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Abstract

A novel method for the self-excitation of a flapping jet by a flexible film has been developed recently by Xu et al. (Exp. Ther.
Fluid Sci. 2019, 106, 226-233). The present work is to advance our understanding of this kind of oscillating jets by experi-
mentally examine their dependence on initial flow condition. Specifically, detailed investigations are made on characteristics
of both film flutter and jet mixing due to initially distinct flow conditions made by circular nozzles of smooth contraction
(SC), orifice plate (OP) and long pipe (LP). Present flapping jets are self-excited by a rectangular FEP film with one end
fixed at the nozzle exit. Hot wire anemometry and laser-sheet flow visualization are adopted for the present experiments.
Experimental results demonstrate that the film-flutter characteristics are considerably nozzle-dependent. In particular, the
OP nozzle yields the largest film-flutter domain and the lowest energy loss for fluttering. It is also shown that the three noz-
zles’ flapping jets exhibit substantially different mixing characteristics due to their distinct initial conditions. Specifically,
the OP jet exhibits the highest flapping Strouhal number, highest velocity decay rate, strongest relative turbulence intensity,
and largest length scales of turbulence. And the flapping SC and LP jets are compatible in mixing characteristics. Relative to
the conventional (non-flapping) free jets, all the present flapping jets entrain and mix the surrounding fluid at a much higher
rate, consequently spreading and decaying far more rapidly. Importantly, when the flapping Srouhal number is sufficiently
high or low, the small-scale mixing appears to be enhanced or depressed by the flapping in the near field and then maintain
farther downstream.
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1 Introduction

Turbulent jets play an important role, as a method of mix-
ing different fluids, in many applications such as burners
and chemical reactors. Therefore, the control of jet mixing,
actively with external power supply or passively without
external energy supply, has always been a very dynamic
research area. To enhance jet mixing, a large body of exper-
imental work (e.g., Crow and Champagne 1971; Hill and
Greene 1977; Simmons et al. 1981; Favre-Marinet et al.
1981; Davis 1982; Parekh et al. 1983; Raman and Cor-
nelius 1995; Glauser and Walker 1988) was conducted on
jet control during 1970-1990; see Reynolds et al. (2003)
for more relevant references. There are many common
forms of active controls, e.g., acoustic excitation (Crow
and Champagne 1971; Hill and Greene 1977; Parekh et al.
1983) and mechanical excitation involving moving parts
(Simmons et al. 1981; Davis 1982). The acoustic excitation
of the jet is usually achieved through the loudspeaker in the
nozzle, using the natural coupling of flow instability and
acoustic resonance to increase the coherence and intensity
of large-scale motion (Hill and Greene 1977). Another way
to enhance jet mixing is to use a mechanically oscillating
nozzle (e.g., Simmons et al. 1981). Furthermore, the active
control of jet mixing is also studied successfully by numeri-
cal simulations (e.g., Danaila and Boersma 2000; Gohil et al.
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2015; Silva and Métais 2002; Tyliszczak and Geurts 2014;
Tyliszezak 2015).

These active excitation technologies are quite effective
in laboratory studies but are infeasible and ineffective in
practical applications due to their weight, power, and main-
tenance requirements. For practical applications, the excita-
tion techniques need to be free, without mechanically mov-
ing parts, but effective. In this context, passive methods are
more feasible. Several practical self-excited nozzles were
developed to enhance jet mixing, e.g., the flip-flop jets (Viets
1975; Mi et al. 2001a, b, c), precession jets (Nathan et al.
1998) and oscillating jets (Mi et al. 2004). These “passive
control” devices naturally excite the jet itself into oscillation
over time. Such a global oscillation is aerodynamically self-
excited, and so its generators are named ‘fluidic’ devices,
which have important applications in various process indus-
tries. In addition, it is also worthy to investigate the jet flows
controlled with fluidic devices as they involve numerous
fundamental flow features (e.g., Nathan and Luxton 1991;
Manias and Nathan 1993).

However, the above fluidic method is not flexible and
cannot adapt itself according to the actual situation during
operation. Recently, Xu et al. (2019) developed a new type
of ‘self-excited’ oscillating jets whose flapping motion is
induced by a flexible film with one end fixed at a nozzle exit.
Compared with the traditional fluidic methods, this film-
flutter jet can adapt to different working conditions easily
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by changing the size, shape, and position of the film to opti-
mize the mixing performance. Moreover, the film-flutter
jet is expected to have a much smaller pressure loss than
the fluidic nozzles. Very recently, Wu et al. (2020) further
investigated by experiment the mixing characteristics of the
film-flutter jet. Their work suggested that the jet-flapping
motion may enhance the turbulence intensity at both large
and small fluctuation scales. This, if true, would be incon-
sistent with Mi et al. (2001a) who claimed that “the dynamic
flapping motion enhances the large-scale mixing of the jet
while concurrently suppressing the generation of the fine-
scale turbulence”.

The above jet-flapping motion is induced by the flutter of
a flexible film with one end fixed at a nozzle exit. That is, our
previous studies (Xu et al. 2019; Wu et al. 2020) were both
associated with the typical problem of fluid—structure inter-
action, i.e., film flutter. In the past, the flutter of a cantile-
vered flexible plate (e.g., paper, wooden plate, mental sheet,
and plastic film) was extensively investigated in a uniform
flow made by low-turbulence wind tunnel (e.g.,Paidoussis
2016; Taneda 1968; Eloy et al. 2012). Xu et al. (2019) suc-
cessfully examined the film flutter characteristics at the
exit of a smooth contraction (SC) nozzle, which produces
nearly uniform mean velocity distribution and low turbu-
lence intensity. Note that actual fluid jets issue usually from
three different types of geometric configuration of jet noz-
zles, i.e., smooth contraction (SC), long pipe (LP), and ori-
fice plate (OP) (Mi et al. 2001b and 2001c). The SC nozzle
generates a uniform “top-hat” velocity profile and laminar
flow at the nozzle exit (Mi et al. 2001b). The LP jet is ini-
tially in a fully turbulent state from the pipe exit, where the
mean velocity usually takes a power-law profile with high
turbulence intensity (Mi et al. 2001b). In contrast, the OP
jet has a M-shaped exit velocity profile and complex vena-
contracta flow very near to the nozzle (Mi et al. 2001c¢). If a
film is attached respectively to these nozzles, the resulting
flutter characteristics are expected to be distinct, while the
corresponding flapping jets would exhibit different mixing
characteristics. This is deduced from the work of Mi et al.
(2001c¢), who directly compared the scalar fields of the SC,
LP and OP free jets and confirmed that the mixing fields of
the three jets are fairly different. In particular, the OP jet was
found to behave very differently from the other two jets, e.g.,
entraining the ambient fluid at the highest rate.

