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DISCLAIMER

This spreadsheet and its functionality are not tested exhaustively and represent a beta-version.
The use of the spreadsheet is at the user’s own risk.

The spreadsheet EUROKIN_fixed-bed_html and this document have been made available by
the Eurokin consortium. The Eurokin consortium only provides user access to this spreadsheet
through its web page https://eurokin.org/. Under no circumstances the Eurokin consortium will
be liable for any damages (including, without limitation, consequential, incidental or special
damages, including lost profits or lost savings), or for illegal acts or actions, arising from the use
of the spreadsheet.

Also the copyright holders expressly excludes liability for consequential loss or damage which
may arise in respect of this spreadsheet, its use, the system or in respect of other equipment or
property for loss of profit, business revenue, goodwill or anticipated savings. Regardless of
whether any remedy fails of its essential purpose, in no event will the copyright holders be liable
for incidental, indirect, special or consequential damages, notwithstanding being aware of the
possibility of such damages.

SOURCE AND REFERENCE

The use of this spreadsheet is free. Please use the following reference: EUROKIN_fixed-
bed_html, EUROKIN spreadsheet on requirements for measurement of intrinsic kinetics in the
gas-solid fixed-bed reactor, 2012.

The Eurokin consortium, founded in 1998, is a consortium of industrial and academic members
whose aim is the implementation of best practice in the area of chemical reaction kinetics,
particularly in the industrial environment. This is achieved by carrying out work in a number of
areas such as the design of experiments and the interpretation of kinetic data to make the latest
knowledge in these fields available to the end user. In many cases this has resulted in the
development of user-friendly tools to allow, for example, more efficient assessment of
experimental conditions. Other work has been aimed at evaluating the software available for
processing kinetic data while a number of leading academics and experts have been
commissioned to produce reviews of the state-of-the-art in a number of chemical kinetics topics.
For more information on the Eurokin consortium see: https://eurokin.org/.

The spreadsheet and this document have been composed by Rob Berger, Anaproc; ¢c/o ChemE,
Delft University of Technology, 2628 BL Delft, The Netherlands on behalf of the Eurokin
consortium (https://eurokin.org/).
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PURPOSE

This document provides explanation and help for use with the spreadsheet EUROKIN_fixed-
bed_html. It contains additional information on the values to be specified by the user and it
contains a complete description of the literature correlations used in the spreadsheet for the
assessment of transport limitations and other disturbing phenomena such as axial dispersion.

The spreadsheet is aimed at the assessment of transport limitations in order to fulfill the
requirements for direct measurement of intrinsic reaction kinetics. For allowing accurate
measurement of the intrinsic reaction kinetics the effect of all transport limiting phenomena must
be negligible. The general condition for allowing neglecting transport limitations is that the effect
on the conversion rate is less than 5%. It is noted that the spreadsheet does not take into
account combined effects of different transport phenomena.

Another application of the spreadsheet is to estimate the characteristics of industrial-scale beds.

It is stressed that many of the correlations used are only valid in a limited range of conditions.
The use outside the validity ranges may lead to wrong conclusions. For this demonstration sheet
we implemented, as far as available, a widely used and broadly applicable correlation for each
parameter required. Of course there are many more correlations available in the open literature.
These are available in the larger and more sophisticated version of this spreadsheet available
for members of the Eurokin consortium only.

In order to demonstrate the use of and functions in the spreadsheet a specific example has been
implemented, an example on the decomposition of nitrous oxide (N2O) in a catalyst bed diluted
with inert SiC particles. The spreadsheet shows that the example fulfils all requirements for
direct measurement of intrinsic kinetics except the one for diffusion limitation inside the catalyst
particles. The spreadsheet shows that the example fulfils all requirements for direct
measurement of intrinsic kinetics except the one for diffusion limitation inside the catalyst
particles.

The document also describes experimental checks for the presence of transport limitations that
can be used to get more confidence, in particular for cases in which many catalyst characteristics
are not available.

As mentioned above, this tool is a fully functional but limited version compared to the version
available for Eurokin members. The table summarizes the differences between both.

