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l. SUI~Y 

To evaluate the e f fec t  of  l i qu id  v iscosi ty  on three-phase f l u i d i z a t i o n ,  
5 -m glass beads were ~luidized with various water-glycerine solut ions rang- 
ing in v iscosi ty  from 0.9 to l l . 5  cp. A l l  three phase holdups and minimum 
f lu td lza t ion  ve loc i t ies  were measured using a bed pressure p ro f i l e  tech- 
nique. A computpr program for  the data processing required by th is  tech- 
nique was developed, enabling rapid and consistent analysis of  the experimental 
data. 

An error  analysis was performed on the experimental procedure to iden- 
t i f y  those steps requiring modification or control. The absolute error 
a_csociated with the calculation of each phase holdup was essentially con- 
st~nt over a wide range of operating conditions. The major sources of 
experimental error Were in the measure~nt of the solid density and the 
determination of the bed height and pressure drop. The absolute error 
resul t ing from l~.ese measurements was most s i gn i f i can t  for the gas and 
l iqu id  holdups. 

Correlations f o r  the phase holdups an¢ minimum f lu id i za t ion  ve loc i t ies  
were determined from both the experimental data and from data reported in 
the l i t e ra tu re .  Two d i f fe ren t  correlat ions e r e  found for  the so l id  phase 
holdup depending on which data were correlated. For the ORNL data, which 
includes the experimental data from th is  invest igat ion and the data obtained 
by Khosrowshahi e t  a l .  (8) ,  the soliC ~hase holdup could be represented by: 

1 - ¢S = 1.03 FrLO'094-+O'O03 Ga "O'OZr:~'O- "001 (1) 

On expanding the data base to include that  reported in the l i t e ra tu re  by a 
v~riety o f  authors (1, 2, 4, 6, 9, l l ,  12, 13), a d i f fe ren t  corre lat ion for  
the sol id  holdup was--de--ter~in~d: . . . .  

1 ¢S = 1.53 ReLO'275+-O'OO5 Ga'0"171-- +0"003 (2] 

The gas holdup depended predominantly on the gas veloci ty and was only 
s l i g h t l y  dependent on the l iqu id  v e l o d t y  and independent of  tile l i qu id  
v iscosi ty .  The corre lat ion determined fo r  the predict ion of the gas holdup 
was  

5 
UG°L 0.100+0.003 

= - (3) 

This co.~elation was based only on the experimental data ~easured in th is  
invest igat ion,  since su f f i c i en t  re l table data fo r  gas holdup could not be 
found in the l i t e ra tu re .  



A dimensicnal correlation for the llquid phase holdup was ob+~ined: 

c L = 0.4s u °-z69+-°-°°7 u O'14e- 'Ol°(  )-l.07Z .O  
_ - - c L - -  

Si,~ilarly, the liquid minimum fluidization velocity was correlated as func- 
tions o f  the dimensional operating parameters: 

ULm f = 0.014 =3.7(3+0._ 153 ~-0"473+0"015- 

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

Recommendations for the fu ture  investigation of three-phase f l u i d i zed  
beds were presented. Var ia t ion of  a l t e rna t i ve  operat ing parameters was 
suggested as necessary fo r  v e r i f i c a t i o n  o f  the obtained cor re la t ions  and 
for identification of other operating dependencies, Further correlations, 
particularly of a non-product form, should be attempted to allow for more 
accurate prediction of the hydrodynamic variables. Improvements were pro- 
posed in the experimental procedure and techniques. 

2. INTRODUCTION 

2. l Background 

In three-phase fluidization a bed of solid particles is suspended b y  

an upward cocurrent flow of both gas and liq~id. The principal applicatio~ 
of this technique is as a contactor for catalytic reactians involving gas 
and liquid reactants and a solid catalyst. Current industrial processes 
ut i l iz ing this technique include catalytic hydrogenation of petroleu~ 
stocks, coal liquefaction, and biochemical conversions. A better under- 
standing of the flow behavior in a three-phase fluidized bed is e~.cential 
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 of ten cont rad ic tory  among investigators. To obta in a general 
co r re la t i on  descr ib ing the behavior o f  a thr~e-phase f l u i d i z e d  system, i t  
is necessary to compile and analyze data over a wide range o f  operat ing 
condi t i  ons. 



2.2 Previous Work 

x. 

The so l id  holdup in.a three-phase f lu id ized  bed has been measured by 
a number of invest igators over a wide range of  operating condit ions and a 
var iety o f  cor re la t ing  parameters have beenpresented in describing the 
flow behavior o f  the f-luidi~.~d system, Several authors (1, 5, 13) have 
attempted corre lat ions ba~e6 on a generalized bubble wake--mo~el~--Others 
have presented c o r r e l a t i o ~ . . f o r t h e  phase holdups in tern~ o f  both dimen- 
sional and no~-dimensional groups (3, 4, 7, 8, 9, 12). To obtain a re- 
l i ab le  co r re la t ion ,  i t  is necessary--Co--~er"a wide--range of  operating 
condit ions. In an extensive study o f  three-phase f l u i d i z a t i o n ,  Kim et a l .  
(g) demonstrated the importance.of v iscos i ty  on the phase holdups, an 
eTfect not considered in the predominantly a i r -wa te r -so l id  f l u i d i za t i on  
studies of  other invest igators.  In the most recent study on three-phase 
f l u l d i z a t i o n ,  Khowrowshahi et  a l .  (8) ,  recognizing the importance of  con- 
s ider ing a wide range of operating condit ions, col lected and compiled 
information from a number of  authors (4, 6, 9, 12) in his study of  the 
hydrodynamic variables in a t h ree -phase fTu i~ i z~bed .  

2.3 Objectives and Method of  Attack 

To evaluate the ef fect  of  v iscos i ty  on three-phase f l u i d i z a t i o n ,  
5-mm glass par t ic les  were f l u id i zed  with a i r  and f i ve  d i f f e r e n t  water- 
g lycer ine solut ions ranging from 0 to 66% glycer ine by weight. The phase 
holdups o f  th is  system were determined from Eqs. (6) ,  (7) ,  and (8).  

CS = MS/PsAHB (6) 

aP = (~SPS + CLPL + CGPG)gHB (7) 

1 = CS + CL + ~G {8) 

The bed height,  pressure drop across the bed, and minimum f lu id i za t ton  
ve loc i t ies  were obtained by the longi tudinal  pressure p r o f i l e  technique pre- 
viously employed by other invest igators (]_, 8, 9, l l ) .  The laborious manual 
p lo t t i ng  and graphical analysis required 5y ~his-te-chnique has been incor- 
porated in to  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 {l, 2, II, 13). The corre- 
lation procedure involved a step-wise multiple li~e~ ~re~ion for dimen- 
sional, and subsequently, significant non-dimnslonal operating parameters. 
A product form of correlation in terms of the dimensional operating parameters 



was f i r s t  assumed. The var iab les of  lesser importance, based on a t - t e s t ,  
were successively e l iminated un t i l  f u r the r  reduct ion in  the number of va r i -  
ables s i g n i f i c a n t l y  reduced the cor re la t ion  c o e f f i c i e n t .  Product f o r ~  o f  
the dimensionless groups formed from the s i g n i f i c a n t  dimensional var iables 
were then correlated with the best correlation being found by a modified 
step-wile process. This procedure identified the significant operating 
vari;bles 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 
~nalysis for the phase holdups was performed using second power equations 
for single sample experiments following a technique outlined by Kllne and 
McClin'~ck (lO). The specific set of operating conditions analyzed were 
selected based on the bounding values of the experimental operating con- 
di ti ons. 

3. APPARATUS AND PROCEDURE 

3.1 Apparatus 

The experimentation was conducted in the apparatus shown in Ftg. 1. 
L iqu id  was pumped from the 5S-gel feed tanks through a ser ies o f  rota~eters 
to the bottom of a 3 - i n . - d i a ~  Plexig las column where a 50-mesh screen acted 
as a liquid distributor. Similarly, air flowed from an air line through a 
series of gas rGtameters and entered the column through a cross-shaped gas 
distributor located directly above the liquid oistributor. The gas and 
liquid flowed cocurrently upwards through the column, the exit air being 
vented to atmosphere and the liquid recycled to the feed tanks. A series 
of manometers located at intervals along the column wall enabled measure- 
m~.nt of the pressure profile up the column. 

3.2 Procedure 

The Plexig las column was charged wi th 2500 gm o f  0.462-cm-diam glass 
beads, the beads having an average densi ty of  2.26 gm/c~3. These pa r t i c l es  
were f l u i d i z e d  by both a i r  and a water-g lycer ine so lu t i on ,  t i le so lu t ion  
ranging from 0-66% g lycer ine  by weight (0.9-11.5 cp). The densi t ies o f  a l l  
l i q u i d  so lut ions were deter~rined using a ca l ib ra ted  hydrometer and the 
v i s cos i t i e s  measured wi th  a Fenske tube viscometer. The v i scos i t y  was 
checked f requent ly  to detect  var ia t ions due to temperature and water evap- 
o ra t i  on. 

Fcr each of  the f i ve  water -g lycer ine  so lu t i ons ,  f l u i d t z a t t o n  studies 
were conducted at f i ve  s u p e r f i c i a l  gas ve loc i t i es  ranging from 3.5 to 14.0 
cm/s~.c. At every gas v e l o c i t y ,  the super f i c ia l  l i q u i d  ve l oc i t y  was var ied 
from 1.0 to 8.3 on/sec. The pressure p r o f i l e  up the column was nP.asured 
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at ~ach liquid velocity by the series of manometers along the column. The 
pressure drop due to flow at any position in the column was calculated as 
the difference be1~veen the height of f lu id 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 t~ree phase region to 
the two-phase bubble column region above the bed. The bed height and pres- 
sure drop obtained in this manner were substituted into Eels. (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 l iquid velocity. 
All calculations, plotting, and data analyses were performed by the .compu- 
ter programs documented in Appendix 8.2. 

4. RESULTS AND DISCUSSION OF P~SULTS 

A.l Fluid Effects on the Hydrodynamic Variebles 

4.1.1 Bed Pressu~ Drop 

The reduced pressure drop through the so l id  bed as a funct ion of  the 
super f ic ia l  l i qu id  veloc i ty  is shown in Fig. 4 for  three gas ve loc i t ies  
at  a constant l i qu i d  v iscosi ty .  This pressure drop is based on the buoyant 
weight of the so l id  bed: 

~S - of)  
Wbu°y : MS( ~S g (g) 

The pressure drop increased with increasing l i qu id  ve loc i t ies  p r i o r  to 
fluidization. The minimum liquid fluidization velocity was ~~ned at 
the point at which the pressure drop became independent of further in- 
creases in liquid velocity. For the wa~r-air Quidizatlon sysl;4!m depicted 
in Fig. 4. the maximum bed pressure drop and the minimum liquid Quidization 
velocity decreased with increases in the gas superficial velocity. 

In Fig. 5 the reduced pressure drop through the bed as a funct ion of  
the super f ic ia l  l i qu id  veloci ty  is shown fo r  three d i f f e ren t  l i q u i d  v is-  
cosi t ies at a constant gas veloc i ty .  Again, +~e pressure drop increased 
with increasing l i qu i d  ve loc i ty  belo~ minimum f l u i d i z a t i o n .  With increasing 
l i qu id  v iscos i ty ,  the maximum bed pressure drop and the ndnimumn l~quid 
f l u i d i za t i on  ve loc i ty  were lowered. This is the resu l t  of the larger  upward 
drag force exerted on the so l id  par t ic les  by the higher v iscos i ty  so]ut ions. 
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4.1.2 Hiniu~m Flu id izat ion Velocit~ 

The effect of liquid viscosity on the minimum fluidization velocities 
is ii lustrated in Fig. 6. The points on the ordinate correspond to the 
theoretical values for the liquid minimu~ fluidization velocity in a two- 
phase fluidized bed. These values were ca'lculated from the correlation 
derived by Wen and Yu (15): 

Remf = [{33.7) 2 + 0.0408 Ar] 1/2 - 33.7 {I0) 

I t  is apparent from Fig. 6 that for a given superficial gas velocity, 
the minimum liquid fluidization velocity decreases as the liquid viscosity 
is increased. For the range of operating conditions studied, the minimum 
liquid fluidiza~ion velocity was independent of the gas velocity for the 
more viscous solutions. The extrapolation of the minimum ~uidization 
velocities to the two-phase region does indicate some dependence on the 
gas wloci ty.  However, the fore of this dependence cannot be evaluated 
due L~ the restricted range of operations. 

4.1.3 Phase Holdups 

The effect of the : iqu ld and gas superficial velocities on the solid, 
l i q u i d ,  and gas holdups are shown in Figs. 7 through 10. The larger  drag 
forces applied to the sol id par t ic les by an increase in the l i qu id  ve loc i ty .  
causes the so l id  bed to expand. This resul ts  in a s ign i f i can t  decrease in 

"the so l id  holdup and a counterbalancing increase in ~he l iqu id  holdup with 
only a s l i gh t  e f fec t  on the gas holdup as shown in Fig. 7. 

A variation in the gas velocity affects primarily the gas and liquid 
holdup with l i t t l e  change in the solid holdup. The result of changing the 
superficial gas velocity on the phase holdups is i11ustrated in Figs. 8 
through 10. 

The e f fec t  o f  the l iqu id  v iscosi ty  on the d i f fe ren t  phase holdups is  
shown in Figs. 11 through 14. A higher solut ion v iscosi ty  y ie lds  higher 
drag forces on the solid particles at constant f luid v~_locities. The 
result of increasing the liquid viscosity is similar to increasing the 
liquid velocity. The solid holdup decreases with a compensating increase 
in the liquid holdup as shown in Figs. 11 and 12. The liquid viscosity 
does not affect the gas holdup as shown on Fig. 13. The effect of the 
viscosity on the bed porosity shown in Fig. 14 is comparable to the effect 
demonstrated by Rim et al__ (9_). 

4.Z Error Analysis 

In ~ost engineering experiments i t  is not pract ical  to estimate a l l  
of  the uncertaint ies of observations by repet i t ion ;  a single observation 
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at any one set of operating conditions must suffice. Kline and McClintock 
t]O) have derived an expression for evaluating the uncertainty interval 
associated with such single sample experiments. I f  Q is a function of n 
independent variables, 

Q = f(ql"  q2" . . . .  , qn ) ( l l )  

The uncertainty associated with Q is given by: 

n 
AQ = [ =T Bf )2]112 (12) 

i=l (Bq--~ Aqi 

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

This method was applied in determining the uncertainty associatedwith 
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 intr insic to each of these independent terms could be estimated 
stat ist ical ly 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 pot 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 ovpr 
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 Pj~proach 

The phase holdups and l iquid minimum f luidizat ion velocity were cor- 
related with the operating parameters of the fluidized bed. The operating 
parameters available for correlation ~ere- UG, UI, tin, PS, PL, PG, OL, ~L, 
D c, and ULmf- A step-wise mL~,lti-variable correlation procedure was fo l -  
lowed using product forms of both dimensional and non-dimensional variables. 
This step-wise process consisted of determining a correlation for the phase 
holdups or minimum f lu idizat ion velocity u t i l i z ing i n i t i a l l y  al l  the avail- 
able parameters. The least signif icsnt of the~_e variables based on the 
correlation t-values was eliminated, and the correlation repeated. The 
number of dimensional variables ~as reduced by this technique, all~aing 
for  a r~ductior in the number o, = non-dimensiona ~, groups conceivably formed 
and establishing the functional dependencies of the remaining significant 
variables. Di.~nsionless groups which reflected the relationships of these 
remaining dimensional variables were formed and the process repeated. 

