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Process Equipment Design

Potential energy

-

Designing of reactors, heat exchangers, distillation columns, pumps, compressors, and vessels,
ensuring that they meet the process requirements, safety standards, and economic feasibility.

Transition
state

Right amount

)

Right place
Products

Reactants

>
Reaction coordinate

One of the levers: novel geometries (in other words, optimised hydrodynamics)
C (any scaler,i.e.,conc.,temp.,press.) = f(t,x,y,z)




Novel geometries = Process Intensification

Example-1 Example-2 Example-3

Tube-cooled Annulus reactor — Tube-cooled  Tubular reactor
reactor with adjusted reactor
insert dimensions

16 Outlet Points

|

Instead of a simple tube reactor, a Fractal flow device - as a Instead of spherical
tube with retrofittable inserts flow distributor or burner? | catalyst/packing, gyroid shaped

TRedondo, B, et al. (2019). "Intensified isothermal reactor for methanol synthesis." Chemical Engineering and Processing-Process Intensification 143: 107606.

2Priyambodo, M. D. M., et al. (2022). "Numerical evaluation of an additively manufactured uniform fractal flow mixer." Chemical Engineering and Processing- 4
Process Intensification 179: 109047




How we test intensified designs?

/ Experiments: \ / \

Expensive CED:
time consuming, m Provides information of all parameters,
can’t be performed at real conditions, Unlimited attempts as per availability
measurement limitations, of computational resources

\do not provide distributed parameters/

J

e

A
-
T(

Conceptual designs’ Exp. of one design’ CFD - flow streamlines’

'Sharma, M., et al. (2014). "3D flow reactors: flow, hydrodynamics, and performance.” Industrial & Engineering Chemistry Research 53(5): 1916-1923.




What is CFD? How it works?

CFD
« A computer-based software tool which can predict fluid flow and associated transport

phenomena.

Transport Computer : .
Numerical I Analysis by
phenomena software Predictions . -
. methods visualisation
equations tool
Inlet fluid
Materolal Outlet
* Velocity
* Temp

Required solution:
What will be the velocity field, pressure
profiles, temperature distributions in the
flow domain?




What is CFD? How it works?

Inlet fluid
* Material
* Velocity
* Temp

Mass,
——> momentum and
energy

Mass,
momentum and ——>

energy

Equations for continuity, momentum
balance, energy balance and species
balance equations applied to all control
volumes




What is CFD? How it works?

* Continuity equation

a_p__(apux opuy apuz)
ot dx t dy T d +Sm

* Momentum balance equations

OUy du Juy aux) _ _op [azux azux 02 ux]
'D( o 0x2 + 6y2 +pgx + F

m. b. in y-direction
m. b. in z-direction

* Energy balance equation

A (0T oT oT oT 0%T = 9%T = 9°T
— — +
pLp (at T Uy ax+u3’a Uz az) k(ax2 +ay2 T az2) +5

* Species balance equation (for species A)

aCA 0 ach ach ach

aCA
Yy 5y TV, DAB(axZ t 9y2 t az2)+RA

aCA

+tv, =2+




Case study: Settling tank for produced water treatment

Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

journal hamapage: www.alseviar.com/locate/patral

A novel settling tank for produced water treatment: CFD simulations and PIV
experiments ilner
Milinkumar T. Shah”, Harisinh B. Parmar”, Lee D. thnel:, Chris Kalli", Ranjeet P. Utikar",

Vishnu K. Pareek™

 Western Austrofion Schoal of Mines: Minerals, Energy ord Chemicol Engineering, Curtin Unéversity, Perth, WA, Awstrolio

® Chevron Energy Technology Company, I400 Smith St, Houston, TX 770032, United Seotes
© Chevron Australic Pry Lid, QW] Buslding, 250 S5t Gearges Tee, Pertfi WA 6000, Awstralia

Context:
https://www.youtube.com/watch?v=vuuMcaSv59k
https://www.youtube.com/watch?v=KwP8mdwvE2A

Objective:
Design a tank that not only works as produced water storage but also a settling tank which can separate
heavy particles from produced water.


https://www.youtube.com/watch?v=vuuMcaSv59k
https://www.youtube.com/watch?v=KwP8mdwvE2A

Case study: Settling tank for produced water treatment

Task: design a settling tank for settling of heavy particles (sand and heavier, micron size particles) from

produced water

Reference design/size/data:

P‘r{:c.‘lu:’{‘li:‘. . 4 Produced-
waerin J'[ ][ waler puthet

Flotations

- I
& &
Sertling | I ]J
I_.'

