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Fluid dynamic gauging (FDG) is an experimental technique that exploits the behaviour of a suction flow through a

nozzle  located near a fouling deposit to determine the thickness of the layer. The nozzle does not contact the layer

but  the shear stress imposed by the flow could cause it to deform. The effect of the external shape of the nozzle on

the  stresses on the surface being gauged was investigated using computational fluid dynamics (CFD) simulations.

Different nozzle shapes were studied using a 2D axi-symmetric computational domain. CFD results were validated

by  comparison with (i) a set of experimental values for the normal stresses acting on the gauged surface, and (ii)

an  analytical solution for the limiting case approached under certain conditions. The results obtained for different

simple geometries show that certain desirable pressure and surface shear stress distributions can be obtained by
selection of the appropriate external nozzle shape.

©  2011 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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flows lie in the viscous regime, so these stresses can be esti-
1.  Introduction

Fouling is generally defined as the unwanted deposition of
species from process fluids on to equipment surfaces (Epstein,
1983). The growth of such deposits can cause large reductions
in the thermal and hydraulic performance of process units. In
the food and biotechnology sectors, fouling deposits are often
soft and fragile as their microstructure consists of high liquid
fraction gels or biofilms. These deposits are highly deformable
and their thickness is difficult to measure if they are removed
from their native environment. Thus, a technique for mea-
suring thickness that can be used on immersed layers in situ
without altering the deposit is needed.

Fluid dynamic gauging (FDG), developed by Tuladhar et al.
(2000), is a relatively novel technique that can be used to esti-
mate the thickness of a soft deposit layer immersed in liquid

in situ and in real time without contacting the layer. The sys-
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tem consists of a nozzle that withdraws liquid from the region
near the deposit surface (Fig. 1). For a certain range of distances
between the nozzle and the surface (labeled the clearance, h),
the mass flow rate (ṁ) through the nozzle is usefully sensitive
to h (Fig. 1(b)). The thickness of the deposit, ı, can be calcu-
lated from the difference between the position of the nozzle
relative to the substrate, h0, and the clearance between the
nozzle and the deposit layer, h, inferred from the flow rate. This
technique provides high accuracy thickness measurement (ca.
±5 �m,  Gordon et al., 2010).

FDG has been applied to a number of different cases of
fouling and cleaning since 2000 (see, for example, Hooper
et al., 2006; Saikhwan et al., 2007; Sahoo et al., 2008). The
flow of liquid into the nozzle exerts a shear stress on the
bounding surfaces, i.e.  the nozzle wall and the deposit. The
d 22 June 2011

mated with high confidence by computational fluid dynamics
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Nomenclature

dt nozzle throat diameter (m)
F- volume force field (N m−3)
H hydrostatic head (m)
h  clearance between the nozzle and the deposit

layer (m)
h0 clearance between the nozzle and the surface

(m)
ṁ mass flow rate (kg s−1)
p pressure at the gauged surface (Pa)
pa pressure at the inlet of the nozzle (Pa)
pave area-averaged pressure at the gauged surface

(Pa)
pb pressure at the exit of the tube (Pa)
po pressure at the stagnation point on the gauged

surface (Pa)
p* dimensionless pressure at the gauged surface

(p/po)
r radial position on the gauged surface (m)
R radius of the tube (m)
R* dimensionless radial position on the gauged

surface (r/R)
Re Reynolds number (2ṁ/��R)
ri inner radius of the nozzle (m)
ro outer radius of the nozzle (m)
t time (s)
u- velocity vector (m s−1)
uz velocity component in z-direction (m s−1)
uz,ave area-averaged velocity component in z-

direction (m s−1)
w length of the nozzle rim (m)
z axial position (m)

Greek symbols
˛  angle of the internal divergent zone of the noz-

zle (◦)
ı thickness of the deposit (m)
� angle of the external surface of the nozzle (◦)
� length of nozzle exit (m)
� dynamic viscosity (Pa s)
� density (kg m−3)
�--

shear stress tensor (Pa)
� shear stress on the gauged surface (Pa)
�ave area-averaged shear stress on the gauged sur-

face (Pa)
�max maximum value of �rz on the gauged surface

(Pa)
�theor theoretical shear stress defined by Eq. (5) (Pa)
�* dimensionless shear stress on the gauged sur-

face (�rz/�max)

(
a
m
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CFD) simulations. Comparing the deposit thickness before
nd after gauging – at known stress conditions – provides a
ethod for assessing the strength of the deposit. Chew et al.

