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a  b  s  t  r  a  c  t

Smoke  visualisation  is used  to quantify  the  influence  of low  to  moderate  Reynolds  number  (<1100)  on
near field  vortex  motion  downstream  from  an  asymmetrical  nozzle.  The  influence  of  Reynolds  number  is
found to  be predominant  for low  Reynolds  numbers  (<500).  The  relationship  between  Reynolds  number
and  vortex  shedding  is  assessed.
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1. Introduction

There is significant interest in low and moderate speed jets
within the context of naturally occurring jets such as is the case
during human speech sound production (Fabre et al., 2012). Indeed,
the Reynolds numbers associated with human speech sound pro-
duction are Reb < 104 so that low and moderate speed jet formation
occurs at a constriction along the vocal tract (e.g. at the glottis dur-
ing voiced sound production or downstream from the teeth during
fricative sibilant sound production). In addition, it is well accepted
to make severe simplifications of the geometry of interest, so that
the vocal tracts geometry is commonly represented as a rigid circu-
lar tube or a rectangular channel (Fabre et al., 2012; Cisonni et al.,
2008; Van Hirtum et al., 2011). Consequently, in case a rectangu-
lar channel is used (Cisonni et al., 2008; Van Hirtum et al., 2011) a
plane jet is formed. Despite numerous experimental and numer-
ical studies of plane jets, most research focus on high Reynolds
number flow (Reb > 104) and well designed nozzles due to their
importance for technological applications. As a consequence, sev-
eral authors report the lack of data in relation to jets at low or
moderate Reynolds numbers in general (Grinstein, 2001; Schneider
and Goldstein, 1994; Launder and Rodi, 1983; Gutmark and Ho,
1983) or in relation to biofluid mechanics such as human speech
production (Howe and McGowan, 2005; Bodony, 2005). In the cur-
rent study, smoke visualisation is used to quantify the influence
of low to moderate Reynolds number on near field vortex motion
downstream from an asymmetrical nozzle.
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2. Experimental approach

The asymmetrical nozzle consists of a sharp obstacle inserted in
a rectangular channel as depicted in Fig. 1(a). The obstacle consists
of a trapezoidal wedge shaped as an upper incisor (Pound, 1976;
Grandchamp, 2009). The nozzle is attached to a settling chamber
to which smoke can be injected. Two-dimensional illumination is
applied with a two-dimensional laser light beam (class IIIb). The
illuminated smoke pattern is recorded at 300 fps (Casio, EXILIM
Pro EX-F1) which ensures a good freezing of the flow development.
The digitised two-dimensional images are 512 × 384 data matri-
ces. Spatial calibration of the images is performed. Experimental
conditions are summarised in Table 1.

Vortex motion is tracked in the two-dimensional flow images
by locating a rectangle envelope for each individual vortex as illus-
trated in Fig. 1(b). Detection of spatial features (centre position,
height and width) of rectangles enveloping counterclockwise (cc)
and clockwise (c) vortices in consecutive images allows to quantify
vortex convection velocity Uconv and vortex shedding frequency
fv. For each assessed Reynolds number vortex feature detection
is applied on 4000 consecutive images, which is large compared
to typical numbers reported in literature (300 (Smith and Dutton,
1999) up to 2000 (Iio et al., 2008)). Three counterclockwise (cc) and
three clockwise (c) vortices are characterised in each image.

3. Results

3.1. Spatial occurrence: mean centre position

Normalised mean centre positions (x/h, y/h)  of the enveloping
rectangles are located in the range 3 < x/h < 13 and 0.5 < |y/h|  <
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Fig. 1. (a) Schematic representation of the asymmetrical nozzle: h = 7.5 mm,  l0 = 11 mm,  h0 = 25 mm,  w1 = 105 mm,  lt = 1.2 mm,  �1 = 107◦ and lnoz = 360 mm.  The x and y axis
correspond to the main flow direction and the transverse direction perpendicular to the flat wall, respectively. The origin of the transverse y axis is chosen so that the aperture
spans  −h/2 ≤ y ≤ h/2. (b) Illustration of spatial vortex features derived from an enveloping rectangle on each individual flow visualisation image: centre position (+), height
and  width.

Table 1
Overview of experimental conditions: volume flow rate Q, bulk Reynolds numbers Reb = Q/�w1 and bulk velocities U0 = Q/hw1 at the minimum constriction with air
kinematic viscosity � = 1.5 × 10−5 m2/s.

