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Abstract: Achieving optimal flow characteristics while handling a complex slurry system in the pipeline needs greater 

attention. This study aims to demonstrate the role of iron ore concentration and size distribution on slurry rheology and 

their subsequent effect on slurry pipeline transportation. The concentrated iron ore slurries are sheared in the shear rate 

range between 0.1 – 500 s-1, where the experimental data is well-represented by the Bingham-plastic model. The model 

parameters are employed to calculate pressure drop and energy consumption. A thorough investigation through rheo-

microscopy analysis reinforces the validity of the rheological hypothesis. The rheological analysis reveals the yield-

pseudoplastic flow behaviour of iron ore slurries irrespective of particle concentrations and coarse particle addition. The 

slurry containing iron ore fines contributes to an increase in viscosity, mitigated by introducing coarse particles. Rheo-

microscopy suggests that the viscosity reduction is attributed to the obstruction of floc formation and disintegration of the 

slurry structure. The pressure drop and energy consumption escalate with increasing slurry velocity regardless of pipe 

diameters. However, these entities decrease by including coarse iron ore particles in slurries. This work advocates 

optimizing rheology to reduce pipeline transportation costs while handling bulk iron ore with minimum environmental 

repercussions.  
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1 INTRODUCTION 

 

The logistics of transporting large volumes of particulate 

solids, especially mineral ores, from extraction sites to 

processing plants, necessitates significant attention. Various 

alternative transportation methods, including trucks, trains, 

barges, and conveyor systems, are constrained by limitations 

related to the quantity of solids and the distances involved. 

Conversely, slurry pipelines offer several advantages, such as 

minimal environmental disturbance, low levels of air and noise 

pollution, no disruption to wildlife habitats, reduced losses 

during transport, easier construction and maintenance, lower 

operational costs, adaptability to rugged terrains, reduced carbon 

emissions, and insensitivity to surface conditions (Aude et al., 

1974; Bose and Raju, 2001; Farris and Shrock, 1978; Kania, 

1984).  

Precious freshwater is used as a carrier media in slurry 

pipeline transportation; therefore, effort should be made to 

convey mineral slurries with the highest possible concentration 

by weight. A complex interplay of many physicochemical 

parameters like chemical composition, particle density, particle 

size distribution, pH, etc., influences the operational parameters 

during pipeline transportation (Larsson et al., 2012; Leong, 

2021). It is well established that increasing the concentration of 

solids increases the viscosity (η) and yield stress (τy) of a mineral 

slurry (Mangesana et al., 2008; Singh et al., 2016; Sofrá and 

Boger, 2002). It increases the frictional pressure drop per km, 

which demands higher pump rating, pipe thickness, and specific 

energy consumption (SEC). All of these lead to increased capital 

and operational expenditure. The finer the particles and narrow 

the size distribution, the higher the flow resistance or η for a 

given particulate slurry (Chhabra and Richardson, 2011; Kaushal 

et al., 2005). Besides, handling highly viscous slurry due to the 

fineness of solids is expensive. The preparation of narrow 

particle size distribution from large ore lumps incurs additional 

costs associated with the high energy consumption during the 

comminution process (Mwale et al., 2005). Conversely, it is 

difficult to transport a slurry with coarse particles as it promotes 

sedimentation and degrades slurry stability. Consequently, it 

may lead to pipeline blockage due to the gradual deposition of 

coarse particles. Therefore, pipeline transportation of slurry 

containing only fines or coarse particles is not preferable and 

advisable. Another challenge in implementing pipeline 

transportation in industrial applications is achieving favourable 

flow behaviour. Therefore, conducting a thorough rheological 

study is crucial for characterizing the slurry before its pipeline 

transportation. 

