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Abstract The centreline velocity decay of round air-
flow jets issuing from extended conical diffusers with
length-to-diameter ratio 1.2 < L;/d < 20 is studied
for moderate bulk Reynolds numbers 1131 < Rep <
9054. The centreline velocity decay varies as a func-
tion of the initial conditions. The functional correla-
tion between the centreline velocity decay coefficient
and the initial centreline turbulence level observed
on convergent nozzles (Malmstrom et al. in J. Fluid
Mech. 246:363-377, 1997) breaks down as the initial
centreline turbulence level exceeds 20 %. In addition,
the centreline velocity decay coefficient expressed as
function of the bulk velocity U, decreases for U, <
3 m/s instead of initial mean velocity Uy < 6 m/s as
reported for convergent nozzles (Malmstrom et al. in J.
Fluid Mech. 246:363-377, 1997). The asymptotic val-
ues of the decay coefficient for U, > 3 m/s decrease
linearly when expressed as function of the initial cen-
treline turbulence intensity uy/Up. Studied flow and
geometrical conditions are relevant to flow through the
human upper airways.
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List of symbols

v kinematic viscosity of air 1.5 x 1075 m?/s

d exit diameter of the nozzle [m]

L, length of uniform circular tube extension [m]

din minimum diameter of conical diffuser [m]

Lai  length of diverging portion of conical diffuser
[m]

Ly nozzle length Ly = Lgyy + L, [m]

X longitudinal distance from nozzle exit
x =0 [m]

y transverse distance from nozzle centreline
y=0[m]

Ax  longitudinal spatial measurement step [m]

Ay transverse spatial measurement step [m]

dyjq local jet width at distance x /d from the nozzle
exit x =0 [m]

0 total jet spreading angle [°]

Op volume airflow rate [m3/s]

Up initial bulk centreline velocity at the nozzle
exit x = 0 assuming an ideal fluid,
Up = (4Qp)/(rd?) [m/s]

Uy initial centreline mean velocity at the nozzle
exit x =0 [m/s]

Rep  bulk Reynolds number Rep, = Upd /v or
Rep, =4Qp/mdv

Rep  initial Reynolds number Reg = Upd /v

Reyq local Reynolds number Rey /g = dx/qU./v

Remax maximum local Reynolds number
Remax(x/d) = max(Rey/q)

U.(x) mean bulk centreline velocity [m/s]
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U(y) mean transverse velocity at the nozzle outlet
—d/2<y<d/2atx/d <0.04 [m/s]

U.,p pthinstantaneous velocity sample along the
centreline [m/s]

Nio:  total number of instantaneous velocity
samples at a given location

u velocity root mean square [m/s]
) velocity root mean square at nozzle exit x =0
[m/s]
K mean centreline velocity decay coefficient
K, mean centreline velocity decay coefficient
K = UpK
1 B Ub . .
K,  mean transverse velocity decay coefficient
K — N 0.5In2
"W T tanf/2
X0 virtual origin [m]

Xpe  potential core extent [m]
Xmax centreline distance corresponding to
Remax [m]

1 Introduction

Due to numerous experimental and numerical studies
of round free jet flows, an overall good knowledge
and understanding of these flows exist for long pipes
and smooth convergent contraction nozzles [5, 7, 15].
The time averaged turbulent jet flow mixing region is
schematically divided into three parts: an initial near
field region downstream the exit, a transition region
and a self-preserving far field region further down-
stream. Approximate solutions, describing the far field
flow evolution, assume the mean streamwise centre-
line velocity U, to decrease proportional to 1/x, where
x indicates the streamwise direction from the tube exit.
In this third zone, the mean centreline velocity is typi-
cally modelled by a simple decay equation [30]:
U.(x) . d

K , 1
Uy X — X0 M

where U, denotes the mean centreline velocity down-
stream the nozzle exit in the streamwise x direction,
d the nozzle exit diameter, Uy the initial mean centre-
line velocity at the nozzle exit, K the mean centreline
velocity decay coefficient and xo the virtual origin.
Despite the described universal behaviour it is shown
analytically [11, 12] that the mean centreline velocity
decay, and so the decay coefficients K and xq, also
depends on Reynolds number as well as on initial con-
ditions at the exit of the emitting geometry such as exit
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Reynolds number [5, 25, 27], turbulence intensity [6,
24, 28, 32] and upstream nozzle geometry [6, 9, 20—
22,26, 28, 34].

These former investigations are essentially con-
ducted for high bulk Reynolds number flows, typically
10* or higher and for geometrical configurations ei-
ther aiming optimal convergent nozzle design for tech-
nological jet applications or developed pipe flow for
which the length-to-diameter ratio of the pipe L;/d
exceeds 40. In general, it is observed that for decreas-
ing Reynolds numbers the velocity decays increases
[1, 18, 19, 25] and as a result the potential core ex-
tent gets shorter [1, 19, 25]. However, the opposite is
reported in [18] where for increasing Reynolds num-
ber in the range 177 < Re;, < 5142 [18], the poten-
tial core extent decreases. Consequently, additional
streamwise centreline velocity measurements for mod-
erate Reynolds number round jet flow are needed.

In [19] the evolution of the decay constant K and
initial mean centreline velocity Up for jets issuing
from a convergent nozzle at moderate velocities 2 <
Uop < 12 m/s is found to be described by a single curve.
Moreover, the decay constant is reported to be con-
stant for Uy > 6 m/s. In the current study it is aimed
to consider mean centreline velocity behaviour of a
moderate Reynolds number jet issuing from a coni-
cal diffuser extended with uniform tubes of varying
length-to-diameter ratio L;/d < 40. The jet centreline
velocity downstream the nozzle is measured for dif-
ferent initial centreline velocities 0.9 < Uy < 10 m/s.
The influence of varying flow and geometrical config-
urations on centreline decay rate K, virtual origin xg
and potential core length x . are quantified. Next, the
decay equation is used to model the streamwise cen-
treline velocity profile and the model performance is
evaluated.

