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Yes, there 1s chemistry

in Chemistry:

A+B->-C+D

in Chemical Engineering:
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Phenomena 1n a2 Chemical Reactor
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Why mathematical descriptions of reactors?

Optimal operation
Efficient design

Lower environmental
load
/ Cost savingsl
e e e
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Chemical routes to Underground

NOx & soot gasification of coal
Catalyst-based Production of carbon
reduction of NOx black

Some of the interesting questions we have answered-
How does NOx form in fuel-rich flames?
Which catalyst best controls NOx in automobile exhaust?
How does soot particle size distribution vary with burner configuration?
What are the important reactions in coal gasification? -
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Conservation equation
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Accumulation = Input — Output + Generation
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Simple examples

The Batch Reactor

What does the
stirrer do?

Accumulation = In’&{ut — Optput + Generation

dn;
dt

VT'l'
At =0, N=N,,

o We write these ODEs for all the involved chemical species i
* 145 of course the “rate “ or speed of the reaction
* NN, is the number of moles and V" is the reactor volume

than one reaction

What if more

occurs?

Do a quick unit consistency check!




(Neglecting heat effects) |

The world tamous pertfectly stirred reactor

FZ'O Note the inlet

and outlet
streams

Also called the Continuously
Stirred Tank Reactor or CSTR

Accumulation = Input — Output + Generation

. dN;

dt

= o stk

At =0, N=N, What is Fj, then?

* Here, the “molar flow rate” F, enters the picture
*  We can also introduce “concentration” C,

dC;
o Lol = Gk
We refer to the quantity 17/, as the reactor residence time >




A quick summary

Lsothermal

Molar flow rate = F, = C v

Batch

No inlet or outlet
streams

/
oL

Reactants
A& B

dc,
dt

=-kC,C,

Types of (1deal) reactors

e

Plug flow reactor

(PFR)
2
=Ei Py
C&D
V, dd?/A =-kC,C,
%ii = —kC4Cp

Flow

Continuous stitred tank

reactor (CSTR)

A &B

R

oS

A, B,
C&D
VO(CAO_CA):kC C
V AN~B
Cyo — C
(AOT A)=kCACB

A+B —->C+D
-r, =kC,C,

(At steady state)

Packed bed reactor

(PBR)

Catalyst

Concentrations vs.
time

Concentrations vs. axial
distance from inlet

Outlet concentrations vs.
flow rate, reactor volume

Concentrations vs. axial
distance, catalyst weight
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Developing mathematical models for chemical

reactofrs
We typically “validate”

these against

experiments

Independent
vars: distance,

time
.Description of
the
performance

Reaction & . Dependent S
reactor variables: e
quantities Concentration, S
temperature, ?
Parameters: molar flow rate

at outlet

Rate constants,

flow rate, -
density, etc. C, b, T




Reactor Design vs. Simulation

. Compare with
Reactor Predict outlet pl b
. . . a
simulations concentrations,

Rate constants, experimental
temperatures, etc. dat
ata

reactor volume, inlet

flow rate, initial

conditions
Math model &

assumptions

-
- Yes

Take industrial expected

outlet concentrations

Determine required reactor
Reactor

volume, catalyst weight, etc.

Design




Some case studies

1. Underground Coal Gasification
2. Understanding Automotive Soot

3. Catalytic Control of NOx
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"burn'" coal
underground

environmentally

friendly avoid coal

mining

Conventional |

In my lab Complexi
. . can add to
intersection Tndia's
of .
* Conducted phenomena energy mix
experiments
* Developed models &
insights

e



- Shape® of the UEG feacior

j Injection Bore Hole Production Bore Hole
—

J Spaliing

G o Micro-UCG Cavity observed experimentally

& Char rubble
In cavity
T ash * Almost symmetric around injection well, vertical growth in upward direction is

more than in downward direction

Coal Seam

* Hemispherical in shape, with a tail pointed towards the production borehole

* Hoe creek trial excavations revealed similar features

(Dagguvati etal, 2010)

Expected visual of UCG

Preliminary study showing low Final cavity shape view from below
downward growth
Ozygen
Brotet g a _ N (Prabu & Javanti, 2011)
—k— e e 5
JInjection well
I Refractory bricks || [Produetion wel
~J
Fig. 2. Photographs of tear drop shape cavities from 2(a) camphor, 2(b) wood block and 2(c) coal block.
.
| The cavity shape is clearly demonstrated
FResistance
Cotl
- / Some photos of what we saw
T
!
Power
Our lab set-up

T e o= T



The Phenomena in UCG

Coal Particle UCG Cavity Seam
E
. \ |
Coal Drying * Evolution of cavity size e ;
1 & shape ' §
) y, Coal spalling ?
Pyrolysis
R \
* Heat and mass transport s
Gasification 2 of reactants in the cavity Sutface
/ subsidence
. )
Combustion >
3 e Chemical reactions
. Water influx
Other reactions /
\_

All these have to be
incorporated in math
models for UCG!




Modelling of UCG
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Figure 11. Comparisons of dry gas compositions with experimental results from Thorsness et al., (1978).
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The math model of UCG is an idealized picture of the complex process, but has
good ability to predict experimental data




UCG 1n India

® Our simulations of the UCG reactor have yielded good results!

rwes - Preeti Aghalayam
sema—  Mathematical Modeling for
Underground Coal Gasification
300-600
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But, lienestly -

A number of law-suits have also been filed against UCG!




Formation of Soot in Flames

Regulations on PM emissions
from vehicles prompt us to
examine this problem.

Soot — Carbonaceous
particles with aliphatics
& aromatics.

