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Abstract-Using single catalyst pellets (5 nm0 15% Pt/~/-AI2Q, we expez'imentally studied gas-phase bei~zene hydro- 
genation at normal pressure by thermocouple measurements of gas flow and the pellet center. Temperature of gas flow 
was vaJed in the range of 20 ~ : 350 ~ for three molar fractions of benzene vapor (0.1, 0.2, and 0.3) mixed with 
hydrogen. The i~utio:~/extinction behavior of the flow-pellet temperatm-e rise (maxhnmn values up to 100 ~ : 
200 ~ is explamed by internal-external mass transport hz:tations of the reaction rate and reaction revez'sibility at high 
pellet temperature. A simplified pseudobinary treatment of both multicomponent intrapellet mass transfer (in bimodal 
porous media) and multicomponent external mass transfer (under forced comrection) is proposed on the basis of the 
m:alytical estimation. The validity of the suggested approach is cozffiz:ned by compa:'ing the experimental data for 
benzene hydrogenation with rigorons (mttlficomponent) and approximated (pseudobinary) calculahons obtained by 
using a mathematical model of a spherically synm:ehic pellet. The simplified approach appea's to be qu~te accurate 
for reactions A+nH:=B of hydrogenation (::>0) or dehydrogenation (::<0) of sufficiently heavy compounds, i.e. if 
D~= D~>> D~. 

Key words: Gas Phase Benzene Hydrogenation, Flow-Catalyst Pellet Temperatttre Rise, ivMticomponent and Binary 
Diffusion, IntemaI and Intel-phase Mass aad Heat Transfer 

INTRODUCTION 

The problems of hot spots and runaway are significant for in- 
drtsNal reactors with a fixed catalyst bed for hydrocarbon hydro- 
geilation and refer both to gas-phase multitube reactors and Iiquid- 
phase, usually tiic!de-bed, reactoi~ [Ooossei~s et al., 1997]. The study 
of the vapottr phase reaction proceeding on the completely dry cat- 
alyst pellets is the starting point for understanclmg these abnormal 
phenomena. There is a lack of experhnentaI and theoretical research 
of this simple, fi-om the ~aditioilal point of view, problem. Tt~  fact 
may be atbib~ed to the multicomponent nature of mass ~alsport 
processes in mixtures with hydrogen and, consequently, to the ne- 
cessity of applying cumbez'some mathematical techtfiques [Khad- 
ilkar et al., 1999] ~stead of the ~-aditional binary (Fick) approach 
Although the Iviaxwell-Stefan equations describing the internal/ex- 
ternal mass transfer are rather elega~t and general [Klistma and Wess- 
elingh, 1997], many attempts have been made to reduce the multi- 
con~ponent problem to a binary one for particvlar industrially impor- 
tant cases [Eddings and Sohn, 1993]. Other questions arise for the 
gas-phase internal diffusion models with bimodal porotts size dis- 
tribution of  catalyst support [Haugaard and Livbjerg, 1998]. 

Benzene hy&ogenation sel~es as a model reaction. Besides, this 
reaction is important for indttstry and is a typical exarnple of hy- 
drocarbon hy&ogetlation reactions. T t~  class of reactions is char- 
acterised by a considerable heat effect and fast inNnsic kinetics. In 
ad&tion, if the reaction proceeds in the presence of highly active 
catalysts and high pressure, both internal and external diffusion re- 
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sistance may affect apparent rate of the gas-phase reaction. In the 
latter case, the catalyst may undelrgO significant tempera~re rise 
with respect to gas flow (hundreds of degrees). It is important to 
determine the value of such flow-pellet temperature difference in 
order to avoid unwanted side processes resulting in deactivation of 
catalyst In some cases one should l~low the apparent rate of the 
reaction occurring on the catalyst pellet under transport limitations 
(external, internal or ~-alsition). To answer the question, the foI- 
lo~&~g data are requued: (1) i t ~ s i c  !dnetics, (2) intrapellet heat 
and mass ~msfei; and (3) inteiphase (gas-solid) heat and mass ~a~s- 
fezt Here we consider problems concez~m]g only the last two items. 

According to ['lvlalmovskaya et al., 1975], a simple homogeneous 
porous diffusion model cannot be df-ectly used for a general case 
of the bidispez'sed porous catalyst s~ucture. For monoporous cata- 
lysts with pore size radius, which corresponds to transition between 
I~ludsen and molecula- diffusion, the Dusty Gas Model is conm]on- 
ly accepted [Iviason and Malinauskas, 1983]. This model is some- 
times used for a wider range, e.g. for macropores [Papavassiliou et 
aI., 1997]. But for flee molecular diffusion in the porous medium, 
which is typical for processes tmder pressttre an&or in the presence 
of macroporous catalysts, it is more convenient to use the Stefan- 
Maxwell multicomponent diffusion model [Frank-Kamenetskii, 
1955], corrected for medium permeability. Krishna [ 1993] noted that 
the majority of works, concerning the pore diffusion in catalysts, are 
based on Fick's law, which is, sNctly spealdng, tme onffy if all binary 
diffusion coefficients are close and for binary oz- diluted mLxtuxes. 

