
Lq** {"ft*
Frr,< GL.*.**,o-- l. Ln4

,/f*ig - ,or LI .4
',fr.n ' lqg,f

HIGH DENSITY COAL ASH SLURRY TRAN$PORT
By Allan Thomas

SIu rry Systems Pty Ltd, :BERTH

INTRODUCTION

The conventional method <lf disposing <lf fLyash is to mix
it with water to form a low density slurry and then pump
i t to ponds - Typical ty the sol ids concentrat,ion is abou t
50% by weight. This low solids concentraLlon means large
quanLi ties of t,later need to be pumped wi th consequent
large pipe sizes.

An attractive alternative is to pump the flyash at a much
hlgher concentration, around 7O"". Much less water is
requ i red and hence a smal ler si ze pipe can be emp)"oyed.
The hish densi ty slu rry also has advantages at the
disposal site. Because of its high density the slurry is
suf f iciently thick tcl f orm a sloping deposi t which
maintains its slope when floutr stops. If discharged from
a single discharge point, the slu rry will form a cone-
shaped deposi t havi ng a su rf ace sLope of a f euu percent .
The perimeter of the deposit is determned by the slurry
densi ty which also determi nes the deposi t s).ope and the
volume of material in the deposit.
are needed to contain the deposit-

No perimeter waI Is

2. FLYASH SLURRY PROPERTIES

Fig. lshowsa typical
top size is around 15O
size 15 to 20 microns.
can range "between 

22OO

particle size d j.stribution. The
microns wi th t,he median particle

Typical so1 id specif ic densi ties
t<r 27OO Rg/ cub - metre.

At lou'r sol id concentrat,ions, . less than 4A tcl 50%, the
flyash slurry behaves as a set[ling slurry le. if left to
st,and in a container, the solids will settle to the
bottom. For - plpel rne Lransport, the particles musL be
supported by the turbulent eddies. The solids increase
the effective viscoslty of the slurry.
can be rneasured in a viscometer.

This viscosi ty

Once the concentration exceeds a certain critical value,
typical 1y 40 to 50%, particle i nteraction becomes
significant and the srurry begins to exhibit non-
Newtonian characteristics. Fig.2 shotls schematical Iy
typical rheological plots of shear stress versus shear
rate. For a Newtonian fluid the plot passes through the
origin. The slope of the line is the viscosity. Above
the critical concentration, the non-Newtonian behaviour
can most 'EaSiry be described by t,he Binghan plastic



model.

T=Ty+ ttY
h,lhere fy is
viscosity.

'l r'

the yield stress and T is the plastic
This yie).d stress must be exceeded before

any shearing can take place. The slope of the line above
this stress level is lermed the plastic viscosity. At
stress levels below the yield value the slurry behaves as
an elastic solid- A pract,lcal effect of this can be
observed when pumping such a slurry. If a centrifugal
pump connected to a horizontal pipeline is slowly
i ncreased i n speed the pressu re wi 1 l slowly rise .

However, no flow wi I I take place until the pressure
reaches a certain value such that, the yj.eld stress is
exceeded - This is'in contrast with for example water,
where a s,mall f low will occur even for the smallest
appL ied pressu re .

The presence of a yield stress causes [he slu rry to
become non-settling in nature- The elastic structure can
support the coarsest particles thereby prevent,i ng
settling and any segregation of particle sizes. Thomas
(L977) gave the following equation giving the required
mi nimum yield stress requ i red
particles of size d.

to prevent settling of

Ty= kgd (Pp P) (1)

t4here Pp is the particLe densi ty, P is the s1u rry densi ty
and g is [he gravi tat,ional constant . For isolated coarse
particles i.n an otherwise f ine particle slurry, the value
of the constant, k Nas glven as .O92- Howver, f or
slurries having a continuous size dist,ribution where the
coarser particLes also contribute to t,he rheology k was
given as O.46 -

For a maximum particle size of LsO microns this rndicates
a required yield stress of bet,ttreen O-5 and 1 Pascal.

Fig- 3 shows some typical rheology curves for a flyash
slurry. Both the yield stress and the plastic viscosity
are seen to be strong functions of solids concentratlon.
Fcrr this particular slu rry a yield stress of O.5 to 1 Pa
is reached at around 6A% concentration.



3- PIPE FLOW BEHAVIOUR AT LOt^, DENSITIES

3-. 1 Pseudo-homo_geneous Flow 
l:,

AL suf f iciently high velocities, the slurry ulill behave
as a pseudo-homogeneous f tu id havi ng near Newtonian
properties ie . the turbu lent f }otnr f riction f actor i n
smooth pipes is determined by one parameter only, the
Reynolds number given by

Re : VDP /lt (2)

T he N i l<,u radse smoo t h h,a

L = e.r Ln (n, 11tm
where fN is the Fanning

wa 11 equation is

)tm (3)

D

rr:
f / AP
rN -e T

For rough walled pipes,
generally employed.

Friction fact,or given by

(4)

the Colebroolt-whi te equation ls

I

J{,
= g Lyr* + J.4s - + Ly ( r * ?{Js;fu;)r,

Where k is the pipe roughness. For new steel pipe k :
- 05 mrn al though wi [h slurries the pipe ib of ten srnoothed
due to slu rry abrasion and k can end up closer to . OL mm.