In the multi-step met.hod i t  was necessary to define or select the best 
correlation. The correIation coefficient indicated the agreement between 
the calculated and experimental values of tho_ phase holdups and minimum 
f luidizat ion velocity. However, this coefficient is maximized by increasing 
the number of adjustable parameters, i .e . ,  the number of variables used in 
the correlation. ~t was desirous to represent the hydrodynamic variables 
only in terms of ~he signif icant operating parameters, eliminating those 
contributin~ marginally to the correlation. Therefore, the selection 
cr i ter ia  for the correlation of the hydrodynamic variables were to choose 
the correlation h~ving the highest correlation coefficient and consisting 
of not more than ~o non-dimensional terms. A third term would be included 
only i f  i t  significantly improved the correlation coefficient, thereby rep- 
resenting an actual operating dependency. Furthermore, i f  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 dimeflsional variables to indicate 
the basic relationships of the operating conditions to the hydrodynamic 
variables. 

Correlations were derived for three different sets of data. The f i r s t  
set consisted of 229 specific sets of experimental data obtained in this 
investigation covering a wide range of l iquid velocities and phase prop- 
ert ies. Time second set included the ' I05 sets of operating conditions re- 
ported by I<hosrowshahi et al. (8). This combined set. a total of 334 
points, represents the ~a-ta--take-n at ORNL using the sa~ experimental 
apparatus and techniques. The third set of data corresponds to the 1223 
points extracted from l i terature sources o(l, Z, 4, 6, g, ]~], IZ, 13). The 
data reported in the l i terature sources d --not-', ITow~v~, Inclu-BFe a-Tl three 
phase holdups at each set of operating conditions, nor the minimum f lu id i -  
zation velocities. The data, a total of 1557 sets of operating condition=., 
do cover a wide range of operatine conditions and phase properties in 
three-phase fluidized beds. 
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A multiple linear regression program, CORRLT, was written to perform 
product-fonm correlat ions of  both the dimensional and non-dimensional 
variables important in  a three-phase f l u id i zed  bed. This progra~ is des- 
cribed in de~ail in  Appendix B.3. 

4.3.2 Solid Holdup 

The porosi ty o f  the T-luidized bed was correlated by the mul t i -s tep  
procedure. This process demonstrated that the major dimensional var iables 
a f fec t ing the sol ids holdup were the l i qu id  ve loc i ty  and v iscos i ty ,  and 
the sol id  density and pa r t i c le  diameter. The funct ional re la t ionsh ip  be- 
tween these variab]es could be approximated by the fo l lowing equation: 

UL~L 0 . 5 
1 - c S ~ 0.5 (13 

dpPs 

On the basis of  th is  f unc t i ona l i t y ,  several non-dimensional groups were 
formed. Correlat ions fo r  the bed porosi ty were pe,-formed with, each of  
the three data bases: the experimental data, al l  ORNL data, and al l  avail- 
able data. From the e~perimental data only, the best correlation, based 
on the selection cr i ter ia previously established, was: 

1 - ~S = 1.03 FrLO'094+--O'O03 Ga-O'026-- +O'OOl 

The corre lat ion coe f f i c i en t  fo r  this equation was o.g31, and the F-value 
was 7.37. The agreement between the calculated and experimental po ros i t i e  
is snown in Fig. 16. 

On combining the experimental data with that of ~osrowshahi et el. 
(8), a similar correlation for the bed porosity was dete~ned: 

1 - c S = 1.O1Fr~ "094~0"003 Ga-O'024+-- 0"002 (14 

The correlation coefficient, 0.886, is somewhat less than that obtained 
without including ~osrowshahi'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, Oosrowshahi ~ al. (8) may have 
experienced some difficulty in accurately quantifylng~e ~oli~ attrition 
which occurred during his experimentation and this may account for some of 
the scat ter  in his porosi ty  data. Considering the experimental d i f f i c u l t i  
the agreement between the two sets of  data is  qu i te  good. 

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

i - '=S = 1.53 ReL 0"275+--0"005 Ga -O'171--H)'O03 (2) 

l'nis 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, 
i t  appears that the derived correlation does not adequately describe the 
effect of the gas velocity on the porosity. This is i l lustrated by the 
vertical strings of data apparent in Fig. 18 representing sets of operating 
conditiens 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. ( l )  and (2). 
Equation (2) which incorporated the literature data is more dependent on 
the l iquid 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 Holdu F 

The gas holdup was correlated using only the experimental data. A 
correlation was derived which reflects +.he =~lative independence of the gas 
holdup with liquid velocity and viscosity and the dominant effect of the 
gas velocity: 

5 
= {UG PL~O.IO0+O.O03 

=G 0.150 ,ULT~gl - (3) 

The correlation coefficient for Eq. (3} is 0.g34. This correlation is 
similar in form to one proposed by Ferguson (7) describing the gas holdup. 
There is an excellent f i t  between the experimental data and the holdups 
predictedby 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 reliable information on 
the gas holdup was present 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. L i t t le  data for the 
liquid holdup were available in the l i terature, due possibly to the relative 
complexity of the experimental techniques involved. 
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For the l i qu id  holdup the following dimensional correlat ion was obtaim 
from the expe~'imental data: 

c L = 0.45 b~ "269-+0"007 UG0"146~-'010(p S - pL )'1"072---H?''074 (4) 

This equation has a correlat ion coef f ic ient  of 0.944, and as can be seen 
in Fig. 20, there exists excellent agreement betwen the experimental and 
calculated values for the l iqu id  holdup. 

Using a11 the ORNL data, the fol lawing dimensional corre lat ion for  the 
l iqu id  holdup was derived: 

Even with the addit ional number of parmneters, this correlat ion is s i g n i f i -  
r . l l l t ]y  Norse than that obtained with only the experimental data. This can 
be seen by comparison of Figs. 20 and 21 and the correlat ion coef f ic ients 
of 0.944 and 0.782. The i nab i l i t y  to correlate the OI~L data together my 
s igni fy  that the l iqu id  holdup may not be represented by a product form 
correlat ion. H~ever, i t  may be due in part  to errors inherent in the 
l iqu id  holdup calculat ion technique used by Khosrowshahi et a l .  (8}.  The 
l iqu id holdup was calculated in Eq. (7) using the bed p ~ u ~  dr~p as 
determined by the intersection of the two l ines in Fig. 2. However, as can 
be seen in th is  f igure,  there is some curvature in the points near the apex 
which is a resu l t  of a non-uniform sol id holdup throughout the bed. In thi 
Invest igat ion, th is  ef fect  was considered to be an end ef fect  only,  caused 
by sol id entraimmmt [~ar the top of the bed, and therefore not applicable 
in the determination of a general l iqu id  holdup value. The geometric 
effects of the bed height were not considered in the ca|culat lon of the 
l iqu id  holdup. Khosrowshahi e t a ] .  {8) ,  however, included th is end ef fect  
in the detemination of the bed p'-~ss~re drop, with the resu l t  that  the 
l iqu id  holdups reported w e r e  greater than was representative of the actual 
physical s i tuat ion.  The correlat ion for the l iqu id  holdup derived from 
the OI~IL data was a function of the column diamettr. This diameter dep,~nd - 
ante may i l l u s t r a t e  a bubble flow ef fect .  However, the sign on the expon.~ 
of the diameter term indicates that i t  is a resul t  of this end e f fec t  cal-  
culat ion. Solids entrainment is less pronounced at the lower super f ic ia l  
f lu id  ve loc i t ies  obtained in Khosrowshahi's ]arger diameter co|urn. This 
results in less curvature in Fig. 2, a higher measured pressure drop, and 
a smaller l i qu id  holdup; thus, calculated l iqu id  holdup varies inversely 
with column diameter in Eq. (15). 

Several non-dimensional corre]ations for  the l i qu id  holdup were a t teq  
However, due to the for~_, of the dimensional correlat ions, notab]y in the dG 
s i t y  exponent, no dimensionless corre lat ion could be obtained without signi 
icant reduction in the correlat ion coef f ic ient .  FurtW~rmre, no cor re la t i t  
ref ]ect ing the viscosi ty ef fect  on the ] iqu id  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 Khosrow~hahi et al. {8), a minimum liquid fluidization velocity 
was calculated based on do--to'where the liquid 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 attenpted only for 
the complete ORItL data. The dimensional correlation obtained for the liquid 
minimum fluidization velocity: 

ULm f = 0.040 pS 3"75+--0"14 UG 0"140+-0"020 z~ -0"497-+0"013 Dc0"423+-0"067 

(16) 
had a correlation coefficient of o.g17. Further application of the multi- 
step process results in the fol lowing correlation: 

ULm f = 0.014 ps 3"70+0"153 -0.473+_0.015 (5) 

The corre lat ion coef f i c ien t  fo r  Eq. (5) is 0.877. No dimensionless groups 
attempted had a comparable f i t  to the data. I t  should be noted that in the 
operating range studied, the minimum f lu id i za t ion  point  is independent of  
the gas veloci ty.  However, the restr ic ted range of  the experimentation, in" 
terms of  both operating parameters and phase propert ies,  should be considered 
prior to application of the minimum fluidization correlation to any other 
f Iu id ized system or operating regime. 

5. CONCLUSIONS 

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

1 - ¢S = 1.03 FrOL'og4--+O'O03 Ga -0"026+--0"001 (1) 

The best correlat ion for  a l l  data col lected and compiled was: 

- ~S = 1.53 ReOL'275+--O'O05 Ga-O. 171+0.003 1 (2) 

The dif ference in the two so l id  holdup correlat ions is  a resul t  of d i f f e ren t  
operating regimes and a lack of  var ia t i~)  of  the so l id  phase in the ORNL data. 
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2. The l i qu id  holdup, tL,  is a function of  both the gas and l i qu id  
ve loc i t ies .  The best correlat ion for  the l i qu id  holdup was: 

- u o o_ (°s - o >-i o72+_o 

This holdup is a strong funct ion of  the ca lcu la t ion  technique or the assun~- 
t ions involved in ca lcu la t ing  the pressure drop across the bed. 

3. The gas holdup, c G, is a predominantly a function of  the superf ic i (  
gas velocity:  

UG 5= L 0 
c G = O. 15(UL--~tg) "I00+._0.003 (3) 

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 fluidization velocity was: 

3.701+0.153 -0.473+0.015 
ULm f - 0.014 CS - ~ -- 

6. RECOMMENDATIONS 

I. A more comprehensive study would involve the variation of alterna- 
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 p3rticle size. This omission may be a 
cause of the difference between the two solid holdup correlations obtained 

[Eqs. {I) and (2)]. Furthermore, liquid density and surface tension have 
been held effectively constant for all studies of three-phase fluidlzed 
beds, even though the importance of these factors was demonstrated in the 
correlations for the liquid and gas phase holdups. Variation of these 
parameters 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. Fur ther  co r re la t i ons ,  p a r t i c u l a r l y  o f  a non-product form, should 
be attempted. These other cor re la t ion  forms may al low considerat ion o f  thq 
l i m i t i n g  holdup values at the extremes of  the operating c ~ d i t i o n s .  Furthq 
more, non-product co r re la t i on  forn~ may be required to accurate ly  describe 
the l i q u i d  holdup and the gas ve loc i t y  e f f e c t  on the so l i d  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 operatien. There was some evidence 
in the correlation for minimum fluidization velocity which indicated that 
the column 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 signi f i -  
cant when using low density solids or high f luid flow rates. There is also 
an entrance effect due to poor distribution of the fluids at the base of the 
column, an effect which may not be negligible for short beds. 

Pre]iminary 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. 

S. More care should be taken in determining the solid aensity 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 faci l i tate the current experimental procedures. Possible techniques 
include conductivity or tracer studies for determining the liquid holdup and 
volumetric techniques for the gas holdup. 
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8. APPENDIX 

8.1 Error Analysis Calculations 

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

MS 
c S - csAH B 

c G 

l~ B + &h B 
( HB )mL - CS~S - ~L + eS°L 

c L = I - m S - r- G 

CG - PL 
(17: 

(18' 

A derivation of these equations is given by Khosrowshahi e t  a l .  (B_}. 

For the error analysis celculations, since PG << °L' the )as ho)dup 
can be rewritten as: 

~h B PS 
= 

~G H B PL 

The term AhB/H B, representing the calculated pressure gradient through +.he 
f luidized bed, is denoted by the term S. 

The error associated with each of the holdups was calculated by the 
eneral error expression [Eq. (12)] as suggested by Kline and McClintock 

). I f  Eq. (12) is applied to the dif ferent holdup expressions, the 
errors in the holdup may be expressed in terms of the uncertcinties in th( 
experimentally measured quantit ies: 

a¢ s = CS[(M--~--) + (p--~-; + + H B 
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AC: G = ¢S 2 2 + [ ( ' ~ ' - 1 ) 2 ( / ~ S ) 2  +(~ )  (AP S) + ( - ~ ) 2 ( A P L ) 2  (aS)2] 1/2 

PL 
(21) 

a~ L = [(A~S)2 + (A~G)2]I/Z (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: 

aM s = 0.I gm 

AA -- 0.36 cruz 

~ s  = 0.07 gm/cm 3 

Zko L = 0.002 gm/r~ 3 

The uncer ta int ies on the bed height and pressure grad ien t ,  AH B and AS, were 
evaluated for each chosen experimental case by a l inear least squares regres- 
sion for a 95% confidence l im i t  T-value. For experimental Run 25, the values 
for these terms were: 

~.$ = 0.036 cm fluid/cm bed height 

AH B = 1.29 cm 

For Run Z5 the operating conditions fixed or calculated were: 

MS - 2 5 0 0  

A - 4 S . 6  

~S = 2.26 gm/cm 3 

PL = 1.136 gm/cm 3 

H B = 4 7 . 7  cm 

e S = 0 . 5 0 8  

cG = 0 . 0 8 6  

e L = 0 . 4 0 6  
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By substituting these corresponding value~ into Eqs. (20), (21), and 
{22), the errors in the holdups for this particular case were calculated: 

A~ S = 0.02l 

A~ G = 0.052 

~c L = 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 talc,  lares the 
fluidized bed height, pressure drop, phase holdups, and minimum liquid 
fluidization velocity for a set of operating conditions and stores the~e 
quantities in three data f i les. These data f i les 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 progrl 
developed b v Khosrowshahi et al.. (8) FLBD has automated the determinat" 
of the bed ~.eight and prs.sEGre drops'by f i t t i ng  least squares straight l ' 
to experimental manometer readings. The program plots the experimental q 
and f i t ted l~nes for visual inspection. Provisions for eliminating thosq 
experimental runs for which insufficient data points are available to ca 
struct these lines are outlined in Sect. 8.2.3. Figure 22 i l lustrates tl 
order of significant operations in FLBD. 

