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Effect of Internal Heat Generation on Free Convection Flow of Non-Newtonian
Fluids over A Vertical Truncated Cone in Porous Media: VWT/VWC
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Abstract

The effect of the internal heat generation on coupled heat and mass transfer by the free
convection flow of a viscous non-Newtonian fluid over a vertical truncated cone embedded in a
saturated-porous medium is numerically analyzed. The surface of the vertical truncated cone is
maintained at variable wall temperature and variable wall concentration (VWT/VWC). The internal
heat generation is of an exponential decaying form. The transformed nonsimilar governing equations
are obtained with the coordinate transformation being performed, and then solved by Keller box
method (KBM). Comparisons with previously published work are performed and excellent agreement
is obtained. Numerical data for the dimensionless temperature profile, the dimensionless
concentration profile, the local Nusselt number and the local Sherwood number are presented in

graphical and tabular forms for the internal heat generation coefficient A", the power-law index of
the non-Newtonian fluid n, the dimensionless streamwise coordinate &, the exponent of VWT/VWC

A, the buoyancy ratio N, and the Lewis number Le. The physical aspects of the problem are
discussed in details.

Keywords: internal heat generation, free convection, non-Newtonian fluids, vertical truncated cone,
porous media, VWT/VWC
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1. Introduction

The convective heat and mass transfer in a
saturated porous medium has a number of important
applications in geothermal and geophysical
engineering. These include nuclear reactor cooling
system, extraction of geothermal energy, thermal
insulation of buildings, filtration processes and
disposal of underground nuclear wastes. Recent
books by Nield and Bejan [1], Ingham and Pop [2]
and Vafai [3] present a comprehensive account of the
available information in the field.

A number of industrially important fluids,
including fossil fuels which can saturate underground
beds, display the behavior of non-Newtonian. The
non-linear relationship between shear strain rate and
shear stress of non-Newtonian fluids in porous matrix
is quite different from that of Newtonian fluids in
porous media. In the aspect of pure heat transfer,
Chen and Chen [4], Wang and Tu [5] and Gorla and
Kumari [6] investigated the case of the vertical flat
plate, respectively. Nakayama and Koyama [7],
Hossain and Nakayama [8], Yang and Wang [9], and
Wang et al. [10] examined individually the body of
arbitrary shape. The case of the vertical cone was
considered by Yih [11], Cheng [12], and Mahmoud
[13], respectively.

In the aspect of coupled heat and mass transfer,
double-diffusion from a vertical surface in a porous
region saturated with a non-Newtonian fluid was
studied by Rastogi and Poulikakos [14]. Cheng
[15-16] examined the natural convection heat and

mass transfer of non-Newtonian power law fluids in
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porous media from a vertical truncated cone with
variable wall temperature and concentration [15], and
variable heat and mass fluxes [16], respectively.

The effect of the internal heat generation is
important in several applications that include reactor
safety analyses, metal waste form development for
spent nuclear fuel, fire and combustion studies, and
the storage of radioactive materials. A new class of
similarity solutions has obtained for isothermal
vertical plate in a semi-infinite quiescent fluid with
internal heat generation decaying exponentially by
Crepeau and Clarksean [17]. Postelnicu and Pop [18]
studied the similarity solutions of free convection
boundary layers over vertical and horizontal surfaces
in porous media with internal heat generation.
Postelnicu et al. [19] presented the case of the
vertical permeable flat plate. Bagai [20] analyzed
similarity solutions of free convection boundary
layers over a body of arbitrary shape in a porous
medium with internal heat generation. Effect of
variable viscosity on free convection over a
nonisothermal axisymmetric body in a porous

medium with internal heat generation was
investigated by Bagai [21]. Mohamed [22] performed
the similarity solution for the effect of lateral mass
flux on the natural convection boundary layers
induced by a heated vertical plate embedded in a
saturated porous medium with internal heat
generation.

Grosan and Pop [23] extended the research of
Chen and Chen [4] to examine the free convection
over vertical flat plate with a variable wall

temperature and internal heat generation in a porous
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medium saturated with a non-Newtonian fluid.
Grosan et al. [24] studied the free convection

boundary layer over a vertical cone in a
non-Newtonian fluid saturated porous medium with
internal heat generation. Bagai and Nishad [25]
investigated the free convection in a non-Newtonian
fluid along a horizontal plate embedded in porous
media with internal heat generation. Recently, Yih
and Huang [26] extended the work of Grosan and
Pop [23] to examine the effect of internal heat
generation on free convection heat and mass transfer
of non-Newtonian fluids flow over a vertical plate in
porous media: VWT/VWC.

Therefore, the objective of the present work is
to extend the work of Cheng [15], Grosan and Pop
[23], Grosan et al. [24], and Yih and Huang [26] to
investigate the internal heat generation effect on the
couple heat and mass transfer by the free convection
flow of a viscous non-Newtonian fluid over a vertical
truncated cone embedded in a saturated porous
medium: VWT/VWC. It is assumed that the internal
heat generation is of the exponential decaying form.
The

numerically using Keller box method (KBM). The

governing equations have been solved
results are obtained and discussed for various values

of the parameters.

