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Why “Thixotropic materials?

* Processing of thixotropic materials
relevant for industrial applications

= Lubrication, asphalt, self-compacting
concrete...

* Physically fascinating due to improved
mechanical properties

Goal:

* Modern CFD methods with high accuracy,
robustness and efficiency for PiRe goncrete P
thixotropic materials

= Saving time, money and resources

lubrication layer

Investigation of solid/liquid and liquid/solid
transitions based on micro-structure LQ
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@ Archetypical thixotropic viscoplastic (TVP) models
D(u)
VD
o, <7(A\) if Dp=20

o =2n(Dy, \)D(u) +vV27()\) if Dy # 0

@Relations between rheological parameters and structural parameter
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* A, is a constant/variable elastic strain.
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@ General format of evolution equation for structural parameter:

o\ +u-VA=F — F

at buildup breakdown

@ Expressions for different thixotropic models:

Dy C, )\D2
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Quasi-Newtonian TVP model

> Viscosity model for TVP flow

@ Classical approximations
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@ Extended viscosity defined on all domain

V2 o1
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> Full set of equations

ot
{ V-u=0 in €

(%—l—u-V))\—I—M(DH,)\):fA in 0 l

’ (3 fu. v) w— V- (2u(Dy, \D(w)) + Vp=fyy in O
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Continuous thixo-viscoplastic problem 11 (07"

* Flow variables (\, u, p)
> Set T:=H{ (Q),V:= [H&(Q)]2 Q:=L*(Q),W:=TxV
= Setu = (\,u)
> Find (A, u,p) € TxV xQ s.t.

<’C(>\,u,p), (f,v,Q)> = <£> (f,’v,q)> , V(1,9 €TXVXQ

Theorem [Begum et. al 2022
Let f,, € (L?(Q))? and f\ € L*(Q) , the thixo-viscoplastic problem has a unique
solution (w,p) = (A, u,p) € W x Q with the following bound on data

1
uljp < —5—
ful < o fuls
1

1
MM +5 07 < 1008

1 2(Moo + k7o) + |1
plo < 3 (14 Mt bmsl Ll )

\ with Cx_denotes Korn's inequality constant. }
Coercivity in weaker norm for the microstructure !
Pressure is underdertmined in regid zone ! l.g
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/Approximated TVP problem

* Conforming approximations
ThCT, Vo CV, Qo CQ, Wy, :=TpxVy Az, =Ag, B,=B
> Find (A, upn,pn) € T, x Vi, x Qp s.t
<7C()\h,uh,ph)a (fh,vh,%)> = <£7 (ﬁh,’vh,%)>a V (&ny Vn,qn) € Tn x Vi x Qp

Theorem

Let f,, € (L%(Q))? and f\ e L?(Q) the approximate thixo-viscoplastic problem
has a unique solution (wn, pr) = (An, upn,pn) € Wy, x Qp, with the following a
priori best approximation
_ 2 3 . _ 2 5 . _ 2
[A=Anlo < (2+205) inf JA—=&ly +Cou, inf |u—vali

—up’ <C, » inf N=&,?+(2+2C inf |u — vp|?
|u uhl,oo—cu,)\éirel,]rh " €h||1+( + C'U','U'),vfllrévh |u vhll,oo

+C inf — a |?
| wp inf |p— anl} ;

Remark (Finite element approximation)

. Regularizati~on 3
u = un|? = Coy AB* M1 + (2 + 200 ) [l 1 + Cu ph? [pl2 = O(K2h?")
e Coercivity in a weaker norm

[A = Anlo = O(R)
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Higher order conforming FEM

v The famlly of conformlng FEM Q,/Q,/PY . r>2 for(\ u,p) with stablllzatlon

EERE

> Inf-sup conditions is satisfied

> Discontinuous pressure

> Practical w.r.t. monolithic approach
> Element-wise mass conservation

v Highly consistent and symmetric stabilization

Q()\h &n) = Z hy, /[V)\h (V&L dSY, g, = j, for v, = cst.

ec&p

> Coercivity in a strong norm for the microstructure eq.

