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Numerical simulation of simultaneous drying and pneumatic 
conveying: small metallic filter cake particles 
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Mechanical Engineering Department, Technikon Witwate r.rrand, Sou th Africa 

Many minerals processing operations result in cru shed roc k being mixcd with a liquid. 
Sometimes, the rock particles have ID be dried before the ned process begins and there may be a 
conside rable d istaJlcc between Ihe equipment carrying out these procc.'\..<>es. Bateman Engineo.::rcd 
Techno logies -(-BET}·developcd, patented and-commercialized a method of simulta neous 
pneumatic conveying and drying. A joint project to a~s i s t with optimizing the process is under­
way. Part of it i,<; a numeriQlI ,<;imulation of the proce~ ... 

The simulat ion is done lL .. ing a dedicated program wriuen in MATLAH. (conunerc ial sortware 
which is widely used in engineering). 1t account~ ror heat and mass trdnsfer as well a. .. particle 
transport. The main pm1 of the program con~ists of a loop containing a series of equations which 
are evu lualed sequentially. During any particular iteration, the properties are changed one at a 
time. S ince the properties are chrmgtng relatively slowly, this method gives gond results . The 
outpuL'l of the simulation are e(msistent with the opeTdtional experience of BET's e ngineers. 

The output is very comprehensive and all numerical. Since the progrrun is euo'ently being used 
for research purposes. flexibility is very important. Thus the output is converted into a spread 
sheet fil e, Variations in the output quantities are displaye<l gruphieaUy using MS Excel. 

Some ll imulatiOIl could have been done using compUt:lfional fluid dynamics (CFD) software. 
The advantages and disadvantages (technical, financiul and skills requirements) of the two 
approaches for this particulaJ type of simulation are compared briefly. 
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Introduction 

Background 

Many minerals processing operations resull in the bulk 
solid being mixed with a liquid. Sometimes, the particles 
have to be dried before entering the next process, whicll 
may be some distance away. Numerous techniques exist 10 

accomplish these tasks. 
Batemau Engineered TechnoLogies (BET) developed (and 

patented) a method of simultaneous pneumati c conveying 
and drying. Commercial systems are marketed as PneulUO­
driers. They are wideLy used ou d iamond and platinum 
mine.~ in southern Africa. 

Outline of the process 

10 conve nt ional pneuma tic conve ying a ir at close to 
ambicnt temperature is used to Iran~port dry particulate 
solids al llllg a pipe. Particle motion is due to the drag force 
which the air exerts on them. 

With simultaneous drying and pneumatic conveying the 
air is hot and the bulk product is wct. Hence, in addition to 
conveying, the air provides heat to evaporate the mOlstUl'e 
on and around tbe particles. Thus, it will be referred to as 
conveying gas . 

Objective 

Develop u computer model to predict the steady state 
pressw'e drop and required heat input during simultaneou s 
dry ing and pneumatic conveying of mineml produeL ... 

Temtinology 
• BET -Bateman Engineered Tcchnologies 
• CfU----Computational Fluid DynamiclI 
- Conveying gas-Mixture of hot air and water v:lpour 
- PEA-Finite Element Analysis 
• Feeding ree- Pipe junctioll where the solid product 

enters Ihe conveying pipe 
- Lean or dHu te phas e ct)nveyillg- Panicles a re 

rranspOlted entrained in the gas. Since they are mostly 
in suspension, individual p31ticles arc seldom in contact 
with the pipe wall 

• PC--Pcrsonal computer 
• Plug tlow- The produc t being cOllveyed completely 

fills short Ilcctions of tht: conveying pipe. In-between 
the pipe contains only conveying ga.~ 

- S lip veloc ity-Difference i.n speed he lwee n the 
conveying gas and the particles 

• Sliding bed-A bed of particles lying on the botLOm of 
the conveying pipe and moving by sliding 

- Sta le diagram-G raph o f press ure drop aga inst 
velocity. 

