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Abstract

Marine propellers are normally designed to operate at a particular advance ratio, where
it exhibits the maximum hydrodynamic efficiency. However, many propellers require to
operate at different off-design conditions, when the suboptimal angle of attack leads to a drop
in its hydrodynamic efficiency. There has been an enormous interest among researchers for
enhancing the hydrodynamic efficiency of marine propellers in off-design conditions, since it
can lead to significant reduction in the operating cost due to fuel saving. With the objective of
addressing this issue, the present work aims to study (i) the effect of deformation on
hydrodynamic performance of metallic propeller; (ii) the effect of bend-twist coupling on the
hydrodynamic performance of full-scale composite propellers; and (iii) the use of SMA
actuation for improving hydrodynamic performance of full-scale composite propeller in off-

design conditions.

A full-scale 4.2 m diameter five-blade Ni-Al bronze propeller of a naval ship is studied
first, through numerical simulation, to ascertain the effect of deformation of the propeller
blades under different operating conditions on its hydrodynamic performance. The open water
performance is estimated using the finite volume method employing the pressure based
Reynold’s averaged Navier-Stokes (RANS) equation for the steady, incompressible, turbulent
flow. The deformation analysis is done using the finite element method using shell elements
based on the first order shear deformation theory. The fluid-structure interaction is
incorporated in an iterative process validated against a benchmark solution. The grid
independence study has been conducted to ascertain the optimal grid for the problem. The flow

solution is validated for two pitch ratios of the propeller blades, for which experimental results

iv



are available. The study reveals that the deformation of the full-scale metallic propeller does
not cause any significant influence on its effective pitch and consequently its hydrodynamic

performance.

The bend-twist coupling of anisotropic composite material is explored next for
passively adapting the pitch of the propeller to different flow conditions in order to improve
the hydrodynamic efficiency at off-design conditions. To understand the effect of bend-twist
coupling, a full-scale propeller of diameter 4.2 m having a simplified blade geometry with
constant chord and constant pitch angle has been considered for this study. Four different
composite materials, namely, carbon fibre reinforced plastic, graphite epoxy, glass epoxy and
high tension carbon epoxy composites, are used. The analysis accounts for the viscous
turbulent flow, the shear deformation effect which is significant for composite structures, the
geometric nonlinearity for large deformations and the material failure through Tsai-Hill
criterion. The numerical study has revealed that, within the limits of material safety, the twist
generated in the deformed propeller using the commonly used composite materials is
inadequate to create any noticeable change in the hydrodynamic efficiency. When the material
failure is ignored, however, it is possible to generate sufficient deformation and twist that can

cause appreciable improvement in the hydrodynamic performance.

In the next step, a study is made to use of shape memory alloy (SMA) for inducing
variable twist in composite propellers for achieving the same. Prestrained SMA fibres are
embedded in the composite in the martensite phase. When SMA fibres are heated upto the
austenite phase, a large recovery stress is developed due to the shape memory effect. This
stress is used to create twist in the propeller blade through appropriate positioning of the SMA
actuator elements. An idealised propeller with a simple geometry is studied first. The
thermomechanical behaviour of the SMA fibres is predicted using the Brinson model, and the

effective material properties of the SMA hybrid composite (SMAHC) are determined using the



strength of materials approach. The study establishes for the first time that using SMA
composite actuator elements, it is possible to generate sufficient twist that can cause the
desired improvement in the hydrodynamic performance of full-scale marine propellers at off-
design conditions over a wide range of advance ratio. Finally, the efficacy of the SMA
actuation for adaptive control of twist is established for a full-scale composite propeller with

the actual blade geometry of a naval ship.
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