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Reaction Engineering II

1. Heterogeneous and Multiphase Reactors

1.2. Pseudo-Homogeneous Model:

Mass transfer and heat transfer resistances between different phases neglected.

1.3. Heterogeneous Model:

Used when temperature and concentration need to be distinguished between the phases.

Multiphase reactors: systems involving fluid-fluid interactions

1.4. Solid Systems:

· Solid as porous catalyst pellet:

Not consumed in reaction, but physical and chemical nature may change:

(i) Coking: pore blocking due to deposits of carbonaceous by-products of reaction

(ii) Sintering: metal particles (the catalyst) may coalesce at high temperatures, reducing the overall surface area and hence the rate constant

· Solid as non-catalyst:

Examples:

(i) Dissolution of solid through reaction with a fluid

(ii) Burning off of coke in a catalyst pellet for its regeneration

1.5. Fixed Bed Catalytic Reactor (FBCR):

Tubular rector packed with catalyst through which the fluid reaction species flow

· Advantages:

(i) No solids handling

(ii) Little solids attrition

(iii) High surface area through use of porous catalyst

(iv) Plug flow operation can be approached

(v) No separation of catalyst from reaction products needed

· Disadvantages:

(i) Pressure drop

(ii) Complex arrangement (i.e. multitubular) for reactions requiring high heat-exchanger duties

(iii) Large down-time for catalyst which deactivate rapidly

Fluidisation of the catalyst is employed as alternative where FBCR is not feasible

2. Transport Processes in Heterogeneous Catalysis

2.2. Interfacial Gradient Effects

2.2.1. Reaction at Catalyst Surface:


· First order reaction:
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At steady-state:
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NA ( flux to surface

Where:
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Or:
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Hence:
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Substituting this into (1):
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Where:
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k0 ( Overall Rate Constant

Limiting cases:

(i) kmc >> kS (rapid mass transfer) ( k0 ( kS and CSAS ( CA, process is reaction rate controlled
(ii) kS >> kmc (rapid reaction) ( k0 ( kmc and CSAS ( 0, process is diffusion controlled
· Second order reaction:

Similar procedure to first order, but (1) replaced with:



[image: image11.wmf]2

S

AS

S

S

AS

C

k

r

=



















(6)

(

[image: image12.wmf][

]

÷

ø

ö

ç

è

æ

-

-

=

2

1

1

2

k

k

mc

A

k

r
















(7)

Where:
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( i.e. neither 1st nor 2nd order concentration dependence

Limiting cases:

(i) kmc >> kS (rapid mass transfer) ( rA ( kSCA2, reduce T increase fluid turbulence

(ii) kS >> kmc (rapid reaction) ( rA ( kmcCA2 and CSAS ( 0, increase T.

2.2.2. Attaining values of km:

Correlations define the Mass Transfer Coefficient under condition of equimolar counter diffusion, k0m.

· Equimolar Counter Diffusion (ECD):
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But:
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But:
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Also:
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· Reactions in which total moles are not conserved:
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Substitute (12) into (9) and rearrange:
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Where:
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(A ( ( yfA (

a=b ( (A = 0 ( kmy = k0my

yfA ( film factor

· jD factor (for predicting k0m):
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Mm ( 
average molecular mass (g/mol)

G (
mass flux (g/m2.s)

Sc (
Schmidt number
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Note:
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In addition to (14), a second relationship for jD is available. Thus given (14) and a suitable correlation, can solve for k0m and then for kmy given yfA.

Note: similar correlation also for the heat transfer coefficient:
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Pr (
Prandtl number
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fluid thermal conductivity

2.2.3. Conc. (Partial Pressure) Differences across the External Film:

If (CA or (PA ( 0 (i.e. (yA ( 0), then mass transfer is very fast:
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Use different definition of rA, in terms of catalyst mass:
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· Method:
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Given am and r’A, (yA can be calculated if kmy is known using:
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However, yfA requires ySAS which is not yet known. Must use iterative procedure, starting with initial guess for ySAS. Good initial guess is for ySAS ( yA, i.e. (yA = 0:
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Repeat above procedure until difference between successive estimates becomes negligible.

