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Part V 

Fluid flow data are presented for beds of uniformly sized spheres consolidated with 
resin over a porosity range from 36.4 to 12.3o/c. The data are analyzed in terms of an 
effective pore volume and equations are given for predicting pressure drop by use of a 
friction-factor -Reynolds-number plot. 

In  Par t  I\’ of this study (4)  data  on 
beds having porosity ranging froni 40 t o  
WH)C/G wcrc reported. This article presents 
data  on porous beds of corisolidated 
spheres with n porosity range of from 
36.4 to  12.37:,. 

A bccl of r:tndomly packed uniformly 
sized splicres normally has a porosity of 
about .lo%,. I3eds of lesser porosity can bc 
obtaincd by several methods: by stacking 
uniformly sizcd spheres i n  a geometrirnl 
pattern (G), by compressing b d s  of 
uniformly sized sphercs 115’ vibration ( { I ) ,  
by using mixed sizcs (:j), :ind by filling 
the interstices bctween the partic:les. The 
1:ist riiet.liod was usctl in this nork. 

APPARATUS AND PROCEDURE 

The 1abor:itory app:ir:it,us used iri obtnin- 
ing th(: data for consolitl:it.cd twds IVNR the 
siiniv :IS t h t  picturrd in Figrircb I of I’art. IP 
of thig wriw (4). Ihk(,litc resin Bll  940 0 
W:IS sclcctryl as :I suitable consolidating 
agcrit whirh would not shrink appreci:hly on 
drying. Thc bed, composed of 0.208-in.- 
di:tm. #lass splicrcs, w:is f i l l c ~ l  with rc4n by 
slowly displiwiiig air up\v:ird and taking 
prcc.autions. such :IS tripping, to ensure that  
no :iir wmaiiictd trapped in t lw I ) c ~ l .  After a 
short intcrwil the resin wiis allowed to drain 
out, of thv h v l  and air \vas forcc.d t lowward 
tlirougli t l i v h l  a t  $1 Iwewurc of 20 Ib./sq. in. 
guugr. The air stream tlispl:icwl thv  liquid 
rwiri in tlio open pores but left it (rosidual 
saturation) in ttic iritcwtiws. 1Gn:d drying of 
t.hc resiii \v:w :iwrlerzitcd hy using wirm air 
and hriitiril: ttir bed to 231)’F. 

Tlic resin that, was left in the bed nftcr thc 
first consolirl:ttiori rc~clucwl thc: porosity of 
the Iwd to 36.4‘3. ‘1’11~ rrsin mitctti thc 
spheres with a thin 1ayc.r and formed a 
thicker hyer  at t,ho iriterstir:es whrrc the 
sptic!rc.s touchrd. Thcwforct most of the 
rediic~tiori iri porosity was ot)t:iined by filling 
the sm:illw irit.erstices, which aoritr ihtc less 

Parts I through IV of thin article appeural ih the 
Trflnsndiona of l h c  dmerirrrn Inaf i tu l r  of Chencicnl 
Engineers nnd Chrmicol Enuirreeritm Pruuresy ( 1  to 4) .  

L. I;. Brownr.11 i n  a1 tho Cnirersity of llirhiaan. 
Ann Arlior, .\Iidiignn: I) .  C. Cumi ut the Ir ir t i t i i t i~nf  
Gay Teshnulogy. Chic-uao. Illinois: I{. .\. Slillcr with 
Wyandotto Chemicals. Wyandotte. JIichi~q~n: and 
W. P. Nekorvis with I)ow Clletriirnl C ~ ~ I ) R I I ) - .  Mid- 
land, Alichigan. 

to flow. With this consolidatcd bed, a range 
of flow data from completely laminar to 
highly turbulent How was ohtiiint~d by use of 
water and I<arn-syrup solutions of various 
viscosities. The porosity of the bed wag 
measured before and after the experimental 
runs to  check any possible c-ompiiction as a 
rctsult of pressure drop. This prowdure was 
repeated wit,h additional coatings of resin to 
obtain flow data on beds of  porosity of 31.2, 
27.0, 22.0, 19.6, arid 12.3%. Before each 
additional cont.ing of resin was applied, the 
bed was inverted to minimize any porosity 
gradient along the axis of tho hcd. The data  
obtained in this manner are plotted in Fig- 
ure 1 :IS a modified Rcynolds nuinher vs. 
modified friction factor. Tho solid line in 
Figure 1 wits previously reported ( 4 )  and is 
for sphores of the same &(: without con- 
solidation. 

