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Abstract 
 
In a transpired channel, the response of turbulent field to the external concentrated momentum forcing was investigated. The flow was 

characterized by a strong shear layer resulting from the interaction of the main flow with the injected mass at the surface. The time scale 
of the shedding vortex was imposed on the external disturbance to study the subsequent evolution of the resulting flow near the surface. 
The imposed time characteristics were persistent in the pressure field, but the amplification of instability was not evident in the present 
configuration. In contrast with pressure, the effect of external disturbance was not clearly exhibited in the temperature field near the sur-
face. This is considered to be due to the dissimilarity between the turbulent velocity and the temperature fields in the presence of wall 
injection. Thus, it is expected that the perturbed near-wall heat transfer characteristics should be modeled in a different way from that of 
the velocity field.  
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1. Introduction 

Hybrid rocket is receiving much attention these days due to 
its several advantages over the conventional rocket system, the 
first among which is the superiority of its safety features. In 
addition to this apparent merit, the potential of the sounding 
rocket and low-cost tactical missiles can be attributed to their 
low development cost and low temperature sensitivity advan-
tages over their traditional solid and bipropellant counterparts. 
Nonetheless, despite the overwhelming experimental studies 
on hybrid rockets since the 1990s, their relatively lower den-
sity specific impulse compared with that of the solid rocket 
motor must be further improved to be widely used in a practi-
cal propulsion system.  

Most of the pioneering investigations relevant to hybrid sys-
tem dealt with non-turbulent weak injection [1-3]. However, 
although they demonstrated that pressure force can be greater 
than the turbulent shear stress, the velocity profile they ob-
tained did not deviate much from that derived theoretically by 
Culick [4]. Since then, much effort has been made on fully 
turbulent cases, but most of the works are more inclined to-
wards enhancing the regression rate by using various different 

fuel combinations and metal particle additives [5] than by 
obtaining velocity information. The insufficiency of turbulent 
flow field data is possibly due to the lack of proper instrumen-
tation in such a very complex system.  

Alongside the proliferation of advanced computer resources, 
numerical studies have likewise been conducted. Most of the 
earlier numerical works [6-8] employed the Reynolds stress or 
k-ε models to solve the turbulent flow. Their success was 
somewhat limited due to the restricted capability of the Rey-
nolds Averaged Navier-Stoke (RANS) approach. More re-
cently, several numerical investigations based on large eddy 
simulation (LES) on non-reacting flows have been performed 
in numerical geometry relevant to the solid motor. Although 
serious idealizations had to be introduced due to the prohibi-
tively large computational cost, more detailed flow field in-
formation on turbulent field has been reported. One of the key 
issues in the context of turbulent flow field is the hydrody-
namic stability because the steady operation of a rocket, which 
is one of its very important missions, is closely related to vari-
ous flow instabilities. Apte and Yang [9, 10] documented very 
useful information on turbulence development and acoustic 
excitation process in a solid motor with one end closed. On 
the contrary, although their studies can be considered one of 
the most realistic numerical works to date, flow physics is not 
likely to be the same as in a hybrid motor due to the absence 
of the convection effect of an oxidizer stream. More recent 
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works by Na and Lee [11], Lee and Na [12], and Na [13] 
showed very interesting features of flow modification near the 
fuel surface in a transpired channel. Due to the interaction of 
the main oxidizer flow with the wall injected flow, turbulent 
structures are significantly altered, and isolated cell-like con-
tours of streamwise velocity reminiscent of dark spots ob-
served in the combustion tests [5] are produced near the sur-
face. Likewise, it was shown that vortex shedding with a spe-
cific frequency was produced due to hydrodynamic instability.  

Several earlier LES results for solid rocket showed that the 
onset of hydrodynamic instability could significantly change 
the unsteady flow evolution, but only few works were per-
formed on a hybrid motor. Thus, it would be quite interesting 
to know what would happen if external perturbations are cou-
pled with hydrodynamic instability in a hybrid rocket. Moti-
vated by this issue on flow instability, a LES study was con-
ducted to determine how the hydrodynamic instability affects 
the velocity and temperature fields in the hybrid combustion. 
Focus was given on the near-wall modification of turbulent 
field considering the external disturbances with a specified 
frequency using the LES technique. Disturbance was gener-
ated in terms of momentum forcing, and subsequent evolution 
of turbulent field including passive scalar was analyzed. To 
better focus on the near-wall turbulent flow with an acceptable 
computational cost, a hybrid motor was idealized with a tran-
spired channel where the regression process was represented 
by a mass injection at the surface without combustion. Tem-
perature was regarded as a passive scalar, with the Prandtl 
number being 1.   

