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General Remarks - I 

2

• Reaction engineering begins with good chemistry

• Long history on interaction of transport and reaction
• Diffusion and reaction

• 75 year history
• Irreducible minimum in chemical reaction engineering 

courses 
• Multiplicity, oscillations, parametric sensitivity

• Hydrodynamics affects:
• Mixing

• RTD, macro- and micro-mixing
• Heat and mass transfer at interfaces

 
Thus, the influence of flow - more generally, transport - 
on reactions is well known. So, what is new?
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General Remarks - II
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• Experimental tools to probe flow have expanded 
• Tomography

• Electrical capacitance, acoustic, X-ray
• Computer-Automated Radioactive Particle Tracking (CARPT) 
• Positron Emission Particle Tracking (PEPT)
• Optical probes
• NMR Imaging
• Particle Image Velocimetry (coupled with image analysis)
• High Speed Photography (coupled with image analysis)
• etc...

• Simulation tools to probe flow have expanded
• Multiphase flow simulations and theory have been integrated into CRE
• CFD in CRE - Engineering Foundation Conferences
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General Remarks - III
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• Multi-scale nature of the flow is becoming more and more 
apparent, which is beginning to influence the way we think about:

• designing and modeling the reactors 
• exploring possible means of improving performance  

• Integration of hydrodynamics into reactor performance analysis 
has become more and more common in:
• Initial screening of reactor design options and identifying key questions to 

ask when experiments are performed
• Retrofits - e.g., baffle placement, injector design

• Much of these developments have come from reaction engineers 
transforming themselves into fluid and granular mechanicians! 

• Manipulation of flow comes in many types of reactors - ranging 
from micro-reactors to macro-scale devices.
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Outline
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• Flow related issues in trickle bed reactors
• Maldistribution at different scales
• Imposed flow modulation

 
• Flow related issues in fluidized bed reactors

• macro-scale segregation 
• meso-scale clusters - cluster effectiveness
• Rotating fluidized beds in static geometry

• Aerosol reactor to synthesize core-shell particles 
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Trickle Bed Reactors
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*Al-Dahhan et al., “High-Pressure Trickle-Bed Reactors: A Review,” Ind. Eng. Chem. Res. 1997, 
36, 3292-3314.

• Widely employed in industries*

‣ Hydrotreating, hydrocracking, hydrogenation, 
oxidation, ...

• Flow regimes, correlations in different regimes

• Practical concerns
‣Maldistribution
‣ Poor liquid wetting
‣ Localized hot spots
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Trickle Bed Reactors

7

• Maldistribution
‣ Can arise due to poor quality of distribution at 

the top
‣ Remains even with best efforts to achieve 

uniform distribution at the top
‣Maldistribution on a micro/meso-scale 
‣ Partial wetting
‣ Rivulet flow
‣Maldistribution on a macro-scale
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Trickle Beds: Systems studied by Marcandelli et al.
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*Marcandelli et al., “Liquid distribution in trickle bed reactor,”Oil & Gas Sci. Technol. – Rev.. IFP. 
2000, 55, 407-415.
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Trickle Beds: Effect of initial liquid distribution
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*Marcandelli et al., “Liquid distribution in trickle bed reactor,”Oil & Gas Sci. Technol. – Rev.. IFP. 
2000, 55, 407-415.
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Trickle Beds: Maldistribution with spherical particles
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*Marcandelli et al., “Liquid distribution in trickle bed reactor,”Oil & Gas Sci. Technol. – Rev.. IFP. 
2000, 55, 407-415.
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*Marcandelli et al., “Liquid distribution in trickle bed reactor,”Oil & Gas Sci. Technol. – Rev.. IFP. 
2000, 55, 407-415.

• Somewhat lower 
maldistribution with multi-
orifice distributor than with 
just two orifices

• Increasing liquid flow rate 
lowers maldistribution

• So does increasing gas flow 
rate, but only to a lesser extent

• Larger Mf  values with 
extrudates, but maldistribution 
is present even with sphere 
pack.

Trickle Beds: Maldistribution with extrudates
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Trickle Beds: Capacitance tomography

• Poor initial distribution persists, while good initial distribution degrades!

