Visualization of Underexpanded Jet Structure from Square Nozzle
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Abstract

Numerical and experimental investigation were car-
ried out to clarify the flow structure of underexpanded
jet from a square nozzle. The square nozzle rep-
resents one of the clustered combustors of a linear
acrospike engine. From the numerical results, the
three-dimensional shock wave of the underexpanded
square jet was found to be composed of two shocks.
One is the intercepting shock which corresponds to the
shock observed in two-dimensional planar jet. The
other is the recompression shock divided into two
types. The expansion fans coming from the noz-
zle edges interact with each other at the comers of
the nozzle exit, and overexpanded regions are gener-
ated. Therefore one of the two recompression shocks
is formed at the corners of the nozzle exit behind the
overexpanded regions. As the jet goes downstream, the
overexpanded regions grow larger to coalesce at the
symmetry planes. Then, the other type of the recom-
pression shock is generated. The three-dimensional
shock structure formed by the intercepting shock and
the recompression shocks dominates the expansion of
the jet boundary. The shock detection algorithm us-
ing CFD results was developed to reveal the relation
between the shock waves and the jet boundary, and it
was found that the cross-sectional jet shape becomes
cross-shape. The key features observed in the numeri-
cal investigation were verified by the experimental re-
sults. The shock structure at the diagonal plane was
in good agreement with the experimental schlieren im-
ages. Moreover, the cross-sections visualized by the
Mie scattering method confirmed that the cross-section
of the jet becomes cross-shape.

Introduction

A linear acrospike engine {Fig.1) is regarded as one
of the prominent propulsion systems for 8STO (Single
Stage To Orbit). This engine has clustered combustors
placed at the inlet of the linear aerospike nozzle, called
thrust cell. The throat of the thrust cell must be cir-
cular 1o avoid excessive heat load. On the other hand,
the exit of the thrust cell needs to be rectangular, oth-
erwise the gaps between the neighboring thrust cellg
produce large drags and also cause disturbances over
the exhaust flow field. Therefore, cross-section of the
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Fig. I: Linear Aerospike Engine

diverging contour transforms from circular to rectan-
gular as shown in Fig.1. To reveal the interacted flow
field on the linear aerospike nozzle, there is a need 1o
clarify the underexpanded jet structure issuing from the
rectangular nozzle.

The rectangular jets have been studied extensively
and are applied for a passive mixing technique, noise
suppression device and thrust vector control. Gutmark
et al. summarized the past studies.l'! They revealed the
flow characteristics of rectangular subsonic jets. The
secondary flow occurs arcund the comer of the rect-
angular exit plane and jet boundary in the minor axis
plane spreads faster compared to that in the major axis
plane. This phenomenon is called axis switching. On
the other hand, supersonic jets are dominated by ex-
pansion fans and shock waves, and the secondary flow
is not so effective. Teshima et al. studied extensively
underexpanded jets from rectangular sonic orifices. 23]
It was observed that the cross-sectional jet shape shows
axis switching, Then, once the lateral shocks originat-
ing from both ends of the orifice intersects on the flow
axis, the jet spreads only in the minor axis plane. How-
ever, they didn’t clearly explain the reasons causing the
observed jet structure from rectangular sonic orifices.
Considering the application of the thrust cell to a linear
acrospike engine, it is important to clarify the three-
dimensional flow structure of underexpanded jets from
rectangular nozzles.
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The present study aims to understand the structure
of underexpanded jets from a square nozzle. Numer-
ical and experimental investigations were carried out.
Shock detection algorithm was applied to the Compu-
tational Fluid Dynamics (CFD) results to clarify the
three-dimensional shock structure. For the experimen-
tal investigation, Schieren optical method and Mie scat-
tering method were employed to visualize the jet struc-
ture.

