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Numerical Visualization of Supersonic Microjet Flows

Choon Sik Shin, Jong Sung Lee and Heuy Dong Kim

Abstract, Supersonic microjets acquire considerable research interest from a fundamental fluid dynamics
perspective, in part because the combination of highly compressible flow at low-to-moderate Reynolds
number is not very common, and in part due to the complex nature of the flow itself. In addition, micro-
jets have a great variety engineering applications such as micro-propulsion, MEMS(Micro-Electro
Mechanical Systems) components, microjet actuators and fine particle deposition and removal. Numerical
simulations have been carried out at moderate nozzle pressure ratios and for different nozzle exit diam-
eters to investigate and to understand in-depth of aerodynamic characteristics of supersonic microjets.
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1. Introduction

Microjets acquire considerable research interest
due to their potential use in various engineering
applications such as micro-propulsion, MEMS
components, and fine particle deposition and
removal. Supersonic microjets provide several
advantages over subsonic jets in a number of appli-
cations. Microjets are also used as actuators to con-
trol the ground effect created by large supersonic
impinging jets, typically occur in STOVL (Short
Take-off and Vertical Landing) aircraft during
hover. More recently, micro-jet actuators have also
been used for controlling the flow separations, cav-
ity flows, jet noise, and for suppressing turbulence
in jet flows. In addition, the flowfield of microjets
is also of interest from a fundamental fluid dynam-
ics perspective, in part because the combination of
highly compressible flow at low-to-moderate Rey-
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nolds number is not very common, and in part due
to the complex nature of the flow itself.

To-date most studies involving fluid flows at
microscales have mainly focused on internal flows
in nozzles and micro-channels. Meinhart et al.V
describe a MicroPIV investigation of flow through
an inkjet printer. A detailed computational and
experimental study examining the flowfield inside
silicon-etched converging-diverging (c-d) micro-
with throat heights ranging from
10~50 mm was carried out by Breuer and Bayt®.
The study underlined the behavior and influence of
the nozzle boundary layer on the thrust perfor-

nozzles

mance of these micronozzles. No measurements of
the external flow were made in their work, the
presence of supersonic flow was estimated via
mass flow and thrust measurements. Scroggs and
Settles® fabricated micronozzles by heating and
stretching glass capillaries. Using this method, they
fabricated converging-diverging nozzles and
obtained schlieren images and pitot pressure sur-
veys along the centerline for supersonic jets issu-
ing from the c-d nozzles, ranging in size from 600
mm to 1,200 mm. Smedley et al. discuss an
application of supersonic microjets for surface
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entrainment of particles for shock induced clean-
ing. Krothapalli et al.® described a micro-schlieren
system with a large magnification to visualize the
flowfields qualitatively. More recently, Vela'squez-
Aguilar et al‘® applied the dual-hologram tech-
niques to measure the same phase object by refer-
ence beam and shear techniques using only three
Mach-Zehnder holograms: one comparison holo-
gram and two identical signal ones. In most recent,
Phalnikar et al.” conducted experiments on free
and impinging supersonic microjets using micro-
schlieren system and through pitot pressure mea-
surements. Since, the numerical simulation is an
extremely important and most widely used tool to
analyze and understand the in-depth of fluid flow
behaviors. Moreover, till date, no considerable
numerical work has been done to investigate the
aerodynamic behavior of supersonic microjets.

Therefore, it requires performing numerical
investigation the aerodynamic characteristics of
supersonic microjets.

The present study pertains with numerical simu-
lations of supersonic microjets at moderate nozzle
pressure ratios. Especially, we focused on the effect
of nozzle exit diameter on the aerodynamic charac-
teristics of microjets.

2. Numerical Approaches

The two-dimensional viscous flow solver, devel-
oped at our laboratory, is used for these computa-
tions. It is based on the compressible Reynolds and
Favre-averaged Navier-Stokes equations, and mod-
ified Goldberg’s® k-y turbulence model is used for
closure. The governing equations are non-dimen-
sionalized with reference values at the inlet condi-
tions upstream of the nozzle written in an
axisymmetric coordinate system. The 3rd order
TVD (Total Variation Diminishing) finite differ-
ence scheme with MUSCL approach® is used to
discretize the spatial derivatives, a second order-
central difference scheme for the viscous terms,
and a second-order fractional step is employed for
time integration.

3. Computational Conditions

Axisymmetric supersonic microjets flow driven
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Fig. 1. Computational domain

by the sonic nozzle'” with exit diameters of D, =
400 pm, 200 um and 100 um (characteristic length)
are considered in the present computation, as
shown in Fig. 1. The dry air as working gas is
issued from that sonic nozzle. The structured clus-
tered grids are used for these computations to
obtain reasonable solutions in a flow with large
pressure and velocity gradient. Several tests are
conducted to select a suitable grid for obtaining
grid-independent solutions. The resulting number
of grids applied is 50x60 in the nozzle region and
200x111 in the jet plume region.

