
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

Simplified Method for the Rotational Temperature Determination of
Carbon Monoxide from Absorption Spectra Measured at High Resolution
Junde Wanga; Mei Huanga; Tianshu Wanga

a Laboratory of Advanced Spectroscopy Nanjing University of Science & Technology (Formerly: East
China Institute of Technology), Nanjing, China

To cite this Article Wang, Junde , Huang, Mei and Wang, Tianshu(1995) 'Simplified Method for the Rotational
Temperature Determination of Carbon Monoxide from Absorption Spectra Measured at High Resolution', Spectroscopy
Letters, 28: 1, 55 — 67
To link to this Article: DOI: 10.1080/00387019508011654
URL: http://dx.doi.org/10.1080/00387019508011654

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387019508011654
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SPECTROSCOPY LETTERS, 28(1), 55-67 (1995) 
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Nanjing, 210014, China 

Abstract 
A fast and convenient method for determining the temperature of hot  gas from 

their Fourier transform infrared absorption spectra was given on t h e  bases of band 
fitting method. According to  the  half-width of spectral lines measured at  different 
temperaturc ,  we studied thc  effect of the index of a particular l ine,  m ,  on the  half- 
width of spectral lines. Almost 27 rotation-vibration lines in t h e  P- and/or R- 
branches of foundamental band of C O  were used in this procedure. Quantitative eval- 
uations of the gas temperature indicate that  the  temperature can be measured with an 
accuracy better than 2. 7%. In addition, this formular is applied t o  other  spectra  re- 
ported in literature. Temperatures  calculated by our  method also have good results. 

I .  INTRODUCTION 
T h e  theory and technique for determining the hot  gas temperature from their vi- 

brational-rotational absorption of foundamental band have been well document- 
ed"-4'. Generally, through the measurements of the frequency, t h e  intensity and 
the half-width of spectra lines, quantification of temperature can then  be obtained. 
Rut the incomplete knowledge of half-width of the absorption lines can complicate 
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56 WANG, HUANG, AND WANG 

this procedure. Measurements on the  half-width of spectral lines of carbon monoxide 
had been made by Hoover and Williams"), T u b b s  and Williamsc6), Varanasi and 
Sarangi"', and Nakazawa and Tanaka"). However ,  the  differences among the  re- 
sul ts  a r e  considerable. And equations which describe t h e  half-width of absorption 
lines have also been developed. Simple laws were deduced from Anderson-Two-  
Curnut te  theorycg-'". Other  quasi- or semi- used t o  calculate t h e  half- 
width of spectral lines exists also. But either from experimental measurements or 
f rom theoretical consideration, it seems that  the half-width of spectral lines can't be 
easily obtained accurately and directly, especially a t  high temperature or/and a t  low 
spectra resolution. 

Here ,  we will s tudy  the effect of temperature on half-width of spectral lines of 
carbon monoxide. For the use of CO a s  the  experimental gas ,  there  are  four rea- 
sons. F i r s t ,  it has the lowest boiling point of all infrared active gases. Second,  it can 
be produced in whatever flame. T h i r d ,  it can describe the combustion efficiency of 
flame. F o u r t h ,  it  itself is a kind of gas pollution which do harm to human's health. 
So we will discuss its spectra t o  present a fast and convenient method for determining 
gas temperature on  the  bases of band fitting method. In  our experiment ,  t h e  fine 
s t ructure  in the  foundamental band of CO is scaned b y  high resolution (0. 125 cm-') 
Fourier Transform tnfrared Spectrometer. Almost more than 27 rotation-Vibration 
lines i n  the  P- and/or R-  branches of foundamental band of CO were scaned,  respec- 
tively. Temperatures  calculated by our  method have good results and agree well with 
those calculated from other methods[z"53. By the way,  although this method is de- 
duced from the  values of CO, it should be applied t o  other hot  gas ,  such as those in 
the flame combustion. 

n .  THEORY 
T h e  intensity /.s of absorption spectra lines may be given b y  

(1) 
where H I .  is the  Einstein transition probability of stimulated absorpt ion,  RU1 is the 
Einstein transition probability of stimulated emission, U A ~  is radiation emittance; 
I /  , ,=I, * t ,  i l l  is the number of molecules in  the  lower energy s t a t e ,  71. is the  num- 
ber of molecules in the  upper energy s ta te ,  h is Plank's constant ,  v is the  frequency 
of the lines. 

