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Abstract

Transportation of solid particles through pipe line using air or water as a carrier fluid
are widely used in the various types of industry. In this study, theoretical study is
directed to develop general mathematical relations that could be utilized to predict the
pressure drop and critical velocity for fluid-solid mixture flow through the pipe of any
inclination. A general equation has been developed for solid transportation using fluid
media in pipe, equation of head loss predicts quite accurately the flow of solids, of any
shape, size and specific in pipe of and sizes and orientation (horizontal, inclined and
vertical ), . These equation have been compared with a various existing experimental
results by other investigators and were given an accurate agreement.

1- INTRODUCTION

The conveyance of solid particles through pipeline using a carmier fluid is an old
technique, finding its application in various fields of engineering such as mechanicai,
chemjcal, petroleum, mining and nuclear . .ect. Pipeline transportation of solids may
be achieved either as an homogeneous or heterogeneous flow of the mixture, a
homogeneous flow is one in which the particles are uniformly distributed across the
pipe. Solids are transported through pipeline as air suspension in preumotransport and
as water suspension tn hydrotransport,

In spite of research background in this feld since beginmng of this century, the design
methiodologies of hydro- and pneumotransport are still an empirical art. however the
concemed literature shows that the majority of investigation on hydro- and



M10d A. M. Tolba

pneumotransport have been directed mostly towards the determination of correlation
for pressure drop and minimum transport velocity. The important investigation are
summarized in the following paragraph :

in 1924 Cramp and Priestlegy [1] have been started studying the phenomenon of
hydro--preumocransport in pipe at different operating condition of horizontal, inclined
and vertical pipelines. Wilson [2] carried out an experimental study as well as Hariu
& Molstad {3] and Clark - [4] at different solid flow rate through horizontal pipe. An
experimental work of numerous investigators [5, 6, 7, 8 ] have been carried out work
to get a relation of head loss and critical velocity through horizontal, inclined and
vertical pipelines at different operating conditions. Rickarddson and Meleman (9) have
been studied the pneumatic conveying (solid velocity and pressure gradient) in 2 one-
inch horizontal pipe, they found that the pressure gradient increase with fluid velocity
and sand flow rate. A number of investigators (10.11,12 )} carried out an experimental
study of hydre-pneumotransport in pipe at different operating ( solid grain size, flow
rate and fluid velocity ) conditions of horizontal, inclined and vertical pipelines, most of
results on head loss. Konno and Saito [13] carmied out study on pneumnatic conveying
of solids through straight pipe whereas, Konchesky et al. [14] have been studied
experimental air and power requirement for the pneumatic transport of crushed coal in
horizontal pipe and vertical pipe. Recently, Doron et al. {15] made experimental and
modeling study for the slurry flow in horzonral pipes and developed theoretical
models which found to be limited in use.

2- THEORETICAL ANALYSES

In the present study general mathemarical relations for pressure drop (head loss) and
enitical vejocity are driven for a fully accelerated fluid-solid mixture flow through pipe.
2.1 Dro

when the solid particles flow through horizontal pipe under fully suspended condition,
the total loss of energy is mainly due to the fluid-pipe friction and due to the drag of
particles. In case of inclined and vertical pipeline flow mixture, additional energy. as
compared with horizontal pipeline, is required 1o overcome the effects of gravity and
buoyancy of the particles, which acts in the opposite to the fluid flow, when the
mixture flow up the gradient.

Let us consider that a solid particle of weight w, be flowing through an inclined pipe,
the force balance of the particle is shown in Fig. 1, with a fluid of density p; . may be
obtained as

ARRAY GF CUBES

fo—

Fig. 1 Force Balance of the Particle Fig. 2 Proposed Scheme of Particle
Distributed in Pipe
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) =Fd+wp(1«-pf/pp)si|19 (1)
Thus, equation 1 is valid for horizontal, inclined and vertical pipe flow of fluid solid
mixtiure. The drag force Fy may be obtained by using the standard drag formula

1 .
¥4 =5Cd°r(Vf-Vs)2Ap (2)
If the total number N of solid particles at a pipe cross section be know for a certain

solid flow rate, the total motive force F required by the particles at the pipe cross
section will be given as :

