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ABSTRACT

The basic hydrodynamic variables of minimum fluidization
velocity and phase holdups were experimentally weasured in a
three-phase fluidized bed utilizing a pressure profile technique.
The effect of the Tiquid viscosity on the hydrodynamic variables
was determined with giycerine-water solutions ranging in viscosity
from 0.9 to 11.5 cp. Computerized techniques for data handling
and analysis are presented. Correlations for the phase holdups
and minimun fluidization velocities as functions of the phase
properties and operating parameters are presented for the experi-
rental data and for data cempiled from literature sources. An
error analysis was performed on the experimental procedure to
identify specific procedures requiring modification or control.
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1. SUMMARY

To evaluate the effect of liquid viscosity on three-phase fluidizaticn,
S-tm glass beads were fluidized with various water-glycerine solutions rang-
ing in viscosity from 0.9 to 11.5 cp. A1l three phase holdups and minimum
fluidization velocities were measured using a bed pressure profile tech-
nique. A computer program for the data processing required by this tech-
zgque was developed, enabling rapid and consistent analvsis of the experimental

ta.

An error analysis was performed on the experimental procedure to iden-
tify those steps requiring modification or controi. The absolute error
associated with the calculation of each phase holdup was essentially con-
stant over a wide range of operating conditions. The major sources of
experimental error were in the measurement of the solid density and the
determination of the bed height and pressure drop. The absolute error
resulting from these measurements was most significant for the gas and
liquid holdups.

Correlations for the phase noldups and minimum fiuidization veiocities
were determined from both the experimental data and from data reported in
the literature. Two different correlations were found for the solid phase
holdup depending on which data were correlated. For the ORNL data, which
includes the experimental data from this investigation and the data obtained
by Khosrowshahi et al. (8), the soli¢ phase holdup could be represented by:

'I - es = 1003 FrL0.094io.003 Ga-O.OZG_‘_"_O.OO] (1)

On expanding the data base to include that reported in the literature by a
variety of authors (1, 2, 4, 6, 9, 11, 12, 13), a different correlation for
the solid holdup was determined:

1-cg = 1.53 Re 0-27540.005 3;-0.17110.003 2)

The gas holdup depended predominantly on the gas velocity and was only
slightly dependent on the liquid velocity and independent of the liquid
viscosity. The ccrrelation determinzd for the prediction of the gas holdup
was

5
Ue
- L_,0.100+0.003
€g 0.]5(5;-0:[5) (3)

This correlation was based only on the experimental data measured in this
investigation, since sufficient reliable data for gas holdup could not be
found in the literature.




A dimensicnal correlation for the liquid phase holdup was obtained:

c, = 0.45 y0-26910.007 0. 18600101 y-1.07240.634

Sinilarly, the 1iquid minimum fluidization velocity was correlated as func-
tions of the dimensional operating parameters:

UL _ = 0.014 ;3-70#0.153 -3.473:C.0i5

mf S (5)

This correlation was based on a restricted operating range, however. A
dimensionless correlation. for either the liquid holdup or minimum fluidi-
zation velocity could not be obtained.

Recommendations for the futuve investigation of three-phase fluidized
beds were presented. Variation cf alternative operating parameters was
suggested as necessary for verification of the obtained correlations and
for identification of other operating denendencies. Further correlations,
particularly of a non-product form, should be attempted to allow for more
accurate prediction of the hydraodynamic variables. Improvements were pro-
posed in the experimental prccedure and techniques.

2. INTRODUCTION
2.1 Background

In three-phase fluidization a bed of solid particles is suspended by
an upward cocurrent flow of both gas and liquid. The principal applicatio
of this technique is as a contactor for catalytic reactions involving gas
and liquid reactants and a solid catalyst. Current industrial processes
utilizing this technique inciude catalytic hydrogenation of petroleum
stocks, coal liquefaction, and biochemical conversions. A better under-
standing of the flow behavior in a three-phase fluidized bed is es<ential
for the design analysis of such industrial operations. However, current
theoretical models are unsuccessful in adequately describing the hydro-
dynamics of a three-phase fluidized bed, and empirically derived correla-
tions are often contradictory amcng investigators. To obtain a general
correlation describing the behavior of a three-phase fluidized system, it

is necessary to compile and analyze data over a wide range of operating
conditions.



2.2 Previous Work

The solid holdup in-a2 three-phase fluidized bed has been measured by
a number of investigators over a wide range of operatirg conditions and a
variety of correlating parameters have been' presented in describing the
flow behavior of the fluidized system. Several authors (1, 5, 13j have
attempted correlations basec on a generalized bubble wake model. Others
have presented correlatiors. for the phase holdups in terms of both dimen-
sional and non-dimensional groups (3, 4, 7, 8, 9, 12). To obtain a re-
liable correlation, it is necessary to cover a wide range of operating
conditions. In an extensive study of three-phase fluidization, Kim et al.
(8) demonstrated the importance of viscosity on the phase hoidups, an
effect not considered in the predominantly air-water-solid fluidization
studies of other investigators. In the most recent study on three-phase
fluidization, Khowrowshahi et al. (8), recognizing the importance of con-
sidering a wide range of operating conditions, coliecte¢ and compiled
information from a number of authors (4, 6, 9, 12) in his study of the
hydrodynamic variables in a three-phase fluidized bed.

2.3 Objectives and Method of Attack

To evaluate the effect of viscosity on three-phase fluidizatior,
5-mm glass particles were fluidized with air and five different water-
glycerine solutions ranging from 0 to 66% glycerine by weight. The phase
holdups of this system were determined from Eqs. (6), (7), and (8).

8P = (egg * 1o + egpglot ()
1 = €eg t g teg (8)

The bed height, pressure drop across the bed, and minimum fluidization
velocities were obtained by the longitudinal pressure profile technique pre-
viously employed by other investigators (1, 8, 9, 11). The laborious manual
piotting and graphical analysis required by this technique has been incor-
porated into a computer program enabling rapid and consistent analysis of
the experimental data.

The experimental data were correlated both independently and in con-
Junction with data compiled from the literature (1, 2, 11, 13). The corre-
lation procedure invoived a step-wise multiple linear regression for dimen-
sional, and subsequently, significant non-dimensional operating parameters.

A product form of correlation in terms of the dimensional operating parameters



was first assumed. The variables of lesser importance, based on a t-test,
were successively eliminated until further reduction in the number of vari-
ables significantly reduced the correlation coefficient. Product forms of
the dimensionless groups formed from the significant dimensional variables
were then correlated with the best correlation being found by a modified
step-wice process. This procedure identified the significant operating
varizbles and eliminated conflicting interactions of the dimensionless
groups.

An error analysis was performed on the experimental procedure to iden-
tify the specific procedures requiring modification or control. The error
3analysis for the phase holdups was performed using second power equations
for single sample experiments following a technique outlined by Kline and
McClintock (10). The specific set of operatirng conditions analyzed were

selected based on the bounding values of the experimental oparating con-
ditions.

3. APPARATUS AND PROCEDURE
3.1 Apparatus

The experimentation was conducted in the apparatus shown in Fig. 1.
Liquid was pumped from the 55-gal feed tanks through a series of rotameters
to the bottom of a 3-in.-diam Plexiglas column where a 50-mesh screen acted
as a liquid distributor. Similarly, air flowed from an air line through a
series of gas rctameters and entered the column through a cross-shaped gas
distributor located directly above the liquid aistributor. The gas and
liquid flowed cocurrently upwards through the column, the exit air being
vented to atmosphere and the 1iquid recycled to the feed tanks. A series
of manometers located at intervals along the column wall enabled measure-
ment of the pressure profile up the column.

3.2 Procedure

The Plexiglas columm was charged with 2500 gm of 0.462-cm-diam glass
beads, the beads having an average density of 2.26 gm/cm3. These particles
were fluidized by both air and 2 water-glycerine solution, the sciution
ranging from 0-66% glycerine by weight (0.9-11.5 ¢cp). The densities of all
Tiquid solutions were determined using a calibrated hydrometer and the
viscosities measured with a Fenske tube viscometer. The viscosity was

checked frequently to detect variations due to temperature and water evap-
oration.

Fcr =2ach of the five water-glycerine solutions, fluidization studies
were conducted at five superficial gas velocities ranging from 3.5 to 14.0
cm/s:c. At every gas velocity, the superficial liquid velocity was varied
from 1.0 tc 8.3 cm/sec. The pressure profile up the column was measured
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at =ach liquid velocity by the series of manometers along the colum. The
pressure drop due to flow at any cosition in the column was calculated as
the difference between the height of fluid in the manometer located at

that position and the height in the bottom manometer. The solids bed height
and pressure drop across the bed were determined by a plot of pressure drop
against distance up the column as shown in Fig. 2. Here the point of inter-
section of the two straight lines represents a change in the pressure
gradient up the column and the transition from the three phase region to

the two-phase bubble column region above the bed. The bed height and pres-
sure drop cbtained in this manner were substituted into Egs. (6), (7), and
(8) to calculate the phase holdups. A series of such measurements were
made at several different liquid flow rates for a constant gas flow rate.
The minimum fluidization velocities were determined, as shown in Fig. 3,

by a plot of the pressure drop against the superficial liquid velocity.

A1l calculations, plotting, and data analyses were performed by the .compu-
ter programs documented in Appendix 8.2.

4. RESULTS AND DISCUSSION OF PESULTS
4.1 Fluid Effects on the Hydrodynamic Variables

4.1.1 Bed Pressuie Drop

The reduced pressure drop through the solid bed as a function of the
superficial liquid velocity is shown in Fig. 4 for three gas velocities
at a constant liquid viscosity. This pressure drop is based on the buoyant
weight of the solid bed:

[+] -0
MS(S—i)g {9)

ubuoy °g

The pressure drop increased with increasing 1liquid velocities prior to
fluidization. The minimum liquid fluidization velocity was determined at
the point at which the pressure drop became independent of further in-
creases in liguid velocity. For the water-air fluidization system depicted
in Fig. 4, the maximum bed pressure drop and the minimum 1iquid fluidization
velocity decreased with increases in the gas superficial velocity.

In Fig. 5 the reduced pressure drop through the bed as a function of
the superficial liquid velocity is shown for three different liquid vis-
cosities at a constant gas velocity. Again, the pressure drop increased
with increasing liquid velocity below minimum fluidization. With increasing
1liquid viscosity, the maximum bed pressure drop and the minimum 1:iquid
fluidization velocity were lowered. This is the result of the larger upward
drag force exerted on the solid particles by the higher viscosity solutions.