Usually (yA is negligible, but (T across the external film may be significant

2.2.4. Temperature Differences across the External Film:

Energy balance at steady-state:
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Substitute (18) into (17) thus eliminating r’A and also substitute for kmy and hf using jD and jH respectively:
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For gases flowing in packed beds, the values of the various groups are such that:
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Furthermore, 
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Equation (20) then gives:
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2.2.5. Mass Transfer on Metallic Surfaces:

Mass transfer may be significant when the catalyst is a metallic surface.

E.g.:
- catalyst monolith/honeycomb (e.g. afterburner in cars)



- wire gauzes (e.g. oxidation of ammonia)

· Advantages of these units:

(i) Low (P
(ii) Particulate matter in the feed will not clay up bed

2.3. Intraparticle Gradient Effects

2.3.1. Catalyst Internal Structure:

Reaction rate ( catalyst surface area

· Areas range from 10-200 m2/g

· High areas achieved through a highly porous structure, i.e. high surface area to volume ratio

· Pore size:

· Not uniform
( Pore Size Distribution (PSD)

· PSD measured by nitrogen porosimetry
( suitable for 1- 30 nm sizes

· Micropores:
dpore < 0.3 nm

· Mesopores:
0.3 nm < dpore < 20 nm

· Macropores:
dpore > 20 nm

· Use a mean pore size in calculations

· Zeolite catalysts

( can have a bimodal pore size distribution

· Non-zeolite catalysts
( active metal dispersed and supported within a macroporous support matrix, e.g. silica, alumina

· Catalyst internal structure:

· Complex

· Inter-connecting pores of different radius and shape

· Possible bidisperse structure

· Further complication: variation of diffusion rates with pore size

2.3.2. Pore Diffusion:

Consider gas diffusion through a single cylindrical pore.

· Ratio of dpore to mean free path of the gas (() determines effect of pore on diffusion

( - Mean distance one particle can travel before it collides with another particle

· dpore >> (:

(i) Molecular diffusion dominates, i.e. Fickian diffusion

(ii) E.g. gases at high pressure, liquids

· dpore << (:

(i) Molecular interactions with the pore dominate, i.e. Knudsen’s Law

(ii) E.g. gases at low pressure, NOT liquids

· dpore << ( and dmol ( dpore:

(i) Configurational diffusion

(ii) Complex interaction of diffusing molecules with the force-fields of molecules making up the wall

(iii) Very difficult to predict

(iv) E.g. very large hydrocarbon molecules, pores of very small size

· Correlation for Diffusion Coefficients:

For gases:
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Usually need an effective binary diffusion coefficient (diffusion coefficient for the key component throughout a mixture), 
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Nc = no. of components

Given the Stefan-Maxwell equations for diffusion, calculate 
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( = stoichiometric coefficient

Knudsen’s diffusion coefficient, Dk, can be calculated from the kinetic theory of gases:
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i.e. 
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BUT: as p( ( transport regime can switch from Knudsen to molecular diffusion

· Configurational (or micropore) diffusion coefficients difficult to predict

· Non-zeolitic catalysts:

· Molecular and Knudsen diffusion dominate

· Pore diffusion coefficient, Dp, is a function of Dm and Dk
Treybal (1981):
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( Dp = Dm
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( Knudsen diffusion controlling

( Dp = Dk

For intermediate values, use Bosanquet to approximate Dp:
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Calculation of an effective diffusion coefficient, De:
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(p ( intraparticle void fraction (m3pv/ m3p)


(p ( tortuosity factor
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2.3.3. Reaction and Diffusion within a Catalyst Pellet:

Consider concentration profile within a porous catalyst pellet.


Reaction rate under negligible external and internal mass transfer = r*A. When mass transfer is important:



[image: image64.wmf]AS

A

C

C

>


(
Can’t use bulk concentrations to calculate actual (observed) reaction rate, rA
Relate rA to r*A through the effectiveness factor, (:
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(< 1 for isothermal or endothermic reactions)

( useful in design calculations, but for rigorous calculations is better to solve the simultaneous equations governing diffusion and reaction (see Section 3).

