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Abstract

The present study numerically investigates the effect of shield on the flow characteristics of Hartmann whistle. The flow
characteristics of un-shielded Hartmann whistle are compared with whistles of different shield heights 15 mm, 17 mm, 20
mm, 25 mm and 30 mm. The comparison of Mach number contours and transient velocity vectors of shielded Hartmann
whistles with un-shielded ones for the same conditions reveal that the presence of shield causes the exiting jet to stick to the
wall of the shield without causing spill-over around the cavity inlet, thus sustaining the shock oscillation as seen in the un-
shielded Hartmann whistle, which has intense flow/shock oscillation and spill-over around the cavity mouth. The velocity
vectors indicate jet regurgitance in shielded whistles showing inflow and outflow phases like un-shielded ones with different
regurgitant phases. The sinusoidal variation of mass flow rate at the cavity inlet in un-shielded Hartmann whistle indicates jet
regurgitance as the primary operating mode with large flow diversion around the cavity mouth whereas the non-sinusoidal
behavior in shielded ones represent that the jet regurgitance is not the dominant operating mode. Thus, this paper sufficiently
demonstrates the effect of shield in modifying the flow/shock oscillations in the vicinity of the cavity mouth.
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Nomenclature NPR Nozzle pressure ratio, (P, / P,)
SD Stand-off distance, m

D, Cavity diameter, m v; Jet velocity at the nozzle exit, m/s

Dy, Fully expanded jet diameter, m Shield height measured from the jet axis, m

D, Jet exit diameter, m

d Distance from the jet exit along the x-axis, m

I Cavity length, m 1. Introduction

Lok Length of the shock-cell, m

M; Mach number at the nozzle exit Hartmann whistle is an open-closed cavity for which a

p, Ambient pressure, Pa high-speed jet strikes at the open end of a cavity that is

p, Stagnation pressure, Pa closed at the other end. The key parameters that control the
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resonant frequency of the cavity are the shape of the cavity
edge, the nozzle pressure ratio, the nozzle to cavity stand-
off distance, and the cavity length. The shock-cell structure,
Mach disk location, flow/shock oscillations occurring at
the cavity mouth, other instabilities in the shear layer,
etc., can cause an intense resonance that produces a high-
intensity, directional acoustic field. The acoustic field
that is generated by the cavity can be used in a number of
applications, including enhanced mixing in burners, flow
and noise control, combustion process control, dust and
aerosol coagulation, liquid mixtures emulsion, etc. For
flow control, the nature of the pulsating jet coming out of
the Hartman cavity is the most relevant characteristic. The
pulsating jet is generally used to improve the performance
of flight vehicles by reducing the drag, delaying stall,
suppressing acoustical disturbances and reducing
emissions. In fact, there is scarcely any literature that
shows the effect of upstream shielding on the flow/shock
oscillation characteristics of a Hartmann whistle. Therefore,
a detailed numerical simulation is carried out in the present
study to predict the flow/shock oscillation characteristics
of a Hartmann whistle by shielding the area between the
jet exit and the cavity inlet, which is the specific objective
of this work. The presence of the shield between the jet exit
and the cavity inlet is intended to improve the flow/shock
oscillations by eliminating the spillover through the side of
the cavity wall. Some of the relevant literature on Hartmann
whistles is discussed in this section.

Hartmann [1] discovered a resonance phenomenon while
conducting experiments to determine the axial variation
of the stagnation pressure distribution in a supersonic jet
using a Pitot tube. He observed that the Pitot tube undergoes
violent oscillations when placed at certain locations in the
shock cell containing zone of the free jet where the stagnation
pressure increases as the distance from the nozzle increases.
He found that acoustic oscillations are emitted and showed
that its wavelength had some relation to the longitudinal
dimension of the pitot tube assembly.

Changet al. [2] used the Total Variation Diminishing (TVD)
scheme to solve the axisymmetric Euler equations in order
to study the Hartmann cavity flow. The generation of shock
and expansion waves in the cavity and their interactions with
the impinging jet were explained through four chronological
phases, including intake, transition to expulsion, expulsion,
and transition to intake.