2. Analysis

Let us consider the problem of the influence of
the internal heat generation on combined heat and
free

non-Newtonian fluid over a vertical truncated cone
(with half angle y) embedded in a fluid-saturated

mass convection flow of a viscous

porous medium. Figure 1 shows the flow model and
the physical coordinate system. The origin of the

coordinate system is placed at the vertex of the full

cone, where x is the coordinate along the surface of
cone measured from the origin and y is the coordinate
normal to the surface, respectively. We consider the
boundary condition of variable wall temperature T,
C, (VWT/VWCO);,
the

and variable wall concentration

T, and C, are higher than ambient

temperature T, and ambient concentration C_ ,
respectively. The variations of fluid properties are
limited to density variation that affects the buoyancy
force term only. The viscous dissipation effect is

neglected for the low velocity.

Fig. 1. The flow model and the physical coordinate

system

Introducing the boundary layer and Boussinesq
approximations, the governing equations and the
boundary conditions based on the Darcy law (It is
valid under the condition of low velocity and small
pores of porous medium [27]) can be written as
follows:

Continuity equation:

ow)  oav) _ W
ox dy ’

Momentum (Darcy) equation:
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Energy equation:
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Concentration equation:
2
ua—C+V6—C=DMa(2:, &)
ox Oy oy

Boussinesq approximation:
p:poo[]_ﬁT(T_Too)_BC(C_Coo)l (6)

Boundary conditions:

y=0: v=0, T=T, +a(x-x,)",

(7.1-3)
C=C, +b(x-x,)",

y—>w: u=0, T=T_, C=C,_. (8.1-3)
Here, r is the local radius of the vertical truncated
cone; u and v are the Darcian velocities in the x- and
y- directions; K(n) is the modified permeability of the
porous medium; n is the power-law index of the
non-Newtonian fluid; g is the gravitational
acceleration; pu, p and p are the modified viscosity,
the pressure and the density of the fluid, respectively;
T and C are the volume-averaged temperature and
concentration, respectively; o and D,, are the
equivalent thermal diffusivity and mass diffusivity,
respectively; q"is the internal heat generation rate
per unit volume; C, is the specific heat at constant
pressure;, Pr and P, are the thermal and
concentration expansion coefficients of the fluid,
respectively; a and b are positive constants; A is the
exponent of VWT/VWC.

We assumed the boundary layer to be
sufficiently thin in comparison with the local radius
of the vertical truncated cone. The local radius to a

point in the boundary layer, therefore, can be

replaced by the radius of the vertical truncated cone,
ie., r = x siny. Equations (1)-(8) are valid in
X, <x <o where x, is the distance of the leading
edge of the vertical truncated cone measured from the
origin.

The power law fluid index n for various fluids is
as follows:

(i) n < 1 for pseudo-plastic fluids (for example, the
polymer solution) or shear-thinning fluids that have a
lower apparent viscosity at higher shear rates.

(i1) n = 1 for Newtonian fluids (for instance, air and
water) where the shear stress is directly proportional
to the shear rate.

(i) n > 1 for dilatant fluids (for example, the
suspensions of sand) or shear-thickening fluids for
which there is an increase in the apparent viscosity at
higher shear rates.

For the power law model of Ostwald-de-Waele,
Christopher and Middleman [28] and Dharmadhikari
and Kale [29] proposed the following relationships
for the permeability:

6( ne \'[ ed [
E(snﬂj |:3(1—8):| 28]
K(H) = el 3(10n-3)
2| de’ ( 6n+1 j(m)m
z — [29]
8{8(1—8)} 10n-3\75
©)

where d is the particle diameter while ¢ is the
porosity.
The stream function v is defined by
ru=0y/0dy, rv=—-0y/0X. (10)
Therefore, the continuity equation is automatically
satisfied.
We now pay attention to the governing
equations (2) and (3). If we do the

cross-differentiation o(u")/ oy —o(v")/dx, then the
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pressure terms in equations (2) and (3) can be
eliminated. Further, with the help of the equation (6)
and  the
(0/0x << 0/0y), and assuming that g cosy and g

boundary  layer  approximation
siny are of the same order of magnitude, then we can

obtain

ou" _ pogeosyKm) [, T oc 1
o [FTay+BCay} (1)

Integrating equation (11) once and with the aid
of boundary condition (8.1-3), then we get

= LB, (11, ) +pe(C-C, )]

(12)
Invoking  the  following  dimensionless
non-similarity variables:
=X X% (13.1)
o XO
n=-Ra’ (13.2)
X
v
f(&,m) = l 13.3
&=k (133)
T-T
0(&,n) = - 13.4
=1 (134)
Cc-C
M) =—— 13.5
o= (13.5)

Ra

X

_ p.geosyp,[T, - T, K(n) ( X" ]

il o

(13.6)
The internal heat generation rate per unit volume

q" is modeled according to the following equation

[18-26]:

[T, -T,]e™ (14)

Here, k is the equivalent thermal conductivity. A"

is the internal heat generation coefficient. Note that

when A" = 0 corresponds to the case 1: no internal

heat generation (designated as NIHG); while for A"

> 0 corresponds to the case 2: with internal heat
generation (WIHG).

Substituting equations (13)-(14) into equations
(12), (4)-(5), (7)-(8), we obtain

(') =0+N ¢, (15)
9”+(i+n+kjfe'—x £0+A%
1+§ 2n
(16)
= f'@—e@ ,
oc 08
1 & n+A
— "+ ——+ fo'—nf’
Leq) [1+§ 2n J ¢ ¢
(17)
0 of
— f'—— [l I
{ V%)
The boundary conditions are defined as follows:
n=0: £=0, 6=1, ¢=1, (18)
n—>o: 0=0, $=0. (19)

In addition, in terms of the new variables, the
Darcian velocities in x- and y- directions are,

respectively, given by

aRay“,,
u=—f, (20)
X
Ra’% -
V:_oc ix 5 +n+k f+§@— n }L]nf'.
X 1+& 2n o0& 2n
(21)

where primes denote differentiation with respect to 1.

