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Abstract: In order to study temperature field measurement techniques of Schlieren systems, the principle of
Schlieren quantitative measuring techniques is expounded. Based on the relationship between the grayness of a
Schlieren image, along with the area of a light source, we propose an algorithm that is dependent on Schlieren
to calculate flow field temperature. Firstly, a transmission Schlieren system is built on an optical platform and
a hot plate is placed in the test area. Schlieren images are then captured by using a CCD camera, which are
uploaded and stored on a computer for image processing. Finally, the algorithm is used to get the measured
values of the temperature field, which then are compared with those by thermocouple measurement. The exper-
imental results show that, when the temperature of the hot plate is set at 50 °C or 90 “C, the relative errors of
the flow field temperature measurement are less than 10% , the reliability of the algorithm is therefore proved
and the quantitative measurement of temperature fields based on Schlieren techniques is realized.
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1 Introduction

A

In modern flow field measurement, as the de-
mand for non-contact flow field temperature meas-
urement grows, traditional instruments are failing to
satisfy observation requirements. Schlieren measur-
ing techniques through optics has been attracting
much attention for its multiple outstanding character-
istics, among which are its informative demonstration
of flow fields, its non-invasive but high level of
quantitative precision, and its low cost. This is es-
pecially true for the measurement of temperature in
flow fields when compared to traditional methods u-
sing probes. Using Schlieren measuring techniques,
one can measure the temperature of flow fields with-
out affecting the flow field itself'"".
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Since year 2000, Schlieren measurement tech-
nology has seen rapid development. In 2008, C.
Alvarezherrera et al. "' performed reconstruction u-
sing an orthogonal decomposition method and ob-
served the combustion temperature of two flames
from fuels mixed partially and fully with air. It was
discovered that there were structural differences in
the flame but it didnt find the flame’s relevant tem-

perature ranges. In 2009, M. K. Campbell et al. 8
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set a reflective Schlieren measuring device above a
metal hot plate, selected two temperatures, and ob-
served their differences using a thermocouple with
reasonable consistency. However, since the temper-
ature range used was somewhat narrow, there is no
way to tell how the results will vary under more ex-
treme temperatures. In 2012, A. Martinezgonzdlez
et al. ") used traditional Schlieren measuring tools to
simultaneously take measurements of speed and tem-
perature, but did so with a relatively large margin of
error for a series of different temperature values. In
2016, A. Martinezgonzlez et al. ' analyzed lab re-
sults using two pictures taken at different tempera-
tures and discovered that changes in the camera’s
exposure allowed measurements at different tempera-
ture ranges. However, the published results failed to
fully analyze the phenomenon. Domestic research of

Schlieren systems is progressively increasing in im-

1121 hsed a multi-

portance. In 2013, Jifei Ye et al. "
coloured Schlieren method to measure the density of
axis-symmetric flow fields. However, the fabrication
of light colour filters is relatively difficult. In 2015,
Sheng Meng, et al., from Zhejiang University of

13-14]

Technology. | , used a Z-shaped Schlieren sys-
tem and standard spectrophotometry to quantify flame
temperature. That same year, China Aerodynamics
and Research Development Center’'s Jun Zhang et
al. '™ used background Schlieren techniques with
flow field density and temperature distribution to per-
form measurements, but background Schlieren tech-
niques are more appropriately used with large-scale
measurements.
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From the above, one can see that there is no
standard method of calculating the temperature of
Schlieren systems or verifying tests in this field. U-
sing Schlieren measurement principles as a founda-
tion, the relationship between degrees of grayness in
Schlieren images and the amount of source light ob-
struction is first analyzed, a method of calculating
flow field temperature is proposed, an appropriate
measurement scope is meticulously analyzed, and
the results of a laboratory test on temperature field
measurements to verify the aforementioned algorithm
is described.

i LAl LIE Y, S0 RGERY il BE 2 I 4
ARTETFIT 2 I — 5 B BE S A
By . WA ST T AR T, LSGEIA I E
I JEU A LR, 0B T BUR BB KBNS
ARBOER DGR AR KR 2 T — B e
AR ST B B TS T vk TR B 1% 0T A