8.2.Z FLBD In gut " and Output 

Ths 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 f i le  ~ORIO.DAT prior to the execution of FLBD. The program 
EXPINP is available to faci)it~te acceptance and storage of the data in 
f i le  FORIO.DAT. The experimental data are input into EXPINP according to 
the following format: 

First Line: 

RUNQTY the number of lines of manometer reaoings 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 



i , i i  

I I  I i i i  . I  I 

- -~f i le  containing raw l i q u i d  velocit ie~ l~e,,--i~,.~l d a .  I -land pressure / 
| i drops . / 

Subroutine LFI41tl 
Calculate rain ~mum 
f lu id iza~on from 
pressure drop and 
l iqu id  ve'J oci l;.y 

4Z 

Calculate 
phase 
holdups 

P~nt  ~ Store data 
Output I I experimenl".al 

data f i les  

Subroutine UPLOT 
Plot pressure drop 

as function of 
l iqu id veloci ty ~ " STOP t ~.~) 

I I 

IL4.~.~kCttUSIETT$114$Trt~JTE OF TE(2~NOLOGY 
S~34OOL OF CHE~JCAI. D(GINEEIbelG PRA~'TICE 

OAK RIDGE NATIONAL LABORATORY 

Flowsbeet of  FLBD 

,*TE ID~S~.Y IFI,E.O. I'IG. 
11-16-75 ICEPS-X-ZI9J 2Z 
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PATN 

TLZQ 

VISCOS 

RHOG 

RHOL 

RHOS 

SIGMA 

DP 

GASROT 

GASFLO 

RTCALI 

RTCAL2 

RTCAL5 

atmospheric pressure, mm Hg 

temperature of the l iquid,  =C 

viscosity of the l iquid,  cp 

density of the gas, gm/cm 3 

density of the l iquid, gin/c= 3 

density of the solid, gm/c~ 3 

l iquid surface tension, dynes/c= 

diameter of the solid particle, c= 

identifying number of the §as rotameter 

gas rotameter reading, 

calibration consta,~t of l iquid rotameter l for a particular 
viscosity 

calibration constant for l iquid rotameter 2 

calibration constant for l iquid rot~.~eter 5 

For each of the RUNQTY lines, the following are then input for the Ith l i: 

LIQROT(1) 

LIQFLO(1) 

DELHG(1) 

•  N(I ,J) 

l iquid rotameter identif ication number 

"liquid rotameter reading, % 

pressure drop through valve as measured by mercury manometer, 
m~i Hg 

j th  manometer reading, cm f lu id 

FLBD is executed after the input information from each data sheet has bee 
accepted. The output of FLBD consists of the aata sheet number z the colu 
diameter { in . ) ,  the packing weight (gin), packing density (gm/c=~), minimu 
l iquid Fluidization velocity (cm/sec), minimum gas f luidizat ion velocity 
(cm/sec), solid particle diameter (cm), l iquid viscosity (poise), surface 
tension (dyne/c=), and for each l iqu id  velocity the bed height (cm), pres 
drop (an f l u i d ) ,  gas velocity (cm/sec), l iquid velocity (cm/sec), and sol 
l iqu id ,  and gas holdups. The operating parameters are stored in three da 
f i l e s ,  FOR48.DAT, FOR51.DAT, and FOR54.DAT, for la ter  use in the correlat i  
program. Plots showing the determination of the bed height, pressure drc 
and minimum fluidization velocities are output for visual inspection of I 
• =it .  Sample computer plots are shown as Figs. Z3 and 24 in Sect. 8.2.5. 
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8.2 .3  Ccmputerized Determination o f  Bed Height~ Bed Pressure Drop, and 
Minimum 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 column. These pressure gradient lines are determined 
from the experims_ntal data by locating and temporarily eliminating the 
input  po in t  o f  maximum pressure drop. Least squares l i nes  are then f i t t e d  
to the data points on e i t he r  s ide of  the maximum. The temporar i l y  excluded 
point is then checked against each of the two fitted lines to determine 
i f  i t  lies either above the fitted line or within one standard deviation 
below the line. I f  so, the point is included in the appropriate set or 
sets of data for a recalculation of the least squares line. The bed heioht 
and pressure drop across the bed are then read at the point of ~ntersection 
of the two lines. 

A non - f l u i d i zed  bed w i l l  e x h i b i t  l i n e a r l y  increasing bed pressure drop 
w i th  an increase in the l i q u i d  v e l o c i t y .  However, once the minimum f l u i -  
dization velocity is attained, there is no further increase in pressure 
drop across the bed. The l i q u i d  minimum f l u i d i z a t i o n  v e l o c i t y  a t  a constant 
gas v e l o c i t y  i s  determined in the computer program, FLBD, from the calcu- 
la ted bed pressure drops and measured ~iquJd ve loc i t i e s .  The pressure 
drops, order  in terms o f  increasing l i q u i d  ve loc i t y ,  are checked to determine 
the f i r s t  loca l  maximum p~-essure drop po in t .  A least  squares l i ne  is  con- 
s t ruc ted  through the pressure drops at  l i q u i d  ve loc i t i es  less than and 
inc lud ing  the ve loc i t y  corresponding to  th is  f i r s t  local  maximum. A ho r i -  
zontal  l i n e  i s  f i t t e d  +~0 the pressure drop points a t  the v e l o c i t i e s  higher 
than t h i s  maximum. The minimum l i q u i d  f l u i d i z a t i o n  v e l o c i t y  i s  then deter-  
mined at  the in te rsec t ion  o f  these two l i nes .  

8 .2 .4  L i s t i n g  o.* Data Analysis Program 

8 . 2 . 4 . 1  FLBD. 

99 

96 

~EAL L I  q~rJTj LZ ~I~LO.-~A~JHT3~,HANHT6 
DIH~]SIC)N ~ I ¢ 2 0 ,  I 0),HAIOI{T3C l 0},HP.~I~IT6C 8 ) ,  P~4AX( 3S)• 

!LZ ¢)POTC2D)~LI @FLO¢ 2 0 ) ,  DELHS¢ 20)s D~I.TAP[( 19, ! O)s DEZ.TH6¢ 19~ 6) " 
* j  TT~ (20 )  • £PS$¢ 20 ) • £P.~q ¢ 2O)s EI~-CL ¢ 20 ) ,  EXDAT&¢ 2Oa IB ) aVEL¢ 20 ) 

£COT:IVAL~C£CDEL.TAH( 1., 1)~ D£[..TH6¢ 1,,, !),)., ¢~AL~HT3C I),,HANHTG¢ I ) )  
! -  CLI ~Fi..O(2), "']':2..(t) ) 
R,~D C ! 0., 99)  ~t.~I~'~. DAT~Ts  DC, PAC~rTs PA'~s ' rL I  r:)~ ,r Z $COSs 

! .~[OG~ -DHOL~ .~IOS, SZ ~HA, Dr ,  GA.c.r(OT, gASFI.O 
'71 ~COS=t;I .qCOS/] 0 O o 
FO~=~'~ AT ( 7 E I 0 . 3 }  
.~£AD C 10 ,96)  RTCAL 1. RTCAL2, I~TCAL5 
F O ~ A T  C 3 E 1 0 o 3 )  
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1 0 0  

71 
7 3  
'~0 

7 2  

'74 

6 6  

20O 

2 

3 

1 0 0 0  

'. ( l:L'qAt~( I , , J ) , J =  I,, ! 0 ) ,  I • l o  NRTm}  
FOR' fAT ( 7 E I 0 o 3,, .,'.- 6~" 1 0 . 3 ; ,  
C ~ . A P . ~ • {  { DC* 1 - 2 7 ) * * 2 -  ( ; } *  3= 1415~1 
9 0  20:)  K = 2 , ~ . ' ~ ;  
J • ~ -  ! 
I F  ( L I G . . ~ P J T ( " ~ } - ~ o )  7 1 . , 7 0 , 7 1  
I F  C L I C ? ~ ' T ' ( ' P . ~ - ~ . )  ~ 3 , 7 2 , 7 3  
IT" ¢ L I q L F ~ T ( ~ } - I , }  " r S J 7 4 , ~ 5  
"y~Jt_ ( J ) = ¢ .~TCALSeL; .  GIr',..O( ~ } ) / C X A P E A  
~ )  T q  200 
"rEZ, CJ )  =¢ ~ T C A Z . 2 * L  I (~FLO( :¢} ,~/C~Al~£Jt 
GO "tO 200  
"~L .  C ,J ) • ¢ ~ T C A L  ! eL,T. ¢~L. CI ( ;.( ) ) / C'XAT)JE~ 
GO . ~  2OO 
"f'~PE 5 E ,  L Z 0 . ~ . 0 T ( ~ )  
1:'O.~1. A ' r {  ° .~TA~E ' r .E~ .  h,'rT, IBLr'P L * .  X 1. *DOES NOT IDC: S¢  ° }  
Gr3 TO I 0 O 0 0  
CON". I Nt'r'E 
I F  ( D C - ~ O - 6 - )  ."J.A.-~NO=5 
I F  { D C . E r . . 3 . }  " lA t ;NO, r lO  
O~ 2 J-- ],. 'qAN.'~0 

2 X • 2,, .,~.t~,.=] 
P'I l = I -  1 

Np.'rl~'P~ I=NP~IYI- I 
I F  c D C . F . c . 3 . )  qO Tr~ 3 
HA~rr lT6 ( I } = 0  • 
• ~ I } I T 6  ( 2 }  ='1' o5 
"41~¢ZltT6{ 3 } =  1 6 . 3  
."4A.-'~T6 ¢.4 ) = 2 5 .  ? 
.,,/A~rl.! . * ' 6 ( 5 )  = 3 4 . 7  
~A ICHT6(  G} = 4 3 -  ..% 
.'qANH~'6( 7 ) -- 5 2 . 5  
~IAI~/HT6( S ) -- 5 9 . 5  
CAIJ .  PI~..T~.~ ( D~ .T I [~5 ,  fl~U?~1 I • B ,  ~A. '¢HT6,  DATSH'~', P1;L'RAXs l~L.'qI ,~1~, ,~¢I_) 
GO ~ 1000  
"~ANH~' 3 ( 1 3 = 1 . 3  
"4A.q~/IT3( 2 ) =  ! 2 . 4  
~IA.'Cr(T3 { 3 ) = 2  l . 4  
~/AtTHT 3 C 4 )  = 30 . ~  
H A N H T 3 ( 5 ) = 4 3 o  1 
H A ~ ; H T 3 ( 6 ) = 5 2 .  I 
~ t A N H T 3 ( 7  ) =  61 • 1 
. " /ANHT3( S } = 7 n .  1 
~ t A N H T 3 ( 9 )  ='1 '9.  l 
. ' tANHT3(  1 0 } - ' 5 5 .  1 
CA~T. POL, R ~  ( D I ~ . T A H .  N~I,fNH l .  ) 0*  HANHT ~3. D A ' I ' S ~ T .  ~ I.R..M I 1~  ,~tv~. ) 



46 

31 
33 
3S 
6'7 

- 32 

34 

36 
$5 

97  

1011 

2 0 5 0  

2;~80 

2 0 ? 5  

IF" ¢ G A S R O T ' 2 * )  3 1 . 3 2 . 3 1  
ZF ¢ G A S R O ~ - 6 . )  3 3 . 3 4 . 3 3  
I F  ¢ G A S I : I O T - ? . )  3 5 . 3 6 . 3 5  
TYPE 6 7 *  G A S ' R ~  
F131~A'I ' [  o N : ) T A I I ~  N I .~B£R G * . Z I * * D G I ~ S  NOT" 1GClS~. o)  
GO TO 1 8 0 0 0  
tlG CAL,~ ( .  S 3 3 3 3 * G A S F L O ) / C : X A R F . A  
GO TO 5S 
t ~ C A I . , ,  ( 8 . 5 5 2 6 * G A S F 1 . 0 ) / ¢ X A R [ A  
GO TO 5 5  
I.IG CAL.~ ¢9 3 . 3 3 3 e G A S F I . 0 ) / C X A R T . A  
Dl~.4"[G'l",, 0 . 0  
NRI.VN,,NRUI~ l'*' 1 
DO 69 ]¢~2.NIRt.IN 
trG CK) w U G C J ~ *  ( 7 4 1 9 . 5 / {  PA't 'M* DU..HG ( K  } ) ) e e .  S 
J - X -  1 
1~]=55(I¢) ~ P A C V T / ¢  R].[O So C~¢AR][Ae ]:~I, SA~( J ) ) 
~ S G  (.1¢) m ¢ RHOL-  ]S~PS SCK) • T~[rILo ( 1~,[ (~L. s ( (: P~"S AX ( ;J ) .b  P~--~IAX¢ J + N R t ~  I ) ) 

! / P 1 ~ A X ¢ J )  ) ) " ] [ : P S S ( ~  J * ] ~ [ O S ) / (  I ~ [ C L -  F~'[ 0G)  
F_.P~.. C K ) -  I o 0o£PS$C~}-~:'SC; C!¢) 
[ F¢ Ul..q % N . ~ T . ~ ] ~ [ . . C J )  ) X R U N - K *  1 
D]S;I.HGT,, O ]~.,XGT÷ D£LI,[G ( K )  
COHT Z NUZ 
OEI ,~GA-  DI[Z.HGT/?.'RUN~ 1 
t~GAV~;.- ~(; cA~r,.e C 7 4 9 . 8 / (  FA'T~I+ O]~.j, iGA) ) m .  ,,~ 
[ DATS~,, DA'I"SI'[T,I. 0 . 0 0  1 
"I'Y'~E I 01 * 1 DATST,* DC,, PACTS'. RHOS,, ~ . .~  [ N .  t t ' J A ~ .  DP* "J I SCOS. SZ G.qA 
lrOPZtA*] " ( 10X,, " D A T A  ~i4[££T 0 " . 1 3 . / D  10X,* *C(],.-%~!~; DZA. "S~T~  = * .  

f l r 4 * 2 o  " l ~ ( ~ ' [ £ S " . / , ,  1OX~, "PACKXNG ~£ . [GHT ~ " " * F S o O .  " G P . ~ J S " s / , ,  
! I 0X~ "PAC]ClNG D E N S I T Y  ,~ " ~ F 8 - 2 ~ ,  * GP.N' IS.*~.C' . , / . ,  [OX.,  - 
! ' t ~ .  ~ [ Z N I . " [ ~  ~ ° .  F 7 . 2 .  ° ¢ ~ / S £ C % / , * 1 0 X *  *UG r lZNZHUM = %  
! F ' 7 " 2 ~  ° G 4 / S E C ° * / , , 1 0 ~ *  "PA.'~' ] [C;..E O ~ ' ~ r ' £ T *  t ' . F T . 3 .  
! *  C ~ o . / . 1 0 X , , o , j ,  ZSCOSXTy  • o . F T . 4 ,  o P O Z S E * . / . 1 O X .  
.~"sIr]:~"AC£ T]S3~rSZO~' • " . F S * | .  " D Y N £ S / C ~ " )  

TYP][: 2 0 5 0  
TO.qMA'~ ~. " I:IF..D ]"[T D~.. PR£~  t.?G ~ [ ] ' S  S O L I D ' , ,  

| " I~PS L I 'Q  £PS  G A S " )  
~X~ 2 0 8 0  K = 2 * N R U N  
J ~ K -  1 
T't*PE 2 0 ? 5 , '  P~I'[RX(~T3 o P D ~ A X ( J ~ N R ~ . ~  I ) *  UG(K)~,  

II3][L,(J',) ~, F..~SSCX) ~, £PS I .CK)  o ][:PSG CK) 
F~F~[AT(  7 E ! 0 *  3 )  
DO 156  K " X R I ~ . ~ R t D I  
J " K -  ! 
[ X D A ? ~ ( I ¢ .  I ) "~.~ CK)  
][~¢D~ATA( K*  2)~V][2..  C~ ) 
][:XDATA¢~B 3)'m DP 
]~¢DA~'AC KB 4 )  = RZ'[O S 
] ~ D A T A ( K *  5 )  a I~[QL. 
]I~¢DATA(K.* 6 )  a ~ [OG 
~ f D A T A C K *  ? ) ~  SZG-~A 
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!'~6 

Z04 
10GOfl 

]~X:DATAC K .  ~, ) = V I  S~."~ S 

] [ X D A T A C K .  ! 0 )m | . -  ~ S S C K )  
~ D A T A C K , ,  I l ) ~, ~;~S~ C'..C ) 