Test Nozzle Geometry and Conditions

The square nozzle studied in this study has a circular
throat and a square exit. The diameter of the throat: D,
is 6{mm], and the area ratio is set at 2.0 that gives exit
Mach number of 2.2 under the assumption of quasi-
one-dimensional flow for gaseous nitrogen (x = 1.4).
The design method and discussions on the exhaust flow
field are given in the reference. ¥]

Table. 1: Numerical and Experimental Conditions

NPR NPRe
267 25
2.56

Numerical
Experimental 274

Table.1 shows experimental and numerical condi-
tions. NPR denotes nozzle pressure ratio (=P,/P,),
and NPRe is defined as the nozzle static pressure ra-
tio at the exit plane (=P./P,), where P,:inlet to-
tal pressure, P,:static pressure at the nozzle exit and
P,:ambient pressure.

Numerical Approach

Numerical Method

The governing equations employed here are the
Reynolds-averaged three-dimensional Navier-Stokes
equations. Physical properties are normalized by den-
sity, sound speed and viscous coefficient at the nozzle
inlet stagnation condition. Moreover, length is normal-
ized by the diameter of the throat.

Numerical fluxes for the convective terms are eval-
uated by the Simple High-resolution Upwind Scheme
(SHUS),P! and it is extended to higher-order by the
MUSCL interpolation based on the primitive variables.
Since steady-state solutions are only considered, the
Lower-Upper Alternating Direction Implicit (LU-ADI)
algorithm{®! is employed for time integration.

Under symmetry assumption, a quarter of the flow
field is only calculated to analyze the steady-state jet
structure of the first shock cell. The computational do-
main used in the simulation is shown in Fig.2. Near the
edge of the nozzle exit plane, a fine domain is located to
resolve the rapid expansion of the jet. Large difference
of grid spacing between the fine and the coarse global
domains causes the mismatch of physical properties at

Nozzle Exit TN
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Fig. 2: Computational Domain

the boundary, therefore, a middle spacing domain is
placed between the two. Total number of the grid is
about 2 million. The Fortified Solution Algorithm is
employed to transfer the computed physical data be-
tween the overset or slightly overlapped domains. [}

The simulations is executed on the HITACHI
SR8000/MPP at the University of Tokyo, and the com-
putational code is parallelized by hybrid MPI/OpenMP
implementation.

Visualization of Shock Surface

At supersonic jets, generation of expansion fans and
shock waves determines the jet boundary. Thus, in this
study, visualization of three-dimensional shock struc-
ture is required to analyze the flow field.

There are two main types of the shock detection
algorithms using CFD results. One is based on the
Mach number normal to the shock surface (normal
Mach number).!®%] A shock is considered to be lo-
cated where the normal Mach number exceeds one.
The other method employs the gradients of flow proper-
ties in the direction of local velocity vector(directional
derivative). A shock surface is assumed to be located
where the second directional derivative is zero while
the first directional derivative is non-zero. %)

A difficulty in the shock detection algorithms are
how to evaluate the normal Mach number or the di-
rectional derivatives from numerical results containing
noises caused by the dispersion or dissipation and by
the lack of resolution of a shock wave. The key issues
are the filtering techniques and the selection of thresh-
old values. Therefore, numerical experiments must be
carried out to find the best fitted shock detection aigo-
rithms including filters and thresholds. In this study,
the former method using normal Mach number: M, is
applied.

- Vf 1U.Vf
Mn:M——z-————
IVfl  a |VF]

f denotes discontinuous physical properties at shock
waves. Shock wave exists where M,, > 1.

(M
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Traverse Systam

. Low Preasure
N Teat Chamber

Diffuser

Digital Vidao Canara

Light Trap
Fig. 4: Optical Arrangement of Mie Scattering Method

Absolute value of local velocity vector is selected as
f,ie., f = |Ul. In order to eliminate the physically ir-
relevant normal vectors caused by the numerical error
of [V f| at the uniform flow regions, a filtering tech-
nique introduced by Cebral et. al™! is employed.
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where his the local characteristic meshsize and ¢y =
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Most of the examples mentioned in the past stud-
jes®™®! employed adapted unstructured grids. The ac-
curacy and smoothness of the captured shock surface is
strongly related to the resolution of the grid. However,
the present study applies structured grids. Thus the res-
olution of the oblique shock waves is so poor and the
numerical results are interpolated into the finer domain
using piecewise linear interpolation based on the values
of the nearest eight points.

