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ABSTRACT 12 

The wastewater generated in the potash mines of the Bages region in Catalonia (Spain) was 13 

experimentally tested at Paterson & Cooke’s Slurry Test Facility in Cape Town, South Africa, 14 

to determine the flow behaviour of various brine mixtures. The tests measured the limit 15 

deposition velocity, viscosity, and flow resistance of a range of brine mixtures at different 16 

concentrations of solid particles in suspension, and they are presented and discussed below. 17 

Tests were conducted on the slurries using both water (WT tests) and saturated brine (BT tests) 18 

as the medium for the solid sediment. In order to replicate the possible situations that could 19 

occur during their transport in the pipeline, the mixtures were generated with relatively low 20 

sediment concentrations, always less than 5% by volume. The test data showed that the limit 21 

deposition velocity at equivalent solid concentrations is higher for the WT than BT mixtures 22 

due to the differences in the kinematic viscosity of the medium. Finally, the kinematic viscosity 23 

obtained for both WT and BT mixtures trends moderately upwards as their volume 24 

concentration increases though viscosity in BT mixtures, presents some particularities that will 25 

be described below. 26 
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1 INTRODUCTION 30 

Previously, Sánchez-Juny et al. (2019) analyzed the hydraulic behaviour of a pipeline 31 

transporting waste brine generated in the Bages salt mines in Catalonia (Spain). The research 32 

stated that the mixtures transported by the potash Bages’ pipeline contain very few insoluble 33 

fine particles. Although, in absolute numbers, the concentration of particles is less, they can 34 

modify the hydraulic behaviour of the brine dissolution inside the pipeline by depositing a 35 

significant stationary bed, which can affect the capacity of the pipeline. 36 

When conveying slurries under pressurized conditions, liquid and solid phases should be 37 

distinguished. The liquid phase is assumed to be the transport vehicle and in the present work 38 

it consists onofis a dissolution of different compounds. The solid phase consists of particles of 39 

any size and concentration, which do not react with the liquid phase. The bulk density of the 40 

mixture (𝜌𝑚) is a function of the density of the liquid phase (𝜌𝑤), the solid phase (𝜌𝑠) and the 41 

volume concentration of solid particles (𝐶𝑉): 42 

𝜌𝑚 = 𝜌𝑤 + 𝐶𝑉 · (𝜌𝑠 − 𝜌𝑤) (1) 

 43 

Since the early investigations of (Coulson and Richardson (1955), Zandi and Govatos (1967) 44 

Govier and Aziz (1972), Wilson and Judge (1977) or Roco and Shook (1983), The the transport 45 

of mixtures with sediments in pressurized pipelines can be classified according to the average 46 

flow velocity, which determines the distribution of the solid particles in the pipeline (Graf 1984; 47 

Moreno-Avalos 2012; Hu 2017). This distribution depends on the size of the particles, their 48 

density and volume concentration in the mixture, and the average mixture velocity. After Hu 49 

(2017), the following four types of flow regimes can be observed: homogeneous flow, 50 

heterogeneous flow, flow with a sliding bed, and flow with a stationary bed. 51 

This article examines heterogeneous slurry flow, which is commonly characterized by 52 

sufficiently dense and large solid particles (> 40 µm) in a generally dilute state. The coarse 53 

particles settle in varying degrees so that they are no longer uniformly distributed in the flow, 54 

but the majority remain fully suspended (Hu, 2017), provided the average velocity in the 55 

pipeline is greater than the limit deposition velocity. 56 

The majority of pipelines conveying coarse slurries operate in heterogeneous flow, and 57 

consequently researchers have focused on obtaining an equation to estimate the limit deposition 58 

velocity, defined as the maximum velocity at which the suspended solids deposit on the pipe 59 

invert and no longer move downstream. 60 



The magnitude of the limit deposit velocity depends mainly on the size of the particles 61 

transported, their density, the concentration , and the diameter of the pipe (Kaushal et al., 2002). 62 

According to these factors, there are up to sixty different correlations, most of which are based 63 

on Durand's Froude number (Durand 1952; Durand and Condolios 1952), 𝐹𝐿, and are limited 64 

to a specific range of applicability. 65 

Durand’s Froude number is used to estimate the limit deposit velocity (v𝐷) in pipes of different 66 

internal diameter (𝐷) and for different solid relative densities (𝑆). In the case of suspended 67 

particle transport, this number is defined by the following expression: 68 

𝐹𝐿 =
v𝐷

√2 · 𝑔 · 𝐷 · (𝑆 − 1)
 (2) 

 69 

𝑆 =
𝜌𝑠

𝜌𝑤
 (3) 

Durand (1953) carried out a wide range of experimental measurements in horizontal and 70 

straight pipelines with diameters ranging between 40 and 700 mm and particle volume 71 

concentrations between 2% and 15%. The results are summarized in Fig. 1Fig. 1 showing the 72 

relationship between the mean particle size and the Froude number (𝐹𝐿) as a function of the 73 

volumetric solids concentration. 74 

 75 

Fig. 1. Nomogram for obtaining the Durand’s Froude number 𝑭𝑳, as a function of volume of 76 

solids ratio and the average particle size obtained by Durand (1953) and also showed by Hu 77 

(2017) 78 

 79 

Formatat: Tipus de lletra: No Negreta

Formatat: Tipus de lletra: No Negreta, No Cursiva



In mining engineering, where particles are either large in size or very high in concentration, the 80 

most common method to determine the limit deposit velocity is Wilson's nomogram (Wilson 81 

and Judge 1977; Wilson 1979; Hu 2017). This determines the deposition velocity using the pipe 82 

diameter, grain size of the sediments transported, and the density of the solids relative to the 83 

liquid phase showed in relation (3)(3). 84 

Turian et al. (1987) obtained five different empirical correlations based on a collection of 864 85 

experimental deposition limit velocity data with pipe diameters up to 0.5 m and particle sizes 86 

up to 19 19 mm. Their correlations are 87 

v𝐷

√2 · 𝑔 · 𝐷 · (𝑆 − 1)

= 𝜒1 · 𝐶v
𝜒2 · (1 − 𝐶v)𝜒3 · (

𝐷 · 𝜌𝑤 · √𝑔 · 𝐷 · (𝑆 − 1)

𝜇𝑤
)

𝜒4

· (
𝑑𝑝

𝐷
)

𝜒5

 

