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�, ò6�ÿþ(J�nØO�(J?1
é', �ö�mÎÜ��Ð, ÐÚy²
T�{��15. ©Û
XÚ�
5U9�UÚå6�ÿþØ��Ï�, ±BXÚ?�Ú`z.

'�c: �N���N-1áÂ1Ì, Doppler ª£, 6�

PACS: 42.87.–d, 07.07.Df

1 Ú ó

�N���N-1áÂ1Ì (TDLAS) Eâ|
^��N-1ì�Ä�°Ú�N�A5éíN©
f�A�áÂÌ�?1¯�×£Úÿþ, ¢��ü
ÑíN6�!§Ý!ßÝÚØr�&E. TEâä
k��\ª!�A×�!(¯Ýp!|Z6Uå
r!ÿþ(J­E5Ð!·^u���ÿþ�¸
�`³, ®²3�¸iÿ!ó�L§uÿ�+��
�A^ [1]. Cc5, ò TDLAS EâA^u-�L
§iÿÚuÄÅ'�5Uëêuÿ�+��ïÄ
Åì,§. Kent[2] òíN6�ÚßÝÿþ�(Ü,

¢y
íNÏþ�iÿ; Shawn[3] ò TDLAS Eâ
^u�Ñ�í66�ÿþ, |^YðáÂ�ÿþ
�oZõ�z¦�p�í6 [3]; {I�� WPAFB

¢�¿Ú Southwest Sciences, Zolo Technologies ú
iÜ�, òTEâ^up�Ñ�IS�1ïÄ¢
� (HIFiRE), ¿muÑõëêÓ�ÿþ� TDLAS

�.zB�XÚ [4].

í66�´p�6|�­�ëê��, §�O
(ÿþéu�íÄåÆnØïÄÚó§�O�y
¢��'­�. DÚ�6�ÿþ�{, 'X�÷+
�Ø{!9�º�O{�, ±�>ÿþ�Ì, Ì�
":´�Aú, é6|kZ6, Ø·Üp�í6ÿ
þ; âfÑ�Úâf¤�ÿ�{�,´��>ÿþ
�{, �ÑI�3í6¥V\]2«lâf, ^«
lâf��ÝCqL«í6��Ý, ùÒ�¦«l
âfkéÐ���5. �n��ü©Ñ]2NØN
´¢y, ¬��6�ÿþ���3�½�Ø�, �
ü«�{Ñ¦^põÇ�óÀ-1��1
, Ã{
¢yXÚ�.z, N´Úå6|§ÝÚ|©ßÝ�
UC, ùéÙ¦ëêÿþ¬�)K�. Ïd, I�æ
^#���>ÿþ�{âU¢yp�í6�O(
ÿþ. �©æ^Äu Doppler �AÚ-1áÂ1Ì
Eâ�6�ÿþ�{, 3ºÉþ|^g1�ï�V
1´XÚ?1
6�ÿþ�ÐÚ�y5¢�, �p
�í66��ÿþJø
#�{¿È\
�½�
²�.
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2 6�ÿþ�n

Xã 1 ¤«, �â-1 Doppler �A [5], �í6
6�3-1DÑ��þk�Ý©þ�, ¬E¤íN
©fáÂ1f��-1�ÂªÇ�¢S-1u�
ªÇ�mk� £, �öªÇ��= Doppler ª£.

ª£���dXeúªO�:

∆ν =
Vgas · cos θ

c
· ν0, (1)

Ù¥ θ �-1DÑ���í66����m�Y
�, c �1�, ν0 �vkª£�íNáÂ��¥%
ªÇ. d (1) ª��, ª£���í66�¤�'.

Doppler ª£3 TDLAS þ�N�íNA�áÂÌ
��£Ä, Ïd�±ÏLÿþáÂÌ��m�ª£
5O�í66�.

ã 1 -1 Doppler �A

á Â 1 Ì � Ä � � n Ä u Beer-Lambert ½
Æ [6]. �å1r� I0(ν) �üÚ1ÏL�Ý� L

�áÂ0��, 3�Âàÿ��rÝ� I(ν), � Tv

�1rßLÇ, Kk:

Tv =
I(ν)
I0(ν)

= exp[−S(T )φ(ν − ν0, T )PχL], (2)

Ù¥, S
(
cm−2 · atm−1

)
�íNáÂ���r, =

�§Ý T �¼ê; φ (cm) �8�z�áÂ��
/¼ê, ´ªÇÚ§Ý�¼ê; P (atm) �oØ;

χ �áÂíNÓoíN���°ê, =NÈßÝ;

L (cm) �áÂ1§�. æ^��áÂ{ÿþ�, Ï
~^á1Ý αv 5£ãíNé1�áÂA5, ½Â

� ln
I0(ν)
I(ν)

, k:

αv =−ln
I (ν)
I0 (ν)

=−lnTv =S(T )φ(ν − ν0, T )PχL.