Y T 208 el B 7 R e X, BRI T X
BINERI AL

2 Measurement Principles

n = R

Light rays whose indexes of refraction are in-
consistent are dispersed unevenly. As seen in
Fig. 1, the three different coloured regions depict
that the internal positions of one flow field are adja-
cent.
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Fig.1 Transmission of light beam in media
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Light follows the Huygens principle when pass-
ing through a transparent medium. Because of chan-
ges in the index of refraction, the velocity of the
light wave can change, along with its direction. This
leads to the following relationship :
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While working with formula 1, because the
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neighbouring flow fields are very close, the following
formula 2 is created :

FEA (L), 7 3 32 A 48 X A 47 5 R A
WAL, i R R TR R A(2) -

1
e )

Because 0 is a very small angle, the y-axis can
be written as:

P2y 60— ARE /N EE, LAy 85 )
534t -

d
0, =" (3)

Combining this with formula (2) and integra-
ting with respect to the x-axis yields

B A3 (2) I 2 7 1 i — Ry
Fr2l(4)

6, = % ‘;—Z (4)

After light passes through a flow field it is re-
fracted toward a blade, as shown in Fig. 2.
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Fig.2 Relationship between deflection angle 6 and off-

set a
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From Fig. 2, one can see that the angle of light
0 can be refracted by offset a at the blade, depen-
ding on the nature of the focal plane;
MIE 2 HRlFE Y ER A% 0 22 A5 7] 1
Qb7 A —E B RS i a, AL FEF T A B0 A
a = fytanf = f,0 . (5)
The following flow field density formula, formu-
la (6), is obtained by combining formulas (4) and
(5) with the Gladstone-Dale law;

550 30(4) (5) M AT - #UK (Glad-

stone-Dale ) 5t i 153 2 7 FERB IEE 22 50(6)

do _a
dy — KLf, ’ (6)

In Equation (6), K represents the Gladstone-Dale

constant, L represents the length of the flow field a-
long the optical path, and f, represents the focal
length of Schlieren lens 2, all of which are constant.
After simplifying formula 6, the density value of the
flow field with respect to the y-axis can be obtained,
as shown in formula 7.

i, K IR Gladstone-Dale 7 %0, L /8 i 31T
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1
py = Po + KngJada ’ (7)
0

In equation (7), p, represents the density to be
measured, p, represents the reference density, &, re-
presents the reference edge position, and &, repre-
sents the offset of the light. Combined with the ideal
gas state equation, the temperature of the gas flow
field is obtained as follows:

Ko, ZORTFHINE L o 2R IEHEH L 6 Fm S
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T, = b, = a , (8)

1
po % Klfz!ada
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Where T, is surrounding temperature, p, is the sur-
rounding air density, 7, is the temperature to be
measured, and p, is the density to be measured. It
can be seen from formula 8§ that the integral with re-
spect to the amount of refracted light is key to calcu-
lating gas flow field temperature.
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3 Measurement Methods and Data

Processing

MRS HIFELIE S *

By analyzing of the principles of quantitative
measurement of Schlieren, it can be obtained that.
Due to the different densities in the flow field, the
light will undergo different degrees of offset when
passing through the flow field, and different degrees
of light refraction will cause different gray values on
the Schlieren image. Therefore, the main idea of the
algorithm is to establish the relationship between the
gray level of the Schlieren image and the refraction
of the light. This requires calibration between the
offset of the light and the gray value of the Schlieren
image.
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The calibration method used herein is the cali-
bration Schlieren method, which is to convert the re-
lationship between the offset of the light relative to
the blade and the gray scale of the Schlieren image
into the relationship between the relative light offset
of the blade and the grayness of the Schlieren im-
age. As shown in Fig. 3, the two relative motions are
actually identical in terms of the area of the occluded
light from the source.

ASSCHT R I BIAR € J7 15 0 E bR 80 %, 5t
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The specific method of establishing the relation-

ship between the grayness of the Schlieren image and

S % ‘ . . NaYe

JIAYIEIE c=—LXAa c=kXAa =0 c=kXAa c=LXAa
Fig.3  Relationship between the position of the blade

and light source image
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the refraction of light is;start with a measurement ar-
ea with no flow fields, place the blade in a position
in which the light is not being obscured, then slowly
and successively move the blade by Aa until it com-
pletely covers the area. Use a CCD camera to record
all of the obscured light and stop when the entire im-
age has been recorded. Set the longitudinal coordi-
nate of any point on the grain image to i, the latitu-
dinal coordinate to j, and use the superscript s to in-
dicate the amount of light obstruction applied by the
blade. H' [i,j] indicates the grayness of the hori-
zontal and vertical coordinates of the Schlieren pic-
ture at ¢ and j when no fluid is added. The grayness
of a point, the degree of occlusion and position of
the blade edge is determined by the point in which
source light is first obstructed.

