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Why numerical modelling?
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Enabling Delta Life  “8

Why numerical modelling?

S
T

 Where do | inject to be the most effective?

 How many wells and at what distance?

* What injection rate? Injection duration?

« What NP concentration? Stabilizer concentration?

 Where, when and what to monitor to validate NP emplacement?
 Where, when and what to monitor to ensure the safety of relevant

receptors?
m DECHEMA Where Will Our Nanoparticles Go? (“Nea“ﬁaﬁgr'ﬁ)
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=» Modelling aims In short:

* Forecast placement of NP during injection

* Forecast long term behaviour/potential transport of
particles out of remediation area during and after injection

Main advantages:

« complementing / reducing laboratory testing

« ability to explore different employment options in advance
« guiding design/execution of monitoring

e testing assumptions
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What affects NP transport?

. . A t what let i ?
- Fluid flow (NP suspension) nd at what scale to be described

. . 2
« Interaction with walls of pores of Logal'

porous medium

_ attachment |o——" Single pore?
— detachment o

 Mutual interaction o=
— blocking °© o 000 on
ripening / aggregauon 0&%%0 &
* Interaction with small pores
(dead ends)

— Straining / C|Ogging OO——/O Porous medium (Darcy)?

.........
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Enabling Delta Life 7
a.“ & ‘!

NanoRem modelling in a nutshell

iron
concentration
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Part |

Pore scale modelling
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NanoPNM: a pore network model

Raoof, A., & Hassanizadeh, S. M. (2010). A
represented by new method for generating pore-network
models of porous media. Transport in porous

{ :l-pore : i—throal media, 81(3), 391-407.
rmd ' Fihroat

A, L
regular network of pores

define:

- lattice distance LD

- porefthroat size m, s
- average # connected

“average” sand

can be connected to neighbours
26 neighbours (or not) CN =26(1-E)
E DECHEMA Where Will Our Nanoparticles Go? Qma’ﬁaﬁé}'ﬁ)
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Starting from a single pore throat:

Seetha, N., Majid Hassanizadeh, S., Kumar,
Potential region M., & Raoof, A. (2015). Correlation equations
Diffusion region for average deposition rate coefficients of

nanoparticles in a cylindrical pore. Water

Resources Research, 51(10), 8034-8059.

Vil B A P I P A37 48 Sl 2P S AW S SN I

3D simulation for range of values of pore-scale

Bulk region parameters
Averaging 3D concentrations (C, S) to obtain
v 1D concentration field
//.//// F i A T O L G O i 4
€ >

Fit of 1D concentration field with 1D

Hagen-Poiseuille: advection-dispersion-adsorption equation to
obtain pore averaged k,,, and ky, or K,

U= % Unax
, - AP mR*
q=nR*U=— — Find general relationship between averaged
l H rate coefficients at pore-scale and various
pore-scale parameters
DECHEMA Where Will Our Nanoparticles Go? (‘N'a“noRe[p)
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Multiple pore network simulations s
for range of parameters
For tracer flow:
» to obtain relations with input parameters LD, m, s, and E for:
— porosity ¢
— hydraulic conductivity K
— dispersivity a
« that are used to easily find pore network input parameters that
represent laboratory experiments
« to derive upscaled relations for K and a
E DECHEMA Where Will Our Nanoparticles Go? N“a"ﬁbuligrﬁ)
11

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

et NanoRem Final Conference, 21t November 2016 WY NANOREM £U



Deltares, Polito

Enabling Delta Life

Empirical relations for hydraulic
param eters
Parameters
rel. abs.
¢ =26.0 (M, )7 (em) "> (1-E) 0.998 1.1%  0.0035
NanoPNM input _ 106 (M 275 5 ¢ s/ N2 o 1225
I — K=3.04-10%(M/; )" m?(e/m) (1-E) 0.997 3.2%  0.84
o =0.243 Nx*1 LD (es/m)l'55 1-E)™%7 0991 1.6%  0.024
K = 650 ¢p*°LD'7 0979 82% 2.1
porosity and LD
a =0.53 Nx *! ¢~°° LD?? 0.720 9.3%  0.13
K =395 ¢>7° LD*! (1 - E)™%° 0.996 3.7%  0.84
porosity, LD, E
a=0.32Nx "1 ¢=*2° LD*® (1 - E)~°% 0.885 6.0%  0.085
E DECHEMA Where Will Our Nanoparticles Go? {N“‘ai"ﬁaﬁgrfi)
Gesellschaft flir Chemische Technik %000 o °® ) 12

und Biotechnologie eV,

NanoRem Final Conference, 215t November 2016

**0 00
WWW.NANOREM.EU



porosity (micro-scale eq.)

