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a b s t r a c t

Low-velocity (bulk velocity of 4.4 m/s) and moderate Reynolds (7350) axisymmetrical jet development is
studied by hot-film single sensor anemometry. The jet issues from a conical convergent-divergent
diffuser with uniform extension (diameter 25 mm). Decreasing the length-to-diameter ratio of the
extension tube from 20 down to 0.4 is shown to alter severely the mean velocity profile at the tube outlet
from Blasius to top-hat whereas turbulence intensities increases from 6 up to 50%. Next, the influence of
the initial velocity profile at the tube outlet on axisymmetrical jet development is assessed. The velocity
development exhibits a self-similar far field characteristic for axisymmetrical jet development. Although,
the jet centerline decay constant increases and the jet spreading rate decreases as length-to-diameter
ratios are increased from 0.4 up to 7.2 for which the initial centerline velocity decreases. Therefore,
scaling of the centerline decay constant and inverse scaling of the spreading rate with initial centerline
velocity U0 or initial velocity Reynolds number Re0 reported for moderate Reynolds numbers and low
initial turbulence levels [18,22] does not hold as the turbulence level exceeds a threshold value in the
range 12–27%. In addition, the influence of initial conditions on near and far field turbulence properties is
shown. A transition in near field behaviour is observed for length-to-diameters around 3.6. Flow and
geometrical configurations under study are relevant to e.g. upper airway flow.

� 2009 Elsevier Masson SAS. All rights reserved.

1. Background and objectives

The time-averaged spatial velocity development of an embedded
axisymmetric free jet issuing from a nozzle with diameter d has
been the subject of numerous theoretical modelling, experimental
as well as numerical studies. As a consequence, its global charac-
teristics are well understood, e.g. Refs. [25,30]. In general, the time-
averaged turbulent jet flow mixing region is divided into three
parts: an initial near field region downstream the exit, followed
from 4d up to 8d by a transition region and a self-preserving far field
region further downstream [11]. Approximate solutions describing
the far field flow evolution assume the mean centerline velocity Uc

to decrease proportional to x�1, where x indicates the streamwise
direction from the tube exit. The centerline decay rate K depends on
the transverse velocity profile, initial mean centerline velocity U0

and tube diameter d [25,30]. Consequently, for given d and initial
mean bulk velocity Ub, i.e. for given Reynolds number Reb or given
initial momentum M0 ¼ pd2U2

b=4, universal behaviour is expected
to appear when scaled with respect to the near field extent indicated

by the virtual origin x0. The extent of the near field is further
determined by the end of the potential core along the centerline
commonly denoted xp. Inside the potential core, Uc is assumed to
equal initial mean centerline velocity U0 [25,30].

Despite the described universal behaviour, the influence of initial
conditions and geometry on axisymmetrical jet development is put
forward from analytical arguments, numerical simulations as well as
experimental evidence. In, e.g. Refs. [9,10] it is shown analytically
that the averaged equations of motion for a number of flows admit to
more general similarity solutions that retain a dependence on both
the Reynolds number and the initial conditions. Consequently, decay
rate constants, K and the virtual origin, depend on conditions at the
tube outlet. Those analytical findings were in agreement with earlier
experimental results of [16,22,32,12] illustrating among others the
influence of initial conditions on the development of coherent
structures and consequently on the spreading rate for Reynolds
numbers Re> 104. More recent experimental studies confirmed
these earlier findings by putting into evidence the influence of initial
conditions as well as nozzle geometry features: e.g. nozzle diameter
[18], nozzle shape [26,21], boundary layer thickness [14,28], exit
velocity profile [1,34], exit grid [6] and Reynolds number [24,27]. In
addition, the influence of the initial velocity profile at the tube exit is
shown by means of numerical simulations [4].
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Most of the cited studies deal with Reynolds numbers� 104.
Nevertheless, in particular jets associated with moderate Reynolds
numbers, Re< 104, appear to be sensitive to initial conditions [9,18].
Experimental studies dealing with the influence of diameter d and
initial mean velocity U0 on the centerline velocity decay of axisym-
metric jets with uniform initial outlet profile at moderate Reynolds
numbers are presented in [22,18]. Those studies show that the
centerline velocity decay coefficient decreases and the half-width
spread angle increases for decreasing outlet Reynolds numbers.
Moreover in [18] it is concluded that the velocity decay coefficients
are best correlated by the nozzle centerline velocity at the outlet U0.
Both studies [22,18] dealt with ASME Standard Long Radius Nozzles
with diameters 0.1524, 0.0758 and 0.0401 m for Reynolds numbers of
order Re z 104 and turbulence intensities below 9%. Obviously, data
for moderate Reynolds numbers, Re< 104 and non-standard nozzle
geometries are less studied despite their potential applications.

