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ABSTRACT 

The method chosen for particle size distribution was decantation technique. This method 

uses a simple experimental set up of sedimentation column. This method is most useful when 

particles finer than 50µm are concerned and when sieve analysis in not possible. 

In the present work experiments are carried out with different concentrations of fly ash 

and calcite slurries in a test pipe line. The pressure drop, the bend pressure drop and the 

delivered concentration are measured at different flow rates of slurries 

 The results indicated a homogeneous, Newtonian behavior of fly ash and calcite slurries 

at lower concentrations. And it also shows that the settling time of calcite is less than that of fly 

ash slurry.  An attempt is made to predict the pressure drop empirically and a good agreement 

with the experimental results is observed. 

Key words: Fly ash, Calcite, Decantation, Size distribution, Settling time, Pipe line, Pressure 

drop. 
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INTRODUCTION: 

The settling behavior of particles in a fluid is widely used for particle size distribution. The 

simplest case considered is the settling velocity, under the gravity, of a single sphere in a fluid of 

finite extent .Many experiments have been carried out to determine the relationship between 

settling velocity and particle size. A unique relationship for low Reynolds number has been 

found i.e. stokes equation, relating settling velocity and particle size for various shapes of the 

particle. 

 Settling of particles in fluids depends on their size distribution. Due to the importance of 

settling the knowledge of settling becomes imperative. The decantation technique helps in this 

regard due to its simple equipment and experimental procedure. The procedure requires that time 

for settling of suspended particles which is calculated using stokes law. 

𝑡 =
18𝜇

(𝜌𝑠 − 𝜌𝑔)𝑔𝐷2
 

Characterization of solid liquid flow is not as simple as for liquid flow for two reasons. 

Firstly, superimposed on the properties of liquid, the properties of the solid particles to be 

accounted for and also the effect of the particles on the mixture properties. Secondly, a range of 

slurry behavior is possible depending on particular conditions i.e. homogeneous and 

heterogeneous. 

In homogeneous region particles are uniformly distributed throughout the liquid medium. 

Particle inertia effects are minor in homogeneous flow. In heterogeneous region particles are not 

evenly distributed and in horizontal flow, pronounced concentration gradient exists along vertical 

axis of the pipe even at high velocities. Particle inertia effect is significant. 

The velocity at which a layer of stationary or sliding particles appeared at the lower 

surface of the pipe is called critical deposit velocity of transition velocity. Generally transition 

velocity occurs where the flow changes from turbulent to laminar flow region. 

OBJECTIVE: 

The bends encountered in the plants is simulated at the laboratory level and the pressure 

drop and the delivered concentration of fly ash and calcite slurries pumped through the pipe line 

with bends are studied. Since horizontal flow always cause deposition of particles, bends effect 

the amount of deposition of the particles as well as get eroded by the particles. 

An experimental investigation on the delivered concentration, the total pressure drop and 

the pressure drop in bends is carried out for two different slurries at different flow rates. The 

results are compared with predicted pressure drop model.  

 

MATERIALS AND METHODS: 

MATERIALS 

Two types of materials were used for this experiment 

Calcite: calcite is the most abundant crystalline form of calcium carbonate. It consists 

principally of calcium carbonate but also may contain magnesium as secondary component 
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Fly ash: Fly ash is the fine residue resulting from the combustion of ground or powdered coal 

which is transported from the firebox through the boiler by the fuel gases. Fly ash is generally 

classified into class F and class C. Class F fly ash usually produced by burring anthracite or 

bituminous coal while class C fly ash is normally produced by burning submituminous coal or 

lignite. 

 

EXPERMENTAL SETUP 1: 

 

It consists of sedimentation tank with top outlet pipe through which the suspension is 

decanted. A globe valve is connected to the pipe. 

EXPERMENTAL SETUP 2: 

 

The experimental set up consists of slurry mixing tank, a centrifugal pump, a bypass line   

and a galvanized iron pipe. Three manometers are connected to the iron pipe in which two are 

connected between upstream and downstream sections of U bends and one manometer is 

connected between entrance and exit of pipe. 

