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Achieved through sustained, incremental improvement,  
rapid innovation cycle, use of advanced development tools. 

Automotive 

Aeronautical 

ICT 
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Certainly innovation has helped in mass producing chemicals, fertilizers,  
and pharmaceuticals, pesticides  etc. 
But sustained improvements in technology have been very slow – why? 
The challenges are indeed greater! 

2000 1940 
Two phase vapor-liquid 

contact device 
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Weeping Spray Froth 

Increasing vapor flow rate 
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Sieve trays are widely used as gas-
liquid contacting devices in 
distillation columns. 
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Modeling at appropriate scale - Hierarchy of models 
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C. Veeramani, P. D. Minev and K. Nandakumar, A Fictitious Domain Formulation for Flows 
with Rigid Particles: A non-Lagrange multiplier version, J. Comp. Physics  224(2) (2007), 867-879. 

Direct Numerical Simulations 
Rigid particles in a Newtonian fluid 
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Direct Numerical Simulations – DNS-LS 
Deformable droplets/bubbles (Newtonian fluid) 
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Chen, T., P. D. Minev and K. Nandakumar, A projection scheme for incompressible multiphase flow 
using adaptive Eulerian grid: 3D validation, Int. J. Numerical Methods in Engineering 48 (2005) pp 455-
466 
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Two-fluid models 
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Impact on an inclined wall – pvc ball 
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Impact on an inclined wall – steel ball 
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Wake length and separation angle 
Re∞=1 Re∞=25 Re∞=50 Re∞=100 Re∞=200 

Y 

Z 
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Breaking of axisymmetry at Re∞ = 210 
Contours of pressure  

 Symmetry at Re∞=200 Asymmetry at Re∞=210 

The onset of instability leads to the beginning of the rotation of the sphere 
and the lift force, which occurs due to breakage of steady axisymmetric 
wake  

t = 24 t = 24 
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Comparison with experimental observations 

DNS DNS Schouveiler and  
Provansal (2002)  

 Magarvey and  
MacLatchy (1965)  

Johnson and  
Patel (1999)  

Johnson and  
Patel (1999)  
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Experimental results of Lee et al. (2007) in  
Journal of fluid Mechanics 

15 

Diameter of the particle is 3.1 mm. 

Density if the particles are 2500 and 
3070 kg /m3 

Range of Reynolds number (dp Vs∞ ρL/ 
μL) is from 43.5 to 375. 

The desired range of Reynolds number 
was achieved using dense aqueous  
solutions of an inert salt, sodium 
metatungstate 

Experimental set up is 600 mm height 
and 250 mm wide 

The gap between the parallel plates 
varied from 1.014 dp to 1.4dp (3.1 mm 
to 4.34 mm) 

250 mm  

600 mm  
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Comparison of the simulated settling velocity of sphere 
with experimental results 

(A) gap of 1.2 dp 
(B) gap of 1.3 dp 
(C)  gap of 1.4 dp 
(D)  gap of 1.5 dp;  
▬▬, DNS; 
 ■, Lee et al. (2007) 

16 
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Axial velocities (Vy) of the freely falling sphere 
with respect to time at the gap of 1.4 dp 

Re = 108  Re = 163 

17 
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S.No. dp 
(mm) 

ΡL 
kg m-3 

Ρp 
kg m-3 

Viscosit
y 
kg m- s-

1 

VS∞ 
(m s-1) Re∞ 

Velocity of the 
particle in the 

presence of the 
walls (m s-1) 

Experi
ment  
StY 

DNS 
StY 

Experi
ment 
StZ 

DNS 
StZ 

Experi
ment DNS 

1 3.175 2523 2418 0.0059 0.0334 43.5 0.0236 0.0228 - - - - 
2 3.175 2523 2282 0.0045 0.0663 108 0.0507 0.0505 - - - - 
3 3.175 2523 2190 0.0037 0.0870 163 0.0667 0.0672 0.225 0.241 0.112 0.063 
4 3.175 2523 2128 0.0032 0.1014 215 0.0768 0.0805 0.222 0.243 0.111 0.06 
5 3.175 2523 2070 0.0030 0.1130 249 0.0864 0.089 0.222 0.249 0.111 0.075 
6 3.175 2523 1993 0.0026 0.1293 314 0.0997 0.1025 0.113 0.252 0.113 0.078 

Different density of sphere 
8 3.175 3073 2282 0.0045 0.1400 227 0.109 0.1036 0.214 0.231 0.107 0.063 
9 3.175 3073 2190 0.0037 0.1577 295 0.1225 0.1297 0.109 0.123 0.109 0.069 
10 3.175 3073 2128 0.0032 0.1707 362 0.1323 0.141 0.109 0.126 0.110 0.072 

Comparison of the computed results with experimental results 
of Lee et al. (2007)  
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21336 particles - bidisperse 



20 2013 NETL Workshop on Multiphase Flow Science 

Average settling velocity of suspension 
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Particle Leakage At low Rec 

Leaked particle must subscribe to this criterion 𝑦𝑦𝑝𝑝 − 𝑦𝑦� > 1.2𝑅𝑅 
 

Nitsche and Batchelor 1997 

 Particle Cross Boundaries of 
blob due to Hydrodynamic 
interactions 

 Conveyed to rear by 
background streamlines 

 Slower than Aggregate 
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Break-up At Moderate Rec 

Qualitative comparison with Experiments of  
Machu, Meile et al. 2001 

 Leakage is reduced 
 Torus is intermediate 

shape of Blob 
 Torus is an unstable 

structure 

 Number of Secondary Drops?? 
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Cloud of settling suspension  
Medium fidelity simulation - DPM 
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Flow Regimes on Sieve Trays 

Divide and conquer 
G. K. Batchelor 
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The McCabe-Thiele method was presented 
by two graduate students at Massachusetts 
Institute of Technology (MIT), Warren L. 
McCabe and Ernest W. Thiele in 1925. 
 
