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A B S T R A C T

Accurately characterizing abrasive particle velocity ejected from a nozzle in a pressurized air,ow is crucial for
solid particle erosion quanti.cation, abrasive jet micromachining, and abrasive slurry micro-jet experiments. A
double-disc anemometer (DDA) is an economical particle velocity measurement apparatus which is cost effective
to implement. The DDA method determines particle velocity using the time it takes for particles to travel a known
distance between two rotating discs mounted on the same shaft. Since 1975, the DDA has been used to measure
solid particle velocities in gas-particulate ,ow streams. Particle velocity measurement using a DDA is an intricate
process, which the experimental procedure lacks published standardization outlining, operation procedures,
comprehensive error analysis, and post-processing advice, all required to report accurate and reliable results.
This paper presents a new and improved DDA design, automated post-processing procedures, and experimental
validation characterizing the ,ow development of 66 μm glass bead abrasive blasted with a maximum mean
particle velocity of 95.3m/s. State-of-the-art laser Doppler velocimetry equipment (LDV) was used to validate the
DDA results with an agreement of −2.8 % on average. Further, this paper investigates the disc separation dis-
tance and shaft angular velocity, discussing con.guration recommendations for reliable measurements, with an
optimal reported uncertainty of ± 3.2 %. Finally, a novel scarring analysis method was conducted to identify the
intricacies of how the instrument’s geometries affect the velocity calculation.

1. Introduction

1.1. Solid particle erosion

Generally, the wear process in manufacturing is the term used to
describe the slow degradation of machine parts brought on by friction
between moving parts [1]. Another type of wear is erosive wear due to
impact of solid particles, which is known as solid particle erosion. Solid
particle erosion (SPE) is a dynamic process of material removal from a
target surface because of mechanical interaction between impinging
particles and the target surface due to large-scale deformation, fracture,
cutting, or a combination. Early studies of SPE were directed toward
erosion prevention in pipelines and turbomachinery. Bitter studied SPE
mechanisms [2,3], classifying them into brittle and cutting wear. In
brittle SPE processes, deformation wear and fracture are the primary
mechanisms, while in ductile SPE processes, cutting wear is the primary
mechanism [2,4]. Since the early works of Bitter, the study of SPE has
expanded from erosion prevention in pipelines to several industries,

including aerospace, defense, renewable energy, biomedical sectors, and
mining [5–9].

1.2. Process parameters affecting solid particle erosion

SPE is a complex process in,uenced by many parameters. Studies
indicate that particle properties (size, density, sharpness, and hardness);
impact parameters (angle, velocity, and impact duration); and target
surface hardness in,uence the SPE rate (mass of material removed per
mass of erodent used) [10–14]. Zambrano et al. investigated the
complexity of wear regime predictions, correlating the abrasive fracture
toughness, and the hardness ratio between the abrasive and the sub-
strate [15]. Many researchers have reported that erosive wear rate de-
pends on impact angle [7,8,13,[16–19]. During SPE, the incident
particle’s kinetic energy transferred to the target material depends on
the mechanical properties of the target and the erodent. Many re-
searchers [16,20–24] have focused on investigating the relationship
between the bulk mechanical properties and the resulting SPE wear rate
even though the thermal, mechanical, and chemical degradations
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occurring during SPE can change the properties of the eroded layers
from those of the bulk material [25]. Since mechanical properties
change during SPE, other researchers have attempted to incorporate
selected material properties (usually only one) and introduce empirical
relationships to predict SPE wear [25–29]. For example, Sundararajan
et al. [29] introduced a parameter known as erosion ef.ciency (ε),
which they claim can identify the dominant micro-mechanism leading to
SPE wear for a wide range of materials, including coatings, metals, and
ceramics. Particle velocity is one of the most critical parameters in,u-
encing SPE. Solid particle erosive wear rate is usually assumed to be
directly proportional to the power of the particle velocity [13,30–34].
Each method has its advantages depending on the speci.c requirements
of the measurement, such as the speed of the particles, the medium in
which they are moving, and the level of precision required. Particle
velocity has been measured using various techniques. These include
laser Doppler velocimetry (LDV), which measures velocity by analyzing
the frequency shift of light scattered by moving particles [35–38].
Another method is particle image velocimetry (PIV), which includes
measuring the displacement of particles during two laser ,ashes, whose
time between pulses is known [39–41]. Particle Tracking Velocimetry
(PTV) is another method to determine particle velocities, in which tra-
jectories of individual particles in three-dimensional space are tracked
[33,42,43]. At a fraction of the cost, an alternative approach to the
abovementioned methods is velocity measurement with a double-disc
anemometer (DDA). In this method, particle velocity is determined
using the time it takes for particles to travel a known distance between
two rotating discs mounted on the same shaft. Since 1975, the DDA has
been used to measure solid particle velocities in gas-particulate ,ow
streams [32]. The Double-Disc Method, developed by Ruff and Ives [32],
uses two discs placed in a ,ow to measure particles’ velocity based on
the timing of their interaction with the discs. Several researchers have
conducted experiments and numerical studies to verify and validate the
accuracy of DDA velocity measurements and .nd correlative relation-
ships applicable to determining particle velocities under broad experi-
mental conditions [34]. Furthermore, the use of DDA has been extended
to the measurement of particle velocity in abrasive slurry jets, and its
accuracy has been improved by re.ning the design of the discs [44].

