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NOTES 

Low-Pressure Operation of the Union Carbide Gradientless Reactor 

A gradientless reactor, developed at 
Union Carbide Corporation by J. M. Berty 
and co-workers (I,.??), has been described 
for use in studying the catalytic kinetics of 
high pressure, moderate temperature, vapor 
phase reactions. A modified reactor that has 
been used successfully at higher tempera- 
tures (to 1100°F) has also been reported 
(3). By rapid internal recycling of the vapor 
phase the reactor is capable of performing 
at near-commercial conditions (tempera- 
ture, pressure, mass velocity, etc.) or at 
nearly gradientless conditions, i.e., no exter- 
nal pellet heat or mass transfer limitations. 

Berty (1) has recommended that a lower 
pressure limit of 45 psig be used “because 
at lower pressure and corresponding low gas 
densities it is difficult to maintain good 
mass velocities.” High mass velocities are 
required to minimize the thickness of the 
stagnant boundary layer between the ex- 
ternal catalyst surface and the bulk gas 
phase. However, for laboratory reactors, 
higher pressures are frequently neither de- 
sired nor convenient. 

Experience with the modified gradientless 
reactor at Purdue (4) has shown that it can 
also be used at low pressure, i.e., 1 atm, 
provided certain conditions are met. It is 
the purpose of this note to point out some 
of the characteristics of this reactor under 
low-pressure operation where truly gradi- 
entless conditions may be difficult to 
achieve. 

The reactor approximates a perfectly 
mixed vessel at atmospheric pressure and 

over a wide range of temperatures, inlet 
flow rates, and impeller speeds. The flow 
profile, checked by a method similar to that 
described by Smith (6) and Berty (1) was 
found to be uniform across the bed as long 
as the recycle ratio was greater than about 
20. 

The only reliable method for determining 
whether bulk-to-surface heat or mass 
transfer limitations are significantly in- 
fluencing the measured kinetics is by experi- 
mentation. This was tested by the CO 
oxidation by 02 over chromia-silica cata- 
lyst granules 4 mm in diameter. Various 
temperatures and chromia loadings were 
used. Variation in the impeller speed from 
750 to 1500 rpm produced a negligible 
change in the outlet COZ concentration 
provided that the reaction rate remained 
below about 3.3 (lo-‘) kg mol COZ/S kg 
catalyst. At higher reaction rates the exit 
CO2 concentration varied significantly with 
the linear velocity (mass flux) indicating 
heat and/or mass transfer limitations. 

Since these experiments can be rather 
time consuming it would be preferable if 
there were a method whereby these heat 
and mass transfer gradients could be esti- 
mated a priori from pertinent catalyst and 
reaction parameters. Such a method will 
now be described. 

The recycle mass flow rate can be esti- 
mated from a thermodynamic calculation 
(1,s). Assuming an adiabatic catalyst bed, 
the heat generated during a steady-state 
reaction is equal to the heat removed by the 
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recycle flow. wise t.hc factors should be replaced by unity. 

AriAIf = tiCpAT. (1) G 
llc = -- 

ab 
By measuring the change in moles of reac- 
tant and the temperature difference across 
the bed during reaction, t’he mass flow rate 
can be determined from Eq. (1). = 

Heat and mass transfer coefficients can 
now be calculated using the Colburn j, and 
j, correlations described by Bird et al. (6). AT - 

790(10-733(-&j 

----______ 
ad+ 

< 50, 

~PBAH Prt (4) 
These factors are then substituted into the ryZ 

=_ 112 ----- 
following heat and mass balance equations 

C,(a#)1~51(p)o.61 

over the catalyst pellet. 

