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Onset of radial viscous fingering in a Hele-Shaw cell
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Abstract—The onset of viscous fingering in a radial Hele-Shaw cell was analyzed by using linear theory. In the self-
similar domain, the stability equations were derived under the normal mode analysis. The resulting stability equations
were solved analytically by expanding the disturbances as a series of orthogonal functions and also numerically by
employing the shooting method. It was found that the long wave mode of disturbances has a negative growth rate and
the related system is always stable. For the limiting case of the infinite Péclet number, Pe— oo, the analytically obtained
critical conditions are R.=11.10//Pe and n,=0.87./Pe. For Pe>100, these stability conditions explain the system quite

well.
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INTRODUCTION

The instability during the displacement of two-miscible fluids in
a porous medium was first studied experimentally by Hill [1]. If
the displacing fluid is less viscous than the displaced one, this unfa-
vorable viscosity difference makes the system unstable and causes
the displacing fluid to channel through the displaced one. Recently,
Holloway and de Bruyn [2,3] showed experimentally that similar
fingering can occur in a single fluid saturated within the Hele-Shaw
cell. In their experiments, the viscosity contrast is induced by the
temperature difference.

The viscous fingering occurring in radial source flows has attracted
many researchers’ interests (see Tan and Homsy [4], Yortsos [5]
and the references given therein). Later, Riaz and Meiburg [6,7]
and Riaz et al. [8] extended this problem by considering various
effects such as 3-dimensional disturbances, velocity-induced dis-
persion and concentration-dependent diffusion. They solved the sta-
bility problem with the linear stability theory and direct numerical
simulation. Pritchard [9] revisited this problem by considering dou-
ble diffusive effects due to the heat and mass transfer. He expanded
the temperature and concentration disturbances as a series of orthogo-
nal functions. Recently, Kim [10] proved that in the limiting case
of infinite Péclet number, the principle of the exchange of stabili-
ties is valid.

Even though the above studies gave the growth rate of fingering
instability, less attention has been given on the critical conditions of
the onset of instability. In the present study, the onset of viscous
fingering of the radial source flow in a Hele-Shaw cell is analyzed
under linear theory. Under the normal mode analysis the onset and
the growth of the azimuthal instability are analyzed theoretically by
using the spectral approach and numerically by employing numer-
ical shooting method. Based on a more robust mathematical basis,
the present complements the previous results from the numerical
solution.
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GOVERNING EQUATIONS AND BASE FIELDS

The pseudo two-dimensional flow that results from the injection
of fluid into a horizontal radial Hele-Shaw cell, whose thickness is
b, from a line source at position r=0 with a constant areal flux Q
and the temperature T, is considered here. The viscosity of the dis-
placing fluid is z4, and that of the ambient displaced one is 4 where
the temperature is T,. Fig. 1 illustrates the present system schemati-
cally. Under the Hele-Shaw approximation, the dimensionless gov-
erning equation in the cylindrical (x, g)-coordinate can be written as,
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Fig. 1. Schematic diagram of system considered here.
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where b, b’/Q, Q/b, 14, 14, Q6> and AT(=T,~T,.) are used as length,
time, velocity, viscosity, pressure and temperature scales, respec-
tively. Here, the important parameter Péclet number, Pe, is defined
as [6,7]

_Q
Pe= p ®)

where « is the thermal diffusivity. The Péclet number means the
ratio of the convective transfer rate and conductive one. It is well-
known that the conductive term makes the convective motion sta-
ble, which will be discussed later, and therefore, higher values of
the Péclet number promote instability. Holloway and de Bruyn [2,3]
conducted systematic experiments on the radial viscous fingering in
a Hele-Shaw cell. According to their experimental data, the Péclet
number for the miscible case ranges from 10° to 10°. Thus, high Pe
is common in experimental situations. Another parameter for the
instabilities is the viscosity variation with the temperature and its
relation is assumed to be

R=- —5%;: constant. ©)

