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Neutrally buoyant particle in the boundary layer at a plate. 
II. Inertial effects 

L. Nikolov and E. Mileva 

Institute of Physical Chemistry Bulgarian Academy of Sciences, Sofia, Bulgaria 

Abstract: This study deals with the asymptotic modeling of the disturbance 
flow field created by a neutrally buoyant solid particle suspended in a hy- 
drodynamic boundary layer past a plate. The range of dimensions studied is 
L/ReS/4< Rp < L/Re~/2 (Re i being the total Reynolds number of the back- 
ground flow stream, L is the length of the plate). The concept of local particle's 
Reynolds number R% is introduced. The obtained asymptotic equations for the 
disturbance field are classified in three basic groups: viscous perturbation 
(Rep < 1/Reil/2); intermediate case (R% ~ 1/Rei 1/2) and inertial perturbation 
(Rep > 1/Reil/2). 
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1. Introduction 

The interaction of suspended particles with ex- 
ternal flow fields is of great theoretical and practi- 
cal interest in suspension theology [1-4]. The 
complex form of the mathematical formulation of 
the problem however, has turned the solution of 
this task into a serious problem. The basic charac- 
teristics of the phenomenon is the coupling of at 

�9 least two flow fields: the background stream and 
the flow created by the motion of the particles in 
stagnant fluid. The simplest ease is that of neu- 
trally-buoyant solids. The interaction with the 
external stream is then due only to the finite 
dimensions of the particles. The disturbance field 
is mathematically modeled by complicated differ- 
ential equations even for simple Poiseulle and 
Couette background flows [1-4]. For complex 
flow streams, the situation is expected to be even 
more obscure. 

In our previous paper I-5], we have started the 
theoretical treatment of the disturbance flow of 
a solid sphere suspended in a boundary layer past 
a plate. The approach there was based on prelimi- 
nary scaling considerations and the consequent 
analysis of the mathematical model. The study 
leads to a procedure for effective simplification of 

the general disturbance-field equations. A well- 
balanced model for the interaction was proposed, 
which resulted in a comparatively simple math- 
ematical formulation of the problem. It concerned 
smaller particles, whose dimensions are in the 
range of: 

Rp 1 UooL 
L < Re 5 / ~ '  Re~ = - - ' v  (1) 

where Rp is the radius of the particle, L is the 
length of the plate, and Rei is integral Reynold's 
number of the background stream. The distur- 
bance field caused by these particles exhibits pre- 
vailing viscous character. 

For larger particles, whose radii pertain to the 
domain 

1 Rp 1 
Rei5/---- ~ < -~- < Reii/------ 5 (2) 

the scaling proposed in [5] is not adequate. 
The aim of the present paper is to study the 

disturbance flow of particles suspended in the 
external boundary-layer flow and whose dimen- 
sion is in the range (2). The latter is divided into 
three regions and the respective systems of asymp- 
totic equations are presented. 

GL 398 



1568 Colloidand Polymer Science, Vol. 272" No. 12 (1994) 

2. Scaling considerations 

A solid sphere is freely suspended in a bound- 
ary-layer flow, formed by a stream with velocity 
U~o, past a plate of length L (Fig. 1). The particle is 
neutrally buoyant, i.e., (Ap/p)< Fr 2 (Ap is the 
density difference of the particle and the fluid, 
Fr = ( U 2 / L g )  1/2 is the Froude number for the  
external flow field). The relation (2) is valid for 
solid's radius Rp. 

The disturbance of the basic stream flow by the 
solid sphere is weak. So, the total velocity and the 
pressure fields (tT, 17,,6) may be presented thus: 

fi = ~i+ u' + u, g = g + v ' + v ,  

= p + p' + p ,  (3) 

where the following notations are used: 0i, ~,/~) 
- for the potential flow outside the boundary- 
layer region; (u', v',p') - for the velocity compo- 
nents and the pressure inside the boundary layer. 
According to Blasius [-6]: 

u' = U~f '  (tl), v' 1 (vUoo'] 
1/2 

= 2 \  x ) (q f0 l ) - f ( t / ) ) , (4 )  

with v being the kinematic viscosity of the fluid; 

11 = y ( U ~ / v x )  1/2 (5) 

is a dimensionless variable and the function f(t/) 
may be approximated with a power series of 
t/f(r/) = at/4 + bt/3 + C/~ 2 "71- dr/+ e, a, b, c, d, e be- 
ing constants, u,v,p stand for the disturbance 
field. 