(4) 

All these correlations proposed in previous research works present a quite broad disparity. So, 88 

Durand’s nomogram (Fig. 1Fig. 1) provides high values (conservative) for v𝐷 related to slurries 89 

containing mixtures of particles with different sizes and slurries with significant proportions of 90 

particles finer than 10 m (Hu, 2017). Wilson’s nomogram is concerned fundamentally about 91 

sliding bed flow and can be applied to a wide range of fluid densities, particle size and pipe 92 

diameter (Hu, 2017). On the other hand, Turian’s correlation shows a dependence of v𝐷 nearly 93 

equal to 𝐷1/2, it is also valid for slurries comprised of large non-colloidal particles, for which 94 

v𝐷is almost independent of particle size, and shows a maximum value of the limit deposition 95 

velocity for concentrations between 0.25 and 0.30 (Turian, Hsu, and Ma et al. 1987). 96 

And the corresponding values of the fitted constants are shown in Table 1Table 1 97 

 98 

%𝐷 = 100 ×
1

𝑁
∑ |

v𝐷(𝑐𝑎𝑙𝑐) − v𝐷(𝑒𝑥𝑝)

v𝐷(𝑒𝑥𝑝)
| (5) 

 99 

𝑅𝑀𝑆 = √
1

𝑁
· ∑(v𝐷(𝑐𝑎𝑙𝑐) − v𝐷(𝑒𝑥𝑝))

2
 (6) 
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In the case of a pipeline with a positive slope, the deposition velocity can increase up to 40% 101 

and make it difficult to drag solid particles, whereas for pipes with a negative slope this rate 102 

decreases (Wilson and Tse 1984). 103 

On the other hand, when the solid particles transported through a pipe deposit due to a stoppage 104 

in the flow, the velocity required to re-suspend them increases with the duration of the stopping. 105 

According to Goosen (2015), in just a 15-minute stoppage, the resuspension velocity can exceed 106 

the limit deposit velocity by 25% due to consolidation of the settled bed. 107 

The present article examines the transportation of the brine from the potash mines of Bages in 108 

Catalonia (Spain). The results from the test work were used to analyze the effect of varying 109 

concentrations of insoluble particles on the behaviour of different brine mixtures at a constant 110 

salt concentration. The experiment was conducted at the slurry test laboratory of Paterson & 111 

Cooke Consulting Engineers Pty Ltd. in Cape Town, South Africa. The scope of this paper is 112 

- To determine, in each case, the limit deposition velocity of the insoluble solid particles 113 

present in the tested mixtures. 114 

- To determine the viscosity of various brine mixtures, depending on the concentration of 115 

solid particles in suspension. 116 

- To analyze the variation in the flow resistance of a mixture based on its fluid medium 117 

and the concentration of particles it transports for volume concentrations below 5%. 118 

2 FACILITIES AND METHODS 119 

2.1 Experimental setup 120 

The schematic layout of the pipeline system in this study is shown in Fig. 2Fig. 2. It consisted of a 121 

closed loop about 20 m long, made of metal pipes, except for a 2 m stretch of transparent PVC 122 

pipe. The test loop comprises a 62.4 mm inner diameter pipeline connected to a 30 kW 123 

centrifugal slurry pump fitted with a variable speed drive so that the flow rate can be changed. 124 

Next to the pump is a small intermediate conical tank that allows sediment to be added without 125 

stopping the circulation. 126 

 127 



Fig. 2. Schematic layout of the experimental facility (EF) at Paterson & Cooke’s Slurry Test 128 

Laboratory. The transparent pipe is used to visually observe the particles settling on the pipe 129 

invert at low velocities 130 

 131 

Downstream of the pump, a Coriolis mass flow meter measures the flow rate, density, and 132 

temperature of the slurry. The flow rate measurement interval depends on the mass flow rate 133 

and ranges from 0 to 70,000 kg/h, and its uncertainty is ± 0.10% of the range. For example, if 134 

the liquid is water with a density of 1000 kg/m3, the measurement range is between 0 and 19.4 135 

l/s. The higher the density, the lower the range of measurement of the flow rate. The average 136 

fluid velocity is determined from the flow rate and internal diameter of the pipeline. The 137 

flowmeter is also capable of measuring densities ranging between 0 and 5000 kg/m3 with an 138 

accuracy of ± 0.0005 kg/m3. Finally, it includes a thermometer for measuring the temperature 139 

of the liquid ranging between -50 oC and 150 oC with an accuracy of ± 0.5 °C. 140 

 141 

 142 

Fig. 3. On the left, a view of the centrifugal slurry pump with 30kW motor, the mass flow meter, 143 

and the inlet conical sump. On the right, a general view of the test pipeline installed at Paterson 144 

& Cooke’s Slurry Test Laboratory 145 

 146 

Downstream, on a horizontal section of pipeline, there is a differential pressure gauge 147 

(ENDRESS+HAUSER, model Deltabar S, PMD75) capable of measuring the difference in 148 

pressure between two points, in this case 2 meters apart, ranging between 0 and 160 kPa, and 149 

its uncertainty is ± 0.035 % of the total range. The differential pressure gauge is calibrated 150 

before each test. 151 



 152 

 153 

Fig. 4. View of the differential pressure gauge in the upper pipeline located between the two 154 

pressure tappings. Each pressure tapping in the pipeline is connected with water filled tubes to 155 

the differential pressure gauge, and the tubes are flushed to remove air 156 

 157 

2.2 Properties of the tested brines 158 

The saturated solution is made up of water as a solvent and, as a solute, the soluble components 159 

of sylvinite from the Bages deposits. This solution was generated in a large bin and the insoluble 160 

solid particles were decanted to obtain a pure saturated solution without suspended particles. 161 

These particles are removed to control the characteristics of the solid phase to ensure that they 162 

are similar for the water and the saturated solution mixes. 163 

The percentages of sodium, potassium, chlorides and insoluble residues in the sylvinite are 164 

presented in Table 2Table 2. From these data it is possible to calculate approximately the NaCl and 165 

KCl content of the soluble particles, which corresponds to 75% and 21% by mass respectively. 166 

