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PREDICTION OF PRESSURE LOSSES IN PNEUMATIC CONVEYING PIPELINES
by
Michael S.A. Bradley
SYNOPSIS

This project arose out of a need to improve the accuracy with which the
pressure drop along pneumatic conveying pipelines in process plant could
be predicted.

The methods previously available for making this prediction are examined
and critically assessed. The need for a different method is shown, and a
new approach is developed and tested.

The new approach involves testing of the product to be conveyed, in a test
pipeline at the smaller end of the industrial scale, with measurements
being made of the pressure drop caused by bends and of the pressure
gradients in straight lengths; the data is fed into a storage and
retrieval system then extracted and used to predict the pressure drop in a
plant pipeline conveying the same product. The method has been developed
to the point where it is in current use for the design of pneumatic
conveying systems for industrial applications.

The development of a suitable test rig, the data storage and retrieval
systems, and the method for predicting the pressure drop in a plant
pipeline, are examined in detail. The method is tested against data from
pipeline loops and found to give good results.

A quantitative comparison is made against the work of other authors in the
field; the results of this show good agreement although the scope of the
current work is much wider than anything comparable. An assessment is also
made of the areas requiring further work.

A major advantage of the method lies in its use to predict the pressure
drop along pipelines having steps up in bore size along their length,
which were not amenable to treatment by previous methods. The advantages

of such systems and the consequent value of the method are examined in
detail.
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DEDICATION

This work is dedicated to all the men and women, past, present and future,
whose lives have been or will be devoted to the pursuit of the noble art

of manufacturing.

It is hoped that through the application and extension of what is
contained herein, the continual striving to produce more and better goods
from less resources, at lower cost, may be assisted in a small way so that
the comfortable, peaceful lifestyle which we 1lead may be preserved, and
shared by more of the people on this planet. If that occurs then the

purpose of this thesis will be well served.
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"If, as is sometimes supposed, science consisted
in nothing but the laborious accumulation of facts,
it would soon come to a stand-still, crushed, as
it were, under its own weight. The suggestion of
a new idea, or the detection of a law, supersedes
much that had previously been a burden upon the
memory, and by introducing order and coherence

facilitates the retention of the remainder in memory."

Quotation from Lord Rayleigh's presidential address at the Montreal

meeting of the British Association, 1884.

12.
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CHAPTER 1

INTRODUCTION

In the 1970's and early 80's there became established at Thames
Polytechnic a group of academic staff working on the handling of bulk
solid materials, carrying out research and consulting activities
particularly related to pneumatic conveying. Pneumatic conveyors have been
very widely used in processing, food and chemical industries since before
the turn of the century; they offer certain distinct advantages over other
types of conveyors, but their design has never been properly understood
amongst plant engineers whose first concern, naturally, is with the actual
material processing operations in their plants. Even amongst equipment
suppliers there has always been something of a 1lack of proper
understanding of the way in which their equipment works. This was
recognised by the staff at Thames and efforts were directed at tackling
the problem of gaining an understanding of pneumatic conveying, and

providing consulting services in this field.

Over a period of several years, a method for predicting the performance of
pneumatic conveyors to a degree of accuracy not previously achievable, was
evolved at Thames. The development of this was achieved through successive
Ph.D. and undergraduate projects. The system which was developed was
basically a simple one involving conveying the product for which a plant
system was to be designed, in a pilot scale test rig (2, 3 or 4in. pipes)
then applying a set of rules, which had been determined empirically, to
the data to take account of the differences between the pilot and plant
pipelines and thus predict the performance of various options for plant
pipelines (often between 4 and 12in. diameter). This process has come to
be generally referred to as "scaling". The method was used for several
years with some measure of success, but experience showed that it had some
serious deficiencies. Some of these were overcome by refinement, but a
major problem remained in the scaling procedures; the way in which to
account for the differences in the number and positions of bends, between
the pilot and plant pipelines, was not satisfactory. This was more

significant than may at first be thought, since it was suspected (and has

1-1 13.
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since been shown by the work described herein) that in many systems a
major proportion of the pressure drop is caused by the bends. Added to
this was the fact that the number of bends on the plant pipeline is
usually very different from that on the pilot pipeline, increasing the
significance of the inaccuracy. Additional problems arose in that the
method could not properly be applied to pipelines with steps wup in bore
size, then becoming more widely considered for reasons which are explored

in full later in this work.

As a result, the need for a project to improve methods of taking account
of the effects of bends was perceived, and that is how this project came

into being.

The reader will find that as the project began to move forward, the
investigation revealed that the original idea of improving the way in
which bend effects could be accounted for in the existing method was not
an avenue of research which would yield the desired result, for various
reasons, and that to achieve the desired result of improving the accuracy
of prediction of conveying line pressure drop, a strategy fundamentally

different from the Thames testing-and-scaling approach would be required.

What follows in this thesis is essentially an analysis of the reasons why
a new approach to the prediction of conveying line pressure drop was
needed, followed by the way in which a possible method was identified, a
resume of the development of the new method and a detailed description of
the method, then some trials to test its accuracy, and finally an overall

assessment of its value.

In carrying out this work, the author has become increasingly aware that
the strategies which are central to the design of engineering equipment
seem rarely to be recognised. The prediction of the behaviour of
engineering devices and systems, which enables appropriate designs to be
chosen, can be made by a number of strategies or methods, but these
methods are rarely identified and described. The community of workers in
the pure sciences have evolved a subject known as "The Science of

Science", which involves the study of the strategies and philosophy
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brought to bear in the advancement of these sciences, and yet in spite of
the advantages which might be gained by obtaining a similar viewpoint over

engineering, a "Science of Engineering" has not yet appeared.

A little consideration shows that Engineering centres around the storage,
recall and use of data which has been gathered from experience and
experiment. There are several strategies for storing such data, ranging
from simple empirical relationships such as Hooke's law or Ohm's law,
through mathematical analyses of physical models of mechanisms, such as
Poiseuille's law, graphical representations using a curve or family of
curves, to complex statistical analyses, with many fine points along the
way. In every case, though, the objective is clear; to reduce the mass of
disordered data resulting from observations to a compact, ordered and
easily handled form which may readily be used to make predictions. The
quotation of Rayleigh on the previous page, which summarised the
importance of finding some order in the apparently chaotic behaviour of
the world about us, was recorded over a century ago but is as relevant now

as it was then.

It would therefore seem natural to suppose that an understanding of the
various methods, or strategies, used to achieve this objective may be of
significant help in attempting to construct suitable means for predicting
the behaviour of new mechanisms or devices. Albert Einstein, when
congratulated for "seeing further than Newton had" in advancing physics by
formulating his General Theory of Relativity, replied that he had been
able to see further by standing on Newton's shoulders. Unfortunately such
a view does not seem to be widely held amongst engineers working in
research, as the reader will find if he examines the literature survey in
this thesis; there are cited numerous cases of effort misdirected through

a lack of understanding or even awareness of what has gone before.

In recognising the importance of understanding what has gone before, and
the strategies which have been adopted by others, one must still bear in
mind the importance of maintaining freedom of thought when approaching a
problem; the experience gained in working on this project has shown that

one should not be wunduly swayed by the opinions of others, and should

1-3 L.
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continuously question whether they were moving in the right direction,
otherwise it would be possible to become constrained to inappropriate
methods. But the importance of understanding the way in which the methods
used have come about, and the reasons why, not only in one's immediate
field but also in neighbouring fields, has been found to be of far greater
importance than is usually recognised. The difficulty of achieving such an
understanding is not to be underestimated, since the passage of time and
the re-interpretation which occurs when writings are copied from the
text-books of one generation to those of the next, distorts and colours

the view.

It was in the light of an understanding of what had gone before, not only
in the field of pneumatic conveying but also in related fields, that this
project progressed. It enabled the limitations of existing methods to be
assessed, and led to the recognition of a way in which progress might be
made. This led to the discarding of the previous methods and the

development of a new, and it is believed better, one.

In concluding this introduction, a few words about the structure of this
thesis may be appropriate. The thread of the project and the really
significant points are concentrated in the five Chapters, which form a
relatively compact central unit; it is hoped that the reader will find it
relatively easy to obtain an understanding of the overall project from
these, without having the view clouded by too much detail. The essential
details of technical work and investigations are distilled and classified
into the fifteen Appendices which form the bulk of the pages, and it is
felt that this will make the information contained herein more accessible
to those who may try to use it. In the same address as that quoted a few
pages earlier, Rayleigh said of information which was spoken of as
"known", that "....the rediscovery in the library may be a more difficult
and uncertain process than the first discovery in the laboratory". It has
been the aim of this author to help any reader to avoid such difficulty

with this work.
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CHAPTER 2

THE INVESTIGATION

2.1 Introduction

The initial brief for this project offered a good deal of freedom of
direction, within the area of predicting the performance of pneumatic
conveying systems. In order to find a direction, the problems facing a
designer, in trying to choose equipment for a pneumatic conveyor, were

examined.

An initial study of these revealed that the major proportion of the
running cost of any pneumatic conveying system is the power consumed by
the air mover, which in turn is dependent on the volume flow rate and
pressure of the air required. It appeared that in order to select a
suitable size of pipe for a system, it is necessary to consider several
sizes and determine the air volume and pressure requirements of each, so
that capital and running costs of the various options can be compared.
Furthermore, the air pressure determines the type of air mover and solids
feeder which will be required for a system, from the vast range of types

on the market.

Knowing the importance of the prediction of pressure loss along pneumatic
conveying pipelines, a detailed study was made of the methods used to make
these predictions. Two principal approaches were identified and critically
appraised, the outcome being a desire to evolve a new and better method.
The first part of this chapter deals with what was found, and the

direction which emerged, which appears in section 2.5.

The remainder of the Chapter, from section 2.6 onwards, deals largely with

the planning and execution of the analytical and experimental work.

2.2 Examination of methods for predicting pressure drop

It became apparent that two main approaches to predicting pressure drop

2-1 17,
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along a pipeline had been taken by previous workers in the field. One of
these approaches, the one about which most papers have been published,
consists of trying to develop analytical models for evaluation of pressure
drop along straight pipe sections under accelerating flow and steady flow
conditions, and occasionally through bends; this will be referred to here
as the "analytical approach'". The second method was one of carrying out
tests using a laboratory rig, conveying the actual product which the final
system is to be designed to handle, then scaling the results to predict
the pressure drop to be expected in the final system; this will be

referred to as the "testing and scaling approach".

2.2.1 The analytical approach

Most attempts at developing analytical models for prediction of pressure
drop began by proposing physical models of interactions between the
particles, the air and the walls of the pipe within a mixture of solids
and air flowing through a pipe, and continued by applying a mathematical

analysis to this physical model to yield equations for pressure drop.

A major drawback of most of the results of these analyses (apart from the
sheer complexity of the resulting equations in many cases) appeared to be
that values for non-measurable quantities were required in order to use
the equations; for example, the true velocity of the solid particles in
the line is frequently required, but cannot readily be measured or

predicted.

The second problem was the 1limited range of application of all of this
work. Most authors claimed good correlation between their analytical
results and experimental measurements over a narrow range of flow
conditions, but critical appraisals of this work (Appendix N) demonstrated
that there was little common ground between authors, with the analysis of
one author rarely correlating well with the experimental results of

another,

Additionally, the only type of flow regime within the pipe which was

analysed was the condition where all solid particles are carried along in

2-2 18,
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the air in a virtually homogeneous suspension; the condition often
referred to as 'lean phase' conveying although the phrase 'suspension
flow' is probably preferable. No attempts had been made to analyse the
condition where a significant proportion of the solid particles are
sliding along the bottom of the pipe or moving in waves, dunes, plugs or
other discontinuous motions. This is unfortunate, because many modern
conveying systems operate with such modes of flow; but given the lack of
success achieved in analysing the apparently 'simple' case of suspension

flow, it is scarcely surprising.

Finally, characterising the product proves troublesome to such an
approach. Whilst most analyses need a figure for size of the particles,
most real products have a wide distribution of particle size. Also it has
been demonstrated (eg. ref.l) that products with similar median sizes and
particle densities can exhibit significantly different pressure drops
under similar flow conditions (i.e. similar air velocities and flow rates
of solids).

This method did seem to have one positive advantage, however; if the
difficulties could be overcome, the effects of changing the pipeline
layout (e.g. altering the number and positions of bends) could be examined

in detail since each bend and straight section is dealt with separately.

A more complete breakdown of this work is given in the literature survey,
but one particular piece of work deserves mention here as being
outstanding amongst the area of analytical models; that of P. Mwabe (ref.
50) who developed models for the pressure drop in straight pipes, in
vertical sections, in acceleration regions and caused by bends, and
reduced them to a series of algorithms suitable for wuse on a
microcomputer. Users of this have reported it to be a useful guide when

designing systems, though again only for suspension flow conditions.
2.2.2 The testing and scaling approach

This method, which appeared to be chiefly the product of D. Mills working

with various co-authors, accepted the difficulty arising from the
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unpredictable effects of different products and sought to avoid them by
testing the actual product for which the final system is to be designed.
The test rig used is normally on a smaller scale than the final system,
typically employing 2in. or 3in. nominal bore pipes, and inevitably has a
different pipeline route. In these tests, pressure at inlet to the line is
measured for a wide range of conveying conditions (i.e. flow rates of
solids and air), and the results obtained are scaled according to a set of
rules which were determined empirically. to obtain predictions for the

performance of the projected pipeline.

This approach has the major advantage that actual data relating to the
product to be conveyed is used for the prediction of pressure drop. The
method has been extensively used, both by Mills and his co-workers and by
vendors of conveyors, for design of systems which have proved to be
successful in operation; not only for systems which operate with
suspension flow regimes but also those which employ non-suspension flow.
This is evidence that such a method is capable of giving useful results,
though not necessarily that the resulting designs are ones having lowest

costs.

The differences between test and final pipelines, and procedures for
scaling the test results to take account of these differences, were

examined in some detail. The possible differences are:

the length of the pipeline,

the bore of the pipeline,

the lengths and positions of any vertical sections,
the number and positions of bends, and

the type of bends used (for example, short or long radius).
The procedures for coping with each of these differences are outlined in
Appendix B, but some attempts at using them showed that the greatest
uncertainty came from the number and positions of bends and the type of

bends used.

The approach which has been wused to scale for the effects of bends is one

2-4 20.
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of trying to obtain a value for a length of straight pipe equal to the sum
of all the straight lengths plus all bend equivalent lengths, for the test
and final systems, and then applying the rules for scaling with respect to
pipeline length. The very simplicity of the method makes it attractive;
the idea of each bend in a pipeline being equivalent to so many metres of
straight pipe is one which is easily understood, and it fits in well with

the scaling techniques.

The difficulty with this, of course, lies in the determination of the
appropriate equivalent length values. Mills (ref. 1) carried out an
investigation into this by using several pipelines of the same physical
length but with different numbers of bends, to isolate the effect of the
bends and thus calculate equivalent length values. His results indicated
that the bends in a pipeline can be responsible for a considerable
proportion of the pressure drop, and that the value of the equivalent
length of a bend changes over quite a large range even for a single
product conveyed with a range of flow rates through a single type of bend
of one bore size. He found a correlation between equivalent length and

superficial air velocity at inlet to the pipeline, as shown below:-

20 1
Equivalent
Length 16 4
of
Bends 12 4
»
8
4 o
0 —p v v v v v v v
0 2 4 6 8 10 12 14 16

Superficial Air Velocity at Pipeline Inlet
n/s

Fig. 2.1

The correlation found by Mills, between Equivalent Length of Bends

and Superficial Air Velocity at Inlet to Pipeline, from ref. 1.
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This clearly demonstrates that the pressure drop caused by a bend is very
dependent on air velocity. However, the pressure drop along a pipeline
leads to an expansion of the air and thus an increasing velocity along the
line; for example, if a system operates with an inlet pressure of 3 bar
gauge and exhausts to atmosphere, the superficial air velocity at outlet
will be four times that at inlet. Under such circumstances, the bends
towards the end of the line contribute very much more pressure drop than
those at the beginning. Whilst the method used by Mills gives a mean
equivalent length for all the bends in the test line, most real systems
have different distributions of bends. This means that there is an
inherent unreliability in using this approach for predicting pressure drop

in proposed pipelines.

The results obtained by Mills were re-examined in order to decide whether
this difficulty could be overcome, this work being described in Appendix
B; however, detailed analysis simply reinforced the view that it could

not.

The second drawback of using the scaling approach arises where a
"stepped" pipeline is proposed. Pipelines which have an increase in bore
size at one or more points along their length have been shown to give very
significant energy savings by keeping air velocities down, and are finding
increasing favour in long-distance (i.e. over about 300m) conveying
applications, as outlined in refs. 54 and 57. The scaling approach cannot
be used to predict the pressure drop along such pipelines, nor can it

indicate appropriate positions for the steps.
2.3 Consideration of a new approach
At this stage, it was decided to examine the possibility of designing a

new method for predicting pressure drop along a pipeline, which would

overcome the difficulties inherent in the existing methods.

2-6 22,
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From the foregoing work, it was concluded that:-

a) The bends in a pneumatic conveying system can be the cause of the

major proportion of the pressure drop in a pipeline.

b) The method of testing and scaling used by Mills could not be made to
cope properly with the effects of bends; this was shown by the outcome of
Mills' work. It seemed likely that any better method would have to deal
with each bend and straight 1length separately, taking account of the
increasing air velocity along the pipe, and adding up the contribution

made by each in turn to find the total pressure drop.

c) A new approach would have to involve making measurements of pressure
drop caused by bends and straight lengths in an actual conveying pipeline,
using the product for which the plant system is to be designed, and at the
flow conditions to be used in the plant pipeline. To try to predict
pressure drop by mathematical analysis of physical models would be most
unlikely to provide accurate predictions, even for suspension flow
conditions and certainly not for non-suspension flow, for the reasons

outlined above.

2.4 Examination of methods used for single phase flow

Whilst the work described above had been progressing, some attempts had
been made to look in detail at the methods commonly used for predicting
pressure losses in pipelines carrying only single liquids and gases. Only
a broad summary of the findings is given here; for more detail, the reader

is referred to Appendix C.

One obvious difference between single phase flow and pneumatic conveying
was that in single phase flow, the major proportion of the losses arises
from the straight pipes with the bends and other fittings contributing
little, except in systems where the total length of straight pipe is short
compared with the total length of fittings.

It was plain also that the case of laminar flow in pipes is sufficiently
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ordered to be amenable to analysis using physical models, as shown by
Poiseuille (Appendix C refers). It was the method used for dealing with

turbulent flow which was really of interest, as explained below.

The means used for predicting pressure losses in straight pipes consists

of an equation and a chart. The equation is the Darcy equation:-

Hf = 4f1.c

d 2g

This gives the loss Hf in terms of head of the fluid in the pipe, as a
function of pipe bore d, length 1, and fluid superficial velocity c, with
g being the acceleration due to gravity and f being a coefficient, the
"friction factor", found empirically. The apparently illogical
presentation of the equation in the form shown above (e.g. the 2 not being
cancelled with the 4) was considered, and it was seen that there were

clear reasons for this, again Appendix C details these.

The coefficient f appeared to be the most interesting part of this system;
values for this appear on the Moody diagram as a function of Reynolds
number and the relative roughness of the pipe (based on an '"equivalent
sand grain roughness" of the pipe wall material, itself an interesting
concept, enlarged upon in Appendix C). The Moody diagram is reproduced

overleaf.
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Fig. 2.2

The Moody diagram, from ref. 102

The development of the Moody diagram is detailed in Appendix C. It relates
values of the friction factor, f, to the Reynolds number of the flow and

the "relative roughness" of the pipe, based on an equivalent sand grain

roughness of the pipe wall material.

The lines on the area of the diagram which deals with turbulent flow come
from two distinct origins. The '"smooth pipes" curve, and the horizontal
lines towards the right for "complete turbulence, rough pipes" are lines
which have simply been drawn through the experimental data of many workers
over a period of many years. The transition curves, however, are from a
mathematical expression which was designed to provide a smooth transition
between an empirical expression fitted to the "smooth pipes" curve and the
horizontal lines to the right. This transition equation was subsequently

shown to give a good representation of experimental data in this region.

Thus the Moody diagram, although not derived directly from experimental
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data, has been built to represent the <collected data of many
experimenters, and in reading a value from it, the user is effectively
recalling that data in order to predict pressure drop in a pipe operating

under conditions similar to those under which the data was collected.

The Darcy equation is dimensionally homogeneous, with the coefficient (the
friction factor) being a pure number, features which are clearly
desirable; and furthermore, the value of the friction factor is largely
independent of the variables in the equation - not completely so because
Reynolds number depends upon fluid velocity and pipe bore, but this turns

out not to be a major drawback in use.