Experimental Approach

Experimental Setup
A cold-gas blowdown test stand as illustrated in
Fig.3 was built for the experiment. 15[MPa}, 1.2[m?]

X/Ta=0.5

XDt=ll X/Dret7

Overexpanded

001 Regions

Fig. 5: Cross-Sectional Static Pressure Distribution

gaseous nitrogen was supplied to the settling chamber
through pressure regulator and 0.7[m *] buffer tank. In-
fet total pressure was regulated to less than 2.0[MPal.

The test nozzle mounted on the settling chamber
was placed in the low pressure chamber which was de-
pressurized by the exhaust flow ejector system. A ex-
haust flow ejector system is originally employed in al-
titude simulation test faciliies for upper-stage rocket
engines.['!] In this study, however, the supersonic dif-
fuser was located at the downstream enough to keep the
exhaust flow to be free jet in the low pressure chamber.
Once the exhaust jet reattaches to the inlet of the su-
personic diffuser, the diffuser works the same as that of
altitude simulation test facilities.

Visualization Techniques

The structure of shock waves was visualized by the
schlieren optical method. The images were recorded
by the high-speed CCD camera with the shutter-speed
of 5[us] and also by the still camera. Moreover, Mie
scattering method using laser light sheet was employed
to visualize cross-sectional jet shape. The optical ar-
rangement of the imaging system and the test sections
are illustrated in Fig.4. The ash of 2.0[um] diameter
standardized by the Japan Industrial Standard Z8901
was chosen for a scattering particie. The illumination
source was 2 He-Ne laser (30[mW], A=632.8[nm]), and
the scattered images were taken by the Digital Video
Camera with the frame-rate of 1/30 second.

Resuits and Discussion

When a jet is exhausted from a nozzle at underex-
panded conditions, expansion fan is generated from
the nozzle lip to match the static pressure of the jet
to the ambient pressure at the jet boundary. For the
square nozzle, expansion fans emanating from the ver-
tical and horizontal nozzle edges interact with each
other, Thus the overexpanded regions are produced
around four corners of the nozzle exit. Figure.5 shows
the numerical result of the static pressure distribution
at each cross-sections. From Fig.5, the static pressure
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at these regions is found to be lower than the ambient
pressure. Thus, recompression shock waves are formed
behind these overexpanded regions to recover the static
pressure. Figure.6 indicates the density contours of the
numerical result at the symmetry (a) and the diagonal
(b) planes. Figure.6 (b) shows the recompression shock
extending from the nozzle edge.

As the jet goes downstream, the overexpanded re-
gions grow larger and then intersect with each other at
X/D¢=1.7 as shown in Fig.5, where X denotes the dis-
tance from the nozzle exit plane and D represents the
throat diameter. Then, another recompression shock
waves emerges at the symmetry plane. The oblique
shock wave appeared at the symmetry plane (Fig.6 (a))
corresponds to the recompression shock wave.

For underexpanded jets from two-dimensional pla-
nar nozzles, the expansion fan extends to the jet bound-
ary and then reflects as the compression waves. Then,
these compression waves coalesce to form the inter-
cepting shock wave. The underexpanded jet from the
square nozzle also has the intercepting shock as indi-
cated in Fig.6 for the same reason as two-dimensional
planar jets.

Figure.7 is the experimental schlieren picture at the
diagonal plane for NPRe=2.56 taken by the still camera
with the shutter-speed of 0.5[ms]. Three-dimensional
shock structures can’t be visualized by the schlieren
optical method in principle, because the density gradi-
ent is integrated along the light path. Nevertheless, the
recompression shocks extending from the nozzle edge
and their intersection are in good agreement with the
numerical result.

