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SUMMARY

It is recognised that pneumatic conveying has some advantages over other mechanical 
conveying methods and has been successfully employed for many years in the chemical, 
food and process industries for the transport of powder and granular materials. 
Traditionally, the solids are transported in the form of dilute-phase, which may cause 
high energy consumption, high pipe attrition and high particle degradation. Hence, a 
more recently developed method of conveying, called dense-phase (non-suspension 
flow), is receiving increased interest and attention.

It has been widely accepted that dense-phase pneumatic conveying has many advantages 
over that of dilute-phase, for example, lower pipe erosion and particle degradation. 
However, its design is almost empirical. Since it is expensive and time consuming to 
obtain the design data on a large-scale test rig, the application and potential of this new 
mode of conveying have been hampered. It is evident that the most critical design factor 
is pressure drop. Investigators have invested a lot of time and effort in developing several 
theories to predict these parameters, but somehow their wide usage is limited (eg, 
different materials, pipelines).

After reviewing existing theories in detail, the author has found a serious error in a 
popular model for the prediction of pressure drop in single-slug dense-phase pneumatic 
flow. The purpose of this study is to analyse the mechanism of slug flow and develop a 
new method for determining pressure drop accurately, so that commercially used dense- 
phase pneumatic conveying systems can be designed by theory.
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The present study lays the foundation for modem dense-phase pneumatic conveying 
design. Subsequent investigators and prospective users of the system will benefit from 
this work mainly in three aspects: (1) a better knowledge about the conveying 
mechanism; (2) a more accurate estimation of the operating factors; (3) a design based 
more on theory than empiricism.
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1. INTRODUCTION

It is recognised that pneumatic conveying has some advantages over other mechanical 
conveying models and has been successfully employed for many years in the chemical, 
food and processing industries for the transport of powder and granular materials. 
Traditionally, the solids are transported in the form of dilute-phase, but because of high 
pipe wear and high particle degradation, a newly developed conveying form called 
single-slug dense-phase is receiving increased attention.

The flow patterns observed in a horizontal pipe as air velocity is progressively reduced 
are:

(1) Fully suspended flow
Fully suspended flow is conventional lean-phase conveying as shown in Fig. 1(a). All the 
particles are airborne and form a fairly uniform suspension with some particles being 
supported by turbulent eddies and other bouncing from top to bottom of the pipe.

(2) Stratified flow
Stratified flow (see Fig. 1(b)) is very similar to fully suspended flow in that the majority 
of particles are airborne. However, there is a concentration gradient over the pipe cross­
section, with most of the particles travelling in the lower portion of the pipe. Some 
particles are conveyed by bouncing and rolling along the bottom of the pipe.

(3) Dune conveying
The solids form two layers (see Fig. 1(c)), the top layer consists of virtually particle-free 
gas and the lower layer consists of slowly moving particles, at a packing density 
approaching their bulk density, with faster-moving ripples or dunes travelling along the
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top of this solids layer. This regime is generally considered to be an unstable mode of 
flow representing the transition from dilute to dense phase flow.

(a)

(e)
Fig. 1.1 Schematic flow patterns of pneumatic conveying in 

horizontal pipe

(4) Slug/plug conveying.
Slug/plug conveying (see Fig. 1(d) or Fig. 1(e)) is the flow regime used in commercial 
dense-phase systems. It should be noted that the flow patterns shown in Fig. 1(d) and Fig. 
1(e) are two typical slug/plug flows. The essential feature of slug/plug flow is that, 
particles build up and fill the entire pipe cross-section. Generally, for cohesionless 
materials, the "packed material" sweeps up the stationary particles in front and 
simultaneously leaves behind a stationary layer; for cohesive materials, the "packed

3



material" leaves nothing behind while travelling forward, and is called the plug flow. It 
should be noted that many materials (eg blue metal, crushed coal) cannot be conveyed in 
this manner and traditionally dilute-phase has been the only option. However, by limiting 
the amount of material along the pipeline, such materials still can be conveyed in dense- 
phase (ie in the form of single-slug per cycle). This thesis mainly concentrates on this 
type of flow.

Owing to its low velocity and high pressure drop, the slug system features the following 
advantages and disadvantages over the dilute-phase system:

(1) Low particle degradation;
(2) low pipe attrition;
(3) Only a small filter is required;
(4) It is possible to transport a given mass of solids with a less amount of gas, which is 
important when expensive gases are required if the conveying gas is other than air, eg. 
nitrogen to convey explosive powders;
(5) Does not provide continuous conveying;
(6) Its design is almost empirical.

Since it is expensive and time consuming to obtain the design data on a large-scale test 
rig, the application and potential of this new mode of conveying have been hampered. It 
is evident that the most critical design factor is pressure drop. Investigators have invested 
a lot of time and effort in developing several theories, but somehow their wide usage has 
been limited (eg, different materials, pipelines).

Perhaps, the most influential researcher in this area has been Konrad, his article published 
in 1980 [19] has been quoted by numerous successors [1, 7, 11, 15, 21, 23-26, 28, 34,
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37], and its basic idea is accepted widely. In fact, the Konrad theory has dominated slug 
research for over 15 years. Afterwards, several articles about the pressure drop in slug 
flow were published; in 1987 Zheng Luqing et al [37] presented their research on cement, 
raw mix, and pulverised coal ash; in 1988 Aziz and Klinzing [1] published their 
investigation on cohesive coal; in 1994 Dhedapkar et al [7] described a method for slug 
system design; for several products, Wypych, Pan and Mi have researched slug flow 
vigorously in recent years, and good progress has been achieved [23-28, 35, 36].

However, there is, as yet, no universally accepted set of formulae for slug systems; its 
design is almost empirical. Generally, manufacturers will design a system to convey a 
granular material only after actual tests in a pilot plant, followed by scale-up and the 
judicious application of their knowledge from previous installations. The reasons are 
summarised as following:

(1) The properties of the proposed materials vary dramatically, each material can be 
conveyed by a broad range of air mass flow rates at various pressure drops. The pressure 
drops are themselves a function of the amount of material mass loaded in the blow tank, 
as well as its density, shape, and physical characteristics, as well as of pipe diameter and 
direction of flow — horizontal or vertical. Thus, it is rather difficult to visualise the 
various mechanisms of flow.

(2) Th& pipes engaged in previous investigations are usually small and short. Also the 
previous researchers consider slug flow similar to gas/liquid flow [17,18]. However, bulk 
materials are neither gas nor liquid, nor solid, but they do have some physical 
characteristics of gas, liquid or solid.
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Konrad [16] highlights his slug theory by reviewing his previous theoretical work 
seriously. However, for the novice, the Konrad pressure drop theory appears too complex 
to be of practical use. Furthermore, the mechanism of slug flow has not yet been well 
understood, even whether the stress state in the slug is active or passive is a controversial 
problem. Also, the diverse versions of pressure drop models only tend to exacerbate 
exisiting confusion [1 ,4 ,7 ,1 1 ,1 9 , 21, 23, 28, 37].

After reviewing existing theory in detail, the author has found serious errors in the 
prediction of pressure drop in dense-phase pneumatic flow. The purpose of this study is 
to analyse the mechanism of slug flow in more detail, find a new way to determine the 
pressure drop mathematically with good accuracy, and hence design mainly by theory 
full-scale dense-phase pneumatic conveying systems. The study is focused on seven 
aspects:

(1) The force analyses of a slug slice including the effect of voidage;
(2) The distribution of the stress transmission coefficient;
(3) Deriving a formula to correlate the particle velocity and the slug velocity;
(4) Investigation into the stationary layer caused by a moving slug;
(5) Presenting the pressure drop expression;
(6) Find the relationship between slug velocity and air flow;
(7) Conducting experiments on large-scale test rigs.

The present study lays the foundation for modern dense-phase pneumatic conveying 
design, and subsequent investigators and prospective users of the system will benefit 
from this work mainly in three areas:

(1) A better knowledge about the conveying mechanism;
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(2) A more accurate estimation for the operating factors;
(3) A design based more on theory than empiricism.

Finally, conclusions of this paper and suggestions for future research are presented.
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CHAPTER 2 

LITERATURE REVIEW
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2. LITERATURE REVIEW

Dense-phase pneumatic conveying has been in use for decades, but there still exists a lot 
of confusion, with the main problems listed below:

(1) The definition of dense-phase conveying is still a matter of some debate;
(2) Dense-phase systems have been successfully employed by a number of commercial 
firms, but the basic physics have not been fully understood
(3) The concept of saltation in horizontal flow and choking in vertical flow create 
unstable regimes, and again the physics are not fully known;
(4) Conflicting test results cause numerous controversies and there is a lack of a coherent 
theory to explain the discrepancies.

In the past decades, many articles about slug flow have been published. Konrad [16] 
reviewed the previous literature (published before 1986) about slug flow critically and 
carefully. Hence, the extensive theoretical and experimental investigations into slug flow 
undertaken since 1980 are considered below.

2.1 Suitability of Bulk Material

Experience has demonstrated that the criteria for dense-phase suitability are more strict 
than for dilute-phase.

Geldart [9] first classified bulk materials into four groups according to their mean particle 
size and density difference for the purpose of predicting fluidisation behaviour.
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Dixon [5] suggested that some materials have a natural tendency to slug in dense phase 
conveying systems whereas others tend towards dune-flow. Based on Geldart's 
classification of fluidisation, Dixon generated the slugging diagram for assessing the 
suitability of a material to be conveyed in dense-phase, see Fig. 2.1. A brief description of 
Dixon's diagram for each of the four "slugging" categories is listed below;

10 100 1000 10000 
Mean particle size (pm)

Fig. 2.1 Dixon [5] slugging diagram for a 100mm diameter pipe

(1) Group A Powders are the best candidates for dense-phase conveying and can achieve 
high solids/gas loadings. They do not display natural slugging ability, but can be made to 
slug by techniques developed by vendors of dense-phase pneumatic handling equipment.
(2) Group B powders can be troublesome (eg. severe pipe vibrations) if high solids/gas 
ratios are contemplated.
(3) Group C products arguably are the worst candidates for dense-phase conveying. This 
can be attributed to their poor fluidisation characteristics.
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(4) Group D materials are also good candidates for dense-phase conveying. Although 
they have relatively low solids/gas ratios (ie. compared with Group A powders), they 
probably can be conveyed at higher loadings than Group B materials.

To date, Dixon’s slugging diagram [5] has been used most commonly for assessing the 
suitability of a material to be conveyed in dense-phase. However, Dixon's work is still 
imprecise as the behaviour of solids are extremely complex, other factors such as particle
. . . .  . . . .  M j , | ;size distribution and the ratio of pipeline diameter to average particle diameter may affect 

the suitability also.