Holloway and de Bruyn [2,3] suggested the temperature-depen-
dent viscosity as

u=exp(a,—a,T+a,T"). )
And, they defined the viscosity contrast as
M= “g ;—exp{alAT+azAT(TH+T )L ®)

Since &K1<< (T,+T)/AT is guaranteed in their experiments, the fol-
lowing relation between M and R can be used:
M~exp(R), ()

Since viscous fingering is driven by the viscosity gradient, which
is quantified by R, the fingering instability can never be expected
for R=0. However, even though there is a significant viscosity mis-
match, the system can remain stable if there is no flow, i.e., Pe=0.
This means that the stability of the present system is controlled by
both Pe and R not Pe or R alone.

For a constant flux injection system, where u,=1/1, the axisym-
metric base temperature is governed by [9],

aeo 186, _D 156,
T 6r( Pe/ Pe g’ (10)
under the following conditions:

a=1 atr=0, (11a)
g—0asr—w, (11b)

The above equation has the following similarity solution:

_L(Pel2).0)
R T (12

where 6=(T—T_)/AT is the dimensionless base temperature, &=Pe
r/(47) is the similarity variable, /T, x)= [t exp(~t)dt is the incom_

plete gamma function and the function T (o) is the gamma func-
tion. For the limiting case of Pe—>co, the above temperature field

Lo — T T =T T T T T T T T
X Approximate solution, Eq. (13)

0.6

0.4

I Exact solution, Eq. (12)
0.2 f Pe=20
Pe=10°

Dimensionless concentration, ¢,
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Fig. 2. Comparison of base temperature distributions of the vari-
ous Pe.

reduces to
1
90(77)=§erf0(77), 13

where n=(§—Pe/2)/JITe and 77=0 is the displacing front. As shown
in Fig. 2, for Pe>100 the above solution approximates the exact
one quite well.

LINEAR STABILITY THEORY

Under linear theory, the following linear stability equations can
be obtained by perturbing Eqgs. (1)-(4) [9]:

10v, _

rar( W o
%Z_l;:_ v, (16)
GO N

The corresponding boundary conditions are

ru,—0 and 6,—0 asr—0, (18a)
u,—0and §—0asr—o. (18b)

Here the subscripts ‘0” and ‘1’ mean the base and disturbance quanti-
ties, respectively. Eliminating the pressure terms, the linear stability
Eqgs. (14)-(16) reduce to

w1

L Raﬁo)ﬁ(ru]) 10 18 a6
or r or

or r28¢( w)=R3 P of 19

Using the similarity variable £[=Pe r/(47)], Egs. (17) and (19)
are transformed into

*(ruy) R34 Aoy, 1.8(ry, 56,
faar; (RG22 ar¢u 4§Ra¢2’ @0
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20 o 0 186, 1, déo,

e {65 {f (1——)} 491 4_55_,]52_?) d_f(m') 1)
deo Pel/2-1

9z npe/z)f( 'exp(-9). (22

The corresponding boundary conditions are
,=6=0as £&—~0and £—>co. 23)

For high Pe case, using 77=(&-Pe/2)/./Pe, the above stability equa-
tions are approximated as

F 80,0 18 B 169,
[ +R877677+Pea¢ J( w)=R Peps @4
L P Nl PR
- Z[Mﬁz%,ﬁpew} ~32,/Pew). 25)
dé, 1
—=——¢ 26
i Tn xXp(=17). (26)
under the following boundary conditions:
ru,=6=0at n=—.Pe/2, (27a)
ry,—0and —0as p—w (27b)
NORMAL MODE ANALYSIS

As discussed by Tan and Homsy [4], one of major differences
between the present radial flow system and the rectilinear one is
that normal mode analysis is possible in the present radial fingering
problem. Since the coefficients of the above equations are indepen-
dent of ¢ and 7under the normal mode analysis, the disturbance
quantities can be represented as

[ru;, GI=[H(2), O(Dlexp(ing)z”, (029

where n is the azimuthal wavenumber and the growth rate o de-
fined as
00
z'-é-;' =06, 29
can be used for the stability measure. From Egs. (20)-(23) and (28),
the following stability equations can be obtained