Following the above comments, the present work is des-
ignated to investigate the effects of different nozzle-exit flow
conditions on the film flutter and turbulent mixing charac-
teristics of a flapping jet. Specifically, the main objective is
twofold: i.e.,

(1) To characterize the film flutter and the jet-flapping fre-
quency when using the SC, LP and OP nozzles.

(2) To investigate and compare the turbulent mixing char-
acteristics of the flapping jets from the three nozzles
versus their non-flapping counterparts.

The rest of the paper is presented as follows. Section 2
shows experimental details including the setup and test con-
ditions. In Sect. 3, we analyze and discuss the experimen-
tal results. At last, several concluding remarks are made in
Sect. 4.

2 Experimental details
2.1 Facility setup

Figure 1 displays the present experimental facilities, includ-
ing schematics of a smooth contraction (SC), an orifice
plate (OP), and a long pipe (LP) nozzles of the exit diam-
eter D =40 mm, together with a film attached at its lead-
ing edge. A LabVIEW-based computer is used to control
the frequency converter, and further to control the voltage
of the blower to generates a desired flow rate and speed.
The blower outlet is connected to a 1.5 m long rectifier box
equipped with a honeycomb and a metal mesh to improve
the flow conditions, thereby improving data quality. The (x,
¥, z) coordinate origin is selected at the center of the nozzle
outlet, where x is the downstream distance measured from
the nozzle exit, and y is the transverse distance from the
centerline and perpendicular to the span or width of the film.
The choice of this coordinate system allows the flapping
and non-flapping (free) jets to have the same initial condi-
tions. It is worth noting that the film flaps primarily in the
y direction. The hot-wire measurement range is x/D =0-21.
The mixing characteristics of the film-flutter flapping jet
versus the free-from-film non-flapping jet (simply named
“free jet” below) are studied at the exit Reynolds number
of Re=30,000, where Re = U,D/v, with U, and v being the
jet-exit velocity and fluid kinematic viscosity, respectively.

We use rectangular films of FEP (fluorinated ethylene
propylene) with a thickness of 50 pm. Each film is fixed to
the nozzle exit using a small clip with the thickness of 1 mm
made through a 3D printer. In order to ensure the balance
of the force on both film sides, two pieces of the same clip
are used to fix the film in the nozzle middle. Attention has
been paid to minimize the influence of clips by carefully
selecting each clip. If the clip is too big, vortices may be
generated, which will affect the film flutter. Moreover, to
measure the pressure loss due to the film flutter, a differential
pressure gage is used and located upstream of the nozzle exit
as shown in Fig. 1.
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Fig. 1 Experimental facilities and schematics of a smooth contraction (SC),orifice plate (OP), long pipe (LP) nozzles with a film and the defini-

tion of the coordinate system

2.2 Flow visualization

To investigate the instantaneous flow characteristics of film
fluttering, flow visualizations are conducted using smoke
illuminated by a class I'V laser (wavelength is 532 nm with
peak power less than 10 W). The laser sheet is parallel to the
xy plane and the illuminated area extends to about 1000 mm
in the x-direction and about 500 mm in the y-direction.
Images are taken using a Canon camera (EOS 5D Mark iii)
with the focal length of 24 ~ 105 mm. The smoking is real-
ized by a fog machine, with the spray volume of 11.8 m®/s
and nozzle diameter of 1.0 mm. The mixing of the working
fluid and seeding fog occurs in a reservoir located upstream
of the stagnation chamber.

2.3 Hot-wire anemometry

To determine the flapping frequency fr and examine the
flapping-jet velocity field, a single hot-wire probe is used to
measure the streamwise velocity (U); note that the probe is
positioned through a three-dimensional coordinate control
system, as shown in Fig. 1. The tungsten hot-wire of 5 pm in
diameter and approximately 1 mm in active length is oper-
ated by an in-house constant temperature circuit at an over-
heat ratio of 1.5. The signals through the circuit are offset,
amplified and then digitized by a personal computer with a
12-bit A/D converter at a sampling frequency of 50 kHz for
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120 s. The hot-wire is calibrated against a miniature standard
pitot tube in the low-turbulence (~ 0.6%) unmixed core of
the jet from the smoothly contracting circular nozzle. Cali-
brations are performed before and after each set of measure-
ments. Third order polynomial curves are used to fit the cali-
bration data, i.e., U=ay+a,E+a,E>+ a;E> where E is the
voltage over the hot-wire at a given velocity U measured by
the pitot tube and g; (i=1~ 3) are the calibration constants.