Previously documented by Gee and Hutchings [45] and tested and
published by Stevenson and Hutchings [34], the accuracy of DDA
measurements is published to be accurate to 5–10 % of the actual

abrasive velocity. This error arises from systemic air,ow in,uences,
poor scarring, and inaccuracies in measuring scar centers. The air,ow
disturbances include aerodynamic in,uence from the spinning discs to
the particulate stream [34,44,45]. Any induced out-of-plane particle
motion will affect the mean velocity measurement.

While methods like particle imaging velocimetry (PIV), laser Doppler
velocimetry (LDV), and laser shadowgraphy provide precise measure-
ments, their implementation can be costly. This paper outlines the novel
DDA design iteration and mean velocity measurement techniques used
to improve SPE modelling using cost-effective equipment. Section 2
describes the novel design in detail, experimental setup, measurement
procedures, and automated physics-based scar angle determination. The
use of software assisted scar centroid analysis allows for unbiased con-
sistency and new measurement uncertainty reporting procedures.
Without previously being published, the measurement errors of a DDA
are discussed and quanti.ed. Post-processing for this experimental setup
was completely automated, allowing for time-ef.cient data collection.
Section 3 discusses themean velocity measurement comparison between
the DDA and the LDV, outlining the potential error sources and miti-
gation techniques. Additionally, in Appendix A, a novel study on slot
geometries veri.es design recommendations and clari.es the interac-
tion between slot con.gurations and abrasive particles, enhancing the
understanding of the resulting scarring.

2. Materials and experimental procedure

2.1. Double disc anemometer theory and componentry

Fundamentally, the DDA concept includes two discs mounted to a
common rotating shaft (Fig. 1(a)). The abrasive particle blast is directed
at the .rst slotted disc, periodically aligning and sending a slug of par-
ticle ,ow to interact with the recording disc after traveling across a
known test section length, s. The angular difference between the slot and
the recording disc’s scarring determines the abrasive particles’ mean
linear velocity. During the period the particles travel linearly across the
section length, s (Fig. 1(b)), a scarring angle, ϕ, develops between the
slot entry and the resulting scar (Fig. 1(c)).

The mean linear velocity Vp, can be determined from the known scar
angle ϕ, the length s, and the speed of the shaft ω. Eq. 1 gives the gov-
erning equation for the mean linear particle velocity calculation,

Nomenclature

A Area of scar region (pixels2)
Dn Nozzle Diameter (mm)
Dp Mean Particle Diameter (μm)
h Distance between the nozzle tip and slotted disk (mm)
k Coverage factor for uncertainty con.dence interval

conversion
le Equivalent standoff distance from nozzle to measurement

point (mm)
ṁ Abrasive mass ,ow rate (g/min)
P Driving pressure differential (kPa)
r Radial distance from the shaft’s axial centerline to the

nozzle tip (mm)
s Distance between the slotted disc and the recording disc

(mm)
t DDA test duration (s)
trot The period of opportunity in which the slot opening is in

alignment with the nozzle (s)
ui Measurement uncertainty of variable: i
VCutoff Minimum particle velocity to pass through the slot without

interaction with the slot-wall (m/s)

Vn Traversal speed of the nozzle (Appendix A), (mm/s)
Vp Mean abrasive particle velocity (m/s)
Vwall Linear velocity of the inside face of the slot wall (m/s)
Wd Width of the slotted disk (mm)
Ws Width of the slot, on the slotted disk (mm)
xc X-axis location of scar centroid (pixels)
yc Y-axis location of scar centroid (pixels)
ϕ Scar angle (◦)
ε Erosion ef.ciency
ρ Particle density (g/cm3)
σi Standard deviation of variable i’s measurements
ω Disc angular velocity (RPM)
Nomenclature acronyms
DDA Double disc anemometer
LDV Laser Doppler velocimetry
PIV Particle image velocimetry
PTV Particle tracking velocimetry
RMS Root mean square
SEM Scanning electron microscope
SPE Solid particle erosion
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accounting for unit conversion.

Vp = 6 • s • ϕ

ω
(1)

Previous works well document the DDA’s theoretical background.
For an in-depth understanding of the underlying physics, refer to the
work of Ruff and Ives [32] and Haghbin et al. [44].