Jones et al [13] studied the potential of a product to be conveyed in dense-phase and 
pointed out that the two properties which are identified as most useful for determining 
conveyability are the permeability of a product to air and the ability of a product to retain 
air.

Mainwaring and Reed [22] firstly presented a diagram for the potential of dense-phase 
conveying according to the permeability of a material, and found that materials exhibiting 
high values of permeability factor generally can be conveyed in the plug mode of dense- 
phase conveying, while the other materials are conveyed either in dense-phase moving 
bed type flow or dilute-phase.

2.2 Force Analyses in a Slug Slice

It should be noted that Janssen's paper of 1895 is the foundation for the theory of 
pressures in grain silos, Roberts [31] introduces Janssen's theory in order to celebrate the 
100th anniversary of the epic paper " Versuche iiber Getreidedruck in Silozellen" (On the 
Measurement of Pressures in Grain Silos). Janssen's theory has been applied to solve silo
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bin pressure problems. However, the forces on a slug are more complex than that in silos 
and bins.

Based on the method of Janssen (1895) [31] and the work of Hancock and Nedderman 
[10], Konrad et al [19] considered that in any cross sectional area both voidage and 
particles take up the entire cross-sectional area of pipe. They derived an equilibrium 
equation and obtained a solution; Konrad et al [19] also considered an analogy between 
slug pneumatic conveying and two-phase gas/liquid flow and perhaps are the first ones to 
give an expression to calculate stationary layer. However, Konrad's expression for 
pressure drop is too complex, and it is evident that in any cross-sectional area the area 
occupied by particles is (1 -  e)A , not A . Apparently, the slug force analyses of Konrad et 
al [19] is not perfect. However, Konrad's theory actually has been accepted widely [1, 11, 
21, 23-26, 28, 30, 34, 37]. All existing versions of slug theory are based on it, because 
they are derived as follows although few differences exist among them.

§  ‘

V ., ^  ° x 

p

Gx~\~cIGx

p + d p v
1

-------------------------— H
L

Tw 
\ Gw

^  d x

Fig.2.2 Forces acting on elemental slice of a moving slug

A brief description of previous slug force analyses and equilibrium is presented below:
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See Fig. 2.2, force balance equation is;

(p + dp) • A + (crx + dox) ‘ A -  p • A -  ox • A + T • dx = 0 (2.1)
Rearranging Equation (2.1);

dp dox T—  + — -  + —dx dx A =  0 (2.2)

Tbased on the difference for force analyses, — has three forms.

Without considering porosity, all previous slug investigators extend their research based 
on the solution to Equation (2.2). For cohensionless materials, the solution is;

Ap 4 u K
L = ~ D L(Jf + C°Pb8ldw (2*3)

where CD is a constant related to the friction caused by slug weight. The following 
different approaches have been used to estimate co.

(a) Hydrostatic model (b) Block model (c) Lower half pressure model
Fig. 2.3 The different analyses of the wall stress caused by particle weight

(1) Many investigators [1, 19, 21, 23-26, 28, 30, 34, 37] consider that the normal stress at 
the pipe wall, caused by the slug weight only, is due to "hydrostatic pressure" as shown in 
Fig 2.3(a), under this situation co = 2.

13
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(2) See Fig. 2.3(b), some researchers [28] believe that the friction caused by the slug 
weight is equal to that of a rigid block of the same weight contacting to the pipe wall, it is 
derived that co = l.

(3) Zheng et al [37] considered the stress acting in the lower half of the pipe only, see Fig
2.3(c), 0) = ^ - .3 it

Without considering that bulk materials can move from place to place under certain 
conditions, the force analysis of Fig. 2.3(b) is questionable. The force analysis in Fig. 
2.3(c) is inaccurate because it fails to calculate the stress in the upper half of the pipe and 
the calculation of the stress in the lower half is unreasonable. If the upper half of the pipe 
was removed, surely, without the restriction of the pipe wall the particles in the upper half 
part would flow outwards. Also bulk materials cannot be considered as solid blocks. 
Compared to the force analyses in Fig. 2.3(b) and Fig. 2.3(c), the force analysis in Fig. 
2.3(a) is more reasonable.

2.3 Stress Transmission Coefficient

There are many conflicting theories for this subject, for novices the subject is very 
confusing.

There are two kinds of stress state, namely active and passive which come from retaining 
wall theory. Many slug investigators quote these terms, but none of them provide 
explanation. The following is a brief description for the definitions: [38]

1 4



(1) Active stress: A retaining wall is required mainly to resist the lateral pressure exerted 
by the retained materials. If a retaining wall with a backfill consisting of cohesionless 
material as shown in Fig. 2.4(a) is moved away from the backfill slightly, the soil would 
also tend to move with the wall. The frictional forces would become fully mobilised
along the failure surface which is approximately a plane surface at an angle of 
(45° + % )  with the horizontal (see Fig. 2.4(a), ZABC = 45° + % ) .  The force that is
causing failure is a minimum and is termed as active earth pressure or commonly called 
active stress.

(a) Active earth pressure <%
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(2) Passive stress: If the wall is moved into the backfill as in Fig. 2.4(b), the failure 
surface is again approximately a plane surface at an angle of (45° -  % )  with the
horizontal (see Fig. 2.4(b), ZDEF = 45° -  % ) .  The displacement of the wall against the
soil should be sufficient to overcome frictional resistance along the failure surface and to 
lift the weight of the wedge upward along the failure surface. The pressure in this case is 
maximum and is termed as passive earth pressure, or commonly called passive stress.

Konrad writes [19] ’’since granular materials are frictional, it is rarely possible to predict 
the stress distribution unambiguously. Normally it is only possible to predict the range 
within which the stresses must lie, the two extremes being known as the active and 
passive solutions”. According to powder mechanics, a slug slice can keep balance with 
wide range of stress transmission coefficient.

O x

P

(a) A slug alice (b) Mohr circle
Fig. 2.5 Mohr circle diagram for an element of 

cohensionless material

The forces acting on the slug element in Fig. 2.2 are shown in Fig. 2.5(a). The 
corresponding Mohr circle for a cohesionless material is shown in Fig. 2.5(b).
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Based on Konrad's article [19], if point A(crx, tJ  in Fig. 2.5(b) is known, then, the stress 
condition Bp is for the passive case and Ba for active case. The actual value of radial 
stresses is situated between Ba and Bp. Konrad declared that the radial stress crr is a 
passive stress of crx, the expression is

^ _(Jrw _  l + sin0cos(û> + 0 JAw —-----------------------------------<tx 1 -  sin 0 cos(m + (/>w) (2.4)

where sin co = sin0„
sin0 for cohesionless materials.

If the stress is active, then the stress transmission coefficient can be calculated as;

r  _ o m  _ l-s in 0 c o s(o -0 JAw —-----—---------------------------
ax l + sin^cosim -^) (2.5)

where sinü) = sin0„
sin0 for cohesionless materials.

Based on the above, Kw> 1 for passive state, and Kw< 1 for active state. Konrad et al 
[19] only give the range of stress transmission coefficient.

Equation (2.4) is accepted widely [1, 21, 28, 30, 37]. Mi and Wypych [23-26] modified 
Equation (2.4), and considered an intermediary angle which is greater than (j>w and 
less than (j> (that is, </)w < 0,- < </>, replacing <p in Equation (2.4)/Equation (2.5) with 0. for 
the calculation of Kw). Based on the experiments of four bulk materials, Mi and Wypych 
[23] found that the stress state is active and give an empirical formula for ;

0,- = (2.6)
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Legel and Schwedes [21] considered that Kw approximately equal to the ratio of
horizontal to vertical stress for the calculation of stresses in silos and hoppers, 
Kw «1 -  sin (¡> and is adopted from soil mechanics.

Konrad’ s analyses for the force balance in an element of bulk material is valuable,
i ihowever, his Mohr circle presentation is only valid for the element on the boundary of the 

slug and the pipe. Ref. [19, 28] considered the stress state as passive, and analyses the 
variation range of 0;. The empirical formula for 0;- recommended by Mi and Wypych
[23, 26] may be useful for slug research, but its validity needs to be examined by further 
experiments. The consideration of Legel and Schwedes [21] is simple, but further 
experiments are needed.

A widely accepted formula for stress transmission coefficient has not been available. In 
fact, the calculation of stress transmission coefficient has troubled slug investigators for 
many years.

2.4 Stationary Layer

(a)

Fig. 2.6 The profiles of particles left behind a moving slug
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A typical stationary layer left behind a moving slug is shown in Fig. 2.6

The slug sweeps up the stationary layer in front of it and simultaneously deposits a 
stationary layer. Konrad et al[18, 19] considered that an analogy between dense-phase 
pneumatic conveying and two-phase gas/liquid flow and adopted an expression to 
calculate a;

a = — V —  (2.7)i + ------- ± j =0.542JgD

Konrad and Davidson [18] carried out tests to verify Equation (2.7) and state "the motion 
of each gas slug relative to the particle plug ahead of it appears to be the same as for a 
gas bubble moving through an invisid liquid in a horizontal tube". Mi and Wypych [23, 
26] also performed experiments and found that the agreement was quite good.

Both Konrad et al [19] and Mi et al [23, 26] adopted the method of photographs to 
estimate the value of a .  All slug researchers have observed that the fluctuation of slug 
velocity is considerable, This means that the thickness of the stationary layer behind a 
moving slug is not always the same, see Fig. 2.6(a), and in any cross-sectional area, the 
profiles of particles left behind are different from one to another, see Fig. 2.6(b) and Fig. 
2.6(c). An ideal profile is shown in Fig. 2.6(d). Thus, the accuracy of such a measurement 
method is doubtful. It is believed that the photographic method may overestimate 
stationary layer, thus, the validity of Equation (2.7) should be examined by further tests.

2.5 Relationship between Slug Velocity (V )̂ and Particle Velocity (Vs)
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Considering the similarity between slug movement and liquid flow, Konrad et al [19] 
found

Vs = ( l-a )V p (2.8)

If the bulk density of the stationary layer is not equal to that of the slug, another 
investigator [21] determined

y  = ( ! - « .  A-L)V (2.9)Pi.

which results from a mass flow balance at the slug.