Deltares

0.55
Enabling Delta Life ?.
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Y
Main conclusions (I.1)
e porosity + grain size * hydraulic conductivity, dispersivity
« grain packing cannot be ignored
« Hydraulic conductivity and dispersivity from packed columns
may differ between different columns
« and may differ from the actual field values!
 |deally, laboratory tests should be performed on undisturbed
columns
« At least a NP breakthrough test should always be combined
with a tracer test for the exact same column
, o )
E DECHEMA Where Will Our Nanoparticles Go? (gNanoRem y
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Multiple pore network simulations
for range of parameters

Enabling Delta Life

S

For NP transport:

« to obtain macro scale relations with pore network flow parameters
(providing R and pore scale v) and NP parameters a, /, and Qe & Pne
(function of | & pH) for:

— attachment rate Ka

— detachment rate Kaet
— and/or distribution constant ko

.........
oooooo
]
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Enabling Delta Life

Empirical relations at single pore

Non-dimensional parameters

scale

*
R SENEN e
N
A* A/O‘ A = characteristic E1
wavelength of 1
interaction, 100 nm
A O‘/R interception 5
parameter
Pe VR/DM Peclet number 10
NbDL Ka ratio of particle 20
radiusto double
layer thickness 40
NE1 tee~al W2, ,+ui2 magnitude of
2 (f ;M ¢ NP) surface potentials 100
B
NE2 Z(wPM/LpNP) ratio of surface
Tl P
Seetha, N, et al. "Correlation equations for
average deposition rate coefficients of
nanoparticles in a cylindrical pore." Water
Resources Research 51.10 (2015): 8034-8059.
[ DECHEMA Where Will Our Nanoparticles Go? ManoRem
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S
Simplified equations

Daatt =0.158 7\*1'56_0'5}‘*[] 0'56_400AP6_1'1NDL0'5 NE1—0.15

[ ] Dadet = 6.40 7\*0'56_0'3)‘*1‘1_0'18_400"1})6_0'9

kID =0.0124 }\*I.Oe—O.ZK*AO.6Pe—0.Z NDLOIS NE1—0.15

Da,, =17.8 e~ 151" g—2504p 5—1.0,0.03Npy ,—0.25NEy

] Dag,, = 1.40 x 10~3¢%5"" 4~08¢-2004p—0.9 ,—0.02Np; 50.03NE

kK'D =6370 e—Z?x AO.Be—SOAPe—O.leO.OSNDLe—O.ZSNEl

Daatt =0.0872 e—l.O?x A —0.5e—120APe—1.0NDL0.1e—0.1N51

A* x NE1 <15 Dag,, = 2.03 x 1071130 4~13-120App-10)  ~04,1.0Npy

kKD =2.15 X 109e—4—7\*A0.8NDL0.Se—1.1N51

.........
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e®

°

¢\ DECHEMA Where Will Our Nanoparticles Go? {NanoReg})
Gesellschaft flir Chemische Technik ®cec0000°"° o 17

B NanoRem Final Conference, 215 November 2016 WWW-NANOREM.EU



Deltares

b=p>

Deltares, Polito ¢ all simulation data
Enabling Delta Life

€ simulation data resulting in k’D, outliers for Da(det) and k’'D ’
@ simulation data resulting in k’D, used in regression

