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Abstract

The paper is dedicated to the mathematical modelling of Claus reaction performance in the packed catalyst bed under conditions of sulfur
condensation and evaporation. The proposed mathematical model accounts for heat and mass transfer between reaction gas and solid cataly:
condensation and evaporation of sulfur, reversible catalyst deactivation by liquid sulfur, Claus reaction reversibility, intrapartiole diffusi
limitations, heat conductivity of the catalyst bed frame. Reverse-flow operation of the catalyst bed have been investigated. The complex
process flow-sheets, comprising two and three catalyst beds with intermediate sulfur condensers, have been simulated. It has been shown
that application of the reverse-flow technique provides increase of process efficiency. © 2002 Elsevier Science B.V. All rights reserved.
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. 1 15
1. Introduction HoS + 5802 = 78,1 +H20 )

Recovery of elemental sulfur from industrial waste gases . ] ) )
is an important problem both from environmental and N separate catalytic reactors. Reaction (2) is now called

economic points of view. On one hand, the rise of sulfur Claus reaction and the proposed process is called Clarjs pro-
volumes in waste gases together with tightening emission €€SS. though they both actually do not have any relation to
regulations leads to the increase of recovered sulfur produc-the inventions of C.F. Claus. At the moment the Claus tech-
tion. From the other hand, the tightening of sulfur market N°l0gy is used in industry in hundreds of plants world-wide.
imposes harder requirements to cost of produced sulfur, Usually, the catalysts, based qrAI2Os or TiO, are ap-
From this point of view, the development of new highly effi- Plied in the process.

cient and low cost production sulfur technologies is worthy. ~ 1he Claus reaction is exothermic (belows50°C) and
The major source of recovered sulfur is hydrogen feversible, so the minimum reaction temperature is re-

sulphide, mainly produced as a by-product at natural gasquired to provide fevourable thermodynamic conditions for
processing plants and oil refineries. First method @8H Maximum conversion. At the same time the decrease of

treatment, based on oxidation of hydrogen sulphide into temperature is limited by the sulfur dew point. Reaction
sulfur by oxygen performance below thls_llmlt leads to sulfur condensation
in the catalyst bed, leading to the blockade of catalyst sur-

H2S+ 30, = 1S, + H,0 (1) face and its deactivation. Thus, to achieve high conversion
the process is usually performed in two or three consecu-

in the packed bed of bauxite catalyst, was proposed by C.F.tive catalytic reactors with intermediate removal of sulfur
Claus more than a century ago [1-3]. The said process wasin condensers [6]. The conventional two-stage system (see

significantly improved in 1930s by IG Farbenidustrie [4,5], Fig. 1a) provides the degree of sulfur recovery of up to
who proposed to perform preliminary homogeneous oxida- 96%, and the three-stage one up to 98% [7]. Obviously,
tion of HS by oxygen in a furnace with following catalytic  the presence of few reactors and a lot of heat-exchanging
interaction of unreacted % and formed S& devices lead to cumbersome and relatively expensive plants.
Further increase of sulfur recovery degree (up to 99.9%
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Nomenclature

a

Deft

P*

relative capacity of the catalyst
pellet for liquid sulfur (see Eq. (11))
intrinsic heat capacity of the catalyst
bed (kIn3K-1s™1)

heat capacity ofth reaction mixture
component (kJst. MPK-1s1)

heat capacity of reaction mixture
(kIst.m3K1s1

heat capacity of liquid (with
superscript L) and gaseous
(superscript G) sulfur
(kdst.nm3K-1s71)

equivalent diameter of the catalyst
pellet (m)

effective diffusion coefficient
(m?s™1)

coefficient of Knudsen diffusion
(m?s~1)

coefficient of molecular diffusion
(m?s™1)

average pore diameter in the
catalyst pellet (m)

reaction activation energy (kJ mdj)
heat-exchange factor
heat-exchange surface area in the
heat-exchanger ()

enthalpy of the reaction mixture

(kJ st. nT3)

enthalpy of thath substance

(kJ st. nT3)

substance index

pre-exponent of kinetic

constantk; (s™1)

kinetic constant in the Claus rate
Eq. (27) (s1)

coefficient in the Claus rate Eq. (27)
Claus reaction equilibrium constant
axial co-ordinate (along the bed
length) (m)

catalyst bed length (m)

reaction rate order

number of sulfur atoms in average
sulfur molecule

partial pressure (concentration) of
ith substance (volume

fraction= st m3) of the substance
per cubic meter of the bed) in the gas
flow and near the catalyst surface,
respectively

equilibrium partial pressures
(concentrations) of substances (volume
fraction= st m®) of the substance per
cubic meter of the bed)

Pg
P_in
1
R
Ro
T
Tin
Tout

Tw

A Tad

Xinit
Y
Y>k

capillary partial pressure of

sulfur vapours

inlet concentration ofth substance
rate of sulfur condensation (%)
universal gas constant (kJ malK 1)
gas temperature (K)

inlet gas temperature (K)

gas temperature at the outlet from
heat-exchanger (K)

the temperature of the heat-exchanger
wall (K)

adiabatic heat rise (K) for reaction
(superscript R) and condensation/
evaporation (superscript P)

gas flow velocity, calculated for the
full bed sequence and standard
conditions (ms?)

liquid sulfur molar volume (rAmol—1)
the rate of Claus reaction(3)
intrinsic rate of Claus reaction(8)
gas flow rate (st. fhs™1)

reaction rate at the pellet surface
average liquid sulfur content of the
catalyst bed

liquid sulfur content (degree of filling
of catalyst pellet with liquid sulfur)
initial value of liquid sulfur content
conversion

equilibrium conversion

Greek letters

o

Uhe

(2R
(2]
Aeff

Vi

heat transfer coefficient in the catalyst
bed (kInm3K-1s1)

heat transfer coefficient in the
heat-exchanger (kJTMK—1s™1)
mass transfer coefficient in the
catalyst bed (s!)

propagation coefficient

void fraction (porosity) of the
catalyst bed

void fraction (porosity) of the
catalyst pellet

heat capacity of the catalyst bed
(kIm 3K~

effectiveness factor

modified Thiele modulus

basic Thiele modulus

effective coefficient of the catalyst
bed frame heat conductivity
(kIm2K-1s1)

stoichiometric coefficient for

ith component in Claus

reaction

catalyst temperature (K)
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Oinit

ps

4

initial catalyst temperature (K)
concentrations product

density of liquid (with superscript L)
and gaseous (superscript G)

sulfur (kg st. m3)

coefficient of liquid sulfur surface
tension

time (s)

cycle duration—time between flow
reversals (s)

velocity of condensation/evaporation fro
propagation (mst)

boundary wetting angle

n

processes may be mentioned as commercially successful.

