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Abstract

®
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An ultrasonic technique that allows compensation of air temperature changes and gradients
along the beam axis of the laser interferometer during displacement measurement is presented.
The system is based on using two ultrasonic paths parallel to the laser beam that operate
at different frequencies and continuous waves emitted in opposite directions. The theoretical

basis of the measurements is presented. To enable ultrasonic temperature measurement
when the measuring reflector is moving, an iterative measurement algorithm is proposed.
Experimental assessment of the accuracy of the method is presented. The effect of air
temperature gradients along the laser beam axis is tested. The influence of air flow on the

measurement accuracy is analyzed.

Keywords: interferometer distance measurement, Edlén’s formula, temperature compensation
in interferometer length measurement, ultrasonic temperature measurement
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1. Introduction

In interferometric length measurements the wavelength of the
light usually acts as a length master. Determining the wave-
length of light based on the frequency of the electromagnetic
wave emitted by the laser requires knowledge of the refrac-
tive index of the environment in which the beam propagates.
Interferometric methods of dimensional measurements are
easily suited to laboratory conditions in which high stability
of ambient conditions is ensured, guaranteeing accurate deter-
mination of the refractive index of the air, and thus of the
wavelength of light.

Growing expectations regarding the accuracy of measure-
ments mean that these methods are adapted for use in indus-
trial conditions, where the spatial and temporal variability of
environmental conditions is many times greater than in lab-
oratory conditions. One of the main problems to be solved
is the minimization of the measurement error caused by the
influence of the aforementioned variability of the ambient
conditions.
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There have been attempts to introduce ultrasonic measure-
ments to correct the impact of changes in the refractive index
in displacement measurements [1-6]. The research studies pre-
sented in the above-mentioned publications were performed
for distances ranging from 2 to 30 m and with measurement
uncertainties from 0.01 °C to 0.1° C. Several techniques of
ultrasonic temperature measurement that can also be applied
in distance measuring interferometers are described in publica-
tions (e.g. [7-12]). The measuring systems used in these studies
can be divided into the following three groups: (i) depending
on the direction of ultrasonic measurement: unidirectional
[1, 2, 7, 10-12], bidirectional monorail [3, 6, 8, 9] and bidi-
rectional two-way measurements [4, 5]; (ii) depending on the
generation technique of the ultrasonic wave: with a continuous
wave and measurement of the phase of the signal [1, 10] and
with the generation of a packet of pulses [4, 5, 8, 9, 11]; and
(iii) depending on the change in the measuring distance: with a
fixed [7-9, 11, 12] and variable [2-6, 10] measuring distance.

The unidirectional measurement[1,2,7, 10-12] (figure 1(a))
takes place in a single ultrasonic measurement path. This track

© 2020 IOP Publishing Ltd  Printed in the UK
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is placed parallel to the interference measurement axis, a short
distance from it. This distance depends on the design of the
receiver, and for an uncompressed transducer it ranges from 30
to 40 mm. When using a mirror that focuses ultrasonic waves
(figure 1(b)), the distance is greater and may reach 27 m [2].

Applying the ultrasonic mirror [6] is necessary for meas-
urements of large distances (above a few meters), because the
signal reaching the receiver is weakened. The unidirectional
method is only suitable for measurements during which no
disturbing air flow occurs. Synchronization between the trans-
mitter and receiver is necessary. It is carried out by two pulses:
starting at the moment of sending the ultrasonic pulse, and
stopping at the time of receiving this pulse. Depending on the
design of the measuring set-up, the start pulse can be sent via a
cable or wirelessly, e.g. optically (light flash). Wireless trans-
mission is more advantageous for distances in the measure-
ment path greater than a few meters.

In bidirectional two-way measurement [4, 5] (figure 1(c))
two ultrasound tracks are placed on two sides of the inter-
ference path, at the same distance from it. Measurements in
opposite directions for tracks operating on the same frequency
are made alternately, but for tracks operating at different fre-
quencies they are made simultaneously. The result of the
measurement is the value averaged from readings in opposite
directions. The doubling of ultrasound tracks minimizes the
influence of the distance between ultrasonic and interference
paths. Bidirectional measurement provides partial compensa-
tion of the laminar air flow along the measuring path.

Another type of ultrasonic measurement is shown in
figure 1(d) [6, 8, 9]. It is a measuring system with one ultra-
sonic path, with a single transceiver unit and an ultrasonic
reflector. The ultrasonic signal emitted from the transmitter
goes to the reflector, where it is reflected. The return signal
is received by the receiver. It can be the same piezoelectric
element that is used when transmitting, or the second one
next to it. The measuring cycle consists of the emission of a
pulse pack, damping the transmitter, switching to receive and
receive the signal. Due to the time needed to change the direc-
tion of transmission, the minimum distance should be greater
than 100 mm.

