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Influences of initial velocity, diameter and Reynolds
number on a circular turbulent air/air jet*
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This paper assesses the suitability of the inflow Reynolds number defined by Re, = UoD/v (here U, and D are
respectively the initial jet velocity and diameter while v is kinematic viscosity) for a round air/air jet. Specifically an
experimental investigation is performed for the influences of U,, D and Re, on the mean-velocity decay and spread coef-
ficients (Ku, K) in the far field of a circular air jet into air from a smoothly contracting nozzle. Present measurements
agree well with those previously obtained under similar inflow conditions. The relations K, « U, and K, « 1/U, for
U, < 5 m/s appear to work, while each coefficient approaches asymptotically to a constant for U, > 6 m/s, regardless
of the magnitudes of Re, and D. It is revealed that Re, may not be an appropriate dimensionless parameter to char-
acterize the entire flow of a free air/air jet. This paper is the first paper that has challenged the suitability of Re, for

turbulent free jets.
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1. Introduction

Although the influence of Reynolds number
on the development of a jet has been widely
investigated,[! =21 this topic remains to be highly
interesting and also challenging to the turbulence
research community. This is mainly because the
boundary-layer properties at the nozzle exit are known
to depend significantly on the Reynolds number Re,.
It is difficult to separate the direct effect of Re, on the
development of a jet from those translated from its in-
fluence on the exit boundary layer. Zaman!! found
that the initial turbulence intensity and boundary-
layer growth of a circular jet is a function of Re,.
His measurements showed that the boundary layer is
initially laminar at Re, < 10° but becomes nominally
turbulent when Re, > 2.5 x 10°. However, these crit-
ical values were determined for a particular nozzle of
only one diameter and may not apply to various noz-
zles of different sizes or geometric profiles. Hence, Re,
exerts not only a direct influence on the turbulent mix-
ing field, through the relative significance of viscous
and inertial forces, but also an indirect effect via mod-
ifying the initial conditions (e.g., the boundary layer
thickness).
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There are several previous investigations of the
effect of Re, on a circular jet. Dimotakis et al.,[?!
assessed the scalar-mixing fields of circular jets at
Re, = 2.5 x 10 and 10* and found a transition
in mixing behaviour for Re, on the order of 10%.
Miller and Dimotakis[® confirmed that the root-mean-
squared (rms) scalar fluctuations decrease with the
increase in Re, and converge to an asymptotic state
for Re, > 2.0 x 10* and a homogeneous, chaotic and
well-mixed state. Likewise, Gilbrech® found that the
asymptotic state of the mixing field occurs at Re, ~
2.0 x 10* or beyond. Koochesfahani and Dimotakis!®!
used scalar images of laser-induced fluorescence (LIF)
at Re, = 1.75 x 10% and 2.30 x 10 and showed quali-
tatively a better-mixed state at the larger Re,. Simi-
larly, Michalkel found that the growth of instability
waves in jet shear layers can be reduced dramatically
when the Reynolds number is increased. Oosthuizen!”
measured the flow of a circular jet at a low Reynolds
numbers and found that both the mean and turbu-
lence fields depend strongly on Re, for Re, < 10%.
Bogey and Bailly!®! used large eddy simulations (LES)
of a circular jet (1.70 x 10 < Re, < 4.0 x 10°) and
showed that as Re, is decreased, a jet develops more
slowly within the potential core, but more rapidly fur-
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ther downstream. Their jets achieved self-similarity
closer to the exit plane at low values of Re,, a finding
which agrees well with Pitts!®) for turbulent circular
jets measured for Re, = 3950-11880.

In the self-similar region of the mean flow of a
circular jet, the centreline velocity U, and half-radius
R, at which the local mean velocity is U./2, should
vary with z respectively in the following fashions (e.g.,
Ref. [12]):

U./)U, =K,D/(x — x,), (1)
R./D = K,(x — x,)/D. (2)

Here x,, and x,- are the corresponding virtual ori-
gin locations for U, and R,, (conceptually these should
be identical, but this is rarely the case). Many pre-
vious investigations, e.g., Refs. [10]-[12], have vali-
dated these self-similar relations. Our measurements,
to be reported later, suggest that they are valid in the
present jets for /D > 10 ~ 20.

