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Agenda Multiphase Physics Deep-Dive, October 6-7, 2016
St. Petersburg Marriott Clearwater,

12600 Roosevelt Blvd, North St. Petersburg, FL 33716, Phone: 727-572-7800

Thursday Oct 6%, 2016
7:30-38:30 Breakfast (Provided)

8:30-8:45 Welcome (S. Balachandar)

8:45-10:15 Overviews
Gretar Tryggvason

Ali Mani

Kambiz Salari
10:15-10:30 Coffee

10:30-12:00 Overviews
Alex Brown
Phil Smith

S. Balachandar

12:00 —12:15 Further Discussion
12:15-1:30  Lunch (Provided)

1:30-3:00 Macroscale
Duan Zhang:

Allen Khul
Marco Arienti

Challenges and opportunities in fully resolved simulations of multi
fluid flows

Overview of computational modeling at Stanford PSAAP: particle-
laden flows subject to radiative heating

Research activities for energetic dispersal of particles

Multiphase Methods for Modeling Fire Environments
Multi-phase flow modeling at Utah PSAAP —
predictivity in application

Overview of multiphase flow computational strategy at
UF PSAAP

Equations and Closures for Deformation and Flow of
Continuous and Disperse Materials

3-Phase Model of Explosion Fields

Multiphase Flow Simulation Strategies at the CRF



3:00-3:15 Coffee

3:15-5:15 Microscale

Jeremy Horwitz Point-particle modeling for two-way-coupled problems:
Challenges, verification, and physics-based improvements

Georges Akiki Extended point particle model

Jesse Capecelatro Recent insights on turbulence modeling of strongly-

coupled particle-laden flows
Tom Jackson Microscale simulations of shock particle interaction

6:30—9:00 Dinner (Provided — all attendees)

Friday Oct 7th, 2016
7:30-38:30 Breakfast (Provided)

8:30-10:30 Modeling & numerical methods

Sean Smith Particle dynamics: coal-specific modeling
A. Subramaniam Microscale modeling based on Generalized Faxen theorem
Alan Harrison Modeling of Ejecta Particles in the FLAG Continuum

Mechanics Code
Markus Uhlmann Large scale microscale simulations and modeling opportunities

10:30-10:45 Coffee

10:45-12:15 Experiments and simulations
Ankur Bordoloi Experimental measurements of drag on shocked particles
Laura Villafafie Including real experimental effects in validation of numerical
models for confined particle-laden flows
Fady Najjar Meso-scale Simulations of Shock-Particle Interactions

12:15-1:30  Lunch (Provided)

1:30-3:00 Meso/macroscale
Mahdi Esmaily A systematic study of turbophoresis by four-way-coupled
simulation of Stokesian particles in channel flow
Balu Nadiga Bayesian Analysis of Inter-Phase Momentum Transfer in the
Dispersed Eulerian Formulation of Multiphase Flow
John Parra-Alvarez Eulerian Models and Polydispersity Treatment for Dilute Gas-
Particle Flows

3:00-4:00 Discussion & Closing remarks



PSAAP II: Center for Shock Wave-processing
of Advanced Reactive Materials (C-SWARM)

Macro-scale Meso-scale Micro-scale

shock zone

transition zone
inert zone

O(0.1 m) O(0.1 mm) O(0.1 pm)
Macro-continuum Micro-continuum

The C-SWARM framework represents a transformative
engineering and science achievement, the ability to
synthesize new materials, that exemplifies what
Exascale computing can deliver.

Develop simulations tools that allow prediction of solid-
solid transformation, using continuum framework,
including chemo-thermo-mechanical behavior

Challenges and

Opportunities in Fully
Resolved Simulations of
Multi Fluid Flows

Grétar Tryggvason,
University of Notre Dame

Multiphase Physics Deep-Dive
October 6-7, 2016 St. Petersburg Marriott Clearwater

Work supported by NSF & DOE (CASL & PSAAP-II)




DNS of Multiphase Flows
Numerical Methods

CFD of Multiphase Flows—one slide history

BC: Birkhoff and boundary integral methods
for the Rayleigh-Taylor Instability

65 Harlow and colleagues at Los Alamos:
The MAC method

From: B. Daly (1969)

75" Boundary integral methods for Stokes flow and
potential flow

85" Alternative approaches (body fitted, unstructured,
etc.)

95’ Beginning of DNS of multiphase flow. Return of the
“one-fluid” approach and development of other
techniques

DNS of Multiphase Flows
Numerical Methods

A number of method have now been developed for
incompressible multiphase flows. Many of the difficulties
encountered by early methods have been more or less
overcome. Those include:

» Artificial fluid motion at high surface tension (parasitic
currents), induced by inconsistent numerical
approximations.

» Consistent momentum advection near the interface,
particularly for large density differences;

* Accurate and robust solution of the pressure equation for
large density differences;

» Mass conservation, particularly in the level set method

» Accurate treatment of the viscous stresses.




DNS of Multiphase Flows

“Simple”
Problems

DNS of Multiphase Flows
Bubbles in Vertical Channels




DNS of Multiphase Flows
Turbulent Multiphased Flows
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DNS of Multiphase Flows
Next Challenges

For incompressible two-fluid problems with a clean interface a number
of methods now exist that are capable of simulating fairly complex
situations, such as hundreds of bubbles in turbulent flows. Thus,
current tasks include:

» Extensions to more complex physics. For simple problems this has
been done but new physics often includes new scales that are difficult
to resolve and the number of studies of very large systems are
modest

» Development of multiscale strategies to account for very small
scales that appear spontaneously or are imposed by additional
physical

» Development of advanced strategies to process the results,
including using simulations data to help building reduced order
models.




DNS of Multiphase Flows

“Complex”
Physics

DNS of Multiphase Flows
Flow Regime Transition
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DNS of Multiphase Flows
Heat/Mass Transfer & Surfactants

M. Muradoglu and G.
Tryggvason. Simulations of
Soluble Surfactants in 3D
Multiphase Flow. Journal of
Computational Physics, 274
(2014), 737-757.

N
2

S. Dabiri and G. Tryggvason.
Heat transfer in turbulent
bubbly flow in vertical
channels. Chemical
Engineering Science. 122
(2015), 106-113.
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DNS of Multiphase Flows

Examples
Explosive boiling
FDM 3D Printing
Solidification
Thermo-capillary
EHD ~migration
of Atomization .

drops

> = ' Rayleigh-Taylor
Drag reduction Cavitating bubbles Instability




DNS of Multiphase Flows

Multiscale
Strategies

13

DNS of Multiphase Flows

Multiscale Issues
Capturing isolated small-scale motion in B ¢ bubbles
simulations where the focus is on the puoyant bubbles In an

. inclined channel flow

larger scales can be done in many ways, Average
such as be various grid refinement Velocity

techniques (unstructured grids, AMR for
Cartesian grids, wavelets, etc.) or reduced
order models

However:
At small scales, the effect of surface
tension is strong so interface
geometries are simple

At small scales the effect of viscosity gravity
is strong so the flow is simple

Those are exactly the situation that can be  Thin film
—and have been—handled analytically model




Results from simulations of the of the catalytic hydrogenation of nitroarenes. The
hydrogen (frames a and b) and hydroxylamine (frames ¢ and d) concentration
profiles are shown for one time for two simulations. In frames a and c the reaction
rates are relatively slow, compared with the mass transfer, but in frames b and d the
reaction is relatively fast. From Radl, Koynov, Tryggvason, and Khinast (2008).

DNS of Multiphase Flows
Mass Transfer in Gas-Liquid Systems

DNS of Multiphase Flows
Mass Transfer in Gas-Liquid Systems

Capturing the mass boundary layer

ass sources
for the grid
equation

am of
of of o* f 0 —_ _ _pZt
ot "o P dt o(Mo-,1) Da”o
dM, _ 2 B
MO:Imfdn a G(ZMl 5°f5)+D(f° f)
0

B. Aboulhasanzadeh, S. Thomas, M. Taeibi-Rahni, and G.

Ml - JO nfdn Tryggvason. Chemical Engineering Science 75 (2012) 456—467.




DNS of Multiphase Flows
Mass Transfer in Gas-Liquid Systems
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DNS of Multiphase Flows
Capturing the mass boundary layer

Comparison with experimental

] results from A. Tomiyama:
os Eo=24.7
' Mo = 1078 and
3 06 Sc= 8260
E — Takemura & Yabe (1998), Sc = 1000 .
“ 04 —--Ta.ker.nura&Yabe(1998),&':100 4500 - AX|S mmemc
_ X\:‘:‘}:‘eklos\j ((‘,la?j;)bank(1964) 4000 4 O Experiment y 5]
02 O Coment k. Sphencl e, 5o - 100 O Computational "8
© Current Work: Spherical Bubbles, S¢ = 100 3500 4 Prediction <
0 T T r - T ) 3000 - T
0 20 40 60 80 100 120
Re 2500 -
Sh
f 2000 1 \
The mass transfer versus Re, 1500 1
for a single bubble in a large 1000 4 O
domain, along with the 500 - Exp. Comp.
predictions of experimental 0 : : : : : ‘
. 0.1 0.3 0.5 0.7 0.9 1.1 1.3
correlations A=dyd,

B. Aboulhasanzadeh, S. Hosoda, A. Tomiyama, G. Tryggvason. Chemical Engineering Science, 101 (2013), 165-174.




DNS of Multiphase Flows
Thin films near walls

Computational
domain

S. Thomas, A. Esmaeeli and G.
Tryggvason. “Multiscale computations
of thin films in multiphase flows.” Int’l
J. Multiphase Flow 36 (2010), 71-77.

DNS of Multiphase Flows
Thin films near walls

Film model—linear velocity profile 1. Identify whether a grid points at a
wall belong to a film or not.
oh 10

a )=

%(huf) +§%(huf) -

2. For film wall-points, given h and U;,
2h( dp find thg wall-shegr and S(_at the gh_ost
Bl st ol velocities. For points outside the film,

[dX jf use the no-slip boundary condition.

3. Solve the Navier-Stokes equations
for the velocity and pressure at the
next time step, using the ghost
velocities set above.

4. Integrate the thin film equations,
using the pressure at the wall as
computed by solving the Navier-
Wall shear and ghost velocity: Stokes equations (step 3).
TA
’[f:u& = Uo=U;— s 5. Go back to (1)
°h ’ Tl




DNS of Multiphase Flows
Thin films near walls

Drop motion on a sloping wall.
Impact of fully resolving the film
between the drop and the wall

] Coarse FU”yl |
with resolve
Coarse model N
grid f

DNS of Multiphase Flows

“Almost” DNS

* For two-fluid and multi-phase flows the range of scales is
sometimes simply too large for everything to be fully resolved,
either because of spontaneous generation of small films,
ligaments or drops due to collision of fluid masses or topology
changes or because of scales introduced by additional
physical processes.

» The other reason is that as we consider more complex
physics, we are often working with equations that do not fully
describe the physics. For surfactants we may be using
simplified equations of state and for reactions we may be
using a reduced set of equations for the chemistry. So even if
the solution is accurate, the physics may not be fully captured.




DNS of Multiphase Flows

What to do
with the
Results

23

DNS of Multiphase Flows
Finding Closure Terms by Data Mining

Modeling Challenges and Opportunities:

The enormous of amount of data generated by DNS—and increasingly by
experiments—will allow reduced order models that involve large number of
variables and complex relationships between the resolve and unresolved
variables and are applicable to complex flows

Determining complex nonlinear relationships from massive data involving a
range of physical scales using modern statistical learning is becoming easier

Modeling challenges will therefore shift to the development of more
sophisticated and comprehensive models, the identification of the
appropriate variables, and the incorporation and propagation of physical and
model uncertainties

The inclusion of limiting cases, such as where the relationships are known,
or the scaling is understood, in fitting is currently difficult but is likely to
become increasingly important




DNS of Multiphase Flows
Closure Terms by Statistical Learning

A simple description of the average flow is derived
by integrating the vertical momentum equation and
taking the density and viscosity of the gas is zero

Void fraction and phase averaged velocity
! / d <v>= ! / d
o = A, Xiaa v >= AL, xvaa

Horizontal flux of bubbles

ot 0 Fi:aTZy/Xiuida ap+ o =1

ap < u >p oy < u >=0

Averaged vertical momentum of the liquid:
0 0 o <u><ov>=F<wv>)
—p <V > +—F <v>=
ot Oz FF=o <u>
1 dp, N 8( 6<v>l> b= !
- — (0% Vi— |
Iy AN

o dy

1 0 7 0 1
;ﬁ%@‘ﬂ/ﬁw) - ax“lm

int

DNS of Multiphase Flows
Closure Terms by Statistical Learning

“Closure” variables Quantities
needed for models ~ Resolved average  summarizing the state
of the average flow variables of the unresolved flow
A A A
| | \ |
a, | g<v>

F |<uv> f| a| —2 Ll d g | al a

’ i I X W Kl & 4 Not
Ay include

Data gbtaiped py averaging the DNS lesqllts - yet

By averaging the DNS results over planes parallel to the walls, we construct
the Table above with quantities that are known and unknown in the averaged

equations. Using Neural Networks, we fit the data, resulting in:
<vy>
R O N

These relationships are used when solving the average equations for the
void fraction and the vertical liquid velocity




DNS of Multiphase Flows
Closure Terms by Statistical Learning

Most recently our emphasize has been neural network as they seem to be giving
the most promising results.

Fb:fl(x); <u'v'>= fz(x); F(,=f3(X); X:(Ot

Ja 8<V>d
“ox | oox v

“Bias”
A neural variable
network with
one hidden Bubble flux
layers or
‘/ . Streaming
m: input Inp.Uth One:or more ‘ stresses
n: hidden \\ Surface
variables tension
n m 2
fOO =+ X BR0: ROO=s\a+ 38, f s(U) = -
i=1 j=1

DNS of Multiphase Flows
Closure Terms by Statistical Learning

Liquid Velocity Void Fraction

Averaged 3 . o

DNS results g;'i |8 o
and Model "¢ | %ﬁﬂ&u
predictions

s S,

using the
ANN closure
terms at
several
different
times

T=d(Ds T=20.08 T=10s

A d

0 0.5 i 15 20 05 Locktion 1.5 2
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DNS of Multiphase Flows

Closure Terms by Statistical Learning

The closure . Liquid Velocity Woid Fraction 038
relations i’:i : = Ml [02
derived from n-'-i 3 g'
the upflow 5 e / P
cases . e -
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DNS of Multiphase Flows
Now What?

DNS of multifluid turbulent flows have been developed to the
point that they should be able to help produce new models for
“industrial” simulations

DNS data is putting new demands on the modeling of complex
multiphase flows. Currently, such modeling relies of fairly
basic ideas, first put forward many years ago. DNS should
make much more comprehensive models possible

DNS needs to be extended to handle flows with more complex
topology and those undergoing flow regime transitions

Complex isothermal flows and flows with phase change and
other additional physics, such as mass transfer, need
multiscale modeling that must be developed further and put
on a rigorous theoretical basis.

One of the biggest obstacle for more rapid increase in the use
of DNS is the high “entry barrier” for new investigators. Many
“things” to learn!




DNS of Multiphase Flows

Education

31

DNS of Multiphase Flows

There is a need for software for a variety of purposes. Those include:

» Codes for education and/or testing of ideas

 Large scale “somewhat” general purpose codes that represent close to the
state-of-the-art and often can be used as “black-boxes:




DNS of Multiphase Flows

9% CodeC3-frt-stRK3.m
9 A very simple Navier-Stokes solver for a drop faling in a

9% rectangular box, using a conservative form of the equations.
9% A 3-order explicit projection method and centered in space

9 discretizationa are used. The density is advected by a front
96 tracking scheme and surface tension and variable viscosily is
96 included. This version uses a simple method to create the

9% marker function. Last edited 7/6/2016

% e
d(2imx+1, 2iny+1)=2"max(dx,dy): df

Update the marker function

for = nm
H1)-yi():

mr(xmu; X(); % Normal vector
ari(nfxenix+nfy"nfy); nfx=nfids; nfy=nfy/ds;

LeLoly=100 Jy=-100.0; th01=0.1; th02=2.0; % Domain size and
9% physical variables
VWeSt=0:ime=0.0;

9% Initial drop size and location

200 15 05\/ =07,

Numerical variables

Zero various arrys
Ny+2); ny+1);
ny+1);

+1)

ny+2);

9 Used for
e zeros(tw-2ny+2), % Higher order
Minca6roS(LNIL3), nteros(LNI 2y Shin tme

dx=Lindy=Lyiny;
for i=1:nx+2; x()=dx*(-L5):end; for = 1ny-2 y(|) ay*(-L5)end;

% — Initial Conditions

B2y hoLim—ros( 20y +2Jsns 6 St densly and iscosly
for j=2:ny+1; for the domain and the drop

0 xcyz«(m) y0)°2 <rad"2)1()=rhozim(ij)=m2:chi(ij}=L 0;end,

for =LiNM42, X()=KGaSin@O'p(-L)(ND); 9 Intalze
Yil)=yc+ad cos(2.0%pi*(-1)/(Nf)end % the Front

hold off.contour(x.y,lipud(rot90(chi)),axis equal.axis([0 Lx 0 Ly]):
hold on;plot(xf(1:N) yf(L:Nf). k. linewidth 3):pause(0.01)

START TIME LOOP

 miv=m; xin=x; yin=yt; % Higher order
i time

Advect the Front
9 Interpolate the Front Velocities
o)1 =0 ey
AQ)/cx-p+Liay=(y1()+0.5*dy)idy-p+1;
0-2)"(1.0-ay)"u(ip,p) +ax'(L.0-2y) u(ip+Lp)+..
(10-2'ay"u(ip,p+1) ax‘ay u(ip+Lip+1);

(4005 1 p=oar )1

(xi(1y+0.5*d)fdx-ip+Lay=yf()/dy-p+1.

VL0 20K 0 ay)(p (L O g V(L)
(10-ax)"ayV(ipjp+1)+axay v(ip+1p+1):

for i=2:NF+L, xf()=xIG)+deuf(); yi()=yf(iy+dtvi(iyiend % Move the
XH(1)=XI (N 1)y =y(NF+);x(NF+2)=XT(2):yI(NF+2)=y1(2); % Front

5; Ni=100;

Siront-0.5(() (1), yront=0 5010y 1

d1=sqri((xiront-x(ip))"2 +yfronty(p))2);

r=qr(ronA(PY2 +ronLy(Bo2),

if d1<d(p.jp), d(ip.jp)=dL;
dn1=(x(ip)- x'mm)‘mxv(y()p] yirontnfy;

chi(ip,jp)= 0.5%(1.0+sign(dn1));
w abs(dnl)d} i, chpiple 0.5+(ant/any; enc;

ﬂ dz<\11\|u1,n7) d(ip+Ljp)=d:

dn2=(x(ip+1)- xwonq‘nrmy(,p) yironty*nfy;
chiip+Lip)= 0.5(1.0+sign(dn2));

if abs(dn2)<0.5°dh, chi(ip+1,jp)= 0.5+(dn2/dh); end;

nd
43<0(p+1jp+1), dp+1p+1)=d3;
S xtony o ony i
chi(ip+1.jp+1)=0.5%(1.0+sign(dnd)
Habs(arc)<0.5h chiped oty (e enc:

f da<pip+1), dlpjp+1)=d;
(x(ip)- xfront)*nfx+(y(jp+1)- ‘/'m"l)'"'y‘
chi(ipjp+1)= 0.5(1.0+sign(dn4)
if abs(dn4)<0.5%dh, chifip,jp+1)

"o 5+(andidh); end;
end

Update the density

2, for =Ly
oL+(tho2- mon'cmu i

Find surface

ezeros(ns 2 Ay -zeros+ 22 %6 Set & o zero
or |

ﬂ"((xﬁ‘*lb X'(‘D"Z’(‘/‘(l’i) iy 2);
\x(\) (x(1+2) (1)
f(1+1)- V'U))/ﬂs % Tangent vectors

lx(NPZi:(x(i’)‘l)’lN"Z):MZ)v

for: 9% Distribute to the fixed grid

fo smma‘(xxu) (1))

igmar(ty(1)-ty(-1));

or(x(1)/0)+1; Jp=loor((yi()+0.5*y)icy)+1;
(dcip* 1 ay=(y1()+0.5*dy)cy-jp+1;

(ip ) +(1.0-2)*(L.0-ay)*nixichdy;
«x(mu » ’Vx(\p'l Jp)+ax(1.0-ay) nixidxldy:
x(ipjp+1) jp+1)+(L0-ax)*ay*nf/dxldy;
Bl e Do pr L+ )4 mypnbby:

COn (010,51, p=toor ()
B(x1()+0.5*0h)idip+1; ay=yI()/cy-fp+L.
i) =Hy(pp)*(1.0-2)" (L 0-ay) iy
fy(ip+1ip) =fy(ip+1p)+ax*(1.0-ay) nfy/dx/dy;
Iy(pJp+1) =1y(ipp+1)+(L0-a0)*ay"niy/dxidy;
IY(p+Lip+1)=fy(p+Lip+1)+axcay*niyldddy:
end

X(Lnxr22)=h(Lnxs22)4(Lms2,1); % Correct boundary
2L )2 12y %o orthe
(2,10 Lnys2)sly(LLnys2), % surface force
fy(nx+1,. 1 rvy+2) W(nxﬂ Liny+2)+y(nx+2,1iny+2); % on the grid

Set tangential velocity at boundaries
(LN, 1)=2 usouth-u(Lix+L2)u(Lx+ 1y +
V(L Lny+1)=2 west-v(2, Liny+1)v(ne+2, Ly L)

Find the predicted velocities
for i=2:nx,for j=2ny+1 u-velocity-advection
ut(, OAr(i+1,])+r(10)))*(0.5*(ro(i+1.)}+ro(i)) ulii)+ de(
~(0.25/)*(r0(i+L,)"(u(i+L)+u(i))"2-10(i n-(un U112
-(0.0625/dy)*( (101} +10(+1,)+r0(ij+1)+r0(i+1,
UG+ 1) (v(i+ 1, l)‘vi‘ l)i
OO+ 1o LG
Hu(i 1) (L 1)+ 1)
+ 0,570+ 1j}#10(1))"0x + (1) ) ):

end.end

fo
*unorth-u(Linx+1,ny+1); (i)
"veastv(mxL, Liny+1)

nx+2,for j=L:ny+2 % Update the viscosity
1+{m2-m1)"chi(j);

end.end

if substep==2, % Higher order (RK-3) in time.
10 75040250 v=0.78'vne0. 25 120754 40,251
M=0.75*mn+0.25°m; xf=0.75"xn+0.25%f; yI=0.75%y+0.25°yf;
elseif substep:
(1

i V=(LU3) v ; 1=(L/3) )
xft=( ). yi=(1/3) g

end 9 End of sub-iteration for RK-3 time integration

- Add and deleate points in the Front —--——----

foezmetiorizny s Temporr
2 0+ 1410050 1) 10 A e
OBt (B DTORL eto s O
(UL .
- (oo j+1)+ro-L
(-Li+Tyu(iL,
~(0.25/dy)*(rofij mmv(v L)V 2-r0(1) V(i) +v(i 1)
S(10(i+1)+10(L))'gy + () )

end.end
for Zmudor -2y 46 Temporary uelochy-vscosiy
t(l 11‘12 O/(r(i+1,j) (i)
+{LId) 2. m(+ L) (L. /ﬂxy‘(u(ul D) -
M) *(L/d)*ulif)-u(-1.0)) )
+(LIdy)*( 0.25%(m(i ) +m(i+1,)}#m(i+1,j+1)+m(ij+1))*
(. /dY) (U1‘J‘17 U(l i) ’* (L /dx) (V(‘*l i) VU)I)?)

+1,)+

(. my)‘tuu,n i /dx)‘(vuﬂ IR VGD)) )
nd.end

fori=2ne+Lfor j=2ny % Temporary v-velocity-viscosity
V)=V 2.0 1))
+(LId)*( 0.25* (i Jm(i+Ljy+m(i+Lj+1y+m(ij+1))*
(. /GY)’(UU 1*17 (i) + (LI (v(i+1, D (i 1)7 )
e +1)#m(-Lj+Ly+m(i-L,))*
((l/dy)‘(u(\ 7 ,+1) u(i-1,))+ (LIdx)" (v(n n v(. L)
+(LIdy)2.4(m(i+1)*(Ldy)* (Vi 1)
o M) *(@/dy) (vOD-vID)) ) ¢

end.en

Solve the Pressure Equation
1000; 9 Compute Source term and the cosfficent or pij)
(L2, =lrgn(1nxe2,ny+2)=lrg;
(1 Liny+2)=lgint(nes2, Liny+2)=lrg:

for i=2:nx+1,for j=2:n
(0.57d)"( (m(- oL mmww 1) D)y )
O (LI (LIt
LA(de((-Li( ,))))
(LI0y)*(LI(y* (X D+t )+
LAy ()i )

end.end

for it=L:maxit 9% Solve for pressure by SOR

ny+:
DL 0beta i psbeta o2
(@ /dx)'ﬁ PO+1, (011
(i-L A (H(i-1,)+rt(i J))7 )’
(. /ﬂy)'( Py (i j+ 1)+
R ) -

en
if max(max(abs(oldArray-p))) <maxError, break, end
end

for i=2:nx,for j=2:ny+1 % Correct the u-veloci
UU l) U‘U (2. mﬂx?‘(ﬂ(l']l) (i) IV)’U(I']H"(I i

for i=2:nx+1,for j=2:ny % Correct the v-velocit

-dt+(2.0/dy) (p(i+1)-pAD(r(ii+ 1y +r(ii)):

V(i)
end.end

i

for I=2Nf+1
ds=sari( ((xfold()xI())idx)"2 + ((ylold()-yI())dy)"2):
if (ds > 0.5)

i

1=0.54(yfold(y+yi(-1)):

5+(old() (- )y
dold()y1()=ylold():
e\seﬂ (ds<0.25)

46 DO NOTHING!

else
[=j+1:x1()=xfold()y{()=ylold():
end

NF=j-1;
X( s

D=yl(NF+1); s :

Compute
; CentroidX(is)

Avea(is) : Centroid (is)=0; Time(is)=time;
for =L, Are:

0. 25‘((%40‘1Ml0))‘1y’0*1) YO+ 2)+yF Q) (<A G+ 2)-X1G))):
CentroidX(is)=CentroidX(is)+.