These percentages have been calculated over the total soluble particles, since the insoluble ones 167 

are not part of the transport fluid. So, the potassium chloride content of the one used in the 168 

following tests is quite high. Finally, the mass fraction of the total dissolved solids in the 169 

saturated solution is 27% (kg of solids/kg of mixture × 100). 170 

Pressure 
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Pressure 
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Differential pressure 
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Table 3Table 3 and Table 4Table 4 present relevant characteristics of all the mixtures used for the tests. For 171 

four mixtures. the solvent is clear water (WT prefix), while the remainder use saturated solution 172 

(BT prefix). In order to replicate the possible scenarios during conveyance, the mixtures were 173 

generated with relatively low sediment concentrations, always less than 5% by volume. 174 

The sediments in the mixtures were chosen to ensure that their representative diameter and 175 

granulometric distribution were as similar as possible to that of the insoluble solid particles of 176 

the mixtures generated in Sánchez-Juny et al. (2019), where the 𝑑50 was around 140 μm. So, 177 

for the present tests, a fine grained non-cohesive silica sand was chosen, and all particles larger 178 

than 500 μm were filtered to obtain a 158.2 μm value for 𝑑50 with a density of 2650 kg/m3 and 179 

a similar granulometric curve. Fig. 5Fig. 5 shows the granulometric distribution of the original sand 180 

and that obtained after sieving. It also shows the curve obtained in the analysis of the sediment 181 

sample used in Sánchez-Juny et al. (2019), which, as can be seen, has a great similarity with 182 

that of the sand used in the present study. 183 

 184 

Fig. 5. Graphs (in %) of passing (solid lines) and retained material (dashed line) versus sieve 185 

size. The 𝒅𝟓𝟎 grain size is 158.2 μm. The blue and black solid lines correspond to the “Test 186 

Sand” before and after sifting of particles above 500 μm, respectively. Finally, the grey solid 187 

line represents the curve for the sediments in the Bages area tested by tested by Sánchez-Juny 188 

et al. (2019) 189 

 190 



2.3 Tests methodology 191 

First, the differential pressure probe was statistically calibrated. Later, the procedure used to 192 

perform the tests is as follows: 193 

1. The circulation of the water, or the brine, reaches flow equilibrium at a constant flow rate, 194 

and any air bubbles that can form along the pipeline are completely removed. 195 

2. The differential pressure loss measurements are recorded for different recirculating flow 196 

rates causing different velocities, at 0.5 m/s intervals, from the highest velocity (4 m/s) 197 

down to zero. Each recorded data point corresponds to the average of 15 measurements 198 

performed at a frequency of one second and is done twice to ensure that steady state has 199 

been reached. If both measurements are within ± 0.05 kPa/m of each other (± 0.03 % of the 200 

total range), they are considered valid; if not, they are discarded and the process is repeated. 201 

3. Next, the flow rate is established at a rate high enough to keep all the particles suspended, 202 

and then the velocity is slowly reduced until the deposition of the first grain of sand is 203 

observed at the bottom of the clear viewing section pipe. This velocity corresponds to the 204 

sediment deposition limit velocity in this pipeline. This is observed by naked eye in the 205 

transparent section of the pipeline (Fig. 2Fig. 2 and Fig. 6Fig. 6 left). 206 

4. Continuing the flow, sediment is added to the mixture (Fig. 2Fig. 2 and Fig. 6Fig. 6 right) through the 207 

intermediate conical tank, and the steps 2 and 3 are repeated. In the case of clear water as a 208 

transport fluid, sediment addition was performed three times (WT tests); and four in the 209 

case of saturated dissolution (BT tests). 210 

It should be noted that before performing the tests, a water and sand mixture was circulated to 211 

remove solid particles that may have adhered to the pipe wall during previous tests. This is 212 

important because the other tests contained solid particles, and if the pipe was not clean enough, 213 

the hydraulic roughness could vary during the tests. However, it was not always possible to 214 

remove 100% of the particles and a very small fraction remained, so tests completely free of 215 

sediment could not be performed. 216 

It can also be appreciated that temperature increased during each test, because the friction of 217 

the flow with the pipe causes a very rapid heating of the mixture. However, it remained in the 218 

range of 16.6 °C to 23.7 °C. 219 

The density of the mixtures was measured during the tests, and a sample was taken of each 220 

mixture to check the accuracy of the Coriolis flow meter readings. In the case of tests performed 221 

with clear water as a transport liquid, the densities measured by the Coriolis flowmeter 222 



corresponded to the calculated density based on the volume of the loop and the mass of material 223 

added. 224 

 225 

Fig. 6. Experimental determination of the deposition limit velocity, in the transparent pipe 226 

section of the pipe (left). Sediment addition to the pipeline, through the intermediate conical 227 

tank (right) 228 

 229 

2.4 Pipeline calibration 230 

Differential pressure sensor readings were taken in a 2-meter straight and horizontal section of 231 

the pipeline, and therefore the local head losses in this section are negligible. The pipeline 232 

calibration is based on the WT00 mixture, whose solvent is clear water with an insoluble 233 

particle volume concentration of 1.12%. Since the sediment concentration in the mixture is 234 

small, Eq. (7)(7) was used by Einstein (Einstein, 1906) to calculate the viscosity. This equation is 235 

only valid for highly diluted suspensions, 𝐶𝑉 < 2% (Rutgers, 1962) as is the case. As the test 236 

was performed at 18 °C and the dynamic viscosity of water at this temperature is 1.060 ·237 

10−3N·s/m2 (ISO/TC28 1998), the viscosity of the WT00 mixture is obtained as 1.089 ·238 

10−3N·s/m2. 239 

Once the viscosity is determined for WT00, the absolute roughness of the pipeline can be 240 

estimated using a least squares method adjustment on the pressure gradient and velocity values 241 

recorded in the WT00 test. This adjustment was performed using the Darcy-Weisbach equation 242 

and the formula of Swamee and Jain (1976), as is shown in Fig. 7Fig. 7. The value of the absolute 243 

roughness obtained was 0.014 mm, with ± 10% of error for a 95% confidence, and a correlation 244 

coefficient (R2) of 0.999. The obtained value is within the usual range for smooth metal tubes 245 

(Lencastre 1998). 246 

For tests in which the transport liquid is a saturated solution, it is necessary to empty the circuit 247 

and refill it with this solution. To ensure that the pipeline roughness coefficient has not changed 248 



during the first series of tests, a water calibration test with a minimum percentage of suspended 249 

particles is performed again, before filling the circuit with brine, with a similar result. 250 

