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Fig. 15. Comparison of observed pressure drops of gas-
liquid-solid three-phase horizontal flow with calculated
values from Eq. (5).

tubes.® Gas-liquid-solid three-phase flow might have
lower pressure drops than liquid-solid two-phase flow
at the same fluids velocities when gas blowing has a
diminishing effect on stagnant solid particles.

A proposed empirical correlation containing hy-
drodynamic parameters used for liquid-solid two
phase flow is applicable to the estimation of pressure
drop of horizontal gas-liquid-fine solid particles three-
phase flow.

Nomenclature
Cd = (4/3)gdp(pp_ pwater)/(pwater U,), drag
coefficient of a particle [—]
C = solid weight percent in slurry [wt%]
Cy = solid volume fraction in slurry [—]
D; = tube diameter [em]
d, = average particle size [um]
g = acceleration of gravity [m/s?]
APgp = calculated pressure drop from Lockhart-
Martinelli correlation [—]

4P, = 4fulp,/(2Dy), calculated pressure drop from

Fanning equation with linear velocity [Pa]
AP/L = pressure drop per unit tube length [kPa/m]
s = density ratio of solid particle to liquid [—]
Ug = superficial gas velocity fem/s]
U, = superficial liquid or slurry velocity [cmy/s]
Ugo = superficial slurry velocity of liquid-solid

flow [emy/s]
I’ = Up/(1—¢g), linear velocity of liquid or

slurry [cm/s]
v, = terminal velocity of a particle [cm/s]
&g = gas holdup -]
£go = gas holdup of two-phase flow (=0.90¢ ,) [—]
gy = estimated gas holdup from Yokota’s

correlation using slurry density and viscosity [—]
oL = liquid or solid density kg/m3]
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CRITERIA FOR THERMAL EFFECTIVENESS FACTORS
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The conventional approach to evaluation of the
effectiveness factor for exothermic reactions assumes
catalyst particles to be isothermal.>”’ However, this
approach may not be valid for endothermic reactions,
as has been pointed out by Maymo et al.>) and Tan
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addressed to C. S. Tan.
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and Smith.® This is because of the relatively low tem-
perature and reaction rates in catalyst particles for
endothermic reactions, which make mass transport
less important. Under these circumstances the energy
balance rather than the mass balance should be
considered. Tan and Smith® calculated and compared
effectiveness factors and axial concentration and tem-
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perature profiles in a fixed-bed reactor by three
models: 1) an exact solution accounting for both
intraparticle concentration and temperature gra-
dients; II) a thermal effectiveness model neglecting
intraparticle concentration gradient; III) an isother-
mal model neglecting intraparticle temperature gra-
dient. They observed that model II gives results much
closer to those of the exact model than model III for
endothermic reactions in a wide range of parameters.
The equations used in these three models are written
as follows.

Model 1)

d:Cc* 2 dC*
dx?  x dx

1
xexp{y[l— ]}
BCI=C+1=f g (Cr—1)

— P2 C*

1)

Wy ) @

nexact = @ 2

Model II)

a?T* 2 d4dT* 1

3(Nu),,
Model IIT)
_3(Nu),, @* cosh ¢* —sinh P* (5)
Mo =52 | % cosh &* + [(Nu),,— 1] sinh @*
where

F*= @exp[% <1 —%)} ©6)

Details for obtaining the solutions of three models are
given by Tan and Smith.® But it can be imagined that
when the parameter § approaches zero the isothermal
assumption (i.e. model III) should be more suitable
than the assumption of neglecting the concentration
gradient (model II). Also, it can be seen from Table 1
that for some sets of parameters model III gives better
results than model II for endothermic reactions.
Hence the objective of this communication is to find a
criterion for the use of the model II to calculate the
effectiveness factors for endothermic reactions.

Tan and Smith® observed that a maximum of error
of #merm eXxists somewhere in the range of @ in all
combinations of y, B, (Nu), and (Nu), The exact
location of the maximum depends on all the other
parameters. By Figs. 1 and 2 it can be found that the
error of 7 erm increases with the mass Nusselt number
(Nu),,. However, such increases are not distinguished
in the range of small Thiele modulus ¢. The effect of

