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Abstract:

The fattors which affect the critical fleow velocfty (Vg} of particles of
barium sulphate, bismuth subcarbonate, kaolin, sulphadiazine and latex particles
has been determined in a horizontal tube. These factors were particle size,
particle density, fluid viscosity and tube diameter. V. was found to increase
with increasing particle diameter, particle density and tube diameter but decreases
as viscosity of the flowing fluid . The results obtained were found to fit the

models of Wicks, Ourand and Wasp for the flow conditions of settled beds
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Introduction

When a powder is injected into a tube through which a fluid is

flowing, onc of the following situations prevails: (1,2). (Sce Fig. 1).

a) The particles migrate to the tube wall and remain stationary.

b) The particles migrate to the tube wall and slide or roll along

the tube. This tybe of flow is referred to as sliding bed.

c) The particles flow at approximately the same rate as the fluid.

This is referred to as heterogeneous flow.

d) The particles remain suspended and flow at the same rate as the

fluid. This is referred to as homogeneous flow.

Situation 'd' is rarely encountered in practice, but situation 'b'
and 'c' are common. Each system occurs at a given flow rate of the fluid.
The flow rate at which movement of the particles occurs 1is referred to
as the critical velocity. In this study, type 'b' only is investigated.
Other factors which also determine the type of flow regime occurring
include bouyancy, 1ift and drag. Where as the bouyancy effecr is constant
for a given powder, the drag and 1lift effects vary with the flow
conditions. For example, at low flow rates drag and lift cffects are too
small to overcome the bouyancy effect. Therefore, the particles migrate
to the tube wall and remain there. At moderately high flow rates, the
drag and lift effects become significant and the particles become
suspended in the fluid, and maintained by turbulence. At relatively high

speed, the particles become fully suspended and homogencous [low ensues.

A similar situation may exist when a drug is given orally in a solid
dosage form. After disintegrating in the stomach, the particles enter the
intestine, the rate at which they travel along the intestine depends om
factors such as the intestinal mobility, the particle diameter, shape,

density and viscosity of the fluid flowing through the intestine. In a
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Fig. 1 Representative plot of slurry flow modes

previous work (3), the effect of these factors on the mean relative residence

time of particles flowing in a horizontal tube was investigated. The purpose
of this work is to study how the above factors influence the
critical flow veloeity (Vc) of particles moving in a horizontal tube.

The usefullness and limitations to this model as a representative of a

horizontal segment of the intestine have been discussed elsewhere (3).

Theory:

Critical velocity of slurries, Vc, is defined as the velocity below
which a stationary deposit of solids forms in the pipe, thus it represents
the lowest velocity at which the system can be operated such that stable
flow conditions prevail. For estimating Ve, Durand (4) prescnted the

empirical equation:

Ve = FLVZgD(s—l) ceel (1)

in which Fy is given praphically as a funection of particle diamcter and
solids concentration. Durand found that with particle above lmm, Ty is
essentially independent of particle size and solids concentration.

Lquation (1) can be recarranged into the [ollowing form:

\Y
_ c
Fy = .

1
/2gD Js-1
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The term Fp is in fact a modified Froude Number at deposition. Spells (5)
correlated data from the literature for Vc with a combination of Froude
and Reynolds numbers.Spells's correlation has the form:
1.225 Dp .775

Ve = 0,0251 gdp (s-1) ( - ) vee.(3)
Hughmark (6), Gregory (7), Thomas (8), wasp et al (9) ana 2andi (10)
developed correlations of the same nature. Using data on fine and coarse
sand slurries,llayden and Stelson (11) found that the correlations of
Durand, Hughmark and Zandi yielded approximately the same degree of
agreement. Spells. equation yielded poor results, but the particle sizes
of the solids used in the experiments were larger than those used by

spells,

Wasp et al (9) used data from Durand (4), Sinclair (12), Yotsukura
(13) and Wicks (14) together with the correlation given by Eq. (1).