F=F_-N 3)
substituting the value of F, from the equation 1 and equation 2

i J .
F:[Ecdpr(Vf—Vs)zAp +wp(1-pf /pp)sind)-N (4)

The quantity and total number of solid particles remain constant in the unit length of
pipe for particular rate of solid flow in fiuid media. in order to estimate pressure drop
and critical velocity a regular distribution of particles in the pipe is assumed and it is
divided into a large number of hypothetical cubes of side A as shown in Fig .2. The
value of A depends on the volumetric concentration of solid in the mixture.

nl3=.s\\-"s or A=[A-V,/n]? (5)

Substituting the value of { n = Wgpwp, j in the above equation
1/3
} ®

As one particle requires A2 area of pipe cross section, N particle require nA2 area of
pipe cross section, Therefore,

l:{A'Vs'wp/ws

A=NAal.... or. N=A /N (7)
Substituting the value of ) from equation 6 in equation 7

1/3 ) 243
N=(A) .[ws 1V wp] (8)
Now, Substituting the value of N from equation 8 in equation 4

- . 1/3
F= [0.:st.pf-(Vf - VS)Z.AFl +wp(1 - ps :’pp Sm@].A (9}

2/3
. {WSI(VS.wp)]
2.1.1 Moving Power of Particles .
The power P, required for geting the particles of one such cross section of pipe
moved will be obtained as :
P, =F.V (10)

Substituting the value of F from equation 9 in equation 10
P 2[9-5Cd-0f(\7r —Vs)z.Ap +wp(1—pf fpp SinB].AIB.VS

2/3 (1)
. [ws/(vs.wp)]
Now, power required for transporting the particles of unit length ~of pipe may be
obtained as :
P = P, x number of such cross section in unit length of pipe where solid particles are
present as assumed scheme of distribution
or P=(1/A). P, (12)
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Substituting the value of A and P, from equation 6 in equation 10 with the help of
equation 9, respectively in equation 12

P= [O.SCd.pf(Vf - Vs)z.Ap +wp(1 -Pg !pp)SiuB][Ws !wp] (13)
The additional head loss hg due to presence of solid particles in fluid may be obtained

from equation 13 in terms of fluid head by using the relation that the power is equals to
the product, of head loss and weight flow rate of fluid Wy, as :

b, = [o.scd.pr(vr —IVS)Z.AP+ w,(1=pp !pp)SinB][Ws!wp].llWr (14)

If the average velocity Vg of solid particle is known, the head loss of the mixture (Two
phase fiow) may be calculated by using equation 14

2.1.3- Settling Velocity:

It was assumed that relative velocity of fluid particles , V-V, , is approximately equal
to the terminal settling velocity V1 of particle in the fluid. This assumptions based on
conclusion of Cramp and Prieestley [2] and konno and Saito [13] for pneumotransport
and that of Welson (2] and Durand (5] for hydrotransport. The terminal settling
velocity Vo affected by size , density and surface roughness of the particles and
hydraulic effects of shape as reported by Worster [6]. The head loss may be rewritten
after substituting Vyin stead of Vf-Vgas:

h =[0‘5Cd'pf‘Ap'V'{‘2“'wp X (1—pr;'pp)Sin8:|(Ws}wp).lx‘wr (15)

Also Vo can be obtained by equating the gravitational force to the drag force for the
free falling particle, as given below :

Vo = J4.g.d(p, _pg)/(3C4-pp) (16)
where Cq depends on the particle Reynolds numbers Re, which is define as:

Re,=  Vy.d/yg (17)
Cy=18.5 Rep_o'é, for0.1(Re,, (500 (18)
Cd=0.44Rep_0'6, for SOO(Rep(ZxIOS (19)

[n the absence of actual terminal settling velocity , iterative method may be used 10
calculate the values of Vg and Cq from equation 16, 19 .

