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Design of Unsteady-State Fixed-Bed
Processes for Heat Regeneration, Ad-/
Desorption, and Gas-Solid Reactions

This review covers all three unsteady-state fixed-bed processes important in
chemical engineering, namely, heat transfer from a hot gas to a cold fixed bed
(heat regenerator), ad- and desorption of a gas for a Langmuir and a linear iso-
therm, and regeneration of a coked catalyst by coke burn-off as an important
example of a transient gas-solid process. Albeit of inherent differences, the pro-
cesses have strong analogies. For example, a moving heat or mass transfer zone,
spreading or with constant pattern behavior, is formed. For each case, numerical
and suitable analytical solutions for process design either selected from literature
or developed in this work are derived and compared. Experimental data, if avail-
able, are also considered.
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1 Introduction

Three important unsteady-state fixed-bed processes are indus-
trially applied and still the subject of intensive research in
chemical engineering, particularly 2) and 3):

1) heat transfer from a hot gas to a cold fixed bed (or vice ver-

sa) in a heat regenerator,

2) adsorption and desorption of a gas to and from a solid

adsorbent, and

3) regeneration of a coked catalyst by coke burn-off, as

inspected in this article, but there are similar transient gas-
solid processes such as oxidation/reduction of metals/metal
oxides or of catalysts with a metal as active component.
The reader may ask, why a review is needed, as these pro-
cesses are already in industrial operation for many decades and
have been also discussed in textbooks and journals, for exam-
ple, just to name a few, in [1-11] for heat regenerators, in

[12-27] for ad-/desorption, and in [12, 28-30] for coke burn-

off. The answers to this question and the motivation for this

review are:

— The three processes have never been presented and analyzed
connectedly in one article in spite of distinct analogies with
regard to the transient nature, physicochemical background,
and underlying differential equations (DEs).

- Suitable approximate analytical solutions, partly introduced
in the literature, although not easy to find, have also not
been presented in one article, and were only in parts system-
atically compared both with numerical solutions and with
experimental data.

- The type of the transfer zone formed in each case is often
just named as constant pattern or dispersive behavior with-
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out a real plausible explanation even for chemical engineers,

if not being absolute specialists of one of the named process-

es. The same is true for methods to calculate the height of
the transfer zone (HTZ), which is constant or rises in direc-
tion of flow.

In this paper, (approximate) analytical and numerical solu-
tions of these three transient fixed-bed systems are reviewed
based on literature references and own considerations. The
results are compared to experimental literature data, if avail-
able. Among other aspects, the type of the moving transfer
zone, spreading or with a constant pattern behaviour, is
derived. Methods to calculate design parameters, such as the
velocity and height of the transfer zone, are given.

2 Heat Transfer from a Hot Gas to a Cold
Fixed Bed or Vice Versa
(Heat Regenerator)

The heat regenerator was the first unsteady-state fixed-bed
process analyzed on a scientific basis. Already in the 1920s,
Anzelius, Nusselt, and Hausen made significant contributions
to mathematical design methods [1,2,8]. The process requires
a two-step operation. In the first step a hot gas gives up its heat
to a cold fixed bed. The bed heats up and in the second step
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releases the heat to a second cold gas. For continuous operation
regenerators are used in pairs.

A prominent example is preheating of air blown into blast
furnaces, where inlet temperatures of 1300 °C are needed, too
hot for construction materials of recuperators (stationary oper-
ated and much easier to design). Hence, regenerators (cowper
stoves) are needed. The heating of the typically used checker
bricks is conducted by hot flue gas generated in an upstream
combustion chamber by incineration of the waste gas of the
blast furnace. During the subsequent discharge period, fresh air
is driven across the hot bricks. Other regenerator applications
are glassmaking furnaces or coal power stations, if dirty or
dust-laden gases are liable to plug recuperators [4].

On first sight, the regenerator seems to be simple, as only
heat exchange is involved without any change of the composi-
tion of solid and fluid. But as Jakob stated in 1957, “the theories
of the regenerator are among the most difficult and involved
that are encountered in engineering” [3]. This statement is still
valid, even if numerical solutions of the DEs, also presented in
this work, are today relatively simple to achieve by computer
programs. But the results of mere numerical calculations
always have in general one crucial drawback: You have to trust
the results, even if not immediately clear, e.g., here the influ-
ence of the operation time or of the axial position on the shape
and width of the moving transfer zone, a characteristic feature
of every transient fixed-bed process. Additional analytical
(approximate) solutions are therefore still of high value with
regard to a process understanding and to check numerically
derived results.

According to Levenspiel [4, 5], the spreading of the tempera-
ture front in a regenerator and thus the HTZ are determined
by three phenomena: 1) gas-solid heat transfer, 2) axial disper-
sion of heat by the gas and solid, often collectively described by
an effective axial thermal conductivity, and 3) conductive heat
flow into the particles. Dispersion is only important for strong
T-variations over a length of a few particles. Spreading by heat
conduction into the particles only comes into play, if the time
for particle heating is comparatively large (low thermal con-
ductivity of solid). Here, it is assumed that the spreading of the
T-front, as in most technical cases, is only governed by the
external gas-solid heat transfer. The differential equations for a
regenerator are then:

oy = 0T,

C oT.
Eped E + ug E _ Pbed €s,m Ols

pg,mol Cp,g,mol ot

(1)

0Ty Cex ay(Tg— T, _
== M with ay = =) for spherical particles
ot Pred Cs,m 4
2)
The Egs. (1) and (2) lead to
oT, 0Ty Aoy
g ex YV
sbedE‘F Sz p o (TS - Tg) G)

pg,mol Cp,g,mol

Typically, the boundary and initial conditions are a constant
gas inlet temperature (Tg)in)l) and a uniform initial solid tem-
perature (To). Eq.(3) is also useful to calculate the gas-solid
temperature difference, if 0T,/0z is known and the condition

Eheq 0Tg/0t <<u0T,/0z is fulfilled, as validated below. The
condltlon |T Tgm| =0.5 |Tgm— sO| =0.5 |ATgmaX| is then
typically used as reference with the corresponding position z, 5
and time f, 5, respectively:

oT, T,
_ U Pymol Spgmol ( g for gbed - << u, 2 =
0.5

(Tg - TS)O.S ® . ay oz
(4)

According to Levenspiel [4,5], the symmetrical S-shaped
advancing temperature front is well represented by the
Gaussian cumulative distribution function (CDF) with stan-
dard deviation o

2u, P mol € ,g,mol
o7 = ty [~ Damol gl 5)
z ey Ay

The CDF equation of the T-front, Eq.(S1), useful approxi-
mate solutions, Egs.(S2) and (S3), and also a method to
determine the HTZ are given in the Supporting Information
(Sect. S1).

Symmetrical S-shaped fronts of T, and T; only develop, i.e.,
Eqs.(5) and (S1) are valid, if the spreading of the front is
caused by only one phenomenon, here, as stated before, only
by gas-solid heat transfer. The validity of this assumption in
general and for the example given below is elucidated in
Sect. S2. Secondly, the regenerator should be so long that the
particles at the inlet of the bed almost reach Ty s, at least for
most of the regenerators operation time.