> Reduces the regularity requirement for velocity l

> Efficient and robust w.r.t. multigrid solver
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Stabilized FEM for TVP problem

e Coercivity in a stronger norm

A= (MalAlo+ 3 0 +550,0)
Theorem
Let f,, € (L?(Q))? and £, € L*(Q2), the approximate thixo-viscoplastic problem
has a unique solution (@, pr) = (An, un,pn) € Wy, x Qp with the following a
priori best approximation 3

IA=Aull® < (2+2C30) (nf |A- EnllT + Cau pinf |- vt

P
S INCRL R

2 <] . 2 5 . 2
[u—unli < Cyx 1f A —&uli + (24 2Cuw) inf Ju— vl

13
+C inf — ap |
| wp 10t Ip—ail3 ;

Remark

* Regularization: Higher order FEM counterbalance the regularization coarseness
2
lu—up1 =0Kk™) = <Ok 7)
* Coercivity in a stronger norm: The optimal order and regularity is recovered

IA = Anlo = O(R™*2)
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Global discrete Newton's method

Let {¢;,i=1,2,...,dimW;}and {%;, i =1,...,dimQ} denote the basis of
spaces W}, and Qj, respectively. The solution U = (A, u,p)=(u,p) € Wy xQy,

dimW,, dimQp
U= Z U;P; + Z p'ﬂpz
=1 1=1

> Residuum rate convergence r; := |R(UY)|/|RWU™Y)]

> Adaptive step length €11=9(r1)er,
g(ri)=1/f(r;), f(r) =0.2+4/(0.7+€">™)

> Discrete Jacobian 8R(Ul) ~ Ri (Ul+5lej) —R; (Ul —£€;)
ou ij 2€l
: ORUY N
> Newton’s update Ul+1=L{l—wl ( a;/{ )) R(ul)’ w; €]0, 1]

Global and blackbox !
Robustness and efficiency: Coupled Geometric-MG
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K aff

* Two-level algorithm 2
T L or(K) | 1)
”, jk(su =R HHE
H HHH 03(K) 71(K)
_ —1
Uy = Uy 1 +C;.  (R—TdlUy—1), 1 <17 CM—M—H% (R—Jk&:z-l),léw >
Z =MGp(k—1,0,ZF (R—TdlU,)) MGk, Uy, R) = 0Uy, + T}, 2>

* Geometric transfer between FE space\ / [Ik k} — N (ph 1
- 1 7 )
ng—l—M; 1<Ik 1k) M,

7 1 =M, ‘M,

 Coarse grid solver 1

Rr_1 = (Ifg'_l k>TRk: C MG (1,0Uy,R)=T, 'R )

jk 1_(Ik lk) jk Ikk 1
* Block GauB-Seidel iteration reads: Local Multilevel Pressure Schur Complement

k —1
Ut =Ur —wp Y Pr (P}% (aR(u >> PK) PLRU).
KeTy ou
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Type-transitions investigation

Axial flow experiment and numerical simulations

in the Couette device Axial flow device
1.2 ‘._.;::____‘___:_:::___._—;—___:
1.1 - —— Crushed Glass-Numerical calculation
: — Round Glass-Numerical Calculation
1 i
o Crushed Glass-Experiment Rotating
0.9 { | ~ Round Glass- Experiment - Cylinder
" Normal
o 0.8 - :::ﬁﬂ L / Sterss
ll-l’ 0.7 - " Sensor
=.
0.6 - h y
- Stationary
0.5 - outer wall
0.4 - &
0.3 -
0-2 1 T L) L
0.001 0.01 0.1 1 10 100

Shear rate (1/s)
* The material can transit from the quasi-static to the intermediate regime
as the shearing rate is increased

Solid / Liquid & liquid / solid type-transitions investigation w.r.t.
to thixotropy ! l.g
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* Torque calculation 350
Y

A

—Newtonian Pres.

