x = axial coordinate in adsorber in the direction of liquid flow,
m

L = length of carbon bed, m

Greek Letters

e¢g = void fraction in the bed

¢, = dynamic liquid holdup, (volume of liquid)/(volume of
empty tube)

€ = particle porosity

# = liquid viscosity, kg/(m)(s)
p = liquid density, kg/m3

T = retention time in the bed, €. l/u; . s
7¢ = total average retention time from injection point to de-
tector, s

LITERATURE CITED

Goto, S, and J. M. Smith, “Trickle-Bed Reactor Performance: Part 1.
Holdup and Mass Transfer Effects,” AICAE J., 21, 706 (1975).

Gottfried, B. S., and J. Weisman, Introduction to Optimization Theory, p.
109, Prentice Hall, Englewood Cliffs, NJ (1973).

Herskowitz, M., and J. M. Smith, “Liquid Distribution in Trickle-Bed
Reactors,” AIChE J., 24, 439 (1978).

Herskowitz, M., R. G. Carbonell, and J. M. Smith, “Effectiveness Factors
and Mass Transfer in Trickle-Bed Reactors,” AIChE J., 25, 272
(1979).

Hirose, T., Y. Mori, and Y. Sato, “Solid-Liquid Mass Transfer in Falling
Liquid Films on Single Spheres,” J. Chem. Eng. Japan, 7, 19 (1974).
Hirose, T., " Liquid-to-particle Mass Transfer in Fixed Bed Reactor with
Cocurrent Gas-Liquid Downflow,” j. Chem. Eng. japan, 9, 220
(1976).

Hirose, T., Personal Communication (Dec. 1, 1980).

Lemay, Y., G. Pineault, and J. A. Ruether, “Particle-Liquid Mass Transfer

in a Three-Phase Fixed Bed Reactor with Cocurrent Flow in the Pulsing
Regime,” Ind. Eng. Chem., Process Des. Dev., 14, 280 (1975).

Morita, S. and ]. M. Smith, “Mass Transfer and Contacting Efficiency in
a Trickle-Bed Reactor,” Ind. and Eng. Chem. Fund., 17, 113 (1978).

Mata, A., “Mass Transfer and Reaction Studies in A Trickle-Bed Reactor,”
Ph.D. Thesis University of California, Davis (June, 1980).

Reid, R. C., J. M. Prausnitz and T. K. Sherwood, “The Properties of Gases
and Liquids,” Third ed., McGraw-Hill (1977).

Ruether, J. A., C. S. Yang, and W. Hayduk, “Particle Mass Transfer during
Cocurrent Downward Gas-Liquid Flow in Packed Beds,” Ind. Eng.
Chem., Process Des. Dev., 19, 103 (1980).

Sato, Y., T. Hirose, F. Takahashi, and M. Toda, “Performance of Fixed-Bed
Catalytic Reactor with Co-current Gas-Liquid Flow,” Pacific Chem.
Eng. Congress, Session 8, paper 8-3, 187 (1972).

Satterfield, C. N., “Trickle-Bed Reactors,” AIChE ]., 21, 209 (1975).

Satterfield, C. N, M. W. Van Eek, and G. S. Bliss, “Liquid-Solid Mass
Transfer in Packed Beds with Downward Cocurrent Gas-Liquid Flow,”
AICKE ]., 24,709 (1978).

Specchia, V., G. Baldi, and A. Gianetto, “Solid-Liquid Mass Transfer in
Trickle-Bed Reactor,” paper presented at the 4th International Sym-
posium on Chemical Reaction Engineering, Heidelberg, West Germany
(April, 1976).

Sylvester, N. D., and P. Pitayagusarn, “‘Mass Transfer for Two-Phase Co-
current Downflow in a Packed Bed,” Ind. Eng. Chem., Process Des. Dev,
14, 421 (1975).

Tan, C. S., “Analysis of Trickle Bed Reactors,” Ph.D. Thesis, University
of California, Davis (1980).

Van Krevelen, D. W, and J. T. C. Krekels, “Rate of Dissolution of Solid
Substances,” Rec. Trav. Chim., 67,512 (1948).