The velocity of the front determines the time #, 5 the center
of the in the ideal case symmetrical S-shaped T-profile
(ATg center = 0.5AT g max) Needs to reach the axial position zy s:

Z Pgmol €p.g.mol Pgmol €p.g.mol
uF:%:us gmol ‘p.g ~y, Pamol e
C,
05 (ebedpgmol Cp.gmol T Pped Cs.m) Pred Csm
(6)

Note that up is independent of temperature (4, ~ T; Pgmol
~ 1/T). Combining Egs. (5) and (6) yields:

2 Up Pped Csm 205 |2 UE Pped Csm
205 Qex Av Up V Zp5 Cex Av

2205 Pped Csm_ 705
Uex Ay
For the heating of an initially uniformly cold fixed bed with

hot gas, the slope of T, with ¢ at position zy 5 or the slope with
regard to z at time o5 is [4, 5]:

7(%) ~ Tg,max: Tg,max U Uex aV\/I (8)
ot Jos 2507  25V2\ Ppea Gsm V 205

7(%) - Tg,max o Tg,max Uex Ay L
0z Jos 2507up  2.5v2 \ Up Pped Csm V Z0s

or =ts

™)

1)  List of symbols at the end of the paper.
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Hence, the HTZ, which is proportional to 1/(0T4/0z) and
thus proportional to V05> see Eq. (9), broadens with increas-
ing axial position z and adsorber length, respectively. Note that
the HTZ is not strictly defined, because it is difficult to deter-
mine where the transfer zone begins and ends. Typically the
distance of two positions is used, where a certain initial and
final T-value is reached, for example zpo, is related to
ATy = 0.02ATg max and zpog to ATy = 0.98ATg max, and thus the
HTZ = zy93-2002- Eqgs. (8) and (9) also yield the ratio of
€bed0T4/0t and u0T,/0z, helpful, as already indicated before, to
prove the validity of Eq. (4):

e (Lﬂ)

bed |\ 5y 0.5 _ €bed

us<%> U
0z/05

The front velocity (ug) is in general much smaller than the
gas velocity (us), justifying that Eq. (4) is suitable to calculate
the difference between T, and T, by the quasi-steady-state
assumption. For example, £yeq07y/0t/(u0T,/0z) is 0.0002 for
the case examined here (parameters in Tab. 1).

The results of the numerical and analytical calculations pre-
sented in the Figs. 1 and 2 were validated by experimental data
of Uniyal and Sharma for heating of an initially cold fixed bed
of rocks with hot air [7] (Fig.1). For the numerical analysis,
Eqgs. (1)-(3), as all DEs in this work, were solved by the com-
puter program Presto, a solver of DEs (CiT GmbH, Rastede,
Germany). For the analytical solution, the gradient (d7y/dz)o.s
at a certain axial position zy 5 is calculated by Eq.(9), and the
corresponding symmetrical S-shaped curves by the Gaussian
CDF by Eq. (S1), see Supporting Information, with or as stan-
dard deviation, Eq. (5). Parameters values and boundary condi-
tions such as the constant value of Tg;, are listed in Tab. 1.

The numerical and analytical solutions almost coincide
except for the front section of the bed (< 0.1 m) and operation
times < 20 min, Fig. 2. The analytical solution, assuming a sym-
metrical S-shaped T-front, then leads to physically
unsensical gas temperatures below Tg;, (Fig.1),

up (10)

600

Table 1. Model parameters of thermal regenerator (hot air, ini-
tially cold rock bed; data from [9]).

Parameter Value Unit

Tgins Tso 550, 20 °C
Pgmol,293 K 41 molm™
Cpg 30 Jmol 'K ™!
Phed 1978 kgm™
Ebed 0.4 _

Com 1068 Jkg 'K
Aex 24.5 Wm2K™!
d, 0.02 m

ay 180 m’m™>

Us 293K 0.195 ms'

ug 0.00011 ms™

L 1.2 m

p 1 bar

two-step process: In a first step (la), the T-profile of the gas
(initially a flat front) migrates into the bed by a small axial dis-
tance, leading to a shift (offset) from the profile of the solid.
This step accounts for the T-difference between gas and solid
and thus for the gas-solid heat transfer resistance. In a second
step (1b), thermal equilibrium is established, here for
illustration assuming that the decrease of T, equals the corre-
sponding rise of T, (AT, = — AT). This two-step process is
then repeated (2a/2b-4a/b). Fig.3 illustrates that in each
step the HTZ is broadening, and the T-gradient |6Ti/az|
decreases.

and the solid particles at the inlet of the fixed bed
have, according to the numerical analysis, still not

reached Tg;, (Fig.2). The (absolute) value of the 500 K\

T-gradient decreases with time and position
(~1/\/zy5 and ~ 1/\/ty5, Fig.1): The gradient is

-1100Km™ for zys = 035m (50min) and 400 1

-870Km™ for 0.56m (80 min), as postulated by

Vz.

For a reliable applicability of the CDF for a heat
regenerator the term o/t should be < 0.4 [4, 5]; one 200 -
may call this a long regenerator in line with
Levenspiel’s definition. Here this limit is reached at

(8] [
Eq. (9). Hence, the HTZ increases proportionally to TE 300 1
[

..... T i aranl /RIS
(dT,/dz), 5
....................................... AT, =0.5 AT 0 ~ == =1

Zos = 0.65m after 80 min. Thus, the nevertheless 100 1

instructive experiments of Uniyal and Sharma [9]

were conducted in a still rather short regenerator. 0 -
An attempt for a plausible explanation of the 0

spreading phenomenon in a heat regenerator by a
simple schematic diagram is shown in Fig. 3 with
T, and T in dimensionless terms (@, ©). The
regeneration is regarded as a perpetually repeating

Chem. Eng. Technol. 2022, 45, No. 11, 2015-2029
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Figure 1. Axial profiles of Ty for heating of a cold rock bed with hot air calcu-
lated by Egs. (5), (9), (S1) and (S2); conditions and parameters in Tab. 1; symbols:
measured data [9]). The symmetrical S-shaped T-fronts represent Gaussian CDFs.
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3  Ad- and Desorption for a Langmuir

Adsorption Isotherm

The equations for ad- and desorption according to the linear

driving force model are:

oc oc OL o,
oy TG, T P gy
aimol«,m

ot = kLDF <Lmolﬁm - I'mol.m)

Step 1 Step 2

(shift of Ty-profile by Az)

(€3))

(12)

Step 3

Figure 2. Numerically modeled axial T-profiles
based on Egs.(1) and (2) (solid line for gas and
dotted line for solid) and analytical solution for T
by Egs.(5), (9), (S1), and (S2) (dashed-dotted line).

1.2 The two circles show T calculated by Eq.(4) for

ATy =05 ATy max-

Here (and also in Sect.4), only isothermal ad- and desorp-
tion of a single gaseous component is considered. For a Lang-
muir adsorption isotherm, the equilibrium loading of the

adsorbent is:

* _ kad‘L Cg
‘mol,m 1+Kad‘L Cg

kad,L Eg.pore
1+ Kad,L Zg,pore

Lmol,m =

Step 4

A 13)
1125 ©,=0,)
o e s

m_‘_>:K®g,shift
€}

),
@

0

Equilibration

A 1b)
1 ((’39 = ®s)1
n
]
ot 0.5
@
0 >

z

4b)

Figure 3. Explanation of spreading phenomenon in a heat regenerator (hot gas/cold bed) by a sche-
matic diagram. The heat transfer process is regarded as a perpetually repeating two-step process (step 1
a: shift (offset) between profiles of Ty and T; step 1b: thermal equilibrium assuming IATgl = IATl. The
two-step process is then repeated (2a/2b-4a/4b).
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L:nol‘m and Ly, mare the equilibrium loadings of the adsor-
bent for the concentration of the adsorbed gas in the bulk
phase (c;) and for the mean value in the porous particles
(Eg,pore)-

A helpful (but not well-known, as not published in a chemi-
cal engineering journal) approximation of the adsorption front

equation for a Langmuir isotherm is given by Grevillot [22]:

R
] (1-2) (2) Jrohn(g) o nen

(15)
1
T 1+ Ky conr (16)
1+ Kad,L Cgas,in
g ity Cg‘in —u Cg,in (1 + Kad,L Cg,in) (17)

Phbed Lmol,m,max s:Dbe:d Lmol,m«,max kad,L Cg,in

The velocity of the adsorption front uy increases proportion-
ally for a rise of the gas velocity u,, reducing the operation time
of the adsorber (fyreaihrougn)- Eq. (15) can also be used to deter-
mine the HTZ of adsorption, see Sect.S3 (Eq.(S14)) of Sup-
porting Information.

