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Fluid dynamic gauging has been applied for the first time to measurements on a
curved surface, specifically the inner convex surface of an annulus. Two hydraulic
cases were examined: (i) the quasi-static case, where there is no flow in the annulus,
other than the flow imposed by the working action of the gauge and (ii) the turbulent
case, where there is additionally a forced advective flow in the turbulent regime
(14,000 \ Reannulus \ 32,000). The nozzle clearance–flow rate characteristics
resembled those reported previously for flat geometries, with one exception; at small
clearance values (0\ h/dt \ 0.1), flow rate was found to be independent of clearance
because of a leakage flow arising from the curvature of the surface. The experimental
results for the quasi-static case showed very good agreement with simulations of the
configuration using computational fluid dynamics (CFD). The agreement indicates that
the technique may be used not only for measuring the thickness of deposits on curved
surfaces, but also for measuring their strength. CFD simulation of the turbulent case
was not attempted, but the experimental results imply that the technique could be used
reliably as a real-time in situ thickness sensor for this scenario, which is often
employed in laboratory fouling studies. VVC 2009 American Institute of Chemical Engineers
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Introduction

The current high costs of energy means that energy recov-
ery, e.g., via heat exchanger networks, should be exploited
where possible. Fouling, the attachment and accumulation of
material from process streams on heat transfer (and other)
surfaces, is therefore highly undesirable as it reduces heat
transfer and hydraulic efficiencies. The associated step of
cleaning incurs added costs and problems in disposal of
waste streams.1 Long-term mitigation of fouling and effec-
tive cleaning require an understanding of the mechanisms
involved in deposition and cleaning. Experimental studies
are often required to develop this knowledge.

The thickness or depth of a fouling layer is a key variable
but its measurement can be difficult to effect accurately, in
situ, noninvasively, and quickly. One method that has been
developed to measure the thickness of foulants immersed in
a liquid environment in situ is the fluid dynamic gauging
(FDG) technique.2 The technique works by withdrawing
liquid through a nozzle that is located near a deposit surface;
the clearance between the nozzle and the surface is calcu-
lated from the measured liquid flow rate, as explained later.
Measurements are performed on fouled and clean surfaces,
and the deposit thickness is calculated by difference. Tulad-
har et al.2 developed the technique for studying surface
layers on flat surfaces for the case where the bulk liquid was
not moving, save for the flow imposed by the working action
of the gauge; we label this ‘‘quasi-static FDG.’’ This mode
has been used successfully to study the fouling and cleaning
of a diverse range of foulant materials and surfaces.3
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FDG can also be applied to monitor the growth and
removal of whey protein fouling layers on a flat surface
exposed to an imposed bulk flow of liquid in a duct of
square cross section4,5 (termed ‘‘flow FDG’’) with a preci-
sion in thickness measurement of better than �10 lm. The
success of their experiments confirmed that FDG is a simple
and reliable sensor for measuring thickness of soft layers
immersed in a flowing liquid in situ and in real time, with a
minimum knowledge of the nature of the layer. The present
work describes the first applications of dynamic gauging to a
curved surface, specifically the inner convex surface of an
annular duct. To test our ability to determine the clearance
between the nozzle and a curved surface, our experiments
are not performed on a soft fouling layer, but instead directly
on a smooth, rigid, metal surface.

Annular configurations are often employed in fouling
tests. The active surface is usually that of the inner cylinder,
as the flow pattern is well understood and the foulant layer
can be viewed in situ during deposition (for the case of a
clear liquid and a transparent outer cylinder), and is readily
accessible for analysis or inspection after testing. Examples
of previous work are summarized in Table 1. The experi-
mental apparatus employed in this work is geometrically
similar to an annular test cell being constructed at Imperial
College London, which will be operating at 280�C and 3
MPa under turbulent flow conditions, as part of an investiga-
tion of refinery crude oil fouling in preheat train heat
exchangers.

The mechanism of FDG operation in a concentric annulus
is illustrated in Figure 1. A nozzle is located near to, but not
touching, the bare substrate surface, or the surface of a

Table 1. Examples of Recent Fouling Tests Employing Annular Flow Cells

Reference Device
Dimensions

(mm) Type of Fouling Fluid Reannulus

Turbulent flows
Bennett et al.6 HTFU Dh ¼ 2.77 Chemical reaction Different crude oils �100,000
Oufer7 HTFU Do ¼ 19.6 Chemical reaction Styrene dissolved in heptane 11,000–29,000

Di ¼ 9.5
Chen et al.8 Do ¼ 22 Crystallization Hard water 4,000–12,000

Di ¼ 16
Knudsen and Hays9 PFRU Do ¼ 19.6 Crystallization Cooling tower water (containing Ca,

Mg, and phosphate corrosion
inhibitors)

Turbulent
Di ¼ 9.5

Augustin and Bohnet10 Do ¼ 40 Crystallization Aqueous calcium phosphate 11,800–17,800
Di ¼ 25