Wakao, N. and T. Funazkri, “Effect of Fluid Dispersion Coefficients on
Particle-to-Fluid Mass Transfer Coefficients in Packed Beds,” Chem.
Eng. Sci., 33, 1375 (1978).

ber 18, 1980; r réceived March 23 and accepted

Manuscript received Sept
April 23, 1981

Mixing of Single and Two Phase Systems:
Power Consumption of Impellers

The mechanical power consumed in agitating aerated and nonaerated aqueous
phases was measured and correlated using the data of previous investigators. The
correlation is for a flat bladed turbine operating within the turbulent regime in
fully baffled vessels. The accuracy of the predictions and the range of geometrical
variations and equipment sizes support the use of the correlation for scaleup op-

erations.

D. J. GRAY, R. E. TREYBAL and
S. M. BARNETT

Department of Chemical Engineering
University of Rhode island
Kingston, Rl 02881

SCOPE

The power consumption of impellers used for agitating gas-
liquid systems is a widely used parameter for determining gas
ISSN 0001-1541-82-5214-0195-32.00. © The American 1 of Chemical Engineers. 1082
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holdup, interfacial area and mass transfer rates in baffled ves-
sels. The use of this parameter leads to complications since to
date, there appears to be no general working equations for the
prediction of power consumption. Calderbank’s (1958) equations
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for predicting gas holdup and gas-liquid interfacial area require
prior knowledge of the agitator power consumption per unit
volume agitated. Graphical predictions of the ratio of gassed
to ungassed power consumption as a function of the sparging
rate may not be applicable when geometrical variations from
Calderbank’s systems or scaleup are involved.

Rushton’s (1968) equations for predicting gas holdup in baf-
fled vessels also include the power per unit volume consumed
by the impeller. He recommends the use of a pseudo-density
chart from the data of Foust et al. (1944) in which power for a
gassed system can be predicted from single phase power con-
sumption information. This suggestion appears invalid, how-
ever, since a curved blade impeller was used in Foust’s work and
a flat blade impeller in Rushton’s work. Handbooks and other
literature often suggest Michel and Millers’ (1962) prediction
of power consumption. However, the variation of the constant
of proportionality with small geometry changes, as well as the
low gas rates studied, indicates as the authors themselves state,

that care should be employed when applying their equation to
scaleup operations.

The empirical correlation obtained in Hassan and Robinson’s
(1977) work, although covering a wider range of gas rates than
Michel and Miller, are also limited to the laboratory scale
geometries investigated. Because of all of these limitations,
there is still a need for a general working equation for the pre-
diction of power consumption by impeliers used in gas-liquid
systems.

The lack of uniformity in test conditions and parameters used,
as well as the discrepancies found between investigators, indi-
cates that it may be appropriate to modify conventional di-
mensionless groupings derived for single phase mixing with an
additional parameter to include the gas velocity term. Here we
develop a general working equation for disc-type impellers with
six flat blades agitating a single phase in a baffled tank. The
equation is extended to gas-liquid systems.

CONCLUSIONS AND SIGNIFICANCE

The effect of geometric variations on the power number for
disc-type impellers with six flat blades used in agitating liquids
in the fully turbulent regime was investigated. Specifically the
ratios of tank to impeller diameter (T/ D) and impeller height
to impeller diameter (C/ D) were studied for fully baffled (W/ T
= 0.1) vessels. The result was a constant power number of 5.17
representing the data for C/D > 1.1. For C/D < 1.1, N, varied
with (C/ D)%-29,

The single phase correlation was extended to aerated systems
using a liquid and gas Froude number which incorporates
pressure and gas velocity effects, respectively, on a two phase
system. A general working equation was obtained from the data

of Bimbinet (1959) and Hassan and Robinson (1977) with addi-
tional data obtained to support the scaleup applications of the
results. The general simplified equation obtained was

( Prg. . ( CTg? )0.25
N3D5p " \ve/ dc PNED?

The accuracy of the prediction (320% ) over a wide range of
geometry, speeds and gas rates indicate that a prediction of
power consumption for scaleup can be made from this equation.
Application to other gas-liquid systems appears reasonable if
the effect of surface tension is taken into consideration.

