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NETL's MFiX :iVIuItiphase Flow with Interphase eXchange

e Central to the laboratory’s multiphase flow reactor
modeling efforts

N Direct Numerical Simulation: Very fine scale, accurate simulations for

=T EES very limited size domain

Discrete Element Method: Track individual particles

':MFix DEM and resolve collisions

MEFX Hybrid Hybrid: Continuum and discrete solids coexist

* Provides support to achieve DOE’s goals
1. Cost of Energy and Carbon Dioxide (CO2)
Capture from Advanced Power Systems

2. Power Plant Efficiency Improvements
Two-Fluid Model: Gas and solids form an

b [
;MFIXTFM interpenetrating continuum

* Built with varying levels of fidelity/computational
cost

. . " Particle-in-Cell : Track parcels of
= Lower fidelity models for large scale reactor MEFX . articles and approsimate collsons
design
" ngh fldElIty models to support the N a\l Reduced Order Models: Simplifie

U LU L models with limited application

oitainty 2

development of lower fidelity models
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Status of the beginning of the project

High-end valiaation—éfhdy: o

M 19 Cso Cho IF_: ) ) )
* Fine grid with 1.3M cells
[ ]
MFiX v / | .  Two solid phases (coal and recycled ash)
; \ % | * Detailed gasification chemical kinetic (17 gas
)4- B H 1 . species, 4 solid species)
n j K \ | What was missing in the model?
~—l % Nled No real radiative heat transfer modeling
.. char &ash . . .
| A /air available in MFiX!
s I Driving Question/Motivation
" N i Enhance MFiX capabilities by including

models for radiative heat transfer
following MFiX’s multi-fidelity approach

1 ‘r\ {l : ‘
| / SRR
13MW PSDF Gasifier \| 1
¥

Results from : “Fluidized Beds — recent applications”,
W. Rogers, 215 IWTU Fluidization Workshop
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MFIX-RAD development plan Research Models (used for b»enchmarki'n-g)

PMC + Line-by-line model (full spectral resolution ~10 million |
lines) -> model error free !
|
|

PMC + Weighted Sum of Gray Gases (WSGG) model

Usable in MFIX-TFM and

MFIX-DEM! — P1+ Gray gas & particle model

(neglect all spectral variations)

|
|
|
|
P1 + gray constant (neglect all :
spectral and spatial variations) |

|

“Basic Model”
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1 year, no cost extension

We have receiveo_L_g

e

Tasks io/ o01/ o4/ 07/ 10/ 01/ o04/ 07/ 10/ 01/ 04/ 07/ 10/
17 18 18 18 18 19 19 19 19 20 20 20 20

T-1: Project

Management and Done|

Planning :

T-2: Testing of the
previously developed
MFIX-RAD Radiation
Model Plug-In

T-3: Implementing basic
radiation model within
MFIX-DEM

T-4: Implementation
and Verification of
Industrial Models

T-5: Industrial Model
Application and Analysis

T-6: Development of
High-End Research
Models

®

01/
21

UNIVERSITY
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04/ 07/
21 21
In progress

T-7: Comprehensive
Validation and
Benchmark




Energy equations for MFiX-TFM

0T,
Gas Sgpgcpg(a_f +tuy . ATy) = Vag + Ym=1 Hysm — AHyg + Hwall(Twall - Tg) -

oTs,,
Solids Esmpsmcpsm(T +tug ATy )= Vqs + Z%:l Hysm — AHy _‘

Single particle/parcel Energy equation for MFiX-DEM or MFIX-PIC

aT,

i

MiCpi g = z qij t qif + . qiwall
n=1

Source/Sink Terms are obtained from the thermal radiation model!
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Modeling approach
................................... PN e g = T =Ryl
Pl Tl
Pl T e s

The RTE is an integro-differental equation for the
spectral intensity I,,(x, y,z, ¢, ¥, 1)
)

Srag =V Grag = j K (47T1bn _ [ IndQ) dn (a function of 6 variables!)
41
0

Source term in the energy equation:

Solution approach: Gy, spectral incident radiation
* 3 spatial dimensions 7(x, y, z):CFD discretization
« 2 directional dimensions S(¢, ): RTE solvers
1 spectral dimension (n):
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Modeling overview