The chosen geometrical and flow conditions, i.e.
moderate Reynolds numbers and relatively short con-
ical extended diffusers, are e.g. relevant to describe
flow through the human vocal tract, for which both the
lack and need of flow data in relation to speech produc-
tion studies is explicitly pointed out [4, 16]. The hu-
man upper airways geometry is schematically depicted
in Fig. 1 [8, 31]. Variation of the geometrical length
scale, corresponding to varying the extension length
L;, is among others due to aging, morphology, pathol-
ogy or articulation during speech production. During
human speech production, a narrowed upstream pas-
sage is present at the larynx (glottis), the lips, or nat-
urally created somewhere in the oropharynx during
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Fig. 1 Sagittal view of human upper airways indicating vo-
cal tract articulators [8, 31]. During human speech production,
a constriction might occur at any location along the vocal tract,
i.e. from the glottis up to the lips. In the following, the uncon-
stricted vocal tract portion is represented by a uniform circular
tube which is connected to a constriction represented by a coni-
cal diffuser. The length of the uniform circular tube is varied in
order to represent different constriction locations. The resulting
extended conical diffuser is schematically depicted in Fig. 2

sound production [8, 31]. The unconstricted vocal tract
portion is represented by a uniform circular tube which
is connected to a constriction represented by a conical
diffuser. The length of the uniform circular tube is var-
ied in order to represent different constrictions loca-
tions. Therefore, the vocal tracts geometry is severely
simplified as an extended conical diffuser.

2 Extended conical diffuser nozzle

The geometry of the extended conical diffuser nozzle
is schematically depicted in Fig. 2. The diffuser nozzle
has an inlet diameter of 1 cm, a 14° convergent portion
of length 2 cm followed by a 22° divergent portion
of length Ly =5 cm. The minimum diameter at the
throat of the diffuser yields d;; =5 mm and the dif-
fuser outlet diameter d yields 25 mm. The divergent
diffuser portion is characterised by an area expansion
ratio d? /dl-zn = 25 and a length to inlet diameter ratio
Ldzﬁ'/din =10.

Downstream the diffuser, a uniform circular exten-
sion tube of diameter d = 25 mm and varying length
L, is added. The assessed extension tube lengths L;
yield 3, 11, 18 and 50 cm. Corresponding length-to-
diameter ratios L;/d yield 1.2, 4.4, 7.2 and 20 based

on the exit diameter of the nozzle d. The ratio of the
nozzle length, Ly = Ly + L;, downstream from the
constriction to the diffusers throat diameter dj, yields
120, 280, 420 and 1060, respectively.

Typical quantities observed on the human vocal
tract during human speech sound production [8, 31]
and quantities characterising the studied diffuser noz-
zle are given in Table 1. The used extended conical
diffuser geometry is in accordance with order of mag-
nitudes associated with the human vocal tract. There-
fore, applying volume flow rates Q in accordance
with observations on human subjects allows to study
bulk Reynolds numbers Re;, < 10* measured on hu-
man subjects [8, 31]. Note that an unrealistic extension
length of L; =50 cm is assessed in order to cover the
range of L, /d ratios observed on human subjects.

3 Experimental setup and procedure

The flow facility consists of an air compressor (Atlas
Copco GA?7) followed by a pressure regulator (Nor-
gren type 11-818-987) providing an airflow at constant
pressure. The pressure regulator is connected with a
manual valve in order to control the volume flow rate
Qp. The volume flow rate Qj is measured by a ther-
mal mass flow meter (TSI 4040) with an accuracy of
0.1 I/min. A bulk Reynolds number Re, < 10* is im-
posed during experiments as indicated in Table 1.

The mass flow meter is attached to the extended
conical diffuser, schematically depicted in Fig. 2, by
a uniform duct of diameter 1 cm and length 50 cm.
Downstream from the diffuser, the jet exits in a free
field at rest as illustrated by the smoke visualisation in
Fig. 3. The rectangular free field chamber has height,
width and length corresponding to 120, 120 and 112
times the nozzle outlet diameter d. Except for the air
compressor, the complete jet facility is placed inside
the closed room for which the temperature is con-
trolled in order to minimise flow disturbances.

A constant temperature anemometer system (IFA
300) is used in order to perform flow velocity mea-
surements. The hot-film is calibrated against the flow
meter following the procedure outlined in [14]. Ve-
locity profiles are obtained by moving a single sen-
sor hot film (TSI 1201-20; diameter of 50.8 um 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
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Ly = Laisy + Lt
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Fig. 2 Extended conical diffuser geometry with variable tube length L; and constant uniform extension tube diameter d. The longi-
tudinal flow direction x is defined so that x = 0O corresponds to the nozzle exit. The origin of the transverse direction y corresponds to
the centreline of the nozzle so that the nozzle borders at the exit correspond to y = —d /2 and y = d /2, respectively

Table 1 Comparison of geometrical and flow configurations of the human vocal tract shown in Fig. 1 [8, 31] and the extended conical

diffuser under study

Quantity Symbol Human vocal tract Studied nozzle

Tube extension length L, 0<L;<19cm L; €{3,11,18,50} cm
Nozzle outlet diameter d 0<d<3cm d=2.5cm
Length-to-diameter ratio L,/d 0<L,/d <20 1.2<L,/d <20

Bulk Reynolds number Rep, Rep < 10* Rep < 10*

Fig. 3 Smoke visualisation of round jet flow development
downstream from the extended conical diffuser nozzle with jet
width dy 4, total jet development angle 6 and potential core ex-
tent x .

stages accuracy of positioning is 4 um in the longitu-
dinal, x, direction and 2 pm in the transverse, y, direc-
tion. Longitudinal velocity data along the centreline
y = 0 are gathered from the tube exit x/d =0 up to
x/d = 20 with a longitudinal spatial step Ax =1 cm,
i.e. Ax/d = 0.4. Initial transverse velocity profiles are
gathered with a transverse spatial step Ay = 107* m
at a longitudinal distance x /d < 0.04 from the nozzle
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exit. Velocity profiles are measured for different vol-
ume flow rates Qj, and length-to-diameter ratios L, /d.