BEASIVYI S PIRE S oSl {HIES T
SRR DT 2 AR DN AN BT 3
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The change in the grayness of the picture affects
the range of the measured temperature so in order to
measure the most extreme temperature in a range, it
is necessary to calibrate H° [i,j] to the average of
the darkest and lighted points on the image. At this
point, the grayness would be s =0. From the pixels

of the measurement area, graph the curve of the
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" [;,]_] gray value over the blade position s. From
Fig. 4 , it is easy to see that the Schlieren image’s
grayness and the level of obstruction by the blade
have a nearly linear relationship. When the observa-
tion area has a fluid, the level of grayness changes.
As long as the level of grayness on the image’s ob-
servation area is known, the obstruction of light
caused by the blade can be found.
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Fig. 4  Curve of relationship between image grayness

and blade edge occlusion
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Since the integral of the denominator in equa-
tion (8) is related to the obstruction of light, the
obstruction of light then determines the size of the
image of the unobstructed light source. This then af-
fects the camera’ s recorded grayness from the
Schlieren image. The principle behind the proposed
calculation method is to record the changes in the
obstructed light from beginning to end. If the blade’

s edge is regarded as a line on the circular light

source image, the positional relationship between the
blade edge and the light source image can be equiva-
lent to the three different positional relationships
shown in Fig. 5.

o1 T2 (8) i B R — IR FR I 5 562k 1 i
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Fig. 5 Area change schematic diagram of the source
image
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The black solid line indicates the reference po-
sition of the blade’s edge, and the red solid line in-
dicates the position after the blade is moved, that is,
the position of the blade after the light is moved.
The three angles a, 8, and @ represent the triangle’
s apex angle, formed by the light source’s center
and perimeter. Generally, these angles are decided
by the degree to which the light fans outward. Be-
cause the size of the image is inversely proportional
to the amount of light obstructed by the blade, the
change in grayness is similar to that in Fig. 5, where
it is equal to the change in the area between the
black and red lines. These 3 instances are calculat-
ed as follows:

KIhsisk 1 RoR TS E AL e, i 2 &
RIS E A E, AR TOLL B s fE i )
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When a line is on the center of the circle; T - Topy Topo
M BETE I > LR Coop 1
o —— f ada
> KLf,
S, = ?’n'r o
Topo
T BT 9) AS (12)
S, = r° — —r sinf B0
360 2 Po = K1y,
AS =8, -5, To summarize, the process for quantitatively
When the two lines are on the same side calculating flow field temperature is
W2 AL R U - (DAfter adjusting the Schlieren’s light path to-
S, = 5'[61()7”2 _ %rzsinﬁ ward the observation area, determine the calibration
(10) curve and the radius of the image of the source light,
S, = 2 — —sina r
360 2 :
AS =1'S, =S, | @After adding the flow field, adjust the blade’

When the two lines are on either side of the cir-
cle’s center:

21 52 TR [ P A
_ (360 - o - B) .

S 360
1, .
S, = ?rzsma , (11)
S, = er in
2 = 2 S B

AS =S, +S, + S,

In these equations, r is the radius of the light
source in the image, which can be calculated from
the displacement of the blade’s edge in the calibra-
tion curve, and AS is the change in area between
the solid black line and the solid red line, denoted
as both S, and S, in equations 9 and 10. The S,, S,
and S, in equation (11) are the three parts between
the red and black strings, that is, the area of the
two circular areas, the black triangular area and the
red triangular area. With this, formula (8) can
modified to:

Horp r EIRR AR, T d bR sE 2 rp )
ML RSt TR, AS DSk | 5502k 2 Z A IX
AR AL, 3 (9) M (10) S, 5 S, B854 1
5522 35045 B B S I AR g 4 AR 5 X
(1) S, (S, F1 S, ELLRASL Z A B 3 SR 3 BT
A FIE X AR | EER = A X AR AT B =
DA Bemf 22 20(8) Il AN

s position such that the image’s contrast is appropri-
ate, then record the blade’s position.

) Capture the image of the Schlieren when
there is a flow field, record the grayness of the ob-
servation area on the image, then refer to the cali-
bration curve using the blade’s position a,.