12

*Marcandelli et al., “Liquid distribution in trickle bed reactor,”Oil & Gas Sci. Technol. – Rev.. IFP. 
2000, 55, 407-415.

Good initial distribution
Liquid fed only on 
half the column
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1) Ng,  AIChE J. 1986, 32, 369.
2) Christensen et al., AIChE J. 1986, 32, 1677.

• Why/how does initially good liquid distribution give way to 
maldistribution?

Trickle Beds: Maldistribution in cold flow studies

Micro/meso-scale maldistribution
• Partial wetting at low liquid flow rate1 (or with non-wetting liquids) 

and rivulet flow of the liquid2 

Macro-scale maldistribution
• Is it a manifestation on an instability of a homogeneous flow state? 
• Is it due to random variations in packing fraction?
• Is it due to random variations in packing anisotropy?
• Is the wall somehow serving as an attractor for the liquid?

Does not appear to be so.
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1) Ng,  AIChE J. 1986, 32, 369.
2) Christensen et al., AIChE J. 1986, 32, 1677.

• Why/how does initially good liquid distribution give way to 
maldistribution?

Trickle Beds: Maldistribution in cold flow studies

Micro/meso-scale maldistribution
• Partial wetting at low liquid flow rate1 (or with non-wetting liquids) 

and rivulet flow of the liquid2 

Macro-scale maldistribution
• Is it a manifestation on an instability of a homogeneous flow state? 
• Is it due to random variations in packing fraction?
• Is it due to random variations in packing anisotropy?
• Is the wall somehow serving as an attractor for the liquid?

Does not appear to be so.
• Is it a combined effect of micro/meso-scale maldistribution and 

packing inhomogeneity?
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Sederman et al., “In-situ MRI study of 1-octene isomerization and hydrogenation within a trickle 
bed reactor,” Catal. Lett., 2005, 103, 1.

Trickle Beds: Maldistribution under reaction conditions

Gas: 20% H2 in N2

Liquid feed: 1-octene

Lower gas velocity

Higher gas velocity

Also measured isomerization 
and hydrogenation product 

distributions

Higher reaction rate 
causes near-complete 

evaporation of the 
liquid
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Hot spots in packed bed reactors

• Hot spots can arise even in single 
phase flow packed bed reactors.

• Can arise due to packing 
inhomogeneity2

• Can also arise even in the absence 
of packing inhomogeneity:
• Inherently oscillatory reaction 

kinetics3

• Thermoflow4Isotherms at the exit of a 120-mm 
long bed of copper oxide catalyst in 
which isobutyl alcohol is oxidized.1

1) Matros, Y. S. Unsteady Processes in Catalytic Reactors; Elsevier: Amsterdam, 1985.
2) Luss, Ind. Eng. Chem. Res.,1997, 36, 2931.
2) Viswanathan & Luss, Ind. Eng. Chem. Res.,2006, 45, 7057.
4) Agrawal, et al, Chem. Eng. Sci., (2007), 62, 4926-4943.
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• Initially good liquid distribution can give way to macro-scale 
maldistribution even in cold flow.

Trickle Beds: Maldistribution

• Maldistribution can be induced and/or exacerbated by reaction (heat).

• What can one do to re-establish good distribution?

• Redistribute the liquid after some depth
• Imposed periodic feed modulation in liquid and/or gas flow rates

• Both in open and patent literature!
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Trickle Beds: Imposed feed modulation

• Hydrogenation of    -methyl styrene
• flow modulation enhances conversions1,2

1) Khadilkar, et al., Chem. Eng. Sci., 1999, 54, 2585.
2) Banchero et al., Chem. Eng. Sci., 2004, 59, 4149.
3) Borremans et al., Chem. Rng. Processing, 2004, 43, 1403.
4) Liu, et al., Chem. Eng. Sci., 2009, 64, 3329.
5) Brkljac, et al., Chem. Eng. Sci., 2007, 62, 7011.
6) Kouris, et al., Chem. Eng. Sci., 1998, 53, 3129.

