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A Numerical Analysis of Turbulent Compressible Radial Channel Flow with
Particular Reference to Pneumatic Controllers
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A numerical analysis of turbulent axisymmetric radial compressible channel flow between a nozzle and a flat
plate is presented in this paper. In particular, the application of this type of flow situation in pneumatic
dimensional control systems is considered. The Spalart-Allmaras one-equation turbulence model is used. The
resulting highly coupled PDE system has been solved using the control volume based numerical approach where
the power-law scheme was used extensively to compute the diffusive and convective fluxes of momentum.
Results show that local Mach numbers can easily achieve and surpass unity for typical industrial configurations.
Also, in the case of a standard industrial nozzle geometry, the presence of a toroidal recirculation zone that moves
radially outward is clearly identified in most cases. Separated flow areas are of particular concern as it has been
shown previously that they can cause nozzle fouling in industrial applications. It has been shown that the size of
this region is dependant on feed pressure. Considerable differences between results obtained using the
Spalart-Allmaras and standard k- ¢ turbulence models have also been noticed.
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Introduction

The study of radial flow, either as flow between
disks or between a nozzle and a flat plate, has been the
subject of numerous research projects over the past half
century“ﬂ], etc. However, research work of such flows
for applications in dimensional pneumatic control is very
limited. Furthermore, turbulent, compressible radial
flows do not seem to have been considered extensively
as well. The radial flow between a nozzle and a flat plate
for specific applications in pneumatic metrology has, to
our knowledge, only been considered in the past 10 years
by a group of researchers at the Université de
Valenciennes in France'*”. These studies have been
mainly experimental in nature. Pressure distributions on
a flat plate were measured and seemed to indicate the
presence of a low pressure separation area for cases
using the standard nozzle. Various nozzle geometries
were studied and, in some cases, the low pressure area
was eliminated. No experimental flow visualization
techniques were used (or velocity fields measured —
mainly due to the very limited space between the flat
plate and the nozzle) and therefore no information on the
entire flow field was found. Furthermore, cases studying
impinging jets for very small distances separating the
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nozzle and the flat plate (&/D<0.5, where & is the
distance separating the nozzle and the flat plate and D is
the nozzle diameter), are quite sparse and are also mainly
experimental. This range is actually of interest in
industrial metrology applications. However, the nozzles
used in the studies are thin-walled and therefore do not
consider the effects of confinement. Only recently!”’,
have numerical studies been made in the case of an
impinging jet at distances in this range (6/D<0.5) with an
interest in the effects of confinement. However, only
standard ‘type nozzles were considered in the
aforementioned paper. One can note that because of the
small distance “8” between the nozzle and the flat plate
(100 pm < § £ 200 pm compared to a nozzle external
diameter of 4 mm), the only practically measurable
quantity is the wall pressure distribution on the surface of
the flat plate. Information on the entire radial flow field
between the nozzle and the plate can therefore be more
easily obtained by numerical simulation, which is
presented in this paper.

Pneumatic Dimensional Control Basics

Pneumatic controllers can be used in high precision
applications (order of a micron), no physical contact is



Gilles Roy et al.

made between the nozzle and the surface of the
machined part, part cleaning is done as the process is
on-going, they can measure multiple dimensions
simultaneously, they are robust and internal dimensions
can easily be measured (i.e. holes/bores). One can find a
few different variations of the basic pneumatic
dimensional control apparatus, Fig.1. Most of these are
based on the detection of a pressure differential inside
the apparatus. This pressure differential is highly
dependent on the distance “8” between the nozzle and
the surface of the machined part (controlled surface).
Quite a large variety of operating pressures can be found
with these various methods (as low as 1.5 kPa or as high
as 400 kPa). The basic pneumatic control setup consists
of a compressed air source regulated by a pressure
regulator upstream of the controller, Fig.1(a). The
compressed air then enters a chamber consisting of an
orifice plate “A” and an injection nozzle “B” placed a
small distance away from the surface to be controlled.
The pressure inside the chamber is very sensitive to
changes in the distance between the nozzle and the
controlled surface. This characteristic is used to
advantage in industrial metrology as calibration can
permit the determination of the distance “&” as a function
of the pressure inside the chamber. However, this type of
setup requires a carefully controlled feed pressure. This
dependence can be avoided by using a differential
apparatus as illustrated in Fig.1(b)®. In the differential
apparatus, two branches are used, one is used as a
reference and the other as the measuring branch with the
Ap measured between both chambers.