L ' ~ D A T A C K .  1 3 )  ~ DC e 2 • 54  

I ~ : D A T A ( . ~ .  I 5 ) s  P~I'~AXCJ+NI=~hI~ 1 ) 
~'~CDATAC~C~, 1 6 )  ~ ~GA*~'G 
~ C = A T A (  K,, I '~ ) - U;."I | N 
EXDATAC K~, 15  ) : D A T S ) f T  
Ct'~ITI  N~v~ 
"r~, p £  1 0 2  
F 'OFL" IAT( / / p  I X . ' Z F  Y~n.~ "JA.'~T T ~ | S  Z N F O I ~ I A T Z ( ~ /  
.~rOP.~D r lN F ' I L r S  ~8o  S!  & $ 4  T~'.P~ Y . ¢ ¢ R )  ° )  
ACCEPT 1 0 3 .  I S T R  
TOP~ AT  C A S )  
ZF ( Z - ( = . ' r ~ . N E . " ~  " " )  GO TO 1 0 0 0 0  
[~P]~q ( U N |  ,'~', 48, ,  ACC[~ ;  ~ "APPEND ° ) 
° ;PI  T~' (  48, ,  | 0 4 )  C 4[ ] [ X D A T A (  I . ,J  ) * J 8  I .  6 ) *  ~ " ~r R1-~* N R ~ I )  
0 P E N ( ~ N I I  ~. ,~ S 1 .  ACCESS, .  ° APPE?;D ° ) 
V R I  TI~'( 5 1 .  1 0 4 )  ( ( ~:;~U:kTAC I . ~ ) B J = ? .  1 2 ) *  ~,m t ~ N *  N ~ )  
0 P i l l  ( : ~ I I  T -  5 4 .  ACCESS, ,  " A P P E N D *  ) 
V.ql  T E ( 5 4 .  1 0 4 )  ( ( ] E ~ D A T A ( I . J )  mJ~ 1 3 *  1 8 )  ~, Zz  I R U N .  NRt~N) 
FO.r~A .~( 6 ~ 1 0  * 3 )  

8.2 .4 .2  POLRG 

C 
C 

C 
C 

6 0 0  
6 ? 0  

REAL MANHTC ! ) 
DI."I IDqSZON D]~.TAH(I)BPDI4AXC38)*YC20).X(96) 

. * I A K ~ ' 3 " P O S Z T I O N S  ~ C ~ . - U ~ I N - N ~ |  m N ( j ' l o l ~ r  RUNS ON D A T A  ~ ( T  
N'.~P~vlBER O F  NANSoaDIE3. .TAHsPRESS DROP V A L U T S  
~ r 1 " P ~ ' =  Pl~lAX(t~.'~NI4-1t2NRU~|)...'4A.'C F R E S S  DROP 'PER 

P C ~ I A X ( I : N R U N I ' S | ) - , I ~ T  UP C~L, r i~N A T  ~ A X ( , , 2 ; * ° S  
D I N I ~ S Z O N  B ( ? ) .  E ( ? ) .  S B C T ) .  T (  7 ) .  D |  C 4 9 ) *  DC 3 ~ )  
DZ."I]~iSZ 0N ~ B A R C 8 ) .  s ' r o ( 8 ) .  COECS)B S U H S O C S ) .  l S A V E ( 8 )  
D Z . ' t ] ~ I S Z ~ N  AN.~C 1 0 ) . A C S O 0 0 ) . , V I C Z . , ( ! )  
CALL  P ; . , 0 T S ¢ A .  5 0 0 0 )  
LOOP,.  8 
L 0 0 P , . L 0 0 ~  I 
CALL P L , 0 T ¢ I . 5 . ] . S .  2 )  
CALL  PL,0TC 1 . 5 .  ? o 5 .  2 )  

P I . . 0TC9 .6d ,  7 • S .  1 )  
C A L L  P L . 0 T c g . 6 ~  1 . 5 . 1 )  
CALL  PL.0TC ! .  5,, 1 - 5 -  1 ) 
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X I  - * S  
Y l , ,  l o s  
DO 5 0  J , , , t . , . 8  
X I 1 - X I + 0  o9  

5 0  CALL S Y N B ( ] . . C X I s Y 1 ,  0 , 1 2 5 , ,  13., 0 . 0 a - I ~  
CALL, .'c~o'r'c 1,.,5. I , , 5 . 3 )  
Xl.,, | . 5  
DO ? n  J - I . S  
Y l s Y  1.4- I * 0  

'1'0 CALL S Y M I ~ I , . C X I . ¥ 1 .  O o 1 2 5 .  1 5 . 0 0 0 . - | )  
M -  ! 
I"~a 2 
L z N 4 ~  
DO l l O  Z m l s N  
J ' ' L ÷  ! 

XCI )  I S  ~ND]~P]~4DEN'.," ~TARIABI.F..XC,,T.1 I S  D~PI~VD~q'r. FR0tq FI..BI~DI 
X(  'r ) ssM.qNI.ET( I. ) 

1 1 0  XCJ)mD]G.TAH¢ 1 9 " (  Z-  1)+LOOP) 
X H I G H " 9  0 * 0 
:Xt.O;,r= 0 o O 
YHZGHz2S. 0 
Y L O V - -  S .  0 
Z ]=~cAK" L *  1 
DO 300 I sol .  N 
J " L + I  
ZFCXCJ) . G T . X (  Z PF../~ ) ) l PF_.P.,Ru J 

3O0 CON'rZ NU~ 
l P F - J ~ 8 1 P T . A K - L  
D]~,.Xm)~"[Z G H -  0 * 0 
IFCZPF..AKoLT.3)GO TO 6 1 0  
I F  CZPEAK.GT.N-3 )GD TO 610 

92 Ic'OP~AT( I X .  2 £ 1 0 o 3 )  
Z PA~;Ss 0 
Z F L A G -  0 
1.1Mu Z PF..AK$ l 
LTMITw Z PEAK - 1 

9 6 0  DO 7 0 0  : C a l , , L I M I T  
Y'( I )mXC lr ) 
J m L Z H Z  To. I 

'7'00 Y(J)mXCL4.X ) 
705 CALL CORRE(LIP/rT.NM. | .Y.XBAP. .  ST'D.GOF.~ D. SUPfS0.~,T)  

N"/'mL IM Z T-  | 
l S A V E (  I ) "  i 

OP.DERCHH.* D a ~ ' J a  HA Z S A V ~  DI  • 113 
GALl, H l NVC D][,* Hj, DL~I'd* ]34, T )  
CAIL  HUI. 'FRCI. IHZT*H.XBAI~ S'rD. ~'1JHSQ. DIB ]F.. l S~V~, B. S~, T.  ANS) 
N I - A N S ¢ 8 )  
COE( 1),.ANS¢ I )  
COEC 2) ' -BC 1) 
S',.~Z pit O. 0 
LAw | 
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t F C I F ' I . . A G . G T . 0 ) G 0  ";'0 9 5 3  
9 5 0  L I M Z T " L | M I T 4 " I  

I F'LAG- 1 
GO *I'G 9 6 0  

6 1 0  DO 6 5 0  ][mL00P~,NRIJtG~I 
VZ;L.( I ) , ,v ] [2 .¢ I ÷ 1 ) 
DELTAH ( 1 ) =Dlr l  TAH ¢ I +  ! ) 

650  P I ~ A X (  I : I " P I ~ A X  ( I * I ) 
NtqE'Jm ( ~ 1 -  1 ) * ' 2  

6 6 0  l -IRROI~I 1,, Nlq £V 
P~4AX ( I ) = P1]qAX( 14. I ) 

1051  

660 Z F C I o G l r o : 0 O P )  P 1 : ~ A X ( 1 ) , , P I ~ I A X C I e l )  
I - N R I ~  1 - 1 

• r y p l r  6 7 g .  DATSHT 
670  FOI~IAT ( "  ONE L.ZNE D][I.E'~ED 1F'RC2q DATA SHF..ET Q ' . F 4 . 0 )  

I F  ( L 0 0 P . G ' I [ ' o N R 1 3 1 k ~ t l ) G 0  T O  680  
GO ~ 620  

9.53 CONTINUE 
Z F ( T p A S S o G ' I ' e O ) G 0  "T~ 9 9 0  
F I  N'T]CR1. COE( ! ) 
F 51.0PL~ C O l ( 2 )  

" 1 5  1F1..AG" 0 
gS0  ,3,,0 

I:)O 7 1 0  [ s L I M J N  
JuJ,*.  I 
Y ( J ) - - X (  I ) 
J J J ~ N ° L X M *  14.J 

710  ¥ ( J J J )  1,X(/.4. I ) 
| PASS~ 1 
L I M Z T m N - L Z M ÷  ! 
[ ;ALL CORR~'CLI . ' I IT .MM. I . Y . X ~ I ~  STD: COY..* D,  SI:IMSQJL, T )  
NTmL.ZMZ T - ! 
I SAVE( 1 ) " i 
CALL DP.DEI:~CMM. D..'vJ~I.M. Z SAVe,  DZ.  £ )  
CALL MINV¢ DZmM~ D£T.  B.  T )  
CALL N~lrL.TR(LZM | T .M .XBAP. ,  STD. SUM SG,, DI. .  !:'. 1 .cltY]C. L ,  S;8. T . / t INS)  
N I , , A N S ( 8 )  
COEC I ) ' - A N S ( i )  
¢ O £ ( : 2 ) = B ( 1 )  
s t n q z  P,,, o .  o 
LAm It 
I F C I ] ~ L . A G . G T . 0 ) ( ' ; O  TO 9 5 3  
[FCXCL'* . IP£1U¢) .LToX( IPEAK)OCOIE;C2)4 'COEC I ) ) G O  "rid 1 0 S t  

970 L I H u L I M -  1 
I FLAG" I 
L: [PI I  T m L I M r  T" 1 
I PASSa 0 
GO 'TO 9 8 0  
I T ( X ( I P F _ A K ) e C O E C 2 ) ~ G O E ¢  [ ) - S T D ¢  I )  * G T . X C L * ] [ P ~ I C ) ) G 0  TO 9 5 3  
GO "!"0 9 7 0  
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C KAVE SGI.~[~) TOR ~ SLOPES AND JN'P]E:RCI[:PTS 
C SOLVE FOR Z ~ ' C ' r Z O N  

990  X I  ~ ( COE¢ I ) - IPZ N'r]s3t)/¢ ; 'SLOPI;- CO][;(2) ) 
~% N T E 3 ~ F Z  NTEI~FSl.OPEeXZ lrr][:R 
Zlr¢Y][llrT][:R*GTo2S)GU TO 800  
DvJY s' , i 0 .  
Y CUR'~ ( FX ~rr~'R-Yt.Os,; ' ) /D~.Y*6. O+ t *5  
¢ALJ.. PL, OTC I*S*YCYJRV,, 33 

C PLOT LZN1PS 
X CT.YX'U,, ¢X ! NTERoX:L, OV) ,rDEL,X*8.14.1. S 
YC1tJ?l'Vm (~" 1114"F~q-YT.OV) ~)~ . -Y*  6 -  04~ I .  5 
¢AIJ. PLOTCX.'~urRv.YGt~.V. 23 
XC131qV-8.14. ! - 5  
YCTFRV*" ( COE( 134. CO£( 23 °9  8.--'='I.0",73/Dt~**t'* 6 .  O* t .  S 

PL,OT(XCUR'J'. Y CTIRV+ 23 
DO 9 0  Z" I+N 
J " L *  ! 

XPOZ N'1['." ¢X( l ) -XI .0V) /D~ '~  Xo8.14.  1 • 5 
'Y'POI N ' P - ( X ( J ) - Y I . 0 V ) / D E I . Y *  6.04. ] - 5  

9 0  CALL, SYMB~.(XPOINT.Y'PO~[NI'.  0 - 2 . 2 .  0 - 0 . - ! ~  
8Q0 PI~IAXCLOOP3-XI~I"E:R 

Z DI]'INY,, ~ 14.Z.OOP 
I~e lAX(  3 ~ 3,,YZ NT£R 

680 CALL NT~.S~R(O.S.O.S.O.4.gAT~Z.[T.O.O. * ( F 4 * O )  % 4 )  
-q~[..OT¢ ] 4 .~, 0 .  ~.,, 33 

C ADVANCE TO NL'V GRAPH 
PI[.GTC 1 4 0 . 0 . 0 . -  3) 

ZF ( L O O P . L T . N ~ N M I 3 G O  "1"O 600 
CAJ..L, I,.lr14 r N C NRUM'41,, I:~L'4AX,, VZI.,,, UL.q% N,, PDPt~. % N,, DAT ~ ' f T )  
Pm'T'Ulm 
END 

C 
C 
C 
C 

C 

8 . 2 . 4 . 3  LFMIN. 

SY,,1BIqOIJ'TZN~. L I r ~ [ I q C N . X .  VIc~BXZNT**t'ZNT. , DATSHT) 
DXND/SZON XC I ) s Y (  1 0 0 ) . V E : , . (  I )A, YRAR2CS)j, STD2C8),, 

°DC 36),, S Y J ' I S Q ( 8 ) .  I SAVEC 8 ) . A N S ¢  10:~. DI ¢493 .  RXI C83 + D1(73  
e -  8 1 ( 8 ) .  STD! ( 8 ) a Y B A R I  ( 8 3 .  T I C 7 3 .  RI C 3 6 ) .  EC' r ) ,  8("73+ SB( 73 .  T(73  

I~NUNBER OF' OBSERVATIONS 
VrL+ HAS L.I'Q vr-L.0CZTZES. X HAS HTS.aPRF...SS DROPS; 
T K I $  R~J'J'ZNE CAL/.S G~TTA.ORDEl~."III~.tlI[.1;.Tl~CORR£ 
~=srrol,l~rN. %,.Z O. FT,.I[.YZDZ~ATZON V]D,.oSYXNTa, PRF..SS DROP 

100  l - 2 a N  
JSAVF.~ ] [-  1 

1 0 0  IF (X(N4. ] [ )  .LToXCN4.JSAVE))GOTO 200 
LAST X vS LARC~S'T ZN ALVAYS ZNCR~SZNG PATTE3:~ 

'TYPE l O l  
1Ol I rO]~AT( " NO STOP ZN RZS~.* DATA NEVER IIT.UZDX~][3)I'3 

XINT~VI[2.CN)'* 1 * t 
Y ~ N T " X ( N ) *  | .  I 
FtETUIm 
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XCJSA, !£ )  I S  : C3,~ql., ~PIF.AK 
200 WLIlIBI~R.mN-J SA~7£ 

Z T ( . ' r [ ~ G £ R . L I [ ; o 2 )  ~O TO 300 
~'J 2 0 1  I~,]BN1.~B_~'R 
J,=~l*,J SA~v E '* I 

~'.GI ~. C I ) , , Y . ( J )  
CAZ.J. CORR£(NvJMB][::R., I ,  I , ,Y , ,Y~ ; .R I , ,  S T D I , R X I ,  R I , , B I , ,  D in  2'1) 
DO 2 0 3  Z - I ,N%t~B]~P 

Y¢ ][ ) " * . ' l ~ ( J  ~4"~E* Z ) 
2 0 3  "t'CN~ .~J ) -XCN*J  SA~!I~'*I ) 

C A ~ .  GDATA¢:J~Ig~£R.. I . 'Y. . ,YI~.~2, ,  STO2. D,, S',,.1M SQ) 
] SA?!E( I ) - 1  
CALL O.~.D~RC 2 -  G, :~, I ,  I S A ' ~ ,  D I *  E) 
CALL .MI.'rwrCD;,, I , , D £ ' r . , , B . T )  
CAL~ .~I,_t~.TR( N~.~IBE'R. I . Y ~ . R 2 .  S"rO2. S13MSG. D I .  Ed, I SA*![,,, BB S'B*T,* ANS) 
FSL.OPE- B~ I ) 
F I N'I"~.~ .,,, A N  S ( 1 

NOv P I~GESS POZNTS "J'HICH 'JER]E N I ~  USIE:D 
IT '¢JSA~ . 'E .L ] [ . . 2 )GO ."O 392  
DO 210  Z , , I , , J .~A  ~r~" 
J = J  SA'; E* I 
YCZ ) = ' ~ [ L (  Z ) 

2 1 0  Y C J ) n X C N * Z )  
CALL. GDATACJSA~7~., I,,Y,,Y']~AR2* STY2* D* SI.1HSO) 
I S A V r (  I)" L 

¢A,~.~ ORD[:RC 2,, D,  2*  1, ~ S~'JF-.* D! D E) 
CALL. . "4 |N~ 'CDI .  i , ~ ) [ T . , B , T : ~  

ANS~ ~ t , ,  AZ,ISC I ) 
GO TO 4 0 0  

300 TY.P~' 301,,  Nt.~ID~R 
301 FO.q~"IAT¢ " ON[,. .* ' ' ,  Z4 ,  " P~ INTS  FOR C~)~R~. S T ~ P " )  

RLr'rt~R~l 
302  TY'PE 3 0 3 , J S A ' 7 £  
303  FO.~I-AT( ° O t ~ L Y " , ~ [ 4 , . "  POINTS FOR I.~DI[:R FL..  LIN1E;") 

qLrT~3PJ~ 
400  ~ I N T s C Y B A P I C I ) - A N - ¢ (  I ) ) / B ( | )  

Y I N T s Y ' B A R |  C | ) 

qL"r-J~m 
D I D  
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8 . 2 . 4 . 4  UPLO.._.__~T. 

