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A three-dimensional numerical simulation of an isothermal flow past a solid sphere with outflow in

a linear shear flow is performed to investigate the effects of the outflow on drag and shear lift. In
addition, the effects of the outflow and the fluid shear on diffusion and reaction of reactant from the
surface of the sphere are also discussed. The results show that the outflow reduces the drag, and, in
the linear shear flow, acts to push the sphere to the lower fluid velocity side and promote the
negative lift for the high particle Reynolds numbers. The diffusion and reaction of the reactant from
the surface of the sphere are strongly affected by the outflow and the fluid shear because these
factors cause the deformation of vortices appearing behind the spher200®American Institute

of Physics. [DOI: 10.1063/1.1591770

I. INTRODUCTION particle has also been studied by numbers of researchers us-
ing two analogous dimensionless parameters for the heat and

S'T‘CG the _d|sperS|on of drpplets or solid particles in Al ass transfer rates; those are Nusselt nurtider and Sher-
flows is seen in a number of industrial processes and envi- 3 2
. . - : wood number(Sh. Dandy and Dwyet? Tieng and Yart:
ronments, understanding their behaviors is of great impor: 15
tance in designing industrial equipment and resolvin enviNguyen etal,” Chattopadhyay and Dash, Kawahara
gning quip 9 et al,!” Balachandar and H& and Blackburt?’ investigated

ronmental problems.

The motion of a droplet or solid particle in an air flow is the effects of fluid shear, particle spin, gravity, radial mass

. : : efflux, acoustic streaming, unsteadiness, and oscillatory
mainly dominated by drag, and hence approximate expres: ;
. . lows on the heat and mass transfer rates, respectively. Re-
sions for the drag acting on a sphere have been proposed as_ . .

: h garding the effect of the fluid shear, Dandy and DwAfer,
a function of the particle Reynolds numbér.However, : : ) . :
- : . who performed a three-dimensional numerical simulation of

when considering the motion of a fuel droplet or fuel solid

a linear shear flow around a heated solid sphere, stated that

particle, which is utilized in energy conversion devices Sucr}\Iu averaged on the surface of the solid sphere is essentially

as gas turbine engines and pulverized coal combustion fur- . . .
9 9 P independent of the fluid shear rate. However, Misetral 2°
naces, the effect of outflow from the surface of the fuel drop- . . ; : . .
) ) : and Komori and Misunft recently did a similar numerical
let or solid particle due to evaporation on the drag should be

taken into accourt=8 It is well known that the outflow tends Simulation of a linear shear flow around a bubble with a slip

to reduce the drag. Renksizbulut and Yagmerformed nu- surface boundary, and showed that although Sh averaged on

. . . . the bubble is not affected by the fluid shear, the values of Sh
merical simulations of the flow past an evaporating droplet
. o . .__on the local places, referred as to local Sherwood number,
under the assumption that the flow field is axisymmetrical ;
. . o hocar @re clearly different.
and steady without turbulence and viscous dissipation, an : : .
L : In the present study, a three-dimensional numerical
showed that the outflow reduces friction drag, but increases.

pressure drag. On the other hand, when the droplet or Solialmulatlon of an isothermal flow past a solid sphere with

article is moving in a shear flow, a transverse force referred utflow in a linear shear flow is performed to investigate the
P Y ' .effects of the outflow on the drag and shear lift. In addition,

to as shear lift is exerted. The shear ".ﬁ actmg on a sphere 'ﬂwe effects of the outflow and fluid shear on the diffusion and
a linear shear flow has often been investigated, and some

. . X . réaction of reactants introduced from the surface of the
analytical or approximate expressions for it have been pro-
posed as functions of particle Reynolds number and fluid®
shear raté-'2 However, as far as we know, no one has

shown the effect of the outflow on the shear lift. Il. NUMERICAL SIMULATION

The heat and mass transfer from a droplet or a solid  The flow geometry, coordinate system and computa-
tional domain for the computations of the isothermal flow
dElectronic mail: kurose@criepi.denken.or.jp around a sphere are shown in Figs. 1 and 2. The imposed

phere and upstream are also discussed.
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FIG. 3. Effect of outflow velocityV,,, on drag coefficientCp (a* =0).