Reference branch
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Fig.1 Basic pneumatic controller

Although industrial pneumatic controllers are a well-
established and credible way of performing dimensional
control in an industrial environment, as in any other type
of controller some minor problems are found to exist.
Nozzle fouling is one of them. Annular regions of dirt
and oil deposits are often found on the frontal surfaces of
the injection nozzles, Fig.2. The resulting fouling
requires that the controllers be cleaned and calibrated at
shorter than desired intervals. In the present paper, we
are specifically concerned with the study of the
behaviour of the flow between a nozzle and a flat plate
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with geometries and operating conditions in typical
industrial application ranges.

Q
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O

Fig.2 Nozzle fouling
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Modeling and Simulation

Problem configuration

The problem configuration considered in the present
paper is illustrated in Fig.3. The nozzle and flat plate are
stationary and a constant flow rate m is axially
injected into the domain of interest. The nozzle, which
has an interior radius of “R,” and an exterior radius of
“R,”, is separated from the flat plate by a distance of “3".
Usual configurations have a clearance space “h” with the
body of the nozzle (generally =~ 3 R;). The body of the
nozzle extends to a radius of R; which is approximately 5
R;. Typical industrial dimensions are: R;=1 mm, R, =2
mm, 6 =0.15 mm, R;=5 mm, 4 =3 mm.

Fig.3 Problem configuration (not to scale)

Governing equations

The turbulent axisymmetric flow of a viscous
compressible fluid between a nozzle and a flat plate is
considered in this paper. All external forces are
considered negligible. The Spalart-Allmaras model is
used for turbulence modeling. This recently developed,
relatively simple one-equation model solves a modeled
transport equation for the kinematic eddy turbulent
viscosity®!. It has been developed for applications in
wall-bounded flows and has been shown to give good
results in various applications, including 2D U-duct
flows""” and turbomachinery™"!, To our knowledge, its
applicability has never been tested in compressible radial
flow problems. Under these conditions, the aerodynamic
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field is governed by a set of six equations (mass
conservation, 2D axisymmetric momentum, energy,
perfect gas equation of state and the modelled transport
equation for the kinematic eddy turbulent viscosity). This
set of governing equations is a non-linear and highly
coupled PDE system. The mean flow equations, written
in the cylindrical coordinate system, are the
Reynolds-averaged equations for conservation of mass
and momentum. Due to limited space, these standard
equations are not presented here as they are readily
available in literature. The inlet Reynolds number is
defined as Re; = 2 m/nuR;, where m is the mass flow
rate at the inlet of the nozzle.

Numerical approach

Although the region of interest is limited in the space
between the nozzle and the plate, the calculation domain
is extended over a large space adjacent to the nozzle, up
to Ry in order to obtain good results in the area of
interest (region 2, Fig.4). The calculation domain is
divided into several regions with different grid
generations in accordance to geometry and flow
conditions of each region. Several non-uniform meshings
were tested and a 20, 391-node quadrilateral-cell grid
has been chosen for subsequent simulations. The grid
points are highly packed near the radial flow channel
entrance, as well as adjacent to all walls. The set of
PDEs previously discussed has been solved using the
control volume based numerical approach where the
power-law scheme was used extensively to compute the

diffusive and convective fluxes of momentum!!?.
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Fig.4 Considered domain for calculations
with used dimensions (not to scale)

The boundary conditions used were the following:
* No-slip condition on all walls,
+ Total pressure and total temperature at inlet section
(with an initial static pressure),
* Static pressure at outlet (i.e. standard atmospheric
pressure),
* Inlet modified turbulent viscosity.
The convergence criteria for all computations
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presented in this paper were based on the degree of mass
conservation obtained over each control volume in the
computational domain. These values gradually decreased
with the number of iterations and were generally in the
order of 0.0001% for all considered cases. This criterion
generally corresponds to a precision of approximately
10® for all independent variables (velocity components,
pressure, density and temperature).

Results and Discussions

Standard nozzle typical flow behavior

Flow behaviour for the standard nozzle is shown in
Figs.5(a)~(d). The entire pressure field at the inlet
section (region 1) is essentially of constant pressure as
the velocity in this area is quite small, Fig.5(a). The
development of a separated flow area is found on the
frontal surface of the injection nozzle, as clearly seen in
the general flow contour lines illustrated in Fig.5(b). For
the considered parameters (inlet total pressure P,= 110
kPa, outlet static pressure P,= 101.3 kPa R;= 1.0 mm, R,
= 2.0 mm, §=0.15 mm, % = 3.0 mm, R;= 5.0 mm), the
separated flow recirculation zone practically covers the
entire frontal area of the nozzle. One can also see from
Fig.5(c) that the local Mach number for this particular
case remains relatively small. As can be noticed in the
wall pressure distribution on the flat plate, Fig.5(d), an
important pressure drop is found to exist. This can be
attributed to the fact that since the radial area at the
entrance of the space between the nozzle and the flat
plate is smaller than the area of the inlet tube (Agace =
2Rit6 < Aune = 7R?) and therefore the airflow is
accelerated. This is true as long as 28 < R;, which is the
case for all results presented here. Furthermore, the
presence of a separated flow area considerably reduces
the “effective” flow area. This basically translates into a
vena contracta effect at the entrance of the space between
the nozzle and the flat plate. This general behaviour
corresponds with the results found in the experimental
work by [5]. Clearly, this separated flow area is the
probable cause of fouling in industrial applications.