PM25 :
Sootpartide  PM10 Fuel - H/C Ratio -2
B parkc Soot — H/C Ratio — 0.1
PM50-70
PM= picometer Human hair PM90

Fine heach sand

Source: US, Environmental Protection Agency

cooling assembly

stagnation plate/sample probe (T,)
=S X e

Premixced flame
umpinging on ona
Stagnation plate




Modeling Soot

‘ Soot, assumed to be caranena ring j e, ‘ _; | I I | ‘ ‘

romatic rir PAH

Fuel precursor
CZHZ C3H3
HTCEC'f—H
i)
2 o
* ; Surface
Carbonaceous ‘ .
i . Reaction
particles L 4

% condensation

¥ 5H = s
' = & 00

PM25 09 R
o “
Soot particle P

CO, H,, CO,, H,0, C.H,

fuel + oxidizer

"

First 7z PAH
Aromatic A4 CyoHg

Rin
5 ~/7 - Coronen ?

Coagulation ym=ma Nucleation

Nucleation forming the first solid

particle

Condensation reactions as solid
particle grows




Validation of model results

Soot volume fraction
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Appearances can be deceptive!

B



oxidation catalyst
to elimiate carbon monoxide (CO)
and unburned hydrocarbons (HC)

cerium and ceramic
honeycomb catalyst structure

tail pipe emissions
H20 (water)

CO2 (carbon dioxide)
N2 (nitrogen)

reduction catalyst
to eliminate NOX

heat shield

stainless
steel

catalytic

converter

position
for oxygen
sensor plug

catalytic active material
alumina oxide - AI203
cerum oxide - Ce02
rare earth stabilizers
metals - Pt/Pd/Rh

exhaust gas
HC (hydrocarbons)

CO (carbon monoxide)
NOX (nitrogen oxide)

major reaction
CO+1/2 02=C02
H4C2+302=2C02+2H20
CO+NOX=C02+N2

Catalytic converters are used to

reduce NOx in automobiles

But they have drawbacks- cold
start, lean burn engines. ..

Selective catalyic reduction, Lean
NOx trap are proposed for this.




Hypothesised reaction mechanism




A plug tlow reactor model

Monolit

Plug flow reactor

Reactants § Products

W\

HC
)
y

©

Cat Converter

Elementary Activation barrier (kcal/mol)
Reactions
Mass balance for surface intermediates Pt Rh Pd Ru Ir
s NO +* — NO* 0.0 0.0 0.0 0.0 0.0
Z v;R; =0
j=1 NO* —-NO + * 26.0 26.0 32.0 34.2 30.7
Mass balance for gas-phase species NP N O 125 6.6 9.0 0.0 7
N* + N* — N,+ 2* 26.6 26.6 42.8 48.5 39.3
(C 0 C ) nrxns
il o g *(Z vR) NO*+N* > N,O*+* 212 212 300 422 287
)
T i1 N,O* — N,O + * 122 100 170 120 140
. . CO+*— CO* 0.0 0.0 0.0 0.0 0.0
Catalyst site conservation -
CO*—-CO+* 32.0 32.0 34.0 34.0 34.0
nsurface CO* + O* —» CO, + 2* 23.2 24.3 24.4 27.0 24.9
Z g =1 0, + 2% -> 20* 0.0 0.0 0.0 0.0 0.0
i=1
20* -> 0O, + 2* 51.0 85.0 55.0 121.0 54.0




Predicting experimental data

3500 . . . : : : :
[ IS I ]
o i
2000 iR N :
MO |
‘5 g 5 25001 The drop in NO “conversion”
2 . .
= 5 at high temperatures is
< 9 = 2000 :
U8 g o O undesirable
> &8 =
== i NO
A = Y8
N3 g 15007F o 2 ]
= = I
S @ 3 " o
e 1000} + I -
~
=
S 500 | \ -
100 150 200 250 300 350 450 500
L Temperature (D )]

Important
reaction

This high N,O production is
undesirable




But lkenestly =

[Total PGMs recovered globally from scrap catalytic converters, 2015

Pt+Pd +Rh
2,818,000 oz (87.65 t)
USS$ 2,400,000,000

Pd

182cm / 6ft —————>

1,605,000 oz
$1,233,000,000

$945,000,000

Rh
282,000 oz
$223,000,000

Source: GFMS Al dollar values rounded up based on mid February 2017 NY market price

N ecAraLystu

http:/ | www.scrap-catalyst-hub.com | precious-metals/ scrap-catalytic-converter-industry-size/

The catalyst metals are humongously expensive!
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What we have found so far

Predictive process
model for UCG

J

Validated model for

soot formation

Catalytic reaction
mechanisms

P

that super interesting
shape of the UCG

reactor

the truth about
bimodal soot

the problem of N,0O
formation in cat
converters




But this 1s just the beginning!

3

UCG - from an economic view-point

High
No mining, or
coal transport
No handling of Medium
solid residues 0,%

Can use stranded and other
inaccessible coal deposits

Low
Likely to be immune to the price of
crude oil
Low Medium High
But, environmental aspects, lack of clear Temperature
government policies and public perception ;
plague it schematic of NO conversion to various products as the reactor temperature and inlet 0, % are varied |

(Olateju & Kumar, 2013; Bhutto et al., 2013)

Studies on the effects of
practical operating
conditions

Models that account for Discoveries of new and

economic & safety aspects improved catalysts




To conclude

Math modeling of chemical reactors 1s

I presented stuff I work on. there is

Hope some of vou will be interested




Want to discuss anything?
Write to me
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