(@) Analyse the positional relationship between
a, and a,, then use either of the formulas (9),
(10), and (11) to calculate the area difference
AS.

(®Use the calculated AS in formula (12) ,from
which the corresponding air temperature can be dis-
covered.

g5 BRIk, SO IR T AR N -

FE BB G IR 19I5, X it S0 8 1) X
I, e AR E T ER, RIS HOGIR R AR s

QMAFS JG I8 T AL E, LB L
B NUE, JFE R I T AL E )

AT Wt 37 I SO JEIR , H TR B X
SRR PBEARL , 38 3o s 7 i R 4R B0 R B9 ) A
a3

@B T a5 0, WALE OGR4 AT
DLRIIHRAS(9) L (10) K (11) iR AV
AS;

QA AS TR (12) , BR324
IO B8 s Sl A R
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4  Experimental Process

F It A2

The experiment makes use of traditional
Schlieren transmissions. The entire setup is shown in
Fig. 6. The relevant equipment includes: a 520 nm
LED monochromatic light source, a 50. 8 mm diame-
ter double-bonded lens group, a blade setup, a CCD
camera, and an electronically controlled hot plate.

SEE R RGeS SN0 6%, B4 115
FEE 6 f. FER A EE:520 nm f LED
B SER, B4R N 50.8 mm B XUKS A B B4, T
F2%¢ &, CCD LRS- 5 .

Fig. 6 Experimental platform
E6 SHFH

In order to control the thickness of the flow of
light during calculation, the object to be measured is
the heated air above the rectangular hot plate, which
is set to 50 °C and 90 °C. The results of the experi-
ment are compared with the measurements of a ther-
mocouple in order to verify the validity of the algo-
rithm. The experiment was conducted in a closed
environment where the temperature was 20 °C (293
K) and the air density was 1.29 g/cm’. It is known
from the Gladstone-Dale formula that the relationship
between the density and refractive index when the
flow field is a gas is as follows:

N TR T R RO T 0 &
JE ik — AR g Xk G o R B IG5 B 7
(52 823, INRCF & BB 730 g 50 C 5
90 °C o e b A AR H A 1 00 {5 S 6 45 R A

PEATERAE . W5 SE AR 20 °C (293 K) K A £ H]
WBE b 47, R BE % S 1.29 g/em’, H Glad-
stone-Dale 23 X A] 1, it 7 AR, FL% B 5 47
IESAPS I
n-1=pK, (13)

In formula (13), n is the refractive index of the flu-
id, p is the density of the gas, and K is the Glad-
stone-Dale constant, which is generally determined
by the gas’s composition, among other characteris-
tics. Furthermore, the relationship of a wavelength
of a wave of light as it passes through a gas and the
Gladstone-Dale constant is as follows

AX3) ,n IR BIT S 3, p SRR
K & Gladstone-Dale £, 13X 9 $— ik
H U2 o S5 R R E , I LSO 5
MEME A2 BT, J6W K S Gladstone-Dale %k
MICRUT

-8
K=2244x10"x[1+ (%7107

<A0%)2

(14)
In which, A, or the wavelength, is 520 nm, while K
is 2.261 x10 *m’/kg.

A ERR, HAE O 520 nm, K {2y
F72.261 x10 *m’/kg,

Using to the position of the blade in the calibra-
tion curve, it is not difficult to obtain the radius of
the circular light source image using the blade’s po-
sition d,, where no source light is blocked, and the
blade position d, , where it is blocked completely, as
demonstrated in formula (15)

HR AR H1 2k b 0 S ARG IRER Y
(L d, B 5E I RDCIIR AL E d, , AXETS H
TSGR BB RN R (1S)

_ldi—dyl 12,11 -0.42]
2 2

0. 845 mm . (15)

The hot plate was added to the observation area

r

and set to the appropriate temperature (50 C and 90
°C ). When the hot plate reached the target tempera-
ture and stabilized, the Schlieren images were cap-
tured, as shown in Fig. 7. In the figure, there are

obvious fluctuations in the grayness of the image.



868 o DA

1%

From the darker areas, it is clear how the tempera-
ture is changing against the background of the im-
age. Lighter areas rise on the y-axis while darker ar-
eas fall.