 
2. Numerical methodology 

2.1 Governing equation 

A typical hybrid motor is operated with a Mach number less 
than 0.1, and thus the effect of density variation can be ne-
glected. With the assumption of cold flow, the combustion is 
not considered, and all the fluid parameters remain constant. 
Furthermore, the temperature is regarded as a passive scalar to 
solve the following set of filtered non-dimensional governing 
equations for velocity and temperature on a rectangular stag-
gered grid: 
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To close the system, residual stress tensor 

ij i j i ju u u uτ = − and residual heat flux vector j j jq Tu Tu= −  
were modeled using a dynamic mixed model (DMM). The 
details of solving the above set of governing equations were 
explained by Na and Lee [12] and Na [14]. 

2.2 Computational geometry 

A hybrid motor was idealized with a transpired channel 
where the regression process was represented by the mass 
injection along the surface. Thus, the numerical domain con-
sists of two different regions, as shown in Fig. 1. The stream-
wise extent of the domain is Lx=26h and the spanwise extent is 
Lz=6.5h, where h is the half-channel height. 

The region dedicated for generating inflow turbulence was 
placed in front of the region of main interest where the wall 
injection was applied. To provide realistic turbulence to the 
main region, the flow field information given in the specific 
plane was recycled to the inlet [15]. Note that the distance 
between these two planes were much larger than the length 
scale of the large eddies in the flow direction.  

The geometry of the present flow contains several regions 
of non-negligible gradients in the wall-normal direction due to 
the mixing of the main oxidizer flow with the wall injection. 
The occurrence of a strong shear layer away from the wall is a 
direct consequence of the Kelvin-Helmholtz-type instability, 
which imposes a distinct time scale. Thus, a grid independ-
ence study was conducted, and the 1025x193x513 grid system 
believed to be reasonably good enough for the present work 
was selected [12].  

To make the present analysis realistic, Reynolds number 
based on the inlet bulk velocity of the oxidizer and the half 
channel height was set to 22,500, which is very close to that of 
the accompanying experiment [12]. In the main region, the 
linearly increasing wall blowing was prescribed following the 
observation of several experiments [5, 12]. Thus, the wall 
normal velocity changed from the 1% of the inlet bulk veloc-
ity at x/h=13 to 3% at exit. A periodic boundary condition was 
applied in the spanwise direction and convective boundary 
condition was used at exit. For the energy equation, tempera-
ture was assumed to be constant on both upper and lower 
walls. Details of the numerical calculations and the grid sys-
tem can be found in reference [12]. 

 
2.3 Concentrated momentum forcing 

The fact that the flow inside the rocket motor is extremely 
sensitive to external disturbance is due to its intrinsic instabil-
ity. In the present geometry similar to a typical dump combus-

 
Fig. 1. Schematic of the computational domain. 
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tor, Kelvin-Helmholtz-type instability develops, and a subse-
quent vortex shedding characterizes the flow. Given the basic 
flow instability, checking the response of the turbulent flow 
near the wall surface to the external disturbance is very impor-
tant. While various kinds of white noise provided to the pro-
pulsion system can be modeled as distributed forcing, external 
excitation resulting from the geometry of the injector can be 
treated as concentrated forcing characterized by a narrow band 
frequency. Possibly, there are many different ways of impos-
ing external forcing, but the method of imposing a momentum 
disturbance is chosen here because of its convenience in the 
context of the present numerical algorithm. To minimize the 
destruction of the physically realistic turbulence supplied to 
the computational domain of main interest, the manipulation 
of the flow was done in the recycled channel.  

Among the several possible methodologies, an attempt at 
prescribing an external momentum forcing of a specified fre-
quency ( / bh Uω =8.5 in the current study) at the inlet was 
made. The reason for the choice of specific frequency of 

/ bh Uω =8.5 is because the present flow configuration exhib-
ited the given time characteristics [11-13]. Thus, the objective 
of the present work is to analyze the response of the flow to 
this external concentrated forcing to determine if this small 
disturbance can lead to the sudden amplification of instability, 
such as the DC-shift phenomenon.  

Instead of introducing a momentum forcing term in      
the governing equation, streamwise velocity was disturbed   
by adding a velocity increment in the form of 

( )cos ( )n n n n
n

c a y tω∑ , as indicated in Eq. (4). Thus, the pres-

sure and the rest of the velocity components were adjusted to 
satisfy the governing equations.  