0. 125'((XV(J‘1)‘X'U))”2‘(W(I‘1D‘Y'U)D”27‘(Y’U‘1) Vi)
CentroidY (is)=CentroidY(s)-.

g 1250 2T+ #10) 2 <K+ D)1

¥ (is)=t

Plot the resuts
% plot the results

S(u(Linx+1,2nys2) (L Lny+1);

S (2inxr2 1ny+ DLk Lny+));

Ah()=d'(-Liend; for j=Liny+1yn()=dy*(-);end

Told off contour(x.y,puc(tot90(r)).axis equal,axis((0 Lx 0 Ly):

hold on;quiver(xh,yh.flipud(rot90(uu)) ”ID\Ad(YUI?U(W)) )

PIOI((LIND yI(L:N, ., Tinewidth'5) pause(0.0:

time=time+dt

end 9% End of time step

96--——- Extra commands for interactive processing
9 plot(Time Area,  linewidth’ 2); axis((0 dt'nstep 0 0.1]);
% sel(gca“ﬁumslze 18, 'LineWidth'2)

9 T1=Time
9% T2=Time
% g, mesh(x y‘lhpud(mlgn(tm)')

Full Front
Tracking Code
3rd order in time
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Overview of computational
modeling at Stanford PSAAP:
Particle-laden flows subject to

radiative heating
Ali Mani
Multiphase Physics Deep Dive- 2016
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Particle-Based Solar Receiver

Our Experimental Model

Solar
Receiver




Scientific Challenge

Multiphysics problem involving turbulence, particle
transport, and radiation in a tightly coupled environment.

Experiment Simulations

Cold gas-particle mixture enters

* Sunlight is absorbed by particles

* Particle temperature increases

* Air convects energy from particles
* Hot gas-particle mixture exits

* Particles are separated out, hot gas
used for energy extraction

Solar Receiver

Scientific Challenge

I particle size = particle size
|dealized Scenario Real-world Scenario

Weak Coupling Strong Coupling




Radiative

Turbulent Dispersed
Flow Particles Transport
. ) ) Radiation undergoes Mie
Requires large scale Lagrangian particles must be Scattering with particles
computations for high Re, tracked and modeled for energy/ Absorption and scatterir;g
interaction with particles momentum transport, collisions must be considered
Turbulent Dispersed Radiative
Flow Particles Transport

Turbulence-
driven
segregation

Radiation
modulation

Momentum/
thermal
coupling

Particle heating

. ) ) Radiation undergoes Mie
Requires large scale Lagrangian particles must be Scattering with particles
computations for high Re, tracked and modeled for energy/ Absorption and scattering
interaction with particles momentum transport, collisions must be considered




Early Demonstrations

Detailed coupling of particle-laden turbulence and radiation

Temperature Particle Concentrations

St~1

Ref: Zamansky et al. PoF 26, 071701 (2014)

Stanford PSAAP
Regimes and Parameters

e 12 dimensionless parameters describe the full
problem
e Typical parameters
— Re ~ 104
- St~ 10
— dp/n ~0.1




Effect of Preferential Concentration
on Heat Transfer

inlet mid-plane outlet

Simulation Framework

SOLEIL-MPI SOLEIL-X

Legion/Liszt/Terra/Lua

Implementation using data & task based
State-of-the-art MPI parallelism targeting heterogeneous
implementation targeting architectures — includes development of
100K core clusters new programming framework




...where are we?

* Physics Models: Demonstrate ability to simulate fully
coupled (flow, particle, radiation, heat transfer) system in
nominal experimental scenario

e Exascale: Integrate complete software stack (code,
compiler, scheduler, libraries)

e Validation: First comparison between experiments and

computation
e UQ: Evaluate uncertainties and their effects on key output
of interest
Example Simulation
cold
fluid
f= [
s —>» < [
.g —_— — t
Y R— = > |
- R— = L
g (© o
© > — ()
Q —p 5
T o
@)
-
heated
fluid




Challenges (multiphase)

e Point particle models

— Verification = Afternoon talk by J. Horwitz

— Validation - Experiment/Particle Resolved DNS
Turbophoresis = Tomorrow talk by M. Moghadam

— Impact of particle collision model

— Impact of near wall models

Poly-dispersity

— Impact on turbophoresis

— Impact on heat transfer

Experimental validation = Tomorrow talk by L. Villafafie

— Particle concentration
— Cluster analysis

Challenges (multiphase)

e Point particle models

— Verification > Afternoon talk by J. Horwitz

— Validation - Experiment/Particle Resolved DNS
Turbophoresis = Tomorrow talk by M. Moghadam

— Impact of particle collision model

— Impact of near wall models

Poly-dispersity

— Impact on turbophoresis

— Impact on heat transfer

Experimental validation - Tomorrow talk by L. Villafafie

— Particle concentration
— Cluster analysis




Particle Particle
Inlet Size Inlet Size

Particle
Exit Temperature

J L

Particle
Exit Temperature

Challenges (heat transfer)

e Lagrangian €< -2 Eulerian heat exchange
— Verification issues
— Validation

e Radiative heat transfer

— Particle resolved: expensive but verifiable

— Eulerian (using homogenization): no verifiable
model available




Broader Science Challenges

e LES models
— Lagrangian particle models
— Subgrid Heat transfer

* Develop Understanding
— What is effect of preferential concentration on
- heat transfer?
- radiative transfer?

— Reduced-order models suitable for analysis and design

Publications

Physics:

* “Radiation induces turbulence in particle-laden fluids,”
Zamansky et al. PoF, 26, 071701 (2014)

* “Settling of heated particles in homogeneous turbulence,”
Frankel, et al. JFM, 792, 869-893, (2016)

» “Spatially-localized wavelet-based spectral analysis of preferential concentration
in particle-laden turbulence,” Bassenne, et al. CTR Annual Research Briefs (2015)

» “Polydisperse particles in an irradiated turbulent gas-particle mixture,”
Rahmani et al. CTR Annual Research Briefs (2015)

Modeling:

* “Particle-laden flows forced by the disperse phase: comparison between
Lagrangian and Eulerian simulations ,” Vie et al. UIMF, 79, 144-158 (2016)

* “Accurate calculation of Stokes drag for point-particle tracking in two-way
coupled flows,” Horwitz et al. JCP, 318, 85-109, (2016)

e “Adynamic subgrid-scale model based on differential filters for LES of particle-
laden turbulent flows,” Park et al. CTR Annual Research Briefs (2015)

e “Parallel variable-density particle-laden turbulence simulation,”
Pouransari et al. CTR Annual Research Briefs (2015)




Research activities for energetic dispersal
of particles

Multiphase physics deep-dive workshop, St. Petersburg, FL

Kambiz Salari

October 6-7, 2016

LLNL-PRES-704180

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore Né

We rely on high explosives to energetically
disperse particles

LLNL-PRES-704180




Presence of particles enhances momentum and
energy transport

Particle-Laden LT
Explosive

Particles """"*'---...._,'

Air Shock Nl

Reflected /"‘x

High velocity particles pose a challenge to modeling and simulation

Particle laden flows in shock dominated
environment are highly complex

Forces acting on a particle are due to many physical drivers
= Drag, Volumetric, and Pressure gradient
= Shape and surface roughness
= |nviscid and viscous
= Steady and unsteady
= Rotation
= Buoyancy/gravity

= Contact




Multiphase particle dispersal process is a multi-
physics and multi-scale problem

Detonics

— Non-ideal high explosive, particles mixed with HE

— Inter-particle collision/contact

— Inter-phase interactions, mass, momentum, and energy
— Reactive flow

— Particle surface chemistry

Transport

— Particulate plume surface instabilities, particle clustering and jetting
— Particle drag for dense, dense-dilute transition, and dilute regime

— Fireball combustion

— Turbulent mixing

— Particle surface chemistry

Characterization of material properties

Insufficient number of high fidelity experiments for validation and
phenomenological study

LLNL-PRES-704180

Standard cylinder test is needed to measure
energy release from a non-ideal high explosive

Shimadzu HPV-2 camera,
1 million frame per second

LLNL-PRES-704180




We rely on Mesoscale simulations to gain insight into
particle impact on detonation process

There are 31,000 particles in
this central core of the HE

LLNL-PRES-704180

The reaction zone in the presence of particles is
wider compared to the parent explosive

No reaction

Reaction

completed T

Reaction
front

LLNL-PRES-704180




Mesoscale simulations with embedded grid can provide
insight into the physics of particle-particle interaction

Problem setup
Air

) \
\

\ Computationally

resolved particles

Mesoscale simulations could provide details of
particle interactions and transport

10

10




Process of compaction is visible in this simple
Mesoscale simulation

11 "

Soft and hard contacts are observed in particle
dispersal

12 "




Primary shock slows down as it goes through a
particle field

VF =10%
200 particles

VF =15%
300 particles

Student Chris Neal from University of Florida — shock particle interaction study using ROCFLU

13 i

Reflected shock is more pronounced at higher
particle volume fraction - ROCFLU

14 "




Streamwise particle drag shows noticeable
reduction within the particle field

VF =15%

VF =25%

VF =20%

15

15

Particle clustering/jetting is a common feature
of energetic dispersal

= Particle jets can influence:
— Turbulent mixing and burning
— Blast wave propagation

= Particle clustering/jetting can have many physical drivers
including instability mechanisms

David L. Frost, Yann Grégoire, Sam Goroshin, Fan Zhang, arXiv:1110.3090v1 [physics.flu-dyn]

LLNL-PRES-704180

16




Fan Zhang demonstrated the presence of particle jets
and their correlation with booster case fragments

Plenary Talk; 12th Hypervelocity Impact Symposium, Baltimore Sept 16 — 20, 2012

L-PRES-704180

17

Particulate plume surface instabilities can
produce fine clustering/jetting

18

LLLLLLLLLLLLLLL
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LLNL activities in energetic release of particles

= LLNL has a long history in designing and testing of charges with
particles

= Internally funded experimental campaign to conduct
experiments with complex diagnostic to measure gas and
particle behavior during detonation and transport, headed by
Ed Kokko

= 3-Phase model of explosion fields with detailed fireball
combustion, headed by Allen Khul

19

SNL and LANL shock tube particle experiments are valuable
in evaluation of particle drag in shock dominated conditions

Floi

Justin Wagner, SNL Kathy Prestridge, LANL

20




Multiphase model can be developed based on
the hypothesis of phase separation

= A basic premise of two-phase mixture theory is that the mixture can
be separated into discrete components. Each of these components
behaves as a single material except when interacting with another
component.

= This hypothesis holds if the internal state of one phase is not related
to the internal state of another phase and the thermodynamic state
of a particular phase depends only on the properties of that phase
(mass, momentum, energy, and EQS)

= Each phase mass, momentum, and energy equation contains terms
not present in one-phase models that are known as phase interaction
terms. These terms model the transfer of mass, momentum, and
energy from one phase to another

Akhatov & Vainshtein, 1984, Baer & Nunziato, 1986, Saurel & Abgrall, 1998, Chinnayya, Daniel, and Saurel, 2004, Balakrishnan, Nance, Menon, 2010

21

LLNL-PRES-704180

We are using Multiphase Discrete Equations
Method (DEM)

= Eulerian-Eulerian (DEM-EE): all phases are represented as a
continuum

= Eulerian-Lagrangian (DEM-EL): mixed representation. We
assume solid particles are represented as a Lagrangian phase

22

LLNL-PRES-704180




Multiphase theory governing equations

Volume fraction et + uf Oct ( )
u | Uu: = —_
at i ax u pl pZ
Jda oa prUy i
Mass kPk n kPrUk,j —
at axj
dagpruy,; = O(ArPrUy,ity,j + AkPrdij) L 0ag
Morm. Ly 2 ] J2 = pr =6 + 1 + F; + up” (91 — p2)
ot 0x; 0x;
dagprEr  Oap(prEy + pru,j L0ay
']
energy + = e +mE +Fu aF
ot 9%; P™ Bx, k ¢
Equation of state (f(E, D, p))K =0 Equations for phase K
Phase exchange terms
Saturation constraints Z ak — 1 Pressure relaxation terms
k=1n
* Indicates interface quantity Saurel & Abgrall, 1998

23
LLNL-PRES-704180

Modification to governing equations for free
lagrangian particles

= Particles are free lagrangian objects
amy, _
dt
dxy i
LAY
dt P,
duy, i T R N
pi_T_ 2 _ o )_ 4 9pg
Mp— =3 Copglig — Up|(ugi = ) ”Tp ax +mpACL + Fpoay

dlp _
— myG, - = 2nrykgNu(Ty — Tp)
= DEM-EL volume fractions entirely determined by location of lagrangian particles
—a;=1—-a,

= Interface terms handled identically to DEM-EE

— Interface quantities p* and u* determined by one-sided Riemann Solve and particle
velocities respectively

* No pressure relaxation terms

= Phase exchange terms are calculated as sums of mass, momentum, and energy transfer over all
particles

Balakrishnan, Nance, Menon, 2010

24
LLNL-PRES-704180




DEM-EL computational simulation captures
relevant flow features of multiphase blast

25

Kambiz Salari
Salarit@linl.qov

Questions?

LLLLLLLLLLLLLLL
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Exceptional service in the national interest

‘J\ 'r_\

LCMT NMultiphase Deep Dive
f~Ahar R 7

OCIONERG=T!

Multiphase Methods for Modeling Fire Environments

Alexander L. Brown; albrown@sandia.gov; (505)844-1008

SAND2016-10001 Fire Science and Technology Department
@:} E‘ﬁEﬁE’Y i"':é‘:i‘” (S:andla National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin

orporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000.

Outline

= Part 1: Drop Break-up and Dense Spray Simulations
= Why we care?

= Description of L-J methods
= |ssues with the dense region
= Test conditions for validating the model

= Part 2: Liquid Pool Fire Modeling
= Motivating experiment description
= Modeling approach
= Preliminary results (verification)

= Summary




Water Slug Impact Experiment

= Tests performed in 2002 provided data for validating liquid
spread dynamics for an aluminum tank impacting a concrete slab

= Liquid deposition, particle sizing, and video data
= This is representative of some fireball initiation problems

Water Slug Simulations

A coupled capability using SIERRA solid mechanics and fluid mechanics in tandem can
simulate fluid behavior beyond just the impact

Brown, A.L., G.J. Wagner, and K.E. Metzinger, “Impact, Fire and Fluid Spread Code Coupling for Complex Transportation Accident Environment Simulation,” Journal
of Thermal Science and Engineering Applications, Vol. 4, No. 2, pp. 021004-1 to 021004-10, June 2012.




Fireball Simulations

= Follow-on work has demonstrated that predictions can be made with
impacting fuels, resulting in fireball formation

Presto/Fuego Coupling Strategy

SPH mass/momentum conserved in a
transfer between the two codes

Mass is transferred according to an
algorithm that uses a critical dimensionless
particle separation distance (B,,;) to define
transfer times:

B CharacteristicSeparationDistance

~ CharacteristicDropLength

All liquid mass is assumed to be
spherical drops until transfer to CFD B; assessed at each time for each particle
code

Drops subsequently are predicted to B; = min {
distort and break-up according to the j=1to N
Taylor Analogy Break-up (TAB) model

J(xl- — )+ -9 + —zj)Z]
HEN]

4
U+ 51,

. . . Using this definition for B, reasonable B
Lagrangian/Eulerian coupling employed values are between 1.0 and 1.7

for evaporating drops




Particle Force Method Description

We start with a Lennard-Jones potential (inspired by MD):
o 12 o 6 Lennard-Jones, J.E., “On the Determination of Molecular Fields,” Proc. R.
U LJ (1”) = 4¢ l(;) — (;) l Soc. Lond. A, 106, 738, 463-477, (1924).
= We modify the repulsive term (the 12t power) such that the
repulsion is not as non-linear:

Uspring = ;(7‘ —Tmin)? — €17 < T
= This model form maintains a smooth function (differentiable)
acrossther_. (r.. =2Y%c) threshold
= We are also modifying the particle drag term

= The need for this was motivated by the observation that
some mass in the coupled methods was still in a regime

where it was not dilute and dispersed, yet treated as such
7

Modified Potential lllustration

= Afigure illustrating the modified potential shows the classical
(black) and modified (red) model

= Surface tension y relates to L-J parameters through:
&
Y = C;

= Need to tune constant C

= Hopefully universal
" o comes from geometry
= gcomesfromCando

= Cisdimensionless
C= )’LJU2

€
Brown, A.L., Pierce, F., (2017) “Modeling Aerodynamic Break-up of Liquid Drops in a Gas Flow with Molecular Dynamics Analogy
Methods”, TFESC-11710, Submitted to Proceedings of the 2nd Thermal and Fluids Engineering Conference April 2-5, 2017, Las
Vegas, NV, USA. 8




Drag Modification

= We don’t want to have to recover the shape of the liquid to
recover drag; unmodified the code will over-predict the drag

* |ntroduce a two-component scaling factor:

Com = fsCho fs = fsifs2
= Define the terms numerically:

K
N _
foy = max (1, <%) ) foo =min(1,1+ Proj)t  Proj=1-k

.k
= kis the mean connectivity vector: = |kl
i {Zi=1—>N(xo - x;) Zi=1—>N(J’o -y Zi=1—>N(Zo - Zi)}
B N ’ N ’ N
= This work is still in progress (hasn’t been tuned) 9

Lennard-Jones Model Verification

= Red drops are non-interacting
= Others interact with like colored drops, rebound on surface impact
= This is an evaporating, low gravity test scenario




Model Validation Problem

= Data suggests a critical Weber number of 9-12
= We want to match the data as best as possible

Flock, A.K., Guildenbecher, D.R., Chen, J., Sojka, P.E., and Bauer, H.-J., “Experimental statistics of droplet trajectory and air flow during aerodynamic
fragmentation of liquid drops,” Int. J. Multiphase Flow, 47, pp. 37-49, (2012). 11

Preliminary Validation Results

= We=1,5,11, 20, 55 (blue to red) C=200
= Nozzle velocity =3, 6,9, 12, 20 (blue to red)




TAB model for drop break-up

= We=1,5,11, 20, 55 (blue to red)
= Nozzle velocity =3, 6,9, 12, 20 (blue to red)

13

Part 2: Liquid Pool Fire Modeling




Mixed JetA-Composite Fire Test-9/14

Heat Flux Gages

Calorimeters

Thermocouple
Rake in Pool

Wind

Test Arrangement




Test Video

What do the results mean?

= A fire resulting from an aircraft crash can last an extraordinary
length of time (hours to days) because of the reacting rubble

= |tis possible to have a low-level burn with a significant
increase in temperatures at later times

= Fibers may continue to react with no flaming present if there
is sufficient material (i.e. at this scale)

= The epoxy never appeared to be a significant or distinguishing
factor in this test as a fuel, is thought to be mostly consumed
early in the burn

= Total composite mass loss is still not resolved for an
unmitigated fire scenario, longer-term data would be helpful
= Likely to exhibit significantly higher mass loss




Modellng this Test

The significance of this problem is high for people who deal
with transportation safety

= Slow heat scenario

= Can be challenging

= We generally lack the ability to model this scenario with

existing tools
= SIERRA/Aria does level-sets, not ideal in this regime

= | have not encountered a capability in any code for liquid
soaked solid fuel fires

= We have performed some rubble soaked fuel tests in the
past, but never had a scenario where the ‘rubble’ could also
react

= An external proposal was funded to model this type of event
(NSR&D)

Existing PIRT

= We previously have described generically what is needed to
model complex pool fire scenarios

BC: Incident ;
Thermal Radiation B‘i‘:bi“’;":l‘jgl"“ Mass Loss by
From Fire Reflection Emission Temperature-

4 induced
H Evaporation

From Fuel Frgm Fuel

¢ /
5 - Emission From
_" Reflection I Water Or Solid
: From Water 4
;  OrsSolid |

4

/

+ Mass Diffusion
T+ OrVolatility

A Heat Conduction
M Through Wall

| Participating Conductive Object

Brown, A.L., Gill, W., and Lopez, C, “Predictive evolution of fuel from a liquid pool fire: phenomenology identification and ranking exercise,” Proceedings of the
ASME International Mechanical Engineering Congress & Exposition, November 5-10, 2006, Chicago, IL, USA, IMECE2006-15157




Approach

= |Implement a volume of fluid capability in SIERRA/Fuego to
model the receding fuel layer
= Surface tension model for Marangoni forces:
= Evaporation dynamics at the interface

= Abstract the existing solid fuel modeling capabilities to predict
the reactions in a rubble fuel bed

= We leveraged this component of development to incorporate the CPD
model for percolation theory based reaction kinetics

= Link the capabilities in Sandia’s SIERRA/Fluid Mechanics code

Fuego that has participating media radiation capability and
solid reacting materials

Tmar = —Vs0

Sources for models:

Brackbill, J.U., D. B. Kothe, and C. Zemach, “A Continuum Method for Modeling Surface Tension,” Journal of Computational Physics, 100, 335-354, 1992.

Hardt, S., and F. Wondra, “Evaporation model for interfacial flows based on a continuum-field representation of the source terms,” Journal of Computational
Physics, 227, 5871-5895, 2008.

Preliminary Verification Results

= A basic VOF has been implemented and verified (see video)

= Currently, we are working on modeling the surface forces and
radiation interaction with the surface




Validation Plan

= A recent dataset exists where flow is measured in a pool fire

= They show mixing at the top, stratification of temperature for
a methanol pool fire

Vali, A., Nobes, D.S., and Kostiuk, L.W., “Transport phenomena within the liquid phase of a laboratory-scale circular methanol pool fire,” Combustion and Flame,
161, pp. 1076-1084, 2014.

Summary

= We have two applications right now actively developing
unique multi-phase engineering models
= A particle method for simulating drop break-up, shows promise
= A VOF method for simulating fuel fires with solid fuel mixed in
= The MD inspired particle interaction method appears to be
able to model the critical break-up of drops
= Parameter tuning and model assessment is in progress
= A VOF method is being developed for modeling the pool
dynamics in a mixed pool fire including solid fuel

= Basic VOF is implemented, need radiation coupling, evaporation, and
surface tension model
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Subia, Amanda Dodd, Rekha Rao, Vern Nicolette, Anay
Luketa, Sheldon Tieszen, Tyler Voskuilen

VOF model implementation: Tyler Voskuilen
L} model implementation: Flint Pierce

Extra Viewgraphs




Preliminary Validation Results

= We=1,5, 11, 20, 55 (blue to red) C=200
= Nozzle velocity=3, 6,9, 12, 20 (blue to red)
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Existing Capabilities
Sandia develops the open source SIERRA mechanics. Fluid mechanics tools

exist in this framework.

= The non-open source Fuego tool is primarily used for low-Mach number
reacting flow problems and particle transport.