Toma et al.11 Not given Paraffin (wax) Paraffin and naphthenic hydrocarbons 5,540–11,100
Hays et al.12 12.7\ Dh \ 19.05 Biofouling Aqueous Pseudomonas aerigenosa,

a known slime-forming
aerobic bacterium

20,300–30,500

Laminar and transitional flows
Bansal et al.13 Dh ¼ 7 Chemical reaction Milk solutions 80–163
Isogai et al.14 HLPS Do ¼ 4.35 Chemical reaction Organic carbonate �1,600

Di ¼ 3.25
Bode et al.15 Do ¼ 25 Chemical reaction Whey protein concentrate solutions 1250

Di ¼ 12.5
Watkinson16 PFRU Do ¼ 15.85 Chemical reaction Three crude oils PFRU: 1,100–5,600

Di ¼ 10.7
HLPS Do ¼ 4 HLPS: 0.3–2

Di ¼ 3
Tijing et al.17 Do ¼ 25 Crystallization Hard water (containing CaCO3) 2,700–7,300

Di ¼ 15.86

HTFU, High Temperature Fouling Unit, by HTRI (Heat Transfer Research Inc., USA); PFRU, Portable Fouling Research Unit, by HTRI; HLPS, hot liquid pro-
cess simulator, Alcor Petroleum Instruments, USA.

Figure 1. Schematic of fluid dynamic gauge.

d, tube i.d.; dt, nozzle throat i.d.; h, clearance from surface;
k, thickness of gauging tube; s, lip width; k, length of
nozzle lip; a, nozzle angle. Numbers refer to flow stations.
Flow lines indicate approximate fluid flow path. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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fouling deposit immersed in liquid. A pressure difference is
applied across the nozzle such that liquid is sucked into the
nozzle and discharged externally; the flow rate and pressure
difference are measured. The flow rate, m, is expected to be
uniquely related to the distance between the nozzle and the
surface, the clearance, h. For a given pressure driving force,
measurements of m allow h to be calculated, and changes in
h can be related to the increase (fouling) or decrease (clean-
ing) of deposit thickness. The main limitation is that the sur-
face of the foulant should be sufficiently stiff that it does not
change shape materially during the measurement. The gauge
is operated so that its internal flow is in the laminar regime.

For design purposes, the flow behavior can be quantified
in terms of a discharge coefficient, Cd. This dimensionless
parameter accounts for the energy losses due to the flow
near the nozzle entrance, defined as the ratio of the actual to
ideal mass flow rate through the nozzle, viz.

Cd ¼ mactual

mideal

¼ m
pd2t
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qDp13

p (1)

where

Dp13 ¼ Dp14 � Dp34 ¼ qgH þ ps

� 128

p
leff
d4

l
q
m for the turbulent flow experiment 2ð Þ

Subscripts 1, 3, and 4 refer to various locations in the sys-
tem shown in Figure 1. The static pressure (near the nozzle
inlet) in the annulus, ps, is associated with the flow in the
annulus. Note that ps ¼ 0 for the quasi-static FDG case. H is
the hydrostatic head, and leff is the effective length of the
tube, allowing for all frictional losses in the tube.

This article presents experimental results for two different
operating cases: quasi-static FDG and flow FDG, where the
bulk liquid is in the turbulent regime. Experiments for the
quasi-static case approximate experiments using a cold finger
apparatus, where the thickness of deposit can be measured
on the convex cylindrical surface.18 The flow pattern in the
quasi-static case can be modeled using computational fluid
dynamics (CFD), allowing the stresses imposed on the
gauged surface to be quantified and hence the forces
required to remove the foulant estimated. Gu et al.19

reported CFD simulations for the duct flow FDG configura-
tion employed by Tuladhar et al.4 The CFD results showed
excellent agreement with experimental data for Reynolds
numbers in the duct up to 930. They reported difficulties in
convergence for their code at higher Reynolds numbers,
which is associated with the flow approaching the transition
region. Simulation of duct flow FDG in the turbulent regime,
with the flow within the gauge being in the laminar regime,
represents a considerable computational challenge and is not
attempted here; rather, CFD simulations similar to those
reported by Gu et al.19 are presented for the quasi-static
case—corresponding to gauging the fouled surface when
there is no bulk flow. Experimental data alone are presented
for flow FDG when the bulk flow is in the turbulent regime,
corresponding to the typical flow conditions in a heat
exchanger, thus being of particular interest to the industrial
applications connected to this investigation.

Experimental

Quasi-static

Experiments on quasi-static FDG flows were performed
using a concentric annulus held vertically (Figure 2). The
outer tube (i.d. 35.1 mm) was constructed from acrylic for
visualization purposes, while a length of standard stainless
steel 316 rod was used for the inner tube (o.d. 21.3 mm), to
ensure a stiff surface; early trials using an acrylic inner tube
experienced sufficient vibration to impair the measurements.
The hydraulic diameter of the annulus, Dh, defined as four
times the area for flow divided by the wetted perimeter, is
13.8 mm. Concentricity was maintained using three metal
locating pins at the inlet and outlet of the annulus. Constant
hydrostatic heads, H ¼ 640 mm and 540 mm, were
maintained via a water refill at the top of the test section, as
illustrated in Figure 2. The working fluid was water at room
temperature (approximately 20�C).

