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a b s t r a c t

A test rig recreating a typical machining induced gas–solid flow is used to investigate the behaviour of the
emitted pollutant particles and their effect upon the airflow around the machine tool. The flow is driven
by a rotating cylinder and a tangential jet of inertial solid particles. Experimental data concerning both
particle flow and air flow are collected by means of phase Doppler particle analyser (PDPA) and particle
image velocimetry (PIV). After describing the specific treatments used to discriminate the two phases,
complete results are provided and discussed. Additionally, with the main objective being to optimize
the design of pollutant capture devices for machining systems, tentative numerical simulations are car-
ried out and compared to experimental data. For the one-phase case (air flow without particles), good
agreement between simulations and experiments is found and the superiority of a wall-function based
large eddy simulation (LES) over realizable k—e modelling is highlighted. For two-phase cases, combina-
tion of LES and Lagrangian tracking with two-way coupling leads to simulation results that are reason-
ably accurate considering the low degree of modelling and the empiricism involved. Particle-to-
particle collisions, disregarded in simulations, appear to be a predominant phenomenon in the jet source
region, thus partly explaining some discrepancies observed between simulations and experiments.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Machining, and in particular the hard-metal machining sector,
is an important source of employee exposure to inhalable dust car-
rying a health risk, cobalt being one example. In this respect, INRS
(Institut National de Recherche et de Sécurité) is currently involved
in developing a method to design pollutant capture devices based
on numerical simulation of the two-phase flows (gas/particles)
produced by machining systems. The particles of pollutants emit-
ted during machining can generally be divided into two main
types: small particles with short response time, presenting a health
hazard, that are transported passively by the airflow, and bigger
particles, whose health impact is low, but that affect massively
the airflow and its turbulence, and hence the dispersion of the
small particles. The main issue being to predict numerically the
dispersion of these small particles, there is a need for a modelling
approach that can accurately predict both turbulent flows gener-

ated by rotating pieces and turbulent flows driven by inertial
particles.

Most of machining operations involving human operators gen-
erate airflows with typical Reynolds number ranging from 104 to
105 (based on the radius and rotation speed of the revolving ele-
ment). The transient nature of the machining process, the presence
of protruding parts on the rotating element (chuck jaws, teeth), as
well as the time evolving geometry, make the existence of a
stationary mean flow questionable if not impossible, hence the
necessity of using transient simulations. Machining induced air-
flows are characterized by strong streamlines curvature, rotor–sta-
tor interactions, and turbulence occasionally dominated by
vortices shed behind protruding parts of rotating elements. These
characteristics are known to be unfavourable to RANS modelling.
Experiments on three-dimensional turbulent boundary layers (typ-
ically encountered against a circular saw) revealed significant mis-
alignment of the Reynolds shear stress vector with respect to the
mean velocity gradient vector (Littell and Eaton, 1994; Bradshaw
and Terrell, 1969), thus invalidating the concept of scalar eddy vis-
cosity. More recently, while considering the case of a simple rotor–
stator flow, Andersson and Lygren (2006) showed numerically that
this misalignment could keep up far beyond the buffer region.
Therefore isotropic RANS eddy-viscosity models are likely to fail
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partially in rotor–stator flows, and efficient modelling of machin-
ing airflows would require, at least, the use of an unsteady RANS
model fully taking Reynolds stresses into account. In terms of com-
putational complexity, large eddy simulation (LES) appears to be a
competitive alternative, provided that the mesh requirements re-
main reasonable. This can be achieved by coarsely resolving the
LES in the near-wall region, which is the most demanding zone
in terms of spatial discretization, and modelling the flow using a
wall-function in this region. This introduces quite a lot of empiri-
cism, but can be partly justified in flows in which near wall turbu-
lence is not a main issue. We found, however, that such a wall-
function based LES performs surprisingly well for the specific case
of the smooth spinning disc, where wall turbulence is fundamental
(Belut et al., 2005). Additional evaluation of the performances of
such a LES applied to real-like machining conditions can be ob-
tained from comparison with the measurements performed on a
test rig that was realized and instrumented to serve as a reference
case.