= Aria does heat transport and low-Reynolds number multi-phase transport
and reaction

= Aero does shock, ablation, and high-Mach number simulations

= Nalu is a basic open source N-S flow code for testing new algorithms
Capabilities potentially relevant to the composite fire scenario include:
= Adaptive boundary level-set method for multiphase flows (Aria)

= Particle combustion model (Fuego)

= 1-D solid reacting boundary condition model (Fuego)

= 1-D liquid pool model (Fuego)

= 3-D solid reacting material model (Fuego/Aria)




Level-set methods

= CDFEM methods were recently implemented in Aria for
resolving level-set multi-fluid interfaces

= The below video exhibits a 2-D prediction of a boiling drop
rupturing on the surface of a liquid

General Approach Schematic

SIERRA: An ASC program framework for computational Engineering
Analysis

(Presto) for finite element
impact problems

Hydrodynamics phase for spherical drop dynamics

ontact Algorithms Drop aerodynamic break-up mode al=
onstitutive Models vaporation, energy transport (FIVIR

urrace ana frurbulence Interactions
Adaptive Solvers
atistical or bulk'Representation viode 30

Enabling Physics Modules Computational Tools




Taylor Analogy Break-up (TAB) Model

= QOriginally by O’'Rourke and Amsden (1987)
Approximates the drop as a damped oscillator, formulated as a second-order

differential equation, with y as a deformation parameter:
Simplified Schematic

2
d’y Ci&‘ud _ug‘ _m Co “m Cyu dy

d 2 = md 2 d 3 d 2
dt C, o r Fexs pyre dt 5
L )L J L ) - —> !" ' '
T T T
Aerodynamic  Surface Energy Viscous Harmonic
) ) Forcing . Damping ) Damping Deformations Forced Critical Deformation  New Drop(s)
= Discretized solution fory is: by Velocity Differential ~ (Y=1)
_ 8C, i 1 .
yt+ Ay =", (y(t)—%]cos(a)m)+i gty + YOWEIC G ont) Lexp(-At /2,) w= |—{7——5  OscllationFrequency
C Cc ® 7, Py T
2
We y(t) 7, = lLd" Viscous Damping Time
yt+ap=C "~ {l[y(t) —Mjcos(wm) —(y(t)—We/C )sin( a)At)}a)exp(—At/rh) 2Cqu
7, [ 7,
_ 2
We = M Weber Number

o

= New drop diameters can be calculated:

C,K pd, (1) 6K-5.
d(t+At)=d(t)/|1+—=X P t)?
(t+At) (){+20+ Pym 20 y()

=  We modified the algorithm to limit break-up for new particles
Particle Combustion Model

= Primarily used in the past for two projects:
= Wildland fire predictions for idealized trees

= Aluminized propellant reactions




1-D Solid Reacting Boundary Condition

= Recent work demonstrates the verification of the method and
compares to data in the context of a sensitivity analysis:

1-D Liquid Pool Model

= Historical model for predicting the burn rate for pool fires
given heat transport from the flames (based on legacy SINTEF
codes)




3-D Solid Reacting Material Model

= New model includes porous transport, charring reactions,
oxidative reactions.

Final Injection Illustration

= The last injection is populated with pairs in many cases (e.g.
detonation inside tank scenario below)

SPH Prediction Actual Abstraction




Final Injection Illustration

= Linear systems are also found in some scenarios (Detonation
Outside Tank Scenario)

Numeric Model

" |ntroduce a dimensionless energy with a critical value E

crit for
defining transfer

Injection Criteria

SE = 6A = ohnD, Smg]eB Particle BCntenon:
Egim = SE/KE , Do Ii,r;in. >C crit
KE = (1/2) m|l7| article Pair Criterion:

Edim > Ecrit
h=[(x;—x2)%+ (1 —y2)% + (21 — 2,)?]Y/?

1e-3

+ Al Tank Impact 7/

«  Det. Outside Tank / L De = 2\/(4‘/3)h(r13 + T23)

Surface Energy (J)

m = pV = (4/3)mp(rd + 1)

1e-6 . . £

1e10 169 1e-8 1e7 1e6 de5 led 1ed e |ﬁ| = [(u; — u2)2 + (v, — UZ)Z + (wy — W2)2]1/2
Kinetic Energy (J)

= Areasonable E_;, value is 1.0 (or close)
= Particle pairs are combined if the system satisfies E_,;, parameter




2. our predictive challenge: what is good enough?
3. particle dynamics: resolving particle location & rxn.
4. eulerian polydispersity
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electric power generation 378GW U.S.A.coal

world
coal

352GW coal
ur)del’ construction compiled from EIA & endcoal.org




benefits of (A)USC (oxy-)coal combustion

avg. of existing U.S. units 540 0.95 32%
current technolo
uscC 700 0.73 44%
760 0.67
AUSC w CCUS (oxy-coal) 760 0.07 42%

usc coal boiler




usc coal boiler

concentration of small particles




concentration of large particles

particle transtormations

1.0

devolatilization ... soot formation

vol. 5£6L0l
char oxidation

ash

0.0

normalized particle mass

time




O, concentration

burnout of small particles




burnout of large particles
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Demonstration-scale
prediction

Pilot-scale
validation

'th oxy-coal

Burner-scale
validation

Model numerical
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verification

Model form uncegtainty:
validation

scale
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prediction

Pilot-scale
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validation
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Demonstration-scale
prediction ° °
objective
8- i . - .
soter || B predictivity
Seixllti)é;'i::;e P o s PSAAPII:
N - demonstrate positive societal impact
of extreme computing
y \ - accelerate the deployment of a new
/ \ technology: high efficiency carbon
el f— . capture for pulverized-coal power
generation (AUSC oxy-coal)
* optimize state-of-the-art coal boilers
for evolving energy market demands
i
Model numerical - .
uncertainty: e CFDILES radiation #GE:
— * Model Form Uncertainty
* Validation/UQ
9{3 - expt. & sim. obtain predictivity
— ©
s 2 Ve = ym(a) + €+ b
devolatilization | | char oxidation soot formation B nSformation Q/(L
' 2z evidence: |E(b)| < o Ve
Ym (%) = Ye| < 0e
pr
predictive objective: Toniduan < 870 % 15K
0- ll?rtzr(rjlir;:ztr:ation-scak-)
000 MWe || 500 MWe
Yp . .

Boiler Boiler

#find 0, for each brick to meet
predictive objective: oy _

#find corresponding E(x|y.) , Var(z|y.) ki

ind model form that is ‘good enough’

his is an inverse problem

#focus on intended use 7 \

Burner-scale
validation

#top-down UQ methodology:
* given prediction constraint 0y
* do inverse problem on prediction to find 0,

) _ /
Hor 'eaCh prick . N“O;i;ﬂgen | . CFDILES radiation
*given 0, , do forward problem to find G pyin verication y
- if Oye > Omin ' inadequate experiment
- do inverse problem to find E(z[y.), Var(z|y.)

¢ Update mOdeI fOI’m uﬂ'l.'ll V Val"(LE ye) < O-J;m Model form uncetainty:

validation
- . ash
fOI‘ each e € g de;volahlvzatlon char oxidation soot formation nsformation




Yr 2 DESIGN

250 million cells

128K cores

~35 million cpu hours

2.5 cm resolution

1.7 sec per timestep

1.4e-4 second time step size

- GE/Alstom power “flagship” boiler

- USC

+ 1090 MW ~ 1 million U.S. homes

+ ~430 inlets

- height: ~65m

* cross section: ~35m x 15m

- feed: 130 kg/s of coal (100 train cars of coal per day)

+ O, from 1000 kg/s of air

- division panels, platens, super-heaters and re-heater
tubing ~210 miles of piping

-walls, and tubing made of 11 different metals with
varying thickness

8-Corner Boiler




8 corner geometry

computational scale

»2016 INCITE Award
»350 million core hours
»4 simulations

»each simulation:
»256,000 cores
»23days on MIRA
»8 days on TITAN

»resolution:

» 2.5 cm?

»2 billion cells

tanagd particles

computational scale

»2016 INCITE Award
»350 million core hours
»4 simulations

»each simulation:
»256,000 cores
»23days on MIRA
»8 days on TITAN

»resolution:

» 2.5 cm?

»2 billion cells




Overview of
Multiphase Flow Physics &
Challenges at CCMT

S. Balachandar

Demonstration Experiment Configuration

From
David Frost




Sequence of Events

Compaction/collision phase

I
Metal { 1

particles
Ex losive/ /
maF’)cerial H,Ot’ dense, Shock wave
high pr gas
i )
! |
Detonation phase Dispersion phase

Physical Models — Sources of Errors & Uncertainties

T8:Deformation model [Jfd tion/collisi h T4:Collision model
ompaction/coflision phase T5:Compaction model

1

Metal { i
particles
Ex losive/ /
maF’)cerial H,Ot’ dense, Shock wave

high pr gas

i )
! |
Detonation phase Dispersion phase

Uibeimnation wiodkl T2:Multiphase turbulence model

T3:Thermodynamic & transport model

Té6:Point particle force model
T7:Point particle heat transfer model




N e |
Multiscale Integration Strategy

Uncertainty Budget — Overall Plan

Discretization l "
Errors

ASU Mesoscale Eglin No-Particle
Simulations Simulations

ASU Mesoscale SNL Mesoscale Eglin Mesoscale) (Eglin No-particle
Experiments Experiments Experiments Experiments

— E— . ‘ .
Takayama Eglin Microscale
Experiments

Simulations Other Detonatio Exp|osive
Shock Microscald

glin Microscale) M.|crosc.a le Track

: . - Simulation

Simulations Experiments

Calibration of
Explosion

Macroscale U/E Quantification

H. n‘
SNL Mesoscale Eglin Mesoscale
Simulations Simulations

Macroscale

Detonation
Sensitivity
Simulation

Characterize
Particles After
Detonation

Characterize Characterize Characterize
Particle Bed Particle Curtai Particle Bed

m Integrates all the center activities
m Uncertainty reduction through iterative improvement




T1 to T9: Influence on Macro Simulation

=  @Gas equations

au, w aaf)pft
— = + fgp H fext U, ={%9F9%g
ot ’ AgPgEg

Fluxes (T3) Turbulence LES
closure (T2)

Detonation
source (T1)

_ Point particle
= " Particle equations |coupling (T6, T7)

Pp
du,; ; @ U, =< Prthp
dt Py ppEy

@ T9: Numerical errors Collision & Compaction @
Model (T4, T5)

Point-Particle Coupling Models

Commonly used models are based on:
u(x,t)

Vp (t) = Uniform flow
/f> . = (Quasi-steady flow
j = |solated particles
1

=  Low Mach number, modest Reynolds number

M

But the actual conditions are:

= Strong non-uniform

= Highly unsteady

= Very large Mach and Reynolds numbers
= Particle-Particle interaction

=  Fluid-mediated

=  Direct collision




Faxén Theorem (1924)

m Stokes flow (Re = 0 limit)

Undisturbed flow at the particle
Stokes Drag = 3w u d@fv

R —

—> —
—

—_

Uniform
Undisturbed Perturbation Stokes flow
Ambient flow Undisturbed

flow
Faxén Theorem: Drag=3mud

Why We Need Faxén Theorem

m Shock-particle interaction m Flow-mediated particle-
particle interaction

Post-Shock Pre-Shock
P2 P1
P2 P1
U, u, = 0
T2 Tl

drag = 3mu d@fv

A generalized Faxén Theorem is needed at finite Re, Ma

"




Generalized Faxén Theorem

m Expressed in terms of undisturbed flow seen by the particle
m Can be any spatially varying flow ( shock thickness << d)

m Can be rapidly varying flow

m Framework applies for force, heat transfer, pressure, volume, etc.

Point-Particle Models for Single Particle

Drag Coefficient
Drag Coefficient

Shock Time Scale Shock Time Scale

m Air Shock over a Particle (Mg = 1.22) m Fan-Particle Interaction (Mg = 1.22)

(viscous simulation) (inviscid simulation)




Micro-Macro Integration Strategy

m The best single particle point-particle (PP) force model

m Beyond force model (single particle)
m Particle pressure, volume and shape

m Particle temperature

m Beyond single particle (PIEP Model)
m Systematic inclusion of neighbor effects
m Microscale velocity fluctuations

m For inter-particle collisions, Reynolds stress closure, etc.

PIEP Model vs DNS (drag)

R2=0.06
7|
1.5k
2 1 P
& :
1F ::s d
0'5——] | 1 1 1 L 1 1
0.5 1 15 2

maodel

Froder = (F) + Fpipp

L ESNAEE e




Shock-Induced Compressions and Deformation

00000000
Comprossion SBR8
— pression §§§§o@@
88585353
Q0000000 @
semases
[0 0/0]0]00)e)
Seses%e N
sle'elelele’sle % 00000000
~
Shock Deformation 00000000
00000000

m Particle-particle-contact (PPC) drives a faster shock through the bed
B Gas-pressure and PPC-forces contribute to compression & deformation

B Both compression & deformation contribute to volume fraction evolution

(or compaction)

Compaction Model

® Compaction equation (Dense limit: Baer-Nunziato model)
da 1
p _
ot tu-Va, = ;(pp —pg)

® Volume fraction equation (Dilute incompressible limit)

aap
74‘ V- (upap) =0
m Questions:

e Can we obtain Compaction Equation from first principle?

® How to smoothly transition from one limit to the other?

e What is the appropriate interfacial velocity, u;?

® How do we implement compaction in Euler-Lagrange framework?




I |
Compaction Phase Model

® Compaction equation (Dense limit: Baer-Nunziato model)
da,

1
5 TV :;(pp_pg)

® Volume fraction equation (Dilute incompressible limit)

day,
74‘ V. (upap) =0

B Pressure evolution equation (like BBO or MRG eqgn):

dpp dp

1 g
W—_E(pp_pg)"‘ﬁ"'"'

B Equations for particle volume or density can be derived

®m Accounts for ONLY gas-induced compression effect

‘ 17
N |
Pressure Evolution Equation

m 0.2 GPa NM shock over a deformable Al Particle

Mean pressure evolution Particle density evolution

Need to include PPC-force and deformation effects




Euler-Lagrange Implementation of Compaction

m Key question: How do you allow shock waves faster than

particle velocity to propagate by inter-particle contact?

m Answer: Introduce particle-contact pressure; Eigen-

decompose the Lagrangian particle equations of motion

duy ; B pp [Ja, +6ap +ap duy, du,,
at 2appp | Ox R 0x 2 | 0x dx .
_ 1 |9 | 9Pp
2p, | Ox d0x L

+ gas forces

m Particle pressure takes care of collisional forces as well
> _—
I S I |
Euler-Lagrange Implementation of Compaction

m Key question: How do you allow shock waves faster than

particle velocity to propagate by inter-particle contact?

® Answer: Introduce particle-contact pressure; Eigen-decompose

the Lagrangian particle equations of motion

s __ o 00 Oy | oy 2|
dt 2appp | 0x R 0x . 2 | 0x dx .
_Lr’ﬂ 9pp ]
2p, | Ox R d0x L

+ gas forces

m Particle-contact pressure takes care of collisional forces as well




I e e |
Particle Diffusion

B Propagating particle fronts tend to diffuse
m The diffusion coefficient can be quite large

B Depends on volume fraction

m Diffusion is due to correlated velocity fluctuation
m Collision-induced velocity fluctuation
® Gas-mediated particle-particle interaction

®m Also due to number density fluctuation

m Can be modeled as diffusional velocity
Va,

Ap

where

Segre et al., Nature, 2001
D~73dp lurl f(ap) | yieta. JOR 2014

\ 21
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Numerical Challenges

B Rigorous convergence of Euler-Lagrange simulations is elusive
B Grid size = O(particle size) is problematic
®m Grid to particle interpolation is not a problem
m Higher order accuracy can be achieved
m Particle to grid injection or projection is problematic
®m Higher order accuracy is not easy
®m [s it a stochastic or a deterministic particle

®m Particle number density naturally forms cell-to-cell fluctuation
® How to obtain reasonable smooth particle volume fraction
® How many particles per cell is optimal?

® Dynamic load balancing

\ 22




Do you have any
questions?

Sources of Errors & Uncertainties

m T1: Detonation modeling
m T2: Multiphase turbulence modeling
m T3: Thermodynamics & transport properties
@ m T4: Particle-particle collision modeling Advance state-
= T5: Compaction modeling (dense-to-dilute transition) of-th'e-art In
multiphase
@ m T6: Point-particle force modeling numerics and
m_T7: Point-particle thermal modeling point-particle
models

m T8:

Particle deformation and other complex physics

@-Tg

: Discretization and numerical approximation errors

Tl

0: Experimental and measurement errors & uncertainties




Equations and Closures for Deformation and Flow

of Continuous and Disperse Materials

Duan Z. Zhang

Fluid Dynamics and Solid Mechanics Group
T-3, Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico, USA

Oct. 6 -7, 2016, St. Petersburg, FL 33716
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[ ransitionsibetiveeniContinuousiandiDsperseiPhases

Transitions between disperse and continuous states are common
phenomena. Often these transitions occur in the presence of other
materials, such as air or water.

Disperse to continuous Continuous to disperse
How to build a numerical tool to model these transition process?
Two issues: model equations and numerical methods.

Zhang & Jayaraman, (2013), Int. J. Multiphase Flow. 56 pp 149 - 159.

Long et al. (2016) Comput. Methods Appl. Mech. Engrg. 300 pp 611-627.

LA-UR-16-27348 2/11




‘ Averaginé Methods

Most of these processes are stochastic and multiscale. Volume
averaging method are often used.

@ What is the size of the representative volume element (RVE)?
Does such a size exist?

@ Does the RVE size change with time (because of e.g. crack
growth or reduction of particles sizes due to burning)?

@ How to related the closure quantities to physics at lower
length and time scales? (A lot of “effective” quantities are
used).

Ensemble averaging methods have been used to derive the
averaged equations.

@ No need for RVE.

@ More directly related to physics at lower length and time
scales. Less human interpretation of physics.

LA-UR-16-27348 3/11

‘ Ensemble Phase Average

For phase i, let C; be the phase indicator function:

1 if x € phase / in realization R

C,'(X, t, R) = {

0 otherwise

Let P be the probability measure for realizations.

(X)) £ Cue =0

Volume fraction: 6;(x, t) = / Ci(x, t)dP
Chie =1
For any quantity g; pertaining to phase /, its average is

<Qi>(x; t) = Qf(i,t‘)/qi()(’ t, R)C,'(X7 t, R)d'P, V(q,-> 75 (Vq,->

With this average we have the general transport equation:

5:(0ita) + Y - Ovia) = 6 T+ 5 () ) + [ Caap.

Zhang, et al. (2007) Int. J. Multiphase Flow 33 pp 86 — 100

LA-UR-16-27348 4/11




‘ Kinematics

v,

ot
0 ,

Gi= o B+ V- Ginh)) = [ Cotap.

Using V; = (v;) + (V/p2)/(p9), we define d/dt = 8/dt +V; - V.
Without phase change,

g=1: +V-(9;<v;>):9; <VV,>+/C,dP

do;
=0 ) = V) = = [ = ) VGaP,
0
d<dpl‘i> = —(pPUV - vi).

For a solid material, such as metal, let #, = 1 — 6, be the porosity
1 dp? 1 do,
Volvl == Y129, @t

elastic plastic

Cotue =0

Coue =1

The elastic part causes density and pressure changes. The plastic part is
associated with void growth — essential part of the tension plasticity
(TEPLA) model for ductile metals.

LA-UR-16-27348 5/11

‘ Momentum Equation

With q; = p?v,- in the transport equation, after some
manipulations we have the momentum equation:

du;
0:(p?) p

=0,V -0x+V- ’ [0i({oi) — o ai)] ‘+ V- (6i07) +f;.

f,‘ = —/(0‘,‘ — O'A,') . VC,‘dP,

where f; is the interfacial force, and o 4; is an auxiliary stress.
Different fields or authors use different auxiliary stresses:

@ For Rayleigh-Taylor mixing, o4; = 0

@ For soil mechanics or flows in porous media, oa; = —(p;)l.

@ For most disperse multiphase flows, o a; = (T fiid)-
All choices are legitimate as long as they are consistent in all the
places. However, this consistence is never considered in current
models.

Glimm et al., (1999) J. Fluid Mech. 378 pp 119-143.

Saltz et al., (2000) Phys. Fluid. 12(10), pp 2461-2477.
Hassanizadeh & Gray, (1993) Water Resour. Res., 29(10), 3389 — 3405.

LA-UR-16-27348 6/11




‘ Stresses in Solid

Let op; = —<p,'>|. Using Osjj = ak(r;askj) — r;@kaskj, we have
N
Osos) = 3 Pylx, 1) / m-o.dS) + O(2/12),
g=1 Ser +Sgg g

Sgr: grain-fluid interface.
Sgg: the grain-grain contact surface. On Sgg, n-05dS = f .

For isotropic grain structures, on Sz, n- o5 = —(pr)n,
N
> Pe(x,t) </ rnd5> = absl.
g=1 Sef g

N

N
Os(os) = Z Pg(x,t) Z rfge |— abs(ps)l.
g=1 g

r—1

Skeleton stress o

Oi((oi)—0oai) = os+(1—a)ls(pr)l, — a common stress in soil mechanics.

LA-UR-16-27348
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‘ Scale Separation and Closures

Small particle approximation For dilute Stokes flow:

9 3
fo(x,t) = ‘/(Uc— (0c))-VCedP, fa = 5z#eVa =Ve) + neVive

. . Em
fa(x, t) = n(x, t) / ((oehr—(oc))nds,  Te=3ucce, =g
The mixture stress:

<0'c> +04T =2, (1 + ged) €m

T.(x,£) = n/n.(<ac>1_<ac>)nd57 For dilute potential flow:

£, = (pe) [dvc B dvy
fo=—f,+V-(64T.) 2 | dt dt
!,/
The small particle approximation + WW}
provides an example of the O
capability or easiness of using the T x (Vg — VC)2_
ensemble phase averaging method Zhang and Prosperetti, (1994) J. Fluid Mech. 267, pp
to connect macroscopic closures to 185 .
) ) Irving and Kirkwood, (1950) J. Chem. Phys. 18, pp 817
interactions at lower scales. Zhang and Prosperetti, (1997) Int. J. Multiphase Flow.
23, pp 425

Zhang et. al (2002) PRE. 66, pp 051806
LA-UR-16-27348 8/11




‘ Commonly Used Models

du;
0:(p?)

ar =0,V o4 +V- [9,’(<0’,’> — G'A,')] + V- (9,‘0’58) +f;.

f;:—/(O',‘—O'A,')'VC,'dP,

Theoretically o 4; needs to be consistent in these equations. In
typical engineering calculation we use

fy = —f. = drag + added mass force + Basset force, T =0

each of these forces are modeled separately, without consideration
of o a;. The stress difference (o;) — o 4; is often ignored.

Unanswered questions:
@ Are these forces independent? For instance, why added mass
is independent of viscosity? How about buoyancy?
@ How T affects the solution?
@ opi = —pclor (oc)? (e.g. viscous effects?)
@ Should the effective or normal viscosity be used in (o¢)?

LA-UR-16-27348 9/11

‘ Some Possible “Low Hanging Fruits”

Most, if not all, the models for phase interaction forces are for
incompressible flows, in which any perturbation affects the entire
domain.
@ For many high speed cases we need to study effect of
compressibility to drag, added mass, and Basset force.

e To understand effective properties (e.g. effective viscosities)
we can calculate closures, such as T, by numerically
simulating particle suspensions. Complex mesh may be needed
around particles, or the material point method can be used.

@ In fluid mixing problems, we need to investigate effects of
pseudo turbulence at low particle Reynolds numbers
introduced by random particle arrangements.

LA-UR-16-27348 10 /11




Concluding Remarks

e Currently models for multiphase flows, granular flows,
porous media flows, and material failure and pulverization
are developed independently. Relations among these
models and their validities in more general situations need
to be examined.

@ The ensemble phase averaging method could be used to
study the connections, validities and possible
modifications of these models.

@ The method provides a bridge between the macroscopic
closures and the lower length and time scale physics.

e With today's computing technology (both numerical
method and hardware), it is now feasible to calculate
many of the closures from the ensemble phase averaging
method.

LA-UR-16-27348 11 /11




3-Phase Model of Explosion Fields
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October 6-7, 2016
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Overview— 3 Phase Model

GAS PHASE: compressible 2-phase Navier-Stokes equations

PARTICLE PHASE: dilute heterogeneous continuum model
FRAGMENT PHASE: Discrete Lagragian Particles (DLP) model

NUMERICAL METHODS
o Unsplit high-order Godunov schemes on uniform meshes
» Adaptive Mesh Refinement (AMR) to follow turbulent mixing
o Complete EOS based on tabulated Cheetah values

Lawrence Livermore National Laboratory Tp—




3-Phase Model

1. GASPHASE: conservation laws of 2-phase compr essible Navier-Stokes equations

Mass dp+V-pu=0

Momentum: d,pu+V-(puu+p)=V-2ueg +VAg -D,-D;

Energy: dPE+V-(pEu+pu)=V-u2ug +Vuig +V-(k/c,)Vh-(Q,+Q:)- (D, +D¢)-u
Products: 30Yp + V- (pYou) = V- (pDpVY,)

EOS pT.T=1f(ouY,) (Cheetah code)

Transport: wrk,D=g(p,uY,) & Le=1 (Cheetah code)

Combustion:
(i) Quadratic Model: frozen Fuel & Air with Products at thermodynamic equilibrium (300K <T<4,000K)

(ii) Cheetah: based on Thermodynamic equilibrium of Detonation Products-Air mixture (300K <T <15,000K )
Quadratic Model Equilibrium Model

TP TP TP TN TP OV AT IOV TP T PO IOP
0 1 2 3 4 5 6 7 8 9 10 11 12 1B 145
T

Numerical Method:
¢ Ungplit high-order Godunov method for hyperbolic terms (Bell, Colella, Trangenstein, 1989)
« 2™ order Runge-Kutta method for viscous terms

Lawrence Livermore National Laboratory e

3-Phase Model—continued

2. PARTICLE PHASE—conservation laws of a dilute heter ogeneous continuum

Mass: 9,0+V-ov=0

Momentum: dov+V-ow=D,

Energy: 9 0E+V-0EVv=Q,+D, v
Drag: D, =(1/8)xd*p(u-Vv)|u-Vv|Cy

Heat Transfer: Q, =duC, Pr (T -T,)Nu
where C,=0.48+28 Re®® & Nu=2+0.6Pr*Re"

Carbon Particlesin Detonation Products DND (Detonation Nano Diamond) Comp B

Numerical Method: 2™ order Godunov method for dilute particle systems (Collins et al., 1994)

Lawrence Livermore National Laboratory e




3-Phase Model—concluded

3. FRAGMENT PHASE: Discrete-Lagrangian-Particles (DLP) model

Position: X, =v,(x;)  forall particlesi

Velocity: mv; =Dg(X;)+9g for dl particlesi

Energy: mé =Q(x;) forall particlesi (where g =cT;)

Mass: m=-§(x;) forall particlesi

Drag: D =(1/8)wd?*p(u-v)|u-v|C, where C,=0.48+28Re™®
Heat Transfer: Qr =7duC,Pr*(T-T)Nu  where Nu=2+0.6Pr**Re”

Combustion Model: combustion of fragment wake with air
3,0Ya+ V- (pYau) =-a§
3,0Ye +V - (pYeu)=-§
8,0Y + V- (pYpu) = (1+a)§
§=st?

