Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Ny
LA
ELSEVIER Chemical Engineering Journal 91 (2003) 205-213

Modeling of critical phenomena for liquid/vapor—gas
exothermic reaction on a single catalyst pellet
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Abstract

Physical mechanisms are discussed and crude mathematical models with lumped parameters are developed, which explain the author:
recent experimental dafd], concerning temperature hysteresis and multiplicity phenomena-foethylstyrene (AMS) liquid—vapor
hydrogenation on a single catalyst pellet. The interplay between endothermic vaporization and exothermic vapor phase reaction is elucidated.
The results of this study may help to develop more sophisticated models and theory of hot spots formation and runaway phenomena in
trickle-bed reactors.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction reaction on single catalyst pellet performance. The exother-
mic, catalyzed hydrogenation afmethylstyrene (AMS) to
The essential part of industrial multiphase (gas-liquid— cumene has been employed as a model reaction. Steady state
solid) heterogeneous catalytic reactions is carried out in and dynamic experiments have been performed in a single
the trickle-bed adiabatic reactors. These reactions may becatalytic pellet reactor using five catalytic pellets of different
rather exothermic and volatility of the liquid phase may be porous structures, thermal conductivity, apparent catalytic
also noticeable. A typical example of such reactions is hy- activity and distribution of catalyst in the pellet. Gas phase
drogenation of hydrocarbons. So far, the problem, attracting temperature, concentration of AMS in the gas phase and the
both the academician and industrial interest is how to es- liquid flow rates have been varied. The measured center and
cape hot spots (resulting in low selectivity, coking, sintering surface temperatures of each pellet reveal hysteresis phe-
and runaway) and meanwhile to keep productivity of the nomena with a varying liquid flow rate on a single catalyst
trickle-bed reactor. The challenging task is to understand pellet and the existence of two significantly different steady
the intrinsic mechanism for transition from the well-known states in the range of liquid flow rate. The range of the liquid
normal trickling operation (liquid phase reaction on the in- flow rate over which the two steady states were observed, the
ternally liquid filled catalyst) to the abnormal one (gas phase pellet temperature and the pellet dynamics depend strongly
reaction with vaporization on partially dry pellets). The ex- on the amount of AMS vapor in the gas phase and the cata-
perimental investigations ef-methylstyrene (AMS)1] and lyst properties. Theoretical studies concerning this item are
cyclohexend2] hydrogenation in a laboratory trickle-bed rather scarce. A mathematical model of the half-side wetted
reactor revealed hysteresis and multiplicity of steady statesand partially liquid filled catalyst slab was developéd,
and the impact of vaporization, gas phase reaction and lig-but it was not compared with experimental data. Both the
uid distribution. Unfortunately, no models were suggested theoretical and experimental study of the gas phase hydro-
because the local picture was unclear. St@lywas the genation of hydrocarbons on the dry catalyst pellet under
first to establish multiplicity for cyclohexene hydrogenation external transport control of reaction rd@& partially elu-
on pellet scale, though only for the case when the gas flow cidates the earlier obtained experimental data. The goal of
contained no vapor and the liquid flow rate was constant. this study was to suggest physical and mathematical models
Experimental researdd] has pointed out the impact of the for understanding of critical phenomena, which have been
combined evaporation of the liquid phase and gas phaseexperimentally observed for the AMS hydrogenation on the
partially wetted catalyst pellg#]. Although our attempts
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Nomenclature

molar concentration of AMS vapor (molfn
heat capacity of AMS (J/(mol K))

pellet diameter (m)

coefficient of pseudo binary diffusion for
AMS vapor (n#/s)

coefficient of binary diffusion for AMS
and cumene vapor (#s)

coefficient of binary diffusion for AMS
vapor and hydrogen (f/s)

effective coefficient of vapor diffusion in
porous layer (ri/s)

activation energy for gas phase reaction
(J/mol)

fraction of wet external surface

of catalyst pellet

liquid AMS mass flow rate (kg/s)
thickness of dry layer (m)

layer thickness, necessary for complete
AMS vapor conversion (m)

heat effect of AMS evaporation (J/mol)
molar mass (kg/mol)

liquid AMS molar flow rate (mol/s)
catalytic activity constant (mol/(frs P&-8))
total pressure (N/R)

partial pressure of hydrogen (Nfin
partial pressure of saturated AMS
vapor (N/nf)

intrinsic kinetic rate of AMS gas phase
hydrogenation (mol/(s &)

ideal gas constant (J/(mol K))

external area of catalyst pellet §n

pellet temperature (C or K)

gas flow temperature (C or K)

heat effect of AMS hydrogenation
reaction (J/mol)

total rate of AMS vapor hydrogenation
(mol/s)

total rate of AMS evaporation (mol/s)
molar fraction of gas flow components
AMS vapor conversion