Researchers studied the effect of particle size distribution in a 

particulate slurry. Goto and Kuno (1982) reported the effect of 

mixing coarse and fine polystyrene particles on relative apparent 

viscosity in a neutrally buoyant environment. The study was 

conducted with 20% v/v suspension using a capillary viscometer 

under low and high shear rates. They found an increase in 

suspension viscosity when a small amount of fine particles is 

mixed with coarse particles. They also observed shear-

thickening flow behaviour at specific fractions of coarse-fine 

ratios. Their work highlighted the different rheological 

behaviour in rotational and capillary viscometers. The same 
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authors also conducted studies on the effect of particle size ratios 

as an extension of their former study reported above (Goto and 

Kuno, 1984). Dabak and Yucel (1986) tried to express the 

interdependence of rheological parameters, namely, yield stress, 

flow resistance parameter, and viscosities at low and high shear 

rates in the form of several non-dimensional parameters 

dependent on the physical properties of the slurry. The properties 

considered were particle size distribution, slurry concentration, 

particle density, and particle shape factor.   

Assefa and Kaushal (2017) also developed an empirical 

model to compute the viscosity of particulate Bingham slurries 

based on the physical properties of the slurry, including solid 

volume fraction, maximum solid volume fraction, median 

particle diameter, and coefficient of uniformity.  Ohki et al. 

(1996) studied the effect of particle size distribution and 

additives in forming coal-water slurries. They stated that the 

water content adsorbed by the coal sample entraps within the 

voids of the coal particles and, hence, does not contribute to the 

flow. The particle size distribution, which retains more 

immobilized liquid, forms a more viscous slurry. Senapati and 

Mishra (2012) showed how blending coarse bottom ash with fine 

fly ash slurry reduces the shear stress at a given shear rate for all 

solid concentrations. In another study, Senapati et al. (2013) 

carried out pipe loop studies in 50 mm NB pipelines and 

demonstrated the reduction in head loss by blending a small 

percentage of coarse bottom ash particles in the fly ash slurry. 

Rawat et al. (2019) thoroughly studied the rheological behaviour 

of different fly ash samples generated from various coal-based 

thermal power plant ESP fields. Usually, the fly ash generated 

and collected from the 1st ESP has the largest mean particle size, 

which decreases with downstream ESPs. They showed that 

mixing various fly ash samples enables them to increase the solid 

loading in the slurry systems, which can be conveyed with a 

marginal increase in the head loss. Researchers (Liu et al., 2021; 

Zhao et al., 2024; Senapati et al., 2019; Singh et al., 2021) also 

reported that the limestone, coal and silica slurries show different 

rheological behaviour with monomodal, bimodal, and 

multimodal particle size distributions. The authors demonstrated 

that bimodal and multimodal size distributions exhibit lower 

yield stress and viscosity than monomodal distributions. Prasad 

et al., (2019) thoroughly investigated the effects of blending 

coarse coal ash particles in fine coal ash slurry samples in various 

fractions. They explained that the coarse coal ash hinders the 

formation of flocs by fine coal ash particles, causing a reduction 

in the slurry viscosity. 

The author also witnessed varying rheological behaviour for 

the same size distribution and particle concentration collected 

from different sources (Au and Leong, 2016; Ndlovu et al., 

2011). They further indicated that the mineralogical discrepancy 

in the sample also influences the slurry rheology. Furthermore, 

the particle surface charge also plays a vital role in changing the 

rheological properties (Au and Leong, 2016; Larsson et al., 

2012), mainly depending on the slurry pH. Hence, a wide range 

of options is available to tune the rheology of a given slurry 

system to achieve a high-concentration slurry with minimum 

possible viscosity, yield stress, and favorable flow behavior 

while conveying through the slurry pipeline.  

It is worth noting that the rheological signatures drastically 

vary when solid loading in a continuous medium exceeds 60 

wt.%. The rheological investigation of such highly concentrated 

and complex slurry systems is still inadequate in the reports. 

Besides, microscopy justification of the experimental data is one 

area that supports, validates, and explains the rheological 

phenomena in the slurry systems, which is missing in the 

published literature. Many researchers have reported the role of 

blending coarse and fine particles in the rheology of a 

slurry/suspension. However, determining critical coarse 

concentration above which the flow behaviour doesn’t improve 

appreciably has not been discussed sufficiently in the previous 

works. Most of the investigators have focused on the influencing 

parameters of slurry rheology; however, the rheological role in 

quantifying the pipe flow of a non-Newtonian slurry system has 

rarely been attempted in the past. 

In the present investigation, iron ore is taken as a test sample. 