Pressure Drop, ah {cm Hp0)

20

6lass Beads - Glycercl-Water-Air

UG = 12.5 cm/sec

U =66 cm/sec

w=3.8c¢

1 L 1 1 i

0 20 30 40 50

Distance up Column, x (cm)

MASSACHUSETTS INSTITUTE OF TECHNQLOGY
SCHOOL OF CHEMICAL ETNGINEERDNG PRACTICE

A
OAK RIDGE NATIONAL LABORATORY

DETERMINATION OF BED HEIGHT

OATE

11-16-75

FILE NO, f10,

DRAWN BY
JH CEPS-X-219

ot




sh fem)

a
-

Pressure Drop,

m

P £ [»]
0 U (0]
|
|
15 : Giass Beads-Glycerol-Water-Air
| :G = 7,1 cm/soc
! L= 6.5 cp
10 v
|
I
|
5 |
|
I
}
0 ‘l | N 1 ] 1 1
0 1 ? 3 A 5 6

Superficial Ligutd Velocity, U (em/sec)

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
SCHOOL OF CHEMICAL ENGINEERING PRACTICE

Al
OAK RIDGE NATIONAL LABORATORY

DETERMINATION OF MINIMUM
FLUIDIZATION VELOCITY

DATL DRAWN BY FILC NO. LALN

')-16-75 JH CEPS-X-210 k]




12

)

ap
wbuoy

bimensionless Pressure Drop {

Lo~
2—o—eeecC oo
o
.8
A
0.6

= 0.9 cp

0.4
Ug {cm/sec)
D 3.54
A 7.10
0.2 O 14.06
0 1 (] 1 [
n 2 4 6 8

Superficial Liquid Velocity, u {em/sec)

MASSACHUSETTS INSTITUTE OF TESHNOLOGY
SCHOOL OF CHEMICAL E_rﬂcmeezmc PRACTICE
A

QAK RIDGE NATIONAL LABORATORY

EFFECT OF GAS SUPERFICIAL VELOCITY
ON BED PRESSURE DROP

ions DRAWN BY FILE KD, FIG.
11-16-75 SRB CEPS-X-21 4




\

P
"huoy

Dimansinnless Pressure firop {

o
o
|}

o
Ug = 7.7 am/sec
vViscositv {cp)
O 0.4 |

A 38
O n.a

Superficial Liquid Velacity, UL {cm/sec)

MASSACHUSETTS WSTITUTE OF TECHNOLOCY
SCHOOL OF C+EmiCal ?cmeamc PRACTICE
A

OAK RIDGE NATIONAL LABORATORY

EFFECT OF VISCOSITY O%
BED PRESSURE DROP

DaTE Rawe BY  JFILE NO. NG, _—
11-16-75 l SRB CEPS-X-Z? 5




14

2.1.2 Minimm Fluidizatien VYelocity

The effect of Tiquid viscosity on the minimum fluidization velocities
is iilustrated in Fig. 6. The points on the ordinate correspond to the
theoretical values for the liquid minimum fluidization velocity in a two-
phase fluidized bed. These values were calculated from the correiation
derived by Wen and Yu (15):

Re . = [{33.7)° + 0.0408 Ar]/? - 33.7 (10)

mf

It is apparent from Fig. 6 that for a given superficial gas velocity,
the minimum liquid fiuidizatior velocity decreases as the 1iquid viscosity
is increased. For the range of operating conditions studied, the minimum
liquid fluidization velocity was independent of the gas velocity for the
more viscous solutions. The extrapolation of the minimum fluidization
velocities to the two-phase region does indicate some dependence on the
gas velocity. However, the form of this dependence cannot be evaluated
due to the restricted range of operations.

4.1.3 Phase Holdups

. The effect of the Tiquid and gas superficial velocities on the solid,
liguid, and gas holdups are shown irn Figs. 7 through 10. The larger drag
forces applied to the solid particles by an increase in the 1liquid velocity.
causes the solid bed to expand. This results in a significant decrease in
" the solid heldup and a counterbalancing increase in the liquid holdup with

only a slight effect on the gas holdup as shown in Fig. 7.

A variation in the gas velocity affects primarily the gas and liquid
holdup with 1ittle change in the solid holdup. The result of changing the
superfic;a1 gas velocity on the phase holdups is illustrated in Figs. 8
through 10.

Tne effect of the liquid viscosity on the different phase holdups is
shown in Figs. 11 through 14. A higher solution viscosity yields higher
drag forces on the solid particles at constant fluid valocities. The
result of increasing the liquid viscosity is similar to increasing the
Tiquid velocity. The solid holdup decreases with a compensating increase
in the liquid holdup as shown in Figs. 11 and 12. The Tiquid viscosity
does not affect the gas holdup as shown on Fig. 13. The affect of the
viscosity on the bed porosity shown in Fig. 14 is comparable to the effect
demonstrated by Kim et al. (9).

4.2 Error Analysis

In most engineering experiments it is not practical to estimate all
of the uncertainties of observations by repetition; a single observation
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at any one set of operating conditions must suffice. Kline and McClintock
{10) have derived an expression for evaluating the uncertainty interval
associated with such single sample experiments. If Q is a function of n
independent variables,

Q = f(q]: qu resns qn) (1)
The uncertainty associated with Q is given by:

2]1/2

aQ = [ (12)

I v 3

af
(33;'Aqi)

i=1

where Aq; is the uncertainty associated with each of ihe independent varia-
bles.

This method was applied in determining the uncertainty associated with
each of the calculated phase holdups. The phase holdups were functions of
the independent variables presented in Eqs. (6), (7), and (8). The uncer-
tainties intrinsic to each of these independent terms could be estimated
statistically or from the observed limitatations of the measuring apparatus.
The particular equations from which the uncertainties associated with the
phase holdups were calculated are presented in Appendix 8.1.

Error analyses were not performed for all calculated values of the
phase holdups. Instead, the holdups selected for analysis were based on a
factored design of the experimentation. The holdups analyzed represented
those at the maximum and minimum bounds of the experimental operating con-
ditions. The error analysis was also extended to include the data obtained
by Khosrowshahi et al. (8) with 8x12 and 4x8 mesh alumina-water-air fluidized
systems.

The absolute value of the error for each of the phase holdups was found
to be essentially constant over a wide range of operating conditions, as
shown in Fig. 15. The average absolute error was 0.018 for the solid holdup,
0.056 for the gas holdups, and 0.058 for the liquid holdup. This corres-
ponds to an average relative error of 4% for the solid holdup, 14% for the
liquid holdup, and 54% for the gas holdup. The major sources of these
experimental errors were identified. For the solid holdup, over 50% of the
error was attributed to the error in measuring the solid density and over
40% to the error in calculating the bed height. The errors associated with
the mass of solid in the bed and the column area were negligible. Further-
more, the error in the solid density accounted for over 40% of the error
associated with the gas holdup, the remainder resulting from the uncertainty
associated with the calculation of the bed pressure gradient. The error in
the liquid holdup is directly related to the errors in the other two phase
holdups (see Appendix 8.1).
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4.3 Correlation of Hydrodynamic Variables

4.3.1 Approach

The phase holdups and liquid minimum fluidization velecity were cor-
related with the operating parameters of the fluidized bed. The operating
parameters available for correlation were: Ug, UL, Sps PS> PLs PGs OLs HL»
Dc» and Y pe. A step-wise multi-variable correlation procedure was fol-
lowed using product forms of both dimensicnal and non-dimensional variables.
This step-wise process consisted of determining a correlation for the phase
holdups or minimum fluidization velocity utilizing initially all the avail-
able parameters. The least significant of thece variables based on the
correlation t-values was eliminated, and the correlation repeated. The
number of dimensional variables was reduced by this technique, allowing
for a reductior in the number oF non-dimensional groups conceivably formed
and establishing the functional dependencies of the remaining significant
variables. Dimensionless groups which reflected the relationships of these
remaining dimensional variables were formed and the process repeatad.

In the multi-step method it was necessary to define or select the best
correlation. Thke correlation coefficient indicated the agreement between
the calculated and experimental values of the phase holdups and minimum
fluidizaticn velocity. However, this coefficient is maximized by increasing
the number of adjustable parameters, i.e., the number of variables used in
the correlation. It was desirous to represent the hydrodynamic variables
only in terms of the significant operating parameters, eliminating those
contributing marginally to the correlation. Therefore, the selection
criteria for the correlation of the hydrodynamic variables were to choose
the correiation hzving the highest correlation coefficient and consisting
of not more than two non-dimensional terms. A third term would be included
only if it significantly improved the correlation coefficient, thereby rep-
resenting an actual operating dependency. Furthermore, if the transition
from the dimensional to the dimensionless variables could not be accomplished
without a significant reduction in the correlation coefficient, then the
correlation was presented in terms of the dimensiora? variables to indicate
the basic relationships of the operating conditions to the hydrodynamic
variables.

Correlations were derived for three different sets of data. The first
set consisted of 229 specific sets of experimental data obtained in this
investigation covering a wide range of liquid velocities and phase prop-
erties. The second set included the 105 sets of operating conditions re-
ported by Khosrowshahi et al. (8). This combined set, a total of 334
pcints, represents the data taken at ORNL using the same experimental
apparatus and techniques. The third set of data corresponds to the 1223
points extracted from Titerature sources (1, 2, 4, 6, 9. 11, 12, 13). The
data reported in the literature sources do not, however, include all three
phase holdups at each set of operating conditions, nor the minimum fluidi-
zation velocities. The data, a total of 1557 sets of operating conditions,
do cever a wide range of operating conditions and phase properties in
three-phase fluidized beds.

'
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A multiple linear regression program, CORRLT, was written to perform
product-form -orrelations of both the dimensional and non-dimensional
variables important in a three-phase fluidized bed. This program is des-
cribed in detail in Appendix 8.3.

4.3.2 Solid Holdup

The porosity of the Tluidized bed was correlated by the multi-step
procedure. This process demonstrated that the major dimensional variables
affecting the solids holdup were the liquid velocity and viscosity, and
the solid density and particle diameter. The functicnal relationship be-
tween these variables could be approximated by the foliowing equation:

- 0.5
i (13
T-e o T 05 :
dpDS

On the basis of this functionality, several non-dimensional groups were
formed. Correlations for the bed porosity were performed with each of

the three data bases: the experimental data, all ORNL data, and all avail-
able data. From the experimental data only, the best correlation, based
on the selection criteria previously established, was:

1-cg = L0z Fr8.09419-003 £4-0-026+0.001 1)

The correlation coefficient for this equation was 0.931, and the F-value

was 7.37. The agreement between the calculated and experimental porositie
is shown in Fig. 16.

On combining the experimental data with that of Khosrowshahi et ai.
{8), & similar correlation for the bed porosity was determined:

1-eg = 1.01 Fr0-09440.003 (,-0.02450.002 (18

The correlation coefficient, 0.886, is somewhat less than that obtained
without including Khosrowshahi's data. The resulting scatter in the data,
as shown in Fig. 17, may demonstrate restrictions on the general applica-
bility of the correlation. However, Khosrowshahi et al. (8) may have
experienced some difficulty in accurately quantifying the solids attrition
which occurred during his experimentation and this may account for some of
the scatter in his porosity data. Considering the experimental di€ficulti
the agreement between the two sets of data is quite good.

The data from cbove were included with data extracted from the litera
ture (1, 2, 4, 6, 9, 11, 12, 13) o cover a wider range of operating
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conditions, and correlated as before. However, the best correlation for
these data is of a different form than that previously determined:

i - eg = 1.53 Reg.27519.005 Ga~0.17119.003 (2)

This correlation is somewhat worse than the previous ones as indicated by
the correlation coefficient of 0.842 and inspection of Fig. 18. The scatter
in these data may be attributed to the wide range and different regimes of
operation, the different measurement techniques used by various authors in
their experimentation, and to an improper correlation form. Furthermore,

it appears that the derived correlation does not adequately describe the
effect of the gas velocity on the porosity. This is illustrated by the
vertical strings of data apparent in Fig. 18 representing sets of operating
conditicens varying only in gas velocity.

The differences between the correlating groups in the experimental
data may be explained by examining the dimensional form of Eqs. (1) and (2).
Equation (2) which incorporated the literature data is more dependent on
the 1iquid velocity and particle diameter. This was expected considering
the limited velocity ranges obtainable in the experimental apparatus, and
the absence of any variation in the solid properties in this investigation.

4.3.3 Gas Holdup

The gas holdup was correlated using only the experimental data. A
correlation was derived which reflects the ielative independence of the gas
holdup with Tiquid velocity and viscosity and the dominant effect of the
gas velocity:

5
‘ U. e
- 6 ¥1,0.100+0.003
eg = 0.150 (ﬁ{;{§9 - (3)

The correlation coefficient for Eq. (3} is 0.934. This correlation is
similar in form to one proposed by Ferguson (7) describing the gas holdup.
There is an excellent fit between the experimental data and the holdups
predicted by this correlation as shown in Fig. 19. No correlation could
be obtained for the gas holdup when the data base was expanded to include
that of Khosrowshahi et al. (8). Furthermore, no reliabie information on
the gas holdup was prasent in the literature data compiled.

4.3.4 Liquid Holdup

Correlations for the liquid phase holdup were developed in a manner
similar to those for the solid phase. The correlations were developed
only for the experimental data and for the ORNL data. Little data for the
liquid holdup were available in the literature, due possibly to the relative
complexity of the experimental techniques involved.
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For the 1iquid holdup the following dimensional correlation was obtains
from the experimental data:

- C.2€9+0.007 -0 146+0.010 -1.072+C.C24
€ 0.45 Ug (og = o) (4)
This equation has a correlation coefficient of 0.944, and as can be seen

in Fig. 20, there exists excellent agreement betwen the experimental and
calculated values for the liquid holdup.