—

2. Processes based on selective oxidation g IH.3-15]
by oxygen (Selectox, Superclaus, Oxysulfreen, etc.)
using selective catalysts.

3. Processes applying absorption of unreacte® kith
its following desorption and recycling back to Claus
furnace (SCOT process [6]).

Though tail gas cleanup processes provide high recovery
degree, the major part of sulfur is nevertheless produced in
Claus furnace and main Claus catalytic stage. Looking at the
history of process development one may state that during the
more than 1960s years experience the basic technological
principles of the main catalytic stage of the Claus process re-
mained unchanged. All significant improvements have been
made only in relation to the “head” of the process (Claus
furnace) or to its “tail” (tail-gases cleanup units), not touch-
ing the “body"—main catalytic stage. The progress here was

1. Processes based on Claus reaction performance apractically limited by development of new catalysts only.
temperatures below the sulfur dew point (processes The Boreskov Institute of Catalysis recently made some
CBA, [6] and other works). Such method provides high breakthrough in this area [16-19]. The essence of novel
equilibrium conversions in one catalyst bed, but it is processes is application of reverse-flow technique [20] to
complicated by requirement of periodic catalyst regen- the performance of Claus reaction, making possible the
eration by sulfur evaporation at elevated temperatures. continuous process operation with inlet reaction mixture
So such processes are usually performed in two or threetemperature below the sulfur dew point.

(or even more) parallel reactors, periodically undergoing  The flow-sheet of the single Claus reverse-process is
reaction and regeneration [6,8—12].

I ACID GAS I

Claus flirnace

(a)

(b)

AIR/OXYGEN

shown at Fig. 1b. In this case the reaction mixture is fed to

CLAUS CONVERTER CLAUS CONVERTER
CONDENSER CONDENSER

I ACID GAS l

HEATER
TAIL GAS TO
CLEANUP

SULPHUR

AIR/OXYGEN

SWITCHING VALVES

CLAUS CONVERTER
CONDENSER

TAIL GAS TO
CLEANUP

K

S

Fig. 1. Flow-sheets of the Claus process. (a) Conventional scheme, (b) reverse-process.



76 A.N. Zagoruiko, Yu.Sh. Matros/Chemical Engineering Journal 87 (2002) 73-88

the catalytic reactor directly from the first condenser, with- 4. Temperature gradients inside the catalyst pellet are ab-
out pre-heating. Reactor is operated under periodical gas sent. This assumption is confirmed by the results of [26],
flow reversals, which are provided by a system of switching ~ showing isothermicity of the catalyst pellet in the Claus
valves. reaction and by our own estimations.

Obviously, such process includes the complicated interac-5. The aggregate of all chemical reactions, occurring on
tion of various phenomena (reaction, sulfur phase transi- the catalyst surface may be described by one general
tions, catalyst deactivation, etc.) and therefore the process equation:
development procedure must include detailed simulation 1 15
before any pilot trials. This paper is dedicated to the math- ~ H2S+ 5502 = 7Sn +H20 )
ematical modelling of Claus reactors and Claus process ] )
flow-sheets with account of sulfur condensation and evapo- Wheren is number of sulfur atoms in averaged sulfur

ration in catalyst bed both in conventional and reverse-flow ~ Molecule. Actually sulfur vapours may contain all sulfur
regimes. molecules from $to S, which may transfer into each

other and with distribution between them changing with
temperature. Assuming the very fast transfer rate it is
2. Mathematical model of the process possible to use tha value corresponding to average
equilibrium in typical process conditions. For tempera-
Quite a few investigations have been made earlier in  ture range 120-30CC, the reasonable value is = 6.
the area of simulation of the Claus process in the packed The similar approach was applied in [21,26,27].
catalyst bed under the conditions of sulfur condensation. 6. Decrease of Claus reaction rate due to the blockade
The most interesting is the work [21], where authors de-  of active surface by condensed sulfur linearly depends
scribe the temperature and sulfur condensation fronts, mov-  upon the degree of the catalyst filling by liquid sulfur
ing in the catalyst bed with maximum temperature gradually
decreasing with time. Authors of the present paper, earlier W =Wo(l—x) (4)

published parts of their results [18,19,22,23] related to the That dependence was experimentally proved in [28].

modelling of the Claus reverse-process. 7. Formed sulfur condenses only inside the catalyst pellet.
. The rate of achievement of equilibrium between sulfur
2.1. Construction of the model vapours concentration near the catalyst surface and equi-

) librium value for saturated vapours during condensation

The whole and complete mathematical model of such  and evaporation is assumed to be infinitely high. In other
complicated non-stationary process, accounting for non-  \yords, the existence of overheated liquid or overcooled
linear kinetics and phase transfer and interaction between vapour is reasonably ignored.
them is extremely complex and cannot be used for simu- g The changing of the reaction mixture volume in the
Iqtlon_ purposes. Thu_s, it b_ecame_ necessary to construct the  coyrse of the reaction is negligibly small due to rela-
simplified model, which will provide both the fast calcula- tively low reagent concentrations and not high difference
tions and the adequate qualitative and quantitative descrip-  in number of moles between reagents and products.
tion of the simulated system. The well-known approach g Heat capacity of the catalyst filled with liquid sulfur

based on division of all phenomena into separate levels |inearly depends upon the content of liquid sulfur
according to characteristic time and space scales [24,25],

was used as the general basis for model creation. The ¥ =Cc+ (11— £)epxCs (5)
unsteady-state model for the packed bed in that case usually

contains five levels: (1) catalyst surface (reaction kinetics), Given assumptions make possible to construct the
(2) catalyst pellet (heat and mass transfer inside the pellet),three-phase one-dimensional model, accounting for interac-
(3) catalyst bed element (heat and mass transfer between retion between HS and SQ with possible condensation and
action mixture and the pellet), (4) catalyst bed (reactor), and €vaporation of formed sulfur, reversible catalyst deactiva-
(5) process flow-sheet (catalyst beds, heat-exchangers, etc.fion by liquid sulfur, heat and mass transfer between pellets

