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Abstract 
Couette flow is often encountered in concentric cylinder application such as rheometers etc. Being able to 
visualize such flows is of interest both from a fundamental point of view to understand the dynamics of 
complex fluids, but also in specific applications such as lubricants flowing through seal geometries. In this 
study a concentric cylinder test rig has been designed to visualize Couette flow in both radial and axial 
direction using micro Particle Image Velocimetry. The rig allows for control of the flow motion; the rotating 
inner cylinder creates a peripheral flow and an applied pressure in the axial direction creates a pressure 
driven flow. Thus, a single flow direction or a combination of directions can be analyzed. To demonstrate the 
technique a flow of a non-Newtonian shear thinning fluid in the form of lubricating grease was investigated 
and discussed. It is found that it is possible to capture the yield behavior of the grease, with regions of fully 
and partially yielded flow visible. The influence of temperature creep flow is also presented. Grease with 
both high and low yield stress are measured and compared could be measured and compared in a pocket with 
variable size. Furthermore, non-homogeneous effects such as shear banding and wall slip can be visualized. 
The test rig has thus a high potential to investigate the influence of wall material and wettability between 
fluids and the housing on the flow and wall slip behavior as long as the fluid is optically transparent. 
 
1. Introduction 

 
The possibility to measure and visualize the motion of flow is very important for the understanding and 
modeling of fluid flow. Cylindrical shear driven Couette flow is a standard type of flow, which, for instance, 
can be found in rheometers based on concentric cylinders. Since rheometers just measure the response of the 
fluid and not the details about the fluid flow knowledge of the flow in the cylindrical gap is necessarily for 
the understanding of rheology fundamentals. In the case of complex non-Newtonian multi-phase materials 
such as lubricating greases measurements often yield that there is a slip between the fluid and the wall [1-3]. 
This results in erroneous rheometer results if not accounted for in the model of the velocity profile. Other 
effects, such as shear banding, caused by non-homogeneities in the grease may also lead to deviations from 
the assumed velocity profile [4]. Another application where flow visualization is of great help is sealing 
systems where the tracing of contamination particles entering a lubricated system is of vital interest in order 
to minimize the negative effect on the lubricated components. With knowledge of the flow dynamics of the 
lubricating grease in the system, the geometry can, for instance, be designed to stop contamination particles 
to enter critical regions [5,6]. Other applications for shear and pressure driven Couette flow of 
non-Newtonian fluids is composites manufacturing [7-9], paper making [10] and foods processing [11]. 
Hence there are numerous reasons to develop tools that can be used to increase the understanding of general 
Couette flow for non-Newtonian fluids. In the current work we propose that an experimental test rig with 
cylindrical geometry can be used for this purpose.  
 
Computational fluid dynamics (CFD) is another important simulation tool to describe the flow of different 
fluids. The flow behavior of a fluid can be calculated based on different rheological models. Analytical 
models have also been used to demonstrate Couette flow using a Herschel-Bulkley fluid model [12]. 
However, these numerical or analytical solutions should be validated with experimental measurements. 
Micro Particle Image Velocimetry (µPIV) has been used for the last decade as a powerful method to 
visualize and quantify fluid flow in narrow applications [13]. A µPIV system consists of a high-speed CCD 
camera, an optical microscope, a pulsed laser, and a computer to process the data; shown in Figure 1. The 
basic principle behind µPIV is to measure the speed of tracer particles within a fluid using a pulsed laser as 
the light source. By assuming that these particles follow the flow perfectly, the fluid velocity can be derived. 
The laser pulses are synchronized with the camera, resulting in a set of images taken with a certain 
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frequency. As shown in Figure 2, the particle motion from one image frame to the next is tracked using a 
cross correlation technique, resulting in the in-plane direction and velocity of the particles and hence the 
motion of the fluid. 
 