The difference in time to reach 0.5¢,;, and 0.49cg ;,, respec-
tively, can be calculated by Eq. (15):

L (05 (o5
O30 T R— Dkpr |\ (05)] (0.49)%

(18)

Eq. (18) then leads to the constant slope with time or loca-
tion at ¢, = 0.5¢g, (center of front):

°(2) °(2)
ot T T

0.5 0.5
0.01 (1 — R)kypg

(tos —toa9) (1.98 +2.02 R)

(19)

A Langmuir isotherm is favorable for adsorption (constant
pattern) but unfavorable for desorption (spreading transfer
zone). An approximate solution for the desorption profile for
an initially uniformly saturated bed (Lmoym,05Cg0) Was pub-
lished by Ruthven [17]:

c R kadL Z 1 ky1 z
L _ Pbed Kad,L 1 for _2>pbed adL Z
o (1—R) us(t —74) R ug, t
Ebed Z
with 7, = bed
uS

(20)

Rearranging Eq. (20) gives the time £, 5 and the local position
2y 5, respectively:

2
Pred Kad L 205 [ 2R
tys = 21
0.5 " {(l—i—R) +7 21

>1

(1+ R)}Z us (o5 — 7)
Zo5 = (22)
- { 2R Pred Kad,L

Derivation of Eq.(20) over time and insertion of Eq.(21)
yields the slope of the desorption front with respect to time at
cg = 0.5¢40, which changes with axial position proportionally to
1/20'5:

ol =
Q ___(+R t
ot 16 Rz(l - R) Pred kad,L 20.5
0.5

(23)

Derivation of Eq.(20) with respect to axial position z and
insertion of Eq. (22) leads to the slope of the desorption front
with regard to z at ¢, = 0.5¢4:

()
Cg0 _ R2 pbed kad,L (24)
0z (1—R%) uy(tys —7y)
0.5

Eq. (20) can also be used to estimate the HTZ of desorption,
see Sect. S3 (Eq. (§15)).

Subsequently, the solutions by the presented approximate
analytical equations are compared to (“correct”) numerical so-
lutions. Experimental data of Hwang and Lee [24] for sorption
of CO, on activated carbon are also presented. The Langmuir
isotherm is displayed in Fig. 4. The parameters and the bound-
ary conditions needed to model the sorption are listed in
Tab. 2.

The result of the numerical solution of Egs. (11)-(13) and
the analytical results are shown in Fig.5. At first, a constant
value of k;pr was used, determined in [26] by the best match
of modelling and experimental data. For comparison, a correla-
tion considering that k;pr;, depends on the slope of the Lang-
muir isotherm [12, 19, 20, 25], was also used:

60 D
pore
kipp1 = 7 Detr ad = LN
P 2
dp (sp

‘mol.m
+0p de, ) (25)
o 60 Deff,pore

—1
kadL
&, +p,——
dy ( pr (1+ Ky Cg)z

Defraq is an apparent diffusion coefficient considering that
the adsorption equilibrium affects the adsorption rate. The
effective pore diffusion coefficient Degpore is given by:

e £ 1 1\ !
Dt pore ® —> Dpore = — ( + ) (26)
eff ,pore Tp pore Tp Dmol DKn

The numerical and analytic solution of CO, adsorption
(Langmuir isotherm; constant k;pg) are in perfect agreement
and also reflect the measured breakthrough curve for a bed
length of 0.5m well (Fig.5). Comparison with the cco, curve
for a length of 1m indicates the expected constant pattern
behavior. Complementary, cco, profiles versus distance z for
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I e o
s o
15 il Langmuir isotherm
L (valid for 0 < cgo, <20 mol m3) 2
o r -
X L
© 3
€ 1+
o~ L e
o)
o L
- L (assumed) linear isotherm
0.5 + g
: - experimental data
0 + : : : : : :
0 10 20 30 40

i 3
Cco, iNn Mol m

Figure 4. Langmuir adsorption isotherm for CO, on
activated carbon (experimental data from [26]) and
arbitrarily assumed linear adsorption isotherm used
in Sect.4 for the modeling of ad- and desorption in
case of a linear adsorption isotherm.

Table 2. Data of isothermal ad- and desorption of CO, on activated carbon (Langmuir adsorption iso-
therm in Fig.4; 10 bar, 25 °C; desorption with pure He; data from [26]).

Parameter Value (10 bar total pressure, 20 °C) Unit
Aggr 1.15x10° m’kg™"
€C0,,05 €CO, in 20.44 (adsorption for 5vol % CO, in He and 10 bar total pressure) molm™
d, 0.00125 (spherical particles) m

dpore =4 Agpr/(e, pp) = 1.8%107° m

Dol 56x107 m’!
Dk 4.7x107 m’s™!
Dpore 44x107 m2s !
Deggpore 0.6x107, Eq. (26) s
Kaar 0.1027 m’kg™!
Kaar 0.0297 m’mol ™
kiprr® ~ 0.028 +0.00135 c:5! (based on Eq. (25); deviation < 1%)” 5!

kipr 0.047 (const. mean value reached for 0.5 cco, in) st

L 0.5 (experimental value); 1 and 1.5 (values used for modeling) m

ug 0.00765 ms™
Linolmmaxs Lmol,m,o 1.306 (max. loading for adsorption, initial loading for desorption) molco kg™
R 0.622, Eq. (16) -

U 0.000251 ms!
Ebed 0.41 -

&p 0.42 -

Pred 470 kgm™
Pp 820 kgm™
T 3 -

P

3 Equation is valid for Cco, in mol m~ and only accurate for Cco, < 20mol m>.

Chem. Eng. Technol. 2022, 45, No. 11, 2015-2029

© 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH  www.cet-journal.com

85U8017 SUOWIWIOD BAIEa.D 8|qel[dde aup Aq peusenob ae so e YO 8sn JO Sa|n 10} A%eud18ulUO 8|1 UO (SUORIPUOO-pUB-SWBIW0 A8 | 1M AeIq Ul UO//SANY) SUORIPUOD pue sWe 1 8y} &8s *[£202/20/9T] Lo AkiqiTauliuo A8|IM ‘Yineikeq welsieAlun Ad 692002202 180/Z00T OT/I0p/uod Ae i Areiq1jeuljuo//sdny woly papeojumod ‘TT ‘2202 ‘SZTHTZST



Chemical Engineering  Review Article 2021
Technology

considered (Eq. (25)), from the solution with con-
stant ki pr is very small (Fig.5). Here, kipgy
increases from 0.028s™" for cco, = 0 to 0.07 s for
cco, = 20.4mol m™. Thus, the adsorption rate is
lower/higher for low/high values of cco, (Fig.5),
and the profiles of the CO, concentration with time
(breakthrough curves) are due to this effect to a
small extent different.

