PERIODICA POLYTECHNICA SER. MECH. ENG. VOL. 42, NO. 2, PP. 89-102 (1998}

PNEUMATIC CONVEYING IN THE VERTICAL
PIPELINE OF AIR LIFT

Lészlé6 Kovacs and Sindor VARADI

Department of Fluid Machinery
Technical University of Budapest
H-1521 Budapest, Hungary
Tel: +36 1 463-1654, 436 1 463-2542 E-mail: varadi@vizgep.bme.hu

Received: March 17, 1998; Revised: July 7. 1998

Abstract

In this paper the authors present a procedure for determining pressure drop caused by
solid material moving in the vertical pipeline of an air lift. This method can be used to
determine important parameters — with regard to the expansion of the conveying gas —
such as acceleration and velocity of particles, change of gas velocity along the pipeline,
etc.

In this paper the authors have neglected the tightening eflect on the cross-section
created by the solid material. It is in a further paper, to be published later, that they
shall point out what sort of mistakes this negligence causes in each physical parameter.
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1. Introduction

The paper deals with the physical parameters of pneumatic conveying per-
formed with greater mass flow and to greater vertical distances. An example
of such a pipeline conveying great mass flow to a great distance is the verti-
cal pipe of an air lift. Diameter of the conveyor pipe is D = (80 — 400) mm,
length of the conveyor pipe is H = (10 — 70) m, conveying capacity is in the
range of ms = (20 — 150) t/h in ‘normal’ cases.

All these mean that during the dimensional design phase one has to
be familiar with the pressure drop of the conveyor pipeline, the change of
conveying gas velocity due to gas expansion, the velocity and acceleration
of the particles, etc.

In this paper the authors present a method for determining the param-
eters of conveying. The tightening effect of particles on the cross-section is
neglected. The authors shall present a more accurate method, with regard
to this tightening erfect, in a later paper.
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2. Determining Characteristic Parameters of Two-Phase Flow
Created in the Vertical Conveyor Pipeline of Air Lift

Fig. 1 shows the schematic drawing of an air lift. According to the well-
known operating principles of the air lift, gas, flowing through the distribu-
tion layer marked 1, brings the material to be transported into ‘fluid state’
in the tank marked 2. High-velocity conveying gas exits through the nozzle
marked 3, picks up material and enters the conveying pipeline marked 4. The
mixture of gas and solids, leaving the end part of the conveying pipeline,
enters the separator, where material and gas is separated.
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Fig. 1. Arrangement scheme of air lift

Material is constantly fed into the tank marked 2 through the flange
marked 5, and the gas, having flowed through the material layer, exits
through the tank flange marked 6.

2.1. Restrictions in Formulating the Fquations of Two-Phase Flow

a. Velocity distribution within the pipe cross-section is considered con-
stant.

b. The collision force affecting the particles is considered as being con-
stant along the pipeline.

c. Change of state of the conveying gas is considered to be isotherm.

d. Effects originating from rotation of the particles are disregarded.




PNEUMATIC CONVEYING 91

e. Solid material particles are considered to be spherical.
f. Tightening effect of particles on the pipeline cross-section is disre-
garded.

2.2. Equations Formulated for the Material Particles

Fig. 2 shows the scheme of the pipeline section, sorrounded by the control
surface. as cut out from the conveying pipeline of the air lift.
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Fig. 2. The pipeline section element cut out from the vertical pipeline section

Material mass in length unit of pipeline section:

modt i,

s = = 1
g dy Us (1)
‘ps’ concentration of material in volume element ‘4 dy’:
gsdy _ 1hs
s = L = . 2
7= Ady T Av, 2)
Change of material concentration:
m, dv
dps = ——>— 3
Ps A U? ( )

The continuity equation formulated for particles moving in the control sur-
face is as follows:

pstsA = (ps — dps)(vs +duvs) A, (4)
From the equation - with the secondarily small terms left out compared to
the remaining terms - the following is obtained:

Ps dv, = v, dPs~ (5)
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The momentum equation for particles in the volume within the control sur-
face cut out from the vertical conveying pipeline and shown in Fig. 2 is as
follows:

—pst2 A+ (ps — dps)(vs + dvg)?A = dF — dF; — dGs. (6)

In the relation:

dF is the force originating from velocity difference between the gas flow and
material particle in the control volume.

dFy is the braking force originating from particles colliding with the wall,
which is considered to affect the material particles continuously.

dG; is the weight of particles in the cut-out volume element.