Using all the ORNL data, the following dimensional correlation for the
liquid holdup was derived:

o = 4.28 u° 374+0.036 ao .221+0.032 1.6419.22021.2539,11 (15

Even with the additioral number of parameters, this correlation is signifi-
cantly worse than that obtained with only the experimental data. This can
be seen by comparison of Figs. 20 and 21 and the cerrelation coefficients
of 0.944 and 0.782. The inability to correlate the ORNL data together may
signify that the liquid holdup may not be represented by a product form
correlation. However, it may be due in part to errors inheient in the
liquid holdup calculation technigue used by Khosrowshahi et al. (8). The
liquid holdup was calculated in Eq. (7) using the bed pressure drop as
determined by the intersection of the two lines in Fig. 2. However, as can
be seen in this figure, there is some curvature in the points near the apex
which is a result of a non-uniform solid holdup throughout the bed. In thi
investigation, this effect was considered to be an end effect only, caused
by solid entrainment near the top of the bed, and therefore not applicable
in the determination of a general liquid holdup value. The geometric
effects of the bed height were not considered in the calculation of the
liquid holdup. Khosrowshahi et al. {8), however, included this end effect
in the determination of the bed pressure drop, with the result that the
Tiquid holdups reported were greater than was representative of the actual
physical situation. The correlation for the 1iqud holdup derived from
the ORHL data was a function of the colum diameter. This diameter depond-
ance may illustrate a bubble flow effect. However, the sign on the exponen
of the diameter term indicates that it is a result of this end effect cal-
culation. Solids entrainment is less pronounced at the lower superficial
fluid velocities obtained in Khosrowshahi's larger diameter column. This
results in less curvature in Fig. 2, a higher measured pressure drop, and

a smaller liquid holdup; thus, calculated liquid holdup varies inversely
with column diameter in Eq. (15).

Several non-dimensional correlations for the liquid holdup were attem
However, due to the form of the dimensional correlations, notably in the de¢
sity exponent, no dimensionless correlation could be cbtained without sign:
icant reduction in the correlation coefficient. Furthermore, no correlatis
reflecting the viscosity effect on the 1iquid holdup, as shown in Sect.
4.1.3, could be determined.
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4.3.5 Minimum Fluidization Velocity

In a three-phase fluidized bed, the minimum fluidization velocity is a
combination of both a gas and liquid velocity. In both this investigation
and that of Khosrowshahi et ai. (8), a minimum liquid fluidization velocity
was calculated based on data where the 1iquid velocity was varied while the
gas velocity was held constant. This liquid velocity was calculated in a
manner described in Appendix 8.2.3 and shown on Fig. 3. Because of the
limited amount of data available, correlations could be attempted only for
the complete ORNL data. The dimensional correlation obtained for the liguid
minimum fluidization velocity:

ULy = 0.080 p3-7520-14 -0.14040.020 -0.497+0.013 ;-0.423+0.067

S Ug ™ -

(16)
had a correlation coefficient of 0.917. Further application of the multi-
step process results in the following correlation:

The correlation coefficient for Eq. {5) is 0.877. No dimensionless groups
attempted had a comparable fit tc the data. It should be noted that in the
operating range studied, the minimum fluidization point is independent of

the gas velocity. However, the restricted range of the experimentation, in’
terms of poth operating parameters and phase properties, should be considered
prior to application of the minimum fluidization correlation to any cther
fluidized system or operating regime.

5. CONCLUSIONS

1. The solid holdup, cg, is a function of the liquid velocity and
viscosity. However, over the operating ranges examined, the solid holdup
is independent of the gas flow rate. . Correlations for the solid holdup were
obtained. The best correlation for the ORNL data was:

1oeg = 1.03 Fr0-09420.003 ¢,-0.026+0.001 1)

The best correlation for all data coilected and compiied was:

] - is = ].53 ReE-275f_0.005 &'0.17]:0.003 (2)

The difference in the two solid hcldup correlations is a result of different
operating regimes and a lack of variation of the solid pnase in the ORNL data.
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2. The liquid holdup, €|, is a function of both the gas and liquid
velacities. The best correlation for the liquid holdup was:

= 0.45 UO .26U+0.007 -0 146+0.010

. (oo - o )-1-072£0.034
L Y% °s T °L

(4;

This holdup is a strong function of the calculation technique or the assunp-
tions involved in calculating the pressure drop across the bed.

3. The gas holdup, cg, is a predominantly a function of the superficic
gas velocity:

S

[
e
4. The minimum liquid fluidization velocity is a function of the vis-
cosity. For the range of experimental gas velocities studied, the minimum

fluidization point is independent of gas velocity. The best correlation fo
the minimum liquid fluidizetion velocity was:

UL, = 0.014 - 3 701+0.153 -0.&7319.015 (5)

6. RECOMMENDATIONS

1. A more comprehensive study would involve the variation of alterma-
tive operating parameters indicated as potentially significant by this
study. In the experimentation conducted at ORNL, there has been little
variation of the solid density or particle size. This omission may be a
cause of tne difference between the two solid holdup correlations obtained

-TEQs. (1) and (2)]. Furthermore, liquid density and surface tension have
been held effectively constant for all studies of three-phase fluidized
beds, even though the importance of these factors was demonstrated in the
correlations for the liquid and gas phase holdups. Variation of these
pai-ameters is necessary for verification of the current correlations and
for identification of other cperating dependencies.

2. Further studies at lower superficial gas velocities should be con-
ducted to verify the extrapolation of the minimum fluidization line to
two-phase flow.

3. Further correlations, particulariy of a non-product form, should
be attempted. These other correiation forms may allow consideration of thq
limiting holdup values at the extremes of the operating conditions. Furth
more, non-product correlation forms may be required to accurately describe
the liquid holdup and the gas velocity effect on the solid holdup.
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4, A thorough investigation of the effect of bed geometry on the hydro-
dynamic variables is required to substantiate scaleup procedures and even to
permit comparisons between bench-scale operaticn. There was some evidence
in the correlation for minimum fluidization velocity which indicated that
the columm diameter may be an important operating parameter. Furthermore,
the bed height may be important, particularly for short bed heights. For
these heights, entrainment end effects at the top of the bed may be signifi-
cant when using low density solids or high fluid flow rates. There is also
an entrance effect due to poor distribution of the fluids at the base of the
colum, an effect which may not be neqligible for short beds.

Preiiminary work with different bed heights at otherwise constant opera-
ting conditions indicates that this variable may be a factor causing the
measured pressure gradient within the bed.

5. More care should be taken in determining the solid density in
future work, as this term was shown to be the major source of error in the
experimental results.

6. Alternative holdup measurement techniques may be employed to vali-
date or facilitate the current experimental procedures. Possible techniques
incliude conductivity or tracer studies for determining the liquid holdup and
volumetric techniques for the gas holdup.

7. ACKNOWLEDGMENT

The authors would 1ike to express their appreciation to J.M. Begovich
and J.S. Watson for their assistance throughout the project.



39
8. APPENDIX
8.1 Error Analysis Calculations

An error analysis was performed for the phase holdups which were cai-
culated by the following set of equations:

MS r
°s T A (63
K. + h
3+ thy
(—"'“”HB Yo - egbg ~ oL * €5P
eg = — (17
6~ °L
EL = I - ES - EG (\18

A derivation of these equations is given by Khosrowshahi et al. {(8).

For the error analysis calculations, since PG << P> the 3jas hoidup
zan be rewritten as: -

5 5 et N - H—BE (19

The term ahg/Hg, representing the calculated pressure gradient through the
fluidized bed, is denoted by the term S.

The error associated with each of the holdups was calcuiated by the
eneral error expression [£q. (12)] as suggested by Kiine and McClintock
10). 1If Eq. (12) is applied to tne different hoidup expressions, the
errors in the holdup may be expressed in terms of the uncertzinties in the
experimentally measured quantities:

aM Ap AH e
_ S\2 S,2 AAL2 B\241/2
ACS - ES[(MS ) + (os ) + (A ) + (HB ) ] (2(
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2 €
neg = [ -1)(0eg)? + ()2 (a05)? + (592 (80 )2+ (25)21/2
p
t (21)
se, = [laeg)® + (acg)?1V/2 (22)

The uncertainties in the measurable parameters were determined by the
observed limitations on the experimental apparatus and by the deviation of
repeated measurements. The values of these errors are:

AMg = 0.1 gm
M = 0.36 cm?
a5 = 0.07 gm/emd

a0, = 0.002 gm/cm3

The uncertainties on the bed height and pressure.gradient, AHp and AS, were
evaluated for each chesen experimental case by a 1inear least squares regres-
sion for a 952 confidence 1imit T-value. For experimental Run 25, the values
for these terms were:

AS = 0,036 cm fluid/cm bed height

AHB = 1.29 cm

For Run 25 the operating conditions fixed or calculated were:

Ms = 2500 am
A = 45.6 cm?
og = 2.26 gm/cm3

oL = 1.136 gn/cm3
Hg = 47.7 em

es = 0.508

eg = 0.086

g = 0.406
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By substituting these corresponding values into Egs. (20), (21), and
(22), the errors in tne holdups for this particular case were calculated:

beg = 0.021
AEG = 0-052
AcL = 0.056

Similar calculations were performed for the other cases selected for anal
8.2 Computerized Data Analysis

8.2.1 Explanation of FLBD

Computer program FLBD accepts experimental data and calculates the
fluidized bed height, pressure drop, phase holdups, and minimum 1iquid
fluidizaticn velocity for a set of operating conditions and stores these
quantities in three data files. These data files form a portion of the
data base for the program CORRLT which forms correlations among these
variables. FLBD is an improvement over the previous data analysis progr:
developed by Khosrowshahi et al. (8). FLBD has automated the determinat
of the bed height and pressure drops by fitting least squares straight 1
to experimental manometer readings. The program plots the experimental
and fitted 1ines for visual inspection. Provisions for eliminating thos
experimental runs for which insufficient data points are available to co
struct these lines are outlined in Sect. 8.2.3. Figure 22 illustrates t
order of significant operations in FLBD.

8.2.2 FLBD Input and Output

The program FLBD requires input data from one experimental run at a
constant gas velocity and up to 20 liquid velocities. These data must b
stored in file FORT0.DAT srior to the execution of FLBD. The program
EXPINP is available to facilitate acceptance and storage of the data in
file FOR10.DAT. The experimental data are input into EXPINP according to
the foliowing format:

first Line:
RUNQTY the number of lines of manometer readings on the data sheet
DATSHT an identifying data sheet number

DC diameter of the column, in.

PACWT weight of the solid packing in the column, gm
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PATM atmospheric pressure, mm Hg

TLIQ temperature of the liquid, °C

VISCOS viscosity of the 1liquid, ¢p

RHOG density of the gas, gm/cm3

RHOL density of the liquid, gm/an’

RHOS density of the solid, gm/cm3

SIGMA liquid surface tension, dynes/cm

DP diameter cf the solid particie, cm

GASROT identifying number of the gas rotameter

GASFLO gas rotameter reading, %

PTCAL1 c§1ibrgtion constant of liquid rotameter 1 for a particular
viscosity

RTCAL2 calibration constant for liquid rotameter 2

RTCALS calibration constant for liquid rotameter 5

For each of the RUNQTY lines, the following are then input for the Ith 1i.
LIQROT(I) 1licuid rotameter identification number
LIQFLO(I) iiquid rotameter reading, %

DELHG(I) pressure drop through valve as measured by mercury manometer,
mni Hg

RMAN(I,J) Jth manometer reading, cm fluid

FLBD is executed after the input information from each data sheet has bee
accepted. The output of FLBD consists of the Aata sheet number, the colu
diameter (in.), the packing weight (gm), packing density (gm/cmﬁ), minimy
liquid fluidization velocity (cm/sec), minimum gas fluidization velocity

(em/sec), solid particle diameter (cm), liquid viscosity (poise), surface
tension (dyne/cm), and for each liquid velocity the bed height (cm), pres
drop (cm fluid), gas velocity (em/sec), liquid velocity (cm/sec), and sol
Tiquid, and gas holdups. The operating parameters are stored in three d:
files, FOR48.DAT, FORS51.DAT, and FOR54.DAT, for later use in the correlati
program. Plots showing the determination of the bed height, pressure dr¢
and minimum fluidization velocities are output for visual inspection of 1t
fit. Sample computer plots are shown as Figs. 23 and 24 in Sect. 8.2.5.
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8.2.3 Ccmputerized Determination of Bed Height, Bed Pressure Drop, znd
Minamum Fluidization Velocities

The pressure drop in a three-phase fluidized bed increases linearly
with distance up the bed. However, in the two-phase bubble column region
above the bed, the pressure drop due to flow decreases. The fluidized bed
height and pressure drop across the bed can be determined from the inter-
section of the pressure gradients on a plot of pressure drop as a function
of distance up the colum. These pressure gradient lines are determined
from the experimental data by locating and temporarily eliminating the
input point of maximum pressure drop. Least squares lines are then fitted
to the data points on either side of the maximum. The temporarily excluded
point is then checked against each of the two fitted lines to determine
if it 1ies either above the fitted line or within one standard deviation
below the line. 1If so, the point is included in the appropriate set or
sets of data for a recalculation of the least squares line. The bed height
and pressure drop across the bed are then read at the point of intersection
of the two lirnes.