The design of the test rig in focus was primarily done with the purpose to visualize the flow of grease. The 
classical definition of grease states ‘lubricating grease is a semi-fluid to solid product of a thickener in a 
liquid lubricant’ [15]. Gow [16] points out that this definition establishes one very important fact: grease is 
not thick (viscous) oil, it is thickened oil, a multi-phase system consisting of at least two well defined 
components, a thickener (gelling agent) and a fluid lubricant. Grease is widely used in industry as a lubricant 
where its complicated rheology including a yield stress and shear thinning properties has turned out to be 
useful. Grease has also been reported to slip at solid walls. Bramhall and Hutton [1] pointed out that such 
wall slip is due to the displacement of thickener fiber aggregates implying that the matrix concentration 
increases gradually from a low value at the wall to that of the bulk grease within the slip layer. A recent 
study [17] shows grease slips on a low thickener concentration layer, which is in accordance with previous 
study [1]. Czarny [3] argued that there exists a condensed layer of matrix thickener at the wall due to the 
interactions between the particles of the grease thickener and a depleted thickener layer near the wall with 
low viscosity.  
The motivation of this study is to use grease as a sample to visualize shear and pressure driven Couette flow 
in cylindrical geometry using µPIV. The flow of lubricating grease will be shown and discussed. The design 
is generic and any optically transparent fluids can be used in the test rig to determine the detailed fluid 
dynamics.    
 

 
Figure 1 Overview of the µPIV system. From Nordlund et al. [14] 

 

 
Figure 2. Principle of µPIV. Courtesy of Dantec Dynamics A/S 
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2. Experimental setup and methods 
With grease in focus and with fundamental question coupled to non-Newtonian fluids related to the yield 
behavior, shear thinning, wall slip and shear banding, a test rig has been designed to enable flow 
visualizations in a concentric cylinder geometry using µPIV.  
  
2.1 Test rig and µPIV system 
The test rig used in this study is the second generation in the development to experimentally visualize 
combined pressure and shear driven cylindrical Couette flow, see [5]. A CAD model of the final design is 
shown in Figure 3a. Central for the design is the circumferential pocket where the motion of the fluid is 
measured. This is the small blue area partly formed by two glasses indicated with yellow color. The distance 
from the stationary wall to the rotating shaft is 1.5 mm, shown in Figure 3b. A ring with thickness of 1.1 mm 
can be added to the test rig to narrow down the measuring pocket to 0.4 mm. The grease is pumped into the 
larger blue area to the right and is then allowed to flow into the fluid pocket as shown by a horizontal arrow 
in Figure 3b and out of it as shown by the vertical arrow in the same Figure. The velocity profiles can be 
detected in both the axial and radial direction; see the two camera symbols in Figure 3b. Using the different 
positions in the axial- and radial direction visualizations of a 3D general Couette flow can be obtained [5]. 
The µPIV system used here is a commercially available system from Dantec Dynamics A/S and consists of a 
Litron LDY301 Laser.  Image acquisition and post-processing is controlled and performed with the 
DynamicStudio sofeware. 
 
The attention in this paper is on shear driven flow and measurements in the radial direction in focus plain F2, 
see Figure 3b. Still fluid is pumped into the measuring volume with a minor flow rate of 0.1 ml/min to keep 
the pocket full of fluid during the experiment. 
 
2.2 Materials 
To demonstrate the test rig three lithium greases with different consistency have been considered, these grades 
are NLGI 2, NLGI 1 and a NLGI 00 grease, respectively. To describe their rheology a Herschel-Bulkley 
rheological model is applied according to [18-20]: 

n

dy
duK 








+= 0ττ    .                 [1] 

 
Here τ is the shear stress, τ0 the yield stress, K the consistency parameter of the grease, and n the Power Law 
exponent – which for a shear thinning material like grease is smaller than one. The rheological data for the 
greases can be found in Table 1. The NLGI 1 and NLGI 2 greases show shear-thinning properties with a 
non-zero yield stress value and a power law exponent smaller than 1, while the NLGI 00 grease shows a near 
to Newtonian behavior. 
 