PARAMETERS MEASURED: 

Particle size analysis: A known quality of calcite is sieved using -125 micron mesh. The -125 

microns is further analyzed by decantation technique. And fly ash also analyzed by this 

technique. Calcite fines also studied 

Decantation: In this method homogenous suspension is allowed to settle for a predetermined 

time using stokes law. At the calculated time the liquid has decanted through the tube. The 

supernatant was then made up again to the original height and the procedure repeated for smaller 

sized particles. 
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Viscosity measurement: The viscosity of the slurry at all the six different concentrations i.e. 

0.562%,2% and 4% of calcite and 1%, 2% and 4% of fly ash by volume is measured by taking 

the samples of above concentrations in a 500ml beaker. The viscosity is measured using Brooke 

field viscometer using spindle number1. The slurry as prepared concentration is placed in beaker 

and the spindle is allowed to rotate in the slurry at the adjusted speed. The reading on the scale of 

the viscometer multiplied by the corresponding multiplication factor gives the viscosity in 

centipoises. The measurement are taken at 2 different speeds of the spindle i.e. 50 rpm and 

100rpm 

Measurement of flow rate: The mass flow rate is measured by collecting the mass delivered 

from the pipe in a given time using a container of known weight. The difference in weight gives 

the mass flow rate of the slurry. 

Measurement of concentration: The samples of slurry are collected in beakers and the solids 

are filtered through Wattman 41 filter paper after measuring the volume of the sample. The 

weight of the sample filtered gives the delivered concentration of the slurry 

Measurement of pressure drop: Six nipples of 6mm diameter are placed at the both ends of the 

U-bend loop pipe, in horizontal pipe and at the ends of the elbows. These nipples are connected 

to the limbs of a U tube CCl4 manometer by PVC tubes. 

EXPERIMENTAL PROCEDURE SETUP1: 

Decantation method 

72gm of calcite sample of grading -125 microns was taken and made up to a solution of 

26.67L. This came up to 37cm of height in the sedimentation column. The settling times for 

different particle diameters were calculated using the Stoke’s law. This solution was then 

agitated till a uniform distribution of the particles was achieved. The particles were allowed to 

settle till the calculated time elapsed for particle size. At the calculated time the liquid was 

decanted through the tube. The decanted liquid contains fine particles. The supernatant was then 

made up again to the original height and the procedure repeated for smaller sized particles. The 

bottom solution was filtered dried and weighed to give the weight of the particles greater than or 

equal to the particle diameter considered. This process was repeated 4 times so as to get the 

accurate weight of particles. The supernatant obtained was almost a clear solution. Now another 

72 gms of calcite was taken. Thus the weights for different particles diameters were obtained. 

The same procedure was repeated for 32 samples to obtain three different diameters i.e 

40, 30 and 20 microns. 

EXPERIMENTAL PROCEDURE SETUP2 

The slurry tank is filled with 100L of water. The flow rate is kept minimum by closing 

the gate valve placed at the pump discharge. The flow rate of the water is measured at the end of 

the pipe loop by collecting the mass in a container of known volume in a given time. The 

procedure is repeated for five mass flow rates i.e. between 0.648 kg/sec and 30kg/sec. The 

corresponding pressure drops are measured by U-tube manometer, the flow rate between 0.648 

kg/sec and 30kg/sec. 0.562 kg of calcite(fines) which is obtained by decantation technique is  

added to water to make the total volume of 100L of the slurry in the in the mixing tank. The 

slurry is thoroughly mixed. The flow rate of the slurry is fixed by adjusting the valve. After 

measuring the flow rate the slurry is allowed to settle in the tank. After that the pipe flushed with 
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clear water available at the top of the tank for few seconds of maximum flow rate. The settled 

particles are again mixed in the tank and again the slurry is made homogeneous. Keeping the 

valve position constant the slurry is pumped and the samples are collected at the outlet of the U-

bend loop pipe at regular time intervals of 0min, 20 min and 30min. After the last sample is 

collected the pump is put off. Before the beginning of the slurry total test pressure drop is 

measured for each concentration and flow rate. The collected samples are filtered in beakers after 

measuring the volume of each sample. The weight of the sample is found and hence the 

concentration can be calculated .The above procedure is repeated for all the flow rates in the 

descending order. In between the slurry is allowed to settle and the pump is flushed with clear 

water before the start of each slurry test. After that 1.438kg of calcite grading -125 microns 

added and made up 2% of solution. The above procedure is repeated for five flow rates in the 

descending order. Once again the procedure is repeated for 4% calcite slurry by adding 2kg of 

calcite grading -125 microns to the previous solution. 