Contrary to the DDA design of Haghbin et al. [44], a horizontal
threaded shaft was adopted because it allowed for easy assembly and
quick changing of parts. Mounted on the shaft are three discs: the
slotted, recording, and staging disc (Fig. 1(b)), precisely aligned by
engagement in a keyway. The slotted disc has four tapered slot openings,
imparting four evenly distributed scars, on the recording disc for anal-
ysis. The stage disc is positioned directly behind the recording disc,
providing stability and a consistent surface for angular velocity mea-
surement, ω. A .xed base variable speed router powers the shaft rota-
tion, the SKIL Model RT1323–00. All are mounted to a steel framework,
rotating on sealed roller bearings. See (Fig. 1) for the labeled assembly

and key variable de.nitions.

2.2. Double disc anemometer innovation

2.2.1. Horizontal adjustable test section
The threaded shaft allows for an adjustable test section and standoff

distance adjustability. Discs are locked axially along the shaft using
threaded locknuts. The discs and shaft are rotationally mated using a
keyway to ensure slot alignment and perpendicularity. Testing can be
time-consuming, so the DDA was designed to minimize the physical test
setup. Only the end bulkhead and locknut #4 require unfastening to
remove and replace the recording discs.

2.2.2. Tapered slots
It is vital to minimize the particle interaction with the slot wall. This

interaction can include detrimental particle and wall collisions, nested
slot air pocket effects, and rotary aerodynamic disturbances within the
test section, s. Standard DDA fabrication has previously included a

Fig. 1. (a) Labelled isometric view of the full assembly (b) Labelled DDA side-pro.le schematic (c) View of the overlapping slotted and recording discs.
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square-cut slot [32,34,44,45], susceptible to interacting with abrasive
particles. In the worst case, a range of slow particles may be given an
insuf.cient time to travel through the slot (i.e., not all particles make it
through), excluding these particles from the test data. To minimize
particle and slot interaction, the shape of the slot can be fabricated to
include an angled exit wall. As the abrasive particles enter the leading
edge of the slot, the slot walls begin to recede (tapered slot), majorly
eliminating particle and slot-wall collision. See Appendix A for the
analysis of the slot geometries effect on the resulting scarring. To the
best of the author’s knowledge, testing, and analysis of slot geometry has
not been previously published. In addition, this study introduces the
particle velocity cutoff which characterizes the minimum particle ve-
locity capable of passing through the slot. For an accurate mean velocity
measurement, a DDA operator must attest that the full range of particle
velocities are in,uencing the scar on the recording disc. The work in
Appendix A challenges the previously used square-cut slot geometry to
conclusively determine the tapered slotted disc as an improved slot
geometry.

2.2.3. Nozzle perpendicular 2xing
The governing equation assumes that the slotted and recording disks

are parallel while the approaching abrasive particles travel along a
normal trajectory. Mounting the nozzle on the DDA framework allows
for consistent and precise alignment.

2.2.4. Flow gate
The addition of a gate to control the exposure allows for a fully

developed particle ,ow from the beginning of the test. The developing
,ow phase of the utilized micro-blaster includes a purge on startup,
which maintains the ,ow’s consistency. The micro-blaster’s purge
should not be included in the erosive and velocity testing to maintain
consistent results.

2.2.5. Recording disc imaging
Effectively capturing the scarring will require a well-lit photobooth.

It is recommended to provide backlighting behind the acrylic recording
disc; this will illuminate and sharply outline the edges and area of the
scarring. An LED light panel is recommended to provide uniform illu-
mination. The Canon Inc, U.S.A. EOS 80D camera and Macro EFS 35 mm
lens were used to capture the recording disc photographs. See Fig. 2 for a
labeled photobooth schematic.

2.2.6. Scar angle measurement automation
Previous publications have assessed the angle of the scar visually

without determining a precise center [32,34,45]. This study utilizes
physics-based image processing, which is superior due to its repeat-
ability and accuracy, allowing for the removal of human judgment. A
de.ned angle measurement procedure provides consistent and unbiased

results post-processing. Furthermore, the use of image processing allows
for quanti.able measurement uncertainty, which this study utilizes.

The scar angle measurement uncertainty was identi.ed by .tting a
normal (Gaussian) distribution to the scarred region’s area and calcu-
lating the distribution .tting’s con.dence interval.

To precisely identify the mean scar angle, ϕ, the center of the scar
region must be identi.able. The recording discs were cut from 5.5 mm
thick uncoated clear acrylic. Acetone was used to clean the surface in
preparation for painting. Scar testing was conducted for numerous types
of paint, ideally identifying a paint that is removed with every particle
impact without ,aking. The best scarring was achieved using a water-
based surveyor’s temporary spray paint (Rust-Oleum SKU:2564838).
The paint was sprayed from a distance of 1 m in a .ne mist to achieve
complete coverage of the thinnest possible coating. Essentially, the
recording disc was primed to make all surface impact locations visible
and detectable by photographic image analysis.

