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When the high-pressure gas is exhausted to the vacuum chamber from the supersonic nozzle, the overexpanded

supersonic jet is formed at specific condition. In two-dimensional supersonic jet, furthermore, it is known that the

hysteresis phenomena for the reflection type of shock wave in the flow field is occurred under the quasi-steady

flow and for instance, the transitional pressure ratio between the regular reflection (RR) and Mach reflection

(MR) is affected by this phenomenon. Many papers have described the hysteresis phenomena for underexpanded

supersonic jet, but this phenomenon under the overexpanded axisymmetric jet has not been detailed in the past

papers. The purpose of this study is to clear the hysteresis phenomena for the reflection type of shock wave at the

overexpanded axisymmetric jet using the TVD method and to discuss the characteristic of hysteresis phenomena.
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Introduction

When the high-pressure gas is exhausted to the
vacuum chamber from the supersonic nozzle, the
overexpanded supersonic jet is formed at specific
condition. This type of jet is very important for some
industrial devices and has been investigated in past
papers. The three-dimensional flow field is usually
formed by jet and the jet structure is very complex
involving some shock waves, as the oblique shock. In
two-dimensional supersonic jet, furthermore, it is known
that the hysteresis phenomena for the reflection type of
shock wave is occurred under the quasi-steady flow in
the recent study 5 and for instance, the transitional
pressure ratio between the regular reflection (RR) and
Mach reflection (MR) is affected by this phenomenon.
Many papers have been described the hysteresis
phenomena for underexpanded supersonic jet '] but
this phenomenon under the overexpanded axisymmetric
jet has not been detailed in the past papers. The purpose
of this study is to clear the hysteresis phenomena for the
reflection type of shock wave at the overexpanded
axisymmetric jet using the TVD method.
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Computational Method

Typical flow field

When the pressure ratio of the reservoir and back
pressure applies to overexpanded condition, the structure
of overexpanded supersonic jet exhausted from the
nozzle is schematically shown in Fig.1.
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Fig.1 Schematics of jet structure of overexpanded

supersonic jet

In figure 1(a), the oblique shock formed at nozzle
corner intersects with Mach stem. It is well known that
this reflection type is a Mach reflection (MR). On the
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other hand, the oblique shock formed at nozzle corner
intersects with each other at jet axis and this reflection
type is a regular reflection (RR), as shown in Figurel (b).
As shown in these figures, the symbol « shows the
incident angle of oblique shock, d. is the nozzle exit
diameter, M, is the nozzle exit Mach number and py, p.,
Py mean the reservoir, nozzle exit and vacuum pressures,
respectively.

Governing equation and conditions

In the numerical calculation, the two-dimensional
axisymmetric flow field is assumed and the x-y
cylindrical coordinates system originated on the center of
nozzle exit is considered, as shown in Fig. 2.
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Fig.2 Computational region and symbols used in this study

The governing equation used in this study is the
compressible unsteady axisymmetric Euler's equation so
that the inviscid gas is assumed. It can be written in
Eq.(1) by the non-dimensional conservation forms.
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Equation (1) is non-dimensionalized by the nozzle
exit diameter d, and the reservoir pressure p,, density p,
and sound velocity a,. The non-dimensionalized equation
is solved by the TVD method ' with the operator
splitting technique . The square grid such as Ax=Ay is
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used, as shown in Fig.2 and the time step At is decided
by the CFL condition.

In all the calculations, a symmetric boundary was
imposed along the jet axis, namely, A-F in Fig.2. A fixed
pressure boundary condition was applied to the upstream
boundary A-B and the downstream boundaries D-E, E-F
were taken as outlet condition, respectively.

As the initial conditions, the nozzle exit Mach
number is M. and the pressure ratio are varied in the
range of 3<M.<5 and 20<¢<95, where, ¢=py/p, and p, is
a reservoir pressure, p, is a vacuum pressure. The ratio of
the specific heats is k =1.4.

The procedure of calculation is shown in Fig.3. In
the first step, the steady jet under ¢=g¢; is solved and this
solution is used as the initial condition for next step. In
the second step, the pressure ratio is decreased just A¢ at
the downstream boundary in computational domain and
the calculation is repeated until this transient process
becomes the steady state, shown by black circle in Fig.3.
The result obtained by that process is regarded as
quasi-steady solution and this solution is used as the
initial condition for next step. That process is repeated
until the pressure ratio ¢ becomes the lower limit ¢, and
the calculation is started toward the upper limit ¢y by
similarly calculation step.
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Fig.3 Procedure of pressure change

Results and Discussions

Transition of reflection type

The typical isopycnics showing the jet structure for
case of M.=4 is shown in Fig.4. Figure (a) indicates the
result of regular reflection (RR) and figure (b) represents
the result of Mach reflection (MR). The MR type occurs
at low pressure ratio domain and the RR type occurs at
high pressure ratio domain. As shown in figure, the
incident angle of oblique shock from a nozzle corner and
the intersection position for oblique shocks or oblique
shock and Mach stem are defined by symbol « and x,
respectively.
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(a) #=40 (b) ¢=29

Fig.4 Typical isopycnics showing jet structure (M.=4)

The typical isopycnics showing the hysteresis
phenomena are shown in Fig.5 and Fig.6. All figures
show the isopycnics of half area from jet axis when the
pressure ratio ¢ is decreasing or increasing under the
constant Mach number M, .