THEORETICAL ANALYSIS 

In  a consolidated bed the length of 
the flow path is greatcr than thc length 
of the bed, the pore diameter is less than 
thc diamcter of the particle, and the 
linear velocity of the fluid flowing through 
the consolidated bed is greater than the  
superficial velocity bitsed on t o h l  cross- 
sectional arcti. In Par t  I1 it has been 
shown tha t  all the pore volume is not 
effectivc in contributing to  flow (2) .  It is 
proposed for the purposes of the :inalpis 
tha t  the total porc volume he considered 
as consisting of two parts: one part, 
termed the “noneffective” pore volume, 
consists of the blind chnnnels, dc:itl voids, 
and fine intcrsticcs which do not con- 
tribute matcridly to  flow; the other part, 
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termed the “effective” pore volume, con- 
sists of the more open channels which 
conduct fluid in flow. The distinction 
between the effective and noneffective 
pore volumes can be shown by analysis 
of experimental flow data. Certain as- 
sumptions are necessary in order to 
arrive a t  the analysis. First it is assumed 
that the length of the fluid path is pro- 
portional to the length of the bed and 
that changing the porosity by consolida- 
tion has no effect on the length of the 
fluid path, or 

L = KiLb (1) 

where 

L = length of flow path, ft. 
K1 = proportionality constant 
Lb = length of bed, ft. 

The linear velocity in the bed is directly 

proportional to  the superficial velocity 
based on total cross-sectional area and 
inversely proportional to the ratio of flow 
area to total area. By definition the 
available area for flow is proportional to 
the effective pore volume. 

where 

Vd = linear velocity of fluid, ft./sec. 
V ,  = superficial velocity of fluid based on 

K z  = proportionality constant 
X ,  = effective porosity, cu. ft. effective 

The pore diameter for an unconsoli- 
dated bed of uniformly sized, randomly 
packed particles (such as the experimental 
bed prior to consolidation) cannot be 
larger than the particle diameter or the 

total cross-sectional area, ft./sec. 

voids/cu. ft. total bed 

I 2 3 4 5 6 7 8 9 1 0  a0 JO 40 5~6ommmoo 
PERCENT TOTAL POROSITY X T  

bed would collapse. Also, the pore diam- 
eter will not be much smaller than the 
particle diameter except in the case of 
selective packing arrangement or con- 
solidation. Consolidation involves de- 
creasing the pore volume. The term pore 
diameter involves the consideration of an 
equivalent cylindrical path in the effective 
pore volume. For a cylinder the diameter 
is proportional to the square root of the 
cross-sectional area. Therefore, it is 
assumed that the pore diameter is a 
linear function of particle diameter and 
is proportional to the square root of the 
area available for flow. Other definitions 
might be used based on the concept of 
hydraulic radius, but insufficient data 
exist a t  present to indicate the need to 
include this concept. 

Dj = KsD,(X,)”’ (3) 

where 

Di = pore diameter, ft. 
Ka = proportionality constant 
Dp = particle diameter, ft. 

By use of the foregoing relationships the 
Reynolds number and friction factor are 
defined as follows: 

Comparing Equations (4) and (5)  with 
corresponding functions in Part IV shows 
that the Reynolds number function FBs 
and friction factor function Ff can be 
defined as follows: 

In the foregoing relationship the con- 
stants K4, K5,  and the effective porosity 
X .  are unknown for a particular system. 
However by consolidating the bed the 
effective porosity X ,  can be changed 
whilg the constants K4,  K 5  remain un- 
changed. Determination of the functions 
FRe and F, for consolidated beds and 
comparison of these functions with the 
corresponding functions of the uncon- 
solidated bed will eliminate the constants 
K4, Kg: 
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FRs Uncons. 
FRs Cons. 

- K,  Uncons. X e f l 2  Cons. 
K,  Cons. Xel/’ Uncons. 

- 

Xel / ’  Cons. 
X.”’ Uncons. 

- -  - 

F Uncons . 
F ,  Cons. 

- K ,  Uncons. X,5’2 Cons. 
K,  Cons. X,6” Uncons. 