 
 

0( , , ) | ( , , ) |x recycled planeu y z t u y z t= ⋅=    

              ( )cos( )n n n
n

c a y tω+∑        (4) 

 
To minimize the effect of the artificial manipulation of the 
flow, Eq. (4) was executed only at the inlet of the domain, and 
the magnitude of the disturbance was forced to remain low 
compared with the base flow. It is believed that the flow 
evolves sufficiently in the recycling region, enabling it to re-
cover from this numerical manipulation. An adjustable con-
stant cn defines the strength of the intended forcing and was 
set to 0.01. Another constant ( )na y was introduced to con-
sider geometrical variations of the rms of streamwise velocity, 

( )rmsu y . 

 
3. Effect of concentrated forcing 

Instantaneous and averaged flow fields will be presented 
here. For statistical results, variables were averaged over time 
and in a homogeneous spanwise direction, such that results 
were a function of both x and y.  

 
3.1 Modification of turbulent structures 

The turbulent structures and pressure fluctuations after im-
posing the concentrated momentum forcing are shown in Fig. 
2. Turbulent structures were detected using the vortex identifi-
cation method [16]. It should be noted that the density of tur-
bulent structures increased abruptly after the wall blowing 
started. This is because the shear layer resulting from the in-
teraction of the main flow with the injected mass at the surface 
was formed away from the wall. Kinematic configuration of 
turbulent structures was altered, such that the head of the 
structures is lifted away from the wall due to the action of wall 
injection. Iso-contours of pressure fluctuations are also dis-
played at the same location in Fig. 2(b). The negative value of 
pressure fluctuation was selected to conjecture the vertical 
structures. In this figure, a rapid variation of structures is not 
obvious, but an occurrence of a pseudo-periodic temporal 

(a) 
 

(b) 
 
Fig. 2. Turbulent structures when external disturbance is imposed: (a) 
Iso-contours of turbulent structures; (b) Iso-contours of negative pres-
sure fluctuation (p’= 21.13 10−− × ). 
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behavior can be seen in the latter.  
Fig. 3(a) shows how turbulence intensity increases due to 

the added disturbance. Throughout the channel height, exter-
nal disturbance results in the significant increase in turbulence 
energy. More drastic changes were found in pressure intensity, 
as shown in Fig. 3(b). In all represented locations, intensities 
increased by factor 2. With the present level of excitation, 
disturbance did not lead to disastrous instability, such as reso-
nance, but left the possibility of sudden amplification. A 
somewhat interesting result was obtained from the tempera-

ture field. In contrast with velocity and pressure, temperature 
intensity did not increase significantly, as illustrated in Fig. 
3(c). Even in the region far away from the wall where the 
effect of injection is less felt, the level of intensity hardly 
changed. This suggests that the effect of non-negligible damp-
ing mechanism exists in the temperature field, allowing the 
external disturbance introduced in the velocity field to decay 
very rapidly. Considering the fact that a higher heat flux is 
required for a higher regression rate, a simple excitation may 
not be efficient for enhancing the convective heat transfer rate.  

The roll-up process due to the detached shear layer can be 
displayed by the contours of negative pressure fluctuation. 
Two-dimensional roller-like structures are evident for the case 
without forcing in Fig. 4(a). As the flow moves downstream, 
Kelvin Helmholtz-type instability causes a periodic shedding 
of vortical structures as detected by the low pressure region. In 
the presence of external disturbance, the coherence of vortical 
structure appears to decrease in Fig. 4(b), but the occurrence 

(a) 

 

(b) 

 

(c) 
 
Fig. 3. Turbulence intensity: (a) streamwise velocity fluctuations; (b)
pressure fluctuations; (c) temperature fluctuations. 

 

(a) 
 

(b) 
 
Fig. 4. Iso-contours of negative pressure fluctuation; (a) case without 
forcing; (b) case with forcing. 

 

 
Fig. 5. Time history of pressure fluctuation with and without forcing. 
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of large-scale vortical structures is evident. More remarkable 
results can be found in Fig. 5, which traces the time history of 
pressure fluctuation with and without forcing. When the ex-
ternal disturbance was added, the pressure signal near the exit 
of the domain (x/h=24.3) showed highly organized frequency 
characteristics. The appearance of this time scale is a direct 
consequence of the imposition of disturbance with the same 
time scale in the velocity field. A more explicit revelation of 
the specified frequency in the pressure suggests that pressure 
is the variable most sensitive to the external excitation.  

 
3.2 Frequency spectra 

The flow behavior in the vicinity of the fuel surface is very 
important in the rocket motor because it is related to heat 
transfer mechanism, which directly affects the regression effi-
ciency. In reality, the analysis of the flow near the surface is 
intimidating due to its complexity. The regression process 
causes the non-vertical momentum and the change in the local 
shape of the wall. Even with these complications, it is as-
sumed that the basic flow physics is not likely to change sig-
nificantly, and the variable geometry has a secondary effect. 
Thus, the response of external excitation in the frequency 
spectra was analyzed in the near-wall region.  