Review of related work 
Pneum;, tie con veying is a long-established technol ogy. 
Cons iderable work has been J one on pressure drops a nd 
sy~ tcm capacities. The pubJj ~hed equatinlls {for example, 
Bettman1, Chambers2 and Mohlmann3 arc for dry panicles 
and air at more or less con stant temperature. Also , state 
diagrams have been pnxluced fo r many diffen:nt partieulate 
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materials. However, pne ummic conveyi ng is still not full y 
underslOod and several aspects of il fire acti ve research 
areas, 

Drying a parti cula te product whil st pneumatically 
cOllveying it is well known in chemical engineering. Perry 
and Green4 for ex ample, have 5Icveral pages on il. II i ~ 
usually caJled t1a5lh urying or pneumatic drying. However: 

• Mos t applica ti on s seem to be in the food or 
ph armace utkc'l l indus tries. Thu s the pruduc ts are 
usually very porous and all the moistnre associated 
with the produ ct is imide or on the surface of the 
particles 

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

- Pipe geome try is usually simple, and mostly verticaUy 
up only 

• Du e to the sho rt di stance and the internal moisture 
content of .the .parlicles, Jlle_pr.oducL o ften_has to be 
circulated through the dryer several times berore it is 
sufficiently dry 

• Xl is essentiall y a dqing process. The product is only 
moved as an aid to drying. 

Mode ls uf fla s h o r pn e umatic d ry in g have bee n 
puhli!;hed . for ex ample by Littnmn , Da y and Morga1l5• 

However, as cxplained previously these are not applicable 
to the processes considered in the present study. 

Novelty 
Novel element.. of the research include: 

• Use of mineral product'" These are typically denscr and 
much less porous than food or pharm~ceutieak Also, a 
wide range of part icle sizes often have to be conveyed 
together 

• Longer distance, therefore determinat ion of pressure 
drop is more important 

• Mostly horizo ntal conveying. which is more d ifficult 
because the produc t concentra tio n is nOI co nstant 
d1roUgh the diameter of the conveying pipe 

• Complete drying in a single pa.~s 
• Provision for particles which are wo large to be 

conveycd in lean plllise. Thus they move by rolling or 
sliding along the bottom of the conveying pipe. 

The moistuJe conte nt of bulk particulate solids can be as 
hi g h as 2 5% by mass. How e ver, un like food an d 
ph armaet!utical products . rock particles are usually not 
porous. Tht!y do have small surface cracks and a thin layer 
of moisture can adhere 10 the sUlface. Together, these allow 
them to retain small runounts of water, at most about 1 % by 
mass. Thus: 

• There is no necd for Ihe model to include diffusion of 
moisture from thc centre of the particle 10 the surface, 
but 

• Most o f the moisture in the bulk particul ate solids is in 
the spaces between Ihe particles. At high moisture 
contents it would probably fill all the interstitial ~paces . 

if this hulk solid is now conveyed in ICUll phase, the solid 
particles will move :t.p:Lrt. Thus the interstit ial moisture wi1l 
be separated from the so lid particles, and it will form into 
sma ll droplets. Hence the nuw consists of three phases­
conveying gas, solid particlcs and moisture droplets. 

M os t food and pharmaceutical produ cts which are 
pneumatically conveyed. have a small si7.e range. However, 
mining produces rock particles in a large range of sizes. The 
max imnm size is determined by the cmsher specifications. 
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but the minimum is always less than I mm. Thus, unless 
pneumatic conveying is in tbe plug flow r~gimc, there will 
always be segregation in horizontal pipe nms, with smaller 
parlicle.~ closer to the top and larger ones below. 

Most important features of the model 
-It is written in M ATLAB. but thc syntax could easily 

be modified for other progranuning languages. 
• It calculates all relevant properties of the con veying 
ga.~, moi sture droplets, solid particles and conveying 
pipe at numerous points along the length of the pipe. 
The soluli on starts at the feedi ng tee and proceeds 
downstream along the conveying pipe. 

• It currently makes provision for fo m dilTert.'n t particle 
sizes and lhree different droplet sizes. Tht!se and all 
variables which are depende nl on part icle or droplet 
si7.e are treated as vectors, Thu s, particle vclocity may 

.be. Uj. = 126. 30,_32,311·m/s,.mean.ing-that the_Iar-gcsL 
pm1iclcs are traveling at 26 m/s and the smallest ones at 
33 nlls. 