Upon introducing the expressions (3) in the 
Navier-Stokes equations of motion [7] a system 
of differential equations for the disturbance field is 
obtained: 

,. t?u ~u' ,gu Ou' ~?u ~?u 

p Ox + v \~x2 + OyZj (6a) 

t?v t?v' ,Or Or' t?v t?v 
+ + + 

1 c~p {~v_ c~2v~ 
p 0y + v (6b) - 

U~ 

i 0  L 7t X 

Fig. 1. Sketch of the problem. U~o - the background velocity; 
L - length of the plate; 6 - boundary-layer thickness; Rp 
- radius of the solid sphere 

Ou Ov 
t?--~--t - ~yy = 0.  (6c) 

The starting point here is the choice of the 
characteristic parameters, which render the dis- 
turbance field dimensionless. 

In the previous paper [5], the interaction was 
assumed to have a deformational viscous charac- 
ter and the disturbance velocities have been scaled 
with the lagging of Faxen's type: 

Uf ~ U ~ 2 ( 1  +A2) ,  Vf ,~ U~oAe2(1 + A 2 ) .  (7) 

This case was studied in  [5] and results in an 
asymptotic modeling of the interaction for smaller 
particles with dimensions in the range (1). 

Any lagging with respect to the external flow, 
however, results in a migration in the perpendicu- 
lar direction [8]. This effect is of combined iner- 
tial-viscous nature. If migration is prevailing, 
other characteristic quantities are obtained: 

U s '~ v f s A  1/2, v s ~, Urea -1 /2  (8) 

The relation (1) is fulfilled if ue, vf > us, vs. It is 
readily seen that always uf > Us. But it is possible 
to have vf < vs, that is, not to scale the transversal 
disturbance velocity with the viscous deforma- 
tional (Faxen's) lagging, but rather with Saffman's 
migrational rate. This actually concerns the range 
of particles' dimensions Eq. (2) (Fig. 2). So, the 
respective disturbance quantities are rendered di- 
mensionless via the relations: 

u 
I g =  

Uoo e2(1 + A 2 )  ' 

u 

V = Uooe ,3A_l /2(  1 _[_A2) , (9) 
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Fig. 2. Ranges of the particle dimensions. 
S1 - viscous interaction; $2 - intermediate 
case; $3 - inertial effects; Rei - total 
Reynolds number  of the background flow; 
L - length of the plate; R o - radius of the 
solid sphere 

with 

Rp 
a - 6 ' A = ~ ,  ~,A << 1 , (10) 

where e characterizes the relative dimensions of 
the particle and the layer; A is the dimensionless 
thickness of the boundary layer. 

We have estimated the dimensions of the dis- 
turbance field by the expressions: 

Ax = A x ~ ,  Ay= AyRp. (11) 

The scaling parameters in (9) and (11) are used 
for rendering Eqs. (6) dimensionless. The result is: 

, C3U A 3/2 ,(~u A3/2~u' u ~U' 
Rev (ti + u ) ~ x  + V ~ y y +  + e-~y V 

( O u ouhl ,/j 
+ e2(1 +A ucx + 

((A +cA --[-e 2 +eZA 

2 02/'g (~2U 
+ a ~-Tx 2 + A--OyZ (12a) 

~v ~A3/2 ,av A3av' 
Rep (t7 +u')-~x+----~v -~y+---~--~xu +A 3/2 

-yy-yV +  2(1 + A u 

= - (A +aA +a 2 + e 2 A  + s A  5/2 

+ Rep(1 + e  2 +e2A2) )~  

-t- ~2 ~2v 02/) 
-ff~xZ + A--Oy 2 (12b) 

Ou Ov 
+ = o .  (12c) 

Ox ay 

The above equations contain the quantity 

Rep = e2A - 1/z , (13) 

which can be interpreted as local Reynolds num- 
ber for the particles in the boundary layer flow. 
This parameter is quite different from the respect- 
ive quantity in Part I (Eq. (16) in [5]) and does not 
explicitly contain the integral Reynolds number 
(Rei). Three possibilities for the type of the distur- 
bance field may appear: 

case S1 - Rep < 1 - viscous interaction 

case $2 - Re o ~ 1 - intermediate case 

case $3 - Rep > 1 - inertial effects. 