In order to predict losses caused by bends and other fittings, a system of

a simple equation and a coefficient is used. The equation is

- 2
H1 k..i_
2g

with k being a coefficient. This really expresses the loss caused by a
fitting as a fraction of the velocity head of the flow, which is not only
quite easily understood but also ties in with the Darcy equation above.
The coefficient k 1is listed in tables for bends of various radius of
curvature, pipe size, and construction, as well as other fittings such as
reducers, tapered transition pieces and so on. Consequently in using this,
the engineer is again simply recalling the results of measurements which

have already been made.

There is another interesting aspect to this method of dealing with fitting
losses, in that it makes use of a technique which might be called
"lumping'". In reality the fitting loss occurs not actually in the fitting
itself, but in the straight pipe downstream, where the disturbed flow is
settling back down to its normal profile. But the loss 1is treated as
though it occurred as a single lump, i.e. a step change at the fitting,
followed immediately by a return to the normal steady gradient in the
downstream pipe. Fig. 2.3 below illustrates this. This removes any

problem of modelling the curved shape of the pressure profile along the
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downstream pipe, and also gives the benefit that when designing a pipeline
of constant bore, the engineer simply has to sum the coefficients for all
of the fittings and add the total to the 4f1/d term in the Darcy equation,
almost as though all the fittings were being grouped together into one

lump, i.e. one large step loss.

- ©+90° PIEZOMETER READINGS

R/r=3,7 —X— OUTER SIDE
R=2x10% --4--- INNER SIDE
—0-— TOP

---0—- BOTTOM

GRADIENT IN
STRAIGHT PIPE

— UPSTREAM TANGENT N — DOWNSTREAM TANGENT <
~ S1e N send \

Pressure distribution along pipeline conloining o 90-deg pipe bend (R/r = 3.7)

Fig. 2.3
An example of a true pressure profile

and step change model, from ref. 103

From the foregoing analysis of the systems used for prediction of pressure
loss in single phase flow, it seemed clear that those who were involved
with its development must have recognised that physical modelling of
turbulent flow was not likely to be useful, because of the complication of
the flow patterns (as demonstrated by Reynolds - see Appendix C).
Therefore the strategy which was adopted was to simply collect data on
pressure losses, and to devise a means for storing this data in a compact
form from which it could conveniently be recalled, so that the user would

be able to find out what pressure losses have already been measured in a
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system like the one he is concerned with.

In order to make the data storage system as compact and convenient as
possible, use has clearly been made of correlations which must have been
found empirically. For example, on the Moody diagram it is seen that the
friction factor f can be found from simply the Reynolds number and pipe
relative roughness, and appears to be independent of say pipe size or
fluid velocity as such, although in practice one might expect it to be
affected to some extent by these quantities; this does not prove to be a
problem in practice because of the nature of the relationship between head
loss and pipe bore as outlined below. Another example is the fitting
losses being expressed as a proportion of the velocity head, which would
imply that for any given fitting, loss caused is directly proportional to
velocity head; the coefficients for the losses are rarely given to more
than one significant figure, but errors in these would hardly be noticed
in the context of a real pipeline system where such losses are normally

small compared with the losses in the straight pipe sections.

Some experience in using these systems for pipeline design showed that
because of the limited range of pipe sizes available to the designer, the
one suitable size for an application becomes clear when pressure loss
(and hence running cost) is compared for that pipeline system in a range
of pipe bores. The position of the turning point between uneconomic and
economic bore sizes is so clearly defined, and the gap between bore sizes
so large in comparison, that even if the pressure loss predictions were in
error by as much as, say, 20%, then the same choice of pipe bore would be
made. Thus it was seen that in devising the data storage system, even
fairly poor correlations could justifiably be used since the inaccuracies
they introduce would not change the final choice of hardware whereas the
simplifications they lead to would be worthwhile. This is 1largely why the
Moody diagram has been so successful - not because it is accurate, but
because it leads to satisfactory design. Again this is expanded upon in

Appendix C.
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From this, certain important points emerged:-

a) For single phase flow. (apart from the ordered case of laminar flow,
modelled successfully by Poisseuille for isothermal flow) the approach of
physical modelling appeared to have been abandoned as far as making
serious attempts at predicting pressure drop were concerned; although some
qualitative understanding of certain effects had been obtained through
modelling of velocity gradient effects near surfaces. This reinforced the
thought that it was not a promising avenue for dealing with two-phase
flow.

b) The approach used for turbulent flow was one of pure empiricism,
involving the gathering of data and devising of a system for storing this,
by fitting curves and making use of correlations where they could be
found. Over the years, the system has been improved and the volume of
data within it has increased so that today, a designer has available a
diagram representing a set of data which enables him to predict pressure
loss in pipelines for virtually any conceivable practical situation - and

all this is contained in just an equation and one diagram.

c) The development of this method has taken of the order of a century to
complete, with no doubt many false trails having been explored and
abandoned along the way (although evidence of these is hard to locate now,
having been abandoned for so long). Therefore it should be expected that
to develop any comparable system for gas-solid flow would take a great
deal of effort even given a clear strategy and modern aids to calculation

and data gathering.

d) Accuracy of the predictions resulting from the use of such a system
must be commensurate with the use to which the results are to be put; i.e.
if a certain error in the predictions would not 1lead to a change in the
hardware selected, then that error is acceptable, but if it would lead to
a wrong choice of hardware and consequently an uneconomical design then

that is not acceptable.
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2.5 A strategic decision

At this stage, the sum of the work so far undertaken was analysed, with a
view to finding a direction in which to proceed. The points summarised in

2.3 and 2.4 above were considered, and it was decided that:-

a) To attempt physical modelling of gas-solid flow for quantitive
prediction of pressure drop would almost certainly be unrewarding,

although some qualitative understanding of processes may be obtained.

b) To improve the testing and scaling approach to enable better account to

be taken of pipeline layout would not be possible.

c) Testing of the product to be conveyed would always be necessary to

enable accurate predictions of pressure drop to be made.

d) The straight sections and bends which make up pipelines must be

examined separately in order to account for their effects properly.

e) Losses caused by the bends should be treated as step changes although
it was expected that they would actually occur mainly in the downstream

straight pipes.

f) It was unlikely that all bend losses in a pipeline could be lumped
together, because of the effect of increasing velocity along the pipe as
mentioned above. Therefore each bend and straight would most likely have
to be dealt with in turn, working along the pipeline from one end to

the other, to predict pressure losses.

The course of action proposed was therefore:-—

1) To examine the possibility of designing some experiments to obtain data
on pressure losses caused by a single bend in a pneumatic conveyor, and
losses along horizontal straight lengths. It was felt that this would not
be too difficult to do, and that a fairly large volume of data could be

obtained in the time available.
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2) To look for correlations in this data which might suggest a suitable
system of equations and/or graphs for representing such pressure loss
data, broadly along the lines of the system described for single-phase
flow.

3) To develop a suitable storage system, feed the data into it, then test
the system by predicting pressure drop for some real pipelines from which

actual pressure drop figures could be obtained for comparison.

4) A decision on how to answer questions about the effects of type and
radius of bend, pipe bore, product, and vertical sections, was deferred

until some progress had been made towards obtaining some reliable data.
2.6 Examination of the mechanisms of pressure drop in gas-solid flow.

It had by this stage become necessary to try to understand the mechanisms
by which pressure drops along straight pipes and around bends in pneumatic
conveyors might occur. Detailed descriptions of the mental models
developed appear in Appendix D so only a brief resume of the main points

will be given here.

Whilst the work so far described had been progressing, some mental models
of such mechanisms had been forming in the mind of the author. It was
first thought that any pressure drbp over and above that for air alone
could only arise as a result of relative motion between the particles and
the air causing transfer of momentum (and thus energy) from air to
particles. If there was no relative motion then there would be no forces
between the air and the particles so the pressure drop would be as for air
only. This train of thought relies on there being no relative motion at
all, eliminating even the random velocity fluctuations which exist in the
air, in order to remove all forces between the air and the particles. An
alternative train of thought would be to allow the random velocity
fluctuations in the air but with the local velocities of air and particles
equal, the effect of which would be to increase pressure drop purely in

proportion to the increased density of the flowing suspension compared
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with that of the air alone (as a result of increased momentum transfer

associated with the increased density of the fluid).

Relative motion giving additional pressure drop could arise in two ways,
firstly by the air and particles having different speeds and secondly by
them having different directions of motion; these will be dealt with

separately below.

Although both particles and air travelling in a pipe must have mean
velocities in a purely axial direction, different instantaneous directions
of motion could arise from the random element of turbulence in the air,
from the collisions of particles (with each other and with the wall)
causing them to be deflected from a purely axial direction, and from the
effect of gravity tending to pull particles to the bottom in a horizontal
pipe. Another mechanism was also thought possible, that of particles
spinning as a result of entering the region of high velocity gradient near
the pipe wall and tending to move across the air stream because of this.
It was thought that these effects would be impossible to model in any

useful way.

Different average speeds between the particles and the air were thought to
arise initially from the introduction of the solids at low speed, then
from collisions between particles and pipe wall causing the particles to
slow down (because of both friction and the low air velocity near the
wall). Thus the solids would always be travelling more slowly than the
air, so momentum would be continuously transferred from air to particles.
Collisions with the pipe wall would occur particularly where the pipe
changes direction, so the re-acceleration of slow moving particles in the
straight pipe after a bend was thought to be the main mechanism causing
the pressure drop associated with bends. This was thought to explain the
observation that the pressure drop caused by a bend occurs mostly

downstream of the bend and not in the bend itself.
It was thought that it may be possible to analyse a physical model based

on conservation of mass, momentum and/or energy to obtain a value for

pressure drop expected as a result of accelerating solids in a straight
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pipe, which might indicate the order of pressure drop to be expected after
a bend. An attempt was made to do this but it did not succeed. Another
attempt at a later date was to prove more fruitful, as described in

Appendix D; this will be discussed later on.
2.7 Planning of experimental work.

The work so far described had shown the need for direct measurements of
pressure drop attributable to bends and straight pipes, and the methods by
which these could be made. To deal with bends, measurements of the
pressure gradients along the adjacent straight pipes would be needed so
that the equivalent step change in pressure could be determined by drawing
diagrams similar to fig. 2.3. This method would yield values for the

pressure gradients in the straight pipes at the same time.

The re-examination of Mills' work had shown the range of values to be
expected for pressure drop in straight pipes and that caused by bends. For
the straight pipes, gradients of the order of 10 to 30 mbar/metre would be
expected whilst for the bends, equivalent step changes of between 0.04 and
0.14 bar would be expected. Some experience of running a pneumatic
conveying test rig had shown that continual fluctuations of line pressure
occurred, often of the order of 0.1 bar; this poor signal to noise ratio
would mean that averaging of readings over a period of time would be

needed to obtain useful data.

It was decided that the necessary data could be obtained from a pipeline
having two straight lengths of pipe with a bend between, with pressure
tappings along the straight pipes and some means of measuring and
recording the pressures at these tappings. The question of the lengths of
the straight pipes before and after the bend was considered; a sufficient
length of fully developed flow to obtain a reliable pressure profile
before the bend would be needed, with another similar length downstream of
the bend beyond the region where the bend pressure drop occurs. Values for
the length of such a re-acceleration region were sought from literature,
the most reliable appearing to be a figure of about 4 metres from ref. 55,

which described the results of measuring pressure profiles downstream of a
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point where solids were introduced into a pipeline. Ref. 39 gives similar
figures. From this it was decided that a straight length of at least

twelve metres would be desirable downstream of the bend.

The accuracy of the pressure gradient measurements would clearly improve
with increasing measuring length, so it was decided that the straight
pipes before and after the bend should be as long as practically possible
in the available laboratory. This was approximately 18 metres, so
satisfying the above requirement for twelve metres minimum. The additional
pipeline to carry the solids from the feeder to the test sections and then
return to the feeder would result in a loop of length 73m. The test
sections would be 1located as near to the beginning of the 1loop as
possible, to enable tests to be carried out close to the minimum conveying
velocity of the product, bearing in mind the increasing air velocity along

the line.

The bore of pipeline to be used was considered. The sizes most used in the
Thames laboratories were 2in., 3in. and 4in. nominal bore, which are
towards the smaller end of the size range used for commercial systems; it
appeared that experience had shown (e.g. ref. 1) consistent results to be
obtainable from all of these, so the decision was made to use a 2in. n.b.
(53mm bore) pipeline initially. Provision would be made for the possible

installation of larger pipes (up to 4in.) at a later date.

A feeder for the pipeline was available in the form of a high pressure
blow tank having a capacity of 1.5m’ and pressure rating of 6 bar (90 psi
approx.); the air feed to this was from reciprocating compressors with a
combined rating of 600 cfm (17m® /min free air or .34 kg/s), via
receivers, filter/water trap, regulator and choked flow nozzles. The
receivers, of volume approx. 1m®, damped the delivery pulsations of the
multi-cylinder compressors to a very low level, about 107° of the total
pressure. The choked flow nozzles served to control the air flow rates to
the blow tank and pipeline, enabling fixed flow rates to be set up. Some
experiments were made to assess the suitability of this feeder,
circulating a batch of pulverised fuel ash around a 2in. n.b. pipe loop of

some 80m length, and it was found that a wide range of conveying
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conditions could be achieved; air velocities from the lowest at which the
product would convey (about 3m/s) to values well in excess of the highest
used commercially (over 50 m/s), with solids loading ratios (mass flow of
product to mass flow of air) from zero to about 150. This represented a
volume ratio of about 7% product to air, approximately the highest known
to be used industrially. From these tests, and discussions with colleagues
who had experience of the use of blow tanks for a wide range of
free-flowing and non-free-flowing products, it was decided that the feeder
would be suitable for the purpose, although two shortcomings were noted,
namely (1) the inconvenience of disconnecting certain pipework between
runs, to alter air flow rate by changing the choked flow nozzle sizes, and
(2) some difficulty with manual operation of two large (8in. n.b.) valves
when re-loading the feeder after a run, from a recieving hopper mounted

above the blow tank.

When it came to choosing the types of bends to test, it became apparent
that it might be possible to make a very significant contribution to the
technology of conveyor design. It was known that there were many different
types used in commercial conveying systems; apart from normal pipe bends
of varying radius of curvature, a number of special types, usually claimed
(by their manufacturers) to give either lower pressure drop or greater
resistance to wear from abrasive products, or both, were known to be in
service, and the issue of 'which is best' was seen from the literature to
be a contentious one which had never been resolved. If this question could
be examined in detail, this might be a very significant and direct
contribution to the technology of conveyor design. On this basis, the
decision was made to test as wide a range of ordinary bends as are
commonly seen, plus some of the more common special types. Details of the
bends used are given in Appendix F, but essentially five ordinary bends of

different radius and two specials would be used.

The next point to be considered was the means of connection of the bends
to the adjacent straight lengths. Normally, screwed 'Crane' or 'GF' unions
(as commonly found on gas installations) were used in the Thames
laboratories, and these leave a gap of some 10mm or so between the ends of

the pipes inside the fittings. In commercial installations, however,
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flanges are much more commonly used and these usually leave no gap between
the ends of the pipes but may give some misalignment depending on the care
taken in fitting and the fit of the bolts. It was decided that some
investigation could be made by using bends both with unions and without.
Those not fitted with unions would be installed using either sleeve
joints, or flanges with fitting bolts, in order not to have any
discontinuity between the ends of the pipes. After some consideration, it
was decided to use 'Morris" sleeve couplings which clamped around the

outside of the pipe, being much easier than the alternative.

The question of a suitable product to convey was considered. The wide
range of behaviour of different products in pneumatic conveyors was known,
and this suggested that several products should be used. However, it was
clear that time limitations would only allow one product to be used with
the comprehensive test programme envisaged. It was decided that it should
be one which is commonly conveyed pneumatically in industry, that it
should be conveyable over a very wide range of velocities and solids
loading ratios, that it should not be unduly abrasive (in order not to
alter the profile of pressure tappings in the pipe wall), and if possible
it should be cheap. A batch of 600kg of white wheat flour would be
becoming available after being used for a consultancy project, and this
appeared to fulfil these requirements. It was decided that at least some
test work should be undertaken with another product of a different type;
some available polyethylene pellets were thought suitable, being nearer
the opposite end of the spectrum of products conveyed pneumatically whilst

again fulfilling the above requirements.

The properties of these two products were as follows:-

Wheat flour - median particle size 78um, range 40um<96%<120um
particle density 1470kg/m’

bulk density 510 kg/m’ poured

angle of repose, poured 37° to horizontal
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Product properties, continued:-

Polyethylene pellets - median particle size 4.7mm, practically mono-size
particle density 950 kg/m3
bulk density 505 kg/m3 poured

angle of repose, poured 32° to horizontal

It was recognised that because the wheat flour would be used for many
conveying runs, over a period of time, it would inevitably change by both
particle attrition and biological action. Therefore it was decided that it
would be necessary to repeat sets of tests at regular intervals to check

the extent to which this would affect the results.
2.8 Development of test rig

The conveying plant (i.e. feeder, air supplies and receiving hopper) was
already installed as mentioned above (and detailed in Appendix F). The
areas which required development were:-

(a) A pipeline with pressure tappings as described above, plus the
necessary selection of bends for testing.

(b) Suitable instrumentation to measure and record the pressures at these
tappings, and other measured variables (specifically product flow rate
and system operating pressures).

(c) A convenient means of controlling the air flow to the rig, obviating
the need to disconnect pipework between runs to change the choked flow
nozzles.

(d) If possible, some remote control equipment for the various valves on
the conveying plant, to enable it to be turned around more quickly

between runs.

The details of the equipment acquired or built are described in Appendix

F, but the essential points are outlined below:-
(a) The pipeline. This was built up wusing 2in. n.b. medium weight steel

pipe, assembled using sockets screwed fully home on sections where

pressure would be monitored, with screwed unions elsewhere. The ends
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of the straight lengths adjacent to the test bend were cut clean and
square, sufficiently far from the apex that all the bends of varying
radius could be installed, with short make-up pieces as appropriate,
without moving the straight pipes. These joints would be made using
sleeve couplings, ensuring a smooth interior without gaps or
misalignment. Pipe roughness was thought to be a possible factor in
the pressure drop; pipe of this type is generally taken to have an
equivalent sand-grain surface roughness of some .05mm (refs. 102 and
105), giving a relative roughness of .00l and is representative of
pipes used for this duty industrially. Fig. 2.4 below shows the layout
of the line. Pressure tappings were drilled through the pipe wall, the
holes de-burred and special fittings (fig. F-7, Appendix F) welded on
the outside; these provided for the fitting of a felt pad filter
backed up by a sintered permeable metal disc, a pressure transducer,
and a non-return valve through which air could be injected to flush

the filter clean of dust between runs.

1.6m

To
recieving

hopper

6m

Pressure transducers at
2m intervals along
test sections

Bend under
xamination

Fig. 2.4

The 2in. n.b. pipeline loop used.

Later 3in. and 4in. loops followed the same layout,
with the expansions to 3in. and 4in. located

at points marked '3X' and '4X' respectively.

2-22 38



MSA Bradley PhD Thesis 2: The Investigation

(b)

(c)

(d)

The bends of different types and radii (as described in Appendix F),
together with the make-up pieces for joining them into the pipeline,

were bought in or made up as appropriate.

The instrumentation consisted of electronic pressure transducers
fitted to the tappings on the pipeline and tappings adjacent to the
choked flow nozzles, monitored by an intelligent data logging unit
which in turn communicated with a microcomputer. The data logging unit
also monitored the output of load cells on which the receiving hopper
was mounted, in order to obtain solids flow rate from gain in weight
over a time period. The data 1logging unit, computer and peripherals
were housed in a specially designed cabinet adjacent to the conveying

plant, to protect against ingress of dust.

An air flow control system, consisting of two banks of choked flow
nozzles with valves in series, was designed and constructed. One bank
of nozzles provided air to the blow tank to feed the pipeline with
product and the other bank injected 'supplementary' air a little way
downstream to dilute the flow. Each bank had eight nozzles in a x2
progression on flow rate, allowing any air flow from nominally 2.3 to
600 cfm f.a. (0.0013 to 0.34 kg/s) to be set up with accuracy, either

to blow tank or supplementary air inlet or both.

A1l valves on the conveying plant and choked flow nozzle .bank were
fitted with actuators, operated remotely from a mimic panel on the
computer cabinet. The starter for the shaker on the filter which
cleaned exhaust air from the receiving hopper, and a valve injecting
air around the base of the receiving hopper to aid discharge of
product when necessary, were also operated from the panel so that the
operator was not required to leave his position in front of the
computer when using the rig. Positive indications of valve positions,
from microswitches, were displayed on the panel and hardware
interlocks were fitted where necessary to prevent combinations of
valve positions which could lead to dangerous situations. A facility

was designed in to allow the rig to be placed under the control of a
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2.9

program in the microcomputer, via the data logging unit and a parallel

port on the mimic panel.

Calibration of Equipment.