H AT & A DU DX 15 B 3 2
(50 €590 C) , fif HooF- 5 R ife 2 I ik 2 3 E
EVERIR R E/RACAEE SR | o N L
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A IR AEZ T AL 28 TT 18], BT S B e 1)
DRItk 2R AR5 Tl ey e 1 EE T S T A IX
B, B TS Ty AlE R

L

X

(b)

Fig.7  Schlieren image on the heating platform at differ-

ent temperatures

K7 AFEERE TG L5 8o k5

The red squares in Fig. 7 highlight the observa-
tion area of the image. The grayness of any point in
the Schlieren image is found on the calibration
curve. Given the position of the knife edge and the
change of the grayness of the point, one can analyze
the change in obstructed light of the image area. U-
sing the appropriate formula, AS is calculated, and
the final temperature value of the point is then found
using formula (8).

P 7 v 7 B DI 6 X3, A 1R S0 R 1R
B SR BEE R bR 2 4R, R BDZ UK BEE AR 1
RS IR 0 S B, 0 A 0 B R BRAR R
AR FR IR AL A TR AS, il
AA(8) B Z IR A

5 Data Analysis
R HT

In order to demonstrate the feasibility of the for-
mula, the results of the experiment are compared
with the measurement of a thermocouple on the hot
plate, which measures in the same direction of the
flow field at distances of 0.0 ¢cm, 0.5 ¢m, 1.0 cm,
1.5cm, 2.0 em, 2.5 ecm, 3.0 cm, 3.5 cm and
4.0 cm from the surface of the hot plate. The aver-
age temperature was measured 100 times at each
height, allowing the actual temperatures to be com-
pared with the calculated temperatures. Tab. 1 and 2
show the measured and calculated temperatures at
each of the 9 heights. Fig. 8 shows a graph of the
temperature at different heights, given by both the
calculation and the thermocouple.

N1 FW A AR A AT, R A
PUBRIRES t -5 3R, W 2 R i s i 1)
MU S, AUk (8] B ~F- 504 0.0,0.5.,1. 0,
1.52.0.2.5.3.0.3.5.4.0 cm, I HAER 5 B
I 100 YIBCFAI B . P55 P58 A T S
(EALEE . 1 MK 2 X9 A E b, i
ST (B AR I (X SR P8
DA A0 32 B s R T S 0 (A Y 9
TRLEE {0 U R IR

Tab.1 Comparison table of measurement
values at 50°C

F1 50 ClUEEIIEF

Height from  Calculation =~ Thermocouple  Relative

hot plate/cm  method/°C measurement/°C  error/%
0.0 49.3 48.3 2.07
0.5 46.1 43.2 4.39
1.0 40.0 37.6 6.38
1.5 31.5 30.2 4.30
2.0 30.0 28.3 6.01
2.5 27.2 26.5 2.64
3.0 26.3 25.1 4.78
3.5 24.4 26.0 6.15
4.0 23.0 25.2 8.73
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Tab.2 Comparison table of measurement
values at 90 °C
®2 90 CTMEEILLE

Height from  Calculation ~ Thermocouple  Relative
hot plate/cm  method/°C  measurement/°C  error/%
0.0 88.3 55.2 59.6
0.5 53.5 55.1 2.90
1.0 42.0 40.6 3.45
1.5 37.5 36.7 2.18
2.0 36.0 34.4 4.65
2.5 34.2 33.0 3.63
3.0 33.9 32.5 4.30
3.5 32.4 30.0 8.00
4.0 31.9 29.7 7.40
50k
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S 40t
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Fig. 8 Schlieren image on the heating platform at differ-
ent temperatures
K8 s B TR DR A R (E R ()
50 CHICTF)90 C

From the Fig. 8, it is clear that there is a big
drop in temperature, after which the measured tem-
perature slowly and stably declines. This is because
the closer the air is to the platform, the stronger the

heating effect and the weaker the influence of the

surrounding environment. Contrarily, as the heat
from the hot plate is weaker, the influence from the
environment is stronger. Tabl. 1 and 2 reflect this
fast-to-slow phenomenon, where both the measured
result from the thermocouple and the result of the
calculation reflect this consistently. However, at the
surface of the hot plate, one can sea a huge discrep-
ancy between the results of the measurement and
calculation at 90 °C, with consistency returning
thereafter. It is believed that this is because the heat
exceeds the measurement range at this point. The
method of analyzing this measurement range follows.