Chang and Lee [3] numerically simulated the flow field in
a Hartmann cavity and found that its resonant behavior was
primarily dependent on the wavelength of the resonant wave
aswell as on the cavity length rather than on other parameters,
such as the frequency, oscillatory Mach number, and distance
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from the oscillatory location to the cavity mouth.

Hamed et al. [4] showed the effect of the cavity geometry
on the unsteady flow characteristics as well as on the mass
flow variations of a whistle. The numerical predictions of
the pressure oscillations as well as the sound level spectra
for the various cavity geometries revealed that the frequency
and amplitude of the pressure oscillations were strongly
dependent on the cavity length and stand-off distance.
Brun and Boucher [5] found that the cavity generates high
intensity sound when the ratio of the cavity diameter to the
jet diameter (D,/ D)) lies between 1.33 and 2.5.

Raman et al. [6] showed a good match for the frequencies
obtained from experiments and those predicted by the
quarter wavelength formula for large cavity lengths.
However, a variation could be observed for small cavity
lengths. Sreejith et al. [7] noticed that for the same cavity
length, the resonant frequencies of the cylindrical cavities
were lower than those of the conical cavities, and they also
observed that the low-frequency modes in the kHz range
exhibit an oscillatory behavior with the stand-off distance.

Gregory and Sullivan [8] used Pressure-sensitive paint
(PSP) to establish the relationship between the unsteady flow
dynamics and the acoustics of the Hartmann cavity. They
also investigated the nature of the shock oscillations, the
unsteady flow interactions and the directivity of the sound
emission. Kastner and Samimy [9] developed a Hartman
cavity by covering a main portion of the area between the
jet and cavity to easily establish flow control with a pulsating
jet. They also noticed that the stand-off distance was a vital
parameter for effective flow control.

Brocher et al. [10] used a simplified wave diagram and
gas and sound speed diagrams to show how fluctuations
start and grow within the resonance tube. They found that
the amplitude of the oscillations approaches a limiting
value when the jet is fully swallowed by the cavity during
the compression phase of the cycle. Narayanan et al. [11]
showed that the maximum power emitted by a chamfered
whistle was twice that of a regular Hartmann whistle. Raman
and Srinivasan [12] surveyed the research on Hartmann
whistles by outlining the progress made from Hartmann’s
breakthrough until current applications.

1.1 Objectives of the present work

There is sparse literature that investigates the effect of the
shield between the jet exit and the cavity inlet on the flow/
shock oscillation characteristics of the Hartmann whistle.
Therefore, this paper focuses on understanding the nature of
the flow/shock oscillation features of the Hartmann whistle
by covering all of the free space between the cavity inlet and
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the nozzle exit with a cylindrical shield. Passive control is
applied to the direction of the pulsating jet by installing a
shield, and the exiting jet is expected to move towards the
shield, thus eradicating the spillover. The height of the shield
is varied as 15 mm, 17 mm, 20 mm, 25 mm and 30 mm,
and the other parameters remained constant in order to
understand the effect on the flow/shock oscillation features
that occur near the cavity mouth. The jet exit diameter (D))
and the cavity diameter (D,) shown in Fig. 1 (a) are kept
constant at 7 mm. The following section describes the
numerical methodology that was used to predict the flow
characteristics of the Hartmann whistle.

2. Numerical methodology

2.1 Governing equations

The axisymmetric governing equations that control the
physical phenomenon occurring in the system are as follows.
Continuity equation
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2.2 Solution procedure

2.2.1 Computational domain and Grid

The physical geometry, computational domain and
boundary conditions used to simulate the jet flow impinging
on the un-shielded and shielded Hartmann whistle are
shown in Figs. 1 (a) and 1 (b). The grid was generated using
the GAMBIT software for both the shielded and the un-
shielded Hartmann whistles. The computational grids of
various mesh sizes for Hartmann whistles without and with
the shield are shown in Figs. 2 (a) and 2 (b). The grids were
made fine in the regions of the shock-cells and were coarse
where there are fewer flow effects for the Hartmann whistle
without the shield while fine grids were used throughout the
domain for the shielded Hartmann whistles. An unsteady
axisymmetric simulation was performed using the FLUENT
6.2 software. The flow was considered to be compressible,
and a density-based implicit segregated solver was utilized
in the current study. No slip boundary conditions were
imposed at the walls. The time step size was taken to be of 10
seconds in order to capture the flow/shock oscillations and
the jet regurgitant cycles. A grid sensitivity study was carried
out by varying the number of cells as 1.62 x10° 1.75x 10° and
1.89 x 10%, and the result obtained with 1.75 x 10° cells was

Energy equation found to be almost invariant to further grid refinement and
Pressure outlet
A
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Fig. 1. Computational domain and boundary conditions (a) without shield (WS), (b) with shield
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was hence selected for computing all of the different cases.