Haghbin et al.’s work [44] investigated the agreement of scar center
locating, addressing the geometric mean, the location of the peak crater
density, and the weighted average angle. The .ndings were published as
fair agreement between the various scar angle measurement methods. In
this work, the automated scar angle measurement (ϕ) was made using
MATLAB® (Version 9.14 R2023a) and the ‘Image Processing Toolbox
(Version 11.7 R2023a).’ Using the recording disc photography methods
above (Section 2.2.5), images were taken ensuring the discs were
correctly lit, centered, and parallel with the camera’s lens. The recording
disk was backlit to illuminate the paintless scarred region, with suf.-
cient front lighting to distinguish the bright red paint sharply.

Using commercial software, MATLAB®, each recording disc image
was converted to binary with a sensitivity threshold to distinguish the
scarring. Each scar region was analyzed as a 2D shape, in which the
centroid was identi.ed as a weighted average of the area (Eqs. 2 and 3).

xc = 1
A
∫∫

A
xdA (2)

yc = 1
A
∫∫

A
ydA (3)

The angle was calculated from the center of the disc, between the
tapered slot center and the geometric scar centroid. Interestingly, pre-
vious publications of the DDA discuss measuring the angle between a
stationary scar (ω = 0 RPM) and the angularly displaced scar [34,45].
This process involves identifying two scar centers for a single-angle
measurement, ϕ. Angle measurement can be made without the uncer-
tainty of identifying the scar centroid twice. During post-processing, the
center of the slot is identi.able by an indicator precisely cut on the
recording disc.

2.3. Result validation equipment

Using Measurement Science Enterprise’s miniLDV-G5–240 (United
States), particle velocity was recorded at incrementally increasing
equivalent standoff distances, le. This distance is measured from the tip
of the nozzle to the intersecting LDV laser. The LDV velocity data was
compared to the DDA readings to compare a ‘state-of-the-art’ method-
ology to the DDA alternative measurements. Erosive testing conditions
were maintained to ensure a valid comparison between velocity mea-
surement instruments; see Table 1 for the erosive testing conditions.
Comco Inc (United States) provided the abrasive particles and the pres-
surized blaster unit, ‘Glass bead 50 μm’ ejected from the AccuFlo micro-
abrasive blaster at a controlled pressure of 160 kPa. Refer to Fig. 3, for a
scanning electron microscope (SEM) image of the abrasive particles. The
mass ,ow rate was measured using an abrasive collection container. The
increase of the container’s mass was reported over the blast period.

Fig. 2. Photobooth for recording disc imagery.
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2.4. Double disc anemometer procedure

2.4.1. Experiment testing conditions
The primary comparison made was the measured particle velocity by

the DDA and the LDV at various equivalent standoff distances, le. Across
the DDA test section, a position needed to be pin pointed to correspond
to the measured particle velocity, as particle speeds are expected to
decrease with distance from the nozzle. An assumption of constant
change in particle velocity was made to approximate the standoff dis-
tance at the midpoint of the DDA’s test section, s. For a DDA test, the
equivalent standoff distance from the nozzle to the position of interest,
le, was calculated as the sum of h and s/2 (Eq. 4). See Fig. 1(b).

le = h+ s2 (4)

2.4.2. Experiment procedure
User instructions on how to avoid common error sources during DDA

operation are often missing in the literature. This section will outline the
general recommended test procedure and some required practices for
accurate particle velocity measurement using a DDA. To ensure clarity,
the following steps detail the setup and measurement process, starting
with the locknut and disc con.guration along the threaded shaft.

Each locknut position sets each disc’s position on the thread. The
desired equivalent standoff distance to the accuracy of ±0.1 mm was
dif.cult to pinpoint. However, the exact test section distance, s, could be
measured precisely once assembled, using digital calipers (Mitutoyo
America Corporation, United States, P# 500–753-20). The positioning of
lock nut #1 (and #2) determines the ,ow development distance, h.

Before inserting the recording disc, the desired separation distance, s,
was set by adjusting lock nut #3. Then the recording disc and the stage
disc was carefully inserted, protecting the visible faces. Scratches on the
recording disc face will affect the result post-processing, while scratches
on the matte stage disc face will affect the tachometer’s measurement.
Then the tachometer (Nidec Corporation, Japan, DT-2100) was posi-
tioned to acquire a non-contact angular velocity reading, toward the
matte stage disc with a rotating re,ective strip. Finally, all locknuts were
tightened to limit failures, vibrations, and movement-inducing errors.

Rotational alignment between the slotted disc and the recording disc
is required. The recording disc is fabricated with slot alignment notches,
for pre-test checks and post-processing reference. Depending on the
quality of fabrication tolerances, each disc’s key .tment within the
keyway may allow for misalignment. Alignment was checked by
mounting a laser perpendicular to the assembly, ensuring the slots align
with the reference notches [44].