FIG. 1. Coordinate system for a linear shear flow around a sphere with

outflow from the surface.
marker and cel[MAC) method. By taking divergence of the
N-S equations, the dimensionless pressure-Poispe®)

flow is a linear shear flow around a sphere with outflow fromequatlon is derived as follows:

the surface. The three-dimensional unsteady Navier—Stokes 2

(N-9) equations in cylindrical coordinates are given by Vp= E—V-[(V-V)V]ﬂL @VZD. (5)

ouU d 2 _ i . i -

L vV)U=— _p+ < vay, 1) The N-S equations anczi the p P equation are solved alter

at X Re nately. HereD, V, and V< are defined by

at r ar  Re r2 r2d0)’ V=(Vy,V;,Vy)=(U,V,W), ©)

aW+VVW+VW Vz_a2+1a d +1 9 g

a HVVIWE " rar\Ta) e ®
_lop 2 ) W 2 dW The numerical procedure used here is essentially the same as
=776 TRel VW 2 + 290 (3 Used in Hanaza® and Kurose and Komof? The boundary

condition on the surface of the sphere is given by a nonslip
Here, Re is the particle Reynolds number, defined by or an outflow condition. For the outflow condition, the out-
flow velocity, V,,, is defined as

2aUu
Re= V < (4) V-n=V,, forr=a, (9)

wherea is the radius of the sphere,is the kinematic vis-
cosity, andJ. is the mean velocity of the fluid on the stream-
line through the center of the sphere. The N—S equations are

Eq. (20), Vn=0.05
156 m =— =— Eaq.(20), Vn=0.1

directly solved using a finite difference scheme based on the Modified Eq. (20), Vn=0.05
- - - - Modified Eq. (20), Vn=0.1
o Cal, Vn=0.05
i a Cal, Vn=0.1
>
S 11
y(r) 3 = 2 o
(&) ~ SR
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05
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FIG. 2. Schematic of computational domain for a linear shear flow around &1G. 4. A comparison of the ratio of the drag coefficient with outflow
sphere. velocity, Cp , to that without outflow veIocityCD,Vnzo.

Downloaded 04 Jun 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



2340 Phys. Fluids, Vol. 15, No. 8, August 2003 Kurose et al.

(a)

Velocity field Vorticity field

(b)

Velocity field Vorticity field

FIG. 5. (Color) Velocity and vorticity fields around a sphere in a uniform unsheared fRe+200, «* =0): (a) V,=0; (b) V,=0.1.

wheren is the outward unit normal to the surface of the When considering the one-step irreversible, second-
sphere, and/, is nondimensionalized usirld.. The bound- order chemical reaction between chemical spegiesd B,
ary condition of velocity upstream of a sphere is given in awhich are introduced from the surface of the sphere and up-

dimensionless form by stream, respectivelyFig. 1), in an isothermal flowA+B
— P, the conservation equations can be written for the con-
U=1+a*y, (10)  centrationC of A, B, andP as follows:
whereco™ is the dimensionless shear rate of fluid defined by c
ZZA . =~ _v2c,—
P +(V-V)Chp ReScV Cp—DaC,Cg, (13
[ a au) »
1oy ) y
. - dCg
The velocity condition on the outer boundary, except up- ?+(V-V)CB=R S V2Cg—DaC,Cg, (14
stream, is €sc
N _o 12 7Cr  (V-¥)Cp=ole V2Cp+ DaC,C 15
w0 (12 i T(VV)Co=p s VCptDaCaCs, (15)
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where Sc and Da are the Schmidt number and the Dateko
number, defined by

14 kaCAO
SL:B, Da= U,

(16)

whereD andk are the diffusivity and the reaction rate con-
stant, which are assumed to be identical for all species.