‘yp Pe/2-1 : .
(1 e w04 v ke, 60
d d ’
@z{éd—éﬁ{é +(1- —)}dg}@_rg@
1 Pel2-1
21"(Pe/2)§( ‘exp(- &) ¥, €D
under the following boundary conditions:
P=@=0 as &0 and . (32)

For high Pe case, from Eq. (24)-(27), the above stability equa-
tions are approximated as
-
4P Rexp(- 77)——a =R’ 6. 33)

dn  Jxz
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cO- [dd_ 4 —a:|@+7€xp( A, (34)

under the following boundary conditions
@—0and ¥ —0as 7>+, (35)

where ¥'=./Pe ¥ a(=n/./Pe) and R (=R./Pe).

SOLUTION METHODS

1. Spectral Analysis
To analyze Egs. (30)-(31), according to the Sturm-Liouville the-
ory, let @as

AH=TALH. (36)

Here f(¢) is the eigenfunction of the following Sturm-Liouville equa-
tion:

d d|.
{éd - {é (1——)} : g}f ~Af, G7)
where /, is the eigenvalue corresponding to the eigenfunction f(&).
Now, f(&) will be found in the following form:

f()=as exp(- & e(&). (38

By substituting the above form into Eq. (37), the following equa-
tion can be derived:

& Pe)_ld&i__ s
:d o[(145)-¢E-ne (9)
And the solution of the above equation is
g!(é):]-’lh/z(g) and i:(/li_ 1):07 17 2’ ) (40)

where L*(&) is the associated Laguerre polynomials [11]. There-
fore the exact solution of @ can be written as

AH=exp(- D" T AL (&, @1

(/]

To meet the orthonormality of s, i.e., Ifi(é)f,(é)w(g)dé—d the nor-
malization factors ¢ are determined as0
a[IG+1)/I(i+Pe/2+1)]". 2)

It is assumed that (&) can be expressed as
HH=3 AW, @)

where 1 are obtained by solving

f‘iﬁ’%( e e 923,

Il Pel2y Pel2
=—Rzggarexp(—cf)§ L7(9). (44)

However, 1 cannot be expressed in a closed form. By substituting
(&) and O(&) into Eq. (31) and using the orthogonality of L
(9’s, Eq. (31) can be rewritten in the following matrix form:
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ca=Ba, 45)
where
n’ 1
B,=—A4.101,.— ZD:—],/—]+ EPeGHrl,

D, = aa JLA(OLIHOE 'p(o)de

= aya)S Ik +Pe/2+1)/ [Tk +1)
k=0

= dé, ”
Giy= o[- =2 w(HL " (HAE
g dg

1 et Pel2
=0!fm)—e/2)0j§ PO WL, (HdS,

a:[A07AI7A37”"An]T5

wherein p(&=exp(—-d)E"” is the weighting function and &, is Kro-
necker’s delta. The above equation gives important information on
the effects of conduction, convection and viscosity gradient. The
conduction terms —/4, ,d, , , ,—(n’/4)D, , ; , make the system stable,
whereas the convective term (1/2)PeRn’°G,; , ; , has the opposite ef-
fect on the stability. And, therefore there might exist the neutral stabil-
ity condition where two opposite effects are in equilibrium. Here,
the neutral stability condition is determined by setting the maximum
value of the eigenvalue of the matrix B to 0. Since the convective
term (1/2)PeRi’G, , ;. , cannot be expressed in a closed form, it should
be obtained through numerical integration.
For high Pe and finite R, from Eq. (34), ® can be expressed as

&(n) = AT, (46)

where f,(77) is the eigenfunction of the following Sturm-Liouville
equation

&f, o df, <

—L+2p—=—Af, 47

o Tan @7
Now, f( 77) will be pursued in the following form:

f.(1) = @exp(=17)g(7)- 43)