When measuring with a continuous wave in unidirectional
measurement, (according to figure 1(a)) the phase between
the transmitted and received signal is measured and con-
verted into the speed of sound. The emitted signal acts as a
reference, and the signal received is the measuring signal.
With the 10 ns uncertainty of measuring the time between
the edges of transmitted and received signals, assuming that
the measuring distance is equal to e.g. 1 m, and the speed of
sound is 350 m s~! (for 25 °C) we can easily calculate the
measurement time equal to 2.86 m s~!. It gives the rela-
tive uncertainty of determining the speed of sound equal to
3.5-107° at ameasuring distance of 1 m. The condition
for obtaining such metrological parameters is the genera-
tion of enough narrow signal beam from the emitter and the
attenuation of reflection near the receiver. The beam cannot
be obscured during the displacement because it causes loss
of position information. When measuring with a continuous
wave it is also necessary to provide a measurement of the

distance of the transmitter and receiver in order to determine
the speed of sound. The ultrasonic wave travel time is deter-
mined by counting the transitions of the signal phase changes
by the zero level.

When measuring with a pulse pack, the problem is to
clearly determine the beginning of the received pack. For this
purpose, various techniques are used. The simplest method
[13, 14] consists of determining the threshold level of the
signal from the detector, beyond which the time counter is
stopped. This method is effective if the measurements are
carried out at a constant distance. The level of the received
signal decreases in the square of the distance [15]. As a result
of this suppression, the detection of the package occurs with
a delay corresponding to the duration of the pulses with an
amplitude smaller than the registration threshold. As the dis-
tance increases, the error will increase as the amplitude of the
signal falls. A more accurate future alternative for detecting
the beginning of an ultrasonic wave packet is the Akaike infor-
mation criterion (AIC) (e.g. [16, 17]).

To improve the range and unambiguous identification of
the received pulse, various types of modulation of the trans-
mitted signal are used. The initial signal stimulates the vibra-
tions in the receiver, and the introduced disturbance enables
an easy to detect signal change. It may be a phase modulation
[11, 12, 18], where a step change in the phase of the trans-
mitted signal and a temporary attenuation of the received
signal take place. The time between the phase change in the
emitted signal and the pulses received after a short loss of
signal from the detector is measured. This technique requires
the use of ultrasonic elements with a low inertia and a wide
band of the received signal—so that the received signal has
attenuated an as short as possible fragment of the transmitted
signal. However, such devices have a lower sensitivity, which
reduces the distance at which they can work properly.

Another way to identify the pulse received in the ultra-
sound path is to change the frequency of the transmitted signal
[10, 19]. Ultrasound elements operating with a wide signal
frequency band are required for a system with a frequency
change. If the change of frequency emitted in the measure-
ment path is large, it will be easily detected, but most often
it will cause the path to operate outside the central frequency,
i.e. the resonance frequency of the transmitter and receiver.
With this work, the signal is strongly suppressed, and thus the
effective measuring range is reduced. If the frequency changes
are small, the track sensitivity will be maintained, but there
may be a problem with the precise detection of the moment of
frequency change.

Most of the tests reported in the literature were performed
on a fixed measurement distance [7-9, 11, 12, 18, 20]. Only a
few studies [2-6, 10] were carried out on a variable distance.
Additionally, even then the displacement measured by the
interferometer did not exceed 1 m at the measuring distance
of 5 m (i.e. the ultrasonic measurement was possible from 4
to 5 m distance).

The article presents the theoretical basis and the technical
solution, as well as the experimental results of the ultrasonic
technique that allow compensation of air temperature changes
and gradients along the beam axis of the laser interferometer
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Figure 1. Techniques of ultrasonic temperature measurement along the axis of the interferometer laser beam. (a) Unidirectional
measurement, (b) unidirectional measurement with a mirror that focuses ultrasonic waves, (c) bidirectional measurement with two
ultrasound tracks, (d) bidirectional measurement with an ultrasonic reflector.

during the displacement measurement. The proposed tech-
nique is insensitive to air flow and usable at variable meas-
uring distances.

2. Theoretical basis

2.1. Relationship between sound propagation speed and air
temperature

According to the Newton-Laplace equation the speed of
sound v in an ideal gas is given by the equation (e.g. [21]):

_ /xP
[ S 4
P

where Y is the adiabatic constant (also referred to as the adia-
batic exponent, the specific heat ratio or the isentropic expo-
nent), p is the absolute pressure of the gas and p is the density
of the gas. If the analyzed gas is moist air, the adiabatic expo-
nent depends mainly on the partial pressure of the water vapor

e))

pw and air pressure p, and may be evaluated from the depend-
ence [21-23]:

x= 141272 133 — 40082 ()
p p p
where p,, represents the mole fraction (or partial pressure)
of water vapor [23]. The coefficient 1.41 in the above equa-
tion represents the specific heat capacity ratio of the mixture:
dry air (with the adiabatic constant 1.4) with 1% of argon
(with the specific heat capacity ratio 1.67) [24]. The value
1.33 refers to the specific heat capacity ratio of water vapor
(e.g. [25]). The partial pressure of water vapor p,, (in pas-
cals) is calculated from the relative humidity according to the
equation:
Hg

Pw :Pvm

where p, is the water vapor partial pressure (saturated vapor
pressure over water) in pascals. Here, Hy is the relative
humidity in percent (ranging numerically from O to 100).