By using a grid generation method developed by Thames
et al,?® grid points are concentrated near the surface of the
sphere in the X,r) plane. The maximum sizes of the com-
putational domain are 20 and 10 radii in tkeandr direc-
tions, respectively. Thex(r, §)-coordinate system is trans-
formed to the(#,,0)-coordinate system with an equal grid
spacing(Fig. 2). The grid points used in this study are 70
x120X96 in the 5, ¢, and # (0<#<2m) directions. The

Pressure

Pressure

FIG. 7. (Color) Surface contours of thecomponent of instantaneous friction,and pressurgy (Re=200, o* =0): (a) V,=0; (b) V,=0.1.
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FIG. 8. Surface friction;, and pressurep, distributions at¥=0 against¢
for V,=0 and 0.1(Re=200, o* =0).
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transformed governing equations are discretized to construct
the finite difference formulation. The nonlinear terms in the
N-S equations are approximated by a third-order scheme of
Kawamura and Kuwahar4,and the other spatial derivatives
are approximated by a second-order central difference
scheme. The dimensionless time stepis 0.01.

The drag and liftF, andF , are the components of the
fluid force acting on the sphere in tlkeandy directions, and
they can be calculated by the sum of the contributions of
pressure and friction:

FiZFi’p-l—Fi’f:—fSpQ-n'dS-i- jsn‘TQdS, (17)

wheren is the outward unit normal to the surface of the

Vorticity field

Velocity field

Vorticity field

FIG. 9. (Colon Velocity and vorticity fields around a sphere in a linear shear flBe=200, «*=0.1): (a) V,=0; (b) V,=0.1.
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FIG. 10. Effect of outflow velocity)V/,, on lift coefficient,C, (a*=0.1).
FIG. 11. Contributions of frictionCy;, and pressureC,,, to lift coeffi-

cient,C,, for V,,=0 and 0.1(«*=0.2).

sphere andr is the viscous stress tensor. The drag and lift

coefficients.Cp andC, , are defined by could not be obtained using our numerical code, the effect of

F, the outflow velocity in the region of€V,<0.1 is provided
Ci=—""i, (18 here.

2.2

=piUcma

2 ¢ A. Effect of outflow on drag

wherep; is the fluid density. Figure 3 shows the effect of the outflow velocit,, on

The dimensionless mass transfer rate from the sphere {§¢ drag coefficientCp, acting on a sphere in a uniform
obtained as the Sherwood number, Sh, by integrating thg,sheared flow(a* =0) together with the previous experi-

concentration gradient of the reactamt ments in Schlichting® and the approximate expressions of
1 dCa Morsi and Alexandef.The presentp, for V,=0 is in good
Sh=—5— 1.7, 9% (19 agreement with the experimeftsand the approximate
S 9T ly=1 expressiorfsfor V,,=0. The value ofC decreases with in-

The computations were performed for the particle Rey-creasingV,, for a fixed value of Re. The dependenceC¥
nolds numbers of Rel, 10, 20, 100, 200, the outflow ve- onV, is more obvious for higher Re and the differenc€ig
locities of V,,=0, 0.05, 0.1, and the fluid shear rates of betweenV,=0 and 0.1 exceeds 16% at R200. The reduc-
a*=0, 0.1. For the calculations of the species concentration of C due to the outflow is a well-known phenomenon,
tions, the Schmidt number, Sc, was set at 1.0, and thand the behavior has been investigated over the past 50
Damkdhler number, Da, was 0 or 0.1. Simulations were runyears. The ratio of the drag coefficient with the outflow ve-
10000 time steps, and the CPU time required for each cadecity, Cp, to that without the outflow veIocityCD,Vn:o, is
was 3.0 h on a Fujitsu VPP5000 supercomputer. shown in Fig. 4, together with the empirical expression gen-

erally used?®?’

