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M. KILFOIL
Mechanical Engineering Depariment, Technikon Witwatersrand, South Africa

Many minerals processing operations resuli in crushed rock being mixed with a liquid.
Sometimes, the rock particles have Lo be dried before the next process begins and there may be a
considerable distance between the equipment carrying oul these proccsses. Bateman Engineered
Technologies- (BET)-developed, patented and-commercialized a method of simultancous
pneumatic conveying and drying. A joint project to assist with optimizing the process is under-
way. Part of it is a numerical simulation of the process.

The simulation is done using a dedicated program written in MATLAB, {commercial software
which is widely used in cngineering). It accounts for heat and mass transler as well as particle
transport. The main part of the program consists of a loop containing u series of equations which
are evaluated sequentially. During any particular iteration, the propertics are changed one at a
time. Since the properties are changing relatively slowly, this method gives good results. The
outputs of the simulation are consistent with the operational experience of BET's cngineers.

The output is very comprebensive and all numerical. Since the program is currently being used
[or research purposes, flexibility is very important. Thus the cutput is converted into a spread
sheet file. Variations in the output quantities are displayed graphically using MS Excel.

Some simulation could have been done using cemputational fiuid dynamics (CFD) software.
The advantages and disadvantages (iechnical, financial and skills requirements) of the two

approaches for this particular type of simulation are compared briefly.
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Introduction

Background

Many minerals processing operations result in the bolk
solid being mixed with a liquid. Sometimes, the particles
have ta be dried before entering the next process, which
may be some distance away. Numerous techniques exist to
accomplish these tasks.

Bateman Engineered Technologies (BET) developed (and
patented) a method of simultaneous pneumatic conveying
and drying. Commercial systems are marketed as Pneumo-
driers. They are widely used on diamond and platinum
mines i southern Africa.

Outline of the process

In conventional pneumatic conveying air at close to
ambicnt temperature is used to transport dry particulate
solids along a pipe. Particle motion is duc 1o the drag [orce
which the air exerts on them.

Wiih simultaneous drying and pneumatic conveying the
air is hot and the bulk product is wel. Hence, in addition to
conveying, the air provides heat to evaporate the moisture
on and around the particles. Thus, it will be referred to as
conveying gas.

Objective

Develop a computer model to predict the steady slate
presswre drop and required heat input during simultancous
drying and pneumatic conveying of mineral products.

Terminology

* BET—Bateman Engineered Technologies

* CFD—Computational Fluid Dynamics

* Conveying gas—Mixture of hot air and water vapour

+ FEA—Finite Element Analysis

» Feeding fee—Pipe junction where the solid product
enters the conveying pipe

*Lean or dilute phase conveying—Particles are
transported entrained in the gas. Since they are mostly
in suspension, individual particles are seldom in contact
with the pipe wall

» PC—Personal computer

* Plug tlow—The product being conveyed completely
fills short sections of the conveying pipe. In-between
the pipe contains only conveying gas

*Slip velocity—Difference in speed between the
conveying gas and the particles

* Sliding bed—A bed of particles lying on the bottom of
the conveying pipe and moving by sliding

= Stale diagram—Graph ol pressure drop against
velocity.,

Review of related work

Pneumatic conveying is a long-established technology.
Considcrable work has been done on pressure drops and
system capacities. The published equations (for example,
Bettmanl, Chambers? and Mohlmann? are for dry particles
and air at more or less constant temperature. Also, statc
diagrams have been produced for many different particulate
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materials. However, pneumatic conveying is still not fully
understood and several aspects of it are active research
areas,

Drying a particulate product whilst pneumatically
conveying it is well known in chemical engineering. Perry
and Green4 for example, have scveral pages on it. Tt is
usually called flash drying or pneumatic drying. However:

* Most applications seem to be in the food or
pharmaceutical industries. Thus the products are
usually very porous and all the moisture associated
with the product is insidc or on the surface of the
particles

* The distances are usually short. Typically the product is
only moved a few metres

= Pipe geometry is usually simple, and mostly vertically
up only

*Due Lo the short distance and the internal moisture
content of the particles, the product often_has to be
circulated through the dryer several times belore it is
sufficiently dry

*It is essentially a drying process. The product is only
moved as an aid to drying.

Models of flash or pneumatic drying have been
published, lor example by Littman, Day and Morgan5.
However, as cxplained previously these are not applicable
to the processes considered in (he present study.