The gauging nozzle was fabricated from stainless steel
with dimensions: dt ¼ 1 mm, d ¼ 4 mm, k ¼ 2 mm, s ¼
0.5 mm, a ¼ 45� and k ¼ 1.5 mm (Figure 1). It was moved
backwards or forwards horizontally, normal to the inner
tube, through a seal, using a micrometer. These two operat-
ing modes are referred to as ‘‘nozzle retreating’’ and ‘‘nozzle
advancing.’’ The micrometer also indicated the distance
between the surface of the inner tube and the tip of the
nozzle, h. The discharge gauging flow was measured using

Figure 2. Schematic of quasi-static flow apparatus,
where the only substantial flow is the suction
flow into the nozzle.

A, annular test section; B, electronic balance; G, gauging tube;
H, hydrostatic head; H0, height of liquid above the gauge; M,
micrometer. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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an electronic balance (accuracy � 0.05 g). The gauging noz-
zle was connected to a tube of true length, l ¼ 525 mm, with
the other end open to the atmosphere. The value of the tube
effective length, leff, used to account for frictional losses along
the tube, fittings and in the bend, was estimated from

leff ¼ lþ K
q
l
d2

64

� �
vtube (3)

where l is the dynamic viscosity of the fluid, d is the tube i.d.,
and vtube is the mean velocity in the tube. K is the loss
coefficient and is a function of the coefficient of hydraulic
friction of the bend, the angle of the bend, and the ratio of the
radius of the bend over the internal diameter of the tube.20 The
derivation of Eq. (3) and the equation describing K can be
found in the Appendix. It was not possible to find leff by
experimental calibration due to the arrangement of the tube.

Flow FDG

The flow loop for flow FDG case is shown schematically in
Figure 3 and is in essence an extended version of the quasi-
static apparatus, using the same annular test section. The
length of the annular test section, L, was 1000 mm, to ensure
fully developed flow at the gauging position located 750 mm
from the entry (55Dh). For fully developed turbulent flow,
10Dh is generally deemed sufficient.6 However, statistically
fully developed turbulent flow, with no significant variation in
flow characteristics axially, may be achieved only after a
length of 50Dh.

21 Water flowed upwards through the annulus,
with mean velocity in the range 1.0–2.3 m/s (corresponding to
Reynolds numbers of 14,200–31,300, where Reannulus is
defined in terms of Dh). The gauging nozzle, shown in Figure
1, was operated in both advancing and retreating modes at a
given flow rate through the annulus. Two pressures are
responsible for driving the gauging flow. The first is the suc-
tion pressure caused by the hydrostatic head, H, which was
maintained constant at 405 mm (equivalent to 3970 Pa). The
second is the static gauge pressure, ps, associated with the
annular flow. This latter pressure was measured using a
pressure sensor (accuracy � 34 Pa), located 750 mm from the
inlet of the annulus, diametrically opposite the gauging
nozzle. The measured ps values ranged from 19,600 Pa
(at Reannulus ¼ 14,200) to 42,000 Pa (Reannulus ¼ 31,300).

CFD Simulations

Governing equations

CFD is employed to model the fluid flow in the (three-dimen-
sional) quasi-static FDG configuration, using the finite element
method (FEM) implemented in the commercial software COM-
SOL MULTIPHYSICSTM (version 3.4, Chemical Engineering
Module). The governing continuity and incompressible, steady-
state Navier-Stokes equations for a Newtonian liquid are

Continuity: r � v ¼ 0 (4)

Navier-Stokes: qv � rv ¼ �rpþ lr2vþ qg (5)

where v is the velocity vector, p the pressure, q the density, l
the dynamic viscosity, and g the acceleration due to gravity,
set to zero in this case for computational convenience.22

Physical properties such as density and viscosity were set
constant throughout the entire system. All flows are laminar.

Model set-up and boundary conditions

The geometry of the model and the Cartesian coordinate
axes employed are illustrated in Figure 4. A gauging nozzle
is positioned with its axis perpendicular to the longitudinal
axis of the annulus. Only a quarter of the annulus and half
of the tube are modeled due to symmetry along the y-z plane
for the tube and both the x-z and y-z planes for the annulus.
The length of the annulus in the model is shorter than the
true length of the test section to save computing time. The
process fluid enters the annulus in the z-direction, crossing
the top plane at z ¼ 0, and leaves through the gauging tube
in the y-direction, where y ¼ 0 corresponds to the line along
the convex surface that passes through the intersection of the
projected center line of the gauging tube with that surface.

The quantitative information specified for each simulation
is the velocity at the annulus top, the velocity profile at the
tube outlet and the pressure at the annulus base. The simulated
pressure drop across the nozzle, Dp1030, is estimated as follows:

Dp1030 ¼ p40 � p10 � 128

p
l0

d4
l
q
m (6)

where p40 and p10 are the computed pressures at the tube outlet
and the bottom plane of the annulus, respectively. The final
term on the right hand side of Eq. (6) is the Hagen-Poiseuille
equation for pressure drop in the gauging tube due to friction,
where l0 is the length of the tube used in the simulations.