Reat e gt soefafsidtie

Table-1: Dimensions, flow rates and particle properties: SSU tank?.

Dimensions

Height
Diameter
Hatch dia.
Flow rates
Water
Solids conc.

20m
25 m
Im

55.2 kg/s
100 ppb

Solids

Type

Density
Terminal velocity
Avg. particle size

Sand

2500 kg/m?
0.00223 m/s
50 um

Size distribution

Range
0.01-0.1 um

0.1-1 um
1-10 um
10-100 pum
100-1000 pum

Mass frac.

5%
10%
35%
45%
5%

Design constraints:

(i) inletand outlet must be located in the central hatch
(i) perforations on hatch wall at inlet and outlet for a flow to-and-from bulk of the tank and hatch

(ili) nointernal allowed

10



Case study: Settling tank for produced water treatment

Hypothesis:
“The tea-leaf paradox refers to the migration of

tea leaves toward the centre of a teacup when
the water is put in rotation by a spoon.”

Conceptual tanks design:

hi

»>
4L

Z 2

Water inlet

Hatch openings

|

Hatch
Partition
Water outlet
\
-\ e
I\
| A
® \ Hatch openings
Angled entree

11



Case study: Settling tank for produced water treatment

Pre-processing: geometry, meshing, boundary
condition, materials

Hatch —top view

Inlet opening 30° angle —> Ay
Hatch wall——

i i
1 ]
1 ]
1 ]
1 ]
1 ]
1 ]
i Annular pipe inlet 1
= ]
1 ]
i Center pipe outlet . i
: i
1 1
1 ]
1 ]
1 ]
L 1

Shah, M. T, et al. (2019). "A novel settling tank for produced water treatment: CFD simulations and PIV experiments.” Journal of Petroleum Science and Engineering 182: 106352.

Solver: model parameters, boundary conditions

Table-2: CFD model

Model

3D, Single phase, steady state

Number of cells

2.2 million

Turbulent model

K-€ or K-Q-SST

Boundary conditions

Inlet

Velocity inlet

Outlet Pressure outlet
Outer walls Wall
Centre hatch walls Wall

Flow of solids

DPM, coupled with flow, steady state and transient

Size distribution

Rosin-Rammler linear particle size distribution

DPM Boundary cond.

Bottom wall

Reflection co-efficient 0.4 or trap

Inlet Reflect
Outlet Escape
Walls Reflect

12




Case study: Settling tank for produced water treatment

Post processing:
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13
Shah, M. T, et al. (2019). "A novel settling tank for produced water treatment: CFD simulations and PIV experiments.” Journal of Petroleum Science and Engineering 182: 106352.




Case study: Settling tank for produced water treatment

Validation: comparison with experimental data

Qutlet

___Vent
Inlet

Inlets on hatch
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Shah, M. T, et al. (2019). "A novel settling tank for_produced water treatment: CFD simulations and PIV experiments.” Journal of Petroleum Science and Engineering 182: 106352.




Case study: Settling tank for produced water treatment

Post processing: particle tracks (from DPM model)

ot

Iso-contour of axial velocity 2
particle terminal velocity

Particle tracks

15
Shah, M. T, et al. (2019). "A novel settling tank for produced water treatment: CFD simulations and PIV experiments.” Journal of Petroleum Science and Engineering 182: 106352.




Case study: Settling tank for produced water treatment

Finalrecommended design and performance:

100 100 -
F‘ w"’_:::}:‘\v“\'vvwv*\mwm'
: A e
20 S0 LA T A T
i :
, -
L Effect of flow rate , -
€ e ["s,':E 10000 bpd g e E
- S A——— 20000 bpd ¥l
(&) iy ——=— 30000 bpd o . Inlet hatch opening size
2 401{/i/F | = 404
I8 B | —— ggg%bpd : 10 x 20 cm?
20 .:,J ( : f.“ . eoow rb);“é &3 oooooooooo 20 X 20 cmz
i 2°'gfr. ————- 30x20cm2
P ——— 40x20cm2
0 DL"’.‘ l - ' v ! 0 ﬁ . . = v
0 50 100 150 200 250 0 200 400 600 800 1000
Particle diameter (um) Particle size (um)

For inlet openings of 40 x 20 cm?, the simulations predicted capture of
more than 80% particles having a size range of 30-1000 pm at an
operating flow rate of 3000 barrels per day

16
Shah, M. T, et al. (2019). "A novel settling tank for produced water treatment: CFD simulations and PIV experiments.” Journal of Petroleum Science and Engineering 182: 106352.