India is on an ambitious path to achieve 300 MT of steel 

production capacity by 2030-31 as per the New Steel Policy 2017 

(Irfan et al., 2023). Approximately 1.65 tons of iron ore is 

required to produce 1 tonne of steel (Holmes et al., 2022). This 

ratio may vary depending on the grade of iron ore and the 

production process employed. The present work demonstrates 

the rheological behaviour of a concentrated iron ore slurry with 

increasing solid concentration and a fraction of coarse particles. 

A detailed rheo-microscopy analysis further endorses the 

rheological hypothesis. The pressure drop and energy 

consumption have been estimated using Bingham model 

correlations. Results advocate that the high-concentration fine 

particle slurry can act as a carrier media for coarse particles due 

to its increased viscosity. This work addresses the rheological 

and pipe flow challenges of iron ore slurries by adopting a bi-

modal particle size distribution. An optimum concentration of 

coarse particles in the fine slurry has been estimated, which 

supports minimum viscosity, yield stress, start-up pressure, 

pressure drop, and specific energy consumption.  

 

2 MATERIAL AND METHODS 

2.1 Sample collection and slurry preparation 

 

he iron ore samples were from National Mineral Development 

Corporation Ltd., Chhattisgarh, India. These samples were 

milled in a planetary ball mill (BM1200, Micromatic 

Technologies) to obtain two different particle size distributions: 

fine and coarse.  

The samples were dried in a laboratory oven (TI-128 B, 

TEMPO) at 105°C for 60 minutes to eliminate moisture. DI 

water was used as a continuous phase to prepare the 60 – 75 wt.% 

iron ore slurries. The slurry density, ρm (kg/m3), was estimated 

using Equation (1) (Prasad, 2024), and tabulated in Table 1.  

 

 𝜌𝑚 =
100

(
𝐶𝑤
𝜌𝑠

+
100−𝐶𝑤

𝜌𝑙
)
                                                         (1) 

 

Here, ρs and ρl are the density of iron ore (4574 kg/m3) and 

water (1000 kg/m3), respectively. Cw is the concentration of iron 

ore by wt.%. 

 
Table 1. Slurry densities at varying iron ore concentrations. 

 
Iron ore concentration 

by weight, Cw (wt.%) 
60 65 70 75 

Slurry density, ρm 

(kg/m3) 
1882.6 2032.1 2207.3 2415.6 

 

2.2 Shear rheology experiments 

 

The rheological experiments were performed using a 

Rotational Rheometer (MCR 302e, Anton Paar Ltd.). The 

slurries were sheared in the shear rate (𝛾̇) range between 0.1 – 

500 s-1. Conducting rheological tests of settling slurries in the 

low shear rate regime is challenging, especially when the slurries 

containing coarse and heavy particles. Therefore, precautions 
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were taken in this study to prevent particle settling. The iron ore 

concentration was maintained above 60 wt.%, which is 

considered a high-concentration slurry system where particles do 

not settle quickly due to the hindered settling effect (Baas et al. 

2022; Li and Zyl 2022; Zhu et al. 2018) Additionally, the fine 

iron ore slurry (d₅₀ = 12.3 µm) exhibits high viscosity (Figure 3), 

creating a high-viscosity carrier medium that supports the weight 

of the coarse particles (d₅₀ = 173.9 µm). A vane shear tool (ST22-

4V40) with a pre-shear rate of 50 s-1 for 60 seconds was also 

applied during the rheological measurements to further prevent 

particle settling.  

All experiments were conducted at a temperature of 25°C, as 

it serves as a practical and scientifically neutral reference 

condition, universally accepted as the standard laboratory 

ambient temperature for rheological measurements. By 

conducting tests at 25°C, we can minimize uncontrolled thermal 

effects and isolate true compositional or shear-dependent 

behaviour. 

 

2.2 Shear rheology experiments 

 

The rheo-microscope studies were carried out with the 

rheometer using a profiled parallel plate geometry 

(PP25/P2).  The slurry was placed between the rough plate and a 

fixed glass plate with a diameter of 50 mm by maintaining a gap 

of 1 mm. A light source and a lens of 10x magnification were 

installed just below the fixed glass plate. A CCD camera 

captured the deformation of slurry under shear. A passive hood 

was used to avoid sample evaporation during experiments. The 

microscopy experiments were performed at 10 wt.% iron ore 

concentration and at γ̇ = 10 s-1, as slurry microstructures were not 

traceable and captured above these conditions. 