2004a,b) used this approach to track the effect of ageing on the
trength of tomato paste foulant layers: they commented that
he external shape of the nozzle – a simple truncated cone in
ig. 1 – could be manipulated to give different stress distribu-
ions. Ideally, one shape may give high sensitivity for thickness
easurement and another an even stress distribution desired
or strength testing. The objective of this work was to study,
using CFD simulation, the effect of the shape of the external
part of the FDG nozzle on the shear stress and pressure pro-
files imposed on the gauged surface, with the long term aim
of identifying optimal designs for thickness and/or strength
measurement.

2. Experimental

The reliability of the simulations was tested by compar-
ing results with experimental measurements of the pressure
exerted on the gauged surface, obtained using the appa-
ratus described by Chew et al. (2004b).  This featured a
nozzle of conical external shape, labeled type N2 in this
work, with dimensions (see Fig. 1) R = 10 mm,  dt = 5 mm,
w = 5 mm,   ̨ = 45◦, � = 0.5 mm and � = 60◦. The apparatus (Fig. 2)
consisted of a nozzle located in a rectangular tank of dimen-
sions (width × depth × height) 300 mm × 300 mm  × 250 mm
and connected to a siphon tube. Both the tank and the nozzle
were constructed from Perspex.

The test liquid was water at 20 ± 2 ◦C, maintained at a
constant level in the tank by a weir. The position of the noz-
zle was controlled in the horizontal direction by a traversing
screw connected to a Vernier scale (±50 �m;  Mitutoyo, Japan)
and in the vertical direction by a micrometer (±5 �m;  Mitu-
toyo, Japan). The flow rate through the nozzle was set by the
hydrostatic head, H, imposed by the difference in liquid levels
between the tank and the end of the siphon tube. Unless other-
wise stated, the experiments were performed at H = 800 mm.
The flow rate was determined by catch-and-weigh using an
electronic balance (±0.001 g). The local pressure on the sur-
face exerted by the gauging flow was measured via a 0.5 mm
diameter pressure tapping connected to an inclined U-tube
manometer filled with the process liquid. The angle of inclina-
tion was 30◦ from the vertical axis. The pressure was measured
at different positions, moving the gauging nozzle across the
pressure tapping at fixed clearance, h, so that the pressure
profile was recorded across the range −2R < r < +2R.

3.  Numerical  simulation

3.1.  Nozzle  geometries

The shapes of the nozzles explored in this work are shown
in Fig. 3. These geometries were selected based on their sim-
plicity and their ease of fabrication. All nozzles featured the
same internal geometry as this has no effect on the pressure
and/or shear stress exerted on the gauged surface (Chew et
al., 2004a).

3.2.  Computational  domain  and  model

Simulations were carried out using a 2D axi-symmetric com-
putational domain based on that employed by Chew et al.
(2004a) for modelling quasi-static FDG systems. Quasi-static
here refers to the absence of a bulk convective flow apart from
that induced by the gauging action. The flow throughout the
domain was assumed to be laminar as the Reynolds numbers
at the tube exit considered were less than 500. The governing
equations were
�
∂u-
∂t

− ∇- ·  �--
+ �(u- · ∇- )u- + ∇- p = F- (Navier–Stokes) (1)



2542  chemical engineering research and design 8 9 ( 2 0 1 1 ) 2540–2551

Fig. 1 – Principles of fluid dynamic gauging. (a) Schematic of nozzle, with inset showing key dimensions; (b) calibration
curves showing relationship between mass flow rate, ṁ, and dimensionless clearance, h/dt.

f the
Fig. 2 – Schematic o

and

∇- · u- = 0 (Continuity) (2)

where � is the density, p the pressure, u- is the velocity vector,
�--

is the shear stress tensor, and F- is a volume force field (e.g.
gravity) set to be zero in the simulations reported here. The liq-
uid is Newtonian, so the shear stress tensor can be estimated
from

�--
= �[∇- u- + (∇- u-)T] (3)
where (∇- u-)T is the transpose of ∇- u-.