The Blasius solution (Eqs. (4), (5)) leads to the 
following expression for the boundary-layer 
thickness [6]; 

6(x) = const v~x. (14) 

This formula, the expression (2), and Eq. (13) 
give the limits of the region inside the boundary 
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layer where the present study is adequate: 

Rpe X/r~ i  < x < R e Re2 
c o n s t -  - o const 

for cases S1 and $2,  

L 
Rpe v ' < x  < - - , R e  i 

const " const 

(15a) 

for case S3, (15b) 

where x is measured along the length of the plate. 
Unlike the viscous interactions in Part I (Eq. (13) 
in I), the realm of validity of the analysis here 
depends on the local Reynolds number. For small 
and intermediate values of Rep, both limits ex- 
plicitly contain the solid's dimensions, while at 
high Rep the upper limit is determined only by the 
parameters of the background flow. 

So, in contrast with the case of viscous-type 
interactions [5], the local Reynolds number here 
may acquire any possible value. In what follows, 
the above three cases are studied in detail. 

3. Small local Reynolds numbers (Rep < I) 

There are several subcases, depending on Rep 
and the other small parameters in the system. The 
structure of the dimensionless disturbance equa- 
tions (12) implies several relations. 

1 Rp 1 
Rep < A, i.e., ReiS/4 < ~ < i/eT/---- ~ 

1 Rp 1 
~ ]  Rep ,~ A, i.e., ReiS/-- ~ < -~- ~ ReiT/------g 

1 Rp 1 
Rep > A, i.e., Rei v/---~ < T < Rei 5/----~" 

This differentiation outlines the relative im- 
portance of the particles' dimensions and the 
boundary-layer scaling parameter A. In SI.1. the 
interaction is determined by the properties of 
the background field, while in S1.3. the sphere's 
radius plays the governing role (via Rev). 

1 Rp 1 
~A-~: Rep < A, i.e., ReiS/------- ~ < ~ < Re7/-------- N 

S1.1.1: 
1 Rp 1 

e < A, i.e., Rei 5/----x < ~ < Re--~. " 

The respective dimensionless velocity compo- 
nents and the pressure are presented with the 
following power series in the small parameters 
e and A: 

U = U 0 -.{-(~,2/A3/2)g I -t-g, bl 2 

V = l) 0 + ( 8 2 / A 3 / 2 ) V l  -t-e1) 2 

P = Po + ( ~ 2 / A 3 / Z ) P l  +~P2 �9 (16) 

Upon introducing the expansions (16) in (12), 
the following asymptotic expressions for the dis- 
turbance field are obtained: 

S 1.1.1.1 - initial approximation 

8po 82g0 8po 82V0 8b/0 81) 0 
8--x-- 8y 2 '  8y - 8y 2' 8~ + ~ y  =0; (17)  

S 1.1.1.2 - first approximation 

t 8UO 8P0 8Pl 82Ul 
+ u ) = 8x 8 x  + 8y 

8Vo 8po 8pl 82Vl 
(a +u')  = 8y 8y + --By 2 

8ul 8vi 
8--x- + ~ = 0 ; (18) 

S 1.1.1.3 - second approximation 

8Uo 8p0 8P2 82/./2 /)t 
8y 8x 8x 8y 2 

V / 
8Vo 8po 8p2 82V2 
8y 8y 8y 8y 2 

8u__~2 8Vg 
8x  + = 0 (.19) 

These results are comparable with the case F.3. 
in [5] where the disturbance velocity is scaled 
with the Faxen's deformational lagging. This 
ensures the continuity of the behavior of the par- 
ticles pertaining to the contiguous ranges of di- 
mensions (see Eqs. (1) and (2)). The difference lies 
in the disappearance of transverse convective 
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terms in the first approximation. 