2.2 Shear rheology experiments 

 

The Image J software was used to quantify the total area 

occupied by the iron ore aggregates in a 2D image. The 

procedure includes a) Converting the raw image to an 8-bit 

image, b) setting the measurement scale, c) threshold adjustment 

of the image, and d) analyzing the aggregates in the occupied 

area.  The total area (%), AT is estimated using Equation (2) 

(Kulkarni et al., 2017)  

 

 𝐴𝑇 = (
Total area occupied by iron ore aggregates in a 2D image

Total area of the 2D image
) ×100              (2) 

 

3 RESULTS AND DISCUSSION 

3.1 Characterization of iron ore 

 

The particle size distribution (PSD) of two sets of iron ore 

samples, analyzed through a particle size analyzer (LA-960, 

HORIBA), are shown in Figure 1a.  Both possess broad particle 

size distribution, with median particle size, d50 = 12.3 µm and d50 

= 173.9 µm, designated as fine and coarse iron ore, respectively.  

A Field Emission Scanning Electron Microscopy, FE-SEM 

(SUPRA 55, Carl Zeiss) was used to evaluate the morphology 

and shape of the collected iron ore sample (Figure 1b). As 

observed, it consists of irregularly and aggregated shaped solid 

particles. The X-ray Fluorescence Spectrometer, XRF (ZETIUM 

4.0, Malvern Panalytical) confirms that Fe2O3, Al2O3 and SiO2 

are in abundance with small fractions of the oxides of Mn, Ti, 

Ca, K, S, P, Mg, and Cr in iron ore sample (Figure 1c). The 

specific gravity (Ss) of the iron ore sample was estimated as per 

IS: 2386, Part‐3 (Standard, 1963) using a pycnometer (Borosil 

Ltd.) and found to be 4.574. 

 

 
Fig. 1. (a) Particle size distribution; (b) SEM image at 5000x; (c) Chemical composition. 
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Fig. 2. Flow curves of 60 – 75 wt.% iron ore (d50 = 12.3 µm) slurries (a) Viscosity versus shear rate curves (b) Shear stress versus shear rate 

curves. 

3.2 Rheological studies  

3.2.1 Effect of iron ore concentration 

 

The flow curves of 60–75 wt.% iron ore (d50 = 12.3 µm) 

slurries are presented in Figure 2. As evident, the apparent slurry 

viscosity (η) and shear stress (τ) increase with increase in iron 

ore concentrations (Cw). The increase in η is in the order of ~ 102 

with +15% addition of iron ore in the 60 wt.% slurry.  The 

increase in η is attributed to the increase in inter-particle 

interactions with an increase in iron ore loading. The shear 

thinning flow behaviour prevails regardless of iron ore 

concentration in the carrier water, which is explained by the 

decrease in η with applied 𝛾̇. Researchers have proposed that 

solid particles within a suspension can hold certain amounts of 

immobilized liquid at low 𝛾̇ (He et al., 2006). As 𝛾̇ rises, this 

liquid is progressively released, promoting the movement of the 

particles along the flow direction and contributing to a decrease 

in η. Previous work also reports that the increase in 𝛾̇ leads to the 

breakdown of floc structures into an array of particles that align 

with the flow direction with applied 𝛾̇ (Prasad et al., 2019). The 

findings imply that transporting a slurry containing 75 wt.% iron 

ore fines may lead to substantial pumping expenses owing to its 

highly viscous characteristics. 

 

 

3.2.2 Effect of incorporating coarse particles in fine iron ore 

slurries 

 

In this set of experiments, 0-50 wt.% coarse iron ore (d50 = 

173.9 μm) particles were added in fine iron ore (d50 = 12.3 μm) 

slurries such that the total iron ore content in the slurries 

remained 75 wt.% (Figure 3). The data presented in Figure 3 

indicates that the 75 wt.% iron ore slurries display shear thinning 

flow behavior, irrespective of incorporating coarser particles into 

the fine iron ore slurry. In addition, η of the slurry is reduced 

upon the addition of coarse iron ore particles, as illustrated in 

Figure 3a. 