Differences in functionality This tool Tool Eurokin members

Option for recycle No Yes

Number of components 4 7
Correlations for bed voidage 1 25
Correlations for pressure drop over the bed 1 15
Correlations for radial temperature gradient 1 28
Correlations for external temperature gradient 1 8
Correlations for radial dispersion / axial dispersion 0/1 7112
Correlations for external concentration gradient 1 21
Calculation of mixture thermal conductivity and viscosity No Yes

Diffusivity

Bulk/Knudsen/simplified Stefan-Maxwell

Criterion for axial temperature gradient No Yes
Criterion for inert bed dilution Yes Yes
Typical values of catalyst and inert diluent properties

) . L . No Yes
(porosity, tortuosity, thermal conductivity, density)
Option to store input data No Yes
Bright colours for indicating fulfillment of the criteria No Yes
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ADDITIONAL INFORMATION ON ITEMS IN THE SPREADSHEET

The spreadsheet EUROKIN_fixed-bed_html contains several references to background
information and additional information. This information can be found at the items below.

(1) Default case

N2O decomposition on Rh/C0304-Al,03 at 550 K, 250 kPa, 0.04% N-O in He, W/F(N.O) = 950
kg s / mol; 50 mg of catalyst diluted with 150 mg of non-porous SiC. The reaction rate was
estimated at 1.0x10* mol-N,O/kg-cat/s. This is also the standard case implemented.

N,O — N, +20, {1}
The reaction order with respect to the reactant N>O is one and with respect to all other
compounds zero. The apparent activation energy amounts to 150 kJ/mol and the reaction

enthalpy amounts to 81.5 kJ/mol. The stoichiometric numbers of the components involved in the
reaction are -1, 1 and 0.5 for N2O, N, and O, respectively.

The value of the reaction rate constant in the spreadsheet is calculated directly from the
observed reaction rate ignoring any transport limitations.

(2) Bulk void fraction

The typical value of the bed porosity or bulk void fraction is 0.38-0.40. Higher porosities occur
if the particle size is less than one order of magnitude smaller than the bed diameter.

(3) Conversion

The conversion in the spreadsheet is calculated with the assumption that the reaction is
irreversible with a constant reaction order, and ignoring any transport limitations and the effect
of the change of volume due to reaction. The influence of the change of volume due to reaction
is in reality only negligible at low conversion or with much dilution with inert gas.

For a 1% order reaction applies:

Xa=1- exp(kﬂpA,O] {2}
I:A,O
Where: Xa = conversion of reactant A [-]
k = reaction rate constant [mola/PaakgcaS]
W = catalyst weight [kgcai]
Fao = feed molar flow of reactant A [mol/s]
pao = partial pressure of reactant A in the feed [Paa]

For other reaction orders the conversion follows from:

1n

Xa =1—{1+ k(n—l)Fﬂ(pA’O)n_l} {3}

A0

Where: n = reaction order with respect to reactant A [-]

(4) Relative pressure drop over the catalyst bed

AP <22 @
Where: AP = pressure drop over the catalyst bed [Pa]

Pwt = feed pressure [Pa]
n reaction order [-]
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For estimating the pressure drop over the bed the widely applied correlation from Ergun [1] is
used:

f, = @(1.75 +150w) {5}
& Re
Where: fm = modified friction factor
& = bed porosity [Myoid®Mbed?]
Re = Reynolds number

The validation range of this correlation is 0.1 < Re < 1000.
The Reynolds number is defined as:

Re = Joe Aot 2 oo 6}
Where: dpe = diameter of sphere of equivalent specific surface, calculated as six times the
ratio of the particle volume and the external surface area.
pec = gas density [kg/m?]
Uo = superficial gas velocity [m/s]
Ue = gas viscosity [kg/ms]

For simplicity, the equivalent particle diameter dpe is in the spreadsheet set equal to the particle
diameter, dp.
The pressure drop follows from:
AP f ps U’
b A t
bed pe

Where: hpes = height catalyst bed [m]

(5) Axial dispersion

Mears [2] and Gierman [3] defined the following criterion for the bed height for allowing
neglection of the axial dispersion and thus allowing the assumption of plug-flow behaviour:

Poeq > in In 1 {8}
d, ~ Bo 1- X,
Where: d, = particle diameter [m]

Bo Bodenstein number [-]

Xa conversion of the reactant [-]
The Bodenstein number for axial mass transport, or Pe, the Péclet number referring to the
particle, is defined as:

u,d
Bo=Pe, = —" {9}

Aax

Where: Daax = axial dispersion coefficient of A in the bed [m?/s]

A widely valid correlation for the Bodenstein number comes from Wakao et al. [4]:

1 _ ‘("bDA,m gb

Bo 7,d, Uy +05 = r,ReSc +03 {10}
Where: & = bed porosity [Mm3/Mpeq’]
Dam = molecular diffusivity of A in the gas mixture [m?%/s]
m» = bed tortuosity [-]
Sc = Schmidt number [-], defined as uc/(pcDam)
Re = Reynolds number [-], defined as dppcUo/ 1
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For the tortuosity of the bed the correlation reported by Puncochar & Drahos [5] can be used:

" {11)

(6) Radial dispersion

Chu & Ng [6] showed that the following criterion is valid for the bed diameter and the particle
diameter for allowing the assumption of absence of radial concentration gradients:

d,/d, > 8 {12}
Where: d; = catalyst bed diameter [m]

(7) Inert bed dilution

Berger et al. [7] defined the following criterion for the fraction of inert bed dilution:

b ) Xadp
A=| 2 1
(1—b] 2 g )

Where: A = relative deviation of the conversion in comparison with the conversion that
would be obtained if the catalytic activity would be homogeneously
distributed over the bed [-]

b = volume of inert material as fraction of total solids volume [M3ner/M3inert+cat]
Xd¢i = conversion obtained with the diluted bed [-]

The volumetric dilution, b, can be calculated with:

_ Wai / Pai
Wea / Peat +Wai / Pai
Where: Wqi = amount of inert dilution material [kg].
Ldil density of dilution particles [kg/m3seie]
Weat amount of catalyst [kg]
Peat density of catalyst particles [kg/m3capeliet]

With the maximum accepted deviation set at 0.05 follows:

1
b<———
1+10x4d, /L

{14}

{15}

(8) External mass transfer limitation

The extent of external mass transfer limitation, i.e. mass transfer limitation over the gas film
surrounding the catalyst particles is expressed using the Carberry number, defined as
(Mears[8]):

obs
ca= oA _CanCas 005 {16}
Kga,Cap Cab n
Where: Ca = Carberry number [-]
Rv‘ff\s = observed volumetric reaction rate per unit of catalyst pellet volume
[mOI/mgcatpelletS]

ke = external mass transfer coefficient [-]

a, = specific external surface area of a single catalyst particle [m2/m3peied; for a
spherical particle equal to 6/dp.

Cab = bulk concentration of reactant A [mol/m3gas]
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Cas = concentration of reactant A at the external pellet surface [mol/m3gas]

The criterion is that the resistance due to external mass transfer is less than 5% of the
resistance due to chemical reaction. For a first-order reaction, the efficiency follows from:

n =1-Ca (forn>0) {17}
Where: n = catalyst efficiency (concerning external mass transfer limitation) [-]

There are many empirical correlations available for the mass transfer coefficient between pellet
and gas bulk (ky). The correlation from Wakao et al. [4], validated in the range 0.1 < Re < 100,
is used here:

Sh =2+ 1.1Re"* S¢/3 {18}
In which the Sherwood number (Sh) is defined according to:
ks d
Sh = {19}
Am
It is noted that this calculation does not take into account the effect of limitation by any other
transport phenomenon.
(9) Internal diffusion limitation
The extent of internal diffusion limitation, i.e. pore diffusion limitation inside the catalyst particles,
is expressed using the Weisz-Prater criterion (Froment & Bischoff [9]):
2
RObS d 6
2 DA,eff CA,s
Where: ® = Weisz modulus []
Rv‘fis = observed volumetric reaction rate per unit of catalyst pellet volume
[mOI/mgcatpelletS]
Daeit = effective diffusivity inside the catalyst particles [m?/s], see (16)
Cas = concentration of reactant A at the external catalyst particle surface [mola/m?]
The deviation caused by pore diffusion limitation is smaller than 5% if ® < 0.08. For a zero-order
reaction, however, @ should be < 0.33 (Anderson & Pratt [10]).
The Weisz modulus expresses the ratio between the observed rate and the ‘diffusion rate’ as
follows:
® = ¢° {21}
where: n = effectiveness factor
. d . .
¢ = Thiele modulus = 2 (H_HJL (for spherical particles)
6 2 DA,ef‘f a,s