Ra, is the modified local Rayleigh number for the
flow through the porous medium

Besides, the buoyancy ratio N and the Lewis

number Le are defined as followed, respectively:

N:BC[cw—cw]:Bcb o
BT[TW_TOO] Bra’ ‘
The results

(22)

of practical interest in many

applications are both the surface heat and mass
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transfer rates. The surface heat and mass transfer

rates are expressed in terms of the local Nusselt

number Nux* and the local Sherwood number

Sh . respectively, which are basically defined as

followed:

h *X* q X*
L . S 2
e T T 3)
h , *
Sh . ——ma™ _ myX (24)
¥ DM [CW COO] DM

where hx* , hm - are local convective heat transfer

coefficient and local convective mass transfer
coefficient, respectively; q, and m_ are the local
heat flux and the local mass flux, respectively; and

Ay =hx*[TW—TOO] (the Newton’s law of cooling)

and m, =h_ . [CW - Cw] (the analogy between the

mass transfer and the heat transfer).

From the Fourier’s law of heat conduction and
the Fick’s law of mass diffusion, the rate of surface
heat transfer q, and the rate of surface mass

transfer m are defined as followed, respectively:

or
N
= HF)

enff
oy

Inserting equations (25)-(26) into equations
(23)-(24) and with the aid of equation (13), the local
and the local Sherwood

(25)

(26)

y=0

Nusselt number Nux*

number Sh . in terms of Ra{i" are, respectively,

obtained by

Nu

—x —_g'(£.0) 27
Ral- (&0). 27)
Sh_.

— % ——0'(£,0) 28
Ra ¢'(&,0) (28)

On the one hand, for the case of N = 0 (pure
heat transfer), & = y = 0 (vertical flat plate), and
A" =1 (WIHG), equations (15)-(16), (18.1-2)-(19.1)
are reduced to those of Grosan and Pop [23] where a
similar solution was obtained previously. (The
boundary value problem for ¢ then becomes
ill-posed and is of no physical significance). On the
other hand, for N = 0 and £ —»> oo (vertical cone),
and A" =1, equations (15)-(16), (18.1-2)-(19.1) are
reduced to those of Grosan et al. [24] where a similar
solution was obtained previously. It may be also
noticed that for the case of A" = 0 (NIHG),
equations (15)-(19) are reduced to those of Cheng [15]
where a nonsimilar solution was obtained previously.
For the case of £ =y = 0, equations (15)-(19) are
reduced to those of Yih and Huang [26] where a

similar solution was obtained previously.

3. Numerical Method

The present analysis integrates the system of
equations (15)-(19) by the implicit finite difference
approximation together with the modified Keller box
method of Cebeci and Bradshaw [30]. To begin with,
the partial differential equations are first converted
into a system of five first-order equations. Then these
first-order equations are expressed in finite difference
forms and solved along with their boundary
conditions by an iterative scheme. This approach
gives a better rate of convergence and reduces the
numerical computational times.

Computations were carried out on a personal

computer with the first step size An, = 0.01. The



AL Botly S IR S 4R

FtwmE F-# FI1-18A (RE—Ow#)

Journal of Air Force Institute of Technology, Vol. 14, No. 1, pp. 1-18, 2015

variable grid parameter is chosen 1.01 and the value
of m,= 10. The iterative procedure is stopped to
the

distributions when the errors in computing the |6(N|

give final temperature and concentration

and |¢(N| in the next procedure become less than

10°°.
4. Results and Discussion

In order to verify the accuracy of our present
method, we have compared our results with those of
Cheng [15], Grosan and Pop [23], Grosan et al. [24].
Table 1 shows the comparison of the values of
—6’(&,0) for various values of A with N = 0 (pure
heat transfer), A® = 0 (NIHG), n = 1 (Newtonian
fluid). Table 2 illustrates the comparison of the values
of —6’(0,0) for various values of n and A with A®
=0,N=0, y =0 (vertical flat plate). Table 3 lists
the comparison of the values of — 6’(0,0) for various
values of nand A with A" =1 (WIHG),N=0, y
= (. Table 4 shows the comparison of the values of
—0'(0,0) for various values of n and A with A®
=0, N =0, (vertical full cone). Table 5 illustrates the
comparison of the values of —6’(00,0) for various
I, N = 0. The

comparisons in all the above cases are found to be in

values of n and A with A" =
excellent agreement, as shown in Tables 1-5.