In this present study, three nozzle pressure ratios
(=puv/ps), the ratio of the reservoir pressure po
(atmospheric pressure) to back pressure p;, used
are 4.57, 5.23 and 6.2, respectively. Total tempera-
ture Tj, total pressure p, in the reservoir are
298.15 K, 101.3 kPa, respectively.

At the inflow boundary upstream of the nozzle,
all variables are fixed at the initial values and all
variables are extrapolated at the outflow boundary
downstream of nozzle. The non-slip wall condition
is used on the solid surface. The axisymmetric con-
dition is used at the boundary of the nozzle centre
line. Iso-pressure and no heat transfer are con-
strained on the solid wall.

4. Results and Discussion

4.1 Comparison with Experimental Results

The comparisons of predicted iso-density con-
tour with schlieren photograph obtained by experi-
ment for py/p, = 6.2, is shown in Fig. 2. The sonic
nozzle"'? with exit diameters of D, = 12.7 mm are
used in the computation and experiment. The jet is
underexpanded at the nozzle exit and barrel shocks
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Fig. 2. Comparison of the present computation with
experiment (po/p, = 6.2)

are formed due to the differences in pressure
between the underexpanded gas and the ambient
gas. Therefore, these shocks reflect from the jet
axis. Consequently the Mach disk is formed near
the jet axis. At the intersection of the Mach disk
with the barrel shock, a triple-point is formed. In
the downstream of the triple-point the slip line is
observed. The predicted iso-density contour is
nearly same as the experimentally visualized result.

Furthermore, the predicted Mach disk location
L, and diameter L,, are L,/D,=1.5613 and D,/
D, =0.5394, respectively, while the experimental
values are 1.5646 and 0.5264, respectively. Here,
location of Mach disk is measured from the nozzle
exit, and both the location and diameter of the
Mach disk are normalized by nozzle exit diameter.
Thus, the present computational works predict well
the flow structures of the highly underexpanded
supersonic jets.

4.2 Structure of Supersonic Microjets

Computer schlieren images of the supersonic
underexpanded jets from the nozzle with 100 pm
of exit diameter at pressure ratios of 4.57, 5.23 and
6.2 are shown in Fig. 3(a-c). Similarly, Figs. 4(a-c)
and 5 (a-c) show the flowfields for the 200 pm and
400 pm, respectively. In these figures, the jet flow-
fields evolve from weak underexpansion to strong
underexpansion.

An increase in the nozzle pressure ratio makes
the streamwise extent of the shock cells that
roughly indicated increased length of the ‘super-
sonic core’. This trend has also been depicted for
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Fig. 3. Numerical schlieren images of 100 pm microjets
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Fig. 4. Numerical schlieren images of 200 pm microjets

larger jets operating at higher Reynolds number as
well as for supersonic microjets®”.

The jet is in moderately underexpanded condi-
tion, at lower nozzle pressure ratio py/ps, the
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Fig. 5. Numerical schlieren images of 400 um microjets

oblique shocks almost crosses on the jet axis. How-
ever, as the jet underexpansion ratio increases, cen-
tral Mach disk appears near the jet axis. The
presence of such Mach disks is clearly visible in
Figs. 3(c), 4(c) and 5(b, ¢). At triple-point the
oblique shock, the Mach disk, and the rear shock
are confluences and leads to a characteristic
lambda (&) shock structure. The velocity differ-
ence between the fluid streams that pass above and
below this triple-point results in a shear layer or
slip line. These slip lines emanating from the triple-
point can be seen in Figs. 3(c), 4(c) and 5(b, c).
Similar underexpanded flow features in supersonic
microjets of 600 um and 1,200 um in diameter has
been observed by Scroggs and Settles®®. These fea-
tures are also similar to larger jets operating at
much higher Reynolds numbers.

4.3 Properties of Underexpanded Microjets

4.3.1 Surveys of Jet Centerline Pressure

The static pressure distributions downstream of
the nozzle exit are strongly dependent on the noz-
zle exit diameter i.e. on jet diameter. This fact can
be confirmed from the numerically predicted static
pressure distributions along jet centerline at a noz-
zle pressure ratio of 5.23 in Fig. 6. The location of
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Fig. 6. Static pressure distributions along jet axis (py/
Pb=523)

the sharp jump in the static pressure distribution is
slightly varied with the jet diameter.

The centerline static pressure distributions for the
200 um and 400 pm jets, are presented in Figs. 7(a)
and (b), respectively. The pressures under each
operating condition (py/p;) exhibit unique charac-
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Fig. 7. Effect of nozzle pressure ratio on the static pres-
sure distributions along jet axis
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teristics. From Fig. 7(a), the variation in pressure
shows the characteristic quasi-periodic structure,
due to the presence of shock cells in the jet flow
fields. Moreover, as the nozzle pressure ratio py/ps
is increased, the flow field is seen to stretch, where
the shock cell spacing increases, leading to an
increase in the length over which the shocks are
present. At low po/ps, the oblique shocks cross in a
normal fashion, which changes to irregular cross-
ing as the py/p, is increased.

