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a b s t r a c t

Pressure driven steady flow through a uniform circular channel containing a constricted portion is a
common problem considering physiological flows such as underlying human speech sound production.
The influence of the constriction’s cross-section shape (circle, ellipse, circular sector) on the flow
within and downstream from the constriction is experimentally quantified. An analytical boundary layer
flow model is proposed which takes into account the hydraulic diameter of the cross-section shape.
Comparison of themodel outcomewith experimental and three-dimensional numerically simulated flow
data shows that the pressure distribution within the constriction can be modeled accurately so that the
model is of interest for analytical models of fluid–structure interaction without the assumption of two-
dimensional flow.

© 2017 The Authors. Published by Elsevier Masson SAS.
This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Pressure driven channel flow is associated with physiological
flows for which constricted channel portions occur either nat-
urally or due to a pathology. Well-known examples are airflow
through the human airways (speech production, asthma, obstruc-
tive sleep apnea) or blood flow through a stenosis. Physical stud-
ies of these flows often rely on mechanical replicas aiming to re-
produce phenomena experimentally in a repeatable and control-
lable way. Such replicas allow a systematic investigation of the po-
tential effect of geometrical parameters on the flow. In the case
of human speech production, a partly constricted channel is used
as mechanical replica representing a severe simplification of por-
tions of the larynx and vocal tract, see e.g. [1–6]. The potential im-
pact of the constriction degree and streamwise position of the con-
stricted channel portion is evaluated whereas the impact of the
cross-section shape is not considered. Indeed, in [1–6] a rectangu-
lar cross-section shape is used for which the spanwise dimension
is not varied. Data obtained when mounting mechanical replicas
to a suitable experimental setup are than used in order to validate
flow models. In the case of speech production and even more gen-
eral in the case of physiological flows [7,8], simplified analytical
flow models are often sought since they favor to assess the impact
of well defined and physiologically meaningful input parameters.
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In the following we consider flow and geometrical configurations
relevant to physical studies of human speech production.

Simplifications of the flowmodel through the constricted chan-
nel geometry are based on a non-dimensional analysis of the gov-
erning Navier–Stokes equations [9]. Accounting for typical val-
ues of physiological, geometrical and flow characteristics observed
on human speakers [10,11,3] result in non-dimensional numbers
which allows one to assume the flow through the human upper
airways during speech production as incompressible [Mach num-
ber, Ma2 ≪ 0.1], laminar [Reynolds number Re ≈ O(103)],
quasi-steady [Strouhal number Sr ≪ 1] and two-dimensional
(2D) given the channel’s mean aspect ratio (Ar ≥ 4) correspond-
ing to the width-to-height ratio of the rectangular cross-section
[2,12,6]. Based on these assumptions, quasi-2D or 2D flow mod-
els [13–15] derived from boundary layer theory [9] have proven to
be extremely useful to capture the underlying physics and are ap-
plied to mimic and predict ongoing phenomena using few compu-
tational resources while allowing experimental validation on me-
chanical replicas. Nevertheless, the assumption of a 2D geometry
implies that details of the cross-section shape perpendicular to the
streamwise flowdirection (x) are neglectedwhereasmedical imag-
ing studies of the human upper airway during speech production
reveal a large variation of the cross-section shapewithin the larynx
as well as within the vocal tract [10,11].

Previous studies (see e.g. [2,13,14]) have shown that in order to
represent the flow observed on mechanical replicas of the human
upper airway, the contribution of viscous effects to the model out-
come is essential. Since viscous effects depend on the cross-section
shape [9], adding the constriction’s cross-section shape to the set
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Fig. 1. Schematic front view ((y, z) plane) and area A for circle (cl), ellipse (el)
and circular sector (cs). Spanwise extent w (y-direction) and transverse extent h
(z-direction) are indicated.

of flow model input parameters is likely to alter the model out-
come. Concretely, this implies that the common assumption of 2D
flow is not made whereas other flow assumptions, i.e. incompress-
ible, laminar and quasi-steady are still valid. Nevertheless, experi-
mental evidence of the influence of the constriction’s cross-section
shape on mechanical replicas is lacking.