Table 1 Comparison of the values of —6'(,0) for
various values of A with

N = 0 (pure heat transfer), A* =0 (NIHG),

n =1 (Newtonian fluid)

£ Cheng [15] Present results
A=0 | A=1/2 | A=0 | A=1/2
0.4439 | 0.7704 | 0.4439 | 0.7704
1 | 0.5807 | 0.8675 | 0.5808 | 0.8676
10 | 0.7326 | 0.9659 | 0.7330 | 0.9661
o | 0.7686 | 0.9896 | 0.7685 | 0.9896

Here, £ —> o denotes &=10"

Table 2 Comparison of the values of —6'(0,0) for

various values of nand A with A" =0,
N=0, y =0 (vertical flat plate)

N Grosan and Pop [23] Present results
A =0 A =1 A =0 | A =1
0.5 | 03777 0.9287 0.3778 | 0.9292
0.8 | 0.4240 0.9785 0.4241 | 0.9786
1.0 | 0.4439 0.9997 0.4439 | 1.0000
1.5 ] 0.4754 1.0340 0.4754 | 1.0339
2.0 | 0.4938 1.0538 0.4938 | 1.0537
2.5 | 0.5059 1.0672 0.5058 | 1.0667

Table 3 Comparison of the values of — 9'(0,0) for
various values ofnand A with A" =1 (WIHG), N

=0, vy =0

N Grosan and Pop [23] Present results

A =0 A =1 A =0 A =1
0.5] —0.2754 | 0.4697 | —0.2756 | 0.4698
0.8 —0.2288 | 0.5084 | —0.2290 | 0.5071
1.0 | —0.2152 | 0.5254 | —0.2153 | 0.5241
1.5] =0.1921 | 0.5531 | =0.1923 | 0.5519
20| -0.1778 | 0.5699 | —0.1780 | 0.5686
25| —0.1680 | 0.5811 | —0.1684 | 0.5797

Table 4 Comparison of the values of —6'(x0,0) for
various values ofnand A with

A" =0, N =0, (vertical full cone)

n Grosan et al. [24] Present results

A=0 | A=1/2 | A=0 | A=1/2
0.5 ] 0.6527 | 0.8828 | 0.6522 | 0.8825
0.8 ] 0.7340 | 0.9574 | 0.7338 | 0.9573
1.0 | 0.7686 | 0.9897 | 0.7685 | 0.9896
1.5 ] 0.8233 | 1.0409 | 0.8233 | 1.0408
2.0 | 0.8552 | 1.0710 | 0.8552 | 1.0709
2.510.8762 | 1.0908 | 0.8760 | 1.0907

Table 5 Comparison of the values of —6'(c0,0) for

various values of n and A with

A" =1,N=0
" Grosan et al. [24] Present results
A=0 | A=1/2 | A=0 | A=1/2
0.5] 0.0939 | 0.3881 | 0.0932 | 0.3875
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0.8 | 0.1646 | 0.4513 | 0.1641 | 0.4509
1.0 | 0.1962 | 0.4799 | 0.1957 | 0.4796
1.5 ] 02477 | 0.5271 | 0.2473 | 0.5269
2.0 0.2787 | 0.5558 | 0.2783 | 0.5556
2.510.2994 | 0.5749 | 0.2991 | 0.5748

The numerical results are presented for the
internal heat generation coefficient A" ranging from
0 to 1, the power-law index of the non-Newtonian
fluid n ranging from 0.5 to 2.0, the exponent of
VWT/VWC A

dimensionless streamwise coordinate &

ranging from 0 to 1, the
ranging
from 0 to 10* (designated as o), the buoyancy
ratio N ranging from —-0.5 to 5; the Lewis
number Le ranging from 1 to 10.

The effects of the dimensionless streamwise

coordinate & and the internal heat generation

coefficient A" on the dimensionless temperature
and concentration profiles with N=1,Le=5,n= 1.5,
A = 0.5 are illustrated in Figs. 2 and 3, respectively.
In Fig. 2, for a given &, it is observed that the
dimensionless temperature profile 6 enhances with
increasing the internal heat generation coefficient
A", thus thickening the thermal boundary layer
thickness &; and decreasing the dimensionless wall
temperature gradient [— 6’(&,0)]. Moreover, for a
given A", the thermal boundary layer thickness

becomes thin while the dimensionless wall
temperature gradient raises with increasing the

dimensionless streamwise coordinate § from & =

y = 0 (vertical flat plate) to £=10* (vertical full

cone).

Figure 3 shows that for a given &, the

dimensionless concentration profile ¢ decreases

with increasing the internal heat generation

coefficient A", thus thinning the concentration
boundary layer thickness J. and enhancing the

dimensionless wall concentration gradient [— (I)’(E,,O)].

In addition, it is also found that under a given A",

the concentration boundary layer thickness becomes
thin, like the thermal boundary layer thickness (Fig.
2), but the dimensionless wall concentration gradient
raises, like the dimensionless wall temperature
gradient (Fig. 2), with increasing the dimensionless
streamwise coordinate & from & = y = 0 to

£=10%.

1T
i N=1,le=5,n=15 7
0.8 %=0.5 ]
:\\l\ A* =1 :
0.6F '\ — &=r=0
g [ '\ (plate)
o4fF "N\ N\ T £=10'
B At =0 (cone)
02F X .
0% : ﬂ = 6

Fig. 2. The dimensionless temperature profile for two

values of A" and £

L L S B e
B N=1,Le=5,n=15
0.8F "\ =05 .
[N — &=y=0
06F (plate) -
O N N
0.4r N (cone) 4
i % A*=0
0.2F At =1 \\\\\ -
0 : : L e

Fig. 3. The dimensionless concentration profile for

two values of A" and §
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Figures 4 and 5 portray the dimensionless

temperature  profile and the dimensionless

concentration profile for the two values of the
buoyancy ratio N (N =-0.5, 5) and the Lewis
number Le (Le = 1, 10) with A™ =1,n=0.5, § =
1, A =0, respectively. In Fig. 4, for a fixed value of
Le, as the buoyancy ratio N increases from —0.5 to
5, the thermal boundary layer thickness decreases yet
the dimensionless wall temperature gradient enhances.
Furthermore, it is also observed that for a positive
buoyancy ratio N (N = 5), as the Lewis number Le
increases from 1 to 10, the thermal boundary layer
thickness becomes thick; however the dimensionless
wall temperature gradient decreases. On the contrary,
for a negative buoyancy ratio N ( N=-0.5), the
thermal boundary layer thickness becomes thin yet
the dimensionless wall temperature gradient enhances.
From Fig. 4, we can find that the dimensionless
the

overshoot for the case of N =-0.5 where the heat

temperature profiles have phenomena of
transfer is from the porous medium to the vertical
truncated cone, as shown in Fig. 4. These interesting
phenomena of overshoot are also found in the
research of [18-26].