3 Results and discussion
3.1 Initial mean and RMS velocity profiles

Figure 2a, b shows the normalized nozzle-exit mean and
RMS velocity (U/U,, and u.'/U,.) profiles obtained at
x/D=0.1 in the SC, LP and OP jets for Re=30,000. Here,
U, and U, are the exit mean velocity and its centerline
value, respectively, while the RMS u,'= <u,> 2. Fig-
ure 2a indicates distinct differences in the exit profiles of
both U/U,, and u,. /U, between the three jets. The distribu-
tions of U /U, for the three jets are similar to those of Mi
et al. (2001c). More specifically, the mean profile is shaped
like a ‘top-hat’ for the SC nozzle while that for the LP jet is
well described by the one-fifth power law which relates to a
fully-developed pipe flow. Highly notably, the profile for the
OP jet differs greatly from those of the SC and LP jets, with



Experiments in Fluids (2022) 63:81 Page50f16 81
”0 (a) mean velocity (b) RMS velocity
fe—o OP 0.15 | .
i scC i i
‘ G—o | D/—"-*D/D ﬂDﬁ 4__\_‘
15 = = LP i et \,
I | |
. 010 | \\ .
° 5 | +—<OP \\ -
~ 1.0 Z ]
® = "o o——o SC ]
= \D/\D"“ﬂ»—\, > | =—=a LP \
05| UdUg=(1-21D]) 0.05
0 I L | L | L | L | O L | L | L | L |
0 0.1 02 03 04 05 0 0.1 02 03 04 05
r/D r/D

Fig.2 Radial normalized profiles of the exit mean (U,) and RMS (") velocities obtained at x/D=0.1 in the jets issuing from the SC, LP and OP

nozzles: a U /U, and b u,/U,,

the maximum velocity being almost 1.9 times of the center-
line value and locating at /D = 0.35. Similarly, significant
distinctions occur in the initial profiles of u./U, between the
three jets. For the SC nozzle, the relative turbulence intensity
is about 0.9% at r<0.45D and ~3% in the thin shear layer
at r>0.45D. For the OP nozzle, the turbulence is relatively
higher, with u./U,, ~ 2.5% at /D <0.35 and 12% at /D =
0.4. In contrast, for the LP nozzle, the relative turbulence
intensity is generally much higher at u./U,, > 10% through-
out the exit plane. Above all, the velocity profiles shown in
Fig. 2a, b can be considered as the initial flow conditions
of the three jets that may influence the jet mixing and film
flutter characteristics.

3.2 Film flutter characteristics with different
nozzles

3.2.1 Pressure loss due to the film and its flutter

The film flutter at the nozzle exit is expected to cause some
pressure loss versus the non-film case or the free jet. We
measured the loss for varying the film length at L/D=0-2.0
in the jets at Re =30,000 using a differential pressure gage as
seen in Fig. 1. The results are shown in Table 1. For /D=0
(free jet), the pressure losses caused only by the SC, LP
and OP nozzles themselves without film are 100.4, 32.4 and
185 Pa. These pressure losses grow when attaching a film to
each nozzle exit and fluttering. On average, the loss growths
are about 3.5, 2.9 and 1.6 Pa, respectively, for the SC, LP
and OP nozzles. These small numbers indicate low energy
losses from the film flutter, which are approximately 3.5%
(SC), 10.4% (LP) and 0.8% (OP) of the pressure losses due

Table 1 Pressure loss (Pa)

under three nozzle conditions Lb SC(Pa)  APsc  Cpsc LP(Pw) APy Cpp OP(PW)  APor  Cpor

0 100.4 0 0 324 0 0 185 0 0

0.5 103.9 3.5 0.52 32.6 0.2 0.03 186.3 1.3 0.19
0.75 105.3 4.9 0.72 34.8 2.4 0.35 187.2 2.2 0.32
1.0 103.9 3.5 0.52 355 3.1 0.46 186.0 1.0 0.15
1.25 102.8 2.4 0.35 375 5.1 0.75 186.4 1.4 0.21
1.5 103.7 33 0.49 35.7 3.3 0.49 186.7 1.7 0.25
2.0 103.7 33 0.49 35.6 32 0.47 186.7 1.7 0.25
mean(L/D>0)  103.88 3.48 0.51 35.28 2.89 0.43 186.55 1.55 0.23
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Fig.3 a Long-exposure (20 s) photographs of a fluttering film and b normalized maximal amplitude (A/D) of film flutter versus Reynolds num-

ber (Re) for three nozzle cases

to the jet nozzles themselves. In particular, the least loss of
the film flutter occurs from the orifice nozzle.

3.2.2 Film flutter amptitude and domain

Figure 3a shows the photos of 20 s exposure for flutter-
ing of a film with L=1.0D fixed at the three nozzle exits.
These images were taken for six different Reynolds numbers
(Re =20,000-45,000). The maximum of the flutter ampli-
tude (A) for each case is indicated by a red line on the related
image in Fig. 3a. To examine the A-Re relationship, Fig. 3b
illustrates the normalized result of A/D versus Re. Appar-
ently, as Re rises from 20,000, the amplitude (A) reduces
first and then increases for the SC and LP cases while A
increases all the way for the OP case. It is also observed
in Fig. 3 that the OP film flutters at a significantly greater
amplitude than do the SC and LP films. The previous work,
e.g., Mi et al. (2001c), revealed that, distinct from the other
two jets, the OP jet exhibits a vena contracta immediately
downstream from the exit plane, which causes the OP jet to
flap more easily and also more widely. Hence, it is deduced
that the film can flutter in a greater amplitude in the OP jet
than in other two jets.
Figure 4 shows the critical Reynolds numbers (Re &
e.,) against L/D for the flutter domain of an FEP film.
Here, Re is the minimum Reynolds number at which the
film onsets to flutter as the jet exit speed (U,) rises, while
Re,, is that for the film to start resting as U, drops. Figure 4
demonstrates that Re,, is always smaller than Re ¢ no matter
how L is changed and which nozzle is used. This phenom-
enon is normally called hysteresis, and was considered by
Eloy et al. (2012) to result initially from an inherent flatness
defect in the plate or membrane. However, Xu et al. (2019)
took this naturally as an inertial phenomenon: whether the
film planarity is perfect or not, a film always starts fluttering
at a higher U, than that for the film to rest. Moreover, it is
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observed that as L increases, both Re; and Re_, for all the
nozzles decrease significantly. The reason for this observa-
tion is that any longer film is easier to flutter than the shorter
one, due to weakening the bending stiffness.