Numerical Method:
« 2" order Runge-Kutta method
e fully (2-way) coupled to the fluid dynamics at all AMR levels

Lawrence Livermore National Laboratory e

Numerical Methods

* High-order Godunov method for the hyperbolic terms: PPM (Colella & Glaz,
1985; Colella & Woodward, 1984; Bell, Colella & Trangenstein, 1989)

» A 2nd order explicit Rung-Kutta method for the viscous terms

* A 2nd order Godunov method for the particle phase (Collins et al., 1994)

* Adaptive Mesh Refinement (AMR) to resolve steep gradients (Bell, Berger,

Saltzman, Welcome, 1994)

Lawrence Livermore National Laboratory e




Conservation laws of compressible Navier-Stokes equations

Mass 9,0+V-pu=0
Momentum: d,pu+V-(puu+p)=V-2ug +VAig,
Energy: 9,pE; +V - (pE;u+pu) =V-u2ug +Vuieg +V-(k/c,)Vh
Products: 9,0Yp +V+(pYpu) = V-(pf)DVYD)
General Form: |atU +V-W(U)=V- 9'

p pu 0

u uu + 2ue; + 28,

where U= p W)= p P 2= :

PE; PE;u+ pu u2ue; +ule; +x/c,Vh

PYp PYp oD VY,

SOLUTION

Hyperbolic Terms: JU+V-W(U)=0
Predictor: Ui?kﬂ = Ui?k - At [Vvlf;}gzjk - Wﬁjjlzjzjk] [ Ax— At [V\/.r]:lljlzzk - Vvur]tjjjfzzk] I Ay - At [Vvunﬂjﬁz - \Nun;%z] 1Az

Diffusion: 9oU=V-2

n+l/2

Corrector: Uit =UR" + At (V- D).

Lawrence Livermore National Laboratory Ap—

Initial Conditions*

*A. Kuhl, On the Structure of Self-Similar Detonation Wavesin TNT Charges, Combustion, Explosion and Shock Waves, 2015 51 (1) pp. 72-79

Lawrence Livermore National Laboratory Ap—




Initial Conditions

TABLE 2. CJand UV statesfor TNT (0, =1.654 g/ cc)

TNT Charge Mass Variable CJ Qate UV Sate
* 19 p(kbar) 19759759 90.13
* 1-kg (gl cn?) 2.1616 1654
ST e(cal /g)* 1,352.46 1,064.8
u(cal / g) 273.16 -66.5
T(K) 3,237.875 2,866.9
s(cal / g-K) 1.58447 1.623
Mesh Size: u, (km/s) 1.68595 0
Ar=1um W(km/s) 7.18 0
a(km/s) 5.4939 4.0593
r=W,/u-1 3.2586 —
* e=u+1131
Lawrence Livermore National Laboratory Tp—

Temperature Profiles at 2 us

11x10°

10

9

T (K)

TTTTTTT ‘\H\U\H‘\H\UH\‘HHUH\‘HH\HH‘HHUH\‘HH\HH‘\H\U\H‘HHUH\‘HH\HH‘HH\HH

1 g TNT charge

—— inviscid (2 us)
—— viscous (2 us)

TR FERRRTY EYTTA FUNT AR TANA AURRANRUTA FRRRARNRNA RURTANARA RN UTRA ARURURCRTA RUURA RN ENURANURRA AANRACEAN

ot
1.40

1.45 1.50 1.55

-
"
o
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Temperature Profiles for 3 Models

! | | |
1 g TNT charge
Inviscid (10 us)
8000 — —— Viscous (10 us) —
2-phase (10 us)
- -~ dust (10 us)
6000
4000
2000
0
3.5
Lawrence Livermore National Laboratory e

Density Field for the 3 Models

ST T T T T T T T T T T T T T T T[T TT T TTTTITTTTIITTTH

1-g TNT charge

o Inviscid (10 us)
—— Viscous (10 us)
—— 2 phase (10 us)
—— dust (10 us)

= viscous (20 us)

b bt et bbb b b B e e

1 2 3 4 5 6

r (cm)
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Pressure Field for the 3 Models

6[IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIIIII|IIIIIIIII|IIII|IIII]
60x10 [ E
o 1-g TNT charge B
- —— Inviscid (10 us) —
C —— Viscous (10 us) .
50 '_ —— 2 phase (10 us) -
C o viscous (20 us) 7
a0 3
N - E
IS C ]
A - ]
Pa) 30_— —
E C J
o C i
20 =
10 =
c i E
0r-u||I|||||||||I|||||||||I|||||||||I|||||||||IW||||I||||I|||4—1

0 1 2 3 4 5 6

r (cm)
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Velocity Field for the 3 Models

400x10°

||||||||||||||||||II||||||||||||||||||||||||||||||||||||||||||ﬂ

1 g TNT charge

> Inviscid (10 us)
—— Viscous (10 us)
—— 2 phase (10 us)
— — dust (10 us)

o viscous (20 us)

|

r

0 1 2 3

r (cm)
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DP-AIr Interface for the 3 Models

1 g TNT charge

—— DP inviscid (10 us)
—— DP viscous (10 us)
—— DP 2-phase (10 us)

Lawrence Livermore National Laboratory e

Mixing Layer Growth

O viscous (1-g)
01 L — Fit: 0.0046+0.0044*t+4.58*10A-6*t"

S~t*:att=0.63us
N, =144 cells for 1g& N, =164 cells for 1kg

Lawrence Livermore National Laboratory e




Similarity Solution

Conservation Law: 9,05 + V- (pYpu) =V-(pDyVY,)
Hyperbolic: 3,0Yp +V-(pYpu) =0 (p\?D)i"+l =(pYo) - A REY - F52
Diffusion: 3, (0Yp) =V (pDpVY,) (PYo)™ = (0% ) +AL[V - pDL VY, |

Model Law: .Yy =D,V?Y,
Similarity Variable: E=rl/d
Mixing Layer Width: 8 =Y,g0, — Yo, = at°

hereinteface: R)(t) =r @Yy, isadvected with theflow; §,=R,/6

Similarity Solution: Yy = f(§)=%[1+erfc(§—§o)]

Lawrence Livermore National Laboratory e

Temperature Profiles—viscous vs inviscid

KNSR R R R AN R R R R AR R RN RN RN EE AR
10x10" & - Inviscid (1-g) 19 TNT charge =
= R Tt -—-- % — Inviscid (2 us) 3
= N N —— Viscous (2 us)
9 = N + Inviscid (10 us) _3
= . —— Viscous (10 us) 3
= A —— 2-phase (10 us) 3
= — — dust (10 us) =
8 — Viscous (20 us) —
E fit: 208.65*r"-2340.5*r+10106 5
7E E
6E =
= = E
X g 3
~ 5 = Viscous (1-kg)
= = “~.__ (extrapolated) E
4 E_ Viscous (1-g) _E
3 E
2E E
- E
L e —pd =
= R i E
oEc-l|||0|||||||||I|||||||||I|||||||||I|||+|-|-|+|-c-I-c-l-c-l-l-|-c-|-c-l-c-|-c-|-|-|-c-|-oE
0 1 2 3 4 5 6

r (cm/gm)
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SUMMARY

1. Mass Diffusivity—causes DP to diffuse ~ t*; the profile Y, (r)—>erfc(E - &,)

2. Thermal Diffusivity—causes heat to diffuse, lowering the temperature
at the DP-air interface from 9 -10,000 K to 4 - 7,000 K

3. Viscosity—causes shocks to thicken to 100’s of cells—but does not change
the shock jump conditions

4. The 2-Phase Model preserves the identity of the carbon particles (i.e.,
protects them from combustion with air) so that the evolution of the particle
phase can be followed throughout the explosion field

5. Scaling Laws:
* The diffusion layer d grows as t* —independent of the explosion scale

 The inviscid blast wave time and length scale as t/kg"* and r /kg"
* The diffusion effects in the blast wave scale with Re & Pe numbers
* Asthe explosion scale gets larger, the diffusion effects decrease

Lawrence Livermore National Laboratory Tp—

CONCLUSIONS

1. The Complete Model in 1D spherical coordinates (page 6) is recommended:
* Inviscid terms — accurately model the underlying compressible flow
* Viscous terms — diffuse the species and temperature

e 2-phase terms — follow the carbon particle dynamics

2. The Complete Model must be used at early times (t < 20 us/kg"®) to capture

all physical effects.

3. This 1D solution can be used to initialize the 3D AMR multi-phase code to

compute the evolution of turbulent mixing and combustion in the fireball.

Lawrence Livermore National Laboratory Tp—




Temperature field showing transition to turbulent combustion at 20 us/g3
Spherical Combustion Cloud

Lawrence Livermore National Laboratory Tp—




2hysical M echanisms of Optical Emissions

t=0 t=2.47 us t=49.4 us
8-Ib LX-10 charge air-shock emissions DP gas emissions

Lawrence Livermore National Laboratory ~ lucowann [

Sectioned View of L X-10 Fireball @ 49 us

Lawrence Livermore National Laboratory ~ lucowann [
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Multiphase Flow Simulation Strategies at the CRF

Marco Arienti, F. Doisneau, J. Oefelein
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Presentation layout

= From injector to spray flames

One-fluid formulation with interface capturing

Demonstration: Spray A

A new Eulerian Multi-Fluid approach for dense sprays

Continuation: spray flame auto-ignition

= Molten metal and drop fragmentation

= A priori test for molten aluminum in crossflow
» The opportunity of new experimental diagnostics/data




FROM INJECTOR TO SPRAY FLAMES

Spray A and the Engine Combustion
Network (ECN)

Nozzle geometry
Sandia/CAT/Argonne/I
nfineum/ESRF

Temperature

l

Needlelift motion — l /

Liquid vol. fraction, _ \ Other species
dense spray structure Fuel concentration

Radiography, ballistic Rayleigh Velocity
PIV, IFPEN

imaging, microscopy Sandia
Argonne/Chalmers/ '
Sandia

Standard: liq & vap penetration, lift off, Al
I ~'ready available on the website Mie/Shadowgraphy/Schlieren
_ Exp. done, to be published Sandia/IFPEN/CAT/CMT/TUe
[ in progress
I Considered




Parallel multiphase solver (CLSVOF)
+ adaptive mesh refinement for -
primary atomization

Block-structured adaptive mesh refinement
(John Bell)

Solvedinthe variables:
(0, pu, E), F™, X,

for each phase/material:
m=1..M

http://iwww.math.fsu.edu/~sussman/sussmanpubs.htm

New feature:
The moment of fluid (MOF) method

= MOF tracks volume fractions through advection, but also uses the
centroid of a material region x,..= x.” in determiningthe
orientationof the interface

. f!z{"XdQ - :m

]

= Theinterfaceis chosen as the piece-wiselinearreconstruction that
containsthe volume fraction and minimizes the variationin
centroid position

[1] V. Dyadechko M. Shashkov LA-UR-05-7571 (2007)




New feature:
Moving boundaries with non-conformal mesh

Computational set-up for moving geometry

(150 MPa)
(driven by
trajectoryfile)

Measured needle’s

needle lift [um]
N
8

trajectory:
The needle’ wobble is
hardware-dependent

s L L y
0 500 1000 1500 2000
time after commanded SOI [us]

Open needle: jet tip structure

No “mushroom” jet tip because of asymmetric internal flow

t=0.3441 ms t=0.3525ms t =0.3695ms

t=0.3710 ms

edge

Ax=3.32 um; 20 x 20x 170 q,

Arienti and Sussman, accepted by /nt. J. of Multiphase Flow




Challenge: grid convergence

Same simulation repeated at twice the grid resolution: is

the size distribution converging? Equivalent
diameter
distribution
Snapshots of the jet at tyso = 6 ps o2sk n

The limits of the DNS framework

Inherently under-resolved + very high cost for a very small time-step

EL

———
1

Truncated
for D, < 2AX

10




LES framework: RAPTOR

Single-fluid, diffuse interface approach applied to super-critical
flow

11

A new coupling approach from kinetic
modeling: the Eulerian Multi-Fluid (EMF)

* Numberdensity function(NDF): dN=f(t; x; c,0, r)dxdcdrd6

* NDF satisfiesa Boltzmann-like PDE [Williams, 1958]:

Multicomponent Navier-Stokes + spray source terms

e Multiple section can accommodatea given spray distribution:

12




A semi-Lagrangian transport scheme

Information localized at cell nodes — good for
coupling/easier load balancing

No expensive flux
calculations

13

EMF vs Lagrangian

Example with 1-way coupling test

Mass concentration (EMF)

Mass concentration (Lagrangian)

over-sampled under-sampled

E O/ Number of

Lagrangian parcels

14




Comparison: EMF vs CLSVOF

Test on momentum-coupling algorithm in a supersonic, laminar
injection test case at high mass-loading conditions

RAPTOR +

EMF
AX =12.5 um
At=8ns

CLSVOF
Ax =13.3 um
At ~6 ns

Density overshoot results Good agreement on Good agreement on gas
from pressure-less jet tip trajectory entrainment
assumption

Doisneau, Arienti, and Oefelein, accepted by JCP

Spray A flame autoignition

Doisneau, Arienti, and Oefelein, Combustion Symposium, 2016




EMF issues and continuing work

= Density overshoot, no surface tension
= Addinter-particle interactionin the Forward Lagrangianstep?

= |nclusion of collision, coalescence, and break-up modelsin the
transition from dense to dilute spray

= What to do to prime the near field with spray data?

17

MOLTEN METAL DROP
FRAGMENTATION

18




Morphologyand fragmentation of
molten metal

= Motivation: rocket failures canlead to propellant fires

= Sandia Laboratories is interested in predicting the response of objects in this environment

= A newtechnology forvalidation: Digital in-line holography(DIH)

digital holograms of the breakup
drop in an air-stream (Gao, Guilde
al 2013, Opt. Lett.)

an ethanol

Reconstructed amplitude throughout depth, z

Daniel R. Guildenbecher, SNL 19

Computational set-up for 2D drop in

crossflow 2
Weg =9 9 0 (atpost-shock condition)
o

Water @ 300K, dy =1 mm
(Tait liquid, o= 0.072 N/m, p = 1000 kg/m?3, Oh = 0.0030)

Uniform crossflow:

P.G. Pure N2

tlJVeg ;7126 / Py = 8.9 kPa
g=f.omis = 1.0 kg/m3

M=1.14 e L

Aluminum @ 1200K, dy =1 mm
(Tait liquid, o= 1.1 N/m, p = 2300 kg/m3, Oh = 0.00022)
Uniform crossflow:
P.G.
We, =174 Pure N,
Uy, =302 m/s P,= 8.9 kPa
M=1.64 0o = 1.0 kg/m3




Water cross- Aluminum cross-

section section

U,=77m/s U, =302 m/s

M=1.14 M= 1.64

Weg =106 Weg= 174
| [ [ [ [ r

uot: -80 -41 -22 -3 16 35 54 73 82 111 130

Axial vel. [m/s]

21

Path Forward

Continue investigation of break-up morphology for materials

We, = 6.7 We, = 106 We, = 174
Oh = 0.00022 Oh = 0.0030 Oh = 0.0022
Re, = 5,200 Re, = 5,200 Re, = 20,000

= The state of the “skin” of aluminum oxide is difficult to predict;
models relies on sparse data

= Switch to galinstan (non toxicalloy, in liguid phase at room
conditions) and 3D




Cross-flow of molten metal alloy (galinstan)

Shock tube tests isolate the effects of large surface tension and
density ratio

Thank you!

The support by Sandia National Laboratories via the Laboratory
Directed Research and Development programis gratefully
acknowledged. Sandia National Laboratories is a multi-program
laboratory managed and operated by Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Corporation, for
the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-AC04-94AL85000.




BACKUP

Il. Extension to compressible flow

1 Advectand update volume fractionsand moments for each
material, m




ll. Extension to compressible flow

6 Solve for p*!

vp™

n+1

[ pri_ pm (cz)al At?V - =p®-p™ (Cz)a AtV -u?

using the mass-weighted interpolation

a a
Ua _uipi,R Q,R +uipi+],L ‘QH]_,L
i+72
pi+112|‘91+112
p _ pi,R Q,R +pi+LL QH,L
i+12

|‘g%+lj 2

Note: the standard incompressible pressure projection method is
asymptotically preservedin the limit of infinite sound speed. Each
material can be treated as compressible orincompressible

[1] N. Kwatra, J. Su, J.T. Grétarsson, R. Fedkiw, J. Comput. Phys. (2009)
Jemison, Sussman, Arienti, JCP 279 (2014)

Single phase test: shock tube

Density Velocity
1.0 120000
¥
02 100000
0.8
80000

0.7

0.6 60000

0.5] 40000

0.4

20000
0.3
= - N =400 cells 0 <
0.2 . .
— Analytical solution
0.1 —— —— 20000 —— —— ——
0.0 01 02 03 04 05 06 07 0.8 09 1.0 0.0 01 02 03 04 05 06 07 08 09 1.0
Pressure Internal Energy

1e+10 N 2.5e+10
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4e+09 1.0e+107
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2e+09 e 5.0e+09
1e+09
0e+00 0.0e+00 T
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Mass conservation properties

AMR maintains mass variation under control, but this becomes
increasingly challenging with increasing crossflow velocity

0.05
| —— 256¢cells/dg
- ——— 128cells/d,
o4fF
% —— 6acells/d,
£ | —— 32cels/dg

€ 0.03f
> L
2] 5
g 5
€ 0.02f
o B
[ B
N |
1] -
g 001
=} .
=z .
O -

_ I RS ER ST N SR RS

0.01 0 0.2 0.4 0.6 0.8 1

Normalized time

M = 1.64 Aluminum

M =1.16 Aluminum

30




Directionally split advection for 2D/3D
Eulerian-Implicit/Lagrangian-Explicit (EI-LE)

Material m
Departure regions o7
— T
ll'
First sweep: back-tracing Second sweep: forward-tracing
Eulerian Implicit Lagrangian Explicit

g :ﬁ X(EN> Y(LE)> Z(E))
Interface reconstruction 2>Z(LE)> Y(E)> X(LE)

D= T —
b _[yi-ﬂ ~ALY 20 Vi —Atvjm] ) _[Xi—ﬂz +At U, X, TALU

-2 TVi+/2 i+ﬂ2]

e

Jemison, Sussman and Arienti, J. Comp. Physics 2013

A “genealogy” of multiphase models

|




Point-particle modeling for two-way-
coupled problems:

Challenges, verification, and physics-based
improvements

Jeremy Horwitz, Ali Mani
Mohammad Mehrabadi, Shankar Subramaniam

Multiphase Physics Deep-Dive
October 6-7, 2016

Acknowledgements: NSF, DOE
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PSAAP II

Outline

* Modeling and Numerical Challenges
e Origin of the point-particle equations

* Verification (Zi-undisturbed fluid velocity)
— Settling particle

— Consequences for energetics

* What is the appropriate drag force model?

— Finite Reynolds number effects

e Application to turbulent flow




Challenges

d
Parameter Space: (7”, Re,, Sty lp)—i, D, O, Fr ... )

Polydispersity/Shape Anisotropy

Lack of Continuum
— Euler-Lagrange (point-particle) model
— Data transfer
— Interpretation of particle statistics
Particle Equation of Motion
— Analytical and empirical correlations
Verification (Two-way coupled)
— Particle settling velocity/conversion of potential to kinetic energy
Validation

— Comparison with Fully Resolved Simulation/Experiment

Challenges

d
Parameter Space: (7”, Re,, St,), lp)—i, b, O, Fr ... )

Polydispersity/Shape Anisotropy

Lack of Continuum

— Euler-Lagrange (point-particle) model

— Data transfer

— Interpretation of particle statistics
Particle Equation of Motion

— Analytical and empirical correlations
Verification (Two-way coupled)

— Particle Settling velocity/Conversion of potential to kinetic energy

Validation

— Comparison with Fully Resolved Simulation/Experiment




Point-Particle origins

Anderson & Jackson (1967), more recently in Capecelatro & Desjardins (2012):
-Explicit filtering of fluid equations

6_ 8 6;5 0T;; ORU K

J
-volume fraction effects explicitly accounted for
Saffman (1973) “Point-Particle equations’

-Represent particles by a truncated multipole expansion

0 0 op azul
Epfui + a—xjpfujui = —a—xi +u

ZFd P(6(x; — x!))

-volume fraction effects neglected, suitable for dilute flows

Particle Equations

For each of N, particles:
dxp
dar P
dv
my,— == (pp = pr)g + f 0ijnydS
s

Stokes (1850), Boussinesque (1885), Basset (1888), Faxen (1926), Stimson & Jeffrey (1926), Schiller &
Nauman (193?), Oseen (1910), Proudman & Pearson (1957), Saffman (1965), Goldman, Cox, Brenner,
(1967), Batchelor (1972), Batchelor & Green (1972), Maxey & Riley (1982), Lovelanti & Brady
(1993), Mei (1994), Parmar, Haselbacher, Balachandar (2012)

Maxey-Riley Equation (R e, K 1):

dvy, D@, 1 d 5 1 - .1 N
my— - = (pp —pf)g + mfﬁ —5my [ — 1, — Eanzup] — 6mau <vp — iy, —gaZVzup>
gravity  Fluid

1 Added Mass Stokes Drag
accel.
d _ 1 N
—6ma’y J.ta [Vp v gaZVZup] de
“Undisturbed” [mv(t — 1)]1/2

Fluid Velocity History




Stokes drag
Fy = 3mud, (ﬁp — Vp)

Parameter Space:

(@ <1,Re, < 1,22 1,0, « 1)
1 Py







Proposed Correction
method

Stencil 1: ﬁp ~ Uy,

Stencil 2:11,, ~ u,+ Cdx*V?u,,
=(1-4C) Xuy + Cx (up +us +u, +uy)

Conservative
Has been extended to general particle location in three dimensions

Horwitz J.A.K., Mani A., JCP, (2016)

Settling velocity

/ Increasing order of accuracy!
I

1 1 ! 1

0.5

L-8 L-6 =—Spline L4 L-2 Corrected == Analytical ||

0 | | | | | | |
0 5 10 15 2 2% 30 3% 4

t/Ty

‘_QL




C -refinement

15
Laver 2
Ciaz Caaz Cauz Cisz 1
0.402 0457 0.506 03527 <
Clﬂl {‘-231 Eﬂﬂl C&Hl EIHE EEHE EEHE E&HE ;D-
{‘-121 {‘-221 EHEl C&El EIEE E:!:!E EEEE 6422 0'5 [l
0325 0366 0404 0420
Clll {‘-211 Eﬂll C&ll
o L
Layer 3 0 10 20 30 4
Clﬂ CJH C!ﬂ Cm
0478 0345 0.604 0629 t/Tp
Cl!! CJ!! C!!! C&!! Cl!ﬁ C!M C!!ﬁ C&!ﬁ 2
0443 0504 05350 03582 0478 0.545 0.604 0629 10
{‘-123 {‘-223 EHEH C&EH ["136 [":!36 ["336 6436
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Table B.1: Numerical values of C fizld coefficients for third level of fineness.

Level of refinement

Energetics
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Energetics
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(3) = pyu; + 3 PP = ~ g g+ P = - X," Fd P{8(x; — x{) JFluid Momentum

f _
) = =W —epp Fluid Kinetic
. Energy
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What has been achieved...
Developed two-way coupling correction for point-particles
-Stokes limit
-provided an interpretation of dissipation, how to post-process
-predicting @ implies correct work rate
-applicable to 2™ order finite difference, uniform grid

-dilute gas-solid flows

Still requiring more exploration...

-Non-uniform grid (channel flow)

-Finite Reynolds number

-Heat transfer

-Extension to full Maxey Riley equation, Saffman Lift, etc.
-Turbulent flows

-Multiple particle interaction (Stimson & Jeffrey 1926 and Batchelor & Green 1972)
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-predicting @ implies correct work rate
-applicable to 2™ order finite difference, uniform grid

-dilute gas-solid flows

Still requiring more exploration...

