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CHAPTER I 

INTRO DUCT ION 

At·the present, the farm and commercial peanut drying plants cir

culate warm air through a quiesc;:ent·bed of peanuts. This method pro

duces zone drying, figure 1. At first the drying zone is at the bottom 

of the bed and gradually progresses up through the bed. The zone dry

ing is very undes.irable in drying peanuts. The nuts are sensitive to 

temperature, and if they reach too. high a temperature, above 95 degrees, 

the flavor is affected.. But if the peanuts .are dried t;oo slowly, molds 

may·grow above the drying ,zone and cause the entire batch to be unsal

able. Certain molds, e.g., AspergilJ,us flavus, can, under certain con

ditions produce toxic metabolities, aflatoxin, which under controlled 

experimental conditions are known to have carcinogenic effects in ani

mals. These shortcomings indicate a need for a method of stirring the 

bed to break up the drying zone, possib;I.y a spouted bed dryer. 

The spouted bed dryer eliminates the zone drying problem alto

gether. The spouted bed technique keeps the particles completely mix

ed which gives a more uniformly dried bed. A stream of air and par

ticles is forced up through the center of the bed and form a fountain

like spray at the top of the bed, The particles then fall back to the 

bed and are recirculated. While in the quiescent bed the.particles in 

the bottom are coni:;tantly exposed to hot incoming.air, in toe spouted 

bed particles are exposed to the air at the incoming temperature for 

1 
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only a short period of time and the recirculating keeps the particles 

from reaching the incoming air temperature. This would allow the use 

of higher temperature air for drying, which would decrease the drying 

time and decrease the popsibility of mold. forming. 

3 

Our present knowledge of the spouted beds is limited mostly to 

wheat and some other small grains. At the present, there are no equa

tions for predicting the air flow, pressure drop, and bed turnover time 

for larger particles, such as peanuts. The resulting prediction equa

tions from .this study will provide a knowledge of flow requirements, 

e.~., flow rate and pressure drops for the spouting of peanuts and bed 

turnoveri time which gives a measure Qf transient heating time and cir

culation rate for drying studies and prototypes. The basic data of 

this study is necessary before drying studies can be conducted. The 

two studies combined can then be used to design a prototype spouted bed 

peanut dryer, 



CHAPTER II 

OBJECTIVES 

The general aim of this study wa,s .to develop prediction equations 

for bed resistance and particle transport to be applied to peanut spout

ed beds. The equations are a function of bed configuration, physical 

characteristics of the peanuts and air flow. 

Specific objectives were: 

1. To develop prediction equations for the air flow 

required to initiate spouting and for the minimum 

air flow required for spouting. 

2. To develop a i:irediction equation for the pressure 

drop in a quiescent bed and an equation to predict 

the pressure drop across a spouting bed. 

3. To develop a prediction equation for the bed turn

over time. 

4 



CHAPTER III 

REVIEW OF .LITERATURE 

The spouted bed technique has been investigated in the past in con

nection with wheat and, other cereal grains of comparable size. Mathur 

and Gishler (1955) investigated spo1,1ted beds of sand and wheat. 

Johnston, et,al., (1961) studied spouted liquid-liquid systems. They 

used water to spout tol1,1ene in a mixer-settler. 

The spouted bed system Gonsists of a cone~bottomed column having 

an opening at the al?ex of the cone for> the intr>oduction of a spouting 

fluid, usually air, as shown in Figt,J.re 2. The bed, filled with coarse 

solid material, usually too large to fluidize in a. fluidized bed; is 

subjected to an upward air fl;ow entering through the inlet pipe. At 

low air velocities, the air will simply pass ·upward through the solids 

bed without dist:rubing the pa:r;'ticles, similar to a packed bed. In 

Figure 3, this characteristic is shown as AB. As the air flow is in

creased beyond this point there is a shar>p decrease in pressur>e drop 

across the bed and the particles are lifted slightly upward so that a 

short internal spout is formed. As the air flow is increased, the in

ternal spout continues to grow and the bed expands until there is a 

movement of particles at the top of the bed, An increase in flow be

yond point C, Figure 3, causef;! a sharp decrease in pressure drop as the 

spout breaks through the top of the bed. Steady spouting is occurring 

at point D. Mathur and Gishler (1955) found that after spouting has 

5 
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been started, there is very l:i,ttle chang~ in pressure with increase in 

air flow. 

·nuring spouting, the general motion of particles is i;o move down 

the c;innulus, enter the central upward air-particle stream, .and be car

riec;l to the top of the bed, Figure 2. Thorley, et.al, (1959) found, 

in general, about two-thiros of the material enters the spout within 

t;he cone region of the bed while the other one-third enters along the 

remainder of the spout, The particles emerge at the top of the bed in 

a fountain-like spray or spout. The solid particles then fall bac'.k to 

the annulus of the bed. Thus a spouted bed con~ists of a central air 

spo1i1:t carryin~ solids upward anq a downward moving annulus with a 

countercurrent flow of air. 

8 

If the air flow is decreased after1 spouting has been initiated, 

the performance follows the dotted line in Figure 3. The air flow can 

be decreased without spout failure to point D1 , This is somewhat lower 

because the energy for breaking interparticle contact in the central 

core is no longer necessary. 

air flow to maintain spouting. 

This point, D', r1epresents the minimum 

Upon a slight decrease in flow, there 

is a sharp p;r-essure rise due to spout collapse, C'. Des::reasing air .... 

flow beyond this point, C', the bed behaves as a packed bed from C' 

to' A'. This line is lowe:r than .the increasing air flow line because 

the:pa:r1tic;::les are loosely packed .. 

!t has been recognized in the past that there are a number. of 

critical quantities and necessary c;:ond.itions for spouting. Stich quan

tities as bed-depth, particle size, air-flow rat~, inlet-air diameter, 

and column diameter are important. For a certain particle size and 

column diamet;er~ there is a limit to the ma~i.mum ai,:, inlet diameter for 
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spouting to occur. A maximum bed height for spouting becomes limiting 

for a given material, column diameter, and air-inlet diameter. Exper-

imentally developed equations are available to describe the spouting 

process. 

One :prediction equation for minimum air flow for. spouting was 

developed by Mathur and Gishler (1955) for wheat. For wheat, the 

smaller diameter was taken as the particle size and for the. other par-

ticles, the average screen opening was used. The resulting equation .is; 

d d. 1/3 2 g h (p - p ) ~ 
V = ( ....E..d ) (di) ( s f ) ( 1) 

S C C pf 

Where: 

d = particle diameter, ft. 
p 

d = column d,iameter, ft, 
C 

d. = 
1. 

fluid-inlet diameter, ft. 

g = acceleration du.e to ~ravity ft. /sec. 2 

PS = ab.solute density of solids, lb /cu.ft. m 

pf = flli.id density, lb /cu.ft. m 

h = bed depth, ft. 

Vs= minimum superficial ;fluid veloci,ty for spouting, ft,/sec. 

Range of variables used in deriving above correlation are: 

d = 0.023 - 0.25 in. 
p 

d. :; 1/16 - 2 1/8 in. 
' 1. 

PS = 69 - 464 lb /cu. ft. m 

d = 3 - 12 in. 
C 

h = 3~ - 106 in, 

pf= 0.073 and 6'.2.4 lbrr/cu.ft. 
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It was found that ~quation 1 did not predict minimum velocities 

for some systems. A modified farm of the equation was.developed by 

Thorley, et,al., (not published). 

d d. n 2 g h (p - p ) ~ 
V :; ( ...kd ) ( di) ( s f ) 

S C C pf 
( 2) 

Where: 

n:; 0.23 for 45°, included cone angle 

n = 0.13 for 85°, included cone angle 

Other symbols are defined in Equation 1. 

Madonna, et.al., (1961) make use of an energy balance and fluidiz-

ing pres.sure drop equation a.nd develop an equation similar to Gishler 

and Mathur (1955). 

The result is: 

Where: 

g
0 

= gravitational constant, ft,/sec. 2 

cS = void fraction of bed before spouting 

C = a coefficient to be determined experimentally and 
s would be a function of particle diameter, void 

fraction of bed before spouting, air inlet dia
·meter, column,diameter, cone angle, coefficient 
of friction between solids and column material. 

Other symbols are the. same as for Equation 1. 

(3) 

Smith and Reddy (1964) developed a correlation for mixed particle-

s,i;ze beds. The·correlation was developed for 6 inch I. D. Columns. 

The correlation is: 

D (0.905 - 152 D. 2 ) 2 g h (p - p ) ~ 
V = (_..._ _________ i_) ( s f ) 

s ( 2H) 3.52 Di Pf 
(4) 



Where: 

D = mean particle diameter, usually mean length, ft. 
p 

D. = inlet-orifice diameter, fi:;, 
l 

H = static bed height, ft. 

g = acceleration due to g;r,avi ty, ft .. /sec. 2 

ps = solid density, lbm/cu.ft. 

pf= air density, lbm/cu.ft. 

V = superficial minimum spouting velocity, ft./sec. 
s 

Still another equation for minimum spouting is given by Becker 

11 

(1960), This equation is valid for L/D = 1 or larger and Re > 100, 
C m 

or 10 < Re. < 100 if DID < 0, 1. 
m o C 

V D 
[f (¢)]2/3 0,295 s 

1 + 0.0071 ( __'.:.) Re ln(L/Lm) ( 5) --V D m 
m 0 

The minimum spouting velocity seems to become independent of the 

properties of the particles as L/D falls below about unity. The fol
c 

lowing equation was developed for L/D less than one. 
C 

V -0.058 D 
s = 1. 2 ( .!:.. ) exp . ( c ) 

V D D 
m C 0 

Where: 

L = bed depth, ft. 

D = column (inside) diameter, ft. 
C 

D = gas inlet pipe inside diameter, ft. 
0 

V = minimum spouting velocity, ft./sec. 
s 

V = maximum of the minimum spouting velocity, ft,/sec. m 

Re = D V p m v m f/µ 

( 6) 



D = particle diameter, expressed as the diameter of an 
v equi-volumed sphere, tt: 

µ = gas viscosity, lb /ft. sec. 
m 

f(~) = experimental particle shape factor. 

pf= air density, lbm/cu, ft. 

L = maximum spoutable bed depth, ft. 
m 

12 

The foregoing equations were developed for the prediction of mini-

mum spouting velocity. The particles used in most ca,ses were wheat. 

The next type of equation needed for spo~ted bed design is one to pre-

diet pressure drop. Those few available are for grain·such as wheat. 

Madonna and Lama (1960) developed pressure drop prediction equa-

tions for both spouting and maximum pressure drop. The equa,tions are: 

Maximum pressure drop; 

b. p 
m 

L 
= 

1120 G µ A2 (1 - cS)2 
D 2 p g~ cS3~ 

p f 

Spouting pressure drop; 

Where: 

b. p 
s 

L 
74 G1.25 µ0.75)·(-~ 1 •75 (l _ cS)1.75 

= ( D ) --cS-3--
gc Pf p 

b. p = maximum pressure d~op in a spouted bed, 1b/ft2 . m 

b. p = pressure drop at spouting, lb/ft. 2 . 
s 

L = depth of packing, ft. 

A = particle shape factor. 

D = diameter of the equivalent volume sphere of the 
p packing particle, ft. 

pf = density of fluid, lb /cu.ft. m . 

cS = void fracjtion of bed be~ore spouting. 

(7) 

( 8) 



lets. 

G 

).l 

= mass velocity of air through bed, based on cross
sectional area of column, lb /sq.ft.hr. 

m 

~ air viscosity, lb /ft. hr. 
m 

g = conversion factor, 4.17 x 108 ft. 1 hr.2. 
C 

The restrictions on the equations are: 

13 

The void frac;tions of .the beds studied ranged from 0.358 to 0.525. 

The data was collected for 6 inch diameter beds with 0.5 inch in-

The equivalent particle diameters ranged from 0.079 to .25 inch. 

The kinematic viscosities of the spouting fluids should be close 

to that of air. 

The pressure drop across the spouted bed has also been estimated 

by Thorley, et.al., (1959) to be approximately two-thirds the pressure 

due to the weight of the bed. 

Becker (1960) developed an equation to predict the maximum period 

of the bed turnover cycle, 8c' for wheat beds 2-6 ft. deep and diameter 

of 6 inches to 24 inches. The equation is: 

L 
e = 21 c.!:.)~ c__E:.) 

c g D 
C 

Where; 

L = bed depth, ft. 

g = local acceleration due to gravity, ft/sec. 2 

L = maximum spoutable bed depth, ft. 
m 

D = column diameter, ft. 
C 

( 9) 

There are a number of other equations for predicting various things 

such as spout diameter, air flow patterns and particle flow patterns. 

They are not within the scope of the present study and will be omitted 
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here. 

The preceding equations are expected to be inadequate for peanut 

spouted beds. These equations were developed em:i;:drically for smaller 

systems with particles of different surface anq. physic.al characteris-

tics. For example, the particles used to develop the foregoing equa-

tions. ranged friom 0.023 inch to 0.25 inch while the Spanish peanut has 

a diameter of approximately 0.4;1.8 inch and length of 0.823 inch giving 

an equal volumed sphere diameteri of 0.60 inch, The particles used were 

more dense, a range of 69 to 464 lb /cu.ft, compared to 27.2 lb /cu.ft. m m 

for peanuts, The experiments were also conducted on smaller diameter 

columns. In the presented equations, there are some apparent omissions 

in some of the equations. For example, Mathur and Gishler left out 

viscous effects ( no Reynolds number), Equation 1. Also, Thorley, et .al. 

in Equation 2, Madonna, et.al., and Smith and Reddy left out viscous 

effects in Equations 3 and 4. Becker also omitted viscous effects in 

Equation 5. Madonna and Lama left out bed diameter and inlet pipe di-

a,meter, Gravity effects seems to be included in all the equations if 

g and g are local acceleratiop of griavity, It was not clear from some 
C 

of·the authors definitions. Therefore, ci.s compared to other systems 

used, the peanut spouted bed could be expected to require modifications 

of the empirical equations. 



CHAPTER IV 

DETERMINATION OF PERTINENT PARTICLE 

DIMENSION FOR PEANUTS 

The method of apalysis used in the air requirement study for pea-

nuts is dimen.sional analysis. This method incurs the listing of all 

the pertinent quantities and there combination into dimensionless quan-

tities called Pi terms. The number of Pi terms is determined by the 

rank of the dimensional matrix, which. usually amounts to substracting 

the number of dimensions used to express the pertinent quantities from 

the number of pertinent quantities. It is readily apparent that the 

reduction in the number of pertinent quantities without decreasing the 

number of dimensions would decrease the number of Pi terms; therefore, 

making the system simpler and more easily described mathematically" 

Figure 4. Sketch of Whole Spanish Peanut 
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The whole peanut, Figure 4, requires at least two quantities to 

describe it, length (L) and diameter (d). 
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For a particular geometrical particle, the particle characteristic 

dimension is important in forming the Reynolds and Froude numbers. If 

the interlocking of the particles and friction is assumed to be describ

ed by a constant placed in the equation, the drag force requires only 

one characteristic particle dimension, if spheres are used; 

Former researches in spouted beds have made use of one character~ 

istic particle dimension. This dimension was the diameter of a sphere 

whose volume was the same as that of .the particle being studied. This 

provided a very good estimate of the actual particle shape. Various 

crops seeds were studied, such as vetch, peas, etc •. The equal volume 

diameter was also used for wheat. Since the shape of whole peanuts 

differ radically from such particles, a study of the peanut drag forces 

was necessary, to determine if an equal volumed sphere could be used. 

If an equal volume sphere did not produce the same drag coefficient, 

then the proper sized sphere should be determined. An experiment was 

designed and carried out to determine the drag coefficient for compari

son of peanuts and model spheres. 

The experiment consisted of dropping, one at a time, ten model 

peanuts and ten corresponding equal volumed spheres in a verical clear 

plastic tube, 3.68 inches inside diameter, 89.5 inches tall, filled 

with water and plumbed to keep the particles away from container wall. 

The particles were timed for a total of five feet of fall in the water. 

They were allowed to fall two feet,. to allow the particle .to attain 

terminal velocity, before the time was started. Ten separate runs for 

each sphere and model were made. The average velocity was then 
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ca],culated. This velocity was assumed to be the terminal velocity. 

The model construction consisted of making wax molds using an ac;... 

tual peanut, and then using the molds to construct plaster-of-paris 

peanuts. The models were coated with wax to prevent water from enter-

ing the models during testing. The volume of the model peanuts was 

determined by the differental weight in air then water. A $ppere W~§ 

then constructed with the same volume, that is, sphere number one had 

the same volume as model number one and so on. Model and sphere char-

acteristics are listed in Appendix A. 

If the velocity measured is the terminal velocity, then there are 

only three forces acting upon the particle during its five feet of fall; 

drag force, gravity force, and buoyant force. From ,a free body, the 

drag force on the particle becomes. 

FD = vol p G vol pf G p 

and by definition 

CD Pf Cv)2 NeA 
FD = 

2 

Equations 10 and 11 can be combined and the drag coefficient found 

to be; 

Where: 

= 

CD= drag coefficient 

(vol) (G) (pp - pf) 

pf v2 NeA 

G = gravity field strength, lbf/lbm 

(10) 

( 11) 

( 12) 



V = particle terminal velocity, ft./sec. 

Ne= Newton's Second Law coeffic{ent, 0.0311 lbfsec2/lbmft. 

A = particle projected ar~a, ft 2 , 

vol= particle volume, ft 3, 

pf= fluid density, lbm/ft3, 

pp= particle density, lb /ft3. m . 

FD= drag force, lbf. 

The results of Equation .12 for. the measured velocities corrected 

for wall effect (Equation 13 given in Orr (23)) are listed in Table 

I and II. Equation 13 is used for rigid sp·heres falling inside a. cy-

18 

lindrical container where there are large inertial effects. The aver-

age diameter, (length+ diameter)/2, was used for the model peanut wall 

correction. 

= (13) 

Whe!'e: 

Vt= terminal settling velocity in a container. 

V = terminal settling velocity in an infinite fluid. 
Q9 

D = container diameter. 

d = sphere diameter 1 

Equation 12 assumes .that·there was no acceleration over the 5 feet 

of travel; the average velocity is the terminal velocity, Drag coef-

ficient calculations were made assuming acceleration .and resulted in 

giving the same drag coefficient as Equation 12. This indicates that 

there was no acceleration and Equation 12 is correct. 

The model peanuts fell with the long a~is perpendicular to the 
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TABLE I 

MODEL DRAG COEFFICIENTS 

Model Corrected L/D Reynolds Drag 
Number For Wall Ratio Number Coefficient 

Effect Re CD 
Velocity Using Cyl. (LxD) 
(ft/sec) To Approx. A 

1 1. 08 1. 99 4656.13 0.18 

2 0.87 1. 73 4203.91 0.23 

3 1. 02 2.13 4773.50 0,13 

4 0.89 1. 85 3582.59 0.27 

5 1. 01 1. 87 4241. 74 0.11 

6 o. 96 1. 90 4010.06 0.22 

7 0.75 2.12 3028.00 0.34 

8 0.91 1. 82 3524.97 0.29 

9 0.94 1. 99 3717.81 0.26 

10 0.99 1. 95 3989.31 0.23 
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TABLE II 

SPHERE DRAG COEFFICIENTS 

Model Co;r,rected Reynolds Drag Pu,blished 
Number For Wall Numb~r Coefficient Drag 

Effect Re CD Coefficient 
Velocity For Sphere 
( ft/sec) CD 

1 1. 22 7351. 98 0.36 D,39 

2 1. 25 7593.15 0.26 o.39 

3 1.10 6583,13 0.46 0,39 

4 1. 08 5631. 99 0.42 0,39 

5 1. 05 5586.34 0.46 0,39 

6 1.14 6093.07 0.38 o.39 

7 0.99 5275.99 0.37 o.39 

8 1. 09 5639.41 0.42 0,39 

9 0.85 4520.61 0.41 o.39 

10 ~.12 5930.17 0.35 o.39 
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diriection of fall, ( see F.igurie 5), For> this reason, the length times . 

the diameter was used as an estimate of the prioj ected ariea. in the cal ..... 

culations in Table I, The published driag coefficient ;fori the Reynold's 

number> (Re) riange is apprioximately 0.7 for a cylinder and 0.4 for a 

sphere. The relative positions of the model and .its equal volumed sp.-

here are shown in Figure 6. 

Fr.om •F_igur<;; 6, it is apparent that the model falls slower than the . 

equal volumed sphere, This :;ihould be expe13ted, since the sphere and 

model have different projected areas, but tpe equal volumed sphere 

should give the same drag coefficient, Equation :1,2, as its model, if 

the sphere diameter is the c.haractieristic diameter· to use, By compa:r-. 

fog Table I with Table II, it is c],ear that an equal volumed sph:ere 

does not duplicate the model I s driag coef;f icient, The use of the equal. 

volumed sphere diameter as a pertinent particle diameter, is a bad choice 

for whole Spanish peanuts. The spheres can still be ~sed as a check 

agains_t published drag coefficient ( 0, 40) for spheries to vaJ.idate the 

measuriing technique. 

An ex.amination of Table I reveals a dr-ag coe.fficient of the model 

peanut is ariound 0,2 for, each model, This is less than one third the 

publisheq. values fori a cylinde:i;, and one-half that of an equal. volumed .. 

spherie. 

A study of the model chariacteriistics (Appendix A and Figurie 4) re, 

veals two things. One, the model diameter is about half its length. 

Two, the naturiaJ. shape of the paritic,1.e is simil.ar to two spheres con-

nected, The shape of _the peanut can be approximated by two spheres, 

each of d,iameter, d , where d is the average of 4 diameters two per-. p p 

pendicular to each otheri oneach end. The term A in Equation 12 would 



Figure 5. Model Peanut Orientation During Fall 
(Model number one) 
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Figure 6. Relative Position of Model and Its ' 
Equal Volumed Sphere (Model and 
Sphere number eight) 
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be 3.14 x d 2 / 4. The drag coefficient was calculated for each model 
p 
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using the diameter, The average of all the CD 1 s was 0.3 reasonably 

close to that published for a sphere, 0.4, for this range of Reynold's 

numbers, 

It can be concluded then, that the characteristic dimension of a 

whole Spanish peanut is its diameter, d .• 
p 



CHAP'l'ER V 

EXPERIMENTAL DESIGN 

Upon ~xamination of the ~pouted bed process (Chapters I and III), 

fluid and part,i<;:le motion does not seem subject to rational ana,1.ysis 

starting with basic governing equatic:ms, Theriefore, experimental anah 

ysis for semi~empiri<;:al correlations based on similitude principles 

seemed preferable, 

Similitude can be used tc;, develop an .equation to describe any 

physicial system by use of component equations, To make use of these 

princ;ip,l.es it is neqessc:l.ry to ma)<e a complete list of the pertinent quan

tities and t)1en ~ombine·tneJn into a number of ind,ependent; oimensionless 

numbers known as Pi terms, The number o;f Pi terms is determined by sub

tracting the rank of their dimensional matrix from the number of per-, 

tinent quantities, The component equations are then derived by varying 

a Pi term and mea:;;urii,ng its effect on the dependent Pi terim, while the 

rest of the Pi terms remain at a constant value. The component: equa

tions are then combined to form cl- prediction equation for the process .. 

The p:refo;t>mance of a spouted bed system is shown graphically in . 

Figure 7. To obtain the objectives in this study it was necessary to 

develop experimentally, by use of similitude principles, a priediction 

equation to de:;:cribe the points and lines in Figure 7, There are six 

basic eq,uation::; ne~ded; line AS, the quiescent bed phase; point,,B, 

the mc;1,ximum ;priessu:re drop across the bed to initiate transition from.a 



No. Symbol 

Bed and Particle 

1. Be 
2. D 
3. d 

4. dj 

5. dp 

TABLE III 

QUANTITIES PERTINENT TO FLUID AND PARTICLE 
TRANSPORT IN SPOUTED BEDS 

Description 

Confisuration 

Cone angle for bed floor 

Bed depth 

Bed diameter 

Inlet pipe diameter 

Particle characteristic size index 

Units 

degrees 

ft 

ft 

ft 

ft 

Fluid and Particle Properties 

6. 

7. 

a. 

9. 

10. 

11. 

12. 

13. 

P1 
Pp 
Tpb 

Tpp 

G 

I" 
Ne 

Fluid mass density 

Bed bulk mass density 

Particle-bed wall friction angle 

Particle-particle friction an~le 

Gravitational field strength 
Note: G = 1 lbf/lbm at standard 

conditions on earth's surface. 

Fluid viscosity coefficient 

Newton's 2nd law inertial 
coefficient; in: "Inertial force 
Ne x mass x acceleration" 

Fluid static pressure drop, 
bed inlet to exhaust 

Fluid and Particle Transport Rates 

14. a Fluid flow rate through inlet pipe 

15. Oc Minimum fluid flow rate through inlet 
pipe to maintain stable spout. (Any 
flow reduction below produces spout 
collap_se.) 

16. Qj Minim.um fluid flow rate through inlet 
pipe to initiate stable _spout 

17. 8 Bed turnover time 

lhm/cu ft 

lbm/cu ft 

degrees 

degrees 

lbf/lbm 

lbf x sec/sq 

lbf X sec2/lbm 

lbf/sq ft 

cfs 

cfs 

cfs 

sec 

ft 

X ft 

26 

Dimensional 
Symbol 

L 

L 

L 

L 

ML- 3 

ML-3 

T 
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quiescent bed to a fully-developed spout; point C, spout break through; 

line DE, pressure drop and flow relationship for spouting condition; 

t 
point D, the minimum,flow at which the spout collapses; and an equation 

to express the bed turnover rate. Figures B(a) and B(b) show a sketch 

of the system and identifies the symbols. A seperate list of._pertinent 

quantities is given for. each equation. 

Q 
IJ.J 
CD 

(f) 
(f) 
0 
a:: 
~ 
a.. 
0 
a:: 
Q 

Lu 
0:: 
:::> 
u, 
(f) 
Lu 
0:: 
a.. 

8 ----~-~~~~-...-----~ 

----- -~~,:,L1---- C 

I 
-.---J'- ... --... 

/ 
/ D 

FLOW RATE THROUGH BED 

Figure 7. Sketch Of Spouted Bed Preformance 
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D 
d (depth in initial 

quiescent condition) 

T p b---;i...l 

dj 

P1 
fl Fluid in 

Q 

Figure B(a). Spouted Bed Nomenclature. 



Shell 

Annulus 

Cone 

---Air Inlet 
k'--- Air Pipe 

Figure B(b). Particle Circulation 
Pattern. 

29 
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Some quantities are not listed in the seperate Pertinent Quantity 

Tables because they remained constant such as B c' 'pb and, The cone pp 

angle, B c' remained constant, 45°' for all the test. Only one product 

was used during .all the test, whole Spanish peanuts; therefore, the 

friction factors '·band, were constant and omitted. The effect of p pp . 

these factors will show up as a constant in the .final prediction equa-

tion. 

Quiescent Bed Phase 

i 
) 

The pertinent quantities important in thie quiescent bed phase are 

listed in Table IV and illustrated in Figure B(a), Gravity forqes are 

not pi;rtinent to pressure drop in the quiescent bed phase. The pressure 

drop flow rate relationship is represented by .line AB in Figure 7. 

According to similitude principles, the number of Pi terms needed 

to describe the system is the total number of variables minus the rank 

of their dimensional matrix~ 9 - 4 = 5. The Pi terms developed for the 

system studied are listed in Table V, 

The·dependent variable in this study was P\ 1 , an index of the 
' 

ratio of fluid static pressure drop to fluid viscous forces times flow 

path length, The term 1415"2~ is an index to the mean flow path, 

(Figure 9), After preliminary analysis of experimental data, it was 

decided that this term was .a better index to use than·a sepe:rate Pi 

term such as Pi4 ; theriefore, Pi4 was omitted in the analysis. 

Pi3 is an index of particle size to bed diameter. Since the par

ticle is so much smaller than the bed diameter, it was hypothesized that 

this Pi term would have little effect and can be left out. 



No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Symbol 

p 

Q 

D 

d 

d. 
l. 

<l 
p 

µ 

Ne 

TABLE IV 

PERTINENT QUANTITIES, QUIESCENT BED PHASE 

Description 

fluid static. pressure drop, 
bed inlet to exhaust 

fluid flow rate through inlet 
pipe 

bed depth 

bed diameter 

inlet diameter 

particle characteristic index 

fluid viscosity 

Newton's Second Law 
coefficient 

fluid density 

Units 

lb/sq.ft. 

cfs 

ft. 

ft. 

ft. 

ft. 

lbf X sec/sq.ft. 

2 
lbf X sec /(lbm X ft.) 

lb /ft.
3 

m 

9 4 = 5 Pi terms 

Dimensional 
Symbol 

L 

L 

L 

L 

FTL- 2 

FT2M-iL-i 
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TABLE V 

DIMENSIONLESS PARAMETERS, 
QUIESCENT BED PHASE 

No. Term Description Values 

2llPd~d2 pressure drop/viscous 
Pi1 1 

i E . forces; mean flow dependent 
' µQ/im"2+d2 path ratio 

Pi 2 d./d inlet diameter/ variable 
J. bed diameter 

Pi3 cl. /d particle size index/ variable 
p bed diameter 

Pi4 D/d bed depth (flow path variable 
inde~)/bed diameter 

Pi 5 

d QpfNe 
~2µ Reynold's numb.er variable 



TABL,E VI 

EXPERIMENTAL TESTING SCHEDULE, 
QUIESCENT BED PHASE· 

2 tiPd. 2d 2 d, 
Experiment No. l. • p -2:. 

v'4i5'2+cf2 d 
µ Q 

all experiments, 
see chapter on· measur~ 0.20 
data analysis 

measure 0.1,0 

measure 0.16 

mea:;,ure 0.20 

measure 0.28 

measure 0.22 

measure 0.13 

measure 0,19 

measure 0.16 

measure 0.11 

measure 0.12 

measure 0.14 

measure 0.16 

33 
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D 

d/2 

.--2--

H = v<%) +n2 = \/ct2+4n2-

Figure 9. Mean Flow Path Length 

Pi4 , independent Pi term, is an index of the inlet pipe dia~eter 

divided by the bed diameter. 

Pi 5 , independent Pi term~ is a modified Reynolds number, an index 

of the ratio of fluid inertial forces to fluid viscous forces for flow 

past particles. Analysis of the quiescent bed flow data revealed that 

flow varied linearly with t::, P, see Figure 7. This is characteristic of 

flow when only viscous forces have a significant effect on pressure 

drop. Therefore the modified Reynolds number need not be included. 

The combinition of the Pi terms produces an equation, 

'•!(·. 

2 t::, P d. 2 d 2 
l p = 

Maximum Pressure Drop 

(14) 

Point B, of Figure 7, is the point of maximum pressure drop requir-

ed to initiate transition from a quiescent bed to a fully-developed 
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spout. The pertinent quantities needed to describe this point are list-

ed in Table VII. 

The number of Pi terms needed to describe this system is, 

7 - 3 = 4, four. The Pi terms developed for the study are listed in 

Table VIII, 

The dependent Pi term, is an index of the ratio of the maximum 

pressure drop achieved divioed by the gravity forces. 

The independent Pi terms are Pi2 , Pi
3

, and Pi4 . Pi2 is a geomet

ric ratio of the bed depth to the bed diameter. Pi3 is the geometric 

ratio of the bed depth to .the inlet diameter. Pi4 is the geometric 

ratio of the particle size to the bed depth. 

The independent Pi terms are Pi2 , Pi3 , and Pi4 , Equation 15, 

(D/d)n3, ( D/d. )n4' tiil N9tice that they are (d /D) 2 and could just as well 
l p , I 

be written (D/d)n3, ( d/d. )0 4, (d /dl2. Then for a given bed diameter, 
l· p 

d, inlet diameter, d., ~nd particle size, d; the bed height could 
l p 

be varied to find n3 by component equations. The Pi terms could also 

be written as d/d., D/d., d /d, and the same procedure could be used to 
l l p 

find n4• After n3 and n4 are known Pi2 and Pi3 could be combined with 

Pi1 , 2 to form a new Pi term, Pi1 , 2/(D/d)n3 (D/di)n4, This new Pi term 

t:hen becomes the d.ependent Pi term and d /D the only independent Pi 
p 

1:;erm left; therefore, n 2 can be found by varing bed depth, see Table 

IX. 

= 
d n2 D n3 D n4 

a.2 (Y) (-) (- ) 
D d d. 

l 

( 15) 

This equation for maximum pressure drop can be used in conjunction 

with the quiesc;:ent bed, Equation.:1,4, to calculate pressure drop and 



No. Symbol 

1. 11P 

2. G 

3. pp 

4. D 

5. d 

6. di 

7. d p 

TABLE VII 

PERTINENT QUANTITIES FOR 
MAXIMUM PRESSURE DROP 

Description 

maximum pressure to develop 
incipient spouting 

gravity field strength 

-density 0£ peanut 

quiescent bed depth 

bed diameter 

inlet diameter 

characteristic peanut dimension 

7 3 = 4 Pi terms 

Units 

lbf/ft. 

lbf/lbm 

lb /ft. m 

ft. 

ft. 

ft. 

ft. 

2 

3 

Dimensional 
Symbol 

L 

L 

L 

L 



No. Term 

Pi1 2 l:,. p 

' Gp d p p 

Pi2 D/d 

Pi3 D/d. 
l 

Pi4 d /D 
p 

TABLE VIII 

DIMENSIONLESS PARAMETERS, 
MAXIMUM PRESSURE DROP 

. Des.aription 

pressure forces/gravity forces 

bed depth/bed diameter 

bed depth/inlet pipe diameter 

particle characteristic 
dimension/bed depth 

Value 

dependent 

variable 

variable 

variable 



Exp, 

7.1 

7. 2 
··/' 

7. 3 

7. 4. 

1. 5 

7.6 

7. 7 

7, 8 

7.9 

Exp. 

7.1 

7,2 

7,3 

7 ,4 

7 ,5 

7 ,6 

1.1 

7,8 

7.9 

Exp, 

TABLE IX (a) 

EXPERIMENTAL TESTING SCHEDULE, 
HAXIHUH PRESSURE DROP 

6P D d 
Gppdp d d. 

i 

meosure 0,48 18/5,187 
constant 

o. 59 

0, 70 

o. 81 

0,92 

1.03 

1.14 

1.25 

1.36 

TABLE IX (b) 

EXPERIMENTAL TES.TING SCHEDULE, 
HAXIHUH PRESSURE DROP 

6P d D 
Gppdp di di 

measure 18/5.187 1.68 
constant 

2,04 

2,43 

2,81 

3,20 

3.59 

3,97 

4,36 

4. 74 

TABLE IX (c) 

EXPERIMENT AL TEST ING SCHEDULE, 
HAXIHUH PRESSURE DROP 

6P 

Gppdp 

all experiments 
i;iee chapter, on 
data analysis 

measure 

d 
aP 

0,4247/18 
constant 

d 
...R. 
d 

0.4247/18 
constant 

0,48 

0.39 

0,33 

0,29 

0.25 

0.22 

0.20 

0.18 

0,17 

38 
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fluid flow to initiate transition from.a quiescent bed to a spouting 

bed, 

A Stable Spout 

Two critical points in spouting are C and D, F.igure 7. There is a 

certain flow and pressure point at which a stable spout will break 

through, This is represented by point C. The flow rate may be increas-

ed or decreased from this point once the spout is formE)d, and the spout 

will remain stable. There is a limit to the amount.the flow rate can 

be decreased, beyond which the spout will collapsE;!, point D. Both of 

these points are on the same line, DE, It is evident that both equa-

tions will be a function of the same pertinent quantities, Only one. 

term will be different, the flow rate. For point C, the flow rate, 

Qci' is the flow rate to initiate a ,stable spout, while at point D, the 

flow rate, Qcf, is the minimum flo11 rate .that will maintain a spout 

once it is formed, These equations can be used with the equation de-

scribing line DE to get the pressure drop at each point. 