Figure 4d compares the film-flutter domains, or the vari-
ations of Re versus L/D, for the three nozzle cases. It is
quite evident that, overall, the flutter domain is largest for the
OP film and smallest for the LP film. More specifically, for
L/D=0.5~1.7, the film flutter onsets at lower Re ; or initial
jet speed for the OP than LP and SC nozzles.

3.3 Jet-flapping frequency and Strouhal number

While the flutter of a flexible film can be seen directly by
our eyes, Fig. 3a, an air jet and its flapping motion (if any)
cannot. However, they can be visualized indirectly by smok-
ing the jet flow. Figure 5 shows typical instantaneous images
of the smoked jets at Re =30,000 without (Fig. 5(al—c1),
(a3—-c3)) and with (Fig. 5(a2—c2), (a4—c4)) a film being
attached to each nozzle. It is obvious that a fluttering film
induces the jet to flap and then to make the jet spreading
laterally at a much larger angle than does a free jet. Never-
theless, Fig. 5 provides only a rough and overall appearance
but no detailed information about the flapping jets, from
which only visual or qualitative observations can be made.
So, we need to examine below the flapping frequency and
its dimensionless value—Strouhal number.

The previous experiments (e.g.,Paidoussis 2016; Taneda
1968; Eloy et al. 2012) showed that the film flutter is approx-
imately periodic. And so is the jet flapping, because the lat-
ter is surely synchronized with the former. It follows that the
power spectrum frequency (f) distribution (@), or simply
called spectrum, of the fluctuating velocity (u#) can be used
to determine the flapping frequency (fy). Figure 6 displays
the spectra measured at x/D =3 and Re =30,000 for the jets
from the three nozzles with a film (flapping) and without
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film (non-flapping). At first, let us inspect the non-flapping
or free jets. Evidently, a broad peak or hump occurs in @, for
either SC or OP jet but not for the LP jet. This peak is asso-
ciated with the primary vortex structures formed by natural
instability. The broad-peak frequency represents the aver-
aged vortex passage frequency (fp), whose dimensionless
value or Strouhal number can be defined by Stp = f,D/U.,.
The Strouhal numbers obtained at x/D =3 and Re =30,000
are approximately 0.61 and 0.7, respectively, for the free SC
and OP jets, as indicated in Fig. 6a, c. Very differently, the
broad peak does not appear in @ for the free LP jet, sug-
gesting few primary coherent structures to form that travel
downstream quasi-periodically. The above observations
are consistent with the findings of Mi et al. (2001c¢). These
investigators comprehensively explained what is behind the
observed distinctions, i.e., different underlying turbulence
structures in the three jets. As shown in Fig. 2, the exit pro-
file of the LP jet is of the power law of one-fifth in relation to
a fully developed pipe flow, while that of the SC jet is nearly
uniform and that of the OP jet is in the shape of M, i.e., the

mean velocity distributes axisymmetrically with its value at
the center being U, and its maximum (x1.9U,,) locating at
r/D =~ 0.4 near the nozzle edge. So, initially the OP and SC
jets have very high velocity gradients with the surround-
ing fluid so as to form, by natural instability, large-scale
coherent vortex structures in the axisymmetric and/or helical
modes which are approximately periodically shedding and
travel downstream. In contrast, the LP jet has a far smaller
velocity gradient and a much higher turbulence intensity
across the exit plane, which makes it difficult to sequen-
tially form large-scale vortex structures with the ambient
fluid. Even though there are some coherent structures, they
must be shedding aperiodically and do not occur regularly.

Now we examine the flapping-jet spectra of Fig. 6. It is
obvious that no broad peak similar to the free jet one occurs
in @ for any flapping jet, perhaps due to the global flapping
motion suppressing the occurrence of natural instability.
Instead, there are numerous sharp peaks or high spikes in
@, for all the OP, SC and LP jets. The first spike corresponds
to the flapping frequency (f). It also can be seen that all the
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coherent eddy structure

(al)

Fig.5 Instantaneous images of the smoked free and flapping jets
from a SC, b LP and ¢ OP nozzles taken at Re =30,000. Free & flap-
ping jets: (al-cl) & (a2—c2) images through the central xy plane

flapping jets have multiple frequency-multiplied peaks after
the first one, indicating a good periodicity of the flapping.
Moreover, Fig. 6 shows that f;; is significantly lower than the
vortex passage frequencies (Stp & 0.61 and 0.7) for the free
SC and OP jets.

Figure 7a demonstrates the dependence of f; on the jet-
exit Reynolds number (Re) for the three flapping jets. It can
be seen that fi; increases linearly as Re rises. Specifically,
the flapping frequency always maintains higher for the OP
jet whereas it does not exhibit any significant difference for
the LP and SC jets at all Re considered. These observa-
tions coincide with the film-flutter domain that is largest
for the OP jet and nearly identical in the LP and SC cases,
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approximately at 0<x/D <15 and — 6 <y/D< +6; (a3—c3) & (ad—c4)
images through the yz plane at /D=5 and — 6<y/D< +6

see Fig. 4d. In addition, the increase in Reynolds number
appears to weaken the influence of the exit conditions, so
that the difference in f; between the three jets becomes
smaller.

Figure 7b shows the Re-dependent flapping Strouhal
numbers defined by Stp(D) = feD/U, and Stp(A) = fpA/
U,. Evidently, as Re grows from 20,000 to 45,000, Stx(D)
increase from 0.17 to 0.20 while Stz(A) increases from
about 0.14-0.20 for the flapping SC and LP jets. By com-
parison, for the flapping OP jet, since either A or f; is
greater, its two Strouhal numbers both stand on top at any
Re, i.e., they are largest. It is also interesting that Stg(A) is
considerably greater for the OP jet (0.20 ~0.24) than for
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Fig.7 alJet-flapping frequency fi and b Strouhal numbers Stz(D) and Stz(A) versus the Reynolds number Re for the flapping SC, LP and OP jets

the SC and LP jets (0.13 ~0.20). Moreover, Stp(D) varies
less than Stp(A) with Re generally for the three jets. The
reason for this is that D is a constant whereas A varies with
Re (see Fig. 3b). In addition, both Stp(D) and Stp(A) of the
three flapping jets are substantially lower than the natural
vortex passage Strouhal number Stp for the free SC and
OP jets. This suggests that the jet flapping is such a global
motion whose scale is much (about 3X) greater than that
for the primary coherent structure developing from the
natural aerodynamic instability.