Therefore, in the current work it is aimed firstly to provide ex-
perimental evidence of the impact of the cross-section shape on
main flow quantities for a mechanical replica pertinent to rep-
resent an upper airway constriction during speech sound pro-
duction [1,6,14]. The mechanical replica has a uniform constric-
tion of constant area but variable cross-section as depicted in
Fig. 1. Secondly, it is aimed to propose and validate an analyt-
ical laminar boundary layer flow model against measured flow
quantities. Furthermore, the outcome of the laminar flow model
is compared to numerically simulated data describing laminar
three-dimensional flow. Simulated data are obtained using the im-
mersed boundary (IB)method [16] since it is commonly used to de-
scribe fluid–structure interactions such as occurring during human
speech sound production [17]. Consequently, modeled flow data
are compared with measured as well as simulated flow data. Note
that for fluid–structure interaction applications such as vocal fold
auto-oscillations during voiced speech production, accurate esti-
mation of the pressure within the constriction (x1 ≤ x ≤ x2) is
most important since it determines the forces exerted by the fluid
on the enveloping walls.

In the following, a simplified analytical boundary layer flow
model is presented accounting for the cross-section shape by
means of its hydraulic diameter. Next, the immersed boundary
method to obtain 3D flow simulations is detailed. After that, the

experimental setup used to characterize the flow field (velocity
and pressure) of the mechanical replica is detailed. Then, results
are presented. At first, the impact of the cross-section onmeasured
flow data is shown and the quasi-3D flow model is discussed with
respect to experimental observations. Subsequently, a quantitative
comparison between measured, modeled and simulated flow data
is presented. Finally, a conclusion is formulated.

2. Laminar boundary layer flow model

Flow through a uniform circular flow channel of area A0 con-
taining a constriction of constant length Lc and with minimum
area Ac is considered as illustrated in Fig. 2. All sharp edges are
rounded (measured radius r = 0.05 cm). Rounding outlet edges
with such a small curvature radius will avoid occurrence of the so-
called Coanda effect which is not the case when the constriction
outlet is more divergent [9]. Rounding leading edges at the inlet of
the constriction aims to reduce a potential vena contracta effect in
comparison with sharp inlet edges. Consequently, rounded edges
allow to focus on the impact of the cross-section area by reduc-
ing other effects related to the constriction geometry. Finally, it is
noted that with respect to physiological flow applications rounded
edges are more pertinent.

Flow through the constricted channel is then generated by im-
posing upstream pressure P0 and hence the total driving pressure
difference 1P = P0 − Pd where downstream pressure Pd =

0. Downstream from the constriction jet formation occurs at the
downstream end of the constricted region (x = x2 − r) so that
the jet has a finite potential core xpc due to flowmixing and subse-
quent pressure recovery as depicted in Fig. 2. The impact of thewall
curvature of the trailing portion of the constriction on flow sepa-
ration is neglected since the wall curvature radius of the assessed
cross-section shapes (Fig. 1) ismuch smaller (factor 5 ormore) than
the overall spanwise or transverse extent (see e.g. w. and h. in Ta-
ble 1). The pressure distribution P(x, t) along the channel (x0 ≤ x)
is sought.
Boundary layer development influences the flow of a viscous fluid
such as air (kinematic viscosity ν = 1.5× 10−1 cm2/s and density
ρ = 1.2 × 10−3 g/cm3). The constriction length Lc is assumed
much shorter than the entrance length necessary to obtain fully
viscous flow (developed boundary layers) for all assessed Reynolds
numbers Re [9] so that thin boundary layers envelop the core
region of the flow. Therefore, a boundary layer flow model is
proposed.

Fig. 2. Illustration of pressure driven flow through a uniform circular channel (area A0 = 4.9 cm2) enveloping a constricted portion (area Ac = 0.79 cm2 and length
Lc = 2.5 cm) for which the cross-section shape can be varied (Fig. 1). All sharp edges are rounded (measured radius r = 0.05 cm). Main streamwise direction x, pressure
upstream from the constriction P0 , pressure downstream from the constriction Pd , upstream unconstricted channel portion length (Lu) and downstream unconstricted
channel portion length (Ld = 15 cm) are indicated. A developing jet (dashed curved lines) of area Aj with finite potential core extent xpc (shaded area) is depicted.
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