An explanation of the constant pattern behavior
for a Langmuir adsorption is given in Fig.6 by a
simple schematic diagram, showing the dimension-
less loading (L/Ly.,) and concentration of the
adsorbed gas (cg/cgin). Just for illustration, a
simple “fictional” Langmuir adsorption isotherm,
L/Liax = 6¢g/cgin/ (1 + 5¢4/Cgin), is assumed. Analo-
L gously to the heat regenerator, the adsorption pro-
40 50 60 70 gg  cess is regarded as a perpetually repeating two-step

tin min process: In a first step (1a), the ¢, profile (initially a
flat front) migrates into the bed by a small distance,
leading to a shift from the profile of the loading of
the solid adsorbent. This step accounts for the gas-
solid mass transfer resistance. In the second step
(1b), the adsorption equilibrium is established.
With regard to a clear illustration, it is assumed

measuring
points

0.8 T+

analytical and numerical solutions for
constant k; pr

- - - -numerical solution for k; p-, depending
on Langmuir isotherm

02 +

20

Figure 5. Isothermal adsorption of CO, for a Langmuir adsorption isotherm.
Egs. (11)-(14) were solved numerically for a constant k pr and for k pg, accord-
ing to Eq.(25). The numerical and analytical solution [22], Egs. (15)-(17), and
(19), perfectly fit for constant k pr and are indistinguishable (experimental data
from [26]; parameters see Tab. 2).

different times are shown in Fig. S1 and profiles of cco, and of that the (dimensionless) drop of ¢, exactly equals
Linolm in Fig. S2 in Sect. 4 of the Supporting Information. the rise in loading, A(L/Lpmax) = A(cg/cgin). Note that this just
The deviation of the numerical solution, if the influence of illustrating mass balance is not true for CO, adsorption at the
the slope of the Langmuir adsorption isotherm on kypgy is given conditions and units for ¢ and L (Tab.2). For example,
Step 1 Step 2 Step 3 Step 4
( Shift of ¢ -profile by Az)
A 1a) A 2a) A 3a) A 4a)
1 —— e
Acglegin) —> S —— (Cg/Cqin)shirt
3 NG B (/) (Lmax)s -~ N2
:IE L= 6cy/Cyin 4 (CglCqun)y - (Cy/Cqin)shitt ]
| — 1+5cylcgn — :_, (LLad)s
=] I i |
£ /Cg,in)shi L/L rmax /Cqin.
o; ™ (eogn=Ulnedo | | S Cailenn — {Hhmal: = (ee/Can)s
< e L& (cqlcgin)
I3} —»i_(cgleq in)snirt —» { _2 .
0 > > =y >
z z U z C z @
Equilibration
A 1b) A 2b) A 3b) A 4b)
17 ] (UL )z 0893 L= (Ll max)s
(UL s . =1
§ (L max)s
r 0.71} 0.726'=
E | (CglCq,in)s (cglCin)s | /
£ (Cq/Cqin)s
5} (Cg/Cg,in)z
L 024 0.29
I3
0.05L'=, 0.043 0
0 . > : > >
z zZ  0.007 z ~0

Figure 6. Explanation of constant pattern behavior for fixed-bed adsorption and Langmuir isotherm
by a schematic diagram (cg and L in dimensionless terms relative to inlet concentration of adsorbed
gas Cg,n and maximum loading Lmay). A simple fictional Langmuir adsorption isotherm, L/Ly,ay = 6¢g/Cqyin/
(1 + 5¢4/cg,in), is assumed. For a clear illustration, it is assumed that the (dimensionless) drop of ¢4 equals
the rise in loading, A(L/Lmax) = Alcg/cq,n). The adsorption is regarded as repeating two-step process
(step 1a: shift between profiles of ¢y and L (dashed and dotted-dashed lines); step 1b: adsorption equilib-
rium (solid lines). This two-step process is then repeated (2a/2b, 3a/3b, 4a/4b).
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A(Lmol,m/Lmol,m,max) ~ 0.0014 for A(CCOZ/CCOZ,in) = 0.1. The
two-step process is then repeated. Fig. 6 shows that a constant
pattern is rapidly reached and is well explained by this simple
schematic diagram.

As expected for desorption and a Langmuir isotherm, the
breakthrough curve is spreading (Fig.7). The numerical solu-
tion was conducted both for a constant k; pr and kypg; accord-
ing to Eq. (25). The analytical solution (constant kypg) is also
shown. The corresponding profiles of ccq, /cco, o versus z for
different desorption times are depicted in Fig.S3. A graphical
explanation of spreading during desorption for a linear adsorp-
tion isotherm is given in Fig. S4.

Fig.7 illustrates that the analytic solution of Ruthven [17],
Eq. (20), is a fairly good approximation; only for high and low
concentrations (cco,/cco, 0> 0.8 cco,/cco,0<0.2), there are
distinct deviations from the “correct” numerical solution. As
for adsorption, the difference of the numerical solutions for a
constant and a concentration-dependent value of kypr is small.

For a convex curved isotherm, as one may have for multi-
layer adsorption, the adsorption front is spreading, but for
desorption, there is a constant pattern [15,20]. Hence, the
behavior, not further discussed in this article, is the other way
around as for the concave Langmuir isotherm.

4  Ad- and Desorption for a Linear
Adsorption Isotherm

For a linear adsorption isotherm, the differential Eqs. (11) and
(12) are still valid, but instead of the Eqs.(13) and (14) consid-
ering for Langmuir adsorption, one now has to use:

2022
Egs. (11), (12), (27), and (28) lead to:
OL ol . _
tg; = = kLDF Kaa (I‘mol‘m - Lmol,m) =
- - _ 29
aLmol,m aCg,pore o ) aCg,pore ( )
aEg,pore ot ad linear ot
Ocy Ocg B
€bed E + us & = ~Phed kLDF Kad linear (Cg - Cg,pore) (30)

The approach for the heat regenerator, Egs. (5)-(9), can be
transferred to adsorption with a linear isotherm due to the
similarity of the structure of the differential Eqs. (3) and (30).
The standard deviation of the S-shaped adsorption front is:

; 2 ug 1
O = _— =
‘ L Pbed kLDF Kad, linear

2 L ug 1
u12: Pbed kLDF Kadﬁlinear

The velocity of the adsorption front and, thus, the position
of the c-profile for ¢; = 0.5¢4;, are:

(31

Ug Co i u
Un~ S g,m S (32)
F Pred L Pred K
bed ~mol,m max bed ad,linear

By substitution of Eq. (32) in Eq. (31) it follows:

