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I N T R O D U C T I O N  

The flow characteristics in a bend for a single-phase fluid are reasonably well understood and 
critically reviewed by Ito (1987). Investigators have established the effect of  secondary flows on 
bend flow characteristics through measurement of  velocity field, Reynold's stresses and bend loss 
coefficient at various radius ratios (Hwang & Hita 1987). Studies in bends for a two-phase fluid 
are relatively few in number. Ayukawa (1968) derived a theoretical relationship for calculating the 
pressure drop across a bend in a vertical plane in slurry using energy considerations. However, the 
validity of  this relationship is questionable due to the paucity of  the experimental data. Toda et  al. 

(1972) investigated the flow through horizontal and vertical pipe bends using suspensions of  
equisized glass and polystyrene bends. Their observation was that the flow behavior is complicated 
due to the presence of secondary flows and that the pressure drop in a horizontal or vertical bend 
increased with increasing concentration. Kalayanaraman et  al. (1973) also investigated through a 
90 ° horizontal bend for larger particles at different radii of  curvature and established an opt imum 
radius of  curvature for minimum pressure loss. 

Das et  al. (1988) obtained data for pressure drop for different types of  horizontal bends for 
non-Newtonian slurries at low concentrations to predict pressure loss. Nasr-El-Din & Shook (1987) 
suggested that pressure drop and wear are adversely affected by flow disturbances such as those 
generated in bends. Mukhtar  et  al. (1993), in their study with multisized particulate slurries, have 
shown that there is a redistribution of particles belonging to different size fractions, with larger 
particles being more affected. This phenomenon is more prominent at higher velocities. 

The pressure loss in a bend is a strong function of the concentration of solid particles, the pipe 
diameter, the mean flow velocity, radius of  curvature of  bend, bend angle, specific gravity and PSD 
of the solid as well as the geometrical configuration of the bend. The data on the pressure drop 
in bends for a two-phase flow, particularly for multisized particulate slurries, is very limited. Hence 
in the present work, effort has been made to generate data on bend pressure drop on two materials, 
namely slurries of  iron ore and zinc tailings. These two materials have been chosen because they 
differed widely in specific gravity as well as particle size distribution. 

E X P E R I M E N T A L  SET-UP A N D  I N S T R U M E N T A T I O N  

Experiments were conducted in the pilot plant loop existing in the Fluid Mechanics Laboratory 
of Indian Institute of  Technology, Delhi. It consists of  a mixing tank, a measuring tank and a closed 
circuit pipe test loop of 100 mm NB having a 60 m length incorporating the bend under test. The 
operation of the loop has been described in detail by Mukhtar  e t  al. (1993). The flow rate of  the 

329 



330 BRIEF COMMUNICATION 

slurry in the pipe loop was varied over a wide range by suitable adjustment of  a plug valve and/or 
by the operation of the valve in the bypass line. On the return circuit, a magnetic flow meter for 
continuous monitoring of the flow rate was incorporated in the vertical section of the pipeline and 
a sampling point was also provided in the pipe line to collect efflux samples in order to monitor 
the solid concentration during experimentation. The pipe loop also has facilities for the measure- 
ment of  various parameters like the pressure drop in a straight pipe section, a sampling tube for 
the concentration profile across the diametrical plane of pipe cross section and deposition velocity 
through the transparent observation chamber. 

A commercially available 90 ° mild steel bend with 100 mm NB having a radius of  curvature of  
21 cm and a radius ratio of  4 was incorporated in the pilot plant test loop to carry out the studies 
of  pressure drop across the bend (figure 1). One pressure tap with a separation chamber was 
provided one diameter upstream of  the bend on the inner side and two pressure taps with separation 
chambers, one on the inner side and the other on the outside were provided two diameters 
downstream of the bend for measuring the pressure drop across the bend. The difference in pressure 
indicated by the upstream tap and the average pressure of  the two downstream taps is designated 
as the pressure drop across the bend. The straight length of the pipe available on the upstream 
of the pipe bend was approximately 15m (150 pipe diameters) which ensured fully developed 
conditions at the inlet to the bend. 