Once Dp1030 is evaluated, the nozzle discharge coefficient,
Cd, is calculated from Eq. (1) and compared with experimen-
tal Cd values.

Figure 3. Schematic of flow FDG apparatus, where the
flow in the annulus is turbulent (14,200 <
Reannulus < 31,300).

A, annular test section; B, electronic balance; V, flow con-
trol valve; F, filter; G, gauging tube; H, hydrostatic head;
M, micrometer; P, gauge pressure sensor; R, rotameter.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The boundary conditions imposed are:
(i) Annulus top, z ¼ 0
A uniform z-wise velocity is specified at the annulus top,

wannulus. This is a small flow required to balance the gauging
flow leaving the system.

wannulusj j ¼ vtubej j d
2

D2
h

(7)

where w is the mean z-wise velocity. The x-wise and y-wise
velocities u and v are set to zero at the top. In the simulation, it
was assumed that the entry flow is in the z-direction only.

(ii) Gauging tube outlet, y ¼ l0

Fully developed laminar flow is assumed, giving the
Hagen-Poiseuille velocity profile

v ¼ vmax 1� r

R

� �2
� �

(8)

where r is the radial coordinate measured from the tube center
line, R is the inner radius of the tube, and vmax is the y-wise
velocity at the tube center line, being twice the mean velocity
calculated from experimental data, i.e. v ¼ 2�vtube. The x-wise

and z-wise velocities u and w are set to zero. The length of the
tube used in the simulations is that found by numerical trial
and error to ensure that the flow at the tube outlet becomes
fully developed; it varies with Retube, Reannulus and h/dt, with
typically 25 \ l0/dt \ 75. For example, for the case h/dt ¼
0.06, the model tube length to diameter ratio, l0/dt, was
increased from 50 to 100 and 125, all else being constant. The
results revealed less than 0.5% difference in the values of the
discharge coefficient, Cd. Thus, l0/dt ¼ 50 was deemed
sufficient.

(iii) Annulus base, z ¼ L0

The velocities u, v and w are all set to zero at this plane.
The length of the annulus in the model, L0, (shown in Figure
4) is determined by numerical trial and error, i.e. varying the
ratio L0/Dh �7, 10, and 16 (for the specific case h/dt ¼
0.06). The results showed less than 0.1% difference in the
values of the discharge coefficient, Cd. Hence, L0/Dh � 7
was chosen for all simulations. The pressure at the base is
set to the (negative) pressure of the hydrostatic head pressing
down on the fluid, viz.

p10 ¼ qg H0 þ L0

2

� �
(9)

where H0 is the height of the liquid in the test section above the
gauge (Figure 2).

(iv) Walls
The walls of the annulus, the gauge, the nozzle, and lip of

the nozzle are all modeled as impermeable and free of slip
(normal and tangential components of the velocity are zero).

(v) Symmetry
There is no flow across the y-z and x-z planes of symme-

try, thus

n�m ¼ 0 (10)

where n is the normal vector of the relevant plane.

Meshing and convergence

The grids used in the simulation were generated using the
internal mesh generator in COMSOL MULTIPHYSICS. The
domain was represented using tetrahedral elements. A pre-
liminary simulation was run, and the flow field obtained.
This demonstrated where velocity and pressure gradients
were high. A higher concentration of elements is assigned to
the clearance region beneath the nozzle where the steepest
velocity and pressure gradients exist, so the mesh was
refined to obtain satisfactory resolution there. The size of the
elements at the nozzle region was set to �5% of the size of
the elements in the rest of the domain. Figure 5 shows a typ-
ical example of the refined mesh. The number of elements
required to achieve convergence varied with h/dt, l

0/d, L0/D
and Retube. To optimize the number of elements it was nec-
essary to carry out a mesh-independence study; this was
done by performing a number of simulations with different
mesh sizes, starting from a coarse mesh and refining it until
results were no more dependent on the mesh size.

A satisfactory solution took �17 min to compute, on a
desktop PC with a 3.16 GHz dual core processor and 3.33
GB RAM. Convergence was tested by comparing the values

Figure 4. Simulation geometry.

Numbers refer to the stations in the simulation. The arrows
indicate the entry flow in the annulus, and the exit flow in
the tube. Coordinates: z, vertical (annulus) axis; y, horizon-
tal (gauging tube) axis. Velocity components w and v are
indicated. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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of velocity and pressure from successive iterations; toleran-
ces were set at 10�6 m/s (vs. a lowest radial mean velocity
in the gauging tube of 3 � 10�3 m/s) or 10�6 Pa (vs. a low-
est reference pressure of �1815 Pa), for the velocity and
pressure, respectively. The tolerance dictates the error in
each integration step. Numerical accuracy was confirmed via

conservation of mass, i.e. the mass flowing into the system
minus the mass flowing out should equal zero. The numeri-
cal model gives an error of less than 4% for all cases
investigated, with a maximum flow of 1.9 � 10�3 kg/s.