Greek symbols

gas—solid heat transfer coefficient
(W/(m? K))

intra pellet heat transfer coefficient
(W/(m? K))

gas—solid mass transfer coefficient (m/s)
porosity of catalyst pellet

coefficient of gas phase heat conductivity
(W/(mK))

coefficient of pellet heat conductivity
(W/(mK))

tortosity of catalyst pellet

Dimensionless numbers

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Sc Schmidt number

Sh Sherwood number
Subscripts

A a-methylstyrene (AMS)

B cumene

dry dry external surface of pellet
H hydrogen

S pellet surface

wet wet external surface of pellet

but essentially nonlinear mathematical models with lumped
parameters, corresponding to different gas flow composi-
tion. These models are based on the different physical as-
sumptions, corresponding to different gas flow composition
(hydrogen, saturated by AMS vapor or not). The first model
(gas flow: Aiap + Hp) assumes that both evaporation and gas
phase reaction zones are spatially divided and they take place
consequently on wet and dry parts of catalyst pellet external
surface under gas—solid interphase mass transfer rate control.
So, heat transfer across the pellet (from one zone to another)
via thermal conductivity plays crucial role in this case and
2T-model is necessary. The second model (gas flow: H
assumes that evaporation and gas phase reaction zones are
in close contact and are placed inside a pellet. The rate of re-
action is controlled by the rate of evaporation, and the last is
defined by internal diffusion of vapors withphh subsurface
porous layer, which divides external pellet surface and intra
pellet evaporation front. Spherical symmetry is assumed
and, therefore, 1T-model is valid. Finally, detailed compar-
ison of experimental datgt] with the results of modeling

is done.

2. Case of hydrogen flow, saturated by AM S vapor
2.1. Physical assumptions

Here we consider the so called “hot” catalyst pellet
steady state (or higher branchjig. 1). Hydrogen flow is
saturated by AMS vapor (which is generated in the separate
evaporator upstream) under constant flow temperature and
streams around the pellet. Liquid AMS (having the same
temperature) is fed to the top of the pellet. The upper part
of the external pellet surface is wet. All liquid is evaporated
from this area under gas—solid interphase mass transfer rate
control. Evaporation from the wet surface to the saturated
gas flow is possible because the wet surface has higher
temperature than gas. The last effect is explained by heat
transfer from the dry and relatively hot part of the pellet
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Alig Eqg. (6) expressing the value of effective (pseudo binary)
diffusion coefficient of transport limiting component A
across a multicomponent gas-solid boundary layer, was
theoretically derived if6] from Maxwell-Stefan approach
for reactions A+ nH, = B in case Daq ~ DgH >
Dap (assuming external transport control of reaction rate)
and also experimentally confirmed i6] for AMS and
octene hydrogenation on a single catalyst pellet. Therefore,
Chilton—Colburn analogy is justified (inspite of multicom-
ponent problem), and conventional gas—solid heat/mass
transfer empirical correlations may be used, for example,
following [7] for spherical particles:

Sh= 2 + 0.6R&°5P-33

Fig. 1. Hypothetical catalyst pellet upper branch steady state in case of _ 5+~.0.33
hydrogen flow, saturated by AMS vapor. Nu=2+ O‘GREQ Pr

_ Calculation of the gas mixture conductivity is based on the
external surface to the wet one via pellet thermal conduc- g3ssumption thata = Ag and so the empirical method for
tivity. Gas phase AMS hydrogenation occurs on the dry pinary nonpolar mixturef8] is used:

pellet surface under gas—solid interphase mass transfer rate
control. Thus, we assume that exothermic reaction and cor-A = bAmax+ (1 — ) Amin; b =0.32(1 — xy) + 0.8xH
responding flow-pellet temperature rise are provided exclu- (T

sively by AMS vapor from streaming gas, but not by AMS = M; xH=1—xa
vapor, which is generated on the wet pellet surface and P
which is simply blown away with the following vapor con-

densation in the downstream saturated to equilibrium gas. Amax=AA(1 — xH) + AHXH;  Amin = [EJF