- 

For any value of effective porosity for 
the unconsolidated bed the corresponding 
value of effective porosity for the con- 
solidated bed can be calculated from 
either FBI or Ff .  Obviously a variety of 
solutions can be obtained depending upon 
the value of effective porosity for the 
unconsolidated bed. When effective poros- 
ity calculated by this procedure was 
plotted against total porosity for the 
different consolidated beds, a straight 
line was obtained on logarithmic paper 
with a slope of 1.75 in each case but with 
an intercept which depended upon the 
values of X .  for the unconsolidated bed. 
Such plots can be extrapolated to the 
region of high porosity such as exist in 
fluidized beds and to a limit of 1 0 0 ~ o  
porosity representing free settling of a 
single particle in an infinite volume of 
fluid. It was assumed that the value of 
X ,  must be such that at  100% total 
porosity the effective porosity must also 
be 100%. This reasoning makes possible 
the use of a single line for the relation 
between the effective and total porosity 
as shown in Figure 2. The equation of 
this line is 

X,% = 0.0316(XT%)“75 (8) 
Use of Equation (8) permits the evalua- 
tion of the constants KRa and K f  of 
Equations (6) and (7). 

FRs = 182(X,)-’/’ (9) 
F f  = 2.2 X 106(X,)-5’2 (10) 

By use of Equations (8), (9), and (10) 
the friction factors and Reynolds num- 
bers were calculated from random points 
of the data and are plotted in Figure 3. 
This figure indicates the spread of the 
data based on the correlations. Average 
deviation ranged from 6.1% for the bed 
of 12.3% porosity to 24.6% for the bed 
of 27% porosity. 
DISCUSSION 

Equations (8), (9), and (10) provide a 
means of predicting pressure drop in 
beds of consolidated uniformly sized 
spheres. It is not expected that these rela- 
tionships will necessarily hold for par- 
ticles of other shapes or for beds com- 
pacted by methods other than consolida- 
tion. However additional data on par- 
ticles of other shapes may make it possible 
to handle the other cases by the use of an 
effective porosity. For example data on 
particles of different shapes might give a 
family of curves as in Figure 2 with a 
parameter of shape (sphericity). 

The concept of the effective porosity 
has the intriguing possibility of leading 
to a relationship which might be general 
for consolidated beds, unconsolidated 
beds, fluidized beds, and free settling. 
Figure 4 shows how such a relationship 
might look on a friction-factor-by- 
nolds-number plot. The lower curve 
represents flow through consolidated 
beds, unconsolidated beds, and smooth 
pipes (conduits). The upper curve repre- 
sents free settling of a single particle. 
These two curves are expected to have a 
different shape in the turbulent region 
because of the increased turbulence 
resulting from the spin or flutter of the 
particle in free settling. The lines between 
the two curves represent fluidized beds 
and hindered settling. As fluidization of 
the bed increases, the friction factor 
would be expected to rise from the friction 
factor of a fixed bed to the friction factor 

of free settling. Although Figure 4 was 
prepared from experimental data, it 
represents only a suggestion as to how 
the general relationship might be de- 
veloped, as there are insufficient data a t  
present to determine the relationship of 
effective porosity for such a variety of 
conditions. 

Although the specific relationships 
derived from the limited data will in all 
probability require revision when new 
data become available, the concept of 
effective porosity should be retained 
because it must be recognized that pore 
volume has “quality.” Earlier correla- 
tions (2) for two-phase flow through 
porous media were based upon an 
attempt to define empirically the 
“quality” of the pore volume for the 
wetting fluid and for the nonwetting 
fluid. A broad definition of effective pore 
volume based on a great variety of data 
should greatly improve the methods of 
predicting two-phase flow through porous 
media. 
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NOTATION 
Di = pipe I. D. or pore diameter, ft .  
D, = bean particle diameter, ft. 
go = gravitational const. 
Kl,z,s,,,a = proportionality constants, di- 

mensionless 
L = length of flow, ft. 
Lb = length of bed, ft. 
A p  = pressure drop due to flow, lb./sq. ft. 
Vj = actual fluid linear velocity, ft./sec. 
V ,  = superficial fluid velocity, cu. ft. 

fluid/(sq. ft .  bed area) (sec.) 
X ,  = effective porosity 
X T  = total measured porosity 
p 
p 

= viscosity of fluid, lb./(ft.)(sec.) 
= fluid density, ft./cu. ft. 
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