INTRODUCTION

Previous studies, due to the complexity of mixing gas-liquid
systems, generally use dimensional analysis for developing corre-
lations of power consumption data. The major parameters used in
the correlations are the aeration number (Q/ND3), gassed system
power to ungassed system power (Pc/Pp) ratio, apparent or
pseudo-density (pp), gas holdup (¢;), impeller Weber number
(N2D3pp /o) and several dimensionless geometry factors. Con-
ventional dimensionless numbers derived for single phase mixing
will be used here with an additional parameter included in the
correlation to extend the single phase correlation to aerated sys-
tems.

EQUIPMENT

The work was begun with a 0.762 m diameter tank equipped
with four 0.0762 m vertical baffles spaced at 90° intervals. A 2237
W motor was used to drive a 0.1524 m diameter, disc-turbine im-
peller with six flat blades attached to a 0.0159 m diameter shaft
equipped with a digital-readout torque meter (accuracy +
0.35Nm). Speed changes were accomplished with changes of pulley
sizes on motor and shaft.

Power was measured for agitating water alone with the liquid
level held constant at 0.5 m (0.232 m3 volume) and the impeller
located at 0.0762 or at 0.178 m from the tank bottom (C/D = 0.5
and 1.167, resp.).

Following this, water alone was agitated in a 0.287 m diameter
tank with a 0.0906 m diameter impeller, W/T = 0.1, C/D =
1.5.

Power measurements for gas-liquid mixtures were studied only
in the 0.762 m tank under the same conditions as the water study.
Gas rates were measured using calibrated rotameters and pressure
gages.
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DISCUSSION

Single Phase System

The Buckingham pi theorem gives the following general di-
mensionless equation for the relationship of the variables:
f(D*Np/u,DN?/g, Pcge/ pN*D? D/T, D/C,

D/z,D/W,D/r,D/w,D/L,ny/ns) =0 (1)

The last eight dimensionless groups representing the system
geometry are often neglected by investigators leading many readers
to the mistaken belief that the power number-Reynolds number
relationships which were developed for specific standard geome-
tries, and are found in handbooks or other literature, are universally
applicable to all geometries. The number of curves needed to
represent all geometries leads to the need for the:inclusion of these
geometrical groups into a general equation.

For disc impellers, of the six flat blade type, the last four groups
are constants. Generally tanks are filled to a liquid depth equivalent
to the tank diameter and the dimeunsionless group D/Z, in this case,
is represented by the group D/T and can be dropped from our
equation. Standard size baffling of 1/12 < W/T < 1/10is usually
encountered in mixing and baffling effects should be small over
this range and may be neglected. This leaves as a working equa-
tion;

Pcg./ pN3DS = const. ( (D/TY(D/c)  (2)

D2Np)a(DN2)b

The group on the left side of the equation is a drag coefficient
grouping of terms known as the power number (N,). The first
group on the right side of the equation is the impeller Reynolds
number representing the ratio of inertial to viscous forces. The
second group is the impeller Froude number representing the ratio
of inertial to gravitational forces. All three groups can be derived
from the Navier-Stokes equation.

For single phase, fully baffled systems, operating in the turbulent
regime, the inertial forces dominate and the Reynolds and Froude
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numbers may be neglected. In this case, the equation now states
that for geometrically similar systems, operating in the turbulent
regime, the power number becomes a constant. To date, however,
the geometry effects are not totally clear in the literature and will

be discussed below.
Ettect of Impeller Position and Tank Size on N,

The impeller position from the free surface in a baffled vessel
should have no effect on N, as long as vortexing or air entrainment
to the impeller depth are not promoted by too high a position. Clark
and Vermeulen (1964) report an equation for predicting when air
entrainment to the impeller depth becomes important for power
consumption. Generally, this condition can be avoided. The
clearance beneath the impeller, however, has been found to be of
significant importance. Bates et al (1963) studied C/D effects on
Ny in the turbulent regime using six blade flat disc-type impellers
and correlated his data by log N, vs. log C/D. He indicates that
there is a reduction in power with a decrease in clearance over a
range of C/D from approximately 0.17 to 1.1. Above C/D = 1.1,
there is no effect and N, remains constant. The slope of a plot of
his data for the region 0.5 < C/D < 1.0 is about 0.18. Figure 1
represents power correlations for agitating water in two separate
fully baffled batch systems. The data are represented by a plot of
£27 g./D3py. vs. N2 From the torque to power relationship [27 Nt
=P, = NyN3D%p, /g., the average N, can be found from the
slopes in Figure 1. The data for both the 0.287 and 0.762 meter
diameter tanks for C/D 2 1.17 and D/T equal to 0.33 and 0.2
respectively can be plotted by one line of slope = N, = 5.17. Bates
found a small variation in N, for W/T = 0.1 over a range of 0.25
< D/T < 0.5 for open style six blade flat blade turbines. The
variation became more pronounced as the extent of baffling in-
creased. The discrepancy here cannot presently be explained,
however, the effect of D/T is small for the baffling employed.

