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Abstract. Stream finishing is accepted as one of the post processing operations. 

It is not only capable of grinding but also offers polishing of additive manufac-

tured components, having advantages of larger material removal rates and con-

trollable toolpath. We have developed a modelling stream finishing through semi 

quantitative prediction via computational fluid dynamics (CFD) simulations. The 

scheme couples the granular flow field with the material removal model by solv-

ing the granular flow using a continuum-based method. For the rheology, the 

media viscosity is determined to resolve the flow field so the pressure induced 

by the media and the material removal rate can be predicted. The model calibra-

tion involves developing a tribometer and using it to measure the media pressure 

for several scenarios based on the rotational speed of the drum (30rpm), radial 

distances of the tribometer (100, 250, 400mm), submerged depths (100, 200, 

250mm) and its glancing angles (0, 15o, 30o, 45o, 60o, 75o, 90o). The work is 

extended to study the media flow for a simplified square work piece. The results 

indicated that the particle velocities on the surface of the work piece predicted by 

simulations are comparable to those of experiments. They show similar patterns 

and magnitudes for the parameters tested, which demonstrate the capability of 

the model to correctly predict the granular flow field. 
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1 Introduction 

Additive manufacturing technology produces metallic components with a variety of 

geometries. The components fabricated by additive manufacturing often have rough 

surfaces that seriously limit the potential of manufacturing technique. Such components 

including those having the complex geometries require to be post proceeded before 

putting them into the service. 

Loose abrasive mass finishing techniques have been known to be capable of volume 

polishing of engineering components. However, the goal of uniform polishing remains 

a difficult challenge. Stream finishing is considered to be a candidate for external fin-

ishing of additive manufacturing parts because it can induce larger material removal 
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rate compared to other finishing process such as the vibratory finishing. Stream finish-

ing can control the toolpath by introducing a robot arm, leading to more increased free-

dom. The primary challenge is how to design the toolpath to finish the components with 

complex geometry. 

One solution is to create a simulation model of media flow and material removal. By 

using them, the material removal can be predicted. This solution will reduce the trial 

and errors of polishing the components. Several parameters need to be identified by 

performing sensitivity analysis to develop models that can predict the desired output. 

For example, if the flow is considered to be of granular, the continuum and Navier-

Stokes equations can be employed. To create the simulation model, the physical param-

eters (e.g. pressure, velocity) should be obtained. Therefore, appropriate devices must 

be prepared. However, there is no established method and apparatus to measure pres-

sure and velocity in stream finishing [1-3]. 

The main objective of our work is to develop capabilities in process modelling and 

simulation for external finishing of additive manufactured components. This will give 

semi quantitative predictions and/or insights into local stock removal distribution to 

help experiments having more uniform polishing. Consequently, it will reduce the num-

ber of trials and errors of experiments. The fundamental idea of the modelling method-

ology is to couple the granular flow field [4-5], in which the work piece is immersed, 

with a material removal model [6-7]. The granular flow-field is then solved using a 

continuum-based rheology model [8-9]. The main reason why this approach is em-

ployed is because the discrete element method (DEM) that accounts for all granular 

particles as individual entities is simply not feasible on industrial scales. 

2 Rheology Model, Methodology and Experimental Set-up 

2.1 Rheology Model and Simulation Methodology 

The rheology model adopted in our work is based on the one presented by Jop et al. 

[8]. The inertial number I is given by  

𝐼 =
|𝛾𝑖𝑗|𝑑

√𝑃
𝜌𝑝⁄

                                                          (1) 

 

where |γij| is the strain rate, d is particle size, P is isotropic pressure and ρp is particle 

density. The coefficient of friction µ(I) that is a function of inertial number I can be 

calculated from 

𝜇(𝐼) = 𝜇1 +  
𝜇2−𝜇1

𝐼0
𝐼

+1
                                                      (2) 

 

where µ1, µ2 and I0 are constants. The media viscosity η that is responsible for the wear 

on the work piece or component can be determined from  

 

𝜂 =
𝜇(𝐼)𝑃

|𝛾𝑖𝑗|
.                                                          (3) 
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The implementation of this rheology model in the CFD solvers (e.g. ANSYS Fluent 

and CFX) is via a user-defined function (UDF) that is incorporated into the solvers as 

these rheology equations are not standard functions in those solvers. The UDF contains 

the steps described in the flowchart in Fig. 1. This granular viscosity η is the variable 

that must be determined by the solvers as it is used to resolve the granular flow field. 