Among applications of particular interest here are configurations
relevant to the human upper airways [23]. The lack of velocity flow
measurements issuing from upper airway configurations was e.g.
pointed out by Howe et al. in their study on fricative sibilants [13]. In
the current study moderate Reynolds numbers Re of order of 103 and
relatively short extended convergent-divergent diffusers with
length-to-diameter ratios Lt/d< 20 are considered [23]. Such
geometrical configurations, although a crude approximation, are
relevant to flow through the human upper airways since: 1) a nar-
rowed upstream passage is present in the upper airways, e.g. at the
larynx (glottis) and the lips, or naturally created in the oropharynx
during articulation [13,8,19,31] and 2) a typical vocal tract length for
a newborn and adult is 7 and 18 cm respectively [8,19,31]. Further
variation of the geometrical length scale Lt, corresponding to varying
the extension length is e.g. due to morphology, pathology or artic-
ulation during speech production.

Therefore, in the following the spatial jet development is
searched for given initial momentum M0 ¼ pd2U2

b=4, i.e. constant
tube diameter d¼ 25 mm and constant initial bulk velocity
Ub¼ 4.4 m/s resulting in moderate Reynolds Re¼ 7350 and low
Mach number flow of order 10�2. The influence of extension tube
length Lt on the velocity profile at the tube outlet and on the resulting
jet development is searched. Jet development is measured by scan-
ning the velocity field with hot-film single sensor anemometry from
the tube exit up to 20 times extension tube diameter d.

2. Experimental setup

The jet is generated in a flow facility consisting of an air
compressor (Atlas Copco GA7) followed by a manual valve and
pressure regulator (Norgren type 11-818-987) enabling to provide
constant air pressure. A uniform duct of diameter 1 cm connects the
pressure regulator with a thermal mass flow meter (TSI 4040) with
accuracy 0.1 l/min. The mass flow meter is connected to a conical
diffuser by a uniform duct of diameter 1 cm and length 20 cm.
Finally, a uniform circular extension tube with fixed diameter
d¼ 25 mm and varying length Lt is added downstream the diffuser.
Experiments are performed at a constant mass flow rate of 130 l/min
corresponding to Ub¼ 4.4 m/s and consequently Reb¼ 7350. The jet
at the exit of the extension tube propagates in a free field at rest. The
diffuser has a 14� convergent portion of length 2 cm followed by
a 22� divergent portion of length 5 cm. The ratio of outlet and
minimum diameter yields 5. The outlet diameter of the diffuser
equals the extension tube diameter d. The assessed extension tube
lengths yield 1, 3, 9, 18 and 50 cm corresponding to length-to-
diameter ratio Lt/d ˛ {0.4,1.2, 3.6, 7.2, 20}. The geometry of diffuser
and downstream extension tube is schematically detailed in Fig. 1.
The rectangular free field chamber has height, width and length
corresponding to 120, 120 and 112 times the outlet diameter d.