By substituting the above form into Eq. (47), the following equa-
tion is obtained:

dzg/ dg: ) -

—=_2p==-(4-2)g. 49

T (4-2)g “9)
And the solution of the above equation is

g(m=H(n) and i=(4-2)=0,1,2,, (50)

where H(7)’s are the Hermite polynomials [11]. @, can be deter-
mined by using the orthogonality of f(7)’s as

1/2

a=[J2li+1)27 " (51)

Therefore, the exact solution of @ can be written as
O(1)=exp(- nz);Kﬁ,Hf( s (52)

where the undetermined coefficients A; can be determined by using
the orthogonality of H(7)’s.
It is assumed the ¥(77) can be expressed as

Y’*(n)=R*a2§OKfa,_wf(n), (53)
where 1 can be obtained by solving
—_ R _ _
D’y + —exp(- 7)DY,—a’ W =exp(- 7)H(1), (54)
J7

where D=d/d 7. For the extreme case where Pe—c0 and R—0 but
R’(=R+/Pe) has a finite value, Eq. (54) is reduced as

(L -2 )m=expt- M), (59)
dn

and ; can be solved analytically as
7= ;—;[exp(an){?exp(— 2’ cz)H,-(odg}
+exp(—af7){ [exp(ac- éﬁ&(@d;ﬂ (56)

By applying the similar procedure which is employed to obtain
Eq. (45), the stability equation is approximated as

ca=Ba, (7
where

= _ 1= IR~

Bi’/:_E(iiil-kaz)é‘”-kzﬁ(}i?]’/?]’

Giij= f_fr—l(U)V/;-l(ﬂ)df,
a= [KU,KI,Kz, "’,Kn]r
y= [KO’KI,KZ, - ',KN]T-

2. Numerical Shooting Method

Since the velocity disturbance field cannot be obtained analyti-
cally except for the limiting case of large Pe and small R, a fully
analytic solution is possible only for the limiting case of Pe— o0
and R—0 but finite R'(=R+/Pe). Therefore, the above spectral analy-
sis has its own limit even though it can give the exact solution. Now,
the stability Egs. (30)-(32) are tried to be solved with the numerical
shooting method [12-14].

To integrate the stability Eqgs. (30)<(32), a trial value of the eigen-
value o and the values of d ”/d& @ and dO/dE at £=./Pe are as-
sumed properly for given R, n and Pe. Since the boundary condi-
tions (32) are all homogeneous, the value of ¥at £=./Pe can be
assigned arbitrarily. This procedure is based on the shooting method
in which the boundary value problem is transformed into the initial
value problem. The trial values at &=./Pe give all the information
to make numerical integration smooth. Integration based on the 4th-
order Runge-Kutta method is performed from the displacing front,
&=./Pe, to the injection center, &=0, and to the fictitious outer bound-
ary satisfying the infinite boundary conditions. By using the New-
ton-Raphson iteration, the trial values o; d¥/d&, @ and d@/dE at
5%/% are corrected until the stability equations satisfy the bound-
ary conditions (32) within the relative tolerance of 10™'°. Then, by
increasing the fictitious outer boundary step by step, the above inte-
gration is repeated. Finally, the value of is decided through the extrap-
olation. For the large Pe case, the similar solution procedure is applied

Korean J. Chem. Eng.(Vol. 29, No. 12)
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to stability Egs. (33)-35).
RESULTS AND DISCUSSION

For the limiting case of n=0, the growth rate can be calculated
analytically. In this limiting case, to meet Eq. (44) under the bound-
ary condition (32), ¥=0 should be satisfied. Therefore, the charac-
teristic matrix in Eq. (45) is reduced as

Bi,jz_ A0 1Lj-15 (58)
and therefore, the growth rate o should be
o= ﬂoz— 1. (59)

Recently, based on the spectral approach, Pritchard [9] expanded
Dz, ¢) as

Pel2

A1, d)=exp(- )& iA/( 7 L9, (60)
j=0

rather than the present (41). However, this spectral expansion needs
a mathematical justification for the incursion of a factor 7~ and
suffers from a severe singularity when 7—> 0. For the limiting case
of n—0, he showed that the dominant mode of instability is

A5H=AlDT L (Hexp(-H)E™, (1)
and the corresponding growth rate is

1dA,

Adr =0 forn—0. (62)

Pritchard’s growth constant can be rewritten as, in the present de-
finition of the growth rate,

o=—1forn—0, (63)

since o=7(1/Ay)(dAy/d7)—1 from Egs. (29) and (62).