Wasp et al (9) reasoned that an equation of the form
' ap e
Ve = ¥y, Y2gD(5-1) ( ) ceel ()

may prove to be a possible correlation toel, in which ﬁL is given
graphically as a function of solids concentration only. Wicks (14)
developed a mathematical model which interrelates various factors such
as flow rate, pipe diameter, fluid viscosity and density difference

between the parcticles and fluid. He obtained the following rclationship:
Y = 0,18 for S < 40 e (5)

where the functions Y and S are defined as follows:

pd V4
y - P ...C___? e (6)
(pp-r)) fn
V p d 2/
s= St (2, 3 )
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When Egqs. (5), (6), and (7) are rearranged one can obtain an explicit

expression for the critical velocity in the following form:

npd
= . D ™ = DI
v, 01[,(51)u (8)
where:

. . -3
p = fluid density, g cm
pp = particle or solid densicy, g em
s = pp/p , dimensionless
dp = particle diameter, cm
D = pipe diameter, cm

D = equivalent diameter of the flow region above the bed, cm = D-d .

eq
g = gravitational acceleration, cm sec

~ . . . -1 -1
w = viscosity of the fluid, g cm sec
Ve = critical velocity, cm sec_l.

For the purpose of comparison, three correlations similar to those

For personal use only.

of Durand, Wasp and Wicks, are presented in this work. In our experiments,
since the bed depth was one particle thick, i.e. dp << D, the height of
the bed was considered negligible compared to the tube diameter and hence

D., is equivalent to D.

q

In addition, it must be noted that the experimental determination of
Ve is subject to difference in technique, subjective judgement of the
observer and to experimental error, and it can be seen from the dimensional

analysis presented in the Appendices that the different approaches of

Durand, Wasp and Wicks are supported by their experimental findings.
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Materials and Methods

Materials:

The materials used are described elsewhere (3). Sulphadiazine was

obtained from Sigma Chemical Co., St. Louis, U.S.A.

RIGHTS



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/21/12

For personal use only.

640 NAJIB, MANSOUR, AND AMIDON

Methods:

Tygon tubing 50 cm in length was connected to a Masterflix peristalitic
pump, Liquid was then pumped through the tube. The pump was stopped and
0.5 ml of a 107 suspension was injected. The pump was then restarted
immediately after injection and the flow rate was adjusted till particles
from different regions of the bed were seen to slide along the tube. The
flowing liquid was then collected by means of a fraction collector and

the critical veloeity (Vc) was calculated.

Effect of particle Size on Vc:- 107 W/W suspensions of different
size fractions of barium sulphate and bismuth subcarbonate were prepared.
0.5 ml% W/V of each suspension was injected into the tube and the flow
rate was adjusted till the particles were seen to slide along the tube.
The flow rate at this speed was determined from which Ve was calculated
for every particle size fraction. A plot was then made for particle

size versus Ve.

Effect of Particle Density on Vc:= 107 W/V suspensions of barium
sulphate, bismuth subcarbonate, magnesium carbonate, talc and sulphadiazine
particle size fraction 128 um were prepared. 0.5 ml of each suspension
was injected into the tube separately and Ve was calculated as previously

described. A plot was then made of density against Ve,

Effect of Viscosity on Ve:- In order to study the effect of viscosity
on Ve, a series of solutions containing different concentrations of
methocel were prepared. The viscosities of these solutions were measured
using an Ostwald viscometer. The viscosities were found to range from
0.01-0.08 cP., 10Z W/V suspensions of barium sulphate and talc (particle
size fraction 128 um) were prepared in all solutions. 0.5 ml of each
suspension was injected separately into the tube and V¢ was calculated

as previously described. A plot was then made of viscosity against Ve.
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Effect of Tube Diameter on Vc:- In order to study the effect of
tube diameter on Ve, five tubes were used with diameters ranging from
0.07-0.3 cm. 107 W/V suspensions of barium sulphate and talc of particle
size 128 um were prepared. 0.5 ml of each suspension was separately
injected in each tube and Vc was determined as previously described.

A plot was then made of tube diameter against Vc.