Case Study: Workflow

Design challenge

4

Hypothesis and conceptual design -

4

— CFD: geometry, meshing, solver -«

NO

Analysis of flow, convergence

3

Experimental validation

4

Detail parametric study of flow condition and design _IF DESIGN
REQUIREMENTS NOT
parameters

MET
4

Recommendation for design and operation

17



Multi-scale of a process

Immature closure models
Empirical constants
require tuning

p
_ / | transfer

Challenges

Multi-physics nature of system

/

i~

Electrical

current flow material

Heat Flow and

. '
Stresses in

reactions |

CFD tool alone — not
sufficient

Tools to resolve different
physics - required

Computational power

* Expensive
* Requires cloud
computing

18



Example: multi-physics simulations of e-Reactor

Concept Thermo/electric ] f CFD of a single ] f 2D Conduction
e-Reactor simulations J L tube reactor J L simulations
Check for bracket design Efficiency of single tube reactor Heat loss + insulation thickness
Bracket e Voltage = 0
et
000000 OO 1600 Target Conversion = 99.3% 100

Tubebundle | R

1200

QOutlet Temperature
B [o0]
o (=)
o o o
o N w1 ~
wv o v
Conversion

Current
— density
7.0V @ 7.5V @ 8.0V @
— 10m/s 10m/s 10m/s
mmm Outlet Temp (K)  <=---- Target Temp (K)
—o—Conversion (%) Target Conversion (%) Insulation Wall Temperature
1200
1000 d
[ ]
w0
Temp s
| mp - AN
distribution a0 .
‘ ¥ L ] . e [ ] [ ] [ ] [ ]
Voltage .

WHHE  Bracket : a4 : Tﬁ -
B E Supplled ° 0 20 40 60 80 100 120
® Insulation Wall Temp (K)

100 tubes e-Reactor, size =1 x 1 m2, capacity =40 kg H2/day, Kanthal (FeCrAl) tubes, copper bracket, electrical and
thermal insulation, 7.5-volt potential, 3451 Amp current, total energy to be supplied = 25.88 kW + 226.2 W/m2
Efficiency = 98% 19




Example: multi-scale simulations of riser

Cracked
*Product
N S
Cyclone Outlet 8
Flue Separators —— 3D simulation
Gases™ - j / 0 e I T E YD 2D simulation
E
““v\ ; o
/7 . . = °
| Disengaging S L,
/ E Section s | e T 6 |
L % |— sDsimuaton =
S-S RIIRITE 2D simulation
1 —-— Vaishali et al. .
/ e  Experimental £
. N Stripper 0.0 02 04 _g
Radial position (r/R) "é 41
Spent /ﬁ %’
74 ™~ Catalysy/ 2D, 3D, coarse grid, or fine ~*
Regenerator grld CFD simulations of
. Riser Solid riser could predict radial
J/ Inlet profile, but not the s-
/ teed shape axial profile.
// Regenerate\ stock 0
TT d Catal T T 1 1
~F atalyst Wh " 0.00 002 0.04 0.06 008 0.10
SteTam y : Solid volume fraction
Shah, M. T., Utikar, R. P., & Pareek, V. K. (2822). Enabling process innovations via mastering multiphase flows: Gas-Solid processes. Multiphase Flows for 20

Process Industries: Fundamentals and Applications, 2, 289-357. https://doi.org/18.18002/9783527812066.ch6



https://doi.org/10.1002/9783527812066.ch6

Example: multi-scale simulations of riser
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i Significant Drag
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Shah, M. T., Utikar, R. P., & Pareek, V. K. (2822). Enabling process innovations via mastering multiphase flows: Gas-Solid processes. Multiphase Flows for
Process Industries: Fundamentals and Applications, 2, 289-357. https://doi.org/18.18002/9783527812066.ch6
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Example: multi-scale simulations of riser
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Individual Particle a
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Boundaries of
Cubical Flow Domain