Table X gives a list of pertinent quantities. Quantities D, d, 

and d. are dimensions of the bed. The pi:!.rticle properties are de-
1 

scribed by d and p , characteristic partic,1.E) ,length and particle bulk 
p p 

density. 

The values for the Pi terms in the second series were omittec]. in 

Table XII(a) because another similar method was. used as explained in 

the chapter on data analysis. The fluid is descriibed by its density, 

pf' and viscosity,µ. The forces important are gravity, G, and iner;... 

tial, Ne. · The flow rates are Qci or Qcf depending upon the equation 

being sought .. 



Exp. 
No.· 

1. 

2. 

3. 

4. 

5. 

6. 

8. 

9. 

10. 

11. 

Symbol. 

D 

d 

di. 
1· 

G 

µ 

T1\Bt:f.! · X 

PERTINENT QUANTITIES, FOR MAINTAINING 
A STABLE SPOUT 

Description 

bed depth 

bed.diameter 

inlet pipe diameter 

fluid mass density 

particle bulk density 

Units 

ft. 

ft. 

ft. 

lb /cu.ft. m 

lb /cu.ft. 
m 

Newton's Second Law c;:.oefficient 

. gravity field stre.ngth 

lbf .x sec2 /{lbm X ft.) 

lbf/lbm 

fluid viscosity 

particle characteristic .dimension 

fluidflow rate to initiate a 
stable spout 

minimum flow rate that will maintain 
a spout, once initiated; i.e., spout 
failure 

lbf X sec/sq.ft. 

ft. 

cfs 

cfs 

Dimensional 
Symbol 

L 

L. 

L 

ML-3 

ML-3 

FT2i,C1L-1 

FM-l 

FTL-2 
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Similitude principles indicate that there will be 6 Pi terms. The 

proposed set of Pi terms are listed in Table XI. Pi
1

, 3 is a form of 

the Froude number expressing a ratio of fluid inertial forces to parti-

cle gravity forces and combined with the fluid density to particle den-

sity ,ratio, Pi2 and Pi3 are geometric ratfos .. of the ·bed. 

Pi4 is a ratio of particle size to bed diameter. Since the parti-

cles are much smaller than the bed.diameter, it is hypothesized that 

this :ratio has little or no effec;;t on the system; therefore, the ratio 

was omitted during the experimental work. P,i.
6 

is a ratio of fluid to 

particle density. Since the density of neither was changed significant-

ly through the tests, this ratio could be left out. Since the density 

riatio is important in the gravHy effect, it can becincltid~d by·Sombining 

this term with Pi1 , 3 which was done. Pis is a combination of the 

reciprocal of a modified Reynold's number squared times the modified 

Froude number. As before, sup;pose the d 3 could be replaced with dp 3, 

this would make Pis a constant until the exponents for the other Pi 

terms were found, Afte:r;> the other exponents were found, a new depend-

ent Pi term can be formed, see Table XU(d), The Pis component equa-

tion with d3 can then be evaluated, The Pi terms are. combined into 

an equation. 

Form of proposed equation--to initiate a stabl.e spout: 

= (16) 

Form of. proposed equation for minimum flow rate that mcl.intains a 

spout:·· 



No. 

or 

TABLE XI 

DIMENSIONLESS PARAMETERS, FOR MAINTAINING 
A STABLE SPOUT 

Term 

D/d, 
1 

d}/d 
1 

d /d 
p 

Description 

fluid inertial forces 
to initiate a stable. 
spout/particle gravity forces 

fluid inertial forces, 
minimum to maintain a 
spou.t/particle gravity forces 

bed;depth/inlet pipe diameter 

inlet pipe diameter/bed 
diameter 

particle characteristic 
dimension/bed diameter 

( 1/Reynold' s .number) 2 

( Froude number) vis.cous 
forces/inertial and gravity 
forces 

(1/Reynold's number)2 
(Froude number) viscous 
forces/inertial and gravity 
forces · 

fluid mass density/ 
particle mass density 
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Values 

dependent 

dependent 

variable 

variable 

variable 

variable 

constant 

constant 



TABLE XII (a) 

EXPERIHEHTAL TESTING SCHEDULE FOR 
HAIHTAIHING A STABLE SPOUT. n5 

Exp. 
Qc/Nepf D £1 µ2 ii"av; Qi NeGpppfd; 

7.1 measure 1,68 0.28 o. 785 X 10-7 

7.2 

7.3 

7.4 

7.5 

7.6 

7. 7 

7.8 

7.9 

Exp, 

7.1, 7,2, 7.3 
7.4, 7.5, .7,6, 
7,8, 7.9 \. 

2.3 

4.2, 3,31, 
4.1 

5.3, 5_.2, 5.1 

e.2, 8.1 

9.2, 9,1 

10.1, 10.2, 
10,3 

6.1, 6.2, 6.3, 
6,4 

1.1,, 1.2, 1.3, 
1,5, 1.9, 3, 20, 
3.1,f. 11.0 

11.1, 11,2 

Exp, 

7.1; 7.2, 7.3, 
7.1,f, 7,5, 7.6, 
7 ~ 8, 7,9 

2.50, 2,31 

6.1, 6.2, 
6,3, 6.4 

1.1, 1.2, 1.3, 
1.s, 1,9 

2.04 

2,43 

2,81 

3,20 

3.59 

3.97 

4.36 

4. 74 

TABLE XII ( b) 

EXPERIMENTAL TESTING SCHEDULE FOR 
HAIH.TAINING A STABLE SPOUT, ·n6 

Qc/Nepf 
~i 

2 

a"~ d NeGp
11
pfd• p p 

measure 0,28 o. 785 JC 10-7 

0.16 

0.12 

0,14 

0,22 

0.19 

0,13 

.0.16 

0,20 

0,16 

TAIIIJ: XII (c) 

EXPERIMENTAL TESTING SCHEDULE FOR 
MAINTAINING A STAIILE SPOUT, n7 

measure 1.03 x 10-12 

6.80 X 10-13 

4.01 X 10-13 
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= (17) 

Pressure-Aif Flow- Relationship During Stable Spouting 

After a spout has been initiated, there is a range of air flow 

rates and corresponding pressure drops which will maintain spouting, 

Figure 7 line DE, From the point of stable spout initation, the flow 

rate may be increased, The flow rate increase follows the line CE. The 

maximum point was not determined in this study as the equipment limita-

tion occured first. From the point of stable spout initiation, the 

flow rate may be decreased. 'l'he flow rate decrease follows an exten-

sion of the same line forming the CD portion of the line. The complete 

line DE then represents the stable spout region and may be represented 

by one equation. 

A pertinent quc;3.ntities list is given in Table XIII, The first 

three quantities are dimensions of the bed being used in the study. 

The fourth term, the particle characteristics dimension, was determined 

to be the peanut diameter in the previous chapter. The fifth term is 

the bulk density of the quiescent bed of particles. The next two terms 

are the forces acting on the system. The next two terms are spouting 

fluid properties. The last two terms are the terms plotted on the X-Y 

axes in Figµre 7. 

As before, according to the Similitude theory, the pertinent qua.n-

tities may be formed into the approporiate number (7) of Pi terms. 

The Pi terms are listed in Table XIV, 

Pi
1 4 is an index of the pressure forces to gravity forces. The 

' 



No. Symbol 

1. D 

2. d 

3. d. 
l 

4. d 
p 

5. pp 

6. Ne 

7. G 

8. µ 

9. pf 

10. Q 

11. 6P 

TABLE XIII 

PERTINENT QUANTITIES FOR 
STABLE SPOUTING 

Description 

bed depth 

bed diameter 

inlet diameter 

particle characteristic 
dimension 

particle bed bulk density 

Newton's Second Law coefficient lbf X 

gravity field strength 

fluid viscosity 

fluid mass density 

fluid flow rate 

pressure drop through bed during 
spouting 

11 4 = 7 Pi terms 

lbf 

Units 

ft. 

ft. 

ft. 

ft. 

lb /ft. 3 
m 

sec2/(lb X ft.) 
m 

lbf/lbm 

X sec/sq.ft. 

lb /ft. 3 
m 

cfs 

lbf/sq. ft. 

Dimensional 
Symbol 

L 

L 

L 

L 

ML-3 

FT2M-lL-l 

FM-l 

FTL- 2 

ML- 3 

L3T-1 



No. 

or 

Term 

LlP 

T,ABLE XIV 

DIMENSIONLESS PARAMETERS FOR 
STABLE SPOUTING 

Description 

pressure forces/gravity forces 

Reynold's number, fluid iner
tial forces/fluid viscous 
forces, for flow past particle 

µ2 (1/Reynold Number) 2(Froude 
Gd3pfp Ne number); viscous forces/iner-

p P tial and gravity forces 

Q2Nepf 

d4Gd p 
p p 

D/d. 
J. 

d/d. 
J. 

d /d 
p 

Froude number, fluid inertial 
forces/particle gravity forces 

bed depth/inlet diameter 

bed diameter/inlet diameter 

particle characteristic 
dimension/bed diameter 

fluid density/particle bed 
bulk density (combined with 
Pi number 3) 
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Values 

dependent 

variable 

constant 

variable 

variable 

variable 

variable 

constant 
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~ was placed in the denominator so that this number would resemble the 

Euler number, a common number used when pressure is important. 

Pi2 is a modified Reynolds number. It is an index of the fluid 

inertial forces divided by the viscous forces. The flow rate through 

the bed, Q, is used here for convenience instead of velocity. It should 

be noted that by dividing Q by d2 the term Q/d2 is different from the 

average bed superficial veloc~ty by the constant TI. 

Pi3 is a modified Froude number, an index of fluid inertial forces 

divided by the gravity forces. Also, Q is used instead of. the velocity, 

but the length d2 is used in the denominator. This combination is an 

index of velocity. The term fluid velocity divided by particle bulk 

density, is not changed through the experiment; so it can be combined 

with the Froude number. 

Pi4 and Pi 5 are bed size ratios. 

Pi 6 is the ratio of particle si~e to the diameter. This term may 

be omitted si~ce the bed diameter is always several times larger than 

the particle size. 

Table XV(a), XV(b), XVI, and XVII gives the experimental testing 

schedule for this equation, 18. Table XV is carried out by supposing 

that Pi3 is replaced by Pi 2 2 (Table XIV) which is constant. All the 
' 

terms are then constant except Pi1 4 and Pi2 1 . The component equation 
' ' 

containing n11 can then be evaluated. The second process can be carried 

out by supposing that Pi
2

, 1 is replaced by Pi2 , 2. In actually deter

mining n
11 

and n12 experiments 7.6, 7.7, and 7.8 were used and is ex

plained in the chapter on analysis. 

After n
11 

and n
12 

are formed, a new Pi term may be formed as given 

in Table XVI. This schedule is then used to find n13 . 
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TABLE XV (a) 

EXPERIMENTAL TESTING SCHEDULE 
FOR STABLE SPOUTING, nll 

AP d QpfNe µ2 D d Exp, ~Gd p ~-µ- Gc13pfp Ne d, d, p p p p l. l. 

7.6 measure 705.4 7.61 X 10-8 
3.59 3.46 

II II 728. 5 II II II 

II II 747.0 II II " 
II II 760.9 II II II 

II II 783.6 II II II 

II II 798.1 II II II 

II II 815.6 II II II 

II II 833.2 II II II 

II II 850.4 II II II 

II II 863.6 II II II 

II II 884.8 II II II 

II II 749.5 II II II 

TABLE XV (b) 

EXPERIMENTAL TESTING SCHEDULE 
FOR STABLE SPOUTING, n12 

AP µ2 Q2Nepf D d Exp. ~d p c;ct3pfp Ne 'cj'l~XlO d. d. 
p p p p lP l. l. 

7.6 measure 7.61 X 10-0 
0.3791 3.59 3.46 

II II II 0.4038 II II 

II II II 0.424.6 II II 

II II II 0.4405 II II 

II II II 0,4666 II II 

II II II 0.4840 II II 

II II II 0.5048 II II 

II II II o. 5267 II .. 
II II II 0.5479 II II 

II II II o. 5651 II II 

II II II 0.5924 II II 

It II II 0.4274 II II 



49 

TABLE XVI 

EXPERIMENT AL TESTING SCHEDULE 
FOR STABLE SPOUTING, n13 

AP/(~Gd p ) D d Exp. p p 

(Pi2)n11 (Pi3)n12 d. cL 
No. 1 1 

7.1 measure 1. 68 3.46 

7 .2 II 2.04 II 

7.3 II 2.43 II 

7.4 II 2.81 II 

7.5 II 3.20 II 

7.6 II 3.59 II 

7.7 II 3.97 !! 

7.8 II 4.36 II 

7.9 II 4. 74 II 
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In T<;tl;ile XVIl, a new dependent Pi term is ;f;ormed and·the last 

exponent may" be fou,nd, 

The Pi terms are combined into an equation: 

.'.D.:.·p 
!.;Gd p .. p p 

= (18) 

Bed.Turnover Time During S~outing 

The bed turnover time equations are good for any point alorig line 

DE, figure 7. 

The pertinent quantities ;for turnover time are listed in Table 

XVIII, Tq.e first ten ter>ms <;ire the same as in the previous section. 

The last three are different ways o;f measuring the bed turnover time. 

The first term, eM, is the turnover time of a pa;r'ticle placed at the 

median diameter, The median diameter is on the bed surface equal dis ... 

tant from the spout and container wall. This will give an indication 

of the average cycling time of a particle in the spouted bed. The 

second term, eW' is the turnover time for a particle placed- at the con.-. 

tainer wall at the top of the bed and allowed to return to the top of 

the bed. This will give an estimate of the longest cycling time of an 

individual particle. The last term, eR' is the averia,ge time it tal<;es a. 

particle to return to the top of the bed if it is placed at some random 

diameter in the bed, This is ~nother estimate of the average cycling 

time for a particle, 

As before, according to Similitude theory the pertinent quantities 

may be for.med· into the app:t19pori~te number. ( 7) ,or:,::E>LtePms. , The· Pi 

te:rms a.re listed in TaplEl XIX, 
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TABLE XVII 

EXPERIMENTAL TESTING SCHEDULE 
FOR STABLE SPOUTING, n14 

LiP/(~Gd p ) 
d Exp. 

(Pi2)n11 (Pi3)n12 (Pi4)n13 d, 
No. l 

6.1, 6.2, 
6.3, 6.4 measure 5.96 

7.1, 7.2, 7.3, 
7.4, 7.5, 7.6, 
7.7, 7.8, 7.9 II 3,46 

1.1, 1. 2' 1. 3' 
1. 5' 1. 9' 
11. 0 II 4.88 

8.1, 8.2 II 4.47 

9 .1, 9,2 II 5.07 

5.1, 5. 2, 5.3 ,, 5;75 

4.1, 4.2 II 7.82 

11.1, 11. 2 II 6.07 

10.1, 10.2, :J.0.3 II 7.29 

2.3 II 5.91 



No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. (a) 

11. (b) 

11. ( c) 

Symbol 

D 

d 

d. 
J. 

d p 

pp 

Ne 

G 

µ 

pf 

Q 

e m 

e w 

e 
R 

TABLE XVIII 

PERTINENT QUANTITIES FOR BED TURNOVER 
TIME DURING SPOUTING 

Description Units 

bed depth ft. 

bed diameter ft. 

inlet diameter ft. 

particle characteristic dimension ft. 

lb /ft3 
m 

particle bed.bulk density 

Newton's 2nd Law coefficient lbf X sec2/(lbm 

gravity field strength lbf/lbm 

X ft.) 

fluid viscosity lbf X sec/sec.ft. 

fluid mass density 

fluid flow rate 

bed turnover time, 
Time it takes one test peanut to 
return to the top of a spouting bed 
when it is placed on top of the bed 
half way between the spout and wall 
of the container. 

time it takes one test peanut to return 
to the top of a spouting bed when it is 
placed on top of the bed at the wall of 
the container. 

average time per cycle of a test peanut 
allowed to make 10 random cycles to the 
top of the spouting bed. 

11 4 7 Pi terms 

lb /ft3 
m 

cfs 

sec 

sec 

sec 

Dimensional 
Symbol 

L 

L 

L 

L 

ML-3 

FT2M-1L-1 

FM-l 

FTL-2 

ML-3 

L3T-l 

T 

T 

T 



No, 

Pi1 l .. 5 
' ' . 

or 

P,i.3 

Pi4 

Pi 5 

Pi6 

Pi7 

Te'.t:;lm · 

e2G M· 
d Ne 

p 

e2G w 
d Ne 
p 

TABLE XIX 

DIMENSIONLESS PARAMETERS FOR BED 
TURNOVER TIME DURING SPOUTING 

Descripti9n 

bed. turinovep time and gravit;y 
forces/particle si~e and 
inertia forces 

II I.I 

II II 

Value 

depen.dent 

dependent 

dependent 

Reynold's Nµmber, fluid variiable 
inertial forces/fluid 
viscous forces, fov flow 
past pa!!ticles 

Gd 3pfp Ne p p 
Cl/Reynold I s•.number ) 2 ( F:r;iou,c;l.e . constant 
nu111ber); viscious: for.cea/ > · , 
inertial forces and gravity 
forcl;!s 

Q~Nep 
f 

Va P G 
1 p p 

froude number, fluid inertial variable 
forces/particle gravity forces 

1)/d bed depth/bed diameter va!liable 

d/d. 
l. 

bed diameter/inlet diameter variable 

d /d p 
Particle characteristic variiable 
dimension/bed diameter 

pf/pp Fluid density/particle bed constant 
bulk density (combined with 
Pi n,umber 3) 
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All but the first three Pi terms are the same as in the previous 

section. The first three terms are an index of the ratio of the bed 

turnover time and gravity forces to particle size and inertia forces. 

The Pi terms are the same except for the time quantities, 8. Each 

turnover time is as described previously. 

One other possible form of Pi1 is 8 Q/d2D. This form was examined 

and found to give a lower correlation coefficient than the one used. 

The experimental testing schedule is given in Table XX through 

:X:XIII. The schedule is given only for the turnover time for a particle 

placed at the wall, since the schedule for the other two is quite 

similar. As before, if Pi2 2 were substituted for Pi 2 1 there is only 
' ' 

one Pi term that changes as the flew rate, Q, changes, Pi3 , The ex

ponent, n15 , can then be evaluated by changing the flow, Q, as indicat-

ed in Table XX. 

Since it is very difficult to get turnover times for a constant 

flow in various bed configurations, a new dependent Pi term is formed; 

Table XXI. The exponent for (D/d) can then be evaluated by component 

equations by changing the depth of the bed, while other Pi terms are 

held constant. 

Due to the difficulties in holding Pi4 constant for a ~ide range 

of (d/d.) 's, a new dependent Pi term is found, Table XXII. There is a 
J.. 

small range of ( d/di) 's :for 8W because it was not in the original ex

perimental design.. Several points are used to evaluate the component 

equation for Pi 5. 

In the case where the particle is placed at the wall, the Reynold's 

nurnber is important and may .be evaluated as shown in Table XXIII. 

The Pi terms are combined into an equation: 
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8 2G d.4d p G n15 n15 n17 n1s 
w ( i p p ) D (i ) d2µ 

d Ne - a6 cFNep (d) d. (d QpfNe) (19) 
p f l p 

8 2G d.4d p G n19 n20 n21 
M· ( i p p ) D (2. ) 

dNe 
= a7 "lFNep (d) (20) 

p f 
d. 

l 

8 2G d,4d p G n22 n23 n24 
R ( i p p ) D (i ) --= a8 (21) 

d Ne c5"4Nep (d) d. 
p f l 
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TABLE XX 

EXPERIMENTAL TESTING SCHEDULE FOR BED 
TURNOVER TIME DURING SPOUTING, n15 

Exp. e2 G d. 4d p G D d µ2 w l p p - q2Nepf d d. Gd d 2pfp Ne No. d Ne 
p l p p p 

6.4 mea:irnre 0.7431 X 10-1 o. 69 5.96 constant 

6.4 II 0.7156 X 10-1 It II II 

II II 0.7001 X 10-1 II II II 

II It 0.6768 X 10-1 It II It 

11 II 0.6600 X 10-1 I! II II 

11 II 0.6411 X 10-1 II II II 



57 

TABLE XXI 

EXPERIMENtAL TESTING SCHEDULE FOR BED 
TURNOVER TIME DURING SPOUTING, n16 

e G 
w 

d Ne D d µ2 
Exp. p 

d d. Gd d 2 pfp Ne No. d. 4Gd p n 15 J. p p p 
J. _.L.E. 

(Q2N ) epf 

7,1 measure 0.486 3.46 constant 

7.2 II 0.590 II II 

7.3 II 0.701 II II 

7.4 " Q,812 " " 
7,5 II 0.923 II II 

7.6 II 1. 034 II I! 

7.7 II 1.145 " I! 

7.8 II 1. 256 " " 



EXPy. 
No. 

6.4 

7.1 

7.2 

7.3 

7.4 

7.5 

7,6 

7.7 

TABLE XXII 

EXPERIMENTAL TESTING SCHEDULE FOR BED 
TURNOVER TIME DURING SPOUTING, n1 7 

e2 G/d Ne 
w l2 . 

d. 4Gd p 
d ( 1 · P l2)nls(D)nl6 

Q'2Nep:f d d. 
J. 

m~asur>e 5.96 

II 3.46 

" II 

II II 

II II 

II II 

II II 

II II 
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µ2 

Gd d 2pfp Ne. 
p p p 

constant 

II 

II 

II 

II 

II 

II 

!I 
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TABLE XXIII 

EXPERIMENTAL TESTING SCHEDULE FOR BED 
TURNOVER TIME DURING SPOUTING, n18 

e2 G/d Ne Qd pfNe w Exp. 7.+Gd p ~-).1-
No. <--h P p)n1sc.£)nl6(~ )nl 7 

Q Nepf d di 

6.4 measure 387.61 

II II 395.27 

II II 399,61 

" II 406.43 

II II 411. 88 

II II 417.90 

7,l II 551. 94 

7.2 II 636. 21 

7.3 II 652.90 

7.4 II 714.10 

7.5 II 740.17 

7.6 II 780.22 

7.7 II 804.96 

7.8 II 859,41 



CHAPTER VI 

EQUIPMENT AND PROCEDURE 

Equipment 

A view of the complete apparatus is shown in Figure 10(a) and a 

sketch is shown in Figure 10(b). The equipment consisted of a high 

pressure fan or blower , 6 inch blast gate , irrigation pipe Dresser 

couplings , 6 inch irrigation pipe, 4 inch diameter orifice and pressu.re 

taps , air chamber , inlet pipe and pressure tap , and the bed and support

ing legs . 

F_igure 10( a) . View of Equipment Set-up 
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Pressure Oiff. 

411 d" 10. 

Orifice 

Dresser 
Coupling 

Figure 10(b). Equipment Sketch 

Bed 

Cone 
~..---Static Pressure 

Air Chamber 



Immediately after the blower a Spencer blast gate was located. 

The blast gate served as a damper so that various amounts of the fan 

output could be used. 
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All the ducts from the fan to the air .chamber were constructed of 

6 inch aluminum irrigation pipe. Wherever it was necessary to make con

nections in the duct work, irrigation dresser couplings were used which 

made an air tight seal. 

The air flow measuring device consisted of a 4 inch sharp edge 

orifice with vena contracta pressure tap locations and·a 60 inch mar10-

meter. The sharp edge orifice was constructed in accordance with the 

ASME Power Test codes (7) and the ASHRAE Guide (2). The orifice was 

connected to a 60 inch U-tube manometer, Table XXIV, filled with red 

manometer oil specific gravity 0.827, Figure 11, To compute the flow 

rate, if the equation for compressibility across the orifice is used, 

the static pressure ahead of the orifice is needed. The process used 

to determine this pressure is outlined in Appendix B. 

To determine the flow through the orifice, it was necessary to 

know the density of the air flowing through it. The temperature was 

measured by use of a therl!locouple placed 5 pipe diameters, 30 inches, 

down stream from the orifice. The thermocouple was connected to an 

IC potentiometer pyrometer with a range of O thru 2006 F with the small

est chart reading of 2°F. 

The quality of the air was also monitored just before it went into 

the bed. The pressure drop /3.Cross the bed was measured by connecting a 

pressure tap to a 60 inch manometer identical to the one used to measure 

flow. The other manometer pressure tap was left opened to the atmo

sphere as the top of the spouted bed was. 



Item 
No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Number 
used 

1 

2 

2 

1 

1 

1 

1 

1 
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TABLE XXIV 

INSTRUMENT CHARACTERISTICS 

Description 

Hygro-thermograph by Henry J, Green, measures 
relative humidity and dry bulb temperature, 
Relative Humidity 0% - 100%, smallest reading 
2%, temperature range 10°F - 110°F, smallest 
reading 2°F. · 

Potentiometer Pyrometer by Honeywell, records 
temperature inside air duct by using IC 
thermocouples, range 0°F - 200°F, smallest 
reading 2°F. 

60 inch manometer by King Engineering Corp., 
used to measure the pressure difference 
across the orifice and pressure drop across 
the bed, range -30 to +30 inches of manometer 
fluid, smallest reading 0.1 inch manometer 
fluid. 

Mercurial Barometer by Cenco, used to take 
barometric pressure in lab, smallest reading 
0.005 inch of mercury. 

Turbo Compressor by Spencer, used to supply 
the air used in the test, 3 Hp 3500 RPM, inlet 
pressure 14.7 psia, inlet temperature 70°F, 
800 CFM, differential pressure 8.75 oz. 

Bulk density cup by Ohaus, used to determine 
the bulk density of the peanuts, one pint dry 
measure, range Oto 16 oz., smallest reading 
0.25 oz. 

4 inch orifice, used to determine air flow 
rate, constructed as ASTM Power Test codes 
(7), and ASHRAE Guide (2). 

6 inch Blast gate by Spencer, used to control 
air flow during experiments. 



Figure 11. Manomet er and Temperature Recorder s 

To make the 90° corner . from a horizontal air duct to a vertical 

bed , a plenum chamber was used to reduce air surges . The chamber was 

constructed from a 55 gallon drum , Figure .10(b) . 
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Inlet pipes of different sizes , Table XXV , were connected to the 

drum as needed for the particular experiments. There were a total of 

five different inlet pipe sizes , Figure 12 . The i nlet pipe had a flat 

plate , with four bolt holes , welded to the bottom to attach it to the 

drum. The bed was clamped around the top by use of a clamp ring . To 

go from a larger size inlet pi pe to a smaller size , a steel collar was 

used . 

The bed consisted of one cone section and three cylinder sections 



Inlet pipes 
(inches) 

tubing 

standard pipe 

standard pipe 

standard pipe 

standard pipe 

tubing 

Bed Diameters 
(inches) 

15 

18 

21 

2~ 

3 

3~ 

4 

TABLE XXV 

INLET PIPE AND BED SIZES 

I.D. 
(inches) 

1. 500 

2.469 

3.068 

3.548 

4.026 

5.188 

Number of Straps 
for .Cage 

6 

8 

8 

8 
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Type of Cone 

metal lined with vinyl 
window and sheet metal 
door 

metal lined with vinyl 
window and she.et metal 
door 

vinyl lined cone with 
sheet metal door 

metal lined with vinyl 
window and sheet metal 
door 



Figure 12. Inlet Pipes 
(from left to right, d. = 5.188 , 
4. 026 , 3 . 548, 3. 068, 27469 inches) 

Figure 13. Bed , Cone, and Stand 
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each 20 inches tall. The cone made a 450 angle with the horizontal and 

consisted of a clamp ring at the bottom and 1 inch x 1 inch angle at 

the top with 1\ inch X .1/8 inch steel straps placed around the cone. 

The conical cage was lined with clear vinyl for the 21 inch bed, Table 

XXV, while sheet metal with one vinyl window section was used for the 

other three. Each cone had a sheet metal door for the removal of the 

bed contents. Legs to support the entire bed was welded to the cone. 

The cylinder sections of the beds were a cage constructed of 1 

inch X 1 inch angles at each end with 1\ inch X 1/8 inch steei straps 

for slats. Each section was lined with clear vinyl sheets so that the 

movement of the particles could be observed. During testing, the three 

sections were bolted together and to the cone, Figure 14. 

During the experiments a Hygro-thermograph was used to monitor the 

lab relq.tive humidity and temperature. A barometer in the lab was used 

to determine the barometric pressure. 

Procedure 

A combination of bed size, inlet pipe size, and bed depth was set 

up as called for by the ex~erimental design. A number of constant con

ditions for that experiment were noted such as date, lab temperature, 

lab relative humidity, barometric pressure, bed diameter, inlet pipe 

diameter and quiescent bed depth were taken. 

The following procedure was used in collecting data for determina

tion of the component equat.ions. 

1. A sample of peanuts was taken. The sample was used to 

determine the density and mositure content, The bulk 

density was measured with a standard one-pint bulk density 



Figure 14. The Four Bed Sizes Usea 
(left to right , d = 24 , 21 , 18 , 
15 inches) 

Figure 15. Spouted Bed Model , Spouting 
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scale. The mositure content was determined on dry basis 

for 3 samples. Characteristic dimensions, length and di

ameter, were meas.ured with a micrometer for sample sizes 

of 10. 
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2. The bed was filled to the required quiescent bed depth 

with whole Spanish peanuts. 

3. 

4. 

5. 

6. 

The blast gate was closed and the fan started. 

The blast gate was opened up slightly to produce air flow 

through the system until the .air temperature below the 

orifice and at the inlet pipe gave stable readings, The 

temperatures were noted. 

The blast gate was then closed to start the readings. 

The blast gate was opened up slightly and the pressure 

difference across the orifice and the pressure drop across 

the bed was read after they stabilized. 

7. The blast gate was opened in increments to give a differ

ence across the orifice of 0.2 inch greater than the pre

vious reading. This was continued till the spout formed 

and this point was noted. 

8. After spouting was achieved, the blast gate was further 

opened in increments and readings taken as before until, 

in most cases, the capacity of the fan was reached. 

9. From the maximum flow rate available, the flow rate was de

creased by closing the blast gate in inc.rements and taking 

the same pressure readings. The decrease continued until 

the spout just collapsed. This point was .noted. 

10, In a related number of experiments the flow was decreased in 



increments after the spout collapses and the pressure 

drops acro.ss the orifice and across the bed is taken, 

The flow was decreased until it was about zero, 

11. The blast gate was opened up until the bed was spouting. 

A set of five, two-kernel whole Spanish peanuts were 

randomly .drawn from a pot of about.100 painted particles. 

A red painted peanut was dropped in the bed at a diameter 

half way between the container wall and the spout. This 

particle was timed from the time it landed on the top of. 

the bed until it reappeared at the bed surface, 
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12. The painted peanut was then timed for 10 cycles, reappear

ing at the bed surface, starting at some random diameter •. 

13. The sample. peanut was then placed at the wall .and timed until 

it reappeared, 

14, Steps 11, 12, and 13 were repeated for five different paint

ed peanuts. 

15. For selected experiments, steps 11, 12, 13, and 14 were 

repeated at a higher .flow rate, different blast gate 

setting, 

16, After the experiment was completed, anot.her sample of the 

peanuts. was taken for density and moisture test. 



CHAPTER VII 

DATA ANALYSIS 

Particle Characteristics 

The particle characteristics thought important to .describe the 

peanuts were its dimensions, weight, and moisture content. A summary 

of the characteristics is listed in Tables XXVI(a) and XXVI(b), 

The dimensions of the particles were determined by taking samples 

of 10 peanuts throughout the study. Each particle's length and diameter 

was measured with a micrometer, see Appendix C. The samples consist~d 

of rihole Spanish peanutsi To get an accu;r,ate description of the parti

cle, it was necessary to take four diameter measurements, two at each 

end (one parallel with the hull seam and one perpendicular to the hull 

seam). As was indicated in Chapter IV, the important dimension is the 

diameter. The .average diameter was found to be 0~4247 inches. 

The bulk density determination of a one pint sample was made before 

and aft.er the experiment, Table XXVI(a). 

A weight per-peanut was determined by weighing a sample of 50 nuts 

for each experiment. 

The moisture content of the material was taken before and after 

each experiment. The percent moisture was made on "Dry Basis". 
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TABLE XXVI (a) 

PARTICLE CH-ARACTE.R!STICS 

Experiment Bu:lk Density Bulk. Density Average .Wt. Average Wt. Average Average \ Trash 
No. before after per peanut per peanut Length Dia. (hulls., etc.) 

(oz./pint) (oz./pint) before * after * (in.) (in.) 
( . ) ( . ) ...... 

1.1,, 1.2, 2.8 5 .• '6 6 •. 00 0.8550 0.8227 0.9234 o.4a6o .0.40 

1.3, 1.5 5.4 5. 70· 0.8673 0.8366 0.8965 0.4170 7.00 

1.9, 11.0 5.2 6.00 0.8225 0.8312 0.8862 0.4219 2.50 

2.3 5 •. o 6. liO 0.7668 o. 856.5 0.8725 0.4260 6.-80 

2. 5 5.3 6.05. 0.7555 0.87\f7 0.905.7 () .• 4185 2.48 

3.1 5.2 5.95 (). 7479 0.8030 NA NA :0 .• ·84 

3.2 5.2 6.10 o.7479 ().7980 NA NA 0.·82 

3.3 5.4 5;90 0.8766 0.8447 NA .NA 1. 70 

4.1 5..4 6.00 0.8274 o. 7675 NA NA 1.30 

4.2 5.:1 5.90 0.8095 0.7401 .NA ·NA 1 .• 70 

5.1, 5.2 S.4 · 6.05 .0. 7911 o. 7647 0.8924 o .• 4290 l!-.10 

5.3, 6.1 5.,,4 6.00 0.1911 0.8076 0:.0892\f · 0.4290 6 .• 70 

6.:2, 6.3, 6.4 5 .• 6 6.20 o. 7912 0.7596 NA NA 4.80 

7.1, thru 7.9 5..4 6.05 o. 741!-8 o. 80.11 NA NA 1.65. 