Results and Discussion

Flow behavior in the quasi-static case

For the static-FDG experiments, the CFD simulation of
the velocity component in the direction of the tube axis for
H ¼ 640 mm in the range h/dt ¼ 0.04 to 0.40 (Retube ¼ 60–
557) is shown in Figure 6. The highest velocity occurs
within the throat of the nozzle with expansion further up in
the tube. The flow in the nozzle and tube is symmetrical.
As the clearance, and hence Retube increases, a longer
gauging tube is required to achieve the well developed
velocity profile in the tube for the numerical model to
converge, with l0/dt ¼ 75 for the highest case of Retube
investigated (Retube ¼ 577).

Comparisons of nozzle discharge coefficient in the
quasi-static case: Experiments and CFD

In the experiment, the hydrostatic head driving the gauging
flow, H, is set, the clearance, h, fixed, and the mass flow rate,
m, is measured to calculate the Reynolds number at the gaug-
ing tube outlet, Retube. In the CFD simulations, the clearance
and mass flow rates are fixed and set equal to
the experimental values. The value of the pressure drop at the

Figure 5. Projection of the FEM meshing for H 5 640
mm, h/dt 5 0.04, l0/dt 5 25 in the nozzle region.

The dark section beneath the nozzle denotes a high concen-
tration of meshing.

Figure 6. Horizontal (y-wise) velocity component in the tube at the y-z plane of symmetry for H 5 640 mm, ps 5
2305 Pa.

(i) h/dt ¼ 0.04, Retube ¼ 60; (ii) h/dt ¼ 0.08, Retube ¼ 142; (iii) h/dt ¼ 0.10, Retube ¼ 210; (iv) h/dt ¼ 0.22, Retube ¼ 446; (v) h/dt ¼ 0.30,
Retube ¼ 514; (vi) h/dt ¼ 0.40, Retube ¼ 557. Red color indicates highest y-wise velocity and blue color lowest value. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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tube outlet is computed, and Dp1030 is evaluated via Eq. (6)
and subsequently employed to calculate Cd via Eq. (1).

The experimental Cd values and those estimated from the
numerical model are compared in Figure 7, for H ¼ 540 and
640 mm for the quasi-static FDG in the range 0.04\ h/dt \
0.60. The loci plotted for the simulation results are obtained
by interpolation. The agreement between the CFD predic-
tions and the experimental values is satisfactory, to 4%
approximately, and lie within the bounds of experimental
error, thereby suggesting that the assumptions made in the
model are adequate.

Stresses on the gauged surfaces in the quasi-static case

It is desirable to calculate both the shear and normal
(suction) stresses generated by the gauging flow, as these have
been demonstrated to have a significant effect on the removal
of fouling deposits.4,23 The stresses acting on the gauged sur-
face can be readily calculated from the simulated velocity field.

The distribution of the normal stress on the inner convex
surface of the annulus in the z-direction, directly underneath
the nozzle (Figure 8a shows a sketch of the location), for H
¼ 640 mm is shown in Figure 8b. Consider the straight line
along the convex surface that passes through the intersection
of the projection of the tube center line with the surface.
The coordinate z measures the distance along that line from
that intercept: z ¼ z0 � L0=2. The normal (suction) stress is
high within the throat of the nozzle (0 � z0 � 0.5 mm) and
decays to a small value at z0 [ 1 mm. For small clearances,
h/dt ¼ 0.06–0.10, the suction stress peaks at the position of
the inner rim of the nozzle (z0 ¼ 0.5 mm), in agreement
with previous results of Chew et al.23 Figure 8b reveals that
the z-wise shear stress is approximately zero at the center
line of the tube (z0 ¼ 0), reaches a maximum beneath
the nozzle lip (z0 ¼ 0.5–1.0 mm) and approaches zero
asymptotically for z0 [ 1 mm. The magnitude of the z-wise

shear stress at a given value of z0 decreases as the gauge is
moved away from inner surface, with the peak value decreas-
ing from 42 Pa (h/dt ¼ 0.06) to 3 Pa (h/dt ¼ 0.18). When the
gauge is moved further away, the effect of the z-wise shear
stress and normal (suction) stress on the surface of the annulus
becomes negligible (approximately zero for h/dt ¼ 0.30).

The components of the stress tensor acting around the cir-
cumference, a, of the inner cylinder in both the y-direction
(szy) and the x-direction (szx) can be evaluated from the
simulation. In the region beneath the gauging nozzle, these
two shear stress components can be combined to evaluate
the shear stress around the circumference of the inner
cylinder, sza, as follows:

sza ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2zy þ s2zx

q
(11)

The gap between the gauging nozzle and the inner surface
increases as one moves around the circumference of the
inner cylinder away from the plane in Figure 8. The change
in shear stress acting on the surface is presented in Figure 9.
The abscissa is the arc length, a, around the circumference
of the inner cylinder. The highest values of shear stress
around the circumference of the inner cylinder occur within
the throat and underneath the nozzle rim. The peak shear
stress (sza), for all cases of h/dt, is smaller than that acting in
the z-direction (syz0), demonstrating the effect of a curved
surface. For all cases considered, the peak shear stress
occurs close to the inner rim of the nozzle. These results are
consistent with the experimental observations of Tuladhar et

Figure 7. Comparison of experimental and simulated
Cd values for quasi-static FDG.