60 -
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20 1

A Ngep = 21
0O @ This Study
O Beetstra et al. (2006)
® A Ergun Model
A O§ A Wen-Yu Model
e
[ ]
A
.
A ? ®
>
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Overall Voidage
5
C  Random Configuration
4 ®  Cluster Configuration
3 A § %
2 | t
¢
1 . . x . .
0 20 40 60 80 100 120

Particle Rynolds Number (NRe,p)

Shah, M. T., Utikar, R. P., & Pareek, V. K. (2822). Enabling process innovations via mastering multiphase flows: Gas-Solid processes. Multiphase Flows for
Process Industries: Fundamentals and Applications, 2, 289-357. https://doi.org/18.18002/9783527812066.ch6
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Normalized Drag

DNS: direct numerical
simulations

Surrounding

o - S
® Individual Particle

Cluster

Boundaries of

Example: multi-scale simulations of riser

Cubical Flow Domain

©  Random Configuration

®  Cluster Configuration i
¢

20 40 60 80 100

Particle Rynolds Number (Nge o)

120

Industrial-scale FCC riser

Experiments
Gidaspow
EMMS

——— Corrected-EMMS

101}h ) .
it
;
L1 eeeenes
-
ik
8 ]
1%
¥
E o
Drag model for g 61
c . x \S
dilute gas-solid 5 ;\
flow of fine R
I ‘.\.\
powder N
N\
..}
2 "
0
0.00

0.05 010 015 020 0.25 0.30

Volume Fraction of Sdlid

Mult-scale approach: Meso scale is analysed first using DNS and information from meso-scale
simulation is passed to the larger scale simulations.

23



Background: Euler
equations, Navier-
Stokes equations,
Reynolds number

equation, Boundary

layer theory by Prandtl

(1904), Solution of

simple flow systems

Late 19t
and early

2
Century

Summary

CFD as a distinct
discipline: Finite
volume method, First
CFD codes applied by
NASA and academic
institutions (may be in
aerodynamics)

Mid 20t

Century

Birth of CFD: Finite
difference methods
for solving PDEs

Birth of commercial
CFD codes (Fluent,
CFX, STAR-CD,
COMSOL)

High Performance
Computing, DNS and
LES at moderate
Reynolds number,
Multi-physics and
multi-scale
simulations

2000
onwards

case studies
presented
here

* Real time simulations
 Cloud-based CFD
 AI/ML based solver acceleration 24
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  C    ( a n y   s c a l e r ,   i . e . ,   c o n c . ,   t e m p . ,   p r e s s . ) = f  ( t ,   x ,   y ,   z )  


    𝜕 𝜌  𝜕 t = −  (   𝜕 𝜌  u x  d x +   𝜕 𝜌  u y  d y +   𝜕 𝜌  u z  d z ) +  S m


  𝜌  (   𝜕  u x  𝜕 t +  u x   𝜕 u  𝜕 x +  u y   𝜕  u x  𝜕 y +  u z   𝜕  u x  𝜕 z ) = −   𝜕 p  𝜕 x + 𝜇  [    𝜕 2  u x  𝜕  x 2 +    𝜕 2  u x  𝜕  y 2 +    𝜕 2  u x  𝜕  z 2 ] + 𝜌  g x + F


  𝜌    C ^ p  (   𝜕 T  𝜕 t +  u x   𝜕 T  𝜕 x +  u y   𝜕 T  𝜕 y +  u z   𝜕 T  𝜕 z ) = k  (    𝜕 2 T  𝜕  x 2 +    𝜕 2 T  𝜕  y 2 +    𝜕 2 T  𝜕  z 2 ) + S


    𝜕  c A  𝜕 t +  v x   𝜕  c A  𝜕 x +  v y   𝜕  c A  𝜕 y +  v z   𝜕  c A  𝜕 z =  D  A B  (    𝜕 2  c A  𝜕  x 2 +    𝜕 2  c A  𝜕  y 2 +    𝜕 2  c A  𝜕  z 2 ) +  R A