-Non-uniform grid (channel flow)

-Finite Reynolds number

-Heat transfer

-Extension to full Maxey Riley equation, Saffman Lift, etc.
-Turbulent flows

-Multiple particle interaction (Stimson & Jeffrey 1926 and Batchelor & Green 1972)




Nonlinear Drag

Fy = 3nud, (it — v,)(1 + 0.15Rep®87),  Re, < 800, [+5%, —4%]
(Cliftetal. 1978)

(a) Re, = 0.1 (b) Rep = (c) Re, =10
T / ..... Pl T T T T 14 T pp— T =y
P - --" ...................... /"-
151 P 1 15 'JJ" 12 ',o
4 o’ 1 F
’ 4 [ =
4 3 1577
= 1l '/ s q 7 w08} 157 = =Stokes
\E_ / = I' 8 I 7 S chiller-Nauman
3 I‘ = i = sl &5 | Corrected
) . : / m=mmTrilinear
05F = =Stokes 1 05 == = Siokes 04 !
=== Schiller-Nauman s Schiller-Nauman
""" Corrected smnmn Corrected 0.2
=== Trilinear = T rilinear
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 § 8 10
L/ t/mp t/7

Re, = |ﬁ — Vp|dp/v

Application to Turbulent Flow

Particle-Resolved Simulations (Tennetti et al. 2010)
Fluid:
-Spatial: Pseudo-spectral solver
-Time-stepping: Adams-Bashforth (convective), Crank-Nicholson (Viscous)
-Immersed Boundary (satisfy no-slip/no-penetration)
-N3 = 11523
Particles:
-Force found by integrating the stress over particle surface
-Elastic soft-sphere collisions (no contribution to energetics) (Cundall & Strack 1979)

Point-particle Simulations (Pouransari et al. 2015)
-Spatial: 2™ order staggered finite difference
-Time-stepping: RK4
-point (compact-support) forces
-N3 =963
Particles:
-Force model (Stokes and Schiller) (Horwitz & Mani 2016 a, b)

-collisions neglected

dp Pp
Py = 18,6, = 0,001, = 1,22 = 1800, Ry, ~ 27, N, = 1689

Pr

M. Mehrabadi, J. Horwitz, S. Subramaniam, A. Mani, (in prep.)




Fluid Dissipation

Fluid Dissipation




Fluid Dissipation

Fluid Dissipation




Fluid Dissipation

Stokes Uncorrected — Schiller — Nauman Uncorrected —
Stokes Corrected — Schiller — Nauman Corrected — Particle — Resolved

What has been achieved...
Developed two-way coupling correction for point-particles
-Stokes limit
-provided an interpretation of dissipation, how to post-process
-predicting @ implies correct work rate
-applicable to 2™ order finite difference, uniform grid

-dilute gas-solid flows

Still requiring more exploration...

-Non-uniform grid (channel flow)

-Finite Reynolds number

-Heat transfer

-Extension to full Maxey Riley equation, Saffman Lift, etc.
-Turbulent flows

-Multiple particle interaction (Stimson & Jeffrey 1926 and Batchelor & Green 1972)

Questions?




Quantifying and Modeling the Force Variation
within Random Arrays of Spheres

G. Akiki, T. L. Jackson and S. Balachandar
Center for Compressible Multiphase Turbulence
University of Florida

Multiphase Physics Deep-Dive Meeting
St. Petersburg, Florida, Oct. 6-7, 2016
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Point-Particle Model

Closure Models obtained at the microscale:
v" Mean cell velocity

v" Mean cell volume fraction

— Mean drag model: (¢, Re)

* Exact location of particles ?

Copyright Justin Finn, 2016. All Rights Reserved
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Questions to Investigate

@ How good are the current mean drag
models?

@ How significant is the variation of the
forces from one particle to another
within the same array?

@ How significant are lateral forces?

©

What governs those variations?

@ Can we model it?
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Outline

Motivation

Variation of Hydrodynamic Forces in Arrays of

Spheres

Pairwise Interaction Extended Point-particle (PIEP)
Model

PIEP Model in Sedimentation Problem

Summary and Future Work
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Outline

Variation of Hydrodynamic Forces in Arrays of
Spheres

5/29

Force Variations

0.1<¢ <045
2 <Re <620

@ Fully-Resolved DNS simulations of fixed random arrays
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Quantifying Drag Variations

Case Mean Drag F, o alFy Skewness Kurtosis
¢=0.1,Re=170 4.69 1.26 26.95% -0.07 3.25
¢=0.2,Re =287 2.48 0.61 24.71% -0.17 2.94
¢=0.4,Re=20 1.17 0.20 17.31% 0.22 2.81

Normal Distribution for all cases

Standard deviation/mean drag
decreases with volume fraction.

@ Standard deviation/mean drag is mildly
affected by Re.

7/29

Quantifying Lift Variations

Case Mean Lift o alFy Skewness Kurtosis
¢=0.1,Re=170 -8.4 x 10+ 0.66 14.15%  0.21 3.84
¢=0.2,Re=287 2.2x 1073 0.33 13.19%  -0.02 3.60
¢=0.4,Re =20 3.9x 103 0.18 15.16%  -0.02 3.59

Slightly higher Kurtosis, but still closer
to normal distribution.

Standard deviation/mean drag does not
significantly vary with volume fraction
nor Re
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Outline

Pairwise Interaction Extended Point-particle (PIEP)

Model
9/29
Goal of Model
R2 = 0.00
2} ,
3 g
3 ]
1.5F !
g i
|
l -
' |
:
| i
O'S & 1 L I L L 1 |; I L 1 | - L L I L
N, 0.5 I 15 2
> [Foxs (M= Fo (W] F
R’ =1-1
Np .
I:FDNS (N) —(Fons >]2 If the model is a fully-resolved

DNS simulation!

>
IR

10/29




Pairwise Interaction

Force on a single sphere in a steady non-uniform flow at finite Re:
Du
F =3zudu,, (1+0.15Re**)+m, (1+C,) D;” +m.C, U, xo,

Fos Fi Fri

Undisturbed Velocity:

uun,i (Xi) - umacro(xi ) + ﬁVN—n'(xi)

Pairwise Interaction assumptlon

uunl(x ) umacro(x )+Zu,—>,(x )

j=1

11/29

Effect on Neighbor
S
Fos =372(U,, (X)) d [1+0.15(Re)°’687]
B Du,, (X) We use the Generalized
Py =(1+Cp)p .[-Ux—xisd/z Df Faxén’s theorem to account

for non-uniformity.
|:RI ~ CILpIIIx—xisd/z [uun (X) X wun (X)] dX

O O
O
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Irrotational Inviscid Force Mappings

Fy =0+ Cm)/)ﬂx

‘ —Xi‘:d/Z

[z - pl(x)].ndA

Streamwise Force Lateral Force
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Pairwise Interaction Extended Point-Particle (PIEP) Model

FQs,P| (= |:{1 0}+Z(U(X—)Z . _{1,0}}[1 +0'15(Resurf (i))0.687:|
Fup ()= Z Fomap (X5 = X;)
=

P
FRI,PI (= Z FRI,map(Xi - Xj)
j=1

Focp = F

QS,PI

+F, o +F

PIEP

I,PI RI,PI
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PIEP vs DNS for drag

R?=0.08
2F 3
[ :
I :
L5 :
o i ]
o |
1 B .
[ |
:
I i
0.5 e A R | JE PR DT T U T R
0.5 1 1.5 2
<F >

With Quasi-Steady, Fouota frmmkdnigiscid and
RotisawhiblhaeiéadrEoticn Correction
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PIEP Using Limited Neighbors

¢

P is the number of neighbors included in the model

0.1 Re=38 $#=0.2 Re=16 16/29




PIEP vs DNS for lift

RZ = 0.80
0.4r :
0.3F :
0.2F |
0.1F |

g OF i
0.1F

-0.2F ;

-0.3F

-0.4F

-0.4 -0.2 0 0.2 0.4
<i/cl:>
With Quasi-Steady, Hidota i kdtigiscid, and
Rotiscishkoheei€adrEotion Correction
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PIEP Using Limited Neighbors (lift)

¢

0.1 Re=38 $=02 Re=16
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Outline

PIEP Model in Sedimentation Problem

19/29

Using PIEP for Sedimentation

Drafting-Kissing-Tumbling test case

Equations of Motion: O
ax, .
i °
. av e a = ~ ~
r'i?:(mi_mﬁ)g‘*":hyd;'”:mﬁ' col i
- dQ - - -
i dE = hyd i +-rlul + col,i

Fnyd is obtained using PIEP to account for the position
of the second sphere.
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DEM w/ Standard Drag Model DEM w/ PIEP Model

DNS

Velocity contours

21/29

Vertical Velocity Comparison

Velocity of Trailing Sphere

Velocity of Leading Sphere

Parameters:
&:1.14

P

v=1x10"° m*/s
d=1/600 m
Re =112

p(max)

Other studies running the same case
using DNS:

- Glowsinki, JCP 2001

- Sharma & Patankar, JCP 2005
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DEM w/ PIEP model

DNS

DEM w/ PIEP model (top view)
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Velocity Comparison
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Summary and Future Work

@ Quantification of the force variations inside arrays of spherical particles.

@ Quantified the drag and lateral force variations within random arrays of spheres.

— Standard deviation of the drag distribution is very significant with respect to the mean
(~17%-27%) and decreases with the volume fraction.

— Standard deviation of the lateral force distribution is approximately 14% of the mean drag.

@ We developed a model (PIEP) which can approximate the drag and lateral force
on each particle using the relative locations of few neighboring particles.

Future Work:

@ Implementing PIEP model in Eulerian-Lagrangian simulations and compare
statistics with classical point-particle models.

@ Using PIEP model to explore sedimentation problems with a large number of
particles.
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RECENT INSIGHTS ON TURBULENCE MODELING
OF STRONGLY-COUPLED PARTICLE-LADEN FLOWS

MULTIPHASE PHYSICS DEEP-DIVE

JESSE CAPECELATRO"2

'DEPARTMENT OF MEECHANICAL ENGINEERING, UNIVERSITY OF MICHIGAN

2CETNER FOR EXASCALE SIMULATION OF PLASMA CoUPLED COMBUSTION
(XPACC), UNIVERSITY OF ILLINOIS

MichiganEngineering Multiphase Physics Deep-Dive |
Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions
XPACC @ lllinois

» Positions

— postdoc (2014—2015)
— research scientist (2015—2016)

» Advisors: Jonathan Freund, Daniel Bodony

Center for Exascale Simulation
_IN\— =~
’ ‘¢ Ny W e O

of Plasma-Coupled Combustion

MichiganEngineering Multiphase Physics Deep-Dive| 2




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

XPACC @ lllinois: Overarching problem

» Combustion is our energy workhorse and will
remain so in the foreseeable future

* Truly predictive simulations will accelerate
fundamental advances in the use of plasmas to
advance combustion technology

* The computer science advances that enable such massive-scale
predictive simulations will have impact across engineering and

science
Center for Exascale Simulation
XPAEC
of Plasma-Coupled Combustion
MichiganEngineering Multiphase Physics Deep-Dive| 3

Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

XPACC @ lllinois: Target application

» Predict the ignition threshold of a jet in crossflow via thermal discharge and
dieletric-barrier-discharge (DBD) plasmas

 Canonical combustion flow with new ‘knobs’ for mediating . ...« exescote simuiation
ignition ’X’PzAZ@C

of Plasma-Coupled Combustion

MichiganEngineering Multiphase Physics Deep-Dive | 4




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Particle work in XPACC

» No physical particles, per se

» Developing an integrated particle-based discretization for plasma
kinetics (PIC)

e Two research projects
— Adjoint-based sensitivity of PIC methods
— High-order/high-resolution scalable PIC

» Contact jbfreund@illinois.edu for more info

MichiganEngineering Multiphase Physics Deep-Dive | 5

Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

On to Predictive Modeling of Turbulent Particle-Laden flows

Collaborators:
 Olivier Desjardins, Cornell University
* Rodney Fox, lowa State University

MichiganEngineering Multiphase Physics Deep-Dive | 6




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Multi-scale nature of strongly-coupled gas-solid flows

22m

Macroscale
» Reactor geometry: O(10) m
*  Number of particles: O(109)

MichiganEngineering Multiphase Physics Deep-Dive| 7

Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Multi-scale nature of strongly-coupled gas-solid flows

A
4x @ 1,000 fps
22 m
\
Mesoscale

e Length scale: O(109)—> O(10) m
e Clustering / bubbling
e Turbulence modulation

Macroscale
» Reactor geometry: O(10) m
* Number of particles: O(109)

High-speed imaging courtesy of F. Shaffer & B. Gopalan
D.O.E. National Energy Technology Lab

MichiganEngineering Multiphase Physics Deep-Dive | 8




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Multi-scale nature of strongly-coupled gas-solid flows

e

400x @ 20,000 fps

A
4x @ 1,000 fps /
/ T
29 m \ 
— Microscale
 Particle diameter: O(106) m
 Wakes
Mesoscale « Collisions

* Length scale: O(102)> O(10) M , g rface reactions
e Clustering / bubbling
» Turbulence modulation

e Phase change

Macroscale
» Reactor geometry: O(10) m
*  Number of particles: O(109)

Microscale physics impact
macroscale quantities of interest!

High-speed imaging courtesy of F. Shaffer & B. Gopalan
D.O.E. National Energy Technology Lab

MichiganEngineering Multiphase Physics Deep-Dive | 9
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» Key objectives

1. Develop accurate and tractable methods that capture
detailed mesoscale features

2. Extract useful data from simulations to inform reduced-
order model closure

3. Develop a predictive turbulence model valid across
granular regimes

ViichiganEngineering
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Towards a macroscopic turbulence model’

Kinetic theory
+ density function closures

Volume or ensemble averages
+ closures for “fluctuations”

Moments of density
+ moment closures

Mesoscale model incorporated more microscale physics in closures!
1. R.O. Fox (2012), Annu. Rev. Fluid Mech.
MichiganEngineering Multiphase Physics Deep-Dive | 11
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Correlated vs. uncorrelated granular energy

Total Correlated Random uncorrelated

e P AT e SR s [l RN Py
« Velocity partitioned into V
correlated and uncorrelated contributions

o (8) = [l (1), 1]+ 6u) (1) [ =kp 3<@>]

MichiganEngineering

Multiphase Physics Deep-Dive| 12




Accurately separating the two
contributions is crucial for turbulence
modeling!

£ )

( Granular temperature

* Needed for computing particle
pressure and viscosity

Particle turbulent kinetic energy .
« Dissipation of k, enters as e Failure to separate leads to
source term for (©), gross over-prediction in

\ collision rate J

\ 7
[”p =kp + 2<@>p]

MichiganEngineering Multiphase Physics Deep-Dive |

Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Exact Reynolds-average equations!’

» Homogeneous gravity-driven flow: Fluid-phase Reynolds stress

1 8(u’lﬁ’%> 1 8u’]§’1 8u’]§’1
_ = _ =1t PS/VD
2 ot oy <<p By > <"f’1 dx; >> SV
2 2
+ o (W), - (), DE

Pl o
+ Tp<up,1>p DP
op’ oo, .
' m 9Py " fi1i
- — PE/VE
" Pp <<uf’13$1 >p <uf’1 Ox; >p) /

— Fluid-phase TKE is generated by the drag production (DP) term, as opposed to
in single-phase turbulence where it is produced by mean velocity gradients.

— Fluid velocity seen by the particles: {uf), = (apuys) /()

— Because clusters arise spontaneously in CIT, and are negatively correlated with the fluid velocity

(up)r = (apug)/{ag) # (ug)yp

1. J. Capecelatro, O . Desjardins, R.O. Fox (Under review), J. Fluid Mech.

MichiganEngineering Multiphase Physics Deep-Dive| 14




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Exact Reynolds-average equations!’

e PA particle-phase Reynolds stress

Turbulent dissipation of k,

19(up)p Duy 1 Ouy
2 ot <@ D > _<"p’“ dx; > PS/VD
P P
1 / ]
+ . (<U’ff1u;§,1>p - <U;,21>p) DE
P
1 1" 80-} 17 1" (9])}
— d — — F/PFE
+ Py <<up71 Dz, ) up’lﬁxl ) VE/

» Particle-phase stress tensor:

Production of <6>
1O(Pi)p duy Ouy g
o | \Pan p+ T PS/VD
T
- ;p<P11>p DE
+ e <ap®1/2 (AT — P11)>p CD
P

Collisional equilibrium?

2 1 2
A11:*(1+6) @—f‘*(l—e) Pll
4 4 1. J. Capecelatro, O . Desjardins, R.O. Fox (Under review), J. Fluid Mech.
2. A. Passalacqua et al. (2011), Comm in Comp. Phys.

MichiganEngineering Multiphase Physics Deep-Dive| 15
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Volume-Filtered Euler-Lagrange Framework

MichiganEngineering Multiphase Physics Deep-Dive| 16




Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Volume-filtered Description

» Objective: formulate equations for fluid-particle flows that allow Az > d,

 Introduce a local volume filter based on convolution product with kernel’ G(r)

- Accurate solution requires Az < ¢

* Define local volume fraction

af(z,t) = | G(lz—y|)dy -
vy of

* Define a filtered variable @ from a point variable a

aa(@,t) = /V a(y, )Gz — yl)dy a=a+d
f

»  Closure for sub-filter terms depend on choice of §;

TAnderson & Jackson (1967)

MichiganEngineering Multiphase Physics Deep-Dive| 17
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Volume-filtered Description

» What is an appropriate choice for 6,7

V16w —yldy = V- (o7 =3 [ n-rG(le—yl)dy

Vs P
0.01 0.1 1 10 100
L 1 L L Ly 6;/d,
Az /dy— T T | >
0.01 0.1 1 10 100
Particle-resolved DNS Partially resolved Point particle

- /)
e

Relevant to strongly-coupled flows

Requires an efficient implementation to
distribute data to the mesh

MichiganEngineering Multiphase Physics Deep-Dive| 18




| ntroduction

VE-EL Framework Results & Discussion Conclusions

Modeling Aspects

Volume-filtered Description

» What is an appropriate choice for 6,7

]Vb
V. rG(lz —y))dy = V- (agm) = 3 /S n -Gz — y|)dy
1=1 P

Vi

0.01 0.1 1 10 100

L 1 L L Ly 6;/d,
Az /dy— T T | >

0.01 0.1 1 10 100
Particle-resolved DNS Partially resolved Point particle
1 1 1 1 1 ./ 1 1 1 1
-5 -4 - 0 1 3 4 5
r/Ax
MichiganEngineering Multiphase Physics Deep-Dive| 19

| ntroduction VE-EL Framework Results & Discussion Conclusions

Modeling Aspects

Volume-filtered Description

» What is an appropriate choice for 6,7

]\[P
V. rG(lz—y)dy = V- (agm) = 3 /S n -Gz — y|)dy
1=1 P

Vi

0.01 0.1 1 10 100

L 1 L L Ly 5:/d,
Az /dy— T T | >

0.01 0.1 1 10 100
Particle-resolved DNS Partially resolved Point particle
1 1 1 ’7, 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
r/Ax
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Volume-filtered Description

» What is an appropriate choice for 6,7

NP
V. rG(lz —y))dy = V- (agm) = 3 /S n -Gz — y|)dy
1=1 P

Vs

0.01 0.1 1 10 100
| | | | L »5;/d,

Azx/dy— T T T —>

0.01 0.1 1 10 100

Particle-resolved DNS Partially resolved Point particle

MichiganEngineering Multiphase Physics Deep-Dive| 21
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/ Filter width (5f is independent of the mesh size! \

Axr =4d, Az =2d, Ar=d, Ax=d,/2 Azx=d,/4

Error
1st-order (--)
Single-step ()
Two-step (@)

Azx/d,
1. J. Capecelatro and O. Desjardins (2013), J. Comp. Phys.

MichiganEngineering Multiphase Physics Deep-Dive| 22
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Volume-filtered equations of motion

e Implemented in a low Mach, variable density solver’

dagp _
aft L4V (aspsup) =0
darpru L _ —
% +V - (afpsur@uy) =V -T — ppo, A+ arprg
= — * — —T 2 — \
T=—pl+ (u+p) Vuf—l—Vuf—g(V-uf)I AN

» Lagrangian particle tracking?

i Az~ d,
dm](g) _ 'U(i)
dt p
— A L p@®)
g — AT TE g

dw d )
g =25 L

O. Desjardins, G. Blanquart, G. Balarac, H. Pitsch (2008), J. Comp. Phys.
J.

1.
2. Capecelatro and O. Desjardins (2013), J. Comp. Phys.
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Re, =0.25 Re, =0.5 Re, =1.0

Mesh: 2048 x 512 x 512 (3584d,, x 896d,, x 896d,,)
Particles: N, = 55 x 10°

1. J. Capecelatro, O. Desjardins, R.O. Fox (2015) J. Fluid Mech.
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Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Extracting multiphase statistics'

» How to extract statistics from Euler-Lagrange data®?

|

Constant filter size

e s e o o e e e B e AN s o s s e s

| Particle kinetic energy
[ kp/kp

=

o
Q

ap/(ap)

©
e
L

o
-
i

Granular temperature
3(0)p/(2p)

Normalized fluctuating energy

o
—N

8 16 24 32 4 48 56 o4

5.f/dp

1. J. Capecelatro et al. (2014), J. Fluid Mech.
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Extracting multiphase statistics'

» How to extract statistics from Euler-Lagrange data”?

Adaptive spatial filter

T T T T T T T T T T T T T
Z

o
=

Particle kinetic energy ]

ap/(ap) kp/ﬁp

i

o
@

1/3
b — N, d3
Ep
Granular temperature ]
3(0)p/(2ky) 1

I Saannnannn

0O 10 20 30 40 50 60 70 80 90 100
P

o
N
T

1

Normalized fluctuating energy
o
N

1. J. Capecelatro et al. (2014), J. Fluid Mech.
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| ocal instantaneous granular temperature (2D example)

Particle position Granular temperature

e Minimum agitation within clusters

* Maximum granular temperature located at the upstream boundary of clusters

MichiganEngineering Multiphase Physics Deep-Dive | 27
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Results & Discussion
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Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Particle behavior in homogeneous CIT

—0.95 3
fiep =0.25 Particle fluctuations: k, = k, + =(6),
Rep =05 === 2
Rep =1.0 e
10°  Gaussian A 10°
107 10~
1072 o 1072
g g
107* 1073
107* 1074
107° % 072168 =6 -4 —2 0 2 4 6 8 10
ull 1 /(ul%)/? seen by the particles dvp,1/{6vE1)"/? seen by the particles
» Spatially-correlated and uncorrelated velocity behave fundamentally different!
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CIT in wall-bounded flows

o Two-step filter permits grid stretching near the wall

1. J. Capecelatro et al. (2016), Phys. Fluids.
Multiphase Physics Deep-Dive | 30
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Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Considerations for turbulence modeling

» Decomposition of correlated / uncorrelated components is needed to get BC correct

Correlated (particle TKE) Uncorrelated (granular temperature)
r P [ zz
0-8:’ — 0.4 /_\f
s | I VY, XX
§ 0.6F 1 \@/ 0.3~ |T=tZeZ-s-zrC-oroETETETETETETE
= E Lt ;
ETOA 5 1 /g s ]
EO 2r XX A E“j 0.1 1
_____ Doad L %
i T e
I I I Ll _0.1"” DAL prmsasseentsttt ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
y/W y/W
3

» Boundary conditions for components «, = k, + 5(6)>p
- Wall-normal correlated energy: k, = 0

—  Wall-normal uncorrelated energy: (0),, # 0
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Summary & conclusions (numerics)

» Volume-filtered Euler-Lagrange approach is an efficient method to handle large number of
particles without requiring Az > d,,

» Microscale models (e.g., drag) are agnostic to volume filter
- If §¢/d, < 1: drag entirely accounted for in resolved flow

- If 6f/dp > 1: model must account for entire drag contribution

Logical solution: develop closure models that are a function of 6¢/d,,

du F
7: = — (uf —up,), F=F(Repapds/d,)

Tp
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Introduction Modeling Aspects VF-EL Framework Results & Discussion Conclusions

Summary & conclusions (modeling)

* In high mass loading flows, turbulence arises mainly due to CIT (drag production)

» TKE is produced by fluid velocity fluctuations seen by the particles

 Partitioning the granular energy into spatially correlated (particle-phase TKE) and uncorrelated
(granular temperature) components is crucial

* Predictive models need to account for anisotropy in wall-bounded flows

e How best to incorporate effects of heat transfer and chemical kinetics in a reduce-order
model for strongly-coupled flows?
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| ooking forward: from prediction to design

» Up to this point we have focused on predictive models
in order to compute a quantity of interest J = J(Q, f)

. ; _ T 2]
- Q: flow solution, e.g. Q = [ay, pr,uys, ...] 7 :/ / T(a,1) dw dt
— f : design / modeling parameters t /0

» We want to optimize J or measure its sensitivity \\

— Find optimal reactor geometry to maximize J

-~ =1
| RS,

— Determine which modeling parameters J is most sensitive to

» Brute force: guess f, calculate Q, calculate J, repeat,...

— Option b: formulate a variational problem constrained by the governing equations

- Adjoint system that provides sensitivity without requiring repeated solutions

((SS‘JZ:/Q/:QQng}[dwdt —852;:72* Q. Q'@ 1

Adjoint-based methods can accelerate the design of multiphase systems!
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Questions?
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Backup slides
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Exact Reynolds-average equations!’