Equation 5 is the basis of the comrnon friction factor
charts- It can be used to give an approximafe value for
t,he fricticln factor in the pseudo-homogeneous region
although there is an additional complicating issue due to
viscous sub-Iayer effects.

During turbulent pipe flotrr, a thin boundary layer exisLs
ad jacent to the pipe ulal I where viscous . f orces
predominate. This is termed the viscous sub-Iayer. Its
thickness I is given by

3



I (6)

The th j.ckness of this layer is qu i te smal l . For example
for water flouuing at 4n/s in a Lo0mm:'pipe equation 6
indicates E : 30 microns-

For more viscous ftuids or slurries 6 is larger.

Consider Lhe flow of a low concentration flyash slurry
for which the viscosity is similar to that of water. For
the above condi tions where E : 30 micr<lns, only part,icles
signif I,cantly smal ler than this rati 11 be able to
physically "fit" into the sub-layer- Particles Iarger
than 6 will therefore not be able to contribute to any
viscosity lncrease uuithin the sub-layer. For the size
distribution of Fig. 1 about 40% of the particles are
larger than 50 microns. This means that t,he ef f ective
slurry viscosity in the viscous sub-layer is less than
the ful1 slurrv viscosity. This results in the friction
factor being less than that calculated using the measured
slu rry viscosi ty.

As the f lota vel<lci t,y decreases , E i ncreases. This means
a greater proportion of the particles are smaller than 6
and so the observed f ricti.on f act,or u,ri L l rnore nearly
equal the caLculated value.

Fie. 4 shows data obtained in a 105mm pipe for a 5L%
fLyash sl"urry. Visiometer measurement,s gave a yield
stress of only O - SPa so the slu rrY can be considered
aLmost Newtonian in behaviour tari th a viscctstty of 7 .2
mPas. The f ull l ine on Fig. 4 is the predicted lrlewtonian
behaviou r usi ng the slu rry densi Ly and the slu rry
viscosi ty. At veloci ti.es around 1 .5 n/ s this is seen to
agree wi th t,he da t,a .

The dashed line is the predicted Newtonian behaviour
usi ng t,he slu rry densi ty bu t, the viscosi Ly of water . The
data is seen to approach this curve at high veloci t,ies.
This difference in behavlour at high and lotnl velocities
is due in part to the aforementioned viscous sub-layer
ef f ect. This ef f ect has been reported by Maude trlhi tmore
(1958), Daily & Roberts (1959) and Thomas (L977, 1978)
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3.2 tleterogeneaus Ef f eots

At 1or^l concentrations, f lyash slurries exhibl t settl i ng
tendacies such t,hat under static conditions t,he solids
t^ri11 readily settte. During pipe flow at sufficiently
hish velocitles the turbulent fluid motion will support
the particles and result in a pseudo homogeneous
behaviour- However as the velocity is reduced there is
less support avaitable and eventually a statlonary bed of
solids will form on the bottom of the pipe- For the data
of Fig.4 this occurred below L.1 n/s. At velocitles
just above this there rnri 11 be heterogeneous behaviour in
that, there is both a concentration and velocity gradient
in the vertical direction. The solid concentration ulill
be higher and the velocity lower in the lower half of the
pipe than in the top half.

The heterogeneous behaviour results in an increased
pressure gradient above that for pseudo homogeneous flow.
As the veloci ty i ncreases this effect became Less
significant. The resu I t ls the pressure
gradienL/velocity plot exhibits a diverging ahlay from the
water curve as the velocity decreases. Thus part of the
diverging behaviour i n Fig 4 is due to these
heterogeneous effects -

PIPE FLOW BEHAVIOUR AT HIGH DEN$ITIES

As the sol ids concentration is increased there is
increasing interaction betu,leen particles. This reduces
the settling tendancy. Eventually a stage will be
reached where turbulence is not required to support the
particles and the s1u rry wi I I f low under lami nar
condi tions -

For a slu rry of suff iciently high concentration the
laminar and turbulent flow behaviour can be predicted
using single phase non-Netutonian met,hods.

Laminar flow of a Bingham plastic fluid is described by
the Buckingham equation:

3= +l'o t *, + lG )"] (7)



Where Ttn' is the wall
gradient by

shear stress related to the pressu re

,>
Lyu -

.b AP
4L (8)

There is less agreement on the correct equation to
predict turbulent flour behaviour. Many have been
proposed, one of the most recent being that due to Witson
& Thomas (1985)

I = L *a"S
Jt*la

+ f fr+,t * t.z, {J (e)in|-gftt,.il
€/a

tdhere fn is t,he Neuutoni.an friction factor predicted by r,
equation. 3 using the plastic viscosi ty , a"d f
=Tv/Tw.

This equation gives a friction factor lower than the
Newtonian value in agreement with observed behaviour.