2.6 Estimation of the Stress (<Jf ) in front of Slug

Considering velocity with respect to the front face of the moving slug, Konrad et al [19] 
derived the stress (oy) by a momentum balance;

Acjf =pbA(Vp - V s)[Vp -(V p- V s)]

so that

o ,= P t (Vr -V ,)V , (2.10)

2 0



Another Konrad expression [19,28] for af is

l - a (2.11)

The stress (crf ) expression of Mi and Wypych [23] is based on momentum theory and is 
different from that of Konrad [19];

(2.12)

It should be noted that slug velocity (V^) is not equal to particle velocity (V?). Due to the
slug "picking up" the stationary layer, the slug velocity is greater than that of the particles 
contained in the slug.

Now the stress (ay) is the stress between particles and along the axial direction. Since in 
any cross-sectional area A, particles occupy the area of ( l - e ) A .  A in the momentum 
balance and Equation (2.12) should be replaced by (1 -  e)A. Former investigators [1, 7, 
11,15,21, 23-26 ,28,30 ,34 ,37] have overlooked this voidage affect.

2.7 Pressure Drop and Slug Length

The pressure drop across a slug can vary between a linear and an exponential function. If 
the material particles are not packed enough to significantly affect the permeability of the 
slug, the pressure drop is proportional to the slug length; if the material particles interact 
in such a way as to reduce the permeability significantly, the pressure drop increases 
exponentially with slug length [6].
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Present slug investigators, such as Konrad et al [19], Gu and Klinzing [28], Borzone and 
Klinzing [4], Mi et al [23] and Pan et al [28], have demonstrated experimentally a linear 
pressure drop with slug length.

2.8 Air Leakage through Slug

Both Konrad et al [19] and Pan et al [28] adopted the Ergun [8] Equation to estimate 
pressure drop and air supply. This empirical equation was developed by Ergun to 
estimate the pressure drop through packed columns. The media was an incompressible 
fluid and the factors considered to influence the pressure drop were;

(1) Rate of fluid flow;
(2) Viscosity and density of the fluid;
(3) Closeness and orientation of packing;
(4) Size, shape, and surface of the particles.

Ergun [8] based pressure drop on simultaneous kinetic and viscous energy losses:

~  = a/lVm +bGVm (2.13)

or

(2.14)

where G is the mass flow rate of the fluid and Vm is the superficial fluid/gas velocity 
measured at average pressure.

2 2



It is evident from Equation (2.14) that pressure drop strongly depends on the effective 
diameter of particles(dp), which sometimes is difficult to measure and represent the
complete bulk solid; Tsuji et al [33] commented that the pressure across a moving slug 
was less than that across a packed bed of the same particles. Hence, the Ergun Equation 
did not appear suitable for slug investigation.

Mi and Wypych [23] considered the slug and the particles moving at the same 
velocity (VJ, they used an empirical formula to correlate superficial air velocity with slug 
velocity, however, the empirical expression also is a function of (dp).

Vs =k(Va- V amin) (2.15)

where Vamin is the minimum air velocity and k is the slope of the line of best fit, Mi and 
Wypych [23] found that

P*g tan <l>w£*dl 
180(1- e )  n (2.16)

it = 105 tan 0 (2.17)

Both Equation (2.16) and Equation (2.17) contain dp, thus, the application of Equation 
(2.15) is not convenient for products with a wide range of particle size.

In order to avoid the measurement of dp, Konrad et al [19] obtained the values of a and
b in Equation (2.13) by experiment, but Konrad et al [19] did not explain the procedure. 
Pan [27] introduced his own method to measure the Ergun Constants of a and b.
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2.9 Brief Descriptions of Recent Slug Investigation

Konrad is one of the most important slug investigators and published a well organised 
article [16] in 1986, in which he reviewed the approaches in slug research before 1984. 
Brief descriptions of the slug investigations between 1984 and 1995 are provided below.

Generally, there are two factors that mostly concern slug users and investigators, one is 
pressure drop (A/?), the other is slug velocity (Vp ). In order to predict their values, two
equations are needed. Konrad et al [19] and Pan and Wypych [28] use Equation (2.3) and 
Equation (2.14) in their articles, one is based on powder mechanics analysis, the other on
the Ergun Equation. Mi and Wypych [23] developed an empirical formula (that is 
Equation (2.15)) to correlate slug velocity (V̂ ,) with superficial air velocity (Va), not the
Ergun Equation (2.14).

Mi and Wypych [23] found that the pressure drop across the length (Lp ) of horizontal 
pipe is

Ap = (1 + 1.084A'H,Fr0'5 + 0.542 Fr~05 ) 2gßwmsLPAV,

V2where Fr = —  , and ms is bulk material flow rate.gD

(2.18)

Legel and Schwedes [21] presented a semi-empirical formula to predict the pressure drop 
in horizontal slug flow. Unfortunately, there is an error in their data measuring system, 
they measured the friction by load cell, as shown in Fig. 2.8(a). Their test system, in fact, 
is equivalent to a mass-spring system, as shown in Fig. 2.8(b), in which the recorded data
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is not usually equal to the exciting force. Thus, the validity of the semi-empirical formula 
is doubtful.

Load cell

Elastic rubber hose Elastic rubber hose

Friction F

......s............. ....
/
/
/

/

(a)
K K

A  A  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ►AA____ M ' A A A/ V V V
(b)

Fig 2.8 Schematic drawing of measuring pipe

Aziz and Klinzing [1] conducted an experimental study of coal as a plug at low air 
velocity in a horizontal pipe and a 45° inclined pipe. They concluded that the pressure 
drop varied linearly with the plug length and was essentially independent of the air 
velocity. Aziz and Klinzing [1] analysed the force balance of a plug element in a 45° 
inclined pipe, see Fig. 2.9:

dp d o x 4 tw . _—  + —  + - j f -  + pbg sin a  = 0 (2.19)

They calculated rw by Equation (2.20).

25



= Cw + CTW tan (f>w (2.20)

They derived Equation (2.21) and Equation (2.22) by manipulation of the Mohr's Circle 
diagram:

for passive failure:

= Cw + K„0„tiM<l>„ + RPbgton<l>* + (K», +l)Ccos</>tan0H,cos(® + 0 J  (2.21)

where Kw and co is the same as that in Equation (2.4) 
and for active failure:

= Cw + tan <j>w + Rpbg tan <I>W-(K W + 1 )C cos </> tan <j>w cos (to -  <pj (2.22)
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where Kw and co are the same as that in Equation (2.5)

Aziz and Klinzing considered that Rgpb tan </)w in Equation (2.21) or Equation (2.22) is to
account for the normal stress at the wall due to the effect of gravity. It should be noted 
that Rgpb\Mi(f)w is only valid for a  = 0, thus, for inclined pipe, the stress caused by 
particle weight is (Rgpb tan 0W) cos a ,  not Rgph tan pw. Aziz and Klinzing's analysis is 
questionable, and hence, their theoretical expression of pressure drop gradient is not 
correct. However, their experimental work is valuable.

Gu and Klinzing [11] have investigated vertical plug flow of cohesive coal in 2- and 4- 
inch pipes, they found that the plug velocities appeared to be a weak function of the plug 
length but were largely controlled by the air velocity, and as plug length increased, the 
plug velocity decreased a little at a fixed air flow rate. This means that air leakage varied 
inversely with the plug length, or in other words, the air leakage can be negligible if the 
slug is long enough. However, as other investigators, Gu and Klinzing [11] failed to 
consider voidage in the analyses of force balance equation.

Dhodapkar, Plasynski and Klinzing [7] addressed the plug system, They analysed the 
overall pulse-piston system, and then introduced the design procedure, the system 
capacity under a given diameter is discussed also. However, the calculation of many 
factors such as the pressure drop, slug velocity, and air leakage is controversial, thus, 
further research is needed.

Tsuji and Morikawa [32] are possibly one of the first researchers to have investigated the 
plug flow of coarse particles in a horizontal pipe with a sub-pipe for secondary air 
injection. Their investigation includes particle flow pattern, the behaviour of particles left
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behind a moving plug, and pressure drop. This work is valuable in understanding slug 
conveying.

Wilson [34] derived the balance differential equation for a moving slug (see Equation 
(2.23)), he gave an expression for aw (see Equation (2.24));

dp do  _ T  
dx dx D (2.23)

= KW(JX -P egcz (2.24)

pe is the submerged effective density (density of solids minus density of fluid) c is
volumetric solids fraction (volume of solids/total volume). Wilson considered that the 
top-to-bottom variation of c is negligible, but c, together with Kw will vary in the x 
direction only, see Fig. 2.10, Wilson chose the origin position where aw = 0 and z = R. 
It is evident that Wilson’s balance equation (2.23) conflicts with that of Konrad et al [19] 
and his origin position does not exist at all. According to Mi and Wypych's [23] 
experimental investigation, the intergranular stress in a moving slug is very small, and c 
can be actually treated as a constant.
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Rcio et al [30] predicted the shape of the gas-particle interface between two particle plugs 
conveyed pneumatically through a horizontal pipeline, As their research is based on 
Konrad's theory which is controversial, the result is unreliable.

Grindle [39] described a commercially used slug system with the capacity of 2-30t/h for a 
wide range of stoneground wholemeal flours.

Jiang Hong et al [40] derive a model for stratified flow, the assumptions for modelling 
stratified flow are
(1) In dilute suspension, particle-particle interaction is negligible and all particles move at 
the same average velocity in the flow direction;
(2) In a dense sliding bed, gas and solid have the same velocity and voidage in a sliding 
bed is approximately equal to that of a loosely packed bed;
(3) Solids are spherical particles with the same size, the gaseous phase is incompressible 
and the conveying process is isothermal;
(4) The surface of the sliding bed is flat.

Wypych [35, 36, 41] is one of the modern slug activists, he has been engaged in dense- 
phase pneumatic conveying research for many years. He has published numerous papers 
about the slug system test rig, design consideration, the classification of granular 
materials, and the slug theory investigation. Wypych and Hauser [41] proposed basic 
principles for the design of low-velocity pneumatic conveying systems after summarising 
the progress in research and technology. They indicated that the design considerations 
must include the following three aspects:
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(1) Selecting a most suitable pattern of conveying for the given material by analysing the 
material characteristics and using the existing methods of material/conveying phase 
classification;
(2) Selecting the most suitable conveying system to confirm flow pattern and avoid 
pipeline blockages;
(3) Establishing reliable and economical operating conditions according to conveying 
characteristics.

Wypych and Hauser [41] further recommended the method for the selection of flow 
pattern.

There is very little data available about energy consumption. Mi and Wypych [23] 
considered that the required power for slug system is

N  = Ap-A ■ Va = ( 1 + 1 . 0 8 4 +  0.542Fr“0'5) ^ ^ 2 .  Va (2.25)

v 2where Fr = ms is bulk material flow rate, and Va is superficial air velocity.

