Ar = step size in radial direction

Ad = angular step size

Ar = time step size

/] = polar angle, spherical coordinate system

A = thermal conductivity

I’ = dynamic viscosity

P = density

T = dimensionless time, 7 = ayt/a®

¥ = stream function

Subscripts

ik = mesh point coordinates

0 = initial condition

1 = refers to disperse phase (interior of the droplet)

2 = refers to continuous phase (exterior of the droplet)
© = refers to large distance from the spherical particle
Superscripts

* = asymptotic value (for 7 — )

- = volume- or surface-averaged value
jj+1/2, j+1 correspond to time 7, (7 + A7/2), and (7 + A7),
respectively
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Emulsion Phase Residence Time and Its Use
in Heat Transfer Models in Fluidized Beds

TANER F. OZKAYNAK

Heat transfer from a vertical tube in fluidized beds was investigated by

measurement of emulsion packet residence times. The root-square-mean resi-

and

dence times were then used in a modified packet model to successfully predict

effective heat transfer coefficients.

JOHN C. CHEN

Department of Mechanical Engineering and Mechanics
Lehigh University
Bethlchem, Pennsylvanio 18015

SCOPE

Many theoretical models have been developed for estimat-
ing the heat transfer coefficient to tubes submerged in fluidized
beds. One of the oldest and most widely accepted is the packet

0001-1541-80-3780-0544-300.85.9The American Institute of Chemical Engineers, 1980.
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renewal model originally developed by Mickley and Fairbanks
(1955, 1961). In this, as in many of the other models, the heat
transfer process is postulated to be governed by the residence
time of the emulsion phase (packets) on the heat transfer sur-
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face. To date, use of these models has been hampered by a lack
of information regarding the actual residence times that existin
fluidized beds.

Ozkaynak and Chen (1974, 1978) reported measurements of
the average residence times on a tube submerged in fluidized
beds, obtained by a fast response capacitance probe. This
technique was used in the present study to experimentally

investigate the detailed statistical variations of packet resi-
dence times in air fluidized beds of glass spheres. This informa-
tion permitted the direct calculation of heat transfer
coefficients by the packet renewal models. Independent mea-
surements of heat transfer, under identical fluidizing condi-
tions, were then obtained to provide a direct comparison with
theory.

CONCLUSION AND SIGNIFICANCE

The mechanism of heat transfer from a centrally located
vertical tube, submerged in air fluidized beds of glass spheres,
was investigated experimentally. From fast response ca-
pacitance probes mounted flush within the tube, the residence
times of emulsion {packet) phase and void (bubble) phase at the
surface of the submerged tube were determined at air flow
rates up to fifteen times minimum fluidization flow rate.
Diameter of the cylindrical bed and the submerged tube were
14.0 cm and 12.7 mm, respectively. Four different classifica-
tions of glass spheres were used in the fluidized beds, with
diameters ranging from 136 to 610 um and solid densities
ranging from 2.47 to 4.49 g/cm?®,

For any given fluidization state, the local residence time of
the emulsion phase on the tube surface was found to have a
characteristic log normal distribution. Arithmetic average res-
idence times were found to be in the range of 0.07 to 1.13 s. The
fraction of time when a local area of the tube was covered by

emulsion packet was in the range of 90 to 40%.

The heat transfer coefficients were measured for the same
conditions used for the fluid mechanic experiments. Data were
obtained to show the effects of elevation, particle size, particle
density and flow rate on the heat transfer coefficients.

Validity of Mickley and Fairbank’s packet model for heat
transfer was investigated. The model was used in its original
form with the help of the statistical information obtained in this
study about the emulsions (packets) and voids. It was found that
the agreement between this theory and the experiments is very
good for small particles. However, the model overestimated
the heat transfer coefficients for large particles.

A modified packet model was introduced which accounts for
the change of void fraction in a packet near the surface of the
heater. This modified model successfully predicted heat trans-
fer for both small and large particles with different physical
and thermal properties.