% Constant-Gray
Initialize computations <
] ” Gray »Planck mean absorption
Decompose the domain TFM = i Taylor |
>1 ~ DEM £| Gray-WsGG > Smith |
( Compute various terms/fluxes in ) PIC / \ = n
: ) -+ Calculate S » | Johansson |
| equations forihe fluid phase : S. the O NonGray-WSGG|~+ % | Kangwanpongpan |
: ’ A (e -
Apply BC and solve the system of N s?r?lf’z;ir/n N RTE LBL £ | KrlshnarT]oorthy |
equations for fluid variables Y due t P1 O | Yin |
. 1 ] . thufmol 2 Dorigon |
Compute various terms/fluxes in ‘ d? i @ PMC = Bordbar
equations for solid phases ) \MJ Guo
l v | Shan |
[ Apply BC and solve the system of | 0
|_equations for soIEJI phase variables | }::_ Constant-Gray
Output § Gray —»[Buckius-Hwang correlation
S
v
Finished & | Gray-WSGG
time steps a
NonGray-WSGG
Spectral —»[Buckius-Hwang correlation
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T6: Development of High-End Research Models

Photon Monte-Carlo Method (PMC)

* PMC is essentially a Monte Carlo Integration of the RTE

* |Ifitis coupled with a spectral database, this leads to a “model error ) ?(xmym)
free” solution of the RTE (numerical errors still present though) D,.

*  Work mostly done by MS student David Tobin

Development approach

* Defined a basic interface to MFIX

* David coded the serial PMC method as a stand-
alone Fortran program using data structures
following “MFIX”

* After testing, the PMC solver was fully integrated
into MFIX-RAD with the help of Dr. Kotteda

* Dr. Kotteda finished the parallel implementation of
the PMC solver

* Implementing spectral line-byline (LBL) model

UNIVERSITY
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(Xz—F’yz—F)

(X1-o’y1-o) \DH \DK

X
; % ”

(Xl-F'yl-F) A

L—p X dx

Integrate RTE along a given path length
Beer’s L P T
(Beer’s Law) 1,(S) = L(0)e Jy kaS*dS* 1,(0)e~*aS

Fraction of ray’s energy absorbed in the cell

Fapsorb = 1 — e"Peeu
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T6: Developmentjf High-End Research Models

Wall heat flux along front wall (more sensitive
than source term!)

Verification of MFIX-PMC solver by comparison with
highly resolved DOM (32x16 rays)

14

* 3D Steady, single phase, constant gray SER S
12 + PMC (¢ = 0.5) —DOM (¢ = 03

e Constant absorption coefficient = 0.1, no-scattering

o)

kW
=
(=}

* Varying wall emissivity

* Mesh: 17x17x34, tracked N = 107 rays, serial run
time about 10min

1800
. 1725 =~
1650

1575
1500
1425
1350

o

o

Heat Flux - ¢’ (¥

S

0 0.5 A 15 2 2.5 3 3.5 4

Distance Along Wall (m)

1275 (z=1,9=0,2)

s - Mesh:17x17x34 —— /] '

1z 30 Mggh:34§34;68 Check conservation of energy

ors o5 |- Mesh04x6ax1zs - with divergence theorem:

é?s - - A

e % 200 | V - QraadV = j Qraqa N dS

25 2 151 . Q dQ

450 » _

i a7s 10 | . Average Relative Error of PMC Results: 0.00%
5 | 1 Average Relative Error of DOM Results: 4.94%
Serial and basic parallel A S R

implementation!

5 10 15 20 25 30

# Processors

PMC inherently conserves energy!
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PMC-LBL development

* Use the most up to date version of the HITRAN database https://hitran.org/
e Access through “HITRAN Application Programming Interface (HAPI)”
 HAPI is a set of routines in Python to download LBL spectral data and calculate absorption coefficient

spectra (and many other functions)
* We developed several python scripts to generate the required database (1-2GB) using about 1.2 million

lines
Example: CO2 at T=1200K 50
101 40 1
>

w
o

Kp [cm “lbar—1]
J
o

=
o=

Kp [cm~tbar—]

T

0 : . : !
2300 2305 2310 2315 2320
nlem=1]

104

nlcm=1]


https://hitran.org/
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T6: Development of High-End Research Models
PMC-LBL development
Probability of the number of Photons emitted in [n — dn,n + dn] is proportional to kI, dn
Random number relation for emission wavenumber: P fon Kpn,ilpndh T Jn g
] . . . ,. - ) - K ’. b 77
R, i is a uniform random number in [0,1) . fo Koy il 1 Ky, 0T* ), pn,itbn
We don’t want to calculate these integrals for every 0.40
PMC step so we generate a database (look-up table) as 0.38 -
a pre-processing step //
0.36 >
o
* For every photon ray that is emitted in a cell, 0.34 1
draw a uniform random number R;, and then 0.32.
find the corresponding wavenumber from the '
0.30

T T -— T
2300 2301 2302 2303 2304 2305
nlem=1]

look-up table
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T6: Developmentjf High-End Research Models
PMC-LBL development

For a gas mixture with molar fractions x;, things are a bit more tricky (following the algorithm of Wang and
Modest [JHMT 50 (2007):

R77 denotes the uniform random number drawn for the mixture and we need to find the
corresponding wavenumber of the photon ray!