In Fig. 5, it is found that the dimensionless
concentration profiles decrease monotonically from
the surface to the ambient. On the one hand, for the
fixed value of Le, the concentration boundary layer
thickness, like the thermal boundary layer thickness
(Fig. 4), becomes thin as the buoyancy ratio N
increases. On the other hand, it is also seen that for
the fixed value of N, when the Lewis number Le
increases from 1 to 10, the concentration boundary

layer thickness becomes thin.

Fig. 4. The dimensionless temperature profile for two

values of N and Le

Fig. 5. The dimensionless concentration profile for

two values of N and Le

The effect of power-law index n and the
exponent of VWT/VWC A on the dimensionless

the  dimensionless

=1, &
= 10 are plotted in Figs. 6 and 7, respectively. In

temperature  profile and

concentration profile with N=2,Le =3, A"

these two figures, for a fixed n, it is observed that
both the dimensionless temperature profile and the
dimensionless concentration profile decrease with
increasing the exponent of VWT/VWC A, thus
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increasing both the dimensionless wall temperature
gradient and the dimensionless wall concentration

gradient.

In Fig. 6, for a fixed A, the non-Newtonian
fluid with lower power-law index n (n = 0.5) has the
greater dimensionless wall temperature gradient.
Besides, Fig. 7 shows that the non-Newtonian fluid
0.5) has the

thinner concentration boundary layer thickness as

with lower power-law index n (n

well as the greater dimensionless wall concentration

gradient.
I L B s B B
; N=2, Le=3 A*=
0.81 £=10 -
o6l 4\ — A=0 ]
e \\\‘ n=20 ____ =1
0.4F O\ .
0.2} R -
L n=05 Teig |
ST 4
n

Fig. 6. The dimensionless temperature profile for two

values of nand A

10

1T

i N=2 Le=3 A*=1
080N =10 ]
06:_ ‘l\ ‘\\ r=0 ]

I AN oo T A=1
0.4 AR ]
oo W\Uaxn=05 i

05— o5 1 15

Fig. 7. The dimensionless concentration profile for

two values of nand A

Figures 8 and 9 illustrate the variation of the
local Nusselt number Nu,/ Raf" and the local
Sherwood number Sh_ / Ra?" for the dimensionless
streamwise coordinate & with various values of the
internal heat generation coefficient A* (A" ranging
fromOtol)withN=1,Le=5n=15 A =0.5,
respectively. In Fig. 8, for the fixed &, the local
Nusselt number tends to decrease as the internal heat
generation coefficient A" 1is increased. This is
because increasing the internal heat generation
coefficient A" increases the thermal boundary layer
thickness, as shown in Fig. 2. The thicker the thermal
boundary layer thickness, the smaller the local

Nusselt number.

Figure 9 shows that, for fixed &, the local
Sherwood number tends to slightly increase as the

internal heat generation coefficient A" is increased.

This is because increasing the internal heat

A" the

concentration boundary layer thickness, as shown in

generation  coefficient decreases

Fig. 3. The thinner the concentration boundary layer

thickness, the greater the local Sherwood number.
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In both Figs. 8 and 9, it is also shown that, for

the fixed A" ,
dimensionless streamwise coordinate & enhances

increasing the value of the

the local Nusselt number as well as the local
Sherwood number. This is because the increase in the
value of & decreases both the thermal boundary
layer thickness and the concentration boundary layer
thickness, as shown in Figs. 2 and 3. The thinner the
thermal (concentration) boundary layer thickness, the
larger the local Nusselt (Sherwood) number. It is also
observed that not only the local Nusselt number but
also the local Sherwood number approaches to
constant value when & is small (£=107: vertical

flat plate) and large (& =10*: vertical full cone).

Nu.
Ra™
X

0.9 gt
#1107 107"

IRETET EEEEEEETT! R PR
10° £ 10’ 10°

Fig. 8. Effect of A" on the local Nusselt number

11

Fig. 9. Effect of A" on the local Sherwood number

Figures 10 and 11 portray the local Nusselt

number Nux* / Rafi" and the local Sherwood

number as functions of the

Sh,./Ra’s

dimensionless streamwise coordinate & for the two
values of the buoyancy ratio N (N =-0.5, 5) and
the Lewis number Le (Le = 1, 10) with A*=1,n=
0.5, A =0, respectively. In Fig. 10, for a fixed value
of Le, it is observed that the local Nusselt number
increases with increasing the buoyancy ratio N. This
is because the increase in the value of N tends to
increase the buoyancy force, accelerating the flow
and thereby the thermal boundary layer thickness
becomes thin, as shown in Fig. 4. For a given positive
N (N =5), as the Lewis number increases from 1 to
10, the local Nusselt number decreases. This is due to
the fact that a larger Lewis number Le is associated
with a thicker thermal boundary layer thickness. The
thicker the thermal boundary layer thickness, the
smaller the local Nusselt number. Whereas, for a
given negative N (N = —0.5), as the Lewis number
is increased from 1 to 10, the local Nusselt number

