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Abstract The resonant behaviors of an ultra-sonic gas atomization nozzle with a zero mass-flux jet actuator were numerically
investigated with FLUENT software by using a double precision unsteady two-dimensional pressure-based solver. The Spalart-
Allmaras turbulence model was adopted in the simulations. Numerical results indicated that the oscillation properties of the
gas efflux were effectively improved. Several resonatory frequencies corresponding to different vibration modes of gas were
distinguished in the nozzle. With the changing of nozzle geometric parameters, different characters among those modes were

elucidated by analyzing the propagations of pressure waves.
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Introduction

Hartmann!! found resonance phenomena of a tube
while doing experiments in 1919. A lot of research car-
ried out theoretical and experimental works to explain
the mechanism of resonance in sonic tubes>~4. Grant!®!
invented an ultra-sonic gas atomization (USGA) nozzle
in spray atomization by using the effects of a Hartmann
resonance tube.

Spray atomization is a process of making liquid
droplets. In spray forming technology, high-speed gas
flow to fragmentize the molten metal jet into small frac-
tals. The nozzle is an important part of a spray atom-
izer. There are two kinds of atomizing nozzle in use
generally, USGA nozzle and high-pressure gas atomiza-
tion (HPGA) nozzlelf.

The sizes and its distribution of atomized metal
droplets can affect the quality of products directly in
spray forming technology. Experiments indicate that
the small average size and its relative narrow-band dis-
tribution of droplets, which is helpful to improve the
quality of spray injection products®7, and can be pro-
duced when introducing oscillations into the gas atom-
ization. Hence, the USGA nozzle is adopted as an ap-
paratus to generate such high frequency oscillating gas
efflux owing to its Hartmann resonance effect!®.
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Veistinen, et al.[% proposed a “self-adjusting throat”
hypothesis to explain how the flow of gas in the noz-
zle translates from a subsonic jet into a supersonic jet.
Assuming a flow of steady, Mansour, et al.l'% simulated
the flow in USGA nozzle numerically with the flow struc-
ture inside the nozzle and downstream outside the noz-
zle considered. Li, et al.[¥l investigated the USGA nozzle
numerically by the finite volume method based on the
Roe solver. They studied the effects of variation of pa-
rameters on the oscillation and discussed the mechanism
of transition from subsonic to supersonic jet flows.

In this paper, the resonant behaviors of a USGA
nozzle with a zero mass-flux jet actuator are numeri-
cally investigated with FLUENT software by using a
two-dimensional unsteady pressure-based solver with
Spalart-Allmaras turbulence model.

1 Mathematical model and algorithm

We created the simplified USGA nozzle model in-
cluding inflow and outflow ducts and the resonance re-
gion. Schematic of computational region and meshes is
shown in Fig.1. Resonance tube length and secondary
resonance tube length are represented by L; and L.
Lengths of inflow and outflow ducts are represented by
L3 and Ly. The diameter of the tube is d=3.6 mm. The
actuator is placed at the right end of the tube.
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Fig.1 Schematic of computational region and meshes

Computational work was implemented by using
FLUENT software, and square grids were generated
with GAMBIT software. A double precision unsteady
two-dimensional pressure-based solver was chosen. Sec-
ond order implicit scheme was adopted in time and
first order upwind scheme was adopted in space. The
Spalart-Allmaras turbulence model was used in the nu-
merical computations. The algorithm of semi-implicit
method for pressure-linked equations (SIMPLE) was
used to deal with the pressure-velocity coupling.

The Reynolds-averaged Navier-Stokes (RANS) equa-
tions were numerically solved which were given as below:

dp 0 _
__op Usj
8t (pUli) + (9:61 (pU1u]) o 8xi + 8xi (M(axj
auj 2 (911,1 (9 ’

In which

Ou;  Ou,
— ol = 4 J

gty = (o + 5. 3)

where u; and u; represent the x- and y- components
of velocity, p the density, p the pressure, u and ut the
molecular and turbulent viscosity. The turbulent vis-
cosity uy was conducted by the Spalart-Allmaras turbu-
lence model.

In Spalart-Allmaras turbulence model, the trans-
ported variable v is identical to the turbulent kinematic
viscosity except in the near-wall region. The transport
equation for v is

o, 9, 1,0
5y (PO + o (pBw) = Gy + (8% (@

T 0

ov 0D \ 2
6 C ( ) >_YV7 4
+p >axj)+ 26 . (4)
where G is the production of turbulent viscosity, Y.
the destruction of turbulent viscosity, o; and Cps the
constants.
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The turbulent viscosity py is computed from py =

pU fy1, where the viscous damping function fyq is given
by fvl = XSIC?A
kinematic viscosity.
_ The production term is modeled as G, = Ci1pSD,
S =85+ £V2'f;§, fvo =1-— 1_._;( e and S = \/QQijQij
is a scalar measure of the deformation tensor, §2;; =
ou;  Ouj
o ) % the mean rate-of-rotation tensor, Cp; and &
the constants, d the distance from the wall.