A constant temperature anemometer system (IFA 300) is used in
order to perform flow velocity measurements. The hot-film is
calibrated against mean velocities given by the flow meter. A fourth
order polynomial law is fitted to the anemometers output voltage

d2d1

Ub

d x

y
Lt

Lb
La

Fig. 1. Schematic overview of the geometry of diffuser (d1¼1 cm, d2¼ 0.5 cm,
La¼ 2 cm, Lb¼ 5 cm) and extension tube of variable length Lt ˛ {1, 3, 9, 18, 50} cm and
fixed diameter d¼ 2.5 cm and flow condition Ub¼ 4.4 m/s or Reb¼ 7350. The x
dimension follows the centerline of the tube in the flow direction and y corresponds to
the transverse direction.

List of symbols

x longitudinal distance from exit plane (m)
y transverse distance from centerline (m)
x0 virtual origin (m)
xp end of the potential core (m)
d inner tube diameter (m)
d1,2 auxiliary diameter (m)
Lt subscript t ˛ {1, 3, 11, 18, 50} indicates extension tube

length (cm)
La,b auxiliary length (m)
Ui(x,y) instantaneous velocity (m/s)
U(x,y) mean velocity (m/s)
Uc(x) centerline mean velocity (m/s)
U0 centerline mean velocity at tube outlet (m/s)
Ub bulk velocity near tube outlet (m/s)
u(x,y) velocity fluctuation Ui�U (m/s)
u1 x component of fluctuating velocity (m/s)
u2 y component of fluctuating velocity (m/s)
y1/2 transverse half-width such that

Uðx; y1=2Þ ¼ UcðxÞ=2ðmÞ

u0 (x,y) second moment of u or root mean square (rms)
Su(x) third moment of u or skewness SuhCu2

D

3
=s3

v kinematic viscosity of air (m2/s)
Re0 Reynolds number based on d and U0, i.e. U0d/n

(dimensionless)
Reb Reynolds number based on d and Ub, i.e. Ubd/n

(dimensionless)
K centerline decay rate (dimensionless)
K0 centerline decay rate, i.e. K0 ¼ KU0/Ub (dimensionless)
M0 initial momentum (m4/s2)
S spreading rate Shdy1=2=dx (dimensionless)
a Gaussian function parameter (dimensionless)
vT (x, y) turbulent viscosity (m2/s)
h similarity variable hhy=x� x0 (dimensionless)bvT ðhÞ normalised turbulent viscosity profilebvT ðhÞhvT=UcðxÞy1=2ðxÞ (dimensionless)
n, C1, C2 model parameters (dimensionless)
u frequency (s�1)
k normalised wavenumber khu$d=UcðxÞ

(dimensionless)
E(k) velocity spectra of u
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in order to convert measured voltage to velocity with an accuracy of
0.1 m/s [5]. Longitudinal and transverse velocity profiles are
obtained by moving a single sensor hot film (TSI 1201-20) with
a diameter of 50.8 mm and a working length of 1.02 mm using
a two-dimensional stage positioning system (Chuo precision
industrial co. CAT-C, ALS-250-C2P and ALS-115-E1P). The accuracy
of positioning in the longitudinal and transverse direction yields 4
and 2 mm respectively. Longitudinal velocity profiles along the
centerline are measured from the tube exit up to 20d downstream.
Transverse profiles are assessed near the tube exit and at 1.6, 3.2, 4,
4.8, 6.4, 8, 12 and 16 times d. The applied step size in the longitu-
dinal direction yields Dx¼ 1 mm from the tube exit up to 12.7d and
Dx¼ 1 cm further downstream. The step size in the transverse
direction yields Dy¼ 1 mm. At each position, velocity data are
sampled at 30 kHz during 3 s consecutively.

