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INTRODUCTION  
Lubricating grease is commonly applied to lubricate e.g. rolling bearings, seals and gears. Grease is a semi-solid 
material which prevents leakage and gives it sealing properties in addition to protect the system against corrosion 
and ingress of contaminants. Compared to lubricating oil, grease shows a much more complex rheology which 
makes it more difficult to model and consequently more difficult to understand its flow behaviour. The flow of 
grease is not only determined by its rheological properties but also by the material and roughness of the elements 
carrying the grease, such as seals, cages, rolling elements, and rings. In particular, the grease flow behaviour 
close to the surfaces of these elements has shown to be of interest and especially the existence and origins of 
wall slip. Bramhall and Hutton [1] argue that wall slip occurs on a layer of oil due to the lower concentration of 
thickener at the wall. They also introduce a model assuming a low viscosity layer near to the wall and calculated a 
layer thickness of about 0.05 µm for smooth lithium-based greases. Czarny [2] claims that there exists a 
concentration gradient of thickener close to the wall due to the interactions between the grease thickener and the 
wall which results in the formation of a thickener wall layer with an oil layer on top. He concludes that wall slip 
depends on the wall material and on the thickener type. Westerberg et al. [3] used micro Particle Image 
Velocimetry (µPIV) to investigate grease flow in a straight channel using side walls with different materials (steel, 
brass and polyamide) of different roughness. They showed that wall slip primarily occurs for stiff greases and that 
the roughness of the surface has a negligible impact on the wall slip effect. Their choice of roughness levels was 
similar to values that can be found in rolling bearings and their surfaces were therefore much smoother than those 
generally applied in rheometers to prevent wall slip. Their results also indicate that the wall slip decrease with 
increased shear forces in the flow.   
 
The present study is a dual experimental/analytical approach with the objective to investigate the grease flow in 
elbow channels with different cross section in order to discuss the wall slip effects at the boundaries where the 
shear rate is varying. Of special interest is also the coupling between the rheology of the grease and the bulk flow 
dynamics.   
 
ANALYTICAL MODELING 
The grease flow is governed by the equation of motion 
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Here D/Dt is the material derivative, τ the stress matrix, p the pressure, and F a volume force – typically gravity, 
which for the present geometry can be neglected. In the elbow a 1D flow is considered, i.e. u = uϕ(r), where ϕ and 
r are the angular- and radial cylindrical coordinates respectively (see Fig. 1a). The pressure is considered to vary 
both in the angular direction and across the radius such that [4] 
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Figure 1: (a) Schematic drawing of the elbow channel geometries used and the cylindrical coordinate system to 
describe the flow in the elbow section. The regions marked with dashed lines are the ones where the velocity 
profiles are measured in the straight section and elbow respectively; the latter presented in this paper. (b) Velocity 
profiles at the elbow for a Lithium-based NLGI1 grease. Channel with cross-section of 250x1000 µm. The flow 
rate is 0.05 ml/l. Dotted line: µPIV measurements, Dash dotted line: Analytical model. 
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where α is constant. For α < 0 Eq. (2) means that the pressure varies across the elbow section and falls steadily 
along the surface with constant radius as ϕ increases. From the 1D assumption it follows that the only non-zero 
components of the shear stress are τrϕ and τϕr which according to the symmetry property of the stress tensor are 
equal. For a 1D stationary flow, Eq. (1) then reduces to 
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which after integration yields 
 

2
1

2 r
C

r +−=
ατ φ ,          (4) 

  
where C1 is a constant. Considering the Herschel-Bulkley rheology model (skipping the indexes for simplicity)  
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where τ0 [Pa] is the yield stress and K [Pa∙sn] the consistency of the grease. Integrating and solving for uϕ yields 
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A solution for an arbitrary value of n does not exist. However, the integration can be performed for certain values 
of n, of which three are n = 1, 1/2, and 1/3 respectively. In this study the solution for n = 1 is presented. The  

(a) (b) 
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constants C1,2 can be found from boundary conditions given by the experimental results. Going in the positive 
radial direction from the inner wall with smaller radius (see Fig. 1a), the first measured velocity is used as a 
boundary condition together with the last velocity data point before the plug region. This procedure yields the 
analytical velocity profile in connection to the inner radius of the elbow. Eq. (6) is also valid for the corresponding 
velocity profile in the viscous layer in connection to the outer boundary. And analogously the corresponding 
velocity data are used as boundary conditions here.  
 
RESULTS AND CONCLUDING REMARKS 
Fig. 1b shows a comparison between the analytical model and the experimentally measured velocity profile in the 
elbow section. This particular case comprise a flow rate of 0.02 ml/l NLGI1-grease  In order to obtain best 
possible fit the values of the rheological parameters τ0 and K in the H-B rheology model are adapted. For the 
velocity profile in Fig. 1b these values are 160 Pa and 10 Pa∙sn respectively which should be compared to the 
corresponding values of 182 Pa and 7.7 Pa∙sn measured in a rheometer. The difference, though yet small in this 
particular case, may be due to e.g. wall slip which is not accounted for in a rheometer. Interestingly, it shows that 
the solution is not  particularlysensitive for α-values up to the order of -300, which corresponds to a pressure 
gradient of the order 0.3 MPa/m (cf. Eq. (2-3)). Below this threshold value the velocity profile in the viscous layer 
changes character completely from a convex parabolic form to gradually approach an inverted, concave form. For 
a Newtonian fluid like water the flow is known to easily become instable in curved channels and one explanation 
for the observed behavior may be coupled to the transition to an unstable flow.    
 
From the µPIV measurements it follows that as the flow rate increases the initially non-symmetric flow induced by 
the elbow geometry and the plug flow structure caused by the yield stress characteristics of the grease (Fig. 1b) 
approach a more symmetric and parabolic flow profile. Also, wall slip was found to be more prominent for low flow 
rates and to decrease with an increasing flow rate. Furthermore, the wall slip increase with the NLGI grade 
indicating that phase separation may be responsible for wall slip and that the wall slip is dependent on the yield 
stress properties of the grease. The effect on the wall slip by a varying shear rate is seen in Fig. 1b where the slip 
effect is larger at the inner radius where the velocity is lower. A general observation from the flow visualizations is 
that with an increasing shear rate the non-Newtonian effects which strongly influence the flow at low shear rates 
gradually fades away.    
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