3
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To take into account air humidity together with temperature
a water vapor partial pressure (saturated vapor pressure over
water), py (in pascals), is approximated by the Tetens equa-
tion [26, 27]:

py = 610.8 - eT 1 (4)

where the temperature ¢ is in degrees Celsius (°C). The density
of air p can be evaluated from [21]:

pM

P=RrT

where p is the air pressure in pascals, M is the average molar

mass (in grams per mole) and 7'is the absolute temperature.

Here, R is the ideal, or universal, gas constant, with the value

of R=8.314459848 J (K - mol)~!. According to Dalton’s

law, the air pressure p is calculated as the sum of the partial
pressures, i.e.:

&)

P =pd+Pw (6)
where p4 and p,, represent the partial pressures of dry air and
water vapor, respectively.

The average molar mass M is equal to the sum of the mole
fractions of each gas multiplied by the molar masses of that
particular gas [23]:

M= &Md + ILWMW (7
p p

where My is a molar mass of dry air, and M,, is a molar mass
of water vapor. By substituting equations (6) and (7) into (5),
we obtain the formula for the air density in the form:

p= pMy — py (Mg — My,)

RT ®

The density of humid air may be calculated by treating it
as a mixture of ideal gases. In this case, the partial pressure
of water vapor is known as the vapor pressure. Using this
method, the error in the density calculation is less than 0.2%
in the range of —10 °C to 50 °C.

Finally, after substituting equations (2) and (8) into (1), and
after performing the necessary transformations, the absolute
temperature of the medium can be determined as a function of
the sound wave speed propagation in this medium according
to the relationship:

_ Z/ZPIMd — Pw (Md - Mw)

_ .2
R(141p—008ps) ¢ ©)

The quotient appearing in this formula is denoted by the
parameter Q. The above relationship shows that the absolute
temperature 7 of the measured air is a quadratic function of
the velocity v of the sound propagation. It also depends on
the air pressure p and the content of water vapor in it (strictly
the partial pressure p,, of water vapor). The temperature T is
expressed in kelvins. The temperature in °C is calculated from
the following dependence:

t=T—273.15. (10)

The velocity v of sound propagation in the air can be meas-
ured by the time f,,, of the fly over the length Al of the meas-
urement distance:

Al

Im

V= (11)
The length Al is obtained from the initial reading of the
interferometer.

If temperature gradients appear along the measurement
length an average value 7 obtained from the velocity distribu-
tion v (I) along the measurement length can be treated as the
ultrasonic wave velocity, i.e.:

X /0 v (l)dL.

2.2. Determination of the displacement by the interferometer

(12)

v =

In interferometric length measurements, the measurement
is based on determining the change in the fringe phase Ay
caused by the displacement of the reflector. This phase change
is determined by the so-called counting fringe method. The
result of the interferometric measurement is obtained from the
dependence [28]:

_ 4mnAl
DY

where n is the refractive index of the medium, A is the wave-
length in vacuum and Al represents the measured displace-
ment. The uncertainty of the wavelength determination is the
basic source of the uncertainty in interference measurements
of length.

The wavelength’s instability in the vacuum of lasers used
in metrology does not exceed 1072 h~!, and it is negligible in
comparison with the instability of the wavelength in air.

If the refractive index of the medium along the measuring
axis is variable then the total phase change Ay in the inter-
ferometer can be calculated as the sum of the partial phase
changes d¢; (from i = 1to k) on any short measurement sec-
tions of the same length §1:

Ay (13)

476l
App =001 + 0@y + ... 0p; = DY

4rkdl 4 Al
(m+n+...m) = Zni: 3 7

(14a)
where 7n represents the average value of the refractive index
over the entire measuring path A/ and can also be expressed

as:
n= E/o ndl.

Currently, in metrological practice there are two methods
used for determining the refractive index of air: (i) the modi-
fied Edlén technique [29-31] used for wavelengths around
633nm, and (ii) the Ciddor equation [32, 33], applicable to

(14b)
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any wavelength of light. The refractive index calculated by the
Edlén formula is the sum of the coefficient for the wavelength
of light in the vacuum and corrections resulting from temper-
ature, pressure and humidity.

