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Measurement of high-dynamic temperature field using
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An approach to measure a high-dynamic two-dimensional (2D) temperature field using a high-speed quadriwave lat-

eral shearing interferometer (QWLSI) is proposed. The detailed theoretical derivation to express the wavefront recon-

struct principle of the proposed method is presented. The comparison experiment with thermocouples shows that the

temperature field measurement using QWLSI has a precision of +0.5 °C. An experiment for measuring the high-

dynamic temperature field generated by an electrical heater is carried out. A 200 frame rate temperature field video

with 512 x 512 resolution is obtained finally. Experimental results show that the temperature field measurement sys-

tem using a QWLSI has the advantage of high sensitivity and high resolution.
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Temperature measurement is one of the most concerned
issues in the measurement of flame parameters. The tem-
perature not only includes the chemical reaction process,
but also suggests the influence of the flow field on the
flame. Flame is something complex in the fluid field,
involving fluid dynamics, chemical reaction dynamics
and so on''’, The measurement of flame temperature is
difficult. Thermocouple, hot wire anemometer and other
contact measurement methods were first used in the
measurement of flame temperature. But the method of
contact measurement would disturb the flow field, so it is
not an ideal way for measuring flow field, especially in
the laboratory, where the geometry of measured flame is
small.

With the development of science and technology,
many non-contact flow field measurement methods are
found. In 1970s, laser speckle density photography were
applied to the measurement of flame parameters. At the
beginning of the twenty-first century, Richard and Mei-
er'?! reported background-oriented schlieren (BOS) tech-
nique based on the visualization of traditional schlieren
images. In recent years, some composite approaches
were proposed for obtaining reliable measurements of
complex temperature fields. In 2015, a long period grat-
ing concatenated with multimode fiber which was used
for simultaneous measurement of temperature was intro-
duced™. In 2016, a combination of the visible image
processing technique and the spectroscopic line-ratio
method at two specified wavelengths was proposed to
measure the two-dimensional (2D) temperature filed

of thermal plasmas'™. In 2017, a background-oriented
schlieren tomography for the temperature field recon-
struction in a non-isothermal swirling jet undergoing
vortex breakdown was proposed”™. At the same year, the
shock oscillations of transonic flying objects was tracked
using background-oriented schlieren technique'®.

However, traditional non-contact flow field measure-
ment method depends on the digital image process tech-
nology!”. It is difficult to measure the temperature with a
high precision. It is also prone to generate error in the
measurement of temperature boundary layer. So a high-
precise and compact non-contact method to measure the
temperature field is needed.

The concept of the quadriwave lateral shearing inter-
ferometer (QWLSI) was proposed in 2000 and is based
on the interference of four tilted replicas of the wavefront
to be analyzed™''!. The QWLSI offers the crucial ad-
vantage that it yields an analyzed wavefront without the
use of a reference arm and consequent time consuming
alignment. It combines fundamental properties, such as
the achromaticity, the high resolution, the adjustable sen-
sitivity and dynamic, to a great versatility. Due to these
qualities, the QWLSI is an excellent candidate to per-
form high quality wavefront measurements in hard con-
text.

In this paper, we introduce QWLSI into the tempera-
ture field measurement. A high-speed QWLSI is used to
measure high-dynamic temperature field. Good results of
temperature field are measured with 200 frame
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rate and 0.5 °C error. This approach extends the method
of temperature field measurement, which is of great sig-
nificance to the study of aerodynamics and kinetics of
flame and so on.

Lateral shearing interferometry is a well-known tech-
nique to measure the phase gradients in one direction.
The incident wavefront is replicated into two identical
but tilted wavefronts. After propagation, their mutual
interference pattern is recorded by a CCD camera. The
phase gradients are recovered from the fringe defor-
mation, by means of a Fourier deconvolution around the
interferogram fringe frequency. However, at this point, it
lacks some gradient information to recover a full 2D
phase field. Multiwave interferometry!'>"*! extends this
principle to more than one gradient direction. In the case
of QWLSI, as shown in Fig.1, four replicas are created
by a specific 2D diffraction grating. In this case, two
gradients along two perpendicular directions are meas-
ured and then integrated to determine the field intensity
and phase!”’.
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k;;: the wave vector; R;;: the corresponding intensity pattern

Fig.1 Principle of the quadriwave lateral shearing in-
terference

Fig.2 shows the computational process of temperature
field measurement using QWLSI. First of all, demodu-
late the interferogram to calculate the optical path differ-
ence (OPD). According to the refraction law, the rela-
tionship between OPD and refractive index # is

nL=0OPD, 1)
where L is the propagation length.