Oy — 2 L(uF Phed Kad,linear) 1
ad — 0
u Phbed kLDF Kad,linear

F
Linotm = Kad linear g 27) 2L 1 \/T (33)
imol,m = Kad,linear Eg,pore (28) Ur kLDF Ug
14 - For ¢y = 0.5¢ i, the slope of ¢, with ¢ at the axial
\\ ) \ \\ ———~- analytical solution for constant k; - reference pOSi'[iOIl Zg5 is:
\ m(:)é:;ﬁgng \\ numerical solution for constant k-
) N numerical solution for k, depending <
0.8 + c \\ "'.‘_\\ on Langmuir isotherm o 0 %_gm 1 1 up kypg
== (34)
\\ ot 2.5 0,4 2,5\/5 205
@)
« 0.6 T \ 05
8
S 3 and for the slope with z (with reversed sign) for
3 04 | a given refernce time f, s we have (dz = urdt):
S O
(=)
0.2 + \ AN a— =
‘2.:\\ O [d(cco,/Cco,0 Vdllos BN z
R\ NS 0.5
N N (35)
0 : PSS : : e 6(i>
0 25 50 75 100 125 150 175 _ Cein _ 1 kipg
tin min ug Ot 2.5v2 \ ug zo5
Figure 7. Desorption of CO, for Langmuir isotherm (parameters in Tab.?2). 0.5

Egs. (11)-(13) were solved numerically for constant k pr and kipg, according to

Eq. (25). Analytical solution, Eq. (20) [17], is shown for constant ki pr, experimental
data from [24]. | d(cco, /cco, 0)/dt | = 0.035min™ (0.5m) and 0.012min™" (1.5 m),

as expected by Eq. (23) (~ 1/zg5).
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Because of the lack of experimental data of a
strictly linear isotherm, an arbitrary but reasonable
value for K, jinear Of 0.064 m3kg’1 is chosen, as the
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same loading is then reached as for Langmuir adsorption and a
CO, concentration of 22.4 mol m>; see Fig. 4. All other param-
eters were kept constant as for the calculations for the case of
Langmuir adsorption (Tab. 2).

The numerically and analytically derived breakthrough
curves for three adsorber lengths coincide excellently (Fig.8).
As expected, the front is spreading with an increase of the HTZ
proportional to /Zg 5. The c-profiles at different times are dis-
played in Fig. S5 and an explanation of spreading in Fig. S6 of
Sect. S5. A method to calculate the HTZ is given in Sect. S6.
The equations for ad- and desorption for a linear isotherm just
yield mirror images; see also section S6. Desorption is therefore
here not further discussed.

5 Regeneration of a Coked Catalytic
Fixed Bed

5.1 Isothermal Decoking of a Fixed-Bed Catalyst

The differential equation for the mass balance of coke burn-off
of an initially uniformly coked catalyst in a fixed-bed reactor is
as follows:

0(:02 aCO2

Ebed 3, + u Frai —km Pred o, Lc (36)

Eq. (36) presumes that the rate of coke burn-off is first order
with regard to the concentration of O, in the bulk phase and to
the mean carbon load. For isothermal decoking, the rate con-
stant k,, is here considered as constant, k,, # f(Lc). This im-
plies that local gradients of the carbon load and the concentra-
tion of O, in the particles are negligible. If pore diffusion
distinctly affects the rate, as one may have for T >450°C and
d, >2mm [12,28,29], an effective value k., . depending on

the mean values of Lc and T, is needed. The solution of
Eq.(36) is then much more complicate, but this aspect is
beyond the scope of this article.

In addition, the temperature and thus k,,, usually rise during
coke burn-off in a fixed bed. Then, a heat balance and the
influence of temperature on k,, have to be considered (see
Sect.5.2). However, at first the isothermal case with constant
value of ky, is inspected, particularly because the derived equa-
tions are useful for other fluid-solid systems with a negligible
T-change. In the isothermal case, only a reaction and not a heat
front moves through the bed. The starting point for an analyti-
cal solution of the coke burn-off process is the assumption that
the S-shaped profiles of C load and O, concentration are
almost, but never exactly mirror images:

_ co,
LCA,m = (1 - koffset —_) LC,O (37)
€0,,in

The parameter ke considers the shift of both profiles in
axial direction, e.g., the position z, 5, where 0.5L¢,o and 0.5¢cp, o
are reached. Here, a starting value of 0.99 for ko is used to
account for a slightly lower C load compared to a “perfect”
mirror image; for example, Lc /Lco = 0.505 for co, /co, o = 0.5.
Egs. (36) and (37) yield:

6CO 5CO

ebeda_tz T 822 -
o (38)
- km Pbed €0, (1 - koffset —2) Lc‘O
COz,in

oc o

—Ug a—gz = km Pped Leo (co2 — Koffset Ci) for quasi-steady-state
1N

(39)

Integration of Eq.(39), representing quasi-

1
steady-state, and rearrangement leads to:
c k L -1
08 1 [d(cco,/cco,in/dllos c OZ{ = {koffset + [1 - koffset]exp (Wz) }
~ 1/205 O,,in s
(40)
[
joot .
S For kogtser = 0.99, Eq. (40) yields:
S . .
S 04+ | Lo _ {0.99+0.o1 exp(wz)}
l:' €0, ,in Us
I y (41)
02 1 ,’ . :
r /’; analyt'Acal S°|u".°n Fig. 9 shows the co, and Lc profiles obtained by
; : ,’ ______ numerical solution Eqs. (37) and (41). The dashed-dotted line (lower
o+ r A an e e part) also displays the “perfect”, but never reached
0 0.5 1 15 2 25 3 mirror image, i.e, Lc/Lco = 1-co, /co, - The slope
tinh derived by derivation of Eq. (41) for zy5 = 0.46 m,

Figure 8. Isothermal adsorption of CO, for a linear adsorption isotherm (Fig.4). corresponding to co, = 0.5¢0, 0, is:

Egs.(11), (12), (27), and (28) were solved numerically. The analytical solution is
also shown: The gradient (dlcco, /Cco, in))/dt)o 5 is calculated by Eq. (34), the time
to reach zys by Eqg.(32), and the CDF by Egs.(S16) and (S18) based on 0,4,
Eq. (33) (parameters in Tab. 2).
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. Table 3. Values used in this work to model the regeneration of
of Lo L
<602.,n) 0.01 C exp(C zy5) a coked fixed-bed catalyst.
_\N%n/ — -
0z {0’99 +0.01 exp(C 20»5)} (42) Parameter Value Unit
0.5
k L €0, in (1% in Ny; 450 °C, 1 bar) 0.17 molm™
with C = 22 =2 Ped L0
us Cp,g,mol 30 ] mol’lK’l
Based on the parameters listed in Tab.3, C = 10 m! and the Com 1000 Jkg 'K
: -1
slope (Eq. (42)) is -2.5m ™. E, (needed to calculate adiabatic coke 100 kJ mol
) burn-off)
0.9 __ ""4."' slope = 2.5 P km (450 °C, used for isothermal burn-off) 0.1 m’kg's™!
0.8 -- km,o (needed to calculate adiabatic 1.68x10°  m’kg's™!
s 07 __ burn-off)
j’ 0.6 Lco 0.1 kgckgea
__05 —- P 1 bar
'gi 0.4 "' Ty =T, (isothermal burn-off) 450 °C
L. 03 f
5 F / Tgin = Ty (adiabatic burn-off) 382 °C
02+ ' '
o4 £ e 0.073 mh™!
0 ey L . u, (450°C, 1bar) 0.5 ms™!
0 02 zinm 08 1 ARrH (oxidation of coke/carbon to CO,) -393000 Jmol™
0.52 Ebed 0.41 -
S 051 £ Phed 500 kgm™
(8]
~ o5+ Dot (1 bar, 450°C) 17 mol m™
£049 +
1)
ﬁg 0.48
© 0.47 e N 20.5 = Up treg (45)
0.44 0.45 0.46 0.47 0.48

zinm
Figure 9. Profiles of ¢, for isothermal coke burn-off (Eq.(41);
quasi-steady-state; koot = 0.99; C=10m™', parameters in Tab. 3).