Large surface charges Intermediate range Small surface charges
1E-01 1E+04 : _ 16406
= = 1
.% k'D .% k'D -..E k'D
g g 1E+02 g
g 1E02 : 2 1F403 #
Q Q (=]
-E .G .E ' .
g g 1E+00 3+ o
& & . &
& 1F03 g . & 1£+00
3 S 1602 S
- - -
1] 7] ] R%=0.909
® 1E04 & & 1E-03
F] S 1E-04 E] R%=0.984
5 S z
S S 3
" & B
1E-05 ‘ 1E-06 1E-06
1E-05 1E-04 1E-03 1E-02 1E-01 1606 1E-04  1E-02  1E+00  1E+02  1E+04 1E-06 1E-03 1E+00 1E+03 1E+06
as modelled by Seetha as modelled by Seetha as modelled by Seetha
1E+00 1E+03 : 1E+03
8 5 g
i Da(att) 3 Da(att) g
3 3 1E+00 3
o o o
: %" : : :
= =
2 1E02 »* 2 1E-03 5 2 3 3 1E+00
g g S 0 g
[ ] A (3 [
g ¢ 1ros | &7 . g
£ - 5 R?= 0.460 £
2 R°=0.964 z R%=0.922 E
= 1E04 = 1E09 = 1E-03
] 2 ]
& 5 &
2 2D 2
S S S
= = &
1E-06 1E-15 1E-06
1E-06 1E-04 1E-02 1E+00 1E-15 1E-12 109 1E06 1E-03 1E+00 1E+03 1E-06 1E-03 1E+00 1E+03
as modelled by Seetha as modelled by Seetha as modelled by Seetha
DECHEMA Where Will Our Nanoparticles Go? NanoRemy
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Some NanoPNM results

1 3.E-04 -
¢ NanoPNM
o0 ——— NanoPNM breakthrough for tracer
0.9 ® upscaled values e &
e« o« fitted upscaled model for tracer
0.8 ——NanoPNM breakthrough for NP 2.E-04
o o fitted upscaled model for NP
0.7
‘-I:.h
0.6 o 2.E-04
L=
- T
g 05 .5
S 2 E
0.4 % 1.E-04 - g
° § LE04 |
0.3 2 .
2
Q
’ T
0.2 5.E-05 -
1E05 : ‘
0.1 LE05 LE04 LE03
adsorption rate (s%)
0 0.E+00 :
0 20000 40000 60000 80000 0.E+00 1.E-04 2.E-04 3.E-04 4.E-04 5.E-04 6.E-04
time (s) adsorption rate (s?)

number

- B8 8B EEEE B

16000

14000

12000

10000

Enabling Delta Life

histogram

0.0002

0.0003

attachment rate (s}

histogram

0.0002
detachment rate (s%)

0.0003

E<C DECHEMA
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Enabling Delta Life %
However, .....

* When using the equations in NanoPNM for
conditions relevant for Nanoremediation, we
predict no significant attachment!

« Attachment only occurs if surface potentials [s
are small 20

100

« Even then, attachment rates are small
compared to advective process

--------
ooooooo
]
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Main conclusion (1.2)

« Upscaling of fundamental description of electrostatic interaction
between NP and PM at pore scale does not adequately
describe NP attachment and detachment at Darcy scale

.........
OOOOOO
]
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Part I|

Macro scale modelling

.........
oooooo
]

E DECHEMA Where Will Our Nanoparticles Go? (“NanoRem‘?

NanoRem Final Conference, 215t November 2016 WWW.NANOREM.EU

22

Gesellschaft flsr Chemische Technik

und Biotechnologie e\,



Deltares, Polito

Macro-scale modeling

PORE-SCALE MACROSCALE
‘ Darcy models
v - - 7
: I
LARGER | :
—) | !
I I
SCALES | !
l :
l 1
I " RN

« Challenge: NP transport coupled with porous medium
clogging and non Newtonian flow of NP slurries = not
possible to use “classic” advection-dispersion-deposition
models

.........
ooooo
]
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—

Transport equations:

G 0 ac
e DX |20
)+5x@*) ax[gm 8xj
a(PbS1)+5(Psz)+2(qmc)_ﬁ@_7
ot ot X OX

a(pbsl):g k

a1l Py Ky 15

Filtration

Blocking

Permeability:

K(s):@s% K,
" } Awwx’;

Ripening

CLOGGIN

(@]

% %0 (=)
o

O

o

o
ooooc?%oo

o020 0.0 1 (O]
056% o0 C:§ 80§°0?§oo
o o q (o) (o) ()
o © o °5 o ©°
S0 é’ 0.0 S
8288 003300 oX

o o
Z S99 & P

PARTICLE

DEPQOSITION
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Modeling tools: MNMs