(3)

3 6�ÿþ�{

TDLAS l&Òuÿ�{þÌ�©�ü«�{:

��áÂ{ÚN�{. TDLAS N�{�,k�p
�&D'Úuÿ(¯Ý, �&Ò²L£���ì�
¬k�� ò�, Tò�¦����Å&ÒÚ�/ª
=�'X3��þØ��. du�/ª=�'X´�
�5�, Tò�ò�� Doppler ª£ÿþÚ6��
ü�)�½�Ø�. Ïd, 3mÐ TDLAS 6�ÿþ
�, ¢Sæ^�{ü�Å�×£��áÂ{.

ã 2 V1´6�ÿþC�«¿ã

ã 3 �[�ü´á1Ý­��m� Doppler ª£

TDLAS 6�ÿþ��æ^V1´�ª. 45

uÓ�1
�üå-1©O±ØÓ�Y�ÏL
í6, |^�ö�m� Doppler ª£5�üí6
6�. V1´�ªU
�Ø-1ìg�Å�¤£
é Doppler ª£ÿþ�K�, �3�Óí66�e
U
Jpª£©EÇÚÿþ°Ý. Xã 2 ¤«, ü
å¤�½�Ý\��-1BLp�í6��)

ª£ ∆ν12, Kí6�Ý�\��ÝÚª£�m�
'X�

Vgas = c∆ν12/ [ν0 (cos θ1 − cos θ2)] , (4)

Ù¥ Vgas �í66�, θ1, θ2 �ã 2 ¥¤«�Y�.
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æ^Å�×£��áÂ{ÿþ�, ~�âü´
á1Ý­��m� Doppler ª£��5�üí66
�. ã 3 ¤«��[�ü´á1Ý­��m�ª£.

4 6�ÿþXÚ

Yð2��3u�í¥�´%�-��Ì�
-��Ô��, ·ÜuØÓuÿ�¸��ÀÌ��
��'�°, Ïd¤��'+�1Æÿþ�n�
8IíN. ¢SÀJáÂ��Q�kv
�áÂ�
r!UJø�p�&Ò&D', q�¦áÂ�NC
vkÙ¦áÂíN�Z6. nþ, XÚÀ^ 1398 nm

?�Yð� - =áÂ�?1p�í66�ÿþ. �
ï�6�ÿþ¢�XÚXã 4 ¤«.

6�ÿþXÚÌ��)üÜ©: �uÌ�¿
���Ü©Ú�uiÿy|�ÿþ&Þ. XÚ�ó
�L§�: DFB -1ìÏL§Ý���¬Ú>6
���¬��¥%ó�Å�, Ó�3>6���
¬þU\ 10 kHz �pªç¸&Ò¢yÅ��¯�
×£, l
¼�p�6|�¢�1Ì&E. l-1

ì�nÑ��-1²1n©åì©�nå, Ù¥
�å²1nZ�O�d&ÿì&ÿ, ��Z�&Ò
^uªÇI½; ,	üå-1²1ndÌ�¿D
Ñ�ÿþy|, ²O�ìO��, ©O±�í66
�¤ 45◦ Ú 135◦ Y������u�. üå1þ
d&ÿì�Â, ò1&Ò=z�>&Ò�, dÓ¶
>C£D��3Ì�¿¥�ÌÅ�. n´&Ò²�
��, dõÏ�p�êâæ8kÓÚæ8¿dó�
Å��, êâ²6��ü^�?n��Ñ¢��p
�í66�&E. Ï�í66�3ü´-1DÑ�
�þþk�Ý©þ, ¤±íN©f3�Âü´-1
�Ñ¬�) Doppler ª£, �âü´áÂÌ��m
� Doppler ª£��5�üí66�. éu�XÚ,

6�Ú Doppler ª£�m�'X�

Vgas (m/s) = c∆ν12/[ν0(cos 45◦ − cos 135◦)]

= 988.7∆ν12(GHz). (5)

6�ÿþ¢�3�.ºÉþ?1. ºÉ�¢
�ã�k*	I, ±B-1Bßp�í6?16
�ÿþ.