SUBROUTINE UPLOT(XINT` ,YI  NTs ANSgEI~ B., FINT]E3~ FSLOPE., N.T.~ ~EL`, DATSHT) 
C PLOTTING FOR SUBROUTINE UL.'~[.'; 

DZNENSION X (  I ) a V ~ . . ¢ l ) . Y ( 1 0 0 )  
D~.,Xm 1 0 0 0 / 5 0  
DEL¥~ 30 - / 6 -  
CALL PLOT(  I $ 5* I .  5~, :3) 
CALL P L O T ( 1 o 5 . ' 7 o 5 . 2 )  
C.qlJ.. P L O T ( 9 . S a ? . 5 .  1) 
CALL P L O T ( 9 . 5 ` ,  1 - 5 .  1) 
CALL PLOT(  1 0 5 ,  1 o 5 .  I )  
X I = I . 5  
Y I ' I * 5  
DO 500  J ' I * 9  
X I " X I 4 " O * 5  

500 C.qZJ., SYNBOL(XI*Y'IaO*I:2.5.-!~n..0.'~;~ • 
CALL PLOT(  1 ° 5*  1 - 5,, 3 )  
X I : I . 5  
DO 501 J : I * S  
¥ 1 : Y 1 ÷ 1 . 0  

501 CALL S Y ~ B O L C X I , Y I ,  00 I25 , ,  15 ,  0 0 0 , "  1) 
C,q, LL PLOT(  1 - 5 . . 7 - 5 .  3 )  
Y I : 7 o 5  
D0 5 0 2  J = 1 . 9  
X I = X I ÷ 0 . 8  

"502  CALL S Y P I B O L ( X I . Y I , ,  0o 125 .  13.,, 1 8 0 . 0 . -  1) 
CALL. P L O T ( 9 . 5 ` ,  1-5` ,  3 )  

X 1 , , o . . 5  
Y I : I o 5  
DO 5 0 3  d z l J  5 
Y I z Y I +  1 . 0  

503  CALL b " Y H B O L , ( X I . Y ' l .  0 . 1 2 5 ` ,  15,, 1 8 0 o 0 ` , - I )  
C PLOTS L T NE 

I F ( Y Z N T o L E ° 0 . )  GO TO 600  
XPT-XZ  NT/DlrJLX÷ I o 5 
Y P T " Y I  N T I D I / . Y +  I ° 5 
TYPE 80 a I a  XPT., ,YPT 

8002  F0-C~AT( " HOHZZ L Z N E : * . 2 £ 1 0 . 3 )  
CAI~ PLOT(XPTaYP' .? .  3 )  
CAI, J.. P L O T ( 9 - 5 ~ , Y P T a  2 )  
TYPE 8 0 0 3 * Y P T  

5 0 0 3  F 0 ~ A T ¢ *  TO 9 . 5  * * E l 0 - 3 )  
C PLOT ST* L I N E  FOR UNDER F L U I D I Z A T t O N  

FPTm AN 5 V E R / D E L ¥ ÷  I * 5 
CALL PLOT¢ 1 * 5 .  FPT*  3 )  
TYPE 8 0 0 5 * X P T * Y P T  

5 : 0 5  FOI~IAT¢ " I N T E R S E C T :  * *  2 E I 0 * 3 )  
CALL PLGT(XPTsYPT` ,  2 )  

C PLOT ACTUAL L I N E  OF BEST F I T  OF R , , H . S ,  



XPT= ( F I N T £ R -  Al~ ~ , / £ R ~ / ( B - F S L O P K )  
YPT--" C BeXP'T÷AN SIJ~R) /DG. .Y÷ 1 * 5 
XPT=XPT/D~L .X÷  I , 5  
CAt.T. PLQTCXPT•YPT•  3)  
X P T -  i 0 ,  
Y P T -  ¢ F S L O P ~ X P T ÷  F I N T ~ " ~ ) / D U . . Y ÷  1 • S 
XP'I '= ] 0 . / D  L"J-X÷ l - 5 
CALL PL.OTCXPT, Y P T ,  2 )  

NOW PLOT ~ P  P O I N T S  
POZNTS ARE; X N £ Y C X 3 . Y C N , - Z ) ]  PAZR$ 

DO 5 l O  I : I • N  
J=N+ Z 
YC X )='tF£2. C Z 

5 1 0  Y C J ) a X C J )  
DO S i l  I = l • N  
J = N +  Z 
X P T = Y (  1 ) ,,'D]~r..x+ l . S  
Y P T = Y C J  ) /DEL .Y÷  I .  5 

51 : CALL SYHBOI. C X P T . , Y P T ~ , 0 - P . * 2 J 0 * O • - I )  
CAZ..$. NIJ~B£RC 0 - 5 •  0 - 5 ,  0 . 4 •  DA'~S;'[T.. 0 . O ,  " ( F 4 ° 0 )  " • 4 )  

6 0 0  CALL P L O T ¢ 1 4 , , O , 0 • - 3 )  
1TETIJRN I 
~qD 

B . 2 . 4 . 5  EXPIN_____~P. 

REAL LZ O ~ T . L I  QFLO 
DZHI~SZON RHANC2Q. 1 0 ) . I . !  QROTC~.~ ) •£ ,ZG.~OC20) •  D ] ~ I ' i G ( 2 0 )  
ACCEPT |OO. R 1 . ~ Q T y • D A T ~ [ T ,  DC, PACVT, PATHATi..XQ.,VXSCOS*RIIOG- 

! Rb[OL,, RI'[0 S• SI  G.'t A.r DP,, GASROT* GASlrT..O, RTCAL | • RTCPJ.. 2.* RTCAL 5 
180 FO~'IAT C I ? G )  

NR: JN-- RUN Q TY 
DO ! X = I * N R U N  
ACC£P']" 1Ol,LXCROTCI)-L~-GF~-OCX)-£~J'[GCI ) • C t ~ l A N ( [ • J ) * J z l ' 1 0 )  

101 IrO.'~l AT ( ! 3G)  
I CONTIt, IU£ 

OP£]M CUNZT= [ 0J ACC£S-~ "APPE2~D*) 
~R£ T~.. C 1 O• 103)  Rt]~i ' ; ' l~a DATS2"[T,, DC• PAC'VT* PATH• 'FLX ;Lp VZ SCOS, 

1R~[OG,, FU'I01,., RI'[OSa 51GHAJ DP- GASROT• GASTLO 
103 FO.~'IAT ¢ ? £ 1 0 . 3 . )  

• . /R ITE C I O, 107 )  RTCALIJ  RTCALP_~ RTCAL5 
10"7 FORH AT C 3 E I U , 3 )  

~R~T~" ( 1 0 • I D 4 )  ( L X Q R O T ( I ) •  
! L I  OF'LOCI ) ,  DI~.HGCI ) ,  ( R H A ~ ( I s J ) - J  = I ,  1 0 ) -  I= !* NRLIN) 

IOn FO~"I AT C T E 1 0 , 3 • / • 6 £ |  0 - 3 )  
" tYPE 1 0 6 ,  RUNQTY•DAT~[T*DCaPACVT,,PATPI*TLXQ•VXSCOSB 

! -qHOG, R~[OLa .RI"[OS• SIGHA., DP• GASROT,, GASTL.O 
106 F0¢~1 AT ( / / / ,  C T E I O * 3 ) )  

TYPE ! 0 8 ,  R'TCAL 1. RTCAI.2• RTCAL5 
108 FOI:~ AT ¢ / / •  3 E l 0 -  3)  
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195 

"~'P"=" 105,' C L I Q R O T ( ~ ) .  
! I .2 QFI.0¢ I ) *  D~..~G ( ! ) .  ¢ FL~AN{ I , ,  J ) , , J =  1,, 10) *  Zz 1. ,~ctTJ~) 

FOP~AT C i / * T E |  0 0 3 . / , ,  6 £ |  003)  
CALL ~ Z T  
END 

8.2.5 5mnp':.e Output 

0 . I S O E + 0 2  0 . 9 0 0 E * 0 !  0 . 3 0 0 E ÷ 0 1  0.2SOE÷0,~ 0 .?4 " rE÷03  0 . 2 3 1 E ~ 0 ~  0.900E,,o-00 
0 o l l 3 0 E - O 2  0.?96E'* .00 0.226E÷0~,  0.72L2E~02 0 . 4 6 2 E ÷ 0 0  0 . 6 0 G E ÷ G I  0 .800E÷0~ '  
0 , 5 ~ 4 E ' , ' 0 1  O . 2 ? S E ÷ O I  0 . 2 7 9 E ~ 0 1  
0.500£4"01  q .  OOOE'e'OO I).'70OE'e'Ol O.476E'e'02 0 . 4 7 7 E ÷ 0 2  0 .47"7E÷02  O.476E'e'02 
1)-475£4.02 0 .4741 : ' .02  0 . 4 7 7 £ + 0 2  O-A76t: '÷02 6 . 4 7 7 E ÷ 0 2  0 - 4 7 8 £ ÷ 0 2  
0.500£ '~G1 0 , .1 :20£ '02  o = l n s E ÷ 0 3  0 o 4 2 5 £ + 0 2  0.411E.e. 02 0 . 3 8 S £ ÷ 0 2  n . 3 5 5 £ ÷ t ) 2  
0 . 3 4 0 E ÷ 0 2  9o354E÷02  0 . 3 7 3 E ÷ 0 2  0 - 3 9 5 E + 0 2  O.n I5F-÷02  0 o 4 3 6 E ÷ 0 2  
O . 5 0 0 r * O !  9 o 1 6 0 E - 0 2  G . !O IE~ '03  0 . 4 5 0 K * 0 2  O .4n4E*G2 0 . 4 0 7 ~ ' + 0 2  0 . 3 7 2 ~ * 0 2  
O - 3 4 i E ~ 0 2  3 - 3 5 5 E * 0 2  0o377E÷02  0 -393E '~02  Oo417E4"02 O.443E4-G2 
0 .500~ -÷0 !  0.,240E~'02 0 .105E4-03 0o554~'÷0~ 0 . 4 8 6 E ÷ 0 2  0 . , 440E÷62  Qe390E4"02 
0 .351£ .~02  0 - 3 6 1 £ + 0 2  0 . 3 8 4 £ + 0 2  0o402E+02  0 - 4 2 l E + 0 2  0 - 4 4 4 £ ÷ 0 2  
0 .500E ; *O |  0 . 3 2 0 £ - 0 ; ~  O . I U S E ÷ 0 3  aeS69~'+n2 0 . 4 9 5 E + 0 2  0o445~ '+02  0 . 4 0 6 E ÷ 0 2  
O,35Ir ' *O~> Oo360E÷02 0 .382~-+02 0.4041='+02 0 . 4 2 4 E ÷ C 2  0 o 4 4 8 E ÷ 0 2  
O.500E÷O!  Oo400E÷O~ ~.1051r4-53 0o5"79K÷02 0.504~'4.02 0o458E4-02 0o41"7E*02 
0.36~-~*.02 0 .365£4 .02  0.386£.~-07 0.407£.~.02 0 .429E4.02  r . . 4 5 0 £ ÷ 0 2  
0 . 5 : : t ' ÷ O !  0.4SOK~.02 0 . | 0 5 ; : ~ . 0 3  0,.59n~-'-02 O . S | 3 E . ~ - O 2 0 . 4 ~ ; E ÷ Q 2  0 . 4 3 2 E ÷ 0 2  
0 - 3 7 3 ~ ' * 0 2  0o371~.+02 G.390E+02  0 . 4 0 7 E + 0 2  G .426E÷02  0.4511: '+02 
0.50OE~-O! 0.560~:~.02 DolO?E+O3 OoSgOE+O2 0 - 5 2 5 E + 0 2  0.4721~÷G2 0 . 4 3 9 E ÷ 0 2  
0 - 3 S 0 ~ , 0 2  0 . 3 6 6 E * 0 2  0 . 3 8 9 E + 0 2  O.409E+O~ 0 . 4 2 8 E ÷ 0 2  0 .452E~-02  
0 . 1 0 0 ~ , 0 1  0o300¢ ' *02  Oo10"rK~-03 G .S95E÷02  0.53n~-.~02 0o4831: .~ ; )20.A46E~.G2 
0 .  384¢'~. 02 0 .372~,~02  0 . 3 9 0 E * 0 2  0.411~-~.02 0 . 4 2 8 E + 0 2  0.451~'~-02 
OoiOOE~.O! 0.359~:* .02 O.~DSE~.03 0 . 6 0 4 K + 0 2  0o544E+02  Oo4~nE~-02 0 . 4 5 4 E ÷ 0 ~  
0 . 3 9 3 E * 0 2  0,.3?92:.,.02 0 - 3 9 6 E + 0 ~  0. .A16~'÷02 0 . 4 3 4 E + 0 2  0 . 4 5 ~ ' + 0 2  
O. IOOE÷OI  0 . 4 0 0 E + 0 2  0o105E÷03  0o612E+02  O .55nE+02  0 o 5 0 4 E ÷ 0 2  0o465~'4.02 
0 . 4 0 1 E ÷ 0 2  0 .35~tE÷02 0o398E~-02 O o n l S E + 0 2  0 . 4 3 6 E ÷ 0 2  0.,A5"7~÷02 
O.IO~E~.O! 0o4SOE*02 0 . 1 0 9 E ÷ 0 3  0o622E~.02 0.5601: '+02 0 .512E~-02  O°4"rSE÷02 
0 . 4 1 6 E * . 0 2  0-394E~.02 0 .403E , . 02  0 o 4 2 1 E ÷ 0 2  0o441E+02  0 . 4 6 2 E ÷ 0 2  
O.IOOE;*O! O.50OE*O2 0.1. 09F.~.03 0 . 6 ~ E + 0 2  0o567E~-02 0o520~'÷G2 0.485E4-0~ 
0 -422E~ '92  0 . 4 0 1 ~ , 0 2  Do~;09£÷02 0o42~;£÷02 0o444E+02  0 . 4 ~ 5 E + 0 2  
O . lO0~ '÷O l  0-600~',~02 Ool lO~ '+O3 0 o 6 3 5 E + 0 2  OoSSOE+02 0 . 5 3 6 1 [ + 0 2  0 o 5 | 0 E ÷ 0 2  
O . n 4 5 E ÷ 0 2  0o419E+02  0 . 4 1 ~ ÷ 0 2  O - n 3 2 E + 0 2  0 . 4 5 0 E + 0 2  .0.4.71~'~-02 
0 o | 0 0 ~ ÷ 0 !  0.?00~'~-02 OoI~OE~-03 0o639~'~.02 0 . 5 9 0 E ÷ 0 2  0.5521~4,02 0.530~-~.02 
0 . 4 7 8 E ÷ 0 2  0o440E~.02 0 . 4 3 6 E ÷ 0 2  O . n 4 0 E ÷ 0 2  0 .452~-÷92 0 . 4 7 6 E + 0 2  
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.EX F L B D .  LXBARV~, 5"Y'S: P L O T / S E A  