The further conventional assumptions were used to con-and reaction mixture, catalyst frame heat conductivity, etc.
struct the model. The mass balance equations for all substances except sul-

. . fur may be written as follows:
1. The gas flow velocity, concentration and temperature

distribution along the bed radius is uniform. The bed is Bi(Pi — Pi) +viW =0 (6)
adiabatic. 9 P; R
2. Outer surface of the catalyst pellet has equal access forV rY pi(P — P)) =0 (7)

the reaction mixture in all points. The followi bal i b df
3. The processes of mass transfer inside the pellets are € foflowing mass balance equations may be used for

quasi-steady-state in relation to heat transfer processessu”ur:
in the catalyst bed. Bs(Ps — Pg) + vsW —aR=0 (8)
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d P: .
pis _ vsW +aR=0 9) mulated as follows:
ot 36 320
dx Vor =)»effw +a(T —0)+ QpW
R=22 (10) ‘
dr CSpk
. +(1—e)epR | T2 — 0C§ (21)
1- o
a = % (11) S
s what may be simplified by account df(CSpS/pS) =
The conditions of sulfur vapour-liquid phase transfer are the TC% + Op
following condensation occurs whebs > PZ (if x < 1) Cgpé
- * " T3 _9C5 = Qp+ C5(T —6) (22)
and evaporatio’s < P andx > 0. If such conditions are 08 S p S
satisfied then Egs. (8)—(11) are used with the consequence S
of Assumption 6 Qp value is significantly higher than numerical valueag,
R . so the last term of Eq. (22) may be neglected, because it
Ps > Pg (12) may visibly act only under significant difference between

gas and solid phase, what is not typical for such processes.

In the opposite case Egs. (6) and (7) are applied. : ;
The heat-exchange between the gas mixture and the Ca,[_'I'hus, the heat balance equation for the solid phase may be

; ; . iven in a final formulation
alyst is described by equation give a final formulatio

aT 9 _, 30 . W
U5 +aCo(T =) =0 (13) Vg =heftzmp Tl —0)+0p
+(1 - e)epRG (23)
The heat balance for the catalyst bed element may be for- .
mulated in a general form The _model should be accomplished by the boundary
conditions
2
H, _ T
a(y0) :Aeﬁﬂ _ Ua G (14) T =Tn
ot 3@2 a0l 00
_ £=0= 1 jef— =0 (24)
With account of Egs. (5) and (10) the left part of Eq. (14) o
may be transformed into P, =pP"
a(y0) a0 L a0
=y — L=1L lefi— =0 25
P yo. + 0(1— e)epCSR (15) = et (25)
i i 0(£) = Oni
The fsecogd term of the right part in Eq. (14) may be =0 (€) = Ginit (26)
transferred to x(€) = Xinit
dHc 3> H; 33 (CiPT)
U= =V -=U aé l (16) 2.2. Reaction kinetics
Ua > (CiPT) _vU Z(Ci P,-)a— n UTa > (CiP) (17) A Iqt of_ attention has been garhe_r payd to expenmenta_ll
ol ol ol investigations of the Claus reaction kinetics [29—31] on vari-

ous catalysts. The most representative form of the rate equa-
tion for the Claus reaction of-Al,03, accounting for the
reversibility of the reaction was published in [21,29]

Assuming} " (C; P;) = Cp and applying Eq. (13) the first
term of the right part in Eq. (17) is transformed as follows:

oT 5, P05 _ p, p025

UY (CiP)— =a(@ —T 18 Ph,sPsg, — PHoPs, /K

Z( i Pp) Y, o ) (18) W =K, 297 SOy A2 S5 p 27)

) ) (14 K2PH,0)?
The second term of Eqg. (13) may be differentiated under
assumption of constancy of components heat capacities ~ Where
E,

9 5(C; P: 9P K1 = Kpexp (— ) (28)

UTM = Z CiUT— (19) Rot
a4 14

This equation and kinetic parameters given by authors of
aP; [29] were used for mathematical modelling of the process. It
> (CiUTW> =TW) miC) - aRTE (20) should be noted that Eq. (27) gives the reaction rate without
account of intraparticle diffusion limitations and influence of
Taking into account, transformations (15-20) and that sulfur condensation and evaporation. These questions should
T > (viC;) = —QR the heat balance equation may be for- be discussed separately.
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2.3. Influence of intraparticle diffusion limitations With account of Egs. (32)—(34), Eqg. (31) is transformed into
15
Application of the full private derivatives mathematical ﬂ ~ h *sz (35)
model of the catalyst pellet [32] for calculation of observed Kp Prys

reaction rate leads to the sufficient complication of the cat- _
alyst bed model, especially for the unsteady-state case with@"d thus Ed. (29) may be rewritten as:

its typical time-consuming calculations. To simplify the ¢ = %o (36)
model it was proposed to use estimation technique, based /11— (I1/Kp)?/3

on application of Thiele modulus. In general the application

of Thiele modulus is accurate only for the first order irre- 1 may be easily determined from the gas composition on the
versible reaction in the isothermal catalyst pellet. The origi- outer catalyst pellet surface according to (30). To account the
nal approach was described in [26], where authors confirmeddifference of the Claus reaction from the first order one, let
the isothermicity of the pellet, using McGreavy—Cresswel us consider the equation for such transformation, proposed
criterion [33], and proposed the modified Thiele modulus, in [32]:

adequately describing the variation of the efficiency factor:

m+1
"= — 37
o = ¢0 29 ¢=% 2 (37)
V1~ Phas/ Pros Applying assumption (34) the value of 1.5 may be proposed