» Homogeneous gravity-driven flow: Fluid-phase Reynolds stress

1 8(u’lﬁ’%>f 1 8u’" 8u’]§’1
- N —{opritt PS/VD
2 ot o (o)~ (o 5it)) /
Y 1 ///2
+ - (<uf 1u < ) DFE
()0 "
+ Tp<up,1>p DP
op’ oo, ;.
' m 9Py " f.1i
- — PE/VE
i Pp <uf7lax1 >p <uf71 Ox; >p) /

— Fluid-phase TKE is generated by the drag production (DP) term, as opposed to
in single-phase turbulence where it is produced by mean velocity gradients.

— Fluid velocity seen by the particles: (uf), = (apuys) /()

Because clusters arise spontaneously in CIT, and are negatively correlated with the fluid velocity

(up)p = (agup)/{ag) # (up)p

1. J. Capecelatro, O . Desjardins, R.O. Fox (Under review), J. Fluid Mech.
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Exact Reynolds-average equations!’

» PA particle-phase Reynolds stress L
Turbulent dissipation of k,

18( ”2> 3u;’1 8ug1
_ 1\ O PS/VD
27 ot <@ o >p <"p’1 o >p SIV
1 / / ]
+ . ((U}j1U;,1>p - <U;7721>p) DE
p

1 " 30'} 17 " 3])}
— : — — VE/PE
- Pp (<up71 Ox; » uP’laSLl » /

» Particle-phase stress tensor:

Production of <6>

1O(Pu)p Auy 1 Ouy g
2ot | \90m S\ ), PS/VD
T
- ;p<P11>p DE
6 *
+ —d <ap®1/2 (ATy = Pi1))yp C¢D
P

Collisional equilibrium?

1
2 2
A11:*(1+6) @—f‘*(l—e) Pll

4 4 1. J. Capecelatro, O . Desjardins, R.O. Fox (Under review), J. Fluid Mech.

2. A. Passalacqua et al. (2011), Comm in Comp. Phys.
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© = tr(P)/3, 0, = O — P

P:Vu, =0V - uy|— 0,:Vu,

Pressure strain represents compressive

\ heating of the particle phase /

MichiganEngineering

Multiphase Physics Deep-Dive |

Validating the adaptive filter?

e \Verification of the proposed filter

g
1 — Lagrangian data projected to Eulerian mesh via

NP
apA(z,t) = 3 AV G|z — 2V,
=1

1/3
5f {o dii /
- Filter kernel G will sample /\/p particles with 0 = o
P
— Comparison with Lagrangian two-point velocity correlations
op/lap)

O Finite granular temperature

v

Re,

Symbols: Lagrangian correlations
Lines: Filtered Eulerian correlations

1. J. Capecelatro et al. (2014), J. Fluid Mech.
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Microscale Simulations
Of Shock-Particle Interactions

T.L. Jackson
Center for Compressible Multiphase Flow
University of Florida

G. Akiki, S. Balachandar, Y. Mehta, C. Moore,
C. Neal, B. Osborne, P. Sridharan, S. Thakur
J. Zhang (FIT)

™
I ...~ - _— ———
I s W |
Goals

m Advance modeling to next generation Frost et al. 2012
point-particle force and temperature
models for meso/macroscale
simulations that take into account
neighboring particles

m Perform DNS simulations of shock

propagating over a random pack of
particles in air
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Time Scale Analysis

m Shock-particle T=dy/us
m Acoustic Tq = dp/c
m Inviscid Tp = dp/Ups

= Viscous diffusional 1, = §2/v,,

m Particle motion Ty, = Py df, /18u,,
T Pp 4 T, U
m Ratios: —~—Re~10 — =2
T Pm Ups

m Inviscid simulations will accurately capture peak and short time
evolution of force

CcCvmT

Previous Results (2014-2015)

-2 1] 2 4 6 8 101.6'7

Transverse Array Deformable Particle (NM/AL)
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Microscale Simulations

m Shock propagation over a

FCC array of spheres
Resolution ~ 30M Cells
BT T

CcCvmT

Shock Interaction with FCC Array of Particles

o =10% @ =40%
M, =15 M, = 6.0

m Even for structured array, ensuing flow is quite complicated

m There is a strong effect of the particles on the flow

CcCvmT
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FCC - Effect of Volume-fraction; M, = 1.5

@ =10% o =20%

o = 30% @ = 40%

m At higher volume fractions the last plane of particles will move faster,
resulting in curtain spreading
CCMT

. ==
I |
FCC - Effect of Mach number; ¢ = 10%

M,=15 M, = 2.0

M, = 3.0 M, = 6.0

m There is a high variability for peak forces and no clear pattern

CCMT
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Multi-Particle Microscale Simulations

m Simulation of random cluster of particles to extract force history information

m Extracted information is compared with current models to establish areas
that need model enhancement

m In collaboration with K. Salari

Mach 3 shock over 200 particles Force histories of 20 particles

Drag Coefficient

@ =10% Time

m Current point-particle models do not capture these large particle-to-particle

variations
CCMT
I S e |
Random Pack of Particles; M; = 3.0
¢ = 10% ¢ = 15%
¢ =20% ¢ = 25%

m Mach 3.0 shock traveling through the particle beds for
different volume fractions
CCMT
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Streamwise Drag; M, = 3.0

@ =10%

@ =20%

m There is a high variability for the peak drag and a clear downward trend

m Variability in peak drag force is not captured by the current models
CCMT

. =
N |
Streamwise Drag; M; = 3.0; ¢ = 15%

CcCvmT
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Lateral Forces; ¢ = 25%; M, = 3.0

m Lateral forces are same order as streamwise drag
m Show similar trend

m Current models ignore lateral forces

CcCvmT

e |
I [ N J—— |
Fluctuations (Pseudo-turb); ¢ = 25%; M, = 3.0

CcCvmT




Point-Particle Model Development

Commonly used models are based on:
R Vp(t) = Uniform flow
f . = Quasi-steady flow
// = |solated particles
= Low Mach number, modest Reynolds number
4 4

But reality:

= Highly unsteady and spatially non-uniform flow
= Large Mach and Reynolds numbers

= Closely clustered particles

= Particles can deforms

= Real gas & turbulence effects

. kK=
I R |
Physics-Based Modeling

m [solated particle

e Rigorous point-particle formulation with empirical extension to
finite Re and Mach condition

m Particle-particle interaction (current status)

e Simple volume fraction correction to point-particle model for
predicting average behavior

m Particle-particle interaction (New Development)

e A novel Pairwise-Interaction Extended Point-particle (PIEP) model
for predicting average & fluctuation behavior
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Isolated Particle — Model Validation

Experiments by Tanno et al (2003) at Tohoku, Japan

CCMT

Isolated Particle — Model Validation

Experiments by Tanno et al (2003) at Tohoku, Japan

CCMT
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Isolated Particle — Model Validation

Experiments by Tanno et al (2003) at Tohoku, Japan

We have a
very good
e model for a
7, single particle
CCMT
-1.-.! 19

PIEP — Streamwise Force

m Shock interaction with transverse array of particles

e © ©

/

SR R R

/LN

@ @ O

m Force found by superposition

® Forcepari—r = Forceghock + 4 * Force_diff, 1 + 4 * Force_diff,a.c—

CCMT
H.q 20
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PIEP — Streamwise Force

® Forcep,ri_r = Forcesphock + 3 * Force_diffy 1 + 2 * Force_diffpare—»

CcCVm

. &
I I R |
PIEP — Streamwise Force

® Forcepari—r = Forceghock + 2 * Force_diffy, a1 + 1 * Force_diffpare—»

CcCvmT




PIEP - Transverse Force

.

7z

®@  ©
@ @& O

® Forcep,re—r = 2 * Force_diffp,rc—1 + 1 * Force_diffp,p—

CCMT

L e |

Outstanding Challenges

m Simulations with a large cluster of moving particles
® Dynamic gridding (immersed boundary method?)
® How to handle particle-particle interaction?
® Simulations of detonation-induced particle deformation
® Numerical issue of particle mass preservation
®m Material modeling and EOS
m Upscaling of the microscale results

m Point-particle force model (effect bow shock & wave drag)
m Heat transfer model, deformation model, etc
®m PIEP model extension to compressible flows and testing

CCMT
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Journal Publications (2015-2016)

o Sridharan, P., Jackson, T.L., Zhang, J. and Balachandar, S. (2015). Shock interaction with 1-D array of
particles in air. Journal of Applied Physics, Vol. 117, 075902.

e Sridharan, P., Jackson, T.L., Zhang, J., Balachandar, S., and Thakur, S. (2016). Shock interaction with
deformable particles using a constrained interface reinitialization scheme. Journal of Applied Physics,
Vol. 119, 064904, 18 pages.

e Mehta, Y., Jackson, T. L., Zhang, J., & Balachandar, S. (2016). Numerical investigation of shock
interaction with one-dimensional transverse array of particles in air. Journal of Applied
Physics, 119(10), 104901.

o Akiki, G., Jackson, T.L., & Balachandar, S. (2016). Force variation within arrays of mono-disperse
spherical particles. Physical Review Fluids, 1, 044202.

e Mehta, Y., Neal, C., Jackson, T.L., Balachandar, S., Thakur, S. (2016). Shock interaction with three-
dimensional face centered cubic array of particles in air. Physical Review Fluids, 1, 054202.

e Annamalai, S., Balachandar, S. Sridharan, P. and Jackson, T.L. (2016). A pressure evolution equation
for the particulate phase in inhomogeneous compressible disperse multiphase flows. Physical Review
Fluids, (submitted).

o Akiki, G., Jackson, T.L., & Balachandar, S. (2016). PIEP model for a random array of monodisperse
spheres. Journal of Fluid Mechanics, under review.

« Neal, C., Mehta, Y., Salari, K., Jackson, T.L., Balachandar, S., Thakur, S. (2016). Shock propagation in
air over a random bed of spherical particles. (in preparation).

Do you have any
questions?




Particle dynamics:
coal-specific modeling

Sean T. Smith
University of Utah,
Particle Deep Dive
St. Petersburg, FL — Friday, 7" of Oct, 2016

Coal: properties ¢ umm

® Organic

» Context: pulverized coal
*« SG=1 (p=1000kg/m?3)
* Dp ~ 10-200 pm

Poly-disperse: Rosin-Rammler

e ~10% ash

* Multiple coal types (rank)

Si, Al, Fe oxides
~90% organic

C:75%, O: 9%, H: 5%,

S: 1%, trace N & Hg

D, ~ 10-200 pm




Coal: processes

* Heat transfer
primarily: radiation (Mie)
* Devolatilization
metaplast, network breakdown,
VLE & swelling
Tdevol = 10 ms

* Char oxidation
diffusion, reactions,
porosity & friability
Tcharox = 1 s€C.

* Drag
turbulence, blowing, slip
broad range on St

* Thermophoresis
and deposition (at cold walls)

Qrad

W

Dy ~ 10-200

Demonstration-scale
prediction
000 MV

Pilot-scale
validation

L

Burner-scale f
validation | ‘

Model numerical

uncertainty:
verification

radiation

ash
ansformatio

soot formatiol

Qrad

=B 0al: processes

W

Dy ~ 10-200




Demonstration-scale
prediction
000 MW 500 MWe

usc oxy-AUSC
8-corner Design
Boiler Boiler
Pilot-scale
B m
/ \

Burner-scale f
validation | ‘

Model numerical
uncertainty:

verification

Modeling:

al: processes

Use the model that has been made
as simple as possible, but no simpler

Model form unceptainty:

validation

devolatilizatiof

r

transformation

Devolatilization — model form

Detailed approach: CPD

* historical gold standard
* very good at rates (not ultimate yield)
* computationally demanding

« Timescale analysis

BT model (71t order w/ yield):

dVv
dt

Vi (T) = 1 — exp (_g)

— A ( Jpgt ) max (Vi (1) - V2 0 107

Biagini, E., and Tognotti, L., 2014. Fuel Process. Technol., 126, pp. 513-520.

Ilmlted

] L]
1000 1400 1800
Temperature [K]




Devolatilization — Yield

4 Graphite

0T - - Vaporization
- - 1
-
- - L
— = - 'l
1 C Py -
- 2 .- '
L - ’
K S 8 ? ’
> g ¢
%0.5-- hu: ----------—'
£ 2
5 E
| .
Steady Boiler
Conditions
0.0 4 } I >
500 1000 1500 2000 2500

Temperature [K]

Devolatilization - Yield

1.0 1.0

0.8F 0.8
o6k 506
° ]
8 3 4
=
] 8 ==
= 5 —
2 o4f S 0.4 o=
o o e

H
—_—
[— ]
0.2 0.2 —_—
*  Proximate analysis
e ——
+— IPFR data w/ range(T)
—_— — IGT data 1983
0.0 = 0.0
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Devolatilization — Yield

1.0

0.8

5 06
%
> -7
B oal Rsmoacaccoay’ A{boanoacnconaoaonosoaoscocacoosaoaoal
= as
i
-
. Prior - 95
.| Posterior - 95
0.2 I P{ - - CPD (Fluent)
e Py - - Biagini & Tognotti
= I = Parametric (error func.)
— 1@ — Parametric (logistic func.)
0.0 E L n T
500 1000 1500 2000 2500

Particle Temperature [K]

Char oxidation — model form

» Coupled problem:
mass transfer & surface reactions

* Mass transfer:
convection — mass transfer coefficient,
blowing — penetration theory,
multi-component — (diagonal) Fickian assumption,
reaction appears as a boundary condition.

* Surface Reactions:

Char Solid rate laws — Arrhenius (for oxidation & gasification),
important to match fluxes,

mass transfer provides gas composition.




Particle Transport

* Particle size vs. grid:
200 um (largest) vs. 2 cm (smallest)

* Volume fraction:
low (< 0.001)

* Reynolds number:
very low (~10)

* Surface blowing (due to chemical reactions):
modeling — drag correlations w/ penetration theory

* Knudsen number:
slip regime — for only the smallest particles
(Young, Aerosol Sci. & Tech. 2011)

Particles & Turbulence

A .
Ey /\ 5/3
N

< — >
Large Nyquist Kolmogorov Small
(Slow) (Fast)




Particle Time Scales

particle relaxation time
fluid acceleration time

St =

Fixec'l particle si.ze, Euya
multiple eddy sizes:

N
a8
A
p—t
N
~
\Y
p—d

Y/

Slow <€ Ny it » Fast

(large)
eddies

Fluid time scales

Fast

SIOW AN I~ L ] )
RS E All Unresolved ’
. L |
LES: | Resolved ’ Unresolved |
Multiple particle time Scales
- , Modeling approach: time-scale separation
(Ba"IStIC Drag (directly) ) Dusty-Gas >
"LES extends range of applicability" 3
(particle ballistic to sub-grid fluctuations)
Modeling the overlap with fluid time-scales
Drag w/ Diffusion e.g. Equilibrium Eulerian

« o Also extended by LES




Mixing time scales
DANIC L FaSt

Slow

A All Unresolved

. l ----------
LES: T Resolved ! Unresolved I

Multiple reaction time scales

Modeling approach: time-scale separation

Well Mixed ) _Equilibrium

"LES extends range of applicability"
(well mixed within an LES grid cell)

Modeling the overlap with mixing time-scales

egEDCEBM  e.g Multi-Environment - e I_e.g._Flgn:eleE Model

Also extended by LES




Microscale Modeling based
on Generalized Faxen’s
Theorem

Subramanian Annamalai

Dept. of Mechanical & Aerospace Eng.
University of Florida, Gainesville

Contact. Subramanian Annamalai | subbu.ase(@gmail.com

Explosive Particle Dispersal




[ e B = P
Radius-Time Schematic

Force Modeling: Microscale vs Macroscale

dv;
mpéd_:' = Fz(t) 3
A00) 4 9 (pgum) + Vp = { } .

Detailed flow analysis
over each particle

Model forces as source
terms in the gas @

momentum equation




Force Components

L

Viscous Viscous
\ )
|
- [ Unsteady ]
Fus : Quasi-Steady Fi, : Inviscid Unsteady

Fy : Stress Gradient
F,. : Viscous Unsteady
Generally ignored in
literature

Additional physics involved

=0 7;0/
Stokes drag: 67 uR(u — v) Faxen’ SlaW GWMR v)

F.s : Quasi-Steady 0 / 4s
Unsteadiness

P2, P2 p1,;1 Compressibility

U9 (5]
Inhomogeneity

Shock Highly space and time dependent




Acoustic analogy & scalar potential

Incoming wave

(b: Qf)in-I-QbSC

CccvmT

Inviscid force expression

Z Cpn(2n + 1)(—1)"4n (kr) Py (cos 0)e™**

ZC (2n + 1)(=1)"Snhy (kr) Py, (cos 0)el!

Rigid Partlcle J

mv—/v iy d ——fpndS

Sp

Fin(t) = Fuy (1) + Fiu(1)

CCMT \ /
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Expansion fan over the particle

Ct=0 | t=03ms|

..~~~ L

1d Shock Tube : Isolated Particle

4 Highly resolved\
axisymmetric
flow over a
sphere

\ (6 mil. grid cells) /

P
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Expansion fan over the particle

D v : 0———~

. _ 4 R3,24 3 (i—-HlZ 4 2
Finv(t) = 3mR "D + 47 R / K (t—&) [at(pur) ] "df.
VIT f=—o0 t=¢

| T e
Weak expansion fan

—_ t
Du 5w | @ S &
4 3 3
Fiw(t) = 3mR°p— + 47R Ky (t =€) | =(puy) d¢ .
Dt ot o
f=—oo t=¢
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i
o 7
E K4
g '..‘n-n-u'
> a g
e 7 pulyr
1.25 i
i
i
i
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Weak ex]gansion fan

t

o [e——
B () = ~7rR3 + 47 R? / K (t— &) 'a (pur)s} d¢ .

Initial Pressure
Ratio= 1.05
N\ /
e S
Shock Mach
number = 1.01
CCMT \_ Y,
L IO S—S—— B

Strong expansion fan
1 7
Fine(t) = gqu*”*p% + 47 R3 / Kiu(t-8)|=

f=—00

CCvmT




Strong expansion fan

DuV
P Dt

t
Finv(t) = 37R° + 4nR° / Ko (t =€)

E=—oo

D—-= -
ﬁ (pur) ] o d‘s '
t=¢

Koy = e~ (-6 cos(t — §)

Initial pressure

ratio= 2.5
L

A

>
Shock Mach
number = 1.22

15

ccvmT

II

Weak & Strong normal shock

CCvmT




Expansion fan — Multi-particle system

Expansion fan — Multi-particle system
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Pressure evolution inside the particle

Momentum
balance

y
Stokes drag Pressure equilibration equation

= 19

Pressure Equilibration Equation

The volume-averaged particle phase pressure expressed purely in terms of
“undisturbed” time-variation of the carrier phase properties is given as below:

Response to unit- Response to unit-step
step change in change in ambient
ambient pressure radial momentum
( } )
L J
Change in particle Time-varying Time-varying ambient
pressure ambient pressure radial momentum
(volume averaged) (surface averaged) (surface averaged)

Ry : Mean particle radius, aj : Ambient speed of sound

K,, K, = f(p,a) where p : density ratio, a : Speed of sound ratio

= 20




[ e B = P
Pressure Evolution: Shock Ma=1.11

Exp. behavior (black-dash
line) analogous to particle
equation of motion:

Aluminum
particle (Ry = 5 pm)
in nitromethane

is the particle
time-scale

Similar agreements also
observed for higher Mach
numbers and particles
with larger radii.

BT s e ===, <
Pressure kernels
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Density Evolution: Shock Ma = 1.11
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- [1] : Sridharan et al., J. Appl. Phys. 119, 064904 (2016) - fraction evolution
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Future ’/ es

Application of the generalized Faxén theorem when
there is a random cloud of particles.

How does one handle particle compaction especially
when a strong blast wave rams on a close-packed
particle bed?

A similar pressure model allowing for particle
deformation.

While we have a state of the art hydrodynamic force
model (gas-particle interaction), a model for particle-
particle interaction in highly compressible and
unsteady environments is still in its primitive stages.
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Modeling of Ejecta Particles
In the FLAG Continuum Mechanics Code

Alan K. Harrison
Lagrangian Codes Group (XCP-1)
Computational Physics Division

Multiphase Physics Deep-Dive
St. Petersburg, Florida
October 7, 2016

Motivation: Ejecta and modeling ejecta
experiments

Extreme shock loading may cause damage and failure at material
free surfaces, producing particulate fragmentation known as ejecta.

Theories, experiments, and modeling involve a wide range of solid
and fluid mechanics at relevant spatial and temporal scales.

See many experimental papers
by W. T. Buttler, R. T. Olson, Slide 2
M. B. Zellner and coworkers

ysiuy aoeuns




The FLAG hydrocode is our testbed to
simulate the experiment.

High strain rates

Strength, damage, failure

Compressibility

Mixtures

Impact/contact

1,2,3D

Lagrange/ALE hydro

Fully unstructured meshes
(arbitrary polygons/polyhedra

Slide 3

A particle-in-cell formulation is used to
model ejecta in FLAG.

(Super) particles represent packets of multiple physical particles.

Tracking individual physical particles is expensive, so allowing computational particles to
represent “many” reduces cost. The tradeoff is the statistical resolution.

While FLAG hydro advances the continuum equations of motion, a distinct solver is
implemented to advance particle equations of motion.

Positions and velocities in space and time

Positions relative to the hydrodynamics mesh

Particle-fluid coupling involves

Summing/averaging particle quantities over zones (to an
“ejecta phase”)

Interpolating continuum information from mesh zones and
points to particles

How is the formulation integrated with FLAG hydro?
Predictor step for continuum momentum and energy
Corrector step for continuum momentum and energy
Ej_ecta tracklhg and transport* Andrews, MJ. and
Ejecta sourcing (for launch next cycle)* O'Rourke, P.J. : MP-PIC
*Including momentum/energy exchange with continuum Siide 4




An ejecta calculation begins with a shock
passing through the source metal

Calculation and slide
by I. Tregillis

Sn coupon

pressure (Mbar)

High explosive

The calculation tracks ejecta within or/and
beyond the problem mesh

/
Calculation and slide
by I. Tregillis
When the surface doesn’t
refreeze, ejecta production <
in the calculation can
persist indefinitely.
\—
Size & location of central Melt state of Sn coupon:
LINbO, piezo head for this shot Melted Solid

/




The ejecta package includes pieces corresponding to
different stages of ejecta development

The source package determines whether/when to produce ejecta, the production rate,
and the initial conditions (size and velocity distributions) of the particles produced

The production decision is based on shock detection and surface properties
The Richtmyer-Meshkov Instability (RMI) source model predicts
the production rate, and
initial particle sizes and velocities
Other packages account for particle-gas forces during the transport phase
drag
buoyant force
effective force field in dense particle clouds
Other packages account for various types of particle transformations
heat flux
mass flux (evaporation)
particle breakup
collisions

Shock detection and characterization depend on
acceleration and melt state of the metal surface

Acceleration must exceed
this level to count as a shock

acceleration of

surface two When acceleration drops
thresholds to this level, shock is over

l — free surface speed ug =
________ JI. U

|

|

shaded area
time To be accepted as a shock, acceleration must
(1) start below lower threshold
(2) exceed upper threshold
(3) drop below lower threshold
and surface must be melted at time (3)




Under conditions known to produce ejecta, proton
radiography shows the spikes and bubble of RM instability

pRad0425(Sn; Pgz~ 27 GPa)

Time after Shock Breakout ——— 7.8 us

pRad0427(Sn; Py ~ 22 GPa)

7.9 us

pRad0426(Cu; Pgp ~ 36 GPa)

Distance (mm)

40 7.7 ps
Blunted RM Tips J_ - _[Blunted RM Tips
— = & 4
35112 » i <— LDV(}) T
TN 2 3
= Y o) L]
(=]
30 F— I < EDVi(2) \
- - Scintillator || — =]
= Joint - OT
50T 1 S Pve) o< / \
3 \ S \ L] |l\10 Spike Growth
— i Proton Beam Perturbations
20 [Bubbles | |-Spikes I <——LDV(4) Bubbles || Spikes{ ————{{Growth and Arrest
I - =
éi / | — | K prd
sl » I ~«— LDV(5) .
2 & L] Spike Breakup |
0 T- ~<— LDV(6) /
= < =~
2 - ~€«— | LDV(D)|[
50 ! —X
P n \ L] \\
Blunted RM Tips T Blunted RM Tips [Bubbles]  [Blunted RM Tips|
0 ‘ . -
10 15 20 25 30 3510 15 20 25 30 35 10 15 20 25 30 35
(a) Distance (mm) (b) Distance (mm) (c) Distance (mm)

W. T. Buttler, D. M. Or6, D. L. Preston, K. O. Mikaelian, F. J. Cherne,
R. S. Hixson, F. G. Mariam, C. Morris, J. B. Stone, G. Terrones and
D. Tupa, Journal of Fluid Mechanics 703(July 2012):60-84

DOI: 10.1017/jfm.2012.190, Published online: 13 June 2012

Ejecta particles are droplets broken off

spike tips

Buttler et al. (2012) analysis of spike and bubble growth

rates (based on earlier work by Mikaelian):

= 2o
2+ 3okt

7’ ()

with initial rates

ﬁg’S = il:I I:ntI) Sa'ufs
where
2 Ugs
a=nk=""1 F=1-—
A 2Ug,
1 s 1

Fntl) = I:nl = 2
1+ — 1+ —

Ug, = shock velocity
u, = free surface velocity

7’ (t) =30,

side view
\l' of this ——>

/AN

Proton Beam Perturbations

(Sheet)

Slide 10




We have implemented a force-field model
due to particle-particle interactions

Vip

I:ipp :_erpp,i
_R(s7)

Toni = oP — P

This code capability does not actually predict individual collisions, but it is
intended to account for their effect.