A non-fluidized bed will exhibit 1inearly increasing bed pressure drop
with an increase in the 1iquid velocity. However, once the minimum flui-
dization velocity is attained, there is no further iucrease in pressure
drop across the bed. The Tiquid minimum fluidization velocity at a constant
gas velocity is determined in the computer program, FL8D, from the calcu-
lated bed pressure drops and measured liquid velocities. The pressure
drops, order in terms of increasing liquid velocity, are checked to determine
the first local maximum pressure drop point. A least squares line is con-.
structed through the pressure drops at liquid velocities less than and
including the velocity corresponding to this first local maximum. A hori-
zontal 1ine is fitted to the pressure drop points at the velocities higher
than this maximum. The minimum liguid fluidization velocity is then deter-
mined at the intersection of these two lines.

8.2.4 iListing of Data Analysis Programs
8.204'] FLBD'

REAL LIR®DT,LIFWLO,MANHT3,MANHTS
DIMENSION FMANC20, 10X, MANHT3C 1B ,MANHTE(8), PDMIAX(3S),
ILIOPOT(203,LIOFLOC20), DELHG(20), DELTAH(19, 10), DELTH6(19,8) -
#,VGC20), EPSS(20), EPSGC(20), EFPSL(20)., EXDATAC20, 185, TEL(20)
EQTIVALENCEC(DELTAHC 1, 1), DELTHASC 1, 1)), (MANHT3( 1), MANHT6( 12D
£, CLIQFLOC2),""ELC( 1))
READ €10,99) RUNQTY, DATSHT, DC, PACYT, PATM, TLI 3, SCOS,
1 PHOG, PHOL ., FHOS, SIGHMA, DF, GASROT, GASFLO
71 €C0OS=YISCOS/100.
99 FORPMAT (7E10.3)
READ C10,98) RTCAL 1, BTCAL2, RTCALS
98 FOMMAT (3E10.3)
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NRUN=P'"™NQATY+0.001
PEAD €10,100) {LICROTCI)»,LICFLOCII,DELHGC(I),
TCRMANCTISJISJ=1,10),1=1,NRUN)
108 FOPMAT (7E10.3,.7-,6E10.3;
CYAFEA=C(DC® 1.27>%%2.03%3.14153
DO 203 K=2,NTT"N

Jx{=1
IF CLIGPOTCKI~%e) 71,770,711

71 IF (LICPOT(Z1-2.2 73,72,73

73 IF CLIQROT(X) =141 T52T74,75

d TELC(JI=CPTCALS*LIQFLOCY) ) /CXAPEA
533 TN 200

72 FELCJ)=C BTZAL2®L] CFLOUX) 3 /CRAREA
GO TO 200

74 TELCJII=CRTCAL I1®LICFLOCK) ) 7/CXARPEA
50 TO 200

75 TYPE s€, LIQTOT(X)

56 FOPMATC( * ROTAMETER NTRMBEP L *» 11, “DOES NOT EXIST)

aN T 10000

2040 CONTINUE
IF (DC.EQa6.) MANNO= 38
IF (DCeEGe3a) MAMNO=1D
DO 2 J=1.MANNO
DO 2 I=2,NR"M
Mi=I-1

2 DELTAHCI A1, J)=MANCI 1)~ CRMANCI,J)I+TMANC 1, 1) -RMANC 1,32
NPITM 1=NPIn-1
IF (DC.EC.3) RO T 3
MANATEC1)=0.
MANHTS5C2)=7.8
MAMHTEL3)=16.3
MANHT6(43=225.7
MANHTS(S5) = J8a7
MANHT6(6)=43.5
MANHTE6C(7)=52.5
“MAMNKHT6(S)=59.5
CALL POLPSC(DELTHS, NRUNM 1, B,MANHTS, DATSHT, PIMAX, 1TLMIN, YEL)
GO T0 1000

3 MANHT3C(1)=1.3
4ANHTI(2)=12.2
MANHT3C(3>=21.4
MANET3(4)=20.4
MANHTJI(S)=33.1
MAMHT3(6)=52.1
MANHT3(7)=6]1.1
MANHTI(8>=70.1
MANNTI(93=79.1
MANHT3C(10)=83.1

£ALL POLPGCDELTAH. NRUNY 1, 10,MANHT 3, DATSHT, PDMAX, ULMIN, VEL)
1000 I®NNs2




101

2050

2080
207s
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IF (GASROT~2.) 21, 32,31

IF (GASROT~6.) 33, 34,33

IF CGASROT~7.) 35,36.,3%

TYPE 687, GASRCT

FORMATC ° ROTAMETER NUMBER G*,I1."DOES NOT EXIST)
GO TO 180408

OGCAL=( . $3333*GASFLO) /CXAREA

GO TC SS

UGCAL=(8.5526°GASFLO) /CXAREA

GO TO SS

UGCAL=(93.333*GASFLO) 7/CXAREA

DELHGTs=0.0

NRUNeNRUNM L+ |

DO 69 K=2,NRUN

UGL(KI=UGCAL®*(Ta9 B /{PATM+DELHG(K)) )®e, 5

JuX-1

EPSS(K)=PACUT/( RHOS® CXAREA® PIMAXL(J ) )
EPSGC(X)=(RHOL-EPSSCKISREOL-CRHOL* CCPDMAX CJ )+ PEMAXC I+ NRITN 1) )
1 /PDMAX(JI) I IS EPSSCHI®RHOS) /CRHOL- RHOGS
EPSLC(K)=]1.,0-EPSS(K)-EPSG(K)
IFCULMINGGTYELCJ) ) I RUNsKe |

DELHGT=DELHG T+ DELHGC(K)

CONTINUE

DELHGA=DELHGT/NRUNM 1
UGAYG=UGCAL® (749 «8/7CFATM+DELNGA) )®e .5
IDATST=DATSHT+0.001

TYFE 101, IDATST, DC, PACUT, RHDS, ULNIN, USAVG, DP, VL SCOS, SIGMA
FOPMAT (18X, *DATA SHEET ¢#°,13, /510X, *COL"™IN DIAMETER = °,
!Fle¢2,° INCHES”, /» 10X, “PACKING WEIGHT »°,F8.0, ° GRAMS®, /.
110X, *"PACKING DENSITY =, F8.2,° GRAMS/ZC, 7/, 18X, -
!PUL MINIMUM =%, F7.2,° CM/SEC’, /. 10X, UG MINIMUY =°,
IF7+2,* CM/SEC*» /210X, *PARTICLE DIAMETEPD =°,F7.3,

PP M /s10%, *VISCOSITY = °,F7.4,° POI1SE"s 7, 10%,
!*SI'RFACE TENSION = °,FS5.1,“ DYNES/CM*)

TYPE 2050

FORMAT. ~ BED HT DEL PRES ue UL EPS SQLID”",
1 EPSLIQ EPS GAS*)

DO 2080 K=2,NRUN

JuK-]

TYPE 207S.PDMAXCJI), PDMAXCJIO*NRINM 1), UGCK),

IVELCJD . EPSSCX) , EPSLCK) 5 EPSG(K)

FORMATC(7E10.3)

DO 156 K=1RUN,NRUN

JaK-1{

EXDATAC(K, 1)=UGCK)

EXDATACK, 2)=VELCJ)

EXDATAL(X, 3)=DP

EXDATACK, 8)aRHDS

EXDATACK, 5)=aRHOL

EXDATA(K, 6)=RHOG

EXDATACK, 7)=SIGMA



156

102

103

104
10000

aona
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EXDATACK,BS) =V SCOS

EXDATAC(X,9)r EPSS(K)

EXDATACK, 10)w L .=-EPSSIK)

EXDATACK, 11)=EPS5(K)

EXDATACK, 12)=2EPSL(K)

EYXDATACK, 1) =DC®2,52a

EXDATACY, 18)=PIMAXIJ)

EXDATAC(X A 15)=PIMAX(J+NPUNM 1)

EXDATACY, 18)s1'GAYG

EXCATACK, 17)=ULMIN

EXDATACK, 13)=DATSKT

CONTINYIE

TYPE 102

FORMATC /7, 1Xs °1F YOU JANT THIS INFORMATION
ISTORED W FILES a8, 51 & S& TYPE Y,<CR>*)
ACCEPT 103, ISTR

FOPMATCAS)

IF C1STR.NE. Y “) 50 TO 10000

OPENCUN] T= a8, ACCESS= “APPEND“)

JPITECAB, 108 CCEXDATALLI,,J)sJ= 1, 6), I = RUN, NRIND
OPEN(UN1 =51, ACCESS= “APPEND*)

WRITE(S1, 10a) CCEXDATACL,J),J0=7,12), l=1 RUN, NRUND
OPENC( NI T=S&3, ACCESS= “APPEND*)

VRITEC(SA, 104) CCEXDATACILJI»J=12, 182, 1= IRUNL, NRI'N)
FO™IAT(6E10.3)

CALL FXIT

£MD

8.2.4.2 POLRG

SUBPOUTINE POL RG ¢ DEL TAH, NRUNM L, No MANH T, DATSHT, PIMAX, ULMIN, VEL)
REAL MANKTC1D ’
DIMENSION DELTAM(1),PDMAX(38),Y(20),X(96)
MANHT= POSITIONS UP COLUMN, NRUNM I=sNUM.OF RUNS ON DATA SHT
NsNTMBER OF MANS., DELTAH=PRESS DROP VALUES
O'TPIIT: PDMAX(NRUNM 1+ 13 2NRUNM1>=MAX FRESS DROP PER RUN
PDMAXC 1 : NRUNM 1)=HT UP COL™MN AT POMAX(,2.°S
DIMENSION BC7),ECTY, SBCT7I,TC(7,DICA9),DC35)
DINENSION XBAR(B),STD(8),COEC8), SUMSOC8), I SAVE(S)
DIMENSION ANSC10),ACS5000),VELCT)
CALL PLOTSC(A,S0002
LOOP=0

600 LOOP=LOOP+1
620 CALL PLOT(1.5,1.5 1)

CALL PLOT(1.5,7.5.,2?
CALL PLOT(9e6,7+5,1)
CALL PLOT(G 6515 1)
CALL PLOTC1eS5s1e5,01)



Xi- «5
Yi=mleS
DO S8 J=1.,8
Xi=X1+0.9

S0 CALL SYMBOLC(X1,Y1,0.125,130.0.~1)
CALL PLOTC1+S,1.5,3)
Xi=l.S
DO 70 J={,5
YiaYi+l.0

70 CALL SYMBOL(X1,Y1,0.125,15,0.0.~1)
M=}
MM=2
L=N&M
DO 110 I=t,N
J=lL+1

C XCI> IS INDEPENDENY VARIABLE,X¢J) IS5 DEPENDENT. FROM FLBEDI1

XCIdD=MANHTCI)