According to Edlén’s formula, standard air (i.e. dry air at
1 atmosphere, 15 °C, containing 300 ppm by volume of CO,)
has a refractive index of air ng equal to:

2406 147 N 15998 ) as)
130 -, 389- 4

where A is the laser vacuum wavelength expressed in
micrometers.

The refractive index ny, of air under the conditions of
temperature ¢ (in °C), air pressure p (in pascals), is equal to:

ng=1+10"%. (8342.54 +

np=1+(ng—1)

p 141078 (0.601 —0.00972-1) - p
96095.43 { 1+0.003 661 -1 '
(16)
To take into account the air humidity based on equations (3) and (4)
the following amendment for the refractive index is determined:

292.75 0.0401 ) -
27315+ 1 ) P

Then, corrected for variation of the water vapor index of
refraction, ng can be written in the form:

ny = 10719 (3.7345 -

ng = Np — Ny,

(18)

2.3. The effect of temperature gradients on the ultrasonic
measurement result

Edlén’s formulas given above, due to the complexity of the
form, makes it difficult to conduct further analysis. Therefore,
we proposed to approximate this dependence in the consid-
ered conditions with the second-order polynomial, i.e.:

n=1+A+Bp+1t(C+Dp)+7(E+Fp)+Gpy (19
where A,B,...G, are polynomial coefficients, ¢ is the air
temperature in °C, p and py, are the air and water vapor
pressures, respectively. The approximation was performed
using the bisection method to obtain the smallest pos-
sible difference between the results obtained from Edlén’s
rule (formulas from (15) to (18)) and from the approxi-
mate formula (19). The approximation was made for the
temperature range t = 18 °C < 28 °C, pressure p = 950 =
1050 hPa and relative humidity RH = 0% =+ 100% (con-
verted to water vapor pressure in accordance with equa-
tions (3) and (4)). The obtained following coefficients:
A=138515-10"%B=1286-10""C=—-1.3493-10";
D=-9.0715-10""E=3.00123-10"F=1-10"";
G = —3.634- 1010 give the differences between formulas
less than 2.75°.

A graph of the differences between Edlén’s formulas and
its approximation by equation (19) is shown in figure 2 [34].
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The obtained level of approximation is satisfactory for further

analysis.

The following parts of equation (19) are constant during
the measurement and do not depend on the temperature

M=C+D-p
N=E+F-p
O=A+B-p+G-py.

The values of these coefficients calculated for normal conditions
(t=120°C, p=1013.25 hPa, p,, = 1.333 Pa) are equal:

M= —2741392-10"%N =3.089 75-10~%; 0 = 8.1038-

10~*. By also assuming the molar mass of dry air My = 28.979 ¢

equation (9) equal to 20.156 157.

(20)

mol !, and the molar mass of water vapor My, = 18 g mol !
we obtain, for normal conditions, the value of parameter Q in

Knowing the values of the above-mentioned parameters,

we can express the average refractive index along the meas-

uring distance in the following form:

N

= Ail /Al [1 +0+M(Qu(1) —273) + N(Qu(1) ~ 273)2] di
0

2n
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where Q is defined by equation (9). This is the air refractive
index calculated on the basis of the average value obtained
from the instantaneous sound velocities. Unfortunately,
without knowing the temperature distribution, and thus the
distribution of the speed of sound propagation along the mea-
suring path, we cannot use the given relationship in practice.
Measuring the average velocity of sound propagation along
the measurement path according to the dependence (11), and

use the equation:

+N<A—l/ y(l)2d1—273).
0

taking into consideration the dependence (14b) de facto we

Q Al
iy =1 +0+M<— / V(l)2d1—273>

2

(22)
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A question arises as to the size of the measurement error that
may occur when replacing the dependence (21) with equa-
tion (22). We will write this error as:

An =7 —nig. (23)

To assess the permissible value of this error, let us assume the
value of the maximum temperature gradient that can appear
along the measurement path equal to, e.g. 0.1 °C/10mm. Let
us approximate the function of the temperature distribution
along the measurement path by assembling it with 10mm
sections (4/) in the area in which the temperature increase is
linear and does not exceed the assumed temperature gradient.
It is easy to notice that the most disadvantageous case will
occur when the maximum accepted gradient with the same
sign appears simultaneously in all sections §/. Then, e.g. for
Al= 1 m, we will observe a temperature change of 10 °C.
Values of the calculated error An for the temperature changes
from 0 °C to 10 °C are shown in figure 3 [34].

Summing up, it can be concluded that the ultrasonic temper-
ature measurement with negligible error takes into account an
unknown temperature distribution occurring along the meas-
urement path of the interferometer, which is impossible to
achieve, even by measuring with multiple thermometers.

All the values determined in this way are much more
advantageous than those obtained with the use of thermom-
eters used in compensators of the ambient conditions in inter-
ferometers for displacement measurement.