2.3 Experiment and evaluation 
The greases were doped with spherical MN-polymer, Rhodamine B, particles with a diameter of 3.23 µm. 
From experiments results, this kind of trace particles are small enough to follow the grease flow and do not 
agglomerate much in grease. The greases were pumped into the test rig by a syringe with a constant flow rate 
of 0.1 ml/min as the arrows indicate in Figure 3b. The microscope was set on a magnification of 10X. The 
moving of the florescent particles was recorded with a CCD camera and further evaluated by DynamicStudio 
software. Influence of different temperatures was also investigated in the pocket without ring. The test rig 
was put into an insulated chamber and warm air was used to obtain the temperatures 25, 70 and 100ºC. The 
flow velocity near the outer stationary housing wall is very small compared to the velocity close to the 
rotating shaft, thus a different time scales were used to double check the velocity profiles for shaft speed 0.05 
m/s at different temperatures. The time scale used for the grease flow in the whole pocket is 350 µs while for 
grease flow near the stationary wall it is 2800 µs. These time scales will be discussed in §3.1.  
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(a) 

 

 
(b) 

 
Figure 3 (a) CAD model of the DRS test cell. In the small picture to the left the yellow area indicate the view port 

glass holder. Fluid is pumped into the large chamber represented by the big blue area to the right, and further into the 
grease pocket (small blue area to the left in the picture). (b) Close up of the measurement pocket. 

 
Table 1 Rheological parameters and viscosities for the greases based on the Herschel-Bulkley rheological model [21]. 
 

 τ0[Pa] K[Pa·sn] n[-] Base oil 
viscosity(Pa·s) 

NLGI 00 0 1.85 1 0.89 
NLGI 1 189 4.1 0.797 0.49 
NLGI 2 650 20.6 0.605 0.25 
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3. Results and discussion 

 
The results are presented mainly in terms of velocity profiles. Grease flow in the pocket with and without 
ring are shown and compared. Figure 4 shows µPIV picture of grease flow in the test rig with the arrows 
indicating average vector of the flow giving. 
 

 
Figure 4. µPIV picture of grease flow in the test rig with arrows showing the flow direction and order of magnitude of 

the flow velocity 
 
3.1 Grease velocity in the pocket without ring 
 
In this section results from temperature variations on the flow in the pocket without ring are presented. This 
implies that there is 1.5 mm gap between the stationary wall and the rotating shaft. Focus is also on creeping 
flow near the stationary wall. 
Figure 5 shows the velocity profiles of NLGI2 grease at different temperature at a shaft speed of 0.05 m/s. 
Two time scales were used to calculate the velocity of grease, a short time scale of 350 µs for the whole gap 
between shaft and wall and a long time scale of 2800 µs only for the grease flow near the stationary wall 
where the speed of the grease is small. At 25ºC, the results of the short time scale (markers +) are accordance 
with that of long time scale (unfilled  markers ◊); at 70ºC, the results of long time step are slightly higher; 
while at 100 ºC, the difference of the results from the two time step is distinct and can not be ignored. This 
could be explained by the influence of temperature on the yield stress of grease. Gow [22] has pointed out 
that the yield stress of the greases decreases as the temperature increases. That is to say that the grease moves 
more easily at elevated temperature. This is also seen in Figure 4 where the unyielded region, i.e., the area 
where the shear stress in the grease is below the yield stress is larger at low temperature (starting at a radial 
position of about 0.0210 m at 25 ºC) compared to at elevated temperature (about 0.0215 m at 100 ºC).  That 
is, as the temperature increases grease will start to move closer to the outer housing wall. This is consistent 
with for both time scales, and as the temperature increases, this unyielded area should become smaller, which 
is shown clearly by the results for the long time step. The creep phenomenon at elevated temperature should 
be considered. This kind of very low velocity is difficult to visualize using short time steps, and longtime 
step is a better choice here. The velocity profiles of NLGI 2 grease at 100ºC is shown in Figure 5 as 
T100_new considering the creep flow near the stationary wall.  