24(1+0.545Rer 0.1 Ré’(1-0.03Re

IIl. RESULTS AND DISCUSSION D=
Re 1+a|Re,|°

. (20

In developing new technologies for the energy conver-
sion devices, understanding the behavior of the fuel particles a=0.09+0.077 expp—0.4Re,
especially in the region near the burner is essential. In this _ _
region, it is speculated that there exists a strong fluid shear b=0.4+0.77exp~0.04 R, @D
due to the jet and swirl, and the slip velocity, which is thewhere Rg=2aV;/v. Here, V} is the dimensional outflow
velocity difference between the fluid and particle, is up to bevelocity. Although bothCp/Cp v _ decrease with increas-
of 10" order of magnitudem/s). On the other hand, the ing Re and be of general agreement with each other for
maximum dimensional outflow velocity for a single droplet Re<10, the empirical expression tends to overestimate the
in a flame is estimated to be of 40rder of magnitudém/s)  effect of the outflow for larger Re. This expression tends to
(see the Appendjx Hence, it would be important to under- approach the numerical values by modifying the parameter
stand the behaviors of the drag, lift, and scalar diffusion foras
the evaporating fuel particles, with the dimensionless out-
flow velocity of up toV,=0O(—1) in details. HereV, is a=0.06+0.077exp—0.4Re. (22
nondimensionalized using the slip velocity. However, unfor-  Figure 5 shows the velocity and vorticity fields around
tunately, since the converged result for the larger outflonthe sphere with and without the outflow velocities \&f
velocity of V,>0.1 under the existence of the fluid shear=0 and 0.1 for the particle Reynolds nhumber of=R290 on
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(b) b o B e 5
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FIG. 12. (Color) Surface contours of thg-component of instantaneous friction,and pressurey (Re=200, «*=0.1): (a) V,=0; (b) V,=0.1.

the centerplanez=0). For both outflow conditions, symme- 0.1 are shown in Fig. 6. As stated by Renksizbulut and
try with regard to thex axis is observed. Compared to the Yuen? the reduction ofCp and the increase dfpp due to
outflow velocity ofV,=0, the vortices generated behind the the outflow are observed. It is also found that the reduction
sphere withV,,=0.1 move downward and the sizes becomeof the total dragCp, is caused by the fact that the rate of
large. Also, it is found that, foW,,= 0.1, the strong vorticity reduction ofCp; is greater than the rate of increaseQy,, .
region expands in the radial direction and the points of thelhese behaviors ofp¢ and Cp,, are confirmed in Figs. 7
flow separation, where tangential viscous stress is zero on thend 8, which show the surface contours of theomponent
surface, shift upward slightly. of the instantaneous friction;, and pressurep, and their
Renksizbulut and Yuenperformed numerical simula- surface distributions a#=0 against¢ for V,=0 and 0.1
tions of the flow past an evaporating droplet under the astRe=200). For the outflow velocity o¥,= 0.1, the high fric-
sumption that the flow field is axisymmetrical and steadytion located on the surface just upstreampat=/2 appeared
without turbulence and viscous dissipation, and showed thdbr the outflow velocity ofV,,=0 is clearly weakened. This
the outflow reduces friction drag, but increases pressure drageduction ofr appeared on the top and bottom of the sphere
To verify the effects of the outflow on the friction and pres- is considered to be associated with the boundary layer thick-
sure drags, the contributions of the frictidByp:, and pres- ness. The boundary layer thickness on the sphere with the
sure,Cpp, to the total drag coefficienCp, for V,=0 and  outflow becomes thicker than that without the outflow espe-
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(a)  3.00E-04 upper (higher fluid velocity sidg vortex is flattened and
T (Vn=0) nearly broken by the influent from the lowglower fluid
e | :o:pr%:g&) velocity side vortex (arrow A in Fig. 9). It is also observed
1.00E—04 | _o_p(Vnzoj') that the strong vorticity region on the upper side stretches
a and that on the lower side shrinks downstream, and that the
o 000E+00 points of the flow separation slightly upward and downward
100604 | on the upper and Iower siQes, respectively. Similar to .the
' uniform unsheared flow in Fig. 5, due to the outflow velocity,
—2.00E-04 | these vortices move downward and become large. The strong
vorticity region for the outflow velocity o¥,,=0.1 expands
-3.00E-04 in the radial direction and the points of the flow separation
05 (XL) on both the upper and lower sides shift upward.
®[rad] Figure 10 shows the effect of the outflow velociy,,
on the lift coefficient,C, , acting on the sphere. It is found
(b)  3.00E-04 that C, for all outflow conditions decreases and its sign
changes from positive to negative with increasing Re, and
2.00E-04 } that the outflow tends to encourage the negative force and
lessen the critical particle Reynolds number. Regarding the
o negativeC, on the sphere without the outflow in a linear
w 1008704 1 shear flow, Kurose and Komdfipreviously explained the
y mechanism by introducing the viscous and pressure contri-
0.00E+00 8, butions to the total liftC, . With respect taCp on the sphere
in the linear shear flow, it is reported th@t increases with
increasinga* for a fixed Ret?!® This trend was also ob-
~1.00E-04 05 ; served for the outflow conditions. Compared to in the uni-
CD[l'*ad] (xm) fprm unsheared f_IovCD on the_sphere with outflow in the
linear shear flow indicated a slightly larger value.
To investigate the effect o¢,, on C, in detail, the con-
(& 1.00E-05 tributions of the frictionC, ¢, and pressure, ,, to the total
lift coefficient, C, , for the outflow velocities o¥/,=0 and
0.00E+00 T 0.1 are shown in Fig. 11. The trends®f; andC, , against
Re forV,,=0.1 are similar to those fov,,=0. As shown in
a ~100E-05 | Kurose and Komort? C, ; and C_, decrease with increasing
o Re, and the tendency is more prominent @r; in the low