Unfortunately, the proposed modification is not very con- for the rate order of Claus reaction versus$0ncentration:

venient in direct use (because it requires the value of the w ~ K1P,sPSS, ~ 2K1P35, (38)
equilibrium HS concentration, which may be calculated ]
only by iterative procedure) and authors [26] have not pro- S9: EQ. (37) transforms into
po_se_:d the final equation, connecting Thiele modulus with ¢ =¢'V125 (39)
efficiency factor. _ _ - _

To solve these problems the following approach was Resulting equation for modified Thiele modulus may be ex-
proposed. Let us consider the product of substancespressed as

concentrations: e d \/ 1.25Weurt o)
Ps“°Ph,0 =5 surf yeff — 2/3

[T=]]®"n= PSB—POZS (30) 2\ PSg, DSo, (1 — ([1/Kp)*)

: HaSPg¢ - )

! 227 S0 Thus, the efficiency factor for the reaction may be calculated
In the equilibrium state][] = Kp. If we will divide [T for via conventional equation [32] for the sphere-shaped pellet
some arbitrary composition by equilibrium constant at given 3 1
temperaturep, then we will obtain =y (Cthfﬂ - 5) (41)

0.25 0.25

ﬂ _ Ps " Prz0 PljizS(Péka) 31) using the proposed modification of the Thiele modulus (40).

Ko (Pgs)O'ZSPHZO Pstngz Of course, the proposed method is not strict due to a
lot of assumptions and simplifications. It is necessary to

Sulfur has low stoichiometric coefficient and is repre- prove the accuracy of efficiency factor calculations. To test
sented in[ | with small power (0.25) so Eq. (31) may be the accuracy the following procedure was performed. The
Slmp||f|8d into (lf sulfur concentration on the outer surface conditions of the reaction performance (reaction mixture
is not equal to zero) composition, temperature and pellet size) were generated
p0-25 by random variation in reasonable range. Then two com-
S 1 (32) putations were made for each case: solution of the full
mathematical model of the catalyst pellet with calculation

Furthermore, in typical reaction conditions the water vapours ©f the observed reaction rate and simplified calculations of
content is usually high (20% and more), so the relative Modified Thiele modulus via Egs. (40) and (41).

change of water concentration due to the reaction is not high  F19- 2 demonstrates the obtained results. Here the solid
and the following may be accepted: line corresponds to the function (41). The efficiency factor,

obtained from solution of the full model, was plotted versus
Pro 1 (33) Thiele modulus value, obtained from (40). It is seen that in
Pﬁzo general the proposed method provides adequate estimations
of efficiency factor in a wide range of reaction conditions.
The average deviation was equal+@d% (with maximum
deviation of~10%), what does not exceed the typical ac-
PH,s =~ 2Psp, (34) curacy of rate measurements in kinetic experiments. Thus,

*10.25 ~
(PE)

Claus process is usually performed with$1SQ concen-
trations ratio closed to stoichiometric
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Summarising these results it may be stated, that Eq. (4) is
valid not only for the catalyst surface level, but for catalyst
pellet as well. Thus, the observed rate of the reaction may
be described by the following equation:

W = Won(1 —x) (42)

2.5. Influence of capillary pressure

The questions of influence of capillary pressure in cat-
alyst pores on sulfur condensation and evaporation have
been discussed in [27]. It was shown that during con-
densation the sulfur deposition occurs in radial direction

0 T T T 1 (from pore walls to pore axis), while evaporation occurs in
0 5 10 15 20 axial direction (from pore end to pore mouth), thus giving
0 the condensation—evaporation hysteresis. The influence of
capillary pressure may be estimated from equations
Fig. 2. Eﬁectiveness factay plot vs. mo_dified Thiel_e modull@. C‘urve 25V
(1), function (41);_curve (2) full'so_lutlon _for §t0|ch|0metr|c mixtures; dp=————— (for condensation (43)
curve (3) full solution for non-stoichiometric mixtures. Rof In (PS/PS)
40V cosyr .

it was statistically confirmed that the proposed simplified 9 = " Rof In (PS/ PE) (for evaporation (44)

method might be applied in the packed bed modelling.

The special calculations for non-stoichiometric mixtures
showed that such method may be also applied, but with addi-
tion of empirical term, accounting for variation 0bB/SG
ratio. That modification allows obtaining solutions for such
cases with average deviation from accurate solution not
exceeding~7%, what also satisfies the requirements for
process calculations (see also Fig. 2).

2.6. Determination of other model parameters

The part of model parameters may be defined from
the reference literatureC. = 1228kIm3K~1, Cp =
1.307kIst. 3K, C§ = 2095 kIm3 K1, Qp = 1.28x
10°kJ st. nT3. Stoichiometric coefficients are determined
from reaction Eg. (3).

Transfer coefficients and coefficient of heat conductivity
of the catalyst bed frame were calculated from empirical cri-
teria equations [35]. Test calculations showed that there is no
need to account for the dependence of transfer coefficients
from current temperatures—it is enough to calculate them
once for some basic temperature for typical process condi-
tions (e.g. 250C). Such approach provides the sufficient
rise of calculation speed, not visibly decreasing its accuracy.