With regard to Egs. (5) and (6), with the secondarily small terms left
out compared to the remaining terms, the following is obtained:

psvs Advs =dF —dF; — dG,. (M)
The ‘dF” force affecting the material particles:
_ deg R duv 2
ClF = ./\’T‘pg—Q——Z—'/"loCD [(Ug + %i> - (Us + ;JS)] - (8)

In the relation the ‘N’ number of pieces of particles in the control volume
can be calculated as follows by the ‘m;’ particle mass:

_dmy dp;\ A
N = = | ps — —dy.

In Relation (8) the ‘Cp’ drag coefficient for the particles regarded as spheres
according to Kaskas [2] is as follows:
24 4 wd,

(Ug - 'Us)dppg
Cp=—+——=+04: Re= = .
D Re ' +/Re + J ¢ Ug Mg

(10)

With regard to isothermal change of conveving gas the following can be

stated: )
go
o= )

As a result, the mass flow of the gas is:
. Pgo )
g = Apgug = A#pvg. (12)

The following gas velocity is obtained from FEq. (12):

Ly Po
Vg = = Ugp—. 13
! -'4pgcp ”*° p ( )
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Eq. (8) takes on the following form, with regard to Egs. (9) and (13), as
well as neglecting also here the secondarll\ small terms compared to the

remaining terms, with the marking =, = -l Cp:
m P P 2
dF juend /lo 5 ( ! Lo — U > d . 14
) "hspgopo Vg0 > Us Yy ( )

The ‘Fy’ braking force - following the reasoning of PAPal [1] — being re-
garded as consequence of the impacts, but with continuous effect, we inter-
pret this effect to cause the solid particles to lose ‘€’ part of their kinetic-
energy, l.e.

<
©

2
myv;

= k; o (15)

In the relation ‘¢ is a factor characteristic of the conveyed material, and it
is to be determined by experimental methods.
The braking force affecting the material particles in the control volume

/\“.; d s dl’s 2
dFJ::B<ps p>4dy(u+ 2) : (16)

After the neglections, the equation evolves as follows:

Fr=

1
2

S

1s:

k;

dF; = Emsvsdy. (17)

Weight of the material particles within the volume enclosed by the control
surface:

4G, = 2 gdy. (18)

Us

RegardincT the above, and performing the reductions, using the markings
7y = 22-Cp —s— and 73 = % we obtain the following equation:

2my
dus p (. P >2 g o
= 7y (Ugo=2 —vs | — mavs — . 19

dy v, <lg P T, 1)

2.3. Fquations Written for the Conveying Gas

The momentum equation written for the gas in the control volume is as
follows:

—paviA+(p,—dpg) (v,+dvy)? A = —pA+(p—dp)A—dF —dF;p—dG,. (20)
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In this relation: ‘Fyp’is the friction of the conveying gas on the pipeline wall.
The equation written for the pipeline section element within the control
surface is as follows:

~ 2 g dug 2
deD = Pg—z——z——E’-lf <L‘g + ——2—€-> . (21)

The secondarily small terms being neglected again compared to the remain-
ing terms, and introducing the marking of 7] = 2, we get :

dFsp = ﬁlpgvg dy = = dy. (22)

Fq. (22) can be written as follows, with regard to Fgs. (11) and (13), and
using the marking 7y = —rrlpgopovgo:

i

Po 4
dFip == ov2o~dy: —dy. 23
f 1Pgo¥y D D ( )

Based on the above, Eq. (20) will be as follows, after having performed the
reductions:

2 2
- —~ D s P ) - B
dp T4p -+ - v (bgo?D - bs) L vy

= 24
dy Ap? — 37g (24)

The flow parameters of the gas solids mixture flowing in the vertical pipeline
are described in Egs. (19) and (24).

