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The Dao of Experiment

The Dao of Experiment
• Dao is an ancient Chinese Word, roughly translates to ’Way’
• The dao de jing is a Chinese book of philosophy describing
how people should interact with the world
• Emphasises the need to sense the natural world and act
according to it, which is what experimentalists do
• Concept of ’Wu wei’ - doing without doing
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Lao zi

• Author of the Dao De Jing
• Lived around 400-300 BCE, during the warring states period
• Had been in Charge of the records for the state of Chu
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The Dao of Measurement

The ancient masters and rulers,
So subtle and mysterious,
profound and penetrating,
Too deep to directly comprehend May be known by their appearance,
Cautious - As if crossing a frozen stream.
Watchful - As if fearing danger all around.
Courteous - As if a visiting guest.
Yielding - As if ice about to melt.
Genuine - As if a piece of uncarved wood.
Receptive - As if an open valley.
Opaque - As if in muddy waters.
Waiting quietly while the mud settles,
Remaining still until the moment for action,
They, who embrace this Tao,
Obtaining just that which is sufficient,
AlI needs are satisfied.
Thus they long endure.
— Trans. Alan Taplow (1982)
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The Measurement Chain

• Measurement involves a sequence of steps from a physical
quantity to numbers and our interpretation of what those
numbers mean.
• The sequence of operations in making a measurement of a
physical system is called the measurement chain
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My Measurement Rules

1. Where the device will be situated influences what the
measurement system will look like
• At the start, define the limitations of the system. This often
dictates the constraints the sensor must work under. Consider
things like
•
•
•
•
•

Size and weight restrictions
Physical environment (temperature, corrosion etc)
Power budget
Serviceability
Economic environment (cost)
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My Measurement Rules

2. Always design to a specification
• Once you know the environment, you can quantify how well
the device needs to work.
• Only design something to operate as well as it needs to.
Trying to make a measurement as precise as possible is usually
a waste of time, and often comes at the expense of other
desirable parameters like accessibility, simplicity or low cost.

• Designing to a specification helps in determining the best
trade-offs between the factors mentioned in the previous slide.
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My Measurement Rules

3. The simplest measurement system that meets the other
measurement requirements is the best
• The pitot-static tube has
been used since well before
the beginning of flight
• It uses the difference
between two pressure
measurements to infer flight
speed, based upon
Bernoulli’s principle
pt = ps + 0.5ρu 2

• The measurement technique
is robust and has not been
improved upon in practice.

(1)
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My Measurement Rules

4. Where possible, avoid moving parts, particularly where
friction is generated
• The mechanical components of a system are usually the least
robust, particularly where friction is generated.
• In the absence of friction effects, then it may be beneficial to
have moving parts in a fully passive system that does not
require an external power source, but there is almost always a
more precise method available that does not involve physical
motion of a transducer. Use that.
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My Measurement Rules
5. Amplify as close to the transducer as practicably possible,
and shield your signals
• Your signal is at its most vulnerable before it has been
amplified. If it is amplified first, the signal is less susceptible to
the post-amplification noise
• The closer the amplifier and ADC is to the transducer the less
noise you will couple into the measurement system
• This argues for use of microcontrollers in measurements,
because the measurement system can be made very small
• Getting your signal in digital form as soon as possible is your
best chance at making it immune to noise
• Where possible, use shielded twisted-pair cable for analog
signals
• The shielding protects from radio frequency interference, and
the twisting removes common-mode noise coupled into the
circuit, when a differential amplifier is used
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My Measurement Rules

6. Measure as fast as you can
• There are three main advantages to measuring fast:
1. It reduces the effect of 1/f noise
2. The faster you measure the more you can average in a given
time. This is the easiest way to increase accuracy.
3. Measuring faster than 10 kHz means that you can filter
against the effect of slow phenomena (50 Hz electrical noise,
vibration) on your experiment
• This can be very helpful, as the vibration effect will just look
like a variable DC offset to the signal, and can be subtracted
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My Measurement Rules
7. It is more important to choose a method that is sensitive
to only the thing you are measuring than one that is the most
sensitive to the thing you are measuring
• If you have a choice between two methods of measuring a
quantity, and both have acceptable sensitivity, choose the
method that is less sensitive to modifying and interfering
effects, even if it is the less sensitive method
• If you must choose a method that has modifying interfering
inputs . . .
• Separate them in frequency, phase or space and filter them out
— e.g. to compensate for vibration, sense and detect at more
than 10 kHz rates, as the intensity of vibration effects drops
above a few kHz
• Compensate for them by deliberately including a bias term
that removes the effect. e.g. The input offset control on an
operational amplifier
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My Measurement Rules
8. Time > Ratio > Amplitude
• Measuring an exponential
decay constant is unaffected
by amplitude. If the
phenomenon is proportional
to a decay constant the
method can be very sensitive
to the property of interest,
but immune to variations in
amplitude
• e.g. The phosphorescence
method in the figure is
very noise immune
because fluctuations in
excitation energy don’t
affect the rate of decay