3. Initial conditions

The influence of Lt on the initial transverse velocity profile at the
tube outlet at x/d< 0.01 is illustrated in Fig. 2(a) and (b). The nor-
malised mean (U/U0) and fluctuating (u0/U0) part of the transverse
velocity profiles near the tube exit are shown for all assessed tube
lengths. As a benchmark, Blasius’s solution expected to occur for
long pipe flow is indicated in Fig. 2(a), i.e. U/U0¼ (1�2y/d)1/n with
n¼ 7. The initial mean velocity profile is seen to evolve from almost
top-hat for Lt/d¼ 1.2 towards Blasius’s profile as the ratio Lt/d is
increasing. Note, that this does not hold for Lt/d¼ 0.4 where no
initial top-hat profile could be observed due to the proximity of the
diffuser. Nevertheless, the ratio 0.4 is not omitted since data are
relevant with respect to flow through the upper airways, e.g. when
dealing with the production of consonants [31].

Besides the mean velocity profile, Lt/d is seen to influence the
initial turbulence level to a large extent as shown in Fig. 2(b). The
turbulence level at the center of the tube exit, y/d¼ 0, decreases
from 50 down to 6% of U0 when Lt/d is increased from 0.4 up to 20.
The decrease in initial turbulence level for increasing Lt/d is due to
the presence of the narrow upstream passage with small inner
diameter causing high turbulence level at the exit of the conical
diffuser. The turbulence production decreases downstream the
diffuser in the extension tube while pipe flow is developing.
Consequently, the initial turbulence level at the tube outlet
decreases as the tube length Lt/d increases. The turbulence level of
6% for the largest Lt/d ratio approaches values reported in literature
for long pipe flow [34].

The influence of the initial conditions on jet development is
assessed in the next section.

4. Characterisation of spatial jet development

4.1. Centreline velocity development

Observed mean longitudinal centerline velocity profiles down-
stream the tube exit for different Lt/d are illustrated in Fig. 3. The
centerline velocity Uc is seen to decrease proportional to x�1, which
is expected for a self-similar axisymmetric jet [25,30]. Conse-
quently, the centerline velocity profile is modelled as [25,18]:

U0

Uc
¼ 1

K

�
x� x0

d

�
: (1)

The near field extent is accounted for by considering a virtual
origin x0, deduced from the measured data as the intercept of the
decay line with the abscissa x/d, i.e. U0/Uc(x0/d)¼ 0. Resulting
centerline decay rates K, virtual origins x0 and initial conditions are
summarised in Table 1. Inverse normalised longitudinal mean

centerline velocities ce:small-caps>U0/Uc compensated for the self-
similar law are illustrated in Fig. 3.

In general, the decay rate K is seen to increase with Lt/d. The K
values tend towards reported centerline decay rates for a long pipe
jet in literature K¼ 6.7, K¼ 6.5, K¼ 6.3, e.g. Refs. [7,34,4]. The
experimentally derived decay rates K(L/d z 1180)¼ 6.5, K¼ 5.9 and
K¼ 6.7 reported in e.g. Refs. [34,15,7], are found for flows at
considerable higher Reb, i.e. at 86,000 and 24,000 respectively. The
numerically obtained mean centerline velocity decay values,
K¼ 5.9 for initial top-hat and K¼ 6.3 for initial parabolic velocity
profile, are again obtained for much higher Reb¼ 24,000 [4]. The
dependence of the centerline velocity decay factor K on the Rey-
nolds number for 0.5�U0� 30 as K w Re0 was shown since the
fifties although details of the relationship remained unclear [22].
More recently, [18] showed the correlation of the decay factor K
with the initial centerline velocity U0 resulting in a decrease of K for
U0< 6 m/s. The current measurements are in good agreement with
data for K(U0) described in [18] for Lt/d¼ 20 and Lt/d¼ 7.2.
Although, for Lt/d< 7.2, K decreases while U0 increases and
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Fig. 2. Initial conditions at tube exit (x/d< 0.01) for Lt/d 0.4 (�), 1.2 (B), 3.6 (D), 7.2 (þ)
and 20 (8): a) normalised mean velocity U/U0 and Blasius profile (fullline) b) nor-
malised rms of velocity u0/U0.
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therefore the current data do not agree with the correlation
K(U0) w U0 described in [18]. This is due to high initial turbulence
levels for Lt/d< 7.2, exceeding 25%, whereas the data of [18,22] has
turbulence levels smaller than 9%.