EXPERIMENT

The experiments were performed in a fluidized bed facility described
in a previous publication (Ozkaynak and Chen, 1974). The cylindrical
bed was of 14.0 cm I.D. and 1.22 m height. Measurements were
obtained on a vertical tube, 12.7 mm diameter, located at the bed axis.
Two types of data were obtained: capacitance probe measurements of
emulsion contact times and separate measurements of the local heat
transfer coefficients. All measurements were obtained at the surface of
the tube at an instrumented section.

The capacitance probe and associated instrumentation for contact
measurements were described in a previous study (Ozkaynak and Chen,
1978), and the reader is referred to that paper for details. Briefly, the
technique utilized miniature capacitance sensors mounted flush in the
surface of the test tube. A 10 MHz bridge with associated oscillograph
recorder permitted direct determination of local tube contact with
either emulsion (packet) phase or a void (bubble) phase. Residence
times were determined from elapsed times between successive bub-
bles.

A heater was developed to measure the local, time averaged, heat
transfer coefficients. It consisted of a copper tube with a cylindrical
cartridge heater and two thermocouples to measure the wall tempera-
tures, as shown in Figure 1. The heating element was 2200 W, 10.16 cm
long and 6.35 mm O.D. cartridge heater. It was placed coaxially into a
thick walled 12.7 cm long and 1.27 ecm O.D. copper tube. The inside
diameter of the copper tube was drilled about §.381 mm larger than the
cartridge heater and the gap was filled with copper powder. To prevent
axial conduction, tefion plugs were placed at both ends of the heater.
Two thermocouples were placed on the surface of the heater to measure
wall temperatures. One thermocouple junction waslocated at the center
of the 10.16 cm heated length. The other thermocouple junction was
placed just at the end of the heated length. Both of the thermocouples
were silver soldered into grooves in the copper tube.

The bed temperature was measured by an immersed thermocouple at
the same level as thie center of the heater, 2.5 cm radially outward from
the tube surface. The heat release rate of the heater was determined by
measurement of the power dissipated. As in the capacitance mea-
surements, heat transfer measurements were made at three different
elevations: 7.62, 15.24 and 22.86 cm above the distributor plate.
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Four types of glass spheres were used as the bed particles. All test
particles were selected for high sphericity, and each type had a con-
trolled narrow size range. Dimensions and properties for these particles
are given in Table 1. In all tests, the particles were packed to a static bed
height of 30.5 cm.

THEORY

Mickley and Fairbanks (1955, 1961) postulated that heat
transfer takes place by unsteady state diffusion of heat from the
surface into packets of solid particles and interstitial gas (emul-
sion). The governing equation for the heat transfer mechanism is
a one-dimensional conduction equation

3T 1 aT
Er AT 0

with the boundary conditions

T(x, 0) = T,
T, ) = T,
T(w, 0) = Tb

The predicted time-mean local heat transfer coefficient is, then

T=(-f) j;\/“kepecevlaz+fo-ho @
Here
O[3 T
o;=[~r———"=* J @)

3 Ve,
n=1
is called root-square average emulsion (packet) residence time.
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Figure 1. The heater used in the heat transfer experiments.

Equation (2) was first proposed by Mickley and Fairbanks
(1955, 1961) but has not been used in this form owing to lack of
information about 8; and f;.

In this study, density of an emulsion packet (p,) was taken to
be equal to the density of aloosely packed static bed of particles.
Void fraction was measured experimentally, and the packet
density was calculated by )

Pe = (1 - el)p.v (4)

Since the fluidizing medium is gas, its heat capacity can be
neglected relative to that of solids. Heat capacity of packets (c.)
are assumed to be equal to the solid heat capacity (c,).