Panchapakesan and Lumley!'® and Hussein et
al.' indicated that at sufficiently high Reynolds
numbers, the decay and spread rates (K, K.) should
be approximately independent of Re,, but they did
not suggest a critical Reynolds number, Re.,, above
which this independence occurs. Based on the previ-
ous work, nevertheless, Popel'? concluded in his text
that “the mean velocity profile and the spreading rate
are independent of Re,” “in the self-similar region
(/D > 30) of a high-Reynolds number turbulent jet
(Re, > 10%)”. Some evidence might appear in Fig. 1
(but only when each dataset from a single nozzle is
viewed separately), which shows previous results for
K, obtained, typically at z/D > 20, by various inde-
pendent studies.
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Fig. 1. The effect of the exit Reynolds number on the ve-

locity decay coefficient K. Symbols: V, D = 40 mm;[*3]

o, 80 mm;13] [ and A, 150 mm;[13] others for eight data

points. (10-12]

Despite a seemingly general consensus for the crit-
ical values claimed by Popel'? and Dimoatkis et al.l
among others, the measurements of Malmstrom et
al.'3 and Mi et al.' are somewhat at odds on this
conclusion, (see Fig. 1). Malmstrom et al. system-
atically measured the centerline velocity in low-speed
(not necessarily low-Re,) air jets issuing from a range
of nozzle diameters. It can be deduced from Fig. 1
(or Fig. 6 in Ref. [13]) that as D increases, the critical
Reynolds number Re., increases and does not appear
to exhibit an asymptotic convergence based on the D
variation. They further demonstrated that the mean
velocity decay rate scales better with U, than with
Re,. However, they admitted that the reason for the
result “is not clear”, which provides the motivation
for the present study. Our objective for this paper
is twofold: (i) to check by new experiments whether
the observations of Malmstrom et al.['3] are valid; and
(ii) to provide a fresh perspective on the influence of
the Reynolds number on the far-field development of
a circular jet.

2. Experimental details

The apparatus in which the present experiments
were performed consisted of a fan, a settling cham-
ber and a smooth contraction nozzle discharging into
a large laboratory room. The settling chamber was
1 m long and 0.4 m in diameter. Fine mesh screens
were placed inside the chamber to produce a uniform
velocity profile and reduce the turbulence level. To
fulfil the objectives of the study indicated above, we
employed three nozzles of different exit diameters, i.e.
D = 10, 20, and 50 mm. Note that the nozzle exit
of D = 20 mm is flush with a flat plate of 200 mm
in diameter whereas the other two are not. The exit
turbulence level was less than 1.0% for the jets issuing
from the three nozzles.

The streamwise velocity U was obtained with a
single hot-wire (5-pum tungsten; ~ 1 mm long) probe
with an overheat ratio of 1.6. Calibrations of the probe
were carefully performed at the nozzle exit plane or
using a special nozzle for low speed cases, before and
after each set of measurements. The signals from the
anemometer circuit were offset, amplified and then
digitized on a PC using a 12-bit A/D converter. The
sampling frequency was set at 9.2 kHz and each record
duration was in the range 40 s—50 s. The measure-
ment uncertainty of the mean velocity was estimated

to be within 1%. The crosswise measurements at a
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number of x locations determined the centreline mean
velocities (U.), used to obtain the decay coefficient K,
and the half-radius R,, a radial location at which the
mean velocity U = U,./2, which was used to obtain
the spread rate K, (Eq. (2) in Section 1).