 
The three test grease velocities profile in the pocket without ring is shown in Figure 6 (Baart et al. [6]). The 
velocity profiles in the pocket without ring shows two sections, one area with stationary, unyielded grease near 
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the stationary wall and one yielded part influenced by the shaft motion. For the moving part, NLGI2 and 
NLGI1 greases show curved velocity profile, while NLGI00 grease shows a more linear characteristic due to 
its Newtonian fluid properties shown in Table 1. Furthermore, it is shown that for the same shaft speed of 0.02 
m/s, the unyielded stationary part of the NLGI 2 grease extends further from the stationary housing than the 
corresponding region for the NLGI 1 grease. This result follows from the higher yield stress value of NLGI 2 
grease compared to the NLGI 1 grease.  
Conclusively, using mPIV for the pocket without ring Couette flow at different temperatures and for 
different greases can be investigated. The velocity profiles can be evaluated at different time scales. The 
creep flow and unyielded area of grease can be established.  Flow profiles of fluids with different rheology 
can be investigated in the test rig. 

 

 
Figure 5. Velocity profiles of NLGI 2 grease at different termperatures at shaft speed Us=0.05m/s. T25 is for short time 

scale for the whole grease pocket and T25 wall is for longtime scale close to stationary wall at 25ºC, and this is the 
samse as at 70ºC and 100ºC. 

 

 
Figure 6 Velocity profiles of the three test greases in test rig without ring at low and high shaft speed Us [6]. 
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3.2 Grease velocity profiles in the pocket with ring 
Figure 7 reveals that three different regions (upper and lower indicated in Figure 7 by dotted rectangles) are 
present for the NLGI 2 grease velocity profile in addition to the wall slip layers: a relatively high shear rate 
region in the vicinity of the stationary housing wall (upper wall in Figure 1), a mid-region where the velocity 
increases continuously in the direction towards the moving shaft boundary, and thirdly a high shear rate 
region in the vicinity of the rotating shaft. 
 
 

 
Figure 7. Velocity profile of the NLGI 2 grease in the test rig with ring. Us=shaft peripheral speed [4] 

 
 

Figure 8 Dimensionless velocity profiles close to the stationary housing wall for the three greases [4] (u/Us, u is 
velocity of grease and Us is shaft speed); ◊ low shaft speed 0.02 m/s (0.027 m/s for NLGI 00 grease), ∆ medium shaft 
speed 0.05 m/s (0.065 m/s for NLGI 00 grease), ○ high shaft speed 0.075 m/s; no fill for NLGI 00, grey for NLGI 1 

and black for NLGI 2 grease [16] 
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Figure 8 shows that a slip layer is present in the region stretching immediately from the stationary housing 
boundary wall to the location of the first data point (about 0.020380 m).  The existence of a slip layer where 
the velocity undergoes a rapid change within a very short distance is indicated by the discontinuous 
behaviour of the velocity profile: by moving towards the stationary housing the velocity is not continuously 
approaching a zero value which it would do for the case of a no slip boundary condition. Hence, by 
extrapolating the velocity profile to the boundary we get a non-zero (slip) velocity. 
This part shows the potential of the test rig combined with µPIV to present the wall slip and shear banding 
phenomena. Another possibility of the test rig is to investigate the influence of the wettability of the fluid and 
the wall on the flow in concentric cylinder geometry. The ring could be replaced by the materials with 
different wettability, e.g., steel, brass, PTFE, and further on the flow behavior could be detected and 
discussed. With the velocity profiles near the stationary ring, it is also interesting to measure them with 
higher magnification, which has been used in rectangular channel [21] to show the wall slip behavior. 
 
