P = gas permeation constant defined in Equation (1)
cm?® (STP) cm

s ecm? cm Hg
mass of the molecule
collision diameter, cm
energy parameter, erg
molecular weight, g/g-mole
temperature, °K
critical temperature, °K
glass transition temperature, °K
critical volume, cm?/g-mole

i
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Application of Khodorov’s and Li’s Entrainment Equations to

Rotary Coke Calciners

Two entrainment equations for rotary cylinders are
available in the literature (Khodorove, 1961; Li, 1974).
Pysiak (1965) has applied the equation of Khodorov
(1961) to an aluminum salt rotary calciner. In this study
the two equations were combined and used to derive a
specific entrainment equation in order to predict the yield
of petroleum coke from a rotary calciner. Entrainment is
an important factor affecting the calcined coke yield, cost
of elimination of entrained fines, and reactions occurring
in the gas phase inside the kiln. Therefore, the entrain-
ment equation is very important for studying the opera-
tion and design of a calciner. It is essential for the coke
calciner simulation study (Li and Friday, 1974).

COMBINATION OF KHODOROV’S AND LI'S EQUATIONS
Khodorov (1961) presents an entrainment equation
c, U3y3/2

o « ds2D3/4D 3 n (1)
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where n is obtained by fitting a linear equation,
In[In(1/m)] = ¢ + n In(D;). Equation (1) can be
expressed as

U4ud/2pD2(1 — X)

W=_D¥1-X)C,U=K = (2)
4 d32D34D3 n
Li (1974) shows
dW/dL < ND\/V (3)
and
W = K,L(DNFS—1%) % (8a)

Khodorov conducted his experiment at constant rotation
speed of 1.5 rev./min. and constant degree of fullness X

of 0.1. When X is constant, \/V will be proportional to D.
Under these conditions, Equation (3) can be written as
W = K,LD? (4)

Equating Equations (2) and (4), and substituting X =
0.1, we obtain
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0.9KU%3/2p
T Ld¥2D34D 3 n

Inserting Equation (5) into Equation (3a), we can ob-
tain a combined entrainment equation:

U4p/2p
d32D34D 3nf (Cy)

where K, is a proportionality constant which varies with
the roughness between the cylinder wall and feed solid or
with the cylinder wall flight design. A modification func-
tion f(C;) is added to Equation (6) because of experi-
mental data reported by Friedman and Marshall (1949)
in their Figure 13, showing the effect of gas flow rate on
entrainment. Their data plotted on log-log graph is shown
in Figure 1. The slopes of the lines in this figure indicate
that the entrainment rate does not consistently follow
Khodorov’s 4th power relation with the gas flow velocity
but varies with the gas flow velocity with a power ranging
from 0.5 to 4. This indicates that f(Cy) is proportional to
the gas flow velocity with a power ranging at least from
0 to 3.5 depending mainly on the entrainable fines con-
centration in the feed solid as will be discussed later.

(5)

1

(6)

W = K,(DNFS~1g1/2)1/2

CALCINER ENTRAINMENT EQUATION

Equation (6) was used to obtain an entrainment equa-
tion in order to predict the calcined coke yield data of
Conoco’s commercial calciner test runs. The entrainment

in a coke calciner is complicated by the high temperature
coke reactions occurring in the kiln so that some data
required for Equation (6) cannot be obtained by direct
measurement; therefore, the following assumptions were
made:

1. The coke fines entrainment W is equivalent to the
coke loss minus the volatile matter loss. Actually there is
another loss due to the coke bed combustion with oxygen
and carbon monoxide. This combustion is competing with
the combustion of entrained fines in the gas. The fines
combustion rate is much higher because the fines have a
greater reaction surface area and better contact with the
gas. Therefore, the coke bed combustion loss can be
neglected. Furthermore, the coke bed combustion rate is
controlled by gas diffusion which is a function of the same
gas turbulence affecting the entrainment rate.

2. The viscosity of the gas stream p is proportional to
the square root of the average of the exit gas temperature
and the maximum solid bed temperature \/ T.

3. The average gas mass velocity Up is proportional to
the exit gas mass flow rate G.

The available calciner test runs cover the following
ranges of variables:

Coke feed rate, F

Exit gas flow rate, G
Average temperature, T
Kiln rotation speed, N
Kiln inside diameter, D

3.33-7.22 kg/s
6.80-17.6 kg/s
1388-1683 °K
0.126-0.147 rad/s
2.59 m for Coke A
3.20 m for Coke B

7.0 T T T T T TTgTI
0 SAWDUST /]
/

4.0~ o WAGNER SAND L/ -
- v SYNTHETIC " Jo —
" »
20k ® AGS No.l ) [ "_‘1

| AILMENITE !
!
1.0 % ! A

0.5} b Do
i / /
" o é 4

ENTRAINMENT, WT. %O0F FEED

0.1
0.1 0.5 10 15

AIR FLOW RATE,G,(kg/s/m?2)

Fig. 1. Entrainment vs. gas flow rate. Feed rate — 2.84 X 10—¢
m2/s/m2. Rotation speed — 1.047 rad/s.