 251 

 252 

Fig. 7. Fitted curve by the least squares method (R2 = 0.999), using the Darcy-Weisbach 253 

expression to the points obtained from the experimental laboratory data, in order to determine 254 

the value of the absolute roughness of the pipeline (test WT00) 255 

 256 

2.5 Results Analysis 257 

The measured data are analyzed as follows: 258 

- For the test performed with WT00 mixture, for different flow rates: 259 

a. Estimation of the viscosity of the mixture using the expressions (7)(7) proposed by Einstein 260 

(1906) and, based on the measured pressure and the mixture velocity, the calculation of 261 

linear distributed energy losses and finally, using the Darcy-Weisbach formula, the 262 

associated friction coefficients. 263 

𝜇𝑚

𝜇𝑤
= 1 + 2.5 · 𝐶𝑉 (7) 

 264 

b. Calculation of the absolute roughness (𝑘) of the pipe from the linear head loss values 265 

obtained in the previous point, by means of the Darcy-Weisbach relation and Swamee 266 

and Jain (1976) formula, and a least squares fitting as explained in the section on 267 

pipeline calibration. The Swamee and Jain formula (8)(8) is valid for 5000 < 𝑅𝑒 < 107 268 

and 4 · 10−5 <
𝑘

𝐷
< 5 · 10−2. The errors involved in the determination of the friction 269 



factor by means of expression (8)(8) are well within ±1.0% in comparison with those 270 

obtained by classical Colebrook and White Equation (Swamee and Jain, 1976); (Turgut, 271 

Asker, and Çobanet al., 2014). Particularly, itthis expression is useful because it is a 272 

non-iterative friction factor correlations for the calculation of pressure drop in pipes: 273 

𝑓 =
0.25

[log10 (
𝑘

3.7 · 𝐷
+

5.74
𝑅𝑒0.9)]

2 
(8) 

 274 

- For the tests performed with the other mixtures, for different flow rates: 275 

a. Calculation of the linear distributed  energy losses using the recorded pressures and flow 276 

velocities and, by means of the Darcy-Weisbach formula, calculation of the associated 277 

friction coefficients. 278 

b. Estimation of the viscosity of each mixture from the obtained linear head losses in the 279 

previous step, using the Darcy-Weisbach ratio and the Swamee and Jain formula, and a 280 

least squares fitting. 281 

 282 

3 RESULTS AND DISCUSSION 283 

3.1 Friction factor determination 284 

The friction factor for each brine test was obtained from Darcy-Weisbach's expression, which 285 

relates to the friction loss, the mean velocity, and the diameter of the pipe. 286 

Records of tests performed for velocities lower than the limit deposition were excluded from 287 

the calculation process as their sedimentation at the bottom of the pipe varied the conditions of 288 

the flow as the sediment bed causes a change in absolute roughness and in the effective cross 289 

section of the pipe. In the case of WT00 and BT00 mixtures, the deposition velocity was 290 

approximated by extrapolating the data obtained by the other mixtures, depending on the 291 

volume concentration of the sand particles (Fig. 13Fig. 13).  292 

The values of the friction factor are plotted as a function of the corresponding Reynolds number 293 

in the Moody diagram in Fig. 8Fig. 8. As can be seen, flow is in the intermediate turbulent 294 

regime zone in all cases so that the Swamee and Jain (1976) formula used in the previous 295 

calculations is applicable. Likewise, it shows that the scattered data is close to the smooth wall 296 

turbulent curve, which is consistent with the type of pipe used in these tests. 297 
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The values obtained for WT tests are very close to each other and tend to follow closely the 298 

curves in the Moody’s diagram. However, for lower Reynolds numbers this accuracy decreases 299 

and variability increases; the sensitivity analysis given below shows that the error associated 300 

with the estimated friction factor increases as the flow velocity decreases. In the case of BT 301 

mixtures, the obtained friction factor also follows the tendency curves in the diagram, around 302 

the imposed relative roughness curve, with 𝑘 𝐷⁄ = 0.00022. The accuracy obtained in the 303 

calculations is considered acceptable taking into account that the studied variables are very 304 

sensitive to the smallest error in the measurements (Sánchez-Juny et al. 2019). 305 

 306 

Fig. 8. Darcy – Weisbach friction factor values corresponding to the tests carried out with the 307 

mixtures whose transport liquid is clear water and those whose transport liquid is a saturated 308 

solution on a Moody’s graph  309 

 310 

3.2 Sensitivity analysis related to friction factor determination 311 

The accuracy of the calculated values of the friction factor relative to each test is analyzed. 312 

These are calculated using the Darcy-Weisbach equation. Each of these parameters has its 313 

associated accuracy error: in the case of the inner diameter ±0.1 mm and the length of the tube 314 

±1 mm. The flow velocity has been estimated from the flow rate measurements of the Coriolis 315 



flowmeter, whose accuracy error is ± 0.1% of its measuring range which is variable depending 316 

on the mixture density. The linear distributed head losses (local losses are considered 317 

negligible), have been calculated directly from the energy balance equation, in which only the 318 

pressure difference between the inlet and outlet of the test section is considered. Therefore, in 319 

this case the measurement error associated with the differential pressure sensor, which is 320 

± 0.035% of its range, has been considered. 321 

The propagation of uncertainty has been carried out by means of a Monte Carlo simulation of 322 

one thousand repetitions, and it is shown in Fig. 9Fig. 9. This figure shows the relative error (%) 323 

associated with calculation of the friction factor as a function of the Reynolds number for each 324 

mixture tested. The error rate increases for smaller Reynolds numbers, especially in the case of 325 

the WT00 mixture. However, in this case, the accuracy in the calculation of the friction 326 

coefficient is high enough, below 1% in almost all tests. 327 

 328 

Fig. 9. Relative error (%) related to the Darcy-Weisbach friction factor determination 329 

 330 

3.3 Dynamic viscosity determination 331 

On the other hand, the viscosity of the tested brines is needed to estimate the Reynolds number 332 

of each test since these are in the transition zone. The viscosity of the mixtures used during the 333 

laboratory testing has been obtained from the relationship between the pressure gradients 334 

recorded and the associated flow velocities. For each tested mixture, a nonlinear regression was 335 

performed on the experimentally obtained points, using the Darcy-Weisbach equation and the 336 

friction factor expression by Swamee and Jain (1976). Since the value of the absolute roughness 337 

of the pipe is already known, as it has been previously calibrated with the WT00 mixture, the 338 



only unknown parameter that remains is the viscosity of the mixture. As in the previous 339 

calculation of the Darcy-Weisbach friction factor, in this case, the records of the tests carried 340 

out at velocities below the deposition limit velocity of the suspended particles have also been 341 

removed from the calculation process. 342 

Fig. 10Fig. 10 shows the test data and curves fitted to the WT mixtures (left) and the BT mixtures 343 