Fig. 6 compares the frequency spectra of streamwise veloc-
ity at two different vertical locations with the case without 
forcing. In the vicinity of the wall, the spectra exhibit distinct 

peaks near the frequency of 8.5 after the injection started. The 
appearance of local maxima is clearly related to the action of 
the wall injection. As the flow moves downstream, amplifica-
tion is further enhanced. Obviously, the corresponding fre-
quency resulted from the shedding vortices. However, the 
effect of vortex shedding appears to diminish abruptly away 
from the wall, as shown in Fig. 6(b). This suggests that the 
effect of wall blowing is limited to the region very close to the 
wall. Somewhat different results were obtained when the ex-
ternal disturbance was imposed (Fig. 7). Distinctive peaks are 
prominent, and they are persistent even in the region away 
from the wall. The frequency imposed on the velocity field 
does not decay fast in the computational domain through the 
nonlinear interactions of the turbulence scales involved.  

The turbulent temperature field treated as a passive scalar 
shows different behaviors (Figs. 8, 9). The effect of external 
disturbance is not manifested in both cases with and without 
disturbance. As shown in Fig. 3(c), the effect of external exci-
tation is minimized in the temperature field, and this insensi-
tivity is evident.   

Fig. 10 shows the correlation between streamwise velocity 
and temperature. Regardless of external disturbance, the corre-
lation in the vicinity of the wall is significantly lower than that 
in the region where wall injection is not applied. This behavior 
is expected from the results in Figs. 8-9. When the disturbance 
is introduced, the correlation drops throughout the channel  

 
(a) 
 

 
(b) 

 
Fig. 6. Frequency spectra of streamwise velocity without forcing; (a) 
spectra in the vicinity of the wall; (b) spectra away from the wall. 

(a) 
 

(b) 
 
Fig. 7. Frequency spectra of streamwise velocity with forcing; (a) 
spectra in the vicinity of the wall; (b) spectra away from the wall. 
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height. As the dissimilarity is amplified through the introduc-
tion of external excitation, turbulence modeling for passive 
scalar would require a more sophisticated approach.  
 
4. Conclusions 

LES analysis was conducted in a transpired channel to in-
vestigate the effect of external disturbance. This flow configu-
ration was relevant to that of a hybrid or a solid rocket motor. 
For the present study, concentrated momentum forcing was 
imposed to the flow to simulate the disturbance characterized 
by fixed frequency. Such form of excitation usually results 
from the geometric characteristics of a propulsion system, 
such as the shape of an injector. To simplify the computation, 
the chemical reaction was not considered, and thus the density 
variation was not considered.  

More attention was given to the near-wall region where the 
behavior of heat transfer was of prime importance to the re-
gression process. Results indicated that the concentrated mo-
mentum forcing at 8.5 agitated the pressure slightly, although 
the amplification was limited. That the current form of con-
centrated disturbance did not lead to resonance was thus con-
cluded. The behavior of temperature was found to be very 
different from that of the velocity in the vicinity of the wall. 
Although the magnitude of the wall injection was restricted, it 
not only caused the dissimilarity between the velocity and 
temperature fields but also blowed the effect of external dis-

(a) 
 

(b) 
 
Fig. 10. Profiles of correlation coefficient between streamwise velocity 
and temperature; (a) case without forcing; (b) case with forcing. 

(a) 
 

 
(b) 

 
Fig. 8. Frequency spectra of temperature without forcing; (a) spectra in
the vicinity of the wall; (b) spectra away from the wall. 

 

 
(a) 
 

 
(b) 

 
Fig. 9. Frequency spectra of temperature with forcing; (a) spectra in the
vicinity of the wall; (b) spectra away from the wall. 
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turbance in the temperature field away from the wall. This 
suggests that the classical approach, which assumes the con-
stant turbulent Prandtl number, may not be useful in the pre-
sent flow configuration, and a more sophisticated turbulence 
model is required for the temperature field. The higher sensi-
tivity of the pressure to the external excitation compared with 
the velocity field still leaves room for the possibility of a sud-
den increase of flow instability. More effective ways of ampli-
fying disturbance or prescribing a distributed forcing that 
simulates the white noise must be determined by future work.  
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Nomenclature------------------------------------------------------------------------ 

h : Half channel height 
Lx, Lz : Domain size in the streamwise and spanwise directions 
p : Pressure 
p’ : Pressure fluctuation 
qj : Residual heat flux vector 
RTu : Correlation for streamwise velocity and temperature 
t : Time 
T  : Temperature 
Trms : Root mean square of temperature fluctuation 
Tw : Wall Temperature 
u, v, w : Velocity component in x, y, z directions 
urms : Root mean square of streamwise velocity 
x, y, z : Cartesian coordinate in streamwise, wall-normal and 

spanwise directions 
α : Thermal diffusivity 
ν : Kinematic viscosity 
τij : Residual stress tensor 

 
References 

[1] K. Yamada, M. Goto and N. Ishikawa, Simulative study on 
the erosive burning of solod rocket motors, AIAA Journal, 
14 (9) (1976) 1170-1176. 