N1

θ

CL CL

Fig. 3 – Nozzle shapes inve
 gauging apparatus.

Fig. 4 shows a representative computational domain
employing cylindrical co-ordinates. The boundary conditions
are defined on Fig. 4(a) and feature non-slip, impermeable
walls. Liquid enters the domain through the open boundary
AB and leaves through the gauging tube as a fully devel-
oped Poiseuille flow. Chew et al. (2004a) investigated the
effect of defining the open boundary as AB, ABC and BC, and
reported that the former gave good agreement with experi-
mental observations with least computational effort.

Simulations were performed at different values of Reynolds
number, Re,  defined as 2ṁ/��R where � is the dynamic viscos-
ity, R the radius of the exit tube of the nozzle, � the density

and ṁ the mass flow rate. Re values of 50, 100, 150, 200, 300,
400 and 500 were investigated, in combination with shapes

N2

θ

CL N3

θ

stigated in this study.
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Fig. 4 – Simulation geometry showing (a) boundary conditions and (b) domain dimensions for nozzle shape N1 with � = 0◦

used in the CFD simulations. The radius of the exit tube of the nozzle was R = 10 mm.  Dashed line represents the fluid path
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efined by the angle subtended by the non-horizontal surface
art of the nozzle facing the gauged surface, � (see Fig. 3). For all
imulations the closest approach between the nozzle and the
auged surface was set to h/dt = 0.2. This clearance lies within
he incremental zone depicted in Fig. 1(b) and is typical of the
alue used in thickness measurement, imposing a low shear
tress on the substrate and thereby minimizing deformation.

The domain was discretised using a triangular mesh. In
egions where the velocity gradients were large and varying
trongly spatially (e.g. the gap between the nozzle and the
auged surface) a dense mesh was used (Fig. 5). The commer-
ial finite-element-based software COMSOL Multiphysics 3.5a
nd 4 (COMSOL Ltd., Hatfield, United Kingdom) was used to
erform the CFD simulations. Around 100 simulations were
arried out on a 2.4 GHz desktop PC equipped with 5 proces-
ors and 4 GB of RAM. Each simulation took approximately

 min  to converge. Iterations were stopped when the error
etween two successive iterations, computed as the weighted
uclidean norm, was less than 10−6 (COMSOL, 2008).

.  Results  and  discussion

.1.  Model  validation

odel validation comprised testing the independency of the
tudied variables on the mesh density and comparison of sim-
lation results with experimental observations.

.1.1.  Mesh  independency
he density of the mesh used to map  the entire domain was
ncreased from 340 to 18 000 elements. The variables selected
o assess the independency test were the average pressure and
shear stress values exerted on the gauged surface. Fig. 6 shows
the results obtained for the area-averaged (a) pressure and (b)
shear stress under the nozzle rim for a type N1 nozzle with
� = 0◦. The area-averaged values were evaluated using

	ave = 2

(r2
o − r2

i
)

ro∫

ri

	r dr (4)

where ro and ri are the outer and inner radius of the noz-
zle, respectively, and 	 is the local value of the variable being
averaged (e.g. � or p).

The figure shows convergence is reached as the mesh den-
sity increased, with values reaching a plateau after about 3000
elements for �ave and ∼7000 for pave. The results presented
in subsequent plots employed more  than 7000 elements to
ensure mesh independency. A second measure of simulation
convergence is comparison of mass flow rate into and leav-
ing the domain: these agreed within 0.05% for all simulations
presented here.

4.1.2.  Comparison  with  experiment
Simulations are presented for comparison with two  sets of
experimental data collected using a type N2  nozzle with
� = 60◦. Fig. 7(a) shows the stagnation pressure, p0, measured
at the surface on the axis (r = 0 in Fig. 4) for a set hydrostatic
pressure driving force at different values of clearance, h. The
pressure decreases rapidly as h/dt increases until h/dt ∼ 0.25,
above which the decrease is more  gradual. The corresponding
mass flow rate increases as h/dt increases, plateauing off above

h/dt ∼ 0.25. The experimental data show very good agreement
with the simulation, indicating that the latter gives a good
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Fig. 5 – Mesh used for the simulations, for nozzle shape N1 with � = 0◦, h/dt = 0.2. A high mesh density is employed under

the nozzle rim, in the throat, and along the base.

description of the overall behaviour of the gauging system.
The associated mass flow rate and discharge coefficients show
equally good agreement (data not reported).