Next, the turbulent mixing characteristics of the three
flapping jets will be investigated for Re =30,000 with

different Strouhal numbers: Stx(D)=0.213 (OP), 0.195
(LP) & 0.19 (SC) or Stz(A)=0.22 (OP), 0.18 (LP) & 0.165
(SC). Of note, when Re =30,000, the natural vortex pas-
sage Strouhal number Stp = 0.61 and 0.7, respectively, for
the free SC and OP jets. Namely, Stp is around 15% higher
for the OP jet than the SC free jet. Perhaps coherently,
Ste(A) of the flapping OP jet is about 22% and 33% higher
than those of the SC and LP jets. These discrepancies will
be reflected in distinct turbulent mixing characteristics
shown below in Sects. 3.3 and 3.4.
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3.4 Mixing characteristics of flapping jets
versus free jets

3.4.1 Mean velocity and turbulence intensity

Figure 5 visually shows a huge difference in mixing charac-
teristics between the smoked flapping and free jets. Later-
ally in the y direction, the flapping jets spread out far more
widely and so occupy a much larger area than do the free
jets. In other words, the former jets entrain and mix glob-
ally with much more ambient fluid. As a consequence, it
is deduced qualitatively that, as the downstream distance x
increases, the flapping jets should decay substantially faster,
and hence their centerline mean velocity should decrease far
more rapidly, than the free jets. Indeed, it is the case, as dem-
onstrated in Fig. 8a, which shows the centerline U, /U, for
all the six jets at Re=30,000. Here, U, and U, are the cen-
terline mean velocity and its exit value. Moreover, Fig. 8b
displays the centerline turbulence intensity u, /U, where
u.’ = <u,>>"2. For comparison, the free SC jet results of
Mi and Nathan (2010) for Re= 15,000 are also presented
in Fig. 8a, b. Giving different Reynolds numbers and other
uncertain conditions, we consider a reasonable consistency
of the present results with those of Mi and Nathan (2010),
indirectly validating our hot-wire measurements.

Careful inspection finds that, for the free jets, U,
exhibits a roughly-constant portion over a short distance
immediately downstream from the nozzle exit (i.e., at
x/D <5), which corresponds to the traditionally so-called
‘potential core’ where the ‘unmixed’ fluid maintains uni-
formly at the same velocity on average. The flapping jets

(@)
L e e o L B e o e e e S 3
4o |+ OP flapping U,/ U, o K (x/ D) ¢
|+ LPflapping K~ 0.48 ]
L SC flapping > |
|~ OP free |
|o  LPfree
8 l° SC free 0.37
Q‘J v SC free, Mi[40] Flapping jet
8
o)
4 —
ol v v
0 5 10 15 20

do not have this portion due to the whole-jet oscillation.
As the flow proceeds farther downstream, Fig. 8a, all the
jets exhibit an approximately linear variation of U /U,
against the downstream distance x for x/D > 6-10; i.e.,
U,/U. > K(x/D), where the slope K represents the decay
rate of U_. A few observations can be made from the plot.
First, the flapping jets decay at much higher rates than
do the free jets. As a result, the slope K for the former
(0.32~0.48) is far greater than that (0.12 ~0.18) for the
latter. That is, relative to the non-flapping free jets, all
the present flapping jets entrain and mix the surrounding
fluid at a much higher rate. Second, close values of K or
compatible variations of U, /U, are observed in the SC
and LP jets, either free or flapping, versus a substantially
higher slope K in the OP case. In other words, when the
SC and LP jets develop downstream quite similarly, the
OP jets decay and spread out much more rapidly, no mat-
ter whether the jets are flapping or not. This is consistent
with the scalar measurements of Mi and Nathan (2010).
Consistent with the jet-dependent differences in U /U,
revealed above, Fig. 8b demonstrates significant discrep-
ancies in u.’/U,_ or the turbulence intensity between the six
jets. Very obviously, the magnitude of u,’/U, is far higher
in the flapping jets than that in the free jets. Especially,
the turbulence intensity exhibits a hump over 2 <x/D <7
in the flapping jets versus its gradual growth in the free SC
and LP jets. It is interesting that u_.’/U, shows a broader
hump in the free OP jet. As x grows further, u, /U, slowly
varies and appears to approach asymptotically to a con-
stant at x/D > 15-20. However, in the far-field flapping jets
(x/D > 20), u.’/U, remains significantly higher than in the
free jets. In the whole measured flow field, the turbulence
intensity maintains to be highest in the flapping OP jet and

(b)
0.5 —————————

04l .

0 5 10 15 20
x/D

Fig.8 a Inverse ratio (U,/U,) of the centerline mean velocity (U,) to its exit value (U,,) and b the turbulence intensity (u,'/U,) for all jets of

investigation at Re =30,000
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compatible in the flapping SC and LP jets. These findings
appear to agree very well with the results of Fig. 7 for the
jet-flapping frequency and Strouhal numbers. For instance,
Stp(A) of the flapping OP jet is about 22% and 33% higher
than those of the SC and LP jets for Re =30,000. In this
context, it is deduced that the higher the flapping Strouhal
number, the stronger the large-scale mixing. Relative to
the conventional (non-flapping) free jets, all the present
flapping jets entrain and mix the surrounding fluid at a
much higher rate, consequently spreading and decaying
far more rapidly.