As far as the internal diffusion is concerned, reduction of multi- 
component equations to binary dif~sion (Fick's law) is not of plmci- 
pal importance, but it allows a significant simplification of the cal- 
culation method and a possibility of analytic esthnations. The ttfngs 
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are different with the extemaI mass and heat transfer under forced 
convection conditions. An application of traditional empirical cor- 
relations for gas-solid tralsfei; based on Chilton-Colbum analogy, 
implies that physical properties of a mKVm-e undergo ~significant 
variation within the boundary layer and, so, may be easily aver- 
aged. Howevei; for vapor-phase hydi-oca-Ix~n hydrogenation or de- 
hydrogenalion the ccefficients of binary dit~sion and component 
heat conductivity in a ternary mLxture (hydrogen and two hydi-o- 
carbons) may differ by more than an order of magifitude. General 
approaches for the interphase multicomponent mass transfer have 
beet: developed [Stewart and Prober, 1964; Toot, 1964; Taylor and 
Kxistma, 1993]. These methods are still not popular among chemi- 
cal engineers. Besides, their application for the gas-phase convec- 
tion trmsfer is not strictly justified, because thic!~:ess of the diffusion 
film is not known. Excepting the early works on the catalytic hy- 
di-ogen oxidation on Pt,wire [Buben, 1946] and cyclohexane dehy- 
di-ogenation in the catalyst bed [Graham et al., 1968], we have not 
found any experimental testing of interphase transfer models for 
gas-phase hydrogenation/dehydrogenation reactions under condi- 
tions of strong extemaI transport limitations. Our recent paper [Kir- 
illov et al., 2000] considers Ix~th expe~ne~lalIy and theoretically 
the case of heterogeneous gas-phase hydrocarbon hydrogenation 
under conditions of external transport control and the irreversible 
reaction. Hydi-oge~ation of alpha-methylstyrene and octene on a 
single catalyst pellet has verified the originally developed approach 
(we named it as pseudobmary). This simplified treaxnent of mass 
transfer is especially a~-active for (de)hydioge~ated multicompo- 
nent mixtures when a general multicomponent approach seems to 
be too cumbersome from the engineering standpoint. 

The aim of tiffs paper is to generalize the simplified treatment of 
mass transfer in reversible (de)hydrogenation reactions with possi- 
ble intemaI a-a~sport limitations and to compare the pseudobitmry 
and multicomponent modelling and the experimental data for the 
gas-phase benzene hydrogenation 

EXPERI3/IENTAL 

Using a single spherical catalyst pellet (15% Pt/AI203) 5 irma in 
diameter, we st~ldied the gas phase benzene hydrogenation at nor- 

Benzene X1 
~ ; ~  vapour + H 2 

flow ~ 2 

~>  ,4 
E 
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Fig. 1. Scheme of temperature measurements. 
1. Quartz wail tube 
2. Sphe~icaI catalyst pellet 
3. Channel (0.5 mm in. diam.), filled by catalyst powder and 

silicate glue mixture 
4. Thermocouple for measttdng temperature at the pellet center 
5. Thermocouple for meastmng gas flow tempera~re 
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real pressure by them:ocouple measurements of gas flow and the 
pellet center (Fig. 1 ). ExpenmentaI setup is similar to that, employed 
in [Kirillov et aI., 2000]. The gas flow te~apera~-e was varied in 
the range 20-350 ~ for tt~-ee molar fi-actions of benzene vapour 
(0.1, 0.2 and 0.3) mixed with hydrogen. The ignition/extinction be- 
haviovx type of the flow-pellet experimental tempera~-e rise (fflled 
triangles in Fig. 3) is expIained by intemal-extemaI mass transport 
limitations, existence of m~xinmm it~ainsic rate and reaction revei~- 
ibility at high pellet temperatuxes. 

B IMODAL  POROUS STRUCTURE AND 
Q U A S I - H O M O G E N E O U S  M O D E L  

1. Characteristics of the Catalyst Porous Structure 
The catalyst dispersion (fraction of surface atoms in Pt crystal- 

Iites) was about 50%. Accorditg to X-ray analysis, the average size 
ofPt  crystallites was 17-20 A. The specific s~face area ofaU pores 
was 206m2/g and the specific pellet density was 0.72g/cm 3. Ac- 
cording to mercury porosimetry, the total pore volume was 0.75 
cm3/g. The volume of micropores (rp<100 A), mesopores (100 A< 
i)<1,000 A) and macTopores (i)>1,000 A) was, respectively, 0.5, 
0.05 and 0.2 cm3/g Pore radius distribution (Fig. 2) has two maxi- 
mums. One is situated in the region of macropores (rp~5,000 A). 
According to the data on low-tempera~-e niaogen adsorption, the 
second maximum for micropores was at i)~50 A. Therefore, the 
cataIyst s~cture was cIose to the bidispersion type. Idealizing the 
actual pic~-e of continuous size pore distribution, we assume that 
the catalyst s~ctare  is described by a bidispersion gIobule model 
[Ruthver~ 1984]. For such idealization the fi-action of macropores 
0~=5,000 A) is ~=0.18 of the pellet volume and that of micTopores 
(r,~50A) is ~,=0.36. The total pelIet porosity is ~7~+~,,=0.54. 
MacTol:~-es are fon~aed by a flee space between spberical macro 
globules. According to [ivlalinovskaya et al., 1975], the radius of 
macro globules can be assumed as t~1@-~=5 l-an. Micropores are 
situated inside of such macro globules. The porosity of macro glob- 
ules is ~,=~,/(1-s The tork~osity coetticient of micro and 
macropores is assv:aed to be ~=3 as for perfect isotropic porous 
media [Jotmson and Stewart, 1965]. Consequently, the coefficient 
of pellet macroporous permeability is p~=s The coefficient 
of macroglobules microporous penneability is p7~]'c=0.15. 
2. Characteristics of Gas Diffusion in Micro and Maclx) Pores 