2.2.2 Turbulence model

The Spalart-Allmaras turbulence model was used to model
the turbulence by keeping the standard values of the model
constants unchanged (C,,=0.1355, C,,=0.622, C,,=7.1, o,=2
/3, C,,=3.21, C,,=0.3, C,;,=2.0, k=0.4187). The one equation
turbulence model was used to reduce the time required for
computation, and it has been seen to provide good results
for problems involving wall bounded flows and boundary
layers experiencing adverse pressure gradients [13].

The transport variable v in the Spalart-Allmaras model is
identical to the turbulent kinematic viscosity, except in the
viscous-affected near-wall region. The transport equation for
Vv is given as

2
[P I BE o o
a0 (P0) + - (pvu) = G, + - E(ﬂ‘*’l’”)i‘*%zﬂ(i)]—yv‘*sﬁ 6)

where G, is the production of the turbulent viscosity, and Y,
is the destruction of the turbulent viscosity that occurs in the
near-wall region due to wall blocking and viscous damping.
o, and C,, are constants, and v is the molecular kinematic
viscosity. S, is a user-defined source term, and the turbulent
viscosity x,is computed from u, = p¥f,; where the viscous

3 v

damping function is ){3):7 and Yy = o The production term
vl

G, is modeled as G, = C,,pS% where §=Sc+ #ﬁ;z

Cavity inlet

a)

and f,, =1— where C,, and k are constants, d is

1+xfu1
the distance from the wall and Sc is a scalar measure of the
deformation tensor. The destruction term is modeled as

1
7\ 14¢5, ) /6
Y, = Cpi1pf (g) where f, = g (gG+C633) ,and C,,, C,,

and C,; are constants.

2.2.3 Validation

In order to ascertain that the numerical predictions were
correct, the normalized first shock-cell length (Lg,/D))
for S,/D;=2.86, L/D;=4.28 and NPR=5, obtained from the
prediction is compared to those determined using Prandtl’s
expression [14] [Eq. (7)] for a free jet as well as those that
were experimentally measured by Narayanan et al. [11], as
shown in Table 1.

= 3.14Jm

J
Lshock 2.405 Dfej

7

Tam and Tanna [15] put forth an equation relating the fully
expanded jet diameter, Dy, and the exit diameter of the jet, D,

AT 05
Drej _ {1+(y—1)sz/2}4(}'—1) (Md) : ®)

D; 1+(y—-1)M2 /2 M;

The fundamental frequency obtained from the current
simulation at SD/D=2.86, L/D=4.28 and NPR=5 for the
un-shielded Hartmann whistle also exhibited a good

Shield

Nozzlel

Cavity inlet b)

Fig. 2. Grid adopted for Hartmann whistle (a) without shield (WS), (b) with shield

Table 1. Comparison of length of the first shock cell (Lshoc/D))

Length of first shock cell
(Lsnock/D; ) by Narayanan et

Length of first shock cell
(Lshoek/D; ) from present

Length of first shock cell
(Lshoek/D; ) from theory

al. [11] computation (Prandtl's expression)
1.83 1.84 2.09
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agreement with the corresponding value obtained from the
experiments by Narayanan ef al. [11], as shown in Table 2. A
comparisons of the fundamental frequencies obtained from
the simulation for various shield heights of the Hartmann
whistle (S15, S17, S20, S25 S§30) at SD/D=2.86, L/D;=4.28 and
NPR=5 are also compared in Table 3.

