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Particle measurements
Essential components

Inlet nozzle
(“Probe®)

Particle counter
(“Sensor®)

Tube
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Particle measurements
Purpose

Particle measurement for the determination of:

= (leanroom classification
ct) 1 )
Co 100

Filter separation efficiency
Filter leakage testing
Continuous monitoring

= Room recovery time t (

Measurement tasks:
= Determination of particle count = particle counting
= Determination of particle sizes = particle measurement

Image source: (mt, 2023)
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Particle measurements
Measurement methods

Different methods depending on particle size:

Cleanroom technology (0.1-10 pm)
= |ight-scattering particle counter or aerosol photometer
= Principle: Measurement of light scattering pulses caused by particles
= Detection of particle count and/or size

Smallest particles (< 0.1 pm)
= (Condensation particle counter (CPC)
= Principle: enlargement of particles by condensation on their surface
= actual particle size cannot be measured
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Particle measurements
Light-scattering particle counter

l Aerosol inlet

T Outlet
Measurement chamber H

Light bearn Light trap Filter

\L/
E\\:A V| Flow measurement

[ Measurement volume

Valve }X Valve

()
—

Filter Pump Image source: (Gail
0
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Light-scattering particle counter

Aerosol inlet
Measurement

volume
Measurement chambef

Light trap

Light beam

\oltage
U(t)

Suction

Amplifier
(Gail 2012)
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Light-scattering particle counter
\/oltage output of the sensor

Signal at amplifier output (example):
ut) 4

T

(Gail 2021)

ol [ s

—
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Aerosol photometer
Measurement principle of the PAP 610 by Topas

Aerosol

875 nm

o o
X | :
470 nm |
o ® & o ® o
® I\ ° S e o © © o o i

Detector

Reference

(Topas, PAP 610)
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Aerosol photometer

« simultaneous detection of multiple particles Aerosol

* light scattering and extinction (absorption) !' i
875 nm

* two wavelengths ® o °

- two parallel measurement paths 470 nm _ - -

 reduced measurement uncertainty ® © o © o © ©° o o AD

- suitable for high particle concentrations - Detector
Reference

(Topas, PAP 610)
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Comparison particle counters

Aerosol Photometer

Aerosol mmm)p }' O

= measures forward-scattered light in an optical chamber
= analyzes light scattering and extinction (absorption)

o ©®
Aeroso| =) O O
® o

= determines aerosol mass concentration

Light Scattering Particle Counter (LSAPQC)

Aerosol mmmm) . -» Detector

= detects and counts individual airborne particles
= determines particle size (optical equivalent diameter)
" measures aerosol number concentration

 \
A 4

Detector
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Coincidence

Precondition for the measurement principle of the scattered light particle counter:
= one particle within the measurement volume

= signal processing completed

Coincidence:

= multiple particles are detected simultaneously

Consequences:
= reduced particle count distribution
= particle distribution with an overly large average diameter

= contamination in the particle counter and aerosol transport system
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Coincidence

Example: 3 x 1 um particles — detectedas 1 x 3 pm

Consequence: Undercounting, oversized mean diameter

Number
of detected particles 60

HRI

80

40

0,3 0,5
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1 3
Particle size dp (um)

® Overcounting

M Undercounting

M Actual number Anzahl

10
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Coincidence
Coincidence limit: device-specific!

10°

Maximum concentration ~ Veft

1 04 1 1 I I I 1 1 1 1 I I 1 1 I 1 I I 1 1 1 I I I 1 1 1 1
0 10 20 %

Coincidence error

30
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Dilution System

Solution for Coincidence: Dilution

= |f particle concentrations exceed the coincidence limit, dilute the sample.
= Typical dilution ratios: 1:10 or 1:100

= Higher dilution levels can be achieved by cascading multiple dilution steps.

Dilution system
(Topas, DIL 554)
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Dilution System

Principle undiluted
aerosol

Bypass volume flow Capillary

with HEPA filter / volume flow

N

Capillary

D/ volume flow

determination

control valve I

ll

diluted
aerosol

(Topas, DIL 554)
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Essential components

HRI

Q
S

particle counter
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Suction nozzle
(probe)

Y

tube
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Particle loss in the tube

Forces acting on a fluid element
i

volume-related forces surface forces
l v l l v l
Gravitational Inertial Electromagnetic Frictional Shear Pressure
force force force force force force

L* Shear stress force
— Normal stress force

A/V ratio: The surface-to-volume ratio determines whether body or surface forces dominate.