• Ratiometric methods may
cancel out common mode
interferences between the
two signal sources
• Absolute intensity
measurements are prone to
variations over time
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My Measurement Rules

9. Filter using every variable you have control over
• Remove unwanted signal by filtering. You can filter using
• wavelength/frequency of signal
• spatial filtering
• temporal filtering

• If you can, modulate your excitation frequency and detect at
some harmonic of that frequency
• This is known as lock-in amplification, and is a very powerful
tool, because noise tends to operate at all frequencies, so if
you can generate a signal at just one, every other frequency
can be filtered out
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My Measurement Rules

10. Measure in at least two different ways
• Systematic errors are often hard to find
• The best way to find them is to measure something using two
fundamentally different physical mechanisms. If both
measurements overlap to within measurement uncertainty, you
will be a lot more confident in making the measurements
• This is also true for calculations. If you can find two ways to
calculate something that give the same answer within the
limits of their assumptions, you are much more confident
about the model
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Laser-based Measurements

Justification of Laser Diagnostics
• Lasers have intrinsic advantages for sensing flows. They are
•
•
•
•

Species-specific
Nonintrusive
Spatially and temporally coherent
Filterable from noise by
•
•
•
•

time
space
wavelength
phase

• Diode lasers have some intrinsic measurement advantages
compared with other lasers. They are:
•
•
•
•
•

Relatively inexpensive
Rapidly tuneable
Spectrally highly resolved
Low-powered
Able to be used without moving parts
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Diode Laser Absorption Spectroscopy

Figure 1: Diode Laser Absorption Method
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Characteristics of Diode Laser Absorption
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TDLAS

Diode Sources
Types
• Diode lasers are available from 400 nm to 10 µm wavelength
• Most are in the telecommunication bands between 1300 and
1650 nm
• Single-mode lasers are desirable, although spectroscopy has
been performed with multimode lasers.

• I use vertical cavity surface-emitting lasers (VCSELs) where
possible
•
•
•
•
•

Circular spot
Single longitudinal mode and single spatial mode
1—2 nm scanning range
Very rapid scanning (MHz rates) possible
Low Power

• DFB and DBR lasers are useful when more power is required,
but have a limited scanning range
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TDLAS Primer

Process
• Laser excites from lower level 1 to upper level 2
• Absorption described by Beer-Lambert law:
−dIν = Iν ks (ν)dx

(2)

where ks (ν) is the spectral absorption coefficient, assumed constant
over each dx: integrating,
Iν,x = Iν,0 e −ks (ν)x

(3)
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Characteristic Absorption Wavelengths

Species
H
Li
O
Rb
O2
H2 O
NH3
CO2
CO
CH4
C2 H4
NO

Wavelength (nm)
656.5
683
777.5
780, 795
760
950 (weak), 1390, 1850
1612
1575, 2004, 2700
1560 (weak), 2300
1650
1620
5200

Detector Type
Si
Si
Si
Si
Si
Si, InGaAs
InGaAs
InGaAs, Extended InGaAs, InSb
InGaAs, Extended InGaAs
InGaAs
InGaAs
InSb, HgCdTe
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Detection Methods
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Getting the Data: Direct Absorption
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Getting the Data: Wavelength Calibration
• Wavelength calibration can be done in 3 ways
• Wavelength meter
• Etalon
• Known spectral line location
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Getting the Data: Calculation of Absorbance
• Use Beer’s Law of absorption to work out absorbance
• Take the log of the ratio of the absorption signal and the
background intensity
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What Can Be Measured?

Velocity Measurement
• Using counter-propagating beams one can measure Doppler
shifts in both directions
c∆νD
U=
(4)
νlaser

1

Wittig, S, O’Byrne, S (2011) 49th AIAA Aerospace Sciences Meeting,
Orlando, Florida. AIAA Paper 2011-73.
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Temperature Measurement

• Temperature can be measured using the Doppler width


mc 2
δν0 2
Ttrans =
(5)
8k ln(2) νd
, so
∆T
∆(δν)
=2
(6)
T
ν
which means that temperature is very sensitively dependent to
uncertainties in the Doppler width, which can be particularly
problematic for Voigt-profile lines
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Temperature Measurement

• Rotational temperature can be measured using integrated
absorbance from two or more lines with different rotational
energy. We can then either
• Ratio the integrated absorbance
• Fit absorption from two or more transitions of a specie i to a
computational model of the absorption spectrum

aj = pχi LSj
aj2
Sj1 (T0 ) hc∆Ek rot
=
e
aj1
Sj2 (T0 )

h

1
− T1
T0

i

, where T0 is a reference temperature (298 K)
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Spectral Simulation