The mean free path LA of a benzene molecule in a 10% mLxture 

2.0- dv/d(Iog(r)), cm3/g 

1.5- 
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o o 
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0 Fig. 2. Pore radius distribution for catalyst 15 goPt/~-AI20~. 
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Fig. 3. Comparison of experimental (triangles) with calculated in- 
terphase (flow-pellet center) temperature rise AT~:=T(0)- 
T, (curve 1) and intrapellet (sin-face-pellet center) tempela- 
ture rise AT~,=T(0)-T(R) (curve 2) dependence on gas flow 
temperature 3": for different benzene vapor moiar fi'aclions 
in gas flow mLxture with H2:x~:=0.1 (a), xg-=0.2 Co), xg -= 
o.3 (c). 

of benzene and 90% hy&ogen is detemlined by the Maxwell for- 
mula [Malinovskaya et aI., 1975]: 

1 L~- 
=C,NA v(xA d ~  + x H d ~ ~ ) '  

where tile diameter of betlzene and hy&ogen molecules is, respec- 
tively, dA = 5 A and @ 1.5 A, NAF-6 • 1023. It folIows that LA = 800- 
1,300 A in the temperature range of 300-5CK) K at normal pressure. 
This means that LA/2r~I 0 and 2%/LA~10. Therefore, in f ~ l e r  dis- 
cussion we may assume that in micropores I~ludsen diffusion oc- 
curs and in macro pores - fi-ee-moleculm- diffusion High pressure 
in the indus~ial reactors also weakens tile itNuence of I~mdsen 
diffusion in macropores. 
3. Knudsen Diffusion in Miel~pol~s 

The coefficient ofKnudsen diffttsion in a channel [Jackson, 1977] 
isl 

D~ 2 8/~-eT 

For hy&ocaborts hy&ogenation/dehy&ogenation we usually have 
the relation: 

DH qmA 

So, it is reasonable to assume that the reaction rate m micropores 
should be limited by diffusion of the hem-y reagent (benzene). Es- 
timating the coefficient of Knudsen diffusion for benzene in a mi- 
cropore r,.=50 A at 200 ~ one has 1.3x104 m2/s. Taldng into ac- 
count the correction for permeability of macroglobules ruth Knud- 
sen pores, the effective coefficient of benzene ditS~ion inside macro- 
globules will be as: 

p ,D~2x  10 -7 m2/s. 

4. Effectiveness Factor for Macroglobules 
In order to show that the effectiveness factor is always close to 

unity (in our case), it will be sufficient to check that a reaction pro- 
ceeds without timsport Isnitation (r~arding the macroglobule scale) 
under conditions of kinetic maximtrn at 210 ~ Following [Oslro- 
vskii et al., 1991 ], we propose that the reaction is of fLrst order with 
respect to benzene at the kinetic maximum point Then, the effec- 
tive depth of  reaction pene~ation into the macroglobule [Frank- 
Kamenets!di, 1955] will be 

h -  p~D[ 

Recalculating the kinetic data at T=210 ~ [Os~-ovskii, 1991] for 
ot~- platinum catalyst (the concentration of P: is increased by a fac- 
tor of 30 and dispersion is decreased by 30%), and assuming that 
the reaction is s~uc~-ally ~sensitive, we get k,,,~=fX) 1/s. In t t~ 
case, h-~45 gin, which is about an order of magnitude higher than 
the radius of macrogldxtles R~=5 psn. This indicates that the benzene 
concer~ation and, consequentiy, the reaction rate along the length 
of Knudsen pores (inside of macroglobules) change insignificantly 
for the considered conditions. So, the effectiveness factor for macTo- 
globules is always close to unity (in our case) An accotat of strface 
diffttsion in micropores can only confLrm the above estimatiort 

Therefore, it is justified to use a quasi-homogeneous mathemati- 
cal model of mass transfer inside the porous catalyst pellet with a 
bimodaI porous s~uc~-e, inlplying molecular diffusion in macro- 
pores m the absence of diffusion resistance m micropores. 