Symbols, experimental data; squares, H ¼ 540 mm; circles,
H ¼ 640 mm. Lines, loci interpolated from CFD results;
dashed line, H ¼ 540 mm; solid line, H ¼ 640 mm.

Figure 8. Normal (suction) stress (ryy), and shear stress
(syz0) imposed by the gauging flow on the
inner convex surface of the annulus (at y 5
0), directly beneath the gauge, as a function
of the annulus axial coordinate measured
from the gauge central axis, as shown on the
inset.

Conditions: H ¼ 640 mm, ps ¼ 2305 Pa. Symbols: solid
diamonds, h/dt ¼ 0.06, Retube ¼ 102; solid triangles, h/dt ¼
0.08, Retube ¼ 142; crosses, h/dt ¼ 0.10, Retube ¼ 210; open
squares, h/dt ¼ 0.14, Retube ¼ 314; open triangles, h/dt ¼
0.18, Retube ¼ 383; open diamonds, h/dt ¼ 0.22, Retube ¼
446. h/dt ¼ 0.22, h/dt ¼ 0.30, h/dt ¼ 0.40. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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al.4 and Chew et al.,23 who noted that deposit distortion was
usually located under the rim of the nozzle. The magnitude
of the peak shear stresses in both cases is noteworthy. The
equivalent mean velocities, wannulus, for turbulent flow condi-
tions in an annulus can be estimated from

wannulus ¼
ffiffiffiffiffiffiffiffiffi
2syz0

qCf

s
(12)

where the Fanning friction factor, Cf, is estimated using the
Davis correlation for annular geometry,24 valid for 3000 \
Reannulus \ 106.

Cf

Do=Di � 1

Do=Di

� ��0:1

¼ 0:055Re�0:2
annulus (13)

where Do and Di are the outer and inner diameter of the
annulus, respectively.

The estimated mean velocities for turbulent flows of water
in an annulus that would produce a wall shear stress of mag-
nitude corresponding to the maximum radial shear stress in
FDG lie in the range 0.6 m/s \ wannulus \ 3.9 m/s. These
values are comparable to the range of mean pipe velocities
suggested for cleaning-in-place installations (1–3 m/s) by
Timperley,25 although more modern work tends to recom-
mend values of wall shear stress or Reynolds number. It is
noteworthy that gauging under readily obtainable laboratory
conditions could therefore replicate the mean shear stress
values observed in turbulent liquid flows.

Gauging in turbulent annular flow

In this section, only experimental data are presented. The
gauging discharge flow rate, m, as a function of h/dt, obtained

for Reannulus values in the turbulent flow regime is plotted in
Figure 10. The discharge mass profiles are similar for both noz-
zle advancing and retreating modes. The discharge flow rate
increases with Reannulus due to the associated increase in the
static gauge pressure. The profiles exhibit three zones. The first
zone is described as the ‘‘curvature zone’’ at 0 \ h/dt \ 0.1,
where the mass flow rate remains constant, independent of the
gauge position. This is due to the geometry of the system; there
is always a gap for liquid to flow into the gauge even when it is
in contact with the gauged surface (h/dt ¼ 0). The second zone
is labeled the ‘‘incremental zone,’’ between 0.1 \ h/dt \ 0.4,
where the flow increases almost linearly with increasing clear-
ance; this is the ‘‘useful working range’’ of the instrument, to
be exploited for thickness measurement. The third zone, at h/dt
[ 0.4, is labeled the ‘‘asymptotic zone,’’ as the mass flow rate
is relatively insensitive to the clearance. With the exception of
the initial curvature zone, the behavior of the gauge in the an-
nular geometry and the resulting discharge mass profile resem-
bles that reported previously for flat surfaces,2 employing the
same nozzle design (dt, s, k, a). The only difference is the wall
thickness of the gauging tube, k, which is 2 mm in this investi-
gation and was 1 mm for Tuladhar’s experiments.

The effect of clearance on nozzle discharge coefficient,
Cd, is plotted in Figure 11 for 14,200 � Reannulus � 31,300.
Data are reported for the nozzle advancing mode. All Cd

profiles display an initial flat region followed by an increase
toward an asymptotic value, reached around h/dt ¼ 0.5.

Buffer sublayer

It is instructive to compare the gauging length scale with
the characteristic length scales of the flow regime in the

Figure 9. Shear stress imposed by the gauging flow on
the convex surface at different positions
along the arc, as shown in the inset.

Conditions: H ¼ 640 mm, ps ¼ 2305 Pa. Symbols: solid
squares, h/dt ¼ 0.04, Retube ¼ 60; solid diamonds, h/dt ¼
0.06, Retube ¼ 102; triangles, h/dt ¼ 0.08, Retube ¼ 142;
crosses, h/dt ¼ 0.10, Retube ¼ 210; open squares, h/dt ¼
0.14, Retube ¼ 314; open triangles, h/dt ¼ 0.18, Retube ¼
383; open diamonds, h/dt ¼ 0.22, Retube ¼ 446.