At each measurement position instantaneous veloc-
ity data are sampled at 40 kHz during 4 s consec-
utively. Statistical quantities are calculated from in-
stantaneous velocity measurements to which a 10 kHz
low pass filter is applied. The mean centreline veloc-
ity U.(x) and local centreline turbulence level u are
calculated at each measurement position from the in-
stantaneous velocities U, , with subscript p indicating
the pth instantaneous velocity sample. The turbulence
level u is given as the root mean square of the centre-
line velocity:

N, fot

> WUep — U2, )
p=1

1
= | —
N, fot
in which Ny, denotes the total number of instanta-
neous velocity samples. The local centreline turbu-
lence intensity u/ U, is defined as the ratio between the
local centreline turbulence level u and the local mean
centreline velocity U,. Uncertainties on mean veloc-
ity U, and local turbulence intensities u/U, are esti-
mated as <1 % for 1.4 < U, , <10 m/s and <5 %
for0.2 < U p < 1.4 m/s [13].
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Table 2 Evolution of the initial mean streamwise centreline velocity Uy for experimentally assessed bulk Reynolds numbers
Rep, and length-to-diameter ratios L;/d = {1.2,4.4,7.2,20}. The corresponding ratios of the nozzle length to the diffusers throat

diameter, Ly /d;, = {120, 280, 420, 1060}, are indicated as well

Rep, 1132 2264 3395 4527 5659 6791 7357 7922 8488 9054
Up [m/s] 0.6 1.4 2.0 2.6 34 4.1 4.5 4.7 5.1 5.5
Ly/d=1.2,Ly/di, =120

Up [m/s] 1.9 2.7 3.6 4.5 5.5 6.3 6.8 7.6 8.0 8.4
Li/d =44, Ly/di, =280

Uy [m/s] 1.0 1.8 2.7 35 44 53 5.9 6.1 6.6 7.2
L;,/d="72,Ly/di, =420

Up [m/s] 1.1 1.9 2.8 3.7 4.7 5.7 6.3 6.6 7.1 7.7
L,;/d =20, Ly /di, = 1060

Up [m/s] 1.3 2.2 3.1 4.1 5.1 6.1 6.7 7.0 7.6 8.2

4 Centreline velocity data

For all assessed nozzle extension lengths L;/d, cen-
treline velocity data are measured for 10 volume flow
rates, which vary in the range 3 x 107* < Qp, <27 x
10~* m3/s. The corresponding bulk Reynolds numbers
at the nozzle exit Rep,

Rep = —, 3
Vv

yield 1100 < Rej, < 10* where U, denotes the bulk
velocity at the nozzle exit assuming an ideal fluid with
uniform transverse velocity profile U(y) = Up. The
resulting range of Reynolds numbers Rej, < 10* is in
accordance with values observed for flow through the
human vocal tract as summarised in Table 1.

The influence of the upstream diffuser and applied
length-to-diameter ratio L;/d on flow development is
outlined. The initial mean centreline velocity at the
nozzle exit Uy is discussed in Sect. 4.1. The mea-
sured centreline profiles are qualitatively dealt with in
Sect. 4.2.

4.1 Initial mean centreline velocity at the nozzle exit
The measured initial mean centreline velocities at the
nozzle exit Uy vary in the range 1 < Uy <9 m/s. As-

sociated initial Reynolds numbers Reg,

Rey = —, 4
%

are comprised between 1600 < Rey < 14100. An
overview of assessed initial conditions, Rey and U
as function of (Rep, L;/d), is given in Table 2 for all
assessed extension tube lengths L;/d. The tube exten-
sion length L;/d is seen to influence the initial mean
centreline velocity at the tube exit Uy to a large extent
suggesting different mechanisms governing jet devel-
opment as the extension tube length is varied.

Although the present paper focuses on the centre-
line velocity profiles, normalised initial mean trans-
verse velocity profiles at the nozzle exit are considered
in order to inform on flow development at the nozzle
exit. Transverse profiles are illustrated in Fig. 4. Mea-
sured transverse profiles are compared to three well
known transverse profiles: a theoretical uniform veloc-
ity profile U (y) = Uy corresponding to a top-hat pro-
file with vanishing momentum thickness, a parabolic
profile corresponding to fully developed pipe flow
and a 1/7 power law profile describing turbulent pipe
flow [3, 30].

410 L,Jd>12

For L;/d € {4.4,7.2,20} or 280 < Ly/di, < 1060
the initial mean transverse velocity profiles shown
in Fig. 4(a) for Rep = 1132, Fig. 4(b) for Rep =
4527 and Fig. 4(c) for L;/d = 20 are observed to
tend towards a parabolic profile as both the length-
to-diameter L;/d increases and the Reynolds number
Rep, decreases. The observed evolution of the trans-
verse profiles illustrates that the flow is characterised
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Fig. 4 Illustration of initial mean transverse velocity profiles normalised by the mean initial centreline velocity measured at
x/d < 0.04, U(y)/Uyp. Typical profiles measured for (a) Re, = 1132, (b) Rep, =4527, (¢) L;/d =20 and (d) L;/d = 1.2 are shown.
As areference a theoretical uniform velocity profile U (y) = Uy corresponding to a top-hat profile with vanishing momentum thickness
(uniform), a parabolic profile corresponding to fully developed pipe flow (parabolic) and a 1/7 power law profile describing turbulent

pipe flow (power) are depicted as well

by partial pipe flow development in the extension tube.
No fully developed pipe flow is observed due to the
limited length-to-diameter ratio L,/d < 20 which is
much smaller than the value of 40 associated with fully
developed pipe flow [3, 30]. Instead, the profiles ex-
hibit a uniform centre portion and reduced velocity
in the vicinity of the wall. Therefore, the measured
profiles correspond to top-hat profiles for which the
momentum thickness increases as the uniform centre
portion narrows, i.e. for increasing length-to-diameter
L;/d and decreasing Reynolds number Rep. For a
constant length-to-diameter ratio L;/d, profiles for
Reynolds number Rej, > 4527 almost collapses. Con-
sequently, for L;/d > 4.4 or Ly /di, > 280 the pres-
ence of the upstream diffuser leaves no particular im-
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print on the initial transverse flow profiles which are
governed by boundary layer development in the uni-
form tube extension.