Coke B had a higher volatile matter content than Coke A
so that a kiln with larger diameter was used for Coke B.
Under these conditions, Equation (6) can be expressed as

Z w U4
= e o
(DNF)12T%/4 — {(C,;) D34

In order to find a correlation to describe the experi-
mental data, Z was chosen to contain some well character-
ized variables. In Equation (7), (NDF)" represents the
fines availability, that is, ND\/V shown in Equation (3)
and T% for the Khodorov’s viscosity shown in Equation
(1). A good correlation was obtained as shown in Figure
2. The straight line in this figure indicates

(7)

B
Z = 46 x 10~ [—Z—Dz(l - X)Up]

or
W = 38.61 X 10~4(NFD)%T%[UpD2(1 — X)]% (8)

Equation (8) predicts Conoco’s test run yields satisfac-
torily as shown in Table 1. Since the effect of kiln diam-
eter is confounded by coke type, Equation (8) can be
written

W = Ks[NFu2Up(1 — X) 1% (9)

Equation (9) is an entrainment equation for any petro-
leum coke calciner, The proportionality constant K3 varies
with coke type, kiln size, and the roughness between kiln
wall and solid particles.

Although Equation (8) is obtained by an empirical
correlation method, its validity is supported by the fact

that entrainment is a function of fines availability ND\/V,

TasLE 1. CompaRrisoN OF PrEpICTED CALCINED CoxE YIELDS WiTH EXPERIMENTAL DaTa

Run no. 1 2 3

Yield deviation, wt. %

(Exp.-predicted ) —0.1 +0.5
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average particle terminal velocity U,, and gas Reynolds
number R.. This fact is expressed in the following equa-
tion:

aw © 2 ¢ DUp \*%
— NDFS—19%) Yz ( — ) ( )
dL = (NDF§™16%) Dg2d I

(10)
« ND\/V U;~2 R, %

Equation (10) is obtained by inserting the fixed variables
used in the test runs into Equation (9) and using Equa-
tions (3) and (3a). (1 — X) is considered as a constant
because it varied within 5% in the test runs. According to
Stokes’ Law the particle terminal velocity U; is propor-

tional to Dy~2(d — p)/u. Since d — p ~ d, U; will be
proportional to D 2d/p.

DISCUSSION

The reason entrainment rate does not consistently fol-
low Khodorov’s 4th power relation with U can be ex-
plained as follows.

It is known that a particle can be entrained only when
the terminal velocity of the particle is smaller than an
eddy upward velocity. Therefore, the entrainable fines
concentration Cjy, that is, the concentration of the fines
having sizes smaller than can be lifted up by the maximum
eddy upward velocity is an important factor affecting en-
trainment. C; can be expressed as the cumulative weight
percentage of particles smaller than a given size. Figure
3 shows how Cj varies with D; for some feed solids. A
log-log plot is used in the figure so that the slope of the
distribution line will indicate the power relation between
C; and Dy. Since the entrainment rate W is affected by
Cy, and Dy by U, the slope of the distribution line will be
closely related to the power relation between W and U.
Slopes of the distribution lines may vary with feed solids.
Therefore, the power relation of U to W will vary with
the feed material.

Figure 3 contains lines of the two types of sand used
by Khodorov (1961) in establishing the 4th power rela-

L] ' L} I L] l L] I 1 4

20 | W-ENTRAINMENT RATE, kg/s  °1
F=COKE FEED RATE, kg/s 27,05

N=KILM SPEED,rad/s 60%

<

© oL Tes6as EXIT T, °K 8o/ |
x Tm=MAX. BED T, °K /e3

o D:KILM LD,m 7, {

e RUN No.

s

-

=z

[FY}

Z 8} -
=

= W

z

w

H

=
172 (Te + Tm\3/4 _|
(NFD)V2 (IetTm)

i 1 A 1 i 1 A

0 I 2 3 4 5
(EXIT GAS FLOW RATE)2JG (kg/s)'/2

Fig. 2. Correlation of entrainment factor vs. exit gas flow rate for
petroleum coke calciners.
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tion of U to W. It is seen that the two size distribution
lines of the sand are linear in the entrainment region of
Cy lower than 70%. The linearity and the steepness of the
lines indicate that Khodorov’s 4th power relation is rea-
sonable for the sand he used.