The model is simple and designed for dense-particle flows, so it will tend to
spread out particles even if they are stationary.

Predicting individual collisions is much more expensive (future work), so a
model of this type is welcome.

We have implemented a model of heat
flux between particles and gas

Convective heat transfer
Q. =NuzDk (T,-T.)
where T is the particle surface temperature and T is the gas temperature,
and we use the Ranz-Marshall correlation for Nusselt number:
Nu=2+0.6Re”Pr’*

This capability should be important in predicting the temperature history of

ejecta particles, which is needed for proper prediction of their evaporation
(next slide)

Reference for this model and mass flux model (next slide): C. T. Crowe, J. D.
Schwarzkopf, M. Sommerfeld and Y. Tsuji, Multiphase Flows with Droplets
and Particles, 2nd ed. (CRC Press: Boca Raton, 2012).




We have implemented a model of mass flux between
particles and gas (evaporation)

Evaporation
m=2Sh nDpch(a)m —a)s)

where w,, is the mass fraction for the evaporated phase in the free stream and wy is
the surface concentration of the evaporated phase. We use the Ranz-Marshall
correlation for Sherwood number:

Sh=2+0.6Re*Sc™
This mass flux also carries energy with it:

As a particle loses matter from its surface, the code tracks its decrease in mass and
diameter

When its mass drops to zero it is deleted from the calculation

This model relies on predicting the metal vapor pressure at the surface of a particle,
which depends on knowing its thermodynamic state

We model oscillations in a liquid droplet as a damped
driven harmonic oscillator—an analogy

= Experimental evidence suggests that ejecta are liquid drops, not solid particles
= Accordingly, we have implemented a drop breakup model—the Taylor Analogy
Breakup (TAB) model—in FLAG.

We model an ejecta particle as a liquid drop
with radius r, density p,, viscosity y,, surface tension o
moving through a gas of density p,
with relative velocity u
The displacement x of the droplet’s equator from its
equilibrium position satisfies the differential equation

mi =F — kx — dx
in which aerodynamics, surface tension and droplet viscosity provide the force terms:

F u? k o d
L oopte — =Cr— —:CdLlQ
m pLr m pLr m pLr

We evaluate the exact solution to the ODE and test for the breakup condition x = Cj, 1.




When a particle breaks up we must
model the daughter droplets

Daughter droplets acquire a new velocity increment perpendicular to the original
velocity vector

C, =1 (default C, =1)

An energy conservatlon argument determines the Sauter
mean radius 32 = (r*)/(r*) of the expected distribution of
daughter droplet radii:

1
oK (K
[, = {1+—+( )”gf } (default K = 10/3)

5 20 24

It suffices to create a single daughter, with the direction of V, sampled from [0,2x], and
radius sampled from the indicated size distribution

We must rescale the number of physical particles in the daughter packet
r o\3
NIICW — N ( )

r new

The TAB-SHEET and TAB-LIG models account for breakup
of spikes to droplets

Spike (sheet)

) . TAB-LIG model: TAB model: droplets
Tgfjluict)igzcifn;?]gzlt.s > Shg:g’i;‘ﬁﬁ; rlriloa(ljrilénts —>| ligaments break up into >| break up into smaller
P 9 droplets droplets

These models are mathematically similar to the original
TAB model; only the coefficients in the ODE are different.
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Summary and invitation

We have developed a particle-in-cell capability to model
mass ejection and transport (ejecta) in a Lagrange/ALE
continuum dynamics code.

We are building models of ejecta phenomena including
production, transport through gases, evaporation and

breakup. The models are at various levels of fidelity and
maturity.

We invite collaboration with experts in relevant
phenomena—theory, experiment, simulation and
modeling.

Contact us (Alan K. Harrison or Marianne M. Francois) if
you are interested.

Backup slides




Initial mesh

* Initial zone size in the coupon:
Az = Ar =100, 50, 25 pm

\

e Zone sizes in the HE & sheath
blocks are impedance matched

in Az via \/p,/p,.

Slide lines

* All boundaries are free except
the z-axis, where radial forces
and velocities are set to 0.

e There is no mesh above the

-— Line detonation coupon surface. Ejecta

R

* All mesh hydro is frozen after ejecta are Calculation and slide
launched to sidestep mesh tangling issues. by 1. Tregillis

package tracks the particles
through vacuum.

High explosive drive produces a “triangle

wave” velocity front

0.852 ps

Calculation and slide
by I. Tregillis

1.876 ps

Az = Ar =50 ym in coupon




Ejecta production rate (volume/areal/time) is inferred
from equality of spike and bubble volumes

Xsp = SPpike, bubble areafractions

Xst X =1 Target
Spikes and bubbles must have equal U/{v
growth rates: [ = .
A= i) = 2 Splee
s A Bubble
Eliminate Xxs, from equations: ;
. b s
11,1 . ot
A f’b |773| ; —
Integrate A over one cycle from t; to t; b Xsh ¢ < :s
(measured from shock breakout time): 2
1 1 Xo A
R T
t, +t F . - ==
A=Z il t, = Fu V3R] D
3kt +t, skaF u,

Slide 23

Solution of the damped driven harmonic
oscillator

Suppose the droplet breaks up when = = C;,r, and define y = Ci . Then the
solution of the ODE is b

1 1
y(t) = Cy We-te !/t {(yo — CyWe) coswt + — |90 + ry (yo — Co We)] sin wt}
w d

in which
Cr pgulT
O = We=29"_
"T GG A
1 C 1
S zd ML w? = Cy 7 = (cu2 < 0 only for very small drops)
ta 2 pr? pird ot
Default coefficient values are based on experiments and modeling
hyp(ghe_SSSI Cqi=5 C—l C—1 C—l— !
" T "2 "3 "T12 T 2Weay

At every cycle, for each particle, FLAG updates y and ¢ and checks for the
breakup condition |y| = 1.




Finite-size particles in
homogeneous-isotropic turbulence

Clustering and preferential concentration

Markus Uhlmann' and Agathe Chouippe

Institute for Hydromechanics
Karlsruhe Institute of Technology, Germany October 2016

Tcurrently on leave at CCMT, U. Florida

Finite-size particles interacting with turbulence

(Nishino & Matsushita, ICMF 2004)

- mobility

- collective
effects

© Gravity

www.usclaimexpert.com

Applications

- meteorology, chemical engineering, ...

Open questions

- settling velocity, cluster formation
- influence of/on turbulence

2/18)




pp/ps = 1.5, ®s = 0.005

ambient settling hom.-isotropic turbulence

- present work

- Homann & Bec (2010)
- Cisse et al. (2013)

- Ten Cate et al. (2004)
- Yeo et al. (2010)

- Fiabane et al. (2012)

MU & Doychev (JFM 2014)

settling & turbulence

Chouippe & MU (ETC 2015)

3/18]

Immersed boundary method

Principle

- fixed Cartesian grid, uniform

- no-slip condition at interface
imposed via body force

- smooth interpolation through
regularized ¢ function

Rigid body motion

MU, J. Comput. Phys. (2005)

- translational & angular particle motion
- dilute — simple repulsion model (Glowinski 1999)

4/18)




Forcing statistically stationary turbulence

Random forcing (Eswaran & Pope 1988)

- momentum source in low-wavenumber band

- Uhlenbeck-Ornstein processes per Fourier mode

Present implementation
- avoids use of FFT

- validated against single-phase data

- stable procedure in presence of particles
(Lundgren’s 2003 linear forcing is not)

— allows long-time integration Chouippe & MU (PoF 2015)

5/18

cases
D5 D11
diameter/Kolmogorov-length ratio  D/n 55 11.0
Reynolds number Re, 125 140
density ratio Pp/ ps 1.5
solid volume fraction O 0.005
Stokes number (Kolmogorov) St, 2.4 107
Stokes number (large-eddy) St 0.05 0.29

number of particles N, 20026 2540

Two-phase flow parameter values

6/18)




Energy spectrum and length scales

pre-multiplied 3D spectrum

case D5

dissipation rate

Loox/Ln1 =
Lpox/D
n/Ax
T D/AXx
NS D A B L Lpox
107 107 10° 10'
wavelength

10
128

16

7/18

Kinetic energy budget

budget

+1 9

case D5

d

dt

time/T

forcing power input

time-rate-of-change

two-way coupling

dissipation rate

<E}?>Q = <U 'f(t)>Q + <U 'f(ibm)>Q —€qQ

8/18




Fluid-particle relative velocity

shell-averaged relative velocity
10~ D5

D11

0 20 40 60 80 100 120

9/18

Spatial particle arrangement - clustering

2D example

Voronoi tesselation analysis } R

normalized Voronoi cell volumes standard-deviation of V

10°
+D5
1.05
102 % D11
g 5
a , RS S— R SR
104} . random data S
0.95
10'1 2 4 6 8 10 12 14 16
v /(V) D/n

10/18




Relation between particles and coherent vortices

Coherent vortex extraction

. . case D5
. q—cr|ter|on

(Hunt et al. 1989)

- iso-surfaces:
1.5.std-dev
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Relation between particles and coherent vortices

Coherent vortex extraction

. . case D5
. q—cr|ter|on

(Hunt et al. 1989)

- iso-surfaces:
1.5.std-dev

(zoom)

11/18




Relation between particles and coherent vortices

Coherent vortex extraction

. . pdf of vortex volumes
. q—cr|ter|on 0

case D5

(Hunt et al. 1989)

- iso-surfaces:
1.5-std-dev 107

particle volume

11/18]

Relation between particles and coherent vortices

Coherent vortex extraction

iteri vertices of surface triangulation
* g-criterion

(Hunt et al. 1989)

- iso-surfaces:
1.5.std-dev

- volume statistics
(Moisy, Jiménez 2004)

11/18]




Relation between particles and coherent vortices

Coherent vortex extraction

e distance: particle/nearest vertex
* g-criterion

(Hunt et al. 1989)

- iso-surfaces:
1.5.std-dev

- volume statistics
(Moisy, Jiménez 2004)

11/18]

Relation between particles and coherent vortices

Coherent vortex extraction

pdf of distance (particle—vortex)

- g-criterion
(Hunt et al. 1989) 1o’ \

- iso-surfaces:
1.5-std-dev

case D5
- volume statistics
(Moisy, Jiménez 2004)
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Relation between particles and coherent vortices

Coherent vortex extraction

pdf of distance (particle—vortex)

- g-criterion
(Hunt et al. 1989) 10

random positions

- iso-surfaces:
D5, ludi
1.5-std-dev B e v D

- volume statistics
(Moisy, Jiménez 2004)

- preferential locations 10 10
excluding small
vortices (V < V,)

11/18]

The role of the fluid acceleration field

case D5

Goto, Vassilicos (2008)
- point-particles

- ‘sticky’ points:
e;-ar=0and
A >0

— particles converge

Finite-size particles?

(slice: 380m x 380n x 15n)

A largest eigenvalue of Vas 4 (Vaf)T; eigenvector e,

12/18]




Spatial distribution of ‘sticky points’

- ‘sticky points’
exhibit strong
clustering

relative number density

radial distribution function

— case D11
— single-phase

20 40 60 80

r/n

— no apparent modification when adding particles

100

13/18

Particle-conditioned distribution of ‘sticky points

- probability of
finding a ‘sticky
point” at distance
r from particle
surface

relative number density

=
(9]

=

-
o
a

?

— case D5
— case D11

— increased probability near particles

150

14/18]




Particle acceleration statistics

)/(azap)

(a5

acceleration variance

<« tracer limit ~.
0la mao ¥ . mete
1Y %0 A m Yiem, —2/3
.0“ A \(P/”?)
AR NP S
+® A,
e v
RSN A¢A
0&\ \~“~\AAA
1 ~ . S
10 ¢
CREN
10° 10'
D/n

- normalized pdf matches fit of Qureshi et al. (2007)

Wind tunnel:
m Qureshi et al. (2007)

Von Karman flow:
v v Voth et al. (2002)
4 Volk et al. (2011)

DNS, single particle:
¢ Homann & Bec (2010)
¢ Cisse (2015)

DNS, present:

02 °® D5, D11 (pp/ps = 1.5)
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Conclusions so far

matched

(Goto & Vassilicos 2008)

Moderately dense particles in hom-iso turbulence

- acceleration variance: similar trend as density

- ‘clustering’ detected, intensity decreases with D
- no significant preferential concentration w.r.t. vortex

- significant spatial correlation with ‘sticky points’

16/18]




Challenges

Relevance of numerical simulations:
- large-scale DNS can provide high-fidelity data
- the cost: €0.03/core-hour

- next generation “heroic” simulation: dilute, 10° parts.

17/18

Challenges

Relevance of numerical simulations:
- large-scale DNS can provide high-fidelity data
- the cost: €0.03/core-hour

- next generation “heroic” simulation: dilute, 10° parts.

Current bottleneck: “apres-simulation”
- data transfer & long time storage
- visualization & exploring the data

- making data available to the community

17/18




More challenges

Going from data — physics

- understanding: requires widening the parameter
range

- scaling laws

18/18]

More challenges

Going from data — physics

- understanding: requires widening the parameter
range

- scaling laws

Going from physics — models

- teaching point-particle models about collective
effects

18/18]
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Multiphase flows in high-speed are extremely complex

U Mass exchange

U Momentum transfer

U Evaporation

U Collision

U Deformation & breakup

U Turbulence modulation

Experimental envelop is designed to simplify the problem

= Drag measurement
= Solid spherical particles (no deformation/breakup)
= Low volume fraction

~

LA-UR-16-27836




Los Alamos National Laboratory

Previous models describe unsteady forces on a

stationary particle only over a short time scale

F(O)=F,O+F,O+F,O+F0+F, 1

quasi-steady inviscid unsteady ~ viscous lift buoyancy/
(added mass) unsteady gravity
(pressure gradient) (Basset history)

Ushock °r _ ST e B
8l f .. __ __ :::::;m—gradienr
- 5 s
d AN AN

u,=0 .f
2k
0 - :I. ; -

. . O(dp /u shock) Nu 4[ 4 - 6 8 10 |

Ob]eCtIVGS (Parmar & Balachandar, 2008)

= Estimate unsteady drag on shock accelerated particle
= Drag history over longer time period, 1000 x O(d,,/U g )

~
LA-UR-16-27836
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The horizontal shock-tube facility is capable of

repeatable multi-frame particle & shock tracking

Laser Enclosure/

Beam Combining Test

Section Particle Seeding

-

Pneumatic
Driver Section

n
High Speed
Framing Camera

Camera:
5 ns min exposure duration
7 million fps over 8 frames

8 independent frames and 532 nm laser pulses

~
LA-UR-16-27836




Los Alamos National Laboratory

High resolution imaging allows precise tracking of particle

Spatial resolution: 2.14 ym/pixel

LA-UR-16-27836

Los Alamos National Laboratory

A shadowgraph system lets us measure the shock
location more precisely than with pressure transducers

AXshock— particle

t0 = tshock -

Ushock

= Simultaneous imaging of shock and particle
= Shock detection on multiple frames
= Better estimates of t =0

~
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Los Alamos National Laboratory

Heavy, microscopic particles show polydispersed size

distribution

Nylon

Manufacturer:

— Measured
— Gaussian fit

mean: 4 ym

std dev: 1.5 ym

Probability

. \ Measured:
/ \ mean: 4 ym
d,:4um [2-10um] o / \ std dev: 1 ym
0 2 4 d(fm) 8 10 12

Incident Mach number:
Particle Mach number:
Particle Reynolds number:
Gas phase velocity:
Particle Volume Fraction:

Los Alamos National Laboratory

M=1.2,13,14,15
M,,=0.1,0.3,0.5,0.7
Re,, =25, 35, 55, 72
ug, =109-246 m/s
C=1le-7

LA-UR-16-27836

Drag is estimated based on piecewise curve fitting of
experimental data on force equation

2
u; At 3p,C
& | Co = const ¢ u, = . = 2£2"p
} 1+u, At 4p,d,
¢ |
* 2us. log(Au,t +1
" 2us : X, = Ut~ g(Au, )+x0
t
5t order Taylor Expansion 3 fitting parameters: x,, t,@)
log(AU, (t—t,) +1) ¥
Xp =U,(t—t;)— A +X, +TSE o _4pydA
° 3p,
2\
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Los Alamos National Laboratory

Example showing piecewise fit on particle location, and

estimated velocity, acceleration and unsteady drag

5000
Experiment
4000
T 3000 Piecewise fit
=
™ 2000 4
1000 Standard
drag
oe
20 40
5 time [us]

x10

10

-
£
Es \
A\
© \
0 20 40
time [us]

Los Alamos National Laboratory

150
© 100
E
o
= 50
ol
0 20 40
time [us]
10
]
OD 5 [
[ ]
[
0
0 20 40
time [us]
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Due to diameter distribution particles accelerate at

different rates

x 0(50)

Particle velocity

Diameter distribution

2 4 6 8 10

12 0 4 8 12

t[us] tlus]

Drag increases dramatically at later post-shock
times

The increase rate of C, is sensitive to particle
size

~
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Los Alamos National Laboratory

Particle velocity (u,) asymptotically catches up with the

post-shock fluid velocity (uy,)

0.8

up/uf2

0.4+

0.2

0 2 4 6
t [us]

10

100

80 |

60 |

40 ¢

20

t [us]

= The maximum drag is order of magnitude higher than earlier predictions

~
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Why is measured drag higher than earlier predictions?

Quasisteady drag force (Parmar et al. PRL, 2011)

kn =M _0.02

-1
R Cb.gs :12{4(1+0.15Re0'687)+0.42(1+ 42500)
Vv € ’ €

Rel.16

Continuum is valid; no compressibility effect on quasisteady force

Unsteady draq force

.. c,t Vi
Acoustic time scale, ¢ :di Convective time scale, 7, =—

p i d

p

Q F () acts on a very short acoustic time scale (validated for static particle,
Parmar 2009)

U Basset history kernel in JFLM (t)s valid only for

7. <<1/RgMei and Adrian,
2009)

~
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Los Alamos National Laboratory

Earlier model captures drag at earlier times for stationary

particle

F(t)=F, () +F,()+F, (1)

100
e Total
N ~——~ Quasistoady ndar, 2008)
8r II."I I'II ———————— ;ﬂiistory - 80 . [ ] ¢ 1
|I II
I \
] . ; |III f III
O i
4 -k \
AR \ D = = const.
P

oF L~ RS, O

L ]

6 8 10

t/rS

Ts = dp / ushock

T = OO 1us

-1
Co =ﬁ(1+0.15Re°-687)+0.42 4 42500

~
LA-UR-16-27836
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Earlier model captures drag at earlier times for stationary

particle

O Consistent with Parmar model at acoustic time scale, r_U10
0 We expect late time CD to be contributed by F(t)
Q Large contribution from unsteady forces in intermediate time

Q F,,(t) is not modeled by Basset history forces

LA-UR-16-27836
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Non-linear effects should dominate in the high drag regime

Nonlinear effects dominate when 7, >>1/Re

Basset history kernel is valid only when 7, <<1/Re

7, =2-35

O

1/Re

|
|
|
|
|
|
|
|
:
| i
‘e I 1/Re=0.1-0.7 41-60
817 AN )
Ol N/ C, =50-100 . 2140

04t &

0 50 100 150

~
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Los Alamos National Laboratory

Drag acts differently on shock accelerated particles

Standard particle draqg

Up = const.

Cp decelerates particle

Shock accelerated particle drag

u

shock U, ~200m/s
/\f

/\/

upz0—200m/s

C, accelerates particle

~
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Los Alamos National Laboratory

A time scale t* is chosen based on particle slip velocity

LA-UR-16-27836

Los Alamos National Laboratory

C, increases with particle velocity following a power law

relation with t*

Ushock
d
un —> * _ p,mean
p tk= T
% ‘U fr—U ‘
o p
’\7\-‘/\./
t* > 00 = Up > Us>
2 100
1.8 90+
1.6 ° 80t e o
1.4 ° 70+ ¢
[ ]
_ 12 60+ °
E‘ 1 ° 50 ..
- 0.8 40-'. ¢
06 ° 30le
04 20[®
0.2 o[,
0 0
0 1 2 3 4 5 6 7 0 05 1 15 2
P t[ps] t [us]

oM=1.2 OM=14 %-1/5
oM=13 AM=15 C, =140.6 - 68t
150 T 100 T T T T -
s '
: low u, %
80
_ 70 -
§> 60 |
3 aa o o g« Anomaly dueto
o ] y ®0 L]
f 40 | % &o 4 unknown
7% " 30 e * particle size?
L Cee 20
2
e : ol
0 .‘ ‘j *um,” . 0 ] F~ T ‘
0 3 6 9 12 15 0 0.5 1 1.5 25
t{s] t [ps]
U Shows a power-law fit to C, when t* is used
0O Cp vs tis less sensitive to incident Mach number
~
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Los Alamos National Laboratory

Diagnostic improvement

~

LA-UR-16-27836

Los Alamos National Laboratory

Work in progress..

Improve C, measurement

a

[ ]
o
x |Cp= cons.t°

Dynamic particle sizing using PDPA technique

PDPA is capable of simultaneously measuring particle
size and velocity

and correct the piecewise fit
» Noise reduction: Apply Kalman filter

~

»
»

Smaller inter-frame At to obtain a better piecewise fit

» Predictor/corrector: Predict a relationship between Cp and t*

LA-UR-16-27836




Los Alamos National Laboratory

Open for discussion

» Drag is order of magnitude larger in the long time range

* Previous models and simulations are limited to short
time

* The nonlinearity of flow contributes to large drag

» Drag follows a power law relationship with slip velocity
time scale
* Drag is highly sensitive to particle size

» Mach number effects are small on C

~
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Including Real Experimental Effects
in Validation of Numerical Models
for Confined Particle-Laden Flows

Laura Villafafie, Andrew Banko, Mahdi Esmaily,
Chris Elkins, Ali Mani, John Eaton

Multiphase Physics Deep-Dive
October 6-7, 2016
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Outline

Concept

Experimental/simulation overview

Ideal vs. real

Influence of real experimental effects for data comparison
v’ Particle concentration distributions
v’ 2D preferential concentration statistics

v Particle velocities




Turbulence-Particle-Radiation Interaction

S
/

{ Particles J‘—k{ Radiation J

@l Momentum
@S Thermal energy

Channel Flow Experiment

‘- From blower
* Fully developed, vertical, turbulent channel

% flow of air
e Laden with small Nickel particles

» Inject particles
* Optical and probe-based measurements

@:/

5 m development /T
2 mm

= 40 mm —|
Radiation —% . 2 mm
—_ Calorimeter
f——
Probe & 40 mm _J/
IJ measurements

L To cyclone




Parameters

* Nickel particles:

d [pm]
* Flow conditions: Rey Sty dp/n MLR Qv
10,000 5 0.11 0.01-0.1 10°%-10°
20000 12 0.17 0.01-01 10%-10°
40,000 31 0.27 0.01-0.1 10%-10°

Experimental Techniques

Particle phase

C/Co
—

Single
frame

o)

C

[J]

=}

(o

: N

Np/box

\
Double 2D velocity
frame components

Laser Thickness (mm) | 0.5-1.6

FOV (mm) <35




Overview of the DNS

flow
Governing equations:
periodic
walls 24cm
periodic
4cm
4cm

Re =10000,20000

- Point particle Upx = 3.93 m/s, 7.86 m/s
- Hard collision model, k=1 (p-p,p-wall) Dye [4,16]um
Ideal vs. Real
Ideal Real
Planar laser illumination, point Finite thickness Gaussian profile laser,
measuremements volume average, particle overlap

Collimated scattered light from 2D plane Diffraction and aberrations, no particle
size information

Square channel, near wall optical access Duct with real corners, reflections

Infinite number of sampling particles Finite number of particles




Particle Concentration Distribution

Numerical data processing

-Traditional:

Area

integrated
AN
Y

-Experimental like:

Re 10k Re 20k

y*resol.~ 8-10 16-20

Particle Concentration Distribution

Experiments vs DNS

Re 10k
61 . Y
o Re 10k, EXP <1 %MLR o Re 20k EXP <1 %MLR
Re10k, DNS 1WC ——Re20k, DNS 4WC k=1, 8% MLR
—Re10k, DNS 4WC k=1,6% MLR | 5|




Preferential Concentration: Box Counting

c>) ___________
S INEl:
Laser &
thickness T
~1.4mm =
Box size
1.8 mm
Np
Np Np/2 Np/4 Np/8
05/ A 0.9 1.0 1.2 1.4
(a/N) ¢ 0.8 0.8 0.8 0.8




Preferential Concentration:

Preferential Concentration: Laser thickness

DNS, Re= 10k, different thickness

1.2 A ‘ ‘
AA A th=0.5mm
11 AA A th=1mm J

. Ay, ——th=1.4mm =~ thgxp
e A _
S I e A th=2mm
~ ) A A':“ A th:4mm
—~ A BANRA
= A

0 0.05 0.1 0.15 0.2 0.25




Preferential Concentration

EXP-DNS Comparison

1t & Re=10k, EXP 1.4%MLR |

& Re=10k, EXP 11%MLR

fen —Re=10k, DNS 6%MLR

"|<

~—_0.8

<

|

~ 0.6

L

x0.4 '

0.2 : : : :
0 0.05 0.1 0.15 0.2 0.25
L/H

Preferential Concentration: Stokes number

1l A Re=10k, St, =5
A Re=20k, St, =12
A Re=40k, St, =31

A
AAA::A
S
< i1y
0.4+ 2 4421 R
St
0.2 '
0 005 0.1 015 02 025




Effect of polydispersity

Re 10k
2 T T T T
\ + Re=10k, <1 %MLR
‘\
AT :
~ \
D
1+ i
N \*-i- ~\~
\b/ \+¢t+.¢ fo)
‘i * 't+*+ RS - Odlsper$e
0.5r¢ ~P+[*""" ~~ao i
Olygie ¥~ =y T~ ~ee__
ydisp [ e P |
0 1 1
0 0.05 0.1 0.15 0.2 0.25
L/H

Preferential Concentration

Cluster/Void ldentification

——Random
© Exp., Re = 20k, MLR = 11%, Downsampled
—DNS, Re = 20k, MLR = 8%, Downsampled




Particle Velocities

Experiments

DNS

Laser thickness
=1.4mm

I
I
______ el
@ J] -
L | <OI'
Double ~ } === e
exposure I
Image Plane (2D)
PIV-Interrogation windows: DNS-Interrogation volumes:
0.5x0.5mm? 0.5x0.5x1.4mm3
Projected 2-D Velocity field
Mean and fluctuating particle velocity Eulerian & Lagrangian mean and

fluctuating particle velocity

Conclusions & Challenges

* Particle phase statistics are volumetric measurements. Comparison between

cases requires integration in equivalent volumetric units.