110 X<(J)=DELTAH( 19%(1~-1)+L00OP)
XHIGH=90.0
m=ﬂ.ﬁ
YHIGH=2S.0
YLOVe=5,0
IPEAK=L+ |
DO 300 I =1,N
Jel+l
IF(XCI) «GTXCIPEAK I I I PEAKSY

360 CONTINUE
IPEAK=IPEAK~L
DELX»XHIGH=0.0
IF(IPEAK.LT.32G0 TO 610
IF CIPEAX.GT.N-3)G0 TO 61¢

92 FORMAT(1X,2E10.3)
IPASSs0
IFLAG=(
LIMsIPEAKs L
LIMIT=IPEAK~1

960 DO 700 I=1,LIMIT
YCId)=XCr)
JaLIMIT+

700 YCII=XlLeY)

705 CALL CORRECLIMIT,MM, LYo XBAR, STDs COE, Ds SUMSQ-8, T)
NT=LIMIT=-1
ISAVECY)=]
CALL ORDER{MM, D,MM.M,1SAVE, DI, E)
CALL MINVIDIL,M,DET,B,T>
CALL MULTRCLIMIT,M,XBAR, STD, SUMSQ, D1, E, 1 SAVE, B, SBs T» ANS)
NI=ANS(8) :
COEC1O=ANSCL)
COEC2)=BC 1>
SGitlP=J.0
LA=]




950

610

6510

660

670

953

715

980

710

970

1051

IFCIFLAG.GT.03GC TO 953
LIMITsLIMIT+1

IFLAG=1

GO TC 960

DO 650 I1sLOOP.NRUNMI
VELCI)=UVELC1+])
DELTAKCI)=DELTAHC(I+ 1)
PDMAXCI)=PDMAA(I=1)
NHEVs(NRUNM1-1)%2

DO 660 I=NRUNM1,NNEY
POMAXCII=PDMAXCI+ 1)
LIFCl «GE.LOOP) PDMAX(]I)=PDMAXCle]1)

NRUNM I =NRUINM 1~

TYPE 670, DATSHT

FORMAT (° ONE LINE DELETED FROM DATA SHEET ¢°,F4.0)

IF CLOOP.GT.NRUNM1)>GQO TO 680

GO TO 620

CONTINUE

1FCIPASS.GT.03GO TO 990

FINTER=COEC])>

FSLOPE=COEC 2)

LFLAG=0

J=0

DO 710 IsL1M.N

Judes |

YCJI=XC1)

JJJEN-LIMe 1+J

Y¢JIJJII=XCL+1)

IPASSs]

LIMITaN-LIM+1 .

CALL CORRECLIMIT,MM, l,Y.XBAR, STD: COE, D, SIMSQ, B> T)
NT=sLIM]IT=1

I1SAVEC13=1

CALL ORDEPRC(MM, DoMM,M,I SAVE, DI, E)

CALL MINVC(DI,M,DET,B,T)

CALL MULTRC(LIMIT,.Y,XBAR, STD, SUMSQ, D1, Es 1 SAVE, B, SBs T ANS)
Nl=ANS(B)

COEC1)=ANS( 1)

COEC2)=R(1)

SUMIP=0.0

LA=]

IF(IFLAG.GT.0)GO TO 953
IFCXCL-IPEAK) LT XC(IPEAK)®CDEC2)+COECL1)>)>GD TC 10S)
LIM=LIM~]

IFLAG=]

LIMITeLIMITe]

IPASS= D

GO TO 980

IFCXCIPEAKY®COEC2)+COEC L) =STDC 1) oGT.XCL*IPEAX?)GO TO 933
GO TO 970
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C HAVE SOLVED FUR BOTH SLOPES AND INTERCEPTS
C SOLVE FOR INTERSECTION
990 XINTER®CCOEC 1>~FINTER) /(¥ SLOPCE~CDEC2))>
YINTm-FIHTERorS.OPEOXIHTBR
IFCYINTER.GT.25)G0 TO 800
DELY= 40,
YCURU=(FINTER-YLOW) /DELY*6.0¢1.5
CALL PLOT(1.5,YCURV, )
C PLOT LINES
XCURUs (XINTER=XLOV) /DELX®8.1+1.5
YCURU=CYINTER~YLOV) /DELY®65.0¢1.5
CALL PLOT<XCURV.,YCURV, 2)
XCURU=S. .+ 1.5
YCURV=( COEC 1)+COEC2)®90.~YLOW) 7/DELY® 600 1.5
CALL PLOT(XCURV,YCURV, 2>
DO 90 Iafi,N
JaslL+l “
XPOINT=CXC(1)=XLOW) /DELX®*8ol41.5
: YPOINT=(XCJ)~YLOW) /DELY® 5.0+ 1.5
98 CTALL SYMBOLCXPOINT,YPOINT,0.2,2, 0.0,-21
800 PDMAXCLODPI=XINTER
I DUMMY =« NRUNM 1+L00P
POMAXCIDUMMY ) =YINTER
680 CALL NUMECER(0.5,0.5, 0.8, DATSHT, 0.0, “CFa.02 *, 4>
CALL PLOTC 180042, 3)
C ADUVANCE TO NEV GRAPH
CALL PLOTC18es0e0,~-3)
IF C(LOOP.LT.NRUNMI)GO TO 600
CALL LFMINCNRUNMI, PDMAX, VEL, ULMIN, PDPMIN. DATSHT)
RETURN
END

8.2.4.3 LFMIN.

SUBROUTINF. LFMINCIN,X, VEL,XINT, YINT. DATSHT)
DIMENSION XC13,YC100),VELC12,YBAR2(S) > STD2CE),
*DCI6). SUMSAC8), I SAVECB)» ANSC 103, DIC49). RXICS), DICT)
®+B1C82, STDICE),YBARIC(BY, T1C7I,RICISILECTILBCTI4 SBCTY, TCT)
N=NUMBER OF OBSERVATIONS
VEL HAS L1Q VELOCITIES. X HAS HTS.,PRESS DROPS
TH1IS ROUTINE CALLS GDATA, ORDER.MINV,MULTR, CORRE
X2NT=sMIN. L1Q. FLUIDIZATION VEL.:YINT=PRESS DROP
DS 1008 I1=2,N
JSAVE=1-1
180 IFCXCN®I)LT.X{N+JSAVEIIGOTO 200
C LAST X IS LARCTST IN ALVAYS INCRESING PATTERN
TYPE 101
183 FOMMATC” KO STOP IN RISE, GATA NEVER FLUIDIZ ED? *)
XINT=VELI(N)®1.}
YINTsXC(NI®2.]
RETURN

aoan
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C XC¢JSAYE) 1S LOCAL PEAX

200

201

203

NUMBER=N-J SAVE

IF(NUMBFR.LE.2) GO TO 300

D3 201 I=1,NUMBEPR

JeNeJSAVEs

YCIdwX(JI)

CALL CORRE(NUMBER, 1, 1.Y,YBARL, STDI,RX1, R1,B1.D1.T1)
DO 203 I=1,NMBEP

N1™MaNTMBERs]

YCI)aEL(JSAYE+I)

YIN'™)>=X{NeJ SAVES])

CALL GDATACNUNMEBER, 1,Y.YBAR2, $TD2, D, SIM SQ)

ISAVEC ) =]

CALL OPDERC2,T. 2,1, 1SAYE, DI, E)

CALL MIN'(DI,»},DET»B.,T)

CALL M'ILTR(NIUMBER, 1,YBAR2, STD2, SIMSQ, DI, E, 1 SAYE» B, $SB» T, ANS)
FSLOPE=B(1)

FINTER=ANS( 1)

C NOY? FPOCESS POINTS JHICH YERE NOT USED

216

300
a1

302
303

4l

IF(JSAVE.LE.2)GD 70O 382

DO 210 l=1,JSAYE

J=JSAYEe?

Y(I)=w1EL (DD

YC(JIwX(Nel)

CALL GDATAC(JSAVE, 1,.Y,YBAR2, STD2, D, SUMSO)
ISAVE(1) =]

CALL ORDER(2,D,2,1,1I5RVE,Dl,E)

CALL MINY¢DI,1.,DET,B,T2

CALL MULTEC(J_-AVE, 1,YBAR2, STD2, SIMSQ, D1, E, I SAVE, B, SB» Ts ANS?
ANSVER=ANSC 1)

GO TO a0

TYPE 301, NUMBER

FARMATC” ONLY “, 14, * POINTS FOR CORRE. STCP*)
RETURN .

TYPE 30J3,JSAYE "

FOPMATC®” ONLY“*, 14, POINTS FOR UNDER FL. LINE®)
2ETVION

XINTsC(YBARIC1)>=ANSC1)) /B(I)

YINTsYBARICS?

CALL UPLOTC(XINT,YINT, ANSVER. B, FINTER, FSLOPE. N, X, VEL, DATSKT)
RRETURN

END
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8.2.4.4 UPLOT.

SUBROUTINE UPLOTC(XINT,YINT, ANSWER, B, FINTER, FSLOPE, N, X, VEL, DATSHT)
Cc PLOTTING FOR SUBROUTINE ULMIN
DIMENSION XC1)L,VELCI)L,YCL10D)
DELX=100/8¢
DB.Y-sII-IG.
CALL PLOTC1eSs1e5,3)
CALL PLOTC1e5:,75,2)
CALL PLOTC(9 5,752 1)
CALL PLOT(9«5,1.5,1)
CALL PLOTC1e5s16551)
xl=’.5
Yl!l.s
DO 508 J=1,9
X1=X1+0.8
500 CALL SYMBOLCX1,.Y1,0e12%.1232-0,8,=37
CALL PLOT(1<5,1e5,3)
X1=1e5
DO 591 J=1,S5
YisY1el.0
501 CALL SYMBOL(X1,Y1,0.125,15,0e0,=01)
CALL PLOTC1e5,75, 3
Y1=7.5
DO 582 J=1.9
- X1=X1+0.8
502 CALL SYMBOLC(X1,Y1,0125,13,180.0,-1)
CALL PLOT(9.S51.5,3)
X1=C,.5
Yizle$S
DO 583 J=1,5 .
Yi=Yl+1l.0
S§03 CALL SYMBOLCX1,Y1,0.125,15,180.0,~1)>
v PLOTS LINE
IF(YINTLE.0:.) GO TO 600
XPTsXINT/DELX+ 1.5
YPT=sYINT/DELY+ 1.5
TYPE 8082, XPT,YPT
8002 FOMMATC(“* HORIZ LINE=“,2E103)
CaLi. PLOTCXPT,YPT, 3
CALL PLOT(95,YPT.,2)
TYPE 8003, YPT
8003 TFORMATC(® TO 9.5 *,E10.22
c PLOT ST. LINE FOR UNDER FLUIDIZATION
FPTs ANSWER/DELY+ 15
CALL PLOTC(1.S,FPT,
TYPE 8005,XPT.YPT
B295 FORMAT(” INTERSECT=*°,2E10.3)
CALL FLOT(XPT.YPT,2)
C PLOT ACTUAL LINE OF BEST FIT OF RaHeS»




XPTs (FINTER-ANSJER: 7/(B~-F SLOPE)
YPT=CB®*XPT+ANSUER) /DELY+ 1.5
XPT=XPT/DELX+ 1.5
CALL PLOTCXPT,YPT, 3)
XPT=10.

YPT= (FSLOPE*XPT+FINTER) /DELY+ 1.5
XPT=10./DELX#+1.5
CALL PLOTC(XPT,YPT, 2)

C NOW PLOT EXP POINTS

c POINTS ARE INLYCIJ_YCN+IX>) PAIRS
DO S10 1=14N
J=N+I
YCId=YELCI)

510 Y(JIaX<{Jd)
DO Sil I=1,N
JaN+]
XPT=Y(1)/DELX+1.5
YPT=Y(J)/DELY+1.5
51: CALL SYMBOLC(XPT,YPT,0.2,2,0.0,~1)
CALL NUMBER(D+5,0:5,04,DATSHT, 0.0, °CFa.0)°, Q)
600 CALL PLOTClacsDel,-
RETURN 1
END

B.2.4.5 EXPINP.