If ® is known, 7 and ¢ can be calculated (by using a solver).
For a first order reaction, thus n = 1, 7 can be determined analytically from ¢:

_yf 1 1 21
7= gl tanh(3g) 3¢
n can then be determined via trial & error (or using a solver).

For @ < 0.1, n will be almost 1 and ¢ can be estimated simply from ¢ =/ .
For simplicity this has been implemented in the spreadsheet.

It is noted that this calculation does not take into account the effect of limitation by any other
transport phenomenon.
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(10) External heat transfer limitation

The criterion for external heat transfer limitation, i.e. heat transfer limitation over the gas film
surrounding the catalyst particles is according to Mears [8]) expressed as follows:

Ry [AH|d, _ 0.05RT¢

AT, = {23}
" 6, E.
Where: ATrim = temperature difference over the film surrounding the catalyst particles [K]
AH = reaction enthalpy [J/mola]
ap = particle heat transfer coefficient [W/mK]
R = ideal gas constant [J/mol K]
Te = bulk gas temperature [K]
Ea = (apparent) activation energy of the reaction [J/mol]
There are many empirical correlations available for «,, the heat transfer coefficient between
pellet and fluid bulk. A widely applicable correlation is the one from Wakao et al. [4], which is
similar to the one for external mass transfer limitation. It has been validated in the range 0.1 <
Re < 100.
Nu = 2 + 1.1Re®¢pr /3 {24}
Where: Pr = Prandtl number [-], defined as cpcuc/Ac (With cpc = gas heat capacity in
J/kg K)
In which the Nusselt number (Nu) is defined according to:
Nu =22 d, {25}
%
Where: A1 = thermal conductivity of the gas mixture [W/m K]
(11) Radial heat transfer limitation
According to Mears [8], the following criterion is valid concerning radial heat transport limitation
in the catalyst bed:
R%%|AH|(1- &, )(1-b)d2 2
ATrad — VvA| r |( gb)( ) t < O'OSR-I—W {26}
32, E,
Where: ATw.q = temperature difference between the bed near the wall and the average in the
bed [K]
AH = reaction enthalpy [J/mola]
b = volume of inert material as fraction of total solids volume [M3ner/M3inert+ca]
A = effective radial thermal conductivity in the bed [W/mK]
If the reactor wall temperature is measured instead of the temperature at the centerline of the
bed, the following criterion applies:
R |A H|(1-¢&,)(1-b)d,? 2
AT = 1+i va A H|(2-2,)(1-b)d, . 0.05RT, en
Bi,, 32 4, E,
Where: Biw = Biot number [-]
The Biot number at the internal reactor wall is defined as follows:
Bi, = vt di 28
w 2 { }

er
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Where: o = heat transfer coefficient at the internal reactor wall [W/m?K]

Since this second criterion is more difficult to fulfill, the experimentator is always
recommended to measure the catalyst bed temperature directly, e.g. by a thermocouple in the
catalyst bed or in the thermowell in the centre of the bed.

There are many empirical correlations available for the effective radial heat conductivity, Aer, and
the heat transfer coefficient at the internal reactor wall, aw, to describe the radial heat transfer in
the reactor. A correlation validated at Re > 40 is the one from Specchia et al. [11].