The effect of C/D was investigated in the 0.762 meter tank only.
Assuming a power relationship can be applied, which Bate’s graphs
appear to indicate, N1 /Npe = [(C/D)1/(C/D)g].* At C/D = 0.5,
N, = 4.04and at C/D = 1.17, N, = 5.17 from which we obtain
x = 0.29. The effect of C/D on N, is more pronounced in our
system as compared to Bate's findings noted above. Our resulting
equations for single phase mixing are:

N, =5.17(C/D)-28 for C/D < 1.1 (3)
N, =517 forC/D > 1.1 (4)
Two Phase Systems

There has been limited success in correlating power consumption
in a gassed system (P;) as a function of P, and the dimensionless
group O/ND3. Although Q/ND3 can be derived from dimensional
analysis, to date no one has placed any physical significance to this
dimensionless grouping and it may be more appropriate to use the
conventional Froude number.

Importance of the Froude Number in Mixing

For single phase mixing in unbaffled vessels, it is known that the
power number is dependent upon the Froude number, the mag-
nitude of importance being dependent upon the Reynolds number.
The greater the Reynolds number, the greater the vortexing re-
sulting in a greater dependence of the flow pattern on the gravi-
tational forces acting on the fluid. For the fully turbulent regime,
in a baffled system, the inertial forces of the fluid acting vertically
in our system tend to dominate over the gravitational forces. The
flow pattern for a centrally placed impeller in a baffled vessel with
limited vortexing should become symmetrical as these inertial
forces begin to dominate.

As stated earlier the Froude number generally can be neglected
in our correlation. It could be, however, that for a gassed system,
the Froude number may not be insignificant since the gravitational
forces tend to promote a vertical separation of liquid and gas.
Gravity acting on the liquid leaving an impeller traveling radially
to the tank wall in a gassed system will tend to promote the
downward flow of the liquid producing an unsymmetrical flow
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Fig. 1. Variation of p grouping with impeller speed for agltated water
systems with various impeller helghts.

pattern as opposed to that of a single phase system. The degree of
assymmetry of the {low pattern should be dependent upon the
inertia of the fluid leaving the impeller, thereby giving rise to the
need for a liquid Froude number in our correlation. In addition,
the liquid Froude number, as will be discussed below, will also
represent the pressure effects in our mixing system.

An increase in the gravitational force should also promote the
upward flow of the gas phase leading to a reduction in the gas
holdup. An increase in the gas feed rate (vertical inertial force)
should increase the gas holdup within the system. It appears,
therefore, that a gas Froude number should also be incorporated
into our correlation.

The two Froude numbers discussed above are u?/Dg and u%/Dg
respectively. In order for these Froude numbers to be appropriate,
however, the velocity terms used should be the actual liquid and
gas velocities at the impeller. Physically these velocities are not
known and reference velocities of ND and V¢ / ¢¢ are used in place
of the actual liquid and gas velocities, respectively, in our corre-
lation.

Power Correlation

A correlation of total power input was carried out for the two
phase system. The work done by the expansion of rising gas bubbles
is included in the power term. A least square regression analysis
of the power number Prg./N3D5 p; as a function of the two
Froude numbers and the geometry parameters C/D and T/D was
done on the air-water data of Bimbinet (1959) and Hassan and
Robinson (1977). The data covered tank sizes of 0.151, 0.29 and
0.454 meters for D/T ranging from 0.25 to 0.45 and C/D ranging
from 0.75 to 1.5. The resuit was

0.230
NZD)
Dg )o.ms(c/D)oam(T/D)0.246 (5)
((Uo "o¢)?
The closeness of the exponents above allows a simplification of the

general equation into the one dimensionless group (TCg2/(Vg/
¢c)?2 N2D2?). The new general equation obtained was

Prg./N3D%pp « (_g_
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Prg./N3D5p;, = 0.75 (-——giT—(—L———)o'% (6)
e LT Vel ¢cPND?