 

 

Fig. 1.  The flowchart describing the steps in the UDF that is incorporated in the CFD solver to 

determine the granular viscosity η. 

For the purpose of the model calibration against the experiment, a tribometer has 

been developed. This device was used in the experiments to measure the force (and 

hence pressure loading) imposed by the granular flow on its surface. With the appro-

priate constants parameters, the model can predict the flow field and material removal 

rate of any work piece in a given granular flow. 

 

2.2 Experimental Set-up 

The stream finishing equipment for the experiment at ARTC (Advanced Remanufac-

turing Technology Centre) consists of a 1070mm-dia drum (SF-105-A-W, OTEC) that 

has 330mm maximum depth to contain media particles (see Fig. 1(d)). It has a 0-

100rpm rotational speed range. It is also equipped with a robotic arm (IRB 4400/60, 

ABB) that holds the component or work piece. The media particles (KM6, OTEC) are 

made of polymer and have blunt conical shape with size of 6mm base diameter and 

6mm height. For the work presented here, the calibration is done by means of pressure 

measurements. A tribometer has, therefore, been designed with a load cell (U93, HBM) 

enclosed in a steel casing and with a 16mm-dia button on which the media force is 

measured (for the pressure to be determined). The tribometer is to be attached to a 

25mm-dia steel rod held by the robotic arm, and to be submerged in the rotating drum. 

In the experiments, the drum was set to rotate with 30rpm speed. The experimental 

technique employed here is described in detail by Itoh et. al. [10]. 
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3 Calibration of the Rheology Model 

The CFD simulations for the calibration of the rheology model were performed using 

ANSYS Fluent. Additionally, ANSYS CFX was used for comparison. Fig. 2 illustrates 

the representation of the stream finishing drum in the computational model, which con-

tains the granular media and the tribometer. Steady state simulations were carried out 

and the media flow inside the drum was assumed to be laminar. For the flow to be of 

single phase, only the media that is treated as a continuum fluid was considered. There-

fore, the evolution of the free surface of the media (which results from the drum rotation 

and its centrifugal force that would tend to move the particles towards the side of the 

drum wall) was not modelled. Note that although both ANSYS Fluent and CFX are 

capable of resolving the free surface evolution using the volume of fluid (VOF) scheme, 

this type of simulation is not in our current scope. 

For the calibration purpose, we consider the cases whereby the drum was rotated at 

30rpm speed. Three parametric studies with varying radial distance r, depth z and glanc-

ing angle θ carried out were:  

a. r = (100, 150, 200, 250, 300, 350, 400) mm, z = 200mm (constant),  θ = 0;    

b. r = 250mm (constant), z = (100, 150, 200, 225, 250) mm, θ = 0; 

c. r = 250mm (constant), z = 200mm, θ = (0, 15o, 30o, 45o, 60o, 75o, 90o). 

The boundary conditions (BC) of the computational model are as follows. The top sur-

face was set with pressure outlet BC. The side and bottom surfaces were set as rotating 

walls with 30rpm speed with respect to the positive y-axis so the flow was in the anti-

clockwise direction. The tribometer and its holder were set with stationary wall BC. 

 

 

Fig. 2.  The schematic of the domain for CFD simulations shows the tribometer model as a work 

piece submerged inside a rotating drum filled with granular media. The drum has a diameter of 

1070mm and maximum depth of 330mm. The parameters used are as follows: r is the radial 

distance of the tribometer button from the centre, z is the depth of the tribometer button from the 

free surface and θ is the glancing angle with respect to the normal direction. The drum containing 

the media used in the experiment at ARTC is also shown (inset: media particle sample). 

The calibration aims to obtain the suitable values of constants µ1, µ2 and I0 of the 

rheology model that is incorporated in the solvers (via the UDF). For this, a simple trial 

and error method has been adopted in which initial values of the constants are used in 

the UDF. The CFD simulation is then run with given operating parameters to calculate 

the granular viscosity η. The pressure reading on the surface of the tribometer is com-

pared with the one measured in the experiment. If the pressure loading matches, the 

constants and setting in the simulation are retained and the simulation is completed. 