The non-monotonic flow behaviour in Figures 2b and 3b is 

the result of microstructural transitions and particle migration 

within the concentrated iron ore slurries. These rheological 

signatures are common in yield stress fluids where local maxima 

and minima appear when the internal network structure is 

partially built and collapses with increasing shear rate (Coussot 

2014). Similarly, Luo and Ingrid (2018) suggested that particles 

temporarily form hydroclusters within slurry systems, increasing 

local stress (local maximum), followed by breakup of clusters at 

higher shear (local minimum). Phillips et al. (1992) noted that 

increasing shear causes particle migration in slurry/suspension, 

resulting in a local concentration gradient that can be identified 

as local minima and maxima in flow curves. 

 

 
Fig. 3. Flow curves of 75 wt.% iron ore (d50 = 12.3 µm) slurries with varying coarse iron ore (d50 = 173.9 µm) particles from 0 – 50 wt.% 

(a) Viscosity versus shear rate curves (b) Shear stress versus shear rate curves; (c) Effect of coarse iron ore (d50 = 173.9 µm) particles on 

viscosity of 75 wt.% fine iron ore (d50 = 12.3 µm) slurries. 
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Notably, beyond the inclusion of 30 wt.% coarse particles, no 

considerable decrease in η is observed (Figure 3c). Comparable 

qualitative findings have been documented in a research 

concerning South Australian coal slurries (Logos and Nguyen, 

1996), where the authors determined that the addition of a critical 

concentration of coarse particles to fine slurry does not lead to 

any significant alteration in η, attributed to the complete 

breakdown of the dense slurry structure. These findings explain 

that η of highly concentrated iron ore slurry can be diminished 

by blending an optimal fraction of coarse iron ore particles. 

Furthermore, the rheological interpretations are supported by 

the results obtained from the rheo-microscope, where 0-50 wt.% 

coarse iron ore (d50 = 173.9 µm) particles are incorporated in 10 

wt.% fine iron ore (d50 = 12.3 μm) slurry, ensuring that the total 

solid content (fine and coarse) remains at 10 wt.%. For instance, 

Figure 4d illustrates that the 10 wt.% iron ore slurry comprises 

30% coarse and 70% fine particles within the overall iron ore 

concentration. 

In the absence of 𝛾̇, the 10 wt.% iron ore slurry containing 

particles of d50 = 12.3 μm develops a tightly packed floc structure 

(Figure 4a). This structure progressively transforms into more 

loosely arranged formations with increased void spaces with 

increasing fraction of coarser iron ore (d50 = 173.9 μm) particles, 

as shown in Figures 4b–f. Consequently, this leads to a reduction 

in the viscosity of the slurry. Interestingly, the microstructure 

does not alter above the addition of 30 wt.% coarse iron ore 

particles, indicating that viscosity does not experience a 

significant reduction (Figure 4d–f).  

Moreover, the procedure for determining the total area 

occupied by iron ore aggregates (AT) is specified in section 2.4. 

Figures 5a–f show that AT declines from 99.9% to 72.9% with 

computing 0-50 wt.% coarse iron ore particles to the fine slurries.  

This phenomenon implies that the coarse iron ore particles 

disrupt the dense floc structure, creating larger voids, which is 

reflected in the lower AT value. After surpassing 30 wt.% of 

coarse iron ore addition, the variation in AT is marginal. 

A comparable observation is noted when the same slurries are 

subjected to 𝛾̇  = 10 s-1 (Figure 6a–f). In this scenario, the 

breakdown of dense flocs is influenced by both the shear force 

and the presence of larger particles, resulting in a markedly 

greater deformation of the slurries (Figure 6a–f) in contrast to the 

condition without shear (Figure 4a–f). 

The critical concentration for coarse particles has been 

identified as 30 wt.%, even when subjected to 𝛾̇ = 10 s–1. Beyond 

this concentration, the microstructure of the slurry appears 

qualitatively consistent despite the further addition of coarse 

particles (Figure 6d–f). This observation indicates that viscosity 

decreases gradually until the 30 wt.% threshold is reached, after 

which changes in viscosity are minimal, as also demonstrated in 

the rheological curve (Figure 3c). Besides, the lower magnitudes 

of AT (72.6 – 42.8 %) after applying a 𝛾̇ of 10 s–1 on 10 wt.% iron 

ore slurries suggest a more pronounced disintegration of the 

slurry structure, as illustrated in Figure 7. 