L.: N ~  z LOADING 
"~LN~'XCT FLBD EXECUTZi :~ ]  

!-~AVE TKI S PLOT'? ~' FOP. YES 

¥ 
! SA~rED P L O T  [ 
!SAVE TH! S PLOT? Y F'OR 'YES 

Y 
:SAVED ~=LOT 2 
!SAUTE T ~ Z .  ¢ PLO'T? ¥ FOR Y E S  

:SAVED PLP.T 3 
!SAVE TH¢~ I~LOT? Y F O ~  Y E S  

¥ 

: SAVE1: ;>LOT 4 
:SAVE T H I S  P L O T ?  Y FOR Y E S  

¥ 

! SA~.r ED P~.OT 5 
! S A ' I E  THZc; P L O T ?  Y FOR Y E S  

Y 
!SA~IED PLOT 6 
:SA'~E T H I S  P L O T ?  Y FOR Y E S  

Y 
!SAVED PLOT 7 
! $ A ' I E  T H I S  PLOT~ Y F O ~  Y E S  

Y 
'SAVED PLOT S 
ISA'.TE TM% S P L O T ?  ¥ FOR Y E S  

Y 
!SAVED PLOT 9 
!SATTE T ~ I  $ P L O T ?  Y FO R  Y E S  

Y 
:SAVED PLOT ! 0 
:SA, rE  TKI S PLOT'P ¥ FOR Y E S  

¥ 
! S ~ V E D  PLOT ! ! 
!SAVE I"HZ$ P L O T ?  Y FOR Y E S  
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¥ 
:SAV£D PLOT I 2  
!SA~;E THIS  PLOT? Y FOR YES 

¥ 

!SA~rED I~LOT 23 
'SAVE THZS ~LOT? Y 1:0~ YES 

¥ 
:SAVED ~'LOT 14 

I.]~RI~Z I..ZN£z 0 ° ~ = ~ 7 £ ÷ 0 I  0 ° 6 0 4 £ , 4 - 0 I  
TO 9 - 5  0.604£' ,"  O ! 
INTERSECT= O.L~7E+ 'OI  0 . 6 0 4 E ÷ 0 1  
!SAVE THIS PLOT? Y FOR YES 

.y. 

ISA'~TED ;~.,.~1" IS 
DATA ~D[EET • 9 
COLUMN DZJ~/ET£H =:3 .00"  INCHES 
PACKING VF.2GHT = 2SO0. GRAMS 
PACKZNG DENSZTY : 2 ° 2 6  GRRMS/CG 
UL NINZN1L~ == 1 . 8 . ~  f~'~/SEC 
1L~ NINZM1L~ == 1 4 . 0 6  CH/SEC 
PARTZCL£ DZ,~-~"IET~:~ : 0 * 4 6 2  
VISCOSITY" = 0 . 0 0 9 0  POZSE 
SUI~AGE TENSION --" 7 1 . 2  DYNES/CM 

BED HT D~., PRES UG %11. EPS S ~ , I D  EPS L I Q  F_~S GAS 
O, A30E÷92 0 . 8 7 7 £ + 0 1  0 . 1 4 1 £ + 0 2  0 . 7 3 4 E + 0 0  O . 5 6 4 E + o g - n . 7 6 9 £ - I ) l  0 . 5 1 3 £ ÷ 0 0  
0 .424E+02  0 ° 1 4 2 E ÷ 0 2  0 . 1 a 1 £ + 0 2  0 . 9 7 9 E + 0 0  0 . 5 7 2 £ + 0 0  0 °363E-01  0 - 3 9 1 £ ÷ 0 0  
0 , 4 1 9 £ + 0 2  0 . 2 0 9 £ ÷ 0 2  0 . 1 4 1 £ ÷ 0 2  0 . ] 4 7 E ÷ 0 1  0o579£÷00  O.ISSE÷OO 0 . 2 3 6 £ * 0 0  
0 .428E÷02  0 . 2 2 4 E ÷ 0 2  0 . 1 4 1 E ÷ 0 2  0 . 1 9 6 E ÷ 0 1  0 . 5 6 7 £ ÷ 0 0  0*236E÷00 0 . 1 9 7 £ ÷ 0 0  
0 . 4 3 2 £ + 9 2  0 . 2 2 4 £ ÷ 0 2  0 . 1 4 1 £ ÷ 0 2  0 °245E÷01  0.$62E~.00 0 °243£÷00  0 . 1 9 5 E ÷ 0 0  
O.aSSE÷02 0 . 2 2 6 E ÷ 0 2  0 o 1 4 1 £ + 0 2  0 . 2 9 4 E + 0 1  OoS;)OE+GO 0°332E÷00 O-16SE÷O0 
O°Z194E+02 0 . 2 2 8 E ÷ 0 2  0 . 1 4 1 £ + 0 2  0 . 3 4 ~ £ + 0 1  0 . 4 9 1 E + 0 0  0 . 3 4 8 E ÷ 0 0  0 . 1 6 1 £ ÷ 0 0  
0 .496E÷02  0 . 2 2 $ E + 0 2  O. l a l E ÷ 0 2  0 . 3 5 8 E + 0 1  0 - 4 8 9 E ÷ 0 0  0.349E4.00 O*161E*~O 
0 .498E÷02  0.230£4-G2 0 . 1 4 I £ ÷ G 2  0 . 4 1 8 E ÷ 0 1  0 .4872:÷00 0-357E4-00 0 * 1 5 6 £ ÷ 0 0  
0 .502E÷02  0 . 2 3 3 £ ÷ C 2  0 .  I 4 I £ ÷ 0 2  0 . 4 7 7 E ÷ 0 1  0.483E~.00 0.36"7'£+00 0 . 1 5 0 £ ÷ 0 0  
0.510E~.02 O.233E÷G2 0 . 1 4 0 £ ÷ 0 2  0 . 5 3 7 E + 0 |  0 .476~;+00 0 . 3 7 8 £ ÷ 0 0  0 . 1 4 6 £ ÷ 0 0  
0 .510E÷02  0 . 2 3 4 E ÷ 0 2  0 ° 1 4 0 £ ÷ 0 2  0 ° 5 9 6 £ + 0 1  0 ° 4 7 6 £ + 0 0  0 °378£÷00  0 * 1 4 6 £ ÷ 0 0  
0 .574E÷02  0 ° 2 2 5 £ + 0 2  0o140T'+02 0 .716~ '+01  0°422~ '+00 0 .434E÷00  0 o 1 4 4 £ ÷ 0 0  
0o504E÷02 0o211w÷02  O°140E÷G2 0 . 8 3 5 E ÷ 0 !  0 . 4 0 8 E ÷ 0 0  S . 4 2 8 r ÷ 0 0  O°164E÷OO 

ZF YOU V~0~T TH IS  lrNIFOI~'~AT/ON STORED ON F I L E S  4 6 .  51 & 54 TYPE YJ,<CR~, 
N 

END OF EXECUTION 
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8.3 Correlation Program 

8.3.1 Explanation of CORPJ.T 

This correlation program performs correlations of the form: 

Z = eKAaBbc c ... (23) 

fo r  up to th i r teen independent variables and two thousand data points. Th 
user selects the variables desired fo r  corre lat ion frmu a l i s t  o f  twenty- 
e ight  avai lable,  including both dimensional and dimensionless operating 
parameters. The program reads *.he appropriate l i t e r a t u r e  and experimental 
dimensional, and dimensionless data f i l e s  designated by the user. Any 
l ines of  data containing zero or negative data intended for  the cor re la t io  
are deleted. Natural logs o f  a l l  remaining dat~ are calculated and the 
resu l t ing array is sent to the IBM Sc ien t i f i c  Subroutines of  CORRE, ORDER, 
MINU, and MULTR fo r  l i nea r  regression analysis. 

S.3.2 lCORRLT Input and Output 

Pr ior  to execution o f  CORRLT, data f i l e s  FOR48.DAT, FORSI.OAT, and 
FORS4.DAT, containing the experimental operating parameters, must be in th 
disk space. I f  corre lat ions are to be performed using l i t e r a t u r e  points,  
f i l e s  FOR30.DAT and FOR32.DAT must be present. I f  dimensionless groups 
are to be correlated,  f i l e s  FOR33.DAT and FOR45.DAT, as calculated by com- 
puter DIMLES, are required. In the execution of  CORRLT, the desired varia 
b les,  up to a maxim,~ of  fourteen, are selected by assigning sequential 
item numbers to the variables as requested by the program. A de f i n i t i on  
of  each of  these variables is found in the program DIHLES. Other input 
includes the to ta l  number of  the  variables corre lated,  the designation of  
the dependent var iable by i t s  item number, and the nmber of  l ines of 
experimental and l i t e r a t u r e  data available fo r  cor re la t ion .  

CORRLT performs a linear regression on the variables selected. The 
output includes the regression coefZicients, or the exponents in Eq. (23), 
the intercept K, in Eq. (23), and the statistical parameters characte~zln 
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 ~anson 
may be obtained from subroutine DECWAIi if desired. 
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8 .3 .3  L~st ing o f  C o . e l a t i o n  Pro~ras~ 

8.3.3 .1  CORRLT_.__. 

300 

10 
11 

ZN'TEGEH ENDEXP. BGBI..$T. Zbl'Di.ZT, END~...~ DEPEN 
DINEIISZI:~I D IN~C2000J ,  15)*AUTZ'[C2000),PXC28000)aXIBAR( 15) *  

! S~( 14),, AMS¢ I 0 ) *  STD¢ 15) * RX;( 2 2 5 ) *  fLY( 14)*  B ( 1 5 ) .  Di[: 1 5 ) .  T¢ 1S)~, 
IF£ NAt.( 2008,, 2) x Z SAVE( 15) -  I~ (225)  

L:~UIUALENC lr CDrNENC 1, 1 5 ) .  Ao'rH¢ 1) ) .  ¢ D I N ~ i (  1 . 1 ) . X ¢  I )  ) 
DATA JtBJ2Bj3.J,IL.JS.J6.JT.JS,,Jg.JI0.J1 l . J 1 2 . J 1 3 . J 1 4 .  

IK 1 . K P - ~ K 3 . K n . X 5 . K 6 . K T . K 8 . K g . K  I 0 .K  1 I . l ¢  12~K 13 .K  1 4 / 2 8 "  | 5 /  
TYPE 300 
~"O]~SAT ¢ "  I~' YO~3 VA]MT A L$s']r' OF CO1:~I~AT][ON O~r lGN.~  - .  

I 'TY 'P£ 1 <CP,>* ELSE "tYPE 2 cCR > ° )  
ACCEPT ~* L.0 
TYPE 305 
ACCEPT ~a L 1 
GO TO ¢10.  1 4 ) .  L0 
GO TO C I 1 . 1 2 ~ 1 1 ) ,  L I  
TYPE IG0 
TYPE 101 
ACCEPT '% J. l  
TYPE 102 
ACCEPT 4 .  J 2  
"~.PE 103 
ACCE~T t ,  J 3  
TYPE 104 
ACCEPT ~ .  Jn  
TYPE 105 
ACCEPT e .  J5  

106 
ACCEPT 0o J5  
TYPE l 0T 
ACCEPT * .  J 7  
TYPE 105 
ACCE;PT Q..Jr8 
TYPE 113 
ACCEPT * *  " j  ! 3 
TY'P~ 114 
ACCE;PI' * .  J14  
"TYPE; 109 
ACCEPT 0~ J9 
TYPE 110 
ACCEPT 4~ j l O  
~ E :  111 
ACCEPT *~ J 11 

112 
ACCEPT *.. J 12 
GO TO ¢ 1 8 . 1 3 . 1 3 ) .  L I  
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14 
15 

16 

17 

T'rP1[ 201 
A C C I ~  e .  K I  

2 0 2  
ACCl~l,,r t ~  K 2  
" J ~ E  2 0 3  
A C C t - - "  e .  K 3  
"J'Y'PE 204  
ACC]~T  e .  IT4 
TYPE 2 0 5  
ACC~P'r . .  K 5  
TY'PV 20( ;  
ACCEPT e .  K6  
• r 'v 'Pr 2O? 
A C C t "  * .  X ' r  
TYPE 208 
ACCEPT * a  X8  
TYPE 209 
ACG][:PT e., K9  
"Z'~PE 2 ] 0  
ACCEPT * .  K ! 0  
• r r 'PE 211 
ACCEPT e ,  X l  1 

2 1 2  
ACCEPT ~a K I 2  
TY1)E 2 1 3  
ACCEPT cA, I ' [13 
TYPE 2 1 4  
ACCEPT °a  ~ 1 4  
GO TO 18 
GO TO ( 1 5 , 1 6 . 1 5 ) .  1.1 
ACCEP'T e j  J I  
A C C ] ~ "  o .  J 2  
ACC]~D,r e,, J 3 
ACC][;P'T" t :  J 4  
A C C t ' 1  " 0 -  J 5  
A C G ~  e .  J 6  
ACCEPT e .  J 7  
ACCEPT e :  J 5  
ACCEPT *J, J l 3  
ACCEPT e .  J 14 
ACCEPT e.w J 9  
ACCEPT * -  J l 0  
ACG]E]~r e~, j I I 
ACGn~ l  " *m J 1 2  
GO T0  ( 1 8 , p 1 7 m l T ) *  L I  
ACCEPT w,, ;{ 1 
A C C ] ~ r  o,, K 2  
ACCEPT * :  K 3  
ACCEPT em i¢4 
ACCEPT * , ,  K 5  
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ACCEPT * o  K6  
ACCEI:'T * *  K7 
A C ¢ ~ I  " ° a  K5 
ACCEPT %, K9 
ACCEPT J ,  K I O  
ACCEI~  * *  K1 1 
ACCEPT g *  K I 2  
ACGEPT e,,, K 13 
ACCEPT o .  K 1 4  

15 TYPE 30 l 
ACGEPT * ,  NGVAR 
TYP£ 302  
A C G E P T  e .  D ~ E N  
TYPE 3 0 3  
ACGE:PT e,, ~lqDEXIF ) 
TYP£ 304  
ACGEPT o,, ENIX.ZT 

|0O I q~ :~ATC/ / ,~  " YOU HAVE: A ~FIOXC£ ~ COI~FL~,..ATZNG 14 OR LESS " 
!~ *VAP,£AI~..£S. % / )  