In the theoretical calculations of the heat transfer coefficient
in this study, emulsion packet conductivity was taken to be

ke = keg + kor (5)

The effective thermal conductivity of packed beds filled with
stagnant fluid has been correlated by Yagi and Kunii (1957),
Kunii and Smith (1960) and Koya and Kunii (1972). Another
correlation was proposed by Baskakov (Davidson and Harrison,
1971). Comparison of the effective conductivities calculated
with these two equations shows good agreement for the void
fractions encountered. Kunii's correlation was subsequently
used in this study. Conductivity due to flow (k) was calculated
by the correlation proposed by Ranz (1952).

RESULTS OF RESIDENCE TIME EXPERIMENTS

A characteristic variation of average residence time of emul-
sion phase (packets) 8; with flow rate for different size particles is
shown in Figure 2. It is clearly seen that the increasing particle
diameter increases the average residence times of the emulsion
phase (packets) for a given excess air flow rate (V — V,,)). The
residence time is very long at air flow rates close to minimum
fluidization and decreases rapidly with increasing flow rate,
reaching a constant value asymptotically around 0.20 s.

In addition to data on average residence times, measurements
were obtained of the statistical variations in residence times.
The probability distribution function of residence times p{f) and
the cumulative distribution function F() was obtained by divid-
ing the range for 6 in an appropriate number of intervals and
tabulating the number of observation and the percentage of data
in each interval (Bendat et al., 1966).

Some typical residence time density functions are shown by
the points in Figure 3. It is seen that the distributions are
skewed, with maxima near short periods and a long asymptotic
decay tail at long periods. The distributions are more highly
peaked at high flow rates. Some typical residence time, cumula-
tive distribution data are shown by the points in Figure 4. It is
clearly seen that the short residence times dominate at high flow
rates and long residence times at low flow rates.

Two theoretical distribution functions were considered for
the measured distributions: the gamma distribution as proposed
by Ziegler et al. (1964) and the log-normal distribution.

The log-normal distribution, in its simplest form, may be
defined as the distribution of a variate whose logarithm obeys
the normal law of probability (Lipson et al., 1973; Aitchison et
al., 1963). If z is a random variable which has a log-normal
distribution, then y = log z will have a normal distribution.
Mathematically, 6 has a log-normal distribution if

1 = (0 — w)*
0 = [
PO =T P I e

]—ooso,soo (6)

where

TABLE 1. PROPERTIES OF SOLID PARTICLES

GT-1
tech. qual.
Quality of particles glass beads
Mean particle diameter (um) 136
U.S. sieve size 100-140
Particle thermal conductivity
(W/mK) 0.89
Particle heat capacity (J/kg -K) 753.6
Particle density (g/cm?) 2.47
Bed void fraction
Loose packed 0.401
Dense packed 0.373
Bed density (g/em?)
Loose packed 1.48
Dense packed 1.55
Packet conductivity
(stagnant fluid) (W/mK) 0.176
Minimum fluidization velocity
(cm/s) 3.17
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GT-2 GT-3 GH-4
tech. qual. tech. qual. high density
glass beads glass beads glass beads

245 610 241

50-70 25-35 50-70

0.89 0.89 1.00

753.6 753.6 439.6

2.47 2.47 4.49
0.390 0.386 0.389
0.352 0.361 0.356
1.51 1.52 2.74
1.60 1.58 2.89
0.186 0.190 0.200

5.88 23.26 9.24
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Figure 2. Variation of residence time with particle size.
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As estimates for log-normal population mean value (u;) and
the log-normal population variance (s%), the log sample mean
was calculated by

- 1 X
0[ = —Zv'— ngl IOg Ben (8)
The log sample variance was calculated by
N 32
- (log 8., — 6,
oi= n=21 — N1 ®

The values for 8, and 0% were calculated for each run and were
given in Ozkaynak and Chen (1974). The experimental probabil-
ity density functions are compared to log-normal distribution
function in Figure 3 for medium size (GT-2) particles. The
cumulative log-normal distribution was also calculated for the
same case and shown in Figure 4 with the experimental distribu-
tion function calculated from the data. It is seen that the log-
normal distribution does fit the measured residence time distri-
butions well for the conditions of this experiment.