R A N G E  OF P A R A M E T E R S  I N V E S T I G A T E D  

In the present study, two materials, namely iron ore slimes and zinc tailings have been used as 
solid materials. The specific gravity of  the iron ore slimes was 4.2 whereas for the zinc tailings it 
was 2.60. In the iron ore slimes approximately 96% of the particles were finer than 75 microns 
whereas the corresponding figure for the zinc tailings was 50%. Thus the zinc railings had a much 
coarser and wider size distribution of particles. The physical properties and particle size distribution 
of the two materials are tabulated in tables land 2 respectively. The rheological characteristics of  
the slurries were measured in a Weissenberg rheogoniometer using concentric cylinder platens (6). 
Measurement of  pressure drop on both slurries has been done at four efflux concentrations (by 
weight) and at different velocities. The range of velocities covered is such that the flow conditions 
are in an unsymmetric suspension regime. 

R E S U L T S  A N D  D I S C U S S I O N  

In order to quantify the effect of  pipe bend, the relative pressure (Rpb) is calculated as follows: 

AP b 
Rpb -- AP~t 

i 
iff,-----.....~ 45 ° 
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Figure 1. 90 bend in a horizontal plane with a pressure measuring arrangement across the bend. 
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Table 1. Properties of iron ore slimes 

(i) Overall specific gravity of the solids = 4.20 

(ii) Particle size distribution in the fresh 
mesh + hydrometer analysis) 

sample (wet sieving over B.S. 200 

Particle diameter % Finer 
(microns) (by wt) 

1180 100.0 
600 99.0 
300 98.2 
150 97.2 
106 96.4 
75 95.8 
45 57.0 
28 45.8 
16 33.3 
8 18.2 
4 9.4 

(iii) Rheological data of iron ore slimes 

Yield 
Sample Concentration by Temperature stress Slurry viscosity 
No. weight (%) (°C) (dynes/cm 2) (cP) Remarks 

1 10 33.5 0 0.884 Newtonian 
2 20 33.5 0 1.065 Newtonian 
3 30 33.5 0 1.700 Newtonian 
4 40 32.5 1.65 3.460 Bingham 

w h e r e  

APb  = p r e s s u r e  d r o p  in t h e  b e n d  

APst = p r e s s u r e  d r o p  in t h e  s t r a i g h t  p i p e l i n e  o f  e q u a l  l eng th .  

B o t h  A P  b a n d  APs, a r e  m e a s u r e d  a t  t he  s a m e  ve loc i ty  fo r  t he  s a m e  s lu r ry .  T h e  r a t i o  Rob r e p r e s e n t s  

t he  i n c r e a s e  in t he  p r e s s u r e  d r o p  d u e  to  t he  b e n d .  F i g u r e  2 s h o w s  t he  v a r i a t i o n  o f  Rpb w i t h  f low 

Table 2. Properties of zinc tailings 

(i) Overall specific gravity of the solids = 2.6 

(ii) Particle size distribution in fresh sample (wet sieving over B.S. 200 mesh + hydrometer 
analysis) 

Particle diameter % Finer 
(microns) (by wt) 

1180 100.0 
297 91.7 
150 76.0 
106 61.1 
75 50.1 
53 40.5 
48 37.6 
38 35.3 
21 26.8 
12 5.0 
8 4.1 
6 3.7 

(iii) Rheological data of zinc tailings 

Concentration by 
Sample weight Temperature Yield stress Slurry viscosity 
No. (%) (~ 'C)  (dynes/cm 2) (cP) Remarks 

1 30 28.0 0 1.262 Newtonian 
2 35 28.0 0 1.363 Newtonian 
3 40 27.5 0 1.540 Newtonian 
4 45 28.0 0.28 2.224 Bingham 
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Figure 2. Variat ion o f  relative pressure drop in a bend at different concentrat ions  with  f low velocity  for 
the iron ore sl imes slurry. 