Packed bed:
( external film mass transfer resistances small





( assume situation depicted by solid line in previous graph

r*A is the reaction rate which would be measured if all of the pellets “saw” a concentration of CSAS:
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· (Pseudo-) First Order Reaction

Consider material balance through incremental section of a catalyst slab of cross sectional area a.
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Mass balance:
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Dividing by a(r, let (r ( 0:
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rAS ( mol/m3p.s


CAS ( mol/m3f

kv ( m3f/m3p.s

For no convective flow in the pellet:
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(for De,A constant with r)

Integrating with boundary conditions:


r = rp
( 
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Can derive profile for a spherical pellet in a similar way:
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Likewise for a cylindrical pellet in a similar way:
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Comparing equations (23), (25) and (27), can write general pellet mass balance:
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and
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b.c.
:
r = rp
( CAS = CSAS

m=1
for cylinder




r = 0
( dCAS/dr = 0

m=2
for sphere



rp = half-length of pellet

Given 
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 for a first-order reaction, can calculate average reaction rate (observed rate):
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Given rA, can calculate effectiveness factor, (.

· Effectiveness Factor – First-Order Reactions:

Recall:
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For isothermal (and endothermic) reactions, rSAS represents the maximum reaction rate, since CSAS > CAS:
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Also, at very high diffusional resistances:
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If ( can be calculated, then equation (31) can be used to determinate rA:
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(for negligible external film m.t. resistances)

For a slab:
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Note:
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For a sphere:
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Note:
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For a cylinder:
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Note:
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Can redefine Thiele modulus such that for any pellet geometry ( vs ( curves approximately coincide:
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Where ( is a redefined (general) Thiele modulus
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Vp ( particle volume


Ap ( external surface area of particle

Slab:
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(( = (slab)

Cylinder:
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Given (, equation (32) applicable to all pellet geometries: maximum discrepancies between curves ( 15%

· Effectiveness Factor – General Order Reactions:

For general order and reversible reactions, further generalise Thiele modulus:
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(40)


C*AS ( equimolar concentration of limiting reactant (=0 for irreversible reaction)

· Equation (40):

· Accounts from De,A variation with CAS
· Assumes differential resistances high ( ( ( 1/( region

· If not, C*AS needs to be calculated from:
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· Criteria for Intraparticle Diffusional Limitations:

If reaction kinetics known, ( can be calculated ( ( < 1 indicates diffusional limitations

However, need to ensure that we are working in a region where diffusional limitations are negligible so as not to falsify the kinetic data.

Weisz-Prater Criteria:

Rearranging equation (39):
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(1st order reaction)

Eliminate kv:
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 under typical operating conditions

LHS of (41) measurable.

(i) Negligible diffusional limits:

( << 1, ( ( 1

( ( ( << 1

(ii) Considerable diffusional limits:

( >>1, ( ( 1/(

( ( ( >> 1

Method can be generalised to any reaction scheme, using the appropriate form of the Thiele modulus (see equation (40)).

2.3.4. Temperature Gradients within a Catalyst Pellet:

Can calculate temperature gradients within a catalyst pellet by considering simultaneously the intraparticle mass and energy balances:

Mass balance for a spherical pellet:
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Energy balance, given an effective thermal conductivity, (e:



[image: image116.wmf]r

AS

S

e

H

r

dr

dT

r

dr

d

r

D

=

÷

ø

ö

ç

è

æ

2

2

1

l















(42)

Eliminating rAS and integrating twice:
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 when CAS = 0 for an irreversible reaction, or C*AS = 0 for a reversible reaction:
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Can be shown that equation (43) applicable to all geometries
For many industrial applications:
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i.e. (Ts is small, but (T (external film) can be large. Exceptions include highly exothermic reactions (e.g. oxidation and hydrogenation reactions), where ( can exceed 1 and effects of (TS are complex.

2.4. Combined Interfacial and Intraparticle Resistances

When external film resistance are important, the boundary conditions for the solution of the intraparticle differential equation become:


r = rp
( 
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r = 0
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Can define a global effectiveness factor, (G:



[image: image123.wmf][

]

A

AS

A

G

C

r

r

=

=

ions

concentrat

 

fluid

bulk 

at 

 

rate

observed

 

rate

h


(

[image: image124.wmf]m

i

G

B

,

2

1

1

f

h

h

+

=


















(44)



[image: image125.wmf]A

e

p

c

m

m

i

D

r

k

B

,

,

=


( Biot no. for mass transfer, or Sherwood no.


For Bi,m >> 1
(
(G = (
In the region of strong intraparticle diffusional limitations, ( ( (, ( = 1/(:

(

[image: image126.wmf]m

i

G

B

,

2

1

f

f

h

+

=


















(45)

For other reaction schemes, equation (45) is again applicable, but with ( calculated using the generalised Thiele modulus in equation (40), for which CAS is replaced by CA.