2.4. Measuring algorithm

To enable ultrasonic temperature measurement with a moving
measuring reflector, the algorithm for the measurement proce-
dure is presented in figure 4. The first calibration measurement
is performed for the approximately zero distance between the
ultrasonic transmitter and the receiver and the zero optical dif-
ference of the interferometer (the interferometer’s optical ele-
ments are then in contact). As a result of this measurement,
information about the delay brought by the ultrasonic path is
obtained. This value is subtracted from the time measurement
result in subsequent measurements.

Because this measurement is performed for an approxi-
mately zero optical path difference, the lack of temperature
correction does not cause a significant error. In the case of
interferometric measurement this is due to the fact that by

assuming a range of temperature changes in the laboratory of
23 °C £ 5 °C, the measurement uncertainty is at the level of
107>, For a measured distance less than 100 mm, the uncer-
tainty of measurement is less than 1 pm. With ultrasonic meas-
urement, with a time measurement resolution of 10 ns, such
uncertainty in distance measurement does not affect the result
of the velocity of the sound propagation. Next, the measured
distance is increased. The interferometer and ultrasonic meas-
urements are carried out continuously. In order to measure the
speed of sound it is necessary to know the absolute distance
between the transmitter and the receiver.

This distance is measured by the interferometer. The first
reading of the interferometer is performed without thermal
correction. But based on this reading the ultrasonic system
determines the temperature. The value obtained in this way
is next used to correct the indication of the interferometer.
After this correction, the new value of the measured distance
is entered into the ultrasound system, which again deter-
mines the temperature. This loop is performed in a continuous
mode—each previous measurement corrects the next one. In
practice, after several iterations, the obtained results become
already accurate enough.

3. Experimental studies

A series of preliminary tests for ultrasonic temperature mea-
surement led us to a solution in which two ultrasonic paths
parallel to a laser beam operate at different frequencies and
continuous waves are emitted in opposite directions. Such a
configuration allowed us to apply the maximum of the mea-
surement frequency equal to the frequency of ultrasonic
waves used (measurements are performed in each period of
the ultrasonic signal). These frequencies were equal to 40kHz
and 96kHz. A short delay time (3ms m~') provided a quick
response to possible air movements in the measuring path.
High frequency of measurements allows us to use the average
of the results, e.g. when averaging over 2000 measurements,
the frequency of the obtained results is greater than 20 Hz. In
the experimental system we applied a set transmitter-receiver
ITC-9071 (International Transducer Corp.) operating at a
nominal frequency of 92kHz, and a set MA40AS5 (Jameco
Electronics) for the frequency of 40 kHz.

The ultrasound wave flight time was determined based
on the phase measurement between the transmitted and
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received signal rather than the basis of the direct time
measurement. The phase shift in each period of the received
signal was measured. If the phase shift between successive
measurements was changed by more than 360 °, then the
value of the period counter was changed. The ultrasonic
wave travel time f#, was calculated from the following
dependence:

¢
360°

Im =15 (Z + (24)

where f; is the duration of one signal period of e.g. 24.4 ps
for 40 KHz, z is the number of periods counted and ¢ is the
measured phase shift. Then, using the formulas (9) and (10),
the air temperature was calculated. Next, this value was used
to calculate the refractive index based on equations (15)—(17).

3.1. Accuracy of ultrasonic temperature measurements

The accuracy of the ultrasonic temperature measurements was
tested in the experimental set-up shown in figure 5.



Meas. Sci. Technol. 31 (2020) 045202

M Dobosz and M Sciuba

The measuring paths of the interferometer and ultrasound
system were fixed and placed in a temperature chamber to
separate them from uncontrolled changes in ambient condi-
tions. The components of the measuring system were located
at a distance of 1 m from each other. To reduce the influence
of temperature on the length of the measuring path, they were
fixed outside the chamber to the bench. The ZLM 500 set
(Zeiss) was used as the interferometer. A heating plate was
placed in the middle of the track length to set the temper-
ature changes. The plate temperature was changed cyclically,
recording the results from the interferometer, ultrasound
system, air pressure and humidity.

An electronic digital sensor type DS1631 (Maxim-Dallas)
with a resolution of 0.0625 °C was used as a reference for
temperature measurement. Its accuracy after precise calibra-
tion based on curve fitting to the data from the manufacturer’s
specification was equal to £0.02 °C. Pressure was measured
by a VTI SCP1000 DO1 absolute digital pressure sensor with
a resolution of 1.5 Pa and accuracy of £50 Pa. For the pur-
pose of humidity measurement, we used a Sensirion SHR-11
digital sensor with resolution of 0.03% and accuracy of +3%.