-2.00E-05 |

-3.00E-05 |

-4.00E-05

FIG. 13. Surface frictionz, and pressurep, distributions agains for V,,
=0 and 0.1(Re=200, o =0.1): (a) top (#=0); (b) bottom (6#=r); (c) sum

of the top and bottom.

05 1
®[rad] e

particle Reynolds number region of R&0 and forC,, in

the high particle Reynolds number region of ¥Re, re-

spectively. Also, when the outflow exists, although bGth

andC,, decrease to promote the negative lift, the effect is

stronger forC, ¢ in the low Re region but fo€C,, in the high

Re region. This behavior is quite different from that of the

drag, whose reduction due to the outflow is mainly caused by

the decrease in the friction independent of Ree Fig. 6.
Figures 12 and 13 show the surface contours of the

y-component of the instantaneous frictianand pressure,

and their surface distributions againstfor the outflow ve-

locities of V,=0 and 0.1(Re=200). In Fig. 13, the distribu-

cially on the top and botton(see the velocity fields in Fig. tions of top(#=0), bottom (6=7) and the sum of them are
7), which reduces the friction in the boundary layer. On theplotted. Due to the outflow, the friction acting on both the top
other hand, these pressure distributions are slightly differerdind bottom sides aroungl=7/4 weakens, but the pressure
on the surface in the region eil4< $<37/4. acting on the both sides aroug= /2 strengthens. Totally,
the obvious difference appears for the pressure in the region
of wl4=¢=<3m/4, and this pressure difference acts to push
the sphere downward.