Based on Equation (2.25), Mi and Wypych [23] calculated the 'economical superficial air 
velocity, mass flow rate and the maximum pressure drop'.

2.10 Summary of Investigations into Dense-Phase Pneumatic Conveying

(1) Despite many years of research, the theories for dense-phase pneumatic conveying are 
still primitive;
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(2) Generally, the derivation of a theory is only based on limited materials, and all 
existing theories ignore the aerodynamic drag on individual particles and the pressure 
drop caused by air only;
(3) There are over a dozen theories for dense-phase pneumatic conveying, but none of 
them is universally accepted, conflicting theories often cause confusion;
(4) Its basic mechanism has not been fully understood yet, empirical formulae are widely 
employed for the calculation of some factors;
(5) Owing to the complex mechanism of conveying, large scale test rigs are needed for its 
investigation.
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CHAPTER 3 

THEORY

3 2



3 THEORY

3.1. Introduction

Dense phase pneumatic conveying is receiving increased attention because of low pipe 
erosion and low material degradation. The pressure drop has been the subject of a number 
of theoretical analyses and experimental investigations!; 1, 4, 6, 7, 11, 12, 14-21, 23-30, 
32-37].

The aim of this chapter is to develop a model for single-slug flow, the model should be 
capable of predicting pressure drop and slug velocity which are essential for slug system 
design.

According to experimental observation, of an ideal bulk material in normal slug flow, 
four characteristics exist:

(1) Mixture of air and particles is isotropic

Although particle size and shape are quite different within the mixture, most of the 
particles are in contact with each other and it is reasonable to assume the particle 
collection as an isotropic material.

(2) All particles in the pipe are mixed fully with air, but maintain contact with their 
nearest neighbours.

Particle velocity is much lower than its saltation velocity (ie. for dilute-phase). Hence, 
particles build up and fill up the pipe during conveying, see Fig. 3.1.
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(3) The mixture is relatively incompressible.

The flowing mixture is composed of air and solids. The air is compressible, but the solids 
are in a loose-packed condition and hence relatively incompressible (ie. for granular 
products such as grain and plastic pellets).

(4) There is very little movement between particles in the steady-state area of a moving 
slug

A moving slug can be divided into two main areas (see Fig. 3.1): particles in the steady- 
state area travel in the same direction and at the same velocity although some slip may 
occur between particles, their relative positions do not change; in the transient area, the 
particles move in different directions and at different velocities. Generally, transient 
areas only take a small portion.

stationary transient 
layer area steady-state area 

Fig. 3.1 Various areas of moving slug

transient j stationary 
area I layer

3.2. Force and Stress Analyses

3.2.1 Force Analyses

34



In an elemental slice of material in the steady-state area (see Fig. 3.2.), p and dp denote 
interstitial air pressure within the moving slug and its increment. ox denotes the cross­
sectional intergranular normal stress along the pipe axis and dax denotes its increment.

Fig. 3.2 Forces acting on elemental slice in steady-state area of a moving slug

Statistically, in any cross-sectional area of a slug, the area occupied by particles is 
(1 -e )A ,  not A, thus, crx and gx +dcrx act on area (1-£)A , not on A. Slug flow is
more or less similar to the movement of a capsule, in that both are activated by pressure 
drop. For a capsule, the effective pushing area is the actual cross-sectional area of 
capsule, not pipe cross-sectional area. For the same reason, the effective area of a slug is 
the area occupied by particles, not entire pipe cross-sectional area, that is (1 -  e)A , not A.

What has been described above is quite different to the theory of Konrad et al [19], who 
considered p , p + dp, cx and ox + dox all acting on the entire pipe cross-sectional area
A. The Konrad theory and its derived results or other similar analyses have been 
accepted widely [1, 7, 11, 21, 23-26, 28, 30, 34, 37].
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Janssen, a German Engineer, published the celebrated paper "Versuche iiber 
Getreidedruck in Silozellen" (On the Measurement of Pressure in Grain Silos) in 1895. 
Janssen s research laid the foundation for our understanding of the behaviour of 
particulate solids under silo storage conditions. Roberts [31] published a review marking 
the 100 year anniversary of Janssen's epic paper. Based on this paper [31], the present 
author found that the stresses Janssen considered 100 years ago are the average stresses 
(ie. due to gravity and forces between particles and the silo wall). However, in slug flow 
the interaction forces occur between particles, interstitial air and the pipe wall. It is the 
intergranular normal stress along the pipe axis (cĵ ) , not the average axial stress ((Jx) that
is of interest here. The intergranular normal stress along the pipe axis is defined as F<T = (1 -  e)A

' __ p, while the average axial stress as ct = —, where F is the total

intergranular force acting along the axial direction.

Fig. 3.3 Stress analyses
(a) Normal wall stress due to intergranular normal stress
(b) Normal wall stress due to bulk material weight(c) Total normal wall stress

Konrad et al [19] have not applied Janssen's theory [31] correctly. In fact, all the latest 
versions of slug theory are based on Konrad's investigation [19] or have overlooked 
voidage (e) [1, 7, 11, 21, 23-26, 28, 30, 34, 37].
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Now (Jw is the total normal stress acting on the pipe internal surface, and is equal to the 
sum of and <7̂  as shown in Fig. 3.3. Tsw and Tw denote the friction force caused by 
<rw and crw respectively, and Tw is equal to the sum of Tsw and Tm.

cr^ is caused by the material weight, see Fig. 3.4, and is the normal stress at the wall due 
to "hydrostatic pressure", osw = (l + cos9)pbgR [19]. The friction force (7^) acting on 
the slice is caused by <7̂  , and is equal to:

T$w ~ 0̂̂ ^sw^A —Iq^(/¿wO'sw)(Rdxd@) — 'lufi^p^gR dx (3.1)

Fig. 3.4 Cross section of slug

Since <7̂  is considered as "hydrostatic pressure", the area (dA), contact area between 
"hydrostatic body" and wall, should be RdxdO.

Without a pipe, the slug would spray outward. Apparently, <7w is perpendicular to ax 
and is caused by <7X. We take the ratio of <7W to ax as stress transmission coefficient 
(Kw). According to powder mechanics, <7̂  and ax can keep balance at wide distribution 
of stress transmission coefficient (Kw) (namely from active stress state to passive stress 
state). The relationship of <7̂  and ax has troubled slug investigators for many years, 
even whether the stress state in slug is active or passive is a controversial problem. 
Konrad et al [19] considered that the stress state is passive, and this idea was widely 
accepted by other slug investigators [1, 4, 7, 11, 14, 15, 21, 23-27, 28-30, 34-37].
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However, recently Mi and Wypych [23] investigated multi-slug flow and found that the 
stress state is active. Because of the inconvenience in the determination of stress 
transmission coefficient (Kw), some investigators [23] prefer to empirical formulae.
Based on many experiments, the present author recommends the following empirical 
formula (refer to Appendix A).

K = 1
1 + sin 0 (3.2)

Friction force (7^ ) of the slice is caused by <Jrw : 

_  r2jr . r2irTn, = J0 = JO(^0™ )[(1 -  e)Rdxd6]

flit= j 0(Mw*Sv O W  -  e)Rdxdd]

= ( l - e ) ( 2  nRiiwKw<jx)dx (3.3)

Note, since interstitial air pressure and particle stress are treated separately, the area (dA) 
of particles in contact with pipe wall should be (1 -  e)Rdxdd, not Rdxdd as appeared 
in Equation (3.1).

Tw is the slice's total friction force on the pipe wall.

T — T + fw sw rw

Substituting Tm and Tm in Equation (3.1) and (3.3) respectively into above Equation;
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T„ = 2nRpJj)bgR+ ( 1  -  e)Kw<jx]dx

Letting

T = 2nR pJpbgR+(1 -  e)AT„crJ

( T can be considered as friction force per unit slug length) 
then:

Tw = Tdx

(3.4)

(3.5)

3.2.2 Equilibrium Equation and its Solution

The axial forces acting on particles of a slug cross-sectional area (see Fig. 3.2) can be 
summarised as follows:

Table 3.1: Axial forces acting on material oi ’ a slug slice
Force Format

intergranular normal force crx(l -e )A
intergranular normal force (ax+d<yx)(\-E )A

force caused by interstitial air pressure p{\ -  e)A
force caused by interstitial air pressure (p + dp )(l-e )A

total friction force 2nRpw[{\ -  e)Kwax + p bgR]dx

Assuming the slice obeys the Coulomb failure criterion and particle cohesion is 
negligible, and according to equilibrium, the following differential equation can be 
derived:
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(3.6)-------oax dx (1 -  e)A

If a , and p  are functions of x only, and the pressure gradient is constant [19, 23, 28], 
then The solution to Equation (3.6) is:

ax = C exp(- 4^wKw x) + _  i£bSPw -,— £ _D Ls l - e  4fiwKw (3.7)

where C is an integration constant.

If ax -  a b at x=0 and Gx =  Gf at x=Ls (3.8)

then from Equation (3.7):

Gx =
l_ e x p  ( - ^ y & L Ls)

exp( -~ ^ w^ w x) + ( _ i i_D
AP IPhgPw ) D
Ls l - e  4/i wK, (3.9)W

and

a/ = ab ~ O f
1 -  exp(- 4fiwK,

D WLS)
exp(- 4/iw^w ^ \ ^ / 4P[ _  2PbSP 

D s X  l - e
W D

4PwKw (3.10)

Generally, slug length (LJ is much longer than pipe diameter (£>), thus, 
w ■ h  » 1  [19, 23,28], and for steady state slug conveying, <jb = a f , so that

a  = ( AP _  2phgpW) D 
f  Ls l - e  4¡xwKw (3.11)
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Rearranging Equation (3.11):

Ag = f y w K y y  -  + 2PhgfJ-wLs D * l - e  (3.12)

3.2.3 Stress in Front of Slug

As the material in the stationary layer "hits" the advancing slug and joins the slug 
movement, its velocity changes from 0 to Vs. According to the momentum theory, the 
system gains a momentum of (a f VsAtApb)Vs in a period of At and the slug is subjected 
to a force F:

F = (a f VsAtApb)Vs IAt

The area occupied by particles in the cross-section is (1 -  e)A , not A . Hence:

F = afPbV* f (1 -£ )A  l - £ (3.13)

A similar analysis gives the result for ab 

„  -  a tPbVsub — ~ (3.14)

For steady slug conveying, GCj ~ a b = a .
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At a certain moment, the front face of a slug is ACB (see Fig. 3.5) and particle velocity is 
Vs. After time Ai, the particles in ACB move to A1C1Bl, During this time, the slug "picks 
up" stationary layer BBX (BBX = AtVs) which ends up in position AXCXFE. Because the 
volume of CBBlCl is equal to that of AXCYFE:

3.2.4 Relationship between Slug Velocity (Vp) and Particle Velocity (V,)

A Ai E

B B i
Fig. 3.5 Slug movement

a-AtVs = (l-a )A V A t

(3.15)

Obviously, the front face velocity or slug velocity (V ) is larger than the particle velocity 
(Vs)y so that:

V = V s + AK = - ^ -  (3.16)1 - a

The same result can be derived by applying momentum theory to the back face of the 
slug.
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3.2.5 Length of Slug

For a f ~ a b = a ,  the length of slug is

L Wh s pb(A -A st)
Wh

pbA ( l - a ) (3.17)

The slug sweeps up the stationary layer in front of it and simultaneously deposits a
stationary layer behind. The length of the moving slug varies during steady-state 
operation. If a f > a b, the length of moving slug will become longer and, if a f < a b,
then the length will become shorter. Since the thickness of a slug trace is influenced by 
the particle properties and operating factors, it is impossible to repeat an
experiment/operation exactly. That is, the thickness of the stationary layer in front and 
behind a slug is not exactly the same. Fortunately ,a f *  a b, thus, the variation of Ls is
limited.