(right) and it is seen that the pressure gradient increases with increasing solids concentration. 344 

 345 

 346 

Fig. 10. Comparison of the slope of energy line computed from experimental data with the one 347 

obtained from the measured pipe roughness and estimated viscosity (WT mixtures – left, BT 348 

mixtures - right) 349 

 350 

As it can also be seen in Table 5Table 5, the tests were performed for different temperatures, between 351 

16.6 oC and 23.7 °C. This makes it difficult to compare the results obtained, because they 352 

correspond to different volume concentrations of insoluble particles and different temperatures. 353 

Despite this fact, Fig. 11Fig. 11 depicts the kinematic viscosity values calculated from the 354 

experimental data, based on the volume concentration of the suspended solids. On one hand, 355 

the values obtained for the WT mixtures follow a moderate upward trend as their volume 356 

concentration increases. On the other hand, the kinematic viscosity of the BT mixtures increases 357 

rapidly to the BT03 (𝐶𝑉 = 3.1%), but at this point the growth stops suddenly since the BT04 358 

has a viscosity very similar to BT03. This unexpected value of the BT04 mixture viscosity 359 

could be due to an error during the data collection, but it is unlikely because all records were 360 

duplicated and checked in real-time, the similarity between measurements taken for the same 361 

flow velocity. It can be seen that there are no problems with the adjustment made on these data 362 

to obtain the viscosity of the mixture (Fig. 10Fig. 10). 363 



It should be noted that the solute of this saturated solution consists of 96% in mass of sodium 364 

chloride (75%) and potassium chloride (21%). Zhang and Han (1996) studied the viscosity of 365 

this type of solution and found that it varies depending on the ratio of moles between one solute 366 

and another, the concentration of salts, and the temperature of the mixture. Knowing the density 367 

of the saturated solution (1234 kg/m3) and the concentration of dissolved solids, of 27% in 368 

mass, it is determined that the molar relation between these is of 4.52 mol NaCl/mol KCl, 369 

whereas the molality of the solution is 5.22 mol solute/kg water. Considering the data, the tables 370 

of viscosity published by Zhang and Han (1996) allow for the estimation of the viscosity of the 371 

solution. Despite this, the maximum molar ratio presented by these authors is 3 mol NaCl/mol 372 

KCl, and all values were obtained at 25 oC temperature. Extrapolating at a molar ratio of 4.52 373 

mol NaCl/mol KCl, the viscosity obtained would become 1.23 · 10−6 m2/s. Since the viscosity 374 

to be obtained corresponds to 20 °C and it increases when the temperature decreases, a value 375 

of 1.25 · 10−6 m2/s is estimated. This viscosity could still increase if the remaining 4% in mass 376 

of solutes were formed by MgCl2, which is unknown; the presence of this salt in sodium 377 

chloride solutions also affects its rheological properties (Qiblawey and Abu-Jdayil 2010). 378 

However, it is considered a reasonable value given the results obtained during the tests. 379 

 380 

 381 



Fig. 11. Relative kinematic viscosity values over the viscosity of the saturated dissolution as a 382 

function of volume concentration of insoluble particles, including associated errors with 95% 383 

confidence. The whole graph is normalized with the theoretical kinematic viscosity of water at 384 

20 °C. is shown 385 

 386 

In Fig. 11Fig. 11, the values of the kinematic viscosity and associated error bars as a function of the 387 

volume concentration of insoluble particles are shown. The comparison with the proposed 388 

curves of some other authors is also presented. The curves of tests using clear water as transport 389 

liquid are compared with the curves proposed by Einstein (1906), Kunitz (1926) and Chong et 390 

al. (1971) for a maximum volume concentration of solid particles 𝐶𝑉𝑚𝑎𝑥 = 0.2 at 20oC. As 391 

expected, the curve by Einstein showed the worst fitting because this was obtained for more 392 

dilute mixtures. On the other hand, the curve by Chong et al. (1971) is the one with the best fit 393 

although other authors (Konijn et al. 2014) use it for higher 𝐶𝑉𝑚𝑎𝑥 values between 0.5 and 0.8. 394 

Likewise, the tests using a saturated dissolution as transport liquid are compared with the curves 395 

by Kunitz (1926) and Chong et al. (1971) for 𝐶𝑉𝑚𝑎𝑥 = 0.1 at 20 oC. In that case, the fitting is 396 

better for the curve by Chong et al. but more experimental data would be required to further 397 

analyze the real tendencies. Nevertheless, viscosity is more variable in the case of BT than WT 398 

tests. 399 

 400 

3.4 Influence of absolute roughness on the viscosity determination 401 

The calculation of the relative viscosity of the mixtures was preceded by the calibration of the 402 

pipeline to obtain the value of its absolute roughness. For this purpose, an adjustment was made 403 

to the experimental data using the least squares method by which the value of 𝑘 could be 404 

determined with an associated error of ± 10%. To know the influence of this possible error on 405 

the calculation of the viscosity, the process has been repeated, assuming a deviation of ±10% 406 

on the value of the absolute roughness. The results are shown in Table 6Table 6 and plotted in Fig. 12Fig. 12 407 

based on the concentration of suspended solid particles by volume. From those results, it can 408 

be appreciated that the lower the volume concentration the higher the deviation in viscosity. 409 



 410 

Fig. 12. Kinematic viscosity deviation produced by a reduction (−𝟏𝟎%) and increment 411 

(+𝟏𝟎%) of absolute roughness 𝒌 412 

 413 

3.5 Theoretical dDeposition limit velocity estimation 414 

The deposition limit velocity of the sediments in the mixtures has been obtained by using 415 