The dashed-dotted line in the lower part shows a perfect mirror
image for comparison, i.e., Lc/Lco =1 - Coz/Coz,in-

Eq. (40) leads to the position of z, s, which depends on the
offset factor and the parameter C:

1 2— koffset)
C 11— koffset

Zo5 is 0.24 m for kygeer = 0.9, 0.46 m for kogryer = 0.99 (used
here as example, Fig.9), 0.92m for koger = 0.9999, and 3.67 m
for Kogeee = 1-1/10"¢ (limit for use of Eq.(43), as discussed
below).

The velocity of the reaction front, deduced by a mass balance
(O,) for a volume element of the fixed bed [12, 28, 29], is:

Up = Us €O, ,in ~ Us €O, ,in MC (44)

=—
Pred 1o+ ebed COLin Ped Leo
C

The position zq 5 for a given time of regeneration and veloci-
ty of the reaction front is:

For the given conditions (Tab.3), ug is 0.073mh™". Hence,
the position depicted in Fig.9 (zo5 = 0.46 m) is reached after
about 6 h.

According to Eq. (44), ug increases proportionally to the gas
velocity (ug). Thus, the time needed for regeneration decreases
proportionally with ug, if the effect that the reaction front
broadens is negligible (L >>HTZ). Combining Eqs. (43)-(45)
yields:

offset { 1—exp (km Co,inMec t,fg) } ’ 46
valid for 4o

kmCOZ,inMCtreg > In2, i.e.7k0ffset >0

For the given example and values listed in Tab. 3 one has:

_ {2—exp(073 0 ty,)

koffset = } for treg > 0.95h, ie., koffset >0

{1-exp(0.73 h 1, ) }
(47)

For tieg = 0.95h, kofree i 0, for 2h koger = 0.7, and for
treg> 8N, kogrser = 1, and Le/Leo = co,/co, 0 (Fig. S7, Sect. S7).
Combining Eqs. (40) and (46) yields the concentration front
equation:
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co, {1-exp(kuco,Mcti) +

follows:

2025
71 1 r
€0,.0 e {2—exp(kno,sMctig) } ox (kmpbch(" Z> 0.9 —5 :Lc“-c,o ~(1-co,/ Coyyy)
’ [exp(kncoymMcty) T | TP i
(48) 08 4
o [4) i
G I !
Thus, instead of solving Eq. (36) numerically, Eq. (48) (com- - 07 1 ! : :
bined with Eq.(37) to determine also the profile of L¢,) can £ i Tan- gﬁ:;ri'g;l:;tgf:
be used as approximate solution. For the given example it 06 1 ;
05t : 2 a
{r-op(073h 1y )} [} _ {2-ew(073h 1y )} - E Coy/ Cogn
{1-exp(0.73 b 1 ) } 0 e e
0 10 20 30 40 50

€0, _ ) {1—exp(073h 11, )}
€0,,0 10
2 exp(m z>

(49)

Egs.(46) and (48) are not applicable for ky co, in Mc
treg > 38. Eq. (46) then leads to Kyt = 1, if a speadsheet (Excel)
is used, and Eq.(48) fails. This limit is reached here for
treg ® 51h. Fortunately, this is not relevant, as a constant
pattern is already reached after 8 h (Figs. 10-13).

Eq. (48) can also be used to determine the constant HTZ; see
Sect. S8.

A symmetrical S-shaped reaction front and constant pattern
is reached after 4 h (Fig. 10). From then on, the analytical solu-
tion, Eq. (49), is an excellent approximation; only for treg < 4h,
we get deviations from the numerical “correct” solution. In this
initial phase, a symmetrical S-shaped profile is not fully devel-
oped and not detached from the entrance of the bed.

A similar trend is depicted in Fig. 11 for the C load: Initially
(treg <8h), the normalized load is appreciably higher than
the respective value of the normalized O, concentration. The
x-axis in Fig. 11 shows the time, when co, = 0.5¢p, ¢ is exactly
reached. For t., >8h, the difference between ¢y /co, in and

tregin h

Figure 11. Normalized C-load during isothermal coke burn-off
for the regeneration time, when ¢y, = 0.5¢q_ ¢ is exactly reached
(numerical solution of Eq.(36) and analytical solution by
Egs.(37), (47), and (49)). Triangles and circles are only guide for
the eye. For treg <0.95 h (Fig.S7), kofset <0 and Lc/Lco > 1, which
is physically nonsensical.

Lc/Ley almost vanishes, both for the numerical and analytical
solution.

After about 8 h coke burn-off, a constant value of the HTZ is
achieved (Figs.12 and 13). Complementary to Fig.10, the
profiles of C load, almost mirror images of the co, profiles, are
displayed in Fig. S8. The constant pattern behavior is explained
in Fig. S9 by a schematic diagram.

5.2 Adiabatic Decoking of a Fixed-Bed Catalyst

Usually, catalyst regeneration by coke burn-off in a fixed bed is
conducted adiabatically, and in addition to the mass balance
(Eq. (36)) the following heat balance is then also needed:

oT
(pbed Cs,m + €bed Pg,mol Cpg,mol) En =

—

teg=49 h
breakthrough 50
(Copout =0.01 Coyin) ( )

T _
~ UsPgmol Cpgmol 5~ km Poed o, Lc ARH

Uz=0.073m h'

Co,/Cozin

The influence of temperature on k, is given by
the well-known Arrhenius equation:

km = kmo exp (%) (51)

|
\
\
\
\
)
\
\
\
1\
\
\
\
\

numerical solution
analytical solution

The kinetic parameters E, and k., o (Tab. 3) are

1\
\
\ rounded values based on own measurements
A [12,28,29]. Again note that the influence of pore
diffusion on the effective rate constant is here not
considered. The gas-solid temperature difference is

zinm

Figure 10. Normalized O, profiles for isothermal coke burn-off calculated by

also neglected, as this AT is here less than 10K.
4 The same holds true for the negligible impact of
axial heat dispersion [12, 28, 29].

The adiabatic temperature increase (for a steady-

Eq.(49) and numerically by solution of Eq.(36) for different regeneration times  state process) is:

(parameters in Tab. 3).
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The heat flux needed to heat up the gas from

Tgin up to the maximum temperature reached at
the end of the reaction front Tg .y is:

Qg = (ug — Up ) AR €bed Pg,mol Cp.g,mol(TF,max - Tg
(55)
The heat flux conceptually entering the zone by

the hot particles from the viewpoint of a moving
observer is:

Qs = up AR €bed Pred Cs.m (T max — Tgin) (56)

Egs. (53)-(56) and the correlation u,=egpeqtiy
yield the temperature increase reached during the

S unsteady-state coke burn-off process:

"
08
£ 06 1 i
S F HTZ i i HTZ
o [ = 2902~ 2008 | i< =202~ Zp.08
9 L =0.78m =0.78m
© 04t
02 |
O _._._._._._._i _____________ } PYupp.. ._._.T .......................................
0 0.5 1 1.5 2 2.5

zinm

Figure 12. Profiles of normalized co, during isothermal coke burn-off, calculated
by Eq.(49) at t,.g of 12 h and 36 h underlining the constant pattern of the burn-
off process (parameters in Tab.3; HTZ defined as distance of positions, where

0.02 and 0.98 ¢, ¢ are reached).