The effective radial thermal conductivity in the bed (4e) is estimated as follows:
A _no e

{29}
b
Where:
2
ﬂ’conv Rep Pr H dD
= with: Pe, =8.65{1+19.4| — {30}
ﬂG I::’erif dt
and
1-—
0.2205% + 2| %= {31}
3 p
Where: Apo = static contribution effective radial thermal conductivity [W/m K]
Adconv = convective contribution to radial thermal conductivity [W/m K]
dp = pellet diameter [m]
Ap = thermal conductivity of the particles in the bed [W/m K]
Note that A4, is the average thermal conductivity of the particles in the bed. In the presence of
inert bed dilution this bed dilution influences this value. The way in which this influence is
accounted for can be found at (12) on page 11.
The heat transfer coefficient at the wall based on a model in which the heat conduction through
the bed is also accounted for, aw, IS estimated as follows:
0
aw - aw + aw,conv {32}
Where:
0
aw d 1- &
=28, + q 1.5bS 1 (33)
0.0024| —*+ + = s
d, 3 4,
and:
b
Pr
For Rep <1200: @, cony = 0.0835£Re[?-91 e
’ dp I:)rair,80"C
{34}
A5 o053 Pr &
For Rep > 1200: ¢, (0, =1.23—=Re ™| —
dp I:)rair ,80°C
Where: o = heat transfer coefficient gas - reactor wall [W/m?K]
o’ = static contribution heat transfer coefficient gas-wall [W/m? K]

awconv= convective contribution heat transfer coefficient gas-wall [W/m? K]
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It is noted that the correlation above for Aer and aw, are not validated at Re < 40, occurring in
most lab-reactor applications. Nevertheless it appears that the correlation does give a
reasonable estimates at lower values of Re. The correlation is also not validated at Re > 10,000.

N.B. The effect of heat transfer by radiation is neglected. Depending on geometry and
application, the contribution by radiation is negligible at temperatures below 1100-1400 K.

(12) Intraparticle heat transport limitation

According to Mears [8] the following criterion is valid concerning internal thermal conduction in
the catalyst particles:

RYN A H[d? _ 0.05RT?

AT,
" 601, E

{35}

Where: AT = Temperature difference between the edge and the average in the particle [K]
Ap = thermal conductivity of the catalyst particle [W/m K]

The average pellets heat conductivity (4,) can be calculated from the conductivity of the
catalyst pellets (Aca) and the dilution pellets (Aqi) by using the volume-weighted mean of the
heat conductivity resistances :

1 1-b b

+ T.m {36}

A A

p cat

(13) Adiabatic temperature rise

A parameter of general interest is the adiabatic temperature rise (ATaq [K]), which is easily
calculated from:
_ |AH[Y X4
Coc
Where: ya = molar fraction of reactant A in the feed [-]

AH = reaction enthalpy [J/mola]
Xa = conversion of reactant A [-]
Cpc = heat capacity of the gas mixture [J/mol K]

AT, {37}

(14) Axial temperature gradient

A criterion concerning the axial temperature profile in a fixed bed is normally not necessary since
the effect of the axial temperature gradient in the bed is smaller than that for the radial
temperature profile if the reactor wall can be assumed isothermal over the length of the catalyst
bed.

(15) Bulk diffusivity

Binary molecular diffusivity in gases (bulk diffusivity)

The binary molecular diffusivity of gas A in gas B, Dag, can be estimated with the semi-empirical
correlation from Fuller, Schettler and Giddings (Perry et al. [12])

11175 [1 | 1 where: Dag = diffusivity of AinB [m?3/s]
D.— 321071 m, " m, T = temperature K]
AB % %12 {38} mi = molecular mass of i [kg/mol]
Prot {(ZV)A +(Zv)g } Pot = total pressure [kPa]
(Zv)i = diffusion volume of i [m3/mol]
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Table:  Diffusion volumes for estimation of the molecular diffusivity [10-® m3/mol]

H D, He N> (O3 Air Ne Ar Kr Xe
7.07 6.70 2.88 17.9 16.6 20.1 5.59 16.1 22.8 37.9
(0] CO; N2O NH3 H.O CClaF; SFs Cly Br; SO,
18.9 26.9 35.9 14.9 12.7 114.8 69.7 37.7 67.2 41.1

Table:  Atomic and structural diffusion volume increments for use with organic molecules for estimation
of the molecular diffusivity [10-® m3/mol]
C H (0] N Cl S Aromatic ring Heterocyclic ring
165 | 1.98 | 548 | 569 | 195 | 17.0 -20.2 -20.2

N.B. The Fuller-Schettler-Giddings equation is not valid for polar mixtures or at high pressures;
alternative equations can be found in Perry et al. [12].