Assumptions:  
 
Constant molar over flow – makes the 
operating line a straight line? Is that always 
true or needed in the age of computers? NO! 
ASPEN/HYSYS in fact removes this 
assumption 
 
Well mixed stage. Composition is uniform in 
a tray? Is that true or needed in the age of 
computers? NO! Advanced CFD modeling 
can remove that! [That should be the focus 
of our collective efforts] 
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Getye Gesit, K. Nandakumar and Karl T. ChuangAIChEJ. 49 (2003) pp 910-924. 
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Closures for Standard two-fluid model in CFX 
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Examples – heterogeneous nature of vapor-liquid flow 
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Experimental probe positions of 
Solari and Bell (1986). 
The plane of the probes is at an 
elevation of 0.038m above the 
tray floor 
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Sensitivity of the liquid velocity profile prediction to grid spacing, and 
hole number and size (CFX4.4), QL = 17.8x10-3m3/s, FS = 0.462.  
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 Multiphase flows are ubiquitous in chemical, petroleum, mineral, food processing 
industries. 

Gulf of Mexico Oil Spill,  
Heavy-oil with sand and water,  
progressive cavity pumps,  
Gravity separation vessels,  
Hydro transport in pipelines,  
Crude distillation towers,  
packed towers,  tray columns,  
Fuel cells 
Polymer processing – mixing 
Microfluidic devices 
Erosion problems and many more. 

 Fluid mechanics is often ignored by assuming well mixed, spatially homogeneous 
conditions and using effective properties. 

 But large scale flow pattern can change with changing operating conditions or scale 
up of devices.   

 Will the measured tray efficiency or RTD remain the scale invariant?  
Can Multiphase CFD aid in scaling up equipment without the need for expensive pilot 
scale experiments? 

 Can we understand and manage the spatial heterogeneities inside vessels to improve 
performance of separation or reaction systems. 
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Small Company Hydroflame 

Micro mixer for  
cryopreserved  

sperm cell activation 
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Fractal based distributors – medium sized ARi 
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Design innovation cycle  for process industries 
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“Essentially, all models are wrong, but some are useful ” – -  George Box. 
 

   -  let us not wait for that perfect model before we start using the models 
to innovate process systems. 

 
“For the theory-practice iteration to work, the scientist must be, as it 
were, mentally ambidextrous; fascinated equally on the one hand by 
possible meanings, theories, and tentative models to be induced from data 
and the practical reality of the real world, and on the other with the factual 
implications deducible from tentative theories, models and hypotheses” - – 
George Box. 
 
   - Although none of  us were trained to be ambidextrous, let us train the 

next generation of graduate students to be so.  
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Process Diagnostics
Use data mining, process knowledge

to identify troubled units
(Triantaphyllou, Romagnoli)

Process Modeling
Use ASPEN, to reconcile plant data with design spec.
to understand deviation from expected performance�

(Nandakumar, Flake, Knopf)

Advanced Multiphase Modeling
Detailed multiphase flow modelling of

process vessel.  Identify causes of poor performance
(Nandakumar, Acharya, Tyagi, Thompson, Sundaresan)

Advanced Multiphase Experiments
Use  small scale experiments to measure parameters

needed in the multiphase model valdiation.
(Knopf, Acharya, Rao, Kochergin)

Industrial problems
+

Raw doctoral candidates

Supporting experimental program
for detailed examination of

interfacial and other processes�
(e.g. AFM, Surface Tension etc)

(Valsaraj, Dooley, Knopf,Griffin, Flake)

Process Improvement & Intensification
Using detailed models examine process intensification ,

alternate design/operating conditions.
(Nandakumar, Tyagi, Wen)

Process Optimization & Co ntrol
Develop reduced order models

(eg Proper Orthogonal Decomposition)
for nonlinear model predictive control

(Romagnoli, Gu, Zhang, Brenner)

(a) Supporting multiscale
& molecular dynamic simulations

(b) Algorithm development
for nonlinear PDE

(Hung, Tyagi, Zhang, Brenner)

Improved solutions
+

IGERT trained Fellows

Look at that.
A model Tto Porche

That is what
I call transformative!

I feel neglected!

Well, don’t despair
I will be the t ransformative

agent for you.
I am going to LSUto

learn the tricks!

The degree is nice.
Nicer still is to see
that my findings

have transformed you!

Thank you.
Now I feel energized and

efficient. I will be less
threatening to the
environment too!

Road map for integrated graduate training in  
Chemical Processes 
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