increases, as revealed in Fig. 10.
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In Fig. 11, it is observed that the local Sherwood
number also, like the local Nusselt number (Fig. 10),
enhances as the buoyancy ratio N increases for a
fixed value of Le. This is also because the increase in
the value of N reduces the concentration boundary
layer thickness, as shown in Fig. 5. For a given N, as
the Lewis number Le increases from 1 to 10, the local
Sherwood number also increases. This is because that
a larger Lewis number Le is associated with a thinner
concentration boundary layer thickness. The thinner
the concentration boundary layer thickness, the
greater the local Sherwood number. The Lewis
number Le has a more significant effect on the local
Sherwood number than it does on the local Nusselt

number, as compared Figs. 10 and 11.

4 e T T T T T

L A*=1,n=05

3t a=0 le=1 4
NuX 2r ]
Ra?“

Fig. 10. Effect of N and Le on the local Nusselt

number

12

107

104 cvnd ol el
10° 107 10" 107 . 10

Fig. 11. Effect of N and Le on the local Sherwood

number

Figures 12 and 13 plot the local Nusselt number

Nux* / Ra)l(/{“ and the local Sherwood number

Sh ./ Ra:(/%" for two values of exponent of

VWT/VWC A (A=0, 1) and the power-law index
n (n = 0.5, 2.0), respectively. For the fixed n, it is
shown that the local Nusselt number increases as the
exponent of VWT/VWC A This
because that the increase in the value of the exponent
of VWT/VWC A

buoyancy force which tends to accelerate the flow

increases. is

implies the increase of the

and raises both the dimensionless wall temperature
gradient and the dimensionless wall concentration
gradient (Figs. 6 and 7), and thus enhances both the
local Nusselt number and the local Sherwood number,
which could be also confirmed with the help of
equations (27)-(28).

For the fixed A, not only the local Nusselt
number but also the local Sherwood number
decreases as the power-law index n is increased.
Increasing the power-law index tends to retard the

velocity of the flow, thus lowering the local Nusselt
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number as well as the local Sherwood number. Thus

pseudoplastic fluids (n = 0.5) are superior to the
dilatant fluids (n = 2.0) from the viewpoint of the
heat and mass transfer rates by natural convection
from a vertical truncated cone embedded in a porous

medium saturated with power-law fluids.

o5b N=2,le=3 A'=1,5=10 ]

of =05
A

Nu, N A=1 =20 :
R T e
°oF RS20

0] A=0 i

R T T T TSRS

Fig. 12. Effect of nand A on the local Nusselt

number
7_ HERALL ILLRARLL BERELEALLL. BELELLRALL, BRRLRLILLLLLL BERLRELLLLLL IR
F N=2,le=3 A*=1,&=10 |
°F TTwEas T
s5E7V T .
Sh..
Rayf“

”

107
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Fig. 13. Effect of nand A on the local Sherwood

number

For the purpose of the comparison with the

future study, Tables 6 and 7 show the values of

13

Nux*/ Ra:(/%" and th*/ Ra:(/%" for the wvarious

representative values of A", n, A,and & with N =
4, Le = 10, respectively. Generally speaking, it is
found that increasing the exponent of VWT/VWC A
and the dimensionless streamwise coordinate &
enhances the local Nusselt number as well as the
The

(Sherwood) number decreases (increases) as the

local Sherwood number. local Nusselt

internal heat generation coefficient A*. An increase
in the power-law index n of fluids tends to reduce
both the local Nusselt number and the local

Sherwood number.

Table 6 The wvalues of Nux* / Ra{i" for wvarious

valuesof A",n, A,and £ withN=4Le=10

Nu . /Ra’r
A* n }\, X X

=0 E=1 >

0 1051 0.0 1.0105 1.3229 1.7511
0.5 1.9584 2.1580 2.4108

1.0 | 0.0 0.6811 0.8914 1.1797
(0.6810) (1.1795)

0.5 1.2206 1.3603 1.5434
(1.2205) (1.5431)

201 0.0 0.6030 0.7892 1.0443

0.5 1.0203 1.1501 1.3208

1 0.5 0.0 0.2404 0.5371 0.9984
0.5 1.2846 1.4602 1.7081

1.0 | 0.0 | —0.0191 0.1995 0.5429

0.5 0.6468 0.7777 0.9714

2.0 0.0 | —0.0837 0.1224 0.4437

0.5 0.4604 0.5912 0.7839

Results in parentheses are those of Yih [31]

Table 7 The values of th*/ Ra:(/%,“ for various

valuesof A",n, A,and & withN=4,Le=10

Sh . /Ra’
A* n k X X
E=0 E=1| E>w
0 0.5 0.0 6.3671 8.3276 | 11.0144
0.5 11.9022 | 13.2423 | 14.8564
1.0 | 0.0 3.2892 4.3043 5.6954




MEBMPERER FtwhE F—8 (RER—0OwWHF)
(3.2897) (5.6977)
05 | 56856 6.4114 | 7.3168
"~ | (5.6873) (7.3210)
20 00 | 24022 3.1438 | 4.1600
05| 3.9682| 4.5098 | 5.2009
1 [05]00] 64412] 8.4002 | 11.0893
0.5 | 11.9786 | 13.3193 | 14.9330
1.0 | 0.0 33311 | 43454 | 5.7367
0.5 5.7266 | 64527 | 7.3573
20 00 | 24247 3.1659 | 4.1820
05 | 3.9901 | 45318 5.2222