Since the initial mean centerline velocity is no longer a good
basis for correlation when the turbulence intensity is high, i.e.
exceeding a threshold level in between 12 and 27% for the current
experiments, it is interesting to consider a different correlation for
the centerline decay. Expressing the centerline decay in function of
the bulk velocity Ub is of interest since universal self-similar
behaviour is expected as the set {d, Ub} is not altered based on
momentum conservation. An expression for the Ub/Uc is easily
derived from Eq. (1) by introducing decay rate K0 ¼ KU0/Ub. More-
over, the ratio U0/Ub in K0 is a simple way to account for the shape of
the initial mean velocity profile, i.e. Blasius or top-hat.

Resulting K0 values are summarised in Table 1. For Lt/d¼ 0.4, an
increase in K0 reflects the influence of the jet issuing from the inlet
diameter d2 of the upstream diffuser on the jet development due to
a severe increase in U0/Ub. For Lt/d> 0.4, K0 is seen to increase with
Lt/d, as was the case for K. Consequently, accounting for the shape of
the initial mean velocity profile by considering the ratio U0/Ub does
not explain the scaling of the decay constant as w1/U0 instead of
wU0. The decrease in K0 and K for smaller Lt/d is therefore mainly
related to increasing initial turbulence intensities which favours
centerline velocity decay.

The potential core length xp of the jet is estimated from the
measured mean centerline velocities assuming that inside the
potential core Uc� 0.95U0 [2]. Resulting xp, given in Table 1 and
indicated in Fig. 3, are seen to increase with Lt/d. Consequently,
larger xp values are associated with more developed pipe flow. This
is in agreement with literature, although the maximum value of
xp¼ 3.3d is below values reported for long pipe flow ranging from
4.7 up to 7.7d [2]. Again, values denoted in literature are obtained
for much higher Reynolds numbers and initial mean exit velocities
U0 than is the case in this study, e.g. 22,500 in Ref. [2].

The development of turbulence along the centerline is illustrated
in Fig. 4(a). The development of turbulence downstream the tube
outlet for Lt/d¼ 20 corresponds to increasing u0/Uc in the potential
core due to collapsing of the surrounding mixing regions until an
asymptotic u0/Uc value is reached. The collapse of the mixing regions
towards the end of the potential core, and associated u0/Uc, is also
retrieved for Lt/d ratios 7.2 and 3.6. Although, the increase is
preceded by an intensity decrease reflecting reduced turbulence
production along the centerline until the collapse of the mixing
region becomes notable. Remark that for Lt/d¼ 1.2 and 0.4 no
increase in u0/Uc occurs due to the absence of a potential core

Table 1
Experimentally estimated decay rates K(U0), virtual origin x0, potential core length xp

as function of Lt/d and decay rates K0(Ub) for Reb z 7350. Initial centerline conditions
U0 (m/s) and 100u0/U0 are indicated as well.

Lt/d U0 u0/U0� 100 K x0/d xp/d K0

0.4 7.9 52 1.7 �0.92 – 3.1
1.2 4.6 44 2.5 �0.92 – 2.6
3.6 3.8 27 3.6 �1.6 0.7 3.2
7.2 3.8 12 4.5 �0.72 2.3 3.9
20 4.1 6 5.4 �1.1 3.3 5.1
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Fig. 4. a) Normalised centerline rms of velocity u0/Uc and b) velocity skewness Su along
the centerline for: Lt/d 0.4 (�), 1.2 (B), 3.6 (D), 7.2 (þ) and 20 (8).
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Fig. 3. Inverse normalised longitudinal mean centerline velocities U0/Uc compensated
for the self-similar law: Lt/d 0.4 (�), 1.2 (B), 3.6 (D), 7.2 (þ) and 20 (8). The potential
core xp in the self-similar representation is indicated for Lt/d 3.6 (D), 7.2 (*) and 20 (8).
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although the initial decrease is observed. The different initial rms
conditions at the outlet and consecutive different development of
the mixing layers results in increased asymptotic u0/Uc values from
0.25 up to 0.4 when the initial turbulence level increases. The
asymptotic levels 0.2� u0/Uc� 0.3 found for Lt/d� 3.6 correspond to
the range reported in previous studies for initial turbulence levels
below 10% [20,34]. Remark that the downstream distance to reach
asymptotic values decreases for increasing Lt/d. For all Lt/d asymp-
totic values are reached for x/d� 8.