For 400 um jet, the centerline pressure distribu-
tions displays characteristics very similar to
200 pm jet, as shown in Fig. 7(b). Furthermore,
from Figs. 7(a) and (b), when the highly underex-
panded condition is reached (py/p,=6.2), a Mach
disk is first visually observed at the end of the first
shock cell. At downstream of the first shock cell,
the flow become subsonic, leading to a sudden
drop in the pressure. The formation of Mach disk
can also be clearly seen from the computer
schlieren, in Figs. 3, 4 and 5.

4.3.2 Properties of Jet Structure

The configuration of jet boundary and barrel
shock for different jet diameters at a nozzle pres-
sure ratio of py/p, =5.23 is shown in Fig. 8. The
locations of jet boundary and barrel shock were
defined with the greatest value of density gradient
(d,/d,) on an arbitrary cross section normal to x-
axis. For a given nozzle pressure ratio, the jet
diameter exhibits no significance influence on the
configuration of jet boundary. However, the present
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Fig. 8. Effect of nozzle exit diameter on jet boundary
and barrel shocks (py/ps = 5.23)
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Fig. 9. Effect of nozzle pressure ratio on jet boundary
and barrel shocks (D, =400 pm)

data shows a trend of outward expansion of barrel
shock with the increase in jet diameter.

Figure 9 shows the configuration of jet bound-
ary and barrel shock for 400 pm jet at nozzle pres-
sure ratio of po/p,=4.57, 523 and 6.2. From this
figure, boundary and barrel shock are significantly
it is found that both the configuration of jet bound-
ary and barrel shock are significantly influenced by
the nozzle pressure ratio py/p, and the jet is
expanded outward with the nozzle pressure ratio

DPo/Dp-

4.3.3 Properties of Shock Structure

The relation between the diameter D,, of Mach
disk for the present microjets and the nozzle pres-
sure ratio po/pp is shown in Fig. 10, where the
present computational results of microjets are com-
pared with large-scale jet. As seen from Fig. 10, for
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Fig. 10. Variation of Mach disk diameter with nozzle
pressure ratio, py/ps
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Fig. 11. Variation of Mach disk location with nozzle
pressure ratio, py/p;

different jet diameters, the diameter of Mach disk
is an increasing function of the pressure ratio. It is
also noted that for a given pressure ratio, the Mach
disk diameter is significantly influenced by the jet
diameter.

Figure 11 shows the relation between the loca-
tion L,, of Mach disk from the nozzle exit and the
nozzle pressure ratio py/p,. It is found that the
Mach disk location L, is given by a function of the
pressure ratio (po/ps) and it is not so sensitive to the
jet diameter, unlike the Mach disk diameter.

4.3.4 Surveys of Cross Stream Pressure
The cross-stream static pressure variations at dif-
ferent axial location of jet are examined under each
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Fig. 12. Cross-stream pressure profiles at different axial
locations (py/py, = 6.2, D, =400 pm)

operation condition (py/ps). Cross-stream pressure
profiles for 400 um jet with the nozzle pressure
ration of py/p,= 6.2, which are the representative of
other conditions, at axial locations of x/D.= 0.5,
2.0 and 4.0 are shown in Fig. 12. Initially, at x/
D.=0.5, the pressure profile exhibits a central
peak, which is mainly due to the expansion fan
located just after the nozzle exit. At the axial loca-
tion just after the Mach disk, at x/D.=2.0, central
depression is shown in the pressure profile due to
the flow becoming subsonic. Further away from the
nozzle exit, at x/D.= 4.0, the shape of the pressure
profile relaxes back to the central peak profile
because of the weaker shock cells and shear layers
merge.

5. Conclusions

In the present study, axisymmetric supersonic
microjets flow was investigated numerically under
different operating conditions (po/ps). Aerody-
namic features of the jet flow field were compared
with experimental results. Results obtained are
summarized as follows: The presence of shock
cells in the jet flow fields exhibit the characteristic
quasi-periodic structure in the jet centerline pres-
sure distributions. Moreover, at highly underex-
panded condition, the Mach disks can be clearly
visualized at the end of the first shock cell and the
jet flow field is seen to stretch, where the shock
cell spacing increases. For a given pressure ratio,
the nozzle exit diameter has a significant influence
on the configuration of barrel shock and the diame-
ter of Mach disk. Other hand, the configuration of
jet boundary and the location of Mach disk is not
so sensitive to the nozzle exit diameter, for a given
po/ps. However, significant influence was observed
on the configuration of jet boundary and barrel
shock under different operating conditions (py/p;),
and the microjet is expanded outward with po/ps.
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