412 L;/d=1.2

From Table 2 it is seen that the initial mean centreline
velocities Uy observed for L;/d = 1.2 exceed the val-
ues measured for L;/d > 1.2 regardless the assessed
Reynolds numbers, Rej,. This discrepancy in mean ini-
tial centreline velocity Uy suggests that the flow de-
velopment through the extension tube for L;/d = 1.2,
corresponding to Ly /di, = 120, is not governed by
boundary layer developement as is the case for L; /d €
{4.4,7.2,20}. Initial mean transverse velocity profiles
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Fig. 5 Illustration of (a) normalised centreline mean velocity profiles Uy/ U, (x) and (b) local centreline turbulence intensity profiles
u/ U, for bulk Reynolds numbers Re;, € {2263, 7922} and for all assessed length-to-diameter ratios L;/d = 1.2 (e), L;/d = 4.4 (<),

Li/d =172 (o), L;/d =20 (+)

for L;/d = 1.2 illustrated in Fig. 4(d) show that the
flow is determined by flow separation from the walls
inside the divergent portion of the diffuser. As the
Reynolds number is increased from Rep = 1132 up to
Rep = 4527 the flow properties vary. For Re, = 1132,
the flow separates from the walls near the diffusers
throat and proceeds as an axisymmetrical jet which de-
velops in the conical extension so that the centre por-
tion of the initial mean transverse velocity profile coin-
cides with a parabolic velocity profile due to the large
ratio Ly /d;;, = 120 which is much greater than 40 [3,
30]. The side portions are dominated by flow entrain-
ment and eddies surrounding the jet. As the Reynolds
number is increased to Re, = 2264 flow separation
at the diffusers throat is not complete. Consequently,
the proceeding jet is partly attached to the wall so that
the jet develops not symmetrically along the centre-
line. Instead, the jet profile approximates the profile of
a wall jet [30]. The measured mean centreline veloc-
ity Uy yields about half the maximum velocity. As for
Rep, = 1132 eddy formation and flow entrainment de-
termines the velocity profile in the portion surround-
ing the jet. Further increasing the Reynolds number
restores the symmetry of the mean transverse profile
suggesting that no massive flow separation occurs. The

overall profile is characterised by an overall unsteadi-
ness which increases with increasing Reynolds num-
ber. The transverse profiles are further characterised
by a small boundary layer in the wall vicinity next to a
velocity overshoot due to flow entrainment. The same
way as for L;/d > 1.2, profiles for Reynolds num-
ber Rep, > 4527 almost collapses. Consequently, for
L;/d =1.2 or Ly/d;, = 120 the presence of the up-
stream diffuser shapes the initial transverse flow pro-
file.

Despite the revailed differences in underlying flow
development and consequently in initial mean trans-
verse velocity profiles, all length-to-diameter ratios
L;/d are reported on in the remainder of this manu-
script, since all configurations are relevant with respect
to the upper airways as illustrated in Fig. 1 and Table 1.

4.2 Centreline profiles: mean and turbulence intensity

Measured mean streamwise centreline velocity pro-
files U.(x) normalised by the initial mean centreline
velocity Up and associated centreline turbulence in-
tensities u/U.(x) are illustrated in Fig. 5 for all as-
sessed length-to-diameter ratios L;/d for Re, = 2263
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and Rep = 7922. Since the initial mean centreline ve-
locity Uy revealed different governing jet development
mechanisms for L;/d > 1.2 and L,/d = 1.2, centre-
line profiles for L;/d € {4.4,7.2,20} and L;/d =1.2
are discussed separately.

4.2.1 L;/d>1.2

For length-to-diameter ratios L;/d > 1.2, the mean
centreline velocity, illustrated in Fig. 5(a), exhibits a
potential core region downstream from the nozzle exit
for all assessed Reynolds numbers. Inside the potential
core region, the mean streamwise centreline velocity
U, approximates the initial mean streamwise centre-
line velocity Up. Downstream from the potential core,
the mean streamwise centreline velocity decays. The
potential core extent and the mean centreline veloc-
ity decay depend on the imposed Reynolds number
Rey, as well as on the length-to-diameter ratio L,/d
determining boundary layer development of the initial
mean transverse profile. Thickening of the boundary
layer, occurring as L;/d increases or Rep, decreases as
outlined in Sect. 4.1, increases jet stability so that the
potential core extent increases.

The local turbulence intensities u / U, are illustrated
in Fig. 5(b). At the end of the potential core the sur-
rounding mixing region collapses so that, for L;/d >
1.2, the turbulence intensity increases until an asymp-
totic value of the turbulence intensity is reached (0.3—
0.4). The asymptotic value depends on Reynolds num-
ber Rep as well as on length-to-diameter ratio L,/d.
Inside the potential core the turbulence intensity in-
creases as the length-to-diameter ratio L;/d decreases
and to a less degree as the Reynolds number Rep in-
creases. The length-to-diameter ratio determines the
initial centreline turbulence intensity at the nozzle exit
uo/Up. The initial centreline turbulence intensity at
the nozzle exit, x/d = 0, increases from 7 % to 50 %
as the length-to-diameter ratio decreases.

Consequently, although the initial mean centreline
profile is mainly shaped by boundary layer develop-
ment along the walls of the uniform extension tube, the
initial turbulence intensity ug/Up is determined due
to flow instabilities induced downstream the diffuser
throat accompanying the flow deceleration along the
diffuser. The generated turbulent and mean flow mo-
tions are transported downstream towards the nozzle
exit and influences the stability of the emitted jet. For
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L;/d = 20 the turbulent intensity u/ U, is constant in-
side the potential core indicating the absence of turbu-
lence production and the complete dissipation of flow
motion produced along the diffuser. For L;/d = 7.5
and L;/d = 4.4 on the other hand the turbulence in-
tensity inside the potential core decreases immediately
downstream from the nozzle exit due to the ongoing
dissipation of fluid motion. The loss of turbulence con-
tinues until the collapse of the mixing region becomes
notable. Consequently, jet stability decreases as the ex-
tension length L, reduces, even for L;/d > 1.2.