α

• Cold flow studies
• No improvement in maldistribution 

factor at the exit3

• Studies on local liquid-holdup in 
periodically operated trickle-bed 
reactors using electrical capacitance 
tomography4

• Improved gas-liquid mass transfer5

• Periodically changing extent of external 
wetting can lead to enhanced reaction 
rates6 

Borremans et al. (2004)3
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Trickle Beds: Imposed feed modulation

• Hydrogenation of    -methyl styrene
• flow modulation enhances conversions1,2

1) Khadilkar, et al., Chem. Eng. Sci., 1999, 54, 2585.
2) Banchero et al., Chem. Eng. Sci., 2004, 59, 4149.
3) Borremans et al., Chem. Rng. Processing, 2004, 43, 1403.
4) Liu, et al., Chem. Eng. Sci., 2009, 64, 3329.
5) Brkljac, et al., Chem. Eng. Sci., 2007, 62, 7011.
6) Kouris, et al., Chem. Eng. Sci., 1998, 53, 3129.

α

• Cold flow studies
• No improvement in maldistribution 

factor at the exit3

• Studies on local liquid-holdup in 
periodically operated trickle-bed 
reactors using electrical capacitance 
tomography4

• Improved gas-liquid mass transfer5

• Periodically changing extent of external 
wetting can lead to enhanced reaction 
rates6 

Borremans et al. (2004)3

Will such modulation have 
a telling effect on macro-
scale maldistribution & hot 
spot formation under 
reacting conditions? Don’t 
know for sure.



/4420

• Why/how does initially good liquid distribution give way to macro-
scale maldistribution even in cold flow? Not entirely clear. Possibly 
due to combined effect of micro-scale (partial wetting), meso-scale 
(rivulet) maldistribution and packing inhomogeneity. 

Intermediate Summary: Trickle Beds

• Interaction of flow and reaction exotherm in multiphase systems to 
produce hot spots and maldistribution: Not studied as extensively as 
in single phase flow reactors.  Worthy of analysis.

• Imposed periodic feed modulation - much work in the past 5 years, 
but it remains to be demonstrated whether it can mitigate hot spots 
and maldistribution in reactors.
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Circulating and turbulent fluidized beds

21
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• Some examples
‣ Methanol-to-olefin
‣ Chemical looping
‣ Carbon (dioxide) capture 
‣ Biomass conversion
‣ Oxycombustion

Turbulent fluidized bed  
vs. 

Fast fluidized bed 
 

Choice depends on issues  
such as  

backmixing, attrition and erosion, 
etc. 
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Circulating fluidized beds
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• Loss of contacting efficiency
‣ Account for the effect of macro-scale 

segregation, say, via simplified compartment 
models

‣ How do the dynamic clusters affect 
performance?

‣ How do they change with scale up?
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Clustering phenomena in dilute flows

23
Courtesy:  Franklin Shaffer, NETL, Morgantown, WV (2009) 
 

Flow in a 4’ 
section of the 

riser

Movie by: 
Franklin 

Shaffer, NETL
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Clustering phenomena in dilute flows

24Courtesy:  Franklin Shaffer, NETL, Morgantown, WV (2009) 
 

High speed particle imaging by Franklin Shaffer
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• Loss of contacting efficiency due to the 
meso-scale clusters
‣ Particles in the interior of the clusters do 

not see the gas phase reactants which 
prefer to flow around the clusters and 
streamers than through them

‣ Clusters introduce new length and time 
scales into the problem, which depend on 
locally prevailing hydrodynamic conditions

‣ In CRE, we are used to the concept of 
single particle effectiveness factors.  The 
existence of the clusters introduce a 
coarse scale “cluster effectiveness factor”.

Influence of clusters on reaction rate

Courtesy:  Franklin Shaffer, NETL, Morgantown, WV (2009) 
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Influence of clusters on reaction rate
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• How can one account for the effect of meso-scale clusters on reaction 
rates? Two ways of idealizing the problem

• Approach I
‣ Determine “cluster-corrected” average external mass and heat transfer 

coefficients through suitable meso-scale structure idealization1 or flow 
and species/energy transport simulations2

‣ Then follow a textbook analysis of transport and reaction in a single 
particle where one uses these effective transfer coefficients

‣ The cluster-corrected external transfer coefficients can be smaller than 
those one would get in equivalent homogeneous systems by several 
orders of magnitude1,2

1) Dong, et al., Chem. Eng. Sci., 2008, 63, 2798.
2) Holloway & SS, Chem. Eng. Sci., 2012, 82, 132.
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Influence of clusters on reaction rate
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• How can one account for the effect of meso-scale clusters on reaction 
rates? Two ways of idealizing the problem

• Approach II
‣ Simulate a representative flow, species transport and reaction problem1

‣ Interpret the results in terms of a “cluster effectiveness factor”

1) Holloway & SS, Chem. Eng. Sci., 2012, 82, 132.