Figure 10. Effect of Reannulus on experimental FDG dis-
charge profiles obtained for H 5 405 mm.

Symbols: circles, Reannulus ¼ 31,300, ps ¼ 42,000 Pa;
triangles, Reannulus ¼ 22,800, ps ¼ 28,000 Pa; squares,
Reannulus ¼ 19,900, ps ¼ 24,800 Pa; diamonds, Reannulus ¼
14,200, ps ¼ 19,600 Pa. Solid symbols represent the gauge
operating in advancing mode and open symbols represent
the gauge operating in retreating mode. Data reproducibil-
ity is evident in the ‘‘incremental’’ and ‘‘asymptotic’’ zone
for all cases investigated.
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annulus. The interaction between the gauging flows and the
slower moving fluid near the wall of the inner cylinder was
considered, albeit approximately, using the universal velocity
profile to estimate the boundaries of the viscous (dþ ¼ 5)
and buffer sublayers (dþ ¼ 40) for the inner portion of the
annular velocity profile. Knudsen and Katz24 state the fol-
lowing relationship for dþ, valid for Reannulus \ 7 � 105:

dþ ¼ wannulus

dq
l

ffiffiffiffiffi
Cf

2

r
(14)

where d is the distance from the surface of the inner cylinder
and dþ is the friction distance. Most texts refer to these
quantities as y and yþ, but we employ d and dþ to avoid
confusion with the Cartesian coordinate used in the simulation.

The viscous and buffer sublayer thickness estimations are
plotted in Figure 12. For the useful operating range, the nozzle
tip operates within the buffer sublayer (0.10 \ h/dt \ 0.40),
although at higher Reannulus the operating range may extend
into the core region. The latter aspect is subject to consider-
able uncertainty, as the accuracy of the estimate is low owing
to the uncertainty in the Cf correlation, the effect of the
obstruction that the nozzle presents to the flow in the annulus,
and the effect of the gauging flow itself. Nevertheless, the
estimates indicate that gauging operates within the curvature
region of the flow, where viscous effects are important.

Potential application of FDG to annular flow systems

FDG has been demonstrated here to work well for curved
surfaces, and specifically the inner surface of the annular
flow configuration that is widely employed for laboratory
studies of heat exchanger fouling and cleaning (Table 1).
The technique has been shown to be suitable for real-time
monitoring of deposit thickness in the turbulent regime,
where many industrially important tests are operated. Lower

velocities (i.e. in the laminar regime) were not considered in
this work but extension of the technique to this regime is
considered straightforward, given that the gauge behavior in
the turbulent regime is rather similar to that in the quasi-
static regime (where there is no net advective flow and the
experimental results agree with CFD simulations closely),
and the technique has already been demonstrated to work on
duct flows with flat surfaces in the laminar regime.19 Instal-
ling a gauge on an annular fouling probe may now be
expected to generate new information about the deposit
layers. Clearance-time data can be generated to track the
thickness of deposits, and those thicknesses could be com-
pared with the thicknesses estimated indirectly from pressure
drop measurements; differences can be related to deposit
surface roughness. The thermal resistance of deposits is often
measured via heat transfer measurements; combining this
property with deposit thickness will yield estimates of
thermal conductivity, as described by Tuladhar et al.26 in
their study of whey protein fouling on flat plates. Finally, if
the flow can be stopped for a short period, the quasi-stagnant
mode of operation can be used to assess the strength of the
fouling deposit. Similar arguments can be applied to
cleaning studies.

Conclusions

The present work has demonstrated that the technique of
FDG can work effectively for a curved surface; specifically,
in an annular geometry. Experiments in the turbulent regime
revealed three characteristic zones, namely ‘‘curvature,’’
‘‘incremental,’’ and ‘‘asymptotic,’’ of which the ‘‘curvature’’
zone is new to the current (curved) geometry. The effective
working range of the gauge is between 0.1 and 0.4 h/dt.
Moreover, measurements and CFD calculations carried out
for the quasi-static case showed an agreement to 4% or bet-
ter for all experiments.

Figure 12. Estimated viscous sublayer and buffer sub-
layer thickness ratio for the geometry
employed in these experiments.

The dashed horizontal lines indicate the working range of
the gauge.

Figure 11. Nozzle discharge coefficient, Cd, vs. clear-
ance, h/dt, obtained for H 5 405 mm.