Ni = rp~v, = kiaAXi. (3) 
0.16 

The AT and AXi can now be calculated 
directly. The mass flow rate has been pre- 
viously estimated by Eq. (1) to be about 
10m3 kg/s at 1500 rpm (2000 rpm is maxi- 

)((;y.lG <E!J~4g(&j-O~2”, (5) 

mum impeller speed) and a vapor density 
of 0.84 kg/m3 (4). Assuming perfect gas ne > 50, 

behavior, this value will vary directly with 
either vapor density or impeller speed 

rpeAH Pr* 
AT = 428 ~----- 

(75&2000 rpm) provided that large fric- C,(a#)1.41(p)0.41 

tional resistances are not present (I). All 
of the previous calculations can now be 
combined to yield the following overall 

)(( ;;]“’ (?!?,“‘5g(-&j-o’30, (6) 

equations to estimate the temperature and 
concentration differences. 

Ax, r lSl(lOy) --cave-- 
0 
!! 

0.26 

The constants in these equations are 
only valid for the original and modified- 

(a#)1.41 (Dirn)O.e’ M 

high-temperature reactor designs (l,b,S). 
On a more recent design both the size of 
the catalyst basket and the shape of the 
impeller were altered. Therefore, although 
the functionalities of the following equa- 
tions remain the same, the constants must 
be reevaluated. The catalyst bed cross- 
sectional area of 1.79 (10P3) m2 was used 
to obtain the correlat ioll for 111e IINSS 
vcbkwitg, (;. Th(~ /,//I,, I’:wlors shc~ultl IN, 
included only when L/L), cxcccda i ; othcr- 

x(;y.z6 <EJ~5g(L-J~30. (7) 

Equations (4) and (5) or (6) and (7) can 
now be used to calculate reasonable ap- 
proximations to the temperature and con- 
centration differences between the catalyst 
surface and vapor phase. All parameters in 
equal ions (4)-(7) are easily obtain:d~le 
except for t,he reuct,ioll rate, which lllust be 
estimated beforehand. A sample calculation 
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utilizing the previous reaction data, 

NOTES 

rpm Impeller revolutions per minute 

T = 515’K, 
P = lo5 N/m2 (El atm), 

rpB = 2.2 (10m4) kg mol/s m3 cat, 
a# = 945 m-l, 
p = 31 (lo-+) kg/m s, 

M = 36.1, 
AH = - 286 (106) J/kg mol, 
C, = 710 J/kg “K, 
Pr = 0.68, 

X = 0.036, 
Dco,YZ: = 4.1 (10W5) m2/s, 
60% Ar diluent, 
1500 rpm, 

yields AT = 0.6”K and AXoos = 6.9 (10-5). 
Clearly, this is near the limit of gradientless 
operation, which is consistent with the ex- 
perimental results mentioned earlier. 

Equations (4) and (5) or (6) and (7) 
show the effects of changing catalyst and 
reaction parameters, and they yield the 
limit of reaction conditions available for 
gradientless operation of the Union Carbide 
Reactor. 

List of Symbols 

a Interfacial area per unit volume of 
bed, m-l 

G Bulk gas heat capacity, J/kg “K 
Dim Effective gas-phase binary diff u- 

sivity of i, m2/s 
L 
G 
h 
k 
DP 
rh 
M 
Ni 
P 
Pr 
Q 
r 

Catalyst bed depth, m 
Mass flux, kg/m2 s 
Heat transfer coefficient, W/m2 OK 
Mass transfer coefficient, kg mol/m2 s 
Catalyst particle diameter, m 
Mass flow rate, kg/s 
Average molecular weight of vapor 
Molar flux of species i, kg mol/m2 s 
Pressure, N/m2 
Prandtl number 
Rate of heat, production, J/m3 s 
Reaction rate, kg mol COz/s kg 

catalyst 
Re Modified Reynolds number, G/a#p 

T 
AH 
Ari 
AT 

AXi 

Temperature, “K 
Heat of reaction, J/kg mol 
Absolute reaction rate, kg mol/s 
Temperature difference between ex- 

ternal catalyst surface and vapor 
phase, “K 

Composition difference between ex- 
ternal catalyst surface and vapor 
phase, species i 

Viscosity, kg/m s 
Stoichiometric coefficient 
Catalyst bed density, kg/m3 
Empirical coeflicient depending on 

particle shape (7) : spheres, 1.00 ; 
cylinders, 0.91 
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