In the development of Eq. 6, 247 data points were used from the
two sources mentioned above. The average absolute percentage
error was 8% with only 8% of the data deviating by more than 20%
error. The largest errors occurred in systems with low gas rates
and/or impeller speeds. Small errors in the measurement of the
gas holdup would result in a large percentage error in these regions
since the gas holdup is small under these conditions. Figure 2 isa
plot of the 95% confidence level for Eq. 6.

Our data was added to the correlation using Calderbank’s
equation (1958) for predicting gas holdup. Approximately 90% of
the data fell within £20% error.

The conclusion that P¢ /Py is independent of N has been found
by some investigators, most notably by Hassan and Robinson (1977)
in their Figure 1. Close inspection of Eq. 6 does not totally disagree
with Hassan and Robinson’s finding, The gas holdup for their
air-water system varied with impeller speed raised to the 1.14.
Substitution of this value for the gas holdup into equation 6 results
in P¢/Po as a function of N raised to the 0.07. Thus P¢/Po is
relatively independent of N if one substitutes for the gas holdup
in Eq. 6.

The effect of C/D was investigated in order to check the above
findings. The 0.762 meter tank agitated with a 0.151 meter im-
peller for C/D equal to 0.5 and 1.17 and for superficial gas rates
from 8.28 X 10~%t0 1.84 X 102 m/s resulted in Pg « (C/D)29,
the same findings as that of the single phase study. P¢/Po, then,
is independent of C/D.

Pressure Effects in Mixing

Visual observations of gas distribution at low gas rates could be
made in mixing vessels. Gas would accumulate at the impeller tip
just above the radial line through the impeller position and could
be held there for some time after sparging was terminated. An
explanation for this phenomenon could be that the pressure at the

impeller tip due to the high liquid velocity can be less than the

pressure of the fluid above the impeller; the gas will seek the lower
pressure area and remain there indefinitely. Calderbank (1958)
found that gas holdup in the vertical direction is greatest just above
the impeller. From the observation above and Calderbank’s find-
ings, it appears that the gas distribution was not uniform in either
the radial or vertical directions and pressure was probably the
important parameter which determines gas distribution.

In practice, the pressure distribution in a mixing vessel is not
known; however, from Bernoulli’s equation, we can relate pressure
to fluid velocity as AP/p = u?/2g,. Using the reference velocity
of ND, our pressure relation becomes

AP « (*pNZD 2)
2g.

and assuming a linear pressure drop in the radial direction P/T «
ND2/2Tg,.
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The liquid Froude number, as mentioned earlier, already in-
corporates the liquid velocity needed to relate pressure drop to
power consumption. The fact that the D/T geometry factor has
the same exponent relation to power consumption as the liquid
Froude number, then, is not surprising when viewing from the
effect of pressure distribution in the mixing tank.

Application to Other Systems

Clark and Vermeulen (1963) studied power consumption of four
blade flat paddles and turbines of various sizes and impeller to tank
diameter ratios used for mixing gas-liquid dispersions. They found
that Pc/Po = f(¢, N4 GY?) for water and organic liquids of
different density, surface tension and viscosity. Hassan and Rob-
inson (1977) found P¢/Po = (pr/ pp)N3%%® N70% for six blade
flat blade impellers and paddles for a variety of aqueous and or-
ganic liquids of variable density, surface tension and viscosity. The
exponent on the N, increased to —0.22 for four blade paddles.
Application of our general equation to other liquid systems
therefore appears reasonable with the inclusion of o7,/ o in our
dimensionless group which results in Py as a function of ¢ to the
0.25. Additional work is needed, however, to confirm this as-
sumption.
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NOTATION

C = impeller height off the tank bottom, m

d = impeller diameter, m

g = local gravitational acceleration, m/s?