422 L;jd=12

In the previous Sect. 4.1, it is argued that for L,/d =
1.2 complete or partial flow separation along the dif-
fuser walls introduces structures which influence the
mean centreline velocity profile in the near region
downstream the nozzle exit. In order to ensure that no
large coherent structures occur, power spectra of the
time velocity signal are computed at different down-
stream measurement locations x/d € {1, 2, 3,4,5}.
Power spectra of centreline velocity signals for Re, =
1132 and Rep, = 4527 are shown in Fig. 6. No sharp
frequency peaks or humps are observed so that it is
concluded that the mean centreline velocity profile is
not affected by the passage of large coherent structures
in the near field downstream from the tube exit. It is
seen from Fig. 6 that the bandwidth of the power spec-
tra increases with Reynolds number Re;, which cor-
responds to the increase in turbulence intensity with
Reynolds number Re;, observed from Fig. 5(b).
Figure 5(a) shows that the potential core region as-
sociated with L, /d = 1.2 is reduced compared to val-
ues observed for length-to-diameter ratios L;/d > 1.2.
In addition, the Reynolds number dependence is en-
hanced since the extent of the potential core xp. de-
creases quickly with the Reynolds number Rej. The
potential core region vanishes for low Reynolds num-
bers Rej, < 2264 for which jet formation at the throat
of the diffuser is observed as outlined in Sect. 4.1.
Consequently, the near field downstream the nozzle
exit corresponds to the decay portion of the jet formed
at the diffusers throat so that no potential core is ob-
served. For Reynolds numbers Rep > 2264, the mean
centreline velocity inside the potential core reduces
immediately downstream from the nozzle exit up to
x/d ~ 1.3 followed by a constant velocity region as
observed in case of jet forcing. This first velocity re-
duction is limited to approximately 1 % at x/d ~ 1.3.
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Fig. 6 Power spectra of centreline velocity signals for L;/d = 1.2 for (a) Rep, = 1132 and (b) Re, = 4527 at five downstream
positions x/d =1 (4), x/d =2 (o), x/d =3 (>), x/d =4 () and x/d =5 (*). Every spectrum is shifted downwards with respect to

the previous

Downstream from the potential core, the centreline ve-
locity decays more quickly than observed for L;/d >
1.2 due to the flow instability and the breakdown of
the small structures. Since the flow instability depends
on Reynolds number Rey, the rate of centreline veloc-
ity decay varies with Reynolds number Rej. Conse-
quently, proximity of the upstream diffuser decreases
jet stability and therefore it favours centreline velocity
decay.

Figure 5(b) illustrates the initial turbulence inten-
sity at the nozzle exit for L; /d = 1.2. The initial turbu-
lence intensity at the nozzle exit yields 50 % regardless
the Reynolds number Re;, due to the presence of small
eddies. Immediately downstream from the nozzle exit
flow entrainment increases the turbulence intensity un-
til a maximum is reached. Further downstream the tur-
bulence intensity reaches an asymptotic value. Note
that due to the high turbulence intensity the measure-
ment error on reported values is amplified.

5 Mean centreline velocity characterisation

In the following, the mean centreline velocity decay
Up/ U, outside the potential core and potential core
extent x . are quantified.

5.1 Mean centreline velocity decay

Modelling of the mean streamwise centreline velocity
Up/ U, as a self-similar axisymmetric jet is assessed.

The linear dependency on x/d characterises the jet in
the self-similar portion and is commonly expressed by
the decay equation given in (1) [19]. Consequently,
the mean centreline velocity behaviour in the decay
portion of the jet is characterised by evaluation of the
least-square regression coefficients, i.e. decay constant
K (Up) and virtual origin xo, from the measured cen-
treline velocity data.

The regression interval to estimate velocity decay
constant K (Up) and virtual origin x is typically 10 <
x/d < 20. The exact value of the lower limit of the
regression interval depends on the Reynolds number
Rey,. The lower limit of the regression interval, x /d ~
10, is situated farther upstream than values commonly
reported in literature for convergent nozzles such as
x/d ~ 16 mentioned in [19]. The upstream shift of the
regression interval is due to the presence of the diffuser
which perturbs the flow as observed from the increased
turbulence intensities compared to convergent nozzles.
The current interval is in accordance with the regres-
sion interval used in [29, 32] and with the interval used
in case a perturbation is due to an upstream abrupt con-
traction instead of an upstream diffuser [13].

Resulting regression coefficients, K(Up) and xo,
are summarised in Table 3 as function of bulk Reynolds
number Rep and length-to-diameter ratio L;/d. The
spatial accuracy of the measurement positions along
the centreline Ax/d = 0.4, indicated in Sect. 3, allows
an accurate estimation of regression parameters de-
spite the limited extent of the regression interval. Es-
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Table 3 Estimated virtual origin xo and velocity decay rate K (Up) for assessed bulk Reynolds numbers Re; and length-to-diameter
ratio L, /d = {1.2,4.4,7.2,20}

Rep 1132 2264 3395 4527 5659 6791 7357 7922 8488 9054
L/d=12
xo [m] 0.15 0.15 0.06 0.02 0.04 0.02 0.02 0.03 0.02 0.03
K 0.11 0.3 1.2 13 1.1 13 1.4 1.2 1.2 13
L/d=44
xo [m] 0.14 0.09 0.07 0.02 0.04 0.02 0.01 0.02 0.02 0.02
K 0.5 33 2.7 32 3 34 36 33 3.4 33
L/d=12
xo [m] 0.18 0.09 0.05 0.04 0.04 0.04 0.02 0.02 0.02 0.02
K 0.8 2.6 3.6 3.7 39 4 42 44 45 43
L./d =20
xo [m] 0.19 0.13 0.1 0.04 0.06 0.05 0.03 0.04 0.04 0.04
K 0.5 1.6 25 43 4 42 44 44 4.1 42

timated values of K (Up) as function of the mean cen-
treline velocity at the tube exit are shown in Fig. 7(a).
An overview of values reported in literature is given in
Table 4.

For all assessed length-to-diameter ratios L, /d the
decay coefficient K (Uy) increases with Uy whereas
the virtual origin xo decreases. The found tenden-
cies are consistent with observations reported for con-
vergent nozzles at bulk Reynolds numbers 7000 <
Rep [19]. Nevertheless, estimated decay coefficients
K(Up) < 4.2 are smaller than K > 5 typically re-
ported for high Reynolds number flow as seen from
Table 4. This is again in agreement with findings re-
ported for moderate Reynolds numbers 7000 < Rep,
for convergent nozzles [19].