The results associated to the initial values at points vy = v,; and p = py
located at y = 0 in the following differential equation system

dv,
dy = f(yap)l/s)y
dy (Y, vs;p (25)

have been solved using the Runge-Kutta type method.

In the first step, the ‘p,’ starting value can only be assumed by estima-
tion. As a means of control, the prescribed pressure (e.g. ‘p,’ atmospheric
pressure) should be present at the end of the pipeline. In the case the pre-
scribed pressure is not achieved in the first step, the ‘p,’ value should be
constantly changed by a series of iterations until the prescribed condition is
achieved at the end of the pipeline.
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3. Results Obtained as Solution of the DE. System

3.1. In the Erample to be Presented, the DE. System was Solved by Using
the Following Data

Conveyed solid material: Fly ash

Length of the vertical pipe: H=30m
Pipeline diameter: D =150 mm
Mass flow of solids: ms =251t/h

Mass flow of conveying gas: me = 0.53 kg/s
Average mass of one particle: m; = 3.88 107° kg
Average particle size: d, =150 107® m
Absolute viscosity of gas

with temperature of ¢t = 20 °C: ng = 1.85107° kg/ms
Pressure at the end of the pipeline: pa = p, = 10° Pa
Density of gas at the end of the pipeline: p,, = 1.2 kg/m?
Impact factor (experimental result): k; =0.01

Pipeline friction factor: f=10.02

3.2. The Following Physical Quantities were Used on the Diagrams
Presenting the Results of the DE. Solution

a.) The ‘P,q" power introduced at the y = 0 location, which is equal to
the useful power of the compressor

. N\ (n=1)/n
Pooy = 2o, K?ﬂ> —1}. (26)

Pgo n—1 Po

b.) Specific energy consumption of the conveying process
The specific energy consumption ‘e’ is expressed by the following:
Ppol

= i 27
= Im. (27)

c.) Mixing ratio
The mixing ratio ‘4’ is as follows:
Tis
= . 28
=y (28)
d.) The ‘s’ slip resulting from the velocity difference of the conveyed solids
and the conveying gas.

The value of the slip is defined by the following relation:

_ Vg U
s= T (29)
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3.3. The Diagrams Resulting from the Solution

On Fig. 3 the change of pressure and velocity as a function of the pipeline
length can be seen. Fig. 4 shows these same characteristics at the starting
section of the pipeline.

From the figure it can be established that the ‘v,” gas velocity and the
‘vs’ material velocity gradually will increase up till the end of the pipeline
due to the gas expansion, while pressure will — except for the starting section
—drop in a near linear way.

Fly ash conveying. m=25t/h D=150mm H=50m
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71g. 3. Calculated pressure and velocity distribution as a function of the pipeline
length

Fig. 4 shows that after having travelled a vertical distance of y = 5 m,
material velocity will increase to v; = 15.35 m/s, which value is nearly 70%
of the vs = v = 22 m/s value after y = L = 50 m. This means that, due
to the high relative velocity, the majority of the acceleration takes place at
the starting section of the pipeline.

At the beginning of the conveying pipeline, i.e. at the y = 0 location,
the value of absolute pressure is p = p; = 156.47 kPa.

Figs. 5 and 6 show the values of the slip. It can be established that the
Smin = 0.104 value is located at the y = 5.28 m distance from the beginning
of the pipe. '

Fig. 7 shows the ‘as” acceleration and the ‘vs’ material velocity as a
function of time.

Minimum of the acceleration in the ¢ = 0.39 s moment of time is
@smin = 1.59 m/s?. The velocity diagram has inflexion here.

Figs. 8 and 9 show the change of solids concentration along the length
of the pipe.
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Fly ash conveying. m=25t/h D=156rmm H=50m
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Fig. 4. Calculated pressure and velocity distribution as a function of the pipeline
length at the starting section of the pipeline

Fly ash conveying. m,=25th D=150mm H=50m
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Fig. 5. Change of the slip as a function of the pipeline length. Location of the
minimum indicated by circle

Fig. 10shows the Ap = p)—py = p; —p, pressure drop of the conveying
pipeline, as well as the ‘P’ change of performance in case of different Vgo'
end-of-pipe gas velocities.