RESULTS AND DISCUSSION

Fig. 2 shows the effect of particle size on Ve. It can be scen that
a linear relationship between particle size and Vc exists for both barium
sulphate and bismuth subcarbonate, The figure also indicates that the
increase in Vc with increasing particle size is not very pronounced. The
graph also shows that for any one particle size, a greater Vc was
obtained for bismuth subcarbonate than barium sulphate, thus signifying
the effect of density. Similar trends were obtained when particles of
the same size but different densities were studied (Fig, 3). The figure
shows that a linear relationship between density and Ve exists. The
higher the density, the greater was Ve. In contrast, increasing the

viscosity appeared to decrease Vc far a given particle size (Fig. 4).

Fig. 5 illustrates the relationship between the tube diameter and
Ve for barium sulphate and talc. The graph shows that for both barium
sulphate and talc, Vc increased initially with tube diameter and then
a plateau region was obtained indicating that increasing the tube
diameter beyond a 0.22 cm results in a little change in Ve, Similar

findings have been reported by Sinclair (12),

For the purpose of comparison with the previously published
correlations three plots were made; Fig. (6) is a Wicks's plot which
correlates the various variables discussed above together by plotting

log ¢y versus log S. The graph indicates that a nonlinear relationship

RIGHTS

641

i,



642 NAJIB, MANSOUR, AND AMIDON

4.0 [‘
Bismuth Subcarbonate
) LP=69gcm™?
30 @ Barium Sulfate
- ° L=435qgcm™3
o
(%]
E
[8)
©
>
20
1 I 1 1
100 200 300 400

PARTICLE SIZE pm

For personal use only.

Fig. 2 The effect of particle size on the critical velocity (Vo).
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Fig, 3 The effect of particle density on the critical velocity (Ve).
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Fig. 4 The effect of Viscosity (p) on the critical velocity (Ve).
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Fig. 5 The relationship between the tube diameter and the critical

velocity (Ve).

RIGHTS

643

i,



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/21/12

For personal use only.

644 NAJIB, MANSOUR, AND AMIDON

2.0
o8
»
@) [ J

00 I O,
>0 b ® Barium Sulphate (viscosity effect)

o Talc {viscosity effect)

0O Barium Sulphate (tube diameier effect)

O Tale (tube diameter effect)

A Sulphadia ine (density effect)
o L A Magnesium Cardonate (density effect)

® Barium Sulfate (particle size effect)

O Bismuth Subcarbonate (particle size effect)

] ! 1 ]

-0.6 0.2 1.0 0.8 2.4
fog S x1072

Fig. 6 The Wicks's plot, showing the relationship between log § and y.

between y and S exists as have been veported by Wicks. Figures (7) and

(8) are Durand's and Wasp's plots respectively.

In order to simplify the process of comparison Table 1 is construcced
to indicate the correlations obtained in the present work accompained

with thgse reported by Wicks, Durand and Wasp.

It can be noted that the closet correlation that the present data
fit is Wicks's (correlation coefficient is 0.95 number of points is 32).
On the other hand, therec exists a good agrement between the data obtained
in this work and those of Durand and Wasp, However, Wicks's correlation is

more relevant to represent our data than thosc of Durand and Wasp since
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1/
Fig. 8 The VWasp plot showing the relationship between (%E) 6 /2¢gD(s-1)

and the critical velocity (Ve).
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Table 1 - Comparison of Present Work with Previous Published
Correlations.

E;“:;Eﬁ:n Co;:‘;}:ution Brevious Work Prewentr Work ‘(‘:2:;::::::
(5) Wicks's $<0,1 53, §<40 $=0.0079 52'75
(8 Ves0.l g D(s-1) “—‘&E Ve-0.0209 u°'”u‘733(';—1)0'"-31'—60.6‘1110.667 o
6.
4V} Durand‘s VesPy, /2gB(s-1) Ve-0.0716/ZpD(s-1) (F~.0716) 0.70
(4) Wasp'a Ucﬁpim—_l‘)(d—l_)n)llﬁ vC»o.nsa/zu—u(_s-x)t%{l)”“ (¥)-0.1156) 0.09

the viscosity factor, according to Fig. 4, is an important paramecter on

which

and ¥

Vc depends to a large extent and is dgnored in the models of Durand

asp.