B. Effect of outflow on shear lift

Figure 9 shows the velocity and vorticity fields around a
sphere with and without the outflow velocities\8f=0 and
0.1 in a linear shear floww* =0.1) for the particle Reynolds
number of Re=200 on the centerplane€ 0). As described
in Kurose and Komort? the vortices generated behind the Figure 14 shows the effects of the fluid shear and the
sphere are found to be deformed by the fluid shear. Theutflow velocity on the distribution of the reactahttoncen-

C. Effects of outflow and shear lift on reactive scalar
diffusion
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(a)

o *=() a*=.1

(b)

Fra— ) a*=0.1

FIG. 14. (Color Effects of fluid shear ratey*, and outflow velocityV,, on a distribution of reactant concentratid®), (Re=200, Da=0): (a) V,,=0; (b)
V,=0.1.

tration,C,, for Re=200 and Da0. As shown in Fig. 1, the tion with the velocity field illustrates that the higb, con-
reactantA flows out from the surface of the sphere. Although centration is on hold in the lower vortex, whereas the high
the distributions ofC, in uniform unsheared flowéx* =0) C, concentration area on the upper side is lessened by the
show symmetry with regard to the axis; those in linear breakup of the vortex. Similar effects of ti, distribution
shear flows(a* =0.1) do not remain symmetrical. It is ob- in the case of Da0 are observed for the distribution of the
served that, in the linear shear flow, a hi@R concentration product P concentration,Cp, in the case of Da0.1. As

is widely distributed on the lowetower fluid velocity) side  shown in Fig. 15, the higi€, concentration area is widely
compared to that on the uppérnigher fluid velocity side.  distributed on the lower side due to the fluid shear and ex-
Also, the outflow causes the expansion of the Higghcon-  panded in the radial and downstream directions due to the
centration area in the radial and downstream directions. Theutflow. Thus, the diffusion of the reactant from the surface
asymmetry of theC, distribution with thex axis fora*=0.1  of the sphere and the product is strongly affected by the
is considered to be associated with the vortices generateteformation of the vortices behind the sphere.

behind the sphere. As mentioned before, the upper vortex is To examine the mass transfer rate from the sphere, Fig.
flattened and nearly broken by the influent from the lowerl6 shows the effects of the outflow velocity,,, the fluid
vortex (arrow A in Fig. 9. A comparison of theC, distribu-  shear,a®, and the DamKkoler number, Da, on the Sherwood
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(a)
E
T
a*=0

a*=0.1

a*=0 a*=0.1

FIG. 15. (Color) Effects of fluid shear ratey*, and outflow velocityV,, on a distribution of product concentratio®, (Re=200, Da=0.1): (a) V,=0; (b)
V,=0.1.

number, Sh(Re=200). As generally known, Sh fo¥,=0 around a bubble with a slip surface boundary, and showed
increases with increasing Re from the asymptotic value ofhat although Sh averaged on the bubble is not affected by
2.0 for the Re~0 limit. Also, these figures indicate that Sh is the fluid shear either, the values of Sh on the local places,
affected byV, and Da, but not bya*. Sh decreases with referred to as the local Sherwood number,Share clearly
increasingV,, and the discrepancy betwe&f,=0 andV, different especially on the front side of the bubble.

=0.1 enlarges as Re increases, whereas Sh fer(Dhin- To provide the insight into the behavior of the mass
creases from the value of B&® and the increasing rate transfer rate on the local place, &k, the effect of the fluid
seems to be independent of Re. Regarding the effect of thehear rate*, together with the effects of the Reynolds
fluid shear, Dandy and Dwyéf, who performed a three- number, Re, the outflow velocity/,,, and the DamKkoler
dimensional numerical simulation of a linear shear flownumber, Da on the $f3, distribution at6=0 against¢ are
around a heated solid sphere, obtained the similar result tshown in Fig. 17. Here, the effects df,, «*, and Da are
ours. They stated that Nu averaged on the surface of the soljplotted for Re=200. In Fig. 17c) for the effect ofa*, the
sphere is essentially independent of the fluid shear ratalistributions of top(#=0) and bottom(#=) are shown. It is
However, Misumiet al?° and Komori and Misunit recently ~ found that, although Sh,, on the slip surface is reported to
did a similar numerical simulation of a linear shear flow monotonously decrease with?°, Sh,., on the nonslip sur-
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FIG. 16. Effects of outflow velocity,V,, fluid shear rate,o*, and
Damkchler number, Da, on Sherwood number, &e=200): (a) effect of
V,; (b) effect of «*; (c) effect of Da.