3. Fixed-Bed Catalysts Reactor Design

NOT QUANTITATIVELY ASSESSED IN THE EXAM!!!

4. Fluidised Bed Reactors

Involve catalyst beds which are not packed rigid, but either suspended in fluid (i.e. fluidised bed reactors) or flowing with the fluid (i.e. transport reactors).

4.2. Overview of Fluidisation Principles

· Downward flow in a packed bed ( no relative movement between particles

· Laminar flow: (P ( u
· Highly turbulent flow: (P ( u2
· Upward flow trough the bed:

· At low flow rates, (P same as downward flow

· When frictional drag on particles becomes equal to their apparent weight (i.e. actual weight less buoyancy), particles become rearranged such that they offer less resistance to flow ( bed starts to expand.

· As u increases, process continues until particles become freely supported in the fluid and the bed is said to be fluidised.

· Minimum fluidisation velocity, umf ( fluid velocity at the point where fluidisation occurs

· At superficial fluid velocities > umf:

(i) Liquid Fluidisation: bed continues to expand with u and maintains uniform character, but agitation (mixing) of particles increases; i.e. particulate fluidisation.

(ii) Gas Fluidisation: gas bubble formation within a continuous phase consisting of fluidised solids. Continuous phase referred to as the dense or emulsion phase; i.e. aggregative fluidisation.

· For aggregation fluidisation, flow in emulsion phase relative to particle ( constant, even at high inlet flow rates, but bubbling may be vigorous.

· For high flow rates and a deep bed, bubbles can coalesce and even form slugs of gas which occupy the entire cross-section of the bed.

· Fluidised bed behaves like a fluid:

· Hydrostatic forces are transmitted

· Solid objects float if their densities < than that of the bed

· Intimate mixing and rapid heat transfer, ( relatively easy to control T.

· Type of fluidisation depends on particle size and relative density of the particles; i.e.  ((s - (g). Geldart classification can be used to give an indication of the type of fluidisation achievable.

· Why fluidisation?

· Can achieve good control of T (even for highly exothermic reactions)

· Can work with very fine particles, for which ( ( 1.

· As catalysts improve, rates of reaction increase, i.e. higher values of kv. But:
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(DeA ( constant)

( As kv increases, only way to keep ( small (and thus ( close to 1) is to decrease rp.

· (P vs. u0 in a fluidised bed:

Where:

u0 = superficial velocity at bed inlet




ut = terminal velocity, i.e. pellets blown out of bed

Note – In fixed bed region:

Laminar flow

(
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Turbulent flow
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· Calculation of (P across a fluidised bed:

Total frictional forces on particles = Effective (apparent) weight of particles
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(1)

If increase P1, then (P at that instant is higher, but then ( increases (bed expands) or low-resistance gas bypass through bubbling, such that (P remains the same.

· Calculation of umf:

(i) If laminar flow at point of fluidisation:
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(2)

Note: (mf ( 0.4 for a bed of isometric particles

(ii) If turbulent flow at point of fluidisation (usually the case for coarse particles):
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Can solve equation explicitly, but convenient to work in terms of dimensionless groups:
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(Galileo number)
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(3)

In reality, expect Darcy’s Law and Ergun’s equation to overestimate (Pmf.

Laminar flow

( more accurate to use 121 rather than 180 in equation (2)

Turbulent flow 
( no data available for the adjustment of coefficients

( best to measure experimentally

Theory does not account for:

· Channelling of fluid

· Electrostatic forces between particles

· Agglomeration of particles

· Friction between fluid and vessel walls

· Calculation of ut:

When the drag force exerted on a spherical particle by the upflowing gas equals the gravity force (based on apparent density) on the particle, then the particle will be blown put of the bed.
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But
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Where:

CD = drag coefficient




Ap = (.dp2/4 (projected area of particle)
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(b)

Equating (a) and (b):

(
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(4)

For spherical particles and Re < 0.4 (
[image: image147.wmf]m
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Equation (4) reduces to Stokes’ Law:
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(5)

For 1 < Re < 103, Trambouze et al. (1984) give:
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For Re > 103, CD = 0.43 and equation (4) reduces to Newton’s Law:
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(6)

· Fluidisation Regimes:

Consider fluidisation regimes for Geldart type A or B particles.