Because the  distribution of population among t h e  rotational energy levels fol- 

= 13iucJa,hmi - B J A .  ~ V I L .  

lows the M axwell-Boltzman law 

where  I L ~ ,  IS the  total number of molecules in t h e  initial vibration s t a t e ,  I$" and lC, 

are the rotational energy of the upper and lower s ta tes  respectively, g. and g L  are 
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ROTATIONAL TEMPERATURE DETERMINATION OF CO 57 

the statistical weights of energies E M  and E l  respectively,Z is the rotational parti- 
tion function, k is the Boltzmann constant and T is the absolute temperature. 

Then  substituting Eq. (2) and Eq. ( 3 )  into Eq. ( I ) ,  we obtain for the intensity 
of an absorption line 

where I. is the intensity of the incident radiation, L is the length of radiation, c is 
the velocity of light in vacuum. 

Since ’&<<1, we have 
Y “ 1 1 1  

Besides tha t ,  we should consider another important factor which has the rather 
large influence on line intensities for many molecules especially in determining tem- 
perature from line intensity distribution. That  is the vibration-rotation interaction in 
the vibration-rotation bands of diatomic molecules. This F factor for the various 
transition had be given by Herman and Wallis“6’ 

P ( m ) = 1 + C 1 r n + C 2 m ~  (6) 
where constants CI and CZ may be obtained from matrix element“”, m is the index 
of a particular line of R- and/or P- branches of foundamental band of CO,  
which equals .1+1 and --.I for the R -  and 1’- branches respectively, .I is the rota- 
tional quantum number. 

Thus  from Eqs. (5) and (61, the line intensity can be represented by 

(7) 

Taking logarithms, we obtain the relation between I.* and E ( m )  
l 7 ~ ( I . b ( m ) / ( P ( m ) v ( m ) I m l ) )  a -  E ( m ) / ( k  ‘TI (8) 

Generally, a Lorentzian line shape is assumed for the absorption of infrared ra- 

I . I ,  
l.b = P ( m ) H 1 ” h v ~ 7 l ,  

diation. T h e  line intensity is then given by 

where y(m) is the half-width at  half-height of the  spectral lines. Through measure- 
ments of A,..t and y ( m >  gas temperature can be estimated. 

But in our experiment with temperature range from 290 to  462K there is some- 
thing little differences towards the half-width at  half-height. Although y ( m )  still 
has the  tendency to  decrease with the increase of lm 1 ,  this effect is very small. Ac- 
tually it is more likely to  become constant in these measurements (we will prove it 
later). If this assertion is an adequate one, Eq. (8) then become 

J o b ( m )  = 7.234 A f w b  * y ( m )  (9) 

1 7 ~ ( A f . . , ( m ) / ( F ( m ) v ( m )  Im 1 ) )  a - E ( m ) / ( k  * T )  (10) 
Therefore a plot of I n ( A , , t ( r n ) / ( P ( r n ) v ( m ) l m  1 ) )  against E ( m )  should produce 

a straight line of slope - l / ( k  -7’),  from which the temperature could be calculated. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1
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2230 2 i s r  z i m  2092 2096 
WAVENUMBER 

Fig. 1 CO absorption spectrum at 290K 

a .  EXPERIMENTAL 
T h e  infrared spectra were recorded on  ii Nicolet 170RX Remote Source FT-IR 

Spectrometer. This  instrumental configuration had been previously described in de- 
tail"". In order to  get a high signal-to-noise ratio, all spectra a re  512 scans signal- 
averaged. For these s tudies ,  the gas cell which can be heated b y  ring electronic 
heater was designed. I t  was made of pyrex glass with KBr windows. Absorption 
spectra of gaseous CO samples were collected in a 10 cm long,  and 3. 3 cm diameter 
gas cell with the mercury thermometer. But it should be mentioned here ,  in order to 
avoid temperature gradients along the optical pathlength,  long periods of time should 
be spent  to get the cell in thermal equilibrium. So that  no significant changes in tem- 
perature could happen. 
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ROTATIONAL TEMPERATURE DETERMINATION OF CO 59 

1 1 I - 
2230 2 1 8 4  2 1 3 8  2092 2 0 4 6  

WAVENUMBER 

Fig. 2 CO absorption spectrum at 359K 

T h e  carbon monoxied used in this experiment was taken from cylinder, whose 
purity is 99. 9%. T h e  CO pressure introduced into the cell a t  room temperature was 
25 mmHg. 