3.2.6 Stationary Layer behind Moving Slug

Konrad et al [19] considered an analogy between dense-phase pneumatic conveying and 
two-phase gas/liquid flow and adapted an equation to calculate a . However, slug flow is 
different from gas/liquid flow mainly in two areas: the internal friction angle 0 of a bulk 
solid is greater than that of a fluid (for a fluid, 0=0) and there is interlocking/slipping 
between particles within a moving slug; there is air flow through the slug (although air 
leakage is very little). The data in Table 3.2 and Table 3.3 show that Konrad et al [19] 
overestimates the stationary layer behind a moving slug.
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Based on the investigation of Konrad et al [18, 19] and considerable mathematical work
(eg curve fitting), the author found the following empirical formula to represent well the
experimental values of a (see Tables 3.2 and 3.3):

a  = 1
1 + 0.6 exp (0)V,

4 5

where <j>(rad) is the material's internal friction angle. 
Compared to the Konrad equation [19]:

ccK —
1 + 0.542JgD

1 1
v1 + 0 . 5 9 - t-Jd

(3.18)

(3.19)

If 0  = 0 , then equation (3.18) and equation (3.19) would be almost the same.

In Table 3.2, a k is consistently greater than the tested value (a t) of stationary layer, 
often giving nearly two times the measured value. The reason may be that the 
interlocking between particles results fewer particles left. The more the material internal 
friction (0) is, the heavier the interlocking will be, resulting in the fewer particles left. 
Thus, the author considers that a  varies inversely with 0 . Refer to Appendix B for 
detailed explanation of Table 3.2.

Table 3.2: Comparison of a  for PP pellets
( 0  = 27.2°, a , -te s t  results, a -b a se d  on Equation (3.18), a k -based on Equation 
(3.19) _______________________________________________________

Exp. No. Dim) V,(|ns-1) a a*
220-2 0.0525 1.363 0.16 0.15 0.22
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220-3 0.0525 1.300 0.13 0.15 0.23
230-3 0.0525 1.733 0.12 0.12 0.18
230-4 0.0525 1.704 0.12 0.12 0.18
230-5 0.0525 1.676 0.15 0.12 0.19
230-6 0.0525 1.664 0.13 0.12 0.19
230-7 0.0525 1.545 0.13 0.13 0.20
230-8 0.0525 1.668 0.15 0.12 0.19

Also, as shown in Table 3.3, Equation (3.18) has been found to predict well the values of 
a t determined by Pan and Wypych[28].

Table 3.3: Comparison of a  for silica flux
(0  = 42.4°, a t -te s t  results, a -b a se d  on Equation (3.18), a k -based on Equation
(3.19))

No. D(m) yarns'1) a, a
1 0.105 3.509 0.10 0.07 0.14
2 0.105 2.295 0.11 0.10 0.19
3 0.105 2.084 0.11 0.11 0.21
4 0.105 1.783 0.11 0.13 0.24

(Note: the data in Table 3.3 are based on tests conducted by Pan and Wypych [28])

3.2.7 Pressure Drop in Horizontal Pipe

Substituting Equation (3.13) and (3.17) into Equation (3.12):

4P = «PftVf + 2 pbgHw)Ls (3.20)
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It should be stressed that p^ for the calculation of Ls (see Equation (3.17)) and Ap (see 
Equation (3.20)) is assumed to be equal to the loose-poured bulk density.

If the whole slug is take as an element, Equation (3.20) can be derived by another 
method.

Since d f - d b  for steady state slug conveying, according to Equation (3.7), ox is a 
constant along the slug, Gx = oy « cfy (see Fig. 3.6(b)). The slug is subjected to five
forces (see Fig. 3.6(c)), its balance equation can be written as

(c)
Fig. 3.6 Force analyses on single-slug

(p0 + Ap)(l -  e)A + ab (1 -  e)A -  af (1 -  e)A -  Po (1 -  e)A

= 2 n R ß w[( l  -  e )K „ o f  +  pbgR]Ls (3.21)



Considering that D = 2R , A = nR2, a f = a f PbVs (see Equation (3.13)), and' l - £
ab = a f  ~ the derived equation for Ap is found to be exactly the same as Equation 
(3.20).

3.2.8 Relationship between Air Flow-Rate (m f ) and Slug Velocity (Vp)

Some investigators [19, 28, 32] adopted the Ergun [8] Equation to estimate air pressure
drop in a slug system. The Ergun Equation strongly depends on effective diameter of 
particles (<dp)> which in many cases is difficult/sometimes impossible to measure; others
[23] use an empirical formula to correlate superficial air velocity with slug velocity, 
however, their empirical equation also is a function of dp. Keeping in mind that in order
to correlate air flow-rate (mf ) and slug velocity (Vp), dp should be avoided in any 
equation(s).

Considering that the highly packed particles "block” the whole cross-sectional area of 
pipe and the slug is long enough (generally from several metres to over ten metres) to 
limit air percolation effectively, the particles travel more than likely as an extruded 
stream of material, rather than an air-conveyed stream. Thus, it is assumed that the air 
flow loss through the slug is so small that it can be neglected. Conversely, all the air is 
stored behind the slug (that is, in blow tank and pipe behind moving slug).

If cycle time is tc, then the air supply will be equal to mftc and the air stored in blow tank 
will be equal to (Vb + (Lp -  Ls)A )pp  thus

ttiftc — (Vb + (Lp Ls)A)pf (3.22)
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Note: experimental data from large scale test rigs have indicated that as the slug comes 
out of the blow tank, it gradually moves faster and faster. However, the maximum 
pressure drop generally occurs after a short while when all material is extruded from the 
blow tank. It is considered that the slug has a uniform velocity within a short distance 
after it leaves the blow tank. Therefore:

(3.23)

The density of air in blow tank and pipe can be calculated as:

P/ = Po+^P
Po Po (3.24)

Substituting Equation (3.23) and (3.24) into Equation (3.22):

mf  = (Vb + (Lp -  LS)A) • 1 • p0
*c Po

(3.25)

or

mf  = (Vb + (Lp - L S)A )-^ -- ¡ ^ Po (3.26)
Po

In order to verify Equation (3.25) or (3.26), tests have been conducted on a small-scale 
test slug rig, the tested material was PP pellets, a good permeable bulk solid. Detailed 
description about the test rig and data processing are presented in appendix B. The results 
are shown in Table 3.4.
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Table 3.4: Comparison of air mass flow rates
(Vb = 0.113m3, Lp = 21.3m, £> = 0.0525m, pa = WlkPa, p0 =l.2kgm~3
rrift —measured air mass flow-rate, mj- -predicted air mass flow-rate based on Equation
(3.25))

Exp. No. Ap(kPa) tc(s) Lt(m) mf,(kgs~l) mf (kgs~')
220-2 23 14.0 2.931 0.014 0.016
220-3 33.5 14.0 3.081 0.014 0.017
230-3 29 12.5 3.146 0.014 0.019
230-4 23 11 1.955 0.015 0.021
230-5 22 11 2.208 0.015 0.021
230-6 23 11 2.044 0.015 0.021
230-7 24.5 12 2.018 0.015 0.019
230-8 22 11 2.038 0.015 0.021
260-2 48 9.0 3.612 0.025 0.027
260-3 38 7.0 3.658 0.025 0.036
260-4 41 8.5 3.717 0.025 0.030
260-5 46 8.0 3.670 0.025 0.033
260-6 37 8.0 3.708 0.025 0.031
260-8 62 10.5 5.634 0.024 0.027
260-9 50 9.5 5.455 0.024 0.028

Equation (3.25) generally overestimates the values of air mass flow-rate. The main reason 
is that maximum pressure drop ( ^ ) ,  not average pressure drop, was used in Equation 
(3.25). The tested slug length varied from about 2m to 5.5m. Obviously, the longer the 
slug is, the less the air "leakage" will be.
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4. TEST FACILITY AND PROCEDURES

4.1 Test Facility

The single-slug test rigs used in this thesis are depicted in Fig. 4.1(a) and (b). The test 
rigs allow products, air flow-rates and slug velocities to be of similar scale to industrial 
applications, and the test rigs consist primarily of a blow tank, pipeline, a discharge tank, 
pressure meters and a data recorder.

The effective volume of the blow tank is 0.113m3, see Fig. 4.2, granular materials are 
poured in by opening material inlet valve. Top air is used for extruding particles out of 
the blow tank in the form of single-slug. In order to clean the pipeline after the 
completion of tests, boost air is employed. Pipeline is the combination of mild steel pipes 
fitted with flanges. Total pipeline length of one rig is 158m, of which 4.6m is vertical 
height, and another rig has a total length of 101m, of which 4.3m is vertical height. 
There are three horizontal bends in both of the rigs. In order to measure pressure drops 
and slug velocities along the pipeline, five pressure meters are installed, the distances 
between two neighbouring pressure meters are shown in Fig. 4.1.