Similarly unsieved fly ash has been taken and the same procedure is repeated for three 

concentrations of the slurry i.e. 1%, 2% and 4% for different flow rates. 

Predicted pressure drop model: 

The following assumptions were made in developing the model: 

1. Both solid and liquid phases behave macroscopically as continua 

2. A uniform concentration of solids in the slurry is assumed. The particle-particle and the 

particle-wall effects are neglected. 

3. The velocity of the solid and the liquid are assumed to be equal to the slurry velocity. 

The total pressure drop including that of bends is equal to the sum of the pressure drop due to the 

straight pipe and the pressure drop at the elbows and as given as𝛿𝑃𝑀 =  𝛿𝑃𝐿 + 2𝛿𝑃𝑒  

The inputs of the model are physical properties of solids and liquid, diameter of the pipe, lengths 

of the pipe, roughness factor, and slurry viscosity. 

 The slurry density is given by 𝜌𝑚 =  𝜌𝑠𝑐𝑣 +  1 − 𝑐𝑣 𝜌𝑤  

The mixture velocity is given by 𝑉𝑚 =  
𝑀

𝜌𝑚 𝐴
 

The Newtonian viscosity of the slurry is calculated by applying an empirical relationship 

𝜇𝑚

𝜇𝑤
= 1 + 1.25𝐶𝑣 + 10.05𝐶𝑣

2+0.00273 
(16.6C

v) 

The Reynolds number of slurry is given by    𝑅𝑒 =
𝐷𝑉𝑚 𝜌𝑚

𝜇𝑚

 

𝑅𝑒 < 2300 𝑡𝑒𝑓𝑙𝑜𝑤𝑖𝑠𝑙𝑎𝑚𝑖𝑛𝑎𝑟𝑎𝑛𝑑𝑡𝑒𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑓𝑎𝑐𝑡𝑜𝑟𝑓 =
16

𝑅𝑒
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For Reynolds number greater than 2300 the flow is turbulent. The flow may be smooth 

wall turbulent, particularly rough wall turbulent.  The friction factor is calculated from jain’s 

equation                                                
1

 𝑓
=1.14-2log(

𝑒

𝐷
+ 

21.25

𝑅𝑒
9  ) 

The pressure drop over the length of the pipe is given by  𝛿𝑃𝐿 =
4𝑓𝑙𝑉𝑀

2 𝜌𝑚

2𝐷
 

BEND PRESSURE DROP 

Bend pressure drop is measured by noting the reading in U tube manometers i.e. in 

Horizontal pipe as well as at the ends of the bends. The corresponding pressure drop are 

calculated by applying an empirical equation 

𝛿𝑃𝑒 = 𝑅𝑚
𝑔

𝑔𝑐
 (𝜌𝑐𝑐𝑙4 − 𝜌𝑚 ) 

 

Fig.1.Variation of % frequency with particle size for calcite particles 

 

Fig.2.Plot of Cumulative % oversize Vs Particle size for fly ash particles 
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Fig.3.Variation of pressure drop with velocity at different fly ash concentrations 

 

Fig.4.Variation of pressure drop with velocity at different calcite concentrations 

 

Fig.5.Variation of relative concentration with velocity at different calcite concentrations 
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Fig.6.Comparision of Experimental pressure drop with predicted model at fly ash concentration 

of 4% 

 

Fig.7.Comparision of Experimental pressure drop with predicted model at Calcite concentration 

of 0.562% 

RESULTS AND DISCUSSIONS  

Particle size distribution: The size distribution for calcite with size grading -125 microns and 
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distribution also studied. The graphs drawn between particle size vs. %frequency and particle 

size vs. percentage are in good agreement (fig.1 and fig.2). 

Delivered concentration: The delivered concentration is measured at the end of the pipe line  
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eddies are damped especially at low velocities. This leads to the saltation of solids particularly at 

low velocities. Fly ash slurry almost behaves same as Calcite slurry. 

Total pressure drop: Pressure drop is measured at different velocities for two different slurries. 