IV. RESULTS AND DISCUSSION 
1. High-resolution CO absorption spectra  
Absorption spectra of CO measured a t  0.125 cm-’ spectral resolution a re  shown 

in Figs. 1 - 4  at  temperature 290, 359, 429and 462K, respectively. It can be seen  
that  the  spectra  had a n  excellent signal-to-noise ratio and t h e  peaks for all spectral  
lines a re  very well resolved. But with increasing temperature the  signal-to-noise ra- 
tio reduced and certain undesired absorption lines for temperature calculations ap- 
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Fig. 3 CO absorption spectrum at 429K 

pear. Par t  of the reasons lies in the second-order transition. Certainly, these lines 
must be excluded so as  to  yield correct calculated temperature. It should also be 
mentioned here ,  with t h e  purpose of getting high quality spec t ra ,  the  backgrouds 
should be removed from each sample spectra. 

2. Variation of half-width of spectral lines a t  a certain temperature  
Generally, the halfwidth of spectral lines y(m) a t  a certain temperature ,  T , can 

be calculated from known values y " ( m )  at  standard temperature ,TO, and pressure , 
1' 0 

(11) 
y ( m )  = y o ( p ) ( T " , ~  P 

o T  
where N is the temperature exponent. 
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m 
N 

m 
0 

Fig. 4 CO absorption spectrum at 462K 

y o  can often derive from t h e  measured linewidth at  300K, which Nakazawa and 
Varghese‘” had reported their measured values. T h e n  the  needed values y ( m  ) a t  
other temperatures can be obtained. And works o n  t h e  measurements of half-width 
of spectral lines a t  lower temperatures was also been done by Nakazawa and Tana-  
ka‘*’. But they didn’t give out the values of half-width of spectral lines a t  tempera- 
tures  no more than 300K. In our experiment ,  a series of half-width of spectra lines 
for temperature  290, 359, 429 and 462K were measured and studied. T h e  typical 
plots of y ( m )  for P- and/or R- branches of 1-0 band of CO against m are  shown in 
Figs. 5-8, respectively. It seems that  the variation of half-width of spectral lines 
with line index m is not obvious and more likely to  become horizontal. Therefore  in 
the practical calculations, we consider y(m) remains constant. 
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T=290K 

P- branch 

T=290K 

R-bronch 
r(m)=-0.0005m+0.1130 

2 4 i o , l o ~ ~ ~ 3  , , . , , , - ,  ;,,,.,,,; , , , . , ,  ; , _  ,a,I,I.,,I, ,__I 

0.m 
0.00 5.00 10.00 15.00 20.00 25 00 

m 

Fig. 5 The observed half-width of spectral lines , y ( r n ) ,  in the foundamental band 
plotted versus the index of spctral lines ,m, at 290K 

3. Tcnipcrature Calculatolns 
For calculating temperature ,  almost 27 lines in  t h e  spectra  region 2147 to 2221 

cm- ' (R-  branch m = 27)  2139 t o  2059 cm-' (P- branch m = 27)  of fine 
s t ructure  of foundamental band of CO were used in linear least-squares regres'sion 
technique. But attention should be payed because this linear behavior can be got only 
after correction for photometric errors  and line broadening. So it is necessary to es-  
tablish a criterior for line acceptability before the temperature calculations. T h e  cal- 
culating temperatures from Eq. (10) are  listed in Table  l. 

and/or 
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I 

E 0.m 
0 

63 

P- branch 
r(m)4.0014m+~.l329 

- 
E 0.10 : 
U L 

0.50 -J T=359K 

. . .  . . - .  ,-l . .  

E 0.20 
0 

E 0.10 ij L 

R- bronc h 
r(rn)=-O.Wl 1 m + O . l M  

m 

Fig. 6 The observed half-width of spectral lines ,y(m), in the foundamental band 
plotted versus the index of spctral lines ,m, at 359K 

Good agreements between Tam. and T,,. are  observed both from R- and P- 
branches. T h e  temperature  calculations had an accuracy of 2. 7 %  or better. AS com- 
pared to  other  methods a c c u r a c i e ~ ~ ~ ' ~ ~ ' ,  this value is sufficient enough. A possible 
reason of it may be the  use of very high resolution instrument ,  which makes t h e  
smallest spetral  distortion. 