Durand and Condolios' (1952) methodology as it is the one that best fits the small particle 416 

diameters and low concentrations used in this work. As it was already mentioned in the 417 

introduction section, Durand and Condolios (1952) do not consider volume concentrations 418 

lower than 2%; in those cases, an extrapolation has been done. The expression proposed by 419 

those authors depends on the transport liquid density (𝜌𝑤), solid density (𝜌𝑠), their volume 420 

concentration over the total volume of the mixture (𝐶𝑉), the representative solid particles 421 

diameter (usually referred as 𝑑50), and the diameter of the pipeline (𝐷). 422 

 423 
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 424 

Fig. 13. Limit deposit velocity (v𝑫) obtained through the method of using Durand and Condolios 425 

(1952) and the Turian et al. (1987) correlations, depending on the volume concentration of 426 

insoluble solid particles and if the mixture solvent liquid is clean water or the saturated 427 

solution. These values are associated to a pipe diameter of 62.4 mm, solid density of 2650 428 

kg/m3, and a 𝒅𝟓𝟎 of 158.2 m 429 

 430 

The correlations by Turian et al. (1987), depicted in the dimensionless Eq. (4)(4) and Table 1Table 1, 431 

allow the user to select the parameters on which the limit deposition velocity depends. Thus, 432 

particularly, correlation 1 states the relation of the Durand’s Froude number (Eq. (2)(2)) with the 433 

volume concentration over the total volume of the mixture (𝐶𝑉), a Reynolds number which 434 

introduces the dependence on the dynamic viscosity of the transport liquid (𝜇𝑤), and the ratio 435 

between the particle diameter (𝑑𝑝) and the internal diameter of the pipe (𝐷). On the other hand, 436 

correlation 2 and 3, do not depend on ratio between the particle and pipeline diameters and that 437 

Reynolds number, respectively. Correlation 4 does not depend simultaneously on the last two 438 

parameters and, finally, the correlation 5 only depends on the Durand’s Froude number and the 439 

volume concentration over the total volume of the mixture (𝐶𝑉). 440 

In Fig. 13Fig. 13, the obtained deposition limit velocity depending on the sediment volume 441 

concentration and the transporting liquid (clear water or saturated mixture) is shown. The 442 

deposition rate of the suspended particles decreases as the density of the transport liquid 443 



increases because a denser liquid shows more ability to drag the same particles. Therefore, 444 

sedimentation should occur at a slower rate in the case of mixtures transported by the saturated 445 

solution than those transported by clear water. 446 

 447 

3.6 Observed deposition limit velocity 448 

Table 7Table 7 summarizes the deposition limit velocities observed in the tests performed with each of 449 

the mixtures (except WT00 and BT00), and Fig. 13Fig. 13 compares those results with the prediction 450 

made above using the expression by Durand and Condolios (1952) and the five correlations by 451 

Turian et al. (1987). As expected, the limit velocities obtained in the case of mixtures in which 452 

the transport liquid is clear water are higher than in mixtures formed by saturated dissolution 453 

due to the higher density and viscosity of the latter. 454 

The overall absolute average percent deviations and the root mean square deviation have been 455 

obtained for each one of the correlations analyzed, and the results obtained are shown in Table 456 

8Table 8. 457 

In the case of Durand and Condolios' (1952) estimation, Fig. 13Fig. 13 clearly shows that the 458 

prediction overestimates the measured velocities in all cases so that the transport fluid has a 459 

greater drag capacity than expected, especially in the case of mixtures generated with the 460 

saturated solution. The whole set of observations, however, shows a tendency to reach those 461 

velocities calculated for higher sediment concentrations. 462 

Turian et al. (1987) correlations 1 and 4, for WT tests, show an overall absolute average percent 463 

deviation with observed data of the same order as those showed in Table 1Table 1. Nevertheless, in the 464 

case of BT tests, a better fitting is needed. 465 

A new expression (9)(9) to fit the observed limit deposition velocities for both WT and BT set of 466 

tests is proposed. It is based in the dimensionless correlation proposal showed in Turian et al. 467 

(1987). This expression will be valid for 𝑑𝑝 𝐷 ≈ 0.0025⁄  and a regression of 94.3% is achieved. 468 

Its overall absolute average percent deviation and root mean square deviation are presented in 469 

Table 8Table 8. 470 

v𝐷

√2 · 𝑔 · 𝐷 · (𝑆 − 1)
= 0.130 · 𝐶v

0.885 · (
𝐷 · 𝜌𝑤 · √2𝑔 · 𝐷 · (𝑆 − 1)

𝜇𝑤
)

0.442

 (9109) 

 471 



4 CONCLUSIONS 472 

From the experiments carried out at Paterson & Cooke’s test facility in Cape Town, South 473 

Africa, using different sets of brine mixtures generated with relatively low sediment 474 

concentrations (less than 5%v) to determine the limit deposition velocity, viscosity and flow 475 

resistance, the followings conclusions are arrived at: 476 

- The limit deposition velocity observed in the case of mixtures in which the transport liquid 477 

is water are higher than those of the mixtures formed by the saturated solution, due to the 478 

higher density of the latter. The prediction using the method of Durand and Condolios 479 

(1952) overestimates the measured limit deposition velocity, especially for the more viscous 480 

brine mixtures, which shows that the effect of increasing viscosity as solids concentration 481 

increases reduces the deposition velocity when compared to similar solid concentration 482 

mixtures using water as a carrier. The set of observations, however, shows a clear tendency 483 

to converge towards the calculated velocities at higher sediment concentrations. 484 

- The values of the friction coefficient obtained for all the mixtures tend to follow the curve 485 

of relative roughness of the Moody chart corresponding to 𝑘/𝐷 =  0.00022. Nevertheless, 486 

the error rate increases for smaller Reynolds numbers, especially in the case of the WT00 487 

test (mixture transported by clear water and a minimum concentration). However, in this 488 

case the accuracy in the calculation of the friction coefficient is high enough, below 1% 489 

error in almost all tests (Fig. 9Fig. 9). 490 

- The kinematic viscosity obtained for mixtures having water as a transport liquid (WT tests) 491 

follows a moderate upward trend as their volume concentration increases. On the other 492 

hand, those for mixtures in which the transport liquid is the saturated solution (BT tests) 493 

increases until the mixture BT03, with a 𝐶𝑉 = 3.1%, but at this point the growth stops 494 

suddenly, since the mixture BT04 presents a viscosity very similar to that of BT03. 495 

- The relative viscosity curve that best fits the values obtained for WT mixtures is the one by 496 