The agreement between the measured pressure distribu-
tion and the simulated values in Fig. 7(b) is equally good. Data
are presented for two values of h/dt, both of which lie within
the region of interest for experimental measurements. The
comparisons with experimental data are as good or superior
to those presented by Chew et al. (2004a),  who employed the
PDE solver FastfloTM to solve the governing equations. The use
of the code to study nozzle geometry is therefore justified.

4.1.3. Comparison  with  analytical  solution
A final verification of the simulation is to compare its pre-
dictions with the analytical result for radial flow between
two parallel disks presented by Middleman (1998).  Inspection

of Fig. 3 shows that the region underneath the nozzle rim
approaches this geometry as � → 0 for all nozzle types. The
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Fig. 6 – Effect of mesh density on (a) area-averaged pressure and
� = 0◦.
analytical solution for the shear stress on the wall in this case
is given by

�theor = 3�2R Re

2�h2

1
r

(5)

giving an average shear stress under the nozzle rim as

�ave = 3�2R Re

�h2(ro + ri)
(6)

where Re is the Reynolds number, and r is the radial position
on the gauged surface. The shear stress distribution was eval-
uated for a number of Re values within the range of validity
of equation (5),  with Re < 500. The values of Re and h set the
flow rate for use in the CFD simulation. Fig. 8 shows excellent

agreement between the analytical solution and the simula-
tion, further confirming its applicability for these studies.
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 (b) shear stress, calculated using Eq. (4),  for nozzle N1 with
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.2.  Effect  of  nozzle  shape

.2.1. Pressure
ozzle N1 represents the simplest configuration. When the
ngle of nozzle inclination relative to the gauged surface, �,
s positive, the flow around the external part of the nozzle is
onvergent in both the vertical and radial directions. When �

s negative, i.e.  a recessed orifice, the clearance increases as
he flow approaches the orifice and the point closest to the
urface – which determines the clearance, h, – is the outer rim
f the nozzle. This gives rise to different flow patterns and
tress distributions. Fig. 9(a) shows the dimensionless pres-
ure (p* = p/po) against radial position for different values of �

or two values of Re.  In general, the pressure profiles exhibit
 maximum between the stagnation point at R* = 0 and the

nner radius of the nozzle throat, at R* = 0.25. This maximum
as a peak for positive �, at the position where the fluid turns

ig. 8 – Comparison of analytical approximation with simulation
f R* for different Re (h/dt = 0.2) for nozzle N1 with � = 0◦; and (b) a
ozzle N1 with � = 0◦. Symbols represent simulation values and l
abruptly to enter to the nozzle. The peak is not observed with
negative � as the flow is not subject to the sharp change in
direction at the orifice. Differences between positive and neg-
ative � are evident at the outer rim. For positive � there is a
monotonic decay with increasing radial position, whereas a
secondary peak (that starts as a shoulder for � = −5◦) is evi-
dent with negative �. This is particularly evident at higher Re
in Fig. 9(a, ii). The shape of the profiles changes from convex
to concave in the range −5◦ < � < 0 as the region of greatest
pressure drop shifts from the inner to the outer rim. For all
Re values studied, the pressure profiles were most sensitive to
� in the range −10◦ < � < 5◦. The effect of changing � was pro-
gressively smaller outside this range, suggesting asymptotic
behaviour.