0.9 T

08

07 T |:> HTZ ~ const. = 0.78 m

06 1

05 &

HTZ inm

04 &
03 4
0.2

01 4 : : : :
0 10 20 30 40 50
treg in h

Figure 13. Influence of regeneration time (isothermal burn-off)
on the HTZ, defined as distance of positions, where 0.02¢o;,n
and 0.98co;,in, respectively, are reached (see Fig. 12).

€o,n |ArH|

ATy = (52)

Pg.mol Cp.gmol

AT,q for coke burn-off is large, about 130K even for only
1% O (rest N) in the feed gas.

During transient coke burn-off, an overheating above the
adiabatic steady-state temperature rise AT,q, Eq. (52) arises. To
quantify this effect, the heat balance for the reaction zone is
instructive, whereby the originator of the balance “moves” for-
ward with the velocity of the front ug:

Qr = Qg - Qs (53)

The heat flux produced by the coke burn-off is:

Q = (ug — up ) AR €ped Co,in |ARH| =

(54)
(ug — up) AR €ved AT Pgmol Cp.gmol

3.5
ATe = TF,max - T,

gin =

-1
u [
ATad 1— F Phbed s,m
(us — Ebed UF ) pg‘mol CpAg,mol

(57)

The lower Lc, the higher ug (Eq.(44)) and the higher the
overheating above the stationary AT,4. For the given conditions
(Tab. 3), this effect is small: AT =T,g, i.e., AT - AT,q = 5°C.

The profiles of oxygen concentration and temperature dur-
ing adiabatic and isothermal coke burn-off are compared in
Fig.14. The chosen temperature for isothermal burn-off
(450°C) is exactly the mean value of the adiabatic case (382°C
< T <518°C), and the reaction rate is therefore lower for adia-
batic operation compared to isothermal until 450°C are
reached, and then higher. In both cases, we have a constant
pattern, but in the front section of the reaction zone, the
drop of ¢o, is more pronounced for isothermal operation
(T> T,giabatic); in the rear section, this is reverse. This leads to
an asymmetrical co, profile for adiabatic operation.

The velocity of the front ugp is the same in both cases
(Fig. 14). Only the position zy5 for co, = 0.5¢p, jn reached after
a certain time is slightly displaced by an offset of 0.1 m for iso-
thermal and adiabatic operation. The reason is the asymmetri-
cal adiabatic front compared to the ideally S-shaped isothermal
profile. Nevertheless, Fig. 14 shows that the adiabatic process
can be at least approximated by the isothermal operation
equation (Eq.(48)), if the adiabatic mean temperature
(= Tgin + 0.5AT,q), calculated by Eq. (52), is used. This proce-
dure is at least suitable for a baseline estimate of the regenera-
tion process.

It should be finally mentioned that reliable experimental data
of both isothermal and adiabatic catalyst regeneration in a fixed
bed have unfortunately, to our best knowledge, until now
almost not been published and could here not be compared
with the numerical and analytical solutions. Isothermal coke
burn-off in a fixed bed with a certain length of, e.g., 1 m by
external cooling is practically impossible, even for a lab-scale
reactor with a small diameter. The same holds true for an adia-
batic lab-scale reactor operation, as the ratio of the external
surface to the reactor volume is high, and an efficient insulation
to avoid heat losses is not visible.
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Figure 14. Adiabatic and isothermal catalyst regeneration by coke burn-off cal-
culated by the numerical solution of the Egs. (36) and (50) (parameters in Tab. 3).
Reliable experimental data are almost not available (see text) and therefore not

shown for comparison.

Published data of industrial reactors with an always almost
adiabatically conducted regeneration are also rare. We here just
refer to own previous publications [12,28,29], where the com-

Table 4. Main characteristics of unsteady-state fixed-bed processes.

parison of modeling with data of an industrial reac-
tor for reforming of low-octane gasoline shows that
the adiabatic modeling of the catalyst regeneration
by coke burn-off is reliable.

The equations given here for the coke burn-off
process are also valid for other unsteady-state gas-
solid fixed-bed systems, such as oxidation/reduction
of metals/metal oxides or of catalysts with a metal as
active component, at least for a first-order reaction
both with regard to the concentration of the gaseous
and solid reactant. We have planned to conduct
respective measurements of such reaction systems to
(im)prove the analysis derived here further.

6 Conclusion

The analysis and design of unsteady-state fixed-bed
processes such as heat regeneration, adsorption and
desorption, and gas-solid reactions is very complex,
above all the determination of the type and height of
the mass and/or heat transfer zone. In this review,

the current status of numerical as well as suitable analytical solu-
tions is presented. The main characteristics of these unsteady-
state fixed-bed processes are summarized in Tab. 4.

Unsteady-state fixed-bed process

Heat regenerator

Adsorption”

Desorption®”

Fluid-solid reaction
(example of coke
burn-off)

Parameter

(P)
P=f(z)

Height of transfer zone

(Approximate) analytical
solution [source]

Langmuir isotherm

Linear isotherm

Langmuir

Linear isotherm

Isothermal

Adiabatic

Tﬂ (+/—)
T, (+/-)
cg (=)

Lmol,m (’)

cg (+)

Lmol,m (+)

co, (=)
Le (+)
co, (=)
Le (+)
Tg (+)
T (+)

Dispersive HTZ ~ \/z

Const. pattern

HTZ = const.
Dispersive
HTZ ~ \/z
Dispersive
HTZ ~ z
Dispersive
HTZ ~ \/z

Const. pattern
HTZ = const.
Const. pattern

HTZ = const.

Egs. (5), (8), (9), (S1)-(S3)
[4,5]

Eq.(15) [22]

Egs. (31), (35), (S16), (S18),
and (S20) [this work]

Eq.(20) [17]

Egs. (31), (35), (S17), (S19),
and (S21) [this work]

Eq. (48) [this work]

None (numerical solution
needed); only baseline
estimate by Eq. (48) and
Tmean,ad (Eq (52))

¥ |sothermal ad/desorption of a single gaseous component with concentration (N
(+) indicates a parameter increasing in the (heat/mass) transfer zone in the direction of fluid flow, (-) the reverse, and (+/-) indicates that
the temperatures of both fluid and solid in a packed-bed heat regenerator increase/decline for an initially hot/cold fixed bed and a

cold/hot gas.
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Only two cases of those considered here lead to a constant
pattern behavior (constant HTZ), namely, adsorption for a
Langmuir adsorption isotherm and isothermal as well as adia-
batic coke burn-off during catalyst regeneration, here used as
an instructive example of a gas-solid reaction. In the first case,
the constant pattern is the result of the convex curvature of the
Langmuir adsorption isotherm, whereas for coke burn-off, this
is the result of the mirror image of the S-shaped profiles of
carbon loading and O, concentration, respectively, in the reac-
tion zone. In all other cases (heat regenerator, adsorption for
linear isotherm, desorption for Langmuir and linear isotherm)
the transfer zone is dispersive, and the height of the zone in-
creases with greater length of the fixed bed.