8.1, ·0.2, 9 .• 1, 
9.2, 10.1, 10.2, 
10.3 5..2 6.00 0.8266 o. 7798 N.A NA 1.67 

11.5, 11.8 5 •. 2 6.10 0.8225 o. 7622 NA NA 2.40 

12 .• 81, 12.82, 
12.83 5.2 5.90 0.8225 0.8714 NA NA 1.70 

3.4 5.:2 6.00 o. 7705 0.7888 NA NA 1.67 

N·A-- Not Available *--50 peanuts ·**-sample size 10 
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TABLE XXVI (b) 

PARTICLE CHARACTERISTICS 

Experiment No. % Moisture 
Dry Basis 

before after average 

1.1, 1. 2' 2.8 4.4 3,8 4.1 

1. 3' 1. 5 4.4 4.1 4,3 

1. 9' 11. 0 4.6 4.1 4.4 

2.3 4.2 3.7 4.0 

2,5 4.1 4.0 4.1 

3.1 4.6 4.3 4.5 

3.2 4.6 4.2 4.4 

3.3 4.4 4.2 4.3 

3.4 4.4 4.2 4.3 

4.1 4,4 4.2 4.3 

4.2 4.4 4.5 4.5 

5 .1, 5.2 4.3 4.5 4.4 

5,3, 6.1 4.3 4.5 4.4 

6.2, 6.3, 6.4 4.5 4.0 4.3 

7.1, thru 7.9 4.3 3,8 4.1 

8.1, 8.2, 9.1, 
9.2, 10.1, 10.2, 
10.3 4.6 4.4 4.5 

11. 5, 1L8 4.6 4.1 4.4 

12.81, 12,82, 12.83 4.6 4.0 4.3 
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Typical Preformance Of The System 

The behavior of the spouted bed may be described by a typical air 

pressure drop and flow curve, Figure 16(a). Starting with a quiescent 

bed, as the air flow is increased the pressure drop across the bed also 

increases up to some maximum point. When the air flow is increased be'

yond the maximum pressure location, an internal spout is formed in a 

transition zone from a quiescent to spouting condition. With a very 

slight increase in flow rate, the pressure drops sharply. As the air 

flow is incrieased a stable spout breaks through the top of the bed, 

After a fully developed spout is achieved, an increase in air flow is 

accompanied by an increase in.pressure.drop across the spouting bed. The 

air flow can be decreased accompanied by a pressure decrease, after the 

spout is fully developed, below the air flow rate required to initiate 

spouting. There is a limit of both air flow and pressure beyond which 

the system cannot support an external spcut. At the collapse point the 

pressure drop rises very sharply to a point much lower than that for 

starting the transition friom a quiescent to a spouting bed. The de

crease in quiescent bed pressure at this point is due to the looseness 

and orientation of the peanuts. To initiate spouting, it is necessary 

to break the particle-to-particle contact in a slightly more compact 

bed and orient them so the peanuts may form a spout. After spouting has 

been going on, it would be expected that pressure in a quiescent bed be 

less after spout collapse. If the air flow is decreased after collapse, 

the pressure also decreases, but not quite as rapidly as when increas

ing flow to initiate spouting. 

The effect of .increase in bed depth for a particle bed and inlet 

diameter can be seen in Figure 17. As the bed depth is increased, the 

maximum pressure to begin the transition also increases. As the bed 
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Figure 16(b). Side View of the Spout 
(d = 24 inches) 

Figure 16(c). Side View of the Spout 
(d = 15 inches) 
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Figure 16(d) . Top View of the Spout 
(d = 15 inches) 

Figure 16(e) . Top View of the Spout 
(d = 15 inches, higher flow 
rate than 16(d)) 
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depth is increased, the flow rate to maintain a stable spout as well as 

the pressure increases. After the bed has. gone through the transition 

phase, and a stable spout is formed, the line that describes the pres-

sure drop with air flow for increasing bed depth takes higher pressures, 

but is different by a constant ( the lines arie.,. para,lleJ.). 

Development Of Equations 

To describe the spouting process, Figures 7 and 16, it is necessary 

to separate the process into three phases, a quiescent bed, transition, 

and the spouting phase. 

A number of equations were developed to describe the system. Si-

militude theory and component equations were used to develop a complete 

prediction equation to describe each phase, A linear regression, least 

squares fit, was run for each component equation in log-log space. To 

test the prediction equation, a linear regression was also run on the 

measured vs predicted values. 

Air Flow for Quiescent Beds 

The plot of pressure drop across the bed versus air flow is appro~-

imately a straight line, AB, Figure 7, up to a maximum pressure point. 

Upon examination of the pertinent quantities it is clear that five Pi 

terms are need.ed to describe this line. 

After trying several different forms of the dependent Pi terms 

and producing very small correlation between bed depth to diameter rati-

o? · tl,1e ratio and the dependent Pi terms were combined, ·Figure 9,. to g;i.v:e 

the dependent Pi terms shown in Table V. By incorporating the term 

d ;/i+i5"2---:;:--J'2 , a measure of the air flow path length is included in 
p 
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P\ 1 and the ratio of D/d also a measure of the path length may be 
' 

omitted. 

The modified Reynold's number is a variable, but a combination of 

(1/RE) 2 (Froude Number) may be made which remains constant throughout 

the experiments. 

The particle size index to bed diameter ratio may be neglected, 

since for all the beds used the particle size was much smaller than the 

bed diameter. The bed diameter is 37 times larger than the particle 

size for the smallest bed size used. As a result, only two Pi terms 

are left, equation 14. 

2£1.'p d 2 d. 2 
p l = (14) 

According to similitude theory both a 1 and n1 may be found by de

veloping one component equation. 'The ;point at which a straight line 

crosses they axis at x equal to log of 1 is a 1 . The slope of the line 

The line shown in Figure 18 is a line of best fit determined by 

linear regression least squares best fit. The intercept is 10943.46 

and the slope is 1,193. 

The dependent Pi term plotted was determined for each experiment. 

Each experiment had from two to ten readings in the quiescent bed re-

gion. An average for each experiment was obtained and used in Figure 

18. Since the dependent Pi term has both Q and Pin it, the only two 

quantities changing, this Pi term should be constant for each experi-

ment. 

It is desirable to compare the predicted value with the measure 
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TABLE XXVII 

QUIESCE;NT BED, nl 

Experiment 
d. 2t.Pd 2d. 2 
dl ~· l. 

Number µQ/i+D2+'a.2 

1.10 0.2045 1969.3 

1. 20 0.2045 2815.1 

1.30 0.2045 2959.0 

1. 50 0.2045 1509.6 

1.90 0.2045 864.5 

11.0 0.2045 1095.7 

12,Sl 0.1000 741. 5 

12.82 0.1000 709.1 

11,1 0.1646 1:l,. 93. 1 

11. 2 0.1646 931. 5 

3.1 0.1000 931. 9 

3.20 0.2045 1574.0 

3.31 0.2045 1239.7 

3.4 0.2045 1025.7 

7.1 0.2882 2901. 6 

7.2 0,2882 3685.9 

7.3 0.2882 2592.8 

7.4 0.2882 2944.1 

7.5 0.2882 2562.8 

7.6 o. 2882. 2629.9 

7.7 0.2882 2276.0 

7.8 Q.2882 2321.1 

7.9 0.2882 2660.1 
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TABLE XXVII (Continued) 

8.1 0.2237 1441. 4 

8.20 0.2:;237 1536~0 

10.10 0.1371 700.5 

10.20 0,1371 789.6 

10.30 0.1371 796.3 

9.10 0.1971 1419.7 

9.20 0.197;1, 1665.2 

2.30 0.1689 1302 ;.4 

2.50 Q.1176 1129. 0 

4.10 0.1278 967 .3 

4.20 0.1278 766.7 

5.10 0.11-1-78 1712, 3 

5.20 0.147$ 1568.9 

5.30 0.1478 1316.3 

6.10 0.1677 1227.7 

6.20 0.1677 1484.4 

6.30 0.1677 1500.9 

6.40 0.1677 1291. 7 
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result. This is shown in Figures 19(a) and 19(b). If there had been a 

perfect prediction, the linear regression would be the 45° line which 

is sketched in. The line of least squares bes.t fit had a correlation. 

coefficient of 0.913 and slope of 0.802 instead of one. Five points 

were omitted, experiment numbers 1.2, 1.3, 1.9, ·11.0, and 7,2 because. 

o:f the significant difference in the predicted and measured values (they 

differ by a factor of 2). 

The prediction equation is: 

2flP d. 2 d 2 d. 
1.193 

J. . p 10943.46 (-].) = 
µ Q v'4i5"2"+d2 d 

( 22) 

or 

d. 1.193 
flP d. 2 d 2 

= 5471, 73 (-].) J. p d 
(23) 

µ · .. Q v'4i5"2"+a2 

It is desirable to correct the prediction to produce a predicted. 

vs measured line with a 1 to 1 slope through 0-0, Figure 19(b). The 

corrected equation is. given in equation 24. 

flP d. 2 d 2 
J. p 

d. 1.193 

= 6822.60 (-1
) -

390 • 34 
d 

( 24) 

Equation 22.does not include the Reynold's number because analysis 

of the quiescent bed flow data revealed that flow varied linearly with 

pressure drop. This characteristizes flow when only viscous forces have 

a significant effect on pressure drop. 

The term, /i+i52~, was introduced as an index of mean flow path 

length through the quiescent bed. When the .bed depth, D, becomes large, 

,;i.',! ,, 
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twice or more than the bed diameter, d, the dependent Pi term in equa-

tion 22 becomes, very nearly: 

l:>.P d. 2 d 2 
1. p 

µ Q 2D 

Inspection reveals that the pressure drop is directly proportional 

to the mean fluid velocity, Q/d. 2 , entering the bottom of the bed. The. 
1. . 

pressure drop is also directly proportional to the bed depth after the 

bed depth is twice ori more than the bed diameter, d. The pressure drop, 

AP, is proportional to the inlet diameteri raised to 1.38 power and in-

versely proportional to the bed diameter raised to the 1.3$ power. 

Maximum Pressure Drop 

The maximum pressure drop is reached in the quiescent bed state 

and is the beginning of the transition state. The highest point is 

point B, Figure 7. The equation to describe point B has the following 

form: 

l:>.P er = (15) 

The exponent of the terms containing bed depth, D, can be dete:r-

mined separately by changing bed depth if the ratio of bed diameter to 

inlet diameter remains ·constant. The component equations are formed by 

making least squares linear regression, Figuries 20 and 21. Experiment 

number 7~2 was omitted from the linear regression calculations in Fig-

ures 2o·and·21. It is hypothesized that the shallow bed depth in 7.2 

provided a bad reading. The slope in both cases is 1.0 for all.practical 
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pu,rpo~e~ •.. T:\le ebmponent equations ar~ f 

LiP 
( .£ ) 

1 er 
18.634 ( 23) = G ppdp d, 

1 

LiP 1 er 63.8812 ( .£) ( 24) = Gp d d " p p 

TABLE XXVIII 

Maximum Pressure Drop, n2 & n3 

Experiment 
D LiP D d, er 

Number 1 G p d d 
p p 

7.1 1,68 32.72 0.48 

7.2 2.04 48.63 0.59 

7.3 2.43 42.03 0.70 

7.4 2.81 51. 64 0.81 

7.5 3.20 59.15 0.92 

7.6 3.59 68.46 1.03 

7,7 3.97 69.96 1.14 

7.8 4.36 78.98 1. 25 · 

7.9 4.74 91. 56 1. 36 · 
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The component equation for ri:4 was determined for differ:-ent d/di 

ratios. When the d/di ratici is changed along; with bed depth a new de

pendent Pi terim must be formed which is (t.P /Gp d )/((D/d)(D/d.)). er p p 1 . 

This ne.w tertn then can. be measured as both the .bed diameter inlet di-

ameter ratio and. bed depth changes. The linear regression for· this is 

shown in figure 22. The slope is again 1.0 fc;,r practical purposes. The 

component equation is: 

Experiment 
Number 

. 7. 1 

7,2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

t.P er 

Gp d 
p p 

(D)(_ll ) 
d d. 

l 

;:: 80,9 .175 

TABLE XX.IX 

Maximum Pressure Drop, 

d 
J> 
D 

0.0485 

0.0399 

0.0336 

0.0290 

0.0255 

0,0228 

0.0205 

0.0;187 

o. 0172 

d l 
(-E.) 
D 

n4 

AP 
er 1 [ ( E. )( }l ) J 

Gp d d. 
l 

39. 91 · 

40. 22 

24,62 

22.54 

:).9, 98 

18,42 

15.35 

14.40 

14.10 

( 25) 
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The coefficient, a 2 , is calculated for each e~periment by dividing 

the value of the measured dependent Pi terms by the value of the pre-

dieted Pi terms. 

While observing the change in pressure it is more likely that the 

observed maximums would be less than the actual maximum, Figure 23. 

If the instruments and control devices had been more controllable, more 

readings could have been made before the spout broke through. So it 

was concluded that tne real maximum would be closer to the maximum ob-

served than the lower observed values of the coefficient; therefore, 

for this, all the coeff~cient readings below~ that of the maximum ob-

served were rejected. The average of all the coefficients% or more of 

the maximum coefficient was 755.665. 

Actuol mo,iimum, pressure 

AIR FLOW 

Figure 23. Comparison of Observed and 
Actual Maximum Pressure 
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The prediction equation is: 

t:,.p 
er 

Gpd 
:; 

d 
755. 6 (Q)(~ ) (..l?.) 

d d. D 
( 26) 

p p 1 

The predicted and the measured. values of the dependent Pi terms ·is 

shown in Figure 24 using ~quation 26. A linear regression was run on 

the measured and predicted values and results. are shown in Figure 24. 

The predictiqn equation qorrected to a line with a 1 to 1 slope 

and through the origin is: 

t:,.p 
er 

Gp d 
p p 

:; 

d 
894.17 (~)(..l?.) - ;10, 734 

d d. 
1 

( 27) 

Either of the above prediction, Equations 26 or 27, may .be used 

with Equation 23 or 24 to find. the .air flow rate at the maximum pres-

sure drop. 

Equation 26 or 27 can be used in copjunction with Equation 23 or 

24 to calculate pressure drop and fluid flow to initiate transition from 

a quiescent bed to a spouting bed, The coefficient is an undetermined 

function of particle - particle f~,icti<;>n forces which must be overcome 

to initiate spouting. The diameter of the inlet pipe and the bed.are 

critical becau$e the static priei3sure drop to. initiate spouting varies 

inversely to these,' diameters. The pressl,lre is directly proportional to 

the bed depth. 

Critical Spouting Conditions 

In the ,;spouting process, there are two critical points. One point 
,,:.): 
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is when the spout breaks through the top of the bed. The other is the 

minimum flow which will maintain a spout. Both of these points can be 

described by.equations of. the same form. The form of.the proposed 

equation is: 

Q .2Nepf 
Cl. D n5 d. n6 2 n7. 

= c.3 <- ) < 2.) < µ d 3) d. d NeGp pf 
1. p 

Initiation of Stahl.~ Spout: 
7.-.· l" r: · · 

( 16) 

Equation 16 is one possible form, however, if the Pi term D/d. is 
1. 

raised .to a variable exponent the final prediction results are improved. 

This may be acheived by solving £or n
5 

and n
6 

at the same time. 

In Equation 16, if the d in the denominator. is replaced with d 
p 

then the Pi term is ·· constant no matter what the bed diameter is. 

For a constant d/d., the dependent Pi term is measured as a func-
1. 

tion of D/d. as the bed depth and its corresponding air flow is changed. 
1. 

This is done for four different d/d, ratios. Each ratio produces a 
1. 

different line with a different slope and intercept with the- log 1 line. 

A linear regression was mad,e for each set and .the results listed-in 

Tables XXX( b) and XXX( c) . 

As both the slope and intercepts are a function of the d/d. ratio, 
1. 

each can be fitted against the ratio by linear regression. This in 

turn produces another set of slopes and' intersections, Figures 26 and 

27. The component equ~tion containing both n5 and n6 would have the 

following form: 
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TABLE XXX (a) 

DATA FOR FIGURE 25, SPOUT BREAK THROUGH 

D 
Q . 2Nep 

Experiment 
Cl f 

X 10 d. d4Gd p 
Number J. p p 

7.1 1. 686 0.2408 

7.2 2.048 0.2653 

7.3 2.433 0.2499 

7.4 2.819 0.3289 

7.5 3.204 0.3673 

7.6 3.590 0.3382 

7.7 3.975 0. 3242. 

7.8 4.361 0,5155 

7.9 4.747 0.3462 

5.1 2,994 0.0636 

5.2 3.558 0.0755 

5.3 4.122 0.1017 

6.10 2.639 0~0785 

6.20 3.135 0.1009 

6.30 3.632 o. 1077 

6.40 4. 129 0.1421 

1.1 2.444 0. 2180 

1. 2 2,770 0.1935 

1. 3 3.055 0.3200 

1. 5 3.463 0.2622 

1. 9 4.766 0.4716 



Exp, 
Series 

7 

5 

6 

1 

Exp. Series 

7 

5 

6 

1 

TABLE XXX (b) 

SLOPE AND INTERCEPTS FOR EACH SERIES 

Slope Intercept d,/d 
l 

0.526 0.01794 0.288 

1.453 0.00126 0.11+7 

1. 230 0.00238 0.167 

1.217 0.00672 0.204 

TABLE XXX(c) 

RESULTS OF DEPENDENT TERMS AND BED DEPTH 
INLET DIAMETER RATIO 

Correlation X y 

Coefficient 

0.796 3.04 0.03169 

0.980 3.~3 0.00787 

0.973 3.33 0,0105 

0.885 3.21 0.0278 

98 

d/d. 
l 

3.469 

6.764 

5,961 

4.889 

Std. 
Dev. 

6.54 X 10-2 

2.89 X 10-2 

2.95 X 10- 2 

8.18 X 10-2 
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= 

= 

where: e = slope 

01 log c.£) + intercept1 d. 
l, 

d. 
e 1 ( J.) • • 2 og d. + intercept2 
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(28) 

Each line in Figure 25 can be represented by an equation of the form of 

Equation 28, Written without the log Eq~ation 28 becomes: 

Q .2Nepf 
CJ.. = ( ~. ) s:

0 1?7 intercept
1 

J. 

(29) 

This equation contains the d/d. term in the slope term and also in the 
J. 

.intercept terim. 

A separ~te component equation may be written for the term slope in 

Equation 29, (Figurie 26). 

log slope = 

Taking the anti-log: 

1.484 log (d/d.) + log 0.09192 
J. 

slope = 0.09192 (d/d.) 1 ' 484 
J. 

(30a) 

( 30b) 

A separate component equation may also be written for .the inter-

cept in Equation 29, (Figure 27). 

log intercept 

Taking the anti-log: 

= 3.964 log (d,/d) + log 2.8165 
J. 

intercept = 2.8165 (d./d)B, 954 
1. 

Bquations 30b and 31b may be combined into a form pimilar to 

(31a) 

( 31b) 
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Equation 29 giving the following equation, 

Q ,2Nepf (d/d )1.484 
c_i-:---= 2_8165 (d./d)3,964(D/d.)0.09192 .. · i.•· : .. 

d4Gd p 1. 1. · 
p p 

To complete Equation 16, the exponent n7 and ~3 are needed. The 

third independent Pi term could be written exchanging the d 3 for d3 as 
p 

it is written in Equation 16. Since the bed depth, inlet pipe size and 

bed diameter are all being changed, it is necessary to move the first 

two independent Pi terms to the left side of the equation forming a new 

dependent Pi term, Pi New: 

Q ,2Nepf 
Cl. 

cf4Gd p 
p p 

d 3 464 d 
1.484 

(2:.) • <.!2}0.0~192) <a.) 
d d, l. 

l. 

= Pi NEW 

The effect of changing the last independent Pi term can be measur-

ed by Pi NEW. Figure 28 shows a least squares line of the two Pi terms. 

The readings from experiments ·12.s1., 12.82, 3.1 were omitted, symbol 

6, from the linear ~egression calculations in Figure 28, These 

experiments represent bed depths, 7 and 7.5 inches, approximately equal 

to the cone depth, 7 inches. 

Combining the component equations produces the prediction equation: 

Q .2Nepf 
~-~-=-d-p~ = [12499630.] 

p p 

( 32) 
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TABLE XXXI 

DATA FOR FIGURE 28, SPOUT BREAK THROUGH 

µ2. X 10 12 Q ,2Nepf 
Experiment 

Cl.· 

G-Nepfp d3- <l4Gd p 
Number . . p pp. 

D · n5·din6 
(- ) (-) 

d. d 
l. 

7.10 1.031 2.463 

7.20 1. 016 2.423 

7.30 1. 019 2.065 

7.40 0.999 2.494 

7.50 1.003 2.585 

7.60 o. 996 2.228 

7.70 0.998 2.012 

7.80 .1, 001 3.031 

7.90 o. 977 1. 938 

2.50 0.658 1. 252 

2.31 0.680 3. 210 

3.40 1. 764 6.036 

4.20 0.431 1. 937 

5.30 0.416 2.156 

8,20 1. 041 3.681 

9,20 1. 020 3.652 

10.10 1. 035 2. 715 

10.30 . 1. 032 2.639 

6.10 0.417 2.635 

6.20 0.401 2.706 
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TABLE XXXI (Continued) 

6.30 0.401 2.386 

(;i.40 0.390 2.663 

1.10 1. 718 4.952 

1. 20 1. 739 3.893 

1. 30 1. 792 5.855 

1. 50 1. 798 4.250 

1. 90 i1, 867 5.608 

11,.00 1.811 4.816 

11. 20 1. 777 4.349 

11.10 1.729 4.700 

10.20 1,038 2. 311 

3.31 1. 701 7.107 

9.10 1. 025 3.390 

8.10 1. 005 4.499 

5.20 0.409 2.017 

5.10 0.409 2.228 

4.10 0.408 1. 801 

3.20 1. 781 5,910 
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The predicted values are compared with the observed or measured 

values of the dependent Pi terms, Figure 29. If it is desired to have 

an equation of the line with a 1 to 1 slope through 0-0, the following 

equation is the corrected one: 

::; [13700~:;rnJ 
d 1.484 

(E_ )(O.Q9192)(d) 
d. i 

1. 

(33) 

The third independent Pi term, Pi4 , could be replaced by the mod

ified Reynold's number, (dpQpie/d4µ). This was tt'ied and the results 

showed that the number used., (modified Froude number) X ( 1/RE ) 2 , gave 

the most acc;:urate final;prediction equation in terms of correlation 

coefficient. etc. Pi4 also has the advantage of giving a prediction eq-

uation that has Q, flow rate, on only one side of the equation, which 

is desirable. 

Either' Equation 32 or 33 can be used to calculate the flow rate 

necessary to initiate a spout. By substituting this flow rate in the 

equation for fully developed flow, the pressure d:rop can be determined. 
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Minimum Air Flow at Spout Failure: 

After spouting had been started in a bed of peanuts, the flow was 

decreased until the spout just collapsed, point D, Figure 7. This is 

the minimum flow for spouting. The phenomenon can be described by an 

equation of the following form. 

(17) 

The symbols are the same as described in Chapter V for experimental de-

sign. 

There were .four sets of experiments conducted (series 1, 5, 6, 

and 7) in which the ratio d/d. was .not changed for that series. All the 
l 

data, Table XXXII, for the experiments are plotted in Figure 30. The 

data for each series were fitted by linear regression in .J_og"-log space. 

In Tables XXXIII and XXXIV, the results are listed as before, d can be 

replaced by d in the third independent Pi term, so that it will remain 
p 

constant. For series 7, experiment 7.1 did not seem to fit the rest of 

the points so it was not included in the linear regression fit. Ex-

periment 7.1 might be expected to give questionable results because its 

bed height is only 8 3/4 inches ,compared to 6 1/4 inches cone depth. 

The shallow bed depth compared to the cone depth and bed diameter along 

with high flow rate could very easily give an error in the pressure 

measurement. 

By inspection of Table XXXIII, it is clearly evident that the slope 

of the line is a function of the ratio (d/d.). Thus a plot of the slope 
l 

and intercept verses d/d. is indicated. rt these plots are made in 
l 
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TABLE.XXXII 

DEPENDENT Pi TERM AND BED DEPTH INLET 
DIAMETER RATIO, SPOUT FAILURE 

Experiment D Qc/Nepf 
X 10 d. d4Gd p Number J. p p 

7.2 2.048 0.1718 

7.3 2.433 0.2319 

7,4 ' 2,819 0,2841 

7.5 · 3. 204 0.3143 

7.6 , 3. 590 0.3597 

7.7 3.975 0.3904 

7.8 4.361 0.3843 

7.9 4.747 0.4401 

5.1 12,994 0.03877 

5,2 <3. 558 0.06355 

5.3 '4,122 0.08452 

6.1 J2, 639 0.03404 

6.2 3.135 0.06648 

6.3 3.632 0.08460 

6.4 4.129 0.1045 

1.1 2.444 0.1093 

1. 2 2. 770 0.1710 

1,3 3.055 0.1925 

1. 9 4.766 0. 3401 
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TABLE XXXIII 

SLOPE AND INTERCEPT, MINIMUM FLOW 

Experiment Slope Intercept d/d. d./d 
Series 

]. ]. 

7 1.047 0.008926 3,% 0.28 

6 2.456 0.000346 5.96 0.16 

5 2.450 0.000269 6,76 0.14 

1 1. 556 0.003133 4.88 Q.20 

TABLE XXXIV 

CORRELATION COEFFICIENT, MINIMUM FLOW 

Experiment Correlation x y Std. 
Series Coefficient Dev. 

7 0.979 3.48 Q.0309 2.99 X 10- 2 

6 0.972 3.33 0.00668 5.97 X 10-2 

5 0.994 3.53 0.00592 2.60 X 10- 2 

1 0,968 3.15 0. Ol.871 6.16 X 10- 2 
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log-log space the equation will be similar to that to initiate spouting. 

The .resulting component equation from the s.l.ope verses d/d., 
l 

Figure 31 is: 

so; 

= 

= 

1.3781 log (d/d.) + 0,18673 
l 

(0,18673) (d/d.) 1 "3781 
. l 

(34a) 

(34b) 

The resulting component equation from the intercept verses d./d, 
l 

Figure 32 is: 

= 

so; 

= 

5.6235 log (d./d) + 12.308 
l. 

(12.308) (d./d) 5 ' 6235 
l 

(35a) 

(35b) 

The combination of the two equations, 34b and 35b, can be made as 

before, for spout initiation. The resulting equation is: 

( 1867) (d/d.) 1 · 378 
= 12.308 (D/d.) O. · i (d./d) 5 · 624 

l. l 

The component equa~ion can be combined with the dependent Pi term 

to produce a new Pi term, as before: 

(d./d) 5' 624 = Pi NEW 
l 
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The d can now be replaced with din the third independent Pi term 
p 

and its effect can be measured with Pi NEW, Figure 33. This produces 

the final component equation. 

The component equations can be combined to prioduce a prediction 

equation: 

( d .. ·.··/d)}.,·,6 .. 24 (. 2/N ·G·'. 'da)Q.5028 
J. . j.l e plf ' I ... · .. • ( 36) 

To test the accuracy of the prediction equation, the predicted and 

observed values are compared, Figure 34, It is desired to correct 

Equation 36 to a line with 1 to 1 slope through 0-0 in Figure 34, the 

following equation results: 

(0.1867)(d/d~) 1 :
378 

= (11098970) (D/d.)' - . J. • · (d./d) 5· 624 
J. J. 

(37) 

Equation 36 or 37 can be used to calculate the flow rate at which 

the spout collapses, The pressure drop can be found by using the equa-

tion for fully developed.spouting. 

Inspection of Equations 32 and 36 reveals that the flow rate to 

initate spouting and the minimum flow to maintain spouting is a function 

of a parameter to a variable exponent. The term D/d; to the d/d. to the 
J. J. 
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TABLE XXXV 

DATA FOR FIGURE 33, MINIMUM FLOW 

Qcf2Nepf 

µ2 cf1+Gd p 
Experiment X 10 12 J2 J2 

NeGd 3plf n8 d. n Number cl2. ) c~) 9 
d. d 

l 

7.20 1.0207 8.92 

7.30 1.0225 10.07 

7.40 1,0026 10.59 

7.50 1. 0057 10.26 

7.60 1. 0008 10.44 

7.70 1. 0057 10.19 

7.80 1.0044 9.11 

7.90 0. 9927 9.56 

1.10 1.7214 18.57 

1. 20 1.7365 23.59 

1. 30 1. 7954 22.56 

1. 90 1. 8674 19.01 

11. 00 1.8193 14.92 

2.5 0.6582 4.71 

3.32 1. 6782 19.68 

2.32 0.6641 0.66 

3.40 1. 7690 17.03 

4.10 0.4106 6,95 

4.20 0.4334 7.02 

5.10 0.4116 10.41 
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TABLE XXXV (CONTINUED) 

5.20 0.4118 10.89 

5.30 0.4178 9.88 

6.10 0.4200 9.34 

6.20 0.4039 12.52· 

6.30 · 0.4021 11. 55 

6.40 0.3929 10.78 

8.10 1. 0108 16.29 

8.20 1.0440 13.65 

9.10 1.0272 18.69 

9,20 1.0266 17.24 

10.10 1. 0412 9.44 

10.20 1. 0397 10.09 

10.30 1. 0397 9.51 
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1. 48 or 1. 37 power times O. 09 or O. 19 is an, index of the. volume of mate-

rial pertinent to spouting and the path length of the spouting fluid. 

As the inlet diameter decreases, the bed depth to inlet diameter ratio 

becomes more important, and as the bed diameter increases the ratio be-

comes more important. For a given bed configuration, as the bed depth 

increases the spout is concerned with a larger volume of material and 

an increased flow path which increases the flow rate needed, Q . or 
Cl 

Pressure Drop and Air Flow During Stable Spouting 

After a stable spout is established, there is a range of flow rates 

and its corresponding pressure drop that the bed will continue to spout. 

This phase is represented by line DE, Figure 7. The proposed form of 

the equation, from the experimental design, is: 

D. p 

Where: 

n 
(Re) 11 

Re = 

F:r = 

d 

n 
(Fr) 12 

p QpfNe 
---cr2-µ-

Q2Nepf 

d4 Gd p 'p p 

n 
(~ ) 13 
d. 

l 

n 
c..:! ) 14 
d. 

l 
(18) 

As was explained in the chapter on experimental design, a combina-

tion of (1/Re) 2 and Fr may be made to form a new Pi term. This new Pi 

term remains constant with any flow rate. This term can be substituted 

for Fr and the component equation for Re can be obtained by changing 
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the flow rate to determine n11 . Likewise, the new term may.be substi

tuted for Re and n~ 2 can be found by simply changing the flow rate. As 

long as the bed depth and be4 and inlet diameter remain the same, the 

other two Pi terms are Gonstant. 

Tests in the experimental series 7 were chosen for the determina-

tion of n11 and n12 because of the larger range of air flow rates. A 

linear regression was run for each bed depth with this series, Table 

XXXVII for Re and Table XXXVLU for Fr. In the first case, the depehd-

ent Pi term tiP/(G pd) was fitted against Re, Figu!'e 35. In the see
p p 

and case, the dependent Pi term was fitted against Fr, Figure 36. 

Inspection of Table XXXVII and XXXIX show that the slope for Re 

and Fr change with increasing bed depth. As the bed depth increases 

from 1.552 ft., the slope seems to be becoming constant in both tables. 

Taking this into account, the weight average for Experiments 7.6, 7,7, 

and 7.8 was considered the best choice for both Re and Fr. The result-

ting component equation is: 

ti p 
\ Gd p = as 

p p 

(Re)0.733 (Fr)0.373 (38) 

A new dependent Pi term, PiN , may be formed by moving Re and Fr 
1 

with their corresponding exponents to the left side of the equation. 

The result is shown on they axis in Figure 37. The term: PiN
1 

takes 

into account any change in Q; so, any flow rate may be used for deter-

mining n13 for the third independent Pi term, (D/di). As long as the 

d/d. ratio remains constant, no similitude law has been violated. 
J. 

Figure 37 shows the least squares line for Pi· and D/d. for three N1 J. . 

different ratios of ( d/d.). For each bed depth i;he average of Pi.. was 
J. N1 
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TABLE XXXVI 

DEPENDENT Pi TERM AND REYNOLDS NUMBER 

Experiment /:; p 
Rei': 

Series ~ Gd p 
p p 

7.1 16.81 538.5 

16.81 550.6 

16.81 559.5 

18.01 573.9 

18.01 582.3 

19. 21 597.9 

19 .21 606.0 

20.17 618.8 

20.41 624.9 

21. 61 646.6 

22.09 663.7 

22.81 680.3 

18.49 562.3 

7.2 24.01 574.6 

24.01 587.8 

25.21 610.2 

25.81 620.1 

26.41 630.7 

26.41 642.6 

27.02 650.4 

27.62 664.8 

28.82 681. 7 
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TABLE XXXVI (CONTINUED) 

7.2 29.30 697.6 

30.02 713.7 

31. 22 739.5 

31. 94 768.6 

25.21 600.6 

7.3 30.62 583,5 

30.62 597,3 

31. 82 614.0 

31. 82 62L2 

32.66 640.3 

33.26 665,0 

34.22 589.7 

35.42 708.2 

36.62 743.3 

38.42 767.6 

39.02 780.5 

40.83 812.5 

31. 22 608,2 

7.4 38.43 661. 0 

39.03 675.9 

39.27 690.3 

40.23 699.2 

40.83 716.9 

41.43 732.1 

41.91 744.4 

43.23 768.2 
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TABLE XXXVI (CONTINUED) 

7.4 44.07 783.6 

44.80 795.8 

45.40 805.3 

46.24 820.1 

39.03 667.5 

7. 5 45.04 681. 7 

45.04 688.6 

46.24 703.0 

46.24 719. 5 

47.44 736.0 

47.92 746.6 

48,64 768,0 

51. 04 797.2 

51. 64 815.8 

52.84 834.8 

53.68 854.2 

55.25 882.5 

47.44 700.1 

7.6 52.84 705. Li 

54.04 728.5 

54. 04 747.0 

55.25 760.9 

56.45 783.6 

57.65 798.1 

57.89 815.6 

58.85 833.2 
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TABLE XXXVI (CONTINUED) 

7.6 60.05 850.4 

61. 25 863.6 

62.45 884.8 

55.85 749.5 

7.7 62.45 766.5 

62.45 775. 7 

63.65 794.1 

64.85 809.1 

66.05 831,8 

67.86 856.1 

69.06 880.9 

70.26 901.9 

71,46 921. 5 

72.90 941. 9 

74,22 952.6 

65.09 793.0 

7.8 72.31 822.2 

73. 27 833.3 

73.87 845.2 

74.47 851. 7 

7 5. 32 864.7 

76,04 878.7 

76,64 891. 0 

78.08 909.8 

79,28 933.3 

75.32 861. 6 
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TABLE XXXVI (CONTINUED) 

7.9 81. 06 923.3 

81. 66 930.8 

82.86 940.1 

83,46 946.6 
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TABLE XXXVII 

RESULTS OF DEPENDENT Pi TERM AND REYNOLDS NUMBER 

Experimeri.tal Std. Co:i;irelatio:P 
Se:d~$ Dev. Coefficient Slope X y Jntercept 

x10 3 

7.1 9.74 0,978 1.393 598.4 19.17 2.5855X10-3 

7.2 4.05 0,995 1.048 653,1 27. 26 3.0460X10-2 

7,3 5,08 0.99~ 0.867 676.1 34.20 Q.1201 

7.4 2,96 0.994 0.840 732,8 41,77 0,1632 

7.5 5.36 0.984 0.776 760.3 49,00 0.2841 

7,6 3,93 0.986 0.721 790,7 57,15 0.4630 

7.7 3,20 0.993 0:764 849.2 67.33 0.3897 

7.8 1.01 0,996 o. 714 869,0 75.43 0,6001 

7.9 0,63 0.996 ;J...213 935.4 82.24 2,0410X10- 2 
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TABLE XXXVIII 

DEPENDENT Pi TERM AND FROUDE NUMBER 

Experiment 15. p 
Fr":i':"'': 

Series ~Gd p p p 

7.1 16.81 0.0227 

16.81 0.0238 

16.81 0.0245 

18.01 0.0258 

18.01 0.0266 

19.21 0.0279 

19,21 0.0286 

20.17 0.0299 

20.41 0.0305 

21.61 0.0327 

22.09 0.0344 

22.81 0.0361 

18.49 0.0246 

7.2 24.01 0.0255 

24.01 0.0267 

25.21 0.0288 

25.81 0.0297 

26.4'.l, 0.0307 

26.41 0.0319 

27.02 0,0327 

27. 62 0.0342 

28.82 0.0359 

29.30 0.0376 
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TABLE XXXVIII (CONTINUED) 

7.2 30.02 0.0393 

31. 22 0.0421 

31. 94 0.0455 

25.21 0.0279 

7.3 30.62 0.0265 

30.62 0.0277 

31. 82 0.0293 

31. 82 0.0300 

32.66 0.0318 

33.26 0.0343 

34,22 0.0369 

35.42 0.0388 

36.62 0.0427 

38.42 0.0456 

39.02 0. 04 71 

40.83 0.0510 

:n.22 0.0287 

7.4 38.43 0.0333 

39,03 0.0348 

39,27 0.0363 

40.23 0.0372 

40.83 0.0391 

41.43 0.0407 

41. 91 0.0421 

43.23 0.0448 

44.07 0.0466 
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'l'ABLE XXXVIII (CONTINUED) 

7.4 44.80 0.0480 

45.40 0.0492 

46.24 0.0509 

39.03 0.0339 

7,5 45.04 0.0355 

45.04 0.0362 

46.24 0.0377 

46.24 0.0395 

47.44 0.0413 

47.92 0.0425 

48,64 0.0449 

51.04 0.0484 

51. 64 0,0506 

52.84 0.0530 

53.68 0.0554 

55.25 0.0590 

47.44 0.0374 

7.6 52.84 0.0379 

54.04 0.0403 

54.04 0.0424 

55.25 0.0440 

56.45 0.0466 

57. 65 0.0484 

57. 89 0.0504 

58.85 0.0526 

60.05 0.0547 
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TABLE XXXVIII (CONTINUED) 

7.6 61. 25 0.0565 

62.45 0.0592 

55.85 0.0427 

7.7 62.45 0.0449 

62.45 0.0460 

63.65 0.0482 

64.85 0.0499 

66.05 0.0527 

67.86 0.0558 

69.06 0.0591 

70.26 0.0619 

71.46 0.0645 

72.90 0.0674 

74.22 0.0689 

65.09 0.0480 

7.8 72.31 0.0515 

73.27 0.0529 

73.87 0.0544 

74.47 0.0552 

75.32 0.0569 

76.04 0.0587 

76.64 0,0603 

78.08 0.0628 

79.28 0.0660 

75.32 0.0565 

7.9 81. 06 0.0640 
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TABLE XXXVIII (CONTINUED) 

7.9 81. 66 0.0651 

82.86 0.0663 

83.46 0.0672 
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TABLE XXXIX 

RESULTS OF DEPENDENT Pi AND FROUDE NUMBER 

··. Experimental Std. Correlation 
Series Dev. Coefficient Slope X y Intercept 

x10 3 

7.1 10.20 0.977 0,703 0.0281 19.17 236.64 

7.2 4.08 0.995 0.529 0.0330 27.26 165. 77 

7.3 5.08 0.993 0.438 0.0354 34.20 147.97 

7.4 2.99 0.994 0.425 0.0409 41.77 162.69 

7.5 >·\5~35 Q.985 0.393 0,0441 49.00 167.38 

7.6 3.95 0.986 0.366 0.0476 57.15 175.23 

7.7 3.~4 0.992 0.387 0.0550 67.41 207.52 

7.8 0.98 0.997 0.365 0.0574 75.43 214.16 

7.9 0.73 o. 994 0.626 0.0657 82.24 452. 96 
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used since it should be the same for changing flows. The results of 

the linear re~ression are. shown in· Table XL .. It was found that a weight 

average slope produced by all three of the experimental series in 

Figure 37 gave a better prediction equation. Equations were developed 

for slopes of 0.77, 0.75, and 0.83, each resulted in a prediction equa-

tion with (d/d.) to the exponent of 1.5, but the correlation coefficient 
1. 

was lower than the prediction equation using (D/d.) to the exponent of 
1. 