ANALYTICAL ESTIMATIONS OF MULTICOMPONENT 
AND PSEUI)OBINARY DIFFUSION MODELS 

Let us consider a reaction of gas-phase hy&-ogeilation (n>0) 01- 
dehydrogenation (n<0). 

a+nt-I,=B (I) 

The MaxwelI-Stefan equations [Fra]k-Kanenetskii, 1955] take 
the fon~a: 
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C d,XA _xANN --xNNA +xANe --xeNA 
' dr DAN DAe ' (2) 

C dxe =xeNN -xNNe + xeN_, -xANe 
' dr DeN DAe ' (3) 

C dxN _ xNNA --xANN _~ xNNe -xeNN 
' dr DAN DeN ' (4) 

For external diffusion mass trartsfm; r will be considered as the co- 
ordinate across the diff_tsion film (gas boundary layer around the 
catalyst pellet), and D~,  DBH and DAB will be considered as the co- 
efficients of molecular binary diffusion D~ ,  M f DB~, DA,. In case of 
internal diffusion mass ~nsfer  for a symmetric catalyst pellet (plate, 
cylinder, sphere), r ks the co-orclinate with respect to raclius, and DAH = 
p~EY~, DBH=p~I)B~, DAB=pJ)~% are the effective coefficients ofmole- 
cular binary diffusion th-ough the porous medium of the specified 
pelmeability p~=const From the conditions of pellet s3am-aetry and 
stoichiometry of reaction (1), the moIar fluxes are related as: 

NN =nNA, NA =-  Ne (5) 

Suammng up linearly dependent Eqs. (2)-(4), we obtain the bal- 
ance relation: 

XA+Xe+XN =1. (6) 

Using Eqs. (5)-(6), the Maxwell-Stefan Eqs. (2)-(4) ca:  be written 
a s :  

NA = -  c , n A ~ . <  (7) 

Ne = - C,De?.  ~, (8) 

NN = - C,DN--d~, (9) 

The effective diffusion coefficients of each component depend on 
the mixture composition: 

I xN--nxA 4 I-xN (10) 
DA D,,  DAe ' 

I _xN+nxe_~ I-xN (II) 
D e  DeN DAe ' 

I _nxA --XN 4 nxe +XN (12) 
DN nD~ nDeN ' 

Consider the case of (de)hydrogenation of sufficiently lmge (e.g. 
hydrocarbon) molecule A, which converts to B by scheme (1). In 
this case binary diffusion coefficients of the reagent and product 
with hydrogen are close and significantly exceed the binary coeffi- 
cient of mutual difi\tsion beh,veen the reagent and product: 

D,~=DeN>>DxB. (13) 

We shall show below that if condition (13) is saasfied, the mul- 
ticomponent diffusion Eqs. (7)-(12) have an approxtmation in the 
form of equations for binary di: tsion of A and B at xH=const and 
D.(xH)=const. 

Dividitg Eq. (9) by Eq. (7) and using Eq. (5), we get the differ- 
ential equation for a variation in hydrogen fraction: 
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dxH _ NHDA _ nDA (14) 
dxA NADN DN 

Substitution of Eqs. (10) and (12) into Eq. (14) rearranges it to 

dxN _n( I -xN) +s(xN +I~e) (15) 
dxA 1 +S(I -xN) --nxA ' 

which includes two dimensionless parameters: 

s=DAN--I -DAN-DA~ (16) 
D~ D~e ' 

DAN 1 -- DAN -- DeH 
e = ~ -  De N , (17) 

Using the inequalities obtained from balance Eq. (6) 

NA--< 1-- NN, Xe--< I-- XN, INN+nx~I-<xN+ Ir~(l - NN)-<lnl, 
IS(I- XN)- I:AI->ISI(I - XN)- Inlx?(ISI-Inl)(1 - xN), 

and employing Eq. (15), we get the upper estimation for a varia- 
tion in hydrogen fraction in the differential form: 

cLxN <i ~ + _ ~ -  ' <sN (18) 
dxA- ( -I11)( - D -  ' 

% =max[slnl, ~ 1 .  (19) 

In the integral for:::, the estimation (18) can be written as: 

I• I<sNI/,,xAI. (2o) 

If for the reaction of hydrocarbon (de)hydrogenation (1), condition 
(13) ks satisfied, then according to Eqs. (16), (17), (19): 

S>> 1, Isl<< I, aN<< I, (21) 

fflat is, hydrogen fi-action remains practically constant For the limit- 
ing case at r hydrogen can be considered as an inert mixture 
component: 

xN=coilst, NN=0. (22) 

Substituting Eqs. (22) into the lVimxwelI-Stefan Eqs. (2)-(3), one 
gets the equatiorts for pseudobimzy diffusion of reagent A and prod- 
uct B in the presence of inert hydrogen: 

< (23) 

where the effective coefficient of pseudobmary diffusion does not 
depend on coordinate r: 

1 _ xN a I - x N  (24)  
D. D~ DAe 

Let us estimate the value of error appearing on changing the equa- 
tions for multicon:ponent diffusion (7)-(12) to equations for pseudo- 
binary diffusion (23)-(24). For this purpose, Eq. (23) is divided by 
Eq. (7) and then Eqs. (10) and (24) are substituted into the result- 
ing expression: 

N~dxA D. (xN--nxA),/DAN+(I--xN)/DAe (25) 
NAdx~ DA XN/DAN + (1 --XN)/DAe 

Suppose that the molar flttx of reagent A is known NA=N~, then 

K o r e a n  J .  C h e m .  E n g . ( V o l .  19,  N o .  2)  



256 A. B. Shigarov et ai. 

tile approximation en-or (on defining the gradient of molar fraction 
A) is estimated fi-om Eq. (25) as: 

=1 -dx~ I D. % = - E  =I nx. <l~{ (26) 
dx3 +8(~ -x , )  - 8 

Note that the above estimations are not a rigorous ground for reduc- 
ing the multiconlponent diffusion equations to pseudobinary Eqs. 
(23)-(24). lVleanwhile, Eqs. (18)-(20) for esttmation of hydrogen 
fi-action va'iation are valid for any arbitrary reaction kinetics. Esti- 
mation (26), though is not so general as ( 18 }(20) but is aIso interest- 
ing because it shows that the value of effective multicomponent dif- 
fusion coefficient D,, determined by Eq. (10), is practically con- 
stant if S>> 1. Note that at this conclition, the coefficient of pseudo- 
bhmzy diffusion D. in Eq. (24) is an approximation for Da. A similar 
conclusion is ~rue for the effective coefficient of multicomponent 
difi\tsion Dz fi-om Eq. (11): 

D,~D~D. at S>> I. 