(a) Present jets: x/D ~ 5

3.4.2 Probability density function (PDF) of the velocity
fluctuation

Both the mean velocity and turbulence intensity distribu-
tions of Fig. 8 partially characterize the global mixing of
each jet or display large-scale mixing characteristics of the
Jets. However, these two parameters (U,/U., u.’/U,) cannot
reflect the truly detailed mixing at different scales, especially
at the smallest level or the mixedness between the ejecting
and surrounding fluids. To assess how deep the turbulence
mixing takes place at the finest scales in these turbulent jets,
the probability density function (PDF) of u (), denoted by
P(u,), should be examined, even though it is also not perfect
for assessing the turbulent mixing. Ideally, in homogenous
turbulent flows (where the mean shear rate or mean velocity

(b) Present jets: x/D ~ 20
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Fig. 9 Probability density function of the centerline fluctuating velocity, P(u.). Present circular jets for Re=30,000: a x/D ~ 5 and b x/D = 20;
Mi et al. (2001a)’s rectangular jets for Re=15,500: ¢ x/D, ~ 9 and d x/D, =~ 23
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gradient is zero), the more closely the distribution of P(u,)
is Gaussian, the more deeply and thoroughly the smallest-
scale turbulent mixing is expected to occur; the Gaussianity
of P(u,) represents the thorough mixing in this special case.

Figure 9a, b shows the centerline P(u.) distributions
versus the Gaussian for all the present jets obtained at
x/D = 5 and 20. It is demonstrated that, at x/D = 5, P(u.)
differs from the Gaussianity for all the jets; such a differ-
ence seems greater in the free jets than the flapping ones.

Specifically, P(u,) takes the maximum distinctly on the
negative or positive sides of u, for the flapping or free jets.
This indicates that, at x/D = 5, the ejecting fluid occupies
the centerline for a longer time than the entrained ambient
fluid for the free jets, versus the opposite for the flapping
jets. Because the streamwise velocity of the ambient fluid
is much lower than that of the ejecting fluid, the free jets
show a positive skewness in their PDFs while the flap-
ping jets exhibit a negative skewness. Moreover, Fig. 9a

Fig. 10 Normalized distribu- (a)xD~5 (b) x/D ~ 20
tions of the frequency spectrum SRR L B UL AL N~ E TR T T i|||||||| T T TE
(®,) of the centerline u (r) of E 3 F ——— SCree 3
the flapping and free jets at = l . - I — LPfree |
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illustrates that P(u,) is closer to the Gaussian distribution
in the flapping jets than in the free jets. This observation
leads to a postulation that the reeling in of the surround-
ing fluid by the fast flapping motion may facilitate the
occurrence of better small-scale mixing all the way from
the near-nozzle region to the far field. Further, it can be
seen from Fig. 9a that the near-field PDF deviates more
from Gaussian for the flapping OP jet than for the other
flapping jets. This is because the flapping OP jet is most
deflected, so having the strongest large-scale mixing abil-
ity on the surrounding fluid but delayed fine-scale mixing.
At x/D =~ 20 in both the free and flapping jets (Fig. 9b),
P(u,) distributes nearly Gaussian, indicating a thoroughly
fine-scale mixing on the centerline in all the present jets.

The above observations appear to differ from those made
by Mi et al. (2001a) based on their comparisons of the
fluidic flapping jet from a rectangular slot nozzle (whose
width and height are w=8.5 mm and 2=0.6 mm) with the
free counterpart, both at Re = 15,500. They compared their
PDFs of u, in their Fig. 15, which is presently reproduced
in Fig. 9c, d. Their axial and lateral components (i, v) of
the fluctuating velocity measured at x/D, ~ 9 and 23 or
x/h = 37.5 and 96; here D, is the equivalent diameter (~
2.5 mm) of a circular exit with the same area of the rectan-
gular slot. Based on the slot exit conditions and the flapping
frequency fr=100 Hz, the flapping jet of Mi et al. (2001a)
operated at the Strouhal number of Stx(D,) ~ 2.8 x 10~ or
Stp(h) ~ 6.7x 107*. Obviously, their flapping Strouhal num-
ber is much smaller than those of the present jets (Stp(D) =~
0.19-0.22). Mi et al. (2001a) claimed that, relative to the
non-flapping one, their flapping jet enhances the large-scale
entrainment and suppresses the fine-scale turbulent mixing
simultaneously. Indeed, Fig. 9c, d demonstrates a higher
probability of the occurrence of the lowest velocity fluid
in their flapping jet than in their free jet, as indicated by the
sharp cut-off and steep drop in P(u,) on the negative u, side,
respectively, for x/D,=9 and 23. This indicates a significant
increase in the quantity of low-U fluid across the centerline
of the flapping jet all the way from the near to far field. That
is, the bias in P(u,) with low velocities should arise from
occasional appearance of the entrained, yet poorly mixed
or even unmixed, fluid parcels brought by the upstream
flapping motion. By contrast, their free rectangular jet was
much better mixed with the surrounding fluid, particularly
at the finest scales in the central region where P(u,) is nearly
Gaussian at x/D, > 9.

3.4.3 Power spectrum of the fluctuating velocity

Figure 10 compares the normalized power spectra of u, for
the flapping jets with those for the free jets; the presentation
is in the log—log form to see clearly the low-frequency por-
tion for the large-scale contribution. The normalization

taken for the plots is such that / ®*df* = (u./ U.)* where
0

f*=fD/U,. As a reference, the Strouhal numbers of the
jet-flapping (Stp(D)) and natural vortex passage (Stp(D)) are
indicated by vertical lines on the plots. Figure 9a demon-
strates that the u -spectra are much greater over the whole
frequency range for the present flapping jets than those for
the free jets in the near field at x/D =5. This appears to imply
that the flapping motion greatly enhances the near-field jet’s
turbulent fluctuations over all flow scales, including the
smallest-scale fluctuation, which perhaps boosts the fine-
scale or even molecular-level mixing between the nozzle-
ejecting and ambient fluids. Because the fine-scale mixing
is enhanced, the centerline velocity PDFs of the flapping LP
and SC jets exhibit a closely Gaussian distribution at x/ D=5
(see Fig. 9a). This enhancement should maintain farther
downstream into the far field, so that P(u.) is nearly Gauss-
ian at x/D =20, even though ®,(f*) at f* > 0.4 for the flap-
ping jets drops below that of the free jets, see Fig. 9b.