» Statistics of preferential concentration are affected by finite number of
particles. Limit of increasing Np challenging both in exp. & simulations

* Agreement was achieved between DNS and experiments in terms of particle
clustering at the center of the duct when including real effects.

* Measuring near wall concentration data remains a challenge.

» Careful comparison of particle velocity statistics. PTV processing techniques
are being implemented. Processing of DNS particle velocities by class.

* Experimental particle velocities at high MLR?




Meso-Scale Simulations of Shock-Particle
Interactions

F. Najjar

Mulitphase Deepdive Workshop
Tampa, FL
October 6-7, 2016

LLNL-PRES-702745
Livermore
ational Security, LLC

This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore Ni

P
National Laboratory under contract DE-AC52-07NA27344. Lawrence

This talk discusses hydrodynamic simulations to investigate
Shock-Particle Interactions

> Introduction & Goals

» Multiphase Simulations:
— Shock-Particle interactions EM

— Meso-scale Simulations of particle clusters with shock waves

»Summary & Future Work

LLNL-PRES-702745




Our goal is to understand using computational tools the
formation of coherent clusters of particles or jet-like particle
structures during MBX detonation

Frost et al.

LLNL-PRES-702745

Complex mechanisms of Shock-Particle Interaction (SPI) are
summarized

Acoustic Impedance: R=pcC
Positive Impendance: 8 R>0
(Rajan et al., Ann. Rev Fluid Mech, 2011)

LLNL-PRES-702745




LLNL Hydrodynamics Code is used and is based on
Arbitrary Lagrange-Eulerian approach

» Perform high-resolution multiphysics simulations for SPI problems
» Why Hydrodynamics Code?

* Multiphysics coupled code using Operator-Split Method

* Extensive suite of EOS models

* Massively parallel on HPC platforms

» Hydro code is based on Lagrange+Remap steps

%fm.w:l:

D¢/ \
—7_F 0-Vo=
Dt 0-vg=0
Lagrange Advection

LLNL-PRES-702745

ALE3D results compare quite well with Sun’s experiments and
numerical results by Sun et al & Jackson et al.

2-D Axisymetric Simulations
> Particle size (d) 80mm; P=1.53MPa; Ma=1.22

=== Sun’s Experiment
==== Sun’s Simulation
=== Jackson’s Simulation
=== ALE3D Simulation

Air

Sun et al., SW 14 (2004) t/t
Jackson et al., JAP 117, (2015)

LLNL-PRES-702745




Wagner’s shock tube experiments provide data for Steel
particles accelerated in shock-induced flows

Wagner et al. SW (2012)

LLNL-PRES-702745

The 1-mm steel particle is predicted in the current simulations to
speed up at a lower rate than Wagner’s experiments

Reflected
Bow Shock

Incident
Shock

Numerical Schlieren

We are collaborating with Dr. Wagner at SNL ) .
dentify kev diff Symbols: Experiments
to identity key differences Line: Hydro Code

LLNL-PRES-702745




Meso-scale simulations of multi-particle pack are studied to investigate
3D effects and particle-particle interactions

» N-particle pack of Aluminum particles in 3D volume
— d,=1mm
— ¢=0.1 (N=20), 0.2 (N=40), & 0.3 (N=60)
— Shock: M=1.5
— Mesh Resolution = 4.5M zones

> Individual particle positions, velocities and accelerations are tracked in time
using an Embedded Grid Method.

Shock
Direction

LLNL-PRES-702745

Compaction phase is observed followed by an expansion phase
M=1.5, (=0.1

Spanwise Vorticity:
Cyan =-0.1 — Clockwise Motion
Orange = +0.1 — Counterclockwise Motion

10

LLNL-PRES-702745




Mesh resolution study shows that 16 zones across each particle
are sufficient to capture the SPI dynamics

=)
Uo ~
]
t/t t/z
Particle 19 is located at front
Blue: Mesh=1.3M zones M
Red: Mesh = 4.5M zones ¢

Cyan: Mesh=10.8M zones

LLNL-PRES-702745

The maximum in drag coefficient reaches ~3.5 and steady state
values range from ~0 to ~1.4 for the 20-particle cluster

All particles in cluster t/z

LLNL-PRES-702745




Particles at 3 key locations are identified and their time history
behavior is tracked, showing slow velocity and minimal motion

Drag Position, (x-x0)/d x-Velocity, up/u2
t/z
Particle 19: Front-Blue M=1.5,
Particle 14: Middle-Red $=0.1
Particle 17: Back-Cyan
13
Drag, Position & Velocity at M=1.5: long time span-t/t=45
Drag Position, (x-x0)/d x-Velocity, up/u2
t/t
$=0.1

Particles 19, 14, & 17 are located at front (blue),
middle (red) and back (cyan) of pack.

14
LLNL-PRES-702745




3D computations performed with varying volume fractions
of 0.1, 0.2 & 0.3 to evaluate its effects on cluster dynamics

¢=0.1: Np=20

¢=0.2: Np=40

¢=0.3: Np=60

LLNL-PRES-702745
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|With increasing volume fraction, flow field in the cluster
breaks down into smaller scales

¢=0.1

$=0.2

¢=0.3

t/t ~20

LLNL-PRES-702745
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With increasing volume fraction, collision events between
particles in the pack occur more frequently and earlier in time

$=0.2 $=0.3

t/t t/z
Particles are located at: front (blue), middle (red) and
back (cyan) of pack.

LLNL-PRES-702745
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As volume fraction increases, particles in the cluster are able to move farther
compared to low volume fraction case. Hence an assumption of “frozen” pack
no longer holds for higher volume fraction

$=0.2 $=0.3

(x-x0)/d

t/t t/t

Particle locations are at front (blue), middle (red) and
back (cyan) of pack.

LLNL-PRES-702745
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With higher volume fraction, particle velocities in the cluster
increase due to the complex wake dynamics

$=0.2 $=0.3

up/uz

t/t t/z
Particle locations are at front (blue), middle (red) and
back (cyan) of pack.

19
LLNL-PRES-702745

Effects of shock strength are also studied to understand
pack dynamics-t/t~20

M=1.5

¢=0.1

20
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With increasing Mach number, the particle moves and
accelerates faster. Hence, an assumption of “frozen” pack no
longer holds for higher Mach number

Drag Position, (x-x0)/d x-Velocity, up/u2

t/t

Particles 19, 14, & 17 are located at front (blue), $=0.1
middle (red) and back (cyan) of pack.
Solid: M=1.5; Dashed: M=3.0

LLNL-PRES-702745
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Drag, Position & Velocity at M=3: long time span-t/1=45

Drag Position, (x-x0)/d x-Velocity, up/u2

t/t

$=0.1
Particles 19, 14, & 17 are located at front (blue),
middle (red) and back (cyan) of pack.

LLNL-PRES-702745

22




Drag, Position & Velocity at M=3: long time span-t/t=200

Drag Position, (x-x0)/d x-Velocity, up/u2

t/t

¢=0.1
Particles 19, 14, & 17 are located at front (blue),

middle (red) and back (cyan) of pack.

23
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Summary & Future Work

» Multiphase computations provide a powerful tool to study complex effects that
are challenging to measure experimentally

> SPI mechanisms are validated using available experimental data

» Meso-scale simulations of shock-particle clusters are investigated for various
volume fractions and shock strength & highlight the complex interactions

» Future work:

« Perform 3D simulations of shock-particle cluster with larger particle count
~103-104

» Create advanced drag models based on meso-scale simulations
» Understand clustering mechanisms in MBX systems

24
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Thank you for listening
Questions?

Fady Najjar, Ph.D.
Physics Design Division
LLNL

Email: najjar2@linl.gov

The shear layers break up faster when the viscous effects are
active as the

Inviscid

Viscous

Z-vorticity at t=4us
W-Particle has moved to x~1.37cm

LLNL-PRES-702745
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Minimal differences in particle position and its speed are
observed with and without viscous effects

Position Speed
0
=
e
= s
€ =
g :
x <
time (us) time (us)
Blue Line: Inviscid Particle “Coasting” speed is = 0.14 cm/us
Red Line: Viscous

27
LLNL-PRES-702745
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Minimal difference in its acceleration is observed with and
without viscous effects

Acceleration X-Force on Particle

x-accel (cm/us?)
Fx(N)

time (us)

time (us
Blue Line: Inviscid (us)

Red Line: Viscous

28
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A systematic study of
turbophoresis

four-way-coupled simulation of Stokesian particles in channel flow

Mahdi Esmaily
Ali Mani

Outline

Challenges

Objectives

Short notes on

- Boundary conditions for particles
- Computing near-wall statistics

Systematic study of particles in the viscous layer

- Effect of flow Reynolds number, Stokes number, density ratio,
volume fraction, and restitution coefficient

- Concentration and velocity statistics
Open guestions

A systematic study of Mahdi Esmaily
turbophoresis Ali Mani




Challenges

» Particle-flow interaction

- Finite Reynolds number effects: Particle resolved vs. unresolved Lagrangian/Eulerian
- Point-particle assumption: Stokes drag, history terms, added mass, pressure gradient, ...

- Two-way-coupling effects: disturbed vs. undisturbed velocity

- Boundary conditions for particles
* Particle-wall interaction

- Restitution coefficient

- Wall roughness

- Wall vibration

- Electrostatistic, Saffman lift, and thermophoretic forces
* Particle-particle interaction

- Restitution coefficient

- Polydispersity

- Particle shape effects

A systematic study of
turbophoresis

Mahdi Esmaily
Ali Mani

Objectives

» Targeting regimes with:
- Low mass loading ratio (no two-way-coupling)
- Small spherical particles (no finite Reynolds number effects)
- High patrticle to fluid density ratio (Only linear Stokes drag)
- Absence of body force
- Mono-dispersed distribution
- Smooth walls with no vibration

- Absence of electorstatic, thermophoretic, and Saffman lift forces

» Systematically investigating the effect of:
- Flow Reynolds number
- Particle Stokes number (particle-to-fluid density ratio)
- Particle size (relative to the viscous length scale)
- Restitution coefficient (particle-particle = particle-wall)

- Volume fraction (one-way-coupled and one-way-coupled+collision)

. Re
. St+
. Dp+
Dk

:®

A systematic study of
turbophoresis

Mahdi Esmaily
Ali Mani




Boundary conditions for particles

* Periodic boundary condition can be considered as a substitute for a long (case-dependent)
inflow-outflow boundary condition

* Flow-based streamwise computational period is also sufficient for particles

Re,, 5.200 St 43

A systematic study of Mahdi Esmaily 5
turbophoresis Ali Mani

Computing number density

e Itis important to adjust the position of the first control-volume for Lagrangian-to-Eulerian mapping
based on the particle diameter

A systematic study of Mahdi Esmaily 6
turbophoresis Ali Mani




Problem setup

Turbulent channel flow

- Reynolds number (based on the channel half height and friction velocity): 178 (KMM) and 356

- Grid size in wall unit: 5.8 x 0.41-5.7 x 4.4
Particle to fluid density ratio:

- 18, 36, 72, ...., 18432 (i.e. 11 classes 18x2/(0:10))
Particle diameter in wall unit:

- Dp+=1/4: St+ =1/16, ...., 64

- Dp+=1/2: St+ =1/4, ..., 256
-Dp+=1 :St+=1,..,1024
Restitution coefficient:

- k=10.0, 0.25, 0.5, 0.75, 1.0

Volume fraction:

- ® =0 (one-way-coupled) :Np=10"5

- o = {1/16, 1/4, ..., 16}x10-5: Np = 800 — 2x10"5 (8X for higher Re), MLR = 4x107-5 — 10"-2

In total
- 55 classes of particles in the one-way-coupled simulations at each Reynolds
- 15 classes of particles in the four-way-coupled simulations at each Reynolds

A systematic study of
turbophoresis

Mahdi Esmaily
Ali Mani

Time convergence

| Aopsematcsudyol | Maid Eamay




Does particle number density follow
a power law In the viscous-layer?

Individual curves must be constant
if the power-law holds

It appears so, however, higher resolution is required before drawing any conclusion

A systematic study of Mahdi Esmaily 9
turbophoresis Ali Mani

Effect of St (number density)

Dp+=1/2, k=1, ® =10"-5

Adopting y for analysis of the
near-wall number density allows
for a collapse with respect to Re

Highest concentration is
observed at St+ = O(10)

Trends are expected to
change at lower k

A systematic study of Mahdi Esmaily 10
turbophoresis Ali Mani




Effect of Stokes number (velocity)

Dp+=1/2, k=1, ® =10"-5

Near-wall velocities in wall-units
are independent of Re

At higher St+, particles are faster
than the flow in the viscous-layer

Despite strong turbophoresis, the
bulk velocity of particles is similar
to the gas at high St+

A systematic study of Mahdi Esmaily
turbophoresis Ali Mani
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Effect of particle size

St+=8,k=1, ® =105

Density and number of particles
are adjusted to keep St+ and ®
constant

The effect of particle size on y is
an order of magnitude less than
St+

Particle size has a larger effect
when @ is smaller

A systematic study of Mahdi Esmaily
turbophoresis Ali Mani
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Effect of volume fraction

Dp+=1/2,St+=8, k=1

y appears to be linearly
proportional to log(®)

Normalized near wall
concentration decreases
significantly as @ increases

The normalized near-wall number
density decrease approximately
proportional to ®{-1/3}

A systematic study of Mahdi Esmaily
turbophoresis Ali Mani
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Effect of restitution coefficient

Dp+=1/2, St+ =8, ® = 10"-5

Same restitution coefficient is
employed for the
particle-particle as the
particle-wall collisions

The restitution coefficient
changes the near-wall
number density at most by a
factor of two

A systematic study of Mahdi Esmaily
turbophoresis Ali Mani
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Conclusions

The power-law exponent (y) appears to be independent of Re as oppose to
near-wall number density that varies depending on the size of the depletion
region (i.e. Re)

y is most sensitive to the Stokes number
The particle size is of minimal importance in the investigated regime
The volume fraction influence on y appears to be log-linear

The restitution coefficient changes near-wall number density at most by a
factor two in the investigated regime

Particles can be faster than the flow in the viscous-layer at higher ® or St+

A systematic study of Mahdi Esmaily 15
turbophoresis Ali Mani

Open questions

Is a collision model with a single restitution coefficient an
accurate model?

How does restitution coefficient vary versus St+, Dp+, ... ?
How polydispersity changes the observed trends?
What is the development length for different St+, ...?

Are there simple universal laws for predicting near-wall
behavior of particles?

A systematic study of Mahdi Esmaily 16
turbophoresis Ali Mani
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Bayesian Analysis as an Aid to Improving
Multiphase Modeling

Balu Nadiga, LANL

October 7, 2016

Context: Consortium for Advanced Simulation of Light Water Reactors

Aim: Develop a virtual reactor testbed to improve the performance of
currently operating light water reactors

A Specific Thermohydraulic Problem: Predictive modeling of
Departure from Nucleate Boiling/Critical Heat Flux




Departure from Nucleate Boiling/Critical Heat Flux

Buongiorno; MIT Open Courseware

Departure from Nucleate Boiling/Critical Heat Flux

Buongiorno; MIT Open Courseware




Complex >>>>>> Simple

Fuel Assembly > Rod Bundle >> Heated Pipe > Adiabatic Bubbly Flow

Temperature Flow
Profile Patterns

Single-

Phase

1 Vapor

Droplet
Flow

Annular
Flow

c ot
el T Bubbly
EE | Fiow
T Single-
T \ Phase
SAT

Liquid

Complex >>>>>> Simple

Liu-Bankoff Experiments




Complex >>>>>> Simple

Nakaryakov Experiments

Sugrue-Baglietto




Sugrue-Baglietto
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Can Bayesian Analysis Be Used to Improve Modeling?

» Single phase turbulence closures are robust
» Not the case with multiphase closures

» Equation for void fraction can be highly nonlinear and very
sensitive to parameter values

» Parameterization of different processes can have unintended
interactions

» How can they be made more robust?

» Better Analysis of (almost) Direct Numerical Simulations,
Experiments

Summary

» There is (almost) DNS capability

» There are multiple parameterizations of multiphase phenomena
(drag, lift, turbulent dispersion, ...)

» Modern UQ, ML, and Bayesian analysis techniques can be used
to integrate DNS/Experiments with multiphase phenomenology
to make RANS models (ensemble averaged Eulerian
Dispersed-Multiphase) more robust

» Discrepancy model, Representation error
» Hierarchical model

Approach not unlike top-down VUQ approach
that Phil Smilth talked about




Ensemble-Averaged Dispersed Eulerian Multiphase
—Two Fluid—Approach Considered and Thought
Sufficient—No Particle-Flow Interaction!
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0p, Vv JS
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+T,Vi + My, + pif
dp, e P
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(P, = Py, Y, = Xypv/ Xip, €, = Xkpe/Xip)

Sensitivity Analysis




Non-Intrusive Sensitivity Analysis w/ Starccm+ & Dakota
Sampling Study Using Hundreds of Starccm+ Simulations

Void fraction behavior is more sensitive than fluid-velocity behavior

Simple and Rank Correlations

Larger differences between simple and rank correlations for void fraction
indicates a higher degree of nonlinearity in the relationship between the void
fraction profile and the multiphase closure parameters




Polynomial Chaos Expansion Based Sensitivity

Even though wall lubrication is active only near the wall,
it has an effect on the the velocity and void frac. profiles everywhere

Total Effect

Polynomial Chaos Expansion Based Sensitivity

Even though wall lubrication is active only near the wall,
it has an effect on the the velocity and void frac. profiles everywhere

Main Effect




Polynomial Chaos Expansion Based Sensitivity

Even though wall lubrication is active only near the wall,
it has an effect on the the velocity and void frac. profiles everywhere

Interaction Effect

Starccm+ Parameter Optimization with Dakota

Least squares fit




Starccm+ Parameter Optimization with Dakota

L1 norm produces a better fit of the void fraction profile

Bayesian Analysis




Experiments of Nakaryakov et al., 1986

An example model solution using lift, drag, and wall lubrication
Nakaryakov et al., 1986; Antal, Lahey, Flaherty, 1991

Bayes. Analysis can Provide Insights into Model Behavior

However, converged statistics may be difficult to obtain with STARCCM+. Here the same
parameterizations as in the STARCCM+ studies are used in a Bayesian calibration study

Nakaryakov et al., 1986; Antal, Lahey, Flaherty, 1991




Bayes. Analysis can Provide Insights into Model Behavior

However, converged statistics may be difficult to obtain with STARCCM+. Here the same
parameterizations as in the STARCCM+ studies are used in a Bayesian calibration study

Bayes. Analysis can Provide Insights into Model Behavior

However, converged statistics may be difficult to obtain with STARCCM+. Here the same
narameterizations as in the STARCCM-+ studies are used in a Bavesian calibration studv

i -+ 3N 2 B 7 7 T

3055 T s R 2 ]
o 1 — ~ 4
s 1% 5 5 ]
L= . =) =) N

n n !
&= = o =
S 3 3 3
cdrg clft

o o
= =
S S

cwll

Pairwise correlations between parameters




Looking Forward
Towards Making Multiphase Modeling Robust

» There is (almost) DNS capability

» There are multiple parameterizations of multiphase phenomena
(drag, lift, turbulent dispersion, ...)

» Modern UQ, ML, and Bayesian analysis techniques can be used
to integrate DNS/Experiments with multiphase phenomenology
to make RANS models (ensemble averaged Eulerian
Dispersed-Multiphase) more robust

» Discrepancy model, Representation error
» Hierarchical model

Approach not unlike top-down VUQ approach
that Phil Smilth talked about




Eulerian Models and Polydispersity

Treatment for Dilute Gas-Particles Flo

John Milo Parra-Alvarez (Speaker)
Phil Smith
Sean Smith

THE
UNIVERSITY )
u OF UTAH October 6th -7th 2016

Motivation

Eulerian Moment-Based Methods

Polydispersity treatment of multiphase flows
e Size-conditioned moment method
e Size-reconstructed moment method

Applications

THE
u UNIVERSITY
OF UTAH




Chemical Looping Processes
Oxy-Coal combustion
/7 A

http://www.netl.doe.gov/research/coal/energy-
systems/advanced-combustion/prototype

THE
u UNIVERSITY
OF UTAH

nd many more:

Catalytic combustion
Fluidization technologies
Coal gasification
Pneumatic transport
Drying

plasma arc coating
Aerosol transport

| I l Continuum assumption

EulerEgs. N-S Egs. N-S Egs. starts breaking
Kny,=0 Non-slip Slip
Kn, <0.01 0.01<Kn,<0.1

http://www.icse.utah.edu

http://genevasbe.com

More complex modeling
approaches are necessary to
describe non-equilibrium
phenomena in particulate

THE flows
u UNIVERSITY
OF UTAH

Kn

Appr. Boltzmann Egs
Kng>1

http://www.icse.utah.edu
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Size-conditioned moment method
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The original NDF can be
rewrittenin terms of
transport equations for
primitive variables and

conditional moments Llm)Y]
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Llw,]

THE
u UNIVERSITY
OF UTAH

J[[ o N>Zw (€~ ) Ha(emk— ) [ (BVIEL)) + V- (VE(vIE,))|avdaas

# ] €890V S 5w [ (wan(€ £.150.6.)) + V.- (vinag(€,£,)7(0.00)| dvaod B, 8,v)

Each set of transport
equations is weighted by
a matrix of coefficients of
primitive variables and
conditional moments
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Minimum norm
solution for
homogeneous
linear systems
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Number Density

: The drag force has the
form:
Uy
600 |- ’ 7 mp
size 1: <A>ﬁ,a = _(‘Uf - U,B,a|
500 |- 98 microns § Tp
7, = T,(Re, )
a00 | ] P p P
size 1: size 1: 2|Uf _,UB |’I“
. . le'
wol 65 microns 131 microns i ]Rep = 2
> < Hr
Upa Ups

200 - 7 Three discrete sizes are considered
Velocity moments are conditioned

100 | ] on these 3 sizes
Particles move in a vacuum

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ The purpose of this simple example
% 01 02 03 04 05 06 07 08 09 1 is to capture PTC present in dilute
Position

systems
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131 Microns

65 Microns 98 Microns

¥ position
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Size-reconstruted moment method
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00N [Wa ﬁa] Obtain velocity
N [n - }7 n 1 Al via inversion
= 1,762,703 = Lyt
o =1,2
o (H0.0) — [Cr.;] Obtain polynomial
! coefficients by solving
o i linear system from the
0;(1) = MMV (x, 1) () = > s € = 1) moments
j=
k=1,---.5 1=2
o (0. M.0) [ﬁ] Obtain scalars
by averaging
M = [m17m27 T >mM] each parcel
\52 [017"' 76M]
=06 (Qﬁl (t),m, (t)) use previous values to reconstruct
the numerical flux function
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14000 T T T T T T T 18000 T T T T
t=0 = = Lagrangian I — — Lagrangian
—9

16000 |
12000 |-

14000 |

10000 |

12000

8000 |
10000

NDF
NDF

6000 [ 8000 |

4000} 6000 -

4000 |-
2000

2000 |-

¢ The sizedistribution is reconstructed at each time

dD ste
d_tp =0.5% \/D_p . Stpgrcelsare used [A] ' [C] - [M]

* Ineach parcel a second order polynomial is used
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Parcel 6

Parcel 1
Parcel 4
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Moment equations for a 1D tubular
reactor describing mass, temperature,
size and velocity
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