Detailed m~alysis shows that D. is the lower approximation of D, 
with maximum deviation a, ['Eq. (26)] for hydrogenation reactions 
(n>0), and D. is tile upper approximation for dehydroge~afion reac- 
lions (n<0) with the same raaximum deviation a,. 

The physical meaning of the above estimations is that the ef- 
fective coefficient of hydrogen diffusion is much higher than those 
of relatively heavy hydrocm-Imns (reagent A and product B) in the 
tt~-ee-conlpo~lent g as mix~-e. F or this reaso~l hy ddrog en can be treated 
as an inert component with an infinitely Im~e diffusion coefficient. 
The properties of A and B molecules are rather close. Diffi.tsion of 
A and B in ternary mixture (A, B, H) reduces to pseudobinary dif- 
fusion of A and B between themselves. The effective coefficient 
fi-om Eq. (24) depends significantly on the hydrogen fraction xu = 
corot Note that total molar flux (rasing fionl change in number of 
moles during chemical reaction) should not be taken into account 
in case of such pseudobmary treatment 

Although Eq. (24) looks like tile Wilke fo:::lula [Wilke and Lee, 
1955], its physical meaning is different_ The Wilke formula is derived 
fi-om the MaxweII-Stefhn equations for the conlponent diffusing 
tt:aough a stagnant (or ~-ongly diIuted) mixture. The ttfrgs are dif- 
ferent in our case. 

Note that the coefficient of pseudobn'ary diffusion D. in Eq. (24) 
does not depend on the stoichiometnc coefficient n. In COl-~ast to 
the effective multioomponent diffusion coefficients (10}(12), D. 
describes the physical property of m ~ e  (& B, H) provicling con- 
dition (13) hoIds. This means that Eq. (24) can be experimentalIy 
tested by using diffusion measurements (without a chemical reac- 
tion). The physical meaning of Eq. (24) is especially clearly seen if 
the hydrogen fraction in the m ~ e  ks close to tile vapour fraction 
x~'~(1-xn). Accorclmg to condition (13) D~>>D~,  ancl, conse- 
quentIy, difi\tsion resistance fi-om hydrogen can be neglected: 

x~ .<< I -x~ 
D,~ D,~ " 

In this case. the coefficient ofpseudobinmy diffmion (24) is equiv- 
alent to the coefficient of usual binary diffusion of heavy compo- 
nents A and B, if their total pressure Paa=Pa+Pa=P-P~ is varied by 
hydrogen partlaI pressure: 

D~. IDXB--XH =DAB(~) ' p' =Px" (i =A' B' H)" (27) 

Therefore, the above esttmations substantiate the approximation 
of multicomponent diffusion equations for tile reactions folIowing 
scheme (1) with the constraint (13) to Eqs. (23)-(24) descn"oing the 
so-called pseudobhmzy diffztsior~ This permits one to significantly 
simplify calculations of internal diffusion raass transfer in the case 
of fi-ee-molecula- diffusion in the catalyst pores, but, what is more 
important, this provides reliable grounds for applying the traditional 
empirical con-elatiorts, tmsed on ChJlton-Colburn analogy, for inter- 
phase gas-solid transfer under forced convection conditions. For 
tile reaction of gas-phase hydrogenation of benzene into cyclohex- 
ane 

C~H~+3 H~=C6HI~, 

which folIows the scheme (1) at A=C6H6; B=C6HI2; n = 3, the values 
of binary diffusion coefficients at T=293 K [Reid et al., 1987] are 
D~=3.50x 10 -5 m2/s, DBH=3.35 xl 0 -5 m%, and D~=0.27 x l 0 -s m2/s. 
Thus, condition (13) is qualitatively satisfied. Eqs. (16), (17), (19) 
and (26) give S=12, g=0.05, ~H=0.33, and gA=0.25. Therefore, the 
estimations predict that the pseudobinary method provides a mod- 
erate accuracy as compared to the multicomponent method in case 
of benzene hydrogenation. 

MATHEMATICAL MODELS 

The aim of mathematical modeling was to verify the analytical 
estimatiorts, obtained in the previous section, concerting the approx- 
imation of the multiconlponent mass transfer raodeI (by pseudobi- 
nary model) and to coml:are the calculated and experimental results. 
To describe internal mass tralsfei; we used two multicomponent 
models: 1) the gktsty Gas, 2) Maxwell-Stefan, and 3) pseudobinaty 
model. For gas-solid inteiphase mass transfer, two additioilaI van- 
ants of boundary conditions were use& 4)multicomponent model 
[Stewart and Prober, 1964; Tcor, 1964] and 5) pseudobinay model. 
Tile heat tralsfer equations (both for inteiphase and it~-apellet trans- 
fer) were tile same for all mass transfer vm~ions. 