Calibration was necessary on the following parts of the test rig and its

associated instrumentation:-

(a)

(b)

The choked flow nozzles, to measure the actual air mass flow rates of
each (as distinct from the nominal rates used for design), and also
the critical pressure ratio (ratio of absolute pressure at outlet to
absolute pressure at inlet above which the flow rate was no longer
constant). Measurements were made using an orifice meter manufactured
and installed in accordance with BS1042: 1962, with a selection of
plates of different bore sizes. Details of the installation and
results are given in Appendix H, but essentially only the smallest
nozzles departed markedly from design flow rates, with the critical
pressure ratio being at least .81 for all nozzles. (Maximum ratio of
absolute downstream pressure to absolute upstream pressure at which
constant flow rate was maintained). A further subsequent confidence
check was carried out by measuring "air only" pressure drop at a
particular flow condition and comparing with that predicted by the
Darcy equation and Moody diagram, the comparison being within the
accuracy of the equipment to measure at such low pressures (.08 bar on

a range of 3.5 bar).

The pressure transducers and data acquisition wunit, to determine
calibration factors for the individual channels. With the conveying
line plugged at its end, the plant was pressurised with air to the
maximum operating pressure, and a check made for leaks using soap and
water solution. Any leaks on the pressure tappings, which could result
in false readings, were sealed before calibration began. With the
plant pressurised to a predetermined level, as indicated on a
certified test gauge, the pressure channels were scanned and the
readings recorded. Five pressure values from =zero up to the full

nominal range of the transducers were used. In order to deal quickly
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with the number of channels used, a computer program was written to
display the calibration data for each transducer on the screen, fit a
straight line using the method of least squares, and determine the
gain and offset value. The transducers were marked so that they would
always be used with the same channel of the data acquisition wunit.
Details of the procedure and results may be found in Appendix H. The
procedure was repeated every time any transducers were disturbed for
any reason, but little change was observed over the year or so they

were in service.

(c) The load cells and appropriate channel of the data acquisition unit.
The procedure for this was very similar to that described in (b)
above, but using known weights on top of the hopper to obtain

calibration data. Again, detailed results can be found in Appendix H.
2,10 First conveying trials on test rig.

With the control equipment and instrumentation installed, commissioned and
calibrated, some initial test runs were undertaken to get the 'feel' of
the rig. The first runs were with fairly high conveying air velocities
which were expected to yield high pressure drop along the straight pipe
and caused by the bend; the bend used was one of short radius without
unions, made in house. A test was defined in the data acquisition wunit,
consisting of 13 scans of all the channels of pressure and weight data at

10 second intervals, giving a test duration of 2 minutes.

Using a blow tank feeder meant that some time elapsed from the moment at
which the conveying cycle was started, before a reasonably steady state of
operation (in terms of flow rate of product and system pressures) was
achieved. Some experiments showed this time to vary between about 30
seconds and two minutes depending upon the proportion of the total air
flow directed to the blow tank (and hence the flow rate of product);
however, the achievement of such conditions was easily recognised by the
operator looking at a continually updated display of measured variables on
the computer. Once the operator perceived a steadying of the values, he

instructed the data acquisition unit (via the computer) to start the test.
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The change in variables was normally found to be relatively small during

the duration of the test, typically 5%.

The results from the very first test are shown below; they were averaged
manually, and a graph drawn to show the pressure profiles along the pipes

near the bend. This gave a very pleasing result (below):-

1.2¢
- - o @ Run no. 1. Product: Flour
Air -a Air Velocity: 16.0 m/s
Pressure -7\ Solids loading ratio: 30.5
(bar) Suspension density: 74.0 kg/m’
Pressure
1.11 drop Pressure drop caused
caused ® by bend: .151 bar
by Loss coefficient K = 1,60
bend
- N.b. distance from bend measured
l1.0¢ ~ -~ . ® from intersection of centre-lines
=~ ~£Q\ of adjacent straight pipes
-~ e —
©-
Bend & 5
0.9 _ location ) ) . T T

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16
Distance beyond bend (metres)

Fig. 2.5

Graph drawn to analyse data from first test run

The same procedure was followed for some 37 runs with a variety of flow
rates of product and air, with the graphs drawn manually and the pressure
gradient and pressure drop caused by the bend measured off. In all cases,
the profiles were very similar to that shown above although of course the

values measured off varied.

At this stage, the bend pressure loss data which had been gathered was
examined superficially by drawing several graphs; some clear patterns of
behaviour began to emerge, which tended to reinforce the opinion that
useful data was being obtained. The analysis of this data is examined in
Chapter 3 and in greater detail in Appendix K. It was apparent a little
later that the bend pressure loss values were in the same order as those

expected from considering the energy required to accelerate the particles
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from rest; the physical modelling had not been brought to a sufficiently

advanced state to allow this comparison immediately.
2.11 Development of software to help primary data processing

The manual averaging of data and drawing and measuring of the graphs, to
obtain values for pressure drop along the straight pipes and that caused
by the bend, had by now become rather tedious, so it was decided to
develop a quicker way of doing this. A program was written in BASIC to do
this. This analysis of the raw data from a conveying run, referred to here
as "primary data processing', took place as soon as the data had been
transferred from the data acquisition unit on to floppy disc, following

the end of the run.

The program took the raw data (in data bits) and applied the template
containing the calibration constants, to produce an array of figures for
actual pressures at the various stations, and load cell reading, at the
time intervals specified in the test. Then it displayed a graph of line
and blow tank pressures versus time during the test, from which the user
selected the steady state portion. The program then averaged the pressure
values and calculated the flow rate over this period, and plotted a graph
of pressure versus position along the test sections on the screen, and
asked the user to select the straight-line parts. Parallel straight lines
were drawn through the points specified, by means of a least squares
analysis, and the user was given the opportunity to review his choice.
Finally, the gradients and bend pressure drop values were calculated,
displayed and printed out on hard copy together with other data from the
run (e.g. mass flow rate of air, air velocity, solids loading ratio, etc),
and entered into a data base for later recall. Some of the displays shown

to the user during this process are illustrated overleaf:-
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Fig. 2.6

Displays shown to the user during primary data analysis
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The evolution of this primary data processing program occurred chiefly
during the first few weeks of experimental work, with changes subsequently
made to allow for different pipe bores when calculating air velocities
etc., and to calculate new variables as desired. A listing of the program
can be found in Appendix G, together with the utility program developed to
create and handle the data files. All data and programs were stored on 5
1/4 in. floppy discs, each side holding the raw data from 24 runs plus a
data file into which the output of the primary processing program was
entered, later to be transferred into a single master data file. Again
provision was made for space to store new variables calculated from the

data, a feature subsequently found to be very useful.
2.12 Execution of the test programme

The way in which the test programme developed, and the decisions made
along the way, are described in great detail in Appendix I, so will only

be outlined briefly here.

Nine different bends of 2in. n.b. (shown overleaf) were tested with the
wheat flour, and one with the polyethylene pellets, covering as wide a
range of air velocities and product flow rates as could reasonably be
achieved with each. Bends both with and without unions were tested to try
to isolate the effects of these. Some sets of tests with the flour were
re-run later in order to try to isolate any effects of possible changes
in the product as a result of repeated conveying. To assess the effects of
air density, one set of tests was re-run several times with the resistance
of the conveying line downstream of the bend altered in order to effect a

change in absolute pressure, and thus air demsity, in the test sections.

The pipeline loop was subsequently rebuilt in both 3in. and 4in. nominal
bore pipe, with the same layout and arrangement of pressure tappings, and
equipment re-calibrated where necessary. Because the blow tank which fed
the line had a 2in. discharge pipe, it was necessary to have an expansion
at the beginning of the loop; initially this was located at the start of

the first test section, which appeared satisfactory when the expansion was
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only from 2in. to 3in., but led to some peculiar results when using the
4in. loop, and it was subsequently moved right back to the start of the
pipeline which proved satisfactory. Again, Appendix I gives a detailed

description of this.

Two bends were tested in 3in. n.b. size, and one bend in 4in. n.b. size,
all with the wheat flour. (See fig. F-3 for detailed drawings of these.)
Again, as wide a range of flow conditions as reasonably possible were
covered with each. The wupper 1limit on air velocities was somewhat
restricted with the 4in. pipe, because of compressor capacity, and the

flow rates of solids were limited by the ability of the blow tank to feed

the line. The work with the 4in. line concluded the test programme.

Fig. 2.7
The bends tested in 2in. nominal bore

A detailed description is to be found in Appendix F
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A certain amount of data analysis was carried out concurrently with the
testing, consisting of no more than plotting measured results immediately
on graphs of pressure drop versus solids loading ratio for each chosen
value of mass flow rate of air used. This indicated the range covered,
gaps to be filled, and any apparently spurious results from tests, which
would be re-run to check whether the effect observed was repeatable or
not. Some more detailed analysis was undertaken whilst the test programme
was proceeding, in order to assess the quality and suitability of the
results; where this altered the course of the test programme, it is
detailed in Appendix I which deals with the execution of the programme,

otherwise all the data analysis is discussed in the next chapter.
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CHAPTER 3

DEVELOPMENT OF SYSTEMS FOR STORING THE DATA AND
PREDICTING PIPELINE PRESSURE DROP

3.1 Primary data processing

The initial processing of data from conveying runs, referred to in the
Chapter 2 as "primary data processing", took place as soon as the raw data
had been transferred from the data acquisition unit on to the floppy disc,
following the end of the run. A description of primary data processing

can be found in section 12 of Chapter 2, enlarged upon in Appendix G.

This chapter deals with the development of the storage and recall systems

to handle the data which had been collected.
3.2 The goal and strategy

In order to make the large volume of pressure drop data manageable, it was
clear that a system was required which would store it in a form compact
enough to be written down easily (e.g. for programming into a computer)
and from which it could be extracted conveniently with sufficient accuracy
to be wuseful, for predicting losses in possible pipelines. Two systems
would be needed, one for the data on, pressure drop caused by the bends and

one for the pressure gradients in the straight pipes.

It was decided that the goal should be to develop storage and retrieval
systems based on equations which would be dimensionally homogeneous and
explicit, involving only measurable physical quantities and coefficients;
the coefficients being either constant or capable of being found from a

single chart.

The strategy to be employed in developing the systems was not clearly
defined at the outset of the work, but developed as the work progressed.

Reviewing the work revealed a series of steps:-
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a) To search for correlations in the data by drawing graphs of pressure

drop versus other measured (or easily derived) flow quantities;

b) To fit simple empirical expressions to the correlations found and
find the values of the coefficients necessary to fit these

expressions to the data;

c) To look for correlations between the coefficients and the other
quantities to see whether their relationships could be
represented by simple models, or failing that, represented by a
single 1line on a graph which might in turn be represented by a
piecewise linear approximation (i.e. a series of straight 1lines

between limits, for programming into a computer);

d) To check the equations for dimensional homogeneity (i.e. consistency
of units on both sides of the equation) and make modifications where
possible to improve this, and if possible make the equations easier

to understand;

e) To check for the effects of other flow variables on the correlations
established, in order to ascertain whether corrections for changes

in these would be necessary;

f) To test the system by extracting data from it and using it to
predict the pressure drop in a complete conveying line over a wide

range of conveying conditions.
Inevitably this did not form a rigid method since it was very often
necessary to go back and repeat steps in the light of the outcome of a
subsequent step, carrying out iterations and often changing direction; but
it is about the clearest summary possible of the strategy behind what
constituted some six months of intensive work.

3.3 The data storage systems developed

With the above goal in mind, some considerable time was spent drawing some
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seventy or so different graphs presenting the data in various ways,
looking for correlations between the pressure drop and the other
quantities, and trying to find suitable equations to represent them. Much
use was made of a microcomputer, at least as much time being spent on
continuing software development as on actual examination of data, enabling
the desired graphs to be drawn and assessed quickly and easily and hard

copies produced as desired.

The development of the systems, the techniques used and decisions taken

along the way, are detailed in Appendix K. The outcome is summarised here.
3.3.1 System for bends

The difficulty of dealing with bends had been the inspiration for the
greater part of the work described in this thesis; this, coupled with the
observation that rather less work had been done on bends by other authors
than had been done on straight pipes, seemed to indicate that most effort

should be concentrated in this direction.

The system that was eventually adopted, after considering many others, was

to use an equation in combination with a graph. The equation was:-

Ap = K.l.pgc
2

where Ap = pressure drop caused by the bend, in bar.
p_ = notional "suspension density", i.e. kg of product flowing
per cubic metre of conveying air (using true volume flow rate

of air at the pressure in the pipe, not '"free air" conditions)

¢ = superficial air velocity calculated from pipe cross-sectional

area and again true volume flow rate of air, and

-
n

a coefficient
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This expression of the pressure loss as a proportion of a notional dynamic
pressure of the flowing suspension is similar to the system used for head
losses caused by bends in single phase flow, where the loss is expressed
as a proportion of the velocity head of the flow (see section C.6, App.
C), the proportion (i.e. the value of the coefficient) being in that case

dependent only upon the pipe size and bend geometry.

It will be appropriate at this point to note that this takes no account of
product properties, being purely an empirical equation based on other
quantities entirely. This should not be taken to imply that the same
pressure drop would be expected for different products under the same flow
conditions, however; different values of the coefficient K would be
obtained for different products. It will become apparent below that not
just the value of K but the way in which K varies with other quantities

turns out to be different for different products.

It will be apparent that all of the quantities in this dimensionally-
homogeneous equation, except the coefficient, are easily derived from
measured variables, thereby making it possible to use this equation in a
practical application without the need to guess at non—measurable
quantities; the coefficient is of course found by the test work and its
value for any particular set of flow conditions is in reality where the

loss data is stored.

In this case the coefficient could not be made independent of the
variables in the equation; however, it was found that for each of the
products and all of the bends tested, its value could be represented by a
single curve, either against superficial air velocity (for the
polyethylene pellets) or against suspension density (for the flour).

Examples of the graphs are shown in fig. 3.1 overleaf:-



MSA Bradley PhD Thesis 3: Development of Method

Short Radius Bought-Out Bend vith Unions. 24n.NB, Polyethelene Pellecs.
Short Radius Bought-out Bend With Sockets. 24n.NB, Flour. Ranges of Suspension Deasity st Bend Outlet shown.
Ranges of Superficial Asr Velocity at Bend Outlet shown.

3.000 3.000
[ 4
corrected) B 4

2.00¢ D 2.000

0.000

Suspension Density ky/e’ Superficial Air Velocity st Bend Outlet a/s

tey to velocity ranges:~ Key to suspension Density

ranges:~
A - under 4m/s A - up to 10kg/a’
B-4toBa/s B - 10 to 20kg/e’
C-8tol2a/s C - 20 to 0kg/m’
D-12to 16 n/s D =~ 30 eo 40kg/a’
E- 16 to 20 a/s £ - 40 to SOkg/e’
F - 20 to 24 n/s F = 50 to 60kg/a’
G - over 24 w/s G - 60 to 70kg/a’

Fig. 3.1
Graphs of bend loss coefficient K versus suspension density
and superficial air velocity for the two products in the
short radius bought-out bend, from the experimental results

obtained with the 2in. n.b. test loop

A major advantage of presenting the data in this way was that neither air
density nor pipe bore had any noticeable effect on the K values over the
range of 2:1 tested in each case, so simplifying the use of this system.
The way in which this was established is described in detail in Appendix
K. The effect of product degradation was also examined (the test work
involved about 800 test runs with the flour) and it was found that there
was a steady reduction in bend losses as the number of test runs
increased; the effect (some 20Z or so overall) seemed to be quite
consistent, so a correction was worked out and applied, to correct
experimental K values to the values which would be expected with fresh

flour. Again Appendix K details this.

The effect of bend geometry was very significant. It is analysed in detail
a little further on in this chapter, but briefly the radiused bends of
different radii of curvature exhibited much the same pressure loss
coefficient values, varying in the same way with the suspension density.
the malleable elbow fittings displaying somewhat higher loss coefficients

and the blind tee and Vortice-ell giving the highest of all but varying in
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a slightly different way with suspension density. The graphs of loss

coefficients vs. suspension density for two of these cases are shown in
fig. 3.2 below:-
Blind Tee, 2in.NB, Flour.
Ranges of Superficisl Air Velocity at Bend Outlet shown.
Female Malleable Elbow, 2in.NB, Flour. 4.000
Ranges of Superficial Air Velocity at Bend Outlet shown. E
(corrected)
E F E
3.000 3.000 {egpe—f—ESr g
r EE
A - under 4nm/s EGEE F E
(corrected) B~4to8ua/s E ¢
C-8tol2 n/7 D [o
D~ 12 to 16 a/s D C
2.000 E - 16 to 20 w/s 2.000 —= cDe R S
F - 20 to 24 m/s c cC o p P Dc
G - over 24 n/s c D
Cc
Cc
1.000 10t P
C
Cc
[of
0.000 —t 0.000 —
50 100 150 200 230 50 100 150 200
Suspension Density kg/m’ Suspension Density kg/s’
Fig. 3.2

Graphs of loss coefficients versus suspension density for flour,
conveyed through the female malleable elbow and the blind tee.
These may be compared with the graph for flour in the short radius

bought-out bend in' fig. 3.1 above.
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3.3.2 System for straight pipes

Rather 1less work was done on straight pipes; a rather imperfect but quite

usable system of the following form was developed:-

(I | R

dljtotal dljair only dl)solids

Where [dp} = pressure gradient observed in pipe,
dl/total in bar per metre
[dpW = pressure gradient which would be expected
dlJair only with just air flowing in the pipe, predicted

using the Darcy equation and Moody diagram,

in bar per metre

[dp] = additional pressure gradient, notionally
dlJsolids

caused by the addition of the solid particles

to the air, again in bar per metre.

The additional pressure gradients caused by the addition of the solids

could be represented by:-

For the wheat flour,

dp

dl) solids

100

ol 0

= 6.5x10 3 X[p ]n where n =

and for the polyethylene pellets,

dp

[ ] = 4.4x10’3ps.c
ET solids

Pg and c having the same meanings as above.

These equations are not dimensionally homogeneous and therefore could not
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be used with other units without reviewing the coefficients; however, the
coefficients turned out to be practically constant over the wide range of

conveying conditions covered, making the use of charts unnecessary.

At this stage it is worth drawing the attention of the reader to a few
points which bear upon the above equations, which are considered in more
detail elsewhere. Firstly it is worth bearing in mind that the 'solids
contribution' to the pressure gradient in the straight pipe is almost
always larger, and usually very much larger, than that caused by air
alone, for realistic conveying conditions; with very low suspension
densities indeed, combined with moderate velocities, in pipes of small
size, the 'air only' contribution can become larger but these conditions
are so uneconomic for commercial pneumatic conveying that they are rarely
considered. Secondly with regard to the range of applicability of these;
the equations were developed to represent the experimental data over the
widest range possible, so are applicable with quite good accuracy over
this range but not beyond. The exact envelope of superficial air velocity
and suspension density will be evident from figs. K-25 and K-30 in
Appendix K, but roughly they cover from 4 to 35 m/s and O to 220 kg/m® for
the flour, and from 10 to 45 m/s and &4 to 40 kg/m’ for the polyethylene
pellets. Thirdly it is interesting to compare them with work from other
authors; this is difficult because the range of flow conditions mentioned
above is far wider than any work previously published, as well as being
for different products, however the comparisons which could been made
(detailed in Appendix O) show a fair degree of agreement in terms of
pattern and order of magnitude of losses. Finally the effect of pipe
diameter, not included in the above equations, which may appear strange at
first sight; the meaning of this is that for the same air velocity and
suspension density, the same 'solids contribution' to pressure gradient is
to be expected; conversely for the same pressure drop, solids flow rate is
proportional to pipe cross sectional area. This was justified from the
results in three pipe diameters measured with the flour, which indicated
this to be the case. This of course is quite distinct from the trend with
single phase flow, wherein pressure drop reduces as pipe diameter
increases, for the same flow per unit area; this could be taken to

indicate that the pressure drop in gas-solid flow of reasonable
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concentration arises mainly as a result of internal mechanisms within the
main body of the flow, not much affected by what is going on at the wall
of the pipe, whereas in single phase flow the processes going on at the

wall are very important.

The approach of splitting the total pressure gradient up into "air only"
and "solids" parts was one which other workers in the field had been seen
to use, though normally without any justification since invariably little
progress was made by these workers towards finding a method for predicting
the "solids contribution"; the way in which it was found to be useful is
described in Appendix K, but the essential point to note is that it was
found entirely incidentally, without (as far as is possible after reading
papers by these other authors) any conscious decision to investigate the
technique. There is still no apparent justification for wusing this
technique other than the fact that it appears to work satisfactorily,
which 1is considered to be both necessary and sufficient justification in

the end.

As an aside, it is interesting to observe that a number of authors of
papers suggest the use of a system for calculating the pressure drop in a
conveying pipeline (often not recognising the need to distinguish the

effects of bends) as a function of the air only pressure drop, typically

like so:-
APt = (1+ C.S).APa
where APt = total pressure drop
APa = pressure drop for air alone
S = mass solids/air loading ratio
C = a coefficient.