The sample results are illustrated in figure 6. Figure 6(a)
shows the generated temperature changes. As we can see
in figure 6(a) the temperature variability reached 1 °C. The
observed vertical lines show the sensor discretization error.
The middle line represents the average value of the registered
temperature. The graph in figure 6(b) shows the changes in
the optical path difference indicated by the interferometer (the
geometrical distance remains constant) during the temper-
ature change. These changes are consistent with temperature
changes (the correlation coefficient equals 0.98). The ampl-
itude of this change is equal to 8.5 pm. This is an error of the
thermally uncompensated interferometric length measurement
(of the distance equal to 1 m when air temperature changes
reach 1 °C). Figure 6(c) shows the pressure (increasing line)
and humidity (falling line) changes observed during the test.
These changes were, respectively, 0.4 hPa and 1.5% during
the test. Finally, figure 6(d) shows the compensated results of
the interference distance measurement taking into account the
temperature measured by the ultrasound system and the pres-
sure and humidity changes registered by the sensors (shown
in figure 6(c)). The line with higher frequencies represents
individual readings. The center line represents data averaged
from 30 readings. The range of the averaged results is within
£0.03 pm. The observed variability of the results may be
caused, among other things, by a small change in the geo-
metric path in the interferometer emerging from the thermal
expansion of the set-up base.

The range +0.03 pm corresponds to a temperature change
of approx. £0.03°C. This inaccuracy is similar to that obtained
with the spot thermometer. However, this inaccuracy concerns
the value determined for the entire length of the measurement
path, in real time. In the case of the point thermometer, this
value only applies to the small sensor environment, and it is
achieved with a long reaction time.
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Figure 9. Shift of the ultrasound wavefront under the influence of
the transverse air movement.

3.2. The effect of air temperature gradients along the laser
beam axis

To test the effect of air temperature gradients along the laser
beam axis the experimental set-up was modified according to
the diagram shown in figure 7.

To accelerate the temperature changes, in addition to the
heating module, an additional cooling module was intro-
duced. Above the heating element in the central part of the
chamber we placed a cooling (Peltier) module. These elements
worked alternately, providing cyclic temperature changes
in the middle part of the measuring chamber. With the help
of isolation foil, the chamber was divided into three zones
according to the drawing. Additionally, inside the chamber
there was a sensor module registering changes in temperature,
humidity and atmospheric pressure. The temperature outside
the chamber was also measured. The entire set-up was placed
on a table made of granite slab, thermally insulated from
the environment. Measurements were carried out in series
lasting 6—7h. During this time, heating—cooling cycles were
generated, with a duration of 15-140min depending on the
measurement series. This method of thermal influence was
used to keep the average temperature as constant as possible
in the chamber. The laser interferometer wavelength correc-
tion during its operation was turned off. After completing the
measurement series, all the results were analyzed off-line,
including the calculation of the wavelength correction.

Sample results from the experiment are shown in figure 8.
All the graphs show changes in the interferometer readings
during the tests (top lines) and after the correction of wave-
length based on the pressure and humidity sensor indications
as well as ultrasonic temperature measurement (bottom lines).
The observed change in the readings of the interferometer
after the temperature correction based on ultrasonic meas-
urement decreases approximately five times. For short-term
changes (16 min cycle—figure 8(a)), incomplete compensa-
tion of temperature changes was observed. The influence of
uneven signal delays from interference and ultrasonic meas-
urement probably resulted from the method used to average
the results. However, the variability in the results of the
interference measurements resulting from thermal gradients
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Figure 10. The set-up for testing the influence of air movement on the accuracy of temperature gradient compensation by the proposed

ultrasonic technique.

has been compensated to the range of 0.1 pm. For the 32 min
cycle of changes (figure 8(b)), fluctuations of the compen-
sated course are not visible, and the readings have been com-
pensated to 0.2 pm.

For longer cycles, from 60 min (figures 8(c) and (d)) the
indications have been compensated to 0.2 pm, but other
influences of temperature changes, e.g. the geometry of the
mechanical elements of the system, are revealed. This may be
due to the heat transfer between the chamber and the ground,
and its expansion and deformation of the mechanical interfer-
ometer assemblies.

The impossibility of obtaining a better compensation of the
temperature influence can also be caused by Abbe’s error, due
to the technical limitation of the axis mounting of the ultra-
sonic transmitter in the interference measurement axis, and
thus the uneven spatial distribution of temperature at the loca-
tion of both measurements. In addition, the influence on the
uncertainty of compensation has the inertia of pressure and
humidity sensors.

However, in all cases, a significant improvement in the
stability of the interferometer indications is observed. It is
evident that the applied measurement method allows us to
improve the accuracy of the interferometric measurements,
allowing significant compensation of changes in air temper-
ature (especially short-term), taking into account its inhomo-
geneous spatial distribution.