ã 4 TDLAS 6�ÿþXÚ«¿ã

5 êâ?n

¢�L§¥, éæ8��&Òz 10 �±Ï?
1�g\\²þ, 2²L²w?n�, ���Å�
×£��áÂ&ÒXã 5 ¤«. z�×£±ÏS,

-1ì3���ã�mØÑ1, ´�
ÿþ�µ&

Ò. &ÿì&ÿ���áÂ&Ò�Ø�µ&Ò, �
{Ü©â�L¢S�ß�1r.

��æ8���1Ì&Ò´��þ�&Ò, 

�
Ï"���ëê, 'Xá1Ý!Doppler ª£
�, q´Úª��'�. Ïd, é���1Ì&Ò?
1l���ª��=�, =ªÇI½, ´?16�
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�ü�7�cJ, 
Z�O´¢yù�=��'�
1Æì�. ¢�¥À^�1nZ�O�gd1Ì�
� (FSR) � 315 MHz. ã 6 ¤«�²LTZ�O�
Z�&Ò.

ã 5 ��áÂ&Ò

Xã 7(a) ¤«, ��ß�1r­� I(t) �, I

�À�áÂ�NCÃáÂ«�?1$�õ�ªÄ
�[Ü [7], ±��\�1r I0(t). éu Voigt áÂ
�/, 3¥%ªÇ	 4 ��°?, Voigt �/�¬ü
�¥%ªÇ?� 1%, ù�±��À�Ä�[Ü�
��OK. ÏLO� ln [I0 (t) /I (t)] ����áÂ
&Ò, ù�&ÒÄ�C², �Ø
1r�5\>6
�Cz, Xã 7(c) ¤«.

ã 6 Z�&Ò

ã 7 (a) [Ü�Ä�; (b) �ª=�­�; (c) ��áÂ&Ò; (d) éA�ª�á1Ý­�
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ã 8 ü´á1Ý­�38�zc (a) � (b) é'ã

ªÇI½�L§ÄkI�(½Z�&Ò�¸
 �. ¸ �î�I^æ�: (2Â, Ø�½´�
ê) L«, �L�m; p�I^ FSR IP, �L�é
ªÇ (�± Hz ½ cm−1 �ü , d cm−1 C�� Hz

�I¦±1� c). Z�&Ò¤k¸ �Ñ(½�,

¬�����mÚ�éªÇ��'S�, éTS�
^$�õ�ª[Ü, ���õ�ª¼ê=�ª=�
'X, Xã 7(b) ¤«. d[Ü(J��, DFB -1ì
��ª=�'X¿Ø´���5�. �âT'X�
O���áÂ­�þ?¿æ�:éA��éªÇ,

��ª�á1Ý­� ln [I0 (ν) /I (ν)], Xã 7(d) ¤
«.

�
ÿþ Doppler ª£, 3��ü´á1Ý­
��, I�é§�?1 Voigt �/[Ü. Voigt �/
[Ü3©z [7] ¥k�[�0�, ùpØ2Kã. é
u��áÂ{, òü´á1Ý­�¸��m�ªÇ
m��� Doppler ª£, nØþù´�O(�ª£
ÿþ�{. �¢�¥uy, D(ÚÙ¦�
Ø(½
Ï���
¸�ü:ÿþ�°Ý, ���Øæ^T
�{. d	, p�'{�´~^�ª£m�ÿþ�

{, �O�'�Ñ�, Ã{÷vXÚ¢��üp�
í66���¦, 
�ü´á1Ý­��m�3�
/�ý, p�'ª£O��JØ´éÐ, ¢S�v
kæ^. �©¤æ^��«�é{ü�°Ý�p�
�{´: éü´á1Ý­�?18�z?n���
ÓÌ��&Ò, UÌ�éá1Ý­�?1�°�m
�y©, ù�Ò¬3ü´&Ò�mé� 19 ééA
:, ézééA:©O?1ª£ÿþ, ���²þ
��� Doppler ª£. ù«�1Ìª£J�{, �
é¸�ü:ÿþ{, ª£ÿþ°Ý��é�Jp;

�ép�'{, O��ÝÚ�J�����Uõ.

ã 8(a),(b) ©O�ü´á1Ý­�38�zc��
é'ã, ã 8(b) ¥�«¿
Ì��m�y©Úª£
ÿþ:À���{. ü´8�zá1Ý­��m 19

ééA:©O?1ª£ÿþ�, ²L²þ��²
þ Doppler ª£ ∆ν, �\ (6) ª=�O�1Æ´»
þ�²þí66� V gas.