For a valid measurement, all efforts need to be made to reduce macro
and micro-roughness rotating at critical locations of the shaft. This
roughness includes the circumferential notches of the locknuts and the
surface of the thread. The aerodynamic in,uences on the air between the
nozzle exit and the recording disc must be minimized to reduce unac-
counted particle motion. Smooth shrink-wrap around the locknuts and
the thread proved effective in testing to reduce the scarring scatter.

During exposure, ensure the ,ow is consistent with a stable particle
feed and abrasive air mixture. The abrasive ,ow rate should be regu-
lated using the ,ow gate, ensuring the micro-blaster ,ow is stable and
steady before beginning the test.

The recording disc must be photographed correctly for accurate scar
angle measurement. Essential elements of the capture include a stark
contrast between the scarred and non-scarred regions and a centered
view with the recording disc perpendicular to the view direction. Any
unaccounted wide-angle lens distortion (‘.sheye’) or misalignment will
cause angle measurement inaccuracies.

2.4.3. Computing the measurement uncertainty using Kline & McClintock
method

The Kline & McClintock Method provides a detailed assessment of
uncertainty by systematically evaluating the propagation of errors
through the analysis, which often includes both random and systematic
errors, providing a comprehensive view of the potential impact on the
results. To implement the Kline &McClintock measurement uncertainty
method [46], the type A (random) and type B (.xed) uncertainty were
characterized. Type A uncertainty is the random error associated with
repetitive measurement ,uctuations. The total type A uncertainty,
uVptype A, is calculated as the root mean square (RMS) of the measured
variable’s standard deviation and sensitivity effect, (Eq. 5). Each DDA
trial provides multiple results as the slotted disc has four slots, resulting
in four scar angle measurements. The type A uncertainty calculation
considers the deviation of the spacing, σs, the deviation of the angular
velocity, σω, and the deviation of the measured mean scar angles, σϕ.

uVp typeA =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(dVp
ds • σs

)2
+

(dVp
dω

• σω

)2
+

(dVp
dϕ

• σϕ

)2
√

(5)

Type B uncertainty is the systematic uncertainty of each measure-
ment technique, outlined by the equipment’s precision speci.cations.
See Eq. 6 for how to calculate type B uncertainty. The reported total
uncertainty is calculated as the RMS of the type A and type B un-
certainties (Eq.7).

uVp typeB =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(dVp
ds • δs

)2
+

(dVp
dω

• δω

)2
+

( dVp
dϕ

• δϕ

)2
√

(6)

uVp = k •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(uVp typeA
)2

+
(uVp typeB

)2
√

(7)
Identifying the systematic uncertainty of the automated angle

Table 1
Erosive testing conditions for all DDA and LDV tests.
Parameter Attributes Measurement method / Supplier
Erosive particles Glass bead 50

μm Comco Inc, United States.
Mean particle
diameter, Dp 66.4 μm

MASTERSIZER 2000, Malvern Analytical Ltd,
United Kingdom. Dp was determined as the
volume weighted mean of the particle
population.

Particle density,
ρ

2.5 g/cm3 Comco Inc datasheet PD1004_H
Particle shape Spherical Scanning electron microscope S-3400N S,

Hitachi, Japan. Refer toFig. 3
Micro-abrasive
blaster AccuFlo Comco Inc AccuFlo AF10 Standard Tank w/

Blast Timer
Nozzle diameter,
Dn 0.76 mm Comco Inc, P# MB2520 −30
Pressure, P 160 kPa ​
Mass ,ow rate, ṁ 0.654 g/min Measured a container’s mass difference

across a particle collection period.
Slot width, Ws 0.98 mm Mitutoyo Digital Calipers. Average of 4 slots.

Fig. 3. Scanning electron microscope (SEM) image of abrasive particles.
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measurement, δϕ, requires investigating the uncertainty of the normal
distribution .tting. Each scar region is subdivided into 50 angular sec-
tions (See Fig. 1(c)). The area distribution between these segments can
be analyzed to apply a normal distribution .t. There was excellent
agreement between the measured scar centroid and the center of the
.tted normal distribution. The systematic uncertainty of the automated
angle measurement, δϕ, is the 67 % con.dence interval of the normal
distribution’s .tted mean. Variables δs and δω, were outlined in the
instrument speci.cations as the respective accuracy of the digital cali-
pers and tachometer.

Discussed thoroughly throughout the works of Kline et al. [46] and
Moffat [47], the uncertainty is reported as a con.dence interval, within
which the true mean is likely to be. The coverage factor, k = 2, is a
conversion factor to report the normally distributed uncertainty from a
67 % to a 95 % con.dence interval.

2.5. Optimized angular velocity

The angular velocity of the DDA, ω, should be a controlled variable
with an insigni.cant effect on the measured result. The shaft rotation
rate, in theory, should not affect the measured abrasive velocity. Section
3.3 outlines the results of incrementally increasing the angular velocity,
reporting the resultant measured particle velocity, Vp, and the mea-
surement uncertainty, uVp . All other testing conditions remain un-
changed to gauge the effects of angular velocity independently.