Summary and Conclusions

While the reported results pertain to an in vitro system several

conclusions of significance to the mobility of particles in the gastroin-

testinal tract may be stated:-

1))

2)

3)

For particles settling in a tube through which a fluid is flowing to
move the flow rate of the fluid must exceed a certain critical

value known as the critical velocity (Ve).

A linear relationship was found to exist between the critical
velocity and the particle diameter, increasing the particle diameter

results in an increase in the critical velocity,

A linear relationship was found to exist between the eritical velocity
and the density of the settled particles, increasing the density
results in an increase in the critical velocity, In contrast a

hyperbolic relationship between the critical velocity and the
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4)

5)

6)

(1)

(2)

(3

(4)

(5)

NAJIB, MANSOUR, AND AMIDON

viscosity of the flowing fluid was noted. Increasing the viscosity

resulted in a decrease in the critical velocity.

Increasing the tube diameter from 0-0.22 cm resulted in an increase
in the critical velocity, increasing the tube diameter beyond

0.22 cm however, resulted in no change in the critical velocicy.

The data obtained in this work were found to fit the models of Wicks,

Durand and Wasp for the flow conditions of settled beds.

It should be noted that the model used in this study is a simplified
one which takes into consideration certain complications of gastroin-
testinal tract, Therefore its applications would be within the
conditions of the experiment. Limitations to the model have been

discussed elsewhere (3).

REFERENCES

Turian, R.M., and T.F. Yuan, "Flow of Slurries in Pipelines,"

AIChE J,, 23, 232-243 (1977).

Wasp, E.J., J.P, Kenny and R.L, Gandi, "Solid-Liquid Flow Slurry

Pipeline Transportation," pp, 88-92, Culf Publishing Co., (1979),

Najib, N., G.L. Amidon, A.R. Mansour, "Castrointestinal Transit
Time: An In Vitro Study of Parameters Controlling the Mean
Relative Residence Times of Particles in a Laminar Fluid TFlowing in

a Hovrizontal Tube.' Submitted for publication.

Durand R., ""Basic Relationships of the Transportation of Solids in
Pipes," Proceedings Minnesota Int, Hydraulic Convention, 89-103

(1953).

Spells, K.E,, "Correlations for Use in Transport of Aqueous
Suspensions on Fine Solids through Pipes," Trans, Inst. Chem.

Engrs., 33, 79-84 (1955),

RIGHTS L



GASTROINTESTINAL TRANSIT TIME 649

(6)
(7)
y
=
N
=
o
5 (8
&
®
=
9
o}
Ee
< (9)
8
[}
3
m
2
S
8
(]
I}
£ .
>
B¢
c8 (10)
5=
ET
Ep
- Q
85 (11)
3
[
8
[a)
g
1S
2 (12)
©
&
=
o
e
s
5 (13)
IS
g
D
3
[a)
2
8
(14)
(15)

Hughmark, G.A,, "Aqueous Transport of Settling Slurries,”

Trans. ASCE, 104, 1334-1348 (1939),

Gregory, W.B., "Pumping Clay Slurry Through a Four-inch Pipe,"

Mech, Eng. 49, 609-616 (1927).

Thomas, D.G., “"Transport Charasteristics of Suspensions: VI,
Minimum Transport Velocity for Large Particle Size Suspensions
in Round Horizontal Pipes,' AIChE J. 8, 373-378 (1962),

Wasp, E.J., T.C. Aude, J.P. Kenny, R.H, Sicter, P.B. Williams and
R.B. Jacques, "Deposition Velocites and Spatial Distribution of
Solids in Slurry Pipelines," presented at the lst. Int. Conf. on
the Hydraulic Transpert of Solids in Pipes, Coventry, England

(Sept, 1970),

Zandi, 1, ed., Advances in Solid-Liquid Flow in Pipes and Lts

Application," Perpamon Press, N.Y, (1971).

Hayden, J.W. and T.E. Stelson, " Hydraulic Conveyance of Solids
in Pipes," Advances in Solid-Liquid Flow in Pipes and Its

Application, I. Zandi, ed, pp. 149-164, Pergamon Press, N.Y, (1971).

Sinclair, C.G., "The Limit-Deposit Velocity of Hetrogeneous
Suspensions,'" Interactions between Fluids and Particles Inc., Chem.