V gas (m/s) = 988.7∆ν12(GHz) (6)

6 ¢�(J9©Û

ã 9(a) ¤«��g¢�L§¥ºÉí66�
���é­½����ü´��áÂ&Ò, �±
²ww�dí66������SáÂ��m�
£Ä; ã 9(b) �éA�ü´á1Ý­�, �±²
ww�ª�S�ö�m� Doppler ª£. ²6�
�ü§S¢�O�, T��éA²þ Doppler ª£
� 1.04 GHz, ²þí66�� 1028 m/s. �âTg
¢�ºÉó�G¹, ² CFD nØO����6�
�� 1060 m/s, 6�ÿþ��nØO���m�Ø
�� 32 m/s. ã 10 ¤«�Tg¢����6�­
�.

éu�c TDLAS 6�ÿþXÚ, -1ì�
N���� 48 GHz (éA 2450 �æ�:), �±
©E���ª£� 19.6 MHz, éA�í66��
� 20 m/s. ù¿�XéuTXÚ, Éêâæ�ªÇ
���, 6�ÿþ��p°Ý� 20 m/s. XJ2\
þÙ¦Ø�5
, ¢SÿþØ����uT�, ù
�c¡�©Û(J���. ²L©Û, E¤6�ÿ
þØ���Ï9)û�{Xe: 1) >&Ò�ålD
Ñ, Ú\�D(ü$
ÿþ°Ý§�±3ÿþy|,

|^1nÍÜ!1nDÑ��ª��&ÿì&ÿ
ÚÓ¶>CDÑ��ª¶2) ÿþ«�±	�·�
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«�ÚåáÂ�/��ý, ¢��, -1u�Ú�
ÂC�A¦þ�Cüý*	I, ¦·�«�¦�U
�á��Ð^ZH�íN×; 3) �cXÚæ^ 30

MHz �æ�ªÇÚ 2 MHz �°�-1ì, Éæ�
ªÇÚ�°���, 3ªÇI½Ú Doppler ª£ÿ
þ�Ñ��3�½�Ø�§ýOæ^æ��Ç�
p�êâæ8kÚ�°�Ä�-1ì, �±JpX
Ú©EÇÚ6�ÿþ°Ý; 4) ©åì©å'¬�X

ã 9 (a) ��SáÂ��£Ä; (b) ª�Sá1Ý­��ª£

ã 10 ºÉ6�­�

-1Å��Cz
Cz, �����ü´á1Ý­
��m�)�/�ý, �±|^Yðõ^áÂ�Ó
�?16�ÿþ, ±~�©åì��5�A�K�.

7 ( Ø

�©Ì�0�
Äu Doppler �AÚ TDLAS

Eâ�p�í66�ÿþ�{, |^�ï�V1´
XÚ3ºÉþ?1
6�ÿþÐÚ�y5¢�. Ï
Léü´áÂÌ�?1ªÇI½!á1Ý�üÚ
O��ö�m Doppler ª£5¢y6�ÿþ. ¢�
(JL², ÄuT�{�6�ÿþXÚU
¢yé
p�í66��¢�3�uÿ. e�Úó�­:
�: 1) Jp6�ÿþ°Ý, ~�XÚÿþØ�; 2) ?
1õ:6�ÿþÚ6�|©Ù�ü�{ïÄ; 3) ?
1íN|©ßÝ�ÿþïÄ, l
¢yíNÏþ�
ÿþ.
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Abstract

Based on the laser Doppler effect, real-time and on-line measurements of velocity in high-speed flows can be realized using

tunable diode laser absorption spectra (TDLAS). The fundamental theory and the method to measure the velocity are presented. A

dual-beam system used in the experiments is described. The water vapor absorption feature at 1398 nm is utilized to detect the flows

generated within a wind tunnel. The DFB laser is quickly tuned at a rate of 10 kHz to obtain the spectra of the transient flows by using

scanned-wavelength direct absorption spectroscopy. The ways to calibrate the frequency and calculate the Doppler shift (DS) are also

introduced. The measured velocity is compared with the calculated velocity, and they are in good agreement with each other, which

proves that the way combining DS with TDLAS to measure the velocity in high-speed flows is reasonable. The system capability and

possible factors to induce measurement deviations are analyzed to improve the system performance in the future.

Keywords: TDLAS, Doppler shift, velocity
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