The equations recommended in this work as suitable, partly
approximate solutions for the axial profiles of temperature
(heat regenerator) or of gas concentration (sorption, coke
burn-off), three selected from literature and three developed in
this work, are listed in Tab. 4.
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Symbols used
ay [m’m™] external surface of particles per
volume of heat regenerator
BET surface area
cross-sectional area of fixed bed
concentration of CO,

initial concentration of CO, at
entrance of fixed bed during

AggT [mzkg’ll
AR [m*m™]
cco, [molm™]
cco,in  [molm™]

adsorption

co, 0 [molm™] concentration of CO, in a uniformly
saturated fixed bed

Cg [molm™] concentration of adsorbed gas

Cg0 [molm™] concentration of gas in uniformly
saturated bed

Cg.pore [molm™] mean concentration of gas in the
pores

co, [molm™] concentration of oxygen

€0, in [molm™] inlet concentration of oxygen at

entrance of fixed-bed
Cpgmol U mol'K™']  heat capacity of gas

Cs,m Jkg'K™] heat capacity of solid
d, [m] particle diameter
Apore [m] (mean) pore diameter;

-1
dpore =4 Aper <£p pp>

Degraa [m’s

Dmol [mzsil]
DKn [mzs_l]
Deff,pore [mzsil]

Ex [Jmol™]

ARH [J mol™]

HTZ [m]

kaar (m’kg™']
kipr [s']

kipee 57

km [m3kg'ls'1]

ko [m3kg’ Ig7!
koffset [_]
Kad,linear [m3kg_l]

KadL [m’mol™']
L (m]
Lc (kgkg™]

Ly (kgkg™]

L [mol kg'l]

“mol,m

Lmol,m [m()l kg7 ! ]

Lmol‘m,max [m01 kg_l]

Mc [kg mol™]
Qg Us™]

Q s

Qs Us™]

R (-]

R; [M’KW™]
tos [s]

treg [S]

ATy [°C, K]
ATk [°C, K]

Tq [°C, K]
TF,max [OC: K]

Ty [°C, K]

effective diffusion coefficient
(CO,/He) for Langmuir adsorption
(Eq. (25))

molecular diffusion coefficient
(CO,/He)

Knudsen diffusion coefficient
(CO,/He); ~ 0.7 {8RT/(7t M)}*’ dpore
effective pore diffusion coefficient
(CO,/He), Eq. (26)

activation energy of reaction of coke
burn-off

enthalpy of coke/carbon oxidation
(to CO»)

height of transfer zone

parameter of Langmuir isotherm,
Eq.(13)

(constant) mass transfer coefficient
(linear driving force model, Eq. (12))
mass transfer coefficient (Langmuir
adsorption, Eq. (25))

(effective) rate constant of coke
burn-off (assumed as independent
of L¢)

pre-exponential factor of k,

factor in Eq. (37)

adsorption constant of linear
isotherm, Eq. (27)

adsorption constant of Langmuir
adsorption isotherm (see Eq. (13))
length of fixed bed

mean carbon load (kg carbon per kg
catalyst)

initial carbon load (kg carbon per kg
catalyst)

loading of solid with adsorbed gas
loading of solid with adsorbed gas for
Cg = Eg,pore

maximum loading of solid with
adsorbed gas for ¢, = cgin

molar mass of coke (carbon)

heat flux to heat up the gas phase
(coke burn-off)

heat flux produced by coke burn-off
heat flux entering reaction zone by
heated solid

parameter of Langmuir adsorption
isotherm, Eq. (16)

heat transfer resistance (see Sect. S.2)
time needed for center of transfer
zone to reach reference position zg 5
regeneration time

(stationary) adiabatic temperature
rise (coke burn-off)

unsteady-state temperature rise
within reaction front (coke burn-off)
temperature of fluid

maximum temperature of reaction
front (coke burn-off)

temperature of gas
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Tgo [°C, K] initial (inlet) temperature of gas [5] O. Levenspiel, Chem. Eng. Sci. 1983, 38, 2035-2045. DOLI:
Tmeanad  [°G, K] mean temperature of adiabatic coke https://doi.org/10.1016/0009-2509(83)80107-9
burn-off [6] W. Bender, N1 Wirmeiibertragung in Regeneratoren, in VDI-
T, [°C, K] temperature of solid Wirmeatlas (Eds: P. Stephan et al.), 12. ed., Springer Vieweg
up [ms™] velocity of (heat, adsorption, Verlag, Diisseldorf 2019.
reaction) front [7] C. C. Furnas, Ind. Eng. Chem. 1930, 22, 26-31, 721-731.
g [ms™'] interstitial gas velocity DOL: https://doi.org/10.1021/ie50247a008
u [m S—l] superficial gas velocity [8] H. Hausen, Z. Angew. Math. Mech. 1929, 9, 173-200. DOL:
S
z [m] axial coordinate in fixed bed https://doi.org/10.1002/zamm.19290090302
(in direction of fluid flow) [9] A. Uniyal, A. Sharma, Int. J. Appl. Eng. Res. 2018, 13, 42-48.
.. [10] M. Hiénchen, S. Briickner, A. Steinfeld, Appl. Therm. Eng.
205 [m] (reference) position in fixed bed, .
where the center of the transfer zone 2011, 31, 1798-1806. DOI: https://doi.org/10.1016/
is located j.applthermaleng.2010.10.034
[11] P. Klein, T. H. Roos, T. J. Sheer, Energy Procedia 2014, 49,
840-849. DOI: https://doi.org/10.1016/j.egypro.2014.03.091
Greek letters [12] Chemical Technology: From Principles to Processes, 2. ed.
8y P
Qex [Wm™3s™] heat transfer coefficient (external (Eds: A. Jess, P. Wasserscheid), Wiley-VCH, Weinheim 2020.
gas-solid heat transfer) [13] Technische Chemie (Eds: M. Baerns, A. Behr, A. Brehm,
Ebed [-] porosity of fixed bed J. Gmehling, H. Hofmann, U. Onken, A. Renken), Wiley-
&p [-] porosity of particle VCH Verlag GmbH, Weinheim 2006.
0,0, [-] dimensionless temperature [14] Grundoperationen. Lehrbuch der Technischen Chemie
(difference) of gas and solid, see Fig. 3 Band II (Eds: J. Gmehling, A. Brehm), Georg Thieme Verlag,
Aettax [Wm™'K™] effective axial thermal conductivity in Stuttgart 1996.
fixed bed (Sect. S2) [15] W. Kast, Adsorption aus der Gasphase, VCH-Verlagsgesell-
Ag [Wm™'K"']  thermal conductivity of gas (Sect. S2) schaft, Weinheim 1988.
A, [Wm™'K™']  thermal conductivity of particle [16] D. M. Ruthven, Encyclopedia of Separation Technology,
(Sect. S2) Wiley-Interscience, New York 1997.
Dbed (kg m™] bulk density of fixed bed [17] D. M. Ruthven, Principles of Adsorption and Adsorption Pro-
& .
Pemol (mol m’3] density of gas cesses, Wiley, New .York 1984.
3 . . . Sattler, Thermische Trennverfahren: Grundlagen, Ausle-
P ’ [kgm density of particle [18] K. Sattler, Th he Ti rfah Grundlagen, Ausl
P . . .
Oad [s] standard deviation of sorption front gung, Apparate, Wiley-VCH, Weinheim 2001.
for linear isotherm, Eq. (33) [19] W. Kast, Chem. Ing. Tech. 1981, 53, 160-172. DOI: https://
S doi.org/10.1002/cite.330530304
or [s] standard deviation of temperature [20] W. Kast, W. Otten, Chem. Ing. Tech. 1987, 59, 1-11. DOI:
front, Eq. (5) &
s ) ront £q. : https://doi.org/10.1002/cite. 330590103
i [s] Varlanc§ (of temperature or [21] R. C. Brown, Int. J. Occup. Saf. Ergon. 1995, 1, 330-373.
» adsorption profile) ) DOI: https://doi.org/10.1080/10803548.1995.11076330
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