(a) =40 (RR) (2) #=40 (RR)

(b) #=29.5 (RR) () ¢=35 (RR)

(c) =29 (MR) (e) 4=34.5 (MR)

(d) ¢=20 (MR)

Fig.5 Typical isopycnics showing hysteresis phenomena
(M=4)
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Figure5 shows the results of M.=4 and the figure (a),
(b), (c) denote the results when the pressure ratio ¢
decreases and the figure (d), (e), (f) represent the results
when the pressure ratio ¢ increases, respectively. In
figure (a) and (b), the regular reflection (RR) is observed.
In figure (c), the Mach reflection (MR) occurs at this
condition. The reflection type transforms from RR to MR
in region 29.5>¢#>29 at this case. But in figure (d), (e), (f),
namely, when ¢ increases, it is remarkable that the
reflection type transforms from MR to RR in region
34.5<¢<35 and the transitional pressure ratio of
reflection type differs compared with figure (c), (d),
namely, when ¢ decreases. The condition occurred the
hysteresis phenomena, therefore, are affected by the
pressure ratio ¢ of flow field.

Figure 6 shows the result of M.=5 and the reflection
type transforms from RR to MR or MR to RR because of

(a) 95 (RR) (g) #=95 (RR)

(b) 4=63.5 (RR)

(f) #=93 (RR)

(c) =63 (MR) (e) $=92.5 (MR)

(d) #=55 (MR)

Fig.6 Typical isopycnics showing hysteresis phenomena
(M=5)
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change of pressure ratio ¢. But, the region of transitional
pressure ratio differs compared by the result of Fig.5 so
that the hysteresis phenomena are affected by nozzle exit
Mach number M..

From the results of Fig.5 and Fig.6, it is remarkable
that the hysteresis phenomena occur at the transitional
pressure ratio between RR and MR.

Effect of hysteresis phenomena

The relation between the non-dimensional
intersection position x/d. and pressure ratio ¢ is shown in
Fig.7. Figure (a) indicates the result for M.=4 and figure
(b) represents the result for M.=5, respectively. The
black symbol shows the MR type and white symbol
indicates the RR type. The difference of symbol form
denotes the increment or decrement of pressure ratio ¢.
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Fig.7 Relation between non-dimensional intersection
position x,/d, and pressure ratio ¢

In figure (a), the value of x/d. increases with
increasing of ¢ and this fact means that the jet size
extends with increasing of ¢ The value of x/d.,
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furthermore, differs at region 30<¢<34 because of
increment or decrement of pressure ratio ¢. The value of
x/d., obtained at RR is larger than that obtained at MR,
because the intersection position at RR transfers toward
downstream. The reflection type changes in this region
compared with the isopycnics and the effect of hysteresis
phenomena occur at intersection position xy/d..

On the other hand, in figure (b), the transition of
reflection type occurs caused by change of pressure
ratio, as same as figure (a), but the disagreement of
x/d. observes at region 64<¢<92 because of hysteresis
phenomena. This region, in which the disagreement of
x/d. is observed, becomes high pressure ratio and this
area extends compared with result of M.=4. The
condition occurred the hysteresis phenomena,
therefore, are affected by the nozzle exit Mach
number M. and pressure ratio of flow field ¢, as
shown in Fig.4. These characteristics for
overexpanded supersonic jet are in good agreement
with the result for underexpanded supersonic jet 1*/.

Relation between the incident angle of oblique shock
o and the pressure ratio ¢ is shown in Fig.8. Figure (a)
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Fig.8 Relation between incident angle of oblique
shock and pressure ratio
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indicates the result of M.=4 and figure (b) represents
the result of M.=5, respectively. The black symbol
shows the result of MR type and the white symbol
indicates the result of RR type. The difference of
symbol form denotes the increment or decrement
pressure ratio. The two solid lines, furthermore, show
the result obtained by theoretical criteria deduced from
the analysis of shock wave angle *), namely, two or
three shock theory for two-dimensional flow. The upper
line indicates the result of two shock theory and the
symbol ¢ denotes the extreme angle. The lower line
indicates the result of the three shock theory and the
symbol ¢ denotes the stationary angle. The region
surrounded by two solid lines, therefore, means the dual
solution domain.

In figure (a), the value of o decreases with
increasing of x/d., because the intersection position
increases, and is larger than that of RR, because the
intersection position x/d. transfers toward radius
direction. Furthermore, the value of « differs at region
30<¢<34, caused by the increment or decrement of
pressure ratio ¢. As the same as Fig.7(a), the reflection
type differs in this region from the isopycnics so that the
effect of hysteresis phenomena occurs at the incident
angle o of oblique shock.