3. Results and discussion

3. 1 Numerical simulation of the flow around a
shielded and non-shielded Hartmann whistle

3.1.1 Comparison of the Mach number contours and ve-
locity vectors in the shielded and un-shielded Hart-
mann whistles.

The Mach number contours and the transient velocity
vectors of the Hartmann whistles with a shield height
of 17 mm (S/D;=2.43) are compared to those of the un-
shielded whistle for the same set of parameters and for
relative time instances, as shown in Figs. 3 and 4. By using
a shield to cover the region between the whistle and the jet
inlet, the exiting jet is seen to stick to the wall of the shield
without causing a spill-over around the cavity mouth, thus
maintaining a shock oscillation and jet regurgitance, as

Table 2. Comparison of fundamental frequency obtained from experiments and simulation at SD/Dj=2.86, L/D;=4.28 and NPR=5 for un-shielded

and shielded Hartmann whistles

Fundamental
Hartmann whistle from
experiments by Narayanan
etal. [11], kHz

frequency | Frequency
obtained for un-shielded | from simulation, kHz

obtained | % deviation

2.23

2.02 9.41

Table 3. Comparison of fundamental frequency obtained from simu-
lation at SD/D=2.86, L/Dj=4.28 and NPR=5 for shielded Hart-

mann whistles

Hartmann Fundamental frequency obtained
whistles with different| from simulation for shielded
shield heights, mm Hartmann whistles, kHz

15 1.40

17 1.71

20 1.90

25 1.92

30 1.92

seen in the un-shielded Hartmann whistle, which has an
intense flow/shock oscillation and spill-over features near
the mouth, as already reported by Narayanan et al. [11]. The
velocity vectors of the shielded Hartmann whistle [Fig. 4
(a)] show an outflow phase whereas the un-shielded whistle
shows an inflow phase for the same relative time instances.
As the time increases, the strength of the outflow and inflow
phases in the shielded and un-shielded Hartmann whistles
increase, as shown in Fig. 4 (b). Furthermore, as time
increases, the beginning of inflow and outflow phases is

Fig. 3. Comparison of Mach number contours, (P) with S/Dj= 2.43, (Q) without shield at ®=15°, L/D=4.28, SD/Dj=2.86, NPR=5, at different relative

times of (a) 70us, (b) 210 ps, (c) 361 s, (d) 524 ys
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shown in shielded and un-shielded whistles [Fig. 4 (c)]. The
end of the inflow in the shielded whistle and the outflow
that gains strength are shown in Fig. 4 (d). Even though the
shielded Hartmann whistle exhibits jet regurgitance, as
un-shielded ones do, they possess different jet regurgitant
phases (i.e., inflow, outflow) at the same relative time
instances. The Mach number contours for an increase in
shield height of 20 mm (S/D=2.86), as shown in Figs. 5 (a-
d), also exhibit flow/shock oscillations in both the shielded
and un-shielded whistles, attachment of the jet to the shield
by confiscating the spillover in the shielded whistle, a strong
spillover in the un-shielded whistle, etc., all of which are
similar to the case mentioned earlier in Fig. 3. The velocity
vectors of the shielded whistle represent the outflow phase
while the un-shielded whistle shows the end of the outflow
phase [Fig. 6 (a)] for the same relative time instances. The
end of the outflow phase and the beginning of the inflow
phase in the shielded and un-shielded whistles is shown in

b)

4

Fig. 6 (b). The increase in the strength of the inflow phases
for the shielded and un-shielded whistles is shown in Fig.
6 (c). Finally, the beginning of the outflow for both the
shielded and un-shielded Hartmann whistles is presented
in Fig. 6 (d). The further increase in the shield height to 25
and 30 mm (S/Dj:3.57, 4.28) also shows unique features,
such as flow/shock oscillations near the cavity mouth in
both the shielded and un-shielded Hartmann whistles,
attachment of jet to the wall in the shielded whistle that
thus eliminates the spill-over, and intense flow diversion
in the unshielded Hartmann whistle as seen in the Mach
number contours [Figs. 7 (a-d) and 9 (a-d)]. For larger
shield heights, the flow/shock oscillations that occur near
the mouth of the shielded cavities may be similar to those
of the un-shielded ones without a spill-over. The exiting jet
sticks to the shield wall, which is a unique characteristic
of shielded cavities that prevents external spill-over and
also modifies the flow characteristics of the pulsating jet.