[ - Newtonian Ref.”
250 —Bingham Pres.

| *"Bingham Ref.”

1073 1072 1071 10° 10! 102
Rotational speed

O —»—Newtonianl
300 —Thixotropic

250 | —Bingham

Win = lrads™!
i © 200+

o
£ 150t
100}

M = —%(X - X())Twﬁds 50
S

1072 10! 10° 10! 102
Rotational speed

v" Torque calculation for Non-thixotropic flow
v" Thixotropic flow is encompassed between Newtonian flow and Bingham plastic flow, as
predicted by the Houska’s model, allowing for type-transitions study




* Cut-line positions c; ¢ € [0, 27| in a Couette device w.r.t breakdown parameter

1.2

Velocity
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Shear rate ! ! —b=0.5
5.0 | | —b=2.0.
: :
4.0 : :
1 1
3.0k ! i Boundary of the
solid zone
2.0F
1.0F
0.0 L L L
0.0 0.2 0.4 0.6 0.8 1.0
10.0 T T :
Viscosity ! —b=0.5
: —b=2.0
8.0 X J
1
1
6.0 F :
. Boundary of the
4.0 | I solid zone
1
1
2.0 B 1 :
! 1
//l |
0-0 1 |I L 1 L
0.0 0.2 0.4 0.6 0.8 1.0

v" Shear Localization & shear banding transition types w.r.t breakdown parameter
v~ Transition point for shear-rate and structure parameter match with velocity

v~ Structure parameter predicts the shape and extent of rigid zones
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* 2D-FEM simulation results for thixotrpic flow- validation of 1D tool
* Specifying the “1D-profiles as boundary Data” in 2D simulations for contraction domain

yl Qno—slip
f Qno—slip E

Computational
Mesh

L L L Ll
f o o e s
L1 LI
L L L1

Ll L
T LI LL

L
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_tlc flow in curved contractions .

* Material micro-structural level w.r.t. breakdown
0.25 0.30 0.35 040 045 050 055 0.60 0.65 0.70 0.75 0.80 0.85 090 0.95 1.0
kﬁ b ——— ] | | | HJ

* Inherent thixotropy speed-up the breakdown

v Appearance of more breakdown layers
v" Applications: restart pressure in pipelines is optimised
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Coupled geometric-multigrid FEM solver for thixo-viscoplastic flows is

developed based on

v Quasi-Newtonian modelling approach
v" Higher order finite element method
v" Monolithic Newton-multigrid solver using

* Global adaptive discrete Newton’s method
*  Geometric multigrid with local MPSC

To analyze the thixo-viscoplastic flow behavior in different circumstance

v TVP flow in Couette devices
v TVP flow in contractions

With the goal to incorporate the thixotropy inhabited in materials for

complex fluidic processes. l
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Realization in FeatFlow

HPC features: Numerical features:
« Moderatelv 0 * Higher order FEM in space &
(semi-) Implicit FD/FEM in time
Hardware « Semi-(un)structured meshes with
-oriented dynamic adaptive grid deformation
Numerics « Fictitious Boundary (FBM) methods
* Newton-Multigrid-type solvers

* Moderately parallel
» GPU computing
» Open source

- =

Non-Newtonian flow module: !Vlultiphase. flow module (resolved Engineering aspects:
«generalized Newtonian model interfaces): Geometrical design
(Power-law, Carreau,Houska,...) 1/ — interface capturing (Level Set) *Modulation strategy
-vi§coelastic differential model .o/ _ interface tracking (FBM) *Optimization
(Giesekus, FENE, Oldroyd,...) o

-o/U/I — combination of [/|_and ¢/

~ = ~ ~

@M-based tools for the accurate simulation of (thixotropic) flow problems

For details, please visit: www.featflow.de


http://www.featflow.de/en/index.html
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