(Ghaib, 2019)
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Particle loss in the tube

b)
b
B
[ 1 <
= | arge particles a)
a) Sedimentation
b) Inertia
= Small particles )

c) Diffusion effect due to Brownian motion

= Electrostatically charged particles
d)  Electrostatic attraction (Coulomb force)

B e
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Particle loss in the tube

1.0 & ) O -
5 o Oo—o0— | | o 1pm
; —7— 3 um
0.8 4
> E —— 10 um
c 0.6 4
S N \ Y
5 ] \
c 0.4
QO 3
5 0.2 - >
C ]
© 3
=
0.0 . I | I L] | | I I 1 | I L Iq
1 2 3 45 7 10 20 30 40 100
Tube length [m]
Turbulent flow at d; < 14,4 mm d;: internal diameter
Tube: d;= 10 mm,V = 28,3ﬁ V: Volume flow
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Particle deposition in the pipe bend

1,0
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(Hinds 1999)
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Particle deposition in the pipe bend

Remote Particle Counters

* No display

* Nointernal pump

* No sampling tube before measurement

* Multiple counters can be connected to a single evaluation unit

(TSI, 2023)
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Particle deposition in the pipe bend
Summary

Prevention measures:
= short tubing
= straight tubing layout

= electrically conductive tubing material

= Alternative: remote particle counter
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Particle measurements
Isokinetic sampling

; | \ Inlet nozzle

'

Particle counter

Tube
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Isokinetic sampling

U0=U

U, ...ambient flow velocity
U ...inlet flow velocity

(Trankler und Reindl 2014)
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Super-isokinetic sampling

(Trankler und Reindl 2014)

:i o= :
. DN ——

— - -

o N — - U

> / <
— ]

- /.—i-» -

> — i

Uy < U

U, ...ambient flow velocity
U ..inlet flow velocity
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Sub-isokinetic sampling

YyYyYyYYy

i\\

a

.

///

YYY

Uy >U

U, ...ambient flow velocity
U ...inlet flow velocity

(Trankler und Reindl 2014)
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Inclined orientation

... angle of attack
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Isokinetic probe size

8,0 T | |
2 0 I \ For a suction volume flow
’g Aam) \ of 1 ft3/min = 28,3 liter/minute
O |
- 6,0
N : N\
A \
£ \
2 i
i 40 A \
3,0 : e ——
20— e e
0 0,2 0,4 0,6 0,8 1

Ambient flow velocity (m/s)
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Sampling

= [sokinetic sampling not always feasible

= Sub-isokinetic:
= Suction velocity is lower than the approach (free-stream) velocity
= | arge particles deviate from the streamlines and are more likely to enter the probe

= Super-isokinetic:
= Suction velocity is higher than the approach velocity
= | arge particles deviate from the streamlines and are less likely to enter the probe
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Laser Doppler Anemometry

HRI

measuring volume

laser source

Beam splitter

(GoPhotonics, 2025)
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tracer particles

Beam scattered light

Photodetector
— [

\‘ ‘7‘ -

airflow direction
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Laser Doppler Anemometry

= |aser Source: A laser beam is emitted by a light source (e.g., He-Ne laser, argon-ion laser).
= Beam Splitter: The laser beam is split into two coherent beams by a beam splitter.

= Focusing and measurement volume: The two beams are crossed at a certain angle and focused to a point where
they intersect (measurement volume).

= |nterference fringe pattern: At the intersection point (measurement volume), an interference fringe pattern of bright
and dark stripes is created.

= Tracer particles: Small particles (tracers) carried by the fluid pass through the interference pattern.
= Scattered Light Signal: The particles scatter light, which is detected by a photodiode or photodetector.

= Signal Processing: The frequency of the scattered light signal is proportional to the velocity component of the
particles perpendicular to the interference fringes. The signal is analyzed using fast Fourier transform (FFT) and
converted into a velocity value.
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Velocity measurements

\Vane anemometer:

* measurement area depends on vane size
* +robustness, ease of handling

e —directional dependence, inertia

Hot-wire anemometer:

 nearly point-like measurement

e direction-independent / direction-dependent
* +fastresponse

e —sensitivity (fragile)

\Vane and hot-wire anemometer
(Testo, 2021 & TSI, 2020)
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Velocity measurements
Hot-wire anemometer

nsing elemer

7
re

Hot wire anemometer
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VVolume Flows and Pressures

exhaust air ‘ @ |

exhaust air ventilator @ :

supply air ventilator

Bildguelle: (iDAT, 2023)
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Volume flows and pressures

4
.