Another result of the experiment is the measurement of the
fraction of the total time that the surface is occupied by void
phase (fy) or emulsion phase (1 — f;). A characteristic variation of
(1 — fp) with the flow rate for different size particles is shown in
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Figure 5. It is clearly seen that increasing particle diameter
increases the emulsion phase occupancy for a given excess flow
rate (V — V). For flow rates close to minimum fluidization, the
surface is mostly covered by the emulsion phase (packets), but as
the flow increases, emulsion:eccupancy decreases while the
fraction of the total time that the surface is occupied by voids
increases. These results are generally consistent with those
reported by Mickley and Fairbanks (1961).

RESULTS OF HEAT TRANSFER EXPERIMENTS

Some results of heat transfer experiments are shown for GH-4
particles as a function of superficial velocity in Figure 6 for three
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Figure 6. Effect of location on heat transfer coefficient.
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Figure 7. Effect of particle size on heat transfer coefficient.
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different elevations. Atlow flow rates, bubbles are infrequent so
that packets tend to have long residence times at the heat
transfer surface, leading to low heat transfer coefficients. This is
particularly true at low elevations where the bubbles are small
and can easily miss the heat transfer tube. In this situation,
coalescence to give larger bubbles tends to cause a higher fre-
quency of packet replacement (and higher heat transfer
coefficients) at higher elevations within the bed. At higher flow
rates, bubbles are much more frequent, so that packet residence
times are short and good heat transfer is obtained. In this
situation, bubble coalescence at the upper elevations tends to
reduce packet replacement (due to diminishing frequency) and
cause a slight decrease in heat transfer coefficient with increas-
ing elevation.

Effect of the particle size on heat transfer coefficient is seen in
Figure 7. As expected from residence time measurements (Fig-
ure 2), small particles have higher heat transfer coefficients for
the same excess velocity, corresponding to their shorter resi-
dence times as-seen from Equation (2).

GT-2 and GH-4 particles have about the same diameter but
have different physical and thermal properties. In the packet
model, the heat transfer coefficient is directly proportional to
packet conductivity and inversely proportional to the square
root of packet diffusivity. For these particles, this ratio (k./\/a)
is roughly equal (see Table 1). Thus, the only difference in heat
transfer coefficient would come from the fluidization charac-
teristics of the particles. It was shown by Ozkaynak and Chen
(1978) that these particles have the same residence time and
same frequency of replacement for the same excess velocity, so
that the heat transfer coefficients should be about the same. This
is seen to be confirmed by the data in Figure 8.
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transfer coefficient.

COMPARISON OF EXPERIMENTAL HEAT TRANSFER
COEFFICIENTS WITH THE PACKET MODEL

The fraction of the total time that the surface is covered by
emulsions (1 — f;) and by voids (fy) and the root-square average
residence time (8,) were measured, and the results are shown
above and in Ozkaynak and Chen (1974, 1978). Calculation of
emulsion phase properties ke, p. and ¢, has also been explained
above. Now we are in a position to check the validity of the
packet model by comparing the heat transfer coefficient ob-
tained from Equation (2) with the independent heat transfer
measurements. For the conditions of this study, the heat trans-
fer to the voids is very small (<2%) compared to heat transfer to
emulsion (packet). For this reason, heat transfer to the voids was
ignored in the calculations.

Some of the results for GT-1, GH-4 and GT-3 particles are
shown in Figure 9. As is seen from this figure, the agreement
between the theory and the experiment is very good for small
and medium particles (GT-1 and GH-4). The agreement is not
good for the larger GT-3 particles.