(i) Fluidisation regimes with coarse particles: 

a. Bubbles appear as soon as umf is exceeded

b. In turbulent regime bubble lifetime is short (bubbles burst), bed looks quite uniform, short-circuiting of gas through bubbles is less likely

c. ut and particle blow-out coincide

d. In fast fluidisation regime there is solid flow in the direction of gas flow

e. Carryover (entrainment) separates particles by size.

(ii) Fluidisation regimes with fine particles:

a. Bubbles do not appear as soon as minimum fluidisation is reached; instead there is the uniform expansion of the bed

b. Bed more coherent, rather than particles behaving independently

c. Turbulent regime sets in well after u0 exceeds ut of an individual particle, therefore can operate at higher u0
d. Carryover does not separate particles by size (i.e. a more cohesive bed).

· Heat and mass transfer in fluidised beds:

Heat exchange can be through vessel walls or to an internal heat exchanger. For the latter, need to be careful not to adversely affect flow of fluidising gas, e.g. can use “bayonet” tubes. In some cases, fluidising gas supplies or removes the reaction heat.

· Most heat transfer correlations assume a pseudo-single-phase system, i.e. do not distinguish between heat transfer from bubble and emulsion phases.

· For gas fluidisation, heat transfer also dependent on geometrical arrangement of vessel and type of fluid

· Several correlations available in the literature for heat transfer to wall or internal heat exchanger. Usually in the form:


[image: image152.wmf](

)

Re

Nu

f

=


E.g.:
Dow & Jakob correlation for heat transfer to vessel walls:
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(i.e. 
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· For heat transfer between gas and particles, Balakrishnan & Pei (1975) give a jH factor:
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But in reality, the above correlation is difficult to attain because heat transfer rates between gas and particles are so large.

· Kay & Nedderman (1979):

· For all beds of depth greater than a few centimetres, the gas in the particulate (emulsion) phase may be assumed to be at the same temperature as the particles.

BUT
· The gas in the bubble phase is not in contact with the particles and need not be at the same temperature. Consequently the mean temperature of the gas leaving the bed may differ from that of the particles

4.3. Overview of Key Applications

Reactors involving fluidisation are useful for highly exothermic systems and/or systems requiring close temperature control; e.g. oxidation reactions.

· In “classical” fluidised bed operation catalyst particles are retained in bed, i.e. little catalyst entrainment:

· Oxidation of naphthalene into phthalic anhydride

· Ammoxidation of propylene to acrylonitrile

· Oxychlorination of ethylene to ethylene dichloride

· Coal combustion (can inject limestone for the in situ capture of SO2)

· Roasting of ores.

· Even with classical fluidised bed operation, the region above the surface of the bed contains some solid concentration. This becomes constant as we move further away from the surface.


Can apply cyclones above TDH to recover and return catalyst. Correlations available to predict TDH (see Geldart).

· In transport reactors, total amount of catalyst entrained by the gas:

· Fischer-Tropsch reactions for production of ydrocarbons from “synthesis” gas (CO+H2)

· Catalytic cracking, e.g. gasoline and diesel oil production from crude oil

· Such reactions associated with catalyst deactivation. Therefore transport operation allows flow of catalyst to a regeneration process (which may involve burning off the coke). Catalyst is then re-circulated.

· Transport operation enables very short reaction space-times, needed to prevent over-cracking or a reduction in product selectivity.

· In Fluid Catalytic Cracking (FCC), reactors’ (also referred to as cat crackers) reactions are endothermic, but the combustion of coke in the regeneration stage is used to reheat the particles and thus provide the required reaction heat.

· Modern cat crackers use zeolite catalysts, which are highly active for cracking.

· Usually some down-flow of catalyst along wall of riser, which can upset the desired product distribution.

· Next generation of transport reactors may involve fluidised flow in the downward rather than the upward direction.