 

3.2.3 Model fitting on the rheological data 

 

The well-known Bingham plastic model (Equation 3) 

(Chhabra and Richardson, 2011) best fits the experimental data, 

as shown in Figure 8. The parameters derived from this fitting 

process, namely the shear yield stress (τy) and Bingham viscosity 

(ηB), are presented in Table 2. 

 

𝜏 = {
𝜏𝑦 + 𝜂𝐵.γ̇        for     𝜏 ≥ 𝜏𝑦

𝛾̇ = 0              for     𝜏 < 𝜏𝑦
}                                                      (3) 

 
Table 2. Rheological parameters while fitting of Bingham plastic model. 

Coarse (wt.%) τy (Pa) ηB (Pa.s) R2 RMSE (Pa) 

0 131.55 0.28 0.99 1.85 

10 78.90 0.24 0.99 1.08 

20 52.14 0.22 0.94 5.60 

30 32.19 0.19 0.96 3.12 

40 22.23 0.18 0.96 3.69 

50 20.98 0.15 0.95 4.23 

 

 
Fig. 4. Rheo‐microscopy images of 10 wt.% iron ore (d50 = 12.3 μm) slurry with varying coarse iron ore (d50 = 173.9 μm) particles from 0–
50 wt.% at 𝛾̇ = 0 s-1. 
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Fig. 5. Estimation of total area occupied by the particle aggregates (AT) using Image J in 10 wt.% iron ore (d50 = 12.3 μm) slurry with vary-

ing coarse iron ore (d50 = 173.9 μm) particles from 0-50 wt.% at γ̇ = 0 s-1. 

 

 
Fig. 6. Rheo‐microscopy images of 10 wt.% iron ore (d50 = 12.3 μm) slurry with varying coarse iron ore (d50 = 173.9 μm) particles from 0–

50 wt.% at γ̇ = 10 s–1. 

 

 
Fig. 7. Estimation of total area occupied by the particle aggregates (AT) using Image J in 10 wt.% iron ore (d50 = 12.3 μm) slurry with vary-

ing coarse iron ore (d50 = 173.9 μm) particles from 0–50 wt.% at γ̇ = 10 s–1. 
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Fig. 8. Bingham plastic model fitting on the rheological data of 75 

wt.% iron ore (d50 = 12.3 µm) slurries with varying coarse iron ore 

(d50 = 173.9 µm) particles from 0–50 wt.%. 

 

Figure 8 and Table 2 show that the higher regression 

coefficient indicates the best fitting of experimental data with the 

Bingham plastic model.  The RMSE value suggests that the fitted 

Bingham rheological model deviates by ≤ 5.6 Pa from the 

measured shear stress values, where the stress values vary 

between ~ 17 – 222 Pa, which may be considered an acceptable 

fit to the model. Therefore, these iron ore slurries can be 

considered as Bingham plastic slurries.  τy is the threshold stress 

needed to start or maintain a fluid flow. Besides, ηB is the slope 

of the 𝛾̇  – τ curve, which should be low for obtaining a 

favourable flow in the pipeline. 

As evident in Figure 9a, τy exponentially decreases with an 

increase in coarse particle concentration in 75 wt.% fine iron ore 

slurry. Adding coarse particles in a fine slurry is believed to 

weaken the inter-particle structure, which requires lesser shear 

force to break down the structure and initiate the flow. The low 

magnitude of τy translates to the less pumping energy needed for 

transporting the iron ore slurry through the pipeline. In addition, 

the start-up pressure (Pst), which is the minimum pumping 

pressure necessary to transition the static liquid from a state of 

rest to its operational velocity, is calculated using τy for various 

pipe lengths (L) and diameters (D), as articulated in Equation (4) 

(Michaelides et al., 2016). 