An explanation can be found if the temperature profiles of
packets at different residence times are examined. Even for low
residence times, the temperature wave penetrates at least to a
depth of 5 or 6 diam for small (GT-1) particles and 3 or 4 diam for
medium (GH-4, GT-2) particles. However, the penetration
depth is only about 1 (or less than 1) diam for large (GT-3)
particles. At depths of below 1 diam, the local packet properties
(that is, void fraction, effective conductivity, etc.) may be sig-
nificantly different from bulk properties.

Kimura et al. (1955), Schwartz (1958) and Kubie and
Broughton (1975) showed that the void fraction near the wall is
larger than the void fraction in the core portion of a packed bed.
For distances greater than 1 particle diam from the wall, the
packed bed has the bulk core void fraction, but for distances less
than this, local void fraction rapidly increases approaching the
wall. If the void fraction of the packed bed at the core is defined
as €, the following equations can be derived for the distribution
of void fraction near the wall from Kimura’s work (Yagi and
Kunii, 1961):

€= ¢ — 0.304 log,, (—g—) for — < 1 (10)
p

X
D,

€= ¢ for =1 1)

x
D,

Thus, the packet model for heat transfer in fluidized beds
gives higher values for the heat transfer coefficient than the
experimental results for large particles because it overestimates
the effective packet conductivity by underestimating its effec-
tive void fraction. Yasutomi and Yokota (1976) took account of
this fact by regarding the emulsion phase as composite solids
consisting of two layers. Kubie and Broughton (1974) modified
the packed model to allow for property variations in the packet
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in the region of the surface. They solved their governing equa-
tions numerically by using a finite difference method. In this
study a method is proposed which enables the direct calculation
of heat transfer coefficient by a modification of the packet
theory.

If the penetration depth of the temperature gradient for each
residence time is defined as the distance from the wall to the
place, where ‘

T,— T _

T, =T, 0.9 (12)

then this depth can be used as a criterion for finding the void

fraction in the effective region. Itis proposed that the packet has

the effective void fraction of a packed bed at a distance half of

penetration depth away from the wall. This means that if the

penetration depth is more than 2 particle diam, the packet has

the bulk void fraction of a packed bed by Equation (11). If the

penetration depth is less than 2 particle diam, then the effective
void fraction is found by Equation (10).

From the arithmetic average residence times found from
experiments, penetration depths were obtained, and the void
fractions were calculated at a distance equal to half of the pene-
tration depth by Equations (10) or (11). Using these effective
void fractions, one can then calculate local emulsion conduc-
tivities and corresponding heat transfer coeflicients by the
packet model.

The heat transfer coefficients calculated by this modified
model are also shown in Figure 9 for the large particles. Good
agreement with the experimental heat transfer coefficient is now
obtained. If this modified packet model is applied to the other
(smaller) particles (GT-1, GT-2 and GH-4), it is seen that the
penetration depth is always greater than 2 particle diam, so that
no correction is required for void fraction.

COMPARISON WITH OTHER MODELS AND CORRELATIONS

A number of different correlations have been proposed for
heat transfer from fluidized beds to immersed tubes. The differ-
ence between values of h calculated by thie various correlations
can be greater than an order of magnitude.

One of the most widely used correlations is the one given by
Wender and Cooper (1958):

th (Ca )0.8( Ps )0.86
= 0033 (1 - — —_—
% (1-¢ o B

( Dl‘l‘gc )0.23 ( cl”;apﬂ )0.48 (13)

The heat transfer coefficients calculated by this empirical corre-
lation and by the models of Yoshida et al. (1969) and Yasutomi et
al. (1976) are compared with the experimental results and the
modified packet model in Figures 10 and 11. For those models
requiring residence times, the measured residence time data
were used. It is seen that for large GT-3 particles, the published
models all underpredicted the heat transfer coefficients. For
medium size GT-2 particles, the two-layer emulsion model of
Yasutomi et al. predicted the heat transfer coeficient with rea-
sonable agreement for low superficial velocities. All the pub-
lished correlations again underpredicted the heat transfer
coefficient at moderate to higher flow rates.