The experimental apparatus and measurement techniques are
described in the next Section, then the paper goes on to present
the numerical methods used to compute the motion of the gaseous
and discrete phases in the test rig. In Section 4, experimental results
are given and discussed for both the single-phase airflow and the
two-phase cases, and comparison is proposed with the numerical
predictions to evaluate the interest of the simulation technique.

2. Experimental facility and measurement techniques

The original experimental apparatus developed, sketched in
Fig. 1, has been briefly presented formerly (Belut et al., 2006). It
is made up of an aluminum cylinder (diameter 130 mm, length
150 mm) rotating inside a transparent parallelepiped-shaped
enclosure (400 � 400 � 600 mm). A particle jet recreating the ven-
tilation effects of a real pollutant is obtained thanks to a feeding
system that continuously pushes spherical glass microbeads in a
metallic nozzle against the rotating cylinder, whose surface has

been made rough in order to help evacuate the particles by friction.
The obtained particle jet is stable, and its flow rate is controlled.

2.1. Discrete phase measurements

Particle velocities, diameters, fluxes and concentration in the jet
were measured using a phase Doppler particle analyser [PDPA]
(Bachalo, 1994), thanks to a Dantec two components PDPA mea-
surement system linked to a Dantec 50 N 10 PDA signal processing
unit. The laser source employed was an Argon-Ion Coherent Innova
70-3 laser, the useful wavelengths being 514.5 and 488 nm. Mea-
surements were taken in reflected light, the transmission and
reception axes forming an angle of 100� (reflection angle of 80�).
Samples of the glass particles employed were characterized before-
hand with a Malvern Mastersizer granulometer in order to corrob-
orate the results obtained by PDPA. This operation was repeated
regularly during the measurement campaign, as the microbeads
were recycled after use, which could have led to granulometric
modifications given the abrasion to which particles were subjected
in the feeding system. The particle sphericity was also checked in
several samples with an optical microscope, as this criterion has
a determining impact on the reliability of the granulometric mea-
surements obtained by phase Doppler anemometry. An amount of
irregularly shaped particles lower than 3% was certified by the pro-
ducer, and observations showed that most of sphericity aberra-
tions were in fact particles sticked together by the manufacturing
process. The resulting bond between particles appeared to be eas-
ily broken during the transit of the particles in the feeding system.
All these examinations revealed no significant microbead modifi-
cation during use.

Two classes of particles were used in the study, namely 50–
150 lm and 100–200 lm glass spheres. The diameter distributions
can be efficiently modelled by a Rosin–Rammler law with param-
eters reported in Table 1.

As the equipment used enabled to get only two velocity compo-
nents, the measurements were performed twice: the third velocity
component was obtained through 90� rotation of the test rig be-
tween the two sets of measurements. The PDPA measurements fo-
cused on the region close to the origin of the jet, the seeding
density being too low elsewhere. Two main planes were explored,
located 30 mm and 60 mm from the point of emission and oriented
normally to the main axis of the jet, as shown in Fig. 2. Additional
data points were also taken through the vertical and horizontal
planes of symmetry of the jet.

2.2. Gas phase measurements

The particle image velocimetry (PIV) technique was used to
characterize the motion of the gas phase in the test rig. Illumina-
tion was realized through a frequency doubled Nd:Yag laser emit-
ting 10 ns duration length pulses in 532 nm wavelength. Images
were taken by a 12-bit, 1324 � 1024 pixels CCD HiSense MKII cam-
era. Both single phase (i.e., without jet of solid particles) and two-
phase measurements were carried out. 5 lm dolomite particles
were used for seeding.Fig. 1. Test rig and feeding system overview.

Table 1
Summary of test conditions and particle properties.

Cylinder rotation
speed (rpm)

Cylinder peripheral
speed (ms�1)

Particle mass flow
rate ðg s�1Þ

Particle average velocity at 30 mm
from injection ð% RÞ

Particle size
distribution

Rosin–Rammler median
diameter ðlmÞ

Rosin–Rammler
spread parameter

500 3.41 1.5 ± 6% 80.1% 100–200 lm 158.5 7.98
1000 6.83 1.5 ± 6% 81.4% 100–200 lm 158.5 7.98
1000 6.83 0.955 ± 6% 68% 50–150 lm 104.5 5.98
1000 6.83 0 – – – –
500 3.41 0 – – – –
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