Size distribution of the feed solids illustrated in Figure
1 are available in Figure 3 of Friedman and Marshall
(1949), excepting that for the sawdust for the entrainment
region of C; lower than 25%. The distribution lines for
the AGS, Ilmenite, and Wagner sands have similar shapes
as those of Khodorov’s sand. To demonstrate this, the
distribution line of Wagner sand is plotted in Figure 3.
The similarity of these distribution lines with those of
Khodorov’s sand explains why the slopes of the lines in
Figure 1 for the sands are close to 4. The distribution of
the synthetic sand is also plotted in Figure 8. The slope
of this distribution line starts to decrease at a Cy of about
15% as Dy increases. This explains why the line for the
synthetic sand in Figure 1 has a decrease of slope in the
higher entrainment region.

Figure 3 also shows a typical size distribution line of
petroleum coke feed to a calciner. The calciner test runs
were operated within a C; region from about 6 to 20%.
In this region, the slope of the distribution line is fairly
constant. This will cause a constant power relation of U
to W. Since this slope having a value of 0.7 is so small
compared to the average of those of Khodorov’s sand, 7.7,
the 0.5 power relation shown in Equation (8) for coke
entrainment seems reasonable.

Based on the above discussion, by comparing the slope
of a size distribution line with those in Figure 3, one may
predict roughly the power relation of U to W for a certain
solid feed. It is desirable to make more experiments to
further investigate the power relation or f(Cy) as a func-
tion of the slope of the size distribution line and other
operation variables.

CONCLUSION

An entrainment equation, Equation (8), is developed
which predicts satisfactorily the available yield data of
Conoco’s commercial calciner test runs. The method used
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in developing the entrainment equation from Equation
(6) is applicable to other rotary cylinders. Equation (9)
or Equation (10) is useful in investigating the operation
of a rotary petroleum coke calciner.
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NOTATION

a = constant

Cy = concentration of fines in the gas, kg/m?

C; = concentration of entrainable fines in solid, wt. %

d = density of solid, kg/m?

D = inside diameter of cylinder, m

D; = diameter of the largest fine particle which can be
entrained, mm

D, = diameter of feed solid particles, m

F = feed rate of solid, kg/s

Fy = D/d/(zD%/4), m3/s/m?

G = gas flow rate, kg/s

Gi = G/(aD?/4), kg/s/m?

K, Ky, K;, K3 = proportionality constants
L = length of cylinder, m

m = weight fraction of feed particles with size larger
than D,
n = solid particle size distribution parameter

cylinder rotation speed, rad/s

DUp/pu

cylinder slope, m/m

average of gas exit temperature T, and maximum

bed temperature Ty, °K

— average fines terminal velocity, m/s

= gas velocity in the direction of cylinder axis, m/s

bed holdup volume per unit cylinder length,

m3/m

= fines entrainment rate, kg/s

= fraction of cylinder volume occupied by solid
bed

= W/(NFD)%/T%

= dynamic angle of repose of solid, rad

= density of gas, kg/m?

= viscosity of gas, N - s/m?
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Optimal Performance of Equilibrium Parametric Pumps

In previous papers (Chen et al., 1971, 1972, 1973), con-
tinuous and semicontinuous pumps have been analyzed in
terms of an equilibrium theory of pump performance.
Mathematical expressions for the concentration transients
have been given for the region of infinite separation factors
and two regions of finite separation factors. In addition, it
has been shown that when the penetration distance of the
cold cycle is less than or equal to that of the hot cycle and
the height of the column, the pump with feed at the en-
riched end is capable, as a theoretical limit, of complete
removal of solute from one product stream and, at the same
time, gives arbitrarily large enrichment of solute in the
other product stream. In this note we extend the mathe-
matical models previously developed to determine the
optimal pump performance. The model system used is
sodium nitrate-water on an jon retardation resin adsorb-
ent. Emphasis is given on the operating conditions neces-
sary to achieve high separation factors with the maximum
yield. Information in connection with such optimal values
of operating parameters is essential for design or scale-up
purposes.

THEORY

Let us assume that a dilute solution includes s adsorb-
able components in an inert solvent. Let us assume further
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that the solution may be treated as s pair of pseudo binary
systems. Each system includes one solute and the common
inert solvent, each with a dimensionless equilibrium param-
eter b; and the corresponding values of Ly and Ly, Fur-
thermore

for the continuous pump, and

<12i)b)1>(12_bb>2 """" <1—2:b—b)ka¢3

S ( 2b ) S ( 2b ) 2)
1-b 1—-57,
for the semicontinuous pump. Also

vo (1 + ¢a) (77)4

k+1

(1 + by) (1 + my)

wherei=1,2,.... k.

At steady state (n — o) the components i = 1, 2, ...
k for which operations occur in region 1 would appear only
in the top product stream, and the remaining components
(k + 1, .... s) would appear in both top and bottom

=h (3)

2i
w
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