0.645, the weighed average. The resulting component equation is: 

= 
D O. 645 ( 8 ) 

d. (39) 
1. 

A second new dependent Pi term may be formed taking into account 

the change in bed depth, PiN
2 

The second new term is listed on y axis 

of Figure 38. By using several different ratios of (d/d.), the expo-
1. 

nent n14 may be obtained by linear regression, Figure 38. The result-

ing component equation is: 

= 07 45 (d/d.) 
1.546 o. 4 . 

1. 

The component equations may be combined into a prediction equation: 

I::. p 
Gdp 

p p 
= 0.03722 (Re)0.733 (Fr) 0.373 

0.645 1.546 
c.!2. ) Cd ) 
d. d. 

(40) 
1. 1. 

where: 
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TABLE XL 

NEW Pi TERM AND BED DEPTH INLET RATIO 

Experiment 
!:,. p 

D \Gd p Number d. p p 
l R 0.733 0.373 e Fr 

7.1 1. 686 0,731 

7.2 2.048 0.903 

7.3 2.433 1. 032 

7.4 2.819 1.126 

7.5 3.204 1. 251 

7.6 3.590 1. 384 

7.7 3.975 1.473 

7.8 4.361 1. 608 

7.9 4.747 1. 633 

6,1 2.639 2.058 

6.2 3.135 2.328 

6.3 3.632 2.486 

6.4 4.129 2,606 

5.1 2.994 4,219 

5.2 3. 558 4.790 

5.3 4.122 4.978 



Experimental 
Series 

7 

6 

5 

TABLE XLI 

RESULTS OF NEW Pi TERM AND BED DEPTH 
INLET DIAMETER RATIO, SPOUTING 

Std. Correlation 
Dev. Coefficient 
x10 2 

Slope X 

1. 07 o. 996 0. 774 3.04 

0.84 0.987 0.524 3.33 

1. 33 o. 967 0.523 3.53 , 
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y Intercept 

1.19 0.506 

2o36 L254 

4.65 2.403 



Experiment 
Number 

6.1 

6.2 

6.3 

6.4 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

1.1 

1. 2 

1. 3 

1. 5 

1. 9 

11. 0 

8.1 

8.2 

TABLE XLII 

SECOND NEW DEPENDENT Pi TERM AND 
BED INLET DIAMETER RATIO 

l>. p 
d ~Gd p 

p . 
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d. 
l (Re)0.733(Fr)0.373(.!2_ )0.645 

d. 
l 

5,961 1.100 

5. 961 1.113 

5.961 1. 082 

5.961 1.044 

3.469 o. 521 

3.469 0.569 

3.469 0.581 

3.469 o. 577 

3,469 0.590 

3,469 0.607 

3.469 0.604 

3.469 o. 621 

3.469 0.598 

4.889 0.889 

4.889 0.762 

4.889 0.634 

4.889 0.740 

4.889 0.584 

4.889 0.553 

4.470 0.588 

4.470 0.616 
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TABLE XLII (CONTINUED) 

9.1 5.073 0.845 

9.2 5.073 0.806 

5.1 6.764 2.080 

5.2 6.764 2,112 

5.3 6.764 1. 997 

4.1 7.822 1. 784 

4.2 7.822 2.008 

11.1 6.075 1.109 

11. 2 6.075 1. 008 

10.1 7.290 1. 793 

10.2 7.290 1. 798 

10.3 7.290 1.769 

2.3 5.918 1. 055 
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The prediction equation may be checked by making a linear regres~ 

sion of predicted versus obserived, Figure 39, There wez,e a total of 366 

points used. 

If a 1 to 1 slope line through 0-0 is desired~ Equation 40 may be 

corrected b¥ subtracti.ng ;1.. 611, The slope is O, 996, or 1. 00,F\~~~F· ,all. , · 

p~actical pu~poses. 

Equation 40 can be used to calculate pressure drop and flow rela

tionships for fully developed spouting. Inertial, viscous, and gravity 

forces all are significant and are taken into account by the modified 

Reynolds and modified Froude number. The effect of the particle to 

particle friction and particle to bed wall friction forces are included 

in the coefficient. 

Inspection of Equation 40 reveals that the inlet diameter is crit

ical to pressure drop during spouting. for a given flow rate, Q, bed 

depth, and bed diameter, pressure drop varies inversely as ·the square of 

the inlet diameter. 

Equation 40 also reveals that for a given flow rate, bed depth, and 

inlet diameter the pressure drop varies inversely as the bed diameter 

raised to the 3/2 power, and for a given flow rate, inlet and bed 

diameters, pressure dri;:,p varies directly as -the bed· depth raised to the 

2/3 power. 

Bed Turnover Time 

In order to design a spouted bed dryer the bed turnover time is 

needed. Equations to predict the bed turnover time were developed by 

using the time it took a peanut to make one cycle, that is, start at 

the top of the bed progress down through the annulus, enter the spout, 
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emerge in the external spout and fall back to the top of the bed. The 

turnover time depended on the starting point for the particle. In order 

to evaluate this effect, three procedures were used. 

The first equation was developed for a particle placed half way be-

tween the spout and the container wall. The particle was allowed to 

make one cycle. Since the particles landed in various diameters during 

spouting, an estimate of the slowest bed turnover time was needed. 

An equation to predict the longest time for the particle to return 

was obtained by placing the painted particle next to the container wall 

and allowing it to make one cycle. 

The average bed turnover time is somewhere between the median dia-

meter time and the longest time. To estimate this time the particle 

was allowed to make 10 cycles landing each time wherever it would. The 

average time per cycle was then used to develop an equation for random 

cycles. 

Only one equation was found in the literature (Becker, 1961) for 

bed turnover time. It was incomplete and for wheat. 

Median Diameter Bed Turnover Time: 

The form of the proposed equation is given in Equation 19: 

8 G 
M 

d Ne 
p 

d 4d n1 5 G . p --= ( l p p) 
a6 cy·N~ 

f 

n17 
(~ ) 
d. 

l 

( J 9) 

The form of the proposed equation does not include a form of the 

Reynolds number, which is not significant in the median diameter case. 

However, to solve for the exponent for the Froude number a new number 

may be constructed, Froude number times reciprocal of the Reynolds numbe1· 



Experiment 
Series 

5.2 

5.2 

5.2 

5.2 

5.2 

Experiment 
Number 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

TABLE XLIII 

DEPENDENT Pi TERM AND RECIPROCAL OF 
FROUDE NUMBER, MEDIAN DIAMETER 

d. 4Gd p 8 2 G 
M l p p 

Q2Nepf 
X 10 

o. 7169 

0.6973 

0.6805 

0.6595 

0.6286 

TABLE XLIV 

DEPENDENT Pi TERM AND BED DEPTH BED 
DIAMETER RATIO, MEDIAN DIAMETER 

D 
d 

0.486 

0.590 

0.701 

0.812 

0.923 

1. 034 

1.145 

1. 256 

d Ne X 

0.40057 

0.33145 

0.21814 

0.24946 

0.23262 

0.13142 

0.34217 

0.52115 

0.82031 

0.69703 

2.3579 

3.4511 

4.7346 
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squared. This new number is constant throughout the tests, therefore, 

Q may be changed to find the value of n
15

, 

The exponent and coefficient were determined by use of component 

equations. To obtain the first exponent, n15 , the dependent Pi term, 

82 G/d Ne, was fitted by linear regression in log space. The statistics 
p 

are listed in Figure 40. During this part of the tests only the flow 

rate, Q, was changed (experiment 5,2); therefore, the other Pi terms 

remain constant. The resulting component equation for n
15 

is: 

Where: 

= 1.1826 X 109 (1/Fr) 3
•
9550 

1 
Fr 

Fr = modified Froude number 

With the equipment used, it was not possible to hold the flow rate, Q, 

constant and change the other Pi term, consequently, a new Pi term W-3-S 

formed by moving 1/Fr to the left side giving; 

The bed depth, D, could then be changed without trying to keep Q 

constant. The other Pi terms remained constant. A component equation 

for n
16 

was then written from Figure 41, The component equation is: 
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8 2G 
M 

d Ne 
p 

= 1,80028 X 107 (1/Fr) 3 •955 (D/d) 3 · 59 7 

To increase the number of usuable data, a new dependent Pi term 

was again formed by moving D/d to the left side. The new term is; 
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This second new dependent Pi term may be used with d/d. ratio to 
1. 

determine the component equation for n
17

• The linear regression line 

and statistics are shown in Figure 42 and Table XLV. The resulting com-

ponent equation is; 

d. 4Gd p 3,955 
158.38 ( 1 pp) 

Q2Nepf 

D 3.597 d 9.802 
(-d) (- ) d. 

1. 

(41) 

Equation 41 is also the prediction equation. When n15 was obtained, 

four data points were omitted because they were for high flow rates 

which made the times questionable when they did not correspond to the 

other data. 

Experiments in which the bed depth was not deeper than the cone 

were also omitted when exponent n16 was determined. Six other points 

were omitted which did not correspond with the rest of the data, which 

were at high flow rates also. 

A plot of the predicted and observed values of e2G/Ned is shown 
p 

in Figure 43. The slope in Figure 43 is 0.998 and when rounded off is 

1.00. The best fit line, by linear regression may be corrected to the 

line with a 1 to 1 slope and going through the orgin by subtracting 
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Experiment 
Number 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

4.2 

4.2 

4.2 

4.2 

5.2 

5.2 

5.2 

5.2 

5.2 

5.3 

3.2 

3.2 

3.2 

3.31 

TABLE XLV 

DEPENDENT Pi TERM AND BED DIAMETER INLET 
DIAMETER RATIO, MEDIAN DIAMETER 

~ X 10-1 
El 2 G 

M 
d. d Ne 

J. 

153 

X 10-7 

.__E.4 

. d. Gd p 3.955 D 3.597 
c-;J:. P P) (-) 
Q Nepf d 

0.5961 747.6 

0.5961 469.8 

0.5961 820.9 

0.5961 352.8 

0.5961 373.6 

0.5961 645. 9 

0.7822 8983.4 

0.7822 6989.9 

0.7822 7003.1 

0.7822 9270.2 

0.6764 1357.4 

0.6764 1253.4 

0.6764 908.6 

0.6764 1:l.75.7 

0.6764 1326.0 

0.6764 1839.7 

0.4889 220.0 

0.4889 120.9 

0.4889 128.4 

0.4889 330.4 
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TABLE XLV (CONTINUED) 

3.31 0.4889 263.3 

3.32 0.4889 218.2 

3.32 0.4889 163.9 

3.4 0.4889 295.2 

3.4 0.4889 309.0 

2.5 0.8505 18056. 

1.1 0.4889 181. 2 

1. 2 0.4889 101. 9 

1. 3 0.4889 110.4 

1. 5 0.4889 126.5 

7.1 0.3469 1. 76 

7.2 0.3469 2,27 

7.3 0.3469 1. 86 

7.4 0.3469 1. 73 

7.5 0.3469 0.927 

7.6 0.3469 2.08 

7.7 0.3469 2.11 

7.8 0.3469 2.07 
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3.655599 X 103 from equation 41. 

1 3.955 D 3.597 d 9.802 
158.38 (F) (d) <a.) - 3655.6 ( 42) 

J. 

Equation 41 or 42 can be used to calculate the time it would. .take 

a random whole peanut to travel from the bed surface through the bed and 

return, when the particle starts on the. surface diameter half way be-

tween the spout and the wall. 

Inspection of Equation 41 reveals the air flow rates, Q, and bed 

configuration importance to bed turnover time. For> some bed configura-

tion the time, 8M is inversely proportional to air flow, Q, to the 

fo1,1rth power. For a constant bed depth, bed diameter, .and flow rate, 

the bed turn over time is directly proportional to the inlet diameter, 

d., cubed. For a constant inlet .diameter, bed diameter, and flow rate, 
J. 

the cycle time is directly proportional to the bed depth, D, raised to 

about the 1.75 power. For a constant bed depth, inlet diameter, and 

flow rate, the time is directly proportional to the bed diameter, d, 

raised to the 3.25 power. 

Bed Diameter or Wall Bed Turnover Time: 

The form of the proposed equation is similar to that for a particle 

placed at the median diameter. For a particle placed at the container 

wall, the bed diameter, the following equation form is proposed. 

( 20) 

The same procedure was used for determining n
18

, n
19

, and n
20 

as 
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was used for the median diameter, Equation 41. This can be traced in 

Figures 44, 45, 46, and Tables XLVI, XLVII, and XLVIII. The last term 

in Equation 20 is the reciprocal of the modified Reynolds number which 

replaces the constant m.1,mber (( 1/Re) 2 X Fr) used before. The modified 

~eynolds number becomes important with the lower particle velocity down 

the wall. To determine n21 , a new dependent Pi term was formed by 

moving the (d/d.)n20 ratio to the left side. The term is: 
1 

Where: 

Fr= modified Froude number 

The new Pi terms, above, was then plotted in Figure 47 with the 

reciprocal of the modified Reynolds number. A linear regression provid-

ed the slope which is the exponent n21 . The resulting prediction 

equation is; 

4.177999 X 105 

6.284 
( D) 

d 

(43) 

Figure 48 shows the predicted and observed values of the independ-

ent Pi term, 8 2G/Ned. Figure 48 shows both the perfect prediction w p 

line~ slope land through O, and least square best fit line with a slope 

of slightly less than 1. It is desirable to correct the equation to the 

1 to 1 through the origin line. The corrected prediction equation is: 
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Experimental 
Series 

6.4 

Experiment 
Number 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

TABLE XLVI 

DEPENDENT Pi TERM AND RECIPROCAL 
OF FROUDE NUMBER, WALL 

d. 4d p G 
i I? p X 10 

Q°2Nepf 

0.7431 

0.7156 

0.7001 

0.6768 

0.6600 

0.6411 

TABLE XLVII 

DEPENDENT Pi TERM AND BED DEPTH 
BED DIAMETER RATIO, WALL 

D 
d 

0.486 

0.590 

0.701 

o. 8::).2 

0.923 

1.034 

1.145 

1. 256 
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8 2G 
10-6 w 

d Ne X 
p 

1. 353 

0.767 

0.597 

0.497 

0.455 

0.359 

0.1259 

0.7858 

1. 8::). 

4.71 

9.16 

17.66 

30.04 

75.96 



Experiment 
Number 

6.4 

6.4 

6.4 

6.4 

6.4 

6,4 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

TABLE XLVIII 

DEPENDENT Pi TERM AND BED DIAMETER 
INLET DIAMETER RATIO, WALL 

8 2G 
d 
d. 

w X 10-13 
Ned 

l 
p 

5.961 3397. 

5.961 2637. 

5.961 2463. 

5. 961 2718. 

5.961 3072. 

5. 961 3082, 

3.469 0.1171 

3.469 0.2158 

3.469 0.1683 

3.469 1. 736 

3.469 0.1509 

3.469 0.1425 

3.469 0.1276 

3,469 0.1804 
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Experiment 
N1..1,mber 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

TABLE XLIX 

DEPENDENT Pi TERM AND RECIPROCAL 
OF REYNOLDS NUMBER, WALL 

2.64 2130.0 

2.56 1653.0 

2.50 1544.4 

2.48 1703.9 

2.43 1926.2 

2.40 1932.3 

1. 81 738.1 

1. 57 1359.3 

1. 53 1060.6 

1.40 1093.9 

1. 35 950.7 

1. 28 897.8 

1. 24 804.3 

1.17 1136.9 
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Q2Nepf 
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G 8.325 D 6.284 
) (-d) 

(44) 

Either Equation 43 or 44 may be used to predict the maximum time 

for bed turnover. Equation 43 would probably be the most desirable; 

it is easier to work with and almost as accurate. 

Inspection of Equation 43 reveals the relative importance of the 

pertinent quantities. For a given bed configuration, the wall bed turn-

over time is inversely proportional to the flow rate to the 8.5 power. 

For a constant flow rc;l.te, bed diameter, and bed depth the turnover time 

is directly proportional to the inlet diameter to the 7.5 power. For 

a constant air flow, bed diameter, and ilJ±~:1;_,..,4iameter, the cycle time is 

directly proportional to the bed depth cubed. For some constant Q.ir 

flow, bed depth, and inlet diameter the turnover time is directly pro-

portional to the bed diameter to the 6.5 power. 

Bed Turnover Time Per Cycle For Ten Random Cycles: 

An equation to predict the bed turnover time for a particle allowed 

to circulate from a diameter wherever the spout threw it has the same 

form as the median diameter equation. The proposed form is; 

4 n n n 
d. d p G 22 D 23 d 24 

(-~ p p ) (-) (- ) 
Q Nepf d di 

(21) 

The exponents were found in a manner similar to that of Equation 

41. Figures 49, 50, 51, and 52 and Tables L, LI, LII show the details. 
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Experimental 
Series 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

Experiment 
Number 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

TABL:E L 

DEPENDENT Pi TERM AND RECIPROCAL OF 
FROUDE NUMBER, RANDOM CYCLE'S 

d. 4d p G e 2G 
i__gy X 10 R 

X 
Q2Nepf d Ne 

p 

0.60779 0 .16411 

0.76539 0.25948 

0.70018 0.18165 

0.67686 0.23433 

0.66000 0.17302 

0.64110 0.17858 

0.61091 0.19552 

TABL:E LI 

DEPENDENT Pi TERM AND BED DEPTH -
DIAMETER RATIO, RANDOM CYCLES 
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10-6 

D eR
2

G -~d,4d p G 1.502 
d [d Ne]X10 ( i pp) 

p · Q2Nepf 

0.48 0.460 

0.59 0.525 

0.70 Q.483 

0.81 1.056 

0.92 1. 599 

1. 03 2.593 

1.14 5.170 

1. 25 3.881 



Experiment 
Number 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

5.3 

5.3 

5.3 

5.3 

5.3 

5.3 

5.3 

5.2 

5.2 

5.2 

5.2 

5.2 

5.2 

5.2 

TABLE LII 

DEPENDENT Pi TERM AND BED DIAMETER INLET 
DIAMETER RATIO, RANDOM CYCLES 

d 
d. 
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J. 

d. 4d p G 
1

·
502 

2,747 
C J. :e ;p ) (~) 
Q2Nepf d 

5.961 3.018 

5.961 3.376 

5.961 2.701 

5.961 3.667 

5.961 2.812 

5.961 3.032 

5.961 3.569 

6.764 2,916 

6.764 4.207 

6.764 3.897 

6.764 3.331 

6.764 5. 772 

6.764 4.675 

6.764 5.013 

6.764 2.490 

6.764 2.531 

6.764 5.053 

6,764 3.294 

6.764 2.410 

6.764 3.120 

6. 764 3.063 
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TABLE LII (CONTINUED) 

4,2 7.822 6.349 

4.2 7.822 6.257 

4.2 7.822 7.961 

4.2 7.822 11.016 

4.1 7.822 4. 553 

4.1 7.822 5.067 

4. ;I. 7.822 5.445 

4.1 7.822 3.994 

4.1 7.822 4.521 

4.1 7.822 2.832 

3.4 4.889 0.615 

3.4 4.889 0.524 

3.4 4,889 0.518 

3.31 4.889 0.604 

3.31 4.889 0.620 

3.32 4.889 o. 63;1. 

3.2 4.889 0.645 

3.2 4.889 0.605 

3.2 4.889 0.784 

3.2 4.889 0.643 

7.1 3.469 0.334 

7.2 3.469 0.223 

7.3 3.469 0.128 

7.4 3 .469 0.186 

7.5 3.469 0.199 

7.6 3.469 0.236 



7.7 

7,8 

TABLE LII (CONTINUED) 

3.469 

3.469 

0.355 

0.207 

174 



175 

In Figure 49, there were three points omitted that did not correspond 

with the other data shown in that figure. In Figure 51, two other points 

were omitted for the same reason. 

The resulting prediction equation is: 

8 2G 
R - 1.0917 X 104 

d Ne -
p 

( 45) 

Figure 52 shows the predicted and observed values of the independ-

ent Pi term 0 2G/Ned The best fit ,line has a slope of 0.51 and the R p • 

ideal line slope 1 through origin are both shown in Figure 52. Equation. 

45 can be corrected to a line passing thr.ough the origin with a slope of 

one. The corrected equation is; 

d.4d p G 1.502 
( 1. p p ) 
Q2Nepf 

D 2.747 d 4.204 
(.d) (d.) - 8,25 X 104 

1. 

( 46) 

Inspection of Figure 52 shows that the data seems to be divided 

into two general clusters of points, one above the line with slope of 

1 and one below. These clusters may tend to give the least squares line 

for predicted verses observed a misleading slope. The line with slope 

of 1 passing through the origin, Equation 45, appears to be as good a 

predictor as the least squares line, Equation 46. 

Inspection of Equation 45 shows the .relation of the turnover time 

to the pertinent quantities. For a constant bed depth, bed diameter, 

and inlet diameter the cycling time is inversely proportional to the 

flow rate, Q, to 1.5. For a constant flow rate, bed diameter, and bed 
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depth, the turnover time is direc;:tly proportional to the inlet diameter. 

The turnover time is directly proportional to bed depth to 4/3 power for 

a given flow rate, bed diameter, and inlet diameter. For a constant flow 

rate, inlet diameter, and bed depth, the random cycling time is directly 

proportional to the bed diameter to the 0.75 power. 

The proportiona.J,ity of each term to the different starting diameter 

is shown in Table LI~I. The bed turnover time is affected more by the 

flow rate than any other single quantity, all other things being equal, 

for all three starting.points. 

8 

Median diameter 

Wall diameter 

Random dicJ.meter 

TABLE LIII 

COMPARISON OF RELATIVE EXPONENTS, 
BED TURNOVER TIME 

(1/Q) d. D 
l 

4.0 3~0 1. 750 

8.5 7,5 3.000 

1. 5 1. 0 1.375 

d 

3.25 

6.50 

0.75 



CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

An experimental investigation was conducted on the spouted bed 

technique using whole Spanish peanuts. Component equations £porn the 

experimental data were combined to derive prediction equations for the 

systems, Tables LIV and LV. To develop a spout, the system goes through 

three phases; quiescent bed, transition, and spouting. 

Air flow for a quiescent bed of whole Spanish peanuts can be pre

dicted from Equation 23. The maximum pressure drop occuring at the 

onset of transition from quiescent bed to a spouted bed can be identified 

by Equation 26. The two equations may be used together to determine the 

flow rate necessary with the maximum pressure drop. This point would 

be important in selecting a blower in designing a spouted bed. 

After the spout has been initiated, Equation 40 can be used to 

predict the pressure drop at any flow rate which is equal to or greater 

than the collapse flow rate. The flow rate can also be predicted at 

some known pressure drop. 

The bed turnover time is the time it takes a particle to make a 

complete cycle. The objective of the turnover time is to predict an 

average time to be used for design of a spouted bed dryer. In Table LIV, 

Equations 41, 43, and 45 may be used to predict times. for the various 

conditions. Equation 43 predicts the maximum time for a particle to 

make a cycle. Equation 45 predicts the cycling time for a particle at 
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TABLE LIV 

PREDICTION EQUATIONS 

Air Flow For Quiescent Beds 
/j. pl l ( d· )1.193 
-=1

=e:,-p : 5471 ....!. 
µQ/402 

... l d 

Maximum Pressure Drop 

~ : (_Q_) (_Q_) (~) 
G d 755 d d D Pp P 1 

Flow Rate For Initiating A Stable Spout 
· (d )1.484 

Qz N 10.091921 ;r. [ 

1
3.964[ 2 

1
0.55 

ci ep, =i 12499 x 105 [Jt] 1 ~ JL 3 

/Gdppp . di d NeGppp1d 

Minimum Flow Rate At Spout Collapse 
3 

( 
d )'· 78 

[ ]

(0.18671 if [ .

1
5.623[ /J,I 

1
0.503 

= 12557 x 10
5 t 1 

~· G s 
i Ne P, P,1 d 

ll-

Pressure Drop and Air Flow 
During Stable Spouting 

~

0.373 ( 10.733 ( J0.645 ( )!.546 

Median 
Time 

~ = 0.0372 ( ~
1

Nep, 
GdPpP d Gdppp 

d2Qp1 Ne o d 
dip. dj <I;" 

Diameter, Bed Turnover 
2 ( 4 8• G _ d1Gdppp 

-d N - 158.3 . e 
P e Q Ne p, f"' (~ t'" (:J"' 

Wall Diameter, Bed Turnover rm {.!}_)6.284 (A...)!7.029 ( l JL f 915 Time 92 G ( d4d p G 
-·- = 4.178 xt0

1 ! PP 
NedP Q Nep, ] \d d1 NedPQp1 I 

Random 
Time 

Cycle, Bed Turnover 

.
s2 G ( l d G j1.502 ( 

1
2.747 ( 

1
4.204 

_R_ = 1.092 x 104 ~ pPP JL ..!_ 
d11 Ne Q Nep, d d1 
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( 23) 

( 26) 

(32) 

( 36) 

(40) 

(41) 

(43) 

(45) 



TABLE LV 

PREDICTION EQUATIONS CORRECTED TO 45°-0RIGIN LINE 

Air Flow For Quiescent Beds 

APid' ( )I.IU ii:;r- = 6822.6 :i -390.3 
µ.Q 40 +d 

Maximum Pressure Drop 

G;:~: = 894.2 (~) (::) -10.7 

Flow Rate For Initiating A Stable Spout 

179 

(24) 

(27) 

( 
d )t.484 o' Ne P, [ 10.091921 7 U64 1 o.uo 

4 ci 
1 

= 13700 I 10
5 ~-1 i [~J [ · I': ] . -0.002852 ( 33) 

d GdPpP I d NeGpPp,d' 

Minimum Flow Rate At Spou~ 
Collapse d 1.378 

a:,Nep* , [ 01,0.18&11(1;) [ d. ]5.623 [ µI ]o.5o3 
4 = 11099 x 10 d . T 1 + 0.002451 

d Gdppp I NeGP, pd 
p f . 

(37) 

Pressure Drop And Air Flow During 
Stable Spouting · 

1 
o.m 

~ : 0.0372 ( ~ Nept ) 
G dppp d Gd p 

p p 
( )

0.733 ( ')0.645 (d )1.546 d2 op, Ne · o 
l - -d, -1.61 

d µ. cf; I 

(40b) 

Median Diameter Bed Turnover Time 

-•- = 158.3 1 ePe .Q.. ..L - 3655.6 
81 G ( l d G )3.955 ( )3.697 ( )9.802 

dpNe Q1Nep
1 

d d; 
( 42) 

Wall Diameter Bed Turnover Time 

-•- = 4.86 x 101 di depeG r 7 87 0 
B' G ( 4 )U25 ( O )6.284 (d )17.029 ( d' u )0.91D 4 

Ned, Q1Nep
1 

T di dQp
1 

Ne - · • 1 (44) 

Random Cycle Bed Turnover Time 

81 G (. l d G )1.502 ( 

1
2.747 ( )4.204 

-•- = 2.14 110• 'ePe .Q.. dd,· -8.25 xl04 

d, Ne . Q1 Ne p
1 

d 
( 46) 
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random positions placed by the spout. The cycling time for a particle 

placed at a median diameter can be predicted by Equation 41. For de-

sign, it would be better to calculate all three times and decide on a 

design time from these and other important conditions of the system. 

Usually the median diameter time is recommended for dryer design. 

There was a range of each variable used in deriving the equations. 

The range of air flow was from 1;20 to 10.52 CFS, and the range of bed 

diameters was 15 to 24 inches. The inlet diameters were from 1.5 inches 

to 5.188 inches, and the bed depths were from 7.00 to 24.625 inches. 

The static pressure drop across the bed ranged from 5.49 to 65.455 PSF. 

The density of the particles used throughout the study, constant for 

each group of tests, ranged from 20.95 to 18.7 lb /ft 3• The particle 
m 

dimension, d, was 0.4247 inches for all the test. The times per cycle 
p 

were 1. 36 to 9. 20 seconds for the median diameter equations, 4. 87 to 

16.9 seconds for the random cycle equations, and 14.72 to 39.6 seconds 

for the wall equation. 
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APPENDJX A 

SPHERE CHARACTERISTICS AND 

MODEL CHARACTERISTICS 
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SPHERE CHARACTERISTICS 

Model Measured Calculated Volume Weight Density Average Velocity 
Number diameter diameter, (ft 3) ( lb ) ( lb I time to (ft. /sec.) 

calculated X 10 3 m m fall 5 ft. average 
X 10 3 ft 3) 

of 4 from the (sec.) 
measurements volume of 

( in) the mod-el 
( in) 

1 0.701 -0.699 0.10334 9.283 89.83 4.28 1.16 

2 0.705 0.703 0.10511 8.754 83. 28 · 4.17 1.19 

3 0.694 0.695 -0.10157 9. 217 90.75 4.75 1.05 

4 0.593 0.605 0~06724 6.108 90.84 4.78 1.04 

5 0.614 0.618 0.0722 6.549 90.71 4.93 .. 1.01 

6 0.614 -0.618 0.0722 6.549 90. 71 4.52 1.10 

7 0.615 0. 6.18 0.0722 5.998 83.07 5.22 0.95 

8 0.608 0.601 0. 06583 6.020 91.45 4.74 1. 05 

9 0.£14 0.614 0.07007 5.579 79.62 6.05 0.82 

10 0.611 0.615 0.07043 6.152 87.35 4.62 1. 08 

Fluid density and viscosity at 77°F, pf = 62.244 lb /ft3, µ = 1.8743 X 10-5 
lbf sec/ft2 

m 



MODEL CHARACTERSTICS 

Model Diameter Perpendicular Diameter With 
Number To S-eam ( in) The Seam (in) 

1 2 1 2 

1 0.500 0.532 0.455 0.518 

2 0.555 0.574 0. 556 0.538 

3 0.520 0.562 -0.517 0.570 

4 0.486 0.475 0.4-50 0.450 

5 0.521 0.516 0.430 0.471 

6 0.472 0.500 0.455 0. 5-00 

7 0.455 0.445 0.472 0.505 

8 0.445 0.467 0.415 0.455 

9 0.465 0.514 0.445 0.415 

10 0.495 0.480 -0.440 0.458 

Average Length 
Diameter of 

( in) Model 
(in) 

0.5012 0.999 

0.5556 0.964 

0.5422 1.160 

0.4653 0.862 

0.4845 0.908 

0.4818 0.920 

0.4693 0.998 

0.4455 0.814 

0.4598 0.918 

0.4683 0.917 

Model 
Volume 
(ft 3) 

0.00010334 

0.00010511 

0.0001G157 

0.00006724 

0.00007220 

0.00007220 

0.00007220 

0.00006583 

0.00007007 

0.00007043 

f-
0: 
a 



MODEL CHARACTERISTICS (CONTINUED) 

Model Model Model Average Time Velocity · 

Number Weight Density 
to Fall 5 ft of Model 

(lbm X (lb /ft 3) (sec) (ft/sec) 

103) m 

1 7.847 75.93 4.88 1.02 

2 7.872 74.89 · 6.00 0.83 

3 7.541 74.24 5.23 0. 95· 

4 5. 358 79.68 5.82 0.85 

5 6. 68.1 '?2~07 5.14 o • .g7 

6 5.755 79. 71 5.41 0.92 

7 5. 711 79.10 7.01 o. 71 

8 5.314 80~72 5.64 0.88 

9 5. 711 81.50 5.56 0.89 

10 5.733 81.40 5.28 0.94 

Fluid density and viscosity at 77°F · p = 62.244 lb /ft3; µ = 1.8743 X 10-5 
lbf ser::/£t2 

' f m 
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When the data were taken, · it was· thought that there WQµ+<;l :!;l,~,1 I?,o . . ,, ~ .. , ~".'. .. ' . . -·. . .. 

compressibility effect on,,the a::i:r passfog' through' the sha:rp e.dge orifice; 

therefore, only the pressure difference would be needed, P1 - P2 , see 

Figure 1B and Equation 1B. Consequently, only the pressure difference 

was measured. 

(1B) 

Where: 

K = flow coefficient. 