Flow capture hood

ﬁ
~ (TSI, 2020)
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Volume flows and pressures

* measurement principle: grid-based velocity measurement at the bottom of the hood
* 16 measurement points (pressure probes, pitot tubes)
 evaluation using a micromanometer

qy ... volumetric flow rate (m3/s)

—— C... discharge coefficient, device-specific constant (-)
ZAp _ : 2
gy =C-A- |=— A... cross-sectional area (m?)
\ P1 Ap... differential pressure (Pa)

p1... fluid density (kg/m?)
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Volume flows and pressures
Summary

Pressure cascade:
e Purpose: Monitoring & control of room pressure hierarchy
» Tool: differential pressure sensor

Airflow Measurement;

* Methods:
* Pitot tubes / flow grids — dynamic pressure
* QOrifice plates — pressure drop

Sensor:
« Differential pressure sensor

H R I Julia Lange | Particle & flow measurements Seite 46



Volume flows and pressures

Schleuse 2
45 Pa

Schleuse 1

15 PaI '
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Turbulence intensity

Definition of Turbulence

A chaotic and stochastic flow condition superimposed on the
main flow direction.

Effects
* increased pressure l0ss

« enhanced diffusion of vector quantities (e.g., velocity,
momentum, ...)

« enhanced diffusion of scalar quantities (e.g., temperature,
concentration, ...)

(Schneider, 2012)
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Turbulence intensity

>
Laminar flows =
>
« undisturbed flow paths (streamlines) g
* momentum exchange between adjacent fluid particles =
through molecular interactions
J— \(;_Q/Y
Turbulent flows — 5
* strong fluctuations in flow velocity 3 c < . o

* fluctuation components in all three spatial directions

* momentum exchange significantly increased due to
turbulent fluctuations

thesensorsguide.com
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Turbulence intensity

: u(t) =u+u'(t)

20 |
© :
& i
= 10: JZI 1(u _u)
) - n—l
a |
= :
9 [
o] OF
= u(t) Instantaneous velocity
0 10 20 30 40 50 u'(t) Fluctuation velocity
Time tinms i Mean velocity
u' .o (RMS)of the velocity fluctuations
t Time
Tu Turbulence intensity

(Brunn 2006)
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Turbulence intensity
Impact of heat sources

(Fitzner 1992)
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Measurement uncertainty

" error vs. uncertainty

= Every measurement is inherently subject to:
» a measurement error (classical error analysis according to Gauss), or
= 3 measurement uncertainty (according to GUM — Guide to the Expression of Uncertainty in Measurement)

= A gross measurement error can occur due to:
= improper use of the measuring instrument
= 3 defective sensor or measuring device
= an unsuitable measurement setup

= human error in general
— These must absolutely be avoided!
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Measurement uncertainty

Measurement Uncertainty according to GUM

= State of the Art:
The GUM — Guide to the Expression of Uncertainty in Measurement (GUM 1995)
developed in the 1980s based on the recognition that classical Gaussian error analysis is incomplete.

Terminology:
= measurement error: an actual error in the sense of a mistake or blunder (e.g. due to misuse or defect)

= measurement deviation: the difference between the true value and the measured value
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Measurement uncertainty

Measurement Uncertainty According to GUM

 Specification
 best estimate (arithmetic mean)
* associated measurement uncertainty
« 2.q.34.25°C+0.2°C

* Two types of evaluation
« Type A: calculated from repeated measurements (only applicable to statistical data)
» Type B: based on documented information, e.g., calibration certificates for dynamic quantities
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Thank you for your attention

Image source: photo from Alexas_Fotos on Unsplash.com
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https://www.gophotonics.com/community/what-is-laser-doppler-velocimetry
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Updates on current =

HRI The design phase is coming to an end!

Experiencing arbitrary and dynamically

[ ]
> changing indoor environments simultaneously,
visually, acoustically and thermally, will soon
[ ] be possible in HRI's PIEQ-VR Lab!

Visit our
Website!

Follow us on
LinkedIn!

S

Hermann-Rietschel-Institut- 31.10.22
According to CFD simulation, the application
of orifice meters in air ducts with circular
cross-section to measure air flow rate could
also be used in rectangular ducts. The
performance of a newly developed rectangular
orifice meter is experimentally investigated in
our test rig.
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