Another limiting case of Pe—0 and R—0 but finite R'(=R./Pe),
the analytically obtained growth rates are summarized in Fig. 3. This
figure shows that there exists a critical R}, under which the growth
rate is always negative, i.e., the system is unconditionally stable.

------ R=5
10k —Rlzll 1

-------- R =50
gL R=75

Growth exponent, o

(%]
1

ta

a (=m'Pe' :)

Fig. 3. Growth constants for the various R’ in the limiting case of
Pe—> . For the region of R'<R;, the growth constant is al-
ways negative, i.e. unconditionally stable.
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Based on the results summarized in Fig. 3, the neutral stability curves
at which o=0 should be satisfied are calculated and compared in
Fig. 4. It is interesting that the second solution is identical with the
first order one, and the third-order solution is nearly identical with

10° I y T T T T T T T T T

L e 1-Term approximation

M — 3-Term approximation

i ll Numerical shooting method

L \ Unstable

R'(=R Pe'™)

11.10 .
10' - Stable ]

0.87

0.0 0.5 1.0 1.5 2.0 25 3.0
a (=m’f‘e' “)

Fig. 4. Neutral stability curve for Pe—c0. The 2™ order solution is
identical with the 1st order one.
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R=5, n=4 and Pe=10

t3

0 10 20 30

o

Fig. 5. Eigenfunctions for Pe=10: (a) f(<) and (b) y4(& for R=5 and
n=4.
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the numerical solution by using the standard shooting method. Based
on the 3-term approximation, their stability limits under Pe— o0
and 0<R<<I are

R)(=R./Pe)=11.10 and a,(=n././Pe)=0.87. (64)

This means that for high Pe case, the present system is unstable with
respect to the disturbance given in Eq. (28) in the case of 11.10/
JPe<R..

Except for the above limiting cases, since the closed form of the
solution of Eq. (44) or (54) cannot be obtained, a fully analytical
approach is not possible. For the specific case of Pe=10, the eigen-
functions (<) and y4(&) the numerically obtained are summarized
in Fig. 5. Based on these eigenfunctions (&) and w(<&), the calcu-
lated growth rate is compares well with the numerical shooting solu-
tion in Fig. 6. For a given R, Pe and n, the eigenfunctions y can be
obtained by solving Eq. (44) and calculating the growth rate o: How-
ever, to find R to satisfy =0 for a given Pe and n is not simple
since the closed form of the eigenfunctions y/ is not known. To avoid

1.0 . . . : : : : ; : :

- Numerical shooting method 7

0O Spectral method
05 g,

0.0 =

Growth rate, o

-1.0

Wavenumber, n

Fig. 6. Comparison of the growth rates obtained from the spec-
tral analysis and the numerical shooting method.

L —— Exact solution i
------- Large Pe approximation

3

1 . I s 1 L 1
[ 8 10

3
-

Wavenumber, n

Fig. 7. Comparison of the neutral stability curves obtained from
the exact solution and large Pe approximation.
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I“-l L L 1 .
10" 10' 10 0
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10° T ————r
n/Pe'*=0.87 |
"\y
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[ ﬂ/
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o
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=N ] =
-II’/-,
-~
amEm -
®  Exact solution
O  Large Pe approximation
Infinite Pe solution
10° . L

10° 10 10 10
Pe

Fig. 8. Comparison of the critical conditions from the various ap-
proximations: (a) critical R and (b) critical wavenumber.

this mathematical difficulty, we rely on the numerical shooting method
to achieve the neutral stability curve as shown in Fig. 7.