Chong et al. (Chong, Christiansen, and Baer 1971) for 𝐶𝑉𝑚𝑎𝑥 = 0.2%. In the case of BT 497 

mixtures, there is no curve that fits the values obtained, that of Chong et al. for 𝐶𝑉𝑚𝑎𝑥 =498 

0.1% being the closest. The viscosity shows much more variation in the case where the 499 

transport liquid is a saturated solution (BT tests) than in the case of WT tests. 500 

- In all the tests, the variation in linear head losses is small, but is higher for BT mixtures. For 501 

velocities lower than the limit deposition ones, the dispersion of the obtained results 502 

increases due to the variation in the pipe characteristics (absolute roughness and effective 503 

diameter of the tube) when forming a bed of sediments in the pipe. 504 



- A new expression (9)(9) is proposed to estimate the limit deposition velocity valid for values 505 

𝑑𝑝 𝐷⁄  around 0.0025. 506 

 507 
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7 NOTATION LIST 519 

BT = tests with mixtures generated with saturated brine 520 

𝐶𝑉 = volume concentration of solid particles 521 

𝐷 = inside diameter of the pipeline, m 522 

%𝐷 = per cent deviation for each data point 523 

𝑑𝑝 = diameter of solid particle, m 524 

𝑑50 = value of the particle diameter at 50% in the cumulative distribution, m  525 

𝐹𝐿 = Durand's Froude number 526 

𝑓 = Darcy-Weisbach friction factor 527 

𝑔 = gravity, m/s2  528 

𝑘 = absolute roughness, mm 529 

𝑁 = Number of data points 530 



PVC = Polyvinyl chloride 531 

𝑅𝑒 = Reynolds number 532 

𝑅𝑀𝑆 = root mean square deviation 533 

𝑆 = solid to liquid density ratio 534 

v𝐷 = limit deposition velocity, m/s 535 

v𝐷(𝑐𝑎𝑙𝑐) = calculated limit deposition velocity, m/s 536 

v𝐷(𝑒𝑥𝑝) = experimental limit deposition velocity, m/s 537 

WT = tests with mixtures generated with water 538 

𝜌𝑚 = bulk density of the mixture, kg/m3  539 

𝜌𝑠 = density of the solid phase, kg/m3  540 

𝜌𝑤 = density of the liquid phase, kg/m3  541 

𝜒𝑖 = constants (𝑖 = 1, 2, … , 5)  542 

𝜇𝑤 = dynamic density of liquid phase, Pa·s 543 

𝜇𝑚 = dynamic density of the mixture, Pa·s 544 

 545 
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FIGURE CAPTIONS 622 

Fig. 1. Nomogram for obtaining the Durand’s Froude number 𝑭𝑳, as a function of volume of 623 

solids ratio and the average particle size obtained by Durand (1953) and also showed by Hu 624 

(2017) 625 

 626 

Fig. 2. Schematic layout of the experimental facility (EF) at Paterson & Cooke’s Slurry Test 627 

Laboratory. The transparent pipe is used to visually observe the particles settling on the pipe 628 

invert at low velocities 629 

 630 

Fig. 3. On the left, a view of the centrifugal slurry pump with 30kW motor, the mass flow meter, 631 

and the inlet conical sump. On the right, a general view of the test pipeline installed at Paterson 632 

& Cooke’s Slurry Test Laboratory 633 

 634 

Fig. 4. View of the differential pressure gauge in the upper pipeline located between the two 635 

pressure tappings. Each pressure tapping in the pipeline is connected with water filled tubes to 636 

the differential pressure gauge, and the tubes are flushed to remove air 637 

 638 

Fig. 5. Graphs (in %) of passing (solid lines) and retained material (dashed line) versus sieve 639 

size. The 𝒅𝟓𝟎 grain size is 158.2 μm. The blue and black solid lines correspond to the “Test 640 

Sand” before and after sifting of particles above 500 μm, respectively. Finally, the grey solid 641 

line represents the curve for the sediments in the Bages area tested by tested by Sánchez-Juny 642 

et al. (2019) 643 

 644 

Fig. 6. Experimental determination of the deposition limit velocity, in the transparent pipe 645 

section of the pipe (left). Sediment addition to the pipeline, through the intermediate conical 646 

tank (right) 647 

 648 



Fig. 7. Fitted curve by the least squares method (R2 = 0.999), using the Darcy-Weisbach 649 

expression to the points obtained from the experimental laboratory data, in order to determine 650 

the value of the absolute roughness of the pipeline (test WT00) 651 

 652 

Fig. 8. Darcy – Weisbach friction factor values corresponding to the tests carried out with the 653 

mixtures whose transport liquid is clear water and those whose transport liquid is a saturated 654 

solution on a Moody’s graph  655 

 656 

Fig. 9. Relative error (%) related to the Darcy-Weisbach friction factor determination 657 

 658 

Fig. 10. Comparison of the slope of energy line computed from experimental data with the one 659 

obtained from the measured pipe roughness and estimated viscosity (WT mixtures – left, BT 660 

mixtures - right) 661 

 662 

Fig. 11. Relative kinematic viscosity values over the viscosity of the saturated dissolution as a 663 

function of volume concentration of insoluble particles, including associated errors with 95% 664 

confidence. The theoretical kinematic viscosity of water at 20 °C is shown 665 

 666 

Fig. 12. Kinematic viscosity deviation produced by a reduction (−𝟏𝟎%) and increment 667 

(+𝟏𝟎%) of absolute roughness 𝒌 668 

 669 

Fig. 13. Limit deposit velocity (v𝑫) obtained through the method of using Durand and Condolios 670 

(1952) and the Turian et al. (1987) correlations, depending on the volume concentration of 671 

insoluble solid particles and if the mixture solvent liquid is clean water or the saturated 672 

solution. These values are associated to a pipe diameter of 62.4 mm, solid density of 2650 673 

kg/m3, and a 𝒅𝟓𝟎 of 158.2 m 674 

 675 

 676 



TABLES 677 

Table 1. Parameter values of Eq. (4)(4) for the five correlations by Turian et al. (1987) 678 