336

100

50l Thermal
————— Isothermal

20+

IS
§‘
i
[ Y8l (-)
Fig. 1. Errors in effectiveness factors calculated by Models

II and III for (Nu),,=1.0 and (Nu),=1.0.
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Fig. 2. Errors in effectiveness factors calculated by Models
1I and III for (Nu),,=10% and (Nu),=1.0.
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Table 1. Comparison of effectiveness factors calculated by exact (I), thermal (II) and isothermal (III) Models

o : 3

) B B Vo, Vo, @ e e, N
10 —0.01 0.1 1.0 1.0 0.1 0.996 0.996 0.996 0.0 0.0
10 —0.01 0.1 1.0 1.0 1.0 0.701 0.734 0.703 4.63 0.31
10 —0.01 0.1 1.0 1.0 5.0 0.0950 0.106 0.0950 11.49 0.08
10 —0.01 0.1 1.0 1.0 10 2.69% 1072 2.90x 1072 2.69%x 1072 8.06 0.02
10 —0.01 0.1 1.0 1.0 50 1.18 x 1072 1.20x 1072 1.18 x 1072 1.99 0.05
10 —0.1 1.0 1.0 1.0 0.1 0.992 0.993 0.993 0.07 0.07
10 —0.1 1.0 1.0 1.0 1.0 0.598 0.617 0.613 3.20 2.53
10 —-0.1 1.0 1.0 1.0 5.0 8.37x 1072 9.09x 1072 8.50x 1072 8.56 1.48
10 —0.1 1.0 1.0 1.0 10 2511072 2.73%x 1072 2.53x 1072 8.59 0.49
10 —0.1 1.0 1.0 1.0 50 2.95%x 1074 3.00%x 1074 2.94%x 1074 1.51 —0.26
10 —-0.2 2.0 1.0 1.0 0.1 0.988 0.989 0.989 0.06 0.13
10 —0.2 2.0 1.0 1.0 1.0 0.518 0.530 0.540 2.33 4.21
10 —-0.2 2.0 1.0 1.0 5.0 6.99 x 1072 7.34x 1072 7.28 x 1072 4.89 4.06
10 —0.2 2.0 1.0 1.0 10 2.22x 1072 2.35x 1072 2.27x 1072 5.88 2.21
10 —0.2 2.0 1.0 1.0 50 1.12x 1073 1.17x 1073 1.12x 1073 4.68 0.15
20 —0.1 2.0 1.0 1.0 1.0 0.521 0.533 0.542 2.37 4.09
20 —0.1 2.0 1.0 1.0 10 2.27%x 1072 2.42x 1072 2.31x1072 6.71 1.76
10 - —0.3 3.0 1.0 1.0 0.1 0.984 0.985 0.986 0.06 0.19
10 —0.3 3.0 1.0 1.0 1.0 0.460 0.468 0.485 1.81 5.40
10 —0.3 3.0 1.0 1.0 5 5.84% 1072 6.01 x 1072 6.21x 1072 2.94 6.23
10 —0.3 3.0 1.0 1.0 10 1.89 x 1072 1.95% 1072 1.98 x 1072 3.28 4.75
10 —0.3 3.0 1.0 1.0 50 1.04x 1073 1.09%x 1073 1.06x 1073 4.31 1.09
30 —-0.1 3.0 1.0 1.0 1.0 0.465 0.474 0.489 1.88 5.16
30 —0.1 3.0 1.0 1.0 5.0 6.17x 1072 6.40 x 1072 6.50x 1072 3.73 5.36
10 —1.0 10 1.0 1.0 0.1 0.959 0.959 0.965 0.06 0.62
10 —1.0 10 1.0 1.0 1.0 0.272 0.273 0.300 0.65 8.84
10 —1.0 10 1.0 1.0 0.5 2.64%x 1072 2.65%x 1072 2.91x 1072 0.53 10.1
10 —1.0 10 1.0 1.0 5.0 8.19x 1073 8.23x 1073 8.98x 1073 0.44 9.64
10 —1.0 10 1.0 1.0 10 4.56x 1074 457x10°4 4.92%x10°% 0.28 7.99
10 —0.01 0.1 1.0 1.0 0.1 0.996 0.996 0.996 0.007 0.007
10 —0.01 0.1 50 1.0 0.1 0.999 0.995 0.999 0.07 0.007
10 —0.01 0.1 103 1.0 0.1 0.999 0.9996 0.999 0.07 0.007
10 —0.01 0.1 1.0 1.0 1.0 0.701 0.734 0.703 4.63 0.31
10 —0.01 0.1 50 1.0 1.0 0.903 0.956 0.907 5.95 0.51
10 —0.01 0.1 103 1.0 1.0 0.908 0.962 0.912 5.98 0.51
10 —0.01 0.1 1.0 1.0 5.0 0.095 0.106 0.095 11.49 0.08
10 —0.01 0.1 50 1.0 5.0 0.363 0.526 0.368 44.85 1.37
10 —0.01 0.1 103 1.0 5.0 0.381 0.556 0.387 45.85 1.52
10 —0.1 1.0 50 1.0 1.0 0.711 0.736 0.736 3.49 3.57
10 -0.1 1.0 103 1.0 1.0 0.714 0.739 0.739 3.50 3.58
10 —0.1 1.0 50 1.0 5.0 0.149 0.158 0.160 6.24 7.20
10 —-0.1 1.0 10° 1.0 5.0 0.150 0.160 0.161 6.13 7.35
10 —0.01 0.1 103 10 0.1 0.999 0.999 0.999 0.07 0.007
10 —0.01 0.1 10° 10 1.0 0.931 0.990 0.936 6.31 0.54
10 —0.01 0.1 103 10 5.0 0.459 0.815 0.467 77.7 1.72
10 —0.1 1.0 103 10 1.0 0.869 0914 0912 5.10 495
10 —-0.1 1.0 103 10 5.0 0.337 0.407 0.387 20.78 14.83
10 -0.2 2.0 10° 10 1.0 0.813 0.848 0.888 4.20 9.12
10 —0.2 2.0 103 10 5.0 0.263 0.291 0.327 10.4 24.9
10 —0.1 1.0 103 102 1.0 0.890 0.938 0.936 5.36 5.15
10 —0.1 1.0 103 102 5.0 0.398 0.513 0.467 28.7 17.1
10 —0.2 2.0 10° 102 1.0 0.850 0.888 0.933 4.57 9.86
10 —0.2 2.0 103 102 5.0 0.344 0.398 0.456 15.9 32.6