As we know the head loss hy per unit length due friction berween fluid and pipe
surface, under the identical condition of flow to that of the solid-mixture, may be
obtained by using the Darcey-Weisbach equation

he=f V;%/2.g.D (20)
Under fully suspended condition of solid particles, the losses due to friction between it
and pipe surface

h, =h; + hg 21)
Substituting the value of hg and hy from equation 16, 20 respectively in equation 21
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- 2 _ .
he = [O.SCd‘pf.Ap.VT + wp(l Pg fpp)SmB](Ws / ij. 1/ We + .
(.v;%/2gD
This equation in a general relation of head loss per unit iength of pipe and that can be
written in two separate equation for horizomal and vertical pipeline by sumply
substituting zero and one for sin @ in the above equation
2 2
h, =0.5 Cd'pf‘Ap'(VT ,r‘wf).(Ws,*'wp)+f.\.’r /2gD (23)
for horizontal pipe, and -
- 7 2 _
h, = [0..‘.;'(3‘,_1.;:){-.AP.VT +wp(1 Pr lpp)](ws ;’wP).IWf + .
f.vy2/2gD
for and vertical pipe
2.2 Critical Velocity:
Equation 22 contained two part, the first part represents the additional head hg due to
presence of sclids particle in fluid, which decreases as the fluid velocity increases.

Whereas the second part, which in due (o fluid-pipe friction, which increases with the
increase of fluid velocity.

Hence, the plot of head loss hy against bt S !
fluid velocity Vg for certain solid flow
rate will result a minimum head loss for a
particular fluid velocity. Using equarion
22, to make a separate plots for by, hg
and hy against Vy fora weight { 11.12
Nfsec ) and flow rate oflead shotina
honzontal pipe of 0.032m inner diameter

with water, as shown in the opposite | pueamotranshont
figure 3. the fluid velocity at which the Ty e s

head loss hy is minimum is defined as Fluid Velocity  { m/sec)
critical velocity. Fig. 3 Separate Plots for hy, hy and hy

against Vy

0=

s0l-

horizontai T

LT

FRESZIURE GHAMEMTlam OF WAIERI m OF HPL)

A relation for critical velocity V. of fluid may be obtained by differentiating equation
22 with respect to fluid velocity Vyand eguating with zero, Now, equation 22 afier
arTanging rmy be written as -

hy =(C;+Cy)Cq/Vp +Cy. V2 (25)
where, C, :0'5Cd'pr‘VT2‘Ap
Cy=w,y(1-pg/p,)Sind (26)
Cy= Ws)’(pr.pf.g)
Cy=K.v;S/(2gD%* 1)
K and C are constant and can be determined from the plots of f against Re of the fluid

flow in pipe , which results such relation as :
f=k/Re° @7
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Now, equation 25 may further be simplified to

p
hy=Cg/Vp+C, V2 7¢ ~ (28)
where, C5 = (C1 + Cz).C3 (29)

Differentiating equation 28 with respect to fluid velocity V¢ and equation to zero, the
critical veloaity V. is obtained as :

Ve =[C5/Cq(2- )M (3-9) (30)

After Substituting the values of constants Cy,.....,C5 in equation 30 the critical
velocity Vi is given by .

V. =1[0.5C 00 Vol A £w (1—p; /o) ISin8 | 2W DS+ 1/ (w K v (2= C).A.p¢) o
e ST TP YT Ap T W T Py P ) ST SV p Ve s

(31)
The critical velocity of fluid can be calculated for any flow rate of solid through
horizontal, inclined and verical pipes using the equation 31 with the knowledge of
independent variables, The critical velocity for honzontal pipe flow simplified to
:(5in 6=0)
1/3-¢
-1
Ve =] Ca Vp2 Wt - 0. Kowyr €| (32)
Similarly, equation 31 may be coaverted for chaking velocity in case of vertical pipe by
Substituting {sin8=1)

3- RESULTS AN DISCUSSION

An equation 22 for head loss estimation for fluid-solid mixture flow through an
inclined pipe was obtained as well as equation 31 for critical velocity. Equation 22 mat
be used to calculate pressure gradient for the flow of mixture of any granular solid with
liquid or gas through horizontal, inclined or vertical pipes. In order to corroborate the
proposed theory for general use , the theoretical predictions of head loss are compared
with the present established experimental results of others investigators for both
pneumo- and hydrotrasport in this section.