Type N2 nozzles feature a horizontal rim near the noz-

zle throat and a convergent outer section. The dimensionless
pressure distributions in Fig. 9(b) are similar to those obtained

. (a) Dimensionless shear stress (�* = �rz/�max) as a function
rea-averaged shear stress as a function of Re at h/dt = 0.2 for
oci show theoretical results (Eqs. (4) and (5)).
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Fig. 9 – Dimensionless pressure profiles for different values of � at h/dt = 0.2. Nozzles: (a) N1; (b) N2, (c) N3: (i) Re = 50, (ii)
Re = 500. Vertical dashed lines at R* = 0.25 and R* = 1.5 in (a) indicate the location of the outer and inner rim, respectively. In

tion 
(b) and (c), dashed vertical lines at R* = 0.75 indicate the posi

for nozzle N1 for positive values of � with a maximum in
the range of R* < 0.25 and a gradual decrease until p* = 0 for
R* > 0.25. In these plots, the vertical dashed lines denote the
location of the edges of the nozzle and the radius where the
nozzle surface changes slope. The effect of � on the profiles
is greater for lower Re and � < 10◦. These results were similar
to those obtained for nozzle N1. For � = 45◦, the pressure pro-
files approached the data reported for a nozzle with � = 60◦ in
Chew et al. (2004a), indicating that an asymptotic profile was
obtained. In all cases, the profiles showed a concave shape.

Profiles of dimensionless pressure for different values of �

and Re for Nozzle N3 are shown in Fig. 9(c). The shape of the

profiles are similar to those obtained for the other nozzles,
with a maximum in po located near the nozzle throat and a
of the transition on the nozzle surface.

decreasing zone at higher R* showing concavity and a slight
linearity depending on the value of �. There are some impor-
tant differences, however: (i) the pressure profiles showed
different dependency of p* on �, and (ii) the effect of � was
less important in the range � < 10◦. This could be due to the
nozzle throat being further from the gauged surface, produc-
ing a channeling effect on the flow. As seen for the previous
nozzles, higher flow rates accentuated the profiles at the tran-
sition zones (vertical dashed lines), producing peaks and/or
higher peaks.

4.2.2. Shear  stress

The profiles of dimensionless shear stress (defined as
�* = �/�max, where �max is the maximum value of the dimen-
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Fig. 10 – Dimensionless shear stress as a function of dimensionless radial position for different values of � at h/dt = 0.20.
Nozzles: (a) N1; (b) N2, (c) N3: (i) Re = 50, (ii) Re = 500. Vertical dashed lines at R* = 0.25 and R* = 1.5 in (a) indicate the location of
the outer and inner rim, respectively. In (b) and (c), dashed vertical lines at R* = 0.75 indicate the position of the transition on
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he nozzle surface.

ional shear stress on the gauged surface under the nozzle) for
ozzle N1 are presented in Fig. 10(a). In general, the profiles
xhibit a maximum value (in form of a peak) near the inner
nd the outer rims of the nozzle, their relative heights depend-
ng on �. The peaks in shear stress arise where high velocity
radients occur. The plots show that the shear stress distri-
ution is strongly affected by nozzle shape, with the location
f the maximum shear stress shifting from the inner to outer
im at � = 0◦. For � = 0◦ and Re = 50, the results exhibit the form

 ∝ r−1 as predicted for radial flow in parallel disks (Middleman,
998) and reported in previous simulations of FDG nozzles

Chew et al., 2004a,b). At higher Re,  the peaks are more  promi-
ent (the shear stress falls away from the peak value more
strongly), which is expected since h is fixed and the veloc-
ity and velocity gradients will then scale with flow rate. An
important finding from this work is that the region of highest
shear stress shifts from the inner to the outer rim at negative
�. A more  even (albeit not linear) profile, linking two  peaks, is
observed for � = −5◦ for both Re values. This ‘saddle’ shape sug-
gests that nozzles of this geometry could be designed to exert
an almost uniform shear stress on the surface being gauged,
with obvious benefits for using the gauge to test the defor-
mation of a deposit layer. This is explored further in Section
4.2.3.
Profiles of dimensionless shear stress as a function
of dimensionless position for nozzle N2 are presented in
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Fig. 11 – Effect of Reynolds number and nozzle angle on pressure and shear stress profiles: Nozzles: (a) N1; (b) N2, (c) N3.
m sh
Parameters: (i) pressure at the stagnation point, (ii) maximu

Fig. 10(b). In this case, one main peak was found near the
location of the inner radius and shoulders or small peaks were
found near the zones of transition of the outer radius. Increas-
ing � produced a gradual shift in the position of the small
peaks, first changing them to a shoulder and then changing
the position. These peaks are related to an increase in local
velocity gradients resulting from the change in geometry, con-
firming the importance of the geometry on the flow behaviour.
The effect of the slope on shear stress was relatively larger
for lower Re,  as observed with nozzle N1. Higher flow rates
produced a steeper increase in shear stress which results in

close profiles (data not shown). Again, as mentioned above for
nozzle N1, the profiles were most sensitive to � in the range
ear stress on the gauged surface.