• For horizonlal conveying pipes il can handle hoth lean 
phase transport and pmticles moving along the hollom 
of the pipe. Panicles o n the bOUom of the pipe Can 
e ither be individual or if there are enough, in a sliding 
bed. Each size range of pani cles conveyed in lean 
phase or as individual particles lying on the bottom of 
the pipe arc dealt with separatciy . Since a sliding bed 
may be a mix.lUrc of different particle si:.1:C range~, 
s liding beds are treated as a single entity. Thus. ror 
each particle size range three modes of conveying ex.ist: 

-Lean phase 
-On the boHom of the pipe, not in contact with olher 
palucles 

-Mixed into a sliding bed. 
• Except f0 1" deciding whether partic1e~ in a parti cular 

size range art: being conveyed in lean phase or by 
moving along [he boUmn of the conveying pipe, it does 
no t co ns ide r the di ametra l pos ition of particles or 
droplets in the conveying pipe. Thus ;t could be called a 
one-and-a-half dimensional model. 

• The main par! of the program consists of a loop 
containing a series of equations for particle and droplet 
transport, heat and mass transfer (is well as the resul ting 
properties of the conveying gas, p3rticles and droplets. 

• For each size range of panicles and droplets it checks: 
-Whether the particles or droplets :we still accelerating 
relative to the fluid o r whether they have reached 
maximum slip velocity 

- \Vhich flow regime (Stokes, Allen or Newton) they 
are in. 

-Mas s tran sfe r us ually occurs togelher with hea c 
tl"ansfe r. Depending 011 the condi tions, partic les o r 
droplets in each size range will e xperience either: 

-Evaporation without tempcr.l ture rise-all heat fl ow 
goes into vaporization 

-Evapor!Ltilm and temperature ri se- vaporization is 
'slower' than heat flow. 

The program detcnnines which is nppJicablc. 
• Particle moisture contcnt and droplet size is calculated 

at each step. Once Ihe particles in a size mnge are dry 
mey can only experience heat tmnsfer- Ihey no Ionger 
ha ve a liquid layer which can be ev apo rated uno 
transferred inlO the conveying gas. Once droplet si:t.e i .~ 
:t.en>, those parts of the program dealing with droplets 
are skipped. 

·Convey ing pipes in commercial sy .~ tem s typ ic'l ll y 
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co nsis t o f s traigh t sections, either hor izonta l or 
vert ically up and long radiu s be nd s , ei th er in it 

horizontal or vertical plane. There is a different n(lW 

p311ern associa ted with each of these. The model 
includes :switching statcments III direct the solution to 
the equations app licable to thc following conveying 
pipe options: 

-Stmight horizontal 
-Straight vertical 
-Curved in a horizontal plane 
-Curved in a vertical plane. 

• Only convection and conductioll heat transfer a re 
currently included. Heat flow through the conveying 
pipe is a series combination of forced convectiou. 
conduction and natural COllvcCtiOIl. Hcat flow to the 
droplets and particles conveyed in lean phase is by 
forced convection. Heat now to particles on lhe bonom 
0 ]" tbe cotlveying_pipe is b.y _forced.coll \!ection and a 
lit tle conduclion. For large particles, heat conduction 
from the .~urrace to the centre is included. 

• All equations are e va luated sequent ially. with one 
variable being updated at a time. This method is simple 
and.i t gives good results if the change~ from onc point 
along the length of !.he p;pc to Ihe next are relatively 
small. 

• To ensure good reSUlts the di~tance between successive 
po ints is kellt small whenever rtl pid changes IIrc 
expected. 11lesC are mostly in zoncs of large particle 
accelerat ion and w hen the particles become dry. 
Changes to the distancc between successive points is 
partly ind uded into the program. However, the user 
still has to make some choices. These arc similar to the 
user of CFD (computatiooal fl uid dynamics) so[[ware 
choosing a grid density or the user of FP-A (finite 
clement analysis) software .:hoosing a mesh density. 

• Although !he genera l fmm of the equat i()n .~ describing 
the underlyi ng physica l phenome na a re ofte n 
differenti.:1 1 or partial differential. they were converted 
into algebraic form, c.g. u; = Ui_ + ailj, or the velocity of 
the part icles in Si7.c range i in any step eqllals velocity 
of the pat1icle~ in size range i in the previous step plus 
the addition al velocity due to acceleration for the 
duration of the step. 

• Most of the equations wae obtained from the Iitemture 
on pneumatic transport, heat atld mass transfer. In some 
cases researchers have produced different equations or 
correlations. These were included in the model together 
will) a me.:1ns of comparison . 

• Wh ile running it g ives the user feedback with messages 
such as ' Particles sufficiently dry ', 'Conve)'ing Gas 
Saturated'. Thus before a run is (;ompletc the user 
already has an indication of whether the chosen inputs 
will result in the il:ystem meeting its requirements. 