• Absorption spectra depend on the linestrength of specific
transitions at a given temperature. In the last equation, this
quantity appears as Sj (T )
• These linestrengths, as well as their change in energy ∆Erot
can be obtained from spectral databases. The most used of
these databases in the absorption spectroscopy community is
the HITRAN database
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Application Examples - Rapid
Scanning Spectroscopy

Rapid Scanning Spectroscopy - Shock Tube Flows
• Scanning absorption spectroscopy with DFB lasers is limited to
approximately 20 kHz
• VCSELs scan faster, but we wanted to know how fast

• Experiments performed in a reflected shock tube facility used
for investigation of transient shock reflection processes
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Rapid Scanning Spectroscopy - Shock Tube Flows
• Investigated water vapour in
laboratory air, with a single
laser scanning over four lines
around 1391-1392 nm
• Sinusoidal current
modulation, operating at up
to 800 kHz modulation
• Absorption occurs on
both halves of the cycle:
effective scan rate is 1.6
MHz

• Direct absorption was used
for maximum speed
• Wavelength modulates out
of phase with intensity
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Rapid Scanning Spectroscopy - Shock Tube Flows
• Ratios of areas under two regions, one delimited by peaks, was
used to determine the temperature from measured absorbance
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Rapid Scanning Spectroscopy - Shock Tube Flows

• Temperature plots are for a
Mach 1.385 shock
• Standard deviation = ±6 K.
In winter, when water
concentration is lower, this
dropped to ±27K
• Good agreement with
analytical theory, and similar
results obtained for shock
diffraction around a cylinder
• The fastest current-scanning
temperature measurements
I’m aware of
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Application Examples - ns
Discharges

NS-Resolved Plasma Measurements

• There is an upper limit to current modulation frequency,
caused by the natural lag of the laser wavelength response
• Some processes are faster than this, such as those for
nanosecond discharges
• These processes require nanosecond time-resolved
measurements

• This can be achieved for repetitive processes by making
multiple time-resolved absorption measurements with a fast
photodiode at a constant wavelength
• This study aimed to determine if we could time-resolve the
temperature and metastable population decay in the afterglow
of a ns discharge
1

Manoharan, R et al. (2016), Physics of Plasmas, 23(12), 123527.
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Ar Energy Levels
• The plasma volume between 2
flat plate electrodes separated
by 5 mm is probed with a laser
beam from a single-mode
vertical cavity surface emitting
laser diode
• Laser is tuned over the Ar
metastable transition at
794.818 nm

• Pressure in cell was held
constant at 2.67 kPa
• Pulse duration was set ~100
ns at 10 kHz repetition
frequency

• Path to ground through
magnetic dipole (M1) and
electric quadrupole
transitions, so very weak
• Tests were conducted at 4
peak voltages up to 14 kV
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NS-Resolved Plasma Measurements - Apparatus

• Six-way cross using standard
vacuum fittings
• Two reducer T-pieces for gas
supply and vacuum pump
• Quartz windows for optical
access
• 100 mm long copper plate
electrodes held in position by
PTFE spacers
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NS-Resolved Plasma Measurements - Apparatus
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NS-Resolved Plasma Measurements - Method

• Absorption feature is captured
as follows:
• Absorption is measured at one
side of the transition
• Wavelength is stepped by dλ
by stepping laser current

• The result is a stepwise
increment of λ with each high
voltage pulse
• At each wavelength the
1 GHz bandwidth detector
measures the extinction of
the beam

• Measurement is repeated at
new λ, controlled by a step
function from a function
generator
• Function generator is
externally triggered with
pulse #2 from the delay
generator
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NS-Resolved Plasma Measurements - Absorbance
• Absorbance measurements are made at different time histories
• Absorbance profile is obtained by extracting data at various
wavelengths for the same time
• The profile has Voigt line shape which is fitted using a
non-linear least squares Voigt fit
• Temperature determined from Doppler width
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NS-Resolved Plasma Measurements - Results
• Number density could be
determined once pressure is
known, using integrated
absorbance
• Systematic offset in
temperature from room T
after plasma switched off

• Equilibrium theory predicts
T of 350 K
• Significant
nonequilibrium, not
predicted by theory

• Maximum uncertainty of ±
60 K at 200 ns
• Measurements could be made
to 1200 ns, after which signal
was too small to measure well
• Metastable state populated
much longer than the emission
lifetime of 200 ns
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NS-Resolved Plasma Measurements - Summary

• This is the fastest temperature measurement of any type we
are aware of
• Previous fastest plasma measurement, by Leiweke and Ganguly
had a time resolution of 5 µ s. This result reported a
temperature near room temperature.
• Shows the importance of highly time resolved measurements