REAL LIQROT,LIQFLO

DITFENSION RMANC23, 10),LIQROT(27),L1QFLOC20), DELHG(20)

ACCEPT 100, RUNQTY,DATSHT, DC, PACWT.PATM, TLIQ, V1 SCOS, /110G

1QHOL, REKOS» SIGMA- DP» GASROT, GASYLO, RTCAL 1, RTCAL 2, RTCAL 5
100 FORMAT C173)

NRUN=RUNQTY

DO ! I1=1.NRUN

ACCEPT 101,LISROTCID,LIQFLOCII,CEHGCI), CRMANCILII»J21,10)
101 FORMAT (13G)
1 CONTINUE

OPEN (UNIT=!0.ACCESS~ “APPEND*)

YRITE €10, 103) RUNAGTY, DATSHT, DCs» PACWT, PAT. TL1Q, V1 SCOS,

1 RHOG, RHOL, RHOS, S1GMAs DP» GASROT, GASFLO
103 FORMAT C7E10.2D

WRITE €10,107) RTCAL 1, RTCAL2, RTCALS
107 FORMAT (3E10.3)

WRITE C10,104) (LIQROTC(I),

'LIQFLOCII,DELHGCI). (RIANCILJ)»J=1,10), 121, NRUND
104 FOTMAT €7E10.3,7,6FE10.)

TYPE 106, RUNQTY,DATSHT, DC, PACWT, PATM, TL.1Q, VI SCOS»

1RHOG» RHOL , RHOS, SIGMA, DP, GASROT. GASFLO
106 FOMAT (/7/7:CTE1032)

TYPE 108, RTCALI, RTCAL2, RTCALS
FORMAT C(//»3E10.3)



TYPE 105, C(LIQROT(I).
ILIQFLOKCI)» DELKEGC 1), S RMANC IS I)Jx 15109, I=1, NRUN)

10s

END

8.2.5 Sampie Output

0.150E+02
0.130E~02
8.5314FE+01
0.500E+01
Bea76E+02
0.S00E+G1
U«380E+ 02
0.S00E«02
0.3aiE*D2
0.503E+0Q1?
0.3S1E>~02
3.500E+01
0,351E+082
80.S500E+0?
0.362Z¢02
B.5CE+Q}
8.373E+0D2
0.500E¢01
0.380E+02
0.100E+01
0.384E+02
0.100E«D1
0.393E+02
0.100E+01
0.301E+02
0.100E+D1
0.418E+02
0.10CE+©O2
0.422E+02
0.180E+D!
0.488E+02
0.100E+D?
0.478E+ 02

B8.980E+Q1
0.796E+00
8.278SE+01
5.000E+00
0.474E+02
0.120E+02
8«354QE+ 02
J.160E+02
3-.358E+02
0.240E+02
0.361E+02
0.320E+ 02
G.360E¢02
0.400E+G2
0«3€5E+02
0-4302002
0.3715+02
0.560E+82
0.366E+02
0.3C8E+02
0.372E+02
0.359E+02
0.379E+02
D.4D0E+ 02
CG«3B4E+D2
0.450E+ (2
0-394E¢02
0.S00E+ 02
0.801E+02
9.600E+ 02
Q.al9E+02
0.700E+02
0.446E+02

0.300E+01
0.226E+C!
D.279E+01
C.700E~01
0-477E+02
0«10G6E+03
0.373E+02
G«101E+03
0.377E+02
0.10SE+@83
0+.38«E+Q2
0. 105E+03
8.382E+02
C«105E+G3
0.386E+82
0.2105E+03
0.390E+02
0.107E+03
D-382E+02
D«107E+Q3
1390E+02
0.108E+03
U-396£¢02
D.1C8E+93
B«398E«Q2
0.189E+03
0-403E+02
0.1092+903
Ge509E+G2
0.210E+03
B4qlQE+02
0.110E+03
0.436E+032
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FORMAT (//»7EID0.3,/,6E10.3)
CALL EXIT

0.a76E+02
0-.876E*02
0.R225E+02
039SE+02
0.480E+02
003935# g2
0.5543E+02
0-.&82E+02
0«S&69E+02
8.404E+02
0.S7TSE+02
0.407E+ 02
0.S590E~02
0.407E+02
0.S590E+C2
0.409E+02
G.595E+02
0.411E+02
0.664E+02
0-416E+02
B.612E+02
8.418E+02
8.622E+02
0.421E+02
0.629E+02
O«428KE+02
0«635E+02
0.432E+02
0.639E+02
0.4480E+02

0747E+03
0+.462E+08

0.477E+02
§.477E+02
0.411E+02
0.415E+02
0.4344E+ G2
0.417E+02
0.486E+02
8.421E+02
0.498E+02
0.424E+C2
0.504E+02
0.429E+02
0.513E+02
G+426E+02
0-S25E+02
0.428E+02
0.534E+G2
0.428E+02
0 «5a4E+32
0.4345+02
0.SS4E+02
0.436E+02
0«S60E+02
0.441E+02
V.S6TE+ 32
0« 4A4FE+ 02
0.S80E+02
0.450E+02
0590E+02
0.452E+02

G.231E+02
0.60GE+81

0.477E+02
0.478E+ 902
0.385E+ 02
0.4207E+02
0+.443E+(C2
0.480E+G2
0<844E+02
8 «a4B8E+ 02
0.448E+02
6.458E+02
C.4SCE+02
0.468E+02
D.4S51E+02
0.472E+G2
B.aS52E+02
0.483E+ 232
D.451E+02
C.49QE+02
D« 458E+02
0.S84E+02
B.&STE+02
8.512E+«02
D+&62E+02
0.520E+82
0.255E+02
0.536E+02

Be471Ee«D2

0.552E+02
0.476E+02

0.200E+0D
0.800E+02

0.476E+02
B.358E+G2
0.372E¢02
G.390E+0Q2
B.a06E+02
0.417E+02
8.432E+02
0.43%E+02
D.446E+02
0.454E+02
8.465E+02
C.47BE+02
0.485E+02
0.510E+82

2<.S30E+02



S5

«EX FLBD,L1BARY, SYS: PLOT/SEA

LINKz LOADING
ILNKXCT FLBD EXECUTION]

YTAVE THKIS PLOT? Y FOR YES

Y
'SAVED PLOT 1
1SAVE THIS PLOT? Y FOR YES

v

!SAYED PLOT 2
!SAYE TKIS PLOT?

<

FOR YES

-

'SAVED PLOT 3
'SAYE THIS PLOT? Y FOR YES

Y
'SAVEL PLDT 4
!SAVE THIS PLOT? Y FOR YES

Y
ISAVED PLOT S
!SAYE THIS PLOT? Y FOR YES

Y
!SAYED PLOT 6
!SAVE THIS PLOT? Y FOR YES

Y
!SAVED PLOT 7
!SAvYZ THIS PLOT? Y FOR YES

Y
ISAVED PLOT 8
ISAVE THIS PLOT? Y FOR YES

Y
ISAVED PLOT 9
{SAYE THIS PLOT? Y FOR YES

Y
!SAVED PLOT 10
!SATE THIS PLOT? Y FOR YES

Y
!SAVED FLOT 11
ISAVE TEIS PLOT? Y FOR YES




Y

!SAVED PLOT 12
!SAVE THIS PLOT? Y FOR YES

Y

!SAVED FLOT

13

ISAVE TH1S PLOT? Y FOR YES

Y

ISAVED PLOT 14

HORIZ LINE=

TO 95

!SAVE TH1S FPLOT? Y FOR YES

Y

ISAYED PLOT 1S

56

0+297E+01 0.60QE+01
B.5604E+01
INTERSECT= 0.297E+01 0.6084E+01

DATA SHEET ¢ 9
COLUMN DIAMETER =3.00 INCHES
PACKING JEIGHT = 2500« GRAMS
PACKING DENSITY =
UL MINIMM = 1.8a4 CM/SEC
UG MINIMUM = 14.06 CM/SEC
PARTICLE DIAMETER = 0.462 CM
VISCOSITY = 0.0090 POISE
SURFACE TENSION =

BED HT
8.430E+02
0.424E+02
0-419E+02
0.428E+02
0.432E+02
0.485E+02
0.454E+02
0.496E+ 02
0.498E+02
0.502E+02
0.E10E+02
8.510E+02
0.574E+02
0.594E+02

DEL PRES
0.877E+01
0. 142E+02
8.2C9E+D2
0.224E+02
0.224E+02
0.226E+02
0.228E+02
0.228E+02
0.230E+02
0.233E¢L2
0.233E+0C2
0.234E+02
0.225E+02
0«211E+02

UG
0.141E+02
0-141E+02
0.181E+02
0. 141E+02
8.141E+02
0.141E+02
0.1a41E+02
8.141FE+02
0.141E+02
8.1431E+02
€. 140E+02
0. 143E+02
0« 140F+02
0.140E+G2

Ul.
0«734E+00
C.979E+00
C«147E+01
0.196E+01
0.285E+01
0.294E+01
0.343E+01
0.358E+01
0.418E+01
0«277E+01
0«537E+01
0«596E+31
0716E+01
0.83SE+0!

226 GRAMS/CC

71«2 DYNES/CM

EPS SOLID EPS LIQ
0eS64E+D0-0769E~01

0.572E+00
0.579E+00
0.567E+09
0.562E+00
0.530E+GD
0.491E+00
0.489E+00
0.487E+00
0.883E+00
0.476E+00
Ce2?6E+00
0.422E+090
0.408E+00

iF YO YANT THIS INFORMATION STORED ON FILES a8,

N

END QF EXECUTION

0.363E-01
0.18SE+00
0.236E+00
0.24Q3E+00
0332+ 00
0.348E+00
0.242E+00
8+357TE+00
0+367E+00
0«378E+03
0.3782+00
0+434E+00
5A2B8E+00

EPS GAS
0.513E+080
0.391E+00
0.236E+00
0-.197E+00
0«19SE+00C
0. 168E+00C
G«161E+00
0-.161E¢20
0« 1S6E+00
0« 150E+00
U« 146E+030
0.146E+00
0«134E+00
0« 164E+00

Sl & S4 TYPE Y,<CR>



Pressure Drop, mm H30

20-0-

~

MASSACHUSEY TS INSTITITE OF TECHNOLOOY

SCHOOL OF CN!I!CALA&TNOINIEIINO PRACTICE
OAK RIDGE NATIONAL LABORATORY

SAMPLE OUTPUT FROM PROGRAM FLBD

L o

LS




Pressure Drop, ""'HZO

B S

e

L o
b ud

——

——

MASSACHUSETTS INSTITUYE OF TECHNOLOGY
SCHOOL OF CHEMICAL E'NGINE ERINO PRACTICE

A
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DRAWN BY

FILE NO.

CEPS-X-219
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8.3 Correlation Program

8.3.1 Explanation of CORRLT

This correlation program performs correlations of the form:
Z = efa%Pcc ... (23)

for up to thirteen independent variables and two thousand data points. Th
user selects the variables desired for correlation from a list of twenty-
eight available, ircluding both dimensional and dimensionless operating
parameters. The program reads the appropriate literature and experimenta)
dimensional, and dimensionless data files designated by the user. Any
lines of data containing zero or negative data intended for the correlatio
are deleted. Natural logs of 211 remaining data are calculated and the
resulting array is sent to the IBM Scientific Subroutines of CORRE, ORDER,
MINU, and MULTR for linear regression analysis.

8.3.2 CORRLT Input and Output

Prior to execution of CORRLT, data files FOR48.DAT, FOR51.DAT, and
FORS4.DAT, containing the experimental operating parameters, must be in th
disk space. If correlations are to be performed using literature points,
files FOR30.DAT and FOR32.DAT must be present. If dimensionless groups
are to be correlated, files FOR33.DAT and FOR45.DAT, as calculated bv com-
puter DIMLES, are required. In the execution of CORRLT, the desired varia
bles, up to a maximum of fourteen, are selected by assigning sequential
item numbers to the variables as requested by the program. A definition
of each of these variables is found in the program DIMLES. Other input
includes the total number of the variables correlated, the designation of
the dependent variable by its item number, and the number of lines of
experimental and iiterature data available for correlation.