3. Results and discussion

3.1. LDV results

LDV results illustrate predictable and expected particle velocity
behavior. A developing phase is present, which the paper Li et al. dis-
cusses [48]. The abrasive particles accelerate to the pressurized air ,ow
velocity before reaching a maximum. Beyond this point, the abrasive
particles decelerate gradually [48]. Fig. 4 outlines the results of the ,ow
characterization using the LDV unit, measuring the particle velocity
distribution at incrementally increasing standoff distances from 5 mm to
50 mm.

The maximum particle velocity, Vp = 95.3 m
s , occurs 14 mm from the

nozzle tip, le = 14mm. The abrasive particle velocity has a normal dis-
tribution, veri.ed by the incredible sampling rate of the LDV, capable of
processing 100,000 unique velocity measurements per minute. See
Fig. 4 plotting the window representing one standard deviation of

velocity measurements, ◊: Vp ± 1σ. The deviation of the particle ve-
locity, σVp , at a 50 mm standoff distance is 9.2 % greater than the
standard deviation at a 5 mm standoff distance.

3.2. Equivalent standoff distance comparison

This section interprets the comparison between two different mea-
surement techniques: the highly accurate yet expensive LDV equipment
and the comparatively inexpensive DDA. The comparison is conducted
across controlled experimental conditions, see Table (2). The mean
particle velocity is measured by the DDA and LDV at incrementally
increasing standoff distances to good agreement.

Analyzing Fig. 5, the velocity, Vp, measured by the DDA is consis-
tently under-reported. However, the mean error between the two
methods is only −2.8 %. The maximum error differential between the
test methods was −5.1 % and the minimum error differential was
−0.04 %. All mean particle velocities measured by the DDA were .rmly
within the .rst standard deviation, σ, of the LDV measurements at all
equivalent standoff distances tested. Although the DDA underreported
the mean particle velocities, the LDV measurements were all within the
calculated DDA uncertainty. The maximum uncertainty calculated was a
signi.cant ±7.2 m/s or ±7.9 % at an equivalent standoff distance of
le = 14 mm. As the standoff distances increased, the reported uncer-

tainty decreased, with a minimum calculated uncertainty of±3.0 m/s or
±3.2 % occurring at an equivalent standoff distance of le = 25.4 mm.
Given the undesirably large uncertainty of experimental tests of
le < 18 mm, the sensitivities of the uncertainty calculation were inves-
tigated. The mean velocity uncertainty calculation was highly sensitive
to the angle measurement deviation across the four measured scars, σϕ,
which contributed to the majority of overall uncertainty (Eq. 5). The
partial derivative, dVpdϕ

, diminishes with an incrementally larger scar
angle, ϕ, meaning the reported uncertainty is minimized with a large
test section length, s. The data is inconclusive in attesting to higher
accuracy measurements occurring at increasing standoff distances, as
the results appear to be optimal from le = 15 mm to 17 mm. Refer to
Appendix B for a sample DDA and LDV result report, including the
overlayed scarring distribution .tments.

3.3. DDA angular velocity optimization

This section investigates the effect of angular velocities on mean
particle velocity measurement and the corresponding uncertainty. When

Fig. 4. Laser Doppler velocimetry ,ow characterization. See Table 2 for the
controlled testing conditions.

Fig. 5. DDA and LDV particle velocity measurement comparison at incremen-
tally increased disc separation, s. h= 5 mm, ω = 17,500 RPM, t = 60 s. See
Table 2 for the controlled testing conditions.
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measuring the particle velocity for a set of given experimental condi-
tions, there is a free choice of the power unit’s angular velocity, ω. This
controlled variable, ω, will directly affect the resulting scar angle, ϕ, and
in theory should not directly affect the measured particle velocity, Vp.
The shape and quality of the scarring depends upon the angular velocity,
ω. Referring to the right axis of Fig. 6, with an incremental increase of ω

the scarring angle ϕ increases linearly, in agreement with the expected
behavior of the governing equation (Eq.1).

The test results (Fig. 6) are inconclusive of an optimal operation
setting for the controlled testing conditions. The maximum uncertainty
occurs at the lowest angular velocity setting of ω = 9,000 RPM,
reporting uVp = ±10.6 m/s or ±11.7 %. The minimum uncertainty oc-
curs at the highest angular velocity setting of ω = 20,000 RPM,
reporting uVp = ±4.3 m/s or ±4.7 %. Similar to the trends of the Section
3.2 results, the partial derivative dVp

dϕ
is minimized with a large angle

measurement (ϕ > 30◦), signi.cantly decreasing the reported mean
velocity uncertainty. This theoretical reasoning suggests that the DDA
should be operated at the greatest possible angular velocity to increase
the scar angle, ϕ, and consequently minimize the uncertainty. Despite
the more desirable uncertainty reporting, there does not appear to be a
correlation between the angular velocity and result accuracy within the
limited testing data. The plotted errors appear to be scattered, with a
maximum error of −7.4 % occurring at ω = 18000 RPM, and a mini-
mum error of −3.1 % occurring at ω = 12000 RPM. Without further
testing and indicative data, the protocol for angular velocity selection
should satisfy a criterion; this includes suf.cient scarring angle for
reliable measurement (ϕ > 20◦) and a reasonable reporting uncertainty
(uVp < ±5 %).