 𝜒1 𝜒2 𝜒3 𝜒4 𝜒5 %𝐷𝑎  𝑅𝑀𝑆𝑎 

1 1.7951 0.1087 0.2501 0.00179 0.06623 20.53 0.3416 

2 1.08471 0.1126 0.03421 −0.03093 0 21.54 0.3447 

3 1.8176 0.1086 0.2525 0 0.06486 20.57 0.3412 

4 1.3213 0.1182 0.3293 0 0 21.04 0.3552 

5 1.1228 0.07367 0 0 0 21.35 0.3559 

𝑎 %𝐷 is the overall absolute average percent deviation (Eq. (5)(5)) and 𝑅𝑀𝑆 is the root mean 679 

square deviation (Eq. (6)(6)). 680 

 681 

Table 2. Mass percentage of the components in a sample of the sylvinite used to generate the 682 

saturated solution 683 

Component Mass % 

Sodium (Na) 28.1 

Potassium (K) 10.6 

Chloride (Cl) 54.9 

Insoluble 2.4 

Other 3.98 

 684 

Table 3. Density and volume concentration of the mixtures using clear water and their average 685 

temperature during the tests (solvent density 999 kg/m3) 686 

Mixture 

Mixture 

density 

(kg/m3) 

𝑪𝑽  

(%) 

Average  

temperature (oC) 

WT00 1017 1.12 18.2 

WT01 1034 2.13 19.3 

WT02 1051 3.20 19.6 

WT03 1067 4.12 20.1 

 687 

 688 



Table 4. Density and volume concentration of the mixtures using saturated solution and their 689 

average temperature during the tests (solvent density 1234 kg/m3) 690 

Brine  

Mixture 

Mixture 

density  

(kg/m3) 

𝑪𝑽  

(%) 

Average  

temperature (oC) 

Saturated dissolution 1234 - - 

BT00 1251 1.20 16.6 

BT01 1267 2.33 19.6 

BT02 1272 2.68 22.1 

BT03 1278 3.11 23.1 

BT04 1301 4.73 23.7 

 691 

Table 5. Kinematic and relative viscosity values (using the transport liquid viscosity at 20 °C) 692 

of the mixtures at the measured temperature, obtained by the nonlinear regressions performed 693 

for each mixture 694 

Mixture 
𝑪𝑽 

(%) 

Kinematic 

viscosity 

(m2/s) 

Relative 

viscosity 

(μm/μw) 

Adjustment relative 

error for 95% 

confidence (%) 

Average 

temperature 

(°C) 

WT01 2.13% 1.23E-06 1.26 8.79% 19.3 

WT02 3.20% 1.23E-06 1.28 11.89% 19.6 

WT03 4.12% 1.43E-06 1.51 13.93% 20.1 

BT00 1.20% 1.32E-06 1.07 19.22% 16.6 

BT01 2.33% 1.73E-06 1.42 7.39% 19.6 

BT02 2.68% 2.50E-06 2.06 6.63% 22.1 

BT03 3.11% 2.96E-06 2.45 3.52% 23.1 

BT04 4.73% 2.98E-06 2.51 5.38% 23.7 

 695 

 696 

 697 

 698 

 699 

 700 



Table 6. Kinematic viscosity deviation produced by a reduction (−𝟏𝟎%) and increment 701 

(+𝟏𝟎%) of absolute roughness 𝒌 702 

Brine 

Mixture 

𝑪𝑽 

(%) 

Viscosity deviation related to a 

reduction of 10% in 𝒌 

Viscosity deviation related to an 

increment of 10% in 𝒌 

WT01 2.13 4.15% −4.07% 

WT02 3.20 4.15% −4.15% 

WT03 1.20 3.57% −3.64% 

BT00 1.20 4.48% −4.64% 

BT01 2.33 3.58% −3.52% 

BT02 2.68 2.40% −2.44% 

BT03 3.11 2.00% −2.00% 

BT04 4.73 2.15% −2.12% 

 703 

Table 7. Observed and expected deposition limit velocity (v𝑫), obtained though the methods of 704 

Durand and Condolios (1952) and Turian et al. (1987). The solid density considered 𝜌𝑠 =705 

2650 kg/m3, pipe diameter 𝐷 = 0.0624 m 706 

 WT00 WT01 WT02 WT03 BT00 BT01 BT02 BT03 BT04 

𝝆𝒘 (kg/m3) 1017 1034 1051 1067 1251 1267 1272 1278 1301 

𝝁𝒘 (𝟏𝟎−𝟑Pa.s) 1.02 1.27 1.29 1.53 1.65 2.19 3.18 3.78 3.88 

𝑪𝑽 (%) 1.11 2.14 3.17 4.14 1.20 2.33 2.68 3.11 4.73 

v𝑫(𝒆𝒙𝒑) (m/s) 0.67 1.00 1.17 1.26 0.28 0.46 0.56 0.67 0.87 

v
𝑫

(𝒄
𝒂

𝒍𝒄
) 

(m
/s

) 

Durand and 

Condolios 

(1952) 

1.09 1.15 1.20 1.248 0.917 0.968 0.984 1.00 1.07 

T
u
ri

an
, 
et

 a
l.

 

(1
9

8
7
) 

Case 1 1.06 1.12 1.15 1.16 0.888 0.940 0.949 0.959 0.982 

Case 2 0.651 0.696 0.718 0.734 0.556 0.597 0.611 0.622 0.641 

Case 3 0.835 0.857 0.863 0.863 0.700 0.719 0.722 0.724 0.725 

Case 4 1.009 1.15 1.19 1.21 0.913 0.972 0.983 0.995 1.02 

Case 5 1.130 1.17 1.19 1.20 0.948 0.984 0.991 0.997 1.01 

Eq. (9)(9) 0.525 0.838 1.16 1.35 0.382 0.599 0.574 0.602 0.849 
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Table 8. Overall absolute average percent deviation and root mean square deviation, of the 708 

estimations of limit deposition velocity by Durand and Condolios (1952) and the five 709 

correlations by Turian et al. (1987). 710 

 Durand 

and 

Condolios 

(1952) 

Turian et al. (1987) 

Eq. (9)(9) 
 Corr. 1 Corr. 2 Corr. 3 Corr. 4 Corr. 5 

%𝐷 WT tests 20.4 19.8 28.4 24.2 20.7 23.1 11.4 

%𝐷 BT tests 97.4 89.4 34.2 52.0 95.8 98.9 16.3 

𝑅𝑀𝑆 WT tests 0.224 0.208 0.379 0.274 0.223 0.248 0.118 

𝑅𝑀𝑆 BT tests 0.446 0.412 0.175 0.242 0.441 0.455 0.084 
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