=

= lggzﬁlii_iu i

Recirculation zone

o m/s

Fig. 4. Comparison of transient velocity vectors, (P) with S/Dj= 2.43, (Q) without shield at ®=15°, L/D;=4.28, SD/Dj=2.86, NPR=5, at different relative

times of (a) 70us, (b) 210 ps, (c) 361 s, (d) 524 ps

%
%

i

Fig. 5. Comparison of Mach number contours, (P) with S/Dj=2.86, (Q) without shield at ®=15°, L/Dj=4.28, SD/D;=2.86, NPR=5, at different relative

times of (a) 58us, (b) 215 ps, (c) 319 ps, (d) 497 ys
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Another unique characteristic that was observed in the and the achievement of flow control using the pulsating
shielded cavities is the formation of a recirculation zone jet. The maximum Mach number for all cases of shielded

Recirculation zone

Fig. 6. Comparison of transient velocity vectors, (P) with S/Dj=2.86, (Q) without shield at ®=15°, L/D=4.28, SD/Dj=2.86, NPR=5, at different relative
times of (a) 58us, (b) 215 ys, (c) 319 ps, (d) 497 us

Fig. 7. Comparison of Mach number contours, (P) with $/Dj=3.57, (Q) without shield at ®=15°, L/D=4.28, SD/D;=2.86, NPR=5, at different relative
times of (a) 102us, (b) 203 ws, (c) 304 ps, (d) 405 us

b)

4 Recirculation zone

0 266 4533 ' 650 mfs

Fig. 8. Comparison of transient velocity vectors, (P) with S/Dj=3.57, (Q) without shield at ®=15°, L/D=4.28, SD/Dj=2.86, NPR=5, at different relative
times of (a) 102us, (b) 203 ws, (c) 304 ps, (d) 405 ps
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and un-shielded Hartmann whistles is of around 0.8. The
velocity vectors of the shielded and un-shielded Hartmann
whistles represent the beginning of the outflow phase and
its subsequent increase in strength, as shown in Figs. 8 (a),
8 (b), 10 (a) and 10 (b). The beginning of the inflow phase
is shown in Figs. 8 (c) and 10 (c) for both shielded and un-
shielded whistles. A small recirculation zone was observed
to form near the mouth of the shielded Hartmann whistle
[Fig. 8 (c)]. The increase in the strength of the inflow phase
leads to the beginning of the outflow phase and is further
depicted in Figs. 8 (d) and 10 (d) for both shielded and un-
shielded whistles. The formation of a strong recirculation
zone was also observed near the shield wall, and it
decreases in size as the height of the shield increases [Figs.
4 (d), 6 (d), 8 (d) and 10 (d)].

S
=._

3.1.2 Comparison of the mass flow rate variations at the
cavity inlet in the shielded and un-shielded Hart-
mann whistles

The variation in the mass flow rate according to the time
at the cavity inlet for the shielded (S/Dj=2.14, 2.43) and un-
shielded (WS) Hartmann whistles is shown in Fig.11 (a).
The mass flow rate of the un-shielded Hartmann whistle
(WS) exhibited sinusoidal behavior while a non-sinusoidal
behavior was observed for the shielded whistles. The
sinusoidal behavior of the mass flow rate in the un-shielded
Hartmann whistle indicates that the cavity primarily
operates in a jet regurgitant mode with a large spill-over
around the mouth, and the shielded whistles exhibit a non-
sinusoidal pattern of the mass flow rate without spill-over
from the cavity mouth. The maximum mass flow entering

Fig. 9. Comparison of Mach number contours, (P) with S/Dj=4.28, (Q) without shield at ®=15°, L/Dj=4.28, SD/D=2.86, NPR=5, at different relative

times of (a) 102ps, (b) 203 s, (c) 304 ps, (d) 405 ps

£ Recirculation zone

206

4533 650 m/s

Fig. 10. Comparison of transient velocity vectors, (P) with $/Dj=4.28, (Q) without shield at ®=15°, L/Dj=4.28, SD/Dj=2.86, NPR=5, at different relative

