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ABSTRACT
Efficient transport of highly concentrated wastewater sludges (hcws, >4 wt.% solids) is essential for sustainable wastewater treatment and energy-efficient plant operation. However, accurate prediction of turbulent pipe flow for such complex, non-newtonian suspensions remains challenging. Bench-top rotational rheometry, while widely used, is limited to moderate shear rates (~900 s⁻¹) and is susceptible to wall slip, geometry-dependent artefacts, and sample handling effects. These limitations make extrapolation to the high-shear conditions encountered in full-scale pipelines (~3000 s⁻¹) unreliable. Although pipe loop experiments can directly access both laminar and turbulent flow regimes and closely replicate real pipeline behaviour, their high capital and operational costs restrict their routine application in both research and industry.
This study presents a hybrid methodology that integrates bench-top rheometry or laminar pipe loop measurements with a minimal set of turbulent pipe loop data, supported by direct numerical simulation (dns)-based correlations, to improve high-shear rheological characterisation and turbulent flow prediction. The framework addresses two key questions: (i) how bench-top rheometry can be benchmarked against laminar pipe flow to improve consistency and reliability, and (ii) whether incorporation of a single turbulent data point can meaningfully constrain high-shear rheological extrapolation.
Experiments were conducted on two representative sludge types—polymer-flocculated digested sludge (dsp) and thickened waste activated sludge (twas)—across solids concentrations ranging from 2.1 to 5.6 wt.%. Laminar rheology was characterised using bench-top rotational rheometers and laminar pipe flow measurements, while turbulent behaviour was obtained from pilot-scale pipe loop experiments spanning multiple pipe diameters. Laminar and turbulent datasets were combined within a multi-objective optimisation framework and incorporated into dns-based correlations to predict wall shear stress and friction factors across laminar and turbulent regimes.
Results demonstrate that laminar-only rheological fits, derived from bench-top or laminar pipe loop data, can lead to friction factor prediction errors of up to 13.9% in turbulent flow due to extrapolation uncertainty. Incorporation of a single turbulent data point per concentration reduced prediction errors to below 7.4% when combined with bench-top data, and to below 5.6% when laminar and turbulent pipe loop data were integrated. Importantly, inclusion of turbulent data did not degrade the quality of laminar rheological fits, with negligible changes in goodness-of-fit metrics.
The proposed methodology provides robust high-shear rheological estimates while significantly reducing reliance on extensive turbulent pipe loop testing. This work offers a practical and scalable framework for improving sludge transport design and optimisation, bridging the gap between laboratory rheometry and real pipeline behaviour
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