3.8. Influence of air movement

The direction of air movement in relation to the measuring
axis of the interferometer can be divided into two comp-
onents, perpendicular and parallel to the measurement axis.
Let us analyze both cases separately.

When the air flow with velocity v is in the direction
perpendicular to the direction of the measuring path the sound
wavefront is shifted by a distance As, as shown in figure 9.
This corresponds to the shift of the ultrasonic wave from the
source S to the apparent source S’. The path the wave travels
to the detection point D will change from Al to A,

Thus, the speed of the sound will be determined based on
the duration of the sound travelling along Al’. It will therefore
be smaller than the correct one—determined on the basis of

1

Al. Based on the geometry of the drawing, we can write the
equation

(vmtm)2 + (w‘m)2 = (Vtm)2 (25)

where v denotes the actual sound velocity, vy, represents the
measured speed based on the distance Al’, v denotes the air
velocity and 1, is the time measured on the distance Al’. From
here we will get an erroneously measured speed of sound in
the form:

Um = V2 —02.

For the measurement length equal to Al = 1 m, the sound speed
v correctly measured is equal to 335 m s~! (the value adopted
for theoretical considerations). At air velocity, e.g. v = 1 ms~!,
the measured velocity v, is equal to 334.9985 m s~'.
Such an error in determining the speed of sound corresponds
to a change in the ambient temperature by 0.004 °C. The
sound velocity is determined by the arithmetic mean of two
measurements; therefore, the resulting error caused by the
transverse air movement will take the value of 0.008 °C. So,
under typical conditions, it can be assumed that the transverse
air movement with a velocity not exceeding 1 m s~! can usu-
ally be neglected.

If the sound wave propagates in the direction consistent
with or opposite to the direction of air movement, the wave’s
speed increases or decreases, respectively, by the value of the
air velocity [15]. Using two tracks, in which the propagation
of the sound wave takes place in the opposite directions, with
the air moving parallel to the tracks, in one of them there will
be an increase in the speed of sound propagation, and in the
second a decrease by the same value. The arithmetic mean
of the wave velocity determined in this way should not be
changed. Below, we present the results of the tests verifying
the effectiveness of the aforementioned compensation of air
flow.

A previously described tunnel isolating the system from out-
side environmental conditions was used for the tests (figure 10).
The air flow was forced by a fan.

To obtain a laminar flow of air, the fan was equipped with
a jet guide consisting of many thin tubes. Due to the short
measurement time (about Smin) and high heat capacity of
the bench it can be assumed that during the tests there were

(26)
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Figure 11. Exemplary results of the research on the influence of air flow along the measurement axis in the presented ultrasonic
measurement. (a) Indications of ultrasound tracks. (b) The average of the indications of both tracks. (c) Indication of the interferometer
without compensation. (d) Compensated indications of the interferometer.
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no changes in the length of the measuring section. Also, it
was possible to assume negligible changes in pressure and air
humidity during the measurement. The length of the measured
distance was approximately 1 m. During the measurement,
changes in the readings of the interferometer and ultrasonic
system were recorded. One measurement series consisted of
four cycles of switching on and off airflow lasting about 80s
each. During the cycle, 40s of fan operation followed and
40s of break. The air flow rate was equal to approx. 1 m s~..
All the registered changes have been calculated to obtain the
temperature errors generated by air movement. The sample
results are illustrated in figure 11. The graphs show changes
in the readings of the interferometer and ultrasound system in
relation to the first reading.

Changes in temperature indications determined in the
ultrasound path caused by air movement are illustrated by
the graph in figure 11(a). The upper and lower lines show
changes in the readings in both ultrasound tracks operating
in opposite directions. During air flow through the meas-
uring tunnel, a single detector recorded changes in the speed
of sound, which, calculated as a thermal correction, would
correspond to 2.5 °C. This error should be compensated by
applying a differential measurement from both tracks. The
middle line represents the average indications of both tracks.
Enlarged deviations in the mean value from zero are shown in
figure 11(b). It can be seen that the temperature measurement
error reaches 0.3 °C in the first cycle and decreases to 0.15 °C
in the third cycle. The obtained results suggest that during
the experiments the air temperature in the laboratory could
slightly differ from the temperature in the tunnel. The indica-
tions had stabilized only after the fan was turned on and the
air was replaced. Confirmation of the different temperature in
the tunnel and outside it is the raw result of the interferom-
eter (figure 11(c))—the difference in its readings reaches 0.25
pm. Another source of errors in the interference measurement,
with the occurrence of air movement, is changes in atmos-
pheric pressure caused by the air flow. In addition, the changes
in the refractive index generated this way caused the deflection
of the laser beam, and as a result, changed the optical path.
However, after compensation in the entire series of measure-
ments, the interferometer readings do not differ from the ini-
tial ones by more than 0.15 ° C, as shown in figure 11(d).