This system, which is appealing because it appears delightfully simple at
first glance, falls down at determination of the value of the coefficient
C; it is at this stage that the reader is generally let down in that no
explanation is given as to how to determine a suitable value. However, it

may be that this is one of the main reasons why the 'air only' pressure
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drop has come to be used so much in correlations. The use of a system of
this type was considered, but appeared to offer no advantage over simply
representing the 'solids contribution' to pressure drop directly as
recommended above. It still appears to be sheer coincidence that
subtracting an 'air only' pressure drop value from the pressure gradient

makes it easier to model empirically.
3.4 Effects of pipeline component options

The effects which changes in various flow quantities had upon pressure
drop were examined repeatedly whilst the data storage and recall systems
were being developed, in order to try to improve the ability of the
systems to handle changes in these variables. Air density has already been
mentioned in section 3.3.1 above (and Appendix K), it being found that it
was possible to devise a system of data storage which was effectively
immune to changes in this quantity, making it unnecessary to take account
of this when using recalled data. Pipe bore and bend geometry, mentioned

only briefly so far, will be expanded upon here.
3.4.1 Effect of bend radius, unions and ovality of cross—section
The curve drawn through the data for the short radius bought-out bend was

scaled to fit the data from the others, and the necessary scaling factor

plotted against bend radius; the result is shown in fig. 3.3 overleaf:-
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(9)

4.0 Effect of r/d ratio on pressure drop factor (I) for
bends, related to pressure drop factor for short radius
bought—-out bend “r.f)'

Product: Flour. Line: 2in. N.B.
3.5
Ratio (10)
i‘_
ret Reference to benda:-
3.0 (1) - Short rsdius bought-out, with kets

(2) - Short radius, vith unions
(3) = Short radius, without unions
(4) « Long radius, with unions
(5) - Long redius, without unions
2.5 (6) = Male and female melleable elbova
) 57) - Blind tes ; For cases of suapension density 1 tha
8) - V. on density less n
) ortic-ell 75 kg/a’ wvith valocities grester than l6a/s.

9) - Bl
E“;)_ Vir:::::l ; For suspension density of 150 kg/s’

x(2)

0.5

Bend Radius

Ratio _ngc Bore

Fig. 3.3
Graph of bend loss coefficients for the flour in various
2in. n.b. bends, compared with those from the short

radius bought-out bend, versus ratio of bend radius/pipe bore.

This graph demonstrates the effect of bend radius upon pressure loss. The
somewhat different nature of the relationship between K and suspension
density, for the blind tee and vortice-ell as against the radiused bends,
necessitated a choice of the conditions for which these two were compared
with the others; the two chosen conditions being firstly for cases of
fairly low suspension density (less than 75 kg/m® ) combined with
velocities above 16m/s (i.e. "lean phase', suspension flow conditions) and
secondly for a high suspension density (150 kg/m® ), being a "dense phase"
condition. As can be seen, the blind tee and vortice-ell displayed
noticeably higher loss coefficients than the radiused bends for the "lean
phase" conditions (7 & 8 on the diagram), the situation being even worse

for the "dense phase'" one (9 & 10).
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For all the radiused bends, the fact that the variation of K with
suspension density followed the same pattern for all means that the values
of K/Kref remain constant over the whole range tested. Comparing the
radiused bends, the male and female malleable elbow fittings displayed
equally the highest losses (6 on the diagram); the short radius bought-out
bend (1) was the reference, and displayed the lowest losses except for the
short radius made-in—house bend fitted with unions (2) which was slightly
lower still; the equivalent bend without unions showed somewhat higher
losses (3). The long radius bends (4 & 5) showed losses much the same as
the short radius except that the effect of the unions seemed to be

reversed, for which no explanation was apparent.

It would appear from this that a very tight radius bend, such as the
malleable elbow fittings, or worse still a bend with a pocket on the back
such as the blind tee or vortice—ell, results in much more momentum being
lost by the particles as they collide with the pipe walls. By contrast the
medium and longer radiused bends clearly result in much smaller loss of
momentum, presumably because the collisions are at a lower angle as well

as spread over a wider area.

The upshot of this is is that the use of long radius bends appears to be
unnecessary from the point of view of energy consumption of a conveying
system; a bend radius/diameter ratio of 3:1 appears to give virtually as
low a pressure drop as any of the.longer bends, but these shorter bends
are available "off-the-shelf", far cheaper to buy and install than the
longer ones which are specially made, heavier and require more space. The
very slight saving on cost with the malleable fittings would be more than
offset by the greater pressure losses. The blind tee and vortice-ell are
particularly costly to run; normally these would only be used to combat a
severe bend wear problem which would otherwise lead to a high maintenance
overhead, but a radiused bend with a wear-back may be a better
proposition in these circumstances depending on the abrasiveness of the
conveyed product. In the "dense phase" condition (points 9 & 10) these two
are particularly bad, but it would be bad practice to employ these in such

an application because wear would be unlikely to be a problem with low
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velocity flow.

The ovality of cross section of the various radiused bends was noted to be
different; therefore it was measured and compared, to see whether this may
account for the difference in pressure drop between the radiused bends,
but no correlation could be established. The results are shown in Appendix
K.

Likewise there seemed to be no clear correlation between unions on the
bends and pressure drop, the long radius bend with wunions having a higher
pressure drop than that without, and vice-versa for the short radius

bends.

At this point it is worth noting that although the short radius bends were
physically shorter than the longer radius ones, leaving the straight pipes
of different lengths, this did not enter the calculations because the
pressure gradients before and after the bend were projected to the
position of the intersection of the adjacent straight pipes (Fig. 2.5).
This approach has the advantage of allowing direct comparison without
hindrance, and also allowing measurements direct from plant layout
drawings, normally given to the intersection of the straight lengths, to

be used in calculation.
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bends.
3.4.2 Effect of pipe diameter

When comparing the long radius bends of 2, 3 and 4in. n.b. (which had
very similar radii), the loss coefficients appeared to be very much the
same although they were somewhat lower for the high suspension densities
in the 4in. bend. (See fig. 3.4 below). There was no obvious reason why
this may be so, but it does mean (if the effect is repeatable) that using
data taken from a 2in. or 3in. test loop will slightly over-predict the
pressure drop in a larger pipe, resulting in a conservative design which
will at least ensure reliable operation, a more important consideration

than absolute lowest possible power consumption.

Long Radius Bend Without Untions, 2in.NB, Flour.
Ranges of Superficial Air Velocity at Bend Outlet shown.

Key to velocity ranges:-

2.000 A - under 4s/s

B-4toBa/s

C-8tol2w/s
D - 12 to 16 =/s
E - 16 to 20 a/s
F- 20 to 24 =/s
G - over 24 w/s

(corrected

1.000

0.000 —_—
0 50 100 150 20 Long Radius Bend With Flanges, 4in.NB, Flour.

Ranges of Superficisl Air Velocity At Bend Outlet shown.

Suspension Density kg/m’

Long Radius Bend With Unions, 3ia.NB, Flour. 4.000
Ranges of Superficial Air Velocity at Bend Outlet showm.
4
(corrected)
E
3.000 3.0001% E
| 4 E c
(corrected) 6§ E
e
2.000¢ €
%

30 100 150 200

Suspension Deasity kg/s’ Suspension Density kg/s’

Fig. 3.4
Comparison of loss coefficients for the flour in

bends of 2, 3 and 4in. n.b. with similar (long) radii.
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In the three graphs above the curve from the 2in., bend has been forced
onto the data for the 3in. and 4in. ones purely to show the comparison and
demonstrate the 1level of departure from consistency. It is not clear why
the data from the 4in. bend shows so much more scatter, but this was

pushing the rig to its limits in terms of air flow availability.

The 3in. female malleable elbow displayed higher pressure drop than the
2in. one, by a factor of some 50% or so over most of the range (see fig.
3.5 below); it is thought that this may be explained by the relatively
tighter radius of the 3in. fitting (ratio of bend radius/pipe bore of 1.8
as opposed to 2.3 for the 2in. fitting).

Female Malleable Elbow, 3in.NB, Flour.

Ranges of Superficial Air Velocity st Bend Outlet shown.

Female Mallesble Elbow, 2in.NB, Flour. &.200
Ranges of Superficial Air Velocity at Bend Outlet shown.

(corrected)

3.000 Key to velocity ranges:- 3.000

4 A - under 4n/s
(corrected) B-4to8a/s
C~-8tol2a/s
D - 12 to 16 n/s
E - 16 to 20 a/s 2.000
F - 20 o 24 w/s

2.000

3 D g G - over 24 wm/s
C
1,000 1.000
Cc Cc
c Ce D ¢ c c
0.000 .
50 100 150 200 20 0-000 S0 100 150 200
Suspension Deasity kg/m' Suspension Density kg/s’

Fig. 3.5
Comparison of loss coefficients for flour in

the female malleable elbows of 2 and 3in. n.b.

This would tend to indicate that with different pipe diameters, the ratio
of bend radius to pipe diameter is probably more important than the actual
radius, as far as pressure loss is concerned. This makes the malleable

fittings even less attractive in the larger pipe sizes.
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3.5 Recall and use of data — the pipeline synthesis program

Once systems were available for storing the data from test runs, it became
necessary to consider methods for using this data. Thought was given to
this at an early stage of development of the data storage systems; the
process of estimating the pressure drop along a proposed pipeline for
chosen values of flow rates of air and product would involve working along
the pipeline from the end (atmospheric pressure reference), finding
pressure loss in each straight and bend in turn, recalculating air
velocity and suspension density each time. A worked example is given
in Appendix M. It would be quite possible to do this using a pocket
calculator, but it would be very tedious and time consuming to build up a
comparison of different possible pipelines for a given duty. Therefore it
was decided early on that it would be necessary to use a computer for
this, and this was the motive to try to avoid the use of graphs in the

data storage systems.

The procedure for predicting pressure loss along a pipeline is as follows:

a) The layout and bore of the pipeline must be known. The mass flow

rates of product and air to be used in the prediction are chosen.

b) Calculation normally begins at the outlet end of the pipeline where
pressure is atmospheric (for a vacuum system pressure would be

atmospheric at the inlet end, so calculation would begin here).

c) The conveying conditions (air velocity and suspension density) at
this point are calculated; the actual volume flow rate of air is
calculated from the mass flow rate using pV=mRT*, then air velocity
is found by dividing volume flow rate by pipe cross—sectional area.
Suspension density at the same point is found by dividing mass flow

rate of product by actual volume flow rate of air.

* - V = yolume of gas mass m at absolute temperature T and absolute

pressure p, R being the gas constant for air (the conveying gas).
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d) Knowing the conveying conditions at this point, the pressure
gradient in the straight section before this point is found by using
the correlations for straight pipe pressure drop; the 'Air Only'
pressure gradient is calculated using the Darcy equation, and the
'Solids contribution' is found from the correlations given in
section 3.3.2. These are added together to obtain the total pressure
gradient, then multiplied by the length of the straight to find the

total pressure loss along the straight section.

e) Now knowing the pressure at the inlet to the straight section, the
conveying conditions at this point are calculated using the same
procedure as in (c) above, but with the current pressure rather than
atmospheric. The inlet to the straight is of course the outlet of
the preceding bend, so these new conveying conditions are used with
the correlation for bend pressure loss (section 3.3.1 above) to

establish the loss caused by this bend.

f) Knowing the pressure at inlet to the bend, the conveying conditions
are again recalculated and the pressure loss in the next straight

section back is found using these conveying conditions ((d) above).

g) This procedure is repeated again and again, working back along the
pipeline taking each bend and straight length in turn, treating each
one by taking the conveying conditions at its outlet and using these
to establish the pressure loss, then adding this pressure to the
running total and calculating the conveying conditions at its inlet,
until the inlet end of the pipe is reached. Thus the air pressure

and velocity at the inlet to the pipeline is found.

A glance at the worked example (Appendix N) will show that the process
involved in performing the calculations requires not only patience, but
also some degree of accuracy because of the relatively small increments in
the pressure at each point; also any mistake in calculation at any point
will be consequential since it will upset the following calculations. Most
real pipelines have rather more bends and straights than the example used,

so the problem is usually more acute than the worked example demonstrates.
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Also, obtaining the greatest benefit from this method of prediction of
pipeline pressure drop requires the procedure to be repeated over and over
again with different values of air flow rate and pipeline bore, firstly to
find the most economic air flow rate for each pipeline bore and then to

compare possible bore sizes.

These facts, taken together, make the use of the personal computer a very

great asset with this method of pipeline design.
3.5.1 Structure of the computer program

The program to do this repetitive procedure was extremely simple; the flow

diagram is shown below whilst a listing is given in Appendix G.

Input Pipeline Details-Number
of bends, lengths of straights.]

Input chosen air and
product mass flow rates
At end of pipe,
pressure = atmospheric

Find velocity and
Suspension Densi

Find Pressure Drop in Straight,
and add to total pressure

A Find Velocity and
r Suspension Densi

“Find pressure drop in bend
and add to total pressure
Find Velocity and Suspension Density

el nd of Pipe?
Yes {+]

[ Print pressure]

Another
Choice of Mass
Flow rate?

Yes [No

END/

Fig. 3.6

Structure of computer program to synthesise pipeline pressure drop
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Using this program, the use of different pipeline bores and flow rates of
air for a given flow rate of product can easily be examined so that the
user can quickly compare the benefits of different systems; also, the
effect of altering pipeline layout, using a different type of bend, or
even increasing the bore size of the line along its length (to keep air

velocities down) can be evaluated easily.
3.5.2 Input of graphical data

Although (as mentioned in section 3.3) it was possible to store the data
on losses in straight pipes using only simple equations, for the bends it
was necessary to use a graph to represent the 1loss coefficients against
suspension density (for the flour) or air velocity (for the polyethylene
pellets); this information was programmed into the computer wusing a
piecewise linear approximation, i.e. a series of straight lines with
gradients and intercepts calculated to allow them to represent the curves
between certain 1limits. The approximation for the flour in the short
radius bend is shown in fig. 3.7 below; for the other radiused bends it
was only necessary to scale this with a factor, since they displayed the

same shape of curve with just a different height.

2-»

1--

0 50 100 150 200 250 300
Suspension Density O, kg/m’

Section  Slope Al Intercept AO From To

of line kg/m’ kg/m’
A 0.0080 - 1.57 0 14
B 0 1.69 14 37
(o -0.0112 2.10 37 83
D -0.0145 2.37 83 125
E -0.0045 1.11 125 152
F 0 0.45 152 up

L=24+4 pg

Fig. 3.7

The piecewise linear approximation to the flour data
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3.5.3 Non-horizontal pipe sections

No work was done during the project to examine the effect of vertical
sections; therefore the program was not adapted to account for these. It
was considered that for vertical-up sections it might be possible to use
the relationship demonstrated by Mills (ref. 1, from the work of
Marjanovic), that these display a pressure drop twice that of horizontal
sections, and treat vertical sections as horizontal ones of double the
length; alternatively the static head of suspension in a vertical pipe
might be added to the pressure drop calculated for a horizontal of the
same length, but some work would be necessary to verify these approaches
and if they were not found to be satisfactory then an instrumented
vertical section would be needed in a test rig to obtain data for design
of pipelines with significant vertical lengths. The 2:1 ratio arising from
the work of Mills and Marjanovic seems remarkable, but that work did cover
a very wide range of conveying conditions as well as product types and the

relationship was very consistent.

For vertical-down sections, treating them as horizontals of the same
length would result in over-prediction of pressure drop and hence
conservative design; fortunately 1long vertical-down sections are hardly
ever used in real pipelines (with some notable exceptions, e.g. ref. 56);
if designing a system with a long vertical-down section it would be

necessary to have a test section with this orientation.

As far as inclined sections are concerned it would again be necessary to
use a test section at the correct angle to obtain data for accurate
design, subject to test work demonstrating whether losses in such sections

could be predicted from measurements made in horizontal sections.

3.5.4 Hazards of using the program

It must be pointed out that no safeguards were written into this program
to check whether the calculated flow conditions are within the range of

air velocity and suspension density used in the conveying trials;

equations used to represent the data are continucus to infinity beyond the

3-20 67.



MSA Bradley PhD Thesis 3: Development of Method

ranges of these quantities for which they were developed. It was left up
to the operator to satisfy himself about this. The fact that the flow
conditions are recalculated at every bend means that this can be done
quite easily by printing out this information, but if the program were to

be used generally some safeguard would be considered necessary.

Also, since the program uses the flow conditions at the end of each
straight to find the pressure loss in that straight, it would be in error
if used for a pipeline containing a very long straight pipe (long enough
for there to be a significant expansion of the air in the straight
section). It would be necessary to subdivide such sections; this would
need to be done automatically if the program were to be used in general

circulation.
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CHAPTER 4
TRIALS OF THE METHOD DEVISED
4,1 Introduction

Once a usable method for the prediction of pressure drop along a conveying
line had been developed, it was clearly necessary to test it by predicting
losses in some real conveying pipelines and comparing with measurements

from them.

Data on total pressure drop in the various pipe loops which contained the
test sections had been recorded whilst the test runs were taking place, at
the time simply on the basis of 'it might come in useful'. On reflection,
it was apparent that to try to predict this 'overall pipeline' data using
the method would be a useful test for the method, which had been developed

without any reference to this data whatever.
4.2 Synthesis of characteristics

Using the pipeline synthesis program described in section 3.5, four
complete sets of conveying characteristics were synthesised; these
predicted pressure loss along the entire line for the flour in the 2in,
3in, and 4in. nominal bore pipelines, and for the polyethylene pellets in
the 2in. n.b. line, over a wide range of conveying conditions. Only after
synthesis of these, were the corresponding true characteristics plotted

from the measurements which had been taken during the test runs.

When entering the pipeline geometry into the synthesis program, account
was taken of the fact that the first section of each of the lines was of
2in. n.b. whatever the size of the loop, and the position of the expansion
was located carefully. The vertical riser at the end of the pipe was
treated as an horizontal section of twice its actual length, for the
reasons explained in section 3.5.3. The effect of pipe bore was accounted
for by scaling flow rate of product proportional to pipe cross sectional

area for otherwise similar conveying conditions, which was felt to be
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fairly accurate for the reasons discussed in section 3.3.2. The actual
layouts of the pipelines can be found in Appendix F, fig. F-1. The pipe
diameters used were of course the measured internal diameters of the
lines, not the nominal bore sizes - i.e. 53mm for 2in., 8lmm for 3in. and

104mm for 4in. (medium weight tube).

The bend loss coefficient data was taken from the 2in. short radius
bought-out bend for all cases, even though the actual 3in. and 4in. loops
employed longer radius bends; this was justified by the minimal effect of
bend geometry for bends of r/d ratio greater than that of this bend, as
demonstrated in fig. 3.3 of Chapter 3, and the also minimal effect of pipe
diameter described in section 3.4.2. For the same reason, the data on
'solids contribution' to the straight pipe pressure gradients were taken

from the 2in. line.

The synthesised and measured conveying characteristics for the various

lines are compared on the following pages.
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4.3 Comparison of synthesised and measured characteristics

The 2in. line conveying flour was simulated first. The diagram showing
measured and predicted pressure drop for a wide range of flow rates of

solids and air is reproduced below:-

—— o= == o~ - Predicted Characteristic

True Characteristic

20«

Conveying line
pressure drop

16 ¥

flow
rate
of
product

tonne/hr 121

0 —t —i=

.04 .08 12 .16 .20 .24

Mess flow rate of air kg/a

Fig. 4.1
Measured and predicted conveying characteristics

for the 2in. n.b. line conveying flour

At this point it should be observed that the contribution of the air to
the pressure drops in these loops was small in comparison with the total
pressure drops, typically up to 0.1 bar at the higher air flow rates in
the diagram above and much less for the 3in. and 4in. nominal bore lines.
This means that these diagrams give a good comparison between actual and

predicted solids contribution to the pressure drops in the lines.
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From this it is apparent that over most of the range the simulation
under-predicts the pressure drop for any given flow rate of product, by a
fairly consistent 0.2 bar. This is not terribly serious in the areas where
the pressure is 2 bar or more (i.e. "dense phase'" conditions), since to
leave such a margin for uncertainty in design would not be unreasonable
anyway; but where the pressure is quite low, say 1less than 1 bar, this
represents quite a serious underestimate which could result in a system
throughput  significantly lower than the design objective; e.g.

approximately 307 for the 0.5 bar line.