(1—xp) ]t
AA
2.2. Mathematical model of steady states 2.3. Analytical and numerical methods of finding

model solution
Heat balance for the dry part of the external surface:

BaryL— )CoQp=a(l — f)(Tury — To) System _of three nonlined&qs. (1)—(3)includes three un-
known variablesTyet, Tary, f and also a set of parameters.
+ atint.f (Tdry — Twet) @) It was interesting to study the influence of liquid flow rate

Gams on the model solution, because extinction effect was
experimentally found4] when this parameter was gradually
dint(Tdry — Twet) = Bwet(C — Co) (Hey + ca(Twet — To)) incrgased. Priobably, thg most poor determined parameter
of this model is the coefficient of internal heat transfgy.

Heat balance for the wet part of the external surface:

+a(Twet— To) 2) The dependence of model solutions on this parameter also
Material balance for liquid AMS: seems to be important. The clue to finding exact solution of
G Aus the modelEgs. (1)—(6)is to consider Gus as the unknown
Nams = BwetSKC — Co); Nams = 3) variable but Tyet as the given parameter of the model. Vari-
Mams ation of this parameter through some inter¥al< Tyet <
Tmax €nables to find (step by step) the values of dry surface
Co= Pyap(To) | C— Pvap(Twet) | temperatureTqry, wet area fractiorf and liquid flow rate
RTo ° RTwet Gawms. The first step is to find the temperature rise (and
the temperature value itself) of the dry part of surface from
Pvap =P exp( ) (4) Eq. (2)
o N e DaSHDaR). ATdry = Tary T(; Y ;
T od et d = ATwet( L ) + wet(C = Co)—= (7)
DASHDp) int Aint
.Bdry = T (5) . .
After that the wet fractiorf is found fromEq. (1)

f== (8)
@int(Tdry — Twet) + BdryCoQp — @ ATqry

Dan Dap

1-— -1 CoQp — a AT,
Da = < XH 4 xH> (6) BaryCoQp dry



208 A.B. Shigarov et al./Chemical Engineering Journal 91 (2003) 205-213

And at last the liquid flow rate is defined directly from 2.4. Discussion

Eqg. (3) In such a way we get analytical solution in para-

metric form Tgry(Twet), f(Twet), Gams(Twey). The suggested The influence of the internal heat transfer coefficieqt
method enables to find both the stable and unstable branchesn the steady state curves is demonstrateffign2. Stable

of steady states, and also the critical (bifurcation) point, and unstable branches are connected by the bifurcation
which divides them. But this analytical method cannot (extinction) points. Dry surface temperature ri$ég( 29

give information about the stability of steady states. So (in decreases, when the liquid flow rate increases. This is ex-
addition to previous analysis), direct numerical integration plained by growing of the heat flux from dry to wet surface.
method was used to sohEgs. (1)—(3)with the added un-  When the critical value oGaus is reached, the higher sta-
steady terms (with time derivatives). If the initial conditions ble branch comes to extinction point. The physical meaning
corresponded to dry pellet state, then unsteady solution dis-of this point is that the higher stable state disappears and
played stabilization on the upper branch. For the sufficiently the catalyst pellet suddenly becomes completely wet (with
wetted initial pellet state unsteady solution was stabilized zero temperature rise).This horizontal branch is theoreti-
on the lower branch. When calculations were made for cally stable except the poiriams = 0. Unstable branches
reverse time variable & —t), then solution approached the (dashed curves) divide the plain of initial conditions on two
middle steady branch. Therefore, the upper and the lowerregions, attracted by the upper or the lower stable branch. It
steady state branches were found to be stable, the middle—is clear that any disturbance of the lower steady state with

unstable. Gams = 0 results in ignition. This conclusion is supported
ATwet
25
12
20+

T T T T T T T 1 0L T T T T T T T 1
0 6 12 18 24 0 6 12 18 24
(a) Gawms X 107, kg/s (b) Gams * 107, kg/s

T T 1
0 6 12 18 24
(©) Gams x 107, kg/s

Fig. 2. Calculated steady state model solutid\i&ry (a), ATwet (D), f (c) for increasing value oftiny = 25 W/(n?K) (curve 1),aint = 50 W/(nEK) (2),
..., aint = 300 W/(? K) (12). Hydrogen flow is saturated by AMS vapor &t = 125°C. Critical points of extinction are marked by (x). Dashed curves
correspond to middle unstable branches.
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ATgry f
1804 5 0.6
150 0.5
120+ -0.4

