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The suspension of slurries in con- 
duits is of growing importance in such 
diverse areas as the transport of solids 
in pipelines and the development of 
slurry-fueled nuclear reactors. Such 
applications require the prediction of 
the minimum conditions under which 
slurry transport can be accomplished 
successfully. 

Minimum transport conditions have 
been defined by several previous in- 
vestigators (5, 11,  12) as those condi- 
tions under which a stationary layer of 
particles is first deposited at the bot- 
tom of the conduit. The early correla- 
tions of these conditions (5, 1 1 )  pre- 
dicted the fluid velocity at which sta- 
tionary particles first appeared (the 
drop-out velocity). More recently 
Thomas (12, 13)  has proposed a cor- 
relation predicting the wall shear ve- 
locity ~ g c T . l a / P ~  at which dropout oc- 
curs. 

Weisman and Efferding have pre- 
viously studied the suspension of 
slurries by mechanical mixers (14). 
I t  was found that at a constant geome- 
try the dispersion of the slurries 

throughout the mixing vessel was con- 
trolled by the dimensionless groups 
(g,P/gp,Vu.) (1 - e)-”’. The suspen- 
sion of all particles from the vessel 
bottom was found to be controlled by 
[ g . P / g ( A p ) v u , ]  [ (1 - e ) / ~ ] - ” ~ .  It ap- 
pears that the suspension problem 
should be similar in both mixing ves- 
sels and pipelines. Therefore, as an 
extension of the previous work, the 
model developed for particle suspen- 
sion by mechanical mixers has been 
applied to the minimum transport con- 
ditions in horizontal conduits. 

conduit the vertical lift forces over- 
coming the settling tendency are pro- 
vided by the turbulent velocity fluctu- 
ations. At the minimum transport condi- 
tions these must just be at equilibrium. 
From theoretical considerations Weis- 
man and Efferding showed, for dilute 
suspensions with particles obeying 
Stokes’s law, that when the settling 
and suspending forces on a single 
particle are in equilibrium 

(1) P,  = gv, (AP) u. 
4e, v 

Attention be ‘Onfined to non- 
flocculated slurries outside of their 
compaction zone. The analysis of 
flocculated slurries is complicated by 
the fact that measurements of solid 
particle size and density are not neces- 
sarily indicative of those of the flocs. 
In addition suspensions in compaction 
tend to behave as homogeneous non- 
Newtonian fluids (12 ) .  

As the concentration of the suspension 
is increased, the particle settling veloc- 
ity is reduced by the presence of other 
particles. It has been shown (7)  that 
for nonflocculated suspensions, where 
D,D, is large, the ratio of the actual 
particle settling rate to the settling 
rate in an infinitely dilute medium is 
a unique function of the void frac- 
tion. Hence for suspensions of normal 
concentrations PROPOSED CORRELATION 

In the transport of a settling, or 
heterogeneous, slurry in a horizontal 
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It  is desirable to express the value 
of P,  for the particles at the point of 
suspension in terms of the mean value 
for all the particles. The particles just 
at the point of suspension will have a 
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Fig. 1. General correlation of  minimum power 
requirements for slurry transport. 
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Fig. 2. Minimum transport power requirements 
for small glass particles in W-in. diameter 

pipe. 
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lower power input than the average 
since they are closest to the wall and 
see less of the turbulent fluctuations. 
If it is assumed that the power input 
at a distance of the order of one parti- 
cle diameter from the wall is control- 
ling, then the ratio PP/(PP)avg can be 
expressed as a function of D/D,. 
Hence 
(PAW = 

(3) 
The ratio of (Pp)avg/Vp can be re- 
placed by the ratio of the power dissi- 
pated by all the particles through verti- 
cal motion to the volume of all parti- 
cles, ( P , )  t,t.l/V (1 - c)  . Combining 
terms one has 
( P . )  tota l  = 

(4) 

It  is to be expected that the ratio 
of the power dissipated by the particle 
through vertical movements to the 
power dissipated in the system will 
depend on (1 - E ) ,  D/D,, and the 
Reynolds number. I t  shall be assumed 
that, at the minimum transport condi- 
tions, the Reynolds number effect is 
small. Then 

( gv::),. > =  

+I(€, 1 - €) * di’ - (IP. 1 (5) 
The validity of the assumption that 

the Reynolds number effect is small 
will be evaluated by application of the 
expression to the available data. 