1 Rp 1 
S1.1.2: e ~ A, i.e., Rei 5/---~ < -L ~" Re---~. 

This implies that the respective quantities are 
developed as power series of A in the form of: 

U = U o + Ax/2ul + Au2 

v = V 0 +AU2vl +Av2 

P = Po +A1/2p1 +Ap2 ; (20) 

$1.1.2.1 - initial approximation 

0p0 02U0 0p0 021)0 OUo. 01)0 
0 ~ -  Oy - - T '  Oy - Oy ~ '  Ox +--~-y'=0;(21) 

$1.1.2.2 - first approximation 

,. 0Uo 0po 0pi 02Ul 
(a + u ) ~ = Ox O-x + --0y 2 (22a) 

OVo Opo Opl 02Vl (22b) 
(a +u') O---x = Oy O---y + Oy -- -T 

0U 1 01) 1 
0---x + -~y = 0 ; (22c) 

S1.1.2.3 - second approximation 

(~ , ,0ul OUo Opo 0pl OP2 
+ u i-~x +1)' ~---~ = Ox Ox ~x 

+ 
02U0 02U2 
- ~ - x 2 + - -  0y 2 

, ,0vl v, OVo Opo Opl 0p2 
(~ +u) - -~x+  Oy = Oy Oy Oy 

0200 021)2 
+ - - ~ - x Z + - -  Oy 2 

0U 2 01) 2 
0-x-- + -ffy-y = O. (23) 

This case differs from SI.I.1 in the second ap- 
proximation. Besides the new longitudinal inertial 
term, here also viscous longitudinal terms are 
observed: 

1 Rp 1 
S1.1.3: e > A ,  i.e., ~ < - ~ - < R e 7 / 8 .  

The respective quantities are expressed as 
power series in e and A: 

U -~- U 0 -}- (g2 /A  3/2)u 1 --{-- (F,Z/A)u2 

1) = 1)0 +(F,2/A3/2)1) l  + ( g 2 / A ) v 2  

P = PO + (e2/A 3/2)pl + (~2/A)p2 �9 (24) 

From (24) and (12) there follows a system of 
asymptotic equations: 

S1.1.3.1 - initial approximation 

Opo 02u0 Opo 02v0 OUo OVo 
- 0y  - 0 7 '  0--}- + = 0 ;(25) 

$1.1.3.2 - first approximation 

(t7 + u') 0Uo 0po 0p__ 2 02Uo 
0--x- = ax 0x + 

02Ul 
+ 0y2 

02/.)1 
+ 0yZ 

(~ . ,,OVo Opo Opt 02Vo 
+ u = Oy + -ffex  

0Ul OV 1 
0x + -~y = 0 ; (26) 

$1.1.3.3 - second approximation 

0P2 Opo 02U2 
Ox Ox + - -  0y2 ' 

63P2 _ Opo 02/)2 0U2 0/32 
--0y 0~ + --'0y 2 --0X + ~ y  = 0 .  (27) 

The viscous character of the initial-approxima- 
tion equations is still preserved. The role of the 
longitudinal viscous effects however, is stronger 
- they appear in the first approximation. Unlike 
the previous cases, the viscous transverse interac- 
tion has a leading role in the second approxima- 
tion. These facts are connected with the serious 
disturbance which larger particles initiate in the 
external flow and, as a result, the transverse in- 
teraction becomes stronger. The longitudinal 
interaction appears only in the first order of ap- 
proximation as a balance between the convective 
and viscous terms. 