3. Results

Figure 2 presents the Re, dependence of the de-
cay coefficient K, for the present data (D = 10 mm
and 50 mm) along with those of Malmstrom et al.['%]
(D = 40, 80, and 150 mm) and of Nottagel'®! (D =
150 mm). It is demonstrated that, as Re, is increased
from below 3000, K, decreases until Re, reaches the
critical value (Re..). However, it is also clearly ev-
ident that Re.. increases as D is increased. This is
shown in Fig. 3, which plots the values of Rec,, esti-
mated from Fig. 2 (dashed vertical lines), as a function
of D/D, (taking the reference diameter D, = 1 m).
Although some scatter is apparent, as is expected in
combined data from three different experiments, the
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six points conform reasonably well to the line of best
fit, Rer ~ 3.85 x 10°(D/D,). This suggests that
Re., occurs at a critical value of the exit velocity,
Uy =~ 3.85 x 10°v/D, =~ 5.8 (m/s), independent of
D. This value of U, agrees well with U, ~ 6 m/s
suggested earlier in Ref. [13]. (Note that the air vis-
cosity was taken to be v &2 1.5 x 1075 m?/s in all the
cases, given that air at room temperature was used
for all the six jets).

To assess the generality of this result more prop-
erly, all the available data of K, are plotted against
U,/U, in Fig. 4, where U, = 6 m/s is the refer-
ence velocity. Very good agreement between all the
datasets is evident, providing strong evidence of the
dependence of K, on U,, rather than on Re,. The
asymptotic convergence of K, appears to occur at
a critical value of U, = 6 m/s (refer to inset of
Fig. 4).
strong, because it is consistent for all 54 cases taken

The evidence for the observation is very

from the six independent investigations cited above
— all from smooth contraction nozzles with or with-
out a flat surface placed at the exit. There appear
to be only two exceptions shown in the figure; i.e.,
the results obtained by Todde et al.l*®l and ourselves
for D = 20 mm. However, these exceptions can be
explained very well. While we placed a flat dish of
200 mm at the nozzle exit, Todde et al.'8! employed
a smooth contraction nozzle flush with a wall. Their
centreline velocity measurements were performed in a
jet at several very low exit velocities varying between
U, = 0.3 m/s and U, = 2.5 m/s whereas ours were
taken at U, = 3 m/s—15 m/s. The corresponding data
of K, in Fig. 4, are obviously higher than those from
the cases without exit surface, even at U, > 6 m/s.
Abdel-Rahman et al.l7 showed that the presence of
an exit surface can reduce the jet entrainment of am-
bient fluid and thus the centreline velocity decay by
about 20%.
al.’s data and our own for D = 20 mm in fact provide

By taking this into account, Todde et

a good support for our above analysis regarding the
dependence of K, on U,.

Two further interesting observations can be made
from Fig. 4. Firstly, when U, > U, = 6 m/s, K,
asymptotically approaches to a value that is quite in-
sensitive to the jet initial conditions, when taking into
account experimental uncertainties. The low sensitiv-
ity is reflected in the narrow band of variation of the
asymptotic values of K, (5.6 to 6.2) even though the
data were obtained in many independent investiga-
tions. That is, while these jets all issued from smooth
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contraction nozzles, they were otherwise investigated
under different initial and boundary conditions, e.g.,
different nozzles, different rooms and even different
measurement techniques. It is therefore deduced that
other initial conditions should not exert a strong influ-
ence on the self-similar mean-flow characteristics. The
second significant, and perhaps surprising, observa-
tion is that for the low exit-velocity cases of U, < U,
the decay coeflicient K, is found to be linearly cor-
related (at least to the first-order accuracy) with U,
regardless of Re, or D. Taking together, these data
imply that K, depends primarily on U,, not Re,, for
those jets issuing from smooth contraction nozzles,
and any other dependencies are of the second order.
This supports the earlier finding['! that the mean ve-
locity decay rate scales more appropriately with U,
than with Re,.

8 H— T T T T T T T

U, / U,

Fig. 4. Dependence of K, on U,. Symbols: H, present
(D = 20 mm with a dish at the exit); x, Todde et al.;16]
others (see Figs. 1 and 2). Reference velocity U, = 6 m/s.