Darcy ft —» pams———
flow rate

« Graphical interface for q
— lab-scale transport problems e e

— Pilot scale preliminary design - ’
« User-friendly input/output - .
» Availaible on Polito’s website N
— o T Mi;:E;;L;Eif:ifjﬂiiﬁf9E“Jlfff;'::Zif:é:freé“’li:;f:pDde..,,,s.m,,m, T i GDOD

neria degli Acquiferi
dwater Engineering

SEARCH NEWS & EVENTI | COME ARRIVARE | LINKUTILI |

s I 'L MONDO DELLA RICERCA

‘RUBRICAQQ
S MNws |
MNMs 2015

@ POLITECNICO DI TORINO

ot concentation CT o

MNMs 2015 (Micro-and Nanoparticle transport, filtration and

#0CT U : H
T H
e sy e H
e e o s e id
- 2 CASA / HOME clogging Model - Suite) is a software tool for the simulation of
colloid transport in porous media and represents the evolution of
MNM1D and E-MNM1D, whose features are here merged into one
& wl o =5 o 3 software. As such, MNMs allows simulations of colloid transport in
% . |—eos )
¥ 1. L CF e
- et Ly L =
o e 3 E AE =
o e

the presence of both constant and transient hydrochemical
conditions, with eventual clogging of the porous medium.

SeE=sa

.........
oooooo
]
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Modeling tools: MNM3D

« Particle transport equations implemented in MNM3D:
— Modified advection-dispersion equation

— lonic strength dependency ,
_ Coupled solution
— Flow velocity dependency

« Modeling tool available in the next release of Visual Modflow

4\ - i ~ T=4 days M0n|t0nngpomt
17 MNMs B
MODFLOW ‘ 0‘}5”
: = 005
RT3D -
E DECHEMA Where Will Our Nanoparticles Go? {Nua“ﬁaﬁ'é‘r'ﬁ)
Gesellschaft fir Chemische Technik i Qe r y
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Part |l

Examples

.........
oooooo
]
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From laboratory to field scale

Porous medium ) Identification of 5 Slurry properties
properties b | transport @
m kinetics/mechanisms :

. | »

\
Inverse fitting of column transpot tests

Simulated Experimental w e
breakthrough curves, breakthrough curves, H -3
concentration profile, pressure copcentration profile, pressure
drop at column ends drop at column ends y

Determination of
transport param eters

Model-assisted design of pilot injection
—>Radius of influence
—> NP injected mass and concentration

In situ

monitoring
of NP concentration
during/after

injection )

E<C DECHEMA

Gesellschaft flsr Chemische Technik

3D full scale modelling
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Example 1 — injection of Carbolron in
a large-scale flume

* Modeling steps:

— Flow model: developed in
collaboration with USTUTT

— Simulation of tracer injection :

from the left side of the domain / il 4
to calibrate the numerical model. .
Constant hea

« Steady state flow boundary

Courtesy of VEGAS 6m
Injection wells conditions
' ' ' — Flow directi
 Simulation time =720 h ow direction S
i | i | T

* Injection flow rate = 0.54
m3/d

3m

WT 1.7m

Simulation of tracer injection in the LSF

oo
Py
e®

E DECHEMA Where Will Our Nanoparticles Go? (oNanoRem‘?
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Example 1 — injection of Carbolron in

a large-scale flume

* Modeling steps:
— Column tests: inverse modeling
of one cascading column tests

(WP8) using MNMs to determine
velocity-dependent coefficients.

Column1 [Column 2
Length [cm] 25
Diameter [cm] 4.4
Porosity 0.34
Dispersivity [m] 0.0039
Q [ml/min] 5.7 2.3
Inlet concentration [g/l] 14.8 8.75

T
T

Qz

 Fitting model: 1 site with
irreversible attachment (k, = 1.354 s-l)

* No effect of flow velocity

p_..

L

Particles concentration G

CE ]
Sai concentmtion CT jmM]

Column 2

E<C DECHEMA

Gesellschaft flsr Chemische Technik
und Biotechnologie e\,

Where Will Our Nanoparticles Go?