Bulk diffusivity in gas mixtures

A simple equation for the bulk diffusivity of a component in a gas mixture containing more than
two molecules (Dam) can be estimated from the individual binary diffusivities (Da) according to
the Wilke-equation (Perry et al. [12]):

N, -1
Dan = (1_xA)( > ij (39} where : Nc

total number of components
molar fraction of component i

i=1(i=A) Dai Xi

Unfortunately, the Wilke-equation is only valid in diluted mixtures in a stagnant medium.
Particularly in cases in which the gas is diluted with a fast-diffusing gas such as hydrogen or
helium, the equation is only valid for very highly diluted mixtures.

Therefore, it is in most cases more accurate to use the Stefan-Maxwell equation since this takes
into account the effect of the diffusion of the other compounds. Compounds that diffuse in the
same direction have less influence than components that diffuse in the opposite direction (or
inert components that show no net diffusion). In order to do so, however, one needs to include
the stoichiometry of the reaction taking place (which determines the values of ).

1- XA%:V—i where : D, = reduced molecular diffusivity of A
Dam = N i=1 VA {40} Vi = stoichiometr.ic coefficient of
2 1[)(. —x Vij component | (positive for products,
i_](#A){DAi ! A Va negative for reactants)
NC
(XA,i — XA)Z(Vi where: fa = so-called film factor (for
fo = i-1\ VA 1) component A) .
Ne (", Xa,i = molar fraction of component | at
1- XAZ(VIJ the gas-solid interface (for
In ':i A external diffusion limitation)
1 Xp; Z(V'j
i1\ Va

The effective diffusivity is then calculated according to:

o
Dam = = {42)
A

Unfortunately, accurate use of this equation requires an iteration loop since the mole fraction of
A at the gas-solid interface is not known beforehand and depends on the diffusivity. For
equimolar counterdiffusion (which occurs if there is no net consumption of production of
molecules), the film factor fa reduces to one, and thus Dam = D°am.
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If the effect of transport limitation is assumed to be small (i.e. xa,;= Xa), the film factor fa reduces
tO fA,app

where :

N
c V. . .

faapp = 1- XAZ — {43} faapp =  approximate film factor (for
i=1\ VA component A)

Particularly in diluted gas mixtures, this approximation stays reasonably accurate up to
situations with significant or even strong transport limitations. Therefore this equation has been
implemented the spreadsheet.

(16) Effective diffusivity

The effective diffusivity in the catalyst particle pores, Daerr , iS lower than the bulk diffusivity due to the
restriction caused by the solid material. It is estimated from the molecular diffusivity of A in the mixture,
Dam, the catalyst porosity (&) and the catalyst pore tortuosity (z) according to:

&
Daett = _pDA

Tp

With gases and in case of catalysts with narrow pores, which applies to most catalysts, the limitation
due to Knudsen diffusion has to be taken into account according to e.g. Satterfield [13] by means of :

D.—_ % /7o
eA — 1 1
+
DA DA,k

,m

Knudsen diffusivity

A diffusion process is called Knudsen diffusion if the transport of the gas molecules is limited by molecule-
wall collisions and not by molecule-molecule collisions as in bulk diffusion. Knudsen diffusion becomes
slower than bulk diffusion if the pore size is smaller than the mean free path of the gas molecules,
amounting to app. 10 nm at atmospheric pressure.

2 _ [8RT where: Dak = Knudsen diffusivity of A [m?/s]
Dak = gr m r = (average) pore radius [m]
A
R = gas constant [J/mol K]
T = temperature K]
ma = molecular mass of A [kg/mol]

If long cylindrical pores with uniform pore diameter are assumed, average pore radius I can be calculated
according to:

_  2¢g, where: & = pellet porosity [-]
r= S = pellet density [ka/Mpeliet®]
P S = specific internal surface area [m?/kg-cat]
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