3. 1 Comparison with Pneumotransport Experimental

The properties of air and solids, as reported by investigators and used for the
computation of pressure gradients, along with the calculated values of Cg and V are
compiled in Table 3.1.

Table 3.1. Properties of air and sclids for computation and values of Cq & V.

S. | Reference f Solid | dyx | 3, p VoS | D VrCal | Cy4
3 g fo. |0 T

N - used lg’m Kg/mad | msec | ™ mé/sec

o.

1 Clark. R | 00931 | Cress { 1.105 | L.17 1.200 1.51 0,0254 | 5.18 0.525

H. et al [4] Re0132 | ek
2 Rose, H. E. | Blaius Must | 2.00 1.152 | 1.200 1.51 0.0325 | 7.55 0.440
& Barnacle. | relation | - rd ’

HE[7) seek

3 [RoseH E.& | do do 2.00 1.152 | 1.200 1.51 0.0325 | 7.55 0.440
Duckwourth,
R H [12]

4 | Heriu, D. H. | do solid | 0275 | 2.640 | 1.200 1.50 0.0135 | 1.89 2211
and Molstad, ¢ solid | 0213 | 0.704 | 1.200 1.50 00135 | 1.44 3.025

M. C [3] 4
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3.1.1 Horizontal pneumotransport

The experimemtal result of Clark et al. {4], Rose and Bamacle (7] and Rose & and
Duckwourth [12] for horizontal pneumotransport have been used for the comparison
purpose. the experimental result of Hitckcock and Jones [8], Rickardson [9]] and
Konchesky et al. [14] could not be utilized for comparison of head loss as they lacked
sufficient information required for theoretical computations. Clark et al [4] used cress
seek in their experiments, whereas mustard seek was used by Rose and Barnacle {7]
and Rose & and Duckworth [12] in their experimental investigations. The comparison
of these experimental results with the theoretically predicted experimental of pressure
gradient are shown in Figures 4-7 These curves provide a very good match of
theoretical predictions with experimental values pressure gradient for all fluid velocities
and solid flow rate

3.1.2 Inclined pneumotransport

Figures 8 shows that the comparison of expenimental result of Rose and Bamnacle [7]
with theoretical predictions, though an inclined pipe with & = 45¢ with horizontal , It
was found very close to the respective experimental values for all solid flow rate and
all fluid velocities.

3.1.2 Vertical pneumotransport

The comparison of experimental result of Ros¢ and Bamnacle [7] support the theoretical
predictions very well as shown as Figure 9. The experimental results of Hariu and
Molstad [5] for pressure drop in the pneumatic conveying of sea sand of two different
sizes { d=0.274mm & d=0.213mm) through vertical riser of 0.0135 m diameter have
been plotted against solid flow rate for constant velocities in Figures 10. When
pressure gradient plotted aganst solid flow rate for constant velocities resuit into
straight line and give close agreement

3.2 Comparison with Hydrotransport Experimental

The properties of water and solids, given by investigators and used for the
computation of head loss , along with the calculated values of Cg and VT are
compiled in Table 3 2

Table 3.2. Properties of water and solids for computation and values of Cy & VT

S. | Reference | f Solid |dpx |8 P U106 | D VyCal | Cq4
- g f {

N nsed 10°m Kglm3 micee | M m+/sec

O

1 [Newin, D. | Blaius | SandD [0.762 | 2.64 [ 1000 [0.88 |00254 (0113 | 1183

M. etal [10] | refation | Gral.E | 3810 | 2.55 | 1000 |[0.88 0.0254 | 0.326 | 0.44
2 |RoseH E.& | Blaius | Lead | 200 | 11,02 | 1000 |0.388 0.0320 | 0.850 | 0.44
Duckwourth | relation | Shot
,R H. [i2}

3 | Shih f11] 0430 | Weodm | 1390 | 116 | 1000 | 0.88 0.0763 | 0.246 | 0.44
Red2ss | balls