Air pressures are measured with pressure meters, see Fig. 4.1. Refer to Fig. 4.3 for an 
exploded view of a typical pipeline air pressure meter tapping location. The pressure 
meter is connected to the pipe socket by a quick connector. The air pressure and air mass 
flow-rate are measured directly by the data logging system, while slug velocities are 
obtained indirectly by analysing pressure-time diagrams. The material weight poured into 
blow tank and conveyed to discharge tank is measured manually with an electrical scale.
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D =0.069m , Vfc=0.113cubic metre, Bend Radius=1.0m, A , B , C, D , E-Pressure Meter
LAB=16.55m, LBC=58.75m, LCD=28.84m, LDE=30.0m, Total Pipe Length=158m

cnK)

Data Recorder Discharge Tank
F

Material Inlet

Top Air 
Blow Tank

Fig. 4.1(a) Schematic layout of test rig



D =0.105m , Vfc=0.113cubic metrer, Bend Radius=1.25m , A, B , C, D , E-Pressure M eter
LAB=26.14m, LBC=20.00m, LCD=12.02m, LDE=20.0m, Total Pipe Length=101m

Data Recorder C h a r g e  Tank

Fig. 4.1(b) Schematic layout of test rig



After all pressure meters are calibrated, they are connected to the pipeline and the 
relevant data acquisition system.

The air supply system in Bulk Solids Handling Laboratory ensures sufficient, clean and 
dry air at a maximum pressure of SOOkPag. During a conveying trial, the supplied air
mass flow-rate is constant irrespective of downstream air pressure fluctuations. The air

. ! | mass flow-rate is measured during the test and adjusted before the next when needed.

Fig. 4.2 Configuration of blow tank
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Wire

Fig. 4.3 Exploded view of a typical pressure meter tapping location
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4.2 Test Materials

Pneumatic conveying performance can vary considerably for different bulk materials. 
Some materials can be conveyed over a wide range of flow conditions, from dilute-phase

! ito slug flow, while other materials are restricted to dilute-phase. It is believed that the
! (conveyability of bulk materials is dependent on their physical properties. Thus, in order 

to ensure satisfactory performances, the properties of the materials should be assessed.

There are several terms to describe the properties of a product, the properties possibly 
affecting the performance are particle size and the size distribution, particle density, bulk 
density, internal friction angle and wall friction angle.

100%

The shapes of products vary significantly, it is difficult and sometimes impossible to 
measure particle size especially when the particles have irregular shape. Ergun [8] used a 
term called effective diameter of particles. However, Ergun's method is time consuming 
and inaccurate. The mostly used approach is to plot the data graphically, as shown in Fig.
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4.4, which gives an appreciation of the range of particle size. In this paper, all products 
are almost monosize and particle diameter is much less than that of the pipeline.

Particle density and bulk density are important properties and can be easily measured in a 
bulk material laboratory (eg, using a pycnometer and a measuring cylinder respectively).

. . . . ■ ; i.Since particle density is not equal to bulk density, this means that there is voidage
between particles, the average percentage occupied by voidage can be calculated;

£ = 1 — —  (4.1)p ,

There exists friction between particles and friction between pipe wall and particles, the 
value of particle internal friction angle represents quantitatively the friction between 
particles, while that of wall friction angle the friction between pipe wall and particles, 
both of them can be measured by standardised experimental procedures.

Only limited materials can be conveyed pneumatically in dense-phase, and some only by 
the help of special apparatus (eg. by pass, air knife, etc). Dixon [5] recognised that the 
fluidisation properties of a product have significant influences on its dense-phase 
conveyability, he classified materials into four groups and generated a diagram as shown 
in Fig. 2.1. Four granular materials, good candidates for natural slugging dense-phase 
pneumatic conveying, are selected for single-slug tests, each material has nearly 
monosized particle size and similar particle shape. Refer to Table 4.1 for a summary of 
the physical properties and relevant coefficients of the tested materials.
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Table 4.1: Physical properties and relevant coefficients of tested materials
(polypropylene pellets=PP pellets, polyethy ene pellets=PE pellets)

granular materials surface shape p^kgnf*) p,(kgm~3)
PP pellets sphere 526.0 895.0

wheat oval 811.5 i í i1449.0
PE pellets cylinder 494.0 865.0
blue metal irregular 1210.0 2992.0

< K °) * „ ( ° )
£  = 1 - £ jlC 1 Ps =  t a n ( 0 „ , ) K  — 1/vw 1+sin 0

27.2 14.2 0.412 0.253 0.686
43.7 16.0 0.440 0.287 0.591
44.7 15.2 0.429 0.271 0.587
42.0 17.5 0.596 0.315 0.599

Note: ps was determined by using a gas pycnometer and pb a measuring cylinder.

4.3 Test Procedures

The operating procedure of the commercial single slug system is :

(1) Open material inlet valve and pour material (mass (Wb)) into blow tank, then close 
the valve;
(2) Open top air inlet valve (air mass flow-rate is m f )\

(3) Turn off air inlet valve after single-slug has been conveyed to discharge tank;
(4) Repeat above procedure.

In order to get nearly continuous conveying, two blow tanks are employed by some users.
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The test procedure adopted for this research work is:
(1) Set top air mass flow-rate;

I . ;(2) Weigh the material loaded into blow tank and pour the material into the blow tank;
(3) Switch on data recorder, and then open top air inlet valve;
(4) After the conveying cycle, turn off top air inlet valve and weigh the material in 
discharge tank;
(5) Repeat step (2) to (4) at least 5 times (until the mass of material loaded into blow tank 
approximately equals mass of conveyed materials);
(6) Clean pipe.

i
my should be selected carefully to ensure good slug movement. If my is too high, the
slug will be forced through the pipeline at high pressure, thus increasing particle 
degradation, If my is too low, then the slug will not move. Predicting the boundaries of
slug flow is not an objective of this thesis. Following is the procedure for predicting 
pressure drop and slug velocity for a given my:
(1) Determine bulk material physical properties (such as ph, ps, 0 , 0W)by experiment, 
and calculate relevant coefficients, such as £, p w and Kw;
(2) Determine test system factors, such as Lp, D, V ,̂ n tf;
(3) Assume initial particle velocity (Vjy);
(4) Calculate Vp by Equation (16), Ls by Equation (17) and a  by Equation (18);
(5) Estimate Ap by Equation (20);
(6) Estimate mf by Equation (25);
(7) Compare the predicted mf in step (6) with the my in step (2);
(8) Repeat from step (3) to (7) until convergence is obtained.

4.4 Slug Velocity and Pressure Drop
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Slug velocity can be obtained by dividing the distance between two pressure meters with 
the time difference of the signal occurrence, see Fig. 4.5.

(4.3)

Fig. 4.5 The analysis of pressure drop diagram

It should be noted that the conveying mechanism is extremely complex by examining the 
relationship between pressure drop and slug velocity, see Fig. 4.6.

Pressure drop is proportional to friction force, or pressure drop fluctuates according to the 
change of friction force. Since the conveying medium is air, a compressible gas, and the 
recorded diagram of pressure drop is not a horizontal line (see Fig. 4.6(a)), slug velocity 
varies inversely with pressure drop. Generally, air mass flow-rate is a constant, if pressure 
drop becomes less (eg. from AA to BB), the pressurised air (see Fig. 4.6(b)) will expand, 
thus, slug velocity will increase. If pressure drop increases (eg. from BB to CC), the 
pressurised air will compress, thus, slug velocity will reduce. For example, if volume 
( Vfj) of blow tank is 0.113m , distance between slug and blow tank is 50m and diameter
of pipeline is 0.105m, the volume of pressurised air is;
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0105 0 ,0. 113 +  50 * ( ^ - ^ ) 2 * % =  0. 546m3 2

If the pressure in the blow tank reduces from 200kPa to 120kPa within 3 seconds, thus, 
we can estimate the distance of slug movement based on air expansion;

(a) Pressure drop vs time diagram
blow tank

top air supply (w/)
pressunsed air

slug velocity
pipeline

stationary layer 
(b) Single-slug system

Fig. 4.6 Relationship analyses of slug velocity and pressure drop

(0.546* ^ ^ - 0.546) * - ^ ^
(— — ) n120 + 101 = 22.8 m
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From this analysis, the increase in slug velocity  is 1.6ms 1.

4.5 Single-Slug Behaviour

i , ■Shortly after a product is poured into blow tank (see Fig. 4.7(a)), the material inlet valve 
will be closed. The bulk material is pushed out of blow tank by air from top air supply 
valve, theoretically, all particles in blow tank form single-slug, however, as the slug 
moves ahead, it may become several short slugs. The reasons may be

pressurised air

(c) 1 2 3
Fig. 4.7 Single-slug movement

(1) Resistance along the slug is not uniform, some parts, such as flanges or rusty pipe, 
have variable friction force;
(2) Generally, particles are cohensionless, they can bear pressure force only;
(3) There is air leakage through the slug, if a crevice has appeared, air may store in it and 
the gap become larger and larger, thus, a single-slug breaks down into multi-slug;
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(4) The material may display natural slugging ability and have a "preference” to break up 
into several slugs.

The slug separation procedure can be detected by two methods:
. 11(1) Install a sight glass towards the end of the conveying system, multi-slug may be

watched directly;
(2) Install several pressure meters along pipeline, and analyse pressure drop vs time 
diagrams. See Fig. 4.8

Fig. 4.8 Slug flow pattern analyses

Generally, when single-slug moves through a pressure meter, the recording diagram is a 
straight line (such as line A-A in Fig. 4.8 and B-B in Fig. 4.8(a)), if a pressure meter has a 
recording diagram as shown in Fig. 4.8(b) or Fig. 4.8(c) in which line B-B is not straight, 
then the single-slug would have broken into several segments.