Equations of continuity and conductive heat tl~nsqer inside 
tile spherically symmetric catalyst pellet: 

d(r~N,) =A, B, H, v~ = -1 ,  vH =-1 ,  vB =I,  i 

0_<r_<R, R =2• 10 -3 m. 

d(r~s s =0.2 W/(m K), 

1) The Dusty Gas relations for in~apellet mass transfer: 

C t ~  = ~ x~N,-NN,-N, x~ (BoP + I )~ . ,  i=A, B, H, 
j=A,~,H,j,, p~D,j D~ ReT\gD~ 

2 5 I ( I ' B ~  x- x~)dP 
= - - - -  _ T - -  2 ~  - -  - -  

, =...HD, RgT/. la ,=.~.HD~)dr' 

C=R_~ ' ~ 4. ~ e~r~._ e /R~V % "~ 
= 5 dT Tm,; = = Vta;Jtl- Z)' 

Ro =10ro, m=3, ~o =0.I8, ro =5•  -7 m, po =0.06, 

D,H =3.5• I 0 - ' ( 3 ~ ) l '  m~/s, D,s =0.27• I0-'(30-~) '9 m'/s. 
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2) The Ma~vell-Stefan relations for intrapellet mass transfer: 

C cLN = ~ >~Ns-x~N, p =const = 10' Pa, i =A, B, H, 

3) The pseudobinary relations for inh-apellet mass transfer: 

N. = - D p C , ~ ,  

x~= I - x . -  x~, x~=x~.=const. 
D.=po>., m=[x./D~+(1- x~)/D.g I. 

Boundary conditions for all versions of interphase mass trans- 
fer 

dT 
r =0: ~ =0; N~ =0, i =A, B, H, 

r =R: ) v ~  ~T. =c~(Ty-T), 

4) Additional boundary conditions for multicomponent inter- 
phase mass t~amfer [Stewart and Prober, 1964; Too~; 1964] ifD~-- 
D,~: 

1-=R2 

N.=C,zl~..(x.-x.z)+x.~. E N,, 
=A,B,H 

N, :Ct /13 ,n [~(xz -xa , - (1 -13"~  x~ t x - x ~ y , ] + x  v ~ N,, 
13~Jl-X./' n - ,=..,n 

Sh.D. 
C'Z=~T/[3*-  2R ' 

5) Additional boundary conditions for pseudobinary interphase 
mass transfer treatment (at tile external surface of tile pellet): 

r=R: C,D~ d-~* =[3.C,~(x,y-x,). 

Gas-solid mass and heat transfer correlations are taken follow- 
ing [Hugmark, 1967]: 

0, 0~ Sh~__7~ ' 
Sh.=2 +0.6Re Sc. , [3,. Sh~=2+0.6Re~176 ~ 

Sc .=~.p  Sc,~= tx =C~.(x,m,+x.mj,  Re =2RG 
' D~p' p la ' 

V~GJzlb +X~m~] 
G -  < xa ],d,=15• - P 

~zd~/4 Rg• 

for x,~.=0.1: V.=78.3x 10 -e mVs, 
x#=0.2:V~=34.8 x I0 -~ mVs, 
x4~=0.3:Vn=20.3 x I0 -e mVs, 

Ix =0.77• 10 -~ (N s)/m ~, m,=78x I0 -x kg/mole, 

m.=2xl0 -~ kg/mole, 
Nus c~ = - ~ - ,  Nu=2 +0.6Re~ ~Pr~ 3~, Pr =lacfv ' , C 

c,=%x~.+c,.x~, 9.=29 J/(mole K), 
%,=(-8.101+0.1133TFZ206x 10-STy+ 1.703x I0-W])x4.19 J/(mole K). 

Heat conductivity of the gas phase is defined by empirical corre- 
lation for no,~polar binary mixtures [Reid et al., 1987]: 
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s  @,=+ (1- q)s q:0.32(1 - xH2)+0.8xa., 
s 1- xH.~) +s s :[(1 -- XHys -l, 

/T ,~,7, (T300)~ W/(m K). ) ~ : 0 . 0 I ~ 3 ~  ) W/tm K),)~.=0 I83 

Intrinsic kinetic rate of benzene vapour hydrogenation on Pt/y- 
A1203 [Os~-ovskii et al, 1991] with tile added revez'sibility conec- 
tion factor: 

kbl PAP~ ( _ K~Pz} 
W=l+blP,+b~p,p~+b3,]_~7 I p,p~), 

k=-lhexp(-E/RT), I% =3.6 x 10 -a (mole A)/(m 3 s Ps E=55x I 03 J/mole, 
bl =bl0exp(Ql/RT), bl0= 1.SxI0 -l" Pa -l, Ql=Sax 103 J/mole, 
b~=b~0exp(Oa/RT), b~o = 10 -30 Pa -4, Q~=92x I03 J/mole, 
b3=b30exp(O, JRT), b30=2.5x I0 -16 Pa -la, Q3=l I3x I03 J/mole, 
I~=I~0exp(- QJRT), I~0=2.3x I(Y s Pa?, Q=216x 103 J/mole. 