3.3 Comparison of grease velocity profiles in pockets without and with ring 
 
Velocity profiles for NLGI 2 grease are shown in Figure 9 versus radial position with the dotted line indicating 
the ring position; the grease velocity profile with ring is almost following the velocity profile without ring at 
lower shaft speed, while it is more linear at higher shaft speed compared with and without ring. It is apparent 
that the grease is partially yielded in the grease pocket without ring, and the yield point approaches the 
stationary wall at the top of the diagram as the shaft speed increases from 0.02 m/s to 0.075 m/s. In the case 
with ring the grease is fully yielded in the whole test pocket, i.e., the grease moves also close to the ring 
(0.0204 m in the Figure).  
Here the grease velocity profile for the case with ring is almost following the corresponding velocity profile 
for the case without ring at the lower shaft speed. The profile has a more curved form for the lower shaft 
speed, while it is more linear at a higher shaft speed comparing the cases with and without ring.  
Thus, by introducing a ring in the pocket the physical height of the pocket is changed, giving a more 1 D 
flow. This implies that from a situation having a large gap where some of the grease is not moving (near the 
housing wall) all grease will move as the ring is inserted.  The thickness of the ring can be varied to create 
different distances between the rotating shaft and the stationary (ring) wall and mPIV can be used to 
investigate the influence of the pocket size on the Couette flow. 
The thickness of the ring could be varied to make different distances from the rotating shaft and the 
stationary ring and different size of the pocket could be used to investigate the influence of the pocket size on 
the cylindrical Couette flow. 

 
Figure 9. Velocity profile of the NLGI 2 grease in the test rig without and with ring vs. radial position [4]. 
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4. Error source discussion 
Measurements with μPIV are generally done with high accuracy. Since the velocity in this study is low, 
errors in the time measurement between two pulses are insignificant compared to errors caused by the 
uncertainty in measuring the displacement between two images [23]. 
It is crucial that the tracer particles are small enough to follow the flow for high spatial resolution. 
Aggregation may also cause errors when small particles are used. The proper size of the particle is very 
important to reduce the errors. 
The calibration of the scale is another sauce of errors. The height of the pocket without ring (1.5 mm) and 
with ring (0.4 mm) has been used for calibration of the distance. The blurry boundary due to the aggregation 
of the particles made the difficulties of calibration and caused errors, especially for the pocket with ring. It is 
difficult to measure this kind of error but experience on the same test rig can reduce it. 
During the evaluation process, the interrogation area plays an important role to the results. If it is too small, 
the motion of the particles could not be detected; and if it is too large, the noise becomes high. To choose the 
proper interrogation area is very crucial to avoid system errors. 
 
5. Conclusion 
A test rig has been designed to experimentally visualize Couette flow using micro Particle Image 
Velocimetry. The rig also allows for an axial pressure gradient enabling a combined Couette/Poiseuille flow 
in a concentric cylinder geometry. It is shown that the rig works for highly non-Newtonian materials; in this 
study represented by lubricating greases. The test rig has a great potential to visualize non-homogeneous 
effects such as shear banding and wall slip. The rig can also be used to investigate the influence of the 
wettability of the fluid and the wall on the Couette flow and wall slip behavior. For this study, integration 
area 16x256 pixels (16 pixels in radial direction and 256 pixels in axial direction) was used for all the 
evaluation processes for both with and without ring. The reason is that the velocity of grease is variable in 
the radial direction and uniform in axial direction. The smallest distance in radial direction 16 pixels and 
biggest distance 256 pixels were chosen to reduce the possible errors. 
 
 
Acknowledgements 
The authors would like to thank Swedish Research Council (VR) for financial founding for this project. The 
research engineers Allan Holmgren and Tore Serrander are also acknowledged for their help in the lab. The 
authors will also thank PhD Torbjörn Green for his help during the measurements with µPIV and for 
valuable discussions. 
 
References 

[1]. A.D.Bramhall and J.F. Hutton, Wall effect in the flow of lubricating grease in plunger viscosimeters, 
British Journal of Applied Physics(1960):11, 363-369 

[2]. E.O. Forster and J.J. Kolfenbach and H.L. Leland, Fibers, forces and flow, NLGI Spokesman 
(1956):20, 16-22 

[3]. R.Czarny, the influence of surface material and topography on the wall effect of grease, Lubrication 
Science(2002): 14, 255-273 

[4]. Li J.X., Westerberg L.G., Höglund E., Lugt P, Baart P., Lubricating grease shear flow and boundary 
layers in a concentric cylinder configuration, Tribology Transactions, accepted. 