velocity for the iron ore slimes slurry at various concentrations. It is seen that in the case of  water, 
the value of  Rpb is almost constant ( =  1.8) except at the lowest velocity tested. The figure also shows 
that for the slurries at all concentrations, the values of  Rpb are lower than those for water. This 
can be attributed to the fact that the secondary flows inside the bend tend to be inhibited by the 
presence of  solid particles which also causes redistribution of  the solid particles making the 
suspension more homogeneous  compared to the conditions in the straight pipe. Further, at any 
given slurry concentration, Rpb appears to reach a constant value for velocities larger than 
approximately 1.75 m/s. In this velocity range, the relative pressure drop appears to be a very weak 
function of  solid concentration showing a slight increase with increase in concentration. This may 
be attributed to the fact that as the solids concentration is increased, the redistribution of  solids 
due to secondary flows is inhibited due to strong interaction effects. Thus the solids will not become 
more homogeneously  distributed in the bend. However, this effect does not seem very pronounced. 
As the velocity of  the slurry reduces, the relative pressure drop also reduces and falls below the 
value of  unity. The deposition velocity for this slurry in a straight pipe at different concentrations 
was in the range of  1.0 1.2 m/s. As the flow velocity approaches the deposition velocity, the 
particles in the straight pipe tend to settle to the bottom of  the pipe and drag along the lower pipe 
surface. This asymmetry in the concentration profile tends to increase the pressure drop in a straight 
pipe considerably. However,  in the bend, due to secondary flows, this deposition is delayed and 
the flow is still in a fully suspended state. This explains the reduction of  Rpb as the deposition 
velocity is approached. 
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Figure 3. Variat ion o f  relative pressure drop in a bend at different concentrat ions  with flow velocity for 

the zinc tailing slurry. 
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Table 3. Values of bend loss coefficient (Kb) for slurry flows (mixture velocities 
exceed the deposition velocity by at least 0.5 m/s) 

Values of K b 

Sample Concentration of solids Iron ore Zinc tailing 
No. (by wt) slurry slurry 

1 0 0.46 0.46 
2 lO 0.30 0.35 
3 20 0.32 0.35 
4 30 o.32 o.35 
5 40 0.32 0.35 

Figure 3 shows the variation of Rob with flow velocities for the tailings slurry at various 
concentrations. It is seen from the figure that for the slurry at all concentrations the values of Rpb 
are lower than those for water just as they were for the iron ore slimes slurries. The ratio of Rpb 
appears to reach a constant value for velocities larger than approximately 1.8 m/s. In this velocity 
range the relative pressure drop does not appear to be very dependent on the concentration of the 
slurry up to 35% concentration and has a value of approximately 1.4. However, at the highest 
concentration (Cw = 47.45%), the value of Rob is somewhat lower. The zinc tailings material has 
a lower specific gravity compared to iron ore slimes and possesses a much wider particle size 
distribution. This results in relatively more homogeneous distribution of particles in the bend. As 
the flow velocity reduces, the relative pressure drop decreases as in the case of the iron ore slimes 
slurries. The deposition velocities in the straight pipe for the zinc tailing slurries are in the range 
of  1.2-1.4 m/s. It is seen from the figure that as the flow velocity approaches the deposition velocity 
in a straight pipe, a significant reduction in the value of Rob takes place due to reasons already 
explained. 

The loss coefficient (Kb) for slurry flows can be defined as: 

APb 

Pmg 
where 

AP b = pressure drop in bend (N/m 2) 
Pm = density of slurry (kg/m 3) 

- -  Hb= K b - -  2g 

H b = pressure drop in bend in meters of  column of slurry 
V m = the mean flow velocity of  slurry (m/s). 

The values of Kb in water flow for various types of bends are tabulated in standard literature 
(Perry 1984). Values of Kb have been calculated for various velocities in the range where Rpb remains 
almost constant. The values of  Kb for slurry were not very sensitive to slurry concentration and 
the effect of  velocity was also not significant if the flow velocity is about 0.5 m/s above the 
deposition velocity in the pipe. It is seen from the values in table 3 that the values of Kb for both 
slurries are relatively unaffected by the solids concentration. For this bend, the value of Kb for water 
was 0.46, however, for a two-phase fluid it was approximately in the range of 0.32 0.35. 

C O N C L U D I N G  R E M A R K S  

The bend loss coefficient for a long radius 90 ~ bend in the flow of a multisized particulate slurry 
is less than that for water. It is relatively independent of solids concentration and specific gravity. 
As long as the mixture velocities exceed the deposition velocity by at least 0.5 m/s, the value of 
bend coefficient can be assumed to be independent of flow velocities. As the deposition velocity 
is approached, the additional loss in the bend decreases. This can be attributed to the redistribution 
of solid particles in the bend due to secondary flows. 
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