The void fraction of the bed of spheres or cylindrical
1. When the pellet temperature is equal to the sulfur vapourspellets may be taken equal to 0.4 [35]. The porosity of the

dew point temperature, the condensation of formed sulfur Claus catalyst pelletsvaries in the range of 0.15-0.65 [36]

may occur inside the pellet due to intraparticle diffusion and the typical value foy-Al,03 may be taken equal to 0.5.

resistance in the course of reaction. It was shown that in  Equilibrium concentration of sulfur in saturated vapours

that case the reaction rate decreases linearly with the rise(for Se) is given as a function from temperature [27]

of liquid sulfur content in the pellet. 250012
2. When the pellet temperature is higher than the dew point, In P§ (T) = 3.9628— T 8685

then no condensation at all may occur or condensation )

may arise only in the centre of the pellet due to intraparti- Our own thermodynamic investigations gave the expression
cle diffusion resistance. In that case the sulfur content for dependence of Claus reaction equilibrium constant from
does not have any visible effect on reaction the rate. temperature

3. When the pellet temperature is below the dew point the 5910

condensation occurs in the outer part of the pellet (pore In Kp(T) = - +1.13x 10737 — 1.038InT (46)

mouth). In that case reaction rate falls dramatically and

becomes 0 at < 1, but probability of such regime in  Thermodynamic studies also gave the heat of readfioa

the process conditions is not high. 2330 kJ/ni of converted HS (at standard conditions). The

2.4. Efficiency factor in conditions of
sulfur condensation

This part of the investigation was published earlier in
details in [34]. Here we will only reproduce some basic
conclusions.

Sulfur condensation inside the catalyst pellet may occur
in three different regimes.

(45)
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density of liquid and gaseous sulfur were calculated via e the catalyst,y-Al2O3; pellets, spheres, 5mm diameter;

equations [27] average pore radius, 200 A;
pé 20363 — 0.60137 (47) e gas residence time in the bed, 5s.
This set of parameters was taken as the basis for com-

¢ _ 29264 48 putation. Given values were also varied in the calculations

Ps (48) . e
r (that will be specified in the text).
Effective diffusion coef‘ficiengféZ for Eq. (40) was calcu-
lated using equation 3.1. Sulfur condensation and evaporation fronts
1

D& — X( ) 49 The purpose of this study was to simulate the propagation

8% = X\ (1/ Dmol) + (1/ Din) (49) ol Y propad

of sulfur condensation and evaporation fronts. The conden-
where propagation coefficient was taken equal to 0.2  sation may occur when the reactor is fed by the reaction gas
according to our own experimental data. Knudsen diffusion with low temperature (below the dew point). Such regime is
coefficientDy,, was calculated for the catalyst with uniform called ‘Cold Bed Adsorption’ and it is widely applied in in-
pore size distribution though the model may also be ap- dustrial processes of sulfur recovery [6,8—-12] to obtain high
plied as well for the catalyst with other type of pore size conversion at low temperature, which is thermodynamically

distribution. favourable.
According to simulation results, in the beginning of the
2.7. Numerical method of model solution process the propagation of the heat wave is observed in

the bed. Such wave is connected with the cooling of the
4-49) does not have the pre-heated bed to the temperature, corresponding to the in-
let gas one. It is interesting to note that the similar wave is
observed also in the case with lower initial catalyst bed tem-
perature, then this wave is connected with bed heating. The

The application of balance difference approximations VElOCity Of propagation of such waves is in good agreement
provides the obtaining of non-negative numerical solutions. With estimation of heat front velocities [24,25]. At the end

The method applied the space grid, uniform along the length of this transient period the quasi steady-state temperature

of the catalyst bed. The iterative process for each time stepand concgntrgtlon profiles are formed. The outlet gas tem-
consisted of two levels: at the first one (inner level) equa- PErature in this state exceeds the inlet one by the value of

tions of the mass balance (6-12) were solved together with adiabatic heat rise, corresponding to equilibrium conversion.

kinetic Eqgs. (27) and (42) (with calculation of effectiveness ~ 19- 3 demonstrates the evolution of temperature and
factor via Egs. (40) and (41)) at every space point, and at concentrations fields in time under feeding of low temper-

the second, external, level the heat balance Egs. (13) ancfture gas into the pre-heated catalyst bed. The first curve
(23) were solved by run-through method [37]. The time shows the temperature and concentration distribution after

step varied from 0.1 to 10's, depending upon the number 0fthe completion of aforementioned transient period. The cat-
iterations at the second level. alyst temperature in the inlet part of the bed is below the

The software created on the base of described algo_formed sulfur dew point, so sulfur is condensed here. Sulfur
fithm gave way to perform calculations of the reactors condensation leads to the deactivation of the catalyst in this

with periodical reversals of the gas flow. The structure of zone thu; shifting the reaf:tiorl zone in ihe direction 9f .
the software allows to construct the computer programs gas flow filtration. Such shn‘tgwes rise to th_e propagation of
for simulation of various process flow-sheets, including the slow heat and concentration fronts, which may be called

multi-reactor schemes with heat-exchangers (heaters and!® condensation front. Such front is characterised with
condensers), bypass lines and mixing junctures, etc constant temperature and concentration gradients along the
’ T bed length.

It is interesting to compare these results with the data
of [21], where the sulfur condensation front has the similar
gradients, decreasing with time. Authors of [21] assumed
the rate of sulfur deposition equal to the rate of its forma-
tion, not taking into account its possible transfer along the

Obviously the proposed model (
analytical solution. The numerical method, based on indirect
balance difference approximations [37], was developed to
solve the problem.

3. Mathematical modelling of the process

All calculations were performed for the following process

conditions: bed with reaction mixture. Such groundless simplification
e inlet gas composition: b5, 5% (vol.%); SQ, 2.5%; HO, caused the qualitative difference in solutions. At the same
20%; S, 0.5%; and remaining nitrogen; time, our results are confirmed by investigation [38], where
e inlet gas temperature;140°C; the propagation of fronts, connected with adsorption of the
e initial bed temperature;-250°C; reaction mixture component causing the non-selective cata-

e linear gas velocity in the catalyst bed, 0.5 m/s; lyst deactivation, is observed.
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2407 (a) of the temperature marking shifting may be estimated from
these equations in the shorter beds as well.