90 0.3
60 0.2
30+ 0.1

0 o ._J 0.0

24
Gpus % 107, kg/s

Fig. 3. Comparison of experimental data on pellet center temperature rise
[4] for catalyst 0.5%Pd/C with model calculationsTqry (1) andf (2) at

aint = 250 W/(n? K). The other conditions and notations are the same as
in Fig. 2

by experiment$4]. The model predicts extinction points on
Fig. 23 corresponding to the dry surface temperature level
190-270°C, which is higher than AMS boiling tempera-
ture 165°C. Extinction temperature of the wet surface is
130-150C (Fig. 2b. Wetted area fraction under conditions
of extinction is approximately 0.45-0.7Bi. 20). Figs. 3—-6
show a comparison of experimental dgthwith the model
(1)—(6) solutions. Rather good agreement was achieved for
catalyst pellets Pd/C and Pd/Ti—AFigs. 3 and % if we
take ainy = 250 W/(nf K), but Pth-Al,Os (Figs. 4 and %
needs the lower valuegn = 67—100 W/(nd K). This dis-
crepancy is easily explained by higher thermal conductivity
value of carbon and Ti—Al porous support. It is important to
note, that the experimental data for the catalyst pellets with

0.6

Gams X 107, ka/s

Fig. 4. Comparison of experimental data on pellet center temperature rise
[4] for catalyst 3.5%Pd/Ti—Al with model calculationsTqry (1) andf

(2) at aint = 250 W/(n? K). The other conditions and notations are the
same as irFig. 2

209
ATgry f
180 . 0.8
150 ! \ i
3 0.6
120 ° i
90 L0.4
2 B
60
______ - L0.2
304 T
0 =", . T H T .W . T 0.0
0 3 6 9 12 15 18

Gams % 107, kg/s

Fig. 5. Comparison of experimental data on pellet center temperature
rise [4] for catalyst 15%Pt/AlO3 (uniform Pt distribution) with model
calculations ATgry (1) and f (2) at ajnt = 100 W/(m?K). The other
conditions and notations are the same a&im 2

AT, f
4 7 0.8
150 ° 1
L 06
120
L 0.4
60 )
__________ L 0.2
o~ T \ 4 T —@ 0.0
0 4 8 12 16

Gams X 107, kg/s

Fig. 6. Comparison of experimental data on pellet center temperature rise
[4] for catalyst 15%Pt/AlO3 (core-shell Pt distribution) with model cal-
culationsATgry (1) andf (2) atain = 67 W/(n? K). The other conditions

and notations are the same ashig. 2

uniform and core-shell types of active component distribu-

tion are very close and both are described by unique model
(Figs. 5 and & The evident explanation is that the gas phase
reaction takes place in the thin external layer of the pellet
because of strong external transport limitation.

3. Case of 100% hydrogen flow
3.1. Physical assumptions
Catalyst pellet is isothermal and isobarfiéd. 7). The im-

bibition rate per surface unit is large and, so, the external
liquid film is negligible. Pellet structure is monoporous and
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Alig

Fig. 7. Hypothetical catalyst pellet upper steady state branch in case if
gas flow contains only hydrogen.

consequently a steep front divides the liquid filled and the
gas filled intrapellet regions. The thickness of dry subsur-
face layer is small in comparison with pellet diameter, and
the area of evaporation and reaction fronts is equal to the

area of pellet external surface. Saturation conditions exist at(2)
the gas—liquid interphase front. Evaporation proceeds across

the dry porous layer (internal diffusion resistance) and the

A.B. Shigarov et al./Chemical Engineering Journal 91 (2003) 205-213

Vapor phase AMS hydrogenation is known as structure
insensitive reaction and we adopt intrinsic kinetic rate for
Pd catalysf{1]

E pOS8.
RT ’

The overall rate of gas phase reaction is defined by three
different expressions, depending on the pellet state:

= koGXp( PH =P - Pvap(T) (11)

(1) If the pellet is completely wet, i.e.