[2] J.-C. Traineau, P. Hervat and P. Kuentzmann, Cold flow 
simulation of a two dimensional nozzleless sold rocket mo-
tor, AIAA Paper, 86-1447 (1986). 

[3] R. Dunlap, A. M. Blackner, R. C. Waugh, Brown, R. S. and 
P. G. Willoughby, Internal flow field studies in a simulated 
cylindrical port rocket chamber, Journal of Propulsion and 
Power, 6 (6) (1990) 690-704. 

[4] F. E. C. Culick, Rotational axisymmetric mean flow and 
damping of acoustic waves in solid propellant rocket motors, 
AIAA Journal, 4 (8) (1966) 1462-1464. 

[5] B. Evans, N. A. Favorito and K. K. Kuo, Oxidizer-type and 
aluminum particle addition effects on solid fuel burning be-
havior, AIAA Paper, 2006-4676 (2006). 

[6] R. A. Beddini, Injection-induced flows in porous-walled 

ducts, AIAA Journal, 24 (11) (1986) 1766-1772. 
[7] J. S. Sabnis, H. J. Gibeling and H. McDonald, Navier-Stokes 

analysis of solid propellant rocket motor internal flows, 
Journal of Propulsion and Power, 5 (6) (1989) 657-664. 

[8] T.-M. Liou and W.-Y. Lien, Numerical simulation of injec-
tion driven flows in a two dimensional nozzles solid rocket 
motor, Journal of Propulsion and Power, 11 (4) (1995) 600-
606. 

[9] S. Apte and V. Yang, Unsteady flow evolution in porous 
chamber with surface mass injection, Part 1: Free Oscillation, 
AIAA Journal, 39 (8) (2001) 1577-1585. 

[10]   S. Apte and V. Yang, A large-eddy simulation study of 
transition and flow instability in a porous walled chamber 
with mass injection, Journal of Fluid Mechanics, 477 (2003) 
215-225. 

[11]   Y. Na and C. Lee, Intrinsic flow oscillation in channel flow 
with wall blowing, AIAA Paper, 2008-5019 (2008). 

[12]   C. Lee and Y. Na, Large eddy simulation of flow develop-
ment in chamber with surface mass injection, Journal of 
Propulsion and Power, 25 (1) (2009) 51-59. 

[13]   Y. Na, Analysis on turbulent scalar field in a channel with 
wall injection using LES technique, Journal of the Korean 
Society of Propulsion Engineers, 13 (2) (2009) 54-63.  

[14]   Y. Na, Direct numerical simulation of turbulent scalar field 
in a channel with wall injection, Numerical Heat Transfer, 
Part A, 47 (2005) 165-181.  

[15]   T. Lund, X. Wu and K. D. Squires, Generation of turbulent 
inflow data for spatially developing boundary layer simulation, 
Journal of Computational Physics, 140 (2) (1998) 233-258.  

[16]   J. Adrian, Formation of coherent packets in wall turbulence, 
Self sustaining Mechanism of Wall Turbulence, edited by R. 
L. Panton, Computational Mechanics Publications, Boston, 
Ma, (1997) 109-134. 

 
 

Dongshin Shin received his B.S. and 
M.S. in Mechanical Engineering from 
Seoul National University in Korea, in 
1983 and 1985, respectively. He then 
received his Ph.D. degree from Stanford 
University in the US, in 1992. Dr. Shin 
is currently a Professor at the School of 
Mechanical System Design Engineering 

at Hongik University in Seoul, Korea. He is the Associate 
Editor of the Journal of Mechanical Science and Technology. 
His research interests include turbulence, instability, combus-
tion, and computational fluid dynamics. 
 

Yang Na received his B.S. and M. S. 
degrees in mechanical engineering from 
Seoul National University, Korea and his 
Ph. D. degree from Stanford University in 
the US. His research interests are in the 
areas of turbulence, computational fluid 
dynamics, and convective heat transfer. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /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
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /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
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