Next, we assess whether similar observations can
be made in relation to present measurements of the
spread rate K,. Indeed as demonstrated in Fig. 5,
the present values of K, are of a decreasing function
of U, for U, < U, and converge asymptotically to
a constant (K,,) at higher U,. The constant K,
is approximately 0.097 for the cases of D = 10 mm
and 50 mm, while it is 0.84 for D = 20 mm with
The present value of K,, ~ 0.097

for U, > U., agrees well with the literature results

an exit surface.

as indicated by the averaged value (& 0.095), esti-

[10,11] Thig finding again sup-

mated from earlier work.
ports the second-order influences of other initial and
boundary conditions on the far-field properties when

Uo > Ug.
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Fig. 5. The dependence of spread rate K, on U,. Refer-
ence velocity U, = 6 m/s.

4. Discussion

First we seek an explanation for the dependence of
K, and K. on U, for U, < Ug,. In general, for low-Re,
flows, the range of turbulence-kinetic-energy (k) con-
taining scales and that of the k-dissipation (¢) overlap
so that ¢ ~ vk/L?, where L is the characteristic length
scale of the mean flow, e.g., R, for circular jets, (see
Ref. [18]). Similarity analysis for a circular jet™"!] finds
that, in the far-field, K,, = dR,/d2 ~ eR,(k*U.)~!.
It follows that K, ~ v/(U.R,). The momentum con-
servation requires that (U.R,)? ~ (U,D)? or U.R,, ~
U,D. Also, it follows from Egs. (1) and (2) that
K.K, ~ U.R,/(U,D) ~ constant, assuming that
2z, = x,. We hence obtain that

Ky = C[(U,D)/v] = Ci Re,, (3)
K, = Ca[v/(U,D)] = C2/Re, (4)

where C7 and Cy are independent of Re, = U,D/v
(but not necessarily independent of U, and D). These
results qualitatively corroborate those for the laminar
jet, (see Schlichting!'l). Tt appears from Fig. 2 that
equation (3) receives some support from all the data
obtained at U, < 6 m/s, though not obvious. How-
ever, more clearly from Figs. 4 and 5, equations (3)
and (4) should reduce to

Ku = OiUm (5)
K, = Cy/Us, (6)

where C] and C) are independent of all Re,, U, and
D. In other words, equations (5) and (6) should be
valid for U, < 6 m/s when a circular air/air jet is
issued from a smooth contraction nozzle of any diam-
eter.
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Next, we assess the above observations in the
light of traditional knowledge. Consider the general
equations governing momentum transport in turbu-
lent flows. The equations of the mean momentum in
a statistically steady, non-reacting turbulent flow may
be written as (e.g., Ref. [12])

—8ﬁj_ 0 <8U])_8uzu]_

1 0p
Ui 8% a Vaxi 8:51 0

dx;  pox;’

(7)

using standard Cartesian tensor notation and summa-
tion on repeated indices (i or j = 1, 2, 3). In Eq. (7),
U and p are the mean velocity and mean pressure, re-
spectively; u is the velocity fluctuation relative to the
mean value; p is density and v is the kinematic viscos-
ity (or momentum diffusivity). The over-bar denotes
time averaging and the equations are subject to the
assumption that p and v are constant. Normalization
of the equations by the reference scales of velocity (U,.)
and length (L,.), which are constant for each particu-
lar flow, leads to the following non-dimensional form:

U*(?U; 10 (E)U;) _ Oujui  9p*

ox* ox*’ (8)

¢ J

‘ ox; - Eamf Ox} B

In Eq. (8), U™ = U/Us, u* = /U, p* = p/pU?,
and z* = x/L,; the Reynolds number is defined as
Re="U,L,/v.