It is also worthy to note that, at f* = fD/U < 0.06, the
near-field spectrum ®? in the OP flapping jet is about 200%
greater than that in the other two flapping jets. This indicates
that the large-scale fluctuation in u, in the OP flapping jet
is much stronger. Even farther downstream at x/D =20, @}
maintains substantially higher at f* = fD/U,<0.006 in the
OP flapping jet. Nevertheless, for f* > 0.06 at x/D=35 or
f* > 0.006 at x/D =20, C[);k is nearly identical, demonstrating
statistically indistinguishable mixing motions at intermedi-
ate and small scales, for all the three flapping jets. These
observations are consistent with those made from Figs. 8
and 9, which all point to the strongest large-scale mixing of
the OP flapping jet.

To inspect the small-scale mixing, Fig. 11 displays the
spectra of u (f) normalized by the Kolmogorov frequency
fx=U.(2nn), where 5 is the Kolmogorov length scale (see
Sect. 3.4 for its definition). Since fi represents the average
frequency of the smallest-scale fluctuations of u(?), the fg-
normalized power spectrum should far more appropriately
reflect the real turbulent mixing at the smallest scales than
those of Fig. 10 (normalized by U, and D). Strikingly, the
normalized spectra of all the jets well collapse over quite
a wide range of f, i.e., nearly the entire f range for x/D =
20 and at f/fx >0.003 for x/D =~ 5. In particular, there is a
power-law region occurring in the spectrum over a certain
range of f, i.e., &, f ™ where m =~ 1.5 (as indicated on the
plots), for both the free and flapping jets. Note that the value
of m =~ 1.5 was also obtained on the jet centerline by several
previous studies of a free circular jet for widely different
Reynolds numbers (Mi and Antonia 2001; Mi et al. 2013;
Burattini et al. 2005). Interestingly, this power-law exponent
is not the famous Kolmogorov exponent of 5/3. It is worth
noting that, according to Mi and Antonia (2001), the appear-
ance of a power-law range should signify the presence of the
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Fig. 12 Centerline turbulence length scales of the flapping jets at Re =30,000 from different (SC, LP & OP) nozzles: a integral scale (I); b Tay-

lor microscale (4); and ¢ Kolmogorov length (7)

inertial range of turbulence, through which energy transfers
down independently of viscosity from large to small scales.
As a reference, the normalized model Kolmogorov spec-
tra for Re, =130 and 300 are also displayed; relatively, the
present values of Re, for both the flapping and free jets are
indicated on the plots. It is indeed surprised that the present
spectra agree perfectly with the Kolmogorov spectrum at
f/fx>0.003 for Re, =130.

The above observations from Fig. 11 may suggest that,
on the centerline at x/D > 5, the truly turbulent mixing in the
flapping jets becomes similar to that in the free jets. This is
consistent with the implication of P(u,) that is nearly Gauss-
ian for both the free and flapping jets. This also contrasts
with the fluidic low-Strouhal-number flapping jet of Mi et al.
(2001a) where the centerline P(u,) is highly non-Gaussian
all the way from the near field to the far field (Fig. 9c, d).

3.5 Characteristic scales of turbulent mixing
of flapping jets versus free jets

Traditionally, large, intermediate and small-scale turbulence
structures can be characterized, respectively, by the integral
(I), Taylor (4), and Kolmogorov (1) length scales obtained
from the instantaneous signal of the streamwise velocity
u(t). The integral length is usually estimated by

r= Ucon})(u(t)u(t+r))<u2>_1df (1)
0

where U, is the averaged convection velocity and 7, cor-

responds to the first zero crossing of the autocorrelation

@ Springer

function (u(f)u(t + 7)). The Taylor length scale is obtained
by

1/2

A= ()2 1{(@uax?) 2)
while estimating the Kolmogorov length scale via
1/4
n=(v/e)" 3)

Here, ¢ represents the mean turbulence energy dissipation
rate obtained by assuming the locally isotropic turbulence
so that & = 150((au/dx)* ); note that du/dx = (U, )~ ou/or
is based on Taylor’s hypothesis.

Friehe et al. (1972) obtained the following empirical rela-
tions of 1 and 7 versus x for a free circular SC jet in the
self-preserving region

A/D = aRe ™ (x/D) @)
and
n/D = (bR&)‘i(x/D) o)

with a =0.88 and b =48. In general, the parameters a and
b are experimental constants depending upon the jet’s ini-
tial conditions. Later, Antonia et al. (1980) validated Egs.
(4) and (5), identically with a=0.88 and b=48, in several
free circular jets. Interestingly, Eqgs. (4) and (5) also work
for non-circular free jets (Mi and Nathan 2010) and even
flapping jets (Wu et al. 2020) when modifying a and b from
0.88 and 48.
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Figure 12a—c shows the centerline variations of the three
length scales (I', 4 and #) for all the present free and flap-
ping SC, LP and OP jets. At the first glance, it is straight-
forward to observe that all the three length scales on center-
line increase approximately linearly with the downstream
distance x generally for all the jets, no matter whether they
are flapping or not. Another observation can be made that
these scales are far greater in the flapping jets than in the
free jets. This implies that the flapping motion enlarges all
the turbulence scales. Moreover, while the centerline 4 and
n are not much different for the three free jets, they are far
larger for the flapping OP jet than for the flapping SC and
LP jets. Notably, in the flapping SC and LP jets, both I" and
A are compatible while 7 is greater at x/D > 12 in the latter. In
addition, it is worth noting from Fig. 12a that a highly scat-
tering occurs in the integral-scale data. The large scatter for
the flapping jets may be caused by both the estimate method
associated with Eq. (1) and the flapping motion. However,
not only the scatters of 4 and 5 are much smaller but also the
linearities of A and # versus x are much better than that of I".
These discrepancies may be attributed to the different effects
of the flow inlet conditions on different scales of turbulence.
It is anticipated that the large-scale turbulence properties
should be more sensitive to changes of the inlet and bound-
ary conditions than the small-scale ones.