NanoRem Final Conference, 215t November 2016
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Example 1 — injection of Carbolron in
a large-scale flume

« Modeling steps: ‘ £
— Simulation of the injection of z
Carbolron through the central 35 1;
well ;3
— Vertical section e 10

_ | |

Injection |
well k425 g

| \ :50 |

| Simulation of Carbolron injection
in the LSF. Plume edge
- s corresponds to 1.2 g/kg
o5 X (1m) 15 2 25 : y 4 a5 5 55 [ gpar t/ kgsan d
E DECHEMA Where Will Our Nanoparticles Go? iN“a”ﬁi).ﬁgr.fi)
m.-oaao-".o 31
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Example 1 — injection of Carbolron in

a large-scale flume

« Core sampling at 1.3 m from

the LSF bottom:
1

I
Simulation of 0.8
Carbolron injection
in the LSF. Plume 0.6
edge corresponds
to 1.2 g/kg 0.41
0.2
Monitoring Observed
. . Model results |

point concentration
SP1 g/kg 3.40 3.39 2 2.5 I
SP2 g/keg 3.30 3.43 o
SP3 g/kg 2.20 3.39 Injection SP4
P4 g/ke 3.30 3.39 well
SP5 g/keg 4.90 3.19
SP6 g/kg NO data 3.05

E DECHEMA Where Will Our Nanoparticles Go? K:Néﬁo Remp

Gesellschaft flir Chemische Technik Qo0 eo0°"* °* ) 32
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Example 2 — simulation of field scale
W sg: injection

a4

» Field location: Balassagyarmat, Hungary

« Original flow model provided by
GOLDER, further refined around the
Injection points

S N

TR e romgR i i
o FOOTBALL PITCH -~

BEDROCK

-4 Courtesy of Golder

..........

E DECHEMA | Where Will Our Nanoparticles Go? MNano Remy
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Example 2 — simulation of field scale

« Data from UFZ (WPA4)

Injection

« Column tests of Carbolron transport

In site material.

« Fitting model: 2 sites, irreversible

Length [cm] 20
Diameter [cm] 3.5
Porosity 0.33
Dispersivity [m] 0.0041
Q [ml/min] 2
Seepage Velocity [m/d] 10
Inlet concentration [g/l] 14.8

ntration CT [miV]

Breakthrough curve
attachment. ° .
. . . . —+— Experimental data [kg/m?]
« Variation of porosity due to clogging v ==
IS relevant e
Parameter Value gw— Jos
K,y [s1] 3.29 102 : |
Ky [s7] 7.15 102
K., [s1] 1.2410* 2 o '
a 20‘00 T‘;i)?s e.o‘m 10:)00 120?)0
Courtesy of UFZ
E DECHEMA Where Will Our Nanoparticles Go? {N°a°°ﬁbRe[fi)
Gesellschaft flir Chemische Technik LT e0°"° °° 34
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Example 2 — simulation of field scale
Injection

18 g/
« Simulation of Carbolron expected "
mobility in the field - radial injection 1
— Kinetic coefficients from column test :j
— Q=251/min ,
— Injection duration = 1 h 6
3 4
s ,*‘ - 2
MUl ]
= - 14
L_ 10
B
5m i
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Example 2 — simulation of field scale

Injection

. Background GW flow 2 m/d gg%% o elke
. ) : i 2 1
3 Injection points cMT-31
. - — CMT-3/2
Particles = 15 g/L s CMT_§/3A -1 |
« CMC= 1.59g/L 1
« ROI=5m L
CMT 8 T
« Model based on more column
tests may be more accurate cMmT7 CMT-5 A ® 14/04 03
CMT-6 A o1
Monitoring Observed
. . Model results pp—:1
pomt concentration A - camattig vl N
CMT 7 g/kg 0.8 0.8 i il N .
CMT 8 g/kg 2 1 e 1 Injection points
CMT9 g/kg 3 <4 M1 New monitoring well s OH o
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Thank you for your attention

Enabling Delta Life

This project has received funding from the European Union’s Seventh
Framework Programme for research, technological development and

demonstration under grant agreement no 309517

This presentation reflects only the author’s views. The European Union is not
liable for any use that may be made of the information contained therein.

Enabling Delta Life
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