The K (Uy) data presented in [19] collapse almost
on a single curve regardless the used nozzle exit di-
ameter 4 < d < 15 cm as schematically shown in
Fig. 7(a). The K(Up) curve increases for low veloc-
ities Ug < 6 m/s in the range 3.8 < K (Up) < 6.22 and
is almost constant K (Ug) ~ 6 for moderate velocities
Up > 6 m/s. From Fig. 7(a) is seen that although for
increased Uy an increase of K (Up) is indeed followed
by an almost constant portion for all assessed length-
to-diameter ratios L, /d, the shape of the curves differs
as function of the used length-to-diameter ratio L;/d
so that no longer a single curve is obtained describing
K (Up) for all assessed length-to-diameter ratios L, /d,
instead K (Up, L;/d) holds. Nevertheless, a threshold
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mean centreline velocity Uy &~ 4.5 m/s can be associ-
ated with the onset of a constant K (Up) value, which
is lower than Uy &~ 6 m/s observed on a convergent
nozzle [19]. The numerical value of K (Up) in the con-
stant portion of the curve K(Up) for Uy > 4.5 m/s
as well as the shape of the increasing curve portion
for Up < 4.5 m/s depends on the applied length-to-
diameter ratio L;/d.

In Sect. 4, it is argued that the applied length-
to-diameter ratio L;/d influences flow development
mainly governed by boundary layer growth in the
extension tube for L;/d > 1.2 and by flow separa-
tion downstream the diffusers throat for L;/d = 1.2.
Therefore, the found dependence of the decay coeffi-
cient K (Up) on the used length-to-diameter ratio L, /d
reflects differences in centreline decay associated with
different jet flow development. For L;/d = 1.2, flow
separation along the diffuser walls results in jet for-
mation or flow instabilities, which favour velocity de-
cay so that K(Uy) is decreased compared to values
associated with L;/d > 1.2. For L;/d > 1.2 the high
initial flow turbulence intensities indicate the pres-
ence of small scale turbulence structures which limit
flow entrainment and hence centreline velocity decay.
Nevertheless, the size of the flow structures is influ-
enced by the length-to-diameter ratio L;/d as shown
by the difference in initial centreline turbulence inten-
sity and its centreline evolution. As the initial centre-
line turbulence intensity decreases the centreline ve-
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Fig. 7 Velocity decay constant (a) K(Up) and (b) K(Up) for L;/d = 1.2 (e), L;/d =4.4 (<), L;/d =7.2 (o), L;/d =20 (+). As
a benchmark K (Ujp) tendency reported for a convergent nozzle [19] are added in Fig. 7(a) (convergent). The vertical dashed line
indicates Uy = 6 m/s which is reported as a threshold velocity in [19] so that for Uy > 6 m/s K remains constant. In Fig. 7(b) the
vertical dashed line indicates the threshold velocity U, = 3 m/s so that for U, > 3 m/s K can be approximated by a constant. Note
that in this case the constant depends on the used length-to-diameter ratio L, /d

Table 4 Comparison of centreline mean velocity coefficients xo/d and K of current and previous studies of round free jets

nozzle Rey, xo/d K
Wygnanski et al. [33] convergent 10° 3 5.7
Panchapakesan et al. [24] convergent 1.1 x10* -2.5 6.06
Mi et al. [22] convergent 1.6 x 10* 3.5 4.48

long pipe 1.6 x 10* 4.73 4.64
Xu et al. [34] convergent 8.6 x 10* 3.7 5.6

long pipe 8.6 x 10* 2.6 6.5
Hussein et al. [17] convergent 9.5 x 10* 4 5.8
Fellouah et al. [10] convergent 3 x 10* 2.5 5.59
Quinn [26] convergent 1.84 x 10° 2.15 5.99
Malmstrom et al. [19] convergent 6500 < Rep < 9.7 x 10* —0.3<x9/d <4.0 38<K <6.22
current extended diffuser 1132 < Rep <9054 0.02 <x0/d <0.19 0.11 <K <45

locity decay decreases as well, corresponding to in-
creased values of K(Up). Consequently, for a fixed
mean centreline velocity Uy, a decrease of the length-
to-diameter ratio L;/d results in an increase of the
turbulence intensity and therefore in a decrease of
the decay parameter K. The described flow develop-
ment and its influence on the estimated decay coeffi-
cient K is in agreement with the evolution of K (Up)
described in [32] for a single bulk Reynolds num-
ber.

The current data suggest that for moderate initial
turbulence intensities ug/ Uy < 20 % and for Uy >
4.5 m/s,ie. L;/d > 7.2, K and Uy can be correlated
in a single way regardless the used length-to-diameter
ratio L;/d. The found turbulence level ug/ Uy < 20 %
confirms findings reported in [19, 23] for a convergent
nozzle where increasing the turbulence intensity from
4 to 10 % did not alter the decay coefficient K. Al-
though, a functional relationship K (Up) is shown not
to hold for high turbulence intensities, u/ U, > 20 %,
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Fig. 8 Summary of asymptotic behaviour of decay coeffi-
cient K (Up) for a convergent nozzle [19] and decay coefficient
K1 (Up) for the extended conical diffuser under study

due to shortening of the extension length L;/d or due
to increasing the Reynolds number Rej,. Therefore an-
other expression is sought to compensate for the differ-
ences in flow development expressed by differences in
initial mean transverse velocity profiles at the nozzle
exit or by differences in centreline turbulence intensi-
ties. The variation of initial mean transverse velocity
data leads to the broad range of initial mean centre-
line velocity values Uy associated with a single bulk
Reynolds number Rej, and hence a single bulk velocity
Uy, Therefore, it is proposed to insert the ratio Uy/ Up,
in Eq. (1) describing the mean centreline velocity de-
cay U, (x) resulting in an expression correlating U, (x)
to the bulk velocity Uy as:
Uc(x) d

K )
Up X — X0

&)

in which K1 (Up) = % provides an alternative decay
constant to K (Up).

Resulting alternative decay coefficients K1 (Up) are
illustrated in Fig. 7(b). As for K (Up), the decay con-
stant K1(Up) is seen to decrease steeply from an ap-
proximately constant value for U, < 3 m/s for all as-
sessed length-to-diameter ratios. Consequently, a sin-
gle threshold value Uj =~ 3 m/s is found in order to de-
scribe the asymptotic decay behaviour using Eq. (5).
Approximate constant K(Up) values are seen to de-
crease for decreasing L;/d ratio, indicating that no
single asymptotic value is reached as observed for
K (Up) for low initial turbulence intensities measured
for L;/d > 7.2 and Uy > 4.5 m/s or as observed for
a convergent nozzle for Uy > 6 m/s [19]. A schematic
overview of K (Up) and K (Uyp) is given in Fig. 8.