0.05!

0.10!

0.15!

0.20!

0.25!
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Scales of gas-particle flow

28
Jinghai Li et al..     Kuipers    Simonin    Sundaresan   + more...

MICRO-SCALE!
~ 50!m-mm" MESO-SCALE!

~ mm-cm"

MACRO-SCALE!
~ cm-m"

Volume-averaged hydrodynamic 
models for fluid and particle 

phases.!

Filtered volume-averaged 
hydrodynamic models for fluid 

and particle phases.!

Newton’s equations of motion 
for each particle, Navier-Stokes 

equations for the fluid flow in the 
interstices.!



/44

Influence of clusters on reaction rate

29
1) Holloway & SS, Chem. Eng. Sci., 2012, 82, 132.

0.05!

0.10!

0.15!

0.20!

0.25!

• First-order isothermal reaction in 
a gas-particle fluidized system

• Cluster effectiveness depends on 
the intrinsic reaction rate - faster 
the reaction, more likely will it be 
affected by transport limitations 
through the cluster

riser,!
CFB!

turbulent fluid bed! bubbling!
 bed!
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Influence of clusters on reaction rate
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riser,!
CFB!

turbulent fluid bed! bubbling!
 bed!

• Ineffective catalyst utilization due to: 
• macro-scale segregation near the 

wall
• meso-scale clusters
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Influence of clusters on reaction rate
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riser,!
CFB!

turbulent fluid bed! bubbling!
 bed!

• How to improve?  
• baffles to periodically redirect the 

particles to the core...
• Alter PSD...
• operate in very dilute or very 

dense regime...

dilute -- reactor becomes very large
dense -- permissible gas velocities 

decrease
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Process intensification via rotating fluidized beds
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• Large centrifugal force on the particles allows dense bed operation at 
high gas velocities

• Operation as a dense bed cuts down reactor volume
• Achieve rotation through tangential gas injection in a static geometry - 

no moving parts!

De Wilde & de Broqueville, AIChE J., 2007, 53, 793.

gas
inlet

gas
inlet

gas
inlet

gas
inlet

gas
inlet

gas
inlet

gas
inlet

gas
inlet

solids
outlet

solids
inlet

chimney
outlet
(gas)

Polymer particles: 1G Geldart D
Cylinders: 2 mm (l), 5 mm (d)
Density:    950 kg/m3

Biomass granules: 1G Geldart D
Average size: 4 mm
Density:          600 kg/m3

Alumina / salt particles: 1G Geldart B
Average size: 350 !m
Density:          2100 kg/m3

FCC catalyst powder: 1G Geldart A
Average size: 60 !m
Density:          1500 kg/m3

Organic powder: 1G Geldart C
Average size: 70 !m
Density:          260 kg/m3
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Process intensification via rotating fluidized beds

33

De Wilde & de Broqueville, AIChE J., 2007, 53, 793; Powder Technol., 2008, 183, 426; 
Powder Technol., 2009, 199, 87.

compressor

gas valve
distri-
butor

fluidization
chamber

chim-
ney

gas

gas
gas

gas

gas +
solids
losses

solids

cyclo-
ne

solids

gas +
fines filter gas

solids

screw
feeder

solids
container

solids
recuperator

solids
recuperator

mass 
flow 
contr.