Q [l/min] 12 14 17 25 38 67 102
Reb 127 148 170 265 402 709 1079
U0 [m/s] 0.25 0.30 0.36 0.53 0.80 1.42 2.16

1.1 (Fig. 2(a)). Mean locations are subject to a standard deviation
due to vortex convection (�x/h < 0.9 and �y/h < 0.15), which
is within the range reported in literature (Smith and Dutton, 1999;
Morse and Liburdy, 2009). The spatial life-span of the identified vor-
tices shortens as Reb increases. This is in agreement with findings
observed for plane jets at higher Reynolds numbers Reb > 5 ×103

(Deo et al., 2008) for which an increase in Reb enforces flow entrain-
ment so that the potential core extent decreases. Nevertheless,
in contrast to instantaneous observations made on symmetrical
plane nozzles, an important spatial asymmetry is observed for the
mean centre locations of counterclockwise and clockwise vortices
as shown in Fig. 2(b) for xcc/xc and in Fig. 2(c) for |ycc/yc |. The asym-
metry increases as the Reynolds number decreases for both the
longitudinal and the transverse coordinate and becomes predomi-
nant for Reb < 500.

3.2. Spatial vortex growth: width-to-height ratio

The width-to-height ratio R of each rectangle informs on the
deformation from a squared vortex envelop (R = 1): streamwise
stretching (1 < R) or transverse stretching (0 < R < 1). Mean ratios
R as function of Reb are illustrated in Fig. 3. In general, it is
observed that transverse stretching reduces with Reynolds number.
The growth rate of R in the streamwise direction x/h is esti-
mated from linear regression of R(x/h) on all data images of each
Reynolds number. The error on regression parameters is less than
3% due to the large number of data images. In Fig. 3(b) stream-
wise growth rates dR/d(x/h) are shown as function of Reb. The
growth rate decreases as the Reynolds number Reb increases and
is approximated as dR/d(x/h)(Reb) = 0.96 × Re−0.41

b . The functional
relationship dR/d(x/h)(Reb) is comparable with the relationship to
describe wavelength (�) decrease of the shear-layer instability for
transition of low Reynolds incompressible flow around a wing,
� ∝ Re−0.44 (Hoarau et al., 2003).

3.3. Time evolution

Estimated vortex shedding frequencies fv (Fig. 4(a)) increase
linearly with Reb and the relationship can be approximated as

fv(Reb) ≈ 0.14 × Reb − 8. Frequencies derived for counterclockwise
and clockwise vortices match.

The estimated streamwise vortex convection velocities Uconv

(Fig. 4(b)) approximate bulk velocities for low Reynolds numbers
Reb < 500, Uconv ≈ U0. Nevertheless, in general Uconv < U0 holds and
Uconv increases linearly with Reynolds number for Reb < 800. Val-
ues for Reb = 1079 approximate values for Reb = 709. The difference
between Uconv and U0 expressed as Uconv/U0 for Reb < 800 remains
<20% for clockwise vortices and <30% for counterclockwise vor-
tices. Retrieved values are larger than values reported for plane jet
studies with Reb > 2000 (Sato, 1960; Ho and Huerre, 1984; Hsiao
et al., 2010) and approximate values retrieved for plane jets at
Reb > 10000 (Gutmark and Ho, 1983).

The linear approximation, fv(Reb) ≈ ˛Reb +  ̌ with regression
parameters (  ̨ = 0.14,  ̌ = −8), is used to derive the Strouhal num-
ber St = fvh/U0 associated with vortex shedding as function of
Reynolds number Reb:

St(Reb) ≈
[

 ̨ + ˇ

Reb

]
h2

�
.

Strouhal numbers St(Reb), shown in Fig. 5(a), vary in the range
0.3 < St(Reb) < 0.55 and increase with Reb. Consequently, as the
Reynolds number increases vortex shedding becomes more impor-
tant compared to convection confirming the narrowed spatial
vortex distribution as Reb increases.