face indicates a minimum value arount=3n/4 and in-

Kurose et al.

detail latey. With increasing ReY,, and Da, SR, increases,
decreases, and increases, respectively, in the whobgion.
Similarly, despite the coincident of Sh, the,gh distribution
for «*=0.1 is found to deviate from that fa¥* =0. In the
front region of p</2, Shy, for «* =0.1 is greater than that
for o*=0 on the top and less on the bottom. This trend
agrees well with that of Misumét al?® and Komori and
Misumi.?* However, unlike their resuf® the difference in
Sheca between that on the top and the bottom is seen also in
the rear region of 3/4<¢, and this is rather prominent.
Above Sh,., behaviors are considered to be strongly
related to the tangential viscous stress on the surface of the
sphere because the increase in the tangential viscous stress
enlarges the scalar gradient, which is proportional tg.gh
The minimum value of Sk, around =3#/4 and the in-
crease in Shy in the rear region of 3/4<¢ is caused by
the facts that the tangential viscous stress aro#in®n/4
indicates the low value, because this location corresponds to
the point of the flow separation and that the vortex generated
behind the solid sphere magnifies the tangential viscous
stress on the rear side. Also, with increasing Re dpdthe
tangential viscous stress on the surface of the sphere in-
creases and decreases, thereforg.ghincreases and de-
creases in the whole) region, respectivelyfFigs. 17a),
17(b)]. Furthermore, the effect of the fluid shear on the be-
havior of Sk, can be explained as follow§ig. 17c)]. In
the linear shear flow, the tangential viscous stress on the
front side is greater on the top than that on the bottom be-
cause of the velocity difference, which makes,Shgreater
on the top. On the rear side, the tangential viscous stress
becomes stronger on the top than that on the bottom due to
the influent from the lower side to the upper siderowA in
Fig. 9. In addition, compared to $h, for o* =0, ¢ show-
ing the minimum SR, for «* =0.1 are observed to slightly
shift upstream on the top but downstream on the bottom, and
this trend is similar to that of the points of flow separation
shown in Fig. 9. This also suggests the close relationship
between Sf., and the tangential viscous stress. The reason
why Sh,.q increases for Da0.1 is that the scalar consump-
tion due to the reaction makes the scalar gradient enlarge

[Fig. 17d)].

IV. CONCLUSIONS

A three-dimensional numerical simulation of an isother-
mal flow past a solid sphere with outflow in a linear shear
flow was performed to investigate the effects of the outflow
on the drag and the shear lift. In addition, the effects of the
outflow and the fluid shear on the diffusion and reaction of
reactant from the surface of the sphere were also discussed.
The main results from this study can be summarized as fol-
lows.

The outflow from the surface of the sphere reduces the
friction drag, increases the pressure drag, and reduces the
total drag since the rate of reduction of the friction drag is
greater than that of increase of the pressure drag. Also, the

creases withp again. This variation is considered to be duerate of change increases with an increase of the particle Rey-
to the existence of the points of the flow separation and th@olds number, and this effect tends to be overestimated with

vortices behind the solid spheféhis will be discussed in

the generally used empirical expression, especially for the
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larger particle Reynolds numbers. On the other hand, in thCKNOWLEDGMENTS
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the surface of the sphere are strongly affected by the outflow

and the fluid shear because of the deformation of the vortices

appeared behind the sphere. This suggests that it is of greAPPENDIX: ESTIMATION OF OUTFLOW VELOCITY
importance to take these effects into account in precisely
predicting the scalar concentrations and their reactions in th
fields, including the evaporating and reacting particles.