The data fed into the program and the algorithms used were checked for
correctness and no errors could be found; therefore the discrepancy was
taken as genuine and it was decided to continue with the calculations for

the other lines.
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The equivalent diagram for the 3in. line is shown below:-

—— = o — — Predicted Characteristic

- Trye Characteristic
3.0

\

24+ 2.5
Conveying line

Mass pressure drop

flow bar

rate

of

product
tonne/hr

164

Mass flow rate of air kg/s

Fig. 4.2
Measured and predicted conveying characteristics

for the 3in. n.b. line conveying flour

Note that the range of air flow rates covered was more restricted at the
lower end than for the 2in., owing to the larger pipe bore needing
approximately 2.3 times as much air to achieve the same velocities. Also
the maximum pressure drop achieved was a good deal less for the same

reason.

The amount of under-prediction of the pressure drop was very similar to

that for the 2in. line, and the same comments apply.
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For the 4in. line the range covered was more restricted still, but the
magnitude of under-prediction of the pressure drop was again very similar

as shown below:-

— — — — Predicted Characteristic

True Cheracteristic

324
Mass
flow
rate
of
product
tonne/hr
244
164+
84
0 + + $
0 .08 .16 .24

Mass flowv rate of sir kg/s

Fig. 4.3
Measured and predicted conveying characteristics

for the 4in. n.b. line conveying flour



MSA Bradley PhD Thesis 4: Trials

Once this work had been done for the flour, the same was done for the
polyethylene pellets. These were conveyed only in the 2in. line and the

result is shown below:-

—— — — — Predicted Characteristic

16 # ——— — True Characteristic
Mass 2;0
flow
rate
of
product
Conveying lipe
tonne/hr pressure drop

12 4

Mass flow rate of air kg/s

Fig. 4.4
Measured and predicted conveying characteristics

for the 2in. n.b. line conveying polyethylene pellets

Here again the simulation under-predicts the pressure drop over most of
the range, this time by a fairly consistent 257 or so rather than a
consistent pressure difference. Again this is sufficient to lead to a
significant under-sizing of system components unless a fairly generous

allowance for uncertainty is made at the design stage.
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Comparing the diagram above with Figs. 4.1 to 4.3 for the flour, the
direction of curvature of the lines is opposite. This is commonly seen
when comparing two very different products, as related in section B.3.1,
and although no firm conclusion on this effect can be drawn fron this
work, it appears likely that this is caused by the very different
variation in bend pressure loss with conveying conditions (as demonstrated

in Fig. 3.1) between these two very different products.
4.4 Outcome of the trials

On the face of it, the results obtained from the trials were a little
disappointing in that when wusing this method as it stands, a fairly
generous allowance for uncertainty would still need to be made when
designing a system. In this respect it seems to offer little improvement
over the testing-and-scaling method which went before, at least for

systems with a fairly usual distribution of bends.

However, it must be said that a generous allowance for uncertainty is not
a very bad thing when designing a pneumatic conveying system, because in
spite of testing a sample of the product which it is being designed to
convey, there is always a possibility of significant difference between
this and the product conveyed in the final system. This is particularly so
where (as is often the case) the system will be part of a new plant and
the product tested comes from an existing plant, with most likely
different size distribution and mdisture content. The fact that the
resulting system may not have the absolute 1lowest possible energy
consumption is less important than the fact that it works reliably,
because even a very short stoppage on a plant producing products of high
cost but relatively low added value (as is often the case for foodstuffs)

will wipe out many weeks of saving on energy with a more efficient system.

Also it must be borne in mind that there were certain areas used in
simulating the loops which have not been investigated properly but just an
intelligent guess taken. Firstly the effect of vertical sections, for
which Mills' correlation of pressure drop being equal to twice that in

horizontal sections was used (see section 3.5.3 for an explanation); it is

4-8 76 .



MSA Bradley PhD Thesis 4: Trials

now known from this work that Mills over-estimated the contribution of
horizontal straight lengths to the total pressure loss 1in a pipeline,
which would account for some under-prediction of pressure loss using his
correlation in conjunction with the current method. Secondly it has been
seen that different bends of ostensibly the same type can display
significantly different loss coefficients and that this cannot be simply
explained in terms of the means by which they are joined to adjacent
pipes, as explained in section 3.4.1. Thirdly no discrimination has been
made between bends in different attitudes; the actual loop contained bends
between horizontal and vertical sections, which were treated just as
though they were between two horizontal sections like the ones from which
the data was obtained. Finally, no account was taken of the fact that in
the 3in. and 4in. loops, the bend at the top of the riser by the receiving
hopper was a short radius elbow or a blind tee respectively, which are

known to give higher pressure drops than radiused bends.

A further effect which might be mentioned is that of electrostatic
build-up in the conveyed product; it has been the experience of some
previous workers at Thames that the conveying characteristics of certain
products can change with repeated conveying due to this effect. One
product particularly known for this is a pvc powder which is both fine and
highly non-conducting; the two products which were used for the work
reported here have frequently been conveyed in the Thames laboratories by
other workers as well as this author, and no such effect has ever been
noticed, presumably because in the case of flour it contains some moisture
and so will discharge static electricity whilst in the case of the
polyethylene pellets they are large enough that their inertia is

sufficient to overcome electrostatic forces.
4.5 Assessment of the trials

Given the factors mentioned above, it seems remarkable that the
predictions are as accurate as they are, bearing in mind that the method
used has not been 'tuned' in any way as a result of these trials. The fact
that the error is fairly consistent would tend to support the fundamental

value of the method described, and suggest that with further refinement it
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may well be capable of much more accurate results. The areas in need of
refinement have been mentioned above, i.e. vertical sections, bends in

different attitudes and the variation between bends of supposedly the same

type.

Two of the lines simulated included expansions in pipe sizes of very
significant proportions (factors of 2.3 and 4 on area) yet these were
dealt with quite easily and this did not seem to compromise the accuracy
of the results. This is important with the increasing trend towards the
use of '"stepped" pipelines which enable energy savings to be made and
longer conveying distances to be achieved, by keeping air velocities down

even when there is very significant expansion of the air along the line.

At this stage it was considered that the trials undertaken had served to
verify the method as far as could be expected without studying the unknown
factors mentioned above. Therefore it was decided to <call a halt to
further development and to begin to bring together the work for this

report.
4.6 A case study

With the results of these tests seeming to confirm the value of the method
described, a final stage of work was undertaken consisting of using the
method to perform a case study of pipelines proposed for a real
application. Using the data on flour, several alternatives of pipe size,
bend type and number of steps up in bore size along the 1length were
considered on the basis of fixed throughput (60 tonne/hr), fixed minimum
conveying velocity (11.8m/s) and fixed layout (60m long with 15 bends). It
was found that the pipeline synthesis program enabled power consumption
and maximum air velocities for each alternative to be estimated and
compared very quickly, yielding information necessary for choosing the
best option. The proposed system has not been built, so no data is
available for verifying the accuracy of the predictions. Further details

of the case study will be found in Appendix L.

4-10 78,



MSA Bradley PhD Thesis 5: Conclusions

CHAPTER 5
CONCLUSIONS

At the outset of this project, the primary goal was to improve the
accuracy of prediction of pressure drop along pneumatic conveying
pipelines. It is believed that this goal has been achieved, and that the
method which has been developed is not only capable of greater accuracy
than that which it supersedes, but is also more convenient for the
designer to use when comparing different possible options for pipelines
for a given duty. Furthermore it may be wused to predict pressure drop
along pipelines with successive increases in bore size, which have been
shown to be potentially very useful. The limits over which the method can
confidently be applied, in terms of flow regimes, air velocities and
product rates, are restricted only by the range of conveying conditions
which can be achieved in the test plant when undertaking the trials which

are a necessary part of the method.

The means by which the goal has been fulfilled is rather different from
that which was expected at the inception of the project, in that the
methods available then have been superseded rather than improved. This was
a result of the 1limitations inherent in the methods which had been
developed up to that time, which is not to say that they were developed
wrongly but simply that they had been developed as far as was possible. It
was the examination of, and attempts to improve, these methods which

showed the need for a fresh start.

It will be appropriate at this point to recapitulate on the thread of the
project. Firstly a survey was made of the means then available for making
the prediction. These means were assessed, and their weaknesses and
strengths identified in relation to improving the accuracy of the
predictions made. It quickly ©became apparent that the practical
limitations of the methods available had been reached but that it may be
possible to evolve a new method which would overcome these limitationms.
This method was considered and a decision taken to proceed along this

path. The new method would involve using the product to be conveyed, in a
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special test facility. A suitable facility was developed and a large
amount of test work undertaken, both to assess the viability of the method
proposed and to assess the effect of a number of variables bearing upon
the use of the method in pipeline design. The proposed method appeared
viable and gave good results when subjected to trials predicting the
pressure loss in some real pipelines. An assessment of the method and the
outcome of the trials showed that the new method is a little more
demanding of the user at the testing and data analysis stage, but is far
more convenient and more powerful in making predictions of pressure loss

for pipeline design.
The new method involves:-

(a) conveying the product for which the plant pipeline is to be designed,
to obtain data on pressure losses along straight lengths and those caused
by bends. A special test facility was developed for this, involving much
more instrumentation than was previously used on any known pneumatic

conveying test facility.

(b) feeding the data obtained from (a) into a storage and recall system,
in which it is compact and easily accessible. It appeared that the system
needed is dependent upon the product which is being conveyed, in that the

correlations used varied between the products which were tested.

(c) predicting the pressure loss along a proposed plant pipeline by
working along the pipeline from one end, where conveying conditions (air
velocity and suspension density) are known, finding the pressure drop
caused by each bend and straight length in turn by recalling the pressure
drop data for the conveying conditions in existence at the point in
question, then applying this pressure drop to obtain the pressure at the
next point along and recalculating the conveying conditions there. This
procedure is applied repeatedly until the user has worked right along the

pipeline and thus determined the total pressure drop.
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The advantages of this method, over what went before, include:-

(i) the ability to assess, quickly and accurately, the effects of pipeline
layout, e.g. positions and number of bends, and bends of different

geometry.

(ii) the ability to compare many possible designs for a duty in the space
of a few hours, by changing pipe bore, layout, and mass flow rates of air
and product, and re-running the computer program which uses the data to

make the predictions.

(iii) the ability to deal with stepped pipelines. Previous methods
involving the use of data could not be used for the prediction of pressure
losses along such pipelines, which may be of great importance as described
below. Using the new method, not only is it possible to predict the
pressure drop along a stepped pipeline, but also the best positions of the

steps, for economy of operation and maintenance, may be located.

It 1is apparent that the method relies upon the availability of an
experimental facility for generation of the data which is central to its
operation. Currently there appears to be no easy way around this; all the
products tested to date have given data differing not only in value but
also in basic form (i.e. the way in which the losses vary with conveying
conditions). Further work may well be undertaken to try to understand what
properties of products, measurable on a small scale, determine the
behaviour of the product in a pipeline, and no doubt this will shed some
valuable light on possible ways of classifying products in terms of
conveying behaviour; however it is not the belief of this author that this
will overcome the need for loss data for the specific product which a
plant pipeline is to be designed to convey. It appears more likely that
the need for experimental work will gradually decline as a bank of data is
built up over a period of years relating to common products. For example,
products such as, say, ordinary portland cement, or perhaps wheat grain,
do not vary very much from one source to another and in any case any
sensible designer would hope to accommodate such natural variations in his

plant design anyway; so for these products, once the data has been
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obtained by one set of tests, and perhaps confirmed by another one or two
sets with product from different sources, it would most likely be adequate
to rely on this for future designs. For products which have not been met
before, however, the need for such experimental work will probably always

remain unless some risk is taken in using data from another product.

Major avenues of research within the development of this method have

been:-

(a) the effect of product type; the data for the two products tested
displays not only different values of pressure drop between the products
at similar conveying conditions, but also a different type of relationship
between pressure drop and conveying conditions. There is no sign that it
will ever be possible to dispense with the need for tests using the actual

product for which the design is to be undertaken.

(b) the effect of bend geometry; it would appear that the general use of
bends of long radius for conveying pipelines represents an unnecessary
expense, bends of much shorter radius appearing to perform just as well;
it has, however, been shown that the use of too short a radius leads to

excessive pressure drop.

(c) the effect of pipe bore; it would appear that this has little effect
on the pressure drop for given conveying conditions, i.e. air velocity and
suspension density (implying the same pressure drop for the same flow per

unit cross sectional area of pipe).

(d) the effect of air density; this has been shown to be minimal, provided
the pressure drop data is stored and used on the basis of air velocity and

suspension density and not mass solids loading ratio.

(e) the use of the traditional quantity Solids Loading Ratio (on a mass
basis, often wrongly referred to as "phase density"); this has been shown
to be a misleading quantity since it cannot take account of the change in
conveying conditions which occur along a pipeline as the air expands with

fall in pressure. If this is used then pressure must be taken into
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account, not only because conveying conditions will change according to
pressure but also because air density will then have a significant effect

upon the pressure drop.

(f) the use of "Equivalent Length" values is a poor way to account for the
pressure drop caused by pipeline bends. The relationships between pressure
drop and conveying conditions for a bend are totally different from those
for a length of straight pipe, so that for one product in one bend, the
equivalent length varied from 3m to 60m over a range of conditions. It is
the very fact that these relationships are so disparate, which limits the

accuracy achievable with the previous testing-and-scaling method.

(g) stepped pipelines; it has been shown, by using the method of
prediction which has been developed, that these can give very much lower
pressure drop (and even further reduced energy consumption) than lines
having a constant bore size from end to end. Also, the effect of keeping
the maximum air velocities lower, which gives rise to this advantage, is
also expected to have very significant implications in terms of reducing
wear and product attrition, both of which are often major problems to the

operators of plants with pneumatic conveyors.

Inevitably, arising from a project of this type there are a number of

ma jor questions. These are:-

(a) The prediction of pressure drop in vertical pipes, both risers and
downcomers; the work which was done previously has been shown to be
slightly suspect since this related pressure drop in these to the pressure
drop in horizontal pipe obtained from measurements made on total pipeline
loops, and it is now certain that the contribution made by the bends in
those loops was seriously underestimated. Currently it is recommended that
the previous work is used, as described in Chapter 3, in the absence of

anything more satisfactory, and that due allowance is made in design.
(b) The effect of inclined/declined pipes; these are rare in practice

although occasionally their use is a necessity. Work recently done by this

author on pipes declined at an angle of 1 in 4 (Pneumatech 4, UK, 1990),
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has yielded reduced pressure drop, by more than would be expected from a
simple consideration of the gain in static head with loss of height, and
shown that this is affected by particle size. Whether the converse is true
of inclined pipes is a matter of conjecture, but it is recommended that if
significant lengths of incline or decline are to be included in a plant
pipeline, then tests should be made using the product in a pipeline of the

correct inclination or declination.

(c) The effect of product type; a major test programme is needed to obtain
data for other products, so that it can be seen whether there is any
pattern in the type of correlations which need to be used to store the
data. It is possible that some relationship between these and product bulk
properties measurable on a small (e.g. bench-top) scale may emerge. Since
the bulk of this thesis was written, two more products have been dealt
with using this method, and these have needed different correlations again
to store the data, so it would seem that a good deal of work would be
necessary in this direction to gain any understanding. In this respect, an
extension of the work described in Appendix K using surfaces in three
dimensions to represent the loss data may help in the recognition of
trends and similarities which might be invisible from normal
two-dimensional graphs. It opens up the possibilities of attempting to
relate the change in shape of the surface to differences in measurable
bulk properties. For example, in the case of the flour the suspension
density was the quantity which controlled the loss coefficient, whilst air
velocity had no effect; in the case of the pellets the reverse was true.
It may be that this could be related to (for example) the obvious
difference between a powdered product and a granular product such as the

wheat flour and polyethylene pellets used in this project.

(d) The effect of bend attitude; all work done during this project was
using horizontal-horizontal bends, and there remains the question of
whether bends between horizontal and vertical pipes would exhibit the same
pressure drop. There are four possibilities, i.e horizontal to vertical
up, horizontal to vertical down, and vice-versa. If the use of inclined
pipes is included, then even more possibilities arise, but these are

fairly rare in practice.
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(e) The effect of bend radius on wear and product attrition; although it
has been shown that (at least for the product tested) the radius of a bend
has little effect on pressure drop provided that a certain minimum ratio
of radius to bore is exceeded, it is not known by this author whether the
radius affects the rate of wear or amount of product attrition. This

point would also need a major programme of work to deal with conclusively.

(f) The stability of operation of blow tank feeders; it has been found
that blow tank feeders appear to operate on a limit cycle, not reaching a
true steady state during conveying but suffering from a continual cycling
of feed rate between limits. This was discussed at some length in
Appendix F, and it is apparent that there is the potential for significant
problems to arise if feeding long conveying lines using a blow tank. Some
analysis of this problem using control engineering methods may yield an

understanding.

Comparison of the data from this project with work of others has been
difficult; the only measurements which appear to have been made in any
comparable way relate only to very lean phase conveying conditions, i.e.
suspension flow of low suspension densities, and with only granular
products, for straight pipes only, so there is little overlap onto the
largest part of the data taken in this project. However, the areas where
there is overlap show fairly good agreement, as outlined in Appendix N. As
far as comparing the predictions made using the method against actual
pipeline pressure drop are concerned, the trials outlined in Chapter 4

indicate a good agreement.

In closing, it is appropriate to discuss the methods which were used for
solving the problem of how to store the data, for the data storage system
is the central part of any method for making predictions from an
accumulation of data. Firstly, the need for computer literacy is clear;
the very size of the database established was essential to the number of
questions which were addressed and the progress which was made. To handle
and process this data, which in its raw form was equivalent to some seven

thousand pages, would have been impossible by hand. Also the speed and
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ease with which the data could be recalled, re-arranged and re-presented
on different graphs made it possible to try different approaches and ideas

very quickly and easily.

In analysing the data, many strategies were used, although they may be
divided into principally four kinds, namely the fitting of curves to
obtain empirical expressions, the mathematical analysis of physical
models, dimensional analysis, and mental modelling. The purpose of course
was always the same, to see some order in the data which at first appears
chaotic; to "introduce order and coherence to facilitate the retention in
an available form" of the data, in the words of Rayleigh quoted at the
start of this volume. The methods have been used indiscriminately, in that
they have all been applied and re-applied many times at different stages,
in parallel and in serial, gradually leading to the perception of patterns
which could be exploited to impose order. It may be argued that in some
cases this has been done rather forcibly, for example the application of
the curve for pressure loss in a 2in. bend to the graph of loss data for a
4in, bend in fig. 3.4; however, where this has been done it has been
considered very carefully and the criterion which has been applied is
whether it enables progress to be made. Different interpretations are
always possible, especially where the data is subject to some significant
scatter as is always apparent with gas-solid flow, and of course these

different interpretations may lead to different conclusions.

In the end, only experience of using the method which has been devised, as
an engineering tool, will show whether an acceptable compromise has been
reached. In this respect, it is extremely rewarding that this author is
now using this approach regularly for the design of pneumatic conveying
pipelines for industrial applications; it appears to be extremely powerful
and convenient in use, and experience will show how well it works. It
would appear, from the work which has been carried out to.date, that some
inaccuracy in the prediction of pressure loss is of little consequence in
that this will not lead to a change in the choice of system components for

the duty.
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Finally a comment may be made, that it is sincerely hoped that the work
which has been described in this volume has been presented in such a form
that the reader will be able to extract as much useful information as is
contained herein. If so, the greatest benefit will be gained from the
work, and the rediscovery of this in the 1library need not be a more
difficult and uncertain process than was the first discovery in the

laboratory.
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APPENDIX A

EXAMINATION OF THE PIECEWISE MATHEMATICAL APPROACH

A.1 Introduction

It appeared that over the years there had been many attempts at producing
mathematical methods for predicting the pressure loss in a gas—-solid flow
along a pipeline, as evidenced by the results of the literature survey in
Appendix M. Most of the papers published dealt only with small parts of
the problem, for example the loss along a straight pipe under certain
conditions or the loss caused by the acceleration of particles; this is
quite understandable in view of the natural supposition that the pressure
losses caused by each of these parts result from different processes so
should need distinct models. Only one example of a complete approach to
prediction of the loss along an entire pipeline was found, and since this
is one of the most sophisticated methods as well as embodying many of the

principles employed by other authors, it will be described here.

It should be emphasised that all of the mathematical techniques found
dealt only with lean phase flow, i.e. the flow regime wherein the
particles travel along suspended in the air flow, rather than sliding

along the bottom of the pipe or moving in waves or plugs.

It should be pointed out that the current trend in dealing with complex
problems in many areas of fluid mechanics, is to employ a method known as
Computational Fluid Mechanics, commonly known as CFM. In fact this is
simply the application of computer numerical techniques to the solution of
the analytical models predicting the behaviour of various parts of a flow,
and relies on the same basic models although the means of solution allows
many more factors to be taken into account. This technique deserves some

mention in its own right.
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A.2 The method developed by Mwabe

A.2.1 Historical

P. Mwabe was an undergraduate student at Thames Polytechnic from 1979 to
1983, and for a final year project he undertook the development of a
system of analytical models for predicting pressure loss in lean phase
flow in pneumatic conveyors. The outcome was a piece of work superior even
to many PhD theses, which formed the basis of a commercial software
package known variously as PNUECAD or PNEUCON.