Fig- 5 shor^ls data obtained from tests in a Lo5mm pipe on
a 66% concentratlon flyash slurry. The B i ngham
parameLers ulere Ty : 2.7 Pa and qZ : 46 mPas

The full line curve on the left, is the laminar flonr
predict,ion using equation 7 whi lst the steeper curve on
the right is the turbulent flow prediction using
equation 9. The point where they intersect indicates the
transi lion yeloci ty ( 1 . 1 m/s )

The dashed tine indicates t,he Neultonian prediction using
equation 5 uri th the p}astic viscosi ty .

The' data points are seen to be predicted with reasonable
accuracy in the turbulent floul regime. In the laminar
fLow region the data lie some 30% above the predicted
curve. Furthermore, Laminar f lornl couLd not be sustained
below A.7? m/s wlthout a staticlnary. bed of solids



appearing. This is evidence of heterogeneous effects and
explains r^Jhy t,he data points l ie above the homgeneous
prediction Iine. These hrgher data points couId also be
partly due to errors in rheology rneasurement. Any errors
there are di rectly ref lected i n lami nar f-Iot^l prediction '
They are less signif icant i n turbu lent f lqtl .

As predicted by the stat,ic stabi 1i ty cri t,erion ( Equation
1 ) this slurry was qu i te stable and settled only
extremely slow1y under stat,ic condi tions. Nevertheless
Laminar flour without deposition was not sustainable belotnt
A .72n/ s.

Under static conditions the ftoc structure supports the
coarsest particles and prevents segregation . Du ri ng
laminar flow this floc strucLure is broken and the
particles may settle if the slurry is not viscous enough.
tlhet,her deposi tion occurs or not depends on whether there
is sufficient pressure gradient to drive the settled
sol"ids along against, the solid-solid friction between the
sett,l"ed bed and the pipe wal l . From Fig 5 i t is seen
that deposit,ion occured when the pressure gradient f eI1
bel<rw 29A Pa/ n

If the s)-urry concentration were to be increased to Say
7O"o the laminar f low curve, ES shown on Fig 5, tlould
exhibit a pressure gradient more than 29A Pa/n at aIl
veloci ties. This wou ld suggest that lami nar f lotl tati thou t
deposi tion could be .achieved right down to zero veloci t,y.
However at t,he higher concentration there u,li 1I be a
greater friction force. The critical pressure gradient
wi 1 I therefore be somewhat, higher than at 66%
concent,ration and depositicln would perhaps occur at
around O- lnn/s-

Eventuatrly however, a concentration wilL be reached for
r,lhlch flow r+i.t,hout deposition occurs right down t,o zero
velocity-

Consideratj-on of Fig 4 shows that under turbulent flow
condi tions deposi tion occured below a pressure gradient
of 2OOPa/m- This is less than the 29O Pa/n required
under laminar flow and reflects the role of Lurbulence in
preventing settling. The d1f f erence ulill be more marked
in larger pipe sizes. For turbuLent f lot^l , the pressure
gradient requlred tcl prevent deposition will decrease
roughly invers).y trlith pipe diameter talhereas for laminar
f l-ow i t decreased less rapidly as the pipe si ze
i ncreases -



Apart from this deposi tion aspect there are other
difficulties associat,ed with high density flow.

For a given operating velocit,y the p.fessure gradient
rises rapidly once the laminar floul regifie is reached.
For example Fig 6 is a plot of pressure gradient, aL a
velocity of 1.5 n/s versus concentration based on Figs 4
& 5: Up to 67% concentration the pressure gradient rises
relatively slowly with operation in the turbulent, f low
regime. Above this concentration there is a very rapid
rise wlth t,he pressure gradient increasing by a factor clf
7 between 67% and 75% concentration. This makes conLrol
difficult- Cont,rol should be based on viscosity
measurement rather than density measurement since
variations in flyash properties can affect the rheology
even though t,he densi ty remains constant.

PUI'4PING CONSIDERATIONS

Low density flyash slurries can be pumped using
centrlf ugal slu rry pumps . Higher densi ty slu rries uti 1I
general 1y requ i re posi tive displacement pumps , This is
for a number of reasons:

(a) The efficiency of centrifugal pumps rapidly
decreases as the slu rrY is made more viscous.

( b ) Control is easier .

(c) Mult,i stages of centrifugal pumps ulould be required
to pump any distance

Consider the 75"" concentration s1u rrY of Fig 4 . At a
typical operating velocit,y of 1.Srn/s the pressure
gradient j.s 4300 kPa/km- A typical slurry pump produces
around SOm head which for a slu rrY densi ty of 19OO
kg/cubic metre represents gsokPa so five pumps would be
required to pump this s1urrY 1 km. Also their efficiency
would be very low because of Ehe high viscosity.

6. CONCLUSIONS

There are big advantages in pumping flyash at high
densities. I"luch }ess water is required, the required
pipe size is sflraller and the advantage of s).ope disposal
at the disposal area csn be utllized.

At these high densities the flow is Laminar. Homogeneoug
lamlnar flot^r taithout deposition is not always possible
an'C one needs to be aware of this. ALso the pressure
gradient at a given v.elocity rises very rapidly r^rith

I



increasing concentration
ma kes co n t ro L rnore
operation -
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