Tile boumiary value voblem has been studied by means of tile soft- 
ware package BPR-Q based on the caNmuahon l:arameter method 

RESULTS AND DISCUSSION 

Fig. 3 shows the calculated and expei%nei~0m1 data oil the tem- 
perature rise between the pellet center and gas flow on varying flow 
temperature for ti~-ee gas flow compositions. We predicted critical 
phenomeim on the catalyst pellet, which are associated with transi- 
tions between the kinetic and diffusion regimes. For benzene molar 
faction 0.1, the calculated temperatures of ignition and extinction 
are almost equal (Figs. 3a and 4a). The calculated temperature rise 
inside the pellet, shown for compmison in Fig. 3, is significantly 
smaller than the interphase temperature difference in the maxknum 
region. This corresponds to slrong extemaI diffusion limitahon of 
the reaction rate in the middle flow temperature region. Additional 
conflrrnahon was obtained by calculations of the molar fraction of 
benzene vapor (Iknititg transport reagent) at the pellet external sur- 
face (Fig. 4). If  the flow temperature is 125 ~ (Fig. 4a) we hmre a 
middle transilion point between the internal and external regions. 
Tile fraction of benzene vapor on the pellet surface is slightly higher 
than a half of its flow value. This con-esponds to the point of max- 
imaI flow-pellet temperature rise 950 in Fig. 3a. If the pellet tem- 
pera~-e moves lower or higher than 210 ~ (which con-esponds to 
flow tempemt~re 100~ the reaction shifts f o m  the extemaI to 
the internal diffusion region, which is acconlpanied by decrease in 
the apparent reaction rate. If  pellet teanperature beconles tfigher t im 
250 ~ (flow temperature higher than 200 ~ a reverse reaction of 
cyclohexane dehy&ogenation starts to make additional cotmibu- 
tion to a decrease of AT As a result, tile pellet temperature zise dis- 
appea~ at flow temperature 350 ~ and tile catalyst comes to oper- 
ate at the kinetic regime. 

Similar results were obtained if molar benzene fractions in gas 
flow were 0.2 (Figs. 3b and 4b) and 0.3 (Fig. 3c and 4c). Expezi- 
ments do not conf~Tn model predictions concerning such critical 
phenomena as ignition and extinction of the catalyst pellet and cor- 
responding hysteresis effect However, there is a gocd agreement 
between the experimental and calculated values of flow-pellet tem- 
perature rise near the maximum and on the decreasing branch. In 
the point of maxmmm (Fig. 3a) the pellet tempera~-e is about 210 
~ So, this value lies within the temperature interval 150<T<230 ~ 
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Fig. 4, Caleninted benzene vapor traction at pellet surface XA~=XA 
(R) dependence on gas flow tentporature T~foF different 
benzene vapor molar fraOions in gas flowmixttwe with I-I~: 
x~=0.1 (a), x . .=02  (b), x,~ =0.3 (c). 

for which the kinetic m e  expression (used in our model) was ob- 
tained by [Os~ovskii et al,, 1991]. Lower stable kiuetic h~nches at 
low flow tempa'otures are ,tot observed in rite experiments (Fig. 3). 
Possible explanation is that rite real kinetic ,Mate is andere~int~ed 
by theoretical expression at such a low catalyst temper~ure. 

Perhaps, rite most hntx~ant point is tha rite calculations per- 
formed by the mulficomponent and pseudobinwy mass bmtsfer mod- 
els give dose results. The calculations appew to be sensitive to the 
pwanreters of inte,phase mass and hem transfer. By contras% rite 
calculations of internal mass transfer in macropores, made by the 
Dusty Gas and Maxwell-Stffan relaions, practically coincide and 
we shower by unique solid curves in Figs. 3-6. 

CONCLUSIONS 

A simplified pseudobiuaty tte~nent ofmulticomponatt internal 

25- ATc, 

20 - pseudoblnary 

1 5 - ~  

1 0 -  

5 -  

0 -  
o 5o ~oo lso 200 250 3oo 35o 

T,,~ 

Fig. 5. Caloflated hexapelet (mrface-center) tonper-amre rise AT~ 
=T(0)-T(R) dependmce on gas flowtonperature T~. Ben- 
zme  vapor molar fraction in gas flow ndxture x~= 0.3. 

,9 2 '  . . . . . .  , - . , ~ -,--+ ~--.-- "4- 
;. . . . .  "_ _" .:_ ~ . . . . .  _ . _ _  . . .  

r t + r - ~ I I t . . . 4 L ~ i ' M ~ t t  ~ +  N 

. . . .  ~ . p t : a r ,  O r ~ F . .  t ~ ~ , -  .~ : ' -  " " %Z 

- - 75:-  . ff l +: 
! g - d t a ' ~  ~ . . ~ - .  