The values for K(Uy > 4.5 m/s) and K{(Up >
3 m/s) associated with the constant portion in Fig. 7
are correlated with the initial centreline turbulence
intensity at tube outlet uy/ Uy, i.e. ug/ Uy € {7, 18,
35,50} % for L;/d € {20,7.2,4.4,1.2}. Resulting
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Fig. 9 Asymptotic velocity decay constants K (x) and K
(+) as function of initial streamwise turbulence intensity uq/ Uy
which yields 7, 18, 35 and 50 % for L, /d equal to 20, 7.2, 4.4
and 1.2, respectively. The vertical dashed line corresponds to
an initial centreline turbulence intensity ug/ Uy = 20 % below
which the decay constant K approximates a constant value. In
addition, the linear approximation K; &~ —0.052 x ug/ Uy + 4.5
is plotted (full line)

K (uog/Up) and Kj(ug/Up) are shown in Fig. 9. The
self-similar behavior for K (Up) resulting in K (Up) &
4.3 is observed for Uy > 4.5 m/s and ug/ Up < 20 %.

Furthermore, current data suggest that the relation-
ship K1(uo/Up) can be approximated by a linear ad-
hoc relationship K1 (Up),

uo\ Uy
K1<U0> ~ —0.052 x Us +4.5, ©6)
to within 5 %. Consequently, expressing the decay
relationship as function of Uj rather than Uy allows
to approximate the decay coefficient K1 by using the
proposed linear relationship as function of the initial
centreline turbulence intensity regardless the length-
to-diameter ratios L;/d. The mean centreline velocity
decay for Uj > 3 m/s is than given by Eq. (5) for both
L; > 1.2 and for L, = 1.2 despite the outlined differ-
ences in flow development mechanisms. This is not the
case when expressing the decay as function of Uy fol-
lowing Eq. (1).

5.2 Potential core extent

The potential core extent xp. is defined as the ab-
scissa corresponding to the intersection point of the
line U.(x) = Uy with the extrapolated decay portion
of the mean centreline velocity discussed in the pre-
vious section [29]. Application of this definition of
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the potential core extent requires a-priori knowledge
of the mean centreline velocities. Moreover, applying
this definition lacks robustness since e.g. jet forcing or
the passage of large coherent structures might cause
U.(x) # Up upstream from the end of the potential
core for x < xpc. The same drawbacks can be formu-
lated for derived threshold based definitions such as
Uc(x = xpc) = p x Up with p indicating a fixed ratio
of Up, e.g. p =0.95 [2].

A second approach to estimate the potential core
extent x . consists in applying the definition U.(x =
Xpe) = Up to the decay model presented in Eq. (1) in-
stead of to the measured mean centreline velocity data.
This results in the following expression for x :

Xpc — X0
d
Itis seen from Eq. (7) that the potential core extent x .
can only be determined in case the decay coefficient K
and virtual origin x¢ are known so that the drawback
of a-priori knowledge is not eliminated. Note that the
same remark holds in case the alternative decay rela-
tionship Eq. (5) is used requiring a-priori knowledge

of K and xg.

A third alternative x . estimation is derived assum-
ing a Gaussian transverse velocity profile of the jet
and streamwise constant momentum [19]. The total jet
spreading angle 6, depicted in Fig. 3, becomes than:

6 052
tan— = —— ®)
2 Ky

=K. 7

where K,, denotes a transverse centreline decay co-
efficient. A local Reynolds number Re, s along the
centreline is defined as

Uc(x/d) X dx/d

Vv

©))

where U.(x/d) denotes the measured mean stream-
wise local centreline velocity and d,/q the local jet
width as depicted in Fig. 3. The local jet width d, 4
is easily estimated from the jet spreading angle 6 fol-
lowing Eq. (8) as dy/q =27 x tan % + d. Note that the
jet spreading angle 6 determines the decay constant
K, following Eq. (8).

The local Reynolds number Re, /; exhibits a max-
imum at x = xpux along the centreline. The occur-
rence and position of a maximum is easily under-
stood since on one hand the local jet width dyq(x)
increases downstream from the nozzle exit whereas on
the other hand the mean centreline velocity is almost
constant U, ~ Uy inside the potential core x < x ¢
and decreases U, < Uy downstream from the poten-
tial core extent x > xp.. The evolution of the local
Reynolds number Re, /4 and the occurrence of a max-
imum is illustrated in Fig. 10 for Rep, = 2263 and
Rep = 7922 for all assessed length-to-diameter ratios
L;/d. A maximum at the nozzle exit x = 0, such as
occurring for L;/d = 1.2, is interpreted as the absence
of a potential core as is indeed the case for L;/d = 1.2
as discussed in Sect. 4.

The position xpax Of the local Reynolds number
Rey/q depends on the spreading angle 6. Increas-

Reyjq =
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Fig. 11 Comparison of the estimated position of the end of the potential core x . obtained with the maximum Reynolds criterion for
0 = 4.5°(+) and with the threshold criterion for p = 0.95 (x) for Re, =2263 and Re;, = 7922

Table 5 Overview of empirical criteria in order to predict the potential core extent x .

Procedure Criteria Required data Major drawback Major advantage
threshold Uc(x =xpc) > p x Up mean centreline — not robust simple
with0.9<p<1 velocities U, (x) — U¢(x) data or modelled
data (Eq. (5) and Eq. (6))
decay Xpe = Kqyd + xo Uq.(x) + asymptotic values K1y and use of asymptotic
estimation of Xp are not unique for xo and K (Up) or
K(]) andxo Ub <3 m/s % and K](Ub)
ug/ Uy > 20 %
maximum Rey,,./a = max(Reyx/q) Uq(x) U, (x) data or modelled robust
Reynolds with 6 = 4.5° data (Eq. (5) and Eq. (6))

ing 6 results in a downstream shift of xpax regard-
less Reynolds number Rej, and length-to-diameter ra-
tio L;/d. The local maxima associated with a con-
stant total spreading angle 6 = 4.5° in accordance
with the spreading angle expected for a turbulent
jet [30], i.e. Ky, = 14 following Eq. (8), provides an
approximation of the potential core extent for all as-
sessed Rep and L;/d so that xyax (6 = 4.5°) ~ xp¢
holds. Figure 11 compares estimations of the poten-
tial core extent x . obtained with a threshold criterion
Uc(x = xpc) = 0.95U¢ and obtained with the max-
imum Reynolds number criterion xmax (0 = 4.5°) ~
Xpe-

Both estimations of the potential core extent x .
agree to within twice the longitudinal spatial step in
the measurement, i.e. Ax/d = 0.4. The potential core
extent increases as the length-to-diameter ratio L;/d
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increases and decreases as the Reynolds number Re),
increases as qualitatively discussed in Sect. 4.2. The
Xmax criterion predicts the absence of a potential core
i.e. xpc =0 for L;/d = 1.2. Therefore, xpmax obtained
with a total spreading angle 6 = 4.5° provides an alter-
native criterion to estimate the potential core, at least
for the Rep, range and L, /d range under study.