P

Design: 
  - Fluidization chamber 
  - Chimney 
Operating conditions: 
  - Fluid. gas flow rate 
  - Solids loading 
  - Solids feeding rate 
  - Particle type 

Rotating fluidized bed in a static geometry
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Process intensification via rotating fluidized beds
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Rotating fluidized bed in a static geometry
De Wilde & de Broqueville, AIChE J., 2007, 53, 793; Powder Technol., 2008, 183, 426; 
Powder Technol., 2009, 199, 87.
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Process intensification via rotating fluidized beds
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Rotating fluidized bed in a static geometry

24 slots  
slot width=3mm 

72 slots  
slot width=0.5mm 

36 slots  
slot width=0.5mm 

uinj = 54 m/s uinj = 108 m/s uinj = 216 m/s 

uinj ↑ => Solids retention ↑ 

Different reactor designs, given gas and solids feeding rates 

•  Reactor diameter = 24 cm 
•  70 !m FCC catalyst (1G Geldart A) 

•  Fg = 700 Nm3/h 
•  Fs = 8.35 g/s 

De Wilde & de Broqueville, AIChE J., 2007, 53, 793; Powder Technol., 2008, 183, 426; 
Powder Technol., 2009, 199, 87.
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Process intensification via rotating fluidized beds

36

Rotating fluidized bed in a static geometry
De Wilde & de Broqueville, AIChE J., 2007, 53, 793; Powder Technol., 2008, 183, 426; 
Powder Technol., 2009, 199, 87.

Low solids feeding rate High solids feeding rate
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Intermediate Summary: Fluidized Beds
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• Influence of segregation on reaction rates: loss of contacting efficiency
• Macro-scale segregation

• improve gas-particle contacting via geometrical changes?
• Meso-scale clusters

• Inevitable?
• Novel process designs?

Courtesy:  Franklin Shaffer, NETL, Morgantown, WV (2009) 
 De Wilde & de Broqueville (2012)
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Post-combustion Carbon Dioxide Capture

Process 
intensification 
may not be an 
option in many 
systems!

38

Courtesy: David Miller, NETL, Morgantown, WV (2012)

Optimized Capture Process 
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Aerosol Coating

39
Courtesy: S. Pratsinis, ETH, Switzerland (2012)

• Nano-particles with core-shell structure

• Core provides function or support 
• Color (Ag, TiO2), magnetic (FexOy), dielectric

• Shell provides interaction with host matrix
• Passive (SiO2, polymer) or Active (V2O5)

• Goal: Synthesis and coating in a single step

• Flow characteristics critically influence the success of the 
process
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Aerosol Coating
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Courtesy: S. Pratsinis, ETH, Switzerland (2012)

Ti tetra-i-propoxide + 
Al i-BuO/Xylene

HMDSO = Hexamethyldisiloxane

• Burner Ring Distance (BRD) has a 
crucial effect on the structure

• Segregated silica/alumina/titania at 
short BRD transitions to silica-
coated alumina-doped titania at 
larger BRD.

Teleki, et al., Langmuir, 2008, 24, 12553.
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Aerosol Coating
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Courtesy: S. Pratsinis, ETH, 
Switzerland (2012)

Teleki, et al., Langmuir, 2008, 24, 12553.
Buesser & Pratsinis, AIChE J., 2011, 57, 3132.
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Aerosol Coating
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Courtesy: S. Pratsinis, ETH, Switzerland (2012)Teleki, et al., Langmuir, 2008, 24, 12553.
Buesser & Pratsinis, AIChE J., 2011, 57, 3132.

5 l/min 15 l/min 30 l/min 

Coating 
thickness 
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Aerosol Coating

43

Courtesy: S. Pratsinis, ETH, Switzerland (2012)Teleki, et al., Langmuir, 2008, 24, 12553.
Buesser & Pratsinis, AIChE J., 2011, 57, 3132.

5 l/min 15 l/min 30 l/min 

Coating 
thickness 
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Summary: Flow Manipulation
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• Flow manipulation is an important means of improving 
performance of multiphase flow reactors. 

• Trickle bed reactors: Maldistribution at different scales
• Inhomogeneities that occur even in cold flow 
• Inhomogeneities that are induced or exacerbated by 

reaction
• Imposed flow modulation

• Fluidized bed reactors: Contacting efficiency
• Macro-scale segregation (coherent flow structures) 
• Meso-scale clusters - cluster effectiveness

• Rotating fluidized beds in static geometry
• Aerosol Reactor

• Control of flow pattern is a core element!