In figure (b), the transition of reflection type occurs
caused by change of pressure ratio, as the same as figure
(a), but the disagreement of « is observed at the region
64<¢<92, caused by the hysteresis phenomena. This
region becomes high pressure ratio and this area extends
compared with the result of M.=4.

From these figures, it is important that the hysteresis
phenomena occur at the dual solution domain obtained
for two-dimensional flow.

Figure 9 shows the relation between the incident
angle of oblique shock « and the nozzle exit Mach
number M.. The solid line indicates the result by the two
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Fig.9 Relation between incident angle of oblique
shock « and nozzle exit Mach number M,
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or three shock theory for regular reflection or Mach
reflection of oblique shock in two-dimensional flow
and the symbol <RR or MR> shows the dual solution
domain. The symbol .y denotes the extreme angle and
the symbol ¢y denotes the stationary angle, respectively.
In addition to the result of M.=4 and M.=5, the result of
M=3 is shown in this figure. It is clear that the
hysteresis phenomena obtained by this study for
overexpanded axisymmetric jet are almost observed in
the dual solution domain and this phenomenon occurred
in the region of incident angle extends with increasing
of nozzle exit Mach number M,. This characteristics
agree well with the result of underexpanded supersonic
axisymmetric jet 1*!.

From all figures, it is concluded that the hysteresis
phenomena for overexpanded axisymmetric jet is
generally occurred in the dual solution domain and the
incident angle of oblique shock could be predicted by
the two or three shock theory for regular or Mach
reflection of oblique shock and this characteristic
agrees with the result of underexpanded supersonic
axisymmetric jet.

Conclusions

The paper aims to clear the hysteresis phenomena for
the reflection type of shock wave at the overexpanded
axisymmetric jet using the TVD method. The results are
as follows.

(1) The hysteresis phenomena occur in
overexpanded supersonic axisymmetric jet at the specific
condition. The effect by this phenomenon is observed at
the intersection position x/d. and the incident angle of
oblique shock «a.

(2) The non-dimensional intersection position x;/d.
increases with increasing of pressure ratio ¢ and the
value of x/d. differs at specific condition caused by
hysteresis phenomena. The disagreement region of x,/d,
becomes high pressure ratio domain and this area
extends with increasing of nozzle exit Mach number
M..

(3) The incident angle of oblique shock « decreases
with increasing of ¢ and the value of « differs at specific
condition caused by hysteresis phenomena. The
disagreement region of o becomes high pressure ratio
domain and this area extends with increasing of nozzle
exit Mach number M..

(4) The hysteresis phenomena for overexpanded
axisymmetric jet is generally occurred in the dual
solution domain and the incident angle of oblique shock
could be predicted by the two or three shock theory for
regular or Mach reflection of oblique shock. This
characteristic agrees well with the result of
underexpanded supersonic axisymmetric jet.



Tsuyoshi Yasunobu et al.

Acknowledgement

The last two authors gratefully acknowledge the
support provided by the Japan Society for the Promotion

of Science (JSPS) and for the

‘Grant-in-Aid for

Scientific Research’(No. 18560172), 2006.

References

(1]

Gribben, B. J..; Badcock, K. J..; Richards, B. E..:
Numerical Study of Shock-Reflection Hysteresis in an
Underexpanded Jet, AIAA Journal, 2000, 38(2) : 275—
283

Deck, S..: Unsteady Side Loads in a Thrust-Optimized
Contour Nozzle at Hysteresis Regime, AIAA Journal,
2004, 42(9) : 1878—1888

Irie, T..; Yasunobu, T..; Kashimura, H..; Setoguchi, T..:
Hysteresis Phenomena of Mach Disk Formation in an
Underexpanded Jet, Theoretical and Applied Mechanics
Japan, 2004, 53 : 81—187

[4]

Hysteresis Phenomena of Shock Wave Reflection in Overexpanded Axisymmetric Supersonic Jet 225

Hadjadj, A..: Numerical Investigation of Shock-Reflection
Phenomena in Overexpanded Supersonic Jet, AIAA
Journal, 2004, 42(3) : 570—577

Baig, A.; Rizvi, H.; Zahir, S.; Khan, M. A.:
Investigation of Shock-Reflection Hysteresis Phenomena
in Supersonic Jet of Overexpanded Flow, Proceedings of
The 8" International Symposium on Fluid Control
Measurement and Visualization, Chengdu, China, 2005 : 1
—9

Yee, H. C... Upwind and symmetric shock-capturing
schemes, NASA TM-89464, 1987 : 1—127

Sod, G. A..: A numerical study of a converging cylindrical
shock, Journal of Fluid Mechanics, 1977, 83(4) : 785—
794

Ben-Dor, G..; Ivanov, M..; Vasilev, E. IL..; Elperin, T..:
Hysteresis processes in the regular reflection — Mach
reflection transition in steady flows, Progress in
Aerospace Sciences, 2002, 38 : 347—387




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