Results in parentheses are those of Yih [31]

5. Conclusions

A two-dimensional laminar boundary layer
analysis is presented to study the effect of the internal
heat generation on the natural convection flow of
non-Newtonian power-law fluids in a Darcy porous
medium resulting from combined heat and mass
buoyancy effects adjacent to the vertical truncated
cone maintained at variable wall temperature and
concentration (VWT/VWC). The
internal heat generation is of an exponential decaying
form. The

variable wall

transformed nonsimilar
the
transformation being performed, and then solved by

Keller box method (KBM). Comparisons with

governing

equations are obtained, with coordinate

previously published work are performed and
excellent agreement is obtained. Numerical solutions

are obtained for different values of the internal heat

generation coefficient A", the power-law index n,
the dimensionless streamwise coordinate &, the
exponent of VWT/VWC A, the buoyancy ratio N,
and the Lewis number Le. The decay of the
dimensionless temperature and concentration profiles
has been almost observed except for the some special
cases, for example: N =-0.5. It is shown that for
the increase in the value of exponent of VWT/VWC
A, the buoyancy ratio N, and the dimensionless

streamwise coordinate &, both the local Nusselt

14

number and the local Sherwood number increase.
The local Nusselt number decreases as the internal

heat generation coefficient A* and the Lewis

number Le are increased. Contrary, the local

Sherwood number increases with A* and Le are
increased. It is also observed that the Lewis number
Le has a pronounced effect on the local mass transfer
rate than it does on the local heat transfer rate. A
decrease in the power-law index n of fluids tends to
increase the local Nusselt number as well as the local
Sherwood number from a vertical truncated cone in a
porous medium saturated with non-Newtonian
power-law fluids. In addition, both the local Nusselt
number and the local Sherwood number approach to
the limits of the vertical flat plate as £=y=0 and

the vertical full cone as & is very large (£=10").

Nomenclature

A" internal heat generation coefficient

a positive constant

b positive constant

C concentration

Dy, mass diffusivity

f dimensionless stream function

g gravitational acceleration

h. local convective heat transfer coefticient

hm,x* local convective mass transfer coefficient

K(n) permeability of the porous medium

k equivalent thermal conductivity

Le Lewis number

m,, local mass flux

N buoyancy ratio

n power-law index of the non-Newtonian
fluid

Nu local Nusselt number

p pressure
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qQy local heat flux

Ra . modified local Rayleigh number

T local radius of the truncated cone

Sh . local Sherwood number

T temperature

u Darcy velocity in the x-direction

\% Darcy velocity in the y-direction

X streamwise coordinate

x" distance measured from the leading edge

of the truncated cone

X distance of the leading edge of truncated

cone measured from the origin

y transverse coordinate

Greek symbols

o equivalent thermal diffusivity

Be coefficient of concentration expansion
Br coefficient of thermal expansion

Y half angle of the truncated cone

n pseudo-similarity variable

0 dimensionless temperature

A exponent of VWT/VWC

0 modified viscosity

& dimensionless streamwise coordinate
p density

[0} dimensionless concentration

U} stream function

Subscripts

w condition at the wall

0 ambient

References

1. Nield, D. A., and Bejan, A., Convection in
Porous Media, 4" edn. Springer, New York,
2013.

2. D. B. Ingham and I. Pop, Transport Phenomena

15

10.

in Porous Media 111, Elsevier, Oxford, 2005.
Vafai, K., Handbook of Porous Media, 2™ edn.
Mercel Dekker, New York, 2005.

Chen, H. T., and Chen, C. K., “Free convection
of non-Newtonian fluids along a vertical plate
embedded in a porous medium,” J. Heat Transfer,
Vol. 110, pp. 257-260 (1988).

Wang, C. Y., and Tu, C. J., “Boundary-layer flow
and heat transfer of non-Newtonian fluids in
porous media,” Int. J. Heat Fluid Flow, Vol. 10,
pp- 160-165 (1989).

Gorla, R. S. R., and Kumari, M., “Nonsimilar
solutions for free convection in non-Newtonian
fluids along a vertical plate in a porous medium,”
Int. J. Num. Methods Heat Fluid Flow, Vol. 9, pp.
847-859 (1999).

Nakayama, A., and Koyama, H.,
“Buoyancy-induced flow of non-Newtonian
fluids over a non-isothermal body of arbitrary
shape in a fluid-saturated porous medium,” Appl.
Sci. Res., Vol. 48, pp. 55-70 (1991).

Hossain, M. A., and Nakayama, A., “Nonsimilar
free convection boundary layer in
non-Newtonian fluid-saturated porous media,” J.
Thermophys. Heat Transfer, Vol. §, pp. 107-112
(1994).

Yang, Y. T., and Wang, S. J., “Free convection
heat transfer of non-Newtonian fluids over
axisymmetric and two-dimensional bodies of
arbitrary shape embedded in a fluid-saturated
porous medium,” Int. J. Heat Mass Transfer, Vol.
39, pp. 203-210 (1996).

Wang, S. C., Chen, C. H., and Yang, Y. T,
“Natural convection of non-Newtonian fluids
through permeable axisymmetric and
two-dimensional bodies in a porous medium,” Int.