The pressure drop of the conveying pipeline has a minimum at the
Vgo = 19.5 m/s value. The pressure drop then is Ap = 54.45 kPa.
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Fly ash conveying, m=25t/h D=150mm H=50m

0,8

0,6

fuunaney

50,4 \\

0,2

0.6 - T ' ‘ ‘
0 2 4 6 8 10
y [m]
Fig. 6. Change of the slip as a function of the pipeline length at the starting section
of the pipe. Location of the minimum indicated by circle

Fly ash conveying. m =25¢h D=150mm H=350m
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Fig. 7. Change of material acceleration and velocity as a function of time in the
starting phase of the motion. Location of the inflexion indicated by circle,
location of the minimum indicated by square

Fig. 11 shows the change of the ‘i’ mixing ratio and the ‘e’ specific
energy as a function of the ‘v,,” velocity.
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Fly ash conveying. m=25t/h D=150mm H=50m
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Fig. 8 Change of concentration as a function of the pipeline length

Fly ash conveying. m~=25th D=150mm H=50m
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Fig. 9. Change of concentration as a function of the pipeline length at the starting-
section of the pipe

4. Refining the Mathematical Model Presented in the Paper

It is in a forthcoming paper - that will take into consideration the tightening
effect on the cross-section caused by the solid material - that the authors
wish to point out the mistakes resulting in the individual parameter values
due to neglecting the tightening effect. Accurate information on material
velocity is especially important from the aspect of breaking-up and abrasion
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Fly ash conveying. m~25¢h D=150mm H=50m
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Fig. 10. Pressure drop of the conveying pipeline and polytropic power as a function
of the gas velocity at the end of the pipe. Location of the minimal pressure
drop indicated by circle

Fly ash conveying. m=25th D=150mm H=50m
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Fig. 11. Mixing ratio and specific energy consumption as a function of the gas
velocity at the end of the pipe

of particles. From an energetic aspect it is equally important to know what
mistakes are caused in the pressure drop of the pipeline by observing or
neglecting the tightening effect on the solid material cross-section by the
material.
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Nomenclature

Cross-section of conveying pipeline
Cross-section, perpendicular to flow
direction, of one solid particle
Acceleration of solid particle

Drag coefficient

Average diameter of solid particle
assumed as sphere

Specific energy consumption
Forward-driving force affecting the particle
Braking force affecting the particle
Friction force arising on the wall of the pipe
Friction factor

Force of weight

Acceleration of gravity

Impact factor

Length of the conveying pipeline
Mass of solid material

Mass flow of the conveying gas

Mass flow of solid material

Mass of one particle

Number of pieces of the solid material
particles

Polytropic exponent

Polytropic power

Pressure

Pressure at the y = L location.
Atmospheric pressure

Pressure at the y = 0 location
Pressure drop of the conveying pipeline
Reynolds number

Slip

Time

Velocity of the conveying gas

Velocity of the particle

Velocity of the conveying gas at the

y = L location

Relative velocity

Absolute viscosity of the gas

Mixing ratio

Kinematic viscosity of the gas
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13 -] Factor characteristic of the conveyed
material, established by experiment
A
7, = —A4,Cp [m?/kg] Constant
m
A
= —z—g— [m] Constant
g = “?O:Z—ii [s?/kg) Constant
T3 = 5% [1/m] Constant
Ty = ~T1pgoPoly, [kg?/ms*] Constant
75 = —%—T%i%ii [s] Constant
Te = UZ,Pg0 AP0 [kg?/s?]  Constant
7 = Mg [kgm/s?]  Constant
Py [kg/m3] Density of the gas
Pgo [kg/m?3] Density of the gas at the y = L location
Density of gas with atmospheric pressure
Ps [kg/m?3] Concentration of solid material
Subscripts
D Wall of pipe
g Gas
S Solid material
1 One particle
) Impact
f Friction
0,1,2 Characteristic parameters along the length of
the pipe
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