101 F01:g'IATC" TO t~1H~.~.,ATE 1L~ : "1~P£ 2 T ~ I # .  ]~,SE 15 <CR> #" : )  
102 F O I ~ A T C *  TO C O I ~ L ~ A T E  1~ : TYPE 1 T ~ 0 .  ~'~-S ~- 15 <CRY" # " )  
193 FO~'SATC" "I'O C O ] ~ 1 E ~ T E  DP : T Y ~ £  I T ~ N $ .  ~, .SE l S  cCR> $ " )  
104 F O I : ~ A T ( "  TO GORR~,.AT£ 1~0S  : TYPE ZT~J@,, ~ . . 5 £  l S  '¢CR:, # " )  
105 F O 1 ~ A T ( *  TO CORRrr AT£ RHGI, s TYPE ZTL:~# .  ELS£ 15 ~:CR~, # " )  
106 FORNAT¢"  TO C O ~ A T £  I:~OG = T Y P £  I T S @ ,  ~.,SE I S  <CR> @") 
107 F 0 ~ A T ( *  TO C O I ~ £ ~ A T £  SZGHAs T Y P E  S T D f 4 .  ~ $ E  15 ' :CR> O * )  
105 F O R N A T ( "  TO GORRELATE VZSCQS: TYPE I T C H # .  ~'~-$E 15 <CR> @") 
113 F O ? ~ A T ( "  TO CORRE2.AT£ DC : TYPE [ T E H G .  ]~,.,SE 15 <GR> I " )  
!14 F 0 1 ~ A T C "  TO CORRELATE UL/ ' I IN :  T Y P £  ~ T ~ e .  ~L-S~" | S  <GR> Q " )  
109 FGRNAT( "  "1"O CORR~.,ATE ~ S S  S TYPE ZT]D~@. £LSE 15 <GR> @*) 
I I 0  F O l i A T e "  TO CORRELATE I-E1=~SSz TYPE Z T ~ I # .  ELSE 15 <GR> # " )  
I l l  FOI~IAT¢* TO C 0 . ' ~ . . A T E  EPSG : TYPE I T E N t o  ~ , S E  15 '¢GR=, I * )  
112 F O I : ~ A ' r ( *  TO C O ~ A T £  EPSL = " ~ P £  I T C H # .  £ L S £  | 5  ¢CR> t11") 
201 FORNAT(* TO CORR~.AT£ ~ : TYPE Z T ~ ' I # .  ~,..SE !,5 ' ;CR> # * )  
202 F O e " f A T ( "  TO CORR~LAT£ W£t; = TYPE [ T ~ I # ,  I~..SE I S  <CRY, # " )  
203 F O R N A T ( *  TO CORRELATE FRG : TYPE ZTEN# ,  ~ / ,S£  | 5  <CR> @")  
20n FORNAT( "  TO CORRELATZ FRL = TYPE S T Y # . "  £LSE 15 <CR=, f " )  
2G5 F O ~ A T ( "  TO CORR.~,ATE R ~ ,  : TYPE ZT~N] I .  :: I-SE 15 "cGR> liD") 
206 FOF~AT¢* TO CORR2LATE RE~ : T~FE  Z T ~ # .  ELSE 15 ~:GR> @") 
207 FOI~ fAT¢*  TO CORR~,AT£ UG/~T., : TYPE ZT~'q@, ELSE 15 ¢CR> t " )  
208 F O l i A T e "  TO CORR~..&T£ DC/DP s "I~'1:~E~ ZT:ENI .  ~ . . S E  1 5  ~=CR=* I " )  
209 .FO!=~fAT¢* TO CORRELATE GA t T~PE ZT]E~#.  ]ELSE 1S ~=CR=- 8 " )  
210 FORNAT¢* TO CORR~r-AT£ OF2~., : T ~ P £  Z T ~ H # .  ~. ,SE 15 <CR> # * )  
211 lc13RMAT( * TO CORRELATE BO : TYPE Z T 1 ~ 0 ,  ~ . ,S£ IS  <:CR> # * )  
212 F O I ~ A T ( *  TO CORRELATE AR : TYPE I T S # ,  I~..SE 15 <CR> d i * )  
213 F O t ~ i A T ( *  3"0 C O ' R ~ A T £  CA : TYPE Z T ] ~ # .  ~I.SE 15 ¢CR> # * )  
214 FOI~ ' IAT(*  TO CORR:='r-ATE CD : TYP£  ZT~"~O* ~'1SE | 5  "cCR=" @")  
301 FORMAT ( "  "J~E NIIHBER OF VAP~P, BLF,.S CHOSEN =' " )  
302 F~'fAT C" THE ZT~2~ N~BER OF THE DEPENDENT VARIABLE = *) 
303 FORMAT ¢" THE ),'UMBER OF L~NES 0F EXPERIMENTAL ZNI:"JT ,, *) 
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304 F O I ~ & T  ( ° ,"~E N I ~ B ] ~  OF" L Z N E S  07" L I T I ~ A T Q I ~ [  I ~  " *3 
:MS l rOqNAT ( "  TYPE I ~rClt~, FOR DZNs3eSZQ~N. GROUPS O N L Y ' , / ,  

I " 'TYPE 2 , c r y >  ~ R  DIN]~qSZOML.F.~S GR~UlPS ~ Y ' * / -  
! "  ~ 3 ~rC~=. FOR BOTH DZNEXSXC~IAL AMD N ( ~ I D Z N ~ I S Z ( m A L .  "3 
'~'Y*PE S0B g . J  IJJ2J ,  J 3 .  J4~  J S . J  6~, J ? .  JS*-t;gd, J 10d, J I I . J  12d, J 1 3 . J  t 4 .  

IKI.K2,,X3.XG.KS.K6.KTDKS,,Kg.K ! O.'X i I . K  | 2 J K l  3,.X 1 4 .  WOVAR* 
! DEPI~ , ,  ]~q'DEXP, I ~ L I  T 

SO00 . t '0 ]~IAT ( 24Z 3 . / .  8 I' S,, , '3 
DO 2 2  %" l ,  ENDIGCP 
I1" ( L . ; . E Q o l )  GO TO 21 
TCT:.A.D ( 3 3 . 4 8 2 )  DINENCI.KI).DZ.'41rqcY.K2).Dltt]DS(I.K3). 

| DZH]~qC Z . K 4 ) .  D I H ~ C  1 . K 5 ) *  OZHI~ / (  I . X 6 ) *  D I K  D l (  1,, K73, ,  
11 DZtql~iC I . K S )  * rJZH I ~ i (  I * K 9 ) *  DZM !~1( I * K  1 t,i) * D Z M I ~ (  I , ,K  11 ) *  
I D|l'LI~41( I * K  1 2 ) .  D Z M ~ (  l * g  1 3 3 .  DI.qENC Zd, K ! 4 )  

4 0 2  IrOI~'IAT C 1 4 E 1 9 . 3 )  
21 RJCA.D C 4 8 . 4 0 1 )  ( D l t ~ l ~ I C l # J l ) . , D ~ C Z . J 2 ) d ,  DIrL. ' l ]~ lC|oJ3) .  

! Dlr P I ~ (  Im J 4 ) .  ~l~N]~q( IA, J 5 ) .  D Z M ~ (  Z,, J 6 3 )  
RF_JU) ( 5 1 . 4 0 1 )  CDZ.ql[NCZ~.jT).DZ~[:HC|.JB).DINI[]gCI.Jg)* 

! D Z H ~ C I B J %  0 3 .  D Z N ~ ( ; . J  1 ] 3 . D I H ] ~ C I . J 1 2 ; * )  
RY.JU) ( 5 4 ` , 4 0 | )  (DZM1 ;2~ I (Z . j I 3 ) ` ,DU I ' iP#D~MP.  D O L q P ` , D | N l r l q ( I * J 1 4 ) *  

/ AI[T'nf C Z ) ) 
401  F O I ~ A T  ( 6 V l O . 3 )  
22 CONTINUE 

Z]F" C J i 4 ° E G .  I S )  GO '1~ ! 
EI '~ALJ.  ,, ~qD ]~ 'P  
G O T 0  2 

! BGNL [ T" END~CI:~ 1 
ENDALL- E N D ~ I ~  ~I~CI. I T 
DO 2 6  ] [ o~ IMLZT , :~ iDALJ . .  
;.1. ( l . l . [ G . l )  GO TO 25  

¢ 45`, 4 0 2 )  1DI~EH( I . X  ! ) • DZM ]~T( ! . ~ 2 ) .  D l . ~ i (  l . K 3 ) ` ,  
t DZ MEl t (  l r .  K 4 )  ~, O[. '~]~ l (  Z .  IC5 ) .  D IN  iS;NO Z .  K 6 3 .  DZNI~I(  Z ~ K ? 3 .  
t gZNFlq(  I`, K S )  • DZN~IC  z . K g ) .  D IH ]E :N ( I .  K 1 0 . ' .  D I H F N ( I . K  1 1 )  ~ 
[ D Z f f ~ / (  Z`, K 1 2 ) *  D Z ~ ] ~ i (  Z#K 1 3 ) *  DZ M ~ / (  I . K  143 

25 RY.A~ ( 3 0 , , 4 0 3 )  (DIHENCI.JI).DIH]E:~ICZ.J2)`,DZNI~I(1.J3)`,DIH~q¢ 
! Z .  J 4 ) .  DZHENC ~ r . j  53.. D Z H ] ~  ( l , .  J 6 ) .  D|H]E~I( Z,, J ? )  3 

R ~ . ~  r 3 2 . 4 0 3 )  CDIHEXCZ.J8).DZH1Gq(I.Jg).DIN~IqCI.JIS)`,DINDI 
~ ( Z . J !  I ) .  DZH]E)/( Z ~,J 1 2 ) .  D I H  1~iC 1 .  d 1 3 ) .  A~'11"l( I ) ) 

4 0 3  F01~1 AT ( 7 £ 1 g . 3 )  
26  CQI~I"I NU~ 
2 l l = O  

I)(3 5 ZsI *1~IDAL. ! .  
PROD" 1 • 
DO 3 j s I ` , N O V A R  
PRQD" PRODe DIM EN ( I *  J ) 

3 11. (PROD.LF - . -O* )  GO "1"O 4 
Z 1 : I  14. ! 
AO'TH( I 1)  ='AT3TH( l ) 
G O T O 5  

4 DO 5 d "  1,  NOVAT~ 
DZNI~; (  Z., J )  : 0 , ,  



54 

9 0 5  

906 

907  

90~t 

909 

910 

911 

912  

CONTXNITE 
J0 , tO 
T I = 0  
DO 7 JmI#IROVAR 
ZF ( J * E Q * D E P E N )  GO TO 6 
J 0 - J  04. I 
l SRVECJ 0 ) = J  
DO 7' rwS. ]GqDALL 
ZF C D I . ' q ] E l q C I . J ) . E Q o 0 . )  GO TO ? 
[ I = Z  l~ ' l  
XC Z 1 )mAL.OG ( DIH Eiq( l r . j  ) ) 
CONT£NUE 
N t  I ~ , ~ J ~ A R  
CRIJ.. CORRE(N*N0. 'A .~  I :  X*  XBAJ:b, S T D * R X ~ P ~ D . B . T )  
NOVAH 1 =NOVAR- 1 
CALL ORDER( NOVA.~ P.~ DEPEN.NOVAHI.  Z SAVE,, R ~  RY) 
C A l L  HXNV¢ R X . N O V A H I .  DE'/ ' .  B .  "1") 
CALL MI~TRCN.14,'OVAR]; *XBARB STDa D* RX* IT/',. T SAriS, ~ ,  SB* Ta ANS) 
TYPE 9 0 5 .  I~IOVAR.,N 
FOII~IATC " MULT1rPLE LIN~P..R REGP.ESSICIN; * J l ~ J  * VAP..IAB?,.s:'S '%. 

t Z 4 *  " 0 B S E R V A T I ; 0 N S * ' )  
TYPE 9 06 
F O R H A T ( / ~ "  REGRESSZON C O E F F I C I ~ T S :  " )  
TYP£  9 0 7 .  C l SAVEC $ ) .  B (  I ) .  Z =' ] • NOVARI ) 
F131T/ATC I X .  I ! 0~G I S . S )  
TYPE 905  
I = ' ~ I A T ( / / "  STANDARD DEITIATZON OF P..EGRESSI01q COEFFICIENTS= " )  
TYPE 9 0 9 .  C I SAVE(Z ) s  SB( :C ) .  I "  I .  NOVARI)  
FO3F~IAT( I X .  1 10,. G I S . 5 )  
TYPE 910  
F01 : IP IAT( / / "  T VA:L.UES: " )  
TYPE 911~ C I S A V Z C I ) * T C I ) *  Z= ! * N O V A R I )  
FORI'IATC IX., £ 10.G I S - S )  
'I"1"1:1£ 9 1 2 ,  C A N S ¢ I ) a Z s l ,  10 )  
F O I ~ I A T i : / / "  INTERCEPT: % G 1 2 . 5 s  

1 / / "  ,~.ULTr~I.E CORR]D..ATION COEFFZCZENTz " * G 1 2 * 5 *  
1 / / "  STA~DAHD ~:LqOR OF" ESTIMATE: " , , G 1 2 * 5 .  
1 / / °  Sr.q'/ 0F  SQUARES ATTRIBUTED TO R~IgHESSI(~aSSAHZ " a G I 2 * S , ,  
1 / / *  DEGR;'~'S OF FHEEDI~  OF SSAR= %G12*SD 
1 1 / "  MEAN SQUARE OF S S A R : * J G I 2 o S J  
I//° SUM OF SQUARES OF" D E V I A T I O N  FI~M RE~;RF.SSION. S S D R : " . G I 2 o S . P  
1 / / *  DEGREES (3F F'REED(3M OF' SSDR: " . G 1 2 - 5  
I / / *  MEAN SQUARE 'OF SSDR: * . .G I2*Sd ,  
1 / / *  F ~TALUE= % G 1 2 o 5 )  
DO 9 I :  I~N 
FTNALC I~ I )=EXPCANSC 1) ) 
IX) 8 K= I . .NOVAHI  
KX:,, ¢ ~I SA~JECK:D- ! :~ eN4. Z 
FZN/:d.C I~, I )=FZNAL,  CIm I )eEXPCXCIG~)  )4H~BCK) 



6S 

8 

9 

9 1 3  

9 I n  

CON'I"I NtnC 
X D E P U t "  ; * ( D I [ : P I ~ -  1 ) * N  
]F'Z NAl.q[ 1 . 2 )  " E X P ¢ X  ( Z D I ~ I ~ )  ) 
COIrr, z NuI~ 
T / 'PE 9 1 3  
IrOI~[AT C f / ' ~ ' .  2 8 X .  " Di[:PI[:NDI~T V A R I A S . . E * . / / . ,  

t 4 X ,  ° C J G . ~ T E  ~¢:PERIMI~rT ¢K.CIR.ATI~  EXPI~ZmEN~.  ° ,  
~4X.  "GAL, t~[.~,.,ATE EXP]E:RZ~IIEJT*. / )  
' tYPE 9 1 4 ,  CFZNAL.CZ. i ) , , I r Z N A l - C ; * 2 ) , , | n i - ; ?  , 
IrORqAT ( 4 X .  2: r  10 o 3 .  4 X .  2 E l  0 . 3 .  4X* '2E1 l l *  3 )  
P A U S [  * I ]  r A PLOT (~F TnES'J~ RESULTS 1S D[S][RE1DB 

lAND PLOT PcCR~. .  1[1.S~ " r , rP [  X ( C R > * *  
DI~I~J'AP.( ]r Z N A I . ,  N ) 

CALI. EXZT 
END 

TYPE G c C R ) .  

8 . 3 . 3 . 2  D[CI4AR. 