& gravitational constant, kg-m/kg - s2

G, geometrical group, D2w/T?Z, dimensionless

impeller blade length, m

number of impeller blades

impeller rotational speed, s~1

sparging rate, Q/ND?3, dimensionless

= power number, P,g./ pN3D5, dimensionless

= impeller Weber number, N2D3p; / o, dimensionless
blade pitch

mechanical agitation power in gas-liquid dispersion, W
mechanical agitation power in ungassed liquid, W
total power input in gas-liquid dispersion, W
pressure difference, N/m?2

volumetric gas rate, m3/s

mechanical agitation torque, W-s

tank diameter, m

= actual velocity, m/s

= superficial velocity, m/s

= impeller blade width, m

= baffle width, m

= liquid height above the tank bottom, m

zZZZ3

- S
OB FIIT
o

Ngg e R

Greek Letters

o = air-liquid surface tension, N/m

¢ = volume fraction holdup, dimensionless
p = mass density, kg/m3

# = liquid phase viscosity, N/s/m?
Subscripts

D = properties of gas-liquid dispersion

G = property of the gas
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L = property of the liquid
w = property of water

1 = condition of system 1
2 = condition of system 2
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Kinetics of Coal Drying-Decomposition

A series of seven coals of different ranks and from various locations were heated

G. G. KARSNER and

in an inert atmosphere under relatively mild conditions to measure the rates of
gas evaporation. Samples crushed to various fractions in the particle size range
—6 450 U.S. mesh were studied at temperatures in the range of 150 to 300°C. The
results show that: (1) most water is released at 100°C, evidently an evaporation
process, (2) COz is evolved at 150°C and above, and (3) CO is evolved at 250°C and
above. An interpretive model was developed to fit the CO; production rate and
kinetic constants were obtained. Gas evolution rates are independent of particle
size for the most porous coals, but vary among coals, depending on both chemical
composition and physical structure. A 15% loss in heating value was incurred
during drying and subsequent oxidation when the pretreatment temperature was
increased from 150 to 225°C.

SCOPE

D. D. PERLMUTTER

Department of Chemical Engineering
University of Pennsylvania
Philadelphia, PA 19104

The rates at which gases are evolved during coal drying under
an inert atmosphere were measured in a fixed bed reactor. Seven
coals from different sources were crushed to the particle size
range —6+16 U. S. mesh and dried under isothermal conditions
at 150°C. Four of the coals were further tested for particle size

and temperature effects. The effects of drying severity on sub-
sequent oxidation rates were also measured. The dried coals
were analyzed for changes in chemical composition and heating
value. A model was developed and kinetic parameters were
estimated for the carbonic gas evolution rate,

CONCLUSIONS AND SIGNIFICANCE

As a result of experimental drying tests on seven coals from
different sources, it has been found that (1) water is released
mainly as the result of an evaporative process at 100°C, (2) CO,
is produced under an inert atmosphere at temperatures as low
as 150°C, and (3) CO is produced at 250°C and higher temper-
atures. The carbonic gases are evidently produced as the result
of thermal decomposition of oxy-functional groups on the coal
surfaces, since COg production rate increases with the original
oxygen content of the coal. A drying model that assumes zero

and first order decompositions of oxy-functional groups fits the
data, providing activation energies as low as 13 to 22 MJ/kmol
for CO; production. Gas evolution rates are independent of
particle size for a given coal, indicating that the relatively low
activation energies are not the result of diffusional limitations.
The oxidation rate of the lignite coal tested was found to be
quite sensitive to prior drying temperature: the rate at 150°C
doubled when the coal was dried at 300°C instead of 150°C,

The oxidative pretreatment of coal to reduce or eliminate its
swelling and caking propensity consists of two steps: (1) coal drying
while the coal is heated to pretreatment temperatures and (2) coal
oxidation. These steps, usually performed simultaneously, include
both rapid heating and addition of gaseous oxygen. The first step
is often taken for granted by assuming that the thermal drying
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involves only the removal of water; thus the two steps are studied
as one. Since for design and optimization of an oxidative pre-
treatment process knowledge of Jow temperature drying kinetics
is useful, this study was undertaken to isolate the drying step as
separate from the oxidative pretreatment and to examine possible
chemical as well as physical changes which may occur.

Coals may contain large quantities of water; lignites often con-
tain water in excess of 20 weight percent. Prior to oxidizing coals,
water is typically removed in the laboratory by either (1) heating
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