Nams > WI = S8C(T) (12)

then thickness of the dry layer and the reaction rate is
zero

Wreac=0; hdry =0 (13)

In this case liquid AMS partially evaporates from the
pellet external surface, the rest liquid simply trickles
down the pellet. Another two pellet states assume com-
plete AMS evaporation from the internal part of the pel-
let via diffusion across the dry subsurface layer.
Thickness of the dry layer is not sufficient for 100%
AMS conversion:

hdry < hreac (14)

gaseous boundary layer (external diffusion resistance). Free

molecular diffusion of gas mixture through macropores is as-
sumed. It is important to note that liquid phase reaction was
taken into account in calculations (for the first model also),
but its influence was found negligible owing to weak solubil-
ity of hydrogen under normal pressure (number He >10) and
also its slow diffusion in liquid AMS. And this is the reason,
why we excluded liquid phase reaction terms in both models.

3.2. Mathematical model of steady states

Heat balance for the catalyst pellet

Wreach = WevHey + (S + caNams) (T — Tp) (9)

Evaporation rate for the pellet is equal to

_ Puap(T)
T RT

Det X
Wev = SBCs = S—(C = Cy); C

and one may exclud€, and get
Slg(Def/hdry)

=——(C(T
B + (Det/ hdry) )

(10)

ev

£ -01
T

&

Det = —DpH;
T
Thickness of the dry subsurface layer, which is needed
for 100% conversion of AMS vapor (if the kinetic rate is

zero-order for H) is equal to

Nawms
Sr

hreac =

and, therefore, gas phase hydrogenation rate is lower
than the evaporation rate

Wreac= Shiryr < Shead” = Wey

The corresponding value of AMS conversion is

(15)

hdry

hreac

X = <1 (16)

(3) Complete AMS evaporation and conversion in the dry
layer:

hdry > Nreag X=1 (17)

The gas phase reaction, the evaporation rate and the
liquid flow rate are all equal in this case

Wreac= Wev = Nams (18)

3.3. Method of solution

The graphical-analytical method was used for construc-
tion of model solutions. It is convenient to demonstrate this
method with the help ofig. 8a Part FB of the lower stable
branch curve IFB correspondence to the completely liquid
filled pellet. Liquid AMS feed is partially vaporized from
the pellet surface, the rest liquid is trickling down. Pellet
temperature is lower than hydrogen flow temperature and
is practically independent on the liquid flow rate. The value
of pellet temperature may be defined from #gs. (9), (12)
and (13)from the following relation

SBC(T)Hey = (oS + cANams)(T — To) (19)
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Gams X 107, kg/s

hdry' hreac’ mm
4 Aq
0.6 4
0.4
.
02 2~
A B
0.0 2 T T T T T T T 4
0 4 8 12 16

(b) Gams x 107, kg/s

Fig. 8. Hysteresis type behavior modeling: (&]; (b) hqry (curve 1) and
hreac (curve 2). Hydrogen gas flow & = 80°C. AE, AJE, A, E—upper
steady state branches; IFB, lower branch; IE, middle braBchxtinction
point; |, ignition point, F, point of complete wetting.

The pointF corresponds to the boundary on which the
vaporization rate for the completely wet pellet is exactly
equal to the liquid flow rate. The equation for this boundary
(dotted curve orFig. 89 is

Nams = SBC(T) (20)

Part FE corresponds to complete evaporation but partial
AMS vapor conversion across the dry layEgé. (14)—(16)

The construction of FE-curve is made by the following met-
hod. Pellet temperaturgis considered as the known para-
meter, but the liquid flow ratBlams—as unknown variable.
Taking into account the condition of complete evaporation

Wev = Nams (21)
Eqg. (10)is transformed to
Det [SﬂC (T) }

hay = — | ——= -1 22

any B L Nawms 22)

211

AT

60

40

20

12 16
Gams x 107, kg/s
Fig. 9. Hysteresis type dependencel on Gaus under decrease of
pellet catalytic activity:ky = ko, k2 = 0.8ko, k3 = 0.45kq, k4 = 0.2k,

ks = 0.07kg. Hydrogen gas flow afp = 80°C. Ej, E;, Es—extinction
points. 1, 12, Is—ignition points. Valueky corresponds td-ig. 8.