• Due to the compl exity of the simultaneous drying and 
pneumatic conveying approxim ately forty inputs arc 
requiTed . Hundred s of separa te ou tputS can he 
produced for each point alollg the conveying pipe. TIlis 
is useful for research and debugging, but the averAge 
use r w ill probably nc ver need mo re [hall a il: ffiall 
proporti(JJ\ of these. Thus. complete and summarized 
output ~ are available. Both ure written into spreadsheet 
files. These, together wilh sprclldsJieet soflware slIch WI 

MS Excel can he used to produce graphical outputs. 
This gives more Oexibility lhnn using the graph plotting 
runctions in MATLAB. 

• EXcluding the input and output statemellts, it consists of 

approximately one thousand lines of computer code. 
• For each particle siu ra.nge there arc 216 combinations 

of equations for transport. heat and mass transfer. 
Th e .~e are: 4 pipe or ientati ons and gcometries x 3 
modes of con veying x 2 velocity possihilities x 3 flow · 
regimes x 3 heat and mass tran~ rer po~s ibi1ities . 

• Droplets arc simpler- for them it is only necessary to 
consider the fo ur pipe orientations .:1 nd geomet rics. 
acce leration or constant slip veloci ty, three n ow 
regimcs, two heat and mass n:Dllsfer poss i bilitie~. Hence 
4 x 2 x 3 x 2 ::: 48 combinations. 

• For 3100 points along the pipe, when producing only 
~ulllmari 7.ed output, processing time on a Pelltium III 
pe rso na l co mp uler (PC) runn i ng at 600 MH z. is 
approximately half a minute. 

AppJication 
To·illustrate-the kind of ·outputs- which the model pmduces, 
it was applied to the drying and conveying or metalli c filter 
cake. It is a den~ producl., but vcry fi.ne a.nd with a very 
skewcd size di~ l rjbution. Thus the smane.~ 1 two size rnngcs 
account for 97% of the total mass . Thc most important 
i.IJPuL~ were: 

Conveying gas 
Flow rate 
Initia) humidity 
11I.iuai pressllre 
Initial Lemperalure 

Product 
Bulk moisture content 
Flow 11lte (wet) 
Initial temperature 
Particlc dens.i ty 
Specific heat ca.pacity 

System and envirollment 

= 4.5 kg/s 
= 0 
= 40 kJ 'a gauge 
= 550°C 

= 8% 
= 4.15 kgls 
= 10°C 
= 6500 .kg/ml 
= 800 Jlkg.K 

Ambient temperature = lOoe 
Internal diameter of pipe = 303 mm 
Length of pipe = 100 m 
Change of elevation ::0 40 m up 
Bends = 3, long radius 

Some results of the simUlation and their 
implications 

Figure 1 shoWJl that particles in the smallest two size ranges 
are dried within a few metres of entering the pipe. At the 
feeding tee, the temperature differeuces atld ~ lip velocities 
are a maximum, therefore both the hcat and mass transfer 
ra tes a re a lso highest he re. All ptl rticles had :i n injtj al 
moisture content of eight ~r cent by mas~. Larger pmticles 
therefore had a 1hicker layer of water on (heir surface than 
smaller one.>;. Hence, Ihey took longel· to dry. 

The rapid evaporation causes a very steep decrease in the 
gas temperature just downstream of the feeding tee ( ~ee 
Figure 2). Since tJle particles in Ihe rwo smalle:>L size ranges 
i:lec.:1me completely dry while the gas temperature was sti11 
large their temperaLure became high in the first few metres 

Table I 

~
------j !'-.mid.;; du diMriblltion inp'lUcd into tile model 

Avcrngcrfi\1 icle~i7t!(mm) f(l:2· I-"-.I- I'---o.osrom5 
Propurt ion by m aAA ('It_,_ _ I ~ ~ -=-- I ~ 
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Figure 2. Temperature changes 

downstream of the feeding tee. It became slightly greater 
than the gos l.cmperature because tlle gas temperature was 
dropping rapidly and the particles have a much large r 
specific heat capacity than lhe gas. SmalllemperOlure drops 
occur at the bend~ 30 and 58 m downstream of the feeding 
tee. These are due to rapid changes in the ~tep size. Futul\: 
versions of the prognuu will inC,\ude a beller IJITIoothing 
routine for step size. 