4. Conclusions

• The double disc anemometer (DDA) requires careful operative pro-
cedures to produce reliable results. The DDA does not provide the

accuracy available of alternative velocimetry methods, such as LDV
equipment. The experimental testing of 66 μm glass bead abrasive
blasted with a maximum mean particle velocity of 95.3 m/s, in-
dicates the DDA is a .ne alternative that reliably produces mea-
surements within ±5.1 % of the true mean particle velocity with a
mean error of − 2.8 %.

• Implementing an automated scar angle measurement allows for
repeatable and unbiased results with quanti.able uncertainty. All
mean velocity measurements made in Section 3.2 using the LDVwere
with the DDA’s 95 % con.dence interval uncertainty, with an
optimal reported uncertainty of ± 3.2 %.

• The calculation of uncertainty is highly sensitive to deviations in
angle measurements across the four observed scars. This uncertainty
decreases as the scar angles increase, which is controlled by shaft
angular velocity and standoff distances. For accurate mean velocity
measurements, it is recommended that the scar angle, ϕ > 20◦, and a
reporting uncertainty, uVp < ±5 %.

• To conduct accurate DDA measurements the scarring region must be
minimally misaligned and distorted. Importantly, a tapered slotted
disc is experimentally proven to provide enhanced results (Appendix
A).
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Appendix A. Analysis of slot shape and particle interaction

As mentioned in Section 2.2.2, minimizing the interaction between the slot wall and the abrasive particles is essential for a valid velocity mea-
surement. Particles must have suf.cient opportunity to travel through the slot without colliding with the rotating inside wall of the slot. Analyzing the
interaction of particles colliding with a square slot wall can be done by considering the slot and nozzle alignment period. The slot’s alignment period
with the nozzle must exceed the period for abrasive particles to travel through the width of the disc. The slowest particle capable of passing through
the square-slot without collision can be calculated, referred to as the ‘velocity cutoff,’ Vcutoff . Purely considering the kinematics and omitting the
air,ow effects, the test parameters that in,uence the velocity cutoff are angular velocity (ω), slot width (Ws), disc width (Wd), and radial distance (r).

Fig. 6. A plot of angular velocities effect of DDA uncertainty and accuracy.
h= 5 mm, s = 24 mm, t = 60 s, incrementally increased ω by 2750 RPM. See
Table 2 for the controlled testing conditions.
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See Table A.1 for the Vcutoff equation derivation. Refer to Figure A.1 for parameter de.nitions.

Fig. A.1. Schematic of the slotted disc outlining the key parameters to calculate the velocity cutoff.

Table A.1
Derivation of the velocity cutoff.

Equation Eqn. # Explanation.
Vwall = rω Eqn. A.1 The linear velocity of the slot wall (Vwall), travelling perpendicular to the abrasive particle.
trot =

Ws
Vwall Eqn. A.2 The period of opportunity (trot), which the slot opening is in alignment with the nozzle.

Vcutoff =
Wd
trot Eqn. A.3 The minimum particle speed to pass through the slot when entering at the optimal position.

Vcutoff =
Wdrω
Ws

Eqn. A.4 Collating equations A.1 - A.3. (Standard S.I base units).

Vcutoff =
π Wdrω
30000Ws Eqn. A.5 Velocity cutoff equation, accounting for unit conversion. (ω : RPM, Wd : mm, WS : mm, r : mm)

A test was implemented to verify the slot-wall and particle interaction hypothesis for the square-cut slot. The test intended to challenge the velocity
cutoff for the square-cut slot and compare the scarring results with the improved tapered slot design. By implementing a traversing nozzle, the radial
distance from the centroid (r) was variably oscillated between the bottom and the top of the slot (r1 and r2). Consequently, the velocity cutoff (Vcutoff )
was expected to increase linearly with an increasing radial distance from the shaft center. See Table A.2 for the implemented testing conditions and see
Table A.3 for the calculated velocity cutoff at each radial position (using Eqn. A.5).

Table A.2
Traversal nozzle erosion testing parameters.