Equation (8) indicates that the mean velocity
properties (normalized) of any two similar turbulent
flows with the same boundary conditions (normalized)
should be identical if their corresponding values of Re
are equal, regardless of their spatial dimensions. The
common assumption for a circular jet that U, = U,
and L, = D would imply that, if the initial and
boundary conditions of turbulent circular jets are sim-
ilar, the corresponding values of K, and K, should de-
pend only on Re, and collapse onto a single curve for
various nozzles in different sizes. It is, however, clear
that this assumption is contradicted by Figs. 1-5, at
least, for air turbulent jets. Namely, the tradition-
ally defined Reynolds number may not be appropriate
to characterize the circular jet. Hence we must con-
sider alternative assumptions. For instance, the other
length scale at the exit of a smooth contraction nozzle
is likely to be the boundary layer thickness §. For a
sufficiently large contraction ratio of similar profile, §
is expected to depend on U,. This suggests that the
d-based Reynolds number Res may be a more appro-
priate parameter for controlling the development of a
jet, rather than the traditional Re,. Nevertheless, this
is proposed to be examined in future by experiments.

Another point is also worthy to making from
Eq. (8). That is, for sufficiently-high- Re flows or when
Re > Reg,, strict matching of Re is not necessary for
nearly identical solutions of the momentum equations
since in these cases the first term on the right-hand
side of Eq. (8) becomes negligible and their mean ve-
locity field (normalized) should thus be nearly inde-
pendent of Re. This gains some support from the
present and previous measurements, but is subjected
to the measured jets issuing from the nozzles of identi-
cal diameter (see Fig. 2). Figure 3 demonstrates that
Re., depends strongly upon the nozzle diameter D, al-
though the jets may have nominally the similar initial
and boundary conditions.

Furthemore, a sensible reason for the deduction
that U, controls the development of a jet, rather than
Re,, may be found by virtually considering two air jets
under the same Reynolds number of, say, Re, = 10°
(> 10%, the value recognized for turbulent jets, see,
e.g., Ref. [12]) but issuing from nozzles of D = 10 mm
and 10® mm (or even much greater!), respectively. The
exit velocity U, is approximately 150 m/s for the small
jet, compared with only 1.5 x 107 m/s for the very
large jet. It is readily apparent that the molecular
diffusion cannot be considered to be negligible for the
lateral spreading of the very large jet since U, is ex-
tremely small, despite the high value of Re,; by com-
parison, the molecular diffusion should certainly be
ignored for the small jet. Hence, the molecular diffu-
sion for the very large jet is supposed to make a much
greater relative contribution to the global spread and
decay, so yielding greater values of K, and K.

5. Concluding remarks

The normalized mean flow properties of a tur-
bulent round jet issuing, at least, from a smoothly
contracting nozzle appear to scale primarily with the
exit velocity U,, rather than the exit Reynolds number
Re,. Furthermore, the parameter whose critical value
determines the asymptotic rates of the jet spread and
decay for varying nozzle dimension (i.e., D) appears to
be U, but not Re,, the most likely choice by conven-
tion. As U, increases from a value well below 5 m/s,
the mean velocity decay coefficient K, and the spread
rate K, vary with U, approximately in the manner:
K, ~U, and K, ~ Uo’1 for U, < 6 m/s, and become
asymptotically constant at U, > 6 m/s.

The above behaviours have been found by the
present study (and in Ref. [13]) to occur in circular
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air/air jets issuing from smoothly contracting nozzles.
Despite that there are surely some differences in con-
traction profile and also it is not yet to know whether
the trend will extend to contractions of all profiles,
the evidence is sufficient to conclude that it is inap-
propriate to characterize the entirely free jet flow pri-
marily by the Reynolds number (Re,) based on the
exit diameter (D) and bulk mean velocity (U,), i.e.,
Re, = U,D/v. These behaviours are independent of
D and thus challenge the suitability of Re, for turbu-
lent free jets.

Finally, there are a number of relevant fundamen-
tal questions for future to address. For example, why
is the value of about 6 m/s critical for circular air-
to-air jets from a smooth contraction nozzle? Does
this observation apply generally for circular and also
non-circular free jets? What is the appropriate way
to define the Reynolds number for free air-to-air jets
when considering the failure of the conventional def-
inition? Does this apply for jets of other fluids (e.g.,
water, oil, ...)?
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