Since almost all the heal and mass tnmsfer occurs in tbe 
beginning, simultaneous drying and pneumatic conveying 
could perhaps be considered as l1ash drying followed by 
pneumati c convey ing. Tt also means that accurate 
simulation of particle pick-up and ueceleration is essential 

If the product had been temperature sensitive, the low 
particle temperatures at the end of lhc conveying pipe could 
resull in a fa lse sense of security. In this case there is a 
difference of almost 200"C- betwee)l the max imum and exi t 
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temperatures of panicles in the smallest size range. 
AI 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 conv~ying pipe was eonsthnt, this 
in rum resulted in a steep decline in the ~peed of the gas 
(see Figure 3) . Thereaflcr it remained almost constant 
because the effects of the decreasing gas tempcmtme and 
pressure on its density almost cancel (see Figure 4: Gas 
properties, for prc:-;sure). The :-;maller lighter particles 
accelcrated quicker than the larger hcavier ones. III vertical 
conveying, particle speed equals gas speed minus settling 
velocity. The effect of the larger settljng veloci ty of the 
larger heavier pllt1icles can be seen in the fOTLy metre long 
verti cal section at the end of thc pipe. 

AI (he feeding tee the gauge pressure of the gas was 40 
kPa . The press ure eur ve in Fign re 4 shows tba, this 
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Figure 4. GIlS pmperdcs 

decreases 10 about 32 kPa within about one metre. Thi s 
p3CIly due 10 tbe rapid remperature drop and partly due to 
the effect of panicle acceleration. To get the particles 
moving the gas has to transfer energy and momentum to 
them. This shows up as a pressure drop. The conveying 
pipe includes bends at 30 In , 58 m and 100 mm downstream 
of the feeding lee. TJleir effect Oil pressure call be clearly 
seen. 

The inilifll rapid increase in relntive humidity is mostly 
due to the sharp drop in gas temperature. The constant 
increases thereafter arc due to the gradually decreasing gas 
temperature and pn::,'.sure. The sudden increases at the bend.~ 

are due to the more rapid declines in gas pressure and 
temperature Ulere. 

The significa nce of the highly skewed particle s ize 
distribution can be seen in the absolute humidity curve. 
Figure 1 shows that the two smaUest particle si7.CS are dry 
within the first few metres downstream of the feeding tee. 
Thereafter only three per cent of lhe product h:l ,~ to re drie<J 
amI therefore the absolute humidity has to remain .. I most 

constant. 

Potential applications or 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 hetter 
understanding of what is happening in the pipe. For design 
it can help in: 

• Establishing the trade-off between the temperature and 
flo w rate of the conveying gas . This inv olves 
considering al lea.~( particle drying. gas humidity and 
particle speeds 

• Determining required inl et pressure fro m th e pressure 
drop. En!!uring that temperature sensitive products 
(such a.~ kimherlite) arc not ovemealed. 

These all provide infonnatiOIl whieh is useful in selecting 
blower.~ and air heaters. 

Comparison of methods 
Ev en the mOSI adva nced CFD (com put'-l lion:l l flu id 
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dynamics) software seems unable to model simultaneous 
drying and pneumatic conveying completely without the 
addition of some special coding (Canoo', Le Grange7, 
RouxS and Spalding9), thus the heading for column three in 
Table TI. 

Table 11 is only intended to be an initial comparison of 
the two methods. It is not a rigorous evaluation . 
Nevertheless it indicates that the MATLAB model would 
probably be a better tool for 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 
typically have only whatever instrumentation the operators 
really need for control. BET has a test plant but at the time 
of writing_it was- vel')' ,spamel;)' inslTum@ntated- (se6-·sectien 
'Future work' below). Thus very little data is available for 
comparison, and the little that there is has commercial 
value, therefore it is confidential. However, based on their 
experience, the engineers working on simultaneous drying 
and pneumatic conveying are sure that the model output is 
reasonably coo·cet. 

Conclusions 
• CFD software is not cssential for modelling complex 

two-phase flow with hcat and mass transfer. Provided 
the geometry is relatively simple, any general-purpose 
software that has programming capabilities can be 
used. 

·The model is sufficiently reliable for use in both 
research and system design . 

Future work 
Laboratory experimentation to determine particle 
properties. These will be used as inputs to the model. 

Drying and conveying experiments using the BET test 
plant. These will inelude: 

• Measurement of flow rate, temperature, pressure and 
humidity 

TableI! 

• Observation of the flow using high speed photography. 

Refinements to the model. 
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