W = flow rate, pounds per second. 

gc = gravitional constant, conversion factor= 32.174 
(pounds mass. per pound force) X feet per (second)2. 

p = fluid density, pounds per cubic feet. 

A2 = orifice area, square feet. 

= pressure d~op in pounds per square foot as obtained 
by the pressure taps 

Upon analysis of the data, .it was discovered that the gas flow 

could be more correctly measured by taking into account the c9mpressihi.l-

ity effects., The static pressure, P1 , must be known, equation 2B. 

Where: 

y 
p 1 - p 2 

= 1 - < o. 41 + o, 35f3 4 < a P ) 
1 

= orifice diameter/pipe diameter. 

P1 - entering absolute press4re, pounds per square foot. 

P2 = orifice discharge pressure as read at the taps, pounds 
per square foot. 

( 2B) 



To Momometer 

temp. Top 

c::::;=::l~~J:.;;!:::tt:=====11 
Flow 

D = 6 inches 

d = 4 inches 

.. 

ORIFICE 
PLATE 

Figure 1B. Pressure Tape Locations And Orifice Plate 

f
l! 
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a= ratio of specific heat at constant pressure to specific heat 
at constant volume, for compressible fluid, 1.4 for air. 

K = flow coefficient, calculated from equations in this study or 
can be read from graphs, Equations and graphs are given 
in Fluid Meters, Their.Theory and Application. 

For vena contracta taps: 

" = 1000 I v'Rn 
K = K0 + bA 

Where: 

o. 0006 2 16 
K0 = 0.5922 + 0.4252 (Ii2i32 + O.OiD) + '3 + 1.25'3 ·) 

b = 0.00025 + 0.002325 (S + 1.75'34 + 1013 12 + 2DS16) 

K = flow coefficient corresponding to a,ny specific set of 
values of D, S, and RD 

K
0 

= the limiting value of K for any specific values of D 
and S when RD becomes infinitely large 

RD= Reynolds number based on pipe diameter, D 

D = pipe diameter, inches 

S = ratio of orifice diameter to pipe diameter 

The flow rate, Q, in this study was calcula,ted on the basis of 

Equation 2B arid the flow coefficient, K, was calculated each time by 

using the above equation. 

The static pressure up stream from the orifice was found in the 

following way. The static pressure was measured as a function of pres-

sure drop across the orifice with the surge chamber connected, with it 

disconnected, and then with a 2~ inch inlet pipe and bed connected to 

the surge chamber, see Figure 2B. The static pressure up stream from 

the orifice is then equal to the static pressure at the inlet pipe, 

measured for each air flow rate, plus the pressure drop across the surge 

chamber and connections, the distance X in Figure 2B. According to 

Linford, the pressure of the up stream side of the oriifice is equal to 
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the pressure on the down stream side plus one half the pressure drop 

across the orifice. By adding these two quantities to the static pres

sure at the inlet pipe the static pressure, P1 , is obtained for 

Equation 2B. 



Pressure Drop Across Orifice 
(inches of oil) 

0.65 

1. 35 

2.15 

1. 80 

3.00 

4.10 

5. 20 

6.70 

8.20 

10.00 

11. 20 

12.50 

13.45 

14.00 

14.65 

14.95 

15.45 

15.75 

15.95 

TABLE 1B 

DRUM CONNECTED 
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Static Pressure at P1 ( inches of oil) 

0.70 

1.40 

2.25 

1. 90 

3.15 

4.20 

5.40 

6.95 

8.55 

10.35 

11. 65 

13.00 

13.95 

14.55 

15.15 

15.50 

15.95 

16. 30 

16.55 



TABLE 2B 

DRUM DISCONNECTED 

Pressure Drop Across Orifice 
(inches of oil) 

1. 85 

2.55 

0.25 

0.45 

0.85 

1. 35 

2.15 

2.45 

3.55 

4.15 

5.65 

6.50 

8.25 

9.65 

11. 05 

12.05 

13.25 

14.20 

15.30 

16.40 

17.60 

18.70 

20.00 

195 

Static Pressure at P1 (inches of oil) 

1. 00 

1. 35 

0.10 

0.30 

0.50 

0.70 

1. 05 

1.35 

1. 90 

2.30 

3.05 

3.50 

4.45 

5.25 

5.95 

6.45 

7.15 

7.65 

8.30 

8.90 

9.45 

10.10 

10.80 



20.80 

21. 80 

22.50 

22,95 

24.55 

24.10 

0.55 

1. 00 

1.40 

1. 95 

2.95 

3.95 

4.95 

5.95 

6.95 

7.95 

8.95 

9.95 

10.90 

11. 90 

12.90 

23.70 

6.15 

8.00 

10.00 

3.95 

TABLE 2B (CONTINUED) 

11. 30 

11. 80 

12.20 

12.50 

12.75 

13.10 

0.25 

0.55 

0.75 

1. 05 

1. 60 

2.15 

2.65 

3.25 

3.75 

4.30 

4.85 

5.35 

5.85 

6,45 

6.95 

12.90 

3.35 

4.35 

5.45 

2.15 

196 



TABLE 3B 

BED AND DRUM CONNECTED 
(d. = 2\ inches) 

l 

Pressure Drop Across Orifice 
(inches of oil) 

0.30 

0.65 

0.85 

1.10 

1.45 

1. 85 

2.05 

2.23 

2.30 

0.15 

0.35 

0.55 

0.75 

0.95 

1.15 

1. 35 

1. 55 

1. 75 

1. 95 

2.15 

2.25 

1. 95 

197 

Static Pressure at P1 (inches of oil) 

4,50 

7.90 

9.25 

11.10 

13,65 

15.65 

17.55 

18.90 

19.75 

4.20 

4.50 

7.10 

9.50 

10.00 

11. 50 

13.05 

14.35 

15.35 

17.00 

18.85 

19.65 

17.30 
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TABLE 3B (CONTINUED) 

1. 75 15.50 

1. 50 ;J.3,75 

1. 35 12.45 

1.15 10.95 

0.95 9.30 

0.75 7.30 

0.55 5.10 

Q.35 3,45 · 

Q.95 9.50 

:1. 35 13.50 

:J,. 75 16.85 

2.25 ;18.90 



APPENDIX C 

PEANUT DIMENSIONS AND MOISTURE 

CONTENT (dry basis) 
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PEANUT DIMENSIONS, 
sample size of 10 nuts 

Sampled from Length Diameter Perpendicular Diameter Parallel Average Average 
Experiment Number ( in) to the seam ( inch) to the seam ( in) Diameter Length 

1 2 1 2 (inches) (inches) 

2.8, 1.1, 1. 2 1.1670 0.4170 0.3998 0.4455 0.4405 

1. 0890 0.4530 0.4630 0.5106 0.4450 

1. 0825 0.4108 0.4420 0.4910 0.5310 

1. 0550 0.4060 0.3910 0.4400 0.4370 

1. 0510 0. 3960 0.3900 0.4390 0.4220 

0.9070 0.3540 0.3750 0.4770 0.4720 

0.9090 0.4810 0.4000 0.4435 0.4210 

0.6850 0.4110 0.4110 0.4930 · 0.4930 

0.6060 0.3820 0.3820 0.4220 0.4220 

0.6280 0.4560 0.4560 0.4670 0.4670 

0.4360 0.9234 

1. 3' 1. 5 1.1020 0.4153 0.4050 0.4600 0.4340 

1.1170 0.3705 0.3700 0.4410 0.4205 

~ 

1. 0030 0.3620 0.3970 0.3850 0.4405 C 
C 



PEANUT DIMENSIONS ( CONTINUED) 

1.1030 0.4210 0.3930 0.5205 0.4530 

0.9430 0.3850 0.4025 0.4375 0.4340 

0.9400 0.3820 0.3980 0.4340 0.4330 

0.9540 0.4202 0.4355 0.4650 0.4425 

0.6480 0.4380 0.4380 0.4855 0.4855 

0.6000 0.3787 0.3787 0.4350 0.4350 

0.5550 0.3650 0.3650 0.4210 0.4210 

0.4170 0.8965 

1.9, 11.0 1. 2170 0.4172 0.3995 0.4120 0.3885 

1.1330 0.3852 0.4280 0.4700 0.4875 

0.9560 0.4370 0.4278 0.4942 0.4577 

0.9730 0.3890 0.4172 0.4405 0.4513 

1. 0310 0.4020 0.3706 0.4752 0.4168 

0.9000 0.3900 0.4060 0.4410 0.4495 

0.9445 0.3632 0.4056 0.4130 0.4340 

0.5560 0.3848 0.3848 0.4190 0.4190 

0.5730 0.3688 0.3688 0.4302 0.4302 



PEANUT DIMENSIONS ( CONTINUED) 

0.5780 0.4180 0.4180 0.4550 0.4550 

0.4219 0.8862 

2.3 1.0000 0.4500 0.4560 0.4610 0.4760 

0.8970 0.3840 0.4030 0.4290 0.4130 

0.8330 0.3390 0.3500 0. 3710 0.3950 

0.9200 0.400D 0.4860 0.3480 0.4380 

1. 0220 0.3750 0.4290 0.4180 0.4499 

1.0980 0.4180 0.4220 0.4490 0.4430 

1.2090 0.4060 0.4290 0.4460 0.4120 

0.6380 0.4110 0.4110 0.4520 0.4520 

0.6650 0.4735 0.4735 0.5100 0.5100 

0.4430 0.4180 0.4180 0.5290 0.5290 

0.4260 0.8725 

2.5 1. 0150 0.3650 0.3800 0.4170 0.4140 

1.1240 0.3900 0.4030 0.4640 0.4530 

1.0390 0.3680 0.3827 0.4510 0.4360 

1'.; 

1.1510 0.4240 0.4490 0.4715 0.4930 0 
1'.; 



PEANUT DIMENSIONS ( CONTINUED) 

0.9820 0.4410 0.4350 0.4900 0.4700 

0.9430 0.3500 0.3320 0.3980 0.3810 

0.8950 0.4135 0.3895 0.3960 0.4145 

0.7310 0.4180 0.4180 0.4625 0.4625 

0.6170 0.3875 0.3875 0.4400 0.4400 

0.5595 0.3980 0.3980 0~4500 0.4500 

0.4185 0.90565 

5.1~ 5.2, 5. 3, 1.0940 0.4580 0 .4620 0.5140 0.5160 
6.1 

1. 0430 0.3840 0.3880 0.4370 0.4310 

1.0330 0.3690 0.4070 0.4300 0.4550 

0.9780 0.3910 0.4050 0.4460 0.4090 

o. 9460 0.4050 0.43ld-O 0.4440 0.4240 

0.9110 0.3920 0.3770 0.3950 0.4300 

0.9240 0.4150 0.4020 0.4480 0.3940 

0.7560 0.4280 0.4280 0. 4960 0. 4960 

0.6170 0.4460 0.4460 0.4990 0.4990 

0.6220 0.4190 0.4190 0.4300 0.4300 



PEANUT DIMENSIONS (CONTINUED) 

0.4290 0.8924 

Samples from peanuts 
used in time 
experiments 1.1390 0. 437 5 0.4230 0.4830 0.4660 

1. 3340 0.3800 0.4150 0.4690 0.4860 

1.1330 0.3980 0.4000 0.4570 0.4380 

1.0675 0.3715 0.3825 0.4190 0. 415-0 

1.0060 0.4105 0.3850 0.4045 0.4255 

1.0080 0.4372 0.3760 0.4190 0.4170 

1.0590 0.4648 0.4260 0.4750 0.4750 

1. 04 70 0.4938 0.3775 0.4630 0.4200 

1. 2120 0.4385 0.4790 0.4830 0.4730 

o. 9600 0.4400 0.4190 0.5065 0.4415 

0.4348 1. 0966 
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ATMOSPHERIC CONDITIONS AT TIME OF EXPERIMENT 

Exp. Barometer Barometer Temperature Air Be_low Orifice Lab Air Lab Relative 
Number Reading Temperature Air in Inlet Pipe dry bulb dry bulb Humidity 

dry bulb 
( in. Hg) (Of) ( Of) (OF) ( Of) (%) 

1.10 28.85 83 86 85 74 52 

1. 20 28.65 82 86 86 74 48 

1. 30 28.65 82 84 85 74 48 

1. 50 28.65 82 86 86 75 44 

1. 90 28.55 82 86 86 74 40 

11.00 28.95 84 83 84 71 39 

3.10 29.11 73 83 86 74 24 

3.20 29.10 76 85 86 75 24 

3.31 29.10 76 83 84 73 20 

3.32 29.04 71 79 82 70 18 

3.40 29.00 78 85 86 72 16 

1:1..10 29.35 84 83 85 72 26 

11. 20 28.80 84 86 86 73 31 

12.81 28.80 84 84 86 74 39, 



ATMOSPHERIC CONDITIONS AT TIME OF EXPERIMENT ( CONTINUED) 

12.82 28.80 84 84 86 74 30 

7.10 28.83 72 84 86 72 32 

7.20 28.83 72 86 83 72 32 

7.30 28.83 72 82 84 72 32 

7.40 29.30 66 83 84 71 18 

7.50 29.30 66 83 85 71 18 

7.60 29.13 72 81 82 71 18 

7.70 29.13 72 84 85 71 17 

7.80 29.26 72 85 86 70 22 

7.90 29.26 72 83 84 72 22 

8.10 29.20 75 B2 83 72 21 

8.20 29.26 72 82 84 72 22 

9.10 29.03 77 83 85 74 32 

9.20 29.03 77 84 86 72 32 

10.10 28.95 79 86 88 76 31 

10.20 28.95 79 86 88 76 30 

10.30 28.95 79 86 88 76 30 



ATMOSPHERIC CONDITIONS 

2.31 29.10 74 83 

2.32 29.45 83 82 

2.50 28. 85 80 85 

4.10 29.35 75 83 

4.20 29.20 74 82 

5.10 29.10 77 78 

5.20 29.10 77 85 

5.30 28.80 75 84 

6.10 28.90 74 84 

6.20 28.90 74 84 

6.30 28.90 74 84 

6.40 29.20 70 83 

AT TIME OF EXPERIMENT ( CONTINUED) 

85 73 

80 71 

86 74 

84 72 

83 71 

81 71 

87 72 

85 73 

85 72 

86 72 

85 72 

84 70 

21 

16 

42 

21 

27 

37 

36 

41 

44 

42 

41 

24 

N 
0 
(X) 
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BED SIZE COMBINATION, DATA, MEDIAN DIAMETER 

BED TURNOVER TIME, RANDOM DIAMETER 

BED TURNOVER TLME, AND WALL 

DIAMETER BED TURNOVER TIME 
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TABLE; E-I 

BED SIZE COMBINATIONS 

EXPERIMENT INLET PIPE BED BED 
NUMBER DIAMETER DIAMETER DEPTH 

ClNCHES) (INCHES) . UNCHES ~ 

1.10 3.068 15.0 7.500 
1.20 3.068 15.0 8 .. 500 
i.,30 ~.068 15.0 9.,375 
1.50 3,068 15.0 10.625 
l.90 3.068 15.Q 14.625 

11.00 3~068 15,0 21. 2 50 
3.10 1,500 15,0 6.,000 
3.20 3e068 15.0 9.375 
3.,31 3.06~ 15.0 tl.625 
3~32 3.Q68 l5,0 1.1,625 
3.,40 3.,06a 15.0 14,625 

1t.10 2,469 15.Q 10.625 
11~20 2.469 15. O 1.3. 750 
12.01 1.,500 1s.o 7 .. 500 
12.02 1. 500. 15.0 1.000 

,,, i 

10.0 1.10 5.188 8.750 
1 .. 20 5 .. 188 18,0 10,625 
7.30 5,188 1a.o 12 .. 625 
7.40 '5,188 18.Q 14.625 
7;50 5~188 10.0 16 .• 625 
7.60 s.1ea ia.o 18.625 
1.10 5.188 10.0 20.625 
7o80 5~l88 18.0 22.625 
7~90 s.iaa is.a 24.,625 
a.,10 4.026 18 .. 0 12.625 
a.20 4.026 18 .• 0 14.625 
9.10 30548 10.0 12,625 
9.20 3.548 1a.o 14,625 

10,10 2"469 18.0 l le 3 75 
10.20 2,469 18.o 11. 3 75 
10.30 2.469 t8.o 11. 875 

2.;31 3•548 21.0 14 .. 875 
2e32 3.548 21.0 14.875 
2.50 2.469 21.0 11. 500 
4-lO 3.068 24.0 10. 625 
4.20 3.068 24.0 12 .. 625 
s .• 10 3 .. 548 24.0 10.625 
5.20 3.548 24 .. 0 12.625 
5.3Q 3.548 24.0 14.625 
6.10 4,026 24.0 10.625 
6.20 4,0U> 24.0 12.625 
6.30 4.026 24.0 14.625 
6,40 4.026 24.0 16.625 
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TABLE E-II 

DATA 

EXPER lME~T AIR PEANUT AIR PRESSURE SUTIC STATIC CODE 
NUMBER VISCIJSllY BUL~ OENSIT.Y DIFFERENCE PRESSURE PRESSURE NUMBER 

C LBH/FT SECI DENSITY 4T ORIFICE ACROSS ABlVE AT INLET FOR·BED 
JJZIPINTI CLBM/CVFTI ORIFICE ORIF !Cf I-INCHES OIU CONDITION 

I INCHES O iL I CINCHES Olli C SP•O. SHI 
, I SP•O, 8271 CSP•O;BZ71 

1,10 o; l259F.-04 5,60 0;9100 0.10 2,55 2,50 I 
1, ll 0,1259E-04 5,60 ·0,0701. 0,30 4,20 4,05 l 
1'.10 0, 1259E-04 5,60 Q,0704 0,60 5,35 5,05 a 
1,[0 0, 12~9E-04 , .. 60 .0.0703 1,10 4,65 3, 70 I 
1, 10 O, 1259E-04 5,60 0,0101 I, 80 ], 70 2,00 l 
1, 10 0, 12~9E-Q4 5,.60 0.0103 2,40 5, 20 2,80 ~ 
1.1~ 0, 12.5'1E-04 5,60 o, 0704 2,85 6.02 3,20 ~ 
1,10 0-125'lE-04 5,60 0,0704 3,15 6,57 3,60 ~ 
1,10 0,!259E-04 5,·60 0,0706 3.55 a.oz 4,65 ~ 
1.10 0, 1259E-04. ':;,.60 0,0708 4,Qci ·10,40 6.40 ·4 
1.10 o; l259E-04 5,60 0,0711 4, 15 11. 72 7,65 4 
I; 10 O, l259E-04 5,60 0,0711 3,85 ll,97 a.05 5 
1, 10 0,1259E-04 5.'60 0, 0709 '3, 10 10.1s 1,10 5 
1, 10 0,1259E•04. 5,60 0,0101 2,45 B,22 5, 80 5 
1,10 O, l259E•04 5,60 0, 0705 2 .. 10 6,90 4,90 s 
1.10 o,i259E•04 5,60 0;0104 1;65 5,52 3,90 5 
!,Iii 0, 1259E•04 5,60 0;0102 1, 10 4,05 3,00 § 

l, 10 0, i259E-O!t 5,60 o, 0700 o; 75 2,86 2.29 6 
1.1~ 0, 1259E•04 5,60 0,0702 l,95 4,47 2,60 4 
i,20 0;1260E-04 5,60 0,069'.i 0,15 4,42 4;35 A 
1,20 0, 1260E-04 5,60 0;0100 0,3~ 6,87 6, 70 8 
1,20 0, 1260E-04 5,60 0;0698 0;55 6.'Z7' 6,00 I 
1,20 0, 1260E-04 s.~o o. 0.698. 0, 75 5,97 5.60· I 
1.20 0,1260E-04 5.60 0,0698 0,85 6,02 5,60 I 
1,20 o; 1260E-04 ~.·6.0 o.ci698 1;0; 6,02 .5,10 I 
1,20 0,1260E•04 5,60 0,0696 1,!tO 5,40 , 4,[0 2 
1,20 D,1260E-04 5,60 0,0694 1,50 3,65 2,10 3 
1,20 O;H60E-04 · 5,60 d',0694 1,80 4,15 2,45 ~ 

1,?.0 g:t~m:g: 5.60 0,0695 2,05 4,72 1"10 4 
1, 20 5i6.0 0;06·95 2, 25 4,97 2,eo 4 
1;20 0, 12ME-04 5.60 0,0696 2,40 ~.40 3,00 4 
f.20 o, i260E-04 5;60 0;0696 2,60' 5, 75 3,15 ,. 
l-.20 0, 1260E-04 5,60 o., 0691 31100 6,60 3,60 4 
1.2, 0.,1260E-04 5,60 O, 0698 :i.~20 6 ,95 3,80 4 
i ~2-0 D, \260E-OI, 5,60 000699' 3,40 7,90 4,50 4 
1,20 o, 1260~-o~ 5,60 o',0699 3,60 8, 70 5,10 4 
,1,20· o, i260E~C'o li.60 0,0,10, 3;90 9,60 5;ao 4 
1,20 0,1260E-O!t 5,60 o;oto4 't,35 II, 11 7,50 4 
l • 20 O,i260E-O't 5,60 0,.070] 4,'10 11,85 1,80 4 
1,20 0, 1260E•D4 5;60 0.,0104 3, ,o io; 10 7,25 5 
1;20 o,1260E-,04 5,60 0,0104 ~.10 · 9,05 6,00 5 
t.n o;l260F-b4 5,60 0,0699 2, 50 7,50 5,00 5 
i;.?.o .0.1260f-04 5,60 Q,0697 2.00 6,10 4,20 5 
1,20 O, 1260E-04 5,60 0•0696 1.i;5 5,02 3,45 5 
r. 2J 0, 1260E-04 5•60 o, 0695 i,30 4,25 3.10 6 
1. zo o.i2i.0F.-i>i+ 5;1,ci O;Q695 !. 20 4,30 3;00 1 
1,20 o; l260E-04 s.~o o. 0695 I; !O 4,2$ :i,20 6 
1,20 Ii, 1260E-04 5,60 0,0694 1,95 ),92 2,Q5 4 
1,30 o, 1259E•lit 5.,40 o.o~9't o·. ~o 2,35 2,30 ! 
1,30 0, 1Z59E-04 5,40 o,0699 0.20 5•60 5 ;50 I 
1,.10 0, 1259E-04 ;;40 0,0103 0,10 8i25 8, IO ! 

'1,30 0, i259E-04 5,4Q o, 0707 0,55 11,81 11,60 8 
i • 30 0; l 259E-0.4 5,,o 0,0101 0,80 \1,85 il,45 l 
1, 30, 0,1259E•04 ~.40 0,0706 l ,QQ 10,90 10.00 ! 
l, 30 o; i259E-04 5,40' o. 0102 1,65 e,ci~ 6,45 l 
1;10 o ,125<lE-Q4 S,'tO o .• 0699 1,95 6,87 5,QO 2 
1. 30 0,1259E-04 5,40 0,0697 2,40 5,85 3,45 3 
l, 30 o;t259E-04 -5,40 0,0697 2, 75 5,H 2, 70 4 
l, 30 0,1259E-04 5;40 P,0697 3,05 5,97 3,05 4 
1,30. o,i259E-04 5,40 o. 0698 3, :15 6,71 3,50 4 
1,,30_ 0 ,-1259E-,04 5,/tO 0,0699 3,65 7,57 3 ,95 4 
1, 3C o; )259E-04 5,40 0,0699 3,95 8,42 4,45 4 
1,30 O,l259f-04 5,·40 0,0700 4, 15 g·~.27 5,15 4 
1,10 0; 1259E•.04 5,4Q o. 0702 4,5Q 10,35 5,90 4 
I, 30 O,l259E-04 ,.~.o 0,0102 4.·71J ti ;07 6,40 4 
1,30 O.t259E•04 5,40 0,07Qi 4, 15 9;61 s.so 5 
·I, 30 0,\259E•Olo 5.40 g;g:;: :i •. 55 ~·32 4,80 5 
1,:\0 O,j259E-04 5,40 3,00 7,30 4,30 5 
1. 30 0,1259F-04 5,40 0, 0698 2,60 6,45 3,·85 5 
1, 30 0,12~9E-04 5,40 Q,0691 ~. 15 5; 52 3,45 5 

.I ,JC 0, 1259E-04 5,40 0, 069!!, 1,65 4,41 2,85 5 
1,30 OH259F.-04 5,40 Q,M~6 1, 80 4,20 2,70 5 
l,·30 0, !H9E-04 5,40 ·0,0696 ! , 35 4,07 2, 70 6 
l11o3C O,. 259E•04 5,40 o. 0696 I, 3~ 4,42 3,10 1 
1•30 0. 12591'-,04 5,40 ,0,0~96 1,95 .4,92 3,05 5 
1,50 o;i260E-04 5,40 0;0691 0,60 5,80 5,50 I 
1,50 0,1260E~04 5.40 o. 0699 .[,00 7, 10 6;30 8 
1. i;o 0, \2 60E-0·4 ij,40 0.0697 1.20 6,20 s.oo 2 
1.50 0;1260E-.Ot, 5,40 0, 0696 1.50 5, 15 3, 70 2 
l,50 0, l260E-04' 5,40 o. 0696 1. 70 5, 35 1,65 2 
:1, 50 o,i26of-04 s .,~o 0,0696 1;90 5, 15 3, 30 3 
I, 50 0,1Z60f•04 5,40 Oti 0696 2, 10 .s,,s 3,45 4 
I• 50 0;121,0f~04 5,40 0,0691 2,40 1,;45 4,0S 4 
1.so 0,1260E-04 5,40 0,0698 2,90 7,45 4e60 4 
1,.i;o O,i260E-04 5.40 0~ 0699 3, 10 8, 10. 5.05 4 
l·, 5Q 0, \260h0~ 5,40 0,0100 ·l, 30 8,60 5. 35 4 
1,50 0, 1260E-04 5;40 O,D70l :l,50 9,25 5, 15 4 
1,50. 0, 1260F.~04 5,40 0,0702 3, 80 9, 75 5 1195 4 
\ ,,50 0, 1260E-04 5.~o 0,0703 4,00 10,25 6, 30 4 

1. 50 O, l260E-04 5,40 6,07('14 4,25 11,02 6,80 4 

_ _l_,_50 J,126~04. ____ h40 · 0,070_5, 4.4~ 11,82 7;4~ 4 
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I ,'50 o.·i260E~·o4 ·,. 40 o.·010-3 3.80 10.5() 6 .• to 5 
1.50 O.l260E-04 5.40 o. 0702 3. 35 9.47 6.15 5 
1.50 0.1260E-04 5.40 o. 0700 3.00 8.60 5.60 5 
1. 50 0.1260E-04 5.40 o. 0699 2 .60 7.55 4.95 5 
1.50 O.l260E-D4 5.40 o. 0697 2. 20 6. 35 4.25 5 
1. 50 0.1260E-04 5.40 0.0697 1.80 5. 60 3.85 5 
1.50 0. l 260E-04 5.40 o. 0696 1,55 5, 12 3.55 5 
I, 50 0.1260F-04 5,40 o.0697 1,40 5. 85 4.15 5 
I, 50 0,1260E-04 5,40 0 • 0697 1,95 5, 7l 4,25 1 
1,90 0.1260E-04 5,20 0,0692 0.60 3 ,95 3.65 l 
1,90 0.1260E-04 5,20 0,0694 1,00 5, 80 5,00 I 
1.90 O. l260E-04 5, 20 0.06'H• 1,45 6,47 s. io I 
1.90 0, 1260E-D4 5, 20 o, 0698 l, 90 8.65 6.85 8 
1,90 O, l260E-D4 5.20 0.0696 2.25 7, 17 5,00 2 
1,90 0,1260E-04 5,20 o. 0696 3,00 8,00 5,00 2 
1,90 0,1260E-04 5 ,20 0,0696 3, 25 8, 17 5,00 2 
1,90 0, 1260E-04 5,20 0,0696 3,40 8.40 5,00 3 
1.90 0, 1260E-04 5,20 0.0695 3,55 8,02 - 4.50 4 
1,90 0,1260E-04 5,20 0, 0697 4, 12 9, 36 5. 25 4 
1,90 0, 1260E-04 5, 20 o. 0697 4.40 9.35 4.95 4 
1.90 0, 1260E-04 5, 20 o. 0696 4.50 911130 6.90 4 
1,90 O. I 260F-04 5, 20 0,0700 3,95 11.11 · 6.80 5 
1,90 0.1260F-04 5,20 0.0100 3.40 10,45 6,00 5 
1,90 O,l260E-04 5.20 0,0696 3,05 9.22 5,50 5 
1,90 0, 1260E-04 5. 20 0.0696 2,65 B.H 5, 10 5 
1.90 0, I 260E-04 5.20 o. 0696 2,25 7 .52 4, 70 6 
1,90 O. l260E-04 5,20 o,0694 2,05 6, 72 6.15 7 

11,00 a, 12 5 7E-D4 5. 20 0,0706 0,45 5, 72 5,50 I 
11.00 0, 1257E-D4 5. 20 0,0708 0,65 7; 12 6 .ao I 
11,00 0, 1257E-04 5,20 0,0711 0,,.95 8, 77 8.30 I 
11.00 0,1257E-04 5,20 0,07\4 1,25 10,47 9,45 I 
11,00 0,1257E-04 5,20 0,0715 1,50 il,45 10,10 I 
11,00 0, 12~7E-04 5.20 0,0715 1,60 11,80 10,40 I 
11,00 O,l257F-04 5,20 o. 0716 1,85 12,97 IL. 25 I 
11. 00 0, 1257E-04 5 ,20 o.o 717 z.oo 13,35 11.45 B 
11.00 0,1257E-04 5,20 0.0714 2.85 10.97 B,35 2 
11.00 0, 1257E-04 5. 20 0.0714 3,05 ll, 77 8,65 2 
11,00 0.1257E-04 5.20 0.0714 3.15 12.02 a.as 2 
11.00 0, 1257E-04 s.20 0,0715 3.45 12.37 0.as 2 
11. 00 0,1257E-04 5,20 0.0714 4,05 11. 27 7 .25 3 
11.00 0, 1257E-04 5, 20 0,0714 4.45 12.02 7,60 4 
11.00 Ool257E-04 5. 20 0, 0714 3.90 11,40 7 .50 5 
11.00 0.1257E-04 5,20 0.0714 3. 65 11,02 7,40 5 
11.00 0.1257E-04 5.20 0, 0711 3.35 10.47 7.20 6 
11.00 ,.1757E-04 5,20 0.0111 2,90 9.60 6. 70 7 
3.10 Oo l239E-04 5. 20 0,0713 0,20 5.65 5.45 l 
":t, 10 0,1239E-04 5,20 0,0714 0,25 7,02 6, BO 3 
J,'10 0, 123?E-04 5 ,20 0,0715 o. 30 7.55 7,30 4 
3 .10 o, 1239E-04 5·,20 0.0110 0,18 4.44 4,30. 5 
3.10 0.1239E-04 5.20 o; 011s 0,30 7, 80 7 ,55 4 
3.10 0 .12 39E-04 5,20 0,07\3 0.20 5. 75 5, 50 5 
~.10 0.!239E-04 5;20 0,0709 0,10 3. 50 3,40 6 
1.20 0, i242E-04 5,20 0, 0708 o,20 2; 85 2 ,6.5 l 
3. 20 0, 1242E-04 5.20 0,071 l o,45 4,97 4. 55 l 
3. 20 0,1242E-04 5, 20 0,0713 O, 75 6,24 5.57 B 
3,20 o;l242E-04 5,20 0,0713 1,15 6,12 5 ,55 l 
l,20 0, 1242E-04 5.20 0,0713 1.65 6,77 5.15 I 
3.20 O,l242E-04 5.20 o. 0709 2,55 4.92 2.40 3 
3. 20 0.1242E-D4 5. 20 o. 0 709 1,85 4.17 2.40 5 
3.20 D.1242E-04 5, 20 o. 0709 1,55 3,92 2,40 5 
1.20 Ool242E-04 5.20 0.0110 2,08 5.09 3,15 5 
3. 20 O. l242F-04 . 5,20 0.0713 2,28 6.39 4. 25 5 
3,ll O. l2JBE-04, 5.40 o. 071 l o. 25 3.4 7 3.25 l 
3.11 0,123BE-04 5.40 0,0713 0~~5 4.97 4.35 l 
3.31 0.123BE-04 5,40 0,0714 0.65 5,42 4.90 I 
3. 31 0, 123.BF-04 5,40 0.011s 0,95 5.87 5, 10 l 
~. ll 0.1238E-D4 5 .40 0.0715 l, 15 6.57 5. 50 I 
3,31 6, l23BE-D4 5.40 0.0715 1.40 7,15 s.ao 8 
3,31 o.123BE-04 5,40 o. 0716 1. 70 7,45 5 ,80 2 

3 • 31 0, 123AE-04 s. 40 0,0716 1.95 7, 52 5,65 2 
l, 31 0,1238E-04• 511140 o. 0712 2.65 5,52 2.90· 3 
1,31 0,123BE-04 5,40 0;0112 2. 30 5. 35 3.10_ 5 
l, 31 O. l238E-D4 5,40 0,0712 1,95 5.07 3 ,20 5 
3,32 0.!232E-04 5,40 o. 0714 2, 48 6.44. 3,45 5 
3, 32 0.1232E-04 5.40 0,0714 2, 75 7.11 4.74 5 
3 •. 32 O. l2J2E-D4_· 5,40 0,0716 3 .10 B,25 5,10 4 
3. ~2 0, 1232E-04 5.40 o. 0721 4.45 11.62 1.10 4 
3 • .l?, ·0, 1232E-04· 5,40 0,0719 4, 10 10, 55 6,50 5 
3, 3_2 · 0.1232F-04 5,40 0,0718 3 ,80 9,95 6.!5 5 
3. 32 0,1232E-04 5,40 0,0718 3. 50 9, 10 5.65 5 
3.3?. O.l232E~04 5.40 0.0116 3 .10 a.10 5 .o~ 5 
3,32 o,i232E-D4 5.40 o. 0714 2. 45 6, 77 4,35 5 
3. 32 o;l232E-04 5.40 o. 0713 2.10 5.95 3. 85 5 
3.3~ Od232E-04 5.40 o. 0713 1,.eo 5,20 3.45 5 
3-.32 0, 1232E-D4 5.40 o. 0713 l, 70 5,00 3, 35 6 
), 32 0,1232E-04 5 .40 0,0713 1, 55 5. 72 4. J5 7 
1,40 0 .1236E-04 5, 20 o. 0 705 0, 35 3. 32 3.15 l 

-~ ,40 . 0 .1236E-04 5.20 0,0706 0,55 4, 57 4. 30 I 
3,40 0, 12"l6E-D4 5. 20 o .. a101 0 ,-85 5.6 7 5,2 5 l 
'h40 0,1Z36E-O':t 5, 20 o. 0709 1.10 7 .oo 5.95 I 
3.40 0.12 36F.-04 5 .20 0,0711 1. 50 8,15 6.65 I 
3.40 0, 1236F-04 5,20 0.0112 1.ao 8,80 7.05 8 
3 •40 O.l236E-D4 5, 20 o. 0712 2. 25 9,22 7 ,05 2 
3,40 0, 1236E-04 5.20 0.0110 2.95 7, 97 5.05 2 
3 .• 40 0, 1236E-04 5. 20 o,ono 3.25 8.27 5.05 2 
3 .40 0.1236E-04 5. 20 o. 0710 3, 50 a.10 5 ,25 2 
1. 40 0.1236E-04 5,20 0,0709 3 ,i,90 8, 10 4,25 3 