As aresult, the shock structure of the underexpanded
square jet is found to be composed of the recompres-
sion shock wave and the intercepting shock wave. Fig-
ure.8 shows shock surface painted with the density gra-
dient magnitude as an indication of shock strength. At
first, recompression shocks appear around the four cor-
ners of the nozzle exit plane. Then, these recompres-
sion shocks disappear due to the interference with the
expansion fans from the nozzle edges or due to the grid
resolution. At the downstream, recompression shocks
reappears at the symmetry planes. Moreover, follow-
ing the recompression shocks, there are the intercepting
shocks corresponding to the raised portions indicated in
Fig.8. Then, the intercepting shocks are united with the
recompression shocks which intersect regularly.

The three-dimensional shock structure indicated in
Fig.8 dominates the expansion of the jet boundary. Fig-
ure.9 shows cross-sectional density contours with the
shock surface to clarify the relationship between the
shock and the jet boundary. Ejected from the nozzle,
the jet expands outward through the expansion fans.
Thus, the jet boundary around the symmetry planes

{a) Symmetry Plane

Intercepting Shock

Expansion Fan Recomp. Shock

(b) Diagonal Plane

Fig. 6: Schematics of Flow Structure with Density
Contour at Symmetry and Diagonal Planes

g 25 35 [mm}?
Fig. 7. Experimental Schlieren Picture at Diagonal
Plane; Shutter-Speed=0.5{ms}

expands two-dimensionally according to the Prandtl-
Meyer’s theory, while the jet boundary at the comner
regions turns inward through the recompression shock
waves. The jet boundary at the symmetry planes still
expands two-dimensionally at X/D,=2.5 in spite of the
recompression shocks. At X/D;=4.2, the jet bound-
ary turns inward furthermore due to the intercepting
shocks. Consequently, the cross-sectional jet shape be-
comes cross-shape as shown in (Fig.9)

From the experiment, the numerical results of the
cross-sectional jet shapes are confirmed. Figure.10 is
Mie scattering images of the cross-sections. Axial po-
sitions of each cross-sections are illustrated in Fig.7. At
the axial position of X=5[mm], the jet shape is almost
the same as the nozzle exit. Then at X=15[mm], the
jet shape starts to be deformed, and at the downstream
X=25 and 35{mm)], the jet shape grows to become dis-
tinct cross-shape.
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Fig. 8: Shock Surface painted with Density Gradient
Magnitude

Conclusions

The underexpanded jet from the square nozzle rep-
resenting one of the clustered combustors of the linear
aerospike engine was studied numerically and exper-
imentally. From the numerical investigation, it is re-
vealed that the three-dimensional shock wave is com-
posed of the recompression shock waves and the in-
tercepting shock waves. The intercepting shock of the
square jet is formed for the same reason as that of two-
dimensional planar jets. On the other hand, the recom-
pression shock is generated behind the overexpanded
regions at the corners caused by the interaction of ex-
pansion fans from the nozzle edges. Moreover, the
overexpanded regions grow up to intersect with each
other at the symmetry plane, then another recompres-
sion shock is formed.

The three-dimensional structure made up of the two
shocks is visualized by the shock detection algorithm.
Furthermore, the relation between the shock surface
and the cross-sectional jet shape is made clear, which
explains the reason for the cross-sections of the jet to
be cross-shape.

The characteristic features of the square jet is also
confirmed by the experimental investigation. The ex-
perimental schlieren picture verifies the numerical re-
sult of the recompression shock extending from the
nozzle edge at the diagonal plane and its intersection
point. Furthermore, cross-sectional jet shape visualized

X=5 15

Density 0.11

X/Dt=4.2
. X/Dt=5.1

Fig. 9: Shock Surface with Cross-Sectional Density
Contour thresholded by Pitot Pressure

by the Mie scattering method demonstrates a tendency
to become cross-shape.
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