Parametric studies showed that condensation front veloc-
ity rises with increase of gas flow filtration and sulfur con-
centration in the inlet gas and with decrease of inlet gas
temperature. The reagents concentration influence is more
complex and shows the maximum of velocity. From one
hand, in the area of low concentrations the front velocity
rises with increase of concentration due to the rise of total
140 . . ; i . sulfur amount in the inlet gases. On the other hand, further

0 0,2 0,4 0,6 0,8 1 concentration rise leads to the increase of maximum (adia-
VL batic) bed temperature, thus providing the decrease of the
front velocity. For given conditions, the maximum velocity
is obtained at HS concentration of~5%.

The obtained qualitative and quantitative results are in
good agreement with the industrial data of operation of pro-
cesses, applying the ‘Cold Bed Adsorption’ regime.

220 4

200 -

°c

180 1

160

3.2. Simulation of the reverse-flow reactor

Let us consider, the packed catalyst bed undergoing the
periodical flow reversals, when the inlet gas temperature is
below the sulfur dew point one [16-19,22,23]. As it was
shown above in that case the condensation front starts to
propagate in the inlet part of the bed. Obviously, if such
front will reach the end of the bed, the process will fade and
Fig. 3. Propagation of sulfur condensation front: catalyst temperature (a), the regeneration of the catalyst will be necessary.
and liquid sulfur content (b) profiles along the bed length. Numbers on If we will change the direction of gas flow filtration to the
the curves corresponds to the time from the process start-up (in 1000 S)'opposite one after some time after the start of the procedure
(e.g. 1000s), then the similar front will start moving from
the opposite end of the bed. At the same time, the part of

The characteristic time of filling the pellet by sulfur is Previously condensed sulfur will be evaporated by the heat of
significantly higher than characteristic time, connected with the reaction. Nevertheless, during the_fe\{v firstreversal cycles
catalyst heat capacity inertia, so the propagation velocity the total sulfur contents of the bed will rise, though the rate

of the heat front is much less than for conventional heat of its rising will decrease from cycle to cycle. Deactivation

front and may be estimated from mass balance equations.Of the catalyst in the bed ends will intensify the regenerative

Assuming the achievement of the equilibrium conversion, heat—exchange here, leading to the gradual rise of the catalyst
corresponding to the outlet temperature, and taking into N the central part of the bed.

account that outlet temperature exceeds the inlet one by the After few cycles the rates of sulfur condensation and evap-
value of adiabatic heat rise, the velocity of condensation oration will become equal and the total content of the liquid
front may be expressed in a following way: sulfur in the bed, averaged per cycle duration, will become

G constant. The typical temperature and sulfur content profiles
Upg in such stabilised unsteady-state regime within the cycle are

0 T T T T
0 0,2 0,4 0,6 0,8 1
Il

_ in vy pin _ p*
“= Pg(l —&)ép (vPhast” P = Ps Oma)) (50) given in the Fig. 4a and b. It is seen, that given profiles in
_ _ the beginning and in the end of the cycle are symmetrical
where outlet temperature is defined by versus the bed centre. The stabilised character of the pro-
Omax = Tin + ATRY* + ATP, (51) cess is also confirmed by satisfaction of total mass and heat

balances requirements. Thus, the process has the repeating
Egs. (50) and (51) may be also used for estimation of the nature and may be operated during unlimited time in con-

parameters of evaporation front, which may exist under feed- tinuous mode, without stops for catalyst regeneration from
ing of high temperature gas into the bed of catalyst, filled liquid sulfur, despite the low inlet gas temperature.
by liquid sulfur. In both cases, Egs. (50) and (51) provide In other words, the process provides evaporation of
good coincidence with the results of full numerical simula- liquid sulfur by means of reaction heat emission. The cat-
tion. It is necessary to note, that Egs. (50) and (51) remain alyst bed is separated into three parts: two bed ends are
strongly valid for long catalyst beds (with the length higher practically deactivated by sulfur and play the role of regen-
than the width of the reaction zone), though the velocity erative heat-exchangers, while the central part remain active,
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Fig. 4. Established unsteady-state regime under periodical flow reversals:
profiles of catalyst temperature (a), liquid sulfur content (b), and conver-

sion (c) vs. bed length. Curves 1-3, the beginning, middle and end of
the cycle, respectively. Cycle duratiag = 2000s.

providing reaction occurrence. Condensation and evapora-

tion of sulfur within the cycle occurs mainly in the narrow
borders between these areas.
Fig. 4c shows the b5 conversion profiles along the bed
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Fig. 5. Hydrogen sulphide conversion vs. inlet concentration g8 Kin
vol.%). Sulfur recovery in Claus furnace is not taken into account.

Fig. 5 demonstrates the dependence of the calculai&d H
maximum conversion upon the hydrogen sulphide concen-
tration in the inlet gas for conventional processes and the
reverse-process. It is evident, that the reverse-process pro-
vides higher conversions, than conventional reactor, in all
concentration area. Moreover, in the area of medium con-
centrations (quite typical for the majority of the industrial
Claus plants) that reverse-flow reactor appears to be more
efficient, than a two-stage steady-state process, comprising
two reactors with intermediate sulfur condensation.

Let us consider, in more details the influence of various
process parameters on process characteristics.

3.2.1. The cycle duration,

The Fig. 4 demonstrates the typical profiles for the
medium cycle duration. The corresponding profiles for the
shorter cycles (500 s) are given in Fig. 6. Here, the different

during the cycle. In general, the reverse-process provides

higher conversion, than the steady-state one. It may be

expressed by the following. The limit conversion in the
conventional process is generally defined by equilibrium
conditions, in particular, by outlet temperature. The outlet

temperature, here, is equal to the inlet one plus adiabatic

heat rise, while the minimum inlet temperature is limited
by the sulfur dew point. For the given gas composition, the
dew point temperature is equal ta230°C and the corre-
sponding outlet temperature in the adiabatic reactor will
reach~290°C with corresponding equilibrium conversion

of ~73%. The reverse-process makes possible to perform

the process with maximum temperature, only slightly ex-
ceeding the dew point (e.g. 250Q), thus providing higher
equilibrium conversion+92%). It is seen from the Fig. 4c,
that decreased temperature at the outlet bed end in th
beginning of the cycle provides also an additional gain in
conversion due to the favourable thermodynamic conditions.

e

340

290

°c

: 240 -

190 A

140

IIL

Fig. 6. Catalyst temperature profiles vs. bed length in the established
unsteady-state regime with short cycles. Curves, 1-3, the beginning,
middle and end of the cycle, respectively. Cycle duratign= 500s.