[5]. Green, T. M., Baart, P., Westerberg, L. G., Lundström, T. S., Höglund, E., Lugt, P. M., & Li, J. X. 
(2011). A new method to visualize grease flow in a double restriction seal using microparticle image 
velocimetry. Tribology Transactions, 54(5), 784-792. 

[6]. Baart, P., Green, T. M., Li, J. X., Lundström, T. S., Westerberg, L. G., Höglund, E., & Lugt, P. M. 
(2011). The influence of speed, grease type, and temperature on radial contaminant particle 
migration in a double restriction seal. Tribology Transactions, 54(6), 867-877. 

[7]. Odenberger, P.T., Andersson, H.M., Lundström, T.S., “Experimental flow-front visualisation in 
compression moulding of SMC” Composites Part A, 35, pp. 1125-1134  (2004) 



4TH INTERNATIONAL CONFERENCE ON EXPERIMENTAL FLUID MECHANICS 
Beijing, China, August 12-15, 2014 

10 

[8]. Lundström, T.S., Holmberg, J.A., Sundlöf, H. “Modelling of power-law fluid flow through fibre 
beds”  Journal of Composite Materials, 40, pp. 283 - 296 (2006) 

[9]. Gibson, AG, Toll, S Mechanics of the squeeze flow of planar fibre suspensions, Journal of 
non-newtonian fluid mechanics 82 (1), 1-24 (1999) 

[10]. Björkman, Ulf: Flow of flocculated fibres, ISBN 91-7170-178-8, 1999 
[11]. Leong, Y. K., & Yeow, Y. L. (2003). Obtaining the shear stress shear rate relationship and yield 

stress of liquid foods from couette viscometry data. Rheologica Acta, 42(4), 365-371. 
[12]. Chatzimina, M., Georgiou, G., & Alexandrou, A. (2009). Wall shear rates in Circular couette flow 

of a Herschel-Bulkley fluid. Applied Rheology, 19(3) 
[13]. Raffel, M.,Willert, C. E., Wereley, S. T., and Kompenhans, J. (2007), Particle Image Velocimetry, 

A Practical Guide, Springer Verlag: Berlin 
[14]. Nordlund, M. Fernberg, S.P. and Lundström, T.S., Particle deposition mechanisms during 

processing of advanced composite materials, Composites: Part A (2007); 38: 2182-2193 
[15]. ASTM D 128-94a, Annual Book of ASTM standards/American Society for Testing and Materials, 

1996. 
[16]. Gow G., “Lubricating Grease” ch.11 in “ Chemistry and Technology of lubricants”, Edited by R.M. 

Mortier and S.T. Orszulik, VCH publichers, 1994 
[17]. Li J.X., Westerberg L.G., Höglund E., Lugt P, Baart P., Experiments study of free surface grease 

flow subjected to centrifugal forces, 16th Nordic Symposium on Tribology, Århus, Denmark, 
10-13th, June, 2014 

[18]. Palacios, J.M., Palacios, M.P., Rheological properties of greases in EHD contacts. Tribol. Int. 
1984;17(3):167-71. 

[19]. Yousif, A.E. Rheological properties of lubricating greases. Wear. 1982;82(1):13-25. 
[20]. Herschel, W.H. and Bulkley, R., Measurement of consistency as applied to rubber-benzene 

solutions, American Society of Testing Materials Proceedings (1926), 26:621-633 
[21]. Westerberg, L. G., Lundström, T. S., Höglund, E., & Lugt, P. M. (2010). Investigation of grease 

flow in a rectangular channel including wall slip effects using microparticle image velocimetry. 
Tribology Transactions, 53(4), 600-609. 

[22]. Gow, G. M., “The CEY to Grease Rheology,” 1991 Transactions of Mechanical Engineering, The 
Institution of Engineers, Australia, Special Issue Tribology, ME 16(3): 202-205. 

[23]. Adrian R. J. Laser velocimetry, In: Fluid Mechanics Measurements, Taylor & Francis,Washington, 
2nd edition; 1996 pp.175 – 299. 