 

 𝑃
st

=
4𝜏𝑦𝐿

𝐷
                                                                                  (4) 

 

The data demonstrate that Pst per meter length of pipe declines 

exponentially with rising concentrations of coarse particles, 

regardless of D (Figure 9b). The slurry pipeline system often 

undergoes temporary shutdowns due to issues such as 

breakdowns of conveying mechanisms, non-operational 

electronic components, and scheduled maintenance activities. In 

this scenario, Pst serves as an indicator of the pumping pressure 

needed to restart the slurry flow after the system has been halted. 

The current findings suggest that notably lower pumping energy 

is necessary to initiate the flow of concentrated slurry in the 

presence of coarse particles. Furthermore, a comparatively high 

pumping pressure is required to convey iron ore slurry in pipes 

with smaller diameters. 

 

 

3.3 Slurry flow calculation 

 

The parameters outlined in Table 2 are employed to calculate 

the Reynolds number (ReB), critical Reynolds number (ReBc), 

Hedstrom number (He), total friction factor (f), head loss (hL), 

and specific energy consumption (SEC) during the transport of 

75 wt.% iron ore fines mixed with coarse particles in D = 0.1 – 

0.5 m at slurry velocity (vm) = 2–5 m/s. The Reynolds number 

(ReB) and Hedstrom number (He) for Bingham plastic fluids are 

estimated using Equations (5) and (6) (Abulnaga, 2002; Darby 

and Chhabra, 2016). 

 

He =
𝐷2𝜏𝑦𝜌𝑚

𝜂𝐵
2                                                                                (5)                                 

 

Re𝐵 =
Dv𝑚𝜌𝑚

𝜂𝐵
                                                                                 (6) 

 

Hanks and Pratt (Hanks, 1967) conducted a comprehensive 

analysis of experimental data concerning critical Reynolds 

numbers (ReBc) and introduced a correlation between ReB and 

He, as expressed in Equation (7).        

                                

ReBc =
He

8x𝑐
(1 −

4

3
𝑥𝑐 +

1

3
𝑥𝑐

4)                                                               (7) 

 

Here, Xc is the ratio of the yield stress to the wall shear stress, 

which can be expressed in Equation (8) (Abulnaga, 2002). 

 
𝑥𝑐

(1−𝑥𝑐)3 =
He

16800
                                                                                   (8) 

 

When ReB < ReBc, the slurry flow is considered as laminar, 

and the laminar friction factor (fL) is estimated using Equation 

(9) (Darby and Chhabra, 2016; Swamee and Aggarwal, 2011).  

 
1

Re𝐵
=

𝑓𝐿

16
−

He

6Re𝐵
2 +

He4

3f𝐿
3

Re𝐵
8                                                                (9) 

 

In the case of ReB > ReBc, the flow lies in a turbulent regime, 

and the turbulent friction factor (fT) is determined using 

Equations (10) and (11) (Darby and Chhabra, 2016; Darby and 

Melson, 1981). 

 

 𝑓𝑇 = 10𝑐Re𝐵
-0.193                                                                             (10) 

 

𝑐 = -1.378{1 + 0.146exp(-2.9×10-5Re𝐵)}                              (11) 

A comprehensive equation for the explicit friction factor (f) is 

proposed that is applicable across all flow regimes, which is 

presented in Equations (12) and (13) (Assefa and Kaushal, 2014; 

Darbya and Melson, 1981).  

 

𝑓 = (𝑓𝐿
𝑚 + 𝑓𝑇

𝑚)
1

𝑚                                                                                    (12) 

 

𝑚 = 1.7 +
40000

Re𝐵
                                                                                     (13) 

 

Head loss, expressed in meters of water column per meter of 

pipe length (hL in mWc/m), pressure drop (Δp in bar/km), 

specific energy consumption (SEC in kWh/t-km) - energy 

needed to convey the slurry, and solid volume fraction (ϕ) are 

estimated using Equations (14) - (17), respectively (Brown and 

Heywood, 1991; Prasad, 2024).  
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Fig. 10. variation of Δp and SEC with vm in 75 wt.% fine iron ore slurries (a and b) At varying coarse particle concentration (0-50 wt. %); 

(c and d) At varying D = 0.1 – 0.5 m. 