CORRLT performs a linear regression on the variables selected. The
output includes the regression coefficients, or the exponents in Eq. (23),
the intercept K, in £q. (23), and the statistical parameters characterizin
the significance of these values and of the obtained correlation. The out
put also includes a list comparing the experimental and calculated values
of the dependent variable from the correlation. A plot of this comparison
may be obtained from subroutine DECWAR if desired.
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8.3.3 Listing of Correlation Programs

12

8.3.3.1 CORRLY.

INTEGER ENDEXP,BGNLIT, ENDLI T, ENDALL, DEPEN

DIMENSION DIMENC2000. 155, AUTHC20005,X<¢ 280005, XBARC1IS),
153C142), ANS<10), STDC 153, RXC225), AYC 1A, BC 153, DC15), TC15),
IFINALC2000, 2) ;1 SAVEC1S), R(225)

EQUIVALENCE CDIMENC!, 15),A0THC 1)), ¢(DIMENC1,12,%XC1))
DATA J12J2, 0300803550650 75J8539,320,011,032,J135J14,
IK K20 KA KA» XS5, K6, K7,KBaX92K10,X 11, K12 K13, K1a/28*15/
TYPE 300 B
FORMAT €¢* IF YOU WANT A LIST OF CORRELATION OPTIONS, *»
I1*TYPE 1 <CR»« ELSE TYPE 2 <CR>*)

ACCEPT *, L0

TYPE 305

ACCEPT +, L1

GO TO C10,1a0, LO

GD TO C11.12:110, L1

TYPE 160

TYPE 101

ACGCEPT », Ji}

TYPE 102

ACCEPT &, J2

TYPE 103

ACCEPT », I3

TYPE 10a

ACCE?PT +, Ja

TYPE l8S

ACCEPT &, JS5

TYPE 106

ACCEPT *, J6

TYPE 107

ACCEPT =, J7

TYPE 108

ACCEPT &, J8

TYPE 113 |

ACCEPT *, 13

TYPE 114

ACCEPT +, J14

TYPE 109

ACCEPT =, J9

TYPE 110

ACCEPT +, J19

TYPE 1138

ACCEPT =, J11

TYPE 112

ACCEPT *, Jli2

GO T0 C18,13,1» LI



1a
15

1

17

TYPE 281
ACCEPT @,
TYPE 202
ACCEPT =,
TYPE 203
ACCEPT &,
TYPE 204
ACCEPT =,
TYPE 20S
ACCEPT =,
TYPE 206
ACCEPT *,
TYPE 207
ACCEPT &,
TYPE 208
ACCEPT &,
TYPE 209
ACCEPT =,
TYPE 210
ACCEPT &,
TYPE 211
ACCEPT *+,
TYPE 212
ACCEPT &,
TYPE 213
ACCEPT *,
TYPE 21a
ACCEPT &,
GO TO 18

K1

K3
Ka
KS
Ké
KT
K8
X9
K10
K11
K12
K13

Kla

GO TO C15.16:15), L1

ACCEPT &,
ACCEPT &,
ACCEPT %,
ACCEPT *,
ACCEPT *,
ACCEPT =,
ACCEPT @,
ACCEPT &,
ACCEPT =,
ACCEPT ®,
ACCEPT &,
ACCEPT &,
ACCEPT &,
ACCEPT *,

GO TO C18,17,17),

ACCEPT *,
ACCEPT &,
ACCEPT &,
ACCEPT ¢,
ACCEPT &,

Jt
J2
J3
Ja
J5
Jé
J7
J8
JI13

J9

K1
K2
K3
Ka
XS

L1

61



100

101
102
183
104
105
106
107
108
113
112
109
110
111
112
201
202
203
204
2S
206
207
208
209
210
211
212
212
214
aol
302
303

ACCEPT
ACCEPT
ACGEPT
ACCEPT
ACCEPT
ACCEPT
ACCEPT
ACCEPT
ACCEPT
TYPE 301
ACCEPT *,
TYPE 302
ACCEPT *,
TYPE 383
ACCEPT =,
TYPE 304
ACCEPT =,

FORMAT(//7. % YOU HAVE A

DEPEN

ENDEXP

ENDLIT

!5 "VARIABLES. *» /)

FORMAT(C”
FORMAT(
FORMATC
FORMATC”
FORMATC”
FOBMATC
FOMATC”
FORMATC *
FORMATC”
FORMAT(”
FOMMATC®
FORMAT(C *
FORMAT(”
FORMATC *
FORMATC”
FORMATC®
FORMATC
FORMATC
FORMATC "
FORMAT(C *
FORMAT(
FORMATC *
-FORMAT(C *
FORMAT(*
FORMAT(C*
FORMATC”
FORMAT(”
FORMATC*
FORM

3333dd8d3333443

TO

™
TO
TO
TO
T0
TO
TO

CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATZ
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
CORRELATE
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CHOICE CF CORRELATING 14 OR LESS *,

uG

GA
ORNL
BO
AR
CA
Cco

) 4 % 0 W W

H 8 o

W et ke ep 42 08 s 08 T A Wt

TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE

ITEMS.
ITEMf.
I1TEMA
ITEM#.
ITE#»
ITEMA.
ITEMé.
ITEMS.
ITEMS.
ITRM¢.
ITEMé.
ITEM#.
ITEMS.
ITEMéE.
ITRMS.
ITEMd.
ITEMI.

ITEYd.
ITEMé.
ITEMS.
ITEMé.
ITRMf.
ITEM#.
ITEMS.
ITEMs.
ITEMS.
ITEMS.

ELSE
ELSE
ELSE
ELSE
FLSE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE
EL SE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE
EL SE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE
ELSE

AT ¢ THE NOMBER OF VARIABLES CHOSEN = °)
FORMAT (° THE ITEM NIMBER OF THE DEPENDENT VARIABLE = )
FORMAT {* THE NUMBER OF LINES OF EXPERIMENTAL INPUT =

15
15
15
1s
15
15
15
15
15
1S
15
15

<CR>
<CR>
<ChR>
<CR>
<CR>
<CR>
<CR>»
<CR>
<CR>
<GR>
<CR>
<CR>
<CR>»
<CR>
<CR>
<CR»
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>
<CR>

£°)
£°)
[ Ao ]
"
| ]
2*)
[ A ]
£
| Al
%)
[ A,
£*)
f*)
L A,
[ b ]
4%)
%)
Ao/
A/
*)
7°>
>
)
’°)
+£*
)
| &}
A}

-3




30a
ns

sbod

a02
21

0

l\!gg
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FORMAT (” THE NUMBER OF LINES OF LITERATURE INPUT = )
FORMAT ¢” TYPE | <CR> FOR DIMENSIONAL GROUPS OMLY *. /,
1° TYPE 2 <CR> FUOR DIMENSIONLESS GRIPS OMLY ", /»
!” TYPE 3 <CR> FOR BOTH DIMENSIONAL AND NOMDIMNENSIOMAL °)
TYPE S800,J 102,03, J8,J75,364.J7,J8,57:010,J18,J12,J1.J14,
IKI K2, K3 KAsXSs KEs KT, KBLKI9.N10,.¢11,K12,K13.X 14, NOVAR,
IDEPEN, ENDEXP, ENTLIT

TORMAT (2413, /7,815,242

DO 22 =1, ENDEXP

IF CLi.EQ.1) GO TO 21

HEAD (33,402) DIMENCILK1),DIMENCI.X2),DIICENCI,K3),
IDIMENCI.KAa), DIMENCILKS). DIMENCI X6), DIMENCLILXTY,
IDIMENCI.K8).DIMENCIL,X9), DIMENCILK18),DIMENCL.K1L),
IDIMENCILK12). DIMENCILK13),DIMENCI,X14Q)

FORMAT C(14E10.3)

READ CaS,401) (DIMENCI,J1),DiMENCI,J2),DIMENCI,JI),
IDIMENCLI,JA), CIMENCILJS), DIMENC(I,J6I)

READ €(51,401) C(DIMENCI~J7).DIMENCI,JS8),DIMENCILJ9).,
IDIMENCI,JI102,DIMENCI,J11),DIMENCL,J125)

READ €(S4,401) (DIMENCI,J13), DUMP, DUMP, DOMP, DIMENC1,J14),
TAUTH(CI)>

FORMAT (6E10.0)

CONTINUE

IF ¢J14a.EQ.15) GO TO 1

ENDALL =ENDEXP

GO 10 2

BGNLITs ENDEXP+ 1

ENDALL=ENDEXP+ENDLLIT

DO 26 I=BGNLIT, ENDALL

IF (L1.EQ.1> GO TO 25

READ (A45,402) DIMENCl.K1),DIMENC!.X2),DIMENCI.KI),
IDIMENCILKA), DIMENCILKS), DIMENCLI,XK6)5 DIMENCILXT),
tDIMENCI,AB8),DIMENC(I,K9), DIMENCI,K10,,DIMENCI,K11),
IDIMENCI,K12),DIMENC(ILK13),DIMENCI,.XK]1QD

READ (30,403) CDIMENCILJ1),DIMENCILJ2),DIMENC1,J3), DIMENC
11,JA)5DIMENCI,JS)>DIMENCILJ6),DIMENCILJIT))

READ ¢32,4803) CDIMENCILJB),DIMENCILJ9),DIMENCIL.J10),DIMEN
1¢I,J1 10, DIMENCISJI12), DIMENCLILJ13),AUTHCLD)

FORMAT (7E18.3)

CONTINUE

11=0

DO 5 I=1, ENDALL

PROD=1.

DO 3 J=1,NOVAR

PROD=PROD®*DIMENCI,J)

IF (PRODJLE.0.) GO TO &

Il=xIle1l

AUTHCI1)=AUTHCI)D

GQ TO 5

DO 5 J=1,NOVAR

DIMENCILJ)=0.




CONTINUE

JO=0

13D

DO 7 J=1,NOVAR

IF CJ+EQ.DEPEN) GO TO 6

JO=20+1

1 SAVECJIO)Y=S

DO 7 I=1, ENDALL

IF (DIMENCI,J)«EQeDe> GO TO 7

Li=sTlet

XCID=ALOGCDIMENCILJ))D

CONTINUE

N=11/NOVAR

CALL CORRE(N,NO.'AR, 1,X,XBAR>» STD, R%, Ry Ds 8 T
NOVAR1=NOVAR- 1

CALL ORDERCNOVARs R» DEPEN,NOVARI, I SAVE, RX» RY)

CALL MINV(AX,NOVARL, DET, B, T)

CALL MULTR(N,NOUVARE «.XBAR, STD, D, RX, fIY, 1 SAVE, B, SB» T» ANS)
TYPE 905, NOVAR,N

FORMATC* MULTIPLE LINEAR REGRESSION: “»12,° VARIABLES °*-
114, °* DBSERVATIONS. *)

TYPE 906

FORMAT(/2° REGRESSION COEFFICIENTS: *)

TYPE 907,CISAVECIY,BCI), I=1, NOVARL)
FORMAT(1X,110,G15.5)

TYPE 908

FORMAT(//* STANDARD DEVIATION OF REGRESSION COEFFICIENTS: °)
TYPE 909, CISAVECLI), SBCI), I3, NOVARYD
FORMATCIX,I10,G155)

TYPE 910

FORMATC//7* T VALUES: *)

TYPE 211,CISAVECI)-TCIY,1=1,NOVARD)
FORMATCIX,110,.G15.5)

TYPE 912, CANSCId,1I=1,10)

FORMATC 77~ INTERCEPT: *5Gi2.5»

1/77* XM TIPLE CORRELATION COEFFICIENT: *»G12+5»
1/7% STANCARD ERROR OF ESTIMATE: *»G12.5,
17/7% S5 OF SQUARES ATTRIBUTED TO REGRESSION, SSAR: *»G125s
177° DEGREES QF FTREEDOM OF S5AR: *,G12.5»

177 MEAN SQUARE OF SSAR: “»G12.5,

1//7° SUM OF SQUARES OF DEVIATION FROM REGRESSION, SSDR:*sGl12.5.
1/7/7° DEGREES @F FREEDOM OF SSDR:*,G12.5

1/7/7*% MEAN SQUARE ‘OF SSDR: *»G12.5,

1/7° F TALUE: *»G12.5)