MIEN 8 HRAHER i, BE BN HCF- 5 2B
S90S AT — A 2 R BEAS I, 28 ad X
ABERWS IR E A TR A B
X PR A B S - 15 T X R A2 IR T HL
32 3) i [ PRI 14 e i35, S =2 A2 R TR s HL
5B ) FEL PR BT M B o 3 1 RIS 2 R pE
STt TR AR POt A4 A o A, 00 i S 00k )
P53 BCE AT A R BEMY & . (HE/ER 8 F
BRI 2 v, AT A Y, IR BE A 90 “C I, it
BTN T B 5 AL A — AR
RIGERZE , % 18 2 e A0 1t B2 - 0 A R A 2
TCIL, B2 W I © 288 izt 5y i o i
AN BRI Hrd
5.1 Algorithm Measurement Range

BENEER

The core of the calculation is to measure the
change in the light that’s being occluded. From for-
mula (12) and the results of the experiment, it can
be seen that the proposed calculation method is lim-
ited by its scope in temperature. This range is deter-
mined by the reference temperature T, ( equivalent
reference density p,). The main reasons for this are
as follows:

HT T A% O PR 4R TR G B e
PHATE AR . A (12) FHtER 25 R A
MEF HH 3R 0t I 2 LA o R A, 00
By IR B T (R [RISEHERE p ) DRE , HL 2%
JE AT LR 9
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(1) The scope of grayness of the camera. When
making the calibration curve using the blade and im-
age, the 8-bit grayscale camera will be unable to
produce shades that fit on the calibration curve
whenever a shade of light surpasses it’s 0 — 255
shade range. Therefore, this method is only valid
within the range set by the calibration curve, and
that range is restricted to a camera’s 0 —255 shades.

(1) LA K BETEE o FEAR BB 5 7] 1
DIEI R AR € b 2y, A BLRY 8 37 K B Y0 Fl
(0 ~255) 2 X 42 0 Bl FER2 M), DR O 25 K BE A
— Bt 255 s KT 0 i, HOLL A 3T /2 o
S bR M EORBUE Y o 80Z 75 R EbRE
£ A 2 FT A A 255 L 7 2 ) 2 3 LA
eI K VR O ~ 2555

(2)The area of the light source on the image.
If the measured object is the same medium and the
focal length of the second Schlieren lens remains
constant,,and if K and f, in formula (8) are constant
values, then the measurement scope is the formula’s
AS, which is directly influenced by the knife’s posi-
tion and the size of the light source on the image.
Generally, the blade’s position should be such that
it cuts the light source by half, but in reality this is
affected by different Schlieren measuring devices and
the size of the Schlieren points on the light sources
image. It may seem as though using a larger light
source will make a greater measurement range but
this actually causes the sensitivity to Schlieren sys-
tems and flow fields to fall drastically. Researchers
planning to perform this experiment should take this
into consideration when selecting a light source.

(2) JEUARTE AT N o A0SR X 52 O[] —
B H S A SO B B AL, IIA
(8) H Y KAHAS fo A AHL, S BIR il 00 5 51 FEl )
WAt AS, T AS 5271 1 275 {3 8 FOGIE G 1 AR
AN, — ORI, T D IS AL E IS o
PIFEDEIAR—F (B S2BR g A [R) 8O B 1 R
RORTE 5 TG IR 11 FR 32 21 B FH 19 207 0
URAENE , B IR T (LN 2R P &G T FR AR 1Y

bl ik ell K NI Ry I E S NI
[T RE SO I i 22 G20 U 1 R AR R R AR
%, Xl s 2RI N O 7E PR S0 6 IR A A Al
H ST e

(3) The standard temperature (or standard den-
sity). From formula (7), it is apparent that the
highest and lowest measurement of the algorithm’s
temperature is manipulated by p,. The formula itself
produces the change in the temperature, but only
does so using formula (12), which adds to the
standard temperature in order to calculate the actual
temperature.

(3) BRI (SR ER ) o (7)) AL
B R T A I R A d RS o ME S
NP po 5%, %07 R AR o — 1
M B A, AN I i 2 (12) o 33 A il B2 72
At RN B I R L, B T4 S Pl E o

In summary, the grayness of calibration curve
used in this experiment has a scope of 0 — 180,
which did not exceed the camera’s most extreme val-
ues. Also, the value of AS is dependent on the rela-
tionship between the position of the blade and the
light source. In the experiment, the radius of the
light source’s image was 0. 845 mm, which causes
AS to have a scope of 0 —1.569 mm’. Therefore,
according to formula (12), it can be deduced that
the temperature range for the experiment’s tempera-
ture range is —8 ~55.3 “C. Because of this, when
the hot plate’s temperature is set to 90 °C, the cal-
culation is no longer appropriate for use. As the
temperature was out of range, the resulting tempera-
ture from the calculation had a large error.