times of (a) 102ps, (b) 203 s, (c) 304 ps, (d) 405 ps
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into the cavity of the 17 mm (S/Dj=2.43) shielded whistle
was higher, and that for the 15 mm (S/D=2.14) shielded
whistle was lower relative to the un-shielded whistles
even though they follow the common trend for oscillatory
behavior over time [Fig. 11 (a)]. Also, the magnitude of the
maximum mass flow exiting the cavity in the 15 mm (S/
D=2.14) shielded whistle is much lower than that of the un-
shielded whistle while the maximum magnitude of the mass
flow for the 17 mm (S/D=2.43) shielded whistle and the un-
shielded is almost the same. Thus, the height of the shield
is clearly shown to have a significant role in modifying the
flow/shock oscillations near the mouth of the whistles.
The mass flow rate variations for different shield heights,
such as 20, 25 and 30 mm (S/Dj = 2.86, 3.57 and 4.28) are
compared in Fig. 11 (b). The mass flow rate pattern in all
shielded cases [Fig. 11 (b)] is observed to follow a stepped
pattern, thus keeping its magnitude almost the same at
around 0.03 kg/s. Although the shielded whistles also
exhibit jet regurgitance like the un-shielded whistle, the
presence of the shield can be concluded to exhibit a flow
that moves toward the shield, thus completely eliminating

the flow diversion around the cavity mouth, as seen in the
un-shielded whistle. The absence of a spill-over around
the cavity mouth in the shielded whistle could significantly
modify the flow/shock oscillations near its vicinity as well
as the jet regurgitant phases, thus giving rise to the non-
sinusoidal behavior of the mass flow at the cavity inlet.

3.1.3 Comparison of the variations in the axial velocity for
the shielded and un-shielded Hartmann whistles

Figure 12 (a) shows a comparison of the variation in the
axial velocity over time with d/D;=5.72 from the nozzle exit
along the chamfer for both the un-shielded and shielded
whistles. The negative velocities are shown in Fig. 12 (a)
for both the un-shielded and the shielded whistles and
represent the reverse flow. The magnitude of the axial
velocity is observed to be higher in the un-shielded whistles
as compared to the shielded whistles (S/Dj=2.14 and 2.43).
Also the magnitude of the axial velocity is shown to increase
with the decrease in the shield height from S/D;=2.43 t0 2.14
[Fig. 12 (a)]. Thus, a faster flow is clearly observed to exit the
un-shielded cavity than in the shielded ones. The variation

ws
—_— S,ij =
s/Dj =

2.14
243

Mass Flow Rate, kg/s

(a)

Mass Flow Rate, kg's

.| — s/pi=286
— §/Dj=357
5/Dj=4.28

(b)

Fig. 11. Variation of mass flow rate with time at the cavity inlet for a) WS, S/Dj=2.14 and 2.43 b) S/D=2.86, 3.57 and 4.28
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Fig. 12. Variation of axial velocity with time at d/Dj=5.72 from the nozzle exit along the chamfer for a) WS, S/Dj=2.14 and 2.43 b) S/Dj=2.86, 3.57 and 4.28

131

W (123~136)14-079.indd 131

S

http://ijass.org

2015-07-03 2&d 430@




W (123~136)14-079.indd 132

——

Int’l J. of Aeronautical & Space Sci. 16(2), 123-136 (2015)

in the axial velocity for the 20 mm, 25 mm and 30 mm
shielded cavities (S/D=2.86, 3.57 and 4.28) are shown in
Fig. 12 (b). Among these shielded whistles, the magnitude
of the axial velocity is observed to reach a maximum value
for a large shield height of 30 mm (S/D;=4.28). The cavity
with a shield height of 30 mm [Fig. 12 (b)] behaves in a
manner similar to that of the un-shielded ones [Fig. 12 (a)],
thereby providing a faster flow reversal. Fig. 13 (a) provides
a comparison of the variations in the axial velocity with
time at a d/D; value of 6.52 from the nozzle exit for both
un-shielded and shielded whistles. The magnitude of the
maximum inflow velocity is of around 100 m/s for a 17 mm
(8/Dj=2.43) shielded whistle but decreases for the shield
height of 15 mm (S/D=2.14) where the magnitude of the
maximum inflow velocity is reduced to around 40 m/s and
remains at around 75 m/s for the un-shielded whistle. Thus,
the height of the shield is shown to play a crucial role in
modifying the axial velocity. A comparison of the variation
in the axial velocity of the 20 mm, 25 mm and 30 mm
shielded cavities (S/D;=2.86, 3.57 and 4.28) is shown in Fig.
13 (b). The magnitude of maximum inflow axial velocity is