Novelty
Novel elements of the rescarch include:

* Use of mineral products. These are typically denser and
much less porous than food or pharmaceuticals. Also, a
wide range of particle sizes often have to be conveyed
together

* Longer distance, therefore determination ol pressure
drop is more important

* Mostly harizontal conveying, which is more difficult
because the product concentration is nof constant
through the diameter of the conveying pipe

* Complete drying in a single pass

* Provision for particles which are too large to be
conveyed in lean phase, Thus they move by relling or
sliding along the bottom of the conveying pipe.

The moisture content of bulk particulate solids can be as
high as 25% by mass, However, unlike food and
pharmaceutical products, rock particles are usually not
porous. They do have small surface cracks and a thin layer
of moisture can adhere 1o the surface. Together, these allow
them to retain small amounts of water, at most about 1% by
mass. Thus:

* There is no necd for the model (o include diffusion of
moisiure from the centre of the particle 1o the surface,
but

* Most of the moisture in the bulk particulate solids is in
the spaccs between the particles. At high moisture
contents it would probably fill all the interstitial spaces.

If this bulk solid is now conveyed in lean phase, the solid
particles will move apart, Thus the interstitial moisture will
be separated from the solid particles, and it will form into
small droplets. Hence the flow consists of (hree phases—
conveying gas, solid particles and moisture droplets.

Most food and pharmaceutical products which are
pneumatically conveyed, have a small size range. However,
mining produces rock particles in a large range of sizes. The
maximum size is determined by the crusher specifications,
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but the minimum is always less than 1 mm. Thus, unless
pueumatic conveying is in the plug flow regime, there will
always be segregation in horizontal pipe runs, with smaller
particles closer to the top and larger ones below.

Most important features of the model

= It is written in MATLAB, but the syntax could easily
be modified for other programming languages.

« It calculates all relevant properties of the conveying
gas, moisture droplets, solid particles and conveying
pipe at numerous points along the fength of the pipe.
The solution starts at the (ceding tee and proceeds
downstream along the conveying pipe.

« It currently makes provision for four different particle
sizes and three different droplet sizes. These and all
variabies which are dependent on parlicic or droplet
size are treated as vectors. Thus, particle velocity may
be = |26, 30,.32,33] m/s,-meaning that the largest
particles are traveling at 26 m/s and the smallest ones at
33 mv/s.

= For horizontal conveying pipes il can handle both lean
phase transport and particles moving along the bottom
of the pipe. Particles on the bottom of the pipe can
cither be individual or if there are enough, in a sliding
bed. Each size range of particles conveyed in lean
phase or as individual particles lying on the bottom of
the pipe arc dealt with separately. Since a sliding bed
may be a mixture of different particle sizc ranges,
sliding beds are treated as a single entity. Thus, [or
each particle size range three modes of conveying exist:

-Lean phase

-On the bottom of the pipe, nol in contact with other
particies

-Mixed into a sliding bed.

* Except for deciding whether particles in a particular
size range ar¢ being conveyed in lean phase or by
moving along the bottom of the conveying pipe, it does
not consider the diametral position of particles or
droplets in the conveying pipe. Thus it couid be called a
one-and-a-half dimensional model.

*The main part of the program consists of a loap
cantaining a series of cquations for particle and droplet
transport, heat and mass transfer as well as the resulting
properties of the conveying gas, particles and droplets.

* For each size range of particles and droplets it checks:

-Whether the particles or droplets are still accelerating
relative to the [luid or whether they have reached
maximum slip velocity

-Which flow regime (Stokes, Allen or Newton) they
are in,

«Mass transter usually occurs together with heat
transfer. Depending on the conditions, particles or
droplets in each size range will experience either:

-Evaporation without temperature rise—all heat flow
gocs into vaporization

-Evaporation and temperature rise—vaporization is
*slower’ than heat flow.

The program determines which is applicable.

e Purticle moisture content and droplet size is calculated
al cach step. Once the particles in a size range are dry
they can only experience heat transfer—they no longer
have a liquid layer which can be cvaporated and
transferred into (he conveying gas. Once droplel size is
zero, those parts of the program dealing with droplets
are skipped.,

*Conveying pipes in commercial systems typically
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consist of straight sections, either horizontal or
vertically up and long radius bends, either in a
horizontal or vertical planc. There 1s a different flow
pattern associated with each of these. The model
includes swilching statcmenis to direct the solution fo
the equations applicable to the following conveying
pipe options:

-Straight horizontal

-Straight vertical

-Curved in a horizontal plane

-Curved in a vertical plane.

* Only convection and conduction heat transfer are
currently included. Heat flow through the conveying
pipe is # series combination of forced convectlion,
conduction and natural convection. Heat flow Lo the
droplets and particles conveyed in lean phase is by
forced conveclion. Heat [low to particles on the bottom
of the conveying -pipe is by forced convection and a
little conduction. For large particles, heal conduction
from the surface to the centre is included.