Summarizing the obtained exemplary results shows™ that
even with a very strong air flow (about 1 m s~!') and with
the turbulence associated with it, it is possible to reduce the
temperature measurement error in the proposed ultrasonic
system at least tenfold.

4. Conclusions

One of the main problems in intermediate length measure-
ments waiting for an effective solution is minimization of the
measurement error caused by the influence of ambient temper-
ature variation along the measuring path. One of the methods
to take into account the temporal and spatial temperature vari-
ability is the ultrasonic method of temperature measurement.
The introduction of the paper presents an overview of the
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currently used ultrasonic temperature measurement methods,
indicating that the bidirectional measurement technique with
two ultrasound tracks potentially gives the best metrological
and functional parameters. An article has been devoted to new
proposals for the realization of this technique.

At the beginning of the theoretical part of the article, a
method for determining the air temperature along the axis of
the laser beam using the ultrasonic technique was proposed.
The question is: what is the difference between the refractive
index determined along the measurement path by ultrasound
and the purely theoretically determined coefficient using the
commonly used Edlén’s equation using hypothetically infi-
nitely many temperature sensors reproducing the distribution
of its variability? Due to the complexity of Edlén’s formula,
its direct use to answer this question was not possible. To solve
this problem, the authors proposed replacing the Edlén equa-
tion, by an approximate equation in the form of an appropriate
second-degree polynomial. An important part of the analysis
was the selection of polynomial coefficients so as to minimize
the difference between the refractive index determined using
the Edlén’s formula and by the proposed approximate rela-
tionship. The regression coefficients obtained by the bisec-
tion method gave a satisfactory approximation error equal to
approx. 3 - 10™%, which in most cases may be omitted.

Based on this approximation we calculated the difference
between the refractive index determined along the measurement
path using the Edlén equation and by the ultrasound technique.
For this analysis we assumed the value of the maximum temper-
ature gradient that can appear along the measurement path to be
equal to 0.1 °C/10mm. For this value in the most unfavorable
case, the error of approximation of the refractive index using
the ultrasonic method was equal to about 30 ppb along the 1 m
measuring path. This way, it was theoretically proved that the
ultrasound method correctly takes into account the unknown
temperature distribution along the measurement path.

To enable ultrasonic temperature measurement when the
measuring reflector is moving, an iterative measurement
algorithm has been proposed. The essence of the proposed
algorithm is the lack of requirement to use point temperature
Sensors.

Experimental tests of the method were carried out in the
system in which two ultrasonic paths parallel to the laser
beam operated at different frequencies and continuous waves
were emitted in opposite directions. At the beginning of
the experimental verification the accuracy of the ultrasonic
temperature measurements that it was possible to obtain
was assessed. In the performed test, changes in the ambient
temperature of about 1 °C generated the interferometric meas-
urement error after temperature compensation based on the
ultrasonic method over the length of 1 m in the range not
exceeding +0.03 pm. This range corresponds to a temperature
change of approx. £0.03 °C. Note that the obtained temper-
ature measurement error also takes into account the impact of
pressure and humidity gradients that may have occurred along
the optical path. This inaccuracy is similar to that obtained
with the spot thermometer. However, this inaccuracy concerns
the value determined for the entire length of the measurement
path, in real time.



Meas. Sci. Technol. 31 (2020) 045202

M Dobosz and M Sciuba

An important property of ultrasonic measurement is that it
allows one to improve the accuracy of interferometric meas-
urements, allowing significant compensation of changes in air
temperature (especially short-term), taking into account its
inhomogeneous spatial distribution. The performed tests have
shown that the variability in the results of the interference
measurements resulting from thermal gradients has been com-
pensated to the level of 0.1 pm along 1 m measuring distance.

The principle of the applied ultrasonic technique results
is that it is sensitive to air flow. This influence was analyzed
theoretically and experimentally. Theoretically, it was shown
that the transverse (to the measuring direction) air flow with a
velocity not exceeding 1 m s~! can be neglected.

If the sound wave propagates in the direction consistent
with or opposite to the direction of air movement, the wave’s
speed increases or decreases, respectively, by the value of the
air velocity. The average value of the ultrasonic wave veloci-
ties calculated from measurements performed in two meas-
uring tracks, in which the propagation of the sound wave takes
place in the opposite directions, should be independent of air
flow. Experimental verification has shown that even with a
very strong air flow (about 1 m s~!) and with the turbulence
associated with it, it is possible to reduce the temperature
measurement error in the proposed ultrasonic system at least
tenfold.

In conclusion, the article shows that the proposed meas-
urement technique can significantly improve the accuracy of
interferometric displacement measurements in conditions that
diverge from laboratory environments, i.e. when the temper-
ature distribution is not constant along the measurement path
and there is also air flow.
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