Otherwise, the values of the UDF constants are adjusted and the simulation is rerun. 
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From the simulations, we estimated the constants to be µ1 = 0.35, µ2 = 0.65 and I0 = 

0.3. For the current work, this simple approach is deemed sufficient. However, future 

studies may be required to better determine the constants of the rheology model.   

Three different mesh resolutions were tested (coarse, medium and fine mesh, see 

Fig. 3) for the case with distance r = 0.250mm, depth z = 0.200mm and θ = 0. The mesh 

counts were 46,600, 86,511 and 261,541 for the coarse, medium and fine mesh, respec-

tively, in polyhedral form. In the rheology model, 6mm particle diameter d and esti-

mated density ρp of 2918kg/m3 (obtained from the experiment) were used. The pressure 

loading imposed by the media flow on the tribometer for the coarse, medium and fine 

mesh were 36.5kPa, 36.7kPa and 36.9kPa. The medium mesh resolution was, therefore, 

used for the subsequent simulations, which gave accurate results and yet economical 

computational time.  

 

 

Fig. 3.  Close-up views of computational cell (mesh) across the media, showing the tribometer 

located at distance r = 250mm, depth z = 200mm and θ = 0. Three different types of mesh reso-

lution were initially tested: coarse, medium and fine, shown here in tetrahedral type.  

 

 

Fig. 4.  Plan views of the plots of velocity contours around the tribometer on the horizontal cut 

planes for different scenarios based on radial distance r, depth z from the free surface and glanc-

ing angles θ. The drum is rotated at 30rpm in an anti-clockwise direction.  

 
                (a) Coarse mesh                     (b) Medium mesh   (c) Fine mesh 
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Fig. 4 shows selected plots of velocity contours on the horizontal cut plane across 

the tribometer for three parametric studies. From the colour of the contour plots, the 

media flow velocity is shown to increase proportional to radial distance r. The flow 

features show that the tribometer (as a work piece) provides a blockage such that the 

media particles must go around it as they move. This consequently alters the flow field 

in the surrounding the tribometer including the formation of a stagnation region. In 

practice, the media particles that are in contact with the surface of the work piece will 

erode the surface so as to polish it, which is the main intention of the surface finishing. 

The comparison shown in Fig. 4(a-c) for the cases of fixed depth z = 200mm and 

different distances r of 100mm, 250mm and 400mm, indicates that the tribometer is 

naturally subjected to an increasing velocity regime as distance r increases. As a result, 

the pressure loading imposed by the media in front of the tribometer rises. The plots of 

pressure loading measured by the tribometer button in Fig. 5(a) show a good compari-

son between the simulations (Fluent and CFX) and the experiment whereby the pres-

sure increases from just over 25kPa to nearly 50kPa in a near linear fashion. The pres-

sure measured in the experiment for the case of r = 250mm and z = 200mm is, however, 

lower than the one predicted by simulations. 

 

 

 

Fig. 5.  Plots of pressure loading on the tribometer for different radial distances r, depths z and 

glancing angles θ. The comparison suggests that the prediction by simulations shows a similar 

trend as measured in the experiment.  

For cases with fixed distance r and different depth z, the plots of velocity contours 

in Fig. 4(d-f) shows no remarkable differences. The comparison of pressure loading for 

different z in Fig. 5 shows that while the simulations from two CFD solvers match quite 

well, the measurement by experiment for z = 100mm is much lower than those of the 

simulations. For different θ, the low velocity region associated with the stagnation point 

 
                 (a) Different radial distance r                                               (b) Different depth z 

 
(c) Different glancing angles θ 
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changes (Fig. 4(g-i)). As the angle θ increases, the tribometer button experiences more 

of shear flow and less stagnated. Consequently, Fig. 5(c) shows that the pressure load-

ing on this surface decreases. However, the simulation using ANSYS Fluent suggests 

that the pressure loading imposed on the tribometer is when the angle θ is around 15o.  

4 Flow Dynamics and Velocity Comparison 

A simplified square work piece was submerged in the media particles such that the 

middle of the work piece was at depth z = 100mm from the free surface. The drum was 

rotated at 30rpm in the anti-clockwise direction. The primary aims are to measure the 

velocity of the media particles that are in contact with the work piece surface and to 

compare the velocity measured in the experiment and that from the CFD simulations in 

which the rheology model has been incorporated. This work piece was made of glass 

hard enough to withstand the pressure imposed by the media flow, and must be trans-

parent for a small Go-Pro camera to be inserted to record the particle flow.  