.SO 

70 

~0 

b'UBROtrI'Z NE D ] [ ;~ARC F [  NAL ,  N)  
DIH][ lqSIL~N F I N A Z . ( 1 ) , A C 8 0 0 0 )  
ACCEPT * ,  J)¢ 
CALL P L ~ T S ( A ,  S 0 0 0 )  
GALL NI.,~BE:R( 0 * 1 2 5 ,  O - 125,, 0 - 2 5 *  J1¢, 0 * 0,. " ( 13  ) % 3 )  
CALl.  PLOT(  : - 5 J  I - 5 ,  3 )  

PJL.OT¢ 1 . 5 . 9 . S .  2 )  
CA2.2. l :PL.OT¢9oS,.9.5. ,  1L) 

I :~ .OTCg.Sa 1 . 5 .  I )  
CALL P Z . O T C I . S , I * 5 ,  1)  
CALL P L O T C g .  S ,  g o 5 ,  1)  
C A l L  P L O T ( l e t . ,  1 . 5 , 3 )  
Xlu1.5 
Y I - I . 5  
DO S0 . 7 " 1 , 9  
X I o X  14'06 
CAL~ S Y ~ i B G I . C X I , ~ ' I ,  . 1 2 ~ ,  13 ,  0 . O , - I )  
CAt.2. PLOT;, l .  5 .  1 * S .  3 )  
X I - ,  l . S  
DO 70  J u l ,  9 
'Y ' IuYI4. .8  
¢ N . L  S Y l S S ~ C X I , Y I ,  . t 2 S ,  I S ,  0 . 0 , - 1 )  
DO 90  Z " t , N  
1 fir N N , , (  1[ ) =, I * r'~" 8 -  0Q F [ N.ql. ( I ) 
I 1 - 2 0 8  I~" Z 
I : ' Z N A i . ( ;  I ) "  | 0 5 ~ 8 0  O~IP'[ NJU..CZ 1)  
CAI.L. SYN]DO(,CI.'INAI..( 1 ) ,FZNAL.C Z 1 ) ,  o1135, 3* 6 . 0 ~ . -  IL) 

. ~ . . ~  C : ' ? . . .  O - . -  3 )  

END 
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8 . 3 . 3 . 3  DIHLES___.__. 

Z .~,'~'Z~; ZR I11~1 : TJ '~NZ T | .  "IN Z .'?2* UNI 1"3 
. ' tYPE 50  

50 FO..~:IAT( 1~* " F 0 1 ~  DI.~IE!*ISZ¢IC.~..ESS GRO~TP_~ % i : . '¢. .  °~ , ; ' rEP 
!8  OF ~A ' rA  P O Z N T ~ " )  
ACCEP'r. e,, NLZ.~1ES 
"YP~" 60  

60  FOe~A'rC l.v.B °ENTE~ PROPF..q FZL.£ N t ~ t ~ R S ° . / I X .  
! ' 4 5 J ,  S ; . 5 ~ a 3 3  FOP ;~;XP£RZHENTA~.. D A T A " . / | X .  
! ° 3 0 . 3 2 .  0 .  b.5 FOR L Z T £ R A T ~ R £  D A T A * )  
ACCEP.'T %. T ~ N Z T I . I ~ I ' r 2 . I I N z ' r 3 ~ u N [ T  
OPEN (T .~IIT~"..?;tTJ, ACCESSm *APP~kID o) 
DO 4 l z l ~ . ' c L r ? ; E 5  
l l  =" ( v ' N Z T 3 o E 0 . O )  GO TO 2" 
° r -AD ( T~.JZ T I .  I n 0 ) t t ~ .  TIL. D P . . ~ f 0  S..~-I(~,.. P.~QG 
~£AD (UNZT2~, I00} SZG'~IA~'r'tSCOS.'£PSS*'£PS~'ll* ~"PSGaEPS/.. 
RZAD c T ' N Z ' r 3 . ; O 0 )  DC 

In0 Ft'J~l. AT C6£10  .? . )  
GO '1"0 3 

2 PF_.AD C tJNt T 1.~ ! 0 i ) T T~  t~., DP, I:L~OS~ I~OL~, PJ'[0G~, SIGMA 
~F..qD ¢ t ~ l  T 2 .  ! 0 I ) ~'Z SCOS, EPSS.  ZPS~'¢ l. ,  F'PSG, ~P~L.., DC 

101 F O ~ A T  C ? £ l  0 . 3 ~  
3 qE:L:  DPeTq. t P ~ O L / t ~ l  SCO $ 

R~'~ = DPeUG e RHO~.~/VZ SCOS 
"TEL: ~ i 0 L ~ D P e T ~ . e ~  2 / S I  GHA 
V-~'(;" ~ IOG e DP~ttG4~e 2 / $ I  ~HA 
Fr4.~z T~..e~ 2 / (  9R I t .  e~Dp) 
F.~.G=l~ee 2 / ( 9 8 0  . e D P )  

BO-" ~ .~"lOS- .'RHOL3 e D P ~ 2 a  g8  O - / S Z  GHA 
AI=z DPee 3 -  e C ~HO S-  P ~ 0 L )  e P ~ 0 1 . e 9 5 0 . / ' ~ Z  SCOSee 2 
C ~ = " Z  SCOS ~ tT~,/SI GNA 
CD=080 oe ( R~OS-  R~0~..) • DP/C .R~OSe U~..e e 2 )  
G~=9 ~ 0 * • ]='J'[ O See 2 4) ~ p e  • 3 / ~  Z SCOS e C 2 
Tt3T'~,,=t~/U~.. 
DCOP= D C / D P  
0"nJCL: R ~ - ~  UG ~e  ~ - / C  9 8 0  • ~" ST G.NA~ 
VRI  TE C IlldZ T* l I] 2 )  ~rEL.,*.~E3, F R ~ ,  FRI....~.E;L.. REG.~ UGUL,  DCDP, 

! GA.~ OP~qT., ~0,,  A~, C/:~ CD 
102 FO.~'~ AT ( 1 4 £ 1 1 ] ,  ~ )  
4 CON'rI NUE 

CALL E X I T  
END 
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8 . 3 . 4  Sample P~o~ra. Execution 

.EX CO.~RLT,,LZ BA..~t', DEC',-'AP.a SY$:  PLOT/SF .A  
F o . ~ r . ° J ~ :  CO P_~, "r 

L I N K :  LOADZNG 

1F YOU ~rANT A LZST  OF CORR~I A T I O R  O P T I O N ~ ,  T ~ P £  I < C R > .  ~I.SF_ ~ '~PI [  2 <CR> 

I 
1YPE ! <CR> FOR DIH~ISIO.~ IAL  GROUPS O N l Y  
~ ' fPE 2 <CR> 1fOR DZH~ iSZOI~ .ESS GROUPS OBIL. v 
"fYPE 3 <CR~ FOR BOTH D Z M ~ I S Z O N N .  AND N O N D Z M ~ S I O N A L  
2 
TO CORR~.,ATE ~PSS : TYPE I T ~ I $ o  ~"LSE 15 <CR> Q 

15 
COR,°.~..AT~-, I - E P S S :  TYPE I T ~ $ .  ELSE 15 <CRy, • 

1 
CORP-~..ATE EPSG : TTPE I T ~ , ~ o ,  ELSE  15 <CR> • 

IS 
"f1:) CORR]~L, ATE EPSL = TYPE 1 T ~ e o  ELSE 15 <CR> & 

CORRELATE 
15 
TO C0P.RELATE 
15 
TO CORRC't ATE 
15 
TO CQRREZ.ATE 
15 

CORRELATE 
2 
TO CORRP'LAT~- 
15 
q10 CORREL.ATK UG/UL, = TYPE I T ~ " f p .  ~ . . $ ~  15 <CR> • 
15 
11:) CORREL.AT£ DC/DP  : TYP£  I T ] ~ 0 o  ~ . . S £  15 <CR> • 
15 
TO CORR~..ATE 
3 
TO CORREL.ATE 
15 
TO CORRELAT][  
15 
TO CORRI~..AT lr 
15 

' J ~  : TYPE I T ~ H P o  ELSE 15 <CP.> • 

~/~G : TYPe" I T I ~ l e o  ELSE 15 <CR> • 

FAG = TYP£ IT~O. rJ-SE 25 <CA:. • 

FRL : TYPE I T ~ 2 1 e .  r~-..,$£ 15 <CR> • 

REX. : TYP£  I T £ H # ,  ELSE I S  <CR> • 

REG : TYPE I T ] ~ t • .  ELSE  15 <CR> • 

GA : TYPE ITEHOo ~ . ,SE  15 <CR> • 

ORN',, : TTP~" I T ~ , t a .  ELSE 15 <CR> • 

gO : TYPE ZT ]~ f#o  £ L S K  15 <CR> • 

A~  : TYPE I T ~ e .  ~ . .SK  15 <CR> • 
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.: ~ U E I . A T £  CA : "~ 'PE I T S ' f 0 .  ~--,.SE 15 <¢P..~ • 

~.r . :  I ~ ] B E R  OF VARIABZ.F.,3 CHOSEN = 
3 
~ ' [E ~ T ~  NtlMB~:R OF THE D ~ D E ~ r r  Y A R I A ~ E  = 
1 
~HE IqI~IBER OF L I N E S  OF EXPERZM~q'I"~I .  II~M.~T s 
33.4 
"~HE ' ~ % M B ~  O F  L I N E S  OF L I T E R A T U R E  INIM[FI" = 
Z 2 ~ 3  
15 15 15 IS 15 15 IS 15 15 I 15 15 15 15 15 15 15 15 

IS  15 15 15 3 1 33Z~ 1223  
2 15 15 15 3 15 

:]t)LTZ.c~-E L INF.AR R£G/>-ESSIO~= 3 v~ARIABZ.ES 1~75 OBSERVATIONS.  

"~.,3R£SSION C01~'FI CI I ~ T S :  
2 0 . 2 ? 5 3 3  
3 - 0 . 1 7 1 0 3  

5T .A . ' ;~RD ~:)I_-"~IAT~01~; OF R~;G~ESSION F.,OETFICZEHTS= 
2 0 .  5 2 5 5 5 E -  02 
3 0 - 2 8 7 3 8 E - 0 2  

T ~;.qL3ES: 
2 5 2 . 3 5 ?  
3 - 5 9 . 5 1 2  

ZNTER.CKPT: 0 . 4 2 7 3 0  

~ f L T X P L E  CO~R~.~T IQN CO~FTZCZ~IT= 0 . 8 4 2 ~  
STANDARD ERROR ~ r  ~ T I H A T E :  0 * i It 045  

Sr.~ OF S~UA~.ES ATrRIBUTc'n TO R~3RESSIOI~SSAR: 

P_-GREES OF ~REEI:X~IM OF SSAR: 2 . 0 0 0 0  

MEAN SQT~ARE OF SSAR: 2 1 . 9 5 5  
OF SQUARES OF D---'--~/II~T~0N I='ROH REGRESSZOR, SSDR: 

I:;EGR£~'S OF FREEDOM OF 5SDR: 1 4 7 2 . 0  

SQUARE O F  SSDR: 0 . 1 2 2 0 6 E - 0 1  

F T/AZ.UF.: 1 7 9 8 . 7  

~ 3 . 9 1 0  

! 7 . 9 6 8 "  
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CA,T.. C'Ot. A'f"tE ~ P ~ : i Z  M ]G~rT 

0., ~'Jqr3E*-90 n.404E'*-O 0 
0 , ,459 E'*.O O 0 . 4 6 6 E + 0 0  
0 . 5 0 6 E * | 0  O. 525E*'GO 
0 . 4 4 0 E $  O0 0.455E~"  00 
0 o492£* .00  0 . 5 1 6 1 [ - 0 0  
0 . 3 9  3'1;".~ 00 0 °4231;'.u. O 0 
1~.459E÷ O O O. 567 E*' O O 
O,, 365E~.OO O. 39 O]E:4. 00 
0,.449~"~ 00 0 . 4 6 6 E ÷  O0 
O. 402T..'I. 00 O. 4571r4- 00 
9 .  ~77E'*, 00 0 . 4 7  ~E*. O0 

D][ :P~ID]~;T 'TAP.I Js.~- E 

CAL. CU',_ AT lr ~l~.P1~ell H 1~"r 

0 ~ISF..~,00 0 .417E '~ '00  
0 . 4 7 6 E * 0  D 0 .466E ' * ' 00  
O. 393E*-00 O. 455/ '1"00 
0 . 4 5 9 E ÷ 9 8  0 .  477E* '80  
0 .  SO6E'~ O0 O. 534E4" 90 
0 . 4  ISE'*" 00 9 .404 ] [ ' * ' 00  
0 . 4 7 6 E ÷ 0 0  0,,4,97¢'4"08 
O. 39 3F.=*" O0 0 . 4 0 4 ~ "  O 0 
O. 459 E','O 0 0 .466E4"  00 
0 . 5 0 6 [ * 0 0  O. SO? E,,.O 0 
0 . 5 0 2 E ' * 0 0  0 . 4 8 8 £ * 0 0  

CAl. C[11.AT E ~ I  H 0~/" 

0 . 4 4 0  E'*'O 0 0 .4SSE4 ' i ,  0 
n .492E'*" O 0 O . S I 6 E * O 0  
0 . 4 ]  8E'*" 00 0 .443E ' * '  98  
0 . 4 7 6 E *  O O 0 . 5 1 6 E * 0 0  
0 . 3 3 S E ~ O  0 0 . 3 S 9 E ~  88 
0 . 4 4 0 1 [ : ' 0 0  0 . 4 6 6 E +  (I 8 
0 . 4 9 2 1 [ - 0 0  O.  S ! 6 E ' O  0 
0 . 4 1 8 1 [ ; ' 0 0  0.443E'*"  O 0 
0 . 4 7 6 E * . 0 0  O . S 0 7 E * 0 0  
0 . 4 4 9 E - 0  O 0 . 4 4 7 E * 0 0  
O.  5 2 4 E ' 0 0  0 . 4 8 6 E * 0 0  

XT A PLOT 01:" "[7[ESE R£SI.P..,TS I S  ~ESIP-L-"~,, "J~PE G'CCR>-AND PLOT $ < C R ) .  
E I 'Y'PE X< CR>. 
"t'Y~E G TO CON'?INI'3£J X TO ~ T , ,  T TO . 'RACE,, 
*G 
56 
!SA'TE T H I S  PLOT? Y ]:'OR YES 

Y 
! SA'31E~ PLOT 1 

OT 1[:XECtT'rz 01~ 
C ~ t  T I H E :  1 : 4 7 . 0 8  E~.APSED TI .~E:  1 | : 8 . 8 0  
EXZT 

.Q ~ , . T :  = ~ " ~ R 2 9 . D A T / D I  S P :  RE)aA~! £ 
"TOTAL, OF 212  ~OCXS ZN PLT REQUES? 

EZ.$ 
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8.4 Location of  Data 

The original data are located in ORNL Databooks A-7550-G, pp. 1-100, 
and A-6=;;S-G, pp. 80-88. The dal~-',ooks and calculations are on f i l e  at 
the NIT School of Chemical Engineering Pract ice, Bldg. 300], ORNL. 

8.5 Nomenclature 

A cross-sectional a r e a  of the column, a ~  

3 pL)PL/ 2L Ar Archimedes nu~er ,  dpg(~ S - 

a correlation coefficient 

b correlation coefficient 

c correlation coefficient 

D c diameter of the column, cm 

dp diameter of the solid particles, cm 

Fr Froude nmnber, U~/gd 

~32 . 2  
Ga Galileo number, apPsg/p L 

g gravitational constant, cm/sec2 

H distance up the column, cm 

H B height of f luidized bed, cm 

h height of l iquid in manometer, cm of f lu id  

M mass, gm 

n number of independent experimental variables 

p pressure, dynes/cm 2 

q general experimental v~riable 

Aq error involved in measurement of variable q 

Re Reynolds number, ~fUfdp/Uf 

S bed pressure gradient, cm f luid/cm 

t) superficial f lu id  velocity, cm/sec 
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W weight, d~mes 

Greek S~nnbols 

c holdup, i . e . ,  volu~e fraction of specific phase 

p density, gmlc~ ~ 

surface tension, dyne/cm 

u viscosity, poise 

Subscri Dts 

B bed 

buoy buoyant 

l gas phase 

f f lu id 

i i th phase or i th variable 

L l iquid phase 

mf minimun f luidization 

p particle 

S sul id phase 
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