4.6 Test Data and Discussion

Several experiments are conducted on the test rigs shown in Fig. 4.1(a) and 4.1(b), large 
scale plots are presented from Appendix C to J for the purpose of measuring tpm, Ap and
rrif with higher accuracy. See Fig. 4.5, tpm is the time required for slug to travel from 
pressure meter A to B.
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Table 4.2: Single-slug test for PP pellets
(m/  = 0.060fc)gs'1, D  = 0.069m, predicted pressure drop AP = 114.1 kPa, predicted slug
velocity Vp = 2.80ms"1) ,

Exp. No. w b(kg) w d (kg) Exp. AP(kPa) U .  v - 1)
1 20.0 6.0 100 2.76
2 20.0 22.5 120 2.76
3 20.0 23.0 110 2.76
4 20.0 20.5 111 2.76
5 20.0 20.0 112 2.76
6 20.0 19.5 110 2.76

Table 4.3: Single-slug test for PP pellets
(mf = 0.062fcg.s~1, D = 0.069m, predicted pressure drop AP = 115.2kPay predicted slug 
velocity Vp = 2.90ms"1)

Exp. No. w b(kg) w d (kg) Exp. AP{kPa) Exp. Vp(ms~l)
1 20.0 9.5 110 2.76
2 20.0 12.5 125 2.76
3 20.0 27.5 120 2.76
4 20.0 22.5 122 2.76
5 20.0 21.5 115 3.31
6 20.0 20.5 100 3.31
7 20.0 21.5 115 2.76
8 20.0 19.0 113 2.76
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Table 4.4: Single-slug test for wheat
(mf = 0.066kgs~\ D  = 0.069m, predicted pressure drop AP = !56AkPa, predicted slug
velocity Vp = 2.60ms"1)

Exp. No. w b{kg) Exp. AP(kPa) Exp. Vp(ms_1)
1 30.0 24.0 160 2.54
2 30.0 26.0 155 2.76
3 30.0 33.0 172 2.54
4 30.0 27.0 160 2.36
5 30.0 32.0 162 2.54
6 30.0 31.5 155 2.76

Table 4.5: Single-slug test for wheat
(m/  = 0.049fcg.s~1, D = 0.069m, predicted pressure drop AP = 142.2kPa, predicted slug 
velocity Vp = 2.03ms"1)

Exp. No. w b(kg) w d (kg) Exp. AP{kPd) Exp. Vp(ms !)
1 25.0 6.0 108 2.36
2 25.0 22.0 110 2.76
3 25.0 22.0 120 2.36
4 25.0 25.5 120 2.36
5 25.0 28.5 110 2.36
6 25.0 26.5 110 2.36
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Table 4.6: Single-slug test for PE pellets
(m/  = 0 .057kgs'1, £> = 0.069m, predicted pressure drop AP = 93.5kPa predicted slug
velocity Vp = 2.91ms~l) ,

Exp. No. w b(kg) w d (kg) Exp. AP(kPa) Exp. Vp(ms~l)
1 18.5 15.0 108 3.31
2 18.5 18.0 108 3.01
3 18.5 18.0 115 3.01
4 18.5 19.0 112 3.01
5 18.5 18.0 110 3.01
6 18.5 18.5 121 3.01

Table 4.7: Single-slug test for PE pellets
(m/  =0.047&g1s"1, D -  0.069m, predicted pressure drop AP = 87.1fcPfl, predicted slug 
velocity Vp = 2.53ms"1)

Exp. No. w b(kg) w d (kg) Exp. AP(kPa) Exp. Vp{ms !)
1 18.5 9.0 86 2.76
2 18.5 22.5 103 2.76
3 18.5 20.0 105 2.76
4 18.5 16.0 95 3.01
5 18.5 18.5 102 2.76
6 18.5 18.0 90 2.76

According to the test results from Table 4.2 to Table 4.7, the predicted pressure drop and 
slug velocity are fairly consistent with the test results. Note, compared with Konrad [17], 
who admitted that his model "consistently underpredicted the experimental pressure drop, 
often giving only half the measured value", the results are considered quite good.
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The derivation of the model was mainly based on the tests of PP pellets on the 0.0525m  
diameter pipe (see Table 3.2 and Table 3.4) although some data with silica flux on 
0.105m diameter pipe were available (see Table 3.3). However, it has been proven above 
that the model can be scaled to 0.069m diameter pipe and to other granular materials, 
such as wheat and PE pellets.

Pipe blockage or slug deterioration will occur if lower or higher air mass flow-rate was 
used. Since the boundary of slug conveying is another subject, the premise of this paper is 
that particles are in slug movement.

Table 4.8 is based on the plots of Appendix E and shows average slug velocities for A-B 
(VM), for B-C (VBC), for (VCD), and for (VDE). It is evident that VAB < VBC < VCD < VDE
and «  VDE (although the tested material is wheat, the same phenomena can be 
observed from other granular materials such as PP pellets and PE pellets). The slug 
moves faster and faster, but the system pressure drop generally does not increase (see the 
plots from Appendix C to J). This is probably due to the fact that the kinetic coefficient of 
friction decreases with increasing slug velocity. Hence, the pressure drop depends more 
on the starting conditions (eg static coefficient of friction, initial velocity).
Table 4.8: Change of slug velocities (D  = 0.069m, mf = 0.066&g1T1,wheat)

Exp. No. Lab = 16.55m
VAn(ms-1)

Lbc = 58.75m
V )

Lcd -  28.84m 
VCD(ms~x)

Lde = 30.00m 
VDE(ms~‘)

1 2.54 5.88 8.24 10.0
2 2.76 6.53 7.21 10.0
3 2.54 5.34 9.61 10.0
4 2.36 5.34 9.61 15.0
5 2.54 5.34 7.21 10.0
6 2.76 4.90 7.21 10.0
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According to the test data in Table 4.8, as the slug travels forward its velocity becomes
larger and larger. Fig. 4.9 is based on the data of test No. 5 in Table 4.8. It is evident that 
the slug velocity (V^) is function of pipe length (Lp) (eg the final slug velocity is about
four times the initial one ) and the predicted slug velocity (Vp ) based on the model of 
this paper is the minimum (initial) slug velocity.

Table 4.9 and Table 4.10 provide the test results obtained on blue metal for a pipe 
diameter of 0.105m (see Fig. 4.1(b)). It is found that the measured pressure drop has a 
wide distribution, and is reasonably close to the predicted pressure drop. However, the 
measured slug velocity is always greater than the predicted one. It should be noted that 
the distance (ie LAB) between the blow tank and the first pressure meter for the test rig 
shown in Fig. 4.1(a) is 16.55m, whereas, LAB for the test rig in Fig. 4.1(b) is 26.14m. 
The main reason that the measured slug velocity in Table 4.9 and Table 4.10 is greater 
than the predicted value is that the latter is based on a much longer section of pipe (and 
hence greater range of velocity).
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Future work to address this issue and the increase of Vp along the pipeline is discussed in 
section 5.2.

Table 4.9: Single-slug test for blue metal
(mf = 0.095kgs~\ D = 0.105m, predicted pressure drop AP = \S4.1kPa, predicted slug 
velocity Vp = 2.30ms”1)

Exp. No. w b(kg) w d (kg) Exp. AP(kPa) Exp. V„(ms-')
1 60.0 2.0 110 4.51
2 60.0 70.0 120 4.36
3 60.0 57.5 125 7.92
4 60.0 60.0 90 7.06
5 60.0 59.0 85 8.71

Table 4.10: Single-slug test for blue metal
(mf = 0.095^g5-1, D = 0.105m, predicted pressure drop AP = 221.8kPa predicted slug 
velocity Vp = 2.00ms”1)

Exp. No. w b{kg) w d (kg) Exp. AP(kPa) Exp. Vp(ms~')
1 75.0 17.0 85 6.54

2 75.0 77.0 135 4.36

3 75.0 73.0 180 6.54

4 75.0 69.5 195 6.54

5 75.0 73.5 155 5.23

6 75.0 87.5 215 5.23

The D = 0.069m pipeline was scheduled as the main test rig. Due to the large particle 
size of the blue matel, the D = 0.105m pipeline had to be employed.
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5. CONCLUSIONS AND FUTURE RESEARCH

5.1. Conclusions

This thesis was aimed at developing a model for predicting the total horizontal pipeline 
pressure drop for single-slug pneumatic conveying. Theoretical analyses with 
experimental research were carried out for stationary layer and air leakage under single­
slug condition. The formulae for the pressure drop in horizontal single-slug conveying are 
presented. In order to verify the validity of these formulae, considerable tests have been 
conducted, the following conclusions are based on the investigations and findings of this 
thesis.

5.1.1 Flow Pattern

(1) Particle velocity is much lower than its saltation velocity (ie. for dilute-phase). Hence, 
particles build up and fill up the pipe during conveying.

(2) When particles are pushed out of blow tank, they move in single-slug, if pipeline is 
long enough, the single-slug usually breaks into several segments.

5.1.2 Force Analyses in Slug

(1) In any cross-sectional area of a slug, particles only take part of the area, the remaining 
area is taken by voidage.

(2) Slug travelling is more similar to piston movement, rather than air conveyed material 
such as dilute-phase pneumatic conveying.
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(3) Voidage should be taken into account for establishing the equilibrium equation. 
Pressure drop balances the friction forces due to material weight and the radial stress 
caused by the "impact" between stationary layer and slug flow.

5.1.3 Stationary Layer

(1) Slug sweeps up the stationary layer in front of it and simultaneously deposits a 
stationary layer behind. On average, the thickness of the stationary layer in front of and 
behind a slug is approximately the same.

(2) The thickness of stationary layer is influenced by the particle properties and operating 
factors, the author stresses that it varies inversely with bulk material internal friction.

(3) Experimentally, the thickness of stationary layer can be estimated by the 
consideration of material weight left in pipeline and pipeline diameter.

5.1.4 Transportation Media

(1) Air is the most commonly used gas for dense-phase pneumatic conveying. It moves 
the slug by the pressure differences between slug front and back.

(2) Generally, the pressure on the back of the slug is much higher than that on the front of 
the slug. Voidage in slug allows air to leak through, but air leakage only is a very small 
portion of the air "supplement", thus a high pressure drop can be maintained during slug 
conveying. Or in other words, if most of the air supplement percolated through slug, the 
pressure drop across the slug and system would be low.
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(3) The air supplement is approximately equal to the air mass stored in blow tank and the 
pipeline behind the moving slug and is in the form of high pressure.

5.1.5 Slug Velocity

(1) Theoretically, slug velocity is not equal to particle velocity, the former is slightly
greater than the latter. *

(2) As the slug moves forward its velocity becomes larger and larger. However, pressure 
drop decreases, not increases as expected, the reasons may be the reduction of wall 
friction coefficient, the bulk material to be aerated and pressurised air expansion.

(3) Many factors such as material properties, air mass flow-rate, pipe diameter and the 
conveyed particle weight can influence slug velocity.

5.1.6 Pressure Drop

(1) Pressure drop is the combination of many factors such as particle properties, pipeline 
diameter, pipeline length, blow tank volume, material weight loaded in blow tank and so 
on.

(2) Some of the factors are difficult to determine, such as the estimation of wall friction 
angle and stress transmission coefficient, these factors may vary with slug movement. 
However, pressure drop is a strong function of these factors, increasing the difficulty to 
predict pressure drop accurately.
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(3) The maximum pressure drop usually occurs at the moment that particles are pushed 
out of blow tank (ie due to overcoming maximum friction).

5.2 Suggestions for Further Research

5.2.1 Experiments

Although the model in this paper can be applied to commercial slug systems and the test 
rigs are almost the same size as that used in industry, further experiments still are 
recommended to examine the effect of different pipe diameters, pipe length, products, 
and air mass flow-rates.