4 |WNewn, D. |Blaius | TP ) 3810 | 250 | 1000 |o0.804 |0.0135 0323 |0.44
M. etal [10] | relation | 49 | 0711 | 259 [ 1000 | 0894 |0.0135 |00 |1.187

3.2.1 Horizontal hydrotransport

In figures 11 2 12 comparison of experimental result of Newitt et al. [10] with
theoretical prediction of head loss for two differemt solid concentration have been
presented for sand I and gravel E. For both types the theoretical values compare
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favouably with experimental resuits as shown by these figures. Rose and Duckwourth
[12] used lead shot in their experiments. The experimental values of pressure gradient
are very closed to the theoretical predictions as shown in Figure 13 for all solid flow
and fluid velocities. whenever Shih [11] used identical wooden balls of 8 - | for
horizontal hydrotransport and compare favorably as in Figure 14 with the theoretical
vajue.

3.2.2 Inclined hydrotransport

Figures 15a and 16 clearly show that theoretical predictions are very closed to the
experimental result of Shih [11] with angle of inclination 6 = 8.732 ,17.71° degrees
using wooden balls as a solid particle.

3.2.3 Vertical hydrotransport

The hydraulic gradients observed experimentally vertical hydrotransport of pebbled
and sand c by Newitt et al. [10] are plotted against fiuid velocity in Figures 17 and 18
respectively, the theoretical predictions of hydraulic gradients are very closed to the
experimental result of both solid as shown by figures 17 and 18.

3.3 Critical Velocity

It is evident from figure 3 as well as from the various characteristic curves of head loss
plotted against fluid velocity for certain solid flow rate of This figure will result a
minimum head loss for a particular fluid velocity. Using equation 22, to makea
separate plots for hg hg and hy against V¢ for a weight ( 11.12 N/sec ) and flow rate
of lead shot in a horizontal pipe of 0.032m inner diameter with water, as shown in the
Figure 3. the fluid velocity at which the head loss hy is minimum is defined as critical
velocity. It can be observed from there curves as well as from equation 31 that the
critical velocity of fluid increase with the solid flow rate, if the other parameter are
constant.
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NOMENCLATURE

A Cross section area of pipe (m2)

Ap  Projected area of particle (m?)

C,Cy, Cg,C5,Cy, K Constant defined by certain equations

Cq  Drag coefficient of particie

Cy Volumetric concentration of solid in mixture

d Mean equivalent spherical particle diameter {(m)

D Pipe inner diameter (m)

f Friction factor for pipe surface

F Total motive force required at a pipe crass section (N}

Fg4  Drag force due to velocity difference of particle and fluid phase (N)
Fm  Motive force for moving s'mg,le particle with constant velocity (N)

g Gravity acceleration {m/sec?)

hy Head less due 1o friction (m/unit length m)

hg Head loss due to presence of solid particle in fluid (m/unit {ength m)
hy Total head loss due to friction ard presence of solid particle (m/unit length m)

n Total number of sobds particles transferred per unit time
N Total number of particles at a pipe cross section
P Power required in transferring the particles of unit pipe length{w/unit length m)

P Power required in transferring the particles in pipe cross section . (w)
Re,p particles Reynolds numbers

Ve Critical velocity of fluid {m/sec)

Vi Average velocity of fluid (m/sec)

V¢ Average velocity of particle {m/sec)

VYT  Terminal settling velocity of partcle (m/sec)
Wr  Weight flow rate of Quid (N/sec)

w Weight of particie (N)

V\PS Weight flow rate of solid particles (N/sec)
B Pipe inclination with horizontal (9)

X Side of the hypothetical cube (m)

Ve kinamatic viscosity of fluid (m/sec2)

Pp  Density of particle (Kg/m3)

pr  Density of fiuid (Kg/m3)

8y Specific gravity
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Fig, 12 Comparison of thearetical prediction
with the experimental results 18] of yrinel E
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Fig, 16 Comparison ot theoretical prediciion
with the experimental results )12 | of wouden
balls.
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Fig, 17 Comparison of theoretical prediction

Fig, 18 Camparison of theorctical prediction
with the experimentad resulrs [10] of pebble.

with the experimental reselts [10] of sand C.



