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Applications:
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Motivation

Proppant transport in wells and fractures.
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Puec.:

How do

e high particle concentration

e particle-particle interaction

e particle rotation

e non-spherical particle form
impact

e particle’s lateral migration

e pressure distribution ?
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partial densities and mass concentration

solid fluid
partlcles phase phase
\'¢ V V V \
myg B mp + my B mp,

pr =

Pk = PkPks Of +Op+oOopm =1

Solid phase is a micropolar viscoplastic fluid

—  ps = c=
m¢ + mp + my’ m¢ + mp + mpy’ m¢ + mp + mpy’



Micropolarity and viscoplasticity

S Bingham

(a) - Cosserat E., Cosserat F. Théorie des corps déformable (1909).
(6) - Shvedoff (1890), Bingham (1922).
synergetic effects:

e Shear yield tress and rotational yield stress.

e Two types of plug zone.

V.V. Shelukhin, M. Rizicka, On Cosserat-Bingham Fluids, Z. Angew. Math.

Mech. (2013).
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pt +divj=0, ps +div (psVs) =0, (pc)t + diV(Fc + L) =0,

jo+div(N+ ) =0, nc+div(Fo+a/0) =R/O, s=Jw),

v,

vae ¥ 155

(Vo) = aVpu+pVO0+~Vz+fh, E+div(Q+Q1) =0,
(pcs)t +div(M + My) =f,,, u=vi—vs, The Gibbs identity:

dEy = 6dn+ pdp+ zd(pc) + u - djo + pcsdw, Galilei’ transformation:
—_————
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\"2 . . . . .
E= Eo+P72+V2'Jo7 J=Jotpvz, [l =Tlg+pva@vo+vaRjot+joRv2,

v, . V3
Q = Qo+ <p52 +Jo-vo+ Eo> V2+J0?2+|_|0<V2>7 b =w-rotvy/2,

Fick's: L = — (’ygVC + 71 Vp+ 1%Vl + 4.V u? — azcurl w — ageurl w x ,b)m
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Isothermal flows (without viscoplasticity effects)

0 : .
(/(;ltvl) +div(p1vi®vy) = —%Vp— ku+div S; — MVu + 18,
d(pav2) p1P2

Vu + 28,

2 div (pava@va) = —%Vp—i— ku-+div S, + 222

S = 2M(VV2)5 +2AtrVvy - [, 51 = 2nsBs + 283
9(pc)
ot

d(pcd(w))
ot

+div(cj+L)=0, j=pivi+pava, u=v;— vy,
+div[(J(w)®(cj+L)] =divN—e: S, B=Vvi—c: w
N =20sAs+20ctrA- 1 +263,A,+aze : L—age : (Lxb), A=Vuw,

p1t +div(pivi) =0, por +div(pava) =0, b=w —rotvy/2,
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Skew-symmetric viscosity : one-phase flows of micropolar fluids

Newtonian fluids : S = 2n(¢)(Vv)s, n(¢)/n(0) =14 E¢, E=2,5.
Micrropolar fluids : Theorem ?73/775 = E¢, ¢ ~ 0, *Einstein, 1906,
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Puc.: Ovarlez et al. 2015

77(@25)/77(0) = (1 — qZS)_E, **Krieger-Dougherty, 1959. Comparison with

experiments 7),/1s = (1 — (b)*E —1,¢>0
Conclusions: Effective viscosity increases due to particles.rotation



OUTLIN

1-st benchmark test: Serge-Silberberg’s effect (Nature, 1961):

two-phase granular flows of micropolar fluids

Puc.: (a) Experiment r. =~ 0.6r. (b) Profiles in a channel flow

Nonlinear Fick's law

L=-—3Vec—7Vp—"7V0 -7V (v — v2)2+

Vi
+aszcurl w 4+ agcurl w x (w — rot ?)
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2-nd benchmark test. Two-phase granular fluids. Boycott’s effect
(Nature, 1920)

Streamlines

Puc.: Sedimentation is faster in inclined vessel.
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Anisotropoc micropolar one-phase fluids: rod-like particles

Flow with Shear
]
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Puc.: (a)Poiselle-like flow px = const. (b) Total fluid flux versus time
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Puc.: Profiles at different instants

d
S1 = 2nsBs + 2n,B, + 21,0, JB, IJ —(e:w)J+J(e:w)=0,

B=Vv—c:w
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Two-phase granular fluids: viscoplasticity effect

By = (277585 + 277383) /(2775)7
Ao = (20sAs + 28ctr A- 1 +26,A,) /(25s).
V:775|B0|2+7'*|B0|, Vn:ﬂS|A0|2+7—n|AO|-

Se aV(Bo), N e 8Vn(Ao)

S { 2775B0 + 7—*%’ BO(X’ t) ;é O’

Sp(x,t), |Sp| < T, Bo(x,t) =0,

28540 + Tn A% Ao(x, t) # 0,
NP(X’ t)’ |NP| < Ty AO(X’ t) =0.



Poiselle-like steady flows in a Hele-Show cell
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Puc.: (a) Velocity profiles. (b) Total fluid fluxes versus pressure gradient
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Puc.: (c) Total fluid fluxes versus yield stress. (d) Total fluid fluxes

versus channel thickness.



Conclusions

e A mathematical model for two-phase granular fluids is
developed and it satisfies the basic principles of
thermodynamics.

e The model is checked by experimental benchmarks:
Serge-Silberberg’s effect and the Boycott effect.

e Non-spherical particles can inspire the fluid anisotropy.
e The model predicts the bridging effect due to:

1. fracture's local bottlenecking,

2. local pressure drop in the fracture (because of leakage),

3. local increase of particle concentration in the fracture (since
yield stress depends on concentration)
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