« All equations are evaluated sequentially, with one
variable being updated at a time. This method is simple
and it gives good resalts if the changes from one point
along the length of the pipe to the next are relatively
small.

= T'o ensure good results the distance between successive
poinis is kept small whenever rapid changes arc
expected, Thesc are mostly in zones of large particle
acceleration and when the particles bccome dry.
Changes to the distance between successive points is
partly included into the program. However, the user
still has to make somc choices. These arc similar to the
user of CFD {computational fluid dynamics) seliware
choosing a grid density or the user of FEA (finite
clement analysis) soltware choosing a mesh density.

+ Although the general form of the equations describing
the underlying physical phenomena are often
ditferential or partial differential, they were converted
into algebraic form, e.g. 4; = i + @iy, or the velocity of
the particles in size range / in any step equals velocity
of the particles in size range 7 in the previous step plus
the additional velocity due to acceleration for the
duration of the step.

* Most of the equations were obtained from the literature
on pneumatic transport, heat and mass transfer, In some
cases researchers have produced different equations or
correlations. These were included in the model together
with a means of comparison.

* While running it gives the user feedback with messages
such as ‘Particles sufficiently dry’, ‘Conveying Gas
Saturated’. Thus before a run is complete the user
already has an indication of whether the chosen inputs
will result in the system meeting its requirements.

* Due to the complexity of the simultanecus drying and
pneumatic conveying approximately forty inputs arc
rcquired. Hundreds of separate outputs can be
produced for cach point along the conveying pipe. This
is useful for research and debugging, but the average
user will probably never need more than a small
propertion of these, Thus, complete and summarized
outputs are available. Both ure written into spreadsheet
files. These, together with spreadsheet software such as
MS Excel can be used to produce graphical outputs.
This gives more (lexibility than using the graph plotting
functions in MATLAB.

* Excluding the input and output stalements, it consists of

approximalely one thousand lines of computer code.

« For each particle size range there arc 216 combinations
of equations for transport, heat and mass transfer.
Thesc are: 4 pipe oricntations and geometrics x 3
modes of conveying x 2 velocity possibilities x 3 flow
regimes x 3 heat and mass trunsler possibilities.

* Droplets are simpler—for them it is only necessary Lo
consider the four pipe orientations and geometrices,
acceleration or constant slip vclocity, three flow
regimes, two heat and mass transfer possibilities. Hence
4 x 2 % 3 x 2 = 48 combinations.

* For 3100 points along the pipe, when producing only
summarized output, processing time on a Pentium [II
personal computer (PC) running at 600 MHz, is
approximately half’ a minute.

Application
Torillustrate-the kind of -eutputs which the madel produces,
it was applied to the drying and conveying ol metallic filter
cake, Tt is a densc product, but very fine and with a very
skewed size distribution. Thus the smallest two size ranges
account for 97% of the total mass. The most important
inputs were:
Conveying gas

Flow ratc =4.5kg/s
Initial humidity =0

Initial pressure = 40 kPa gauge
Initial lemperulure =550°C

Product
Bulk moisture content =8%

Flow rate (wet) =4.15 kg/s
Initial temperaturc =10
Particle density = 6500 kg/m3

Specific heat capacity = 800 J/kg.K
Svstein and environment

Ambient temperature = 10°C
Internal diameter of pipe = 303 mm

Length of pipe =100 m
Change of clevation =40 mup
Bends = 3, long radius

Some results of the simulation and their
implications

Figure 1 shows that particles in the smallest two size ranges
are dried within a few metres of entering the pipe. At the
feeding tee, the temperature differences and slip velocities
are a maximum, therefore both the heat and mass transfer
rates are also highest here. All particles had an initial
moisture content of eight per cent by mass. Larger patticles
therefore had a thicker layer of water on their surface than
smaller ones. Hence, they took longer to dry.

The rapid evaporation causcs a very steep decrease in the
gas femperature just downstream of the feeding tee (see
Figure 2). Since the pariicles in the two smallest size ranges
became completely dry while the gas temiperature was still
large their temperature became high in the first few metres

Table I

[ Particle size distribution inputted into the model

‘Avcmge particle sive () | 02 ‘ 0.1 I 0.05 | 0.025
| Proportion by mass (%) | ©os 25 | 25 | ™
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downstream of the feeding tee. It became slightly greater
than the gas temperature because the gas temperature was
dropping rapidly and the particles have a much larger
specific heat capacity than the gas. Small temperature drops
oceur at the bends 30 and 58 m downstream of the feeding
tee. These are due to rapid changes in the step size. Future
versions of the program will include a betler smoothing
routine for step sizc.