The destruction term is modeled as Y, =
C V)2 —_ 6 (1+Cﬁ;3) — 6 _

wlpfw(d) s Jw (gG+C,6u3)g’ g 7+ Cua(r 7),s
S’f;dg, Cu1, Cw2 and Cy3 are constants.

The constants referred above: k£ = 0.4187, Cpy
0.1355, Chy = 0.622, 05 = 2, Co1 = 7.1, Cun
U+ 1192 Cup = 0.3 and Gz = 2.

The pressure of outlet was set to be P,,;;=1.013%x
107° Pa, and at the inlet the pressure was chosen to be
P,,=1.621x10° Pa, slightly below which the transonic
phenomena will not be clearly observed. The role of the
actuator was to generate controllable oscillation, which
was represented by a zero mass-flux jet. A no-slip adia-
batic wall boundary condition was set at the tube wall.
A time-dependent mass flux inlet condition was used as
the zero mass-flux jet referred above using user-defined-
function (UDF) module in FLUENT as follows:

and x = 7, where v is the molecular

r

¢mass - Aa Sin(2nfat + d))v (5)

where A,, fa and ¢ correspond to the amplitude, fre-
quency and phase of mass influx of actuator, respec-
tively.

2 Verification of computational tools

2.1 Grid size and time-step dependence

For cases L1 = Ly = 2d, Ly = Ly = 5d, R = Iﬁj; =2
is the jet pressure ratio and d=3.6 mm is tube diameter,
without any actuator herein, grid sizes differ from 3%,
4‘10, 5‘10 and 6% were examined, corresponding to a total
of 13500, 24000, 37500 and 54000 cells, respectively.
Pressure oscillation at the resonance tube end wall and
its spectral analysis is shown in Fig.2. It’s clear that
amplitudes and frequencies of the pressure oscillation
were approximate and the relative error was gradually
decreased while gird size is smaller. Finally the 4% grid
was chosen in the paper.

The oscillation frequency of the USGA nozzle can be
estimated by linear acoustic theory, w = 421, where ¢
is the local sound speed and L; the length of resonance
tubel®11. For the case of L1=Ly=2d, d=3.6 mm, the
frequency is about 10 kHz. Four different time-steps
were examined and the result is shown in Fig.3. The
time step At=10"° s was finally chosen in this paper.
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2.2 Comparison with existing results

According to [8], the oscillation frequency f of USGA
nozzle equals to Hartmann tube frequency while reso-
nance tube length equals to secondary resonance tube
length. We examined cases of d < Li=Ls < 4d and
the result given in Fig.4. As distinguished solver and al-
gorithm were used compared with [8], good agreements
were derived between the existing results.

Comparison between theoretical and
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Fig.4 Frequency of the USGA nozzle at the condition of
Li=Ls

3 Results and discussion

3.1 Resonance behaviors under different
frequencies

In order to study on the resonant behaviors of the
USGA nozzle with an actuator, we focused on cases
Li=Ls=2d, Ls=L,=5d, R=1.6. Excitation signal
at the actuator was given by (5) with A,=0.1 kg/s (re-
ferring to the inlet mass flow rate is about 1.2 kg/s)
and ¢p=0. The actuator frequency changes in the scope
of 0—2w by every 0.5w, where w is oscillation frequency
of USGA nozzle without any actuator. For parameters
given above, w=10859 Hz.

We summarized the amplitudes of mass flow rate A,
and average pressure A, at the nozzle exit for different
actuator frequencies (see Fig.5). Obviously we can find
five peaks in each curve, and corresponding horizontal
axis of all peaks are given above the curve. Similar ten-
dency is found between the mass flow rate and the av-
erage pressure.

From Fig.5 we can also find that the oscillation of
the gas efflux is effectively enhanced at certain excita-
tion frequencies. For the case of f,=1.05w, the ampli-
tude of outflow mass flow rate is 0.189 kg/s, compared
with the none-actuator situation (which is 0.058 kg/s),
the increment can reach nearly 227%.

3.2 Resonance characteristics
3.2.1 Two different resonance modes

Cases corresponding to the five peaks in Fig.5 are

particularly analyzed in this section. Figure 6 shows the
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Fig.5 Relationship of amplitude of outflow mass flow rate
(a)pressure (b) with frequency

monitor histories of mass flow rate at the nozzle exit and
spectral analysis results while f,=0.25w, f,=0.70w and
fa=1.05w. For the cases of f,=1.25w and f,=1.75w, the
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properties are similar with f,=0.25w.

As is shown in Fig.6, for cases f,=0.70w and of
fa=1.05w, the dominant frequency is simplex and the
amplitude of outflow mass flow rate oscillation is perma-
nent. In contrast, for the cases of f,=0.25w (fa=1.25w
and f,=1.75w similarly), the frequency spectrum is com-
plicated, and the amplitude of gas oscillation varys pe-
riodically.