Data for nozzle advancing mode. Symbols: circles,
Reannulus ¼ 31,300, ps ¼ 42,000 Pa; triangles, Reannulus ¼
22,800, ps ¼ 28,000 Pa; squares, Reannulus ¼ 19 900, ps ¼
24,800 Pa; diamonds, Reannulus ¼ 14,200, ps ¼ 19,600 Pa.
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Notation

a ¼ arc length along annulus cross section, m
Ccur ¼ coefficient of hydraulic friction of a curved bend,

dimensionless
Cd ¼ discharge coefficient accounting for nozzle flow complexity

and energy loss, dimensionless
Cf ¼ fanning friction factor, dimensionless
d ¼ inner diameter of dynamic gauging tube, m
dt ¼ nozzle throat diameter, m
Dh ¼ hydraulic diameter of the annulus, m
Di ¼ inner diameter of the annulus, m
Do ¼ outer diameter of the annulus, m
g ¼ acceleration due to gravity, m/s2

h ¼ clearance between nozzle tip and gauging surface, m
H ¼ hydrostatic head providing pressure driving force for gauging

flow, m
H0 ¼ height of liquid in the test section above the gauge, m
k ¼ wall thickness of gauging tube, m
K ¼ loss coefficient in tube for 90� bend, dimensionless
L ¼ length of annular test section, m
L0 ¼ computational fluid dynamics model of duct length, m
l ¼ length of siphon tube, m
l0 ¼ computational fluid dynamics model of tube length, m
m ¼ tube discharge mass flow rate, kg/s
n ¼ normal vector
p ¼ pressure, Pa
r ¼ radial coordinate of the gauging nozzle, m
R ¼ inner radius of the gauging tube or radius of the bend in the

gauging tube, m
Re ¼ Reynolds number, dimensionless
s ¼ width of nozzle rim, m
u ¼ x-wise velocity, m/s
v ¼ velocity vector
v ¼ y-wise velocity, m/s
�v ¼ mean y-wise velocity, m/s
w ¼ z-wise velocity, m/s
�w ¼ mean z-wise velocity, m/s
x ¼ coordinate
y ¼ coordinate
z ¼ coordinate

Greek letters

a ¼ nozzle inner angle, �
abend ¼ angle of the bend, �

d ¼ distance from the surface of the inner cylinder, m
dþ ¼ dimensionless thickness ratio
k ¼ length of nozzle exit, m
l ¼ dynamic viscosity, Pa s

ryy ¼ normal stress, Pa
q ¼ density, kg/m3

syz0 ¼ shear stress on the y-plane in the z-direction, Pa
szx ¼ shear stress on the z-plane in the x-direction, Pa
szy ¼ shear stress on the z-plane in the y-direction, Pa
sza ¼ shear stress on the z-plane in the a-direction, Pa

Subscripts

actual ¼ actual
annulus ¼ annulus

bend ¼ bend
cur ¼ curved
eff ¼ effective
h ¼ hydraulic
i ¼ inner

ideal ¼ ideal

max ¼ maximum
o ¼ outer
s ¼ static

total ¼ total
tube ¼ tube

Abbreviations

CFD ¼ computational fluid dynamics
FDG ¼ fluid dynamic gauging
FEM ¼ finite element method
HLPS ¼ hot liquid process simulator
HTRI ¼ heat transfer research incorporated
HTFU ¼ high temperature fouling unit
PFRU ¼ portable fouling research unit
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Appendix

Derivation of effective tube length, leff

The total pressure drop in the gauging tube equals the losses
in the 90� bend plus the frictional losses due to the tube wall:

Dptotal ¼ Dpbend þ Dpwall

where

Dptotal ¼ m
128

p
leff
d4

l
q

� �

Dpbend ¼ K
1

2
qv2tube

� �

Dpwall ¼ m
128

p
l

d4
l
q

� �

where m is the tube discharge mass flow rate, leff is the tube
effective length, l is the dynamic viscosity, q is the density of
the fluid, d is the tube diameter, and K is the loss coefficient
due to the 90� bend.
Hence,

m
128

p
leff
d4

l
q

� �
¼ K

1

2
qv2tube

� �
þ m

128

p
l

d4
l
q

� �

\leff ¼ lþ K
p
256

q2

l
v2tube
m

d4
� �

leff ¼ lþ K
q
l
d2

64

� �
vtube

The value of K is calculated as follows20:

K ¼ 0:0175Ccurabend
Rbend

d

where Ccur is the coefficient of hydraulic friction of a curved
bend, abend is the angle of the bend in degrees, Rbend is the
radius of the bend and d is the internal diameter of the tube
(Figure A1). This equation is valid for smooth curved tubes
made of glass, brass, lead, rubber, and steel, at relative
roughness of less than 2 � 10�4 (the relative roughness of
stainless steel is 1.5 � 10�5)27 and a bend ratio of
Rbend=d � 3 Rbend=d ¼ 7 for this caseð Þ.
Ccur is a function of the tube Reynolds number, Retube,

and the bend ratio, Rbend/d, viz.

at 50 < Retube

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d

2Rbend

r
< 600 Ccur ¼ 20

Re0:65tube

d

2Rbend

� �0:175

at 600 < Retube

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d

2Rbend

r
< 1400 Ccur ¼ 10:4

Re0:55tube

d

2Rbend

� �0:225

at 1400 < Retube

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d

2Rbend

r
< 5000 Ccur ¼ 5

Re0:45tube

d

2Rbend

� �0:275
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Figure A1. Schematic of a circular pipe with a 90�

bend.
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