3.40 0 .12 36E-04 5. 20 o. 0709 2,85 7,34 4.52 4 
1·.;,o 0, 1236E-04 5 .20 0.0110 2. 36 1. 98 4 • 7 Z 4 
3 .4D 0.1236F.-04 5.20 0.0709 2.55 7 ,i,1q ~ 5.50 4 
3,40 0.1236E-04 5.20 o. 0714 4. 75 11.11 6,40 4 
3,40 O.l236E-04 5,20 0.0713 4,25 10.13 5.90 5 
3.40 O. l?.36E-04 s. ?.O o. 0711 3. 85 9,12 5. 30 5 

3 .40 0.1236E-D4 5,20 o,_£71~ 3,.5(?_ -~ _ 4,q5 .5 
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3.40- o.)fi'1>E;,;04 - s.20 o;0717'1 3.05 7,52 4,50 5 
3.40 0.1236E•04 5,20 0,0708 2. 70 1.00 4.30 5 
3.40 0,1236E•04 5,20 0;0101 2, 35 6,42 4.05 5 
3.40 0, 12 36E•04' 5,20 0,0101 2,10 5,95 3.95 6 
3 .40 o; 1236E-04 5,20 0,0709 1.90 6, 75 4.90 7 

11, 10 0, 1236E-04· 5,20 0,0716 0,15 2,77 2.10 I 
11,10, 0, 1236E-04 5,20 0,0719 il,22 4,01 3,80 l 
11,10 0,1236E-04 5,20 0,0721 0,40 5,0 5.05 I 
11,10 0, 1236E-04 5,20 0,0721 0,55 6,42 5,95 I 
11,10 0 0 l236E-04 5,20 0,0723 0,6~ 7,52 1;00 I 
11,10 0, 1236E-04 5,20 0,0724 0,85 8, 32 7,60 I 
11.10 0, 1236E-04 5,20 0.0125 1,05 9,32 8,40 8 
Ii, 10 0.1236E-04 5,20 0,0723 1,40 7,90 6,55 2 
11, IO 0;1236E;,.04 5,20 0;0723 1,60 7,60 6,00 3 
11, IO 0, 1216E-04 5,2D 0,0723 1, 75 8.42 6,70 4 
11,10 0, 1236E-04 5.20 0,0724 1,95 9,22 7 .35 4 
11, IO O, t'2J6E-04 5,20 0,0726 2, 15 10.11 8.15 4 
1J,io 0, i236E-04 1!5 .. 20 o; 0126 2,25 10,47 8,35 4 
11,10 , 0, 1236E-04 5,20 0;0126 2,05 9,57 7,65 5 
11, IO 0, 1236E-D4 5,20 0,0723 !,80 8,25 6,50 5 
li,10 Oo l,236E-04 5,20 0, 0722 1,45 6,97 5.60 5 
11,10 0, 1236E-04 5.20 0,0722 i. 30 6.10 4.85 5 
11,10, 0, 1236E-04 5,20 O, 0722 1 .• 20 6. 70 5,50 6 
11,20 o, 1n8E-04 5,20 0,0702 0,20 4,50 4,30 I 
11,20 0,1238E•O'i 5,20 0,0702 0,40 6,20 5. 80 I 
11;20 o, 123RE-0.4 5,20 0.0104 0,60 7,90 7,40 I 
11,20 0,1238E•04 5,20 0,0105 o.ao 8, 70 8,00 I 
1 l,20 0, 1238E-04 5,20 0,0704 1.20 8,00 6,80 2 
11;20 0, 1238E-04 ,5,20 0,0704 1,40 8,55 7,20 2 
l.1,20 0,1238E-04 5,20 0,0705 t.60 9.20 7,60 2 
11,20 0,1238E•04 5,20 0,0706 I, 70 9,65 8,00 2 
11,20 0, 1238E-04 5,20 0;0106 1,80 9,95 8,20 8 
11,20 0, 1238E-04 5,20 0,0706 2, 10 9.80 7,80 3 
p,20 0, i238E•04 5,20 0, 0706 2,20 10,30 8,20 4 
11,20 Q, 1238E-04 5·,20 0,0706 2.00 9. 70 7,80 5 
11.20 0, 1238E-04 5,20 0,0705 1,80 9, 15 i.40 5 
'11,20 0, 1238E-04 5,20 0;0704 1,60 8.10 6,50 5 
11,20 0,1218E-04 5,20 0,0704 1: 50 8,00 6,50 5 
11,20 o, U38E-04 5.20 0, 0704 1,40 8,65 7,30 6 
12,81 0 0 1241E-04 5,20 0, 0700 0, 15 3,42 3, 15 l 
12.81 O, l241E-04 5;20 0,0703 0,25 5,22 5, 10 I 
12,81 0, 1241E-04 5,20 0,0706 0,20 1:00 , 6,90 8 
12 ,81 O,l241E•Olt 5•20 0,0105 0,25 6,32 6.20 3 
i2, Bl o; 1241E•04 5,20 0,0105 0,25 i,;42 6,10 4 
12,81 0,124IE-04 5,20 0,0101 0;25 5,1'3 5,00 5 
12,Bi 0,1241E-04 5,20 0;0104 0,20 5;50 5,40 l 
12,82 O, 12.39E-O'i 5,20 0,0701 0,20 5,25 5,05 I 
12,, li2 0, i239E-04 5,20 0,01-02 0,30 5,60 5,35 3 
i2, 82 0, 1219E.;.Oit 5,20 0,0702 0,10 6.30 6,05 4 
12,82 O, l239E•04 5,20 0;0102 0,27 5,H 5,60 5 
12,82 0,,1239E-04 5,20 0,0702 0,20 4,50 4,30 6 

7, 10 0, !260E-04 5,40 0,0703 1,00 5,05 4, 15 l 
7, 10 0, 1260E-04, 5,40 0,0705 1,40 6,~5 5,15 I 
7, 10 O, i260E-olj 5,40 ();0706 1,90 7,20, 5',45 8 
7, 10 O,l260E-04 5,40 0,0706 2,40 1, 75 5, 35 I 
1. io Ool260E•04 5.40 0, 0706 2, 75 7,67 5, 10 I 
7, 10 O, IZ60E-04 5,40 0,0706 , 3, 15 1, 92 4,75 I 
1. io 0,1260E•04 5,40 0,0706 3,55 7,81 4,40 I 
7,10 0, 1260E-04 5.40 0,0706 4,00 8,00 4,00 2 
7, 10 0,'!260E•04 5,40 0;0706 4,40 8,40 !,,00 2 
7, 10 0,126DE-04 5,40 o; 0102 4,80 6,9q 2, 10 3 
7.10 r,1260E-04 5,40 0,0702 4.95 6,27 l,40 4 
7, 10 0,1260E-04 5,40 0, 0702 5, 15 6,57 1,40 4 
1,10 o; 1260E-04 5,40 0,0102 5, 3~ 6.H 1,40 4 
7.10 0, 1260E-04 5,40 0,0102 5,65 7, 12 1,50 4 
7, 10 0, 1260E-04 5,40 o. 0702 5,85 7,32 1,50 4 
7, io O, l,260E•04 5,40 0,0701> 6; 15 7,67 1,60 4 
7, 10 0, 1260E-04 5,40 0, 0706 6,35 7,87 1,60 4 
7, ID 0,1260E-04 5,40 0, 0705 6, 55 8,25 l ,68 4 
1; to 0, 1260E-04 S•'tO 0,0705 6,17 8,U 1,70 It 
1; io Q,1260E-04 5,40 0,0705 7,20 9,00 1, 80 " 7,10 O,,l260E-04 5,40 0,0705 1., b5 9,46 l ,84 4 
1 .io 0, 1260F.-04 5,40 0,0706 8,05 ~.92 l,90 4 
7, 10 0,1260E-04 5,40 0,0706 5,35 6,81 1, 5~ 5 
7, 10 O,l260E-04 5,40 0,0702 5, 15 6,67 1,50 5 
7, 10 0, 17.60E-04 5,40 0,0102 4to95 6,47 I, 50 5 
7, 10 O, ll.60E-04 5,40 0, 0 702 4,75 6,25 1,48 5 
7, 10 0,1260E•04 5.40 0, 0 702 4.5,5 6,.13 1,46 5 
7, 10 0,1260E-04 5,40 0,0102 4,05 5,42 1.40 5 
7, 10 0, 1260E-04 5,40 o, 0701 3.55 4,82 1,30 5 
1. io, O, i260E-04 5,40 0,0701 3. 25 lt.41 I, 30 5 
7" 10 0, il&OE-04 5, 40 0, 070Q 2,85 4,07 1,30 5 
7, 10 0, 1260E-04 5.40. 0,0700 2, 5~ 3,87 1,30 5 
1.10 0, 1260E-04 5',40 0;0100 2,35 l,b~ 1,28 5 
7, 10 0, 1260F.-,04 5,40 0,0700 I, 55 2 o87 1,30 6 
7, IO O, l260E-04 5,40 0,0702 1, 55 4•22 I, 70 1 
7,10 0, 1260E-04 5,40 0, 0 702 5,09 b.64 1,60 5 
7 ,20 0,1255E-04 5.40 0, 0708 I, 10 7,05 6,00 I 
7, 20 0,1255E-04 5,40 0,0710 1,35 8,42 1.10 I 
7 ,20 0,1255E-04 5,40 o; 0111 1,60 9,30 7, 70 I 
7,20 0,1255E-04 5,40 0,0712 1,98 9, 89 8, 10 8 
7 ,20 0, 1255E-04 5,40 0,0712 2,45 10,17 1, 10 I 
1, 20 0,1255E-04 5,40 0,0112 2, 85 10,07 7,30 l 
1, 20 0,1255E-04 5,40 0,0111 2,98 lo.bi. 7,07 I 
7,20· 0, 1255E-04 5,40 ,0,071 ! 3.15 10.02 6,90 I 
7 .7~ 0,1255E-04 5,40 0, 0711 3.,45 9;92 li,50 I 
7 ,20 -- 0.1255E-04 5.40 0,0710 3, 75 9, 72 5,95 I 
7 ,20 0, 1;!55E-04 5,40 o,01jo 4, 05 9,47 5,50 2 
1, 20 0, 12 55E-0'• 5 ,40 0,0710 4,25 9,32 5.10 2 
7, 20 0,1255E-04 5,40 0,0707 4, 75 8,27 3,50 3 
7,20 0, 12 55E-04 5,40 o,0706 5, 25 1,22 2,00 4 
7, 20 0, 12 55E-04 5,40 0,0706 5, 55 1. 52 2,J)O 4 
7, 20 Q,·1255F-04 __ 5. 4.0 0, 0 706 6 ,05 ~.01 ,2_e10 4 
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TABLE E-II (CONTINUED) 

1,'20 o·. (25·5~-04 - ,·.'5·.40 0,0707 6i25 8~32 2;i5 4 
7,20 0,1255E-04 "(5.40' ·0,0707 6,45 8,62 2,20 4 
7,20 0, 1255E-04 5,40 0, 0707 6, 75 8,92 2,20 4 
7,20 0,1255E-04 5,40 0,0707 6,95 9,12 2,25 4 
7,20 0, 1255E-04 5,40 0,0707 7,27 9,53 2,30 4 
7,20 0, 1255E-04 5,40 0,01,07 7,65 10,02 2,40 4 
1.20 O, l255E-04 5,40 0,0708 &,05 10,46 2,44 4 
7,20 0, 1255E-04 5,40 0, 0709 8,45 10,92 2,50 4 
7,20 O,i255E-04 5,40 0,0710 9, 10 11, 70 2,60 ,, 
7,20 0, 1255E-04 5,40 0,0710 9,65 12, 73 2,66 4 
7,20 0, 1255E-04 5,40 0,0707 5, 75 7,B8 2,10 5 
7 ,20 0, 1255E-04 5,40 0,0707 5,55 7,97 2,40 5 
1.20. 0, 1255E-04 5,40- 0.0106 5,35 7, 72 2,40 5 
7 ,20 0, 1255E-04 5,40 · o, 0106 5, 15 7,24 2,07 5 
7,20 0, 1255E-04 5,40 0,0706 4,95 7,01 2,04 5 
7,20 Q, 1255E-04 5,40 0,0705 4,55 6,67 2,00 5 
7,20 0,1255E-04 5.40 o. 0705 "·35 6,31 2,00 5 
7,20 0, 1255E-04 5,40 0,0705 4,11 5,97 l, 92 5 
7 :20 0,1255E-04 5,40 0,0705 3, 75 5.69 1,92 5 
7 ,20 0,1255E-04 5,40 0,0704 3, 55 5,44 l,92 5 
7,20 0, 1255E-04 5,40 0,0704 3,25 5,07 l,90 6 
7 ,20 0, l255E-04 5,40 o. 0705 3;25 5,57 2,40 7 
7,?0 0,1255E-04 5,40 0,0707 6,52 8,80 2,29 5 
7,30 0, 1257E-Olt 5.40 0,0707 1,60 7,55 5,95 l 
7, 30 o,1257E-04 5~40 0.0109 2,20 a.ea 6,70 l 
1, 30 0,1257E-04 5,40 0,0710 2,60 9,60 7,00 8 
7 ,30 0,1257E-04 5,40 0:0110 3o20 10, 15 7,00 l 
7,-30 0, l257F-04 5-,40 0,0707 4,20 8,40 4,20 23 
7 ,30 0, 1257E-04 5,40 0,0705 5, 15 7,72 2,5S 4 
7,30 0, 1257E-04 5,40 0, 0705 5, 50 8,00 2,55 4 
7,30 0, 1257E-04 5·,40 0,0706 s,.eo 8,45 2,65 4 
7, 30 0, 1257E-04 5,40 0,0706 6,00 e.60 2,65 4 
7, 30 0,1257E-04 5,40 0,0706 bc,40 9, 12 2,72 4 
1. 30 0,1257E-04 5,40 0,0101 1.01 9. Jo 2.n 4 
7,30 0,1257f-04 5,40 0,0707 7,60 10,45· 2,85 4 
7',30 0,1257E-04 5,40 0,0708 8,05 10,97 2,95 4 
1, 30 0, 1257E-04 5,40 0,0709 8,95 12, 02 3,05 4 
7 .30 0, 1257E-04 5,40 0,0709 9,60 12,80 3,20 4 
7, 30 o; 1257E-04 5.40 0,0709 9,95 13,22 3,25 4 
1.30 0,U57E-04 5,40 0,0710 10,90 14,25 3,40 4 
7,30 0,1257E-o4 5,40 0,0705 5o70· 8,30 2,60 5 
1, 30 0, 1257f-04 5,40 o,o 705 5,30 7,85 2,60 5 
7,30 0, 1257E-04 5,40 0,0705 4,95 7,57 2,60 5 
7,30 0,1257E-04: 5,40 0,07Q5 4,75 7,38 2,60 5 
7,30 0, 1257E-04 5,40 0,0705 4,35 ~.92 2,60 6 
7,30 o; l257E-04 5,40 0,0705 4;25 7,47 3,25 7 
7, 30 0,1257E-04 5,40 Q,0706 6,70 9,45 2,75 4 
7,40 o; i257F.-04 5,40 0,0720 ·1,05 6,72 5, 75 l 
7,40 0, 1257F.-04 5,40 0,0722 1,45 8,32 6,9,; I 
7,.40 o; l257E-04 5,40 0,0724 l,93 ~o. u 8,25 l 
7 ,40 0,1257E-04 5,40 o, 0724 2,25 10, 72 8,60 8 
7,40 0,1257E-04 5,40 0,0723 2,56 10,23 7,65 I 
7,40· 0, 1257E-04 5,40 0,0725 3,18 11,54 8,40 l 
7,40 o; 1257E-04 5,40 0,0724 3. 70 11,45 7,80 2 
7,40 o; 1251F.-04 5,40 0,0723 4,10 10,80 6,70 2 
7,40 ·0,1257E-04 5,40 0,0723 s.oo 11,00 6,00 2 
7;40 0, 1257E-04 5,40 0,0720 5, 10 9,15 4,05 2 
7,40 O;l257E-04 5,40 0,0-721 5,60 9, 95 4,35 2 
7,40 0, 1257E-04 5,40 0,0721 6.oo 10,10 4,15 3 
7,40 o,i257E-04 5,'+0 0,0720 6,50 9, 70 3,20 ,, 
7,40 0,1257E-04 5,40 0,0720 6,90 10.05 3,25 ~ 

7,40 0, 1257E-04 5,40 o, 0720 7,25 10,4-4 3, 27 4 
·7,40 O,ll57E-04 5,40 o .o 121 7,42 10. 71 3,35 4 
7,40 0, 1257E-04 5,40 0,0721 7,85 11,22 3,40 ,, 
7,40 O; l257E-04 5,40 0,0722 8,22 11,66 3 ,45 4 
7,40 0, 1257E-04 5,40 0,0722 8,55 12,01 3,49 4 
7,40 0,1257E-04 5,40 0, 0722 9, 15 12,77 3,60 4 
7 ,40 0,12~7F.-04 5,40 0,0723 9,55 13,24 3,67 4 
7,4(1 O, l257E-04 5,40 0,0723 9,90 13,63 3,73 4 
7 ,40 0, 1257E-04 5,40 0,0723 I 0, 15 13,95 3, 78 4 
1, 40 o; 1257E-04 5,40 0,0724 10,60 14,40 3,85 4 
7,40 0, 1257E-04 5,40 0,0720 6,65 9,87 3,25 5 
7 ,40 O, 1257E-04 5,1+0 o, 0120 6, 30 9,47 3,22 5 
7,40 0,1257F.-04 5.40 0,0720 6,02 9,11 3, 15 5 
7,40 . o; 1257E-O'+ 5,40 0:0119 So 78 8,94 3,15 5 
7,40 0,1257E-04 5,'tO 0,0719 ,:;,45 ·a~ 57 3,15 5 
7,40 o; 1251e-04 5,40 0,0719 5,35 8,47 3, 15 6 
7,40 O, l257f-04 5,40 o. 0720 4,82 8,91 4, 10 7 
7 ,40 ~.1257E-04 5,40 0,0721. 1, 78 ll, 14 3,35 5 
7, 50 0, 12'>9~-04 s.~o 0,0716 1.00 5,40 4,,50 l 
1, 50 O;i259E-04 5,40 0,0720 1,40 7,55 6,20 I 
1. 50 o;l259E-04 5,40 0,0722 1.80 9.60 1,85 l 
7 ,50 0, 1259E-04 5,40 6, 0722 2,00 10,20 8,30 l 
7 ,50 0,125qE-04 5,40 0,0726 2.60 12,45 9,85 8 
1, 50 o.125qf-04 5,40 0,0126 3,00 U,65 9,65 l 
1, 50 0,1?59f-04 5,40 o. 0126 3,40 12062 9,?2 l 
7,50 O,i259E-C~ 5,40 0.012& ,.., J·o 12, 20 8. 15 2 
1. 50 0.1259E-O'e: 5.40 0,0720 5.,40 10,15 4,80 2 
7 • 50 O,i259E-04 5,40 oio121 5,60 10,50 4,90 2 
, .-so O,l25qf.-04 5 ,40 0,0721 5,90 10,90_ 5,00 2 
7, 50 o.125qe-04 5,40 0.0121 6,80 ll, 15 4,-40 3 
1, 50 0, 1259E-04 5,40 0, 0720 6,80 10,50 3. 75 4 
1, 50 o, 12sqe-04 5,40 o, 0120 1.00 10.&i; 3, 75 ,, 
1, 50 O, l259E-04 5,40 0,0720 ?,30 11,10 3,85 4 
1, 50 0,1259E-04 5,40 0;0721 .1,10 lj,55 3, 85 4 
1. 50 o. 12 59f-04 S,40 0,0121 9~ iO 12,05 3,95 4 
7,50 0,1259E-04 i;,.40 0, 0721 8,40 12,34 3 .99 4 
7, 50 o-12sqE-04 5,40 0,0723 e.90 n.oo 4,05 4 
7 ,50 o, 12 59E~o4 5. 40 o, 0122 9,10 13,95 4,25 4 
7.50 0,1259E-04 5,40 0,0723 10,20 14, 55 4,30 4 
1.-50 0,1259E-04 5,40 0,0723 !0,80 15, 15 4,40 4 
7 ,50 0,1259E-04 5,40 0,0724 11,40 15,77 4,47 4 
1. ~o O; 1259E-04 5,40 0,0726 lZ, 16 16,78 4,60 4 
1, 50 0, 125,9E-04 __ 5,40 0,,_Q]_,tQ__ . ..!'1iL.. 11,05 3"9!? ·- --~~ 
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TABLE E-II (CONTINUED) 

1·.!;ci O .. ii259E-'-04· :5;40 0 •. 0120 . ~;:ao 10.i.o i.85 5 
1. 50 0;1259E-04 5.40 0.0120 · .. 6·~·5,0··· 10. 35 3.85 5 
7 .50 0.1259E~04 5.40 o. 0720 6.34. 10.06 3. 79 5 
7.50 0.12591'-04 5.40 0,0120 6.10 9.80 3.15 5 
7.'iO 0, 1259E-04 5.40 0.0719 5,80 9.55 3 • 75 6 
1. 50 Oo l259E-04 5.40 0.0120 5.29 10.06 4.82 7 
1 .• 50 0.1259E-04 5·.40 0.0121 9.22 12.16 3.95 5 
7.60 0,!255E-04 5.40 0,0718 1,45 8,87 7.45 I 
7 ;60 0.1255E-04 5,40 0,0120 ·1,95 10.52 a.&s I 
7,60 O,IH5E-04 5.40 0,0122 2.23 11,66 9.55 I 
7 ,60 0.1255E-04 5.40 0.0123 2. 72 12.86 10,20 I 
7.60 0 ,1255E-0't 5,40 0.0724 3, 30 13,80 10.60 I 
7,60 0.1255E-04 5.40 0.0726 3.60 14.9·5 11.40 8 
7.60 0.1255f-04 5.40 0.0724 3,82 q,71 10.45 I 
7.60 n.1255E-04 5.40 0.0125 4.00 14,60 10.65 I 
7.60 0.1255E-04 5.40 0;0124 4.49 14,46 9.92 2 
7.60 Ool255E-04 5,40. o.012'!, 4,~90 14.30 9.40 2 
1;60 o.1255F•04 5,40· 0.,0723 5, 10 13.85 8. 75 2 
7.60 O,l255E•04 5,40 0.0121 5.40 1.2.40 7.05 3 
7,60 0,1255E•O/t 5.40 0.0718 7.10 11,40 4.40 4 
7,60 0,1255F•04 5.40 0,0719 . 7.60 12.10 4.50 4 
7,60 o •. 1255E-04 5,40 o.0719 8.10 12.60 4.50 4 
7.60 0.1255E-04 5.4·0 0.0719 8,45 13,02 4,60 4 
7,60 0, 1255E•04 5,40 0;0720 · 9.00 13. 75 4. 70 4 
7.60 0;1255e-04 5,40 0.0120 9,40 14,20 4.80 4 
-;;6n 0, 1255E-04 5;40 0.0121 9,90 14. 72 4.82 4 
7,60 o;l255F-04 5,40 0;0121 10.40 15;30 4,90 4 
7,60 0.1255E•04 5.40 0.0722 10.90 15.85 5.00 4 
7.60 0.1255[-04 5,40 0.0122 11;30 16.30 5.10 4 
7.60 Q.1255E-04 5,40 0,0123 11.90 ·11.05 5.20 4 
7.60 0.1255E-04 5,40 0.0719 8,10 12. 75 4.65 5 
1,60 0,1255E-04 5.40 0,0719 7.6.0 12.10 4,50 5 
7,60 o, 1ts5e-04 5.40 0.0119 1.10 11,50 4.50 5 
7.60 0, 1255E-04 .5,40 0.0719 7·,00 11.'40 4,50 5 
7.60 0, 1255E-04 5,40 0,07-18 6.80 11.25 4.50 5 
7,60 0.1255E-04 5,40 ·0,0718 6,70 11.15 4,50 5 
7,60 O,H55E-04 5,40 0,0718 6.60. 11;00 4,40 6 
7 ,60 O, l255b04 5.40 o·, 0719 5,q, 11.11. 5.85 7 
7,60 Oo 1255F-04 '-5,40 0.0120 8.90 13.65 4,70 5 
1. 70 O;l259E-04 5,40 ·0.0715 1;35 1.02 5 0 70 I 
1.10 0.1259E-04 5.40 0,0718 1.67 8;,ft3 6.80 1 
1. 1o 0, 1 :i59E-04 5;40 0.01;!0 2.00 10.10 9:.20 I 
1.10 0;1259F.-04 5.40 0.0122 2.4.0 11, 75 9,35 I 
1, 10 o;p59E-04 5.40 0,0724 2, 82 13.16 10.40 I 
1. 70 0.1259E-04 5.40 0,0725 3,20 14, 13 10,98 1 
7, 70 O. I 259E-04 5,40 0,0726 3,·&2 14.91 11.35 1 
1, 70 .0, 1259E-04 ·5.40 0,0726 4;00 15,60 11.65 8 
1·.10 0.1259E-04 5.40 o.q12& 4.47 15.58 11.15 1 
1,·10 0 .• 1259E-04 5 0 40 0, 0721 4,60 16,35 11,65 1 
7. 70 o; 1259E-Q4 5,40 0,0724 4,80 14.05 9,25 2 
1, 1~ 0.1259F-04 5;40 0,0720 8o4Q 13.55 5.20 ' 3 
1. 1n o:12s9E-04 S,.40 o;orzo 8,65 .13.82 5,20. 4 
1. 10 0, 1259E•04 5,40 0, 0720 9ol0 14,45 5.30 4 
1. 70 o. t259e-04· -~,40 Q,0721 9.50 14.90 5.40 4 
1.10 0;1259E•04 5.40 0.0122 10.10 15,65 5,50 4 
7~70 0,1259E•04 5,40 0,0722 1ci. 85 , 16.42 5,65 4 
1, 10 O; 1259E-04 5,40 0.0123 11,60 17,25 5; 75 4 
7, 70 0;1259e-04 5,40 o. 0723 12.20 18,05 5,85 4 
7,70 0,1259E-04 5,40 Q,0724 12,80 18, 75 5.95 4 
7,70 0, 1259f-04 5,40 0;·0124 13;40 19,H 6;01 4 
.1,70 o, 12.59.E-04 5,40 0,0725 13. 70 19,98 6,18 4 
7, 70 0, 1·259E-04 5,40 0,0721 9,00 14,47 5,42 5 

'7 ,10 ·0,1259f~04 5.40 0,0720 8 ,60 13.95 5. 35 5 
1. 70, 0,1259f-04 5.40 0,0720 7,90 13,15 5.25 5 
7; 7.0 0, 1259E-04 5,40 0,0120 7, 70 13,00 5 ,25 5 
1;10 0,1259E-C4 5,40 0,0119 7.40 12,50 5.15 5 
1.10 0,1259E-04 5,40 Q,0719 1,20 12, 19 5,09 5 
·1.10 0, 1259E-04· 5,40 0,0719 7.10 12,05 5;05 6 
1.10 0,1259E-04 5,40 0, 0720 6,25 12.82 6.70 7 
.1·. 70 0.1259E-04 5,40 0.0121 9;40 14, 75 5.]5 5 
7.80 0, 1259E-04 5ll+O o. 0120 !,60 9;55 7,95 I 
1;90 o,12-s9e-04 5.40 0, 0722 2,02 11,06 9.15 I 
1, 80 0, 12 59E-04 5,40 0,0723 2 ,40 12. 55 10,15 1 
1,80 0,1259E-04 5,40 0,0725 2,96 14,35 11.37 I 
1,80 o; 125qE•04 5;40 0,0726 ].50 15;60 12,15 I 
1,eo o; 1259E~04 5 •. 40 0.0128 · 4.oo 16,85 12.90 I 
7.,80 0,1259f-04 5.,40 O, 0728 4; 51 17,13 12 ,57 I 
7.80 0,1259E-04 5,40 0.0729 4; 75 17,92 13, I 5 8 
7,80 0,1259E•04 5,40 0;0122 9.6o· 15,62 6.02 3 
7,80 0, 1259E.-04 5,40 0, 0722 9.90 16.00 6,10 4 
7,80 0,_1259E-04 5,40 0.0723 10,20 16,40 6,15 4 
1.~o· 0,1259E-04 5.40 o. 0723 10,40 16,60 6.20 4 
7 ,80 0.1259E.-04 5.40 0,0723 10. 8Q 17,02 6,27 4 
1,ao 0, 1259E-o~ 5,40 0,0724 11.20 17.48· 6,]3 4 
1,80 C. l2~9E,'04 1;;40 O.Q724 11• 60 17 .88 6, 38 ,; 
7 ,80 a,1259E-04 5 ,40 0,072~ 12, 10 18,60 6,~0 4 
7,np 0, 1259E-04 5.40 0, 0726 12.84 19,42 . 6,60 4 
1.ao 0, 12 59f-04 ,5,40 0,0723 10. 7Q 16,92 6,27 5 
7,8C 0, 1259E-04 5,40 0,0·723 10,40 16,65 6,25 5 
1,80 o.12s9e-04, 5,40 0, 0-723 9,'15 16,12 b.15 5 
1.eo 0, 1259E-04 s.4o 0,0722 9.60 15.15 6,15 5 
1_ •. 90 ,0, 1259E-04 S.40 0,0722 9,05 15,27 6.15 5 
7,iW 0, 12 59f•04 5.40 o. 0722 0. 80 14,.85 6.05 5 
7,80, Q, l259F-04 5.40 6,0122 8,60 14, 55 5.95 5 
1;a() O, p 59E-04 5,40 0,0122 8,40 14,30' 'i,95 5 
7,80 0,1259F-04 5,40 o, 0722 8, 1] 14,06 5.90 5 
1.00 0.'1259E-04 ·5.40 0,0721 7,95 13. 82 5, 85 5 
1.eo 0,1259E-04 5, 40 0,0721 7,65 il,47 5,85 5 
7,80 o.12s9e-04 5,40 0 • 0 720 6, 70 12.40 5, 75 6 
7 ,80 0,1259E~04 5~40 0,0722 b;5s 14, li 7,60 7 
1,BO O,j259E-C4 5,.40 O,Q123 10.,64 16,84 6. 27 5 
1, 90 0,1256E-04 5.40 0,0726 2,05 13.47 11,65 1 
1,90 0.1256f•04 5,40 0,0731 2,45 14.84 12,62 1 
_1".90 0,125~E-::O~ .. __ 2!_40 o, 01,1 - .k..12. _16,M 1).hO ___ j_ 
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TABLE E-IT (CONTINUED) 

7.9c: o; 1256E-04 5,40 0;0133 _;3d'5 1?;':i2 14,-35 I 
1,90 0, I 256F.-04 5,40 0, 0133 3a5· 11,52 14, 15 I 

'1, 90 0,1256E-04 5,40 0,0133 3~8'3 18,46 14,55 1 
7,90 0, 1256E-04 5,40 0,0136 4,'15 · 19, 52 15,25 8 
1,90 0,1256E-04 5,40 0, 0135 4,45 19,11 1'+. 75 1 
7.90 0, 1256E-04 5,40 0,0136 4, 75 19,63 14,.85 3 
1,90 0,1256E-04 5,40 0,0729 12,25 19,07 6;15. 4 
7,90 o; 1256F.-o4 5,40 0,0729 12,55 19.27 6,80 4 
7 ,90 O, l256E-04 5.40 0,0730 12, 75 19,67 6,90 4 
1,90 o;i256E-04 5,40 0,0730 12,95 19.,92 .6,95 4 
7,90 0, 1256E-04 5,40 0,0728 I0, 15 l'li,67 6,60 5 
7 ,90 0,1256E-04. 5,40 0,0728 '9,65 16,22 6,i60 5 
7,90 O, l256E-04 5,40 0,0727 q,35 15,77 6,45 5 
7,90 0, 1256Ec04 5,40 0, 0726 e,.10 15'.'IO 6,40 5 
7,90 O-, I 256E-04 5,40 0,0725 8,25 14,5'2 6,30 5 
7,90 O, l256E-04 5,40 0,0725 7, 75 14,07 6,20 6 
7,90 0, 12S6E-04 5,40 o. 0728 6, 70 14,72 8,07 7 
R, 10 O,l236E-04 5,20 0,0718 1,30 6,05 4,80 t 
8, 10 0,1236[-04 5,20 0,0720 1,90 7,60 5,80 I 
8, 10 0, 1236E-04 5,20 o. 0720 2,20 8,40 6,30 I 
8, IO 0, 1236E-04 5,20 O,H20 2,40 8,QO 6,50: I 
8,10 0, 1236E-04 ·5,20 0,0720 2,70 9,25 6060 l 
8, 10 o;l236E-04 5.20 0,0722 3,00 9,95 6,95 I 
B, 10 O, l236E-04 5,20 0,0722 J,30 10,27 7,02 I 
8,10 O, l236E-04 5,20 o. 0722 3,40 10,40 1.00 I 
8, 10 0, 1236E-04 5,20 0;0123 3,60 10, 75 7,20 A 
a. il'l O, l236E-04 5,20 0, 0 723 3,60 11, 10 7,30 I 
0.io 0, 1?36E•04 5,20 0,0723 3,95 11,27 7,40 8 
e, to O, IH6E-04 5,20 0,0123 4,25 11,42 7,20 2 
R, 10 0, 1·2J6E-0.4 5,20 o., 0720 5, 35 .9,52 4,20 3 
8, 10 0, 1236E-'04 s.20 0,0718 5,70 8,45 2,75 4 
8, 10 0, 1236E-04 5,20 0,0718 5".95 8,77. 2,85 4 
8, 1' 0, 12J6F.-04 5,20 0,0718 6, 15 8,97 2,95 4 
B, 10 O, I 236E-l\4 5 ,20 0,0719 6,~5 9,47 3,05 ·4 
6, 10 0, 1236E-04 5,20 o.on9 6.e5 10.02 3,25 4 
8, ID 0, 1236E.04 5,20 o. 0720 7,25 10,52 3,40 4 
8, 10 0, 12J6F.-04 5,20 0,0720 7,55 11, 01 3,.55 4 
6, 10 0,1236E-04 ·5,20 0,0721 7,80 11,45 3,65 4 
R, IO 0, 1236E-04 5,20 0, 0721 8,30 12, 15 3,90 4 
R.tO 0, !236E•04 5,20 0;0122 8,55. IZ,62 4,05 4 
8, 10 O, ll36E-04 5,20 o_.0123 ·9.60 14,05 4,45 4 
e.io 0,1236E-04 5 .20 0,0719 5,95 9,01 3;15 5 
8, 10 0, 1236E•04 5, 20 o. 07i9 5,65 6,77 3, IO 5 
8, 10 O,l 2J6E•04 5,20 0,071R 5, 15 8,32 3,00 5 
B, 10 0, 1236E-04 5,20 0,0718 5,15 . 8, 12 2,95 5 
8,10 O, 1236E-04 5,20 o, 0718 4,85 7,67 2,85 5 
8,10 0,1236E-04 ~.20 0,0718 4,62 7,.46 2, 75 5 
R, 10 0, 1236E-04 5,20 0,0718 4,35 7,02 2,65 5 
8, 10 · 0, f236E•04 5,20 0, 0111 4,05 6,55 2,58 5 
a. io 0, 1216E-04 5,7.0 ·0,0111 3, 1.5 6,19 2,52 5 
BdO 0, 12 36E-04 5,7.0 0,0716 3,55 6,00 2,48 5 
s, 10 O, I 236E-04 9, 20 o, 0716 3, 33 5,13 2,42 6 
B, 10 O, I 236E-04 5·.20 0,0717 3, 15 6,22 3, 15 7 
6,2' 0, 1257E-04 5,20 o. 0718 I, 10 6,45 5,40 I 
R,iO O, l257E-04 5,20 0,0720 1,45 7,67 6,25 I 
s.20 O, 17. 5 7E-0.4 5,?.0 0,0720 1,80 8,45 6, 70 1 
.e,10 0, 1257F.-04 5,20 o,.077. I 2, 15 9,27 7,20 I 
A,20 O,ll57F•04 S,20. 0,0723 2, 60 10. 32 1, 72 I 
R,20 0, 12 57F-04 5, 20 O,Q724 2,95 10,92 8,00 I 
~. 7.0 0, 1257E-04· 5,20 0,077.4 3, 35 11,87 8,55 6 
8,20 o.125·7E-O.!t 5 ,20 0 ,0724 J,80 11, 95 8, 15 2 
8,20 0, 1257E-04 5,20 0, 0720 4,20 '9,55 5,35 2 
8,20, 0,1257E~04 5,20 0,0719 4,40 8,95 4,55 2 
R,20 0, 12'>7F-04 5.20 0;07l9 4,80 9.15 4.35 3 
8, 7.0 .0·, 12 57~-04 5,7.0 0,0718 4;95 1.•n 3,15 4 
A;20 0,1257E-04 5;20 0,0718 5,27 8,51 3, 28 4 
8, 20 0, 1257E-04 s.10 0, 0719 5.6~ q.02 3.40 4 
8,20 . 0 ;-12 57E-04 5;20 0,0719 6.00 9,47 3 ,52 4 
8,20 0, 1257E•04 5,20 0,07l9 6,35 9,97 3,65 ~ 

