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Ocioannsa 4acmuHok, AKi azpe2yioms y epagimayiiHomy nOji, WUPOKO BUKOPUCNOBYEMbCA AK NPOCMULL
i Oewesuii mecm Ha CMAOIILHICMb CYCHEH3I] PI3HUX MEXHIYHUX cymiuel, Kpogl md HAHOPIOUH.
Bemanoeneno, wo naxun mpyoxu pobums mecm Habazamo weuoutum, wo 8idomo sk epexm bBotxomma.
3anexcuicms weuOKocmi 0Cioants 6i0 Kyma HAXUIy € CKIAOHOI0 | MAl0 6U4eHoio 3adayero. Y yii pobomi
V3a2a1bHeHO 080GhasHy MOOelb CYCNeH3ii YACMUHOK, SKI azpezylomv )y ROXUIuX mpyoxax. 3adaua
PO3210AEMbCsL Y 080GUMIDHOMY BURAOKY, WO BIONOBIOAE BY3bKUM NPAMOKYMHUM EMHOCMAM ab0 3a30pam
BICKO3UMEMPIB KOHYCONOOIOH020 Muny. Y npunywjeHHi Maiux Kymié HAXury pPi6HAHHS YCepeoHIOImMbCs HO
nonepeunit KOOpOUHami, a OmpuMaHa 2inepOoniuna cucmema pIGHAHL PO38 AVEMbCA  MemoooM
xapaxmepucmux. Yucenvri po3spaxyHku eussuu, o 30iIbUuleH s NOYamKo60i KOHYeHRmpayii YacmuHok, ix
weuoxocmi azpeaayii, 306HIUHBOI PIGHOMIDHOL cunu i KYma HAXULy NPUCKOpiorms OCIOaHHs, a 0yOb-sKe
3pOCManHs 8's13kocmi piOUHU CHOBIIbHIOE 1020, Wo € @izuuno Ooopeunum. Tak wu iHakuie, NOGediHKd
npuckopenns pisna. Ha ocnosi ompumanux pe3yniomamie 3anponoHo8aHo HOBUL Memoo OYIHKU CMItIKOCmi
cycnensii.
Kurouosi cnosa: epexm botikomma, cycnensis, azpecayis, ceOumenmayis, MeouyHa OideHOCMuKdA.

Sedimentation of the aggregating particles in the gravity field is widely used as an easy and cheap test
of the suspension stability of different technical suspensions, blood and nanofluids. It was established the
tube inclination makes the test much faster that is known as the Boycott effect. The dependence of the
sedimentation rate on the angle of inclination is complex and poorly understood yet. In this paper the two
phase model of the aggregating particles is generalized to the inclined tubes. The problem is formulated in
the two-dimensional case that corresponds to the narrow rectangle vessels or gaps of the viscosimeters of
the cone-cone type. In the suggestion of small angles of inclination the equations are averaged over the
transverse coordinate and the obtained hyperbolic system of equations is solved by the method of
characteristics. Numerical computations revealed the increase in the initial concentration of the particles,
their aggregation rate, external uniform force and inclination angle accelerate the sedimentation while any
increase in the fluid viscosity decelerates it that is physically relevant. Anyway, the behaviors of the
acceleration are different. Based on the results, a novel method of estimation of the suspension stability is
proposed.
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Introduction

Influence of inclination of the vessel in
which a suspension of particles sediments in the
gravity field was first discovered by Arthur
Boycotte in 1920 on the red blood cell (RBC)
sedimentation in thin long vertical tubes [1], and
now it is known as the Boycotte effect. On that
time the RBC sedimentation test was recognized
as the most powerful medical diagnostic means
on general pathology, and many researchers
were seeking for more benefit test conditions,
including the usage of the inclined tubes. This
sedimentation technique is also widely used for
the waste water cleaning, drinking water
purification, treatment of mixtures in industry
and manufacture, and the high reservoirs or deep
wells are needed for the successful processing.
The settling of particles in the high containers is
limited by its width, and tilting of the reservoir
or well increases the efficient area of
sedimentation, decreases the distance that each
particle must travel before impacting a wall,
and, therefore, enhances the sedimentation rate
in orders of magnitude [2].

The Boycotte effect is used in the oil
industry because at certain inclination angles
(40-50°) of the tube the clearest separation of the
suspension for oil-well cementation is observed
[3]. The effect is also used for mixing of the
granular matters [4]. It may be responsible for
specific sediment distribution along inclined
ocean bottom at the water stratification
conditions [5], and for the pattern formation at
the inclined surfaces of the sand-dunes [2]. All
suspensions settle faster in the inclined vessels
and exhibit clear separation of the layers of
different optical density, but the problem on
determination of the optimal angels remains still
unsolved.