4. Comparision with other methods 
In order t o  examine the  validity of present theory,  other methods(2B151 of tem- 

perature determination from the infrared absorption line intensity in the  fine struc- 
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n 

E 0.10 
W 

T=42!3K 

P- branch 
r(m)=o.0008m+a.t 188 

* .  
I . - . . . .  . . .  . . .  

0.30 '1 
T i  E 0.20 
0 

T=429K 

R-branch 

r(m)=-O.Wl lm+0.1285 

Fig. 7 The observed half-width of spectral lines , y ( r n ) ,  in the foundamental band 
plotted versus the index of spctral lines ,m,  at 429K 

ture  of rotation-vibration band of molecules were performed. Because at  the ambient 
temperature line width data  can obtained very accurately, comparisions were made 
under this condition. T h e  results are listed in Table  2. 

Clear ly ,  among t h e  three methods,  since Anderson and Griffiths considered the  
effect of temperature  on line wid th ,  it has t h e  best  values with t h e  accuracy of 0. 
03%. But temperatures  calculated from this work also have good results. Al though 
it didn't reach tha t  accuracy as t h e  o thers ,  its accuracy is sufficient enough for prac- 
tical applications. 
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0.30 1 
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E 0.20 1 
0 

R -branch 

T=462K 

P-branch 
r(m)4.0005rn+0.1105 

P- branch 

~~ 

462  

T=462K 

R-branch 
r(m)=-0.0305m+O.I128 

165 - 3  4 6 4  - 2  

2 v L O . l O ] , ~ , ~ l ~ , , a ;  ,;,; I , 1 , ; , _  I I,;,, I 

0.00 
0.00 5.00 10.00 15.00 20.00 

m 

129 I 432 - 3  432 

Fig. 8 T h e  observed half-width of spectral lines ,y(m), in the foundamental band 
plotted versus the index of spctral lines ,mr  at 462K 

- 3  
377 I 3aa -11 381 - 4  

359 364 - 5  362 - 3  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1
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Table 2. Cornparlions of temperature 

I-.<,. TI TI T T..,.-T Ta-Tr Prcclsion 

(K) (K) (K) (K) (K) (K) (%) 
~~~ 

This work 290.2 290.2 290.7 290.5 -0 .3  -0.5 0.10% 

Andcrson"' 290.2 290.2 289.9 290.1 0 . 1  0. 3 0. 03% 

J undc Wnnu"' 290.2 290.5 290.4 290.5 - 0 . 3  0. I 0 .10% 
~ 

whcrc T., 1s rhc tcmpcrature measured by a mercury therrnomctci 
T. 1s the calculating rcmperaturc of R-branch 

Tr  is the calculating tempcrarurc of P-branck 
T IS thc average calculating ternpcraturc 

Prcclsion the persentage of dllfcrencc 

Table 3. Compire reiultr obtained by thli method with other methods 

F u r n a c e  s e t  point  (K) 773 1073 1273 
-~ ~ ~ 

T e m p e r a t u r e s  reported by  Medvecz"' (K)  746 1048 1251 

This work (K) 714 1050 1277 

Towards  t h e  higher temperatures ,  the  vitlidity of t h e  present  theory  can also be 
verified. I n  this procedure we used the  spectra  given by Medvecz e t  alC3]. In order t o  
reduce t h e  e r r o r s ,  each figure was enlarged previously. T h e n  t h e  values needed for 
every rotational lines in Eq. (10) can be obtained. In our calculations, 30 lines of P- 
branch of CO vibrational-rotational absorption spectra  in reference"' were used,  re- 
spectively. A comparison of da ta  b y  using this  method is shown is Table  3. 

It 's evident tha t  present theory  is as good as  Medvecz. '" 
V . CONCLUSIONS 

Calculations of rotational temperature  of CO have an accuracy bet ter  than 2. 7% 
according t o  the  use of Eq. (10). Since the  aim of this paper is t o  present a concise, 
easily measuring and calculating method,  Eq. (10) alleviates the  need for empirical 
half-width of spectral lines measurements ,  when comparing with other methods 
mentioned above. Thus  it allows for simply measured procedures and easy  calcula- 
tions of gas temperature. Therefore ,  this theory of temperature calculations is valu- 
able. 
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