P..20 0,125,JE-04 s. 20 0,0720 6,85 10,62 3,85 4 
R,?.0, .. 0,..1257E-04 5,20 0,0121 7,47 11, 53 4,10 4 
8,.20 o; 1'257E-04 5 ,20 0,0721 1,80 12,05 4.25 4 
8, 20 O,l257E-04 5,20 0,0722 8, 15 12,47 4,35 4 
8, 20 0-,1257E-04 5 ,20 0,0722 e.ss 13,02 4,45 4 
e.20 o, 1257E-04 -;. 7.:0 o. 0723 9,00 13, 75 4, 70 4 
R • 7.0 0, 1257[-04 5. 20 0;0719 5, 38 R,19 3,45 5 
e.·20 Oil257F-04 5,20. 0,0719 5,13 8,46 3, 35 5 
8~ 2.0 0, 1257E-04 s. 20 0,0719 4,60 7,95 3.25 5 
8,20 0,.1~57E-04 5,20 0,0118 4,40 h55 3, 15 5 
R.?O O,l257F.-04 5,20 0,0717 3 ,27 6,41 3,13 5 
6, 20 o,1251e:-04 i;.20 0, 0717 ·3. 25 6,42. 3,20 6 
8,iO 0,l257E-C4 5,20 0,0719 4,05 6, 10 4, 13 7 
9 ,to 0,1239E-04 5, 20 o. 0704 0, 15 t,•n 1,90 I 
g • .10 0,12:\9E-04 5.20 0,0705 o. 25 3, 13 2,90 I 
9, 10 o; I 2JqE-04 5, 20 0,0706 o. 35 3,84 3,57 l 
9, 10 ·o, l 2'39F-04 5. 20 0.0101 0,45 4.72 4,30 I 
9, IO O.l2'39f-04 5, 2.0 0,0708 o. 65 5,32 4,80 i 
9, 10 O, I 7.39E-04 5; 20 ·o.010e 0,85 6,12 5,40 I 

·g.10 0, 12HE-04 5,20 0,0709 1.05 6,67 5,75 I 
9, 10 ·o, !'239E-04 5 .20 0,0711 I, 25 7,32 6,10 l 
Q, 10 0, 1230E-04 5;20 o,01i I . I ,45 7 ,87 6,50 l 
O, 10 O, l239E-04 5,?.0 o. 0111 1. 65 ,7,97 6,35 I 
0.10 0,1230E-04 s, 20 0.0113 1,65 8,41 6, 70 1 
9, 10 O.l239E-04 5,?.0 o. 0713 2.-os 8,52 6,60 I 
9, 10 0, 1239F-04 5,20 0,0713 2,25 8,88 6, 75 a 
o. io 0.1219E-04 5,20 0,0713 · 2, 55 B,5l 5,95 I 
0.1~ 0,12l9E-04 5, 20 0,0709 3, 05 6.97 3,95 3 
9, 10 O, l 230E-04 5 ,20 0, 0 708 J, 15 6, 32 3,25 4 
g,10 IJ, l239E-04 5,7.0 0,070R 3,45 6,87 3,45 4 
q .10 0,1239E-04 5; 20 o. 01ae 3,90 7,65 J,80 4 
'>dO o.i239E-04 5,20 0,0110 4,25 e. 3a 4, l 5 4 

9.10 0,12J9F.-04 s.20 0,0711 4,45 B,77 4, 35 4 

g• 1.~ .. . o._12Hfc0_4 ________ 5,20 0,0711 _ 4-!l~-- 9, 32 4,55 4 
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TABLE E-II (CONTINUED) 

·9.1"c" o~,i 2,,,i-e-:0~ 1.20 0.0112 s;of 9.17 ;;.75 " 9.10 0 •. 1239E-04 5,20 o. 0712 s. 25 10.11 4,95 ,. 
9.10 .o, l 2 39E-04 5.20 0.0713 5.45 10.53 5.16 ,. 
9 •. 10 0.1239E-04 5.20 0 •. 0114 5.85 11.21 · 5.45 4 
9.10 0 .12 39E-04 5.20 0.0714 6.25 11.a8 5. 75 4 
9.10 o;1239E-04 5.20 0.010a 3.45 1,..92 3.50 5 
9.10 Oo 1239E-04 5. 20 0.0108 3.25 6.57 3,40 5 
9.10 0. l2J9E-04 5.20 0.0708 2,95 6.22 3.25 5 
9·.10 0, 1239E-04 5.20 0,0708 2,65 5,87 3-.e5 '6 
·9.10 0, 1239E-04 5.20 ·O, 0708 2,85 6 .57 3,20 1 
9,20 0, 1236E-04. 5,20 0,0704 0.25 3,67 3 ,55 I 
q.20 0, 1236E-04 5.20 0,0707 0,45 6.07 5,85 l 
q .20 0, 1236E-04 5,20 ·Q,0709 0,65 7,17 6,85 A 
9,20 0, 1236E-04 5,20 0,0709 0,85 7,52 1.10 I 
9.20 0, 1236E-04 5,20 0,0710 1,05 8,47 1,50 l 
9;20 0.1236E-04 5.20 0.0112 1.33 9.36 e.05 ! 
9,20 0, 1236E-04 5,20 0,0712 h55 9. 72 8.15 l 
9, 20 0.1236E~04 5.20 0.0713 1.65 10.22 8.60 I 
9.20 0.1236E-04 5.20 0.0713 1.85 10.11 8,40 I 
9.20 0, 1236f-04 5.20 0.0713 2,10 10.i.s 8,65 I 
q.20 0.1236E-04 s.20 0,0714 2, 35 11.32 9.00 8 
9,20 0,1236E-04 s.20 0.0713 2,65 10,92 8. 30 2 
9,20 0,1236E-04 5,20 0,0712 3,05 !0, 12 7, 10, 2 
9.20 0, 1236E-04 5.20 0,0711 3.15 9.77 6.65 2 
9,20 0.1216E-04 5.20 0.0110· 3.25 9,47 6,25 2 
9.20 O.t236E~Olt s.20 o. 0710 3.25 9.27 6.05 2 
9.20 o. t 236E-04 5 ,20 0.0110 3.30 9.00 5, 70 2 
<>.20 0, 1236E-04 s.20 0.0110 .3,60 9.0, 5.50 2 
9 ,20 0 0 1236E-04 s.20 o. 0709 3,80 a.as 5.oo 3 
9,20 0,1236E-04 s.20 0,0701 4,05 8,22 4.20 4 
9.20 0.1236E-04 5,20 o. 010s 4.25 8,52 4,30 4 
q,zo 0,1236E-04 5,20 0.0708 4.42 8,86 4.45 4 
9,?.i:J 0.1236E-04 5.20 0.0110 4,70 9,50 4. 75 4 
9,20 0,1236E-04 5,20 o, 0710 5.00 10.00 5,00 4 
9.20 0.1236E-04 5.20 0.0110 5.22 10.31 5.10 4 
9.20 0.1236E-04 5,20 0,0711 5.50 10,80 ~.30 4 
9;20 0, 1236E-04 5,20 0, 0712 5,90 11.45 5,60 4 
9.20 0.1236f-04 5,20 0.0112 6,25 12,07 5.90 4 
9,20 0.1236E-04 5.20 o·, 0713 6,40 12.50 6,10 4 
9.20 O. l236f•04 5,20 0.0714 7,02 i:i,51 6,60 4 
q, 2(1 0.1236f-04 5.20. 0,0706. 4,45 8,97 4,50' 5 
9.20 0.1236E-04 s.20 o. 0106 4,25 8.54 4.30 5 
9.20 o.1216e-04 5,20 0 .• 0105 3,90 7.97 4.10 5 
9.?.0 .Q.1236E-04 5.20 0.0105 3,80 7.8.5 4.05 5 
9. 20 0,12l6E-Oi, 5.20 0;0705 3;i,2 7.56 4.00 5 
9. 20 0.1236E-04 5,20 0.0105 3.55 7.32 3.80 6 
9.20 o. i236E-04 5.20 o, 0706 3,'2~ 7.97 4.75 1 
9,.20 0.1236E-04 5,20 0,0705 2,98 7.49 4.50 1 
9,20 0.1236E-04 5.20 0,0705 2,80 1;10 4,35 1 
9·.20 0.1236E-04 5.20 o, 0704, 2oii60 6,70 4,10 1 
9,20 0.1236E-04 5.20 0.0704 2,·40 6.25 3,85 1 
9;20 O, 1236E-04 5.20 0.0703 2,20 5.65 3,55 1 
9.20 0.1236E-04 ~.20 o, 0703 2.02 5.31 3.40 7 
9.20 0.1236E-'04 5,20 0.0703 1.80 4,95 3,20 7 
9,20 0.1236E-04 5,'20 0,0702 1,60 t..50 2,90 1 
9,20 o.iB6E-04 5 ,20 ·o; 0102 1,40 4,00 2,65 1 
9,20 O.i236E-04 5,20 0.0102 1.20 3,60 2.40 1. 
9.20 0.1236E-04 ~.zo 0.0101 1.00. 3,15 2,25 1 
9.20 0.1236E-04 5.20 0.0100 0,80 2.-is 1.95 1 
9.20 0.1236E-04 5.20 0, 0699 0,60 2,00 I, 70 1 
9,20 0,1236E-04 5.20 o. 0699 0.40 1,85 1,65 7 
o. 20 0.1236f-04 5.20 0;0699 0,20 1. 50 1.40 1 

10.10 0.1243£-04 5.20 o. 0100 0,30 3.10 2,80 I 
10.10 0.1243E-04 5.20 0.0101 0,62 4;06 3.55 I 
10; 1(, 0, 1243E-04 5.20 0.0102 0.82 5,01 4, 30 I 
10.10 0, 1243E-04 5. 20 o. 0703 1.02 6,21 5.30 I 
10.10 0.1243E-04 5.20 0.0704 1.22 6.~1 5, 70 I 
lD, 10 0.1243[-04 5,20 0.0706 1,42 1. 16 6,40 I 
D.10 o, 1243E-04 5, 20 o. 0707 1,60 8,70 7,10 I 
10.io 0,1243E•04 5 ,20 Q,0708 1.80 9.25 7,50 8 
10,10 0.1243E-04 5.20 o. 0101 1.93 9.06 1.20 3 
ta, 1ci 0.1243E-04 5. 20 o, 0708 2.22 9.81 1.10 4 
10. I 0 O. l243E-04 5.20 0,0108 2 .10 9,60 7.60 5 
10..10 0. I 243E-04 s.20 o. 0101 2.00 9,30 7;40 5 
10.10 0.1243E-04· 5 .20 o. 0 707 i.90 8.10 6,85 5 
10,10 0.1243E-04 5. 20 0.0706 1 .• 80 9.20 6,45 5 
10.-10 o;J243E-04 5,20 o. 0706 1.10 1.10 6.05 5 
10.10 0.1243E-04 5 ,20 0.0704 1,53 1.11 5.65 5 
10.10 o.1243E-04 5,20 o. 0703 1.40 6.50 5, 15 6 
10,10 Od243E-04 5,20 0.0704 1,33 7,01 5.70 1 
10.20 0.1243E-04 5. 20 0.0101 0.30 4,65 3.95 l 
10,20 0,1243E•04 5,20 0.0101 0.40 4,15 ·3. 75 I 
Io. ?O 0.1243E-04 5.20 0.0102 0.10 5.40 4, 75 l 
io.20 0,1243E-04 5,20 0.0103 o .. ss 6,22 5.50 I 
1.0. 20 0.12431,-04 5,20 o. 070] i,00 6.45 5,55 I 
10. 20 0.124lE-04 5,20 0.0704 1.20 1,zo 6,00 ! 
10.20 0.1243E-C4 5,20 0, 0705 1.40 8,00 6,65 8 
10 .2.0 0.1243E-04 5,20 o. 0705 1,62 8.26 6.65 3 
10.20 o.1243E-O't 5,20 0.0105 1;90 8. 30 6,55 4 
10'.20 o .1243E-04 5. 20 o. 0706- 2 .• 00 9.05 7, 15 4 
10.20 0.1243E-04 5.20 o.o 708 ~ ,?O 10.05 7.95 4 
1 !J ,20 C.1243E-04 5.20 0.0101 2 .10 9.55 7.55 5 
13.2r o .1243E-04 ,. 20 0.0706 · 2.00 9.10 1.20 5 
·1r,20 o.1243h04 5 .20 0;0 705 1.80 a.20 6,55 5 
l'O, 20 o, l.243f-04 5,20 o. 0704 1,67 7 ,63 6.oo 5 
10;20 0, 1243E-04 5,20 a. 0104 1- 60 7,40 5.80 5 
10.20 0.1243E-04 5 .20 0,0704 1 ;so 6,'ilO 5,40 6 

10.20 O, l243E-04 5, 20 o. 0704 1.40 1.10 5. 75 1 
I0.3C D,124lF-04 5, 20 0,0703 o. so 5,t:10 5;35 l 
10, 30 Oo l243E-04 5,20 o. 070 3 o.ao 5, 95 5. :!5 I 
10. 30 0.1243E-04 5.20 0,0704 1.00 6.75 s.85 l 
10, 3<, 0, 1'243E-04 5.20 0,0705 1.20 1. 55 •• 35 I 

·- 1 b, 1r, ____ ._ 0._124_3E·O~ . -- 5, 20 -·----- 9-~- 0 706 1.~o 8.62 7, 15 ! 
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TABLE E-II (CONTINUED) 

ro. 3c1 0 ;f243E-04 5.io o. 0707 1-.60 9.20 7 .60 I 
10,30 0.1243E-04 5. 20 0.0101 1.80 9. 35 7. 60 l 
10. 30 0.1243E-04 5.20 o. 0 706 l .90 9.67 7 ,85 l 
10,30 0. l 243E-04 5.20 0.0109 2.00 10.15 8025· 83 
10.30 O. I 243E-04 5. 20 0,0708 2. 20 10.10 8,00 4 
10.30 0, 12'i3E-0't 5.20 o. 0707 2.10 9.55 7, 55 5 
10. 30 0.1243E-04 5.20 o. 0706 2.00 9.00 1.10 5 
10.30 0, 1243F.-04 5.20 0,0705 1.00 8.15 6.40 5 
10 .30 0.1243E-04 5,20 0.0704 1.60 7.40 5.80 6 
10.30 0.1243E-04 5. 20 0.0705 1.50 7. 75 6. 35 7 
!0.30 0, 1243F-04 5.20 0,0704 1.40 7 .25 5,90 7 
I 0, 30 O. l243E-04 5 .20 0.0703 1.18 6.34 5.15 7 
10, 30 0.1243E-04 5,20 0,0702 0.98 5.19 4. 30 7 
D.30 0,1243f-04 5.20 0,0701 o. 78 4.14 3.55 7 
1n, 30 0.1243E-04 5.20 0.0699 0,55 2.R2 2. 55 7 
10.30 O.l243E-04 5.20 o, 0698 0.40 2.10 1.90 7 
l 0.30 0 .1243E-04 5.20 0,0697 o. 20 1. 35 1.25 7 

2, 31 0, 1290F-04 5 .oo 0.0110 0.25 3.02 2. 90 L 
2. 31 0.1290F-04 5.00 0.0112 0.50 4.85 4.40 l 
2. 31 0, I 290E-04 5.00 0.0113 o. 85 6 ,27 5. 55 I 
2. 31 O. l290E-04 5.00 O.OH4 1.25 7. 72 6.50 I 
2.31 0.1290E-04 5.00 o. 0717 1. 55 6.97 7 .40 I 
2,31 O.l 290E-04 5.00 o.OH 7 1.80 9. 75 8.oo I 
2, 31 0.1290E-04 5.oo o. 0720 2 .11 10.93 8. 85 I 
2 .31 0, I 290E-04 5.00 0.0121 2 .62 12.06 9.45 I 
2, 31 O. l290E-04 5 .oo 0,0722 3 .15 13. 22 10.10 I 
2. 31 o. l290E-04 5.00 0.0122 3.63 13.86 IO. 30 I 
2.31 D. I 290E-04 5.00 0.0723 4.05 14.47 I0.50 6 
2. 31 O. l290E-04 5.00 0.0723 4. 30 14.80 10.50 3 
2. 31 0,1290E-0't 5 .oo o. 0714 6. 65 10.37 5.00 4 
2. 31 0.1290E-04 5.00 0.0717 5 .65 11.12 4. 25 4 
2.32 0.1250E-04 5,00 o.on2 6 • 30 10.85 4.60 4 
2,32 0, 1250E-04 5.00 0,0732 6. 50 11. 20 4.70 4 
2. 32 0, 1750F-04 5.00 0.0732 6. 75 11. 52 4.80 4 
2. 32 O,l250E-0't 5,00 o. 0732 6.90 11. 75 4.90 4 
2.n 0, 1250E-0't 5.00 0.0733 7 .25 12.22 5.10 4 
2,32 o. 12 50E-04 5. 00 0.004 7 .60 12.90 5, 30 4 
2,'32 0.1250E-04 5 .oo 0,0734 7.40 12.55 5. 20 4 
2. 3? O. l250E-04 5.00 0.0734 1. 80 13.20 5 • 40 4 
?,3? 0.125DF-04 5.oo 0, 0734 0.00 13 ,55 5.55 4 
2.32 0,1250E-04 5.00 0,0732 6, 55 11.11 4.60 5 
2,32 0.1250f-04 5.00 0,0732 6.03 10, 36 4.40 6 
7.,32 0, 1250F-04 5.00 o. 0732 5.55 9.62 4.15 5 
2,32 0.1250E-04 5 .oo o.on1 5.10 9,05 3.95 5 
2.32 O. 1250E-04 5.oo o. 0731 4.90 8. 75 3. 85 5 
2. 32 0.1250F-04 5.00 o. 0730 4. 70 8.60 3,85 · 6 
2.50 o.1260E-04 5.30 0.0101 0, 15 4.17 4.10 I 
7.. 50 O, l260E-04 5.30 0.0102 0.7.5 s.i 3 5.00 I 
2. 50 0.1260E-04 5.30 o. 0703 o. 30 5, 85 5, 70 I 
2, so Oo 1260E-04 5. ,o 0,0704 0.50 6. 75 6. 50 l 
2.50 0.17.60F-04 5.30 0, 0 704 0, 75 6.88 6 .so l 
2,50 0, I 260f-04 5.30 0.0100 0,95 9. 42 a.10 I 
7.. 50 O, I ZbOE-04 5. 30 o. 0709 1.05 10.32 9, 50 8 
2, 50 0, 1260E-04 5.30 0, 0708 1. 50 9.45 a.oo 2 
2.50 Oo I 260E-04 5. 30 0.0106 I. 50 6.65 7.20 2 
2, 50 0.1260E-04 5.30 o, 0 706 1,50 8 .45 1. 00 2 
2,50 O, l260E-04 '5,30 o. 0706 1.65 8.92 7 .30 2 
2, 5(1 O, l 260E-0tt 5, 30 0.0101 1.75 9. 32 1. 60 2 
2,50 0, 1260E'-04 5.30 o. 0706 I, 85 8.92 7 .15 3 
7., 50 D,l260E-04 5.30 ci. 0707 2. 05 9, 77 7,8'5 4 
? • 50 0,1260E-04 '5, 10 0.0709 2.15 10, 37 8.30 4 
7., 50 0, 1260F-04 5.30 0,0709 2.15 10.52 R.45 4 
2. 50 0, 1260F-04 5,30 0.010a 2 ,05 10. 2 7 8, 35 5 
2, 5C 0.1260f-04 5.30 o. 0708 1.90 9.90 0.10 5 
2, 50 0.1260f-04 5.3C o. 0707 1. 75 9.32 7.60 5 
2,50 O.l260E-04 5. 30 0, 0 706 1. 60 8.70 7.10 6 
? , 50 0.1260E-04 5, 30 0.0101 1.55 9.22 7. 70 7 
? • 50 0, I 260E-04 5. ,o 0.0101 1. 95 9.27 7,40 4 
4, 10 0, 1236E-04 5 .40 0,0718 o. 50 4.05 3,60 I 
4, 10 0. !236E"04 5, 40 o. 07?0 o. 70 5.15 4,50 I 
4, 10 O, l 236E-04 5.40 0, 072 l 0,90 6.ZO 5.40 I 
4, 10 O, I 236F-04 5.40 0.0122 1.16 6. 88 5.ao I 
4 .10 0.1?36E-04 5,40 o. 0723 1.40 7 • 50 6.15 I 
4,10 0,1236E-04 5. 40 0.0123 I, 70 7, 90 6 .25 l 
4 .10 0, 1?36E-04 5.40 o.o 724 1.87 8, 13 6.35 I 
4,10 0, 1236E-04 5. ,.o 0.0724 2.30 8.80 6, 55 I 
4.l('l O, l236E,04 5,40 0.0724 2. 50 9, 10 6,60 28 
4, 10 0, 1?36E-04 5. 40 o. 0719 3.15 5,97 2 ,90 3 
4,10 0, I B6f-04 5,40 0.0719 3. 45 6 ,62 3 .20 4 
4, 10 Ool236E-04 5. 40 0.0120 3. 67 6. 98 3. 40 4 
4, 10 O.l236E-04 5, 40 0,0720 3. 85 7.34 3. 52 4 
4 .10 (),L2J6E-04 5, '•0 0.0121 4.15 7, 87 3.80 4 
4, 10 0, 1236E-04 5.,.0 0.0122 4.,.o 8. 50 4.10 4 
4. 10 0.1?36E-04 5,40 0.0123 4,90 9,40 4, 45 ,, 
4, 1 o 0, 1236f-04 5.40 0.0120 3, 65 1.02 3.40 5 
4 ,10 0, 12'6E-04 5,40 o,on9 2 ,95 5. 77 2 .80 5 
4,10 0, 1236E-04 5.40 o. 0719 2.65 5.27 2 .65 5 
4, 10 0.1236E-04 5.40 0,07lR 2.55 5, 12 2,55 5 
4.10 0, 1236E-04 5. 40 0, 071 B 2.21 4,58 2,35 5 
4, l 0 0, 1236E-04 5,40 0,0716 L,9'i 4.02 2.15 5 
4, 10 o. 1236E-04 5, 40 0,0716 1.75 3, 77 2 .05 6 
4,10 0, 1236E-04 5. 40 o. 071 7 1. 75 4 .52 2,80 7 
4. 10 0,1236E-04 5,40 0.0718 1.95 4.22 2.35 5 
it. 10 0, 1236E-04 5, 40 0,0718 2.05 4.32 2 ,40 5 

4. 10 0, 1236t-04 5, 40 o. 0718 2. 25 4.82 2. 70 5 
4, 10 O, 12 36E-D4 5 ,40 0.0718 2. 38 5. 04 2. 65 5 
4, IO O, l236F:-04 5.40 o. 0718 2. 50 4, 35 2 ,85 5 
4, 1 o 0.1236F-04 5,40 0.0718 2. 60 5.50 2 .90 5 
4. 10 0, 1236F-04 5.40 o. 071 q 2 .AO 5 .90 3,15 5 
4, 20 o. 12l4F-04 5,lo o. 0711 0.15 1,82 I .75 I 
4, 20 0, 1234F-04 5.10 0.0713 o. 35 2, 92 2,75 1 
1t,?.0 0,1234F-04 5, I 0 o. 0713 0,55 3. 37 3 .10 I 
4. 7.0 0, 1234E-04 5.10 o; 0714 o. 75 ,. 77 3.40 I 

'•, 20 0, 12341'_~94 5.10 o. 0714 0.95 4.1 7 3,70 ·I 
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4,ic ·a ,12HE-04 ·-s.10 0,0716 1, 15 5.12 4:00 I 
4 .20 0, 1234E-04 5, 10 0.0111 1. 31 5.90 4.60 I 
4,20 O, l234E-04 lli,10 0,0718 1,45 6. 72 5,30 I 
4,20 0, 1234E-04 5.10 a. 0120 I, 75 7,82 6,10 I 
4,20 0, 1234E-04 5.10 0.0120 1,87 8,28 6.50 I 
4,20 0, 1234E-04 5.10 0.0121 2.10 8,60 6.60 8 
4,20 0,1234E-04 s.10 a. 0119 2,30 7,75 5 ,50 2 
.4. 20 0, 1234E-04 5, 10 0,0719 2 .50 8.00 5. 50 2 
4,20 0,1234E-04 5, 10 a. 0120 2, 75 8,42 5. 70 2 
4 .20 0,1234E-04 5.10 0.0720 2,95 8, 11 5,85 2 
4,20 0.1234E-04 5, 10 0, 0720 3.15 8.97 5,85 2 
4, 20 O.l 234E-04 5, 10 a. 0121 3. 35 9,)2 5,95 2 

· 4.20 0,1234E-04 s.10 0.0121 3,55 9,47 5.95 2 
4,20 0, 1234E-04 5, 10 0,0721 3. 75 9,63 5,85 2 
4,20 0.1234E-04 5.10 Q,0721 4, 15 9,97 5,85 2 
4, 20 0, 1234E-04 5, 10 0,0719 4,35 8,87 4,50 3 
4,20 a, 1234E-04 5, 10 0.0120 4,55 9.37 4. 75 ~ 
4,20 0, 1234E-04 5, 10 0.0121 4,90 10,05 5,15 4 
4,20 0, 1234E-04 5,10 0,0720 4, 75 9,82 5.05 4 
4,20 0, 1234E-04 5.10 0.0121 5.05 10,67 5.60 4 
4,20 0, 1234E-04 5,10 0,0720 4,45 9,52 5.05 5 
4,20 0,12l4E-04 5.10 0,0719 4,10 8. 75 4,65 5 
4,20 0, 1234E-04 5,10 a. 0120 3. 75 8.07 4,35 5 
4, 20 0, 1234E-04 5, 10 0,0718 3,45 7.42 4,00 5 
4,20 0,1234E-04 5,10 o. 0716 3 .as 5,82 2,60 6 
4,20 0,1234E-04 5.10 0,0719 2,90 7,40 4,50 1 
4.20 0,1234E-04 5.10 0,0717 3.20 6, 70 3 ,55 5 
4,20 D, 1234E-04 5.10 0,0718 3. 50 7,30 3,85 5 
4,20 0, 1234E-04 5.10 0.0718 3, 70 7 ,85 4o 15 
4,20 O,l234f-04 5 .10 0.0120 3. 85 8,27 4,45 
5.10 0, 1234E-04 5,40 0,0712 0.22 3,51 3,30 
5.10 0, 1234E-04 5,40 a. 0113 0,35 4,67 4,40 
5, 10 0, 1234E-04 5,40 0.0713 o.45 5.42 5,00 
·s.10 0,1234E-04 5,40 0,0714 0,52 5,86 5,40 
5, IC 0,1234E-04 5,40 0,0716 a.so 7, 15 6 .45 
5, 10 0.1234f-04' 5,40 0,0716 1.10 1.10 6.65 

. 5, 10 0~ 1234E-04 5,40 a. 0716 I, 30 8,10 6,85 
5, 10 0, 12 34E-04 5,40 0.0718 1,60 B, 55 6,95 8 
5, 10 o.1234E-0't 5,40 0,0716 1,70 8,25 6,60 I 
s.10 0, 1234E-04 5,40 0.0116 2.10 8,55 6,55 I 
5.10 0, 1234f-04 5,40 0.0716 2,40 ~.10 6,30 I 
5,10 0,1234E-04 5,40 0.,0718 2,60 9,00 6,40 I 
5 .10 0, 1234E-04 5,40 0,0718 2,90 9,40 6,50 I 
'i, 10 O, l 234E-04 5,40 0,0715 3,20 7.35 4.25 3 
5 .10 0,12341:-04 5,40 0.0714 3, 75 1, 11 3.50 4 
5, 10 0, 1234E-04 5,40 0,0714 3,<J5 1. 62 3,70 4 
s.10 0,1234E-04 5,40 0,0715 4,35 8,42 4,05 ~ 

5 .10 0, 1234f-(14 5,40 0,0716 4. 65 9,07 4,35 4 
5.10 0,.1214E-04 5 .. 40 0.0716 4,85 9, 37 4,55 4 
5.10 0, 1234E-04 5,40 0.0718 5. 35 10,37 5,05 4 
5.10 0, l 234E-04 5,40 o.0714 3, 70. 1. 30 3,65 5 
5.10 0, 1234E-04 5,40 0,0714 3,40 6,80 3.40 5 
5 .10 0, 1?34E-04 5,40 0,0714 3,20 6,40 3, 25 5 
5,10 0,1234E-04 5,40 0,0713 2,95 6,07 l,10 5 
5, 10 0,,1234F.-04 5, 40 0,0713 2,85 5,82 3,00 5 
5 .10 0, l234F-04 5,40 0.0113 2,60 5,45 2,85 5 
5 .\0 0,1234F.-04 5,40 o, 0 713 2, 50 5. 25 2. 7 5 5 
5,10 0, 1234E-04 5,40 0,0712 2. 30 4,90 2,65 5 
5, 10 0 .1234E-04 5,40 0,0712 Z,05 4,47 2 ,55 5 
5.10 O, l 234E-0't 5,40 0.0112 1.95 4,42 2,55 6 
5, 10 0, l 234f-04 5,40 a. 0112 1,85 4,87 3, 10 1 
5, 20 0,1236f-04 5,40 0,0716 0,45 6.12 5,70 I 
5.20 0, 1216E-04 5,40 0,0716 a.so 7.30 6,60 I 
5 .20 0, 1236E-N 5,40 o. 0718 1.01 8,53 7,60 I 
5.20 O, l 236E-04 5 ,40 0,0719 1.35 9. 27 7 ,95 I 
'i,20 a. I 236F-04 5.40 0,0719 I, 58 10.09 8,50 I 
5,20 0.1236F-04 5,40 0,0721 1,95 10. 57 s. 70 I 
s. zn 0,1236F-0'• 5.40 0.0121 2. 35 10,97 8,70 I 
'i,7.0 0,12]6F.-04 5, 40 a. 0122 2,55 11.4 7 8,90 I 
5,20 O, I 236E-04 5,40 0,0722 2.85 11. 8 7 9,10 8 
5,20 0, 1236E-04 5,40 0.0721 3.27 10,48 7,30 2 
5,20 Q, I 236E-04 5,40 0,0719 3, 55 9, 77 6,25 2 
5,?0 o,t2'3bf:-o4 5,40 0,0718 3, 75 8, 97 5,20 3 
5,2C 0, 1236E-04 5,'+0 0,0716 4,07 8,33 4,35 4 
5.?0 0.1236E-04 5,40 o. 0717 4,25 8,67 4,45 4 
5, 20 0.1236E-04 5,40 0,071B 4,45 9,27 4,65 4 
5,20 O, l236E-04 5. 40 0, 071 B 4,65 9,57 4,85 4 
5. 20 o, 1236E-04 5,40 0,0720 4,85 10.87 6,05 4 
5;20 0,1236E-04 5,40 0.0719 5,07 10,28 s. 25 4 
5,20 0, 1236E-04 5,40 o. 0719 5. 25 10.57 5. 35 4 
5 • ?.O 0, 1216E-04 5 .40 0.0120 5, 55 11. 32 5, 75 4 
5, io 0, 1236F-04 5,40 0,07 21 b,45 12,97 6,55 4 
5,20 0.1236(-04 5.40 o. 0720 5. 45 11.01 5. 70 5 
5. 20 0,1236F-04 5,40 o.011q 4.95 10, I 7 5. 20 5 