5.2.2 Slug Velocity

Tests have shown that the slug moves faster and faster along pipeline, in order to limit 
slug velocity and save particle degradation and pipe attrition further, quantitative analysis 
is needed. Additional instrumentation and faster data logging facilities are needed for the 
test rig used in this project

5.2.3 Pressure Drop in Vertical Pipe and Bends

This thesis focused on pressure drop in horizontal pipe, the length of vertical pipe and 
bends only take a small portion of the total pipe length in the test rigs, thus, the pressure 
drop caused by vertical pipe and bends is omitted. However, in some slug systems, the 
influence of vertical pipe and bends cannot be neglected. Hence, additional 
instrumentation should be installed to monitor the effects and obtain sufficient data for 
modelling purposes.
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Appendix A Stress Transmission Coefficient ( Kw)

Konrad et al [19] gave the range of stress transmission coefficient, that is

1 -  sin 0cos(fi) -<pw) ^ ^ ^ 1 + sin (pcos(co + <pw)
.......  11 ^ ^ ..........l + sin 0cos(£ i)-0w) w l-s in 0 co s(fi) + 0w) (A.1)

where s in o  = ^  for cohesionless materials.sirup
Mi and Wypych [23] found that the stress state in a slug is active, thus < ax, and 

Kw< 1
Combining equation (A.1) and (A. 2):

l-sirupcos(Q)-<pw) ^
1 + sirup cos(G)-(pw) w

(A.2)

(A.3)

By analysing the Mohr circle presented by Konrad et al [19], it can be seen that 
cos(co- <pw) *  1 is a reasonable approximation. Hence:

1 -  sin <pcos(û) -  (pw) 1 -  sin 0 
1 + sin <p cos(û) -  <pw) 1 + sin (p (A.4)

Also, simplifying equation (A.3)

i1 + sirup (A.5)

Due to the difficulty in finding Kw exactly, the author suggests a mean value of the stress
transmission coefficient:

_ 1 ,1 -s in  ft
” 2 1  + sin $ D = 1

1 + sin (p (A.6)
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Appendix B Experimental Plots for Tables 3.2 and 3.3

In order to measure the stationary layer behind a moving slug and to find the relationship 
between air mass flow-rate and slug velocity, a small test rig (see Fig. B.l) was used. 
Pressure meter A is connected to channel 6, pressure meter B to channel 5 and pressure 
meter C to channel 7.

Detailed experimental results are provided in Table B.l to Table B.4. Wb is the weight of 
material loaded into blow tank, Wd the weight of material conveyed into discharge tank. 
After finishing a set of tests, the author found some material (Wbot) left in the bottom of 
blow tank. Ap is tha maximum pressure drop while the slug is moving along the
horizontal pipe segment (see Fig. B.2). The time for the slug to reach pressure meter C is 
tc. Vp is the slug velocity and calculated by equation (B.l)

Fig. B.2 Measurement of Ap and tc 

v„=^  (B.l)
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D=0.0525m, vb-0.113m3 
L bc= 2 1.30m, A, B, C-Pressure Meter

Sight Glass

Discharge Tank
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Fig. B.l Schematic layout of test rig
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Since the horizontal pipe length (LfiC=19.81m) is relatively short, the measured slug 
velocity is considered relatively stable.

a /  is the ratio of cross-sectional area of stationary layer in front of the slug to the pipe 
cross-sectional area, and a b the ratio of the cross-sectional area of the stationary layer 
behind the slug to the pipe cross-sectional area. The value of &b found in one 
experiment is equal to a f  in the following experiment.

P A W f ) 2] (B.2)

where WUfi is the weight of material left in the horizontal pipe as a stationary layer, and 
can be easily calculated by analysing the relationship between Wb, Wd, and Wbot. Lh is 
the horizontal pipe length ( Lh= 20.0 m in this test rig)

& is the average of a f  and at>:
a  = - ( a f + a b) (B-3)2

It is found that a f *  a b,. This means that the rate of particles being picked up by the slug
is different to rate of particles being left behind. Based on equation (3.16), particle 
velocity (V )̂ is calculated by :

V = —r
1 -  a f  ) l - a bj

(B.4)

Ls is slug length, and is calculated by:

L  = Wu
Apb( l - a ) (B.5)
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From Equation (3.26), the prediction of ntf requires the values of Ls and tc, where tc is
cycle time and can be measured from experimental plots. As slug length varies along the 
pipeline, it is difficult to measure directly, and average slug length is calculated using 
Equation (B.5).

Table B .l Experiment data and results (mfi = 0.0l4kgs *)
Exp. No. w„(kg) w d(kg) w bjk g ) Ap(kPa) tc(s)

220-1 3.0 0.0 2.0 „ _

220-2 3.0 0.4 2.0 23 14.0
220-3 3.0 3.6 2.0 33.5 14.0

Vp(ms~‘) a , a V,(ms l) him )
0.0439 0 _

1.521 0.1581 0.0439 0.1010 1.363 2.931
1.521 0.1317 0.1581 0.1449 1.300 3.081

Table B.2 Experiment data and results (mft = 0.015kgs~l)
Exp. No. w„(kg) w d(kg) WtJ k g ) Ap(kPa) tc(s)

230-1 2.0 0.0 2.0 _

230-2 2.0 0.0 2.0 _ _
230-3 2.0 1.25 2.0 22 11.0
230-4 2.0 2.05 2.0 23 11.0
230-5 2.0 1.3 2.0 22 11.0
230-6 2.0 2.4 2.0 22 11.0
230-7 2.0 2.1 2.0 23 12.0
230-8 2.0 1.5 2.0 22 11.0
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Vp(ms-') <*b « / a V,0ns'1) L,(m)
•mm.

0.0878 0 __

1.963 0.1208 0.0878 0.1043 1.733 1.961
1.936 0.1186 0.1208 0.1197 1.704 1.995
1.936 0.1493 0.1186 0.1340 1.676 2.028
1.936 0.1317 0.1493 0.1405 1.664 2.044
1.775 0.1273 0.1317 0.1295 1.545 2.018
1.936 0.1493 0.1273 0.1383 1.668 2.038

Table B.3 Experiment data and results {mf, = 0.025kgs~')
Exp. No. w b(kg) Wd(kg) w hjk g ) Ap(kPa) tc(s)

260-1 4.0 1.75 1.5 _ _ _ _

260-2 4.0 4.25 1.5 48 9.0
260-3 4.0 3.2 1.5 38 7.0
260-4 4.0 4.05 1.5 41 8.5
260-5 4.0 4.45 1.5 46 8.0
260-6 4.0 3.1 1.5 37 8.0

V„(ms-') <*h a , a Vs(ms~l) h im )
0.0329 0 _ „ —

2.367 0.0220 0.0329 0.0275 2.302 3.612
3.043 0.0571 0.0220 0.0396 2.922 1.961
2.506 0.0577 0.0571 0.0549 2.362 1.995
2.663 0.0329 0.0527 0.0428 2.549 2.028

8 8



2.663 0.0724 0.0329 0.0527 2.523 2.044

Table B.4 Experiment data and results (mfi = 0.024kgs~l)
Exp. No. w b(kg) Wd(kg) Ap(kPa) tc(s)

260-7 6.0 2.3 1.0 „ _

260-8 6.0 7.45 1.0 62 10.5
260-9 6.0 5.95 1.0 50 9.5

Vp(ms~') a f a VJjns'1) Ls(m)
. . 0.0966 0 _ _ _

2.029 0.0329 0.0966 0.0648 1.895 5.634
2.242 0.0351 0.0329 0.0340 2.166 5.455

The pressure drops in Tables B.3 and B.4 are higher than those in Tables B .l and B.2. 
For the higher pressure, the pressurised air expands very quickly when the slug enters the
discharge tank. This causes some of the stationary layer to be conveyed also into the 
discharge tank. Hence, a f or a b in Tables B.3 and B.4 are smaller than the value in
Tables B .l and B.2. For this reason, the data inTable 3.2 are based on Tables B .l and B.2, 
where more accurate values of a f and ccb were obtained.

As this thesis concentrates on the prediction of pressure drop (Ap) and slug velocity 
(Vp), the selection of nif is considered the subject of future work.
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Appendix C Experimental Plots for Table 4.2

The measured data in Table 4.2 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table C.l Experimental values for t and Ap
Exp. No. Ap(kPa)

1 100 5
2 120 5
3 110 6
4 111 6
5 112 5
6 110 5

1 1 0
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Appendix D Experimental Plots for Table 4.3

The measured data in Table 4.3 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table D .l Experimental values for t and Ap
Exp. No. Ap(kPa) trm(S)

1 110 6
2 125 6
3 120 6
4 122 6
5 115 5
6 100 5
7 115 6
8 113 6

1 2 3
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Appendix E Experimental Plots for Table 4.4

The measured data in Table 4.4 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table E.l Experimental values for t and Ap
Exp. No. ApikPa)

1 160 6.5
2 155 6
3 172 6.5
4 160 7
5 162 6.5
6 155 6

1 4 0
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Appendix F Experimental Plots for Table 4.5

The measured data in Table 4.5 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table F.l Experimental values for t and Ap
Exp. No. ApikPa)

1 108 7
2 110 6
3 120 7
4 120 7
5 110 7
6 110 7

1 5 3
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Appendix G Experimental Plots for Table 4.6

The measured data in Table 4.6 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table G.l Experimental values for tpm and Ap
Exp. No. Ap(kPa)

1 108 5
2 108 5.5
3 115 5.5
4 112 5.5
5 110 5.5
6 121 5.5

1 6 6
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Appendix H Experimental Plots for Table 4.7

The measured data in Table 4.7 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table H.l Experimental values for t and Àp
Exp. No. Ap(kPa)

1 86 6
2 103 6
3 105 6
4 95 5.5
5 102 6
6 90 6
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Appendix I Experimental Plots for Table 4.9

The measured data in Table 4.9 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table 1.1 Experimental values for tpm and Ap
Exp. No. Ap(kPa)

1 110 5.8
2 120 6.0
3 125 3.3
4 90 3.7
5 - 85 3.0
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Appendix J Experimental Plots for Table 4.10

The measured data in Table 4.10 are based on the following experimental plots.

Pressure meter A is connected to channel 5, pressure meter B to channel 6, pressure meter 
C to channel 7, pressure meter D to channel 8 and pressure meter E to channel 9.

Table J.l Experimental values of t and Ap
Exp. No. Ap(kPa)

1 85 4
2 135 6
3 180 4
4 195 4
5 155 5
6 215 5
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