Effects of inlet total pressure on flow behavior

Fig.6(a) illustrates the effects of inlet total pressure
on flow contour lines and Mach number. One can note
that all other parameters are the same as for results
presented in the typical flow behaviour (i.e. outlet static
pressure P, =101.3 kPa, R;=1.0 mm, R, =2.0 mm, &=
0.15 mm, A = 3.0 mm, R;=5.0 mm). In these figures, the
flow contour lines are superimposed on the Mach
number floods. Although the general flow patterns seem
quite plausible, one can notice that the local Mach
numbers can easily achieve and surpass unity for the
considered inlet pressure range, even at relatively low
inlet total pressures (i.e. approximately p,=1.6 X 10° Pa).
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Fig.5 Typical flow behaviour (P, = 110 kPa)

These results may not be as one may expect as a simple
calculation for the extreme case of a one-dimensional
isentropic flow would indicate a choked flow situation
for approximately p, = 1.9X 10° Pa. Also, previous work
on compressible, laminar flow for similar configurations
gave results closer to 2 bars for local Mach numbers to
achieve unity for similar configurations”. These
differences could possibly be attributed to the turbulence
model used. Certain authors have stated that the
Spalart-Allmaras turbulence model does not seem to be
well suited for applications in which high Reynolds
numbers are found, although this probably isn’t the case
here as inlet Reynolds numbers for the presented cases
cover a range of Re; = 2000 to 12000. Fig.6(b) illustrates
the inlet total pressure effects on the wall pressure
distribution. We can notice that an increase in inlet
pressure increases the importance of the negative
pressure area as well.

Result comparison with standard k-¢ turbulence
model
Fig.7 show comparisons in the general flow contour
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Fig.6 Influence of inlet total pressure on
flow streamlines, local Mach number
and wall pressure distributions

lines and constant local Mach number floods for two
different inlet total pressures between the Spalart-
Allmaras (S-A) model and the traditional two-equation
k-¢ turbulence model. As could be expected, differences
exist in the results obtained by these two models. A few
general comments can be made. The S-A model indicates
areas of separated flow on the nozzle surface while no
such areas were found with the standard k-& model, and
this, for both total inlet pressures considered. The



28

P(r)/E

Journal of Thermal Science, Vol.13, No.1, 2004

ach Number
153407
14318
132953
122726
11248
10227
0920441
081817
0715899
o 0613623
0511257
0409085
0306814
0204543
y 0102272

p__fpb= 1.579

IT]=&'R,=U.]S

pp=1.771

Im &R,=0.15

I

0.0 1.0 - 2.0 0.0
r=r1/R

A\

1.0 2.0

r=1/R,

Fig.7 Influence of turbulence model on flow streamlines and local Mach number

accuracy of this model in impinging jetfadial flow
between disks applications has also been subject to
numerous discussions as this type of flow is not strictly
parallel to a wall and has complex features due to
entrainment, stagnation and high streamline curvature
([7], [14], for example). Also notable, the local Mach
number achieves unity at considerably larger inlet
pressures for the k-¢ model when compared to the S-A
model. Differences are also found in the wall pressure
distributions, Fig.8. These clearly show that the
minimum pressure is more important with the SA model,
thus indicating a greater flow acceleration in the area
between the nozzle and the flat plate. Furthermore, the
mass flow rates obtained with the SA model were greater
than those found with the k-¢ model (for the same
pressure conditions at the inlet and outlet sections). No
concrete comparisons with experimental results were
possible at the present time, further work on turbulence
modelling in this type of application is required.
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Fig.8 Turbulence model comparisons on wall pressure

Conclusion and Related Future Work

Preliminary results of an investigation of the
turbulent radial compressible flow between an injection
nozzle and a flat plate has been presented in this paper.
Results have confirmed the existence of a separated flow
area on the surface of the frontal area of the nozzle when
using the Spalart-Allmaras turbulence model. This
recirculation zone is the probable cause of injection
nozzle fouling found in industrial applications. Further
research is required to determine the use of turbulence
models in these types of applications.
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