As the operating conditions are low the pressure drop is compared with predicted pressure drop 

and the slurry is assumed to behave as Newtonian. The experimental pressure drop is higher than 

the predicted pressure drop. It is observed that at any given fly ash concentration, pressure drop 

increases with increase in the flow velocity. The pressure drop increase with increase in slurry 

concentration. Fig .4 shows that the pressure drop of 2% calcite slurry is less than the 0.562% 

concentration slurry below 1.87 m/sec velocity. Above this velocity pressure drop of 2% slurry is 

more than 0.562% slurry. This is due to the presence of solid particles settled in the pipe. 

Similarly 4% concentration slurry, more settling takes place below 1.8m/sec. The pressure drop 

of calcite fines increases with increase in flow velocity.  

BEND LOSS COEFFICIENT: Parameter which represents effect of density and velocity of 

flow on pressure drop across the bend is the bend loss coefficient. For slurry flow, bend loss 

coefficient is defined as     𝛿𝑃𝑒 = 𝐾𝑏

𝜌𝑀𝑉𝑀
2

2𝑔𝑐

 

The variation of bend pressure drop with velocity was observed as same as in the plots of total 

pressure drop vs. velocity and it indicates that Bend loss coefficient increases with increase in 

slurry concentration.  

EFFECT OF VELOCITY: 

 

The saltation depends upon velocity of the fluid and the height of the fluid on the bed of 

solids. The deterministic Froude number Frf characterizes the flow into stable, neutral and 

unstable flow  𝐹𝑟𝑓 =  
𝑉𝑓

2

(𝑠−1)𝑔𝐻𝑓
              

Here Vf = Vm and Hf = D                    

For Frf = 2 the flow is neutral, saltation with deposit  

For Frf < 2 the flow is stable, the fluid slides on stationery deposit.  

For Frf > 2 the flow is unstable, saltation without deposit.  

For fly ash the velocity increases from 0.877 m/sec to 2.19 m/sec the Froude number increases 

from 1.3 to 8.0. As the velocity increased the saltation becomes less hence the relative 

concentration increases with velocity.  

As the velocity of calcite slurry increases from 0.877 m/sec to 2.19 m/sec. The Froude number 

increases from 1.2 to 7.5.  

From this observation we can say that calcite settles more quickly than fly ash.  
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CONCLUSIONS:  

 

The slurries of fly ash and calcite shows homogenous and Newtonian behavior at low 

concentrations. 

  

The model for predicting the pressure drop is tested for two different slurries and different 

concentrations and the predictions are in good agreement with experimental data.  

 

The concentration profiles showed deviation from homogeneity at higher concentrations and low 

velocities. 

 

The effect of velocity on relative concentration is more significant at higher concentration than at 

lower concentrations.  

 

NOMENCLATURE 

A   Cross-sectional area of the pipe,m
2                                  

C   Delivered concentration,gm/iit
 

CO  Initial concentration of the slurry,gm/lit               Cv  Fraction of solids by volume 

D   Diameter of the pipe,m                                          e    Roughness factor 

f     Friction factor                                                       Frf Froude number 

g    Acceleration due to gravity,m/s
2                                        

h     Height of settling in the column,m  

Hf   height of the fluid in the pipe,m                           Kb    Bend loss coefficient 

L    Length of the pipe,m                                           M    Mass flow rate,m/s 

𝛿𝑃𝐿 Pressure drop without elbows, mm Hg                 𝛿𝑃𝑀  Total Pressure drop, mm Hg 

𝛿𝑃𝑒   Pressure drop due to elbows, mm Hg                   𝑅𝑒     Reynolds number 

𝑅𝑚    Manometer reading                                             s      Density ratio 
𝜌𝑠

𝜌𝑤
 

𝑉𝑚    Mixture velocity, m/s                                           t      settling time in the column, s 

𝜌𝑚    Density of mixture, gm/cc                                       𝜌𝑠    Density of solids, gm/cc 

𝜌𝑤    Density of water, gm/cc                                           𝜌𝑐𝑐𝑙4
Density of ccl4, gm/cc 

µ w   Viscosity of water, gm/cm sec                              𝜇𝑚    Viscosity of mixture, gm/cm sec 
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