of around 170 m/s for both the 20 and 25 mm (S/D;=2.86
and 3.57) shielded whistles and is around 100 m/s for the
30 mm (S/D;=4.28) shielded whistle. Thus, the effect of the
shield height is further demonstrated to affect the axial
velocity in the whistles. The variations in the axial velocity
with time at a higher d/Dj value of 7.32 from the nozzle exit
are shown in Fig. 14 (a) for both un-shielded and shielded
whistles. Fig. 14 (a) shows features similar to those of Fig. 13
(a), with an increase in magnitude of the maximum velocity
to around 220 m/s and 100 m/s for the 17 mm and 15 mm
shielded whistles (S/D,=2.43 and 2.14) and around 200 m/s
for the un-shielded whistle. The comparisons of the axial
velocity for various shield heights of 20 mm, 25 mm and 30
mm (S/Dj=2.86, 3.57 and 4.28) shown in Fig. 14 (b) indicate
that the inflow velocity reached a peak value of around 280
m/s for a 25 mm shield height while the order of magnitude
for the 20 mm and 30 mm shielded cases was almost the
same. In general, the magnitude of the axial velocities in
the un-shielded and shielded whistles is seen to not be
comparable even though they exhibit oscillating behavior.
The oscillating patterns of the axial velocities are also seen
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Fig. 13. Variation of axial velocity with time at d/Dj=6.52 from the nozzle exit along the chamfer for a) WS, 5/Dj=2.14 and 2.43 b) 5/D=2.86, 3.57 and 4.28
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to be different for each case. This further demonstrates the
effect of the shield in modifying the flow/shock oscillation
features near the cavity mouth, thus giving rise to different
axial velocity patterns. The axial velocity variations are
comparedinFig. 15 (a)forun-shielded and shielded whistles
at location P (10, 10) as shown in Fig. 1 (b). The 17 mm and
15 mm shielded whistle is observed to have large and small
amplitude oscillations when compared to the un-shielded
Hartmann whistle. The magnitude of the maximum axial
velocity in the 17 and 15 mm shielded whistles is of 100
m/s and 20 m/s while that of the un-shielded whistle is of
50 m/s. The variation in the axial velocities at larger shield
heights of 20 mm, 25 mm and 30 mm is shown in Fig. 15
(b). The magnitude of the maximum velocity (~150 m/s, 110
m/s, 70 m/s) is observed to decrease as the shield height
increases from 20 mm to 30 mm. In general, the height of
the shield can be concluded to be a crucial parameter that
significantly influences the magnitude of the axial velocities
as a result of the modification imparted to the flow/shock
oscillations near the cavity mouth.

200

S
—— §/Dj=2.14

3.1.4 Comparison of the variations in the static pressure in
shielded and un-shielded Hartmann whistles

Figure 16 (a) shows a comparison of the static pressure
variations over time for both un-shielded and shielded
whistles at d/D=5.72 from the nozzle exit. The un-shielded
whistle is seen to possess higher static pressure oscillations
relative to the shielded whistles. A comparison of the static
pressure variations at d/D;=5.72 for different shield heights
to jet diameter ratios, S/D=2.86, 3.57 and 4.28, as shown
in Fig. 16 (b), reveals that the increase in the shield height
causes a decrease in the static pressure. Fig. 17 (a) shows
a comparison of the variations in the static pressure over
time at d/D=6.52 from the nozzle exit for un-shielded and
shielded whistles (S/D=2.14 and 2.43), and it is revealed to
be higher for the shielded whistle with §/D;=2.43 and to be
lower for the un-shielded whistle while the static pressure of
the shielded whistle with an S/D; of 2.14 oscillates between
them. A comparison of the variations in static pressure at
d/D=6.52 for different shield height to jet diameter ratios
(8/D=2.86, 3.57 and 4.28), as shown in Fig. 17 (b), also
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Fig. 15. Variation of axial velocity with time at P (10, 10) for a) WS, S/Dj=2.14 and 2.43 b) S/Dj=2.86, 3.57 and 4.28
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Fig. 16. Variation of static pressure with time at d/Dj=5.72 from the nozzle exit along the chamfer for a) WS, S/D=2.14 and 2.43 b) S/D=2.86, 3.57 and 4.28
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follows similar behavior to that mentioned in Fig. 16 (b) magnitudes of their static pressure oscillations were almost
above with different oscillation magnitudes. A comparison similar in all cases.