CORRELATION OF AVAILABLE DATA 

Based on the correlation of data for 
particle suspension by mechanical 
mixers, it appears reasonable to postu- 
late that for a given solid particle and 
conduit P/V should be proportional to 
[ (1 - E )  /E]”’ .  Examination of the ex- 
perimental data, particularly those of 
Smith ( l o ) ,  showed this proportional- 
ity to be valid. Further examination of 
the experimental data indicates the 
minimum transport power to vary with 
(D/D,)”*. Hence one obtains 

P / V a  ( ) 

Figure 1 shows the available experi- 
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Abstract: The following statistical concentration parameters of a stirred, baffled 
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The agreement between Equation 
(7) and the data is good, particularly 
in view of the wide variation in the 
conditions covered and the scatter of 
the original data. I t  may be seen that 
materials as different as sand, glass, 
steel, and lead are included. Particle 
sizes vary from 12.5 to 2,000 p and 
pipe sizes from % to 24 in. The data 
of Durand and Condolios ( 5 )  are pre- 
sented in terms of curves computed 
from their correlation, since very few 
of their actual data points are availa- 
ble. 

In order to bring Smith's data (10) 
for mixed sands into line with those for 
uniform particles it was necessary to 
use a particle diameter representative 
of the large size particles in the mix- 
ture. Such behavior is to be expected 
in coarsely graded material; the fines 
should be most easily suspended. This 
was observed by Blatch (3) ,  who 
pointed out that for closely sized parti- 
cles, large quantities of solids suddenly 
begin to be carried in suspension at a 
given velocity. For coarsely graded 
solids the change is more gradual, with 
the fines being the first to be sus- 
pended. It is seen from Figure 1 that 
an adequate correlation of the availa- 
ble data on mixed sizes is achieved by 
use of (D,)= for the appropriate parti- 
cle diameter. 

Also shown on Figure 1 are the data 
points of Cairns ( 4 )  for tungsten and 
barium sulfate slurries. With the 
particle diameters taken as (Dg)Rj 
these data agree well with the pre- 
dicted values. This agreement is par- 
ticularly interesting in view of the 
small size and high density of Cairn's 
particles. 

Since in the derivation of the corre- 
lation it was assumed that the particles 
obey Stokes' law, it might be expected 
that deviations would be obtained with 
the larger size particles. This however 
is not the case. The correlation appears 
to hold throughout the intermediate 
law range and into the Newton's law 
range. 

At power levels below those pre- 
dicted by Equation (7) a portion of 
the slurry will remain stationary on the 
bottom of the conduit. A difficulty de- 
velops however if this prediction is 
extrapolated to very slowly settling 
particles in small pipelines. Here 
Equation (7) may predict P/V values 
lower than those which exist at the 
onset of turbulence. Since turbulent 
velocity fluctuations are needed to pro- 
vide the vertical lift forces, it is to be 
expected that the actual power re- 
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quirements would be in excess of those 
predicted. 

Figure 2 shows the data of Murphy 
et a]. (8) for glass particles. As may 
be seen, the two largest sizes are in 
agreement with Equation ( 7 ) ,  but 
those for the smallest size are not. If 
the assumptions made are correct, the 
higher power requirement for the small 
size particles should correspond to the 
power dissipated at the onset of full 
turbulence. It shall be assumed that 
turbulence is fully developed at a 
Reynolds number of 3,000. This is in 
general accord with the observations 
of Thomas (12) on flocculated slurries 
in compaction where particle settling 
rates are very low. There the minimum 
transport condition occurs at modified 
Reynolds numbers between 3,000 and 
4,800 with the average value of NRa 
at 3,500. The data for the smallest size 

2 , 2 O O f ( l - . ) ( 5  (10) 

The total power requirements are 
given by 

For N E s  = 3,000 this may be simpli- 
fied to 

pn 6.46 * 10spam 
pi D4pzmU. ( Ap) g 

26.4 (1 - t) - + 
(12) 

By equating (7) and (12) a critical 
settling rate is obtained: 

- (u.) E.ltlC.1 - 
[0.41(1 - E/E)'"(D/D,) 

glass particles appear to be in good 
agreement with the dashed curve 
showing the P/V values which occur 
at a Reynolds number of 3,000. In 
computing the Reynolds number, the 
average properties of the suspension 
were used. The viscosity was taken 
from the correlation of Happel (6, 7) 
which predicts suspension viscosity as 
a function of the void fraction and 
liquid viscosity. The power dissipation 
was computed from the actual pressure 
drop data reported by Murphy et al. 