ℎ𝐿 =
2.𝑓.𝑣2

𝑚

𝑔𝐷
(

𝜌𝑚

𝜌𝑙
)                                                                                               (14) 

 

Δp = 𝜌𝑙.g.h𝐿                                                                                                 (15) 

 

 SEC (
𝑘𝑊ℎ

𝑡−𝑘𝑚
) =

2.73h𝐿

𝜙𝑆𝑠
                                                                                      (16) 

 

 𝜙 =
(

𝐶𝑤
𝜌𝑠

)

(
𝐶𝑤
𝜌𝑠

+
100−𝐶𝑤

𝜌𝑙
)

                                                                                                                                   (17) 

 

As shown in Figures 10 (a, b), pressure drop (Δp) and SEC 

increase with vm regardless of coarse particle addition and D.  

Pressure drop and SEC increase from 12.8 bar/km and 0.19 

kWh/t-km to 16 bar/km and 0.24 kWh/t-km, respectively, when 

vm is varied between 2 – 5 m/s while conveying 75 wt.% fine 

iron ore slurry in a pipe of D = 0.5 m (Figures 10 (a, b)).  The 

findings suggest that maintaining a higher velocity in a slurry 

pipeline can lead to increased energy requirements for pumping 

and a greater risk of pipe erosion wear, thereby contributing to 

an overall rise in transportation and maintenance costs. 

Interestingly, Δp and SEC can be minimized up to ~ 70% by 

adding 30 wt.% of coarse iron ore particles to the fine slurry 

flowing at vm = 2 m/s in D = 0.5 m. No significant reduction in 

Δp and SEC is noticed after 30 wt.% of coarse iron ore addition 

in the fine slurry (Figures 10 (a, b)).  

Moreover, smaller pipe diameters can be chosen to reduce the 

capital cost associated with pipe material. However, Δp and SEC 

possess higher values in small pipes. Δp and SEC are noted to be 

83.72 bar/km and 1.28 kWh/t-km, when 75 wt.% fine iron ore 

slurry is conveyed at vm = 2 m/s in a small pipe of D = 0.1 m 

(Figures 10 (c, d)). Interestingly, a reduction up to ~ 75% of Δp 

and SEC has been observed when 50 wt.% coarse iron ore 

particles are added to the fine slurry for the same flow condition 

and pipe size. 

 

4 CONCLUSIONS 

 

The incorporation of 60 - 75 wt.% fine iron ore (d50 = 12.3 

µm) in carrier water leads to a viscous slurry. The shear thinning 

flow behaviour is consistently maintained regardless of iron ore 

loading, which is considered a favourable flow behaviour in the 

pipeline. Interestingly, the high η associated with 75 wt.% fine 

iron ore slurries is significantly reduced by adding 0 - 50 wt.% 

coarse iron ore particles (d50 = 173.9 µm), preserving the shear 

thinning flow characteristics. The reduction of η with coarse 

particle addition and applied γ̇ is due to the transition from a 

densely packed structure to a loosely arranged configuration and 

breakdown of dense floc structure. High R2 and low RMSE 

values observed while fitting Bingham plastic model emphasizes 

the importance of τy in the iron ore slurry systems. The presence 

of coarse iron ore particles hinders the formation of the robust 

network structure of fine particle slurries, causing an exponential 

decrease in τy and Pst.  

Results also indicate that Δp and SEC are the functions of vm, 

recommending against the operation of the slurry pipeline at high 

vm. Moreover, the higher magnitude of Δp and SEC during 

conveying of 75 wt.% fine iron ore slurry can be reduced by 

employing a critical concentration of coarse particles, which is 

determined as 30 wt.% in the present investigation. Above this 

critical threshold, the change in η, Δp and SEC with applied γ̇ 

and vm is negligible. The hydraulic conveying of the iron ore 

through smaller pipe diameters tends to incur higher pumping 

costs due to increased values of Δp and SEC; however, the 

integration of coarse particles can enhance the economic 

viability of the process, even with the same small diameter pipes. 

Our findings demonstrate that a favourable flow behaviour with 

reduced pumping and pipe material costs is feasible by adopting 

a bi-model size distribution in the iron ore slurry systems during 

pipeline transportation. 
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