of the variation in static pressure variations at a higher d/

D; value of 7.32 for the un-shielded whistle to that of the

shielded whistles [Fig. 18 (a)] with S/D,2.14 and 2.43 as well 4. Conclusions

as for different shield heights of 20 mm, 25 mm and 30 [S/

D=2.86, 3.57 and 4.28; Fig. 18 (b)] also exhibited behavior Detailed numerical studies were conducted to
similar to that mentioned above in Figs. 17 (a) and 17 (b) understand the effect of various shield heights on the
with oscillations of different magnitudes. The variations flow characteristics of a Hartmann whistle, and the results
in the static pressure for the un-shielded and the shielded were compared to those of an un-shielded whistle. The
whistles are compared in Fig. 19 (a) at location P (10, 10), as presence of shield was seen to have a significant influence
shown in Fig. 1 (b). The static pressure of the un-shielded on the oscillation frequency. The whistle without a
whistle and the 15 mm shielded whistle (S/D=2.14) are shield generates a frequency of 2.02 kHz, while that for
observed to oscillate with high and low amplitudes while the whistles with various shield heights varies between
the 17 mm shielded whistle (S/D=2.43) oscillates between 1.4 kHz to 1.92 kHz, depending on the shield heights. A
them. Furthermore, a comparison of the variations in the comparison of the Mach number contours and transient
static pressure among whistles with a different shield height velocity vectors of the shielded Hartmann whistles to
to jet diameter ratio [Fig. 19 (b)] shows that they follow those of the un-shielded whistles with the same set of
different oscillatory patterns even though the maximum parameters and relative time instances showed that
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o
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Fig. 17. Variation of static pressure with time at d/D=6.52 from the nozzle exit along the chamfer for a) WS, S/D=2.14 and 2.43 b) 5/D=2.86, 3.57
and 4.28
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Fig. 18. Variation of static pressure with time at d/Dj=7.32 from the nozzle exit along the chamfer a) WS, $/Dj=2.14 and 2.43 b) 5/Dj=2.86, 3.57 and 4.28
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Fig. 19. Variation of static pressure with time at P (10,10) for a) WS, S/D=2.14 and 2.43 b) S/Dj=2.86, 3.57 and 4.28

the presence of the shield causes the jet to stick to the
shield without causing any flow diversion around the
cavity mouth, thus maintaining the shock oscillation as
seen in the un-shielded Hartmann whistle. The velocity
vectors depict jet regurgitance in the shielded Hartmann
whistles that represents inflow and outflow phases as in
un-shielded whistles with different jet regurgitant phases
(i.e., inflow, outflow-phases) with the same relative time
durations. The mass flow rate over time at the cavity inlet
for the un-shielded whistle exhibits a sinusoidal behavior
while a non-sinusoidal behavior can be observed for
shielded whistles. The sinusoidal behavior of the mass
flow rate for the un-shielded Hartmann whistle indicates
jet regurgitance as the primary mode of operation with a
large flow diversion around the mouth while mass flow
rate exhibits a non-sinusoidal behavior in the shielded
whistle, indicating that the jet regurgitance mode is
not significant in this case. The magnitudes of the axial
velocities in the un-shielded and the shielded whistles are
not comparable even though they exhibit an oscillatory
behavior. The pattern of the axial velocity oscillations is
also seen to be different for each case. Thus, this paper
sufficiently demonstrates the effect of the shield in
modifying the flow/shock oscillations in the vicinity of the
cavity mouth.

This paper provides a detailed numerical investigation of
the effect of the shield height in terms of the modifications of
flow characteristics, including flow/shock oscillations near
the cavity mouth, operating modes of the Hartmann whistle,
etc. Their behavior is compared to that of un-shielded
whistles, and for a very large shield height (~ infinity), the
cavity may behave as an un-shielded one with a modified
regurgitant phase without spill-over around the cavity
mouth, which thus forms the main focus of this paper.
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