Problem formulation
The steady sedimentation of particles in the
narrow channel of the width R and the length
L(R/L<<1), inclined at the angle 6 is

considered (Fig.la,b). The channel corresponds
to the gap between the walls of the rotation
viscosimeter of the cone-cone type or a
rectangle vessel with the depth D>>R.
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Fig.1. A sketch of the particle sedimentation in the
inclined tube for the non-aggregating (a) and
aggregating (b) particles.

The two phase approach to the suspension
of the aggregating particles [6,7] is used.
Neglecting the inertia forces as compared with
the viscous forces, the equations of the quasi-
steady motion can be written in the form

a—N+iNul+iNu] =0, (1)
ot Ox oy
a—H+iHu; +iHu‘ =0, (2)
ot  Ox oy 7
aﬁ[Hu; +(1-Hu} |+
5o , ©
2
5[Huy+(l—H)uy}=0
5p_ 1 2
——=—F(u,—u;)+Hp,Gcos(0), (4)
g
(1 —H)é = Flu! —u2)+(1-H)p,Gcos(0), (5)
Hg—p = —F(u' —u2)+ Hp,Gsin(0),  (6)
X
(1—H)Z—p = Flu! —u?)+(1-H)p,Gsin(0), (7)
X

where (u,,u,) and (u],u; ) are components of
the velocity vectors for the particles (phase 1)
and fluid (phase 2), (Oxy) is the Cartesian
coordinate system connected with the p , p,
are densities of the solid and fluid materials,
p 1s the hydrostatic pressure, H and N are the

mass and numerical concentrations of the
particles, F is the phenomenological coefficient
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for the viscous drag forces acting on the particle
from the viscous fluid, ¢ the aggregation rate,

G 1s the mass force that can be chosen as
G =ng, n is the magnification factor when the

sedimentation is carried out in a centrifuge [7].

The equation (1) describes the kinetics of
the particle aggregation due to the collisions,
decompositions or exchange interactions [6].
The mass continuity conditions for the phases
(2), (3) and the projections of the momentum
equations for the phases on the axis coordinate
(4)-(7) give the system of PDE for the velocities,
pressures and numerical concentration of the
aggregates. The same model in one-dimensional
formulation has been used for the RBC
sedimentation modeling in the vertical tubes, in
thin gaps between the walls of the rotational
viscosimeter of the cylinder-cylinder type [8]
and in the centrifugal force field [9]. In the two-
dimensional formulation it has been applied to
the RBC sedimentation in the circular tubes in
the external magnetic field [10]. The system (1)-
(7) can be solved by numerical methods, but in
order to derive more convenient half-analytical
estimations, in this paper a simplified one-
dimensional model will be obtained by
averaging of the equations (1)-(7) over the
transverse coordinate X.

One-dimensional approximation for small

inclination angles

Based on the dimension theory, the
expressions for F and ¢ have been found in the
form [6,8-10]:

F o HO-HY W™, p=—kw?,  (8)
where w=H /N is the average volume of the
aggregates, k 1s the empirical constant that
determines the aggregate formation.

By excluding pressure in (4)-(7) and using
the impermeability condition at the walls of the
tube [10], one can obtain

u. =—0O(H)sin(0), uly =O(H)cos(0),

»  HO(H)ngdopsin(0)

e (1-H)F ’ ©
»_ HO(H)ngop cos(0)
o (1-H)F
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where ®(H)=H(-H)*5pG/ F(H),
p=p,—p;-

Let us assume, the aggregation at the
expense of the lateral motion of the particles is
essential if during the time 7 of the particle
sedimentation along the distance L their radial
displacement & will be of the order of

T.T ~Liu)

this condition accounting for (9) can be written
as

magnitude of R. Since & ~u.

2

1
X

L
o ~ —— =—tan(0).
R Ru| R
For the averaging purposes let us introduce
the following designations:

xel0;x,] , where x, is the coordinate of the

(10)

interface between the layers I and Ila (Fig.1b)

N(t,y),x<x,
N(t,x,y):{o ( x)<xSs

11
H(t,y),x<x, (1)

H(t,x,y) {0, X, <X<s
where s is the width or the area occupied by the
particles and aggregates (Fig.1b).