 

 

 

Fig. 6. The schematic of the computational domain of the simple square work piece inside a 

stream finishing drum showing the isometric, front and top views. Dimensions are in mm. 

Fig. 6 illustrates the schematic of the case study and the domain for the CFD simu-

lations. Note that the square work piece model is not a perfect square. The width of its 

flat surface is only about 20mm but for the present work it was deemed sufficient. For 

this case, the square work piece was placed at a distance r = 250mm from the centre. 

Four cases have been simulated based on the glancing angle θ. To obtain the angle, the 

front of the work piece was rotated in the anti-clockwise direction with respect to the 

vertical axis passing through the coordinate point of (250mm, -100mm, 0). 

We first compare the velocity profile of the media along the radial distance of the 

drum for 30rpm when subjected to a semi-submerged work piece. Note that in the ex-

periment, the velocity was measured on the free surface. However, in the simulation it 

was measured at a depth of 100mm because the free surface was not modelled. Away 

from the work piece, the velocity profile from the experiment and simulation agrees 

well. It follows the v = rω relation. However, in the region about 50mm away from the 

work piece, the profiles deviate. The disparities are associated with the creation of the 

humps and dips on the free surface in the experiment, which do not occur in the simu-

lation as the free surface was not modelled. 
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Fig. 7 shows the comparison of velocity contours on the horizontal cut plane for 

different angles θ. When the media hits the work piece, it creates a stagnation region 

and the media is directed to flow around the surface. As the work piece is rotated and 

θ increases, the shape of the stagnation region changes slightly. Consequently, the front 

of the work piece experiences more shear as the flow passes through and the velocity 

magnitude recorded on this surface increases.  

 

 

 

Fig. 7. Close-up (top) views of the velocity contours plotted on the horizontal cut planes for 

different glancing angles θ of the work piece with r = 250mm, z = 100mm and 30rpm. The red 

dots indicate the location where the velocity of particle in front of the work piece is recorded. 

The horizontal line indicates the positive x axis and the flow direction is indicated by the arrow. 

In the experiment, owing to the nature of the particles, there are voids between par-

ticles that may affect how the particles move. They may rotate and tumble while sliding 

on the surface of the work piece. To take into account the particle shape (blunt conical 

with 6mm size), their rotation and tumbling, the velocity measurement for the compar-

ison with the experiment is taken at the distance of 5mm in front of the surface of the 

work piece. The velocity versus glancing angles θ is plotted in Fig. 8. Note that a pol-

ynomial line of the simulation result is also plotted. From the simulations, the velocity 

appears to increase in a near polynomial fashion, reaching the maximum of about 

600mm/s at around θ = 90o. The velocity magnitude is influenced by the shape of the 

work piece. When we compare the CFD result with that of the experiment, the plots 

show a similar trend but there is a significant disparity especially at the 30o and 60o 

glancing angles. 
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Fig. 8. Plot of particle velocity versus glancing angles of the square work piece with distance r 

= 250mm, depth z = 100mm and rotational speed of 30rpm. 

5 Conclusions 

We have developed the rheology model on stream finishing, calibrated the rheology 

model by means of comparison with a tribometer and predicted the flow field of gran-

ular flow. For the calibration of the rheology model, three parametric studies were per-

formed. By comparing the pressure imposed by the granular flow on the tribometer, we 

were able to estimate the constants, i.e. µ1 = 0.35, µ2 = 0.65, I0 = 0.3. From the study of 

the flow around a transparent work piece model (simple square), the granular velocity 

along the bowl centre line is similar to that of experiment for locations away from the 

work piece to satisfies v = r ω relationship (v is velocity, r is radial distance and ω is 

angular velocity). In the vicinity of the work piece, although CFD generally predicts a 

correct velocity profile, there exists small disparities compared to the experiment, 

which may be attributed to the location of the velocity measurement The velocity versus 

glancing angle plots show that the velocity increases in a near polynomial fashion, and 

the ones predicted by simulations are comparable to those of experiments. The work 

presented here demonstrates that the rheology model we developed is able to simulate 

the correct granular flow field and predict its flow variables.  
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