot (25D). In the daughter branch,
there is an initial periodic structure attributable to the two streamwise vortices emanating from the curved region
of the bifurcation, before a turbulent patch occurs that starts approximately 6D0 from the origin—just beyond
the end of the curved section of the bifurcation. This patch decays by around 15D0, with weak turbulent
structure again apparent over the entire range of the plot.

Another feature that is clear in the space-time diagrams of Fig. 21 is the fact that the turbulent bursts
only occur in the flow leaving the bifurcation. This is despite the fact that Remax is well above the value
required for transition to turbulence of the steady flow in a pipe [3,10] in the first generation case, and
the instantaneous Reynolds number is above the transition value of a large part of the oscillation cycle.
This indicates that the instantaneous flow profiles deviate from the parabolic Poiseuille profile that would be
expected if the instantaneous flow rate was applied to a steady flow. Figure 22 shows a quantitative comparison
between equivalent Womersley and Poiseuille profiles. The variation of cross-sectionally averaged velocity
(bulk velocity) over a flow cycle is shown in blue. The orange curve displays the root mean squared difference
between the Poiseuille profile for the instantaneous value of bulk velocity, and the imposed Womersley profile
at the same instant. This comparison provides an indication of how much the Womersley profile deviates from
the quasi steady assumption over a complete flow cycle. It shows that near the peak flow rate, the difference
is not large, however this is only true for a very short time, and the true profile differs considerably from
the Poiseuille profile over the majority of the oscillation cycle. This provides some indication as to why the
turbulence is only seen in the flow leaving the bifurcation—the laminar flow profile entering the bifurcation
deviates from the steady flowprofile enough to suppress the transitionmechanisms that occur in the steady flow,
and only the instability of the streamwise vortices generated by the bifurcation curvature lead to turbulence.

4 Conclusion

Direct numerical simulation has been used to model airflow in the neonatal airway subjected to clinically
relevant conditions of HFV. Among several gas transport mechanisms that could play a role in HFV, our
focus has been on quantifying the effect of nonlinear mean streaming. Although the oscillatory flow in a
single bifurcation model has been extensively studied before, the high-resolution volumetric data obtained in
the present study provide important insights to the flow evolution in the context of clinically relevant HFV
parameters used in the NICU.

In this context, we report that the nonlinear mean streaming plays a significant role in the gas transport
of the upper airway. In fact, the recirculating flux can be up to 5% of the maximum flow rate in the trachea
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and primary bronchi (generation cases 0G1 and 1G2). Our calculations reveal that for conditions relevant to
the first four generations of the upper airway, the amount of oxygen supplied through this phenomenon likely
meets the anticipated oxygen demand of a neonate.

As an important feature of the flow, turbulent bursts observed downstream of the bifurcating junction when
the flow speed exceed a critical value and relaminarizes periodically when the flow speed decreases below the
critical value. During the inhalation, this conditional turbulence is observed in the daughter branches whereas
it is observed in the mother branch during the exhalation. We believe that turbulent bursts are caused by the
instability of the vortical structures elongated along the flow direction downstream of the bifurcating junction.
A comprehensive stability analysis of this flow field might be of value. Notably, this conditional turbulence
is only observed in the first three generations of the upper airway as the flow speed progressively decreases
further down the airway.
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Appendix: Impact of domain size on the mean recirculation

To investigate any potential effect of domain size, we have quantified Uax along the centerline of each branch
for two different domain sizes. In the second domain, the bifurcation region was identical geometrically to
that of the first (as outlined in Fig. 2) while the branch lengths for both the mother and daughter branches were
doubled (L = 25D0, 50D0). The data sets from the two domains showing Uax on the mother and daughter
branches for the first generation case 0G1 are shown in Fig. 23.
Focusing first on the mother branch, Fig. 23a shows that there is a very small effect of the domain size on
the streaming flow. However the location of local minima and maxima are almost the same with only a small
difference in magnitude.
Focusing on the daughter branch in Fig. 23b shows a stronger effect of the domain. Similar to the mother
branch data, the location of local minima and maxima are practically unchanged between the two domains.
However, the magnitude of the local maximum is impacted, as is the decay of the centerline velocity from this
maximum back to zero. The magnitude of the maximum is larger in the longer domain, and in both domains
the velocity decays to approximately zero at the end of the domain, meaning the decay is slower in the longer
domain. This indicates that there is a weak effect of the modified outflow condition applied to the free end of
the daughter branches. However, the effect is weak in the area of interest (near the bifurcation)—for example,
at 10D, the original domain gives a value of Uax = −0.011, whereas the longer domain gives a value of
Uax = −0.021. This difference is acceptable, noting that the next generation would be expected at a distance
around 3.5D.
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Fig. 23 Results of DNS1 and DNS2 as the domain test for two different domain lengths (L = 25D0, 50D0) for the first generation
0G1 case. Blue lines represent the data from the original simulation, black lines represent the data from a simulation on the longer
domain. a Variation of Uax along the centerline of the mother branch for different domain lengths. b Variation of Uax along the
centerline of daughter branches for different domain lengths
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