'5, ?O 0, 1236F-04 5,40 o. 0716 4,47 9.33 4,80 5 
5, 20 0, 1236E-04 5,40 0,0715 3,95 0. 32 4,40 5 
5; 2(' O, l 21bF.-04 5,40 0,0715 3. 75 1,92 4.15 5 
5,20 o. l216E-04 5. 40 o. 0715 3 ,45 1,91 3,95 5 
5 ,20 C,1236F-C4 5,4C 0.0714 3, 25 7, 13 3,85 6 
5. 20 0, 1236F-04 5,40 0,0715 3.10 7 .60 4. 55 7 
5,20 0,123hf-OI~ 5,40 a. 0114 3, 45 7,32 3.90 5 
5. 20 0,1236F-04 5 ,40 0,0714 3,55 1. 52 4,00 5 
5. 20 C, 1236E-04 s. 40 0,0714 3,65 7 ,67 4, 10 5 
5,20 D,1236E-04 5.40 0,0715 3. 75 1. 97 4,20 4 
5. 20 0, 1236E-04 5,40 0,0715 3,95 0. 32 4,40 4 
c-,. 20 0, 1?36E-04 5.40 0,0716 4, 27 8,93 4,65 4 
5, ?O 0, l 236E-04 5,40 0,0716 4, 55 q, 52 4,85 4 
5,30 0, 1238E-04 5. 40 0,0702 0,55 4,42 4, 15 I 
5. 30 0,123Af-04 5,40 o. 0704 o. 75 5,42 5,05 I 
5.30 O, l 218F-04 5,40 o. 0 706 I, 15 7. 67 6,55 I 
5,JO 0, 1218F-04 5,40 0, 0709 1,55 9. 32 7,80 I 
5. 30 n.l21AF-04 5.40 0,0710 1,95 10 .5 7 a. 70 I 
l.j. 3('1 O,l21AE-04 5,40 0,0711 . - 2, 15 11. 27 9,70 --~ 
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5. 30 -o; 123BE-o4 5.40 il.0112 2.55 ,z-;21 9. 70 1 
5.30 0.!238E-04 5.40 0.0112 2. 75 12. 63 9.90 I 
5. 30' 0.123BE-04 5.40 0.0113 2.95 13.07 10.15 I 
5. 30 0.123BE-04 5.40 o. 0714 3.15 13.82 10 • 70 8 
5. 30 0.123BE-04 5 .40 0.0713 3. 35 13. 62 10. 25 2 
5.30 0.123BE-04 5.40 0.0112 3.75 12.11 q.oo 2 
5. 30 D.123AE-04 5.40 0.0111 3. 95 12 .52 B.60 2 
5. 30 o.123BE-04 5.40 0.0111 4.15 12.17 a. oo 2 
s.-rn 0.123BE-04 5. 40 0.0110 4.35 11.87 7 .so 2 
5.30 0.123BE-04 5.40 0.0709 4.55 11.52 6.90 2 
5. 30 0.123BE-04 5.40 0.0709 4. 75 11. 57 6.BO 2 
5. 30 0.!23BE-04 5.40 o. 0709 4.95- 11.67 6. 70 2 
5. 30 O. I 238E-04 5.40 0.0709 5. 25 11. 32 6.10 3 
s. 30 0.1238F.-04 5. 40 0.0100 5.45 10.92 5.50 4 
5.30 O. IHBE-04 5.40 o. 010q 5. 75· 11. 57 5.80 4 
5. 30 0.123BE-04 5.40 0.0709 5.95 11.92 6.00 4 
5.30 0 .12 38F.-04 5.40 o. 0710 6.15 12.21 6,20 4 
5 .30 0.1238f-04 5.40 0.0110 6. 32 12.66 6.40 4 
5. 30 0.1238f-04 5.40 0,0711 6, 55 13. 32 6, 75 4 
5, 30 0.121BE-04 5,40 0,0711 6. 72 13 ,61 6.95 4 
5.30 o, l 23AE-04 5,40 0,0709 5.92 12, 1 l 6.20 5 
5 • 30 O,l23AE-04 5. 40 o. 0709 5.55 11,4 7 5.90 5 
5. 30 0.123BE-04 5.40 0.010a 5.20 10. 80 5 .60 5 
5. :rn 0.1238E-04 5.40 o.01oq 4. 70 10.00 5.25 5 
5.n 0.1238E-04 5, 40 o. 0706 4. 35 9.42 5.05 6 
s.:rn 0, 123f3f-04 5.40 0.0101 4.20 10.05 5.85 7 
s. 30 0.1238E-04 5. 40 o.0106 4.60 9.60 4.90 .5 
5 • 30 0,123BE-04 5.,.0 o. 0706 4. 80 9, 70 4.90 5 
5. 30 0.123AE-04 5.40 0.0109 s. 00 10.15 5, 15 5 
5. 30 O. ll3AE-04 5.40 0,0708 5.20 10,60 5,40 5 
5. 30 0.1738E-04 5.40 o. 0 707 5.10 10,30 5.20 5 
5. 30 0, 1218E-04 5,40 0. 0 706 4.80 9.69 4,89 5 
5.30 0. !238F.-04 '5,40 0,0706. 4.60 9.35 4,65 5 
6.10 O.!l36E-04 5 ,40 0,, 0 700 o. 35 2.01 1,90 I 
6.10 0.1716E-04 5,40 o. 070 2 o. 75 3.67 3.30 I 
6.10 0.1236E-04 5.40 Oi. 0 706 1.15 5,32 4.20 I 
6, l('I 0 .12l6f-04 5 ,40 0,0704 1.45 6. 22 4.80 I 
6.10 0.1236E-04 5,40 0, 0 705 1, 7,; 6.92 5. 20 I 
6.10 0, 12~6E-04 5,40 0, 0 706 2, 41j 7,64 5 ,20 l 
1,.10 0,1236F.-04 5,40 0,0706 2 • 75 8,04 5. 32 8 
6.10 Oo l236E-04 'i,.40 o. 0 706 3,05 a.22 5.20 I 
6, 10 n.1236E-04 5,40 0,0706 3.35 8.45 5, 10 I 
6.10 0, 1236E-04 5,40 0,0706 3,65 8, 37 4. 75 I 
6, 10 0, 1236E-04 5, 40 0.0705 4.15 s.40 4.25 3 
6.10 0.1236E-04 ,fl 5 .40 o .. 0 703 4. 75 6. 52 I, 75 4 
6.10 Ool236E-04 5,40 o,, 0703 5.05 6 .89 1.85 4 
6, 10 n,t236F.-04 5.40 o. 0 703 5.35 7, 17 1.s5 4 
6.10 0.1236E-04 5.40 0.0703 5. 55 7,4 7 1.95 4 
~.1.0 0.1236F.-04 5.40 0.0704 is. 95 8,02 2.10 4 
6.10 O.l?.36F.-04 5, 40 0,0703 4, 85 6,64 I .RO 5 
6,'10 0. !236E-04 5.40 o. 0703 4. 75 6,57 1,80 5 
6.10 0 .!'236E-04 5,,40 0, 0 703 4. 55 6.47 I .BO 5 
6 .I 0 0.1236E-04 5 ,40 o.o 702 4. 35 6,07 1.10 5 
6.10 0.1236E-04 5,40 0,0702 4.15 5, 77 1.60 5 
6,tn 0 .12 36E-04 5, 40 o, Q702 3. 75 5, 38 1,60 5 
6, lfl 0.12J6E-04 5 .40 o. 0702 3.45 4.cn I, 50 5 
6,10 O.l2.l·6F-04 5,40 0,0701 3 .• 12 4.46 1,40 5 
6 .10 0. l 236E-04 5,40 0.0 70 I 2.65 4.22 1.,.0 5 
6.10 o. \736E-o4 5 .40 0,070 I 2,45 3. 82 l,40 5 
6.10 0,1236E-04 5.40 o. 0700 2.25 3.32 1. 20 5 
6.10 ·o.1236F.-04 5.40 0 • 0 700 2, 00 3.20 1,30 6 
6 ·.10 O. l 236f-04 5. 4 0 0.0101 1. 70 3.20 1. 55 1 
A.?O 0.1236E-04 5.60 0, 010 3 0,9'i 5.27 4.80 l 
6,20 0, 1236E-04 5_.60 0, 0 705 1.45 1.21 5.85 I 
6.20 0. !236E-04 5."60 0,0707 1.95 8, 72 6.85 I 
6.20 0.!236E-04 5.60 0, 0 708 2. 35 9.6 7 7.35 l 
6,. 70 O. I 236E-04 5, 60 0, 0 708 2. 55 10.19 7 .65 I 
6.2C O, l 236E-C4 5.60 0.010a 2.75 10, 38 1. 65 I 
6~2D 0, 17'6[-04 5,60 0.0109 2.95 10,6 7 7, 75 8 
6.20 0,1236F-04 5 ,60 0.0709 3.45 11, 19 7, 75 l 
6.70 0. !236E-04 5,60 0.0109 l, 75 11.39 7 .65 I 
6.·20 0. !236E-04 5.60 0,0709 1,95 11.5 7 7 ,65 I 
6. 20 O. l236f-04 5,60 o. 0709 4,07 ll,66 7.60 I 
6, 20 0.1236E-04 5.60 o. 0 710 4, 3'5 11.99 7 .65 I 
6.20 0. I ?36E-04 5. 60 0.0110 4. 65 12 ,07 7 .35 2 
6,20 0,1236,-04 5. 60 0.0110 4, 75 12.13 1. 35 2 
6, 20 0.1236E-04 5. 60 0,0709 4, 95 11. 70 6, 7'5 2 
,.20 0.1236E-04 5,60 0.0101 5. 55 10.88 5. 35 2 
6.20 0, 1236=-04 5,60 0.0101 5. 75 10.10 4.95 3 
6, 20 o.~236E-04 5, 60 o. 0704 6. 25 8 .67 2, 50 4 
6, ?fl 0, 1236E-04 5 .60 o.o 704 6.45 8.94 2, 50 4 
6. 7C 0.1236E-04 5.60 0 .o 704 6.65 9 .24 2.60 4 
A .20 O.l236f-04 5. 60 o. 0 704 6. 75 9.36 2 .60 • 
6. 2(\ 0.1236F.-04 5.60 a. a 104 6.95 9.57 2. 70 4 
6. ?0 0. l 236F-04 5,60 0.0705 7, 15 9.82 2, 77 4 
6 .zr 0 .1236E-04 5,60 0.010, 7, 35 10.19 2.90 4 

6. 20 0,1236E-04 5.60 0,0705 7.55 10,44 2,90 4 
6 •. 20 0.1236f-04 5,60 o. 0 706 1. 85 10.84 3,00 4 
6. 7r 0.12 l6E-04 5, 60 a .o 104 6. 75 9.45 2. 75 5 

_f,,7C 0 .123/,E-04 5.60 o. 0704 6.55 9. 32 2. 75 5 
6. 70 :J. I 236E-04 5. 60 o. 0704 6, 25 B,BO 2 .66 5 
,..,, 20 n.t.?.3hE-04 5 .oo 0.0704 6.05 8, 62 2. 65 5 
h. 70 0.1236E-04 5. 60 o. 0704 5.95 6,52 2.60 5 
!, .70 0.1236E-04 5,60 o. 0704 5. 75 B.34 2 .57 5 

'/ 6.70 0.1236F-04 5.60 0,0704 s. 55 8,02 2 • 50 5 
6. ;:io D.1236E-04 5.60 o. 0703 5, 35 7 ,82 2. 50 5 
6.20 0.1236E-04 5 ,60 0.0703 5.15 1. 51 2,40 5 
6,20 0.1236E-04 5,60 o. 0 703 4.95 1.31 2 ,40 5 
6,20 D.1236E-04 5.60 0.010, 4.75 7 .01 2,30 5 
~. 20 o. t 236E-04 5. 60 0.0703 4. 55 6.97 2.30 5 

b. 20 0.1236F-04 5. 60 0.0102 4.15 6.67 2. 30 5 
6.70 :J,1236E-0'• 5 • 60 0.0102 4.15 6.42 2 .30 6 
6. ?[ 0,_12 3H-C4 -- ____ 5_. 60 _0.0703 3. 95 7. 02 3.10 1 
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6, 3D 
--

D, 1236E-04 ·f;1,o 0,0707 1.0-5 7 .•.-2 6.55 l 
6.30 O.l236E-04 5.60 0.0709 l.45 B.82 7.45 l 
6. Jn O. l-236E-04 5.60 o. 0710 1.95 9.72 7 • 85 l 
f>. 30 0,1236E-04 5,_60 o. 071 l 2. 35 10.92 8.60 l 
6.30 o. t236F-04 5.60 0.0111 2.75 ll.l 7 8.45 l 
6. lO 0,1236E-04 5.60 0,0712 2 ,95 ll.97 9.05 l 
6,30 0 e 1236F'":"04 5.60 0.0112 3.15 ll ,87 a. 75 I 
6.30 O.l236E-04 5.60 0.0112 3, 35 12 ,39 9,07 l 
6. 30 O. l236E-04 5.60 o. 0713 3, 55 12,59 9.07 l 
6,30 O,l2J6E-04 5 .60 0.0112 3.-75 12. 57 a. as l 
6. 30 O. l2J6E-04 5,1,0 0.0713 3.95 12.BI 8.89 l 
6 ,30 O. l236E-04 5,60 0.0114 4.15 13.37 9.25 8 
6, 30 O, l 236E-04 .5.60 0,0713 4.35 13,26 a. 09 I 
6, 30 0.1236E-04 5, 60 0,0714 4.65 13,61 8.89 I 
6.30 D,1236E-04 5. 60 o. 0713 4. 85 13,62 a.so 2 
6, 30 0.1236E-04 5,60 0,0713 4.95 13.27 8, 10 2 
6, 30 0, 1236E-04 5.60 D, 0712 5.15 11,07 7 ,90 2 
6,30 O, l 236E-04 5.60 0.0111 5. 35 12.57 7.25 2 
6,30 D.1236E-04 5.60 0.0111 5.65 12,02 6.40 2 
6 0 l0 0.1236E-04 5,60 0,0709 6.15 ll.42 5.35 2 
6. 30 0.!236E-04 5.60 D, 0709 6. 35 ll.27 4,95 2 
6, 30 0.!236E-04 5.60 0,0708 6.45 10. 77 4.30 2 
6.30 o. 12J6E-04 5.60 0,0707 7 .15 10,07 3.05 3 
6.30 0. !236f-04 5;-60 . o. 0707 7.35 - 10,42 3.10 4 
6, 30 0, 12J6E-04 5 .60 0.0707 7., 55 10. 72 3. 20 4 
6. 30 0.1236E-04 5.60 0,0708 7. 75 11,07 3. 30 4 
6.30 0.1236f-04 5.60 o. 0708 7.95 ll.27 3 .30 4 
6. lO 0.1236E-04 5.60 0.0100 8.15 ll. 57 3.40 4 
6.30 O,l236E-04 5,60 o. 0708 8. 35 ll, 72 3,40 4 
fl. 30 0.1236E-04 5,60 0.0109 8. ss 12.02 3. 50 4 
6. 30 d.1236E-04 5.60 0, 0709 8,95 12.62 3.60 4 
6.30 o, 12 36E-04 5.60 o. 0707 7, 35 10,-47 3.20 5 
6, 30 0,1236E-04 5, 60 0.0707 7, 15 10, 14 3, 10 5 
6,]0 0, 1236E-04 5,60 0,0706 6,95 9,97 3, 10 5 
6, 30 0,1236E-04 5,60 0,0706 6.75 9. 72 3.00 5 
6. 30 0, 1236E-04 5,60 0,0706 6,55 9.45 2.90 5 
6, 30 0,1236E-04 5,60 0, 0706 6,45 9,34 2,90 5 
6, 30 0,1236E-04 5,60 0,0706 6, 35 9,22 2,90 5 
6,30 O, l236E-04 5,60 0,0705 6,25 9.07 2,90 5 
6. 30 O.l236E-04 5.60 o. 0705 6.15 8,95 2.90 5 
6.30 0, 1236E-04 5,60 o. 0705 6.05 8,87 2,90 5 
6.30 0,1236E-04 5,60 o. 0705 5,95 8,80 2.90 5 
6, 30 0, 1236E-04 5.60 0,0705 5, 75 8,55 2 ,BO 5 
6,30 0, 1236E-04 5.60 0, 0705 5;55 B,34 2,80 5 
6,30 0, 1236E-04 5,60 0,0705 5, 35 8,12 2,80 6 
6,30 0.1236f-04 5.60 0,0706 5.05 6, 59 3,55 7 
6;40 0, 1233E-04 5,60 0,0111 0,25 2, 74 2.62 I 
6,40 0.1233f-04 5,60 0, 0113 0, 52 4,11 3,85 I 
6,40 0, 1233E-04 5,60 0,0715 0,90 5,60 5,15 I 
6,40 0.1233E-04 5,60 0,0718 l, 30 7,30 6,05 I 
6,40 O. i233E-04 5,60 0,0720 I, 70 a. B5 6 ,65 I 
6,40 o.L233F-04 5 ,60 o.o 120 2.10 9.IQ 7, 15 I 
6,40 0, 1233E~04 5,60 o. 0721 2. 50 9,89 7,39 I 
6,40 0,1233E-04 5,60 0,0722 2, 88 10.99 8.15 I 
h,40 0, 1233E-04 5, 60 0,0723 3.25 11.67 8,45 I 
6,40 o, i233f-04 5,60 0,0724 ~. 67 12. 78 9 .I 5 I 
6,-40 0,1233E-04 5 ,tiO 0,0724 4,05 13, I 7 g.i 5 I 
6,40 0,12HE-04 5, 60 0, 0724 4,25 13,17 9.00 I 
ti .. 40 0, 1233E-04 5. 60 0, 0725 4,45 13.87 0,40 I 
6,40 0, 1233E-04 5,60 0.0725 4,65 14,02 9, 30 I 
6,40 0, 1233E-04 5,60 o. 0725 4,95 14.37 9,40 8 
6,40 0, I 233E-04 5 ,60 0,0725 5,05 14,44 9,40 I 
6,40 O, ll33E-04 5,60 0,0725 5, 35 14,67 9, 35 2 
6 .. 40 0, 1?33E-04 5, 60 0,0725 5, 55 14,22 B,70 2 
6; 40 0, 1233£-04 5,60 0,072) 5. BO 13, 10 7 ,90 2 
6,40 0,!233E-04 5,60 o. 0723 6, 15 13,47 7,40 2 
6 ,40 O, l?BE-04 5, 60 o. 0723 6,45 13, 32 6,90 2 
6, 4r, 0, 1233E-04 5 ,60 0.0122 6.65 13,02 6,40 2 
6 • 1t0 0, 1233E-04 5, 60 0,0722 6, 85 12 ,87 6, 10 2 
6,40 D, 1233E-04 5,60 0,0772 7, 05 13,04 6 ,10 2 
6,40 O, l?JlE-04 5.60 0,0722 7. 35 13,39 6, 10 2 
6,40 0,1233F.-04 5.60 0,0723 7, 70 13,80 6, 10 2 
6,40 0, 123'3E-04 5,60 0,0722 B, 15 13, 74 5, 60 2 
6 ,40- 00!23lE-04 5, 60 0, 0122 0,45 13.62 5,20 2 
6 ,40 0, 1233E-04 5, 60 o. 0722 a. as 13,87 5.00 3 
6.40 0, 1233E-04 5 ,60 o.o 121 9,25 13, 14 3. 90 4 
6,40 0,1233E-04 5.60 o. 0721 9.45 13,34 3,90 4 
"6,40 0, 1233E-04 5,60 0.0721 9, 65 13,64 4,00 4 
6,40 0, 1233E-04 5,60 o. 0721 9,85 13,84 4,00 4 
6,40 0, 1233E-04 5,60 0,07'2 10,05 14, l 7 4,10 4 
6,40 0, 1233E-04 5,60 0,0722 10, 25 14,47 4, 20 4 
6. 40 D, I 233E-04 5. 60 0,0722 10.45 14 ,62 4,20 4 
6,40 0, I 2BF-04 5,60 0,0722 10, 75 14,99 4.30 4 
t..4r, 0.12'3'3E-04 5,60 0,0723 11,05 15,46 4,50 4 
6,40 0, I 233E-04 5, 60 o. 0722 10.05 14.66 4,20 5 
6 .40 D. l?BE-04 5,60 0,0721 9,, 65 13, 74 4,10 5 
6 .. 40 0, 1233F.-04 5, 1,0 D, 0721 9,45 13, 54 4, 10 5 
6. 40 0 .1233F-04 5,60 o. 0721 9.15 13, l 7 4,00 5 
6. 40 0, 1233E-04 5,60 0,0720 8, 75 12,67 3. 90 5 
h.40 0,1233F-04 5.60 0,0120 B, 35 12, 12 3,60 5 
6 .4(' D,1233F.-04 5,60 o. 0720 1, ~5 ll.64 3, 70 5 
6, 4G 0,1233E-04 5.60 0,0119 1.65 II, 34 3, 70 5 
6,40 0 .t 233E-04 5,60 o. 0719 7 • 35 10,69 3,60 5 
6,40 D, 1233E-04 5,60 0,0118 1. 25 10,66 3 .so 5 
6.40 O, ll33F-04 5,60 0,0718 7 ,07 10,43 3,50 5 
6.40 O. l ?.'.\JE-04 5,60 0.0716 6.80 10 ,25 3,50 5 
6. 40 0, 1,33E-04 5,,60 0,0718 6,58 10,09 3.50 6 
6.40 0, 1233E-04 5,60 0,0719 6.20 10 ,45 4,35 7 
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TABLE E-III 

MEDIAN DIAMETER BED TURNOVER TIME 

EKPERIMENT AIR PEANUT AIR PRESSURE STATIC STATIC· HHE 
~UMBER VISCOSITY BULK DENSITY DIFFERENCE PRESSURE PRESSURE PER. 

ILBM/FT SEC I DE"IS ITV AT ORIFICE ACROSS ABOVE AT INLET CYCLE 
IOZ/Pf NT I CLBM/CUFTI ORIFICE ORIFICE CINCHES Olli I SEC! 

11/'lCH.ES Olli I INCHES OIU. I SP•0.8211 
I sP•O, 8211 I SP•0,8271 

6.40 Ool233E-04 5,60 0.0120 8,5!? 12 ,27 3, 75 7. 24 
6,40 O, I 233E•04 5,60 0.0120 B.30 11,95 3,67 7,04 
6.40 O, I 233E•04 5,60 0,0718 6,47 10;03 3, 55 9, 20 
6,40 0,1233h04 5,60 o, 0718 6.73 10,26 3,55 6,88 
6,40 0,1233E-04 5,60 0,011'! 6,97 lD,68 l,80 8,44 
6,40 0, ! 233E•04 5,60 o. 0719 1;15 10,89 3,85 5, 30 
ft,4-0 0, 1233E-04 5,60 0,0119 7, 35 ll.32 4,05 5,10 
6,40 o, 12ne-04 5,60 0.0120 7.6Q 11,55 3,95 6, 38 
6,40 0, 1233E•04 5,60 0,0720 7; 75 11,97 4.20 6,60 
6,40 0,1233E-04 5.60 o,otn 8,20 12;50 4,55 8,24 
4,10 0, 1236E-04 5;40 0,0718 1,95 4.22 2, 35 6, 28 
4, 10 0, ! 236E··o4 s.40 O,ll718 2,05 4,32 2,40 5,55 
4, 10 0,1236E-04 5.40 0,0718 2.25 4,82 2. 70 4.25 
4.10 0.1236h04 5,40 0.0718 2,38 5,D4 2,65 6, 10 
4,10 O; 1236E-04 5,40 0,0718 2.so 4; 35 2 ,85 6.00 
4, 10 O,l 236E-04 5;40 o:011a 2,60 5·.50 2,90 4, 18 
4, ID O,l236E-04 s,~o 0,0719 2,80 5.90 3,15 5,83 
4, 20 O, I 234E•04 ~.10 0,0111 3,20 6.10 3, 55 5,66 

·4,20 O, i234E-04 5, 10 0,0718 ):,50 7.30 3,85 4, 20 
4,20 0,1234E-04 5,iO (i,0718 3, 70 7,8~ 4.15 3, 72 
4. 20 0, 1234F~04 s, 10 0,0720 3,85 8,27 4,45 3.92 
5,20 0, 1236E•04 5,40 0,0714 ~ ~4.5 7;32 3.90 6.64 
5,20 0, 1136E·04 5.40 0.0714 J, 55 7, 52 4.00 6.04 
5. 20 0, i2J6E•04 5,40 0;0714 l,65 7,67 4.10 4,90 
5 .20 0,1236E•04 5.40 0,0715 3. 75 7,97 4,20 5,24 
5, io 0, 1236E·04 5,40 0;0115 3,95 8,32 4,40 ' 5,06 
5,20 0,1136E·04 5,40 0,071il 4,21 9;93 4,65 5, 40 
5,20 0 0 1236E•04 5,.40 0,0716 4,55 9,52 4,8, 5, 12 
5, 30 0,1238E•04 5.40 0:0106 4,6(> 9,60 4.90 5, 80 
5, 30 O; 1238F·04 .5,40 0, 0706 4,80 9.70 4,90 5,92 
5,30 0,1238E·04 5,40 0.0709 5,00 10,15 5,15 5,40 
5, 30 0, 1238E·04 5,40 0,0708 5,20 10.60 5,40 5, 92 
5. 30 0,1238E•04 5,40 0,0707 5, 10 10,30 5,20 6,44 
5, 30 o; 12J8E·04 5,40 Q,0706 4.ao 9;69 4,89 6,96 
5,30 0, 1238E•04 5.40 0,0706 4,60 9,35 4,65 6, 42 
3, 10 0.1239E•04 5,20 0.0114 0,30 7,05 6,80 1,36 

3, 10 o~·i239F-..o4 5,20 0.0110 0,18 4.44 4, 30 2,30 
3, 20 O. i242E·04 5,20 0,0709 1.,85 4,17 2,40 J,48 
J,20 0, 1242[·04 5,20 0,0709 I, 55 3,92 2,40 J,38 
1. 20 0, 1242E-04 5;20 9.0110 2;oe 5,09 3,1~ 2,00 
3,20 O,l242E·04 5,20 0, 0713 2.28 6,39 4,25 2.12 
J,JI 0, I 2J8E·04 5,40 0 ,0712 2.JO 5, 35 3, 10 4. 32 
3, 11 0, 1238E·04 5,40 0,0112 1.95 5,07 3,20 4,96 
3.32 0, 1232E·04 5,40 0.0114 2.40 6.44 3,45 2,82 
J,32 0,1232E·04 5,40 il,0714 2, 75 7,11 4. 74 2,00 
J ;40 0, 1236E·04 5.20 o. 0709 2,85 7 ,34 4.52 3, 88 
3,40 0, 12J6E·04 5.20 0,0710 2,36 7.98 4, 72 4,42 
3,40 0,12J6E·04 5,?0 0:0109 2,55 1.19 5,50 4,25 
2, 50 o,i260E-04 5, 30 0,0707 1,95 9,27 7,40 2,92 
2,31 0,12~0E-04 5,00 0,0717 5,65 11,12 4,25 4,06 
1.10 O.l 259f·04 5,bO 0;0102 1,95 4,47 2,60 2. 18 
I, 20 0, 1260E-04 5~b0 (), 0694 1.95 3,92 2,05 2,26 
I, 30 o.1259E-o4 5,40 0,0696 1,95 4,92 3,05 2.22 
1. 50 Ool260E•04 5,40 o, 06Q7 1,95 ~.12 4,25 2,64 
7, 10 o, 1260!'•04 5,40 0;0702 5.09 b,64 1,60 3, 25 
7, 20 0, 1255f•04 !i,40 a.0101 6,52 8.80 2,29 J, 06 

1. 30 o,125n-04 5,40 0,0706 6, 70 9.45 2,75 3,40 

7 .40 0,1257E-04 5,40 0,0721 7, 78 11.14 3, 35 J,12 
7 • 50 0, 1259E-04 5,40 0.6121 8,22 12, 16 3,95 2, 48 
7 ,60 0, 12~5f-04 5,40 o. 0720 8,90 13.65 4,70 J, 74 

1. 70 o, 12sqf-04 5,40 0,0721 9,40 14, 75 5, 35 J,96 
7,BO 0,1259F-04 5,40 0,0723 10,64 16,84 6,27 J,60 



TABLE E-IV 

RANDOM DIAMETER BED TURNOVER TIME 

EXHRIMENT AIR PFANUT AIR -PRESSURE ST'A'TIC sr•ntc TIME· 
NU~[H,R vrscosnv SUlK DENSITY DIFFERENCE PRES.SURE ·PRESS.URE P.ER 

ILBMfFT SEC:J· o·ENS.ITY AT OPcfftCE A.CROSS I.BOVE -U -INLET CYCLE 
IOZfPINTI ILBHfCUFTI ORIFICE. ORIFlCE 1 lNCffES OIL.I fSECJ 

llltCHES OIU IJNCHES Olli 1.SP•ll.8271 
rsP~o.a2n. ·(,SP•O •. a2n 

6.40 O. l:z33E-04 s.&o D.'0.72() 1,,55 12.21· 3.-75 13.44 
6.40 o. L233E-04 5.-60 o •. o:r20 -8 •. 30 u.95 3.67 l.6.16 
6.40 0.1233E-04 s .• 60 0.0718 -6 .. lt7 10.03 3.55 16 •. 90 
6 .• 40 o .• _123 3E-o·4 5 .• 60 o .. o7r& 6.73 l0oc26 3.55 ·13.90 
6.40 n. 1_233 E-04 5.60 . O.OTI9 6.·97 10.611 -3.ao 12.-q6 
S..40 -O •• t233E-04 5-.-60 0 .• 0119 t.,15 -10,8-9 3.85 1-4. '14 
~.40 O.-I233E-'-04 5 .•. 60 0.071-9 7-.35· H.32 4.-05 1•6,-06 
6.40 o .•. l.23 3 &-o,;. 5.60 O.OT2C T.'60 11.s,. 3,95· 13.80 
&._40 0.1233E--04 5.60 o .• _0120 7~.75 11.97 4.20 14.;02 
6.40 J •. l233E-04 5.60 .D.0721 ·e.zo 12.50 4.55 l-4.67· 
5.30 .0.'123.BE-04 5.40 0.0706 4,;60 9e60 ..... 90 1.0 •. 17 
5.30 o .• 1'23BE-0-4 5.40 0.,0706 4.80 9 •. 70 4.90 u. 95 
5.·3'0 J.123BF-04 5.4.Q ·0.0109 5.0.0 10.-15 5.15 n.14 
·s •. 3o 0 •. 1238E-0.4 5·.40 0 •. 0100. s.20 10•'60 5.-4.0 9.99 
s .•. 3o -o.123ae~o4 5 •. 40 c .• 0101 -5°-'10 10.30 ·5.20 13.311 
5.30 0.1238E-04 5.40 D.0706 -4~llD 9.69 4 •. 89 12.,60 
5 .• 30 0.1.23BE-04 5.40 0.0706 ·4--'f>O 9.35 ·4 .• 65 13.~4 
s.20 D.1236c-04 5.40 l),.0714 3.45 7.3.2 -3-.90 9.47 
5.20 o.t236E-04- 5.40 0.0714 ,3~-55 7.-52 4,llO 9.35, 
5.2!l 0. !23°6&-04 5.40 a.on.,._ 3.65 7,.67 4.lO 12.97 
5 •. 20 ·o • .U36E~04 5.40 0.0'715 3.75 7.97 4 .• 20 10.23' 
5.20 O.I236E-04 5.40 ·0.0715 3.95 8.32 4.40 8.44 
5.·w o. t236F-04 5.40 o.onr. -4.27 8.93 4.65 9.08 
s .. 2·0 D.1236E-04 5.40 0.0716- -4..-55 9.52 •.. n 8.58 
4.20 O. t234E-04 5.,10 :>.0717 3.:20 ·t,.70 3.55 .9.94 
4.?0 D.1234E-04 5.10 0.0718 3,50 7.·30 3.85 9.24 
,.20 O.l234E-04 5.1.0 o. 071'8 3.70 1.·a5 4.15 9.95 
4.20 o. t234E-04 5.10 D.0720 3.85 .8.27 ... 45 ll.32 
4.10 0.1236E-04 5.40 o.ona 1.95 4.22 2.35 9o93 
4-.10 o. t236E-04- 5.40· 0.0718 2-.05 4-.32 2.40 ·10.17 
4. lio o •. l236E-04 5.40 o.01ra 2.25 4-.82 2. 70 9.79 
4;.ro o •. l l36E-04 5.40 o.ona z •. 3a ·5.04 2.65 8.07 
4 .• 1n D.1236E-04 5 .• 4-0 a.one 2.50 4.3.5 2.85 8-.83 
4.10 O.l236E-O~ ·;.40 0,0718 2.60 5.-50 2.90 10.03 
.4.10 O, lZHE--04 · 5.40 o.on·9 2.ao· 5.90 3.~lS 6.03 
3.40 0.1.231>E-04 5.20 0.0709 2.85 7.34 4.52' 7.57 
3.40 0.1236E-04 5.20 o.ono 2.36 7.98 4. 72 7 .• 62 
3.40 0.1236E-04 5.20 0 •. 0109 2.55 7.19 5.50 7.40 
3.31 0.123BE-04 5.40 0.0712- 2.30 5.35 3.10 6.77 
3. 31 o.123af-04 5.40 0.0112 1.95 5.07 3.20 7.55 
3.32 0.1232E-04 5.40 0.0714 2.48 6.44 3 .• 45 b.31 
3.32 D. ! 232E-04 5.40 0.0714 2.75 :r .• n "· 74 6.67 
3 •. 20 0.1242E-04 5.20 0.0709 lo85 4.11 2.40 6.00 
3.20 0.1242E-04 5.20 0.0709 t..55 :L92· 2.·40 1,.44 

3.20 o •. 1242f-04 s.2c ti.ono 2.os ,·.og 3.15 S.94 
3.20 O. l 242E-04 5.20 0.0713 2.2a <!,.39 ~.25 "· 67 
7.10 O. I 260E-04 5o40 0.0702 5.09 6.M 1.60 a.-as 
7.20 0.125~F-04 5.40 0.0707 60-52 a.so 2.29 1. n 
7 .3C' C,.1257E-04 5.40 0.0706 6.70 9.45 2. 75 1.10 
7 .. "-l' 0.1257f-04 i;.40 o.on1 7.78 11.14 3.35 9.32 
7.Sr 0.1259E-04 5.4C 0.0721 a •. 22 12.16 3.95 10.84 
1.,0 0.1255E-04 5.40 0.0720 8.90 13,65 4. 70 12.ao 
7., 70 0.1259E-04 5.40 0.0721 9,40 14.75 5.35 17.18 
7o80 0.1259E-04 5,40 0.0723 10.64 1.6. 84 6.27 13.'.5-2 r--: 

r--: 
CL 



.. EXPERIJfENT 
NUMBER 

•f, .4() 
&.40 
& •. 40 
b.40 
f,. 4(1 
&.40 
6. 40 
1.10 
1.20 
7.30 
T. 40 
7 •. 50 
7 •. 60 
1.1·0 
7.80 

.AfR 
VISCOSITY 

l LB;M'/H SEC l 

0 .i.233E-04 
O.f233'E-04 
O-.l?33E-.04 
'.l.l233E-04 
o.12·3,3e-1:>-4 
0.12.33-f--04' 
O.lZ33E-04 
0 .1 ZbOE4"04 
0 ... 1255-E-04 
0.12'57E-04 
O. l.257£--04 
0.1259-E-04 
O.I25·5E-04 
O. LZ59'E'-04 
O.L259E'-04 

PEA'l'lltJT. 
BULK 

DENSITY 
·tDUPlNTl 

5 ... 60-
5 •. 6.0 
,s .rro 
5.,60 
?'<o6:0 
5.6'0 
5.60 
5,.40 
5.40 
5.40 
5 •. 40 
5.40 
s:.4(> 
·5.40 
5 ... 40 

TABLE E-V 

WALL DIAMETER BED TURNOVER TIME 

IHR' 
DENSITY 

Al' :JR IFIOE 
lLBMfCUF1" l 

o .. ,011s 
0, •. 0719 
O;;Ol'l9 
0.'07T<J· 
·p,.,0720 
0:.,0120 
o, •. otz1. " 

o. 010·2-
(l.0707 
0.0706 
0.0721. 
0.0121 
0.0120 
0 .• 0121 
0.0723 

, , 

PRESSUlrE ·. 
01 Ff'E R.ENCE 

ACROSS 
ORlFI'Ct 

· . ( INCHES OtU 
(SP:,Q, •. 827l 

,6 •. 73. 
1>.'H 
7.·15 
7_.,3,5 
'7.60 
7.;75 

-·~~20 
5e09 
.S.52 
,6.70. 
7.78 
s •. 22 
8.9'0 
9.40 

10.64 

.··sr,trrc 
PRESSURE 

ABOVE
ORlF-lCc 

'f INCHES OIL 1 · 
t'SP'=O .827). 

l.0.2'6 
10.68 
10.89· 
11.32 
11.55 
·11.97 
12. 5'0 

6 •. 64 
B'.80 
9.45 

n.14 
12.16 
13.6'5 
14.75 
16.84 

STATIC 
PRESSURE 

. AT INLET 
l'INCHES OlU 
{SP=0 .• 827J 

3.55 
3.80, 
3.-85 
-4.05• 
3.95 
4.20 
4.55 
1.,60 
2.29 
2.75 
3.35 
3.95 
·4. 10 
5 •. 35 
6.27 

TIH.E 
PER 

CYCLE 
fSECI 

38.60 
29.06 
25.65 
23.40 
22.40 
19.88 
21.12 
21.01 
11.12 
20.56 
17 .. 16 
17.52 
l6o 0.2 
15.78 
14.72 

/\J 
/\J 
+ 



1. 

2. 

3, 

4. 

5. 

6. 

7. 

8. 

9. 

CODE NUMBERS DEFINED 

flow being increased 

motion observed in the bottom of the bed, 

spout break through 

flow being increased above that of spouting 

flow being decreased 

spout collapse 

after spout has collapsed, flow being decreased 

point of highest pressure across bed before spouting starts 

-4 
E-04 means X 10 
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