VZ--UX'q Rp 1 
I~.l.Z.l: R% ~ A, i.e., -~- ReT/8 �9 
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This implies that  the respective quantities are 
developed only as power  series of A in the form of: 

U = U 0 q -A1 /2Ul  + A 3 / 4 u  2 

V = V 0 --~-A1/2v 1 -t-A3/4v2 

P = Po + A 1 / Z P i  +A3 /4p2  ; 

$1.2.1 - zero approximat ion  

(/~ , tx duo dpo d2U0 
-t- u ) ~ x = d ~  -k- --ay2 

8Vo dpo dZvo 

(~ + u') dx - d~ + dy~ 

(28) 

duo dVo 
d---x- + -@y = 0 ; (29) 

S1.2.2 - first approximat ion  

t 8Ul dP0 dPl d2UO 82Ul 
( a + u ) G =  tx  dG + ~  + - d y  ~ 

8vl 8po dpl d2V0 d2Vl 
(a +u') d~ - dy d~ + ~ + --dy ~ 

du 1 dl) 1 d - ; + ~ = 0 ;  

S1.2.3 - second approximat ion  

,,du2 v'OU~ du' 
(a +u)-~-x + ~-y + Vo ay 

@o dp2 d2U2 
- -  _ _  - q - -  - -  

dx  Ox 8y2 

, 8/)2 /), 0/)0 dp0 8P2 02/)2 
(,i + u  )-~-x + 8~ - 8y dy + --dy ~ 

(30) 

81,/2 8/) 2 
8--x- + -~y = 0 .  (31) 

For  the first t ime in the governing asymptot ic  
equations (zero approximat ion)  convective terms 
appear. They balance the transverse viscous ef- 
fects. The first approximat ion  is the same as in the 
previous case (S1.1.3.2). The transverse inertial 
effects are observed just  in the second approxima-  
tion. So, larger particles interact in a more com- 
plex manner  with the boundary- layer  flow. This is 

a result bo th  of the complicated external flow and 
the more  intensive disturbance that  is caused by 
these larger species. 

Thus,  the relative dimension of the sphere 
Rp/L ~ 1/Re~/8 is a borderline where the type of 
interaction transforms from prevailing viscous 
( R p / L <  1/ReZ/8) to mainly inertial (Rp/L > 
1/ReiT/8): 

1 Rp 1 
~ i - ~ :  Rep > A, i.e., Re~/8 < T < Rei s/----~' 

where three addit ional  subcases may  be distin- 
guished: 

1 Rp 1 
$1.3.1: e z < A, i.e., Re7/----g < ~ < Re~/--- x . 

The respective presentations of u, v and p are: 

U = U 0 q - (A3 /2 /e2 )u l  + A 1 / 2 u 2  

V = V 0 +(A3 /2 /~z )v1  + A 1 / Z v 2  

P = Po + (A3/2/e2)Pl + A i/2p2 . (32) 

S1.3.1.1 - initial approximat ion  

,, dUo 8po (~i+u) ~ = - & ,  

( r /+u ' )dv~ 8po dUo 8Vo d ~ -  dy' d~- +~-y =0;  (33) 

S 1.3.1.2 - first approximat ion  

dUl dp0 dPl d2U0 
(~i + u') d~- - & d~ + --dy 2 

(/,i ' ,x dVl dpo dpl d2V0 
+ u ) ~ - dy By- + dy 2 

dUl dVl 
8~- + ~-y = 0 ; (34) 

S1.3.1.3 - second approximat ion  

8U2 8po 8p2 82U0 
( a + u ' ) d x -  ~ dx d~- + dx ~ 

t t~/)2 8p0 8p2 d2/)o 
Oi + u ) ~-x - ?y 8~- + 8 7  

8U 2 du 2 
8-x + -b-y-y = o .  (35) 
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The major effect is the inertial interaction with 
the boundary layer. The leading system of asymp- 
totic equations (zero approximation) does not in- 
clude any viscous term. The transverse viscous 
effect is observed in the first approximation while 
the longitudinal one appears only in the second 
approximation. Transverse convectional terms do 
not appear at all in the investigated order of 
approximation. 