* Calculation based on five digits.

the heat Nusselt number (Nu), on the error can be
found in Fig. 2 and Fig. 3. Also, the error of #mem
increases with (Nu), but is not significant when @ is
small. From the above observation and Egs. (1) to
(6) it is hard to develop a criterion, involving all the
parameters such as y, 8, (Nu),,, (Nu), and P, for the

VOL. 19 NO. 4 1986

use of model II (thermal effectiveness model) to cal-
culate the effectiveness factor for endothermic re-
actions. However, very simple criteria that are rela-
tively independent of (Nu),, (Nu), and & can be
found by looking at Figs. 1 to 3 and extensive calcu-
lations (not given in this note), and may be written as
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Fig. 3. Errors in effectiveness factors calculated by Models
II and III for (Nu),,=10* and (Nu), = 100.

follows:
for |yB[>2.0 thermal effectiveness model
(model II) is valid N
for [yBl<1.0 isothermal model (model III)
is valid (8)
for 1<[yp]<2.0 exact model is better ®

The deviations of effectiveness factors from exact
ones using criteria (7) and (8) are normally less than
ten percent and become smaller as @ decreases. The
practical Thiele modulus is seldom larger than 2.0,
hence criterion (7) is not a very severe one for the use
of model II to calculate effectiveness factors for
endothermic reactions.

Satterfield and Sherwood,” using the data of
Prater,” estimated the parameters y and f as 40 and
—0.18, respectively for the dehydrogenation of cyclo-
hexane at 25 atm and 450°C. The absolute value of yf
is 7.2, which satisfies criterion (7) and suggests that
model II should be used. From Table 1 in the notes of
Maymo et al.” it can be observed that model II gives
effectiveness factors almost identical to the exact ones
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(the worst case less than 109 different at @ =50), but
model III gives results about 80% to 98% higher than
the exact ones. Another example involves the dehy-
drogenation of butene to butadiene studied by Dumez
and Froment” at 0.25 atm and 600°C. The para-
meters estimated based on the information provided
by these two authors are y~ 18 and f~ —0.03. The
absolute value of yf is 0.54, which is less than 1.0 and
satisfies criterion (8). Hence the isothermal approach
should be the correct one as is identified in the paper
of Dumez and Froment,” in which the predicted
results obtained by neglecting the temperature gra-
dient in catalyst particles agree well with the experi-
mental ones.

Nomenclature
C = concentration of catalyst particles [mol/m?]
C, = local bulk-phase concentration [mol/m?]
C, = surface concentration [mol/m3]
c* = dimensionless concentration, C/C, [—]
C¥ = dimensionless surface concentration, C/C, [—]
D, = effective diffusivity [m?/s]
E = activation energy [kJ/mol]
h = heat transfer coefficient [kJ/s-m?-K]
k = reaction rate constant [1/s]
k. = effective thermal conductivity [kJ/s-m-K]
ky = mass transfer coefficient [m/s]
R = particle radius [m]
R, = gas constant [kJ/mol-k]
T = temperature in catalyst particle K]
T, = bulk-phase temperature K]
T* = dimensionless temperature, 7/7, [—]
B = (=4H)C,D,[k,T, ]
¥ = E/RT -]
Nexact = effectiveness factor calculated by

exact model (model I) [—]
Nisoth = effectiveness factor calculated by

isothermal model (model III) [—1
therm = effectiveness factor calculated by

thermal model (model II) [—]
] = Thiele modulus based on T}, R(k/D,)** ]
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