A.2.2 Description

Mwabe's method begins by dividing the pipeline up into the straight
lengths between bends, further subdividing straight sections if over one
metre in length. These step lengths are known as 'fields'. The prediction
of pressure loss in each field was achieved through applying balances for
mass, momentum and energy. Mwabe's first stage in developing the method
was to use it to predict the pressure loss with air alone in the pipeline,
by applying accepted models to each field in turn, and once it had been
shown to give results close to measured data for this, he then introduced
models of the solid particles as sources and sinks of momentum to the
fields. In that it uses numerical methods for the solution of each field,
it could be said to fall into the category of computational fluid
mechanics although most exponents of CFM would regard it as rather crude -
the amount of computing power required to run it is minimal, i.e. a BBC

model B micro.

A.2.2.1 Mathematical models used

The balance for mass was of course easily achieved, simply taking mass

flow rate of solids and air into and out of each section to be equal.
The initial acceleration of particles from rest he took to occur in the

first field, and appears to have taken the increase in momentum flux of

the air/solids mixture through the field as a momentum source term, equal
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to the momentum flux of the solids at exit from the field, thus
determining a pressure drop using force = rate of change of momentum. He
seems to have taken the associated energy source term as being equal to a
proportion of the energy flux of the solids at exit from the field, the

proportion being found from the test results of other authors.

The losses in straight pipe after the initial acceleration he found by
taking the pressure drop caused by air only in a field (from Darcy) and
thus finding the increase in velocity caused by expansion of the air,
obtaining a momentum source term from this effect; and also considering
the drag effect of particles colliding with the pipe wall, using the work
of Muschelknautz (ref. 51) to account for this factor, again obtaining a

momentum source term based on the number of particles in the field.

He treated vertical sections by taking the drag force on particles as
equal to their weight, finding the number of particles in a field as a
function of particle terminal velocity in free fall and the air velocity,
thus obtaining a momentum source term. This was dependent on terminal
velocity of the particles in free fall, which was worked out from particle
size and density information making certain decisions about drag

coefficient.

The pressure drop caused by bends he treated by constructing a numerical
model of the deceleration of a particle sliding around the inside of a
curved wall under the influence of centripetal force, and found that the
proportion of velocity lost was dependent only on the coefficient of dry
sliding friction and independent of particle size or bend radius. He
considered a range of coefficients of friction, which appeared to have
been obtained from a general engineering data book for such materials as
steel, teflon, hemp and babbit metal; he took the extremes to apply to
what he termed 'abrasive' and 'elastic' materials and found the percentage
of velocity lost for each (10%2 for an ‘'elastic' material, 50% for
'abrasive' materials), with an 'average' material taken to be half way
between. The momentum source term for reaccelerating particles after
losing the appropriate proportion of their velocity in a bend was found in

the same way as for the initial acceleration from rest.
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A.2.2.2 The program to use the mathematical models

The solution of each field required iteration because the outlet air
velocity of each was dependent on the pressure drop, which in turn was
dependent on the outlet air velocity; therefore the calculations for each
field needed to be repeated a number of times until the values converged.
Convergence was considered to have occurred when the change of pressure
drop between iterations for one field fell to less than 50 N/m”, on the
basis that it was thought this would give the pressure drop within
(100 x 50 n/m*) = .05 bar on a typical conveying line of 100m divided into
100 fields.

The initial conditions of the first field were set, either at the
end or the beginning of the pipeline (the choice of the user) and
calculation proceeded along the pipeline to the other end, taking each
field in turn and iterating until convergence occurred, taking the
conditions at the opposite end of the field as those for the starting end

of the next field.

A.2.3 Evaluation

Mwabe finished off by trying to assess the accuracy of pressure loss
predictions made by his program, by comparing measured conveying
characteristics for a number of products which had been conveyed by other

workers at Thames against predictions made with the program.

The models and program which Mwabe developed were based on a fully
suspended (i.e. "lean phase") flow of particles and air. Observations of
flows in sight glasses showed that this was obtained with most products
provided that air velocities were greater than 15m/s. Lower air velocities
would not sustain flow with many products, attempts at achieving them
leading to pipeline blockage, but products which would flow at 1lower
velocities normally displayed quite different flow regimes when doing so;
generally with a bed of material sliding along the bottom of the pipe,

sometimes with waves or dunes superimposed which occasionally filled the
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pipe as they passed, giving the impression of "slugs" crawling along the

pipe on top of stationary material.

For this reason it was supposed that a model developed for suspended flow
would not give reliable results for these other flow regimes, and so it
proved; a few attempts at using the program to predict pressure drop in
low velocity flow cases showed there to be little if any correlation
between predicted and measured pressure drop. This seemed hardly

surprising.

For lean phase flow conditions, however, the situation was somewhat
different; provided the correct 'category' was chosen when entering the
product details (i.e. abrasive, average or elastic, which controlled the
energy loss at the bends), the pressure drop predicted by the program
generally fell within about 307 of the measured value; even within 207
over a large part of the conveying characteristics. The difficulty, of
course, lay in knowing which category to choose unless the product is
tested first and pressure drop measurements made — making the use of the

program irrelevant.

Therefore it was concluded that although this approach had a certain range

of application, in reality its usefulness was strictly limited.
A.3 Computational fluid mechanics
A.3.1 The basic technique

The essential technique behind CFM is to divide a fluid flow between
boundaries at which conditions are known (e.g. pipe walls, planes across
the pipe inlet and outlet) into many small fields (more commonly known as
"cells"), the behaviour of each of which is modelled analytically using
the same basic models of conservation of mass, momentum and energy, then
to solve all the equations for all of the cells simultaneously using
numerical methods. The essential difference between this and the simple
technique used by Mwabe is that very many more fields (cells) are used,

generally dividing the pipe cross section up into many parts as well as

A-5 92.



MSA Bradley PhD Thesis App. A: Mathematical Approach

dividing it along its length. The availability of very powerful mainframe
computers has made this possible, so that systems consisting of many
hundreds or even thousands of cells may be solved in minutes, or at worst
with an overnight run. It appears to have been a spin-off from the
development of packages for solving finite element stress analyses

numerically.
A.3.2 Difficulties

The central difficulties with CFM are the same as with the basic
mathematical techniques. Firstly it is necessary to make decisions about
the physical models to use for interactions within each cell - these
physical models control the whole analysis. Secondly it is invariably
necessary to have values for quantities which cannot be measured or
obtained easily from measurable quantities, the usual example being again
a value for a coefficient of friction to use when considering collisions

between particles and pipe wall.

As far as the physical models to wuse within the cells are concerned, the
more effects that are taken account of, the more time is required to solve
the system - it would seem natural to expect that the time would rise
approximately exponentially with the number of processes considered. It is
also obvious that if too simple a model is used then significant effects

may be overlooked.

It seems to be thought amongst the advocates of CFM that if the cells may
be made smaller and smaller then the processes taking place in each may
come down to a level where they may be represented reliably by physical
models simple enough to wuse, without the need to use non—measurable
quantities; that is, a level of what might be called 'fundamental' models,
not depending on the results of observations. This would obviate the need
to deal with complicated 1large scale processes, since the supposedly
simpler smaller scale processes would predict the 1larger scale ones. In
practice there is a difficulty (apart from the need for ever more powerful
computers) in that such fundamental models are not available - all the

'laws of mechanics' rely on observations. Thus as the larger scale



MSA Bradley PhD Thesis App. A: Mathematical Approach

processes begin to look after themselves, then the smaller scale processes
in turn require the results of observations, which in themselves become
more difficult to make and less reliable, and the solution simply becomes

more and more involved without achieving greater accuracy.

The philosophical question of whether such things as fundamental laws
exist at all arises; even if it was accepted that they do, then it seems
clear that they would be on such a small scale that to apply them to a
real system of any size would require computing power impossible to
achieve. Therefore it seems that the only way forward with CFM is to
determine the values of the non-measurable quantities required for
calculation by finding values for these which make the predicted pressure
drop agree with measurements taken from real pipelines, but as with the
more straightforward analytical modelling techniques, it would clearly be
necessary to do these measurements for each set of flow conditions for any
product under consideration, in which case the use of the CFM technique is
unnecessary because it simply becomes a way of storing data which could be
more economically stored in a much simpler fashion, e.g. by empirical

expressions.
A.3.3 The work of Mason

One piece of work which applied CFM techniques to the prediction of the
pressure loss along pneumatic conveying pipelines was that of D.J. Mason
(refs. 10 and 60), who attempted to use a commercial CFM package known as
PHOENICS for modelling lean and dense phase (i.e. suspension and
non-suspension flow) conveying. With some effort he found it was possible
to obtain model flow patterns similar to those observed in real pipes,
(e.g. 'slugging' or intermittently full-bore flow) but no real progress

was ever made towards the prediction of pressure drop with any accuracy.
A.4 The work of other authors
It has already been observed that a great many papers had been published

on the subject of mathematical modelling of lean phase flow. Most of the

papers were extremely forbidding in appearance, tending to contain many
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lines of equations with generally little explanation of the development of
the method or how it may be used, which led this author quickly to abandon

hope of finding anything of real value in them.

A practically universal difficulty lay in the need to know quantities
which could not be measured or derived from measured variables - most
often the slip velocity between particles and air, and/or a coefficient of
friction to use in a model of collisions between particles and pipe wall.
Invariably these factors were of primary importance to the results
obtained, meaning that in practice the values of these could only be
determined by making some pressure drop measurements and working back
through some very heavy mathematics to find them. Even having done this,
there would be no indication as to whether the value was solely dependent
on the product, or would vary in some way with flow conditions; the
suspicion would of course be that the 1latter would be the case, so a
comprehensive set of tests would need to be done for the product to
determine the variation of the factors with flow conditions, leading to
the model becoming nothing more than an overly complicated way of storing
measured data — not that there is anything wrong in using a data storage
system, but such a system would be better conceived as such from the

outset.

It should perhaps be observed at this point that some considerable
progress has been made in recent years in applying CFM methods to the flow
of single-phase fluids. With the use of enormous computing power,
specifically the new and phenomenally powerful Cray mainframe machines, it
has proved possible to solve the Navier-Stokes equations for a
finite—element analysis of the flow of fluids over some quite complex
bodies. Two examples known of are applications to water turbines and flow
over aircraft (work being carried out in France and America respectively).
The Navier-Stokes equations are three-dimensional partial differential
equations of motion for a small element of fluid, involving the shear
stresses acting on that element as a result of fluid viscosity, and as
such have their roots in laminar flow; nevertheless, it is understood that
by 'tuning' the analysis in some unspecified way to give results in

agreement with experimental data for some aircraft which have been
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wind-tunnel tested, the American workers in this field have been able to
achieve sufficiently good predictions to enable them to apply the method
usefully to the improvement of existing aircraft designs. This application
of such an analysis has the benefit of using a fixed solid boundary which
is not affected by the flow of the fluid over it; it seems natural to
think that to apply a similar method to a fluid-particle system, where the
positions and orientations of the solid boundaries are continually
changing, affected by and affecting the flow of the fluid, would be at
least an order of magnitude more difficult and probably another order more
difficult again with most real products where the particles are of

non—-uniform size and practically indescribable shape.
A.5 Conclusions

The detailed analysis of Mwabe's work, and the examination of the vast
volume of literature pertaining to the development of analytical or
numerical models for prediction of pressure drop, had shown that the
difficulties in developing such models were to all practical intents
insurmountable, so this avenue of approach was most unlikely to be

rewarding.

However, the great advantage of the mathematical approach to estimation of
pressure drop clearly lay in the fact that the effect of individual
pipeline features on the performance of the overall pipeline could easily
be examined in detail, simply by running the calculations again with (for
example) the bends in different positions, or a step change in pipe size
at some position along the 1line; thus with the aid of a computer it would
be a simple, fairly quick task to assess the effect of changes of this
type on the performance of any proposed pipeline. By contrast, this type
of analysis was very difficult to perform using the alternative technique
of testing and scaling. It was this observation which led to the decision
that any better technique for prediction of pressure loss must deal with
straight lengths and bends individually, rather than simply trying to deal

with an overall pipeline as with the testing and scaling technique.
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APPENDIX B
EXAMINATION OF THE TESTING AND SCALING APPROACH
B.1 Introduction

The method of predicting the pressure drop along a conveying pipeline by
taking measurements from another pipeline of different layout but
conveying the same product, and scaling these results to account for the
differences in layout, was mentioned in section 2.2, where the major
limitation of the method was pointed out. This Appendix examines the

method in a little more detail.
B.2 History

It seems as though much of the development of the particular version of
the technique which will be described was carried out by D. Mills working
at Thames Polytechnic although it is not known whether he originated the
idea; it has been used for a number of years at Thames for design of
systems on a consulting basis, with a degree of success. A similar
approach has also been used at the University of Wollongong in Australia
with some success, and it is believed, from private discussions with
engineers working in the industry, that most of the better respected
suppliers of pneumatic conveying equipment employ a similar approach to

the design of pipelines.

B.3 The method

The Mills version of the method is described most clearly in ref. 1, so
a good deal of what follows 1is essentially an analysis of what appears
there. Most other versions appear to be broadly similar.

B.3.1 Justification

The essential reason for using the testing and scaling approach is that it

uses actual measured data for the product which the final system is to
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convey, thus overcoming the difficulty caused by the unpredictable
differences in conveying behaviour between different products. For
example, different products exhibit different minimum conveying air
velocities, and different pressure drop values for the same conveying
rates; moreover, the way in which pressure drop varies with conveying
rates and air velocities is different between different products. Examples
of three products with markedly different conveying characteristics are
shown in the diagrams below, which indicate the pipeline pressure drop for

a range of flow rates of product and air.
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The prediction of the differences between the conveying characteristics of
different products is an area which has been the subject of a considerable
amount of work, but has proved elusive. Jones (ref. 52), as a result of
four years work in this area, managed to devise some bench scale tests
whose results showed correlation with the minimum conveying air velocity
of products, but no progress has been made towards predicting the

pressure loss in a pipeline.

Thus it can be seen that the use of data measured from the product to be
conveyed is essential for accurate system design; before the development
of the method described in this thesis, the only way of doing this was to

use the testing and scaling approach.
B.3.2 The procedure, as employed at Thames
B.3.2.1 The test pipeline

The test pipeline would normally be built up in the laboratory to be as
near as reasonably possible in layout to the final pipeline for which a
design is required. In diameter, pipes of 2, 3 and 4in. nominal bore were
available in the 1laboratory although air velocities in a 4in. pipe were
restricted owing to compressor capacity, so work would normally be done in
either 2in. or 3in. pipes wunless special circumstances justified the
hiring of a large diesel compressor; these sizes are at the smaller end of
industrial systems so almost invariably the final pipeline would be of a
significantly larger diameter than the test line, typically by 2 to 3

times.

For length, a maximum of some 170m or so of horizontal pipe was available;
very often this enabled the test and final pipelines to be of quite

similar length.

A major difference normally arose with regard to pipeline geometry. The
return of product to the conveying plant called for a complete loop to be
used, with a minimum of about 5 bends in pipelines of up to about 50m; the

maximum number of bends was about 19 in a pipeline of 100m or more, but of



MSA Bradley PhD Thesis Appendix B: Testing & Scaling

course only certain discrete combinations of length and number of bends
was available, with approximately even distributions of bends along the
line. This meant that generally the number and distribution of bends would
be markedly different between test and final pipelines. Vertical sections
also presented a problem, because many commercial systems incorporate
relatively long risers, which could not be accommodated and in any case
would be balanced by almost equally long downcomers to return the product

to the conveying plant.

Bend geometry was a contentious issue, because at that time there was no
definitive work available showing the difference in pressure drop caused
by different radii of bends. Fortunately most industrial systems use long
radius bends (typically 1 to 2 metres radius) so these were normally used

in the test pipeline as well.

lCnsﬂ-\ * 163 m
Bore st S$3 mm
Number of Bends * 17

(O/d + 24)

Skeltch of Pipdine vsed for Dt"crminins
Co'\vcyfna Characleristics for Product

Fig. B-2

A typical test pipeline used in the Thames laboratories (ref. 1)
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B.3.2.2 The test procedure

With the pipeline installed, the testing wusually proceeded by beginning
with a high air flow rate at which virtually any product would convey, say
20m/s air velocity at a pressure of 1 bar gauge. Only a small amount of
air would be fed to the blow tank to ensure a low product feed rate. In
subsequent tests, the product feed rate would be increased and possibly
air flow rate reduced as well until pipeline blockage occurred or appeared
imminent, to establish the minimum conveying air velocity for the product.
Then further tests would cover as wide a range of conveying conditions as
possible up to the highest feed rate achievable with the pressure
limitation of the feeder (usually 4 bar), to excessively high air
velocities (e.g. 45 m/s or so), and down to the minimum conveying air

velocity.

The result would be a diagram of the conveying characteristics of the

product in the test pipeline, as illustrated in fig. B-1 above.
B.3.2.3 The scaling procedure

The differences between the test and final pipelines, as outlined above.
would be:-

the length of the pipeline

the bore of the pipeline

the length and position of vertical sections

the number and position of bends

The geometry of the final 1line, i.e. the length, the number and position
of bends, and vertical sectioms, would usually be known. The bore would
not be known; only the flow rate of product would be fixed, the object
being to determine the bore of pipe necessary to accommodate this

economically.
The first step would be to scale the conveying characteristics of the test

line to the length and layout of the final line. The scaling for length

incorporated allowances for changes in number of bends, and vertical
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sections; this was by means of expressing the effect of the bends and
vertical sections in terms of equivalent length of horizontal pipe. An
allowance was also made for changes in the "air-only" pressure drop in the
line, i.e. the pressure drop which would be expected with just air alone

flowing.

The first stage would be to determine the total Ilengths of straight
horizontal pipe equivalent to the test pipeline and the final pipeline,
by adding the equivalent lengths of verticals and bends to the actual

horizontal lengths in each case.

For vertical sections, the work in ref. 53 indicated that the pressure
drop in a vertical section is approximately twice that in a horizontal
section of the same length with the same conveying air velocity and
product flow rate, over a wide range of conditions. (This has since been
questioned, because although the pressure drop in verticals was actually
measured, the pressure drop in horizontals was estimated, for comparison,
from the total pipeline pressure drop using the allowances for bends given
below). On this basis the equivalent length of verticals was simply taken

as twice their actual length.

For bends, the equivalent length would be determined from the graph in
fig. B-3 below; this originated from some work done by Mills conveying
cement through pipelines of the same length but with different numbers of
bends, comparing the results wusing the scaling for pipeline 1length
outlined below to determine the equivalent lengths of the bends (ref. 1).
The graph is the result of a clear correlation between the bend equivalent
length and the inlet conveying air velocity for the two pipelines Mills
tested; unfortunately the strong dependence of equivalent 1length on air
velocity highlighted the major problem with this approach, that the bends
along any one pipeline do not all have equal equivalent 1lengths because
the air velocity increases towards the end of the line, by a factor of at
least 2 normally, and often much more. This means that with a different
number and distribution of bends along the pipe, the estimates from this
graph can be wildly in error which can be most significant when the total

bend equivalent 1lengths in a system are comparable to the horizontal
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length, which is frequently the case. Also with different products, the
position of the line on the graph is known to be different, and it is not

economic to test every product to determine this.

20 9
Equivalent
Length 16 1
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Bends 12 4
»
8 ¢
4 <
0 ’ v v

4 v

6 8 10 12 14 16

o
N 9§
&

Superficial Air Velocity at Pipeline Inlet
s

Fig. B-3
The correlation between bend equivalent length and

line inlet air velocity for cement, as demonstrated by Mills

Nevertheless, using these methods the total equivalent lengths of test and
final pipelines would be determined By adding together the horizontal
lengths and all the bend and vertical equivalent lengths for each. These
figures would then be used to scale the mass flow rate of product between
test and final pipelines of the same bore size, for the same pressure drop
and air flow rate, in inverse ratio of the total equivalent lengths; i.e.

the model used was:-

p2 mpl'-I-'el
Léz
where m_ = mass flow rate of product
Le = equivalent length of pipeline

and subscripts 1 and 2 refer to test and final pipelines respectively, for

the same pipe bore, pressure drop and air flow rate.
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The diagram representing the conveying characteristic of the product in
the test line (e.g. as illustrated in fig. B-1) would be scaled using this
rule, each point on the diagram being scaled to an "equivalent" condition
for the new pipe equivalent length. This is a very tedious process; it
involves using a different scaling factor for every different pipeline

inlet air velocity because bend equivalent lengths are affected by this.
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(a) Fig. B-4 (b)

(a) Conveying characteristics of test pipeline (163m, 17 bends),

and (b) same scaled to layout of plant pipeline (250m, 5 bends).