According to (9) the interface x=x,
between the zones I and Ila moves with the
speed

1
U,=u

X

=H(1-H) gdpsinaF ™" . (12)

The averaged values will be introduced in
the form

X=X

1 xx
<f>:x—S£fdx. (13)

Then after some estimations of terms at the
conditions R/L <<1, H, <1 the system (1)-(7)
can be written in the form (the averaging signs
are omitted):

ON O Nul =—kN*A+

o0 oy

NH (1- H)’ 8p ngsin(0)

Fx, ’

H*(1-H)’ 8pngsin(0)
o oy 7 ’

Fx,




Bicnux Kuigcbko2o nayionanbHoeo yHigepcumemy
imeni Tapaca lllesuenxa
Cepis: ¢izuxo-mamemamuyni HayKu

i[ztlu'y+(1—ztl)uj]=0,

oy
op 1 2
H=—+F(u, - H cos(0)=0,
6y+ (uy uy)+psng cos(0) (14
(1-H) 2~ F () =a2)+

p,ng(1—-H)cos(9) =0,

17 5
here A =—||1 — :
where A(x,, y) . I( +O(R]]xdx

s 0
With the non-dimensional variables
2/3

« L o)
y=2, T:L*’ ==, MOZM’
L T u, 1

1

u
w2, =t g M
W, A UyW,

where T" is the characteristic time, w, is the

volume of a single particle, the equations for the
concentration and volume of the aggregates are
the following
W o0 W _ kua,
oT Y oY
4.5 2/3 _:
@g+34ﬂﬂ:_H@zﬂ W sin(0)
oT oY Y L
UNHW,Y)=~(1-H)"W*" cos(6).
The boundary conditions for the variables
are

. (15)

C0,Y)=C,, w(0,Y) =1, U\(T,L)=0. (16)
The system (15) is hyperbolic [6,7].
The characteristic equations are

@ % =(1-H)"W*3cos(@), (17)

dy ~
(Il)d—T_ A(5.5H —1)cos(9).  (18)

2
where A =(1-H)" W’
The conditions at the characteristics are

dw
I) —-=-KHA, 19
0 —= (19)
()= _kea |12 (d—H+
w\ ar 1-H\ dr 20)
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The characteristics of the family (I) have a
positive slope, while the family (II) in the
physiological range have negative slope.
Solution of the one-dimensional problem (15)-
(16) can be obtained on (17)-(20) by the method
of characteristics.

Numerical results and discussion
Like in the case of the vertical tube [6,7],
the families of characteristics (I) and (II) have
positive and negative slopes accordingly. The
family (I) corresponds to the interface between
the zones II and III, while the family (II)
describes the movement of the interface between
the zones I and II moving with the
corresponding  velocity  (12).  Numerical
computations on (17)-(20) have been carried out
using the typical parameters for human blood
[6,7]
Hy =0.35+0.5 g =(1.1+1.7)-10 Pa-s,
G=g p; =1030+1080 kg/nr’,
Os =1050+1150kg/m3, L=5cm, R=2mm,

k=10"+102 m’s™.

The numerical procedure is described in
details in [6,7]. The example of the snapshot of
the software elaborated is given in Fig.2. The
results of numerical computations are presented
in Fig.3-4.
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1

Fig.2. An example of the interface of the software
and the zone distribution in the inclined tube:
I is the clear fluid zone, 11 is the zone of sedimenting
aggregates, III is the compact zone.

The increased external force uniformly
accelerates particle sedimentation along the tube
(Fig.3a). When the initial concentration
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increases, the changes are more noticeable for
the I-II interface (Fig.3b). When particle
aggregation rate increases, the changes are more
noticeable at the II-III interface (Fig.3c). Small
increase in the inclination angle significantly
accelerates the zone [ formation (Fig.3d)
because of the decrease of the length the
particles move before reaching the lower wall of
the inclined tube. When the inclination angle
becomes bigger than some critical angle 6*, the
sedimentation decelerates. In the case of the
material parameters used in the computations

presented in Fig.3d, the optimal angle is 6*~8°.
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Fig.3. Locations of the characteristics at different
external force (a), initial concentrations of the
particles (b), aggregation rate (¢), and inclination
angle (d).

Before decision making upon the nanofluid
ageing or blood aggregatability the test must be
conducted for the same nanofluid in its basic
state before being used for a long time or for the
healthy native blood samples. The proposed
approach will be tested experimentally in future
works.

Conclusions

The Boycotte effect which is used in testing
of some industrial suspensions is very attractive
for usage in the medical diagnostics instead of
conventional blood sedimentation test, for
investigation of ageing of micro and nanofluids.
The developed theory allows easy determination
of the sedimentation curves as the moving
interfaces I-II and II-III by the method of
characteristics. It was shown, the sedimentation
rate increased with increasing the particle
concentration, their aggregation rate and
external force, but with distinct regularities for
the I-II and II-IIT interfaces. The corresponding
dependence on the angle is more complex.
Sedimentation is accelerated by small angles but
at the angles exceeded some critical value the
settling is decelerated and hampered. Based on
the obtained results, a novel method of
determination not only the aggregation ability of
the particles but also the particle-specific and
angle-dependent shear stress factor is proposed.
The experimental validation of the proposed
approach will be tested in our future
experimental studies on blood and different
types of nanofluids used in the microfluidic flow
systems.
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