Turbulence development is further characterised by its higher
statistical moments. The skewness Su, shown in Fig. 4(b), is expected
to approach values associated with a Gaussian distribution in case
self-similarity is reached, i.e. Su¼ 0 [25,3,17]. Although, statistics are
indeed seen to tend towards Gaussian skewness for all assessed Lt/d,
Su¼ 0 is seen to fit in particular for larger Lt/d associated with initial
turbulence levels below 12%. This suggests that the flow exhibits
more coherent underlying structures and hence that the flow is less
random in case the turbulence level exceeds 25%.

Important initial turbulence intensities at the outlet cause
turbulent energy to be convected from regions of large intensity to
regions of smaller intensity. Such gradients of turbulence intensity
are associated with important positive skewness, Su> 0. This is
seen in the near field for the high turbulence levels larger than 40%
for Lt/d¼ 0.4 and 1.2. The skewness Su decreases downstream due
to the decrease in turbulence intensity u0/Uc until self-similarity is
reached.

For initial turbulence levels below 15% the skewness is seen to
evolve from nearly Gaussian Su¼ 0 to non-Gaussian values Su< 0
and back to Su z 0 in the self-similar field. This initial departure
from Gaussian indicates the transition of the flow from the initial
low turbulence level to the asymptotic level in the self-similar field.
In the first portion the shear layers develop and large scale struc-
tures are formed until the end of the potential core is attained
resulting in Su< 0. Downstream the potential core turbulent energy
is transferred until self-similarity is reached resulting in a decrease
of jSuj as was observed for high initial turbulence levels. The initial
skewness of the intermediate ratio Lt/d¼ 3.6 yields �0.4 due to the
initial turbulence level and decreases further downstream since the
turbulence level decreases as was the case for the short ratios
associated with high turbulence. Downstream the potential core
end turbulence is developed until self-similarity is reached, which is
associated with a slight increase in skewness, so that the final Su is in
between Gaussian and the level retrieved for short extension ratios.

In general, statistical turbulence properties along the center-
line confirm the occurrence of self-similarity and isotropy for the
centerline velocity in the far field. The near field behaviour
reflects the initial rms values at the outlet and the consecutive
development of the jet, which are significantly altered by varying
Lt/d.

4.2. Transverse velocity development

The expected self-similar profile for a round free jet is modelled
by the normalised Gaussian function centered around zero [25],

Uðx; yÞ
UcðxÞ

¼ e�aðyxÞ
2

; (2)

where a is related to the spreading rate of the jet as

a ¼ lnð2Þ
S2 (3)

Spreading rates reported in literature for a round jet issuing
from a nozzle with diameter 2.54 cm and Reynolds number of order
104 yields a¼ 94 [33] and a¼ 78 [15].

The normalised mean transverse velocity profiles, for all assessed
Lt/d and x/d> xp/d, are self-similar when expressed against the
similarity variable y/y1/2 as illustrated in Fig. 5. Remark the influence
of the potential core at x/d for Lt/d¼ 20.