As Pe increases, the stiffhess of Eqgs. (30) and (31) prevents us
from obtaining a numerical solution. For the case of Pe>20, we used
large Pe approximation given in Eqs. (33)-(35). For the specific case
of Pe=20, the neutral stability curves obtained from the exact solu-
tion and the large Pe approximation are compared in Fig. 7. As shown,
large Pe approximation gives a quite reasonable solution. The criti-
cal conditions which correspond to the minimum of the neutral stabil-
ity curve are summarized in Fig. 8.

Holloway and de Bruyn [2,3] conducted experimental and numeri-
cal simulation work on the onset of the radial viscous fingering in a
Hele-Shaw cell. They found that the viscosity contrast M{=exp(R)}
to insure the onset of fingering instability is a strong function of the
Péclet number as shown in Fig. 14 of Holloway and de Bruyn [3].
They insisted that fingering instability cannot be expected even for
the high Pe number system if M_<20. Even though a direct com-
parison is not possible, Holloway and de Bruyn’s experimental results
show nearly 10 times lager viscosity ratio than the present results
summarized in Fig, 9. This discrepancy may be caused by the experi-
mental condition where the heat loss through the boundaries is inevi-
table and, therefore, the viscosity contrast vanishes.

Korean J. Chem. Eng.(Vol. 29, No. 12)



1694 M. C. Kim

1000

| W Exact solution
0 | O Large Pe approximation
800 |- .. .

| Infinite Pe solution

600 |-

Peclet number, Pe

200 M 4

Viscosity contrast, M
s o

Fig. 9. Comparison of the critical viscosity ratio M, from the vari-
ous approximations.

CONCLUSIONS

The critical condition to mark the onset of the fingering motion and
its growth has been analyzed by using linear theory. In the self-similar
domain, the stability equations have been derived under the normal
mode analysis and solved analytically and numerically. Through
spectral analysis, the disturbances are expanded as a series of orthog-
onal functions and the growth rates are obtained by solving a matrix
eigenvalue problem. For small Pe system, the growth rates obtained

December, 2012

analytically support the numerical shooting solutions. For the case
of Pe>20, the large Pe approximation suggest quite reasonable stabil-
ity criteria. For the limiting case of Pe— o0, n and R were rescaled
as a(=n/»/Pe) and R'(=R./Pe) and the critical values a, and R} were
obtained analytically. For Pe>100, this limiting case explains the sys-
tem quite well. The present spectral analysis and numerical shoot-
ing method can be used to study the similar stability problem.

REFERENCES

1. S. Hill, Chem. Eng. Sci., 1,247 (1952).

2. K. E. Holloway and J. R. de Bruyn, Can. J. Phys., 83, 551 (2005).

3. K. E. Holloway and J. R. de Bruyn, Can. J. Phys., 84,274 (2006).

4. C. T. Tan and G. M. Homsy, Phys. Fluids, 30, 1239 (1987).

5.Y. C. Yortsos, Phys. Fluids, 30,2928 (1987).

6. A. Riaz and E. Meiburg, Phys. Fluids, 15, 938 (2003).

7. A. Riaz and E. Meiburg, J. Fluid Mech., 494, 95 (2003).

8. A. Riaz, C. Pankiewitz and E. Meiburg, Phys. Fluids, 16, 3592
(2004).

9. D. Pritchard, J. Fluid Mech., 508, 133 (2004).

10. M. C. Kim, Z. Angew. Math. Phys., DOI:10.1007/s00033-011-0182-
8.

11. M. Abramowitz and I. A. Stegun, Handbook of mathematical fimc-
tions with formulas, graphs, and mathematical tables, New York,
Dover Publications (1972).

12. I. G Hwang and M. C. Kim, Korean J. Chem. Eng., 28, 697 (2011).

13. I. G Hwang and C. K. Choi, Korean J. Chem. Eng., 25, 199 (2008).

14. 1. G Hwang and C. K. Choi, Korean Chem. Eng. Res., 25, 644 (1996).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /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 false
  /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 true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo 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
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