Eventually a new set of conveying characteristics for a pipeline of the
final layout, but the bore size of the test line, would be arrived at. A
further correction would then be applied to allow for the increase in
pressure drop with air only in the line, based on the notion that with a

longer line and a given pressure drop, more of this pressure drop is used
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to convey the air and so less would be available to transport the solids;
so to enable the same amount of solids to be transported, the increased
"air-only" pressure drop would be added for each condition, and new
contours of pressure drop would be drawn on the conveying characteristics

diagram for the final line.

Next the data would need to be scaled for pipeline bore; almost invariably
the use of a bore size the same as the test line would not accommodate the
flow rate of product demanded in the final line. The scaling for bore size
would be on the simple basis of flow rate of product being proportional to
pipe area for the same pressure drop and air velocity, but again the new
diagram for each bore size would need to be corrected for reduction in the

"air only" pressure drop in larger lines.
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(a) Fig. B-5 (b)

Same characteristics, for plant layout, scaled to two more pipe sizes

(a) 75mm bore (2.5in. n.b.), (b) 100mm bore (4in. n.b.)
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Once the procedure for pipe bore had been repeated a number of times for
different pipe sizes to obtain a set of conveying characteristics for the
product in each, a suitable conveying condition with the design flow rate
of product and required conveying air velocity could be read off each, and
then the designer would be in a position to compare a number of possible
systems for the duty, each with a different pipe size, air flow and
pressure requirement - determining the type of feeder and air mover used,
and power consumption - to decide on what type would be most economical

from the points of view of capital and running costs.

B.3.3 Features and difficulties of the method

As has been demonstrated, this procedure of scaling is not by any means
straightforward, it being at least a couple of man days of work to obtain
the information required for system design from the test data. The hazards
resulting from the uncertainty in values for bend equivalent lengths were
clearly quite considerable, 1leading to a need to design very much with
conservatism in mind in order to ensure reliability of satisfactory system
performance; the risk of very costly plant downtime far outweighing the
benefits to be obtained from absolute minimum power consumption in

general.

Thus it was possible, in principle at least, by conservative design using
this rather time consuming method, to obtain outline designs for pneumatic
conveying systems which stood a high chance of working satisfactorily. In
practice, this method was used at Thames mostly to assess the suitability
of products for pneumatic transport, or to compare the economics of
different systems which had been put forward to a client for a plant by
different vendors. Even where it had been used for outright system design,
it was difficult to assess the accuracy of predictions made wusing the
method because most plant systems once installed do not have the

instrumentation necessary to do this.
The result of this was that the degree of error inherent in the method,

and thus the amount of conservatism necessary in design wusing it, was

almost totally unknown. This was clearly not a happy situation because it

B-10 106.



MSA Bradley PhD Thesis Appendix B: Testing & Scaling

would undoubtedly lead to excessively conservative designs which would
consume more power and suffer greater wear and/or product degradation than

necessary-

The final difficulty was that there was no way in which the testing and
scaling method could be used to deal with pipelines which incorporate an
increase in bore size at some point along the pipe, to keep air velocity
down as pressure reduces and the air expands. An undergraduate student
project under the direction of Mills had shown that by this means, the
power requirements of a system working at high inlet pressure could be
reduced very significantly; commercial systems incorporating such
"stepped" pipelines are increasingly finding favour because they allow
much greater conveying distances to be achieved, even in excess of 800m
which would be quite impossible with single-bore lines. Examples are to be
found in ref. 54. It was apparent that there was no way in which a scaling
approach could realistically be used to design such a pipeline because it
would not give any indication of the optimum positions of the steps, let

alone the problems involved in predicting the pressure drop.
B.4 Conclusions

The work which had been done in learning about and analysing the testing
and scaling method for pipeline design was considered most valuable
because it had indicated the major areas of difficulty with the approach,
and had shown that these would not be easy, or perhaps even possible, to
overcome; these problem areas being scaling for bends and dealing with

"stepped" pipelines referred to above.

The results of this investigation affected the goals of the project
described in this thesis very significantly, in particular making it clear
that the testing-and-scaling method had reached the 1limit of its

development and any better method would require a different approach.
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APPENDIX C
EXAMINATION OF METHODS USED FOR SINGLE PHASE FLOW
C.1 Introduction

In Chapter 2, some mention was made of the methods used to predict
pressure loss in the flow of liquids and gases along pipelines, i.e.
single phase flow conditions. This Appendix treats in a little more detail
some of the techniques mentioned there, and which have been applied in the

work done for this project.
C.2 Laminar flow

The method universally used to predict the pressure drop along a pipe
carrying a Newtonian fluid flowing in a laminar regime is the Poiseuille
equation. Poiseuille, a French medical doctor, published in 1840 the
results of empirical work relating to the pressure drop of water flowing
along fine glass capillaries, which he had studied in the hope of being
able to predict the pressure drop of blood flowing through capillaries in
the human body. Poiseuille showed that pressure drop was inversely
proportional to the fourth power of capillary bore and proportional to the
flow rate, although he did not actually publish an equation connecting
them all, nor did he relate the pressure drop to fluid viscosity. A German
engineer, Hagen, also obtained similar results working with water in small

brass tubes about the same time.

Subsequently (G.J. Wiedermann, publishing in 1856) it was shown that an
expression to predict the pressure drop caused by fluids in small tubes
could be derived mathematically, by analysing a physical model of an
orderly flow of cylindrical laminae of fluid moving along, exerting forces
on one another by means of the shear stress caused when shearing a viscous

fluid, as shown overleaf:-
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by difference in fluid pressure = 8p x cross-sectional area

Fig. C-1
The physical model of laminar flow whose

analysis yields the Poiseuille equation

Applying Newton's model of fluid viscosity (published much earlier,
sometime around 1670) to this it was a relatively simple matter to derive
an analytical expression for pressure drop caused by the viscous drag
between the cylindrical laminae. The analysis may be found in any basic

textbook on fluid mechanics, the resulting expression being

dp = =128 u Q
dx  m"
where dp = pressure gradient in pipe,
dx
Q = flow rate of fluid,
U = fluid dynamic viscosity, and
D = pipe diameter.

This expression which has become known as the Poiseuille (occasionally
Hagen-Poiseuille) Equation, in spite of the fact that neither Hagen nor
Poiseuille actually originated it, was found to be accurate for a certain
range of flow conditions; presumably such advanced students of fluid flow
would have recognised two distinct regimes of flow, at least for fluids in
free fall (e.g. out of a tap); certainly Hagen recognised that above a

certain fluid velocity in a pipe, some significant change in the flow

C-2 100.



MSA Bradley PhD Thesis Appendix C: Single Phase Flow

occurred, also recognising the effect of fluid viscosity on the transition
velocity. It seems unlikely that any clear ideas on this phenomenon would
have been about at this time (before Reynolds), and in any case there

would certainly have been no means of differentiating between them.

Although the Poiseuille equation is often used in the form given above, an
alternative method of using it 1is to employ the Darcy equation (described
below) which was obtained for turbulent flow, but wusing the 'Friction
Factor' coefficient for laminar flow, in turn a function of Reynolds
Number (f = 16/Re) but plotted on the Moody Diagram along with the
friction factors for turbulent flow; substituting this in gives the
Poiseuille equation itself. This would appear to be simply the result of
an attempt to present all of the means for prediction of pressure drop in

a consistent form, to remove the need to use separate equations.

C.3 Turbulent flow

It seems likely that the idea of a flow regime in a pipe, not conforming
to the orderly physical model from which the Poiseuille equation was
derived, would have been well established before Reynolds performed his
well known experiments in the early 1880s. Certainly it had been shown by
French engineer Henri Darcy that for higher velocities and larger pipes
than used by Poiseuille (Poiseuille's pipes were very small, 0.02 and
0.10mm bore), pressure drop was more nearly proportional to the square of
fluid flow rate (and hence velocity) instead of the direct proportionality

demonstrated by Poiseuille. Darcy did not actually publish the equation

he = 4f1.c? (hf = head loss along pipe length 1,)
4 2g ( bore d, with fluid velocity c )

now commonly called after him; the work which he did publish in 1857

included the equation

hf = ¢’1. P*C} ) (k = a coefficient)
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within which his major contribution seems to have been the introduction of
the term in the bracket to allow for the effect of diameter, as a result

of careful measurement and empirical work.

Head loss is of course more convenient than pressure drop as far as civil
engineers are concerned, because their large pipes are frequently driven
by gravity. Simple empirical methods did not give exactly a square law
power of velocity (as evidenced by the second equation above), so it seems
likely that the decision was taken by significant workers in the field, to
use a square law (both for convenience and also to make the expression
dimensionally homogeneous) and accommodate the variation by introducing a
coefficient, leading to the Friction Factor in the first equation above. A
further attraction to the use of a square law would have been that it
would align with the Chezy equation relating velocity to fall in flow
along an open channel; Chezy published this in 1796, as a result of
empirical work on canals and the river Seine, and it would appear that
there was a desire to see open channels and pipes as a single problem with

one comprehensive solution.

Two other interesting observations on the form of the Darcy equation are
to be made. Firstly the use of the velocity head (c?/2g) term enabled the
calculation of losses to fit in with the use of the Bernoulli equation
which employs such a term (the work of Bernoulli pre-dates all the work
described here, save that of Newton), and also this would have been easily
understood by civil engineers, to whom the concept of 'velocity head' is
an obvious one. Secondly the use of 4f rather than a coefficient four
times as large, which again resulted from the influence of civil engineers
whose pipes and ducts are not always circular and frequently run less than
full; in order to accommodate this, the expression was originally
developed to use 'hydraulic mean depth' instead of diameter, the hydraulic
mean depth being simply the ratio of [cross sectional area filled by
liquid] divided by [wetted perimeter] (again this quantity came from

Chezy). Thus originally the expression was, logically,
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where m = hydraulic mean depth.

For a circular pipe, however, m = d/4, thus fl1/m becomes 4fl/d for this
case, leading to the form of equation normally used. It is interesting to
note that in American texts, the 4f used in European practice is indeed
often replaced with a value of f four times as large, and in fact Moody's
significant paper (discussed below) embodied this - although where his
diagram is reproduced in European texts, his values of f are changed

(generally without explanation) to fit.

Returning to the situation existing when Reynolds entered the picture,
there was certainly an understanding of two distinctly different forms of
flow in pipes, and expressions for predicting pressure loss in each case

would have been available,.

Nevertheless, there seems little indication that anyone really recognised
the essential differences between the flow regimes until Reynolds took the
lead by demonstrating conclusively that up to a certain velocity of fluid
in a pipe fed from a settled tank, the particles of fluid travelled in
virtually straight lines with hardly any mixing, which he called 'sinuous
flow'; whereas at higher velocities the fluid mixed as it moved along. His
experiments, described in all standard texts on fluid mechanics,
demonstrated that this was the case for all of the fluids he tested, and
he went on to relate the velocity at which the transition occurred to the
fluid viscosity, pipe diameter, and fluid density, embodying these in the
Reynolds number criterion to determine whether flow would be sinuous

(laminar) or mixing (turbulent).

The situation after Reynolds made his contribution was that it was now
evident what the difference between the two forms of flow was, but more
significantly it was possible to decide which of the two expressions,
Poiseuille or Darcy, should be used to predict pressure loss for any given

case.
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C.4 Pipe roughness and variation of £

It seems to have been generally recognised that for laminar flow, pipe
roughness did not affect pressure drop, but for turbulent flow it did.
Many experiments which had been done on turbulent flow used very smooth
pipes, often polished brass or even polished glass; for these it had been
found that the value of f continued to reduce as Reynolds number
increased, whereas for commercial pipes this had not been found always to
be the case, especially at high Reynolds numbers. Much of the work on the
"smooth pipes" curve had been done by Sir Thomas Stanton working with J.R.
Pannell; their pipes were mainly commercial smooth drawn, and although
these are of course not totally smooth, the range of Reynolds numbers
which they employed did not take them into the region where the roughness
of the materials became a factor. This, together with the work done by
Darcy, resulted in a well recognised curve of f versus Reynolds number for

pipes working in the "smooth" region.

Clearly to evaluate the effect of surface finish, it was necessary to
firstly find a means for putting a value to the roughness on commercial
pipes, and secondly relate the variation of f with Reynolds number to this
roughness value. The German engineer Johann Nikuradse made a breakthrough
by artificially roughening the internal surfaces of pipes of various sizes
in a measurable way wusing sand grains of closely screened sizes, bonded
onto the inside of the pipes, and found that above a certain range of
Reynolds numbers, f was constant and dependent only on the ratio of the
size of the sand grains to the bore of the pipe, now generally known as
the 'relative roughness' of the pipe. The higher the relative roughness,
the lower the value of Reynolds number at which f became constant. This
not only demonstrated the effect in a qualitative way, but also allowed
the roughness of commercial pipe wall materials to be quantified, by
comparing pressure losses measured from these commercial pipes against
pressure losses along Nikuradse's artificially roughened pipes. In this
way, a size of sand grains on the inside of a smooth pipe which would give
the same pressure drop as measured from a commercial pipe of the same

diameter, could be found, and this would be the 'equivalent sand grain
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roughness' of the pipe wall material. Nikuradse's results were published

in 1931.

Thus the values of f for pipes operating under what is often termed
'hydraulically rough' conditions could be found, i.e. for conditions of
sufficiently high Reynolds number that f was constant; likewise for pipes
operating under 'hydraulically smooth' conditions, i.e. with relatively
low Reynolds numbers and/or low relative roughness. It was shown by C.F.
Colebrook, however, that in the intermediate range of Reynolds numbers,
over which occurred the transition between these two cases, the values of
f for real pipes did not conform to those found by Nikuradse for
equivalent sand grain roughness. This seems hardly surprising given that
the roughness of commercial pipes is not uniform as was Nikuradse's
artificial roughness. Colebrook did experiments on commercial pipes,
measuring head loss and finding values of f in the transition region
between 'hydraulically smooth' and 'hydraulically rough' flow, and found a
much smoother transition than Nikuradse had; he was able to find some
usable mathematical expressions to represent his data, and these have
become accepted as the method for predicting f in this region. Colebrook's

results were published in 1939.
C.5 The Moody diagram

The final stage of development in the prediction of values of f was taken
by an Americam, Lewis Moody, who in 1944 published a paper drawing
together the work of Stanton & Pannell, Nikuradse, and Colebrook described
above, and presented all of this on a diagram of f versus Reynolds number
for ranges of relative roughness; the format of diagram, with logarithmic
scales of f and Reynolds number, had been published before by Stanton. To
the diagram he added a straight 1line representing values of f for laminar
flow, calculated simply by comparing the Poiseuille equation with the
Darcy equation and working out values of f for each Reynolds number to
make them agree. Moody's diagram was reproduced in Chapter 2, but bears

repeating here (overleaf).
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The Moody Diagram, from Moody's original paper (ref. 102)

This 'Moody Diagram' is now universally used for the prediction of
pressure drop in single phase flow of Newtonian fluids, and has proved so

successful that it has survived nearly half a century virtually unaltered.

C.6 Fitting losses

The extra losses caused by bends, valves and other fittings must have been
evident from an early stage. It is not known who first developed the
method wusually used for dealing with these, but it consists of expression
of such a loss as a coefficient times the velocity head of the flow. This
fits in very well with the form of the Darcy equation so is very
convenient; the losses are treated as though they occur as a step change
in pressure at the fitting, although workers such as Ito demonstrated that

in fact most of the loss develops in the straight pipe downstream of the
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fitting. It is worthy of note that the value of the relevant coefficient

varies with pipe size.
C.7 Analysis of techniques

From the investigation required to discern the development process
described above, a number of interesting strategies emerged. First of all
was the divergence between strategies used for laminar and turbulent flow,
the former proving to be predicted well by the mathematical analysis of a
physical model whereas this approach, which would undoubtedly have been
attempted for turbulent flow (at least before the reasons for the

different behaviour were known), completely failed in the latter case.

Secondly it was interesting to note the reasons for the empirical Darcy
equation being presented in the way it is; it was clearly arranged in this
way to fit in with its applications, i.e. giving head 1loss rather than
pressure drop, to be more useful to civil engineers, and using 4f as the
coefficient because of the need for these users to deal with non-circular
and partly—-full ducts, as well as the use of a velocity head term instead
of simply velocity, for the convenience of fitting in with established
practice. Also mentioned was the use of the square law power of velocity
although this would not have been strictly accurate, to allow dimensional
homogeneity and convenience of use, the discrepancy being accounted for by

variation in the coefficient.

Another point was that from starting with a simple empirical approach,
trying to develop an expression which would represent some data, the
technique grew to eventually embody a comprehensive system of stored data
in the form of the Moody diagram. The use of an empirical expression with
a coefficient, experimentally-determined values of the coefficient being
stored on a graph against other quantities directly calculable from
measurable variables, was an identifiable strategy in its own right, one
which has found favour in many fields of engineering but particularly in
fluids where many problems are not amenable to solution by analysis of a
physical model. Other examples of the use of a system employing a

dimensionally-homogeneous mathematical expression in combination with the
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value of an experimentally determined coefficient stored on a graph are
found in the prediction of the forces and moments on an aerofoil and the
prediction of the power required to drive a centrifugal pump; The
prediction of the flow through an orifice meter from measured values of
pressures owes something to this strategy as well, although for this the
mathematical expression is not wholly empirical but comes from analysis of
a simplified physical model, and the same goes for the prediction of life
of gears. These techniques were seen to be a particularly important means
for handling situations not amenable to physical modelling, and thus of
particular relevance to prediction of pressure drop in pneumatic
conveyors, for which the literature showed complete failure of such an

analytical method.

Next to be mentioned should be the interpretation of Nikuradse's work in
accepting that it would be difficult to obtain values for roughness of
commercial pipe wall materials, and possibly not very useful anyway
because of the different natures of the roughness on different materials,
so instead making progress by experimenting with controlled (and hence
measurable) artificial roughness and comparing the results of these tests
with tests on commercial pipes to find measurable artificial equivalents
to the real surfaces. It seems likely that when Nikuradse was performing
his work, he was not consciously adopting this as a strategy, but more
likely just 1looking for whatever he could find out using an arificial
roughness. However, this is the way in which his results have been used,
with a good deal of success. No other examples of this technique come to

mind, though it is doubtful whether it is likely to be unique.

The technique used to establish the first correlations between pressure
drop and fluid velocity presented by Poiseuille and Darcy, mentioned
above, were examples of simple curve-fitting exercises to obtain empirical
expressions. Such an approach is very widely used in engineering, an
outstanding example being the use of the polytropic model to relate
pressure and volume in the thermodynamic analysis of a compression or
expansion process - this is purely the finding of a mathematical
expression to fit a curve to data; another is found in the latest edition

of B.S.1042 which gives the calculations for flow through an orifice meter
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- here the graphical presentation of measured coefficients in earlier
editions has been supplemented by equations which describe the lines (this
is more amenable to calculation by computer). Another example closer to

the subject in hand is the Blasius formula,
f = 0.079.Re °'?°

which is simply an empirical expression to represent the 'smooth pipe'’

curve on the Moody diagram.

The technique used by Colebrook to represent data on friction factor
values in the region of transition between 'hydraulically smooth' and
'hydraulically rough' flow was subtly different, and might be seen as a
mathematical means of extending the curve fitting technique. He had
available an empirical expression relating f to Re for hydraulically
smooth flow (the smooth pipe curve), and another for the horizontal lines
for hydraulically rough flow. He combined the two equations together to
give a curve tangential to each of the existing lines, then plotted
experimental data to see how close it fell to his new line; it so happened
that the data fell very close, so his new equation was adopted for the

transition region.

A more general discussion of curve fitting is in order at this point.
Curve fitting to obtain an empirical equation with coefficients is a data
storage technique which is extremely economical in terms of paper and ink,
and increasingly important with the growth in the use of digital
computers, since a computer can deal easily with an equation but not a
graph ~ although to a human, a graph is generally easier and also conveys
much more immediate information about trends, computers know nothing of
such concepts. It is important to realise that the methods for finding
suitable equations to represent data are manyfold, ranging from drawing a
straight line and finding its slope and intercept, through the use of
logarithmic graphs to persuade the data to yield a straight line, to quite
complex statistical methods of which such means as a 'least squares'
analysis are but the start. One thing in common is that the user of the

technique must consciously decide what type of equation to try to fit;
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i.e. a straight line, a simple power law, a power law with an offset, or a
higher order equation. The possibilities are infinite, but they are
limited by the imagination of the user, and also the complication can
become too great if the data proves difficult to model or very high
accuracy is required. If all else fails and it proves impossible to obtain
a useful and sufficiently accurate equation to describe the data over the
whole range, then it can be split up and modelled in sections; in such a
case, it becomes more economic to use a series of straight 1line
models between definite limits, often known as a 'piecewise linear
representation’. It is of some interest to note that some of the cheaper
variety of electronic signal generators use such a technique to simulate a

sine wave.