The estimation of fv from the vortex shedding period does not
distinguish between shear-layer mode or preferred mode. Never-
theless, since the estimation is obtained on vortices in the near
field region, it is motivated to assume that obtained fv values
are associated with the shear-layer mode as already suggested
from the spatial growth rate R. This might partly explain the high
values in the current study compared to St values, 0.1 < St < 0.3,
typically associated with two-dimensional jets for both the anti-
symmetric and symmetric mode and this despite the fact that
assessed Reynolds numbers 100 < Reb < 1100 are smaller than stud-
ied in Ho and Huerre (1984), Hsiao and Huang (1990), Deo et al.
(2008) and Hsiao et al. (2010).  Therefore, the observed discrep-
ancy with reported St values is the result of the difference in flow
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Fig. 2. (a) Illustration of normalised mean centre locations (x/h, y/h)  for Reb ∈ {148, 709, 1079}. The vertical dashed line indicates the nozzle outlet and the horizontal dashed
lines  mark the transverse aperture of the obstacle tip −0.5 < y/h < 0.5. (b and c) Spatial asymmetry between counterclockwise (cc) and clockwise (c) vortices expressed as
xcc/xc (b) and |ycc/yc | (c) as function of Reb . The dashed line denotes a symmetrical condition corresponding to ratios equal to 1.

Fig. 3. (a) Illustration of mean width-to-height ratios R as function of mean streamwise centre position x/h for clockwise (−R < 0) and counterclockwise (R > 0) vortices for
Reb ∈ {148, 709, 1079}. The vertical dashed line at x/h = 1.47 indicates the nozzle outlet. The vortex stretching is streamwise for |R| > 1 and transverse for |R| < 1. The transition
|R|  = 1 is indicated by a horizontal dashed line. (b) The growth speed of the width-to-height ratio in the streamwise direction as a function of Reynolds number dR/d(x/h)(Reb)
and  the functional approximation ≈ 0.96 × Re−0.41

b
(dashed curve).

structure due to the asymmetry of the nozzle compared to plane
jet studies (Ho and Huerre, 1984; Hsiao and Huang, 1990; Deo
et al., 2008; Hsiao et al., 2010). In particular an asymmetrical ini-
tial velocity profile and associated momentum thickness is created
at the obstacle, x/h = 0, due to an asymmetrical flow acceleration
upstream from the constriction in contrary to symmetrical ini-
tial flow profiles (uniform, ‘top-hat’ or power-law) assumed or
measured in plane jet studies (Sato, 1960; Ho and Huerre, 1984;
Hsiao et al., 2010). The velocity profile needs to be studied in
more detail since it alters the vortex dynamics compared to the

mentioned studies resulting in: increased vortex shedding fre-
quency fv, increased convection velocity Uconv, increased St and
asymmetrical spatial vortex behaviour. The non dimensional ratio
(U0/l0)/fv (Fig. 5(b)) decreases quickly to (U0/l0)/fv ≈ 1.5 for low
Reynolds numbers (Reb < 500), for which the Reynolds number
dependence is most evident. Therefore, the ratio (U0/l0)/fv might
be a measure for Reynold number sensitivity as it is related to
convection (U0) as well as vortex shedding (fv). It is seen that the
value 1.5 approximates the ratio of the nozzle length downstream
from the obstacle to the aperture l0/h = 1.47 ≈ 1.5, which motivates

Fig. 4. Estimation of (a) vortex shedding frequency fv(Reb) [Hz] and approximation as fv(Reb) ≈ 0.14 × Reb − 8. (b) Streamwise vortex convection velocity Uconv(Reb) [m/s] for
counterclockwise (×) and clockwise (+) vortices. As a reference also the bulk velocity at the minimum aperture U0(Reb) (o) [m/s] is indicated. The ratios Uconv/U0(Reb) [-] are
illustrated as well (inner frame).
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Fig. 5. (a) Strouhal numbers St(Reb) resulting from fv-values for counterclockwise (cc) and clockwise (c) vortices (�) as well as from the linear approximation fv(Reb, h) ≈
0.14  × Reb − 8 (dashed). (b) Non dimensional ratio (U0/l0)/fv as function of Reb .

further study of the influence of the geometrical parameters h and
l0 on the flow development.

4. Conclusion

With respect to the influence of Reynolds number,
100 < Reb < 1100, on vortex motion downstream from an asym-
metrical nozzle, it is seen that as the Reynolds number increases:
the asymmetry between counterclockwise and clockwise vor-
tices expressed by the mean centre locations of the enveloping
rectangle decreases, transverse vortex stretching reduces, the
vortex shedding frequency increases linearly and the associated
Strouhal number increases. Derived functional relationships for
vortex frequency and Strouhal number need to be validated as
well as the suggestion that vortex shedding is associated with
the shear-layer mode of Kelvin–Helmholtz vortices. Finally, the
influence of Reynolds number is found to be predominant for
low Reynolds numbers Reb < 500. Velocity measurements of
initial conditions and of the flow field need to be assessed in
order to confirm and elaborate current results and in order to
quantify important kinematic flow features such as vorticity
moments.
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