Since almost all the heat and mass transfer occurs in the
beginning, simultaneous drying and pncumatic conveying
could perhaps be considered as flash drying followed by
pneumatic conveying. It also means that accuratc
simulation of particle pick-up and acceleration is essential

If the product had been temperature sensitive, the low
parlicle temperatures at the end of (he conveying pipe could
resull in a false sense of security. In this case therc is a
difference of almost 200°C between the maximum and exit
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temperatures of particles in the smallest size range.

At constant pressure, the density of a gas is inversely
proportional to its temperature. Thus, the rapid decrease in
the gas temperature caused a rapid increase in its density.
Since the diameter of the conveying pipe was canstant, this
in turn resulted in a steep decline in the speed of the gas
(see Figurc 3), Therealler it remained almost constant
because the cffects of the dccreasing gas temperature and
pressure on its density almost cancel (see Figure 4: Gas
properties, for pressure). The smaller lighter particles
accelerated quicker than the larger heavier ones. In vertical
conveying, particle spced equals gas speed minus settling
velocity. The effect of the larger settling velocity of the
larger heavier particles can be seen in the forty metre long
vertical section at the end of the pipe.

Al the feeding (ec the gauge pressure of the gas was 40
kPa. The pressure curve in Figurc 4 shows that this
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decreases to about 32 kPa within about one metre. This
partly due to the rapid temperature drop and partly due to
the eifect of particle acceleration. To get the particles
moving the gas has to transfer energy and momenium to
them. This shows up as a pressure drop. The conveying
pipe includes bends at 30 m, 58 m and 100 mm downstream
of the feeding tee. Their effect on pressure can be clearly
seen,

The initial rapid increase in relative humidity is mostly
due to the sharp drop in gas temperature. The constant
increases thereafter arc due to the gradually decreasing gas
temperature and pressure. The sudden increases al the bends
are due to the more rapid declines in gas pressure and
temperaturc there.

The significance of the highly skewed particle size
distribution can be seen in the absoluie humidity curve.
Figure 1 shows that the two smallest particle sizes are dry
within the first few mcires downstrcam of the feeding tee.
Thereafter only hree per cent of the product has to be dried
and therefore the absolute humidity has to remain almost

constant.

Potential applications of the model
The model can be used as both a research and design tool.
When used in research it can be used to obtain a better
understanding of what is happening in the pipe. For design
it can help in:

» Bstablishing the trade-off between the temperature and -

flow rate of the conveying gas. This involves
considering at least particle drying, gas humidity and
parlicle speeds

* Determining required inlet pressure from the pressure
drop. Ensuring that temperature sensitive products
{such as kimberlite) are not overheated.

These all provide information which is useful in selecting

blowers and air heaters.

Comparison of methods

Even the most advanced CFD (computational fluid
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dynamics) software seems unable to model simultaneous
drying and pneumatic conveying completely without the
addition of some special coding (Canooé, Le Grange?,
Roux® and Spalding?), thus the heading for column three in
Table TL.

Table 11 is only intended to be an initial comparison ol
the two methods. It is not a rigorous evaluation.
Nevertheless it indicates that the MATLAB model would
probably be a better tool [or most design engineers than
CFD.

Validity of the model

The output from the model should be compared to
experimental or operational data. However, commercial
systems for simultaneous drying and pneumatic conveying
Lypically have only whatever instrumentation the opcrators
really need for control. BET has a test plant but at the time
of wriling it was-very sparsely instrumentated-(see section
‘Future work’ below). Thus very little data is available for
comparison, and the litile that there is has commercial
value, thercfore it is conlidential. However, based on their
experience, the engineers working on simuitaneous drying
and pneumalic conveying are sure that the modc! output is
1easonably correct,

Conclusions

* CFD software is not cssential for modelling complex
twa-phase flow with heat and mass transfer, Provided
the geometry is relatively simpie, any general-purpose
software Lthat has programming capabilitics can be
used.

*The model is sufficiently reliable for use in both
rescarch and system design.

Future work

Laboratory experimentation to determine particle
properties. These will be vsed as inputs to the model,
Drying and conveying experiments using the BET test
plant. These will include:
* Measurement of flow rate, temperature, pressure and
humidity

* Observation of the flow using high speed photography.
Refinements to the model.
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1
Comparison of methods when used as a design tTool
MATLAE Model CFD plus additional code
Hardware required Average PC Top end PC
Softwarc cost High
User skill required High
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