J. Heat Mass Transfer, Vol. 45, pp. 393-408



MM EIe 2R Ftwk F—# (RE—OwH)
(2002).
11. Yih, K. A., “Uniform lateral mass flux effect on

12.

13.

14.

15.

16.

17.

18.

natural convection of non-Newtonian fluids over
a cone in porous media,” Int. Commun. Heat
Mass Transfer, Vol. 25, pp. 959-968 (1998).

Cheng, C. Y., “Natural convection heat transfer
of non-Newtonian fluids in porous media from a
vertical cone under mixed thermal boundary
conditions,” Int. Commun. Heat Mass Transfer

Vol. 36, pp. 693-697 (2009).

Mahmoud, M. A. A., “Radiation effect on free
convection of a non-Newtonian fluid over a
vertical cone embedded in a porous medium with
heat generation,” J. Appl. Mech. Tech. Phys., Vol.
53, pp. 743-750 (2012).

S. K., and Poulikakos, D.,

“Double-diffusion from a vertical surface in a

Rastogi,

porous region saturated with a non-Newtonian
fluid,” Int. J. Heat Mass Transfer, Vol. 38, pp.
935-946 (1995).

Cheng, C. Y., “Natural convection heat and mass
transfer from a vertical truncated cone in a
porous medium saturated with a non-Newtonian
and

Mass

fluid with variable wall temperature
Int. Commun. Heat
Transfer, Vol. 36. pp. 585-589 (2009).
Cheng, C. Y., “Double diffusion from a vertical

truncated cone

concentration,”

in a non-Newtonian fluid
saturated porous medium with variable heat and
mass fluxes,” Int. Commun. Heat Mass Transfer,
Vol. 37. pp. 261-265 (2010).

Crepeau, J. C., and Clarksean, R., “Similarity
solutions of natural convection with internal heat
generation,” J. Heat Transfer, Vol. 119, pp.
183-185 (1997).

Postelnicu, A., and Pop, L., “Similarity solutions

16

19.

20.

21.

22.

23.

24.

25.

of free convection boundary layers over vertical
and horizontal surfaces in porous media with
internal heat generation,” Int. Commun. Heat
Mass Transfer, Vol. 26, pp. 1183-1191 (1999).
Postelnicu, A., Grosan, T., and Pop, 1., “Free
convection boundary-layer over a vertical
permeable flat plate in a porous medium with
internal heat generation,” Int. Commun. Heat
Mass Transfer, Vol. 27, pp. 729-738 (2000).

S., of free

convection boundary layers over a body of

Bagai, “Similarity ~ solutions
arbitrary shape in a porous medium with internal
heat generation,” Int. Commun. Heat Mass
Transfer, Vol. 30, pp. 997-1003 (2003).

Bagai, S., “Effect of variable viscosity on free
convection over a nonisothermal axisymmetric
body in a porous medium with internal heat
generation,” Acta Mech., Vol. 169, pp. 187-197
(2004).

Mohamed, E. A., “The effect of lateral mass flux
on the natural convection boundary layers
induced by a heated vertical plate embedded in a
saturated porous medium with internal heat
generation,” Int, J. Thermal Sci., Vol. 46, pp.
157-163 (2007).

Grosan, T., and Pop, 1., “Free convection over

flat

temperature and internal heat generation in a

vertical plate with a variable wall
porous medium saturated with a non-Newtonian
fluid,” Tech. Mech., Vol. 21, pp. 313-318 (2001).
Grosan, T., Postelnicu, A., and Pop, I., “Free
convection boundary layer over a vertical cone in
a non-Newtonian fluid saturated porous medium
with internal heat generation,” Tech. Mech., Vol.
24, pp. 91-104 (2004).

Bagai, S., and Nishad, C., “Free convection in a

non-Newtonian fluid along a horizontal plate



AL Botly S IR S 4R

%+ mE

% —

#1-18 7 (RE—Owm#)

Journal of Air Force Institute of Technology, Vol. 14, No. 1, pp. 1-18, 2015

26.

27,

28.

29.

30.

31.

embedded in porous media with internal heat
generation,” Int. Commun. Heat Mass Transfer,
Vol. 39, pp. 537-540 (2012).

Yih, K. A., and Huang C. J., “Effect of internal
heat generation on free convection heat and mass
transfer of non-Newtonian fluids flow over a
vertical plate in porous media: VWT/VWC,”
2014 AASRC Conference, A-13, pp. 1-8 (2014)
Hong, J. T., Yamada, Y., and Tien, C. L., “Effects
of non-Darcian and non-uniform porosity on
vertical plate- natural convection in porous
media,” J. Heat Transfer, Vol. 109, pp. 356-362
(1987).

Christopher, R. V., and Middleman, S.,
“Power-law flow through a packed tube,” Ind.
Engrg. Chem. Fund., Vol. 4, pp.424-426 (1965).
Dharmadhirkari, R. V., and Kale, D. D., “Flow of
non-Newtonian fluids through porous media,”
Chem. Engrg. Sci., Vol. 40, pp. 527-529 (1985).
Cebeci, T., and Bradshaw, P., Physical and
Computational Aspects of Convective Heat
Transfer, Springer-Verlag, New York, 1984.

Yih, K. A., “Coupled heat and mass transfer by
free convection over a truncated cone in porous
media: VWT/VWC or VHF/VMF,” Acta Mech.,
Vol. 137, pp. 83-97 (1999).

17



AL ZE F 4l 5 T 2 4R

% twmb

%—# (RE—Ow#)

18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