4.4. Modelling of Fluidised Bed Reactors: Non-Transport

4.4.1. Two-Phase Models:

Ex-film





Catalyst





CSAS – surface concentration





CAS





Mass Transfer Layer





l





z





0





Fluid





External film











NA





CA





Solid











NA


(mol/m2p.s)





Significant external mass transfer





Negligible external mass transfer





Central axis of pellet





CAS





CSAS





r�





0





r�p





CA (bulk)
























































































































































































































































































































































































































































Transport Disengagement Height (TDH)





Constant solids concentration





u0





F1





F2





P2





P1





L





A





log u0





umf





Initiation of particle entrainment





Fluidised bed





Fixed bed





log (P





ut





0





1





30





1 – Slab


2 – Cylinder


3 – Sphere





3





2





1





(





(





r+(r





r





0





rp





CAS








PAGE  
21

_1069515418.unknown

_1069530975.unknown

_1069533551.unknown

_1072008505.unknown

_1072010558.unknown

_1072012133.unknown

_1072012642.unknown

_1072012965.unknown

_1072014540.unknown

_1072014664.unknown

_1072015091.unknown

_1072014280.unknown

_1072012771.unknown

_1072012856.unknown

_1072012666.unknown

_1072012332.unknown

_1072012493.unknown

_1072012175.unknown

_1072010765.unknown

_1072010956.unknown

_1072010737.unknown

_1072009981.unknown

_1072010201.unknown

_1072010290.unknown

_1072010095.unknown

_1072009103.unknown

_1072009250.unknown

_1072009092.unknown

_1069535103.unknown

_1072006027.unknown

_1072008430.unknown

_1072008489.unknown

_1072008381.unknown

_1069535405.unknown

_1069535676.unknown

_1069535195.unknown

_1069534532.unknown

_1069534684.unknown

_1069535051.unknown

_1069534616.unknown

_1069534251.unknown

_1069534369.unknown

_1069534159.unknown

_1069532299.unknown

_1069533042.unknown

_1069533432.unknown

_1069533488.unknown

_1069533394.unknown

_1069532342.unknown

_1069532651.unknown

_1069532318.unknown

_1069531284.unknown

_1069531498.unknown

_1069531545.unknown

_1069531343.unknown

_1069531101.unknown

_1069531231.unknown

_1069531053.unknown

_1069517758.unknown

_1069530282.unknown

_1069530554.unknown

_1069530651.unknown

_1069530895.unknown

_1069530569.unknown

_1069530385.unknown

_1069530443.unknown

_1069530325.unknown

_1069518158.unknown

_1069518473.unknown

_1069528719.unknown

_1069518440.unknown

_1069517912.unknown

_1069518066.unknown

_1069517850.unknown

_1069517052.unknown

_1069517499.unknown

_1069517650.unknown

_1069517680.unknown

_1069517551.unknown

_1069517208.unknown

_1069517384.unknown

_1069517156.unknown

_1069517182.unknown

_1069516733.unknown

_1069516876.unknown

_1069517033.unknown

_1069516769.unknown

_1069516180.unknown

_1069516213.unknown

_1069515859.unknown

_1064504495.unknown

_1064507132.unknown

_1069513503.unknown

_1069514121.unknown

_1069514404.unknown

_1069514430.unknown

_1069514205.unknown

_1069514008.unknown

_1069514059.unknown

_1069513546.unknown

_1069513146.unknown

_1069513317.unknown

_1069513335.unknown

_1069513156.unknown

_1069513054.unknown

_1069513133.unknown

_1064507145.unknown

_1064506196.unknown

_1064506953.unknown

_1064507076.unknown

_1064507089.unknown

_1064506999.unknown

_1064506280.unknown

_1064506639.unknown

_1064506245.unknown

_1064505325.unknown

_1064505676.unknown

_1064505931.unknown

_1064505360.unknown

_1064504945.unknown

_1064504976.unknown

_1064504838.unknown

_1064502017.unknown

_1064502702.unknown

_1064503696.unknown

_1064504095.unknown

_1064504385.unknown

_1064503840.unknown

_1064502844.unknown

_1064502968.unknown

_1064502754.unknown

_1064502444.unknown

_1064502556.unknown

_1064502674.unknown

_1064502476.unknown

_1064502177.unknown

_1064502246.unknown

_1064502044.unknown

_1063729517.unknown

_1063730589.unknown

_1064501851.unknown

_1064501969.unknown

_1063730669.unknown

_1063729634.unknown

_1063730410.unknown

_1063729613.unknown

_1063729004.unknown

_1063729297.unknown

_1063729483.unknown

_1063729027.unknown

_1063728816.unknown

_1063728979.unknown

_1063728595.unknown