The dependence of the transverse spreading y1/2 on Lt/d for all
assessed x/d is summarised in Fig. 6. A linear growth rate of y1/2/d is
observed as function of x/d for all Lt/d downstream the potential
core extension, i.e. x/d> xp/d. The derived experimental spreading
rates S are seen to decrease towards S¼ 0.083 as Lt/d increases. This
is illustrated in Fig. 7. As a benchmark literature values S¼ 0.086
and S¼ 0.094, corresponding to a¼ 94 and 78 in Eq. (2), are indi-
cated. The spreading rate S¼ 0.086 approximates experimental
values for Lt/d� 7.2, i.e. S¼ 0.083.

Remark that all mean transverse velocity profiles can be
modelled with the Gaussian function given in Eq. (2). The model
parameter a is easily derived from the experimentally obtained
spreading rates from Eq. (3).

Fig. 8 illustrates the transverse fluctuating velocity profile
normalised by the mean centerline velocity u0/Uc at x/d¼ 1.6.
Development of the shear layers with increasing x/d is observed for
Lt/d� 3.6. For the lowest ratios Lt/d< 3.6 the flow is turbulent at the
exit and consequently no shear layer development is observed.

4.3. Turbulent viscosity

The concept of turbulent viscosity for a gradient-transport
model is shown to be relevant on the jet centerline where turbu-
lence production in the shear layers is negligible and turbulence is
due to the transport of the mean and turbulent motion [29,26,25]. A
turbulent viscosity vT(x,y) can be estimated from the spreading rate
S and half-width y1/2 as [25]:

nT ðx; yÞ ¼ y1=2ðxÞUcðxÞbnT ðhÞ ¼
S

8
� ffiffiffi

2
p
� 1
�: (4)
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Fig. 5. Similarity representation of transverse normalised axial mean velocity profiles U/Uc for x/d 1.6 (*), 3.2 (>), 4 (þ), 4.8 (�), 6.4 (B), 8 (8), 12 (D), 16 (,).
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The turbulent viscosity obtained from Eq. (4) for different Lt/d and
downstream distances x/d is exemplary illustrated in Fig. 9. For
a given downstream distance x/d the estimated value nT is shown to
be constant within the experimental error, for Lt/d� 3.6. Moreover it
is seen that nT decreases with x/d in the same way when Lt/d� 3.6.

The assumption of turbulent viscosity nT(x,t) allows to estimate
the shear stresses,

u1u2 ¼ �nT
vU
vy
; (5)

from the mean velocity field [25]. The position and magnitude for
the positive and negative shear stress peaks, and therefore also the
slopes between negative and positive peaks, are expected to
depend on Lt/d due to e.g. S(Lt/d) in Eq. (4). As an exemplar, esti-
mated shear stresses for all assessed Lt/d at x/d¼ 1.6 are illustrated
in Fig. 10. It is seen that due to the derivative in Eq. (5) the variance
on the data is amplified resulting in a noisy shear stress estimation.
This is in particular the case for small Lt/d ratios. The estimated
noisy shear stresses suggest indeed shifts in peak position and
amplitude to occur, but do not allow an accurate quantification.
Shear stresses should be derived directly from two-component
velocity measurements. Nevertheless, the estimated shear stresses
are of the order of magnitude reported in literature for high

Reynolds number flows [26,25] indicating that mixing by
momentum transfer by the shear stresses u1u2 occurs at a similar
rate as for high Reynolds number flow.

4.4. One-dimensional energy spectra

The one-dimensional velocity spectra of the turbulent velocity
inform on the energy scales. A simple power law is applied in order
to model the energy spectra E(k) as:

EðkÞ ¼ C1�
1þ k

C2

�n; (6)
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Fig. 6. Normalised half-width y1/2/d for Lt/d 0.4 (�), 1.2 (B), 3.6 (D), 7.2 (þ) and 20 (8).
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with dimensionless wavenumber k ¼ u$d=UcðxÞ and C1,2 model
constants. The exponent n¼ 5/3 describes the inertial portion of
the spectra corresponding to Kolmogorovs law [25]. The one-
dimensional velocity spectra at x¼ 1.6d and maximum shear stress
position as seen in Fig. 8 are illustrated for all assessed Lt/d in Fig. 11.
The energy spectra are modelled following Eq. (6) with C2¼ 0.07 for
all spatial positions and all Lt/d whereas C1 varies with spatial
position. Kolmogorovs power law E(k) w k�5/3 describes well the
inertial part of the spectrum. Note that the extent of the inertial
part, described by Kolmogorovs power law E(k) w w k�5/3, is
limited due to the moderate value of the Reynolds number [25]. The
different development of the shear layers for different Lt/d is in
particular reflected in the decay part.