Interferogram
l QWLSI
Optical path difference
lReﬁaction law

Refractive index

Gladstone-Dale
relationship
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Fig.2 Flow chart of temperature field measurement
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Then we use Gladstone-Dale relationship to calculate
the air density p:

n=rkp+1, 2)
where x is the Gladstone-Dale constant, and its value
depends on the component of air and wavelength!"*.

Finally, the air density and temperature can be linked
through the general gas law. When the atmosphere pres-
sure keeps unchanging, the relationship between the air
density and the temperature is

pT=poT, (3)
where py is the density of air in ambient temperature 7.

The interferogram deformation can be interpreted us-
ing either the wave or geometrical optics. Wave optics is
more rigorous and underlies the interferogram numerical
processing, whereas geometrical optics is more intuitive
to understand physical effects, such as the influence of
spatial coherence on interferogram contrast.

A diffraction grating replicates the incident beam. In
the case of our QWLSI, the so-called modified Hartmann
mask (MHM) is used'"””). It is made of the superposition
of a Hartmann mask (with amplitude grating period of p)
and a p-shift checker board (with phase grating period of
2p) as presented in Fig.3. This is optimized to diffract
more than 90% of the light energy into the 4 first orders
carried by 4 wave vectors.

Phase chessboard

Hartmann mask

=0
p=n

Fig.3 The construction of MHM

If only the 4 first orders are considered, the ampli-
tude transmittance of the perfect MHM is given by

1(x, y) = cos(2) - cos(1L) . 4)
p p

After a propagation length z along the z-axis, in the
scope of paraxial propagation and if we neglect free
space diffraction, the electromagnetic field is the co-
herent addition of all the replicas, which are mutually
displaced due to their deviation. The intensity is given
by
I(r,z)=1, {1 + [cos(z—nx +2—nz 0OFD
P p Ox
2—nz 6OPD)} +%[cos(2—n(x+ y)+
p

)+

2n
cos(—y+
p
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2t d0PD (21: 2t dOPD H}
—z———)+cos| —(x—-y)+—z . (5
p O(x+y) p p O(x=y)

After the interferogram is obtained by our CCD, the
fast Fourier transform (FFT) and the differential Zernike
polynomial fitting method can be employed for wave-
front retrieval'®'”. As shown in Fig.4, the interferogram
is at first transformed into the Fourier spectrum by FFT.
Then the +1 orders in the x and y directions are selected
and transformed into the shearing wavefronts in the x and
y directions by inverse fast Fourier transform (IFFT),
respectively!'®). Last, the differential Zernike polynomial
fitting method is employed to retrieve the actual wave-
front distribution using these two orthogonal shearing
wavefronts.

Supposing that the OPD under test is W(x, y), these
two shearing wavefronts obtained by Fourier spectral
filtering and IFFT can be expressed as

AVK(m)=W<x—§,y)—W(x+§,y) : (6)

AW, (x,) = W(x,y—g)—W(x,y%) : (7)
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Fig.4 OPD retrieval method using FFT and differential
Zernike polynomial fitting

In modal wavefront retrieval, the wavefront is de-
composed into a set of basic functions, while Zernike
polynomials are commonly used as the basic functions
for this retrieval. The original wavefront W(x, y) can
be explained by N terms of Zernike polynomials in the
following form,

W(x,y) = Zaij (x,y) . 8)

Substituting Eq.(8) into Eq.(6) and (7), the shearing
wavefronts expressed in the form of Zernike polyno-
mials can be obtained as
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AW (x,0)="" a, [zxx—%,y)—Z,(x%,y)} . (9)

AW, (x,0)=" a, [Z,(x,y—g)—zxx,w%)} . (10)
If the differential Zernike polynomials are defined as

VA :Zj(x—%,y)—z,(“%,ﬂ, (11

S S
AZ},-=Zj(x:y_z)_zj(x’y+5): (12)

the shearing wavefronts W.,(x, y) and W,(x, y) can be ex-
pressed as

AW AZ
Y= “la. (13)

)l
Now the coefficients of Zernike polynomials can be ob-
tained with the least-squares solution, that is,

a=(AZ"AZ)'AZ"AW , (14)
Substituting the coefficients obtained from Eq.(14) into
Eq.(8), we can finally retrieve the wavefront under test.