A summary of different criteria is given in Ta-
ble 5. Note that measured mean centreline velocities
U.(x) can be replaced by modelled centreline veloci-
ties in case U, > 3 m/s holds, by using the decay re-
lationship given in Eq. (5) and the linear relationship
K1(Up) given in Eq. (6) so that no centreline measure-
ments are required. Obtained values of x,. matches to
within 1 %.
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Table 6 Empirical asymptotic values averaged for Rej, > 5659
of the potential core extent x,./d and velocity decay coef-
ficient K as function for length-to-diameter ratios L;/d =
{1.2,4.4,7,2,20}

L,/d 1.2 4.4 7.2 20
Xpe/d 0 2.8 3.8 4.4
K 1.3 32 4 4

5.3 Mean centreline velocity modelling

The decay behaviour and potential core extent outlined
in the previous section are applied in order to model
the centreline mean velocity by applying the decay
equation given in Eq. (1). For each assessed length-to-
diameter ratio L;/d the values for the potential core
extent x,. and asymptotic decay coefficients K (Uop)
obtained for Rej, > 5659 are averaged. Resulting val-
ues as function of length-to-diameter ratio L;/d are
summarised in Table 6.

The values of xp. and K given in Table 6 are ap-
plied to model the mean centreline velocity U, (x) for
a known outlet centreline velocity Uy and length-to-
diameter ratio L,/d. Consequently, K and x,. are
used as constant model parameters for all assessed
length-to-diameter ratios L;/d and Reynolds num-
bers Rey.

Furthermore, inside the potential core x < x . the
mean centreline velocity is assumed to remain con-
stant so that U.(x < xp) = Up holds. Downstream
from the potential core x > xp. the mean streamwise
velocity decay is modelled following Eq. (1). In order
to apply Eq. (1) the decay coefficient K and virtual
origin xo need to be known. The decay coefficient K
is set to the constant value given in Table 6 so that
K depends only on L;/d and not on the initial mean
centreline velocity Up. The virtual origin x( follows
immediately from Eq. (7) as xo = xp. — Kd.

The simplified model of the mean centreline veloc-
ity is applied to all bulk Reynolds numbers using em-
pirical asymptotic constant values for the model co-
efficients K and x,.. Modelled and measured mean
centreline velocities are illustrated in Fig. 12(a) for
Rep = 2263 and in Fig. 12(b) for Rep = 7922. De-
spite the simplicity of the model approach, the over-
all model error smaller than 10 %. Despite the as-
sumption of constant model coefficients derived for
Rep, > 5659 no increase in model error is found when
the model is applied to Rep < 5659. In addition, the

o measured
u.=U,

0 10 20 0 10 20

0 10 20 0 10 20

0 10 20 0 10 20
(b) Reb = 7922

Fig. 12 Comparison of the measured normalised mean centre-
line velocity U./ Uy (o) at (a) Rep = 2263 and (b) Re, = 7922
for L;/d = {1.2,4.4,7.2,20} with U./Up =1 for x < xpc
(dashed line) and Eq. (1) for x > xp. using K and x. values
summarised in Table 6 (solid line)

model can be applied to data obtained for extension
lengths L;/d = 1.2 as well as L;/d > 1.2. Conse-
quently, the outlined model provides a simple estima-
tion of the centreline velocity decay in case of ex-
tended conical diffusers with length-to-diameter ra-
tio 1.2 < L;/d < 20 and moderate Reynolds numbers
Rep < 10%.

6 Conclusion

The mean streamwise centreline velocity of an ax-
isymmetrical jet issuing from an extended diffuser is
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experimentally studied for low length-to-tube diam-
eter ratios 1.2 < L;/d < 20 and for moderate bulk
Reynolds numbers Rej, < 10*. The following conclu-
sions are made:

e For L;/d = 1.2 the mean transverse velocity profile
at the nozzle outlet is governed by complete or par-
tial flow separation along the walls of the diffuser.
For L;/d > 1.2 the mean transverse velocity pro-
file is mainly governed by boundary layer growth
in the uniform tube extension of length L;. More-
over decreasing the extension tube increases the ini-
tial centreline turbulence intensity uo/ Up due to the
presence of the upstream diffuser.

e Decreasing the extension tube decreases the mean
streamwise centreline velocity decay constant
K (Up). It is shown that no single asymptotic value
of K(Up) is reached in case the initial streamwise
turbulence intensity ug/ Uy > 20 %.

e An asymptotic value of the mean centreline velocity
decay coefficient, expressed as function of the bulk
velocity K(Up) by introducing the ratio U/ Uy, is
obtained for all assessed L;/d for U, > 3 m/s. Ac-
counting for the ratio Uy, /Uy allows to compensate
in a crude way for different initial conditions at the
nozzle exit.

e Furthermore, expressing the asymptotic mean cen-
treline velocity decay coefficient as function of the
bulk velocity
K1 (Up) allows to approximate the decay as a func-
tion of initial turbulence intensity uy/ Uy by a linear
relationship which holds for U > 3 m/s regardless
the length-to-diameter ratio L;/d. The existence of
a linear relationship for different nozzle geometries
needs further validation.

e Decreasing the extension tube shortens the poten-
tial jet core extent due to the increased instability of
the jet. In addition, an ‘ad-hoc’ criterion is proposed
to determine the potential core extension x . as the
maximum local Reynolds number along the centre-
line using a constant total jet spreading angle at the
tube outlet of 6 =4.5°.

e The previous observations are combined to provide
a simple model with neglectable computational cost
of the mean centreline velocity for known initial
mean centreline velocity Uy and length-to-diameter
ratio L, /d. Despite some crude approximations the
model outcome has an error smaller than 10 % for
all assessed geometrical and flow conditions.
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