On the basis of these data the mini- 
mum power requirements for transport 
of nonffocculated sIurries appear to be 
those at a Reynolds number of about 
3,000 whenever such power exceeds 
that computed by Equation (7).  I t  is 
thus desirable to be able to compute 
the total power dissipated at this criti- 
cal Reynolds number. Newitt (9) has 
correlated his data on the pressure 
drop of slurries of graded particle 
sizes transported as a heterogeneous 
suspension by 
h, - h, - - 

If h, is replaced by the appropriate 
terms of the Fanning equation and use 
is made of the fact that 

(9) 

Equation (8) can be rearranged to 
yield 

6.46 108pa, 
1 *p - 26.4 ( 1 - C )  ( p m / p i )  ] [D4p2m ( AP) gl 

(13) 

Minimum transport conditions for 
particles having settling rates above 
this value are determined by Equation 
( 7 ) .  Minimum transport conditions for 
particles with lower settling rates oc- 
cur a t  the onset of full turbulence. It 
is apparent that particle size is not the 
only parameter which establishes 
whether a particle will have a settling 
rate above or below the critical value. 

In the use of Equations (12) and 
(13) it is suggested that pm be ob- 
tained with a correlation such as that 
of Happel (6 ,  7) which predicts sus- 
pension viscosity as a function of liquid 
viscosity and solids fraction. Caution 
should be used in applying both equa- 
tions, since they are based on limited 
data. 

DISCUSSION 

The successful correlation of the 
available experimental data would ap- 
pear to just+ the original supposition 
that the mechanism for particle sus- 
pension in conduits is similar to that 
in mechanical mixers. I t  may be con- 
cluded that in order to transport a 
nonflocculated slurry outside its com- 
paction zone without deposition of 
solids, it is necessary that the flow be 
turbulent. For very slowly settling 
particles in small lines, it appears that 
the only requirement is that the flow 
be fully turbulent. For more rapidly 
settling particles or larger conduits, 
greater eddying movements are neces- 
sary to supply the vertical forces which 
keep the particle in suspension. These 
are governed by the dimensionless 
grouping [gJ'/gV(Ap) u.1 [ ( 1 - 
t)/c]""(D/D,)"/" as shown in Equa- 
tion (7). 
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It must be noted that all the data to 
which the correlation has been applied 
pertain to aqueous slurries. The only 
data on a nonaqueous slurry known 
to the author (1, 2) apply to a highly 
flocculated system. Therefore it is not 
fully certain that the effect of the 
properties of the suspending fluid is 
fully accounted for by the present cor- 
relation. In addition the derivation of 
the correlation assumed that the effect 
of Reynolds number was not important. 
It seems quite probable that there is 
a small Reynolds number effect which 
is masked by the scatter of the availa- 
ble data. 

Care should be used in applying 
Equation (7) to very dilute suspen- 
sions. For an infinitely dilute suspen- 
sion, Equation (7) would predict zero 
power requirements. As shown by 
Thomas (12, 13) this is obviously not 
the case; hence the present correlation 
should not be applied to concentrations 
below those for which it has been 
shown applicable [ (1 - E )  not less 
than O.Z%]. The present correlation 
covers the usual operating concentra- 
tion range. 

The dimensionless group [g.P/gV 
( A p ) u o ]  would seem to have funda- 
mental significance in fluid-solid sys- 
tems. In addition to its use in the cor- 
relation of minimum transport condi- 
tions, the group appears in the corre- 
lation of the incremental pressure drop 
due to slurry 00w in pipelines, and in 
a similar form in the correlation of 
power requirements for slurry suspen- 
sion in mixing vessels. 

Key Words: Ion Exchange-9, Equilibria-9, Cation- , Aqueous-5, Concentration-6, 
Dilute-5, Hydrogen-2, Sodium-1, Copper-2, Dowex 50-1, Binary- , Ternary- , 
Selectivity-7. 

Abstract: Cation exchange equilibria between Dowex 50W-X8 resin and aqueous 
solution of cupric nitrate, nitric acid, and sodium nitrate have been studied in 
binary and ternary mixtures. For solutions with total cation concentrations of 0.1, 
0.05 and 0.01N it was found that the equilibria for any two ions were essentially 
the same in binary and ternary mixtures. Single valued selectivity coefficients were 
determined which characterize these data quite well over the concentration range 
studied. 

Reference: Pieroni, Leonard J., and Joshua S. Dranoff, A.1.Ch.E. Journol, 9, No. 1, I , p. 42 (January, 1963). 

NOTATION 

D = pipe diameter, ft. 
D, = average particle diameter, ft. 
(DP)= = diameter such that 85 wt. % 

of the particles are smaller 
than (Dp)Bs, ft. 

f = friction factor, dimensionless. 
g = local gravitational accelera- 

tion, ft./sec.B 
g, = mass acceleration/force con- 

version factor (Ib. mass) (ft.)/ 
(1b.-force) sec." 