Another technique worthy of mention is the use of dimensionless quantities
in empirical equations, which is useful in that such equations can contain
fractional or decimal powers without any possibility of objection; for
example in the Blasius formula mentioned above, the power of -0.25 on
Reynolds number is quite in order because both sides are dimensionless,
but if this equation contained quantities which resulted in there being
dimensions on either side then the use of such a power could result in a
lack of dimensional homogeneity in the -equation, which would leave it open
to objection. Thus the ‘'removal' of the dimensions from a quantity by
building up a dimensionless group around it opens up the possibilities for

the use of methods which might not otherwise be considered acceptable.

The work of Moody deserves a mention, in that he drew together a lot of
work which had been done by others, examining their results and techniques
to bring it all into a single convenient form. In this context, it should
perhaps be pointed out that even there, some 'licence' has been applied,
whether knowingly or not. The information on the Moody diagram has been
obtained from a limited range of experiments, and it seems quite likely
that many real applications for which this data is wused lay outside the
range which the experiments covered, although the values of Reynolds
number and pipe relative roughness are in order. For example, the Moody
diagram came principally from experiments with liquids (although Stanton

and Pannell did some work using air), yet values from it are frequently
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used to predict the pressure drop in pipes carrying gas. This must result
in some inaccuracy, but in practice this is not a difficulty because of
the nature of the problem the data is usually used to solve, namely the
choice of a suitable size of pipe to carry a given flow rate of fluid; for
any given flow rate, the curve of pressure drop against pipe size has such
a pronounced turning point between pipes which are excessively large (thus
excessively expensive to buy) and those which give excessive pressure drop
(thus being excessively expensive to run), and the choice of available
sizes for pipe systems is relatively so limited, that even quite a large
inaccuracy in predicting the pressure drop would not result in the wrong

pipe size being chosen. For this reason some inaccuracy is acceptable.

Finally the method for dealing with fitting loss shows a couple of
interesting points. The idea of treating the loss as though it occurs as a
step change at the fitting, although in practice this is not so, is
significant; it simplifies matters considerably in comparison with trying
to model the true pressure profile near the fitting. Also it seems certain
that such a simple coefficient, the variation of which with flow rate is
completely ignored, is bound to be inaccurate - but in practice this does
not matter because the fitting losses are invariably a small part of the
total losses in the system. Another significant point is that the method
has clearly been moulded to fit in with the other relevant equations, and

not simply developed in isolation.
C.8 Conclusions

The investigation of the techniques discussed here was tremendously
rewarding, in that it gave an insight into the many established methods
for dealing with the problem of predicting the behaviour of the real
world. It was evident that the time which had been required to develop a
usable system was considerable, and so the development of such a system
for pneumatic conveying pipelines would probably not be a quick task, even
starting with the advantage of seeing the many techniques available. It
was also apparent that the basic strategy of obtaining data then building

a storage system for this looked to be a promisimg one.
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Two major strategies were identified, the mathematical analysis of a
physical model and the use of the data gathering, storage and retrieval
technique. Within the second strategy, which appeared to be the most
relevant to the project in hand, some seven distinct methods for aiding a
solution had been identified and at various stages in the project, most of

these were found to be useful.

Finally it is of some interest to observe that a considerable amount of
detective work was necessary to unearth the origins of the method
described above. Most of the original papers are now largely forgotten,
and the method which has been developed is widely used with little desire
to understand how it came into being or why it is in the form which it is.
Much of what is written above would no doubt have seemed obvious years
ago, but is now lost; this has not jeopardised the success of the method,
principally because of the nature of the curve on a graph of head loss
versus pipe size which is used to select a pipe for a given duty (the
fifth power curve gives a very sharp cut-off between economic and
uneconomic pipe sizes). Clearly, though, such a situation leads to the

potential for further misinterpretation and misuse of the system.

C-14 121.



MSA Bradley PhD Thesis Appendix D: Modelling

APPENDIX D
MENTAL AND MATHEMATICAL MODELLING OF GAS-SOLID FLOW

This area was mentioned briefly in Chapter 2 but not enlarged upon. It was
a part of the work which occupied a significant amount of time however,
and although no clear methods for the mathematical modelling of flow in
pneumatic conveyors emerged, it led to some considerable insight into the
mechanisms of fluid flow and the effect of the introduction of particles
into a flow. Specifically, the mechanisms by which pressure drop develops
were considered at length, and some conclusions were obtained about the
ways 1in which the ordered mechanical energy put in by this means is

converted into the disordered internal energy in the fluid.
D.1 The aim

It was accepted that to predict accurately the pressure losses by
analytical means would be quite impossible because of the complex nature
of the processes occurring inside a gas-solid flow system. The original
idea was rather that if some sort of analytical model could be developed
for pressure drop in straight pipe and that caused by bends, then its
predictions could be tried against experimental data, and the comparison
may give some clue as to suitable systems for storing this data in a
compact and easy to use form. As a first stage in attempting to construct
an analytical model, some considerable thought was given to the processes

which might occur in the flow of a gas-solid mixture in a pipe.

D.2 Mental models of the mechanisms of pressure drop in gas-solid flow

The mental models which had formed in the mind of the author during the
first year or two of the project were outlined in Chapter Two; they
deserve repeating and amplifying here.

D.2.1 Flow of air only

Firstly the flow of air alone in a pipe was considered, and possible
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mechanisms which could cause the pressure drop encountered in such a flow

were thought about.

In turbulent flow in a pipe, it is clear that a fairly vigorous mixing of
the fluid takes place, which causes a continuous 'randomising' effect on
the momenta of the particles of fluid. The reasons why this mixing occurs
were considered. It is quite apparent that any velocity difference in a
body of fluid will produce the effect provided that the viscosity of the
fluid is not sufficient to overcome it. One has only to pour water into a
measure of whisky in a glass to observe this motion taking place (the
difference in the refractive indices of water and alcohol enable the
interfaces to be seen). This is driven by the difference in velocity
between the relatively still whisky in the glass and the water entering
with a fairly high downwards velocity. One can imagine a small region of
fluid on the boundary between the water and the whisky, subjected to a
significant velocity difference between its two sides, and as a result of
this, experiencing shearing forces (caused by fluid viscosity) which would
tend to make the fluid rotate in small eddies. In order for the eddying
motion to develop to any extent, the fluid must be sufficiently free to
rotate; if the fluid viscosity is high, then the high rates of shear
involved with this process would produce high shear stresses, the effect
of this being to prevent a large velocity gradient from developing under
the relatively small forces involved, and also to damp out any small scale

eddying motion quite quickly.

Such eddies appear to us to be quite random. It would seem natural to
think that the physical models which we call the laws of motion and fluid
viscosity could be applied to such a system, because the eddies are many
orders of magnitude larger than the particles of fluid, whether these are
considered to be single molecules or blocks of molecules as is more
generally thought now. In reality, though, the scale of a glass of water
in comparision with the sizes of the eddies is such that the complexity
would make it dimpossible to analyse; the more so because the system
operates in three dimensions and any part of it affects all other parts
indirectly. Once the eddies become broken down below a certain size then

the effects of the motions of the particles of fluid would become a factor
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in their behaviour, and this again appears to us random (e.g. the Brownian
motion demonstration). Therefore although there may be fundamental
patterns in the behaviour of the eddying motion, we must consider it as

random,

It seems clear that the effect of this eddying motion is to take the
ordered momentum of particles moving in a straight line in one direction
and convert some of it, continuously, into momentum in other directions,
thus turning the ordered kinetic energy of the fluid particles into
disordered kinetic energy. This disordered kinetic energy of the particles
is what we perceive, on a larger scale, as internal energy of the fluid.
In the case of the water mixing with whisky, the initial kinetic energy of
the water is converted into a small temperature rise in the mixture -
although this temperature rise is not perceptible, such is the physics of
the substances involved. In other cases this turbulent eddying motion, if
powerful enough, can produce noticeable temperature rises (e.g. in a

dynamometer water brake).

Thus, in a turbulent flow, if ordered energy is not continuously fed into
the fluid to replace the loss of ordered kinetic energy into disordered
kinetic energy, eventually the ordered kinetic energy will disappear and
the flow will stop. The input of ordered energy is achieved, in flow
through a pipe, by a pressure drop in the direction of flow. This can be
thought of as a force x distance (per unit time) effect acting on an
elemental length of the flow; we wusually refer to this as a reduction in

pressure energy.

In flow through a pipe, the very fact that there is a velocity difference
across the flow means that provided the fluid is not too viscous, the
velocity too low, or the pipe too small, this eddying motion will occur
and the flow will be turbulent - the "Mixing Flow" which Reynolds first

observed.
The eddying will begin in any region of sufficiently high velocity

gradient, i.e. near the wall of the pipe, and will by its random nature

spread across the pipe. Very near to the wall, however, the fluid will not
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be as free to rotate (because of the proximity of the walls), so in this
region the viscous forces will damp the eddying and a laminar boundary

layer will develop.

The effect of the roughness of the wall of the pipe was considered. If the
laminar boundary layer was thick enough to accommodate all protuberances
on the wall, then these could have little effect on the intensity of the
eddying in the turbulent core of the flow where most of the fluid passes.
In such a case, making the wall smoother would not affect the pressure
drop at all; this is generally accepted as an explanation for the
phenomenon of "Hydraulically smooth flow" in a pipe, i.e. the condition
where any reduction in the magnitude of the roughness does not cause the
pressure drop to reduce (see Appendix C for further explanation of this in

the context of prediction of pressure drop).

If, however, the laminar boundary 1layer is so thin (owing to a very high
velocity gradient or very low fluid viscosity - i.e. high Reynolds
number), or the pipe wall is so rough, that the peaks of the roughness
protrude through the laminar boundary layer into the turbulent core, then
these will create small regions of high velocity gradient which will
produce further eddying, beginning in turbulent wakes downstream of the
peaks but of course spreading out to add to the intensity of the general
turbulence in the flow. Greater turbulence of course leads to a faster
breaking down of the ordered kinetic energy of the flow into the
disordered kinetic energy which we know as internal energy, thus greater
pressure drop. This condition would manifest itself as "Hydraulically
rough flow", where any increase in the roughness leads to increased

pressure drop.
D.2.2 "Lean phase" pneumatic conveying through a straight pipe

Having obtained a fairly clear mental model of turbulent flow, the
complication of adding particles would now have to be considered. '"Lean
phase" flow, where the particles are well dispersed in an air stream of
high enough velocity to prevent settlement on the bottom of a horizontal

pipe, was considered first.
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The introduction of small stationary particles into a fast moving air
stream was thought about. Initially, the relative velocity between the
particles and the air would be high, which would have two effects; the
drag forces on the particles would be high, leading to rapid acceleration,
and also there would be a turbulent wake behind each particle. The eddies
formed in the turbulent wakes would add to the general turbulence of the
flow in the same way as that behind a protuberence from the pipe wall
referred to above, and in the same way this would contribute to increased

pressure drop in the flow.

As the particles accelerate in the direction of flow, so the relative
velocities between particles and air will reduce. The acceleration of the
particles will become less rapid, and the size of the turbulent wake will
reduce so the extra contribution to pressure drop in the flow, over and

above that for air only, will become smaller.

Continuing on further downstream, the velocities of the particles will
begin to approach that of the air stream. However, they will not quite
achieve this, for a number of reasons. In a horizontal pipe, gravity will
tend to pull the particles towards the bottom of the pipe, and when a
particle approaches the pipe wall it will enter the boundary layer where
the air moves more slowly than that in the core, and possibly more slowly
than the particle itself; some calculations using the accepted
"seventh-power" law for a turbulent boundary layer showed this to be a
good deal thicker than the diameters of the particles of many powdered
products. In this case the particle will be slowed down and will at the
same time produce a wake creating further turbulence. The particle will
experience a difference of air velocity across it which will make it spin,
distorting the flow around it; this will produce a sideways force which
will further affect the motion of the particle, tending to push it back
into the central core of the flow if it is still travelling faster than
the air in the boundary layer. There is no reason to suppose that this
process would be stable, pushing the particles to a position where they
would flow along just in equilibrium between the boundary layer and the

core; the trajectories of the particles will be subject to other
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disturbances as the turbulence in the flow behind them passes over them,
so there seems every likelihood that even in a straight pipe the particles
will be continually travelling into and out of the boundary layer, being
alternately speeded up and slowed down in a random manner, never reaching
the full velocity of the air in the core and always producing turbulence
causing increased pressure drop over that with air alone flowing.
The particles may also collide with the wall if they are sufficiently
massive to penetrate the boundary layer, and this will have a very similar
effect to that described above, making the particles spin in the same way.
Collisions between particles are another possible factor, although some
calculations showed that the mean inter-particle distance for a typical

lean phase flow would probably make these fairly uncommon.

Even in a vertical pipe without gravity acting across the pipe, this last
process will still occur, but gravity will now have an obvious effect on
the velocities of the particles, differing depending on whether the flow

is up or down.

The shapes of the particles will wundoubtedly have some effect on the
magnitude of the pressure drop which they cause, because a rougher shape
will produce more turbulence in its wake, particularly if spinning. The
distribution of sizes of the particles in a product could also be a factor
because if wide, the smaller particles could achieve significantly
different velocities from the larger ones, thus making inter-particle

collisions more likely.
D.2.3 "Dense phase" pneumatic conveying through a straight pipe

The term '"dense phase" is wusually taken to mean conveying where a
significant amount of product is in some sort of contact state in the
pipe, anywhere from a stationary or moving bed on the bottom of a
horizontal pipe, possibly with waves or dunes moving along on the top of
this, through to full bore plug flow. To obtain any sort of mental model
of the processes here would be very difficult, although some time had been

spent observing dense phase flows through sight glasses.

D-6 127,



MSA Bradley PhD Thesis Appendix D: Modelling

Beginning with a condition where particles are settling out on the bottom
of a pipe from an air stream, probably because the velocity of the air was
insufficient to entrain the particles properly, then the reducion of cross
sectional area caused by the occupation of the lower part of the pipe by
stationary particles would increase the air velocity in the passage above
so that it would carry particles just about in entrainment; there would be
a continual trading of particles between the air flow and the surface of
the bed, and the particle velocities would be considerably lower than the
air velocity, leading to a great deal of turbulence in the air and thus

high pressure drop.

The process of interaction between the air flow and the surface of the bed
would be wunlikely to be stable; any small undulation in the interface
would cause further disturbance, resulting in velocity variation and
rotating flows, in turn leading to mobile duning in the same way as sand
dunes move in the wind. Such a process would become more marked as air

velocity reduced.

Under extreme conditions this process could lead to the waves or dunes
touching the top of the pipe and filling the cross section. A number of
things could happen under such circumstances. If such a dune was small in
length and had some momentum then the air could simply push through it and
sweep it away. This would cause a pulse in the air flow downstream, which
might affect processes going on there. If the dune was of too great a
length for the air to simply sweep it away then clearly the passage of air
would be restricted, and the pressure would build up behind the dune (now
a full-bore slug). At this stage it would seem that the bulk properties of
the product would come into play. There seem to be three distinct extremes
of behaviour of bulk products in response to the interaction of air with
contact beds, from the work of Geldart. Some products are easily permeable
to air (granular products); some products which are of low permeability
retain air well, remaining in a fluid state for some time after mixing
with air; whilst some products are neither easily permeable nor do they
retain air well, very quickly losing fluidity unless continually re-mixed
with air. Observation of some products shaken in jars showed the last two

cases, for example a jar of cement dust remains in an expanded, semi-fluid
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state for some time after a vigorous shaking whereas a jar of alumina, of

similar particle size, returns to a "dead" state immediately.

Should the product be easily permeable by air, e.g. a granular product,
then air will flow through the slug; there will be some pressure drop
involved with this, as the velocity of the air through the interstices
will be high and extremely turbulent. Air flowing through the slug at high
local velocities will tend to 1ift the product from the front of the slug
and deposit it just a little further downstream, effectively moving the
slug along. This author had observed such slugs of permeable product

moving along a pipe one after another, quite stably.

In the case of a product which is not easily air permeable but retains air
well (e.g. cement) the slug would effectively block the passage of air but
the fluidity of the material in the slug would enable the air to push it
along, perhaps like a lubricated piston in a cylinder. The slug would most
likely be unstable, leaving material behind and eventually breaking up and
new slugs forming elsewhere. A pressure difference between front and back
of such a slug would be necessary to push it along, the energy input from
this being randomised mechanically by the friction between the slug and
the pipe walls, and internally within the slug. The pressure difference
needed would depend on internal and wall friction properties of the
product of the slug in its semi-fluid state as well as its dimensions, and
the instability of such a slug would cause fluctuations in air pressure

downstream, affecting the motion of other such slugs.

If the product was neither air permeable nor retentive of air (e.g.
alumina), then a slug of any significant length would again block the
passage of air but would require such force to move it, because of the
quick de-aeration and loss of fluidity of the product, that insufficient
air pressure would be available. This would cause a pipeline blockage.
Such a situation could arise even with a product with some air retention
properties, if the time between the slug forming and the air pressure
being sufficient to move it was long enough to allow de-aeration. This
could happen with low air flow rates, and indeed this author gained

considerable experience of unblocking pipelines of such products when
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experimenting with low air flow rates.
D.2.4 Bends

A little thought showed the mechanism of pressure drop caused by bends to
be fairly straightforward in the light of the foregoing mental models. For
air only, the inevitable secondary flows resulting from a change in
direction would contribute to the general level of turbulence in the flow,
thus leading to a higher pressure gradient immediately downstream of the

bend where this extra turbulence persists.

In lean phase flow it was equally clear that a change in direction of the
pipe would lead to an increase in the rate of collisions of particles with
the pipe wall, or at least with the boundary layer. This would cause a
general slowing down of the particles, which would lead to increased
turbulence and pressure drop in the air downstream of the bend where the
relative velocities between particles and air would be greater; in much
the same way as the pressure drop caused by acceleration of the particles

from rest, as described above.

In dense phase flow the mechanism might be far more complicated; a flow
might change its nature immediately downstream of the bend, because of the
reduction in particle velocities and thus reduction in cross-section free
for air flow; this might promote slugging. On the other hand, the
reduction in the already low particle velocities in dense phase flow might
be a good deal less than in lean phase, so the effects of bends may be of

different significance in such a flow.
D.2.5 Conclusions from mental modelling

From all the above it was apparent that the processes involved in pressure
drop with turbulent flow along a pipe were very complex, even without
particles present, the addition of these causing probably an order of
magnitude of further complication. Obviously any comprehensive analytical
modelling of these would be out of the question, but having perhaps some

inkling of what these processes might involve led to a few ideas for
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exploration in the hope that they might give a little guidance to the

general direction of the work.

One specific avenue of approach would be to try to model the acceleration
of solids from rest in an air stream. It was expected that a physical
model of this process could be built up, which could be analysed on the
bases of conservation of mass, momentum and/or energy, (perhaps using the
Steady Flow Energy Equation) to obtain a value for the pressure drop of
the air in accelerating a mass of particles. This might indicate the
pressure loss to be expected at a feeder, and possibly the wupper limit of
pressure drop to be expected after a bend, since it was thought that only
a part of the kinetic energy of the particles would be lost in colliding

with the wall at a bend.

Another idea was tc construct and analyse a physical model of the
acceleration of a single particle in an air stream, using the commonly
accepted method for predicting drag on an immersed body. Again this might

give some useful information on pressure losses after bends and feeders.

No ideas were readily forthcoming for modelling the pressure drop in fully

developed flow along a straight pipe, however.
D.3 Mathematical modelling of acceleration pressure losses
D.3.1 First attempts

Several false starts were made on this. Early attempts were based on
conservation of energy, and failed because it could not be understood how
the increase in velocity, and hence kinetic energy, both of particles
(caused by the effect of the air flowing past them) and air (caused by the
expansion of the air with falling pressure) could occur given that

temperature appeared to be constant along a conveying line.
The problem was that it appeared that the flow of pressure energy past any

point along the pipeline would be the same, because the pressure energy of

a gas is a function only of temperature (pV = mRT). Taking the internal
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energy of the gas into account did not help, because this is a function
only of temperature (U = CvT) in the same way as pressure energy is. The
only other energies available being potential energy (constant in a
horizontal pipe), and kinetic energy, which was known to be increasing, it
could not be understood how the process operated, let alone how it could
be modelled. The only obvious way in which sense could be made of this
would be if temperature was actually falling along a conveying line,
allowing a reduction in enthalpy (the sum of pressure energy and internal
energy) to balance the increase in kinetic energy. Yet experience showed
that there was no difference in temperature perceptible (by touch) along a

conveying line.

Some calculations were done to estimate the temperature change necessary
in a flow to achieve such a balance, and the result indicated a fall of a
degree or so, which would be unlikely to be picked up except through
careful measurement. Even then, it was thought that there could well be
some significant energy interchange by means of heat transfer between the
gas and the solids and/or the pipe wall, which would mask the effect. The
more important concl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>