DO 9 fai,N

FINALCI, 1D)=EXPCANSCL))

DO 8 K=1,NOVAR]

KK={ISAVEC(K)=L0®Ne+1

FINALCI, 1)=FINALCI. 1) *EXPCXCKK) Y *&BCK)

—
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8 CONTINUE
IDEPEN=; ¢« (DEPEN~-1)2N
FINALC1, 2)=EXP{XCIDEPEN))
9 CORTINUE
TYPE 912

913 FORMAT (//7.28X. » DEPENDENT VARIABLE®, 7/,
1aX, *CALCULATE EXPERIMENT CALCULATE EXPERIMENT°,
14X, “CALCULATE EXPERIMENT’. /)
TYPE 914, CFIRALCI, 12,FINALCI,2),1=1,R3
91a FORMAT (aX,2Z10.3, 4X, 2E18. 3, aX,2E18.)
PAUSE “1F A PLOT OF THESE RESULTS 1S DESIRED, TYPE G<CR>,
1AND PLOT #<CR>. ELSE TYPE X<CR>».*
CALL DECVAPR(FINAL.N)
CALL EXIT
END

8.3.3.2 DECWAR.

SUBROUTINE DECWARCFINAL,N)
DIMENSION FINALC1),AC8000)
ACCEPT *, JX
PLOTS(A.5000)
NUMBERC 0125, 0.125,0.25,JK> 00, °C122°, D)
PLOTC::5» 15,2
PLOTC(1.5,9-5,2)
PLOT(9:5,9.55 1)
PLOT(9.5,15, 1D
PLOTC1+5,1+5, 1)
PLOTC(F 5,95, 1)
PLOTC(16¢5, 15,3
S
L3-)
DO S0 J=1,9
XimXj+.8
S0 CALL SYMBOLC(X1,Y1, 125,13 0.0--12
CALL PLOTi 15,15, 3
X1l=1,.5
o0 70 J=1,9
YiaYie.8
78 CALL SYMBOL(X1,Y1,+125,15,0.0,~12
DO 90 1I=1,N
FINALCI)I=15+8.0*FINALCIL)
Li=2060+1
FINALCI1)=].5+8.0%FINALCIL)
20 CALL SYMDBOLCFINALCI),FINALCIL)».035,3,6.0.~1)
CALL ?!.D?(:'.'.-U-.-SJ
RETURN
END

PiEEEREEEE



100
2

101
3

102
4q

66

8.3.3.3 DIMLES.

INTESER "™MIIT,"NITILNIT2,UNITI
TYPE 50
S0 FOPMATCIN, “FOPM DIMEWNSIMMILESS GROUPES*, 7i¥%s "FNTEPR
'¢ OF DATA POINTS*)
ACCEPT ¢, NLINES
“YPE 60
6C FIY™ATL1IM, “ENTER PROPER FILE NUMBERS”, 71X,
'°46,51,58, 33 FOR EXPERIMENTAL DATA’, 71X,
230,32, 0,25 FOR LITERATURE DATA®)
ACCEPT %, TINITI,UNIT2,1NIT3,UNIT
OPEN (I'™NIT=UNIT,ACCESS= “APPEND*)
DO & I=1,NLINES
IF ("NIT3.EQ.0) G0 TO 2-
PEAD (I™IT1.100) U3, ML, DP, BXOS, RHOL., RHOG
READ C(TINIT2, 1003 SI1GMA,YI1SCOS, EPSS, EPSSM1, EPSG, EPSL
READ CI"™NIT3,i903 DC
FO™MAT (6F10.2)
GO TO 3
FEAD (UNITL, 101> 115,1L, DP, RHOS, RHOL, RHOG» SIGMA
READ (INIT2, 101> YISCOS, EPSS,EPSS 1, EPSG, EPSL, DC
FDRMAT (7E10.3
REL=DP®*V"L*REOL /] SCOS
REG=DP*NUG*RHO3/V1SCOS
YEL=THOL®DP*1 *+2,S5154A
YEG=IOG*DP*UGS*2,SIGMA
FRL=1L*22/,(930.*DP)
FRG=115%42/¢(980.*DP>
BO=(FHOS-RHOL) ®*DP**#2%980./SIGMA
AR=DP®* 3, ®(PHOS-PHOL ) * “HOL*98 0. /71 SCOS**2
CA="'I SCOS*IL/SIGMA
CD=980 .2 (RHOS~RHOL) *DP/( THOS*UL = *2)
GA=980.*RHOS*®* 22 DP#** 3,01 SCOS**2
NSTL=tG /UL
DCDP=DC/DP
ORNL=RHOL*UG®*® 4. /(980.*SIGMA)
YRITE CINIT, 102> WEL,WE3,FRS, FAL, NEL, RES, UGUL, DCDP,
!5A, OFNL, BO. AR, CA» CD
FORMAT C13E10.32)
CONTINUE
CALL EXIT
END
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8.3.4 Sample Program Execution

<EX CORRLT,LIBAPRY, DECYAR, SYS: PLOT/SEA

FORTRAN: COPRLT

MAIN.

LINK: LOADING

[LNKXCT CORRLT EXECUTION?

1F YOU WANT A LIST OF CORRELATION OPTIONS, TYPE | <CR». ELSE TYPE 2 <CR>

1
TYPE 1 <CR> FOR DIMENSIONAL GROUPS ONLY
TYPE 2 <CR> FOR DIMENSIONLESS GROUPS ONLY

TYPE 3 <CR> FOP. BOTH DIMENSIONAL AND NONDIMENSIONAL
2

TO CORRELATE EPSS : TYPE ITSMé. ELSE 15 <CR> #

':'g CORRELATE 1-EPSS: TYPE ITEMé@. ELSE 15 <CR> #
':'U CORRELATE EPSG : TYPE ITEM#. ELSE 15 <CR> #
':!3 CORRELATE EPSL : TYPE ITEMf. ELSE 15 <CR> #
‘:’6 CORRELATE VEL = TYPE ITEM#. ELSE 15 <CP> ¢
%lzj CORRELATE WEG : TYPE ITEM#. ELSE 15 <CR> ¢

TO
15
TO
1s
TO
2

TO
15
T0
15
TO
1S
TO
3

TO
15
TO
5
TO
15

CORRELATE FRG : TYPE ITEM#. ELSE 15 <CR> ¢

CORRELATE FRL

TYPE ITEM®#. ZLSE 15 <CR> ¢

CORRELATE REL TYPE ITEM#. ELSE 15 <CR> ¢

CORRELATE REG : TYPE ITEM#. ELSE 1S <CR> ¢

CORRELATE UG/UL

TYPE ITEM#. ELSE 15 <CR> ¢

CORRELATE DC/DP

TYPE ITEM#. ELSE 15 <CR> ¢
CORRELATE GA

TYPE ITEM#. ELSE 15 <CR> ¢

CORRELATE ORNL TYPE ITEM#. ELSE 15 <CR> #

CORRELATE BO

TYPE ITEM#. ELSE 15 <CR> ¢

CORRELATE A

B4
”

TYPE ITEM¢. ELSE 15 <CR> ¢
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TYPE ITEf¢#. ELSE 15 <CR> ¢

v . "RELATE CA

~ASRRELATE CD : TYPE ITEM#« ILSE 15 <CR> #
’::.;‘ NTFIBER OF VARIABLES CHOSEN =
‘:!’HE ITEM NUMBTIR OF THE DEPENDENT VARIABLE =
':HS NT™BER OF LINES OF EXPERIMENTAL INPUT =

e < o)

™ME WMMBER OF LINES OF LITERATURE INPUT =

1223

1 1S 15 15 15 15 1S 15 1S 1 1S5 15 1S 15 15 15 1S 1S 2 1S 18 1S 3 1S
15 15 15 15 3 1 334 1223

MLTIPLE LINEAR REGRESSION: 3 '-JARIAE.ES 1475 OBSCRVATIONS.

REGRESSION COEFFICIENTS:
2 0.27533
3  =-0.17102

STANDARD DEVIATION OF REGRESSION COEFFICIENTS:
2 0.525S8E~02
2 0.28738E=-02

T TJALTIES:
2 524387
3 -59.512
INTEPCEPT: 0.32730

MINLTIPLE CORRELATION CTOEFFICIENT: 0.834239
STANDARD ERRDF GOF ESTIMATE: 0D.11848

SM™ OF S3YUARES ATTRIBUTED TO REGRESSION, SSAR: 43.910
DEGREES OF 7REEDOM OF SSAR: 2.0000

MEAN SQUARE UF 35SAR: 21.955
SiM OF SQUARES OF DEVIATION FROM REGRESSION. SSDR: 17.968

DEGREES OF FREEDOM OF SSDR: 1472.0
MEAN SQUARE OF SSDR: 0.12206E-01

F YALUE: 1798.7



CALCULATE EXPERIMENT

0.293E+00
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DEPENDENT VARIAELE

CALCULATE EXPERIMENT

CALCULATE EXPERIMENT

D.a04E+0QD 0 Q13E+00 0.417E+0D 0.Q40E+00 0.4SSE*LD
0.459E+00 0.&66E+00 0.2476E+00 0.466E+0C 0.492E+008 0.S516E+00
0.S506E+080 C0.525E+G0 0.393E+00 0.3S5SE*00 0.318E+00 0.443E+DD
0.3430E+00 0D.a55E+00 0.459E+90 0.47TE+80 0.476E+100 0.516E+00
0.492E+00 0.516E+00 0.S06E+00 0.534E+00 0.355E+00 0.3S59E+00
0:393E+00 0.823E+00 0.41SE+00 0.Q04QE+00D 8.4480E«00 0.466E+00
0«259E+00 0.SC7E+DD 0.476E+00 0.497E+00 0.492E*00 0.516E+00
0.36SE+0C8 0.390E+00D 0.393E+00 0-.404E+00 0.418E+00 0.443E+00
0.480E+00 0.466E+00 0.359E+00 D.a86E+00 0.476E¢00 0.507E+00
0.492E+00 0.487E+«00 0.S06E+00 0.S07E+00 0.Q49E+00 0.247E+00
G.477E+00 0.475F+00 0.S02E+00 0.488E+00 0.5S24E+00 0.386E+00

IF A PLOT OF THESE RESULTS IS DESIPLD.
E TYPE X<CP>a

TYPE G TO CONTINUE, X TO EXiT,
oG

56

ISAVE THIS PLOT? Y FOR YES

TYPE G<CR>,AND PLOT ¢<CR». ELS

T TO TRACE.

Y
!SAYED PLOT 1

IND OF EXECUTION

CPU' TIME: 1:47.08 ELAPSED TIME: 11:8.80
BIT

«Q@ PLT:=7MR29.DAT/DI SP: RENAME
TOTAL OF 212 BLOCKS IN PLT REQUEST
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8.4 Location of Déta

The original data are iocated in ORNL Databooks A-7550-G, pp. 1-100,
and A-65,5-G, pp. 80-88. The dat2books and calculations are on file at
the MIT School of Chemical Engireering Practice, Bldg. 3001, ORNL.

8.5 Nomenclature

A cross-secticnal area of the column, em®

Ar Archimedes number, d39(°s - aL)pLIuE

a correlation coefficient

b correlation coefficient

c correlation coefficient

Do diameter of the column, cm

dp diameter of the solid particles, cm

Fr Froude number, U%/gd

Ga Galileo number, dgpgg/uf

g gravitational constant, cm/sec2

H distance up the column, cm

Hg. height of fluidized bed, cm

h height of Tiquid in manometer, cm of fluid
M mass, gm

n number of independent experimental variables
p pressure, dynes/cm2

q general experimental veriable

Aq error involved in measurement of variable g
Re Reynolds number, prfdp/yf

S bed pressure gradient, cm fluid/cm

u superficial fluid velocity, cm/sec



n

W weight, dynes
Greek Symbols

£ holdup, i.e., voiume fraction of specific phase
D density, gm/cm2

g surface tension, dyne/cm
u viscosity, poise
Subscripts

B bed

buoy buoyant

G gas phase

f fluid

i ith phase or ith variable
L Tiquid phase

mf minimum fluidization

p particie

S sulid phase
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