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high-temperatureregion near upstream of the main normal injection
location. This region forms a continuoushigh-temperaturearea, the
effect of which resembles that of a sparkplugin helping initializing
and holding the main flame. Igniting the main fuel injected leads to
the second increase of the upper-wall temperature, reaching its peak
downstream of the injection station. The flow expansion caused by
the 3-deg combustor divergence reduces the temperature towards
the combustor exit. Other results for this case study are presented
in Ref. 10.

The flowfield features are presentedin Figs. 3 and 4. The velocity
vectors plot with the superimposed streamlines are depicted at two
crossflow locations. Figure 3 shows the vectors in the cavity region
downstream of the pilot injection at X =40 mm. The vectors at the
main injection location, X =70 mm, are shown in Fig. 4. The two
plots exhibit the interaction between the incoming supersonic air-
flow and the pilot and main ethylene injections. The recirculations
formed in the cavity are caused by the expansion effect of the step.
The parallelpilotinjectionsintensify the recirculationspatternin the
cavity. This can be observedin Fig. 3 at the pilot injection location,
Y =30.5 mm. Figure 4 shows the interaction between the incoming
supersonic airflow and the vortices formed as a result of the normal
injection. This effect is manifested by observing the two counter-
flows at the midcombustor span, ¥ ~ 15 mm. The confrontation of
the two counterflows is presented by the two loopsin the streamlines
around Z = £0.0065 m. The counterflow has the effectof increasing
the diffusion between the fuel and air and eventually enhancing the
fuel/air mixing. The vortices formed around the fuel injection areas
help in promoting the air-fuel mixing process and consequentlylead
to more efficient combustion.

Conclusions

The step plays aremarkablerole in enhancingthe fuel/air mixing.
The pilot flame stabilizes and supports the main flame formed by
the main vertical injection. The existence of the wedge downstream
of the rearward-facing step helps in initiating and stabilizing the
main flame. Work is underway to analyze the effect of the gaseous
hydrogen pilot injection on the combustion of the sonic normal
ethylene flow.
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High-Intensity Sound Absorption
at an Orifice with Bias Flow
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Beijing University of Aeronautics and Astronautics,
Beijing 100083, People’s Republic of China

I. Introduction

PERFORATED liner has been widely used to control noise

or suppress combustion instability in the afterburner of a jet
engine or the combustor of a rocket engine. For the suppression of
combustioninstability, cooling air is introduced through the orifices
to protect the liner from being burnt. Previous research' showed that
mean bias flow also enhances the sound absorption at an orifice. It
was further proposed that bias flow could be employed to control
the linerimpedance, thereby greatly increasingthe ductattenuation 2
Various models®* have been set up to study the bias flow effect on
the orifice impedance. A common feature of the preceding models
is that the incidentsound is assumed to be of low intensity and to in-
teract linearly with mean bias flow. On the other hand, considerable
research!*~7 has been carried out on the nonlinearsound dissipation
at an orifice in the absence of mean flow, and it was shown that the
velocity of the sound-excitedoscillatory flow in the orifice could be
very large at high sound pressure levels. Thus, in the situation of
high-intensity sound incident on an orifice with bias flow, there will
be little evidence for assuming linear flow-acoustic interaction. To
the authors’ knowledge, there has been experimentalinvestigations®
on the combining effect of mean bias flow and high sound intensity
on the orifice impedance, but the related theoretical studies are very
few.

Previousstudieshave providedpersuasiveevidencethat the sound
absorption that occurs at an orifice is due to the conversion of the
acoustic energy into vortical energy, either in the presence of mean
bias flow? or at high sound intensity*~" It is reasonable to believe
that this mechanism is also applied to the high-intensity sound ab-
sorption at an orifice in the presence of bias flow. From this point of
view, we first employ a discrete vortex model to simulate the vor-
tex shedding process produced by high-intensity sound at an orifice
with bias flow. This model is also used to obtain some quantita-
tive results, including the average velocity through the orifice and
the orifice acoustic impedance. In addition, a quasi-steady model is
further developed to study this phenomenon.