At last, worth noting is that both Egs. (4) and (5) work
well for either the free jets or the flapping jets, as unmistak-
ably demonstrated by Fig. 12b, c. The two relationships are
validated with a = (1.91, 1.39, 1.35) and b = (0.64, 4.11,
3.25), respectively, for the flapping OP, SC and LP jets at
x/D>17. In contrast, Egs. (4) and (5) with a = 0.75 and b =
100 appear to work for all the free jets at x/D > 12. This has
further confirmed the universality of the relationships (4)
and (5). Nevertheless, unlike the flapping jets, the free jets
exhibit their data of 4 and # that would not follow Eqgs. (4)
and (5) at x/D < 12. This discrepancy does not represent the
real case but reflects the error caused certainly by the poor
resolution of the fixed sampling frequency (=50,000 Hz).
This frequency is too slow and cannot fully resolve A and 7,
whose true values are very small, in the near-field region of
the free jets. As seen clearly in Fig. 12b, ¢, 4 and 7 are far
greater in the flapping jets than in the free jets. Thus, when
sampling the velocity signal at the same frequency for all
the jets, the temporal resolution of u(¢) is relatively poorer
for the free jets. So, in the free jets at x/D < 12, both 1 and
n are overestimated because <(()u/ 6x)2> is underestimated
(see Egs. (2) and (3)).

3.6 On the nature-vortex shedding and jet-flapping
Strouhal numbers

As reflected in the exit distributions of the mean and RMS
velocities, Fig. 2, the SC, LP and OP nozzles form dissimilar

initial flow conditions for the jets issuing downstream.
Besides, the near-field flow structures are also distinct in the
three jets. In particular, very different from the SC and LP
cases, the OP jet often shows a short ‘vena contracta’ whose
minimum cross section is at least 30% smaller than that of
the nozzle exit (see Mi et al. 2001c¢). So, the present OP jet
is anticipated to be either more ‘flexible’ for film-induced
flapping or with a higher velocity to roll up primary vorti-
ces by natural instability. Indeed, Fig. 6a, c demonstrates
through the u spectra that the free OP jet’s primary vortex
structures travel downstream generally at a higher passage
frequency (fp) or Strouhal number (Stp) than that for the
free SC jet; e.g., when x/D =3 and Re =30,000, f, ~ 206 Hz
and Stp = 0.7 for the former versus fp ~ 180 Hz and Stp ~
0.61 for the latter. That is, Stp for the OP jet is 14.8% higher
than that for the SC jet. (Unfortunately, fp and St, cannot be
obtained from the near-field u spectrum of the free LP jet,
because few or no primary structures are formed periodically
in this jet.) Likewise, similar differences occur between the
flapping OP, SC and LP jets: i.e., the flapping frequency f
and Strouhal number St with the OP case are considerably
higher than those with the SC and LP cases for all the tested
Reynolds numbers (see Fig. 7). For example, at Re =30,000,
Stp(A)=0.22 (OP), 0.18 (LP) & 0.165 (SC); namely, Stp(A)
of the flapping OP jet is about 22% and 33% higher than
those of the SC and LP jets.

With the highest St;, the free OP jet develops downstream
at the highest velocity decay rate and strongest relative tur-
bulence intensity, among the free jets. Similarly, with the
highest St the flapping OP jet operates at the highest veloc-
ity decay rate, strongest relative turbulence intensity, and
also largest values of various turbulent length scales; on the
other hand, the flapping SC and LP jets are generally com-
patible in mixing characteristics. In other words, the flapping
OP jet exhibits substantially distinct mixing characteristics
from those of the SC and LP jets. This suggests that Stp(A) is
more appropriate than Stg(D) to act as the Strouhal number
for research into the flapping jets, since the difference in
St between the flapping OP jet and the other two is greater
when using A rather than D as the length scale.

According to the results of Sect. 3.5, when the flapping
Strouhal number is sufficiently high or low, the correspond-
ing flapping motion appears to enhance or depress the small-
scale turbulence mixing in the near field and then maintain
farther downstream. It is postulated that Sty should have
critical values for the enhancement and depression, which
are currently unknown. Nevertheless, the present authors
would like to address this issue by undertaking more experi-
ments in near future.
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4 Conclusion

The present study has experimentally examined particu-
lar effects of initial flow conditions on the turbulent mixing
characteristics of a flapping jet versus its free counterpart;
each flapping jet was ‘self-excited’ by a FEP film with one
end fixed at the nozzle exit. The distinct initial conditions
were made through three nozzles of different geometric con-
figurations of smooth contraction (SC), long pipe (LP), and
orifice plate (OP). Based on the results of Sect. 3, we can
conclude that, overall, the characteristics of both film flutter
and jet mixing depend greatly on the inflow condition. More
specifically, it is concluded from the present work that:

(1) The OP nozzle yields the largest flutter domain, highest
flutter frequency and lowest energy loss for film flutter
to occur;

(2) The flapping OP jet is characterized by the highest
flapping Strouhal number, highest velocity decay rate,
strongest relative turbulence intensity, and largest val-
ues of various turbulent length scales, while the flap-
ping SC and LP jets are overall compatible in mixing
characteristics;

(3) Relative to the conventional (non-flapping) free jets, all
the present flapping jets entrain and mix the surround-
ing fluid at a much higher rate, consequently spreading
and decaying far more rapidly.

(4) When the flapping Strouhal number (Stg) is sufficiently
high or low, the corresponding flapping motion appears
to enhance or depress the small-scale turbulence mix-
ing in the near field and then maintain farther down-
stream. It is postulated that Stz should have critical
values for the enhancement and depression. This pos-
tulation is worthy to be confirmed by an experimental
study in near future.
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