YxiKy, iR Direct inversion from R,, to n not possible => solve
Implicit relation el L - o
R77 = Z K numerically using bisection method (Newton method not
LD possible due to strongly varying gradients!)
0.40
Store the database 0.38 Using a hybrid root
o & finding method such
For all species, i = 1,2, ..., Ngpec 0.34 as Brent’s method
0.32 reduced cost by 33%
Rni = fai@T)  tni = fii@T) compared to simple

7300 2301 2302 2303 2304 2305 bisection!
nlem=1]
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T6: Developmentff High-End Research Models

PMC-LBL development
Algorithm

Draw a uniform random number U
Set bracketing guesses for bisection method e.g. a =

Nmin, b = Nmax

Use bisection method to find 1 such that
 LiXikpiRy,

=0
ZixiKp,i

U—R,=U

Test

* Choose a gas mixture: T = 1200K, x¢o, = 0.1, xy,o = 0.2
e Calculate the exact mixture random number relation using
__Tr n
Ry = ap— Jo Kpnlbydn
* Draw 1 million uniform random numbers

e Use the random number database and the mixture random
number algorithm and then find the n values

Result

UNIVERSITY

3 or WYOMING

1.0
0.81
0.6 1

0.4+

QZ'H/f_jffJ
0.0

exact

—— Monte Carlo

0

2000

4000 6000

nlem=1]

8000

0.480
0.475
0.470
e 0.465
0.460 ;
0.455

exact

—— Monte Carlo

0.450

nlecm=1]

2300 2301 2302 2303 2304 2305
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T6: Developmentff High-End Research Models

200
e 3D Steady, single phase
¢ xCOZ = 01, xHZO = (0.2 0-
* Varying wall emissivity o~ —200-
« Mesh: 17x17x34, tracked N = 10° rays <E
: e = —400-
* LBL with 1.2 million lines, 20 temeperatures E
- » —600;
1650 @
1:.'.?' | |
/‘ L 800 MFIX, PMC-LBL
o e MFIX, P1, Smith-NonGray
o —1000 — . . . .
0 1 2 3 4
l ..} Now we can finish Task 7 “Comprehensive Validation and Benchmark”:

Is the observed error of the industrial model (P1, WSGG-NonGray) due to
* the simplified P1 RTE solver (test my using PMC with WSGG-NonGray)
* the simplified spectral WSGG-NonGray model -> test alterative WSGG models
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—— R = —

* MFiX is widely used as CFD tool for modeling/optimization of reacting
multiphase flow

* MFiX currently has only minimal radiative heat transfer modeling capability
* MFIX-RAD development adds

* P1 + non-gray WSGG as the appropriate model for industrial applications
(not available in either commercial (ANSYS-Fluent) or other open source
(OpenFOAM) CFD codes

* Model error free PMC solver to produce case specific benchmark data for

RTE solver and Spectral Model accuracy assessment (not available in any
other CFD codes)

* Integrate MFIX-RAD Plug-In into main MFIX distribution (start mid-June)
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==

Submitted paper
“Study the thermal radiation effects in gas-solid flows with gray and non-gray P1 models
implemented in MFIX” (Powder Technology)

Remaining tasks

e Task-7 “Comprehensive Validation and Benchmark”

* Use non-Gray WSGG PMC to analyze model errors of P1 RTE solver (industrial model) for the
large gasifier

* Comparison of PMC-LBL and PMC-ngWSGG results will reveal WSGG model errors

* Such an analysis is only possible with PMC!

Second paper
“Analysis of non-gray WSGG models for multiphase flows through PMC-LBL benchmark
data”



UNIVERSITY

Acknowledgements % . WY OMING

==

Acknowledgment: "This material is based upon work supported by the Department of Energy Award
Number DE-FE0030485"

Disclaimer: "This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States Government or any agency
thereof."