Eng., London (1962),

Yotsukura, N,, "Some Effccts of Bentonite Suspensions on Sand
Transport in a Smooth 4-inch Pipe," Ph,D. dissertation, Colorado
State University (1961),

Wicks, M. "Transportation of Solids at Low Concentrations in
Horizontal Pipes," ASCE Int. Symp, on Solid-Liquid Flow in Pipes,

University of Pennsylvania (March 1968),

Amidon, G.L, et al, J. Pharm. Sci., 69, 1369 (1980).

RIGHTS L



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/21/12

For personal use only.

650 NAJIB, MANSOUR, AND AMIDON

(16) Kreith, F. and J.W.Z. Black, "Basic Heat Transfer," lst ed.

Harper and Row, 1980, pp. 29-32.

APPENDIX A

Dimensional Analysis of Durand Correlation

The important factors controlling the slurry flow according to Durand
assumptions are particle diameter, tube diameter, fluid density, solid

density, and gravity forces exerted on particles, Hence one can write:

Ve = f(g bp, dP: D: D) (A"l)
These five variables according to Buckingham of dimensional analysis

( (18) ) can be grouped in as follows:

Taking 7 as a product of the above variables, each raised to an unknown

power, Equation (A-1) becomes as:

[ d

7= (880)° @p)® (M (o) (a-2)

Taking mass, M, length, L, and time, t, as the basic dimensions,

Equation (A-2) becomes as:

t'l 2.a b

— = 2 ) @ e (A-3)

By comparing units on both sides of Equation (A-3) one obtains

L:1=2a+b+¢-3d
M:0=a+d
t ¢ ~1= - 22

Thus a = §, d = =} and for ¢ = }, b = 0o and hence Equation (A-2)

becomes as
1 ; -1
Constant (gap)? D? p ?

Ve

Ve

Ap. 4
Constant (gD E—) (A-4)
and since the function under the square root is still undetermined, it
can be multiplied by 2 to be consistent with the experimental results,

Hence Equation (A-4) becomes:
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Ve = T, /2gD(s-1) (A-5)
where Fy = Durand's constant
s = ps/p
and 4p = pgTP
APPENDIX B
Dimensional Analysis of Wasp Corrclation
According to Wasp's assumptions the dimensional equation is
Ve = f(gbp, dp, D, p) (B-1)
In form of product functions Equation (B-1) becomes:
b d
ve = (gap)? (dp)” (M€ (p) (8-2)
Substituting the dimensions of different variables into Equation (B-2)
one obtains:
-1 -2 - -3.d .
p=Le = o i WP W e (B-3)
Comparison of units on both sides of Equation (L-3) yields
L:1=2a+b+ ¢ -3d
M:0=a+d
t i ~l= «2a
Thus a = }, d =}
1 1
For ¢ = 3 b = 5
Thus Equation (B-2) becomes:
a6y, ,
Ve = constant (gap)? (dp) (D) ) (B-4)
or:
' dp. 6
Ve = ¥y, VZgb(s-1) () (B-5)
where:
Fi = Wasp's constant
s =pg /o
ap = pS'P
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APPENDIX C
Dimensional Analysis of Wicks Correlation
According to Wicks's assumption the following equation is written:
Ve = f(ghp, D, p, ¥, dp) (c-1)
or in product form
ve = (002 " @ ! @y (c-2)

From Equation (C-2), m—equation can be written as

=Lt = 0% Hr b o™ e e h? w® (c-3)
Comparing units on both sides, one obtains:

L:1==2a+b-3c-d+e

M:0=a+c+d

t: ~-1l=2a+d
If we let a = 1 we obtain d = -1 and ¢ = o
For b =1, € = 1 and thus Eq, (C-2) becomes:

Ve = constant (gAp)1 (1))1 u—l (c-4)

Setting Ap = PP s

5 = ps/p , multiplying by (%) and

rearranging Equation (C-4), ylelds

Ve = F, gd(s-1) 25 (c-5)
where

TFw = Wicks's constant

= 0.1 for S < 40 as in Equation (8)
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