• Result has potential for selective excitation of certain states by
plasma excitation

1

R Leiweke and B Ganguly, (2013), J. Appl. Phys. 113, 143302
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Application Examples - Resonantly
Enhanced Shearing Interferometry

Time-Resolved Resonantly Enhanced Shearing Interferometry

• Resonantly enhanced
shearing
interferometry (RESI)
uses anomalous
dispersion of
multimode diode laser
light near the 680-nm
resonance of the
D-line of seeded Li
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RESI Principle
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RESI Example
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RESI Results
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RESI — Nonintrusive?
• Seeding reduces the total enthalpy of the flow
• Energy used to vapourise Li

• Line-of-sight imaging makes separated region appear larger for
3-d flow
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Application Examples - Slip in
Capillary Tubes

High-Kn Slip Flow in Capillary Tubes

• This is an example of the nonintrusive nature of TDLAS
• At high Knudsen numbers (low density or small characteristic
length) the no-slip assumption no longer holds, reducing the
effective viscosity of the gas in a tube
• We used propagation of a laser through a hollow-core photonic
crystal fiber to determine
• The effective viscosity of CO2 as a function of Kn, comparing
with other known values
• The nonlinearity of the pressure distribution along the fiber
(not discussed here)
• The separation effect in the fiber for mixtures of gases of
different molecular weight
1

Gao, R et al. (2017), Experiments in Fluids, 58(11), 156
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High-Kn Slip Flow in Capillary Tubes - Apparatus
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High-Kn Slip Flow in Capillary Tubes - Analysis

Z

ν2

N=

A(t)dν/LSi (T )

(7)

ν1
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High-Kn Slip Flow in Capillary Tubes - Comparison
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High-Kn Slip Flow in Capillary Tubes - Gas Separation
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High-Kn Slip Flow in Capillary Tubes - Gas Separation
• By making measurements of
integrated absorbance, we
measure the integrated mole
fraction for pure gas, mixture
under constant pressure and
mixture under an imposed
pressure gradient
• If the ratio of the mixture
density to the pure gas density
is measured with (Xp ) and
without (X0 ) the pressure
gradient, the separation is a
function of φ
φ=

Xp − X0
X0
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High-Kn Slip Flow in Capillary Tubes - Gas Separation
• If the pressure gradient is
sufficiently high, the separation
becomes independent of the
gradient, allowing the effect of
Kn to be isolated
• There is an optimal Kn at
which separation will occur:
• At lower Kn, there are
insufficient collisions to
allow separation
• At higher Kn, there are so
many collisions, that the
difference in molecular
velocity does not affect
the flow
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Application Examples - Shock
Wave Pressure Sensor

Water Pressure/Refractive Index Sensor

• We are interested in using
laser-driven blast waves to tenderise
meat and kill bacteria on it
• This needs to be done at elevated
ambient pressure, so we have
fabricated a cell that operates at
pressures up to 500 bar
• A method for rapidly measuring
post-blast pressure is required
• PVDF thin film hydrophones
work well, but cannot operate at
high ambient pressures
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Water Pressure/Refractive Index Sensor - Schematic
• We decided to use the effect on refractive index of water
changing the intensity of a back-reflected light beam from the
end of the fiber, which was immersed in the liquid of interest
• Light source was a 1390 nm DFB laser
• Based upon a previous idea
• Using differential amplification rather than direct light
measurement, to increase precision

1

Staudenraus, J and Eisenmenger, W (1993), Ultrasonics, 31(4), 267-273.
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Water Pressure/Refractive Index Sensor - Calibration

• Signal was zeroed using
attenuator in distilled water
• Signal was measured for
liquids of known refractive
index
• Measurements were
compared to an Abbe
refractometer for sugar
solutions
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Water Pressure/Refractive Index Sensor - Results
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Concluding Comments

Summary - Measurement

• Measurement differs from modelling
• You don’t have the freedom to know every parameter and
those that are measured are hard-fought
• You can’t force nature to give her secrets away — you must
listen

• Measurement looks easy when done well
• Considering some simple things will ensure that your
measurements are good
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Summary - Diode Laser Absorption

• Diode lasers are a mature technology that provide sensitive
quantitative measurements in a variety of flows
• Leverages other technologies to provide relatively inexpensive
measurements in a range of wavelengths
• The best diagnostic for non-specialists
• The best diagnostic for harsh flight/industrial environments
• Good for highly transient flows - Scanning at MHz rates,
limited only by detection system bandwidth for repeatable flows
• Simple spectroscopy - minimises chances of systematic error

• DLAS needs to be compared with other techniques to ensure
consistency and minimise systematic errors
• There is a lot of scope for improvement and further refinement
of techniques
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