Rp 1 
S1.3.2: e2 ,.~ A, i.e., T "~ Re 3/------~ 

The respective quantities are presented only as 
power series of A: 

U = U o + A a / 2 u  i -+-Au 2 

V =  V 0 + A1/2v1 + A v  2 

P = Po +Ai/aPi +Ap2 �9 (36) 

Equation (36) and (12) lead to the following 
sequential approximations: 

S1.3.2.1 - initial approximation 

(li + u') 0u---2~ = OPo 
Ox Ox' 

,,OVo ~ o  Ouo 0Vo 
( ~ + u ~ -  , U~ +-&-y =o;  (37) 

S1.3.2.2 - first approximation 

,. c~u i Ou' 
(a + u ) ~ - x  + Vo Oy 

0po 0pi ~2b/0 02U0 

- ax 0~- + ~ + --0y 2 

(1/+ u') 0Vl Opo Opl 02/)0 02/-)0 
a~ - ay Oy + ~ + - a /  

(~U 1 O/J I 
0---x- + ~ = 0 ; (38) 

$1.3.2.3 - second approximation 

,. OU 2 , OR 0 OU' OU 0 Olg 0 
(a +u)~-f + ~ ~ + ~ , ~ +  ~o77+ uo.ax 

Opo @l 0p2 02Ul O2U 1 
OX ~X 0X +--~-X 2 + - 0 2 2  

, Or2 , 0P0 OV 0 0V 0 
(a+u)-~f+ ~-~f + ~ o ~ +  uo 0x 

0po @i ~P2 02vi ~2Vl 
ay c~y ay + ~ + Oy --~- 

0b/2 0/) 2 
~ -  + -ffy-y = 0.  (39) 

The leading-order asymptotic equations con- 
tain only longitudinal convectional terms. The 
transverse viscous and longitudinal inertial cha- 
nges are observed in the first approximation: 

1 Rp 1 
$1.3.3: ~2 > A, i.e., Re~/----x; < Z- < 

R@/~" 

The respective power series have the form of: 

U = U o + S U  1 + A i / Z u 2  

I.) = 170 -~-eV 1 + A1/2Vz 

P = Po +epi +A1/2p2 , (40) 

and therefore the sequential approximations have 
the form of: 

S1.3.3.1 - initial approximation 

,, 0Uo 0po 
( a  + u ) } 7  - & '  

(~+u ' )Ov~  Opo OUo OVo 
0x 0y '  0-x- + @ = 0 ;  (41) 

S1.3.3.2 - first approximation 

,, 0ui 0u I @o @i 
(a + u )-&x + Vo ~ - & 0x 

(t~ ' ,, 0vl 0pl 
+ U ) T x  - 0y 

0ul 0vl 0W + ~-y = 0 ;  (42) 

S1.3.3.3 - second approximation 

,-, ~U2 ~P0 ~P2 ~2U0 
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,x ~132 Opo 0p2 02/)0 
(t7 + u ) ~-x = 0y 8y + ~?x ---5- 

Ou2 Ov2 
O---x- + ~ = O. (43) 

The presence of convective terms is again the 
only effect in the leading-order equations. Just in 
the second approximation there are viscous terms 
in the longitudinal direction. Transverse viscous 
and inertial effects do not appear in the regarded 
order of approximation. 

Therefore, within the assumption of small local 
Reynolds number (Rep < 1), three basic types of 
disturbance field are outlined: 

1) Viscous disturbance (R% < A; Eqs. (17), (21), 
and (25)). After simple transformations, these sys- 
tems of equations are brought into Poisson-type 
differential equations as in I. 

2) Intermediate case (Rep ,,~/1; Eq. (29)) where 
longitudinal inertia arises for the first time. The 
governing equations (29) have the form of reduced 
boundaryqayer case. 

3) Convective disturbance (A < R% < 1; Eqs. 
(33), (37) and (41)) - here the longitudinal convec- 
tion terms totally dominate the leading order of 
asymptotic equations and they have the form of 
reduced potential flow [6]. 