£ B TIAR AN SRR RE H 2K AR BEVE B0 ~
180, A 1 AH ML A4 fie KK JBEVE L 5 1T AS {5 — i
HRAE T I 5 GIRRAALE O FORIE o SL8 OB IR
BoE A2y 0.845 mm, f AS f93 Hl b 0 ~
1.569 mm® B2 AR 4 20 (12) 0F LAFS AR 5256 1
ML -8 ~55.3 C BMAEM#F-5 90
CH A C SRR, SRR Ol
Hoa e, HEI S BOR IR F KA 2
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5.2 Error Analysis
RESH

According to the analysis of the algorithm’ s
range set out in 5. 1, the error analysis for measure-
ments that fall within the range are as follows: the
measured temperature is expressed by formula (8) ,
whose p, value has a significant influence on the re-
sults. Furthermore, the algorithm’s error comes from
AS, whose formula of error transfer is:

WG S. 1AL AR AT 45 R XA B A
L A8 00 Al AT R 22 2 T« 0 B Y 2 0K
A (8) , Herh i3t p, o FESEW S, M S HU
B2 FHORIET AS, AR AL AN

1
Ap(y) = @A(AS) , (16)

The algorithm’s A ( AS) is the difference between
the actual amount of change of the unoccluded light
source image area and the measured unoccluded
light source image area change. The actual measured
area of the change in source light comes from two
points : The first is the researcher’s measurement of
the radius of the light source’s image. The second is
the researcher’s judgement of the position of the
blade in relation to the light source. Both of these
points are a result of the fact that it is impossible to
obtain a measurement of the obstruction of light
when making the calibration curve, which in turn is
because the camera demands a minimum difference
in the level of obstruction as the knife is being shif-
ted. Therefore, the measured diameter of the light
source’s image and the position of the measured light
source will have some discrepancy. This form of er-
ror, the adjustment of the used equipment and the e-
quipment itself all lead to the systematic error.
P, ACAS) S 52 P 8 R 125 ' TR 1 ALY
AR R S PRI R R R IR B AR iR
)R 2E0E o SRR A A B RO IR AR AR A
FEORPET WAL — I A R XPE IR AR R
AN BERAFAE R 2 5 IR A 50 ] R
PUROLERIHIE DR ZE .t TAIBLN ZE L A4 7] H
PHISA — A d /N R A TR DO 8, H— s %

B2, T AR RE RN, 0k 3RAG T 2 14 )T 11 3
P o B CIREEAR BERD G IR & A H
oA XS IR T R
ALY RRIEHA Y AR I 7 AR IR 22, R T R4
R

By comparing and analyzing Fig. 8 and Tab. 1
and Tab. 2 with regards to their measured and calcu-
lated temperatures, it is apparent that: calculating
the temperature and measuring the temperature of
flow fields in Schlieren give a relative error of less
than 10% ; algorithmic calculation of the tempera-
ture of Schlieren produces reasonably accurate re-

sults and; such method is applicable to measuring
Schlieren flow fields.

MITECIE 8 3% 1 A 2 il i {5 5 3 43T
BAHZ IR 22 5%, FRES & B3RO0, AHER H . 7R
BURAL A i i 5 i I R, B0 A AH
X522 A/ N T 10% , 1 W S0 AR B sk
HA B B HER 1, X S0 S R
R isE .

6 Conclusion

AR

This paper built Schlieren models and used
their principles of measurement in order to analyze
the relationship between a light source’s image and
the position of a blade. From this, a relationship be-
tween the blade and the grayness of an image was
obtained, which in turn provided a method of meas-
uring Schlieren temperature. This paper used labora-
tory measurements and calculations to carefully ana-
lyze and provide detail about the shortcomings of the
algorithm. The results are ; when measuring the tem-
perature of Schlieren flow fields, the proposed algo-
rithmic method has relatively accurate results, provi-
ding error that falls under 10% compared to methods
using tools of measurement.
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