Resonance phenomenon is occurred between the nat-
ural frequency of the USGA nozzle and the actuator fre-
quency for the case of f,=1.05w, causing a large increase
in amplitude. However, the flow structure is different for
case f,=0.70w. In order to describe the difference, pres-
sure distributions at different times in one period T are
shown in Figs.7 and 8.

(i) For the case of f,=0.70w as depicted in Fig.7,
at time g, an expansion wave and a compression wave
states at resonance tube mouth and secondary resonance
tube mouth respectively, and those pressure waves will
propagate towards end of the tube (see Fig.7(a)). Af-
ter the expansion wave and the compression wave reach
at the end of resonance tube and secondary resonance
tube end respectively, the waves rebound there and
then back-propagate (see Fig.7(b)). Because of the ex-
istence of the actuator, the compression wave reaches
the “cross” earlier than the expansion wave. Driven
by the resonance tube expansion wave, another com-
pression wave which will propagate towards the inflow
is generated (see Fig.7(c)). The resonance tube expans-
ion waves then rebound at the “cross” and transform
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Fig.6 Outflow mass flow rate M and spectral analysis
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into another pair of compression wave and expansion
wave, propagating towards the resonance tube and the
secondary resonance tube respectively (see Fig.7(d)).
Then those pressure waves rebound at the tube end and
propagate towards the “cross” again. Finally at ¢4, pres-
sure distribution of the flow field reach back to time tg
situation, and a closed cycle is completed (see Fig.7(e)).
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(ii) For the case of f,=1.05w as shown in Fig.8, the
pressure wave propagation process is significantly dif-
ferent from that Fig.7 expresses. The key distinction
appears as there is none upstream spread pressure wave
in Fig.8. Here f,=1.05w, which means the gas oscil-
lation frequencies are approximated in resonance tube
and secondary resonance tube. Expansion wave and

Fig.7 Pressure distribution inside the nozzle in one period at f,=0.70w
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compression wave propagate alternately in the two reso-
nance tubes, which is homoplastical with USGA nozzle
without any actuator as introduced in [8].

We can summary the aforementioned process here:
Pressure waves in secondary resonance tube propagated
at the local sound speed, while, the propagation speed
of the pressure waves in resonance tube is affected by
the actuator. If the actuator frequency is far away
from intrinsic frequency, some “gas blocking” phenom-
ena will happen in the “cross” location, which lead an
upstream spread pressure wave in the inflow duct. In
this situation, the inflow duct is involved in the reso-
nance behavior, and we call it “Global mode”. On the
other hand, however, if actuator frequency is approxi-
mate with intrinsic frequency, the oscillation is generally
generated by the resonance tube and the secondary res-
onance tube, and we call it “Hartmann mode”.

3.2.2 Two basic frequencies of the nozzle

Consider Figs.5 and 6, f,=0.7w is obviously differ-
ent from the other excitation frequencies. Referring to
the “Global mode” discussion, we can figure out that
0.70w is another basic frequency besides of w and is de-
termined by L;, Lo and L3. The Hartmann resonance
w corresponds to the linear acoustic quarter-wavelength
theory, and the form of quarter-wave-length frequency
can be denoted as fqwr. The global-mode frequency is
written as fgy.

As is shown in Fig.7, by the pressure wave propaga-
tion process we can foresee that fgyv will decrease with
the increase of L3 if other conditions are unchanged.
In order to verify this, we study two additional cases,
L3=7d and L3=9d, respectively. The amplitude of out-
flow mass flow rate is plotted as a continuous curve,
as shown in Fig.9 (corresponding to Fig.6). It can be
seen that with L3 increased from 5d to 9d, and fgv de-
creases from 0.70w to 0.45w, while fqwr, remains to be
unchanged on contrast.

The frequencies of f,=0.25w, f,=1.25w and f,=
1.75w in Fig.5 are the harmonic excitations caused by
nonlinear interaction between waves('?.

4 Conclusions

The resonant behaviors of a USGA nozzle were nu-
merically investigated with the FLUENT software. Ver-
ification cases show that the numerical results are com-
parable with the known simulations and experimental
data.

On such a basis, this work, for the first time, pro-
poses of using a zero mass-flux jet actuator to enhance
the resonance effects of a USGA nozzle!'3l. Numerical
results show that the actuator do play big roles, mainly,
on the oscillations about two aspects: (i) Multiple res-
onatory frequencies corresponding to different vibration
modes of gas in the nozzle are stimulated; (ii) The
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Fig.9 Relationship of amplitude of outflow mass flow rate
with frequency at different L3

amplitudes of oscillations may increase dramatically,
which means acoustic wave energy can be effectively am-
plified.

The simulations also indicate that there are several
intrinsic resonatory frequencies existing in the USGA
nozzle, not just the well-known quarter-wave-length fre-
quency fqwr. Among those frequencies, two are de-
duced to be the basic ones. Besides fqwr, which is
dominated by the geometry of local resonant tube, a
global-mode frequency fgv is identified owing to the
whole geometric structure of USGA nozzle, which is a
new finding by this work.
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