4. Higher local Reynolds numbers - Rep ~ 1 and 
Rep > 1. 

The first possibility is: 

Rp 1 
~ :  R% ~ 1, C- ~ Re5/----~ �9 

The power series for the respective quantities 
are: 

U = U 0 + /11 /4 / / I  +AI/2u2 

V = V o +A1/4/ )  1 +dl /21~ 2 

P = Po +A1/gP1 +AX/2p2 ; (44) 

$2.1 - initial approximation 

(ti-+ u') c~U__o0 = Opo 
Ox Ox' 

(vi + u') 8Vo gPo ~3Uo 0Vo 
O--x = - Oy ' O--x +--~-y=0;  (45) 

$2.2 - first approximation 

Oul OPo 0pl (a + u ' ) - -  = 
Ox c~x Ox' 

AI_ Ut) OVl 0Pl  ~Ul ~Vl (a a~- 0y' ~ + ~ = 0 ;  

$2.3 - second approximation 

,,0u2 Ou0 0Uo 
(a +u~-~-x+ VO-~y+ Uo Ox 

O2U 0 0p0 ~Pl 0p2 + _ _  
~X OX OX 0X 2 

,. ~V2 ~/)0 OVO 
(a +u~--Uf + Vo-Uy + Uo Ox 

t~po t~p2 632V0 
Oy c?~ + Ox 2 

(46) 

_ , 3u l  Ou' Opo OPl 
(u + u )-Uxx + vo a y  = ~x Ox 

/ . 

$3.2 first approximation 

V ---~ /)0 -[-~/)1 -{-~2V2 

P = PO qTePl at-e2p2 ; 

$3.1 -dnitial approximation 

OUo Opo (a + u ' ) - -  = 
Ox Ox' 

,~OVo gpo OUo Ovo 
(ti + U ) ~ x  = Oy' O-x- + -O-y-y = 0 ;  

Here, convective terms totally dominate the 
leading order of equations and the first order 
correction. Longitudinal viscous effects occur 
only in the second approximation. 

1 Rp 1 
~ :  Rep > 1, i.e., ReiS/---- ~ <-~-  < Reil/-----7 �9 

The solution is sought in power series of e: 

U -~- U 0 -[--/3U 1 --[-~2U2 

(48) 

(49) 

OU 2 OV 2 + -~y = O. (47) 
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(ft + u') Ov---L = ~3po Opl 
Ox Oy Oy 

Out Ov~ 
0-T + = o ;  (50) 

$3.3 - second approximat ion  

~3u2 OUo ~Uo ~u' 
(a +u')Ts + roT- j + UoTs + vl ~y 

@o ~Pl t~P2 
~?x t?x t?x 

~V 2 ~l) 0 dU o 
+ + V~ + Uo 

apo t~p2 
Oy Oy 

~U 2 ~l) 2 
t?---x- + -~y = O. (51) 

Here, only convective terms are observed. The 
longitudinal  inertial effects are the basic result of 
the interaction. This is the first range of dimen- 
sions, where the asymptot ic  equations do not  pos- 
sess any viscous terms to the second order 
approximation.  

Conclusions 

The asymptot ic  model  for the interaction of 
a larger neutrally buoyant  particle (Eqs. (12)) with 
the boundary- layer  flow past a plate exhibits the 
following characteristic features: 

1) With neutral  buoyancy the only possible 
scaling of the longitudinal  disturbance velocity is 
the viscous deformation of Faxen's type, i.e., 
Ue > Us. The characteristic change of the trans- 
verse disturbance velocity is scaled with a quanti-  
ty of Saffman's type, i.e., vs > vf. 

2) The basic effect of the per turbat ion of the 
external flow field, due  to the presence of the 
suspended particle, depends on its dimensions. 
For  smaller particles (SI.1), the leading terms in 
the asymptot ic  equations have viscous transversal 

character. For  larger particles however 
(S1.3, $2, $3), the leading effect is of longitudinal 
inertial nature. 

3) In the sequential approximat ions  a further 
differentiation of the interaction type for the par- 
t ides according to their dimensions is observed. 
For  smaller particles, more  impor tant  are the in- 
ertial (longitudinal and transverse) effects, fol- 
lowed by the longitudinal  viscous interactions. 
For  larger particles, however, the opposite is ob- 
served - the role of the inertial effects is further 
increased. 

Generally speaking, for larger particles the role 
of the viscous transversal migrat ion is continu- 
ously decreasing and the longitudinal  inertial in- 
teraction begins to determine the behavior of the 
particles in the boundary-layer  flow past  a plate. 
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