SBC(T)

23
Nawms (23)

With the usage oEgs. (15) and (213he reaction rate may
be written as
Des
Wreac= S— 1|r(T)
B
Making the substitution of thEgs. (21) and (23)nto Eq. (9)
and multiplying it byNams, one can get the second-order
equation for unknowmMawms:
azN2zys + a1Nams — ao = 0 (24)

az = [Hey+ ca(T —To)] > 0
a1 = [Qp%r +aS(T — To)] >0

ap = QpSrC> 0

AT
100

80
60

40+

0

-20

0 30

Gams % 107, kg/s
Fig. 10. Hysteresis type dependent® on Gaus under increase of pellet

catalytic activity:k1 = 7ko, k2 = 6ko, k3 = 4.7ko, k4 = 3.3ko, ks = 2ko,
ke = ko. The other notations are the same as-ig. 9.



212

Physical meaning has the only one (positive) of two roots
of Eq. (24) which defines FE-curve oRig. 8a

2
a1>

2a;

ao
+ =
az

Nams = (25)

o
20 (

Fl-curve continues the lower stable steady state branch IFB.

The ignition point (I) marks the transition to the upper steady
state branch AE, when the liquid flow rate is decreasing. So,

the IE-curve is the middle steady state branch. The upper

branch (curve AE) is defined biqg. (9) under conditions
(17) and (18):
NAMS(Qp — Hey)

AT =T —To=
(caGams + Sa)

(26)

The extinction pointE marks the transition to the lower
branch, when the liquid flow rate is increasing. This point
is defined as the intersection of IE and AE curves.

AT
50

25

-25

Gams % 107, kg/s

AT
50

25+

0 -4

-25+

T
18
Gams % 107, kgls

o~

(b)

Fig. 11. Comparison of experimental data on pellet center temperature
rise [4] for catalyst 15%Pt/AlO03 (uniform Pt distribution) with calculated
AT. Hydrogen gas flow afpy = 110°C (a), Tp = 132°C (b).
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3.4. Discussion

Hysteresis dependence of dry layer thicknbgg and
complete conversion thicknedgesc on liquid flow rate
Gawms is shown orFig. 8h The influence of decreasing cat-
alytic activity is demonstrated iRig. 9. The ignition point
shifts slightly to lower values of liquid flow rateé->—3).

The extinction point also shifts in the same direction, but
more significantly E1—E>—E3). If catalyst activity is suffi-
ciently low, than hysteresis and multiplicity disappear. The
influence of increasing catalytic activity is demonstrated in
Fig. 10 If activity is sufficiently high, then the point of igni-
tion is placed very close to poifit (where the pellet drying
begins). Extinction point shifts far to the region of high liquid
flow rates. The pellet temperature approaches AMS boiling
temperature 165C (near the poinC). Additional branch

CE of the higher steady state branch AE arises. In this case,
extinction is explained by the decrease of hydrogen partial
pressure and, consequently, the decrease of intrinsic kinetic
rate of gas phase hydrogenation. Finally, the comparison of
experimental datpd] with modeling is presented iRig. 11

4. Conclusions

Physical and mathematical models with lumped parame-
ters have been developed, which explain experimental crit-
ical phenomena on a single catalyst pellet. The mechanism
of critical phenomena is based on the interaction between
the endothermic process of liquid reactant evaporation and
the vapor phase exothermic reaction. The results of mathe-
matical modeling confirmed our previous experimental ob-
servations, that poorly wetted catalyst pellets in a trickle-bed
reactor may undergo “ignition”, resulting in high flow-pellet
temperature rise. If a catalyst pellet is ignited, it is not easy
to return it to a normal completely wetted state, because the
significantly higher liquid flow rates are necessary for its
“extinction” (hysteresis phenomena). Meanwhile, the crit-
ical extinction/ignition values of linear liquid velocity for
catalyst pellets, considered in this study (0.05-0.10 mm/s)
are significantly lower than the valug9] in industrial
trickle-bed reactors (>3-4 mm/s). Therefore, if liquid distri-
bution is not significantly nonuniform in industrial reactors,
then no pellets may undergo “ignition”. Thus arises the prob-
lem of scaling up (for critical conditions) from pellet level to
catalyst bed. Nevertheless, the important conclusion is that
the boundary of hot spot zones in trickle-bed reactor may
consist of poorly wetted ignited pellets and be rather stable
for liquid flow variations. Hysteresis phenomena strikes
the danger of reactor start-up from low liquid flow rates.
Perhaps, the most reliable way to provide thermal safety of
trickle-bed reactor (which indeed is often used in industry)
is to dilute inlet liquid feed with outlet product so, that heat
of mixture evaporation would exceed possible heat gener-
ation (under its complete conversion). In the last case the
considered critical phenomena becomes thermodynamically
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