G 
h, 
h, 

P 

P I  

= mass velocity, Ib./sq.ft. sec. 
= head loss of slurry, ft./ft. 
= head loss of water flowing at 

same velocity as slurry, ft./ft. 
= total power input, ft.-1b.-force/ 

sec. 
= power input based on head 

loss of suspending fluid alone 
& total mass velocity = h,G, 
ft.-1b.-force/sec. 

P ,  = vertical component of power 
input to single particle when 
suspending and settling forces 
are in equilibrium, ft.-1b.- 
force/sec. 

( P , )  .vg = average vertical component 
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Abstroct: Radiant heat transfer in packed beds of aluminum oxide, silicon car- 
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Effective scattering and absorption cross sections were determined from measure- 
ments of radiant transmission, and radiant conductivities were calculated from 
these cross sections. Backscattering was found to  be the principle mechanism of 
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Abstract: A generalized stability parameter i s  proposed which is independent of 
geometry and for rectilinear Newtonian flow is proportional to the critical Reynolds 
number (d,vp/@), where d. is an equivalent diameter defined by the requirement 
that f = 16 NB.-' for laminar flow in the three geometries considered. 

The theoretical variation of the critical Reynolds number with radius ratio rl/r2 
for annular flow exhibits a maximum value equal to 2,462 for rl/ra = 0.15. This 
maximum is verified quantitatively by available literature data. 

The parameter is also shown to  be valid for isothermal and heated pipe flow 
of power-law non-Newtonian fluids. 
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Abstract: Measurements were made of heat transfer rates and critical heat flux 
for atmospheric pressure pool boiling, and of adiabatic and diabatic friction fac- 
tors, nonboiling and subcooled boiling heat transfer rotes, and burnout heat fluxes 
for both axial and twisted tape swirl flow forced convection of pure ethylene 
glycol through electrically heated tubular test sections. A t  the higher Reynolds 
numbers and heat fluxes axial flow nonboiling heat transfer coefficients show a 
dependence of Nusselt number on NR.”.” rather than the traditional NR.””. Swirl 
flow nonboiling heat transfer coefficients for both ethylene glycol and water are 
correlated by a single equation. 
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Abstract: Simultaneous mass, heat, and momentum transfer were investigated 
for the flow of air through packed and distended beds of spheres saturated with 
water. Similar relationships for both types of beds were obtained when the re- 
sulting tronsfer factors j d  and jh were related to the modifed Reynolds number 
N,,, = D, G/a(l-d. The Ergun relationship for packed beds has been found to 
apply to both types of beds investigated. 
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Abstract: Enthalpies of n-butanol and binary mixtures of 75, 50, and 2 5  mole % 
n-butanol in benzene were measured in an adiabatic flow calorimeter a t  tem- 
peratures from 250”  to 550°F. and pressures from 20 to 1,000 Ib./sq. in. abs. 
Pressure-entholpy chorts with an estimated accuracy of 2 1 % and related dia- 
grams are presented for these highly nonideal systems. 
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Abstract: The unsteady state flow of ammonia gas has been investigated to de- 
termine the viscosity of this substance at  elevated pressures (250 to 5,000 Ib./sq. 
in.) and moderate temperatures (1 00” to  200°C). A transpiration unit, calibrated 
with nitrogen, was used. The differential equation for the unsteady state flow 
was solved with the aid of an IBM-650 digital computer. A correlation between 
residual viscosity and density has been developed and used to determine the 
critical viscosity of ammonia, 2,395 x 1 O-‘ centipoises. 
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p. 68 (January, 1963). I 
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of power input to single parti- 
cle, ft.-1b.-force/sec. 

(PP)total = vertical component of 
power input to all particles, 
ft.-lb .-force/sec. 

Nns = Reynolds number, dimension- 
less 

uo = free settling velocity of parti- 
cle in infinitely diIute suspen- 
sion, ft./sec. 

= relative velocity between par- 
ticle and fluid in turbulent 

region = 1.74 - 
ft./sec. 

ut 

[I gDz4pp) ] 
V 
V, 

Greek Letters 
e = liquid fraction, dimensionless 
y = size, p (on figures) 
pl = viscosity of suspending liquid, 

lb .-mass/sec.-ft. 
y, = viscosity of mixture, lb-mass/ 

see.-ft. 
,oL = density of suspending liquid, 

1b.-mass/cu. ft. 
pm = density of slurry mixture, 1b.- 

mass / cu . f t . 
= difference in density between 

solid and liquid, 1b.-mass/ 
a f t .  

T ~ ,  = wall shear stress, 1b.-force/ 

= system volume, cu.’ ft. 
= volume of individual particle, 

cu. ft. 

sq.ft. 
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