0 < � < 10◦. The shear stress profiles for N3 shown in Fig. 10(c)
show a very strong effect of � for � < 15◦. As � increases, the
pressure profiles present a more  linear profile. This trend is
accentuated at the lower Re. At � ∼ 10◦ an approximately lin-
ear, negatively sloping profile is obtained. For � ∼ 15◦, the shear
stress values in the inner zone of the rim present an almost
uniform distribution. Finally, the peak observed at the inner
radius moved to the transition point, at R* = 0.75, for angles
greater than 15◦. These results show that the occurrence of
the even profile in shear stress could also be sensitive to the
dimensions of the nozzle.
There is a similar change in the profiles of dimensionless
pressure and shear stress at � values between 15◦ and 45◦ for
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Fig. 12 – Bimodal shear stress distributions with Nozzle N1: (a) effect of (negative) nozzle slop on bimodal shear stress
distribution for Re = 50. (b) Comparison of the shear stress profiles for nozzle N1 with (dashed loci) and without (solid loci)
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ounded corners on the nozzle exterior (Rfillet = 1 mm).

ozzle N2 (Figs. 9(b) and 10(b)), which is not observed with
ozzle N3 (Figs. 9(c) and 10(c)). This is due to the fact that

he maximum values of shear stress (taken as reference val-
es for these dimensionless profiles) were affected differently
hen higher values of � were used. With nozzle N3, its position
oves from the inner radius to R* = 0.75 as theta approaches

5◦. Moving the throat of the nozzle away from the gauged
urface results in a reduction in the shear stress value at the
hroat. In the case of pressure, the reference value is that at
he stagnation point. Therefore, higher values of � (moving the
hroat of the nozzle away from the gauged surface) produced
n asymptotic maximum value of pressure at the stagnation
oint and a plateau in the range 0.25 < R* < 0.75. This could be
iewed as the nozzle throat diameter increasing from R* = 0.25
o R* = 0.75.

The magnitude of the stresses generated depend on the
ow rate as well as the nozzle geometry at a given h/dt.

imulations were performed for type N1 nozzles with angle
15◦ ≤ � ≤ 15◦ and 50 ≤ Re ≤ 500, and the results are summa-

ig. 13 – (a) Selected nozzle geometries and their (b) dimensionle
ozzles: (1) N1, � = 15◦; (2) N3, � = 10◦; (3) N1, � = −5◦; and (4) N1, � 
rized in terms of the pressure at the stagnation point, po, and
the maximum shear stress on the gauged surface, �max, in
Fig. 11(a). A maximum in po was observed at � = 0◦ for all values
of Re studied, with non-symmetric dependency in �. For neg-
ative values, the pressure decreased with slope angle faster
than for positive slopes. This is attributed to the fact that for
negative angles, the nozzle throat is located further away from
the surface in order to maintain h/dt constant at the outer
rim of the nozzle. po was found to be ∝ Re2 for all values of
�. On the other hand, the maximum shear stress values (�max)
shift between two plateaus between −5◦ < � < 0◦ for all values
of Re tested (Fig. 11(a)), with the values at positive � a factor of
∼5× greater. These results suggest that nozzles with positive
slopes be employed where large shear stresses are required
and, conversely, negative slopes used where thickness mea-
surements are to be made while imposing low shear stresses
on the surface.
The maximum values of pressure and shear stress for N2
(Fig. 11(b)) exhibit a quadratic dependence on Re (∝ Re2). In this

ss shear stress and (c) pressure profiles for Re = 50. (1):
= −15◦.
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Table 1 – General types of dimensionless pressure and shear stress profiles for a Newtonian fluid on the gauged surface
that could be found as a function of the external nozzle geometry.

Type of geometry Pressure profile Shear stress profile

Convergent with high
values of � (N1).

Sharp  step with the
maximum and a possible
peak at the inner radius.