5. Conclusion

The diffusion of a jet downstream a convergent-divergent
extended conical diffuser with outlet diameter d¼ 2.5 cm, is
considered for fixed bulk Reynolds number (7350). The length of
the extension tube is shortened so that length-to-diameter ratios
vary from 20 down to 0.4. Flow and geometrical conditions are in
a range relevant to airflow through the upper airways as e.g. for
human speech production. Mean and turbulent velocity charac-
teristics are estimated from single sensor anemometry along the
centerline (0 up to 20d) and at several transverse distances (0 up to
16d).

The following conclusions are made:

I) Both the shape of mean (Blasius to top-hat) and fluctuating
portion (rms 6–50%) of the initial velocity profile at the tube
outlet are severely altered as the ratio Lt/d decreases reflect-
ing the influence of the upstream diffuser on initial condi-
tions. Consequently, for the range of flow and geometrical
conditions studied, varying the extension length downstream
a convergent-divergent diffuser is a natural way to vary initial
conditions. Since the assessed flow and geometries are in the
range relevant to upper airway flow during speech produc-
tion, initial conditions and in particular initial turbulence
levels are likely to exhibit important variations depending on
the articulator’s positions. This should be confirmed on
human ‘in-vivo’ speakers.

II) With respect to centerline and transverse mean velocity
modelling it is shown that self-similar models can be applied
regardless the initial conditions. Nevertheless, established
relationships between common model parameters such as
the centerline velocity decay K w U0 and the spreading rate
S w 1/U0 are inversed as the initial turbulence level increases
from 12 up to 27%. Additional data in this turbulence range
should be considered to establish a region for which the
relationship K w U0 is inversed due to high initial turbulence
levels which favours velocity decay. Moreover, additional
data might allow the relationship of the centerline velocity
decay with U0 to be extended to account for the initial
turbulence level. With respect to upper airway geometries
and flow conditions, self-similar jet models can be applied
although parameters need to be adapted depending on the
initial turbulence level and initial mean velocity U0.

III) Comparing transverse and centerline turbulence statistics, i.e.
rms and skewness, for all assessed extension tubes illustrates
the difference in shear layer development. Centerline turbu-
lence statistics yields asymptotic values for x/d� 8 for which
the value depends on the initial turbulence level and so on Lt/d.
The difference in shear layer development is also observed in
the one-dimensional velocity spectrum. The spectra exhibit
a common inertial range of limited extent due to the moderate
Reynolds number followed by a decay range which depends on
Lt/d in accordance with the difference in turbulence
development.

IV) Since a gradient-transport model is generally assumed to
hold near the centerline of an axisymmetrical jet, turbulent
viscosity near the centerline is estimated in order to assess
the shear stresses in this region as well as to obtain a quali-
tative estimation away from the centerline. Two-component
velocity measurements are required to obtain an accurate
measurement of the shear stresses in order to validate the
shear stress estimations over a large range of initial turbu-
lence intensities. The current turbulent viscosity and shear
stress estimations provide a qualitative estimation which
might be applied in speech production modelling.
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Fig. 10. Normalised estimated shear stresses at x/d¼ 1.6 for Lt/d 0.4 (�), 1.2 (B), 3.6 (D),
7.2 (þ) and 20 (8).

100 101 10210−3

10−2

10−1

k

K
2
E

 
(
k
)

Fig. 11. One-dimensional velocity spectra at x¼ 1.6d at maximum shear stress position
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dimensionless wavenumber.
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