In this appendix, typical outflow velocity is estimated by
Serforming a two-dimensional numerical simulation of

Droplet 2000
| ° | >y 1500
4/ \’ { 1000 &=
20 mm
4\ ﬁ 500
. ‘; I 0
0 5 10 15 20
* 20mm ~ x [mm]

FIG. 18. Schematic of computational domain of planar two-dimensionalFIG. 19. Profiles of mass fractions of gaseous spedgs,and gas tem-
counterflow field. perature,T, with anx axis before droplet injection.
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dini=5 N,, CO,, H,0O, and GgH,,, and their transport properties
= = -dlini=10 and thermodynamic data are obtained from CHEMK{N?
dLini=50 Properties of liquidn-decane are obtained from Abramzon
100 |rooeeeeeeees T dlini=100 and Siringnand? The governing equations considered for
' the gaseous phasenass, momentum, energy, and species
i : mass$ are discretized and solved by the finite volume method
R using the SIMPLE algorithr® A single droplet is tracked in
\ s a Lagrangian manner. Mass, heat, and momentum inter-
changes between the gaseous and the single droplet are cal-
culated by the method of the PSI-Cell modéRegarding
) ‘ ‘ the evaporation of droplet, a spherically symmetric, unsteady
0 5 10 15 20 droplet model with variable properties proposed by Abram-
zon and Sirignant is employed.
The computations were performed for thedecane
(CigHjp) droplets with four different initial diameters of
d, ini=5, 10, 50 and 10Qum. Simulations were run 1000
time steps before the stable flame was achieved and 200 time
steps after the droplet was injected.
Figure 19 shows the profiles of the mass fractions of the
gaseous species oL0ON,, CO,, H,0, and GgH,,, Yy, and
the gas temperaturdl,, with the x axis before the single
C,gH,, droplet is injected. The hight zone appeared in the
region of x=7-15mm in the laminar counterflow, and, in
this high-temperature zone,; §l,, vapor supplied from the
‘ ‘ lower port of x=20 mm rapidly disappears, ,Gconsumes,
0 5 10 15 20 and the Co and HO form.
The variations of the droplet diamete},, and the out-
flow velocity, V , for the single GoH,, droplet with initial
FIG. 20. Variations of droplet diametet;, and outflow velocity from the  diameters ofd, ;,;=5, 10, 50 or 100um are shown in Fig.
droplet surfaceV}, ; (a) droplet diameterd, ; (b) outflow velocity, V} . 20. It is found that the smaller droplets with ;=5 and 10
pm disappears before arriving at the high-temperature zone,
whereas the larger droplets with ;,;=50 and 100um get
single droplet combustion in a laminar counterflow. The nu-nto the high temperature zone and instantaneously evapo-
merical procedure used is essentially the same as that in Akgyte. Accordingly,V* of the smaller droplets witld, ;=5
matsuet al**%° and 10um gradually increase as the droplets approach the
The planar two-dimensional numerical flow field for es- high-temperature zone, and those of the larger droplets with
timating the typical outflow velocity due to the evaporation d, ;=50 and 10Qum tend to keep the low values before the
is shown in Fig. 18. The geometry of the burner port is 20high-temperature zone and rapidly increase in it. What is
mm in width_ and the port separation is 20 mm. The origin Ofparticularly noteworthy is that the magnitudes 6 are
the calculation domain is Iocated_at the center of the UPP&uite different between the droplets that nearly disappear be-
rectangular burner port, from which a droplet wtlecane  fore the high-temperature zone and those that penetrate and
(CioHzo) is supplied. The calculation domain (0 M mainly evaporate in this zone. Indeaf; for the latter drop-
<20mm, —10mm=<y<10mm) is divided into 158153 a5 js about two orders of magnitude larger than that for the
equally spaced computational grids inandy directions,  former ones. The maximun? for the droplets evaporating
respectively, which generates the actual control volume sizg tside and inside the high-temperature zone can be evalu-
of 130 umXx130 um. The calculation time step is set at zia(d to be of 102 and 16 orders of magnitudeém/s), re-
0.1875 ms initially, and at 0.37@s when 420 K or d; spectively.
<20um. From the upper port, atmospheric air= 300 K,
P=0.1013 MPa, and oxygen mass fractigg_=0.2357) is
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