In contrast, it is seen that the modified packet theory, using
measured residence time data, gave very good agreement with
the experimental heat transfer coefficients for both small and
large particles (GT-2 and GT-3, respectively).

SUMMARY

~ Heat transfer and fluid mechanic characteristics of fluidized
beds, and their dependence on the properties of the particles
and operating conditions, were investigated.
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Figure 11. Comparison of different models and correlfations.

Residence time of emulsion phase on the heat transfer surface
was measured directly. Probability density and cumulative dis-
tribution functions of the residence times were obtained.
Gamma and log-normal distributions were found to give good
representation of the data. Experimental information was ob-
tained about the fraction of the total time that the surface is
covered by emulsions.

Effect of particle size, elevation and flow rate on heat transfer
coefficient were measured with a specially designed heater.

Validity of packet model of heat transfer was investigated.
With the measured residence data, it was found that the model
was satisfactory for small particles of different physical and
thermal properties but overpredicted the heat transfer
coefficients for large particles.

A modified packet model was introduced which accounts for
the change of void fraction near the surface of packets. This
modified packet model was found to successfully predict heat
transfer coefficients for both small and large particles and for
particles with different physical and thermal properties.

NOTATION

Ce = emulsion heat capacity

¢ = gas heat capacity

s = solid heat capacity

D, = particle diameter

e = 2.7182818

F(6) = cumulative distribution function

fo = fraction of the total time that the surface is covered by

the voids

G = mass.flow rate of gas

he = experimental heat transfer coefficient

h, = time-mean local heat transfer coefficient

ho = heat transfer coefficient to a veid

k. = thermal conductivity of the emulsion phase

kes = effective thermal conductivity of a packed bed due to
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fluid flow

kes = effective thermal conductivity of a packed bed in the
absence of fluid flow

k, = thermal conductivity of gas

log = natural logarithm

logyy = logarithm to base 10
N = number of samples

p(6) = probability density function

8§ = log population standard deviation

T = temperature

Ty = bulk temperature of the bed

Ty = wall temperature of the heater

\% = superficial air velocity

Vs = minimum fluidization velocity

x = distance from heat transfer surface

Greek Letters

) = interval length

€ = void fraction (effective)

€ = void fraction of a loosely packed bed

€ = void fraction of a densely packed bed

0 = time

0, = emulsion (packet) residence time

0. = root-square average emulsion (packet) residence
time by Equation (3)

0, = log sample mean of residence times

Mo = viscosity of gas

T = 3.1415926

Pe = emulsion (packet) density

Py = density of gas

Ds = solid density

oy = log sample standard deviation
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The Critical Velocity in
Pipeline Flow of Slurries

In slurry transport, the critical velocity is defined as the minimum veloc-
ity demarcating flows in which the solids form a bed at the bottom of the
pipe (bed load flows) from fully suspended flows. An analysis based on
balancing the energy required to suspend the particles with that derived
from dissipation of an appropriate fraction of the turbulent eddies is used
to develop a correlation for prediction of the critical velocity. Comparison

ANIL R. OROSKAR

Department of Chemical Engineering
Syracuse University
Syracuse, New York 13210

and
RAFFI M. TURIAN

of the results with available experimental critical velocity data, relating to

arather wide variety of slurry systems, confirms that the present correlation
does a superior job of prediction than all previously proposed critical veloc-

ity correlations.
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SCOPE

The principal objective of this work was to develop an
analytical procedure for predicting the critical velocity for
slurry transport in pipelines. The prediction of the critical
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velocity, defined as the minimum velocity demarcating
flows in which the solids form a bed at the bottom of the
pipe from fully suspended flows, is an eminently practical
problem in itself. However, the analytical approach des-
cribed here derives its broader relevance from the fact
that it constitutes an attempt to establish a better under-
standing of the complex problem of slurry transport.
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