Tin = 140°C.
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Fig. 7. Dependence of Claus reverse-process parameters upon the cycle
duration: catalyst temperature (a), liquid sulfur content and conversion Fig. 8. Dependence of Claus reverse-process parameters upon the inlet gas
(b). max: maximum catalyst temperature in the cycle, average catalyst temperature: catalyst temperature (a), liquid sulfur content, and conversion
temperature, averaged per bed length and cycle duration. (b).

picture is observed: no visible migration of heat and con- temperature practically does not depend upon the inlet one
centrations waves is seen. The temperature profile consistsn area below 170C (for given conditions). After 17€C,
of high temperature plateau in the central part of the bed the maximum temperature starts to rise linearly with.
and oscillating low temperature ‘wings’ at the end parts The critical temperature (here,170°C) is characterised by
from both sides. The liquid sulfur content of the bed in that the qualitative change of the situation—at this temperature
case is minimum. (and higher) all sulfur is evaporated from the outlet bed end,
On the contrary, the longer cycles are characterised bywhile at lower temperatures it only the partial evaporation
more expressed movement of heat and concentration pro-occurs. Evidently, the real value of the critical temperature
files, getting closer to the simple propagation of condensa- will depend upon many process parameters (inlet gas com-
tion fronts, described above. Obviously, increasing of the position, cycle duration, etc.), but it is important because
cycle duration over some critical value leads to the dramatic the maximum conversion is observed exactly in this area.
rise of liquid sulfur content of the catalyst bed, followed by For lowerT;, the conversion decreases due to the rise of sul-
process fading due to the catalyst deactivation. fur content, leading to the shortening of the reaction zone,
The influence ofr; on process parameters is given in while higher inlet temperature, leading to higher reaction
Fig. 7. It is seen, that the rise af; leads to the increase temperatures, is less favourable from the reaction equilib-
of the liquid sulfur content and the decrease of maximum rium point of view. It is necessary to note that temperature
temperature of the bed. In the area of short cycles, the reac-140-170C is typical for the Claus condenser outlet, so the
tion zone, free from liquid sulfur, is wide enough to provide reaction gas in this process may be fed from the preliminary
the achievement of reaction equilibrium, so here, the de- condenser into the reactor without pre-heating.
crease of the maximum temperature with the risergf Linear gas velocitylU influences the external heat and
causes the increase ob8l conversion. In longer cycles, the mass transfer parameters, what must be reflected in the sim-
reaction zone is getting smaller due to the rise of sulfur ulation results. Nevertheless, the computations showed that
content withz¢, so the conversion becomes kinetically con- the real influence (at constant gas residence time) is rather
trolled. In that area the conversion decreases with the rise ofsmall. Probably, the internal transfer limitations are more
7¢. In general, it explains the existence of maximum con- pronounced, than the external one.
version at some optimal cycle duration. Inlet concentration of S (with stoichiometric concen-
Inlet temperatureT;, influence on process parameters tration of SQ) influence on process parameters is given in
is demonstrated in the Fig. 8. It is seen that maximum Fig. 9. Decrease of $}& content to 2% (vol.%) gives the
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Fig. 9. Hydrogen sulphide conversion in the Claus reverse-process for 0,6 -
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remain constant. More over the decrease of concentration eqr

leads to lower reaction heat emission and to lower maxi- _. .
. . Fig. 10. Dependence of Claus reverse-process parameters upon the equiv-

mum catalyst temperature, gwing t.he rise of sulfur C_Ontent' alent diameter of the catalyst pellet, catalyst temperature (a), liquid sulfur
In this case, the optimal and maximum cycle duration are content and conversion (b).
decreased as well. The rise of theSHconcentration to 10%
provide high reaction heat emission, causing the effective
sulfur evaporation from the outlet bed end in each cycle,
thus widening the reaction zone and increasing the conver- 3907 (a) max
sion, as well as optimal and maximum cycle duration. /"’—\

Catalyst pellet size influences significantly the parameters 250 4
of heat and mass transfer both inside and outside the pel- ©
let. Fig. 10 shows dependence of process parameters upon @
the pellet diameter (for sphere-shaped pellets). It is evident 2007
that intensification of internal and external transfer processes
with decrease ofl leads to the rise of conversion. The ap- 150 i .
plication of small-sized pellet in the process is preferred, 10 100 1000
though actually the reasonable minimum size may be de- Ko, 1/sec
fined from pressure drop limitations.

average

3.2.2. Catalyst activity (b) Y
Fig. 11 shows the influence of catalyst intrinsic activity 0.8 1

(varied by variation of pre-exponential factor in the kinetic

Egs. (27) and (28)). The conversion rises with the rise of

Ko. This fact is also evident for the steady-state process, 044 X

but in the last one the maximum conversion will be lim-

0,6

XY

ited by equilibrium. In the reverse-process the increase of %27

catalyst activity also provide the decrease of maximum 0 . :
temperature, because the reaction will occur faster in the 10 100 1000
low temperature zone and the reaction mixture will enter Ko, 1lsec

the high temperature part of the bed more converted, de-
creasing the heat emission here. Thus, the increase ofFig. 11. Dependence of Claus reverse-process parameters upon the catalyst
catalyst activity under reverse-flow operation can improve activity (given by the variation of pre-exponeK, basic value oKo is
thermodynamic conditions though the conversion will be 70.1s1): catalyst temperature (a), liquid sulfur content and conversion

. e b).
also thermodynamically limited. ®)
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3.3. The two-stage reverse-process

. . 300
The calculations showed that single-stage reverse-process

provides higher conversion, than conventional steady-state o 2
one, though in some cases it may be not sufficient. To im- °®~ 220
prove the process parameters, especially for treatment of 180

high concentrated mixtures (5-10%$land higher), it was 140 4
proposed to perform the reverse-process in two catalyst beds,
placing a heat-exchanger between them to remove reaction
heat and thus to increase conversion [17].