Parameter Attributes Measurement method / Supplier
Radial distance from bottom of the slot, r1 19.1 mm Mitutoyo Digital Calipers. Average of 4 slots.
Radial distance from top of the slot, r2 44.5 mm Mitutoyo Digital Calipers. Average of 4 slots.
Angular velocity, ω 14100 RPM Nidec, DT−2100 Tachometer.
Slot width, Ws 0.98 mm Mitutoyo Digital Calipers. Average of 4 slots.
Slotted disc thickness, Wd 3.1 mm Mitutoyo Digital Calipers. Average thickness at each slot.
Nozzle traversal speed, Vn 1.4 mm/s Step motor driven two-axis stage, with attached nozzle post.
Mean particle velocity, Vp 94.5 m/s Expected particle velocity, given the characterization of Section 3.1 LDV Results.

See Figure A.2 for the scarring results from the traversal nozzle tests for both the square-cut slotted disc and the tapered slotted disc exposed to the
controlled erosion conditions (See Table 2). The tapered slotted disc developed scarring, which was well-grouped, radially consistent, and angularly
uniform (Figure A.2(a)). When using the tapered slot geometry, the radial positioning (r) has no apparent scarring in,uence as the scarring angle (ϕ) is
consistent from r1 to r2. Visible in Figure A.2(b) is the scarring results from the square-cut slot geometry. The scarring is indicative of signi.cant
interaction between the abrasive particles and the square-cut slot wall. The scarring lands in two distinguished regions, the ‘expected region’ and the
‘interaction region’ (Fig. A.3). The square-cut slot did produce scarring at the expected scarring angle (ϕ), however, this scarring only developed
radially from r1 = 19.1 mm to r = 30.5 mm (Fig. A.3). Particles which collided with the slot wall, landed in the interaction region. This scarring does
not correlate to appropriate velocity measurement, mostly aligning and exceeding the slot’s position (ϕ = 0◦ or ϕ < 0◦).
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Fig. A.2. Resultant scarring from the traversal nozzle testing. See Table A.2 for the test parameters. (a) Tapered slots, (b) Square-cut slots, (c) Overlay of the resultant
scarring from both slot geometries.

Fig. A.3. Resultant scarring of the square-cut slot, with a scribe of the scarring’s largest radial position.

.
Applying the velocity cutoff equation (Eqn. A.5) the square-slot’s radially discontinuous scarring is understandable. See Table A.3. At the bottom of

the slot (r1) scarring is expected; the velocity cutoff calculated is Vcutoff = 89.0 m/s, less than the expected particle velocity Vp = 94.5 m/s. Whereas, at
the top of the square-cut slot (r2), Vcutoff = 207.6 m/s, signi.cantly exceeding the expected particle velocity. Simply, the abrasive particles are not
allowed to travel through the slot, particles are colliding with the slot wall forming scarring in the interaction scarring region. The expected scarring
furthest from the shaft’s centerline, occurs at r = 30.5 mm, corresponding to Vcutoff = 142.5 m/s. This velocity cutoff reading is more than .ve
standard deviations larger than the mean abrasive velocity, indicating that the square-cut slot’s unaccounted aerodynamic effects in,uence the
particles’ travel. The traversal nozzle test results indicate that the square-cut slot may induce many detrimental particle in,uences when there is
insuf.cient opportunity for particles to pass through the opening. The tapered slotted disc accommodated the intended scarring and particle tra-
jectory, for a more reliable velocity measurement.

Table A.3
Calculation of the velocity cutoff at position r1 and r2, using Eqn. A.4 and Table A.2.

Radial Location Corresponding velocity cutoff
Bottom of the slot:
r1 = 19.1 mm Vcutoff = 89.0 m/s
Top of the slot:
r2 = 44.5 mm Vcutoff = 207.6 m/s
Radial top of the square slot scarring:
r = 30.5 mm Vcutoff = 142.5 m/s
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Appendix B. Data – Sample DDA test report & LDV plot

Fig. B.1. Sample collated results from DDA test, le = 17.17 mm. See Section 3.2.

.
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Fig. B.2. Histogram plot of a LDV measurement.le = 20 mm, μ = 92.13 m/s, σ = 7.40 m/s. See Table 2 for the controlled erosion conditions.

.

Appendix C. Data Accessibility – Shared Data Repository

The following data repository provides public availability to the experimental processing script, written to automate the scar analysis and un-
certainty calculations as discussed in Sections ‘2.2.5. Scar angle measurement automation’ and ‘2.4.3. Computing the measurement uncertainty using Kline
& McClintock method.’ If any of the resources in this dataset are used in support of future published work, please credit the authors of the primary
manuscript publication.

The following is available:

• The MATLAB® post-processing script, which is set to run an example DDA processing calculation from this experiment.
• The captured image of a recording disc, which is required to process the provided example DDA calculation.
• The abrasive ,ow velocity characterization made by the LDV equipment.

Cashmore, William; Blanchard, Alexander; Hailu, Getu (2024), “Accurate Measurement of Particle Velocity using a Double Disc Anemometer in
Erosive Wear Experiments - Data”, Mendeley Data, V1, doi: 10.17632/54xtyt2nfz.1.

Data availability

Data will be made available on request.
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