The QWLSI is shown as Fig.5(a). It includes an MHM
and a CCD. The aperture period of Hartmann diaphragm
pis 11 pm, and the CCD pixel size is 5.5 um. The resolu-
tion of CCD is 2 048%2 048, which means the maximum

resolution of phase image is 512x512. Fig.5(b) is an in-
terferogram obtained by this shearing interferometer.

~

@ (b)

Fig.5 (a) Photo of QWLSI and (b) an interferogram
obtained by this QWLSI

Fig.6 shows the optical systems of the temperature
field measurement. A He-Ne laser is used to produce
spatial coherence source of light. An aplanatic lens L;
collimates the incident beam into plane wavefronts. F is
the temperature field under test. The air density can be
mutative due to the uneven temperature distribution. L,
and L; are a beam contracting system so that the interfer-
ometer can obtain the interferogram of the whole tem-
perature field under test.

Ly: He-Ne laser with /=450 nm; L, and L,: aplanatic lens with /=50 mm;
Fy: Temperature field under test; L;: aplanatic lens /=20 mm; C;:
QWLSI

Fig.6 Schematic diagram of optical systems
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The MHM can also be considered as a grid of holes,
and the classical interpretation of Hartmann and Shack-
Hartmann wavefront sensors can be used. The incident
wavefront is sampled by the Hartmann holes. We record
the projection of the holes in the CCD plane. Fig.7(a)
shows an interferogram formed by a plane wave, and
Fig.7(b) is a disturbed one.

Fig.7 Interferograms obtained by the QWLSI formed
by (a) plane wave and (b) disturbed wave due to the
air with uneven density

In order to get the accuracy of the temperature field
measurement using QWLSI. A set of control experiments
was designed. As shown in Fig.8, the liquid in a square
vessel heated by a heater was used to maintain a static
temperature field. Then an Omega RHXL3SD thermo-
couple was used to compare the experimental results.
Fig.9 shows the temperature section distribution and the
comparison results thermocouple and QWLSI. The pre-
cision of the thermocouple for measuring the temperature
is £0.5 °C. Therefore, the error of temperature field
measurement results using QWLSI in no more than
0.5 °C.

Heater

Water
L

Temperature section

Fig.8 Schematic diagram of the temperature contrast
experimental setup
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Fig.9 Comparison results of temperature field ob-

tained by the thermocouple and the QWLSI
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An electrical heater was used to change the tempera-
ture field. And a QWLSI was used to detect the OPD.
Then the distribution of temperature field can be calcu-
lated by the process shown in Fig.2. The shape of the
electrical heater is shown in Fig.10(a), and the tempera-
ture field is shown in Fig.10(b). The image size of the
temperature field is 512 pixelx512 pixel, where each
pixel has a side length of 0.15 mm. The sensitivity of
temperature is 0.1 °C. This experiment shows that our
temperature field measurement system using a QWLSI
has high sensitivity and high resolution.
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Fig.10 (a) Electrical heater and (b) the temperature
field generated by the electrical heater

In conclusion, an approach to measure the varying
temperature field using a QWLSI is proposed in this pa-
per. Specific procedures for temperature field measure-
ments using QWLSI are presented. Zernike polynomial
fitting method is employed to retrieve the OPD from the
interferogram. Gladstone-Dale relationship and general
gas law are used to calculate the distribution of the tem-
perature field. An experiment for measuring the certain
temperature field produced by an electrical heater is car-
ried out. Experimental results show that using a QWLSI
to measure the temperature field has the advantage of
high sensitivity and high resolution.

In the next step, we will use a Bunsen burner with a
mixture of combustible gases as a source for temperature
field measurements. Thermocouples will also be used for
verification. Then, we will reconstruct the 3D tempera-
ture field using QWLSI.
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