To simulate this process, the mathematical model was
supported by equation of the heat-exchange. Taking the sim- 1,00 -
plest model of the sulfur condenser-boiler with water cooled
tubes (with production of steam), and assuming the constant
wall temperature (which is generally defined by steam pres- > 0,50
sure and does not depend significantly upon other parame-

0,75 1

ters) such equation may written in the following way: 251
0,00
Tin — Tw(1 — ’
Toy— = Twd=/) (52) 00
f I
wheref is dimensionless criterion, reflecting the efficiency
of the heat-exchange !
0,8
aheF 0,6
7o) (53) ’
WrCp 'y
0,2

The typical results of the process simulation are shown in the
Fig. 12. It is seen that the temperature profile (Fig. 12a) has 0
the lowering in the central part of the bed, connected with
intermediate gas cooling. In this case sulfur may condense
at the ends of both CataIySt beds (Fig. 12b)- The removal of Fig. 12. Established unsteady-state regime in the two-stage Claus
heat and sulfur provides significant gain of the conversion reverse-process: profiles of catalyst temperature (a), liquid sulfur con-
in the second part of the bed, providing high conversion of tent (b), and conversion (c) vs. bed length. Curves, 1-3, the begin-
the initial mixture. ning, middle and end of the cycle, respectively. Heat-exchanger param-
. . . eters: heat-exchange factgr = 3.0, wall temperaturel'yy = 150°C.

Fig. 13 shows the comparative conversion data for two- Cycle durationt¢ :?LOOO s.(fVerticaI dashed IinF:a shows \tAi/1e position of a
stage reverse-process and two-stage steady-state process.”i,at_exchanger.
is seen, that reverse-process provides higher sulfur removal
efficiency in the area of medium and high concentration of
H>S, though the reverse-process does not comprise the gas
heaters thus being cheaper and less energy consuming.

1L

0,95

3.4. Comparison with experimental data Reverse-process with heat removal
Reverse-flow regime was experimentally tested at the 097

two-bed pilot reverse-flow unit with heat removal between

the catalysts beds. Gas loading capacity of the unit was e
approximately 5000st.#h~1. The inlet gas contained 085 ..
5-6vol.% of S and 2—-3 vol.% S@with moisture content Conventional two-stage Claus process
of 20-25vol.%, inlet gas temperature wa$25°C.

The calculated and experimentally observed temperature 08 . .
profiles in the stabilised cycling regime (after 10 flow rever- - 5 7 8 9 10
sals) are shown at Fig. 14. Satisfactory coincidence between
calculated and experimental data may be seen for the sec-
ond catalyst bed. In the first bed the observed temperaturesrig. 13. Hydrogen sulphide conversion vs. inlet concentration £8 For
were higher than calculated ones. This fact is explained by two-stage processes (in vol.%). Sulfur recovery in Claus furnace is not
the presence of oxygen in inlet gases interacting witB i taken into account.

H,S inlet concentration, %
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400 - I | installation). The middle reactor operates under low inlet
350 - . * : : temperature in the usual reverse-flow regime, providing
© ® | continuous operation. The inlet bed works under high inlet
£ 3007 * [ [ temperature (300—40@, necessary to provide the hydrol-
g 250 : : ysis of COS and C§ which may be present in the reaction
2 00 - : gas_), while ogtl_et be_d opt_arates in the_‘CoId Bed Adsorption’
2 | | regime, providing high final conversion and adsorption of
1501 | the sulfur mist formed in the condenser. Periodical flow
100 ! ! reversals in the external cycles are made to change the out-
0 2,75 5,5 let bed for the inlet one and vice versa. It is necessary for
Bed length, m regeneration of the bed, filled by liquid sulfur.

Simulation results for the double reverse-process shows
Fig. 14. Temperature profiles in the reverse-process two-bed pilot unit with that the process provides high level of sulfur recovery (higher
I(;];;?;n}eilazt% heat removal. Solid lines, calculations; points, experimental than 99%)’ equa| to the system, Comprising conventional
RO Claus plant with tail gas cleanup unit (e.g. Sulfreen process
[6,9]). At the same time the double reverse-process is charac-
this bed and leading to much higher reaction heat emissionterised by much lower capital costs and energy consumption.
than it was proposed in simulation.
The observed b5 conversion degree during given cycle 3.6. The ‘Ring’ flow-sheet
was~80% and that was in good agreement with simulation
data, taking into account the non-optimal composition ofreal  Nevertheless, the double reverse-process has the disad-
gases (HS/SQ ratio was visibly below 2 at the moment of  vantage, connected with temporary decrease of conversion

measurements). degree in the beginning of each external cycle, caused by
high temperature in the outlet bed in this period. In gen-
3.5. The Claus double reverse-process eral, such period of outlet bed cooling does not take more

than a few percents of total external cycle duration and
The further improvement of sulfur recovery in the family the average sulfur recovery degree remains high, but that
of Claus reverse-processes may be achieved by the doumay be a problem for a large-scale plants, where even the
ble reverse-process [17-19]. The flow-sheet of the processrelatively short decrease of purification efficiency is not
is presented in Fig. 15. In this process the flow reversals allowed.
are performed in two technological cycles: in the internal  These problems may be solved by application of the
one (in the middle reactor) and in the external one (whole ‘Ring’ Claus process [39]. In contrast to the described

INLET GAS FROM
THE CLAUS FURNACE|

o

N \\\\

SULFUR

OUTLET GAS TO
[THE INCINERATION

Fig. 15. Flow-sheet of the Claus double reverse-process. la—c, catalyst beds; 2a—c, sulfur condensers.
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Fig. 16. Flow-sheet of the ‘Ring’ Claus process. la—c, catalyst beds; 2a—c, sulfur condensers.
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