~ ' 0 : ;  . . . . . . . .  0 
Pt I"; ,'+ 7' ~ 4 ' t iP,  t3'~l ~ D 1 7 " 4 ! 'r " r, ? (~ 

C ; l . r  ~ f l + . ~ '  L o 3 r l ~  t , .~ , ' :h ,  f z 13' ."ft 

Fig. 6. ~_mlculaed profiles of flom~penet tempel-anre rise T-T:.and 
benzene vapor molar frarfimt XA along pellet radhls r atthe 
crilical points of i~Mlion and exaindion in Fig. 3b. Benzene 
vapor molar fraction in gas flow mixawe x,-=02. 

mass ~ l s f e r  (in bimodal porous catalyst) and mukicontponent ex- 
ternal mass h~m]sfer (under fomed convection) was derived fi~n 
analytical estimations To conf.m the validity of the proposed a-eat- 
ment, we have contpwed the experimental data for benzene hydro- 
genation an d rigorous calculations, based on the Dusty Gas and Max- 
well-Stefan relations for internal b~ansport and method of Stewmt 
& ~laber and Toot for intaphase transport, and appmxhnated (pseu- 
debinmy) calculations obta~ted by using the mathem~icaJ model 
o fa  spherically symmetric pellet. The simplified approach is quite 
accm~e for the reactions A+nH=B of hydrogenation (n>0) and 
dehydrogenation (n<0) of atlficiently heavy contpotmd~% i.e., i fDx~ 
DBr>>Dx~. The results of  numerical modeling and experimental 
verification show that benzene hy&~ogena~ion satisfies the above 
condition. Though, a priori analytical estimations were not so opti- 
mistic in quantitative sense. 

For the considered class of reactions, the ~eudobinary treatment 
(compared to the general multicomponalt approach) has rite fob 
lowing advar~ages: the ease of application even in the case of several 
reactions, contpati'oility with the Chilton-CoIbmn analogy and tradi- 
tional empirical ccnelaficns for inte,phase tt~tsfer under forced con- 
vection, clew physical sense and quantitative criterion for validity. 
The results of this resewdt may be of practical importance for solu- 
tion ofvmJous problems concerning the effective and safe opera- 
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tion (preve,~on of hot spots and runaway) of the cozra'nercial tfic!de- 
bed (multiphase), mulfitube (gas phase) reactors and hove1 types of 
mulfifunctional stmc~-ed catalytic reactoz~ for hydroge,~ation or 
dehydrogenation of organic compounds. 
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N O M E N C L A T U R E  

A : heavy reagent (benzene) 
B : heavy product (cyclohexane) 
C, : gas mixture molar density [mole/m 3] 
%, % : molar heat capacity of gas components (i=A, B, H) and 

mixture [J/(mole K)] 
DAB, DAH, DBH : gas phase binary diff\tsion coefficients [m2/s] 
DA, DB, DH : effective diffusion coefficient in multicomponent mix- 

~u-e [m%] 
Dp : coefficient of  in~apeIlet diff\tsion [m%] 
D. : coefficient of pseudobinary diffusion [m%] 
d, : tube internal diameter Ira] 
E : activa~on energy [J/mole] 
G : mass velocity of  gas mflxtuxe [kg/(m 2 s)] 
H :hydrogen 
K~ : equilibrium constant for revez~e reaction [Pa 3] 
mA, roB, rail : molar mass [kg/mole] 
n : stoichiometric coefficient for hydrogen 
NA, NB, NH : molar fluxes [mole/(m2s)] 
P, PA, PH, PB : total and partial pressure [Pa] 
p~ : coefficient of macroporous perlneability of  pellet 
pj : coefficient of microporous pezTneability ofmacroglobules 
Q,. : heat effect of  reaction [J/moIe] 
Q~, Q> Q3 : specific heats of adsorption steps [J/mole] 
Rg=8.31 : ideal gas constant [J/(mole K)] 
R :cataIyst pellet radius [m] 
R~ : radius ofmacroglobules It-tin] 
r : coordinate along pellet radius or across diffusion film [m] 
r~ :mean radius ofmacropores [A] 
r~ : mean radius ofmicropores [A] 
r~ : pore radius [A] 
T : catalyst pellet temperatuxe [C or K] 
T/ : gas flow temperatuxe [C or K] 
Vu : hydrogen volume flow rate [m3/s] 
W : reaction rate [(mole A)/(m 3 s)] 
x~, xa, xu: molar fractions of A, B, H ingas mixture 

Greek Letters 
C~ 

ga 
gj 
Ejj 

Etot 

: coefficient of gas-solid heat ~ransfer [W/(m2s)] 
: coefficient of gas-solid mass transfer [m/s] 
: fraction of macropores in the pelIet (macroporosity) 
: fraction of micropores in macrogIobules (microporosity) 
: fraction of micTopores in the pellet 
: total porosity of  the pellet 
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)~, )VA, )V H : coefficients of gas mixture and components heat con- 
ductivity [W/(m K)] 

)~p : coefficient of catalyst pellet heat conductivity [W/(m K)] 
~t : coefficient of gas phase viscosity [(N s)/m 2] 
9 : gas mixture mass density [kg/m 3] 

Dimensionless Criteria 
Nu : NusseIt number 
Pr : PrandtI number 
Re :ReynoIds number 
Sc : Sc~'nidt number 
Sh : Sherwood number 

Superscripts 
K : Knudsen difi\tsion 
M : molecular diffusion 

Subscripts 
a : rnacropores 
A : heavy reagent (benzene) 
B : heavy voduc t  (cyclohexane) 
c : pellet center 
f : gas flow 
i : micropores 
H :hydrogen 
p : catalyst pellet 
s : external surface of catalyst pellet 
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