Peak  with the maximum at the inner
radius.

Parallel to the gauged
surface (N1).

Functionality of the type
ln(1/r) for low Re
(Middleman, 1998).

Functionality of the type 1/r for low Re
(Middleman, 1998).

First parallel to the gauged
surface and then divergent
with low values of � (N3).

Approximately linear (for
low Re) with the maximum
at the inner radius.

Approximately linear (for low Re) with the
maximum at the inner radius.

Divergent with low (� ∼= 5◦)
values of � (N1).

Approximately linear (for
low Re) with the maximum
at the inner radius.

Approximately even with peaks at the
inner and outer radius.

Divergent with high values
of � (N1).

Concave for low Re and
with a possible peak for
higher Re.

Peak with the maximum at the outer
radius and a shoulder at the inner radius.
case � has a relatively larger effect on the maximum values
than with nozzle N1. This may be because the zone where
these maximum values occur was located further from the
gauged surface as � increased, resulting in lower maximum
values.

Noticeably different trends in stagnation point pressure
and maximum shear stress as a function of Re are evident
for nozzle N3 in Fig. 11(c). The quadratic dependency on Re
is again evident, but with little effect of � on po and �max for
all values of Re studied. In the case of po, only a 4% increase
was observed as � changed from 0◦ to 15◦, compared to a 33%
change with nozzle N2. Moreover, no effect of � on �max is seen
with the N3 nozzle. This reduced sensitivity of po and �max to
� may be due to the fact that the location where these values
occur remains at the same position in all simulations.

The maximum pressure and stress values discussed in the
paragraphs above are local, peak values: for certain applica-
tions a more  even distribution of shear stress is desirable.
Fig. 10(a) and (b) showed a bimodal distribution in �* for � = −5◦,
and the sensitivity of this bimodality to � is presented in
Fig. 12(a). The bimodality is lost at � < −10◦, indicating that
some precision would be required in fabricating the nozzle.
Some machining features can, however, be allowed without
losing the desired effect: Fig. 12(b) shows shear stress profiles
for N1 nozzles with � = −5◦ with and without filleted corners.
The bimodality is preserved, with the position of the peaks
being shifted away from the nozzle rims and, furthermore,
the shear stress being more  evenly distributed between the
peaks.

4.2.3.  Nozzle  comparison
Certain nozzle geometries were chosen for further study based
on the above analysis of shear stress and pressure profiles. The
nozzles selected are shown in Fig. 13(a) along with their shear
stress and pressure profiles (Fig. 13(b) and (c)), respectively.
These nozzles produced saddle-like, linear or spiked profiles

of shear stress on the gauged surface, which are very differ-
ent from the shear stress profiles reported for the ‘standard’
conical configurations by Chew et al. (2004a,b). In terms of the
pressure, nozzles (2) and (3) exhibit an almost linear decrease
with radius, which is consistent with the more  even shear
stress profiles.

Table 1 summarizes some general relationships between
the geometry and the pressure and shear stress profiles
exerted on the gauged surface for a Newtonian fluid deduced
from these investigations. These can be used as guidelines for
selecting FDG nozzles with particular combinations of param-
eter magnitude or parameter distribution.

5.  Conclusions

The effect of the external nozzle geometry used in fluid
dynamic gauging on the shear stress and pressure exerted on
the gauged surface has been investigated. Three geometries
were compared in silico using computational fluid dynamics
simulations, investigating the effect of slope and Re.  Mesh
independence testing indicated that the numerical results
were reliable and comparison between experimental pressure
values obtained one nozzle geometry showed good agreement
with the numerical predictions.

In general, nozzle geometry had more  influence on the
shape of the shear stress and pressure distributions than
Re. Interesting shear stress and pressure profiles, including
ones where these parameters were approximately constant or
changed linearly with radius, were observed for certain nozzle
geometries and Re values.

This work shows that it is be possible to manipulate the
external shape of the nozzle to obtain particular shear stress
and pressure profiles on the gauged surface. The desired
profile will depend on the particular application of the FDG
technique, for instance surface rheology testing or precision
thickness measurement. Future studies will investigate nozzle
shapes to deliver particular stress distributions and methods

to determine the nozzle shape required for a given application
more  directly.
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