II. Theoretical Models

Consider the phenomenon that a low-frequency, high-amplitude
sinusoidal sound is incident on a circular orifice of radius R that
is located in an infinitely thin, rigid plate. There is also mean bias
flow through the orifice. The total pressure difference Ap across the
orifice plate can be written as follows:

Ap = Py + P, cos(wt) 1)

where Py is steady pressure difference producing bias flow, P, is
the amplitude of the incident sound, w is angular frequency, and ¢
is time.

A. Discrete Vortex Model

The discrete vortex model of Ref. 6 is modified to study the
sound-excited vortex shedding at the orifice. To obtain a smooth
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roll-up of the vortex sheet within relatively long computing time,
a vortex-blob smoothing parameter § is introduced to suppress the
short-wavelength Helmholtz instability as proposed by Nitsche and
Krasny’; § is time dependent and given as

8= aﬁH(Slll - 6) + 6nzH(8 - 6111) (2)

where H (x) is the Heaviside function, ¢ is a select factor, and §,,
is a select maximum value of §. Note that the analytical method
developedin Ref. 6 for computing the flowfield around an orifice is
accurate only for 6 = 0. However, for the discrete vortex rings near
the orifice, the vortex-blob smoothing parameter § given by Eq. (2)
is so small that the flowfield can still be computed by the analytical
method to a good approximation.

B. Analytical Model

Based on the quasi-steady assumption, the pressure drop across
the orifice plate can be approximately related to the flow velocity
through the orifice using the Bernoulli equation

Ap = pouz/ZCf (3)

where py is air density. C,, is the well-known vena contracta coeffi-
cient taken to be 0.61 in this Note. The following nondimensional
variables are introduced:

)\,ZPA/PB, AﬁZAP/PB

u=u+/po/Ps, t =1ty Pg/poR?

Then, the average velocity though the orifice can be obtained from
Egs. (1) and (3),

i =sgn(l + AcosSri)Cyy/2|1 + A cos Sri| 4)

where Sr=wR./(0y/ Pg) is the Strouhal number. The Fourier de-
composition of u can be expressed as follows:

L=L/R,

i) = Uy + Z U, cos(nSrf) 3)

n=1

Computation indicates that the first harmonic amplitude is always
10 dB higher than the second, or 16 dB higher than the third. This
provides evidence to define the acoustic impedance of an orifice
in terms of the first harmonic of the average velocity. In this Note,
the acoustic impedance of an orifice is normalized by /(0o Pg);
thereby, it can be expressed as function of only two nondimensional
parameters, A and Sr. The normalized specific acoustic resistance
of the orifice is given as

i = )"/[_jl (6)

where

_ 2 +7
Ul()\)=;/ sgn(l 4+ Acosy)y/2|1 + Acosy|cosydy
0

The integration in the preceding equation is numerically carried
out. This method is basically an extension of Cummings and
Eversman’s* model of high-intensity sound effects.

III. Results and Discussion

When Sr=0.707 and A = 1.0, the development of the sound-
excited orifice flow is given in Figs. la-1d. The start vortex of bias
flow appears at the very beginning of the cycle (Fig. 1a). As time
increases, a second rolled up vortex structure is formed due to the
excitation of high-intensity incident sound, as shown in Fig. Ic.
Vortex shedding has been observed in experiment or numerical
simulations®’ when high-intensity sound was incidenton an orifice
in the absence of mean flow. The present simulation demonstrates
that, in the presence of bias flow, strong vortex shedding also oc-
curs at an orifice when the incident sound intensity is very high,
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Fig. 1 Development of the orifice flow under the excitation of high-
intensity sound for A=1.0 and Sr=0.71: a) {=2.09, b) £=4.19, ¢)
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Fig. 2 Time history of average velocity through the orifice for
Sr=0.32:a) A=0.2,b) A=5.0,andc) A=1.2.

thereby resulting in substantial acoustic absorption. Figure 2 gives
the time history of the average velocity through the orifice for differ-
ent values of A when Sr=0.32. It is shown that the discrete vortex
modelis generallyin good agreement with the quasi-steadymethod.
When A has a small value, bias flow velocity is much larger than the
fluctuating velocity amplitude, as shown in Fig. 2a. The spectrum
analysis for the results in Fig. 2a shows that U, is 26 times as large
as U, and itis about 370 times larger than Us. Thus, in this case, the
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Fig. 3 Normalized specific acoustic impedance plotted as a function
of the nondimensional sound pressure amplitude: a) resistance and b)
reactance.

fluctuating velocity through the orifice is essentially sinusoidal; no
marked distortion appears in the velocity curve. As the normalized
sound pressure amplitude increases to 5.0, the fluctuating velocity
amplitude is far larger than bias flow velocity (Fig. 2b). It can also
be seen that, due to the nonlineareffect, the velocity curve has been
distorted. Further computation indicates that U, is about 10 times
as large as U, or U;. Compared with the case of A = 0.3, the ampli-
tudes of the higher harmonics have been greatly increased. When A
is near unity, the flow in the orifice is in a transition state between
the two cases mentioned, and the effect of sound intensity is com-
parable to that of mean flow, as shown in Fig. 2c. We can see that, in
this transition state, the flow velocity distortion is very severe. The
spectrum analysis for the flow velocity in Fig. 2c shows that U, is
only four times as large as Us,.

In Fig. 3a, z, is plotted as a function of A. We can see that the re-
sults of the discrete vortex model for two different Strouhal numbers
nearly coincideand agree well with the quasi-steadymodel. Figure 3
shows that, in terms of the variation of the acoustic resistance, there
exist three different regions. In region 1 where A < 0.6, the fluctu-
ating velocity amplitude is far smaller than bias flow velocity; thus,
2z, has a constant value of /(2)/C,. In contrast in region 3, where
A > 3.0, the high sound intensity effect dominates; thereby z, ap-
proaches the equation 0.64./(1)/C,, which is obtained from the
model of Ref. 4. Inregion 2, where 0.6 < A < 3.0 (correspondingly
the ratio of the fluctuating velocity amplitude to bias flow veloc-
ity is between 0.3 and 4.0), the orifice flow is in a transition state
between regions 1 and 3. In this region, the normalized acoustic
resistance is smaller than 4/(2)/C, and decreases to about 70% of
this value at the lowest point. This decrease of z, is probably due to
the considerable reduction of the average velocity during the nega-
tive half cycle, as shown in Fig. 2c. One advantage of the discrete
vortex model over the quasi-steady model is in the prediction of

the acoustic reactance. The computed acoustic reactance is shown
in Fig. 3b. The numerical results indicate that the normalized spe-
cific acousticreactanceis in proportional to the Strouhal number Sr;
thus, z, /Sr is only the function of A. This means that the inertance
of the orifice only depends on the nondimensional sound pressure
amplitude.

IV. Conclusions

A discrete vortex model and a quasi-steady method are employed
to study high-intensity sound absorptionat an orifice with bias flow.
Generally, good agreement is obtained between the two methods.
The numerical simulation demonstratesthat, in the presence of bias
flow, strong vortex shedding also occurs at an orifice when the in-
cident sound intensity is very high, thereby resulting in substantial
acoustic absorption. It is also shown that, when the ratio of the fluc-
tuating velocity amplitude to bias flow velocity is within the range
from 0.3 to 4.0, the orifice flow is in a transition state between the
two limit cases dominated by bias flow and high sound intensity,
respectively. In this region, a decrease of the acoustic resistance is
seen as the sound pressure amplitude increases. One advantage of
the discrete vortex model over the quasi-steady method is in the
prediction of the orifice acoustic reactance. The